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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 holding 20 bar was retrofitted to the Inov8 Test Stand in
the Barloworld 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 effects of cylinder gas pressure and density to be tested using the
MIE-Scattering technique. Tests were conducted with a 1-hole injector with various injection
and cylinder gas pressures. To assess the effects of injection pressure, the cylinder pressure
was kept 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 20 bar. Tests to
determine if either the injection pressure or cylinder pressure have a greater effect on the
spray were conducted by maintaining a constant 755 bar pressure difference across the
nozzle. This was done by varying 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 in the spray chamber. The Akribis
section of the test 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 decreased with increasing 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 mostly dependent 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 changes in gas 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 was more 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.

1.1.Background

The following is a background on compression ignition engines and fuel injection.

1.1.1. Diesel engines

In a diesel engine there are four strokes (only in a four stroke engine) viz. intake,
compression, power and exhaust; these four strokes are shown in Figure 1. During the intake
stroke, air is inducted into the combustion chamber. The downward motion of the piston
draws clean air into the combustion chamber; represented by the blue arrows in Figure 1. The
air is then compressed during the compression stroke The compression ratio for diesel
engines ranges from 12 to 24 [2]. The diesel fuel is then injected by a fuel injector into the
compressed air when the piston is near top dead centre (TDC), just before combustion is
required to take place. This is represented by the green arrows in Figure 1. Engine knocking
is reduced by injecting the fuel into the combustion chamber just before combustion takes
place. This allows compression ignition engines to use a higher compression ratio and
thereby improve the fuel conversion efficiency [2]. As the diesel in injected it becomes
atomised; it then evaporates and the fuel vapour mixes with the air in the combustion
chamber [2].

After the compression stroke, the air in the combustion chamber is at a higher temperature
than the ignition temperature of the diesel; the mixture therefore combusts [2]. The expanding
gasses force the piston down and produce power (the gasses do work on the piston). Diesel
engines are also known as compression ignition engines because unlike petrol engines which
use a spark 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 stroke). The
power output is controlled by varying the amount of fuel that is introduced to the combustion
chamber as the amount of air inducted at any given engine speed is constant [2]. Due to the

fact that the engine’s output 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 part-load mechanical efficiency is superior to
that of a spark ignition engine [2]. After the power stroke, the burnt mixture is expelled from
the combustion chamber during the exhaust stroke. This is represented by the orange arrows

in Figure 1. The process then begins again.
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Figure 1: Four Stroke Compression Ignition Engine [22]

Figure 2 below shows the pressure variation 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 momentum of the incoming air results in air flowing into the combustion
chamber even after the piston has reached bottom dead centre (BDC). The intake valve closes
at point 2 and the piston continues upward during the compression stroke. This causes a
pressure 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 BDC and therefore
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.



Start of
injection T-__

Pressure
<
S

Start of
combustion

TDC BDC TDC BDC TDC
Crank Angle

Figure 2: Pressure Variation in Combustion Chamber [22]

1.1.2. Fuel injection
The purpose of the fuel injection system in a compression ignition engine is to introduce the
required amount of fuel to each cylinder, for each cycle, for various load requirements and at
various engine speeds. The fuel must be introduced to the combustion chamber at the correct
time, and at the correct rate. Errors in the amount of fuel injected could have an adverse
effect on the engine performance and lead to poor efficiency and harmful emissions. The fuel
should be injected into the combustion chamber with a high 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 fuel injection
Compression ignition engines employ one of two major methods of fuel injection. The first is
direct-injection; these engines have a single opening to the combustion chamber through
which the fuel is injected. The second type is indirect-injection. The combustion chamber is
divided into two sections and the fuel is injected into a prechamber before being introduced

to the combustion chamber.[2]

Direct injection allows finer control, with the use of electronics, and so knocking and rattling
can be eliminated 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 needed to counter to
high back pressures in the combustion chamber, thus allowing proper mixing and atomisation
of the fuel for more efficient combustion [14].



1.2.2. Common rail fuel injection
The common rail diesel injection system separates the two main functions (generating 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 chamber with the individual injectors. This allows the
common rail set up to achieve very high injection pressures. [5] The system can be divided
into two parts; a low pressure circuit and a high pressure circuit. The low pressure circuit will
include the fuel tank and the low 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, where 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 of the fuel to the injection pressure and
delivers it to the common rail; this is controlled by the engine control unit (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 independent of the engine speed [6]. The common rail
has an electro-hydraulic valve, which is controlled by the ECU. It returns fuel to the fuel tank
when it is necessary to reduce the pressure it the common rail in order to maintain the
injection pressure [7]. The 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 seen in Figure 3 below.
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Figure 3: Common rail injection system [10]

The fuel injectors used on the common rail setup are known as electro-hydraulic injectors.
The needle valve at the tip of the injector is held in the closed 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 two main types of fuel injectors, solenoid operated injectors and piezo-electric
injectors. They differ from each other in the way in which they open the valve to allow the
fuel to be injected into the combustion chamber. With a solenoid operated actuator, when fuel
is to be injected, the ECU sends a pulse of about 100V to the coil of the solenoid. The coil
then creates a magnetic field which pulls a plunger into it and opens the valve. Newer
generation injectors make use of piezo-electric actuators. When injection is required, the
ECU sends a pulse of about 100V to the piezo crystals which expand rapidly resulting in
injection. The piezo-electric actuator has the benefit of a faster response as it does not have
the delay associated with the solenoid operated actuator, which is caused by the self-
inductance of the coil. [9] The way in which the fuel injector 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 pressure. When the engine is started, the pump 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 an internal 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 injector. The volume of the rail should be much larger than the volume of
fuel being injected (in each injection) so 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 increase to injection pressure quickly after start up. [6][10][14]

The high pressure pump used is a reciprocating radial piston type pump as seen in Figure 4
below. This pump consists of three cylinders with a piston in each, spaced 120° apart. The
pump is actuated by an eccentric camshaft, located in the centre of the pump. The pump is
powered by the vehicles gear train; the pump performance is therefore dependent 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 valve (outlet 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 the outlet valve is held closed. The piston is then forced up due to
the action of the camshaft, this action closes the 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 the pressurizedfuel flows to the common rail. [7]

Figure 4: Radial piston pump [10]
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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 sensor is attached 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 in the rail from 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 in Figure 5 below.
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1.2.3. Fuel injectors
Figure 6 below shows the components of a typical fuel injector used on a common rail
injection system. Figure 6-a shows the injector in the closed position, Figure 6-b shows the
injector as it is beginning to open to begin the injection process and Figure 6-c shows the

injector as it is closing to stop the injecting.

Figure 6: Fuel Injector [6]

1- Fuel-return

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- Solenoid-valve spring
12- Qutlet restrictor

13- High-pressure connection
14- Inlet restrictor

15- Valve plunger

16- Nozzle needle

17- Connection to ECU

When the injector is closed (Figure 6-a), the nozzle needle is held in its seat and the injection
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 common rail. This 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 force acing in the top of the valve plunger. This force is created by high
pressure fuel from the common rail that enters the injector through the high-pressure
connection and enters the valve-control chamber through the inlet restrictor. This fuel (at a
pressure close to rail pressure) is contained in the valve-control 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 injection 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 valve-control chamber flows up and out of the outlet
restrictor, then out through the fuel-return and back to 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 nozzle spring 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 pressure very close to the rail pressure. The amount of fuel that is
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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 injector must close (Figure 6-c). The signal to the
solenoid coil is cut and the solenoid armature moves down due to the unbalanced force acting
on it created by the solenoid-valve spring. This puts the valve ball back in its seat and the
outlet restrictor closes. The pressure in the valve-control chamber increases (to close to the
rail pressure) and the force acting on the top of the valve plunger along with the force 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 the injection orifice. 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 single injection. 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 what causes the
decrease in engine noise [14]. The 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
consumption, higher performance (higher heat output) and decreased emissions [18].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 cycle. A typical pilot injection is 260 s long while the main
injection is around 500 ps long. A typical delay between the end of the last pilot injection and
the beginning of the main injection is 500 ps. [1]

1.2.5. New, used and reconditioned fuel injectors
The purpose of the fuel injector is to introduce fuel to the combustion chamber and ensuring
accurate metering and sufficient atomisation of the fuel. Over 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 the fuel [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 the engine
[11]. The used injector is cleaned in an ultrasonic bath and a new strainer and o-ring 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 restore it to its 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 introduced 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 mixing with 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 kinetic 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 of the liquid fuel and vapour bubbles
form. The cavitation can damage the internal surfaces of the nozzle. [17] The jet of fuel
becomes turbulent as it mixes with the compressed air in the combustion chamber [2]. The
outer layer of the jet, near the nozzle exit, breaks up into droplets with a diameter 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 length [2]. Cavitation in the nozzle results
in better spray characteristics and results in better 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]. Figure 7 below shows a fuel jet.

Figure 7: 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 a vapour-air 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 outwards from the axis 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 jet (unmixed air). As the spray reaches the combustion
chamber walls, it begins to interact with them; the spray has 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 low, the primary cause of the breakup of the spray is the
unstable growth of surface 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 relative motion
between the jet and the air. This results in droplets that have a diameter 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, the fuel will 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 and external 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, jet turbulence-induced atomisation and cavitation-induced atomisation.
Aerodynamically-induced atomisation is caused by waves forming in liquid jets due to the
relative motion between the fuel and air. Jet turbulence-induced atomisation is caused by
turbulence in the nozzle. The turbulence results in spray velocity having radial components
and this causes atomisation once the fuel leaves the nozzle. Cavitation-induced atomisation is
caused by the formation and collapse of vapour bubbles at the nozzle exit. When the fuel 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 length of the liquid core is referred to as the break up length. The break-up
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 break-up length. The break-up length therefore varies inversely with ambient
gas pressure. Increasing the injection pressure also has the effect of decreasing the break-up
length. [23]
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1.2.9. Cone angle

Researchers have not come to an agreement on the 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 will 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 cone

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 enough to cause atomisation, the spray angle (cone angle) (seen in

Figure 7) can be found using Equation 1 [2].

tang = %471 (%‘l’)%g Egqnl
Where:
ps  Density of the gas (kg/m°)
Pl Density of the liquid (kg/m°)
A Constant for a given nozzle geometry
Equation 2 was used by Hiroyasu [19].
2 0.25
6 = 0.05 (d"l’j—g“’) Eqn 2

Where:

0 Cone angle (°)

dn Nozzle diameter (m)

ps  Density of the gas (kg/m°®)

Ap Pressure drop across the nozzle (Pa)

VI Dynamic viscosity of gas (Pa.s)
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Figure 8 below shows the variation of cone angle with injection pressure. It was also noted by

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

angle.
0.5
.cfk‘i-
0.4 L~ e
e %,
ﬁ . ] | ____:_0;'——":'———.,—_
T ] -
= f
P J
= U.ﬂ- / II.' 'I+'
= |
C I
=]
/ |
5,0 ;
EL / ll
@ f ; .
I| /| —+— Kinematic viscosity = 1.0 *10%6
0.1 ' -
1', y "| s Kinematic viscosity = 38,1106
et o —a— kinematic viscosity = 53.1*10%6
0 —t—t——F+—+— t
0 20 40 60 80 100

Injection pressure (MPa)

Figure 8: Variation of cone angle with injection pressure [23]

Cavitation in the nozzle has the effect of increasing 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 performance of the 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 impingement of liquid fuel on the cold surfaces of the
combustion chamber 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 will not produce optimum results. The spray penetration (seen in

Figure 7) can be calculated using Equation 3 which was developed by Dent [42].
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1 1
S =307 (ﬁ—Z) (td,)z (%)_ ‘ Eqn 3
Where:

S Spray penetration (m)

Ap Pressure drop across the nozzle (Pa)

t Time after the start of injection (s)

dn Nozzle diameter(m)

ps  Density of the gas (kg/m°)

Ty Temperature of the gas (K)

Dent determined that his equation 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 the 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 function of +/t after 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 expected to breakup can

be predicted using Equation 4 below [43]:

29p1dn

1
(pgtp)?

threak = Eqn 4

Where:
toreak  T1Me at which the jet will breakup (s)
p;  Density of the gas (kg/m®)

Pl Density of the liquid (kg/m®)
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Ap Pressure drop across the nozzle (Pa)
ds Nozzle diameter(m)

With this, according to Hiroyasu, the spray penetration can be calculated using Equations 5
and 6 [43]:

[N

2Ap\2
t <tpreqr: S =039 (p—l’”)2 t Egn 5
1
1
t > tyear: S =295 (f)—p)4 (dnt)z Eqn 6
g
Where:
t Time after the start of injection (s)

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

ps  Density of the gas (kg/m°)

oI Density of the liquid (kg/m®)

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 be described by Equation 7 below [12].

Q= CdA\/% Eqn 7

Where:
0 volumetric flow rate (m®/s)

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

The nozzle flow area is the sum of the cross sectional areas of all the holes in the injector.
The calibration fluid used has a density of 830 Kg/m® [13]. 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, heavy-duty 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 cell that could 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 deliver rail 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 and signal 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 of £0.25mm for the nozzle axis and position where the spray exits and £0.05 ms
with the timing of the pictures. Due to the speed of the camera used (too slow to capture clear
images), assumptions are made for regions in which the images are blurred. These
assumptions are only valid from 0.5 ms after the 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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expected 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 of the density of 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 the results showed 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 the injection and the assumptions made due to the
limitations of the equipment make the accuracy of the results for the early parts of the

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

Seneschal et al. [25] conducted experiments and developed data processing software to
investigate the spray characteristics of a common rail diesel injection system. Figure 9 below
shows the apparatus used for their tests. The fuel was pressurized and 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 camera and the injection 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

Figure 9: Test apparatus [25]
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The camera was 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 input for the software
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 in Figure 10 below, for spray penetration were compared to Hiroyasu’s

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

Figure 10: Spray penetration results vs. Hiroyasu [25]

It was concluded that Hiroyasu’s model predicts the spray penetration closely and the two

phases are clearly evident.

Delacourt, Desmet, Besson

Delacourt et al. [26] carried out a study with the objective to investigate the effect of injection

pressure on the macroscopic spray characteristics for a wide pressure range.

The rig used consisted of a pressurized chamber filled with CO, at ambient temperature so as
to minimize evaporation of droplets. The CO, was pressurized to replicate real world cylinder
gas densities. The fuel delivery system was a common rail diesel injection system, the fuel

20



was delivered to the injector via a pressure accumulator by a high pressure fuel pump. The
spray was constantly illuminated and images were captured using a “fast video camera”. The

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

The camera used posed some problems as it was not able to capture the spray in a high
enough resolution to be analysed. 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 background 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
and Arai. It was concluded that Hiroyasu’s model predicts the spray penetration very closely,
even for pressures much higher than those used in real world applications. The results are

plotted in Figure 11 below.
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Figure 11: 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 it is increased. This can be seen in Figure
12 below.
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Figure 12: 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 rigs were used; one that
simulated in-cylinder gas density and another that simulated both the in-cylinder gas density

and pressure.

The first rig used a chamber filled with sulphur hexafluoride, an inert gas with a high density.
This allowed in-cylinder gas densities (20-50 kg/m®) to be simulated with relatively low
pressures (0.2-0.7 MPa). The second rig used a nitrogen filled chamber that was pressurized
up to 6 MPa. The temperature in both rigs was kept constant at 25°C. The gas densities were
calculated using the ideal gas equation for nitrogen and Van der Waals equation for real gas

was used for the 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 same injection 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 penetration as described 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] attribute this 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 was then 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 flow rate is constant. 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. Cavitation 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 were suggested
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.

Previous work done in 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 results of the 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 conducted 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 system to inject diesel into
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 operating at 20 000 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]

23



Valentim found that the spray penetration increased with increasing injection pressure and
decreased with increasing cylinder pressure. It was discovered that the theoretical models
over predicted the spray penetration for the initial 0.5ms. The author also found an increase in
cone angle with increasing cylinder pressure (except at atmospheric pressure). There was no
correlation found between cone angle and injection pressure. Valentim noted a hesitation
after the first 0.2ms of the injection, which was attributed to the characteristics of the single

hole injector used. [30]

Figure 13 shows Valentim’s results for spray penetration compared to various theoretical
models. The spray hesitation the author noted can be seen in the red circle. It can also 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
100 000fps to get a time resolution of 0.01ms, however the equipment used was unable to
obtain clear images at this speed.
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Figure 13: Valentim diesel spray penetration [30]
Karimi [23]

Karimi conducted research to determine the effect of injection pressure and cylinder pressure
and in-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 multi-hole injectors. The
experiments made use of a high speed visualization technique. The image acquisition system
had a Phantom V7.1 high-speed- camera that was able to capture images at 150000 frames
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 images. Two 125W
halogen flood lights with a diffuser were used for illumination. Figure 14 below is a
schematic of the experimental set-up Karimi used.

Flood Lt
[ TIE confroller
\

hittuses

TR Y

'Z

Figure 14: Karimi experimental apparatus set-up [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 of +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 of the injector 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 resulting in a shorter delay. Some of Karimi’s observations
can be seen in Figure 15 below with varying injection pressures and a 20 bar cylinder

pressure.
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Figure 15: 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 increased with increasing injection pressure and decreased with increasing
cylinder pressure. The author also 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.

1.3.Motivation
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 improvement in diesel engine technology and diesel engines now have more
applications in the passenger vehicle industry. [4] This improvement in technology has led to
diesel engines showing a considerable increase in market 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 worldwide attention in recent times. Due to the connection
between the emissions from combustion engines and global warming, governments have
imposed strict regulations on the emissions of these engines. Engine manufacturers must now
produce engines which are able to 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 have led to a drastic increase in fuel prices. The price of diesel in South Africa
increased by 13.2% from January 2017 (R11.45) to December 2017 (R12.96). In order to
achieve this, every component of the engine must be optimized. 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]

1.4.0Objectives
The objectives of this research are based on the effect of the cylinder pressure on the spray

penetration. They are:

1.

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.

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

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).
Investigate the relationship between spray penetration and the injection-cylinder
pressure difference.

Compare experimental results of spray penetration to theoretical models of Hiroyasu
and Dent.

Investigate the accuracy of Hiroyasu’s equation for the time at which the spray will
break up.

Investigate Hiroyasu’s theory that the injection pressure has a greater effect on 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,
Johannesburg. Figure 16 below shows the layout of the lab. The equipment was prepares
specially for the university by Inov8 Technologies Ltd. The test stand is able to perform spray
pattern analysis and flow measurement from diesel or gasoline GDI injectors, however, it can
only conduct one experiment at a time [15]. The 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 to 1800 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 [15]. The test stand requires a 3-phase power supply [15]. The test
stand can be seen in Figure 17 below.

The Inov8 test stand uses cutting edge technology to measure spray penetration. It makes use
of a high quality Imager Compact 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 anomalies are significantly 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 test 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 the test stand.

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

When using the test stand to measure the spray penetration, it returns a set of data points that
represent the length of the jet from the nozzle to the tip of the spray at the 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 possible due to the nature of the equipment used.

28



Gas cylinders

Cooler

Spray
Chamber

Contral Room

Control Enclosure

Lab door
/ control rocfﬁd?

Figure 16: Lab layout

Figure 17: Spray pattern analysis and flow measurement test stand

2.1.Test Stand
The test stand requires a nitrogen supply (from a high pressure bottle regulated between 6.5
and 8MPa) and a compressed air supply (regulated between 5.5 and 8 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 used to 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 off valve; it is then piped to the test stand [15]. The compressed air
is used for the spray chamber lower shield actuator and the air knives (discussed later), it is
also used for purging [15]. There are also connection points for cooling water inlet and outlet
(cooler set to 12°C). The cooling water from the 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 litres/min mean)

Max. temperature 15°C

Min. Temperature ~ 10°C

Min. Supply pressure 3.0 bar

Figure 18 shows the Air and Nitrogen Panel Assembly. Figure 19 below shows the supply

connections.
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Figure 18: Air and Nitrogen Panel Assembly [15]

Where:

1. Main air safety relief valve (pre-set to 10 bar)
2. Main air shut-off 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

12
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8. Main nitrogen shut-off 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 low pressure switch

16. Nitrogen purge supply interlock valve

Figure 19: Supply connections

There are two fluid systems on the test stand — the cooling fluid system and the test fluid
system. The cooling fluid system has the cooling fluid, the cooling fluid tank, temperature
and level monitoring devices, a pump, a fluid filtration system and a pressure control system

[15]. This system re-circulates cooling fluid through the test stand in order to maintain
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acceptable temperatures. The fluid temperature is constantly monitored by a thermostat and

the test stand is set to trip when the cooling fluid temperature reaches 37°C [15]. Normal

operation can continue once the cooling fluid temperature has dropped to below 37°C. In a

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 [15].The cooling system

specifications are as follows [15]:

Tank

Tank accessories

Flow Rates

Pressure settings

Capacity
System capacity
Low fluid level alarm setting

Low fluid level shut-down setting

Level switch

Thermostat

Sight gauge

Temperature sensor (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 shut-down
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 control 20 to 25°C +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 by a thermostat and the

test stand is set to trip when the cooling fluid temperature reaches 30°C [15]. Normal

operation can continue once the cooling fluid temperature has dropped to below 30°C. In a

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 [15]. The test fluid system

specifications are as follows [15]:

Tank Capacity
System capacity
Low fluid level alarm warning

Low fluid level shut-down setting

Tank accessories Level switch
Thermostat
Sight gauge
Temperature sensor (RTD)
Access cover

Drain valve

Flow rates Low pressure delivery

Re-circulating tank cooling

22 litres
24 litres
12 litres approx.

