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1. ldentification of the research problem

To address the dual challenges of energy consumption and air pollution, there's
increasing interest in alternative fuels like biodiesel within the research community.
Understanding the relationship between internal fuel injector flow and spray formation in
the combustion chamber has become increasingly important, particularly with the use of
alternative fuels. Cavitation is one of the important phenomena happening inside the fuel
injector nozzle, leading to a primary breakup. The various parameters affecting the
cavitation flow inside the fuel injector nozzle, and its consequent effect on the spray
characteristics have been studied. There is a substantial body of literature on the cavitation
phenomenon in fuel injector nozzles. However, relatively little research has been published
on cavitation-induced primary breakup. A lot has been learned from experimental
experiments, but the pattern of the two-phase mixture remains unclear. It is also identified
that the fuel jet break-up process during the early phases of droplet generation in injectors
is still not fully understood. The cavitation phenomena are still being studied for diesel fuel
in fuel injectors, with the goal of better understanding what happens when biodiesel is used
as fuel in an internal combustion engine. The current research aims to investigate the effect
of various factors on the internal flow of a fuel injector nozzle and its spray characteristics
using diesel and blends of biodiesel. The research also aims to developed a two-step
coupling method to include the effect of cavitation on primary liquid spray breakup, which
leads to spray atomization in secondary breakup utilising numerical techniques.
2. Research Objective

e This research proposes the detailed assessment of an existing two-phase
numerical model to study the cavitation phenomena inside the fuel injector
nozzle.

e Itisproposed to validate the results with existing experimental data available in
the literature for diesel as fuel and explore the limitations of the numerical
model.

e Itis proposed to calculate the flow parameter at the outlet of the nozzle in both
cavitation and non-cavitation conditions. These results are used to assign the
initial condition for spray simulations as a part of the two-step coupling method.

e The hydrodynamic behaviour and size of cavitation bubbles will be investigated
under different operating conditions to develop a cavitation map using

experimentation.




e To investigate the spray characteristics of diesel, tallow biodiesel and WCO

biodiesel, including the effect of cavitation.

e The results are assessed and based on that the recommendation for the new fuel

injector nozzle design can be proposed for biodiesel.
3. Research Methodology

Current research has been conducted by using numerical and experimental
methodology. The commercial computational fluid dynamic tool has been used for
numerical modelling of the cavitation and spray characteristics. The numerical
solution's accuracy for cavitation flow and spray breakup depends on the appropriate
section of the model and sub-model. A systematic study has been carried using three
different turbulence models (k-e RNG, k-e Realizable, k- SST), two cavitation models
(SS, ZGB), and two multiphase models (Mixture, VOF), in the framework of ANSYS-
Fluent platform. The non-evaporating spray has been numerically studied using the
Discrete phase model (DPM) which is based on the Lagrangian drop Eulerian fluid
method. It allows for tracking the fuel droplets (discrete phase) in the Lagrangian frame
of reference and the continuous gas phase in the Eulerian frame of reference.
Furthermore, the Wave breakup model has been used to capture droplet breakup
phenomena. The Wave model is suitable for high Weber numbers (We>100) and high-
pressure spray. When the fuel droplets travel in the chamber, they experience the
turbulent vortex, which causes the motion of the particles to shift from straight lines to
non-smooth curves. The interaction between the droplet and discrete vortex is taken
into account by the discrete random walk (DRW) model. The discrete random walk
model was used to simulate the turbulent diffusion of the spray droplets. Finally, a two-
step coupling method has been developed to understand the effect of cavitation on spray
characteristics.

The experimental setup was designed to visualize the inner nozzle cavitation flow
and its properties. The effect of operating and geometric parameters on the cavitation
flow was investigated. The current study considers the effect of geometry in the form
of the nozzle's length to diameter (L/W) ratio. The operating conditions vary with
injection pressure. The atmospheric pressure is considered as 1.013 bar. The entire
experimental work was conducted using three different liquids: water, diesel, and
biodiesel (tallow biodiesel and WCO biodiesel). Second experimental setup has been

designed to investigate the spray characteristics. The experiment used a Delphi make




single-hole injector with a 0.2mm nozzle diameter. The injector operated at a maximum
working pressure of 500 bar. To regulate injection pressure, a motor-driven fuel pump
was used. The spray parameters of diesel and biodiesel fuels were investigated,
including penetration length and spray cone angle. Third experimental setup has been
designed to produce biodiesel using hydrodynamic cavitation. A slit type orifice-based
cavitation reactor has been designed to produce the bio-diesel form the waste cooking
oil. The biodiesel produced from the inhouse test setup are then used for the
experimentation.