10 litres approx.

low level shut-down

Over temperature shut-down
Fluid level

Fluid temperature control

Cleaning empty tank

8.5 litres/min

7.0 litres/min
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Pressure settings Low pressure pump safety relief valve 10 bar

High pressure pump supply 1 -6 bar

Temperature control 20 to 25°C +£2°C using water/oil heat exchanger

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

Methanol or Ethanol may also be used, but only with gasoline (GDI) type injectors. The
pressure may not exceed 200 bar. If used for extended periods of time, the high pressure

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

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

Appearance Clear, amber, mobile, fluid
Density @ 15°C 830kg/m®

Kinematic viscosity at 40°C 2.55mm?/s

Flash point 85°C

The tanks and pumps for the cooling fluid and the test fluid can be seen in Figure 20 below.

35



Figure 20: Cooling fluid and test fluid tanks

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

Motor Leroy-Somer FLSD 132M EEXd II1B T4
Power 5.4 kW

Speed Range 300 — 3000 rpm

Speed Control Full closed loop control

Controller Control Techniques — Unidrive

There is an emergency stop button located on the test stand. There is also a purge control
selector switch — aux control enclosure and a purge control selector switch for the Akribis
enclosure. These test stand controls can be seen in Figure 21 below. [15]
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Figure 21: Test stand controls

2.1.1. Spray analysis system
The spray analysis system is comprised of a chamber; two pulsed flash 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 tested. [15]

The chamber is used to contain the injected fluid. It is constructed from sheet steel and has
glazed and sealed 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 an axial view. The back light is used to illuminate the spray so that the second

camera can capture an image of a radial view. [15]

The air knives (mentioned earlier) are high velocity sheets of air which flow across these
windows. The air knives prevent a build-up of test fluid on the windows which would result
in the cameras capturing distorted images of the spray. [15] There is also an extraction fan
connected to the chamber. The extraction fan removes the vaporized test fluid from the air

inside the chamber. The extraction system had the following specifications:

Model Vortice Lineo 200-VO
Type Inline tube fan
Motor Power 0.145 kW
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Volume Flow Rate  0.260 m®/s

The injector fixture has been designed to hold a single injector. It is adjustable and can
therefore 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 injection (Figure 44: Akribis Injector Connections). Figure 22

below shows the front view of the apparatus. Figure 23 shows a side view of the apparatus.

H/INJECTOR

WINDOW WINDOW

Laser 1 Laser 1

Y /SPRAY BOX

WINDOW 005

<«—— CAMERA 1

Figure 22: Front View of Spray Analysis Section [15]

m/ INVECTOR

e e

Figure 23: 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. DaVis is 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. Images are
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
averaged and combined to form a single sequence of images to represent a single injection
event. This has the advantage of removing anomalies and gives the researcher a more general
idea of the behaviour of the spray. The software also allows for the background to be
removed. A set of images are captured and averaged before injection occurs, the averaged

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

Schlieren photography is a popular method of imaging used in this field of study. This
method has been used by various researchers including Klein-Douwel et al. [24], Valentim
[29] and Alimia [30]. It 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 analysis [32]. 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 reflected through 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 knife 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 second knife edge appear as shadows/darker areas in the resulting images.
[33]
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Figure 24: Schlieren imaging apparatus [29]

The La Vision system makes use of Mie-scattering method. When light hits a spherical
particle, such as a fuel droplet from an injector, it is scattered. This 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 particle using the Lorenz-Mie theory. The imaging method
that was created using this theory became known as Mie- Scattering Imaging and it allows for

measurements of very high accuracy. [34]

2.1.2. Flow measurement system
Due to the extremely high pressures at which this 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 temperature. High pressures also mean that if there is a
mechanical failure, there 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 stainless steel. The
window, used for visual access, is constructed from a double skin of impact resistant
polycarbonate. The door is held closed by three manually operated latches, and seals the
enclosure when closed. [15]
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The internal volume of the enclosure is purged with nitrogen in an attempt to remove enough
oxygen so that ignition will not be possible. [15] This is achieved with the Expo Size

1 001/XCF/ss/PA purge control system. This system can be seen in Figure 25 below.

MiniPurge

e :

Figure 25: Expo Purge Control System

Inside the Akribis flow enclosure is the Akribis flow 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 being applied 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 section. A schematic of the Akribis unit can be seen in Figure 26 below.
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Figure 26: Akribis unit [16]

2.2.Power enclosure
The power enclose hoses various buttons that control the test stand. It has an emergency stop
button which will turn off the common rail pump drive motor and the fuel pump motors when
pressed [15]. It also has an isolator which turns on the power enclosure and the computers
(Test Stand and Akribis computers). There is a control panel which is used to turn on the test
stand and various pumps. Figure 27 shows the power enclosure control panel.
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Figure 27: Power enclosure control panel [15]

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

2.3.Control 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 computers are 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 signals sent to 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 information 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 open, or if the air supply or nitrogen supply are not acceptable.

The Akribis and the spray 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 seen in Figure 28 below.
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Figure 28: Control enclosure

2.4.Fuel 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 seen in Figure 29 below.

Figure 29: Fuel Injector
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The specifications of the injector 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 Alimia [30]. This was done
to ensure clearer images and less interference, thus allowing the software to more accurately

analyse the results.
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2.5.Pressurized Spray Chamber
A spray chamber was 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 was that used by Valentim [29] (Figure 30). Unlike the spray
chamber in the test stand, the spray chamber used by Valentim was round. The chamber was
made of steel with 2 round windows that were made of NBK-7 glass (used for optical
components eg. lenses). As in the case with the spray chamber in section 2.5.3 of this report,

these windows were optically pure and would not distort the images taken.

The chamber had a 3™ port which was sealed with a 12mm thick steel blank that was
machined for an o-ring. This port allowed the operator access to the inside of the spray
chamber by undoing a few bolts. The injector was fitted on the top cover of the spray
chamber at an angle (Figure 31) so that the portion of the spray exposed to the camera was
maximized as seen in Figure 32 below. The modification was made by Alimia [30]. Figure 32
(a) shows the original configuration and Figure 32 (b) shows how the injector is currently
positioned. The original hole on the top lid was sealed and a new hole was drilled at a 20°
angle. The angle 0 is typically between 140° and 160° and so most of the spray is not visible
through the window. The 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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Figure 30: Valentim spray chamber

Figure 31: Injector mounting
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Figure 32: Injector location [30]

2.5.2. Spray chamber set-up

The original intention was to mount the spray chamber in the same location as the existing
spray chamber. This proved to be unfeasible 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 new location as seen in Figure 30.

A stand was fabricated to hold the spray chamber with an adjustable bracket for the camera.
The camera was relocated to the 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 seen in

Figure 33. The camera with the original bracket from the Inov8 test stand were bolted to the
camera bracket in Figure 34 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 for the camera was used to reduce interference from outside light sources. New high
pressure and return fuel lines were fabricated and 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 chamber. It had a larger internal volume than the
chamber described in Section 2.5.1 to 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 before the modifications. It would also be
possible to test multi-hole injectors with this set-up.

The analysis involved the superposition of the rigid frame model and plate model. A Finite
Element Analysis was also conducted to verify the calculations. The details of the design of
the spray chamber can be found in the design report, “Spray Chamber Design” in
APPENDIX E — SPRAY CHAMBER DESIGN of this report.

A model of the designed spray chamber can be seen in Figure 35 below. The top and bottom
covers as well as the window flanges were secured with M12 and M8 bolts respectively. The
quartz 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 injector is located at the correct position so 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 to regulate the flow of gas as well as a pressure relief valve set

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

Figure 36 shows the completed chamber set up for testing with all the required connections.
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Figure 36: Spray chamber with connections
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2.6. Experimental Facility Set-up

Figure 37 below shows how the components 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, cooling fluid and test gases as they were setup for

the study.
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2.7. Experimental Facility Risk Analysis
The hazards associated 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 experiments. These are the 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.

Figure 38 below shows the areas of the lab that may be hazardous. The test stand is controlled
remotely from the PCs in the Control room. The operator will have to be in the control room
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 chamber will 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 windows. There

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

In Figure 38, red represents potentially very hazardous areas of the lab, 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 the spray chamber 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 red area 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 on the gas cylinder. The purged gasses

are routed out the lab and into a closed off courtyard adjacent to the lab.
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Table 1 below shows the identified hazards and safety measures to be taken to minimize risk

to the operator and equipment.
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Table 1: 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 is | Pressurize chamber in small
out pressurized. Inspect pressure relief valve | increments and monitor pressure
regularly. gauge. Stay under 20 bar.
Common rail system failure | Common 8 1 Stay in the control room when the system is | Do not exceed 1400 bar rail
rail/high pressurized. Set rail pressure and pump speed | pressure. Increase pump speed
pressure line to 0 when leaving the control room. Ensure | and rail pressure incrementally.
explodes test stand doors are closed.

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

Oil spill on floor Slipping 4 7 Wear proper, closed safety shoes in the lab at

hazard all times to prevent slipping.
Gas leak Asphyxiation | 10 3 Ensure gas cylinders are closed tightly when | The chamber is purged remotely

not in use. Ensure all connections are made
tightly. Open lab door when purging/emptying
spray chamber

and the purged gasses are routed

outside.
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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 Test Stand as described in
Section 2 of this report. The data capturing equipment of the test stand is unmatched by
equipment used in previous studies with similar objectives as discussed in Section 1.2.12 of
this report.

The Inov8 Test Stand was designed to analyse spray patterns with atmospheric back
pressures, so some modifications to 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 test stand with
the intention of optimising the data capturing. During the initial set up of the spray chamber,
the tip of the injector which 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

sending 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 pressurized, it was not possible to retain the extraction system. If too much fluid is
introduced to the chamber, it would become ‘misty’ inside and this would obscure the
images. It was therefore necessary to minimise the amount of fluid injected per test. This was

accomplished with the use of a ‘1 hole injector’; all but 1 hole of the Bosch injector use was
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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 injector, keeping the holes sealed.

Testing involved measuring the spray penetration with different combinations of injection
pressure and chamber pressure (back pressure). The injection pressure was varied between
700 and 780 bar and the chamber pressure was varied between 0 (atmospheric pressure) and
20 bar. First the injection pressure was varied with a constant (5 bar) back pressure. Then the
back pressure was varied with a constant injection pressure (760 bar). Finally, both the
injection pressure and the back pressure were varied while maintaining a constant (5 bar)
difference between them. All the experiments were conducted first with nitrogen in the
chamber and then repeated with carbon dioxide in the chamber due to their different

densities.

The results were processed both manually and with the use of the functions built into the
DaVis software. All results were compared to the theoretical models of Dent and Hiroyasu to
determine their accuracy in predicting the spray penetration as well as break up time. The
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 performed at a time. The start-up 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 following: [15]

Water, oil and electrical supplies are connected

Cooling fluid in the cooling fluid tank is at the correct level

Test fluid in the test fluid tank is at the correct level

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

All emergency stop buttons have been reset

N o a bk~ wDd e

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

Before beginning with the start-up process, the experiment that is to be performed must be

selected i.e. Flow measurement 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].

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

measurement and injector spray analysis.

3.3.1. Procedure
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12.
13.
14.

Switch on external heat exchanger and set it to 12° C

Open the nitrogen tank ( set pressure to 50 bar using pressure regulator)
Turn on 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)

Turn on purge control valves (on test stand)

. Turn off purge control valve (after allowing a few minutes to purge)
. Check test stand status on stand computer (F10, see Figure 39)(at this stage there will

be one red light; ‘Doors Closed & Locked OK)

Turn on cooling fluid pump (button on power enclosure)
Turn on test fluid pump (button on power enclosure)
Wait for all lights to turn green (see Figure 39)
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Figure 39: 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. Ensure that the cooling fluid level and temperature are acceptable (correct level and

no warning messages).

4. Ensure that the test fluid level and temperature are acceptable (correct level and no

warning messages).

5. Ensure that the Akribis door is closed securely.

6. 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.




3.4.1. Procedure
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Set pressure to 0 bar (on computer, Figure 42)

Turn off pump drive (Figure 41)

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 enclosure)
Turn off test stand (button on power enclosure)

Turn off main isolator

. Turn off extraction fan

. Turn off compressed air supply
. Close nitrogen tank

13.

Switch off heat exchanger

3.4.2. Precautions

1.

The common rail pump, test fluid pump and cooling fluid pump must be turned 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 before turning off the main isolator

3.5.Injector Spray Analysis

The following procedure and precautions should be followed for the injector spray analysis

experiment. [21]

3.4.1. Procedure

1.

a ~ w N

Turn on Spray Analysis computer by pressing the black power button on the control
enclosure (Refer to Figure 40). The PC will turn on, no password is required, press

enter.

Launch the LA Vision Software by double clicking the ‘DaVis” icon on the desktop.

Select ‘Expert User’ and login

Select ‘Project’, then select ‘<New Project>’ from the drop down menu.

Name the project; select ‘SprayMaster’ from the drop down menu, click ‘Ok’



Background image

6
7
8.
9

10.
11.
12.

13.

14.
15.
16.
17.
18.
19.
20.
21.

Click ‘New’

Select ‘Background Images’ from the Recording mode drop down menu

Click ‘Device’

Click ‘Recording’ in the cascade menu. Select lights and camera to be used

Click ‘On’

Click ‘Acquisit’

Click ‘Recording Sequence’ in cascade menu. Tick ‘Use RAM’ and ‘Store
immediately after each scan loop’

Click ‘Image Acquisition’ in cascade menu. Set number of images to 10. Tick ‘Start
immediately’

Select ‘Device’. Click ‘Timing’ in the cascade menu

Set Trigger source to ‘Internal trigger’

Click ‘Start Recording’ to start recording data

Click ‘Close’

Select the background image from the cascade menu. Click ‘Batch’

Select ‘Statistics’ from the operation group drop down menu

Select ‘Parameter’ from operation list

Tick ‘Average’ and select ‘Camera 1°. Click ‘Start Processing’

Experimental image

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

followed to obtain the background image. At step 7, ‘Experimental Images’ should be

selected instead of ‘Background Images’. From step 12:

22.

23.
24,
25.
26.
217.

28.

Ensure ‘Store in folder’ is set to operating folder and ‘Store immediately after
recording’ is ticked

Click ‘Image Acquisition’ in cascade menu. Click ‘Delete’

Click ‘Recording sequence’ in cascade menu. Click ‘Insert Acquisition’

Select ‘Scanning’. Select ‘Reference time 1°. Click ‘Ok’

Repeat step 22

Select ‘Image Acquisition’. Select ‘Image Acquisition’ from drop down menu. Click
Ok’

Click ‘Reference time 1’in cascade menu.
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29.

30.
31.
32.
33.

34.
35.

36.

Select ‘Scan’. Enter start time of 0.35ms. Set end time to 0.35ms + user defined pulse
length. This is the time frame in which the data will be recorded. Set increment to
0.05ms.

Click ‘Image Acquisition’ in the cascade menu.

Set number of images to 10.

Select ‘Device’. Click ‘Timing’ in the cascade menu

Set Trigger source to ‘External cyclic trigger’ and ensure ‘Don’t allow external
pretrigger’ is ticked.

Adjust the chamber pressure using the regulator on the gas cylinder as required.

Set pump speed, rail pressure, injection duration and enable injections as outline in
Section 3.8.1 of this report.

Click ‘Start Recording’ to begin recording data.

Figure 40: 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.

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

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

Rail pressure must not exceed 1800 bar

Ensure air knives are turned on
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3.6. Image Processing

The images collected using the methodology described in Section 3.5 should be processed

using the following steps using the DaVis software on the Spray Analysis computer. [21]

1
2
3.
4

Highlight the first of the experimental images

. Right click and select ‘Hyperloop’

Select ‘Current folder’

. 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

© © N o O

Backg

10

11.
12.
13.
14.
15.
16.

17.
18.

Select ‘batch processing’ from the operation drop down menu.
Click the ‘Parameter’ button

Set it to averaging as done with background images.

Click ‘Close’ (top left)

Click ‘Execute’

round subtraction

. Repeat step 5

Right click ‘Averaging’. Select ‘Disable’

Select a new operation.

Select ‘Project’ when the group menu appears

Select ‘Background subtraction’ in the operation menu

Select ‘Back lighting’ for camera 2

Select ‘Default Background file’ in the background file menu. Tick ‘Use last result
file from “Background” postprocessing’

Close the batch processing menu

Click ‘Execute’ in the Hyperloop menu

Rearrange data

19
20
21

. Select ‘Rearrange’ from the operation drop down menu
. Click ‘Parameter’

. Ignore Time and set variable parameter to ‘T1’
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Export data

22. Select ‘Export’ on the toolbar
23. Set Export type to JPG

24. Specify export path
25. Click ‘Export”

3.7. Geometry 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 ‘Spray Master’ option as mentioned previously. The Geometry Package is

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.

N o a b~ wnh e

Select the Geometry Package via the ‘Load” button above the operations list.
Select ‘SPM Inspex Evaluation’ from the ‘Load Image operation list’ selection box
From the Operations list, disable options 1-3.
Expand option 4; ‘Geometry’

Select ‘Maximized Parameter Dialog’

Select ‘Setup Parameters’ icon

In the Parameter box, tick the following:

Spray angle
Diameter at distance
Maximum diameter
Tip penetration

Arc profile

Tracer profile

Spray front

8. Set ‘Spray Type’ to Multispray

9. Expand the ‘Functions’ menu and set the parameters as follows:

Direction of angles: Clockwise
Scale Display: Buffer scale (mm)

Decimal Places of length values: 123.4mm
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e Decimal “Point” character: Dot (.)
e Colours may be set as desired.
10. Expand the ‘Postprocessing’” menu and set the parameters as follows:
e Use dynamic mask: Off
e Use rectangle: Off
e Rotation angle (°): 0
e Percentage: Checked, setto 5
e Filter mode: Off
11. In the radial parameter menu set the parameters as follows
e Mode: Counting
e Limit: 95
e Use lines as diameters: Checked
12. Set up the submenus as follows:
e Injector — leave unchanged
e Penetration:
o Mode: Pixel
o Limit: 95
e General:
o 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 ‘Define Segments of Multispray’ icon
14. Click ‘Set’ for the injector and click on the nozzle in the spray image.
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. Select the ‘Test Processing’ button.

18. Exit the batch processing menu and select ‘Execute’ from the hyperloop menu

3.8.Flow 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 (INJ CURRENT) 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, F7, See Figure 41)

Stalioni - [Sel Pump Specd]

Speed Demand . 1{]“0 Fpm

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

Slop Drom |

GEGOEEaE g
Fi

B 0 T 0 0 I 0 W

Figure 41: Set pump speed

4. Set firing pulse lengths and delays (Stand PC, F8, See Figure 42)

| 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

Figure 42: Injector firing and pressure control
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9.

Set rail pressure (Stand PC, F8, See Figure 42)
Enable injections (Stand PC, F8, See Figure 42)
Select location to save data (Akribis PC, F4, setup)
Run free test (Akribis PC, F9, See Figure 43)

1 AKRIBIS - [Akribis]

Exit Displays Mode Station Errors Testplan Conbrol View  Help

Bribis Test Nutnber 126 Wersion Bkribisva 4p1 D05
Injection Event Data - — Speed .
- [ Velume (mm3) —— - Start Time {ms) - —End Time (ms} —  —Pressure (bar) —
Mean std Mean std Mean std Mean std e
1 [ 1962 | 048 | 209 | 000 | 288 | 0.00 [[1404.19] 056 e —
2 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 [ Total 2
3| 000 | 000 | 000 | 000 | 000 | 000 | 0.00 | 000 Ml L
4 | 0.00 0.00 000 | 0.00 0.00 000 | 0.00 0.00 Remote Enabled
5 | 000 | o000 | 000 | 000 | 000 | 000 | 000 | 000 free fun
Progress |02
- 20,00 S ——
_ ] — Metering Temperature ——
< - e —2000 Actual 4749 °c
45.00— - & Last Test \
. I —1800 Mean 476 °c
T 15_uut n std 0.0 °c
= — 1600 T —
~ 14.00 — Cooling Temperature 3
35.00 - i - [ Actual  21.1 °C
A3Ill]l'.|— 12.00+ _ 1400 |, Back Pressure -
& 40 bar
26.00- £, J =1200 § —J
g £ 10.00 . z -Drain Rate/Time -
§20.00—_§ . ~1000 £ [G] _:02 :s'“"““’
Z1500-2 w1 =
.00 - —Leak Rate ————————
10.00- L [ 0.0000 mm3ms |
4.00 —G00 -~ Test Time - -
5.00- - | 0.85 =
0.00— 2.00 —400 Windows Mode )
_ B Unlocked
s00- 000 200 : )
-2.00 - i I I 1 1 1 I I I I i~0 ma
0.00 500  10.00 1500 2000 2500 30.00 3500 4000 4500 5000 5500  60.00 ]
Technologies
Time {ms}) \
F2 Run Test F4 Setup F5 LoadiStore F7 Lock F8 Plot Setup F9 Free Run

Figure 43: Akribis PC

If displayed results are acceptable, abort test (F10) and run test (F2)

10. Disable injections (Stand PC, F8, See Figure 42)
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

69



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 stand. Figure 44 and Figure 45 below

shows the connections that must be made to the injector.

3.9.1. Akribis procedure

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.

Tighten the bolt on the clamp to hold the injector securely in place (5N.m + 90° with
a torque wrench).

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

Tighten the bolt on the high pressure test fluid connection using a No. 17 spanner.
Insert the drainage connection into the top of the injector. Fasten using circlip.

Plug electronic connection into electronic connection point on injector.

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

Figure 44: Akribis Injector Connections
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Where:

High pressure test fluid connection
Electronic connection

Drainage connection

N

Clamp

3.9.2. Spray analysis procedure

1. The injector must be placed into the hole on the top of the spray chamber 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 Section 3.9.1 of this report.

Figure 45: Flow Analysis Injector Connections
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Where:

Injector
Clamp
Weight disk

Fulcrum

N

3.9.3. Precautions

1. Do not over tighten the clamp. This 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

injector not firing

in
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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.

Figure 46 to Figure 54 below show the images captures with an injection pressure of 720 bar

and a chamber pressure of 5 bar (nitrogen).

Figure 46: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 0.35ms — 0.4ms

Figure 47: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 0.45ms — 0.5ms
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Figure 48: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 0.55ms — 0.6ms

Figure 49: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 0.65ms — 0.7ms

Figure 50: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 0.75ms — 0.8ms
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Figure 51: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 0.85ms — 0.9ms

Figure 52: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 0.95ms — 1.0ms

Figure 53: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 1.05ms —
1.10ms
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Figure 54: 720 bar injection pressure. 5 bar chamber pressure using nitrogen. 1.15ms

4.2. Flow Measurement

The Akribis section 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 found in APPENDIX A —
DATA CD.

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

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 the injector delivery in mm?3. The start time is 0 and the increments
are 0.005ms with 12000 data points (not shown). This is from a single injection and only
shows the measurements at the beginning, middle and end of the injection. There 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.

5.1.Spray Analysis
The pictures taken at each increment during the test are averaged by the DaVis Software on
the Spray Analysis computer. Averaging 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 representation of the injections. The averaged pictures with
background removed for a test done with a one hole injector, 720 bar injection pressure, 5 bar
cylinder pressure (nitrogen) and a 800us injection duration are presented below.

Figure 55 shows the spray between 0.35ms and 0.4ms. Figure 56 shows the spray between
0.45ms and 0.5ms. Figure 57 shows the spray between 0.55ms and 0.6ms. Figure 58 shows
the spray between 0.65ms and 0.7ms. Figure 59 shows the spray between 0.75ms and 0.8ms.
Figure 60 shows the spray between 0.85ms and 0.9ms. Figure 61 shows the spray between
0.95ms and 1ms. Figure 62 shows the spray between 1.05ms and 1.1ms. Figure 63 shows the
spray at 1.15ms. The times mentioned refer to the time after the signal was sent to the

injector|

Figure 55: 0.35ms to 0.4ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.
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Figure 56: 0.45ms to 0.5ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.

Figure 57: 0.55ms to 0.6ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.

Figure 58: 0.65ms to 0.7ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.
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Figure 59: 0.75ms to 0.8ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.

Figure 60: 0.85ms to 0.9ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.

Figure 61: 0.95ms to 1ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.
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Figure 62: 1.05ms to 1.1ms averaged and background removed. 720 bar injection pressure. 5

bar cylinder pressure using nitrogen.

W

Figure 63: 1.15ms averaged and background removed. 720 bar injection pressure. 5 bar

cylinder pressure using nitrogen.

Once the data has been averaged and the background removed, the images are analysed by
the DaVis Software’s Geometry package to determine the cone angle and spray penetration at
each increment. Figure 64 below shows an averaged 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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Figure 64: 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 properly able to pick up the spray. The software then located the boundaries of the spray
and calculates the spray penetration and cone angle. In Figure 64 the inner set of white 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 this instance, the spray penetration was
determined to be 32.8mm and the cone angle was 8.8°.

The Inov8 Test Stand has two options for lighting and thus two methods of analysis. The
first, as seen in Figure 64 is a back light. A sheet of light is positioned behind the spray and
the spray is analysed against a light background. In the figure, “#1” is the tip of the spray and
“#2” is the tip of the nozzle (origin of the spray). The second is sheet/front lighting. This
method illuminates the spray and not the background. For the first 0.15ms of the injection,
the spray is not in front of the backlight and so this portion is analysed using the sheet/front
lighting setting on the software as seen in Figure 65.
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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 optimize the results eg. 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 files and 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 multiple sets of analyses. For this reason, software was developed by the

author in Python to collect the data. The code for the DataCollect software can be found in

APPENDIX C — DATA COLLECTION CODES.
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Manual data processing

The data can also be processed using CAD software. The unprocessed image used in Figure

64 was processed using Solidworks 2017 to illustrate this. The results can be seen in Figure

66 below. The image is imported into a Solidworks drawing and the scale on the bottom of

the image is used to set the scale of the drawing to 1:1. Lines are then drawn from the nozzle,

tangent to 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 the cone angle and the radius

of the arc is measured to give the spray penetration. The manual data processing gives a spray

penetration of 33.1mm and a cone angle of 8.9°.

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

processing, there is a difference of approximately 1%.

-15

10

--10

--15

--20

-25

--30

--35

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

-10 - 5 15 20

Figure 66: Manual Processing

Theoretical calculations

Before the theoretical cone angle and spray penetration can be calculated, the density of the

position mm
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gas in the chamber must be calculated. This can be calculated using the ideal gas equation.

counts
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Pg = @

Where:

Py Density of the gas (kg/m®)

P Gas pressure (Pa)

R Universal gas constant (Pa.m?/kg.K)
Ty Temperature of the gas (K)

Using a temperature of 15° C and a cylinder pressure of 500 KPa, the density of the nitrogen

is calculated as:

500 x 103
p = —-——
9= B g
28.013

= 5.75 kg/m®
Cone angle

The theoretical cone angle can be calculated using Equation 2.
dZpAp 0.25
6 = 0.05 (Ti) Eqn 2

Using a dynamic viscosity of 17.997 x 10 Pa.s and an injection pressure of 700bar, the cone

angle can be calculated as:

0.25
(017 x 1073)2x 5.85 x ((700 x 10%)-500 x103)
(17.997 x 107%)2

0= 0.05<

= 21.4°

Spray penetration

The theoretical spray penetration can be calculated using Equations 3, 4, 5 and 6. Where
Equation 3 gives results that follow Dent’s theory and Equations 4, 5 and 6 are used to obtain

results that follow Hiroyasu’s theory.
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Dent

Using Dents theory [42] and an injection pressure of 700 bar, the spray penetration at 0.75ms
after the start of the injection can be calculated as (injection only starts 0.35ms after the
signal is sent, so t = 0.4ms):

1 1

1 X 1
S =3.07 (A—”) (td,)? (ﬂ) ) Eqn 3

Pg Tg
1
3.07 (700 x 10°) = 500 x 10°%)¢ (04 x 1073 x0.17 X 10‘3)l (294)%
= . . . 2
5.75 293

= 46.4mm
Hiroyasu

Using the same data, the spray penetration can be calculated using Hiroyasu’s theory [38][43]

as follows:

The time at which the spray is expected to break up can be calculated using Equation 4 as

follows:

__ 29pid
tbreak - . Eqn 4

1
(pghp)?

29 x 830 x0.17 x 1073

(5.75 x ( (720 X 105) — 500 ) x 103)z

= 0.000201 s

From the calculated break up time, it can be seen that at 0.75 ms, the spray would have
broken up. After the spray has broken up, the spray penetration can be calculated using

Equation 6. At 0.4ms after the start of injection, the spray penetration can be calculated as:

1

t > tbreak: § =295 (2_5)4 (dnt)E Eqn 6

1
n .
) (0.17 x 1073 x 0.4 x 1073)2

(700 x 10%) — 500 x 103
=295
5.75

=444 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 Appendix B of this report. Once the data has been
exported to text files, it was imported to Excel spreadsheets using a VBA code developed by
the author, which can be found in APPENDIX C.

The data obtained over the 20 injections is then averaged in order to obtain a more 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 rail pressure showed fluctuations of up to 12 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. Multiple 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;

Q= CdA\/% Eqn 7

The nozzle area can be calculated as follows:
The area of one of the holes is:

A= nr

0.000172
2

=22.698 X 1072 m?

=T

Using a coefficient of discharge of 0.8, an injection pressure of 700 bar and a back pressure

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

2P
Q= CA |—
p

= 0.8 X 22.698 x 107° x \/

2(1000 — 40) x 105
830

= 8.84 mm®/ms
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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 to gather data with a
higher level of accuracy than equipment used previously conducted research (Section 1.2.12).
The DaVis software is able to control the camera very precisely 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 steps (0.02ms) between successive images. The fact that a user
defined number of images are averaged for every time step means that the effect of anomalies

on the results is reduced.

The test stand was designed to analyse spray patterns with an atmospheric back pressure.
This meant that a new spray chamber needed to be fitted to the test stand that could be
pressurized. The new spray chamber would have to have no impact on the normal operation
or accuracy of the test stand. The spray chamber used by Valentim [29] was retrofitted to the
test stand for the purposes of the study. This spray chamber was sealed to hold pressure, so
the extraction system could not be used. This imposed a few restrictions 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 rate. This also prevented
fluid build-up on the 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 viewed radially. A
single jet would therefore make it easier for the software to identify the spray penetration and
cone angle and thus produce more accurate results. The injection pressures were also kept
below 800 bar, this was to reduce the amount of fluid injected as 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 pressure while varying 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 between them. These tests were repeated with nitrogen and

88



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 above. This
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 system used by Valentim 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 same internal 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 the density 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 and so the spray chamber was sent
out for some minor modifications as described in Section 3.1. At the time of completing the

study, the modification to the spray chamber was still in progress.

The observations in Section 4 were processed as described in Section 5 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 at 5 bar with nitrogen. The injection pressure was varied between
700 bar and 780 bar with a duration of 800 ps. The injection pressure was limited to 780 bar
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 system. If too much 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 seen in Figure 67 below. The full set of tabulated results can be found in
Table 3 - APPENDIX D — RESULTS.
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From Figure 67 it can be seen that the spray penetration increases with increasing injection
pressure as predicted by theoretical models and observed by previous researchers [2][23].
Figure 69 shows a plot of the results obtained with a 760 bar injection pressure and 5 bar
cylinder pressure compared to the theoretical spray penetration with the same parameters (the
results for the other injection pressures can be found in APPENDIX D — 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 needle lifts, the test fluid is forced through the nozzle of the injector by the
large pressure difference (695 — 775 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 continues to increase, however at a

slower rate than before break up.
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Figure 67: Spray penetration vs time. 5 bar cylinder pressure. 700 — 780 bar injection
pressure using nitrogen

For the current set of tests, Hiroyasu’s model predicted that the spray would break up
between 0.54ms and 0.55ms. The sudden change in the gradient in Figure 67 (resulting from
a sudden decrease in velocity) indicating the spray 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 development of the models was lower than those tested here
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and constants were built into the models to account for the experimental set up used, which

differs from the set up used in the current study. [41]

For all of the injection pressures tested, the initial stages 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 in Figure 68 which shows the average spray penetration at
different injection pressures, for two periods during the injection. Between 0 and 75ms, the
average spray penetration was closer than between 0.8ms and 1.15ms. The difference in
average penetration (between 700 bar and 780 bar injection pressure) was 2.6mm between
Oms and 0.75ms. Between 0.8ms and 1.15ms, this difference increased to 7mm. This means
that the injection pressure has a bigger influence on the penetration in the later stages of the
injection than it does in the initial stages. In the later stages of the injection, the spray
penetration more closely matches the theoretical predictions of both Hiroyasu and Dent as

seen in Figure 69 below. A higher injection pressure resulted in a larger spray penetration.
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Figure 68: Effect of injection pressure on spray penetration at different stages of injection

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

time frame tested in this research ie. injection duration of 800us (0.35ms — 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 dividing the 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
increases linearly until 0.55ms (0.2ms after the start of the injection), thereafter, the mean tip

velocity suddenly decreases before beginning to increase again with another drop.

The sudden drop in the mean tip velocity coincides 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 a ‘1 hole injector’. The 6 holes on the injector are spaced
evenly, radially, around the needle of the injector. During normal operation, there is an even
pressure around the needle whether the injector is open or closed. With 5 of the holes closed,
as soon as the needle starts to lift and fluid leaves through the 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 up another of the holes opposite to the open one to
balance the pressure distribution on the needle.

The interruption in the flow of fluid out of the single hole has the effect of creating a second
jet just behind the first one. This second jet was discovered by Valentim [30]. When the
needle begins lifting and the fluid starts to flow out of the nozzle, the mean tip velocity
increases steadily due to the pressure difference across the nozzle. The lateral movement of
the needle then obstructs the flow causing it 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 fluid is forced into the stationary gas that is in the cylinder as a
liquid jet. The liquid jet decelerates and at the same time accelerates the gas particles it makes
contact with. As the flow progresses, the liquid jet mixes with the gas in the cylinder and the
jet becomes shrouded by a fluid/gas mix. The density 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 structure. This
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phenomenon is known as cluster shedding [23]. This explains the fluctuations in the
penetration as seen between 0.9ms and 1.15ms in Figure 67. The fluctuations are more
evident when analysing the time derivative of the penetration (velocity) as seen in Figure 71.
There are larger fluctuations in both the spray penetration and mean tip velocity at higher
injection pressures. At higher injection pressures, the fuel is better atomized (smaller
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 cluster shedding.
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Figure 71: Mean tip velocity. 700 — 780 bar injection pressure. 5 bar cylinder pressure using
nitrogen

Another structure noticed in the spray was the fish bone structure as seen in Figure 72 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 injector and 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 about by any
of the components of the fuel delivery system 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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Figure 72: Fishbone structure. 720 bar injection pressure. 5 bar cylinder pressure using
nitrogen. 1ms after signal sent

Figure 73 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 of the Dent and
Hiroyasu models for spray penetration respectively. From the figure, it can be seen that
Dent’s model predicts a sudden increase in the velocity when the injector opens, the velocity
decreases thereafter at a decreasing rate with time. The initial velocity tends to infinity as the
time tends to the time of the injector opening (0.35ms). Hiroyasu’s model predicts a constant
velocity, also with a sudden increase, until the spray breaks up. When it breaks up, it is
predicted that there would be a sudden deceleration. Thereafter, the deceleration decreases at

a decreasing rate.

These models seem unrealistic in predicting a sudden, instantaneous increase in velocity
when the needle lifts. They do not take into account the effects of the viscosity of the fluid,
the inertia of the fluid and the effects of friction. The experimental results show that the
velocity of the spray increases linearly with time until the injection is interrupted by the
hesitation, at which point it begins to decrease. When the secondary 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 the injection (before breakup or hesitation). From the figure, it can be seen that
the acceleration increases at an increasing rate with increasing injection pressure. The

acceleration for this period increases from 512m/s®> with 700 bar injection pressure to
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691m/s®. This represents a 35% increase in acceleration with an 11.4% increase in the
injection pressure. During this phase of the injection, the spray is mostly dependent on the
pressure difference across the nozzle. Increasing the injection pressure while keeping 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 the average mean 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 step; and then averaging the results for the various injection pressures. The full set
of mean tip accelerations can be found in Figure 125, APPENDIX D — RESULTS. From the
figure, it can be seen that the acceleration starts at 0 when the injection 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 viscous effects as the fluid passes through the nozzle as well as
frictional losses. The acceleration remains constant from here until the hesitation. This
constant acceleration is due to the constant pressure applied to the fluid. The spray suddenly
decelerates as the injection is interrupted as seen by the dip in acceleration at 0.6ms (average

acceleration between 0.55 and 0.6ms).

The acceleration then picks up again as the secondary spray starts. The acceleration then
suddenly decreases again when the spray breaks up at around 0.85ms. The acceleration
between the hesitation and the break-up of the spray is very irregular. This is due to the
interactions between the spray and the gas in the cylinder.
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Figure 75: Average mean tip acceleration. 700 — 780 bar injection pressure. 5 bar cylinder
pressure using nitrogen.

The change in acceleration (deceleration) from 0.55ms to 0.6ms is 157.8m/s, whereas the
corresponding change from 0.8ms to 0.85ms is 1432.6m/s. The 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.

Comparing Figure 69 and Figure 70, a similar pattern can be seen in terms of the relationship
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 0.4ms — 0.5ms after injection began). The same trend can be seen with all
the injection pressures tested. After this initial period, the theoretical models predicted the
spray penetration fairly well. Figure 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 decreases rapidly from the start of the injection until about 0.45ms after the start
of injection (0.8ms after the signal is sent). Hiroyasu predicts the spray penetration within 1%
at 1ms (0.65ms after injection began).

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

penetration more accurately throughout 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 in APPENDIX D — RESULTS. The theoretical predictions are closer to the test results
at higher injection pressures. Considering the average difference for the whole timeframe,
Dent’s model goes from a 38.6% difference at 700 bar injection pressure to 30.5% at 780 bar,

with the difference decreasing almost linearly. Similarly, Hiroyasu’s model goes from 34.9%

t0 26.0%.
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Figure 76: Percentage difference between theoretical and actual results. 760 bar injection

pressure. 5 bar cylinder pressure using nitrogen.

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

the theoretical models not taking into account the effect of cluster shedding.

As the injection progresses and the spray atomized, there are more fluid particles in the gas
further away from the liquid jet. The imaging system picks up the presence of a particle by
the light it scatters. The particles present 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 spray. This can be seen
when looking at Figure 77. 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 image has much more contrast
and the edges of the spray are very clear and defined. The image on the right has some
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 in the count of particles in the gas. The
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background in the later image is the same colour as the boundary of the spray in the earlier
picture. Due to this phenomenon, the threshold on the analysis software needed to be changed
and optimized for each progressive image. 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 gas in the spray chamber

through a filter so as to not waste the gases being tested.
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Figure 77: Atomized test fluid at 0.6ms and 1.15ms

The area of interest is the first 0.5ms of the injection. Prior to this study, there had not been
any research conducted to accurately analyse the spray for this time period. Valentim [30]
attempted to gain a better understanding of this portion of the spray; however his equipment
was not able to accurately capture the spray in smaller time steps. The Inov8 Test Stand was
able to capture images 0.01ms apart, however the limiting factor was the amount of fluid that

can be injected per test.

If the test ran for too long, the spray chamber would fill up with vapour and the images
captured would not be clear. Tests were run using the same parameters as above, and the time

step was reduced to 0.02ms. The results are plotted in Figure 78 below.
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Figure 78: Spray penetration vs time. 5 bar cylinder pressure. 770 bar to 780 bar injection
pressure using nitrogen. 0.02ms time step

Figure 78 shows the area of interest in higher resolution (more data points). From 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. Referring to Figure 6, 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 higher the injection pressure, the larger
this force will be and therefore the faster the injector will open. Figure 79 shows the time at
which the penetration reached 0.5mm for each of the injection pressures tested. This 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 injection pressure is increased. The spray
penetration reaches 0.5mm approximately 0.02ms earlier with a 780 bar injection pressure
than it does with a 700 bar injection pressure. When the injector has to close, the opposite is
true. The needle (spring) will have to act against this force to close the injector.

101



043 -

0.425 &

0.42 -

0.415 -

0.41 - ¢

0.405 -

Time at 0.5mm penetration (ms)

0.4 T T T T T T T 1
700 710 720 730 740 750 760 770 780

Injection pressure (bar)

Figure 79: Time at 0.5mm penetration. 700 — 780 bar injection pressure. 5 bar cylinder
pressure using nitrogen

Figure 80 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 is known to be 0.35ms (a property of the injector). The figure shows that the
fluid only starts to leave the injector between 0.41ms and 0.43ms after the signal is sent. This
can be attributed to the relatively low injection pressure. As discussed, the start of injection 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 the modification made to make it a ‘1 hole injector’). According to the trend
identified in Figure 79, at 1400 bar injection pressure, the start of injection would be closer to
0.35ms.

Reseach done by Karimi [23] found a discontinuity in the spray caused by lateral movements
of the needle. Karimi measured the stop in the spray at approximately 0.15ms after the first
sighting of fluid from the injector. The delay between the end of the first injection and the
start of secondary injection was approximately 0.075ms. These points are represented by the
vertical dotted lines on Figure 80. The black lines represent the range in which the injection
starts (0.41ms — 0.43ms). According to Karimi, the stop in injection occurs between the
purple lines (0.56ms — 0.58ms) and the start of the secondary injection occurs between the

orange lines (0.635ms — 0.655ms).
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Figure 80: Spray penetration compared to theoretical results. 720 bar injection pressure. 5 bar
cylinder pressure using nitrogen. 0.02ms time step.

From the figure, it can be seen that after the injection begins, the penetration increases at an
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 0.63ms). The
first discontinuity falls within the range determined by Karimi; the 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 thereafter,
this indicates that the injection has begun 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 above. The tests showed that the cone angle increases with increasing
injection pressure. From the figure, it can be seen that the initial cone angles show no
relationship with the injection pressure used; it reaches a maximum early in the injection and

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 of the injector, 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 points. Between 0.45ms and 0.5ms, all the tests
reached a maximum cone 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 injection, as the spray starts
to slow down; slow circulatory gas motion [24] causes a slight increase in the cone angle.

Typical values obtained from previous experiments for cone angle are between 25° and 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, nozzle geometries, gas densities and
temperatures. It was noted by Klein-Douwel et. al that Mie-Scattering measured cone angles
smaller than other methods such as Shadowgraphy. Actual cone angles vary broadly between
8° and 22° [24]

Figure 82 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 cone angle with an average
difference of 2.2% (21.7° theoretical, 21.3 ° test). The results for the other injection pressures
can be found in APPENDIX D — RESULTS.
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Figure 81: Cone angle vs time. 5 bar cylinder pressure. 700 — 780 bar injection pressure using
nitrogen
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Figure 82: Cone angle test results compared to theory. 740 bar injection pressure. 5 bar
cylinder pressure using nitrogen

Figure 83 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 injector delay 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

starts at 1.73ms, there is no significant change in the injection rate until approximately
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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 to the injector 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 O in order to close the injector and stop the

injection process.

The hesitation in 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 to the 0.075ms 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 the integral of 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 0.
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Figure 83: Injection delivery, rate and firing pulse vs time. 700 bar injection pressure. 5 bar
cylinder pressure using nitrogen

Figure 84 shows the average firing pulse used for each of the tests (injection pressures). It can
be seen that the firing pulses used were almost identical and 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. It can also
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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 earlier, as previously discussed. It
can be seen in Figure 85 that the injection 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 bar (time at which first measurement is recorded). The 0.02ms
difference discussed earlier is influenced slightly by the acceleration of the fluid as well as
the opening time of the injector. Figure 86 below shows the time at which each of the tests
reached an injection rate of 1mm?®s. At higher pressures, the 1mm?®/s injection rate is

achieved sooner. This again shows that the injection pressure definitely assists the needle in

lifting.
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Figure 86: Time to 1mm?s rate vs injection pressure. 5 bar cylinder pressure using nitrogen

Figure 87 shows the injection delivery vs time for the injection pressures tested. The delivery
is the time integral of the injection rate. As noted earlier, 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 tests with 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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Table 2 below). This could be due to the fact that the pressure difference between consecutive
tests was relatively small and fluctuations of £12 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 were not modified (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 injectors were designed 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). This is due to the fact that the nozzle was used and modified for
these experiments and the theoretical values no longer apply. The experimental injection rates
were higher than the theoretical predictions; this could indicate that the nozzle is worn and

now larger than it originally was.
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Figure 87: Injection delivery vs time. 700 — 780 bar injection pressure. 5 bar cylinder
pressure using nitrogen

109



Table 2: 700 — 780 bar injection pressure, 5 bar cylinder pressure 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 the sensitivity of spray penetration to variations in the cylinder pressure, the
injection pressure was kept constant at 780 bar and the cylinder pressure was varied. This was
done with nitrogen. The pressure was increased from 0 to 20 bar with the use of a pressure
regulator on the cylinder. The cylinder pressure was verified by the pressure gauge mounted
on the spray chamber. At each increment (5 bar), the test was repeated and the results were
plotted as seen in Figure 88 below. The full set of results can be found in Table 5 in
APPENDIX D — RESULTS.
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Figure 88: Spray penetration vs time. 780 bar injection pressure. 0 — 20 bar cylinder pressure
using nitrogen

From the figure it can be seen that an increase in cylinder pressure results in a decrease in
spray penetration. After 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 pressure. The same
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general shape of the graph was noticed when compared to Figure 67 with the exception of the

atmospheric test.

With atmospheric pressure in the cylinder (0 bar gauge pressure, 0.84 bar actual pressure) the
spray penetration increased rapidly with the same hesitation as discussed in Section 6.1. At
0.9ms, the spray penetration was out of the 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 shown in Figure 89 below. Figure 89 shows
the average spray penetration at each cylinder pressure tested from 0.35ms to 1.15ms. The
results for the test at atmospheric pressure were left out as a full set of results was not
obtainable. The spray penetration was longer than the window and therefore out of the frame
of the camera. Considering the average spray penetration across the test, the difference
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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Figure 89: Average spray penetration vs cylinder pressure. 780 bar injection pressure. 5 bar to
20 bar cylinder pressure using nitrogen.

Hiroyasu’s equation for predicting the time at which the spray would break up was
approximately 0.3ms too early for all the tests conducted in this set of tests. The difference
can be attributed to the experimental set up used.

Contrary to Karimi’s findings [23], the fluctuations in the penetration were smaller at higher

cylinder pressures. Karimi stated that the increased gas density and viscosity resulting from a
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higher cylinder pressure would increase cluster shedding. The increased density and viscosity
appear to keep the main spray structure intact longer. Comparing the two images in Figure 90
below, a clear difference in the density can be seen. The 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 the spray is smaller in the 20 bar test; this shows that the

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

I i

Figure 90: Comparison of spray with 5 bar (left) and 20 bar (right) cylinder pressure at 1ms.

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

by the injection pressure.

Figure 91 shows the percentage difference between the test results and the models developed

by Dent and Hiroyasu with an injection pressure of 780 bar and a cylinder pressure of 15 bar.
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The full set of results can be seen in Figure 123 and Figure 124 in APPENDIX D —
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 decreased as the cylinder pressure increased.
Considering the average percentage difference for the whole injection event, Dent’s variance
increased from 26.6% with a cylinder pressure of 5 bar to 41.6% with a cylinder pressure of
20 bar. Similarly, Hiroyasu’s variance increased from 22.6% to 38.9% 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. Dent’s model showed an average variance of
46.5% and Hiroyasu 33.9%. This is higher than the variances for 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 parts of the injection. It was also
noted by Tonini et. al [39] that models that do not take into consideration the effects of
cavitation in the nozzle tended to under-predict the velocity of the spray under atmospheric
conditions. He concluded that nozzle cavitation plays an important role in the spray

penetration under atmospheric conditions.
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Figure 91 Percentage difference between theoretical Dent and Hiroyasu spray penetration;

and test results. 780 bar injection pressure. 15 bar cylinder pressure using nitrogen.
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Figure 92 below shows the variation of the cone angle with these same parameters. The cone
angle (average) for the 10, 15 and 20 bar tests show that the cone angle increases with
increasing cylinder pressure. With atmospheric and 5 bar cylinder pressure, the cone angles
did not fit in the same trend although there was an increase in cone angle (0.8°) when the
cylinder pressure increased from atmospheric pressure to 5 bar. This can be attributed to the

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

Figure 93 shows a comparison between the average cone 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 corresponding theoretical value can be found in Figure 137 to Figure 141
in APPENDIX D — RESULTS.

Considering Equation 2, the theoretical cone angle is proportional to the 4™ root 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 increasing the cylinder pressure increased
the cone angle. This is due to the fact that the cone angle is also proportional to the 4™ root of
the density of the gas in the spray chamber. Assuming ideal gas behaviour and constant gas
temperature, the gas density is directly 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 than 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 gas to the fluid
moving in the axial direction. As the density of the 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 down further. The fluid that is introduced into
the spray chamber as the injection continues has a larger radial component as it moves in the
axial direction. This tends to create a shorter, wider spray and therefore a larger cone angle,

as seen in Figure 90.
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Figure 92: Cone angle vs time. 750 bar injection pressure. 0 — 20 bar cylinder pressure using
nitrogen
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Figure 93: Average cone angle compared to theoretical cone angle. 780 bar injection
pressure. Atmospheric — 20 bar cylinder pressure using nitrogen

Figure 94 and Figure 95 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 pressures ranging from
atmospheric pressure to 20 bar in 5 bar increments as above. It can be seen from Figure 94
that the firing pulse used for all the tests were almost identical. As 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 stopped so 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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Figure 94: Firing pulse vs time. 780 bar injection pressure. Atmospheric - 20 bar cylinder
pressure using 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. As the cylinder pressure increases, the injection rate decreases. The
cylinder pressure had no 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 hesitations and spikes in injection rate (high velocity) at 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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Figure 95: Injection rate vs time. 780 bar injection pressure. Atmospheric — 20 bar cylinder
pressure using nitrogen

The spray hesitation discussed previously is more noticeable with a lower cylinder pressure.
Figure 96 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 velocity 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 spray moving in the axial direction, thus explaining the
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 and thus increases 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 the length of
the hesitation as seen in Figure 97 below. The duration of the hesitation decreases from
0.125ms to 0.015ms at 15 bar cylinder pressure; and the hesitation is completely 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.

Figure 98 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 by the 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 covers 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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Figure 96: Average mean tip velocity vs cylinder pressure. 780 bar injection pressure.
Atmospheric — 20 bar cylinder pressure using nitrogen
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Figure 97: Duration of hesitation vs cylinder pressure. 780 bar injection pressure.
Atmospheric — 20 bar cylinder pressure using nitrogen
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Figure 98: Time at end of injection vs cylinder pressure. 780 bar injection pressure.
Atmospheric — 20 bar cylinder pressure using nitrogen

6.3. Pressure Difference

In order to determine if either the injection pressure or cylinder pressure individually, or the
total pressure difference across the nozzle of the injector were more important, the following
tests were conducted. Both the injection pressure and the cylinder pressure were varied while
maintaining a constant difference between them. The tests were conducted with nitrogen in
the spray chamber. The injection pressure was increased from 755 bar to 775 bar in
increments of 5 bar, the corresponding cylinder pressure was increased from 0 to 20 bar in
the same increments. The results of these tests for spray penetration are plotted in Figure 99
below. Figure 101 below shows the variation of the cone angle with these same parameters.
The full set of results for these tests can be found in Table 6 in APPENDIX D — RESULTS.
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Figure 99: Spray penetration vs. time. 755 — 775 bar injection pressure. 0 — 20 bar cylinder
pressure using nitrogen.

In Section 6.1 it was established that an increase in injection pressure increases the spray
penetration and in Section 6.2, it was established that an increase in cylinder pressure reduces
the spray penetration. From Figure 99 it can be seen that as the pressures increase, the spray
penetration decreases. This means that for the pressure ranges tested, the change in cylinder
pressure has a larger effect on the spray penetration than the change in injection pressure. As
with the tests varying the cylinder pressure with a constant injection pressure; the difference
between tests at higher cylinder pressures show smaller differences than tests with the same
increments at lower cylinder pressures. There was an average difference of 27.8% in the
spray penetration between the tests with 5 bar and 10 bar cylinder pressure. The average

difference was only 8.4% between the tests with 15 bar and 20 bar.

The spray penetration for the 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 the effects of cluster shedding.

Figure 100 below shows the spray penetration test results compared to theory with 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 in APPENDIX D — RESULTS. The theoretical models predict the spray
penetration quite accurately between 0.85ms and 1.1ms. It was noted that as the pressures
increased, the difference between the test results and theoretical results grew larger. Section
6.1 described how the accuracy of the models increased as the injection pressure increased,
while Section 6.2 described how the accuracy of the models decreased with increasing
cylinder pressure; this again illustrates the dominance of changes in cylinder pressure over

changes injection pressure.
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Figure 100: Spray penetration test results compared to theory. 760 bar injection pressure. 5

bar cylinder pressure using nitrogen

It has been established that increasing the injection pressure assists the 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
nozzle. 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 gas density in the cylinder, so
this should have reduced the spray penetration. The combined effect of raising the injection
pressure and cylinder pressure was to reduce the spray penetration, even with 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 the fluid moves through the
gas and the momentum transfer from the moving fluid to the stationary gas is increased. This

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 momentum it has than the pressure difference across the

nozzle.
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Figure 101: Cone angle vs. time. 755 — 775 bar injection pressure. 0 — 20 bar cylinder
pressure using nitrogen.

Figure 101 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, however, no correlation was found between the cone angle and the combinations

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

Hiroyasu was of the opinion that the injection pressure is more important than the cylinder
pressure in the earlier parts of the injection, before the spray breaks up, and the cylinder
pressure becomes more important than the injection pressure after the spray has broken up.
With reference to Figure 67 and Figure 88, it can be seen that at the pressures tested, the
changes in cylinder pressure had a more significant impact on the spray penetration than the
changes in injection pressure. The changes in the cylinder pressure represent a larger
percentage of the pressure than the changes in the injection pressure, however this will
always be the case as the injection pressure will always be much higher than 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 penetration for the test with
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the 760 bar injection pressure starts off very similar to (slightly higher than) 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 seen when comparing two consecutive tests.
This validates Hiroyasu’s theory. Early on in the injection, the higher injection pressure of the
second test results in a higher spray penetration, later on in the injection, the cylinder pressure
has a larger impact and the 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 pressure (response of the injector), as it enters
the air, the pressure difference across 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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Figure 102: Spray penetration comparison. 755 bar injection pressure atmospheric cylinder
pressure and 760 bar injection pressure 5 bar cylinder pressure using nitrogen

6.4. Nitrogen vs. Carbon Dioxide
The tests described in Sections 6.1, 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 below. Figure 103 shows a plot of the spray penetration vs time with constant

cylinder pressure (5 bar) and injection pressure between 700 and 780 bar.
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Figure 103: Spray penetration vs time. 5 bar Cylinder pressure. 700 — 780 bar injection
pressure using carbon dioxide

From the figure it can be seen that the spray penetration follows the same pattern as seen in
Section 6.1. An increase in injection pressure results in an increase in the spray penetration.
The difference in spray penetration is smaller earlier on in the injection, but becomes larger
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 the injection pressure has a greater
influence on the spray penetration with the carbon dioxide tests. At 0.6ms, the difference 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 found in APPENDIX D — 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 towards the end of the injection with an
almost constant difference in the earlier parts. This 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 done at 720 bar injection pressure, the difference is
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almost constant. The carbon dioxide test at 720 bar resulted in a spray penetration that was
larger than expected. This was due to the setup of the experiment (fluctuations in injection
pressure). No correlation 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 the injection, it can 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 dioxide. The difference in the gradients indicates that the spray has a lower velocity in
the carbon dioxide.
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Figure 104: 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 dioxide, according to ideal gas principles, at
the same pressure and temperature, carbon dioxide will have a higher density than nitrogen.
Considering Equation 3, which gives the spray penetration predicted by Dent; the spray
penetration is inversely proportional to the 4™ root of the density of the gas. This means that

the spray penetration decreases at a decreasing rate as the gas density increases.

Equations 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 before the 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 to the 4™ root of the density of

the gas as predicted by Equation 3.

Figure 106 shows the variation of the cone angle over time with these same parameters. As
was the case with the nitrogen test, increasing the injection 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 setup (fluctuations in injection pressure). Based on the difference in the density
and viscosity of nitrogen and 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 larger. The difference is due to experimental set up and properties of the injector nozzle

(modified nozzle and wear on the nozzle) and test fluid.
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Figure 106: Cone angle vs time. 7 bar Cylinder pressure. 700 — 780 bar injection pressure
using carbon dioxide

Figure 107 below shows a plot of the spray penetration vs time with a constant injection
pressure of 780 bar and a cylinder pressure that varies between atmospheric and 20 bar with
carbon dioxide.
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Figure 107: Spray penetration vs time. 780 bar injection pressure. Atmospheric — 20 bar
cylinder pressure using carbon dioxide

From Figure 107 it can be seen that with carbon dioxide in the spray chamber, the spray
penetration decreases with increasing cylinder pressure. The difference at any given time
step, between two consecutive tests, decreases 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 pressure (density)).

Comparing Figure 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 were done by purging the spray chamber with the
gas of interest. This is due to the higher density of the carbon dioxide. The gradients of the

data sets 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 10 bar. The results for
the other tests can be found in APPENDIX D — 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. As in Figure 104 the reduced spray penetration due
to the denser gas becomes apparent at 0.4ms.
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Figure 108: Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
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Figure 109 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 atmospheric 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
negative difference between the nitrogen and carbon dioxide tests at atmospheric pressure.

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 due to the relationship 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 difference in spray penetration between the two gases decreases 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 made to Figure 110.
The figure compares spray penetration between nitrogen and carbon dioxide with similar gas
densities. The gas densities were calculated as described in Section 5.1 assuming ideal gas
behaviour. Due to the higher molecular mass of the carbon dioxide, higher densities are
achieved than nitrogen at the same pressure. Figure 110 shows a comparison of the spray
penetration obtained with nitrogen at 15 bar and carbon dioxide at 10 bar. Under these
conditions, the density of the nitrogen would be 17.5 kg/m® and that of the carbon dioxide
would be 18.4 kg/m®. This represents a difference of 5.1 %. Under these conditions, although
the spray penetrations are very similar, the spray penetration with nitrogen is slightly higher.
The average spray penetration achieved with nitrogen at 15 bar was 21.6 mm and that of
carbon dioxide at 10 bar was 21.3mm; a difference of only 1.4%. According to Hiroyasu’s
model, this difference would be 0.9%. The theoretical models covered in this report do not

consider the viscosity of the gas when calculating 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 dioxide, the differences in viscosities of the gases would have to be considered.
Nitrogen is approximately 20% more viscous than carbon dioxide and this could affect the

spray structure. Based on the results of the experiments conducted, it appears as though the
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effect of the viscosity is negligible when compared to changes in the gas density, when

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 dioxide. Figure 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 spray penetration decreases at a
decreasing rate with gas density, as predicted by both Dent’s and Hiroyasu’s models.

s 60
B
E E 40 a B I ‘ a - .
e E a B + Nitrogen 15 bar
- — 20 v ] n
c n ¥ ® Carbon Dioxide 10 bar
o 0 T T T 1
[Ty
0.35 0.55 0.75 0.95 1.15

Time (ms)

Figure 110: Spray penetration vs time. 780 bar injection pressure. 15 bar nitrogen. 10 bar
carbon dioxide
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Figure 111: Average spray penetration vs. gas density. 780 bar injection pressure.
Atmospheric — 20 bar cylinder pressure. Nitrogen and carbon dioxide
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Figure 112 shows the changes in the cone angle with time using the same parameters. The
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 carbon dioxide
cone angles were on average 9.4% larger for all the pressures tested. Figure 113 shows a
comparison of the average cone angles obtained with both nitrogen and carbon dioxide. For
both sets of tests, the cone angles were within a 5° range. The nitrogen cone angles were
between 23.7° and 27°; and the carbon dioxide cone angles were between 25° 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 more resistance to the radial motion 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 differences were independent of the cylinder pressure at

which they were calculated.
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Figure 112: Cone angle vs time. 780 bar injection pressure. Atmospheric — 20 bar cylinder
pressure using carbon dioxide
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Figure 114 shows the spray penetration vs time when a constant pressure difference (5 bar) is
maintained across the nozzle of the injector while both the injection pressure and cylinder
pressure are varied.
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Figure 114: Spray penetration vs. time. 755- 775 bar injection pressure. Atmospheric — 20 bar
cylinder pressure using carbon dioxide
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From the figure, it can be seen that as the pressures increase, the spray penetration decreases.
Comparing the results to Figure 99, the spray penetration for this set of tests is lower than
those of the nitrogen tests. The difference between the tests at corresponding injection and
cylinder pressures decreases as the pressures increase. Figure 115 shows a comparison of the
results obtained for spray penetration for 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 the cylinder pressure to maintain a constant pressure difference. The figure
shows that the differences between the tests are largest at low pressures.

Reference is made to Figure 105 and Figure 109 which compare the difference in spray
penetration between nitrogen and carbon dioxide tests; with varying injection pressure and
cylinder pressure 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 spray penetration.
As in this set of tests, there was a much larger difference between the two gases at lower

cylinder pressures.

The data points in Figure 115 follow the same trend as those in Figure 111. The spray
penetration decreases at a decreasing rate with increasing pressures. The changes in the spray
penetration with 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 penetration with

increased gas density.
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7. CONCLUSIONS

The results were analysed 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 chamber used 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 Stand). The set up was able
to obtain consistent, 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 package of the
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 reduce the vapour and preserve the 1-hole 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 build-up of vapour in the gas so that
clearer pictures could be taken. Initial testing with the new 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 and at the time when the tests were done, the
modification was not completed. Due to time constraints, a full set of experiments with this

new spray chamber were not possible.

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

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 increments with an injection duration of 800 ps. The
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spray penetration and velocity increased with increasing injection pressure. At all pressures,
the spray penetration increased at an increasing rate until it broke up around 0.5ms after the
injection began; thereafter 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. At higher injection pressures, the fluid is better
vaporized and interacts more with the gas. This leads to increased cluster shedding (clusters
of vaporized fluid and gas breaking away). The cluster shedding leads to fluctuations in the
spray penetration and velocity. The initial acceleration of the fluid increased 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 injection. Increasing the injection
pressure increased the force acting on the pressure shoulder of the injector and resulted in the
injector opening up sooner (start of injection was earlier). The spray penetration reached
0.5mm 0.02ms earlier with a 780 bar injection pressure than it did with a 700 bar injection
pressure and opened 0.01ms earlier. The cone angle of the spray increased with increasing
injection pressure. Increasing 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 run with a 780
bar injection pressure and cylinder pressures varying between atmospheric and 20 bar in 5 bar
increments. An increase in cylinder pressure resulted in a decrease in spray penetration. The
differences in the spray penetration due to changes in cylinder pressure were noticeable
earlier in the injection than the tests with changes in the injection pressure. The impact a
change in cylinder pressure has on spray penetration decreases with increasing cylinder
pressures (ie. changes in cylinder pressure have a diminishing 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 20 bar. Higher cylinder pressures resulted in a
higher density cylinder gas and this kept the spray structure together for longer and reduced
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 injection started. At low cylinder pressures (atmospheric pressure), cavitation in
the nozzle plays a significant role in the velocity of the spray. Increasing the cylinder pressure
has a more significant impact on the cylinder gas density than the pressure difference 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 gives a shorter, wider spray, thus explaining a larger cone
angle and smaller penetration when compared to a test with a lower cylinder pressure. The
mean tip velocity of the spray decreases at a decreasing rate with increasing cylinder pressure
due to increasing resistance 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 injection-cylinder
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 difference across the nozzle, tests were
conducted while maintaining a constant pressure difference across the nozzle. The injection
pressures were between 755 bar and 775 bar, and cylinder pressures between atmospheric
pressure and 20 bar. Both the injection pressure and corresponding 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 injection pressure or the pressure difference across the nozzle. As with the
previous tests, the cylinder pressure had a diminishing effect on the spray penetration. The
increasing cylinder pressure again reduced the effects of cluster shedding. The gas density
was found 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 less of an effect on the spray
penetration. The 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 always lower than 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; although the
difference was more apparent in the later part of the injection, 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 mass). The 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 than the cylinder 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%). The spray had a lower velocity in the carbon dioxide
compared to nitrogen and the velocity decreased with increasing cylinder pressure for both
gases. The cone angle was found to be 9.4% larger on average with carbon dioxide compared
to nitrogen. It was also concluded that the effect of cylinder gas viscosity on the cone 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 Hiroyasu 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. From
the start of the injection, the accuracy increased rapidly until the spray broke up. In some
cases, Hiroyasu’s model was within 1% of the experimental results. In all cases, Hiroyasu
was more accurate than Dent. The models increased in accuracy with increasing injection
pressure, but decreased with increasing cylinder pressure. Dent’s accuracy went from 26.6%
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 effect of cavitation 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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Investigate the accuracy of Hiroyasu’s equation for the time at which the spray will
break up.

For the experiments conducted in the current study, Hiroyasu’s model for the time at which
the spray breaks up was consistently 0.3ms too early. This difference can be attributed to
differences between the experimental 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
available at that time. There have also been improvements in the components of the injection
system.

Investigate Hiroyasu’s theory that the injection pressure has a greater effect on 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.

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 injection 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 injection. The

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 limitations were due to budget and time constraints and
the following recommendations are listed for future studies to improve upon the methods

used here.

e The new pressure chamber designed for this study will be ready for testing in
2018. This chamber will provide superior 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.

e 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 spray pattern.

e 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 multi-hole injectors in a
pressurized environment.

e 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-DATACD
The Data CD attached contains the following:

e Flow analysis — Folder containing the data for the imaging experiments.
o Data processing — The processed raw data obtained
= 5 bar carbon dioxide
= 5 bar difference carbon dioxide
= 5 bar difference nitrogen
= 5 bar nitrogen 02 — 5 bar cyl
= 5 bar nitrogen
= 780 bar carbon dioxide
= 780 bar nitrogen
= Hiroyasu theory
= Nitrogen carbon dioxide
o Raw data
= Various folders containing raw data from the data capturing software
of the Innov8 Test Stand (Flow measurement)
e Flow Measurement — Folder containing the data for the Akribis experiments.
o Data processing
= 5 bar -5 bar cyl pressure, 700-780 bar inj pressure
= 780 bar — atm-20 bar cyl pressure, 780 bar inj pressure
o Raw data
= Various folders containing raw data from the data capturing software
of the Innov8 Test Stand (Akribis)
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APPENDIX B — 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 Akribis PC to export the data.

1. Open the data saved in the specified location (the data will open with Test Scope, See

Figure 116 below.)

2 CAPAC Test 5cop| Akribis Data File
Fil= Reports  Flay Graph  Anahs Window  Language  Help

Fie ), Pwoooeo He\rj— O B
Graphs % Pluiﬁ.lraul's g @ m r \h_)) Graph Q Dff  Cusor Zoom Pan Q ‘ﬂk @ BE

— Plot View 1 for Test - Akribis

T Delivery
["Rate
[ Firing Pulse

— Scatter Data for Test - Akribis | z
[ Delivery -~

Minjection Start
B [ injection Stop
Flinjection Start Delay =
B [ injection Stop Delay
[ Firing Pulse S1an
“ Firing Pulse Stap
mm
= r
(i)
0 | 1 | | | I | 1 T4 >
0 1 2 3 i 5 6 7 8 3 LR i | @
fred || |

Figure 116: Test Scope

2. Go to File > Export Selected Test (See Figure 117 below)
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E8 CAPAC Test Scope - Akri
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Clnze Selected Test
lose &l Tests

Export Selected Test

Figure 117: Export data

3. Select ‘Export Wave Forms’ ( See Figure 118 blow)

4. Click ‘Ok’

Export Options

[W Export Sefup Infosmation
[v Exporl Tes! Hesder
[ Esxport Charingd Data
[v Export "W awe Forms

Tab «| Data Delimeter

ok | n:an:e1|

Figure 118: Export wave forms
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APPENDIX C - DATA COLLECTION 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('0.35,0.4,0.45,0.5,0.55,0.6,0.65,0.7,0.75,0.8,0.85,0.9,0.95,1.0,1.05,1.1,1.15,\n")

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

Path = 'C:\\Users\\andrann\\Desktop\\New  folder ~ (2)\\' " +  Pressure +
' bar_RP\\StephenGrover T1='+ Timestep + "\SumAvgRmsMinMax' + Dataset + "\SPM-
BS\\Geometry\\B00001_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 + 0.05,2)
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:\Users\andrann\Desktop\naicker msc akribis\700b5b\Akribis " & i &

" 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
.TextFileCommaDelimiter = False
.TextFileSpaceDelimiter = False
.TextFileColumnDataTypes = Array(1)
.TextFileTrailingMinusNumbers = True
.Refresh BackgroundQuery:=False

End With

Range("B1").Select

With ActiveSheet.QueryTables.Add(Connection:= _

"TEXT,;C:\Users\andrann\Desktop\naicker msc akribis\700b5b\Akribis " & i &

" 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
.TextFileTabDelimiter = True
.TextFileSemicolonDelimiter = False
.TextFileCommabDelimiter = False
.TextFileSpaceDelimiter = False
.TextFileColumnDataTypes = Array(1)
.TextFileTrailingMinusNumbers = True
.Refresh BackgroundQuery:=False

End With

Range("C1").Select

With ActiveSheet.QueryTables.Add(Connection:= _
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"TEXT,;C:\Users\andrann\Desktop\naicker msc akribis\700b5b\Akribis " & i &
" 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

.TextFileCommaDelimiter = 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 D - RESULTS

The final processed results are presented below.

Injection Pressure

The results for tests conducted to determine the effect of injection pressure can be found

below. Table 3 is the results obtained with a constant cylinder pressure of 5 bar nitrogen with

injection pressures ranging from 700 bar to 780 bar.

Table 3: Injection pressure results. 5 bar cylinder pressure. 700 — 780 bar injection pressure.

Nitrogen

g =~ | & g —~| & g —~| & g —~| & s —~| &

SEls |fEl8 |fEls |fE|8 |FEB
% S|s S|s S5 S|s S| .
E Elec| EB|lec| EBlec E|ec| E|ISEc
2 | Elgtls BlgBle EleBle Blgilg Ble s
= R 8|R 8N &|R G|I” 8|X 8| &8/ 8 3R &8|R &
035 |778 |15 486 |43 66.7 |15 821 [6.0 800 |68
040 |0.38 95.3 1.1 21.8 1.2 25.2 14 18.9 19 22.0
045 |33 13.6 3.6 29.7 4.0 24.5 4.5 27.6 4.7 24.5
050 |72 26.2 7.5 26.2 8.4 24.4 8.5 22.0 8.29 23.4
0.55 12.3 15.2 12.9 18.0 13.7 21.3 14.5 24.6 15.2 21.6
0.60 17.0 14.2 16.9 18.7 18.1 194 194 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 | 28.0 14.4 30.4 18.2 30.7 18.5 32.8 23.1 32.1 25.5
0.75 | 351 134 37.5 18.3 38.1 19.6 40.4 23.7 39.7 24.3
0.80 |414 16.7 455 19.9 45.9 18.9 46.8 24.6 50.3 28.8
0.85 |48.0 17.9 47.6 17.3 49.4 20.2 47.6 24.2 45.8 26.4
0.90 | 455 17.6 52.1 19.1 53.8 21.3 51.7 26.5 51.9 25.3
0.95 |499 18.4 534 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 | 457 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
115 |46.9 20.7 52.2 23.3 54.3 26.1 56.0 25.8 60.9 29.6
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Figure 119, Figure 120, Figure 121, Figure 122 below show the test results compared 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
0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Time (ms)

Figure 119: Spray penetration test results compared to theory. 700 bar injection pressure. 5
bar cylinder pressure using nitrogen
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Figure 120: Spray penetration test results vs theory. 720 bar injection pressure. 5 bar cylinder
pressure using nitrogen
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Figure 121: Spray penetration test results compared to theory. 740 bar injection pressure. 5
bar cylinder pressure using nitrogen
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Figure 122: Spray penetration test results compared to theory. 780 bar injection pressure. 5
bar cylinder pressure using nitrogen

100 -

90 | @
. )
£ 80 - X
g 70 - 1
o i (] + Dent 700
g 60 ! .
S 50 - g = Dent 720
7] X ’
g 40 - X . Dent 740
o 30 -
g g . ¢ xDent760
¢ 20 - o] " g B
& 2 e 4 . ® % « Dent 780

10 - n ¥ " ¥ x5 X

0 T T T T X T T T 1

0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Time (ms)

Figure 123: Percentage difference between Dent and actual results. 700 - 780 bar injection
pressure. 5 bar cylinder pressure using nitrogen.

160



o w0
[ O B I |
1 1 1 |

MW By
Lo
| | |

i
1

Percentage difference (%)

[EEY
v
1 1

X
¥ I

4

0.35

0.45 0.55 0.65 0.75 0.85
Time (ms)

+ Hiroyasu 700
® Hiroyasu 720

Hiroyasu 740
« Hiroyasu 760
¢ Hiroyasu 780

Figure 124: Percentage difference between Hiroyasu and actual results. 700 - 780 bar
injection pressure. 5 bar cylinder pressure using nitrogen.

2000 -
1000 -

0 m

»

o

-1000
-2000 -
-3000 -

-4000 -

Mean tip acceleration (m/s?)

-5000 -

-6000 -

-/000 -

Figure 125

Time (ms)

0.85

+ 700 bar
m 720 bar

740 bar
% 760 bar
t 780 bar

: Mean tip acceleration. 700-780 bar injection pressure. 5 bar cylinder pressure

using nitrogen

161



120 +
100
80
60 - + 700 bar test

40 - Theoretical

20 1 ry T e+ ¢ ¢ o & F F O v
0 1 T T T T T T T 1
0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Figure 126: Cone angle test results compared to theory. 700 bar injection pressure. 5 bar

cylinder pressure using nitrogen
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Figure 127: Cone angle test results compared to theory. 720 bar injection pressure. 5 bar

cylinder pressure using nitrogen
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Figure 128: Cone angle test results compared to theory. 760 bar injection pressure. 5 bar

cylinder pressure using nitrogen
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Figure 129: Cone angle test results compared to theory. 780 bar injection pressure. 5 bar

cylinder pressure using nitrogen
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Table 4: Injection pressure results. 5 bar cylinder pressure. 700 — 780 bar injection pressure.
Nitrogen. 0.02ms time step

5 o2 |5 =|2 |5=lg |5=|lg |5 =|¢
o E § o E § o E § o E § o E §
< =t =t = =t
> 2| & S| & S| & S| & S | o
£ B|8c| E|fc| EB|lfcl E|fcl E|Ec
~— S S S S S
<] 15 2 @ 2 D i) © 2 D 2
£ S 519 2|2 512 22 51223518 23518 2
o R 8|R &8|X 8|R & E o E s R 8RR 8RR 8| &
0.35 0 0 0 0 0 0 0 0 0 0
0.37 0 0 0 0 0 0 0 0 0 0
0.39 0 0 0 0 0 0 0.2 67.9 0
041 0 0 0 0 0.4 63.7 0.5 82.2 0.7 83.5

043 |06 54.4 0.7 76.0 0.7 65.4 1.2 69.4 1.3 71.9

045 |1.0 42.2 1.2 59.5 1.8 555 2.1 63.5 2.2 63.1

047 |18 31.2 2.1 50.2 2.5 46.1 3.1 48.2 3.6 48.7

049 |27 30.1 3.1 40.2 3.8 37.6 4.4 41.6 5.0 41.8

051 |38 26.5 4.5 31.9 5.23 33.0 6.4 34.6 7.2 321

053 |53 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 30.7 121 29.8

0.57 | 8.6 27.5 10.1 27.1 10.8 22.1 12.6 29.4 14.2 28.9

059 |12.2 21.1 12.6 25.4 135 22.5 14.8 27.1 16.3 29.6

0.61 |14.5 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 19.2 224 20.3 28.7 21.2 29.4

065 |20.1 22.2 21.9 221 21.7 24.5 24.3 29.1 23.7 30.5

0.67 | 227 23.7 23.8 23.8 24.0 23.7 25.2 27.3 26.8 29.6

069 |24.9 24.0 25.2 22.4 27.1 24.2 26.5 25.5 29.0 28.0

0.71 | 28.0 22.6 27.4 22.0 28.6 245 29.2 251 30.4 27.6

0.73 |29.5 21.9 31.1 221 30.8 26.9 32.1 241 32.5 29.4

0.75 | 335 20.5 315 19.3 33.7 24.8 355 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

081 |404 18.3 38.6 21.0 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 |418 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.

Table 5: Cylinder pressure results. 0 bar to 20 bar cylinder pressure. 780 bar injection
pressure. Nitrogen

S g6 J8 |3 g E | g E =

g o g o E |5 E|§ 5 z

& S - s
= 52| 3s5%T| § £ 5 g | 3 g
E |2 E|lc §5 E|lw 82 8|2 Cclug|wcig | &
0.35 0 0 0 0 0 0 0 0 0 0
0.40 1.9 19.5 1.9 22.0 1.4 16.6 0.3 22.3 0 0
0.45 5.2 29.7 4.7 24.5 4.6 28.7 1.8 25.1 1.6 38.9
0.50 12.2 27.7 8.3 234 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
0.60 24.9 22.8 20.7 224 17.7 26.3 13.2 27.1 11.6 29.3
0.65 30.7 22.8 26.0 24.7 21.2 245 17.1 26.4 15.7 285
0.70 42.0 20.3 321 25.5 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 26.1 225 22.0 234
0.80 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 45.8 26.4 35.3 19.9 30.4 23.2 26.9 29.9
0.90 - - 51.9 25.3 404 20.9 31.6 241 28.2 28.3
0.95 - - 55.9 25.1 39.1 22.4 35.7 25.6 31.4 22.2
1.00 - - 52.3 26.0 41.1 19.6 334 23.7 32.7 23.6
1.05 - - 57.6 27.1 435 19.1 39.2 194 321 28.0
1.10 - - 60.3 29.4 455 20.5 36.4 235 34.7 26.3
1.15 - - 60.9 29.6 477 20.3 38.9 25.7 35.2 23.2

Figure 130,Figure 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 respectively. Nitrogen was used for these tests.
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Figure 130: Spray penetration test results compared to theory. 780 bar injection pressure.
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Figure 131: Spray penetration test results compared to theory. 780 bar injection pressure. 5
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Figure 132: Spray penetration test results compared to theory. 780 bar injection pressure. 10
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Figure 133: Spray penetration test results compared to theory. 780 bar injection pressure. 15

bar cylinder pressure using nitrogen
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Figure 134: Spray penetration test results compared to theory. 780 bar injection pressure. 20

bar cylinder pressure using nitrogen

Figure 135 and Figure 136 show the percentage difference between the test results and

theoretical results for the tests mentioned above.
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Figure 135: Percentage difference between theoretical Dent and actual results. 780 bar
injection pressure. Atmospheric - 20 bar cylinder pressure using nitrogen.
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Figure 136 Percentage difference between theoretical Hiroyasu and actual results. 780 bar
injection pressure. Atmospheric - 20 bar cylinder pressure using nitrogen.

Figure 137, Figure 138, Figure 139, Figure 140 and Figure 141 below show the variation of
cone angle with time as well as the theoretical cone angle; 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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Figure 137: Cone angle test results compared to theory. 780 bar injection pressure.
Atmospheric cylinder pressure using nitrogen

168



S
o

)
o
]
]
]
]

m 5bar

=
o

5 bar theoretical

Cone angle ()
]
o

o

0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15

Time (ms)

Figure 138: Cone angle test results compared to theory. 780 bar injection pressure. 5 bar
cylinder pressure using nitrogen
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Figure 139: Cone angle test results compared to theory. 780 bar injection pressure. 10 bar
cylinder pressure using nitrogen
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Figure 140: Cone angle test results compared to theory. 780 bar injection pressure. 15 bar
cylinder pressure using nitrogen
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Figure 141: Cone angle test results compared to theory. 780 bar injection pressure. 20 bar
cylinder pressure using nitrogen
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Pressure Difference
The results of test conducted to determine if either the injection pressure or the cylinder

pressure have a greater effect on the spray than the overall pressure difference, are presented

below.

Table 6: Constant pressure difference results. 0 bar to 20 bar cylinder pressure. 755 bar to 775
bar injection pressure. Nitrogen

] T T T T T T < ] ]
o ~| o o ~| o o ~| o o ~| o o ~| o
e e e e e
o Elo |w Elv |9 E|S |2 ElQ ~|R E|R ~
§ 6|52/ 8E|82esE|selsElselsElse
£ 2| gl 2| glge|lg g gelg gl g gl
5 o [} o = [ o [ o <5 o
@ . 9| o © . 2] o © ol . © L 2| . © L 2| . ©
S S 5|1 8 5|8 5|8 5| 5 3| 3|8 3| S 3| S 3|8 5
~ Q F| L s B8BTS
S o Slo £lo £ o £ Slw £l Elo £l £ 6 £
[ R 2R 3R IR R IR K TR K K 2
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 2.1 474 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 25.8 145 24.6 7.8 374 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 27.6 175 315 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 30.7 534 25.5 37.1 25.1 32.3 27.3 29.9 27.7
1 86.7 31.9 57.2 25.2 394 23.5 36.7 25.8 32.4 22.9
1.05 56.3 26.2 41.9 25.5 35.7 29.7 35.2 19.2
1.1 60.3 24.9 45.5 24 36.8 28.3 34.1 28.3
1.15 56 25.8 447 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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Figure 142: Test results compared to theory. 755 bar injection pressure. atmospheric cylinder

pressure using nitrogen
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Figure 143: Test results compared to theory. 765 bar injection pressure. 10 bar cylinder

pressure using nitrogen
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Figure 144: Test results compared to theory. 770 bar injection pressure. 15 bar cylinder

pressure using nitrogen

172



Spray penetration
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Figure 145: Test results compared to theory. 775 bar injection pressure. 20 bar cylinder

pressure using nitrogen

Nitrogen Compared to Carbon Dioxide

Table 7: Injection pressure results. 5 bar cylinder pressure. 700 — 780 bar injection pressure.
Carbon dioxide

] 2 S 2 S 2 S 2 s 2
2 g2 2 g2 2 g2 2 g2 2 g2
| © €| © E| © €| © €| ©
~ <)) ~ [} ~— [«5) ~— [«5] ~ [<5]
% §|§ §|§ §|§ §|§ §|§
E S| & S| = S| = S S| 3
@ =1 Q = Q = Q = | Q = |
£ S 5|8 ~|R §|8 ~l2 5|9 ~83 5|8 ~|83 5|8~
o IC\) o ,Q ~ IQI Ol ~ O~ al~N ORIk E o E ~
0.35 0 0 0 0 0 0 0 0 0 0
0.40 0 0 0 0 0 0 0.6 46.0 0.8 46.6
0.45 1.3 42.5 1.4 45.7 1.84 47.3 2.3 41.7 2.8 39.5
0.50 3.5 445 4.5 25.7 51 329 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 15.0 24.5 15.5 25.9 16.7 25.6
0.65 18.8 26.1 21.0 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 25.0 30.3 22.1 31.4 26.5 30.8 27.1
0.80 34.6 25.0 37.9 26.3 36.8 24.5 33.6 24.1 35.3 22.0
0.85 32.6 24.8 40.7 26.7 37.3 21.0 36.6 52.9 36.0 25.4
0.90 34.8 22.6 39.0 325 40.6 21.5 42.7 22.8 40.5 25.4
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 22.5 449 23.0
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 24.0
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 bar and 780 bar

respectively.
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Figure 146: Spray penetration test results compared to theory. 700 bar injection pressure. 5
bar cylinder pressure using carbon dioxide
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Figure 147: Spray penetration test results compared to theory. 720 bar injection pressure. 5
bar cylinder pressure using carbon dioxide
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Figure 148: Spray penetration test results compared to theory. 740 bar injection pressure. 5
bar cylinder pressure using carbon dioxide
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Figure 149: Spray penetration test results compared to theory. 760 bar injection pressure. 5

E
E

Spray penetration

bar cylinder pressure using carbon dioxide

60 -
i * o o ¢
40 , ¢ ¢ ¢ ¢ + 780 bar test
*
20 ¢ —
e * Dent
* ¢ .
0 *+— . . . . . . . Hiroyasu
0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15
Time (ms)

Figure 150: Spray penetration test results compared to theory. 780 bar injection pressure. 5

bar cylinder pressure using carbon dioxide

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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Figure 151: Spray penetration. Nitrogen compared to carbon dioxide. 700 bar injection

pressure. 5 bar cylinder pressure.
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Figure 152: Spray penetration. Nitrogen compared to carbon dioxide. 720 bar injection
pressure. 5 bar cylinder pressure.
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Figure 153: Spray penetration. Nitrogen compared to carbon dioxide. 740 bar injection
pressure. 5 bar cylinder pressure.
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Figure 154: Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. 5 bar cylinder pressure.
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Table 8: Cylinder pressure results. 0 bar to 20 bar cylinder pressure. 780 bar injection

pressure. Carbon dioxide

5 c |5 clzge |gg2 |58 °<
£ T | & Z |° E8 |2 EE |°F =
[e)) |, [=)) ~— ~— ~—

3 c | B c c| & c|l 2 c S
@ S o < CU 2| o 2| o §= o
£ 8 e | g 2 gl ° g C g =
= S ) [ - [ - o
@ —_ o —_ o = ®© = ®© +— o
e _g e - 8 e - 8 o 8 © qc" -
E |o Elo 8| Elw §8/2 8 3C|9 89T &R S
0.35 0 0 0 0 0 0 0 0 0 0
0.40 0.9 47.9 0.8 46.6 0.3 88.4 0 0 0 0
0.45 3.7 33.2 2.8 39.5 2.6 37.9 19 58.3 3.4 36.3
0.50 9.2 31.1 6.6 31.2 6.1 30.3 5.1 35.9 7.1 28.9
0.55 16.1 28.9 12.2 26.8 9.5 28.2 7.6 33.2 10.3 26.3
0.60 21.9 25.8 16.7 25.6 15.3 23.8 11.6 30.9 12.4 27.8
0.65 29.0 23.4 21.9 24.9 17.7 27.6 14.2 28.1 14.7 27.5
0.70 36.6 20.1 25.5 26.5 21.2 25.7 17.1 324 16.1 30.9
0.75 46.2 19.5 30.8 27.1 24.4 27.5 20.4 35.3 19.1 29.3
0.80 47.5 19.7 35.3 22.0 27.9 26.4 22.9 36.4 21.8 30.9
0.85 61.8 18.7 36.0 25.4 29.3 26.8 24.1 35.3 23.4 30.8
0.90 59.0 19.8 40.5 25.4 31.3 25.7 27.2 315 24.5 28.7
0.95 62.7 21.5 41.1 24.5 34.3 29.1 28.8 28.1 27.6 30.9
1.00 22.9 67.6 449 23.0 33.9 26.1 28.8 25.3 27.9 255
1.05 68.1 25.1 43.3 25.3 35.2 27.7 33.3 20.6 26.6 30.1
1.10 67.5 27.0 44 4 24.0 34.7 29.6 31.0 24.2 28.2 28.2
1.15 71.7 24.6 46.6 24.5 37.9 26.7 34.6 29.5 29.8 26.5

Figure 155, Figure 156, Figure 157, Figure 158 and Figure 159 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 respectively. Nitrogen was used for these tests.
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Figure 155: Spray penetration test results compared to theory. 780 bar injection pressure.
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Figure 156: Spray penetration test results compared to theory. 780 bar injection pressure. 5
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Figure 157: Spray penetration test results compared to theory. 780 bar injection pressure. 10

bar cylinder pressure using carbon dioxide
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Figure 158: Spray penetration test results compared to theory. 780 bar injection pressure. 15
bar cylinder pressure using carbon dioxide
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Figure 159: Spray penetration test results compared to theory. 780 bar injection pressure. 20
bar cylinder pressure using carbon dioxide

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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Figure 160: Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. Atmospheric cylinder pressure.
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Figure 161: Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. 5 bar cylinder pressure.
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Figure 162: Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. 15 bar cylinder pressure.
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Figure 163: Spray penetration. Nitrogen compared to carbon dioxide. 780 bar injection
pressure. 20 bar cylinder pressure.
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Table 9: Constant pressure difference results. 0 bar to 20 bar cylinder pressure. 755 bar to 775
bar injection pressure. Carbon dioxide

3 'g 8 8 'g 8 8 'g 8 8 'g 8 3 g 3
© ZT|e v DI Cg TS Ce TR R DKL
c ol 2l ¢c olc 2 Ol c 2|l c 8| c 22| c 8| =2
S8 2288 82 5B SRS SRS
2 B2 S|3 8|8 BEIESISEISS|gE| 8 S
S §|E 5| & §|E 5|2 g|lg 5|2 5| 5|2 &|£E §
g e E_ bt S b E_ b S - E_ — 2 — S_ — S — E- — 2
s |88/ 838388 5858 88 88 8B L3
[ [ [ [ [ [ [ [ [ [
g w =|w =|o =| o = =l o =| o =|lo =|w =| . =
= R IR IR IR R R K K K FK B
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 4.7 448 2.3 41.7 4.2 37.0 34 345 34 355
0.50 8.1 34.2 5.7 33.8 1.7 33.1 8.1 29.5 7.1 29.7
0.55 18.6 34.8 10.7 29.8 12.1 26.1 10.3 295 10.2 27.8
0.60 234 41.2 15.5 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 33.7 455 31.4 26.5 21.8 32.8 211 284 18.9 295
0.80 40.5 42.2 33.6 24.1 24.8 315 23.6 31.9 20.9 29.6
0.85 48.5 446 36.6 52.9 28.1 28.6 24.7 30.1 22.8 285
0.90 56.1 40.0 42.7 22.8 29.2 315 25.0 35.2 26.1 235
0.95 62.7 43.3 447 20.3 29.9 30.1 28.0 33.0 254 28.9
1.00 58.9 41.0 42.0 225 35.3 27.4 27.7 29.8 27.6 26.4
1.05 63.9 43.0 40.9 27.6 34.0 28.9 30.1 32.0 26.6 30.0
1.10 60.3 40.3 43.4 254 35.2 26.5 30.8 27.7 28.0 30.8
1.15 70.1 425 43.8 235 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

compared to the theoretical predictions for tests done with a constant pressure difference of 5

bar (carbon dioxide).
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Figure 164: Test results compared to theory. 755 bar injection pressure. Atmospheric cylinder
pressure using carbon dioxide
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Figure 165: Test results compared to theory. 760 bar injection pressure. 5 bar cylinder
pressure using carbon dioxide
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Figure 166: Test results compared to theory. 765 bar injection pressure. 10 bar cylinder
pressure using carbon dioxide
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Figure 167: Test results compared to theory. 770 bar injection pressure. 15 bar cylinder
pressure using carbon dioxide
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Figure 168: Test results compared to theory. 775 bar injection pressure. 20 bar cylinder
pressure using carbon dioxide
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Figure 169: Spray penetration. Nitrogen compared to carbon dioxide. 755 bar injection
pressure. Atmospheric cylinder pressure.
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Figure 170: Spray penetration. Nitrogen compared to carbon dioxide. 760 bar injection
pressure. 5 bar cylinder pressure.
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Figure 171: Spray penetration. Nitrogen compared to carbon dioxide. 765 bar injection
pressure. 10 bar cylinder pressure.
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Figure 172: Spray penetration. Nitrogen compared to carbon dioxide. 770 bar injection
pressure. 15 bar cylinder pressure.
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Figure 173: Spray penetration. Nitrogen compared to carbon dioxide. 775 bar injection
pressure. 20 bar cylinder pressure.
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1. INTRODUCTION

1.1. Background

Experiments are to be conducted to analyse the behaviour 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 software. A new

pressurizedspray chamber must therefore be designed.
1.2. Task Statement

The task is to design a pressurizedinjector spray chamber.
1.2.1. Task as given

Design a spray chamber for the Inov8 Test Stand capable of holding 20 bar.
1.2.2. Task as understood

The task is to design a new spray chamber that will allow the effects of back pressure on
spray characteristics to be investigated. The spray chamber will have to be able to safely
contain a pressure of 20 bar. The spray chamber must also have windows to that the high
speed camera can capture images of the spray; and for 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 purging 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 vessel 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 substances. Corrosion 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 under normal 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 exceed its limits, 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

stresses 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 valves 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 much porosity or 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 heads 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 structures 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 used set of standards for high strength steel alloys is from the American
Society of Mechanical Engineers (ASME) [1]:

Sy  Su ) Equation 1

Oallowable — min (E ’ 214

Where:

Gallowable Allowable stress

Sy Yeild Strength

Sut Ultimate tensile strength

Another widely used standard is the European Standard for Unfired Pressure Vessels,
EN13445 [1]:

Sy Su Equation 2
Oallowable = MUN (E ; ﬁ)
Where:
Gallowable Allowable stress
Sy Yeild Strength
Sut Ultimate tensile strength

Comparing Equation 1land Equation 2, it can be seen that the European Standard will result in

a more conservative design and therefore a safer pressure vessel [1].

189



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 spray chamber must comply with the following requirements, constraints and criteria.

2.1. Requirements

1.
2.

The spray chamber must contain a pressure of 20 bar.

The spray chamber must have windows for the high speed camera and lights of
the test stand.

The spray chamber must hold the injector in place.

The spray chamber must have at least one access panel.

The spray chamber must have a large enough volume to not fill up with vapour
and obscure the images.

2.2. Constraints

1.
2.
3.

The spray chamber must fit within the test stand.

The spray chamber must not affect normal operation 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.

2.3. Criteria

1.

The spray chamber must be safe.

2. The spray chamber must have minimal stress concentrations.
3. The spray chamber must be easy to maintain.

4,
5
6
7

The spray chamber must be easy to manufacture.

. The spray chamber must not interfere with the fuel jets.
. The windows must allow the camera to have a clear view.

. 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 be considered 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 the 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

Table 10 below shows the comparison between the three concepts that were generated. Each
of the criteria from section 2 was given a value and each concept was given a score for each

of the criteria.
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Table 10: 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 75
Easy to manufacture (/10) 10 5 75
Must not interfere with jets (/15) 5 15 10
Clear view for camera (/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. Table 11 below shows how the scores in Table 10 were calculated.

Concept 1 would be the least stressed 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 windows 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.

195



Table 11: Concept evaluation

Concept Round chamber Rectangular chamber Rectangular chamber, round edges
rectangular pressure vessel h
. A recta gu ap es_su ¢ _esse a The rounded edges makes the
Safe A round pressure vessel is the safest more points at which failure can

occur

pressure vessel safer

Minimal stress concentrations

The round sides means there are no
stress concentrations

Many corners, therefore lots of stress
concentrations

The rounded edges minimise the
stress concentrations.

Easy to maintain

The round surfaces are easy to
inspect for irregularities.

There are many corners and therefore
inspections and cleaning is more
difficult

Number of corners is reduced and
therefore easier to inspect and clean

Easy to manufacture

Simple geometry is easy to
manufacture

Lots of welding required

More complex bending is required
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 be fitted

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 so that large
windows can be fitted and it will have rounded edges to reduce stress concentrations. There
will be a pressure relief valve that will be set to 20 bar to prevent the spray chamber being
over pressured. The spray chamber will have flat plates on the top and 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) and an 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 be broken 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 of materials [2].

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 analyses the 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 seen in Figure 174 below.
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Figure 174: Pressure vessel side walls [2]

If each plate is analysed individually as seen in Figure 175 below, the moments acting on the

pressure vessel can be found.

JRERET
e

Figure 175: Single wall of pressure vessel [2]

The maximum moments will act at the centre of the plates and can be found using Equation 3
and Equation 4 [2]:
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Equation 3

1- - (- w

4pa Z )(m v/ 2[ 1 atanha,,;
cosha,,; 2cosha,,;

=13

" o 4pa’ o (_1)(m—1)/2 [amitanhami a y u N ] Equation 4
e g3 m3 2cosha,y,; # cosha #
m=1,3,...

Where
MPyi Bending moment due to pressure about the x-axis
MPy; Bending moment due to pressure about the y-axis
p Internal pressure
a Plate length
1 Poisson’s ratio
The variable a can be found using Equation 5 below [2]

mmb; Equation 5
%mi = T4
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 using Equation 6 and Equation 7 [2].
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> (—1)m=D/2 Equation 6
M= Y B2 (1= ) @mitanhiy,]

et 2cosha,,;
—1)m-Db/2 Equation 7
My = LEm[Z - (1 - .u)amitanhami]
It 2cosha,y,;

m=1,3,...
Where
MM Bending moment due to other plates about the x-axis
MMyi Bending moment due to other plates about the y-axis

The constant E,, can be found using Equation 8 below [2]:

4pa? 2tanha,,; + 2tanha,,,
m = 3m3 1

U1 + Amitanh?a,,; — tanha,,; — Ay, + apatanh?a,,, — tanha,,,
Equation 8

The total bending moment on a plate about the x-axis can be found by adding Equation 3 and
Equation 6. Similarly, the total moment about the y-axis can be found by adding Equation 4
and Equation 7 [2].

The maximum stress on the plate can be found using Equation 9 [3]:

6Mmax Equation 9
Omax = 2
t
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 stress in Equation 9, 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 heights that are much 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 therefore much 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 a b~ wDbd e

Requirements

The box will have to contain 20 bar of pressure

The box must have 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 normal operation 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 stress 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 the chamber.
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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 interference 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 100mm even at
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). This will ensure 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 to Figure 176); the top and bottom lids (Figure 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. Based on these
requirements, the material chosen is a carbon steel plate for moderate and low temperature
service; ASTM A516 Grade 60. The properties of the selected material can be seen in Table
12 below.

Table 12: Spray chamber material properties [9]

Density 7.85 g/cc
Ultimate tensile strength 450-585 MPa
Tensile yield strength 240 MPa
Modulus of elasticity 200 GPa
Poissons ratio 0.29

Shear modulus 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 moments on the side
walls were calculated using the model described in section 5.1.1. Using the maximum
bending moment calculated and setting the maximum stress equal to the maximum 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. From Figure 178, it can be seen that the stresses in the spray chamber are 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 seen in Figure 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 can be seen in Figure 180. 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 chamber will therefore be made with a wall
thickness of 25mm.
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Figure 176: Spray box

e

Figure 177: Lid
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Figure 178: Stress 30mm
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Figure 179: Stress 25mm
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Figure 180: Stress 20mm

Windows

The sides of the box will be machined as seen in Figure 181 below. The windows will be

supported from the inside by a thin strip of material.

Figure 181: Box with window holes
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Window Flange

The windows will be held in place by 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 seen in Figure 182 below.

Figure 182: 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 in Figure 183 below to hold the injector. This round bar will then be welded to the
inside of the lid.
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Figure 183: 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. Figure 184 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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Figure 184: 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 using Equation 10 [8].

F Equation 10

O'=m

Where:

o — Stress in the weld

F — Force the weld is subjected to
h — Weld throat

| — Length of the weld.

With a weld throat of 25mm and 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 E60xXx, the permissible stress in the weld is
0.60Sy. 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 using Equation 11 [8] and the maximum tensile stress can be found using Equation 12

below.
1.196F Equation 11
T =
hl
0.623F Equation 12
7T T

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 seen in Table 13 below.
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Table 13: Maximum allowable stresses on fillet welds [8]

Strength Level of Weld Metal (EXX)

6l T0* 11 g 100 11o* 120
Allowable shear stress on throat, ksi (1000 psi) of filler weld
or partial penetration groove weld
T = 15.0 | 210 240 | 27.0 30.0 | 330 36.0
Allowable Unit Force on Fillet Weld, kipflinear in
i 12.73h | 14.85h 16.97h | 1909 | 2120k | 23.33h | 25.45h
Leg Allowable Unit Force for Various Sizes of Fillet Welds

Size b, in kip/linear in

1 12.73 1485 16.97 19.09 21.21 2333 2545
T8 11.14 12.99 14.85 16.70 18.57 20.41 2227
34 9.55 1114 12.73 14.32 15.92 17.50 19.09
5/8 7.96 928 1061 11.93 13.27 1458 15.91
112 6.37 742 B4R 9.54 10.61 1167 12.73
76 5.57 .50 742 B35 9.28 10.21 11.14
3B 4.77 5.57 6.36 7.16 7.95 875 954
316 3.98 4.64 5.30 597 6.63 7.29 7.95
/4 318 171 4.24 477 5.30 5.83 6.36
6 239 278 ERE 358 398 438 477
1/8 1.59 186 2.12 2.39 265 292 318
I/16 0.795 0.930 1.06 1.19 133 1.46 1.59

*Fillet welds actually tested by the joint AISC-AWS Task Committee.

Y = 0.707h ta

From the table, it can be seen that with a E60xx 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 to be 109.8 N/mm. A stronger electrode will

therefore have to be used; 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 back-gouged on both sides and welded using a butt weld in

each side as seen in red in Figure 185 below.
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Figure 185: Butt weld on box

The stresses on the weld can be determined as before. The stress is found to be 28.2 MPa and

the weld will therefore be safe.

The weld will be down the length of the main body of the box. To ensure maximum strength,
the weld will be made down a portion of the box that is not on a bend or window. The weld
must also not be located where the bolts for the window flange will be. The position of the

butt weld can be seen in Figure 186 below.

Figure 186: Position of butt weld on box
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5.3.4. Bolt analysis

The top and bottom lids, as well as the window flanges will be fixed to the spray chamber
with bolts.

Lid bolts

The top and bottom lids will be secured to the spray chamber with 12 bolts and nuts each.
Grade 9.8, M12x75 bolts will be used. These bolts have the following properties:

Proof strength: 650 MPa
Tensile strength: 900 MPa
Yeild strength: 720 MPa
As seen in Table 14 below.

Table 14: Bolt grade properties [7]

r R i MiRimum . Minimum S L e e e
e Sixe . Pepef. . 4 Tensile’. - Yield T e e i
: S AR S T it e Wl e
Property. Range, .| Strengthl - Strength,! ath;" : e e
-'Cll::s?..- .lric'lusive. SoMPa MPa.. UMPa 1 Materidl -‘Head Marking:

46 ME-M30 225 4400 240 Low or madium carbon 7 e 5
Ly, M
4.8 MY6-MI16G 310 420 240 Low or medium carhan 7
Iy /)
- . -
A8 MA-NM24 380 S20 420 Low or medivm carbon p .
By A
8.8 MI6-M36 (¥ H30 60 Mediwm carbon, Q&T 7 = .
4 P
R MIB-MIG 650 YUKy 720 Medium carbon, Q&T 7 e 5
&
1.9 MA-pM36 R3O 104400 D403 Low-garbon martensite. y = %
GE&T
i} FL
120 MI6-M36 970 1230 Vioh Alloy. Q&T 7N

The bolt stiffness can be found using Equation 13[7].
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AqA+E Equation 13

b — Agle + Aelg

Where:

A — The tensile stress area, 84.3 mm? for an M12 bolt as seen in [7]

Ad — The cross sectional area of the bolt at the shank

E — Young’s modulus

I; — length of the threaded section between the nut face and thread run out
l4 — length of the unthreaded section of the bolt

As seen in Figure 187 below.

Figure 187: Geometry and notation of a bolted joint [7]

Table 15: Standard bolt dimensions [7]
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ky, is found to be 370.21 x 10° N/m.

The stiffness of the member can be found using Equation 14 [7].

0.5774mEd Equation 14

0.5774l+0.5d)
0.5774l+2.5d

k. =
m 2 1n(5 X
Where:

d — Diameter of the bolt
| — Grip length

The grip length included the thickness of the washers, which can be found in

Table 16 below.
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Table 16: Washer dimensions [7]

8 Weosher  Minimum  Maximum | Maximum Washer  “Minimuom - Maximuom - Maximuem
oD Thicknass Siza® : in oD Thickness .

16N 195 100 o | 1w 1G85 2,00 230
16 R 135 200 0.7k | DR (LR 26,00 280
146w 1,25 a0 LRI 1 10 W [{EE & 30,00 3.50
Im 250 S0 0040 12N 1330 2540 231
2R 250 .00 ] 12K 13,4 3400 350
AW 250 200 .50 | 12w 1350 4900 250
LEN 500 &.00 (L0 14 N 15,25 200 28D
13K EX &0 U0 14 & 1525 48,00 250
LW 300 (Bt 1.20 14 W 1525 30,00 4400
iM 350 100 0590 [1:3.1 17.25 32,00 350
PR .50 1000 136 | 16k 17,28 4 (4 400
AW 5.50 12040 140 W 17.25 4,060 £60
Li N 400 .00 120 T 2140 30,00 4400
15 R 4.0 100 140 MR el 00 4.6
AW 4,0 1500 175 0w 2180 ot (1) 310 |
4N 4.1 10 1.50 N 2560 44.00 4,60
4R 4,70 12.00 1 A MR 2360 5600 510
AW 4,70 1600 T30 W 5,60 7200 .60
k1L 5.50 10100 1 AT Wi 3240 56,00 LR 7]
R 5,50 15.00 1.75 AR ] F200 .60
W 550 20,00 230 W 3240 20,00 G40
34 .64 1500 L.75 M AR50 46.(H} .60

| &k 8.3 EE ] ] R 35 30 90,00 640
6w 6.0% 2520 250 W A [JLixin] H.H0
BN B0 1§:4:41] 250

| &R 540 2340 130

I ew £.00 L0 280

|

km is found to be1.93 x 10° N/m.
The endurance limit of the bolt is found using Equation 15 [7].
1 .
Se = 7-(0.566 = 9.68 X 1075 5,0)Suc Equation 15
f
Where:
Se — Endurance limit

ks — Bolt stress concentration factor (found in

Table 17 below)
Suc — Ultimate compressive strength (equal to the Ultimate tensile strength)
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Table 17: Bolt stress concentration factor [7]

Ky
Metric Grade | Rolled Threads | Cut Threads | Fillet
36-58 2.2 2.8 2.1
6.6-10.9 3.0 38 2.3

The endurance limit of the bolt is found to be 143.66 MPa.
The bolt preload is found using Equation 16 [7] below.

F;, =0.75F, Equation 16

Fp can be found using Equation 17 [7] below.

E, = AS, Equation 17

Where Sy, is the proof strength of the bolt.

F. is found to be 41.09 x 10° N.

The factor of safety for the bolted joint can be found using Equation 18 [7] below.

B 2NS,(Sy:A: — F) Equation 18
! CPtotal (Sut + Se)

Where:
N — Number of bolts

Piwotai— Total force acting on the joint.

kp

c=—2—
ky + knm
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C=0.16

Piotal = 165.675 x 10°N

The factor of safety on the bolted joint is therefore 4.33.

The factor of safety with respect to the separation of the plates, which would lead to a leak

can be found using Equation 19 [7] below.

~ NF,
Ptotar(1 = C)

No

This safety factor is found to be 3.54.

The torque required to tighten the bolt is found using Equation 20 [7].

Where:
K —a constant found in Table 18 below.

Table 18: Bolt condition [7]

Bolt Condition K
Non-plated, biack finish | 0.3
Zinc-plated 0.2
Lubricated : 0.18
Cadmium-plated .16

The required torque will be 98.62 N.m.

Equation 19

Equation 20
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Window flange bolts

The window flange bolts were analysed using the same methodology used for the analysis of
the lid bolts.

The window flanges will be secured using 8 M8x45, grade 9.8 bolts.

The flange bolts will not be fastened with nuts, instead, the body of the spray chamber will be

drilled and tapped. The bolted section will therefore have to be analysed as a cap screw.
The grip length is found using Equation 21 [6] below.

lgrip = twasher T t1+ h Equation 21

Where:

t; — Thickness of the flange

The grip length would then be 31.3 mm.

The stiffness of the bolt can be found with Equation 22 [6] below.

AE Equation 22
kcapscrew = L_
T

Where Lt is equal to the grip length.

The bolt stiffness was calculated to be 233.87 x 10° N/m
The member stiffness is 1.36 x 10° N/m

This would make the parameter C = 0.147.

With a stress concentration factor of 3 from Table 17, the endurance limit is 143.66 MPa and
the bolt preload is 17842.5 N.
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With 8 bolts per flange, the factor of safety is 5.39 and the factor of safety against separation
is 3.98.

The torque required is 28.55 Nm.

5.3.5. Windows

The following was used by the supplier of the windows in order to calculate the thickness of
the windows for the desired application. Refer to APPENDIX — A for an email from the
supplier.

DESIGN OF PRESSURE WINDOWS

Calculation of thickness of optical windows used in vacuum or pressure applications

The maximum stress Sy, on a uniformly loaded window is given by: ?JE”MT]UNS
bl 3 I’ 3
Smax = (K.D%P)/(4.T?) and also Smax = Fu/ SF (See Softs Factor Box) L S
and then solving for thickness T .‘\ppu;Bnl Elastic Limit
T = D.\j( SF.K/4). v (P/F,) (CIRCULAR WINDOWS) Empirical Constant
T = LAN(SF.K/2).N(P/(Fy.(1+R*))) RECTANGULIR WINDOWS) i
Unsupported @ for
P - P N circular window
7 Length & Width for
/;,/}/;% ; rectangular window
2 U Zi LIW
%57 Z Thickness of window
7 7
D 22 D - Load per unit area
Unclamped, S, at centre Clamped,$ at edge
CLAMPED CONSTANTK
Circular Window (Safety Factor of 4 & K. = 0.75) The value of K depends on the
: method of support, upon the
T = 086DV (P/F,) force introduced in clamping
Rectangular Window (Safety Factor of 4 & K. =0.75) and upon the britle / dustile
s character of the window material
T = 123 L\({PJ’(Fa.{l +R%))) involved.
UNCLAMPED Empirically, a K value of 0.75 is
Circular Window (Safety Factor of 4 & K, = 1.125) ey suibable for most epiical
“ crystals when the perimeter is
T = 1.06D 'J( P/Fy) clamped, and a value 30%
Rectangular Window (Safety Factor of 4 & K, = 1.125) greater when unclamped.
T = 1.50L'J(Pf(f,.(l+Rz}}} K, = 075
K, = L1125
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6. DESIGN SPECIFICATIONS

6.1. Manufacture

6.1.1. Box

The box will be made from a 25mm sheet of the specified steel. The sheet will be cut to the
required dimensions (975.6x250mm). The sheet will then be bent to obtain the required radii
for the four corners. The two edges of the plate will then be chamfered and butt welded
together. The four windows (100x100mm) will be cut with 10mm fillets. The windows will
then be machined 10mm all around, 20mm deep to create a recess for the window to fit into.
The 8mm bolt holes will then be drilled at tapped for the M8 bolts that will hold the window
flanges in place.

The flanges for the lid will then be cut out of a sheet of the same material and the holes
(12mm) will be drilled as per the drawing. The inner edge of the flange and the body of the
box will be chamfered at 30° and butt welded. The flanges will be welded to the body of the
box using a 10mm fillet weld around the outside corner. Both the butt weld and fillet weld

can be seen in Figure 184.
6.1.2. Injector holder

The injector holder will be turned on a lathe to the dimensions indicated in the drawing.
6.1.3. Top and bottom lids

The lids will be cut out of the same 25mm thick steel. The 12mm bolt holes will then be
drilled as indicated in the corresponding drawing. The top lid will have a 19.4mm hole drilled

in the centre to accommodate the injector.
6.1.4. Window flanges

The window flanges will be cut out of 25mm thick sheet steel. The 8mm holes will then be

drilled as per the drawing.
6.2. Engineering Drawings

The following are the engineering drawings for the spray chamber and all components to be

manufactured.
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6.3. Assembly

The injector holder will be lined up with the hole on the top lid and welded in place with a

10mm fillet weld.

A gasket will then be placed on the top flange on the box, the holes on the top lid will be
lined up with the holes of the flange (with the injector holder inside the spray chamber). They
will then be fastened together with 12 M12 bolts using washers and the corresponding nuts.

The nuts must be torque to 98.62 N.m. The same process must be repeated for the bottom lid.

The gaskets must then be placed in the recess for the windows (on the box). The glass
window will then be placed gently in the recess ensuring that it sits flush. The window flange
must then be placed on the window and the bolt holes lined up with those on the box. The
window flange will then be fastened to the box with 8 M8 bolts and washers. The bolts must
be torque to 28.55 N.m. The same process must be repeated for all the windows.

The spray chamber must then be pressure tested. The test certificates can be found in
APPENDIX B — SPRAY CHAMBER CERTIFICATES.

6.4. Cost Analysis

The following quotations were received for the manufacturing of the spray chamber and

supply of all the needed components.

The spray chamber will cost R 37 653.00 to manufacture.

The quartz glass windows will cost R29 457.60 with shipping.

The valves and pressure gauge will cost R12 217.32

This brings the total cost of the spray chamber R79 327.92.
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P O Box 75282
Lynnwood Ridge

0040

South Africa
Tel: +27(12)349 5191
+27 (12) 349 5130

E-mail: info@marmit.co za

MEASURING INSTRUMENTS TECHNOLOGY (MIT) (Pty) Ltd

Manufacturers, exporters and importers of photonic components, instruments and systems

To
Attn.

Dear Andan

Metso

Andan Naicker

Thank yaou far your valued enquiry.

Date . 12 Febmary 2014
Pages . Cover +
QUOTATION

1. | can get you BK 7 windows as follows:

BKT glass flat window, size 120 0x120.0+0.0/-0.25mm, thickness 27 0+/-0 5mm (thick to keep 20
bar pressure difference), both sides SQ 40-20s/d, 5F lambda/10 per inch @633nm, parallelism

=3Jarcmin, bevels ~0.5mm x45deg.

Oty

Description

Unit ZAR

Price

VAT

Total

4

27 mm

Uncoated

R 6.450.00

R 25.840.00

R 3.617.60

R 29.457.60

The expected deliverylead time is 8 — 10 weeks ALR.O.

L Fused silica matenal is also available — the required thickness is 29 mm. Pricing on request.
PLEASE NOTE:

batch.

B e =

rate fluctuations.

@

This guote is valid for 30 days.
Payment temms: Pre-payment with order.

All quoted prices exclude VAT, or as explicitly indicated.
Prices may change, emors and omissions excepted.
Freight and clearance costs are estimated at an additional R2950.00 (exd. VAT) for the

| trust that you will find this quote acceptable and look forward to your response accordingly.
Flease do not hesitate to contact me any time for further assistance or information.

Best Regards

Fowchbhiorg

Margie Hengstberger

Prices were calculated at the cument exchange rate of R15.20 for 1 Euro and are subject to exchange
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HYDRO OIL COOLING AND ENG (PTY) LTD

P.O. BOX 3251
VANDERBIJLPARK
1900

(REG. No. 1984/002191/07)

GENERAL ENGINEERING AND HEAT EXCHANGER SPECIALISTS
TEL: (016) 986 1172/3/4 FAX : (016) 986 1175

E mail : info@hydroc.co.za

Website www.hydroc.co.za

Our Ref.: HJK/lvm/20599/2014C 18 February 2015

METSO

ATTENTION: MR. ANDRAN NAICKER

Dear Sir,
OUR QUOTATION NO. : Q20599/2014C

RE: PRESSURE VESSEL

We thank you for your valued enquiry and are pleased to submit our quotation as follows:

MANUFACTURE AND SUPPLY

One only pressure vessel in accordance with your sketches
NOTE: Metso to supply the following free of charge to HOC:

Windows

Pressure gauge
Pressure relief valve
Air relief valve

Inlet valve

Gaskets

2 o o

PRICE: R37 653.00 each

PRICE BASIS

The price excludes VAT

The price excludes Government approved inspection

The price excludes design, design approval and drawing work
The price excludes transport

The price includes pressure test certificate (HOC witness)
The price is valid for 30 days from date of quote only

o wh =
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TERMS OF PAYMENT: To be discussed

DELIVERY: 3 -4 weeks from receipt of your official order

We trust that the above quotation meets with your approval and remain at your service for any further
information you may require.

Yours faithfully,
HYDRO OIL COOLING & ENG.,

MR. HJ KARSTEN

ESTIMATOR
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vEsscon ),

MASTER
FABRICATORS OF ALL
MANNER OF AIR, GAS
AND STEAM

PERIPHERALS.

PIPE INSTALLATIONS
FOR ALL MEDIUMS.

CARBOMN STEELS.
STAINLESS STEELS.
ALUMINIUM.

SUPPLYING INDUSTRY
WITH LOCALLY
MANUFACTURED
PRODUCTS OF
DISTINCTION.
OPENING NEW
AVENUES OF TRADE
PREVIOUSLY NOT
POSSIELE THROUGH
INNOVATIVE DESIGN
AND MANUFACTURING
TECHMNIQUES.

PUTTING 5QOUTH
AFRICA ON THE MAP
AS A GOOD RELIABLE

SOURCE OF

PRODULTS.

SEPRITE

THE SEFARATOR THAT SPARATES THE
FER FACH THE B071

P.O. BOX 13355, NORKEM PARK, 1631.

KEMPTON PARK, GAUTENG, SOUTH AFRICA

ESTIMATE

Land line Phone +27 (11) 872-8728 ~ & ~ Wireless +27 (11) 8720888 DATE: February 25, 2014
E-MAIL ADDRESS john@vesscon.co.za ESTIMATE # 6328-A-2
OTHER REF #
"ONCE A CUSTOMER, ALWAYS A CUSTOMER™
BILL TO: SEND TO:
MName ANDRAN MAICKER Name ANDRAN NAICKER
Company Name METSO MINERALS Company Mame MET50 MIMNERALS
Street Address YOUR ORDER & TBA Street Address
City, 5T ZIP Code ENQUIRED BY ANDRAN NAICKER Ciry, ST ZIP Code
Phone Fhona
UNIT | UNIT TYPE | DESCRIPTION [ RATE AMOUNT
VESSEL
1 EACH UNIT PER YOUR SKETCHES R 66,385.00 R 66 385.00
| 1 LOT GLASS SUPPLIED R 0.00 R 0.00
| 1 LOT FINAL MACHINING R 8,500.00 R 6,500.00
| THIS IS ESTIMATE # 6328-A-Z (THIS IS FULL PENETRATION WELDS OFFER). R 0.00
| R 0.00
| R 0.00
| MAMUFACTURED TO OME OR ALL OF THE FOLLOWING: R 0.00
| ASME VIl (LATEST EDITICON) R 0.00
| PD 5500 (LATEST EDITION) R 0.00
| SANS 347 (LATEST EDITION) R 0.00
| R 0.00
| R 0.00
| R 0.00
| R 0.00
| R 0.00
| R 0.00
| DELIVERY TWO TO THREE WORKING DAYS (EX WORKS) R 0.00
| 30% DEPOSIT REQUIRED WITH THIS ORDER. R 0.00
| 100% PAYMENT WILL BE REQUIRED UPON DELIVERY. R 0.00
| R 0.00
| PER YOUR REQUEST OF 24/022014 R 0.00
| R 0.00
| R 0.00
| R 0.00
SUBTOTAL R 72.885.00
VAT RATE 14.00%
Should you need clarification on any item. Please do not hesitate fo contact the compiler. TOTAL VAT R 10,203.90
DISCOUNT OFFERED 5%
YOUR TERMS ARE (PRICE SHOWN IN "TOTAL DUE" LESS ANY "DISCOUNT OFFERED") SUBJECT TO ANY NOTES BELOW. TOTAL DUE R 83,088.90
MOTES; |IJBOOUNTMA‘I'D|'~I.'I'IITAIEN IF PAYMENT IS MADE WITHIN 4 [FOUR) WORKING DAYS.
DELIVERY PERIOD SUBJECT TO ANY NOTES BELOW. DISCOUNT AMOUNT R 4.154.45
MOTES; |DEI.IVER‘I'IS SUBJECT TO PRIOR ORDER, WORKLOADING, OR ANY DELAYS IMPOSED BY ANY OTHERS. | OFFERED L "
VALIDITY PERIOD SUBJECT TO ANY NOTES BELOW IS (30 DAYS).
NOTES; |VALI)I'I"|"5HDWN WILL STRICTLY BE ADHERED T0O. AMOUNT LESS
Should you wish to order please will you fax an erder to e- mail to johni@vesscon.co.za DISCOUNT AMOUNT
OFFERED. R 78,934.46
Please note that the above Estimate is given in good faith using the information at hand at the time of estimation. It is important to note that we can not be CONDITIONS FOR
asked to carry the cost of omissions or errors on your behalf or our behalf. Please check that we have covered all bases as you require. DISCOUNT MUST BE
THANK YOU FOR YOUR ENQUIRY! Compiled by- John Cheetham
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VESSCON
—_—J

MASTER
FABRICATORS OF ALL
MANNER OF AIR, GAS

AMND STEAM

PERIPHERALS.

PIPE INSTALLATIOMNS
FOR ALL MEDIUMS.

CARBOM STEELS.
STAINLESS STEELS.
ALUMINIUM.

SUPPLYING INDUSTRY
WITH LOCALLY
MANUFACTURED
PRODUCTS OF
DISTINCTION.
OPENING NEW
AVENUES OF TRADE
PREVIOUSLY NOT
POSSIBLE THROUGH
INMOVATIVE DESIGN
AND MANUFACTURING
TECHMIGUES.

PUTTING S5OUTH
AFRICA ON THE MAP
AS A GOOD RELIABLE

SOURCE OF
SECONDARY

PRODUCTS.

SEPRITE

ESTIMATE

P.O. BOX 13355, NORKEM PARK. 16831
THE SEPARATOR THAT SFARATES THE
MEN FROM THE BOYS KEMPTON PARK, GAUTENG, SOUTH AFRICA
Land line Phone +27 (11) 0728728 ~ & ~ Wireless <27 (11) 072-0080 DATE: February 26, 2014
E-MAIL ADDRESS john@vesscon.co.za ESTIMATE # 6328-A-3
OTHER REF #
"ONCE A CUSTOMER, ALWAYS A CUSTOMER"™
BILL TO: SEND TO:
Mame ANDRAN NAICKER Mame ANDRAN NAICKER
Company Mame METS0 MINERALS Company Name METS0 MINERALS
Street Address YOUR ORDER # TBA Street Address
City, 5T ZIP Code ENQUIRED BY ANDRAN NAICKER City, 5T ZIP Code
Phone Phone
UNIT | UNIT TYPE DESCRIPTION | RATE AMOUNT
VESSEL
1 EACH 34" B00¥ FCS GLOBE VALVE SCREWED OR SOCKET WELD R 233.00 R 233.00
1 EACH 34" BSF CARBOM STEEL PRESSURE RELIEF VALVE SET AT 35 BAR R 0,803.00 R ,003.00
1 EACH A3mm GLYCERIME FILLED PRESSURE GAUGE. O - 4 mPa WITH CALIBRATION CERTIFICATE. R 455.00 R 455.00
R 0.00
R 0.00
R 0.00
MANUFACTURED TO OME OR ALL OF THE FOLLOWING: R 0.00
ASME VIl (LATEST EDITION) R 0.00
PD 5500 (LATEST EDITION) R 0.00
SAMS 347 (LATEST EDITION) R 0.00
R 0.00
R 0.00
R 0.00
R 0.00
R 0.00
R 0.00
DELIVERY TWO TO THREE WORKING DAYS (EX WORKS) R 0.00
30% DEPOSIT REQUIRED WITH THIS ORDER. R 0.00
100% PAYMENT WILL BE REQUIRED UPOM DELIVERY. R 0.00
R 0.00
PER YOUR REQUEST OF 2400272014 R 0.00
R 0.00
R 0.00
R 0.00
SUBTOTAL R 11,281.00
VAT RATE 14.00%
Should you need clarification on any item. Please do not hesitate to contact the compiler. TOTAL WAT R 1,579.34
DISCOUNT OFFERED 5%
YOUR TERMS ARE (PRICE SHOWN IN "TOTAL DUE" LESS ANY "DIS COUNT OFFERED™) SUBJECT TO ANY NOTES BELOW. TOTAL DUE R 12,860.34
MWCTES;  |DISCOUNT MAY ONLY BE TAKEN IF PAYMENT IS MADE WITHIN 4 [FOUR) WORKING DAYS.
DELIWERY PERIOD SUBJECT TO ANY NOTES BELOW. DISCOUNT AMOUNT
MWCTES;  |DELIVERY 1S SUBJECT TO PRIOR ORDER, WORKLOADING, OR ANY DELAYS IMPOSED BY ANY OTHERS. [ OFFERED R 643.02
WALIDITY PERIOD SUBJECT TO ANY NOTES BELOW 15 (30 DAYS).
WOTES: |VALIDITY SHOWN WILL STRICTLY BE ADHERED TO. AMOUNT LESS
Should you wish to order please will you fax an order to e- mail to johni@vesscon.co.za DISCOUNT AMOUNT
OFFERED. R 12,217.32

Please note that the abowve Estimate is given in good faith using the information at hand at the time of estimation. It is important to note that we can not be

asked to carry the cost of omissions or errors on your behalf or our behaif. Please check that we have covered all bases as you require.

THANK YOU FOR YOUR ENQUIRY!

CONDITIONS FOR
DISCOUNT MUST BE

Compiled by:-

John Cheetham



7. CONCLUSIONS

A spray chamber was required to conduct experiments with the Inov8 Test Stand to simulate

engine back pressures. The pressure chamber was required to simulate pressures of up to 20

bar without affecting the normal operation of the test stand.

A square pressure chamber was designed with the same internal dimensions as the
existing spray box. The spray chamber was built out of 25mm thick steel plate
with top and bottom lids that were bolted to the spray chamber. There were four
27mm thick quartz glass windows on the four sides of the chamber. The windows
were held in place with bolted flanges and would not have any effect on the
camera used for the experiments. An injector holder was attached to the top lid to
hold the tip of the injector in line with the windows.

FEA analysis showed that the spray chamber was strong enough to hold 20 bar of
pressure. After construction, the pressure chamber was tested and certified for 20
bar of pressure. The test certificates can be found in APPENDIX B — SPRAY
CHAMBER CERTIFICATES.
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APPENDIX - A

RE: Quatz glass

sales o andran.naicker 13/02/14 11:02 AM
From: "sales” <sales@marmit.co.za> Show Details
History: This message has been replied to.

w 1 attachment

M

0212PressureWindows.png

Hi Andran
| have had the following feedback from me manufacturer:

The Apparent Elastic Limit (Fa) is 64500000 for BKT glass and 55000000 for UVFS

The formulas to be used for the calculations are as per the attachment.
As you can see there is a safety factor of 4, and another factor derived from the clamping method and the shape of the window.

0On re-calculation the minimum safety thickness for BKT glass window should be 16.0+/-0.5mm and for UVFS window 17.0+/-0.2mm.
Are you in agreement with this ?

Let me know whether the windows will be suitable for your application.

Best Regards

Margie Hengstberger

Measuring Instruments Technology (MIT)

Pretoria South Aftica

Tel +27 12 349 5191

Fax: +27 12 349 5190

Cell: +27 82 784 2011

margie(@marmit.co.za

"We are now on the CSIR. Campus" Blg 33

This message and any attachment are intended only for the use of the addressee and may contain information that is privileged and confidential If you are not the
intended recipient, you are hereby notified that any dissemination of this communication is strictly prohibited.  If you have received the communication in error, please
erase all copies of the message and its attachments. Thank you.

Security Warning: Please note that this e-mail has been created in the knowledge that Internet e-mail is not a 100% secure communications medimm. We advise that
vou understand and observe this lack of security when e-mailing to us.

Viruses: We have taken steps to ensure that this e-mail and attachments are free from any viruses.
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APPENDIX B — SPRAY CHAMBER CERTIFICATES

- & Engineering
HYDRO OIl. COOLING & ENGINEERING (Pty) Ltd
{Reg. No: 1984/002191/07)
Heat Exchanger Specialists and General Engineering
4 Michelin Street NW7 PO Box 3251 Vanderbljlipark 1900  Tel: {016) 986-1172/3/4 Fax: (016) 986-1175
Web Site: www.hocengineering.co.za  E-Mail: info@hydroc.co.za

1803834 Part 2

Pressure Test Certificate

PRESSURE TEST CERTIFICATE NUMBER: 10364 -
HOC PROCESS NUMBER! NEEEEET
HOC 0B NUMBER: H11972/ "

5,

EQUIPMENT /JOB DESCRIPTION:

CUSTOMER: /

NEW EXPERIMENT CHAMBER

UNIVERSITY OF THE WITSWATERSF(AND :

S/

3456263 /3455523

: /o
CUSTOMER ORDER NUMBER:
/

DRG / SPECIFICATION NUMBER:

( CODE OF MANUFI?CTURE:

ITEM TESTED: ;"

WITS CHAMBER

[

: DE‘SCRIPTION ' ‘SHELL SIDE
POSITION TEST:El; ' HORIZONTAL
TEST PRESSURE }K;’A) 3000{NITROGEN)
WATER TEMPER_I;TUE(_E () '

CHLORIDES . e

DURATION OF TEST (MIN)

PRESSURE GAUGE NUMBER-

+171480:1%

CALIBRATION CERT. NUMBER

P1003539

CALIBRATION DATE
(1 | PRESSURE GAUGE RANGE

19/02/2016

. [ 0-10MPA

DATE

RESPONSIBLE ; P
ACCEPTED BY: PERSON §HELL SIDE ._T.UVBE SIDE SIGNED
HO.C: /  2016.08-30
CUSTOMER: /[ 2016.08-30
AUTHORISED INSPECTION /20160830

AUTHORITY {THIRD PARTY}):

REMARKS:

PREPARED BY: D, VERMEULEN, M. JOUBERT FORM: HOC-QAF.38 PRESSURE TEST CERTIFICATE
REVIEW DATE;  2016-08-03 REVISION NUMBER: 06

ISSUE DATE: 2016-08-03 NEXT REVIEW DATE: 2018-08-03
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CERTIFICATE
OF
CALIBRATION

Lab No. 245

Certificate No P100353Y

“The South African National Accreditation System {SANAS) is a member of the inlernational
Laboratory Accredilation Cooperation {ILAC) Mutual Recegnition Arrangement (MRA). This
arrangement allows lor the mufual recognition of technical les! and calibralion data by memher
accreditation hodies worldwide. For moro information on the arrangement please constil
www_ilac.org”

Calihration of 2 Pressure Ciiee

Manutacturey © SA Gauge

Deseription 3 A 00D 128 0-10 MPa
Maodel No o ONAA

Serial No o A71480-1

Hydve Oif Cooling & Engineering (Pey) fid

Calibrated for
4 Michelin Street. NW7?

Address

Vanderhijlpark
Job Card No O P
Tewperatare 20 2°C
Catibration Date - 19-02-2010
Issue Date © o 19-02-2010
Re-calibration Date C 10222017
Calibrated by . Dinesht Betchan
Checlied by o Riaan Reinach

This cortificate i isswed without alteration and i aceondanee with the condiions of avcreditation granted by SAN. §S The resabs rofleered it
colificaie fv a correcl recard of Hie MCasuyesients made af the time of calibration. Subrequently e gectracy will degrend em Juctons suech ay cipe
exercised it hardling the st and the froqueney of use. Recalibration should be perforated afior i poriod vo clases ko esstiie fhatt, wpsekor novmal
cireumstances, the ISEUMENE deerdey remain within the dovired fimits. Fhe acenrdades of alt measwrements were Iraceale to e wntional
measwrement standurds af South Africa wdess oilierwive aoted Copvright of thiv coviifieare is owited it by 54 U and SANAS may not v
roprodeeed other than i Sl except with prior s itten upproval nf St Geage el SANAS The reporred evpanded goiceri@nty Buved on a stadand
sarcertainne multiplicd By g coverage fuetr b7 proniding wof af rantidenic vl anprevimaiehs G5 the toreerfabity of mcasproment iep hewit
estimtated iy aecorduner with ihe principles depined i the G NE Gride fo Unceraiiv of Voo, 150 Geneva, faud’

GANAS Autharized Technical Signatory
Prinesh Betchun

S8 Gange {1y tad V/
1. 0. By 22369 NJE ¥ Beechiichl Cres o

Glanashley Springficlt Park
4022 12etan
RSA

Vel » 27 qudEy ATI26 A
Funs »37{N31y 339200

Paae 1ot 2
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Certifieate No P1303539

[. LABORATORY STANDARDS AND EQUIPMENT USED:

Assel Standards or Equipment Serial Certificate Expiry
No . Number Number Date
2-19 THA2 - SUPCO 405-096-1025 77738 31072016
2-1t Beta 321 9043060 sz()!(\ﬂl 12.2 12012017

2, PROCEDURE

2.1 The UUT was calibrated in accordance with procedure 2-01 and the manufacturers recommendation 11

available.
2.2 The UUT was set to zero prior to calibration.
2.3 The results as reflected on this certificate were entered direetly on PC during the execution of the

cahibrafion.
24 UUT resolution: 0.2 MPa
3. RESULTS

3.1 PRESSURIS

UUT Display Applied Pressure (As Found) Applied Pressure (As Left)
(MPa) (M) (MPa)
) wUrﬁwnr(j o DO“;“,‘{M(J, ....... U;)\vm'd ; Iﬁnvn\\'ui'd
0o o 0 0 o '
2 1,989 1.98¢ 1.989 j1.980
4 o ThRese 0 o hhose e
6 5.992 15,980 N 5900 [_i_%fw)w -
8 7.979 ' 969 7919 [70e
H} o 37‘7).‘)83 i - ‘)‘J\‘ o i
3.2 REPEATABILITY
UUT Display ’ Applied Pressare -
“(MPa) (MPa)
| Upward | Downward ’
[5.992 ' .08 1
s ]
[6.002 |

Uneertainty of measurement: = 0.07 MPa
4, NOTES

4.1 Resuits were entered divectly onto the PC,
“=Lnd of certificate®*

W

SANAS Authorized Technical Signmory Page 2 of' 2
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CERTIFICATE
OF
CALIBRATION

yall1dS

“Cabration toboratory

Lab No. 245

Certificate No P1006072

"The South African Nalional Accreditation System (SANAS) is a member of the International
Laboratory Accreditation Cooperation (ILAC} Mutual Recognition Arrangement (MRA). This
arrangement allows for the mutual recognition of technical tesf and calibration data by member
accreditation bodies worldwide. For more information on the arrangement please consult
www.flac.org”

Calibration of a : Pressure Gauge
Manufactarer : SA Gauge
Description : 3A 100G (2B 0-4 MPa
Model No : N/A
Serial No r J1214489-1
Calibrated for ¢ Hydro Qil Cooling & Engineering (Pty) Ltd
Address : 4 Michelin Street, NW7
Vanderbiji Park
Job Card No v J1214489
Temperature o 22+42°C
Calibration Date 1 30-06-2016
Issue Date 1 30-06-2016
Re-calibration Date 1 30-06-2017
Calibrated by :  Dinesh Betchan ﬁ
Checked by ¢ Riaan Reinmach ... ettt

This certificate is issued without alteration and in accordance with the conditions of accreditation granted by SANAS. The results reflected in the
certificate is a correct record of the measuvements made at the time of ealibration.  Subsequently the accuracy will depend on factors such as care
exercised in handling the instrument and the frequency of use. Recalibration showld be performed afler a period sa ehosen fo ensure thai, under normal
eircmisianees, the Instrument acciracy rvemiain within the desived limits. The accoracies of all measurements were traceable to the nadfonal
measurentent swmdards of South Afvica , unless otherwise noted. Copyright of this certificate is owned jointly by SA Gauge and SANAS may not be
reproduced other than in fill, except with prior written approval of 84 Gauge and SANAS. The reported expanded uncertainty is based on a standard
uncertainly multiplied by a coverage factor k = 2 providing a level of confidence of approximately 95%, the wncertainty of measurement has been
estimated in accordance with the principles defined in the GUM, Guide to Uncertainty of Measurement, ISO, Geneva, 1993°

SANAS Authorized Technical Signatory

Dinesh Betchan

SA Gauge (Pty) Ltd

P. O. Box 22369 8 Beechfield Crescent

Glenashley , Springfield Park
4022 § Durban
RSA : Ennail: sanas@sagauge.com

Website: wwnv.sagauge.com

Tel: +27 (031) 5792216/7/8
(Pty) Ltd 2003017040407

Fax: +27 (031) 5792301

Page 1 of 2
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Certificate No P1006072

1. LABORATORY STANDARDS AND EQUIPMENT USED:

':-‘s;Aﬁs.et:- (s = = @':1751 e Ee
N o o - Number | ate
2-19 THA2 - SUPCO 405-096-0025 77735 31-07-2016
2-03 PRESSURE MODULE P903670 732719 30-11-2017
2-08 M200! READOUT 9043104 n/a nfa

2. PROCEDURE

2.1 The UUT was calibrated in accordance with procedure 2-01 and the manufacturers recommendation if
available,

2.2 The UUT was set to zero prior to calibration.

2.3 The results as refiected on this certificate were entered directly on PC during the execution of the
calibration,

2.4 UUT resolution: 0.1 MPa

3. RESULTS

3.1 PRESSURE

- UUTDisplay |  Applied Pressure (As Found) |

f (MPa) . gy :

o - | Upward: W ward. - | Downward -
0 0 0 0 0

1 1.0027 0.9975 1.0027 0.9975

2 2.0043 2.0012 2.0043 2.0012

3 3.0076 3.0048 3.0076 3.0048

4 4.0059 N/a 4,0059 N/a

3.2  REPEATABILITY

~ UUTDisply |

. Applied Pressure.

| Upward [ Downward
2.0043 2.0012
2.0032 2.0005
2.0049 20020

Uncertainty of measurement; + 0.04 MPa
4, NOTES

4.1 Results were entered directly onto the PC.

**End of certificate™*

SANAS Authorized Technical Signatory Page2 of 2
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Over Pressure Protection; Flow, Level &

Density Measurement; Automation & Control

1 Angus Crescent , Longmeadow Business Estate East,
Modderfontein

PO Box 758, Isando 1600

Tek +27 (0) 11-457 0500

Fax: +27 (0} 11-608 4999

www.dlm.co.za

IZANDRA TRADING (PTY) LTD
CERTIFICATE OF PRESSURE SETTING

This is to certify one valve supplied against

Customer Oxrder No 124791
Invoice Number 11004576

Invoice/Test Date 2016/11/10

Valve Pneumatically Set To Relieve At

2400  kPa Gauge

Make Of Valve BAILEY SAFETY RELIEF VALVE
Figure Number 707VSL

Inlet 20mm BSP SCREWED MALE
Outlet 20mm BSP SCREWED FEMALE

44953

S5GBI-1610-058747

o
“STEPHEN DLAMINI 4 MARTIN ELS
WORKSHOP MANAGER QUALITY ASSURANCE MANAGER

Set pressure verification testing performed in accordance with instructions in the applicable Operaiion and
Maintenance Manual. This Safety Valve should only be used in accordance with the applicable operating
instructions and within the application specifications of the purchase order.

NOTE: ALWAYS CHECK THE SET PRESSURE BEFORE INSTALLATION.

Directors: Wi Walton (Managing), SD Buchanan, GK Darge, FWi Ferreira, M Madima,CM Morais, MO Von Ruben
T Dupleix Liquid Meters {Pty) Ltd, Regislration No. 2011/117612/07

Cape Town (021} 551 0727; Burban (031) 705 1966; East London {043) 722 1309;
Rustenburg (014) 596 7086; Vereenlging {016) 421 4586; Welkom {057) 355 3081
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Having satisfied the requirements of the IIW
Manufacturer Certification Scheme according to
ISO 3834

Hydro Oil Cooling and Engineering (Pty) Ltd
The Unit: Fabrication Workshop
Located in; 4 Michelin Street, Vanderbijipark

is certified in accordance with

SANS I1SO 3834 Part 2

For the product(s):  Refurbishment and fabrication of pressure equipment, heat exchangers
and oil coolers for the petrochemical and power generation industries

with the scope of work staled in the altached Schedule
Certificate number and revision status;  ZA-088 - Rev. 0
First Issue date: 2015/07/22

Current issue date: 2015/07/22

Date of expiry: 2018407121

ANBCC Governing Board Representative hefme Manager

This Cestificate is subject to the rules established by J1W
for the certification of Companies
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HW Manufacturer
Certification Scheme

SCHEDULE

Extent of validity of HW Certificate N° ZA-088 Rev. 0

Product standar(s): o
BSIPD 5500 ENASO 13445

Alternative Standard(s) (refer {0 1SO 3834 - 5)
ASME vili

Welding process (180 4063) | Parent material groups {ISO/tr 15608) o
(MMA} 111 1,2,8

(MIG/MAG) 135

{GTAW) 141

{SAW) 121

Responsible Coordination Personnel:
Qualification Job function and fevel

C. A. van der Merw Boiter Maker RWC (Specific)

H. Vermeulen 180 9001 QC {Basic)

“* The jevel must be stated in order to comply with 1ISO 14731

ANBGC Governing Board Representative Scheme-Manager

The standards and documents referred in the certificate and
schedule are those valid at the time of certification
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ITERRATIONAL
TTUTE OF WELDING

Having met the education and training requirements of IW Guideline
"International Welding Inspection Personnel” and by examination
having satisfied the requirements of the Examination Board of the

W Authorised National Body

Ryan Kurt Wyngard
Date of bisth: 16/08/1978
is hereby awarded the diploma of

INTERNATIONAL WELDING INSPECTOR
STANDARD LEVEL

Date: 18/03/2016 Diploma N° ZA-IWIP-S00588

Chairman of ANB Examination Head of Training
Board

.
0 Ak
TZ Joubert 71S Blake

W Authorised National Body
SAIW CERTIFICATION SOUTH AFRICA

This diploina is subject w the rules concering iy wse and misuse
See overleaf
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f"\,“
19

Having met the education and training requirements of
SAIW Certification and by examination having
satisfied the requirements of the
Governing Board of SAIW Certification

e s SRV UL W@ ard

----- (R T P

........ v 1 80816 5228 08 0

R T TR STy 2oty VedaMaei .

Identity Number

is hereby awarded the diploma in

Senior Welding Inspector
Level 2

Result

Diploma Number
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70V Rheinland Inspection Services (Pty) Ltd

This is to certify that

Whitey van der Merwe

5101025024085

has successfully completed the

INTERNAL AUDITOR WORKSHOP:
ISO 9001:2008
held at

TUV Offices, Centurion

on

05-07 July 2011

QA 1102102




TV Rheinland Inspection Services (Pty) Ltd

This is to certify that

CA van de Merw

ID number 510102 5024 08 5

has successfully completed the workshop

IMPLEMENTING 1SO 9001:2008 IN A
SERVICE INDUSTRY

held at
TUV Rheinland, Pretoria
on

28-30 June 2011

Certificale Number IMP11/05

Facilitator

/3 TUVRheinland”
Pracisely Right.
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