Key Findings

(1) Cavitation modelling:

A systematic study has been carried out with three different turbulence models, two
cavitations models and two multiphase models. The results of the mass flow rate of fuel
were compared to experimental data. Typically, all combinations overstate the mass
flow rate to experimental data. The simulation results calculate the mass flow rate based
on the nozzle's exit area. However, the reduction in the effective area during the
cavitation flow is not considered using CFD calculation. This is why all models
projected a higher mass flow rate than the actual mass flow rate. The maximum error
with different combinations of the model has been calculated and reported in Fig. 1.

The combination of the VOF+ZGB+ k-o SST exhibits the least error among all cases.
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Fig. 1 Percentage error mass flow rate of the fuel with different combinations of
numerical models
(2) ECN Spray-C results:
In our current research; we introduced a novel methodology- the Eulerian-Lagrangian
two-step approach. This method was implemented in the ANSYS-Fluent for ECN
spray-C injector nozzle and cavitation coupled spray calculation has been obtained.




Notably, this approach offers enhanced accuracy, and the results align more
consistently with the experimental data on spray cone angles provided by ECN, as
shown in Fig. 2. Present method shows clear boundary of the spray after image
procession. Moreover, calculation of spray is done by using file injection method which
creates the exact condition for the cavitation assisted spray breakup. The developed

spray patterns with proposed method exhibit a higher level of accuracy.

STP

Fig.2 Spray angle calculation by using the Eulerian-Lagrangian coupling approach
(3) Cavitation induced spray break-up:

The primary goal of the current research is to investigate cavitation flow and its effect
on spray characteristics. The cavitation flow, among other spray properties, has a
considerable effect on the spray cone angle. The spray cone angle is estimated based
on the liquid edge's divergence from the vertical line. The spray cone angle increases

with increasing injection pressure.
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Fig. 3 Spray cone angle vs. Injection pressure




The highest spray cone angle was observed during super cavitation, as shown
in Fig. 3. During super cavitation, vapor bubbles collapse at the nozzle output. The
liquid jet will encounter turbulence as a result, which will improve the breakup
mechanism. Hydraulic flip occurs when there is an additional increase in injection
pressure, which causes air entrainment inside the nozzle and flow separation from the
nozzle surface. Hydraulic flip reduces the spray cone angle.

The cavitation begins when the cavitation number falls below unity, regardless
of geometrical parameters or fluid properties. Although vapor pressure affects the
inception of cavitation and it starts at lower cavitation number. The fluid viscosity has
a significant effect on the Reynolds number and cavitation number. As viscosity
increased, curves moved inwards. The higher viscosity delayed the inception of
cavitation, resulting in bubbles appearing at relatively lower cavitation numbers shown
in Fig.4.
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Fig. 4 Reynolds number vs Cavitation number

(4) Spray development of Biodiesel

The spray development of diesel spray under different injection pressures. As injection
pressure increases, the spray border becomes unstable, and ligament breakage is readily
visible. Figure 5 depicts spray formation for diesel, tallow biodiesel, and WCO-
biodiesel at a pressure of 500 bar. Due to its high viscosity, biodiesel produces narrow
spray. The spray cone angle of diesel, tallow biodiesel and WCO biodiesel are 17°,
15.4° and 15.6° respectively. Biodiesel is projected a lower spray cone angle than diesel

spray. Spray characteristics are essentially identical in tallow and WCO biodiesel.
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Fig. 5 Spray tip penetration and spray cone angle for diesel and bio-diesel fuels

Conclusions

The cavitation begins when the cavitation number falls below unity, regardless of
geometrical parameters or fluid properties. The spray cone angle increases with
increasing injection pressure. The highest spray cone angle was observed during super
cavitation.

When cavitation occurs inside the nozzle, the discharge coefficient begins to decline
due to reduction in the effective area. The cavitation flip causes a dramatic fall in the
discharge coefficient for CN3 from 0.95 to 0.7.

The cavitation number decreases with increasing Reynolds number. The rate of
cavitation number reduction changes after cavitation begins, and the cavitation number
curve becomes asymptotic when the hydraulic flip occurs.

As L/W decreases the onset of cavitation, super cavitation occurs at a lower Reynolds
number. A lower Reynolds number indicates lower exit velocity and injection pressure.
It is concluded that reducing the L/W ratio demands less pressure to produce super
cavitation. The cavitation begins when the cavitation number falls below unity,
regardless of geometrical parameters or fluid properties.

Initial fuel penetrates quickly; after the spray breakup starts, the rate of penetration
decreases. Spray tip penetration increases with injection pressure. As injection pressure
increases, the spray border becomes unstable, and ligament breakage is easily visible.
At the start of injection, all fuels have similar penetration lengths, but as time
progresses, it can be observed that the tallow biodiesel spray has a shorter penetration
length compared to diesel fuel. Although the WCO-based biodiesel shows greater spray
tip penetration as compared to diesel fuel.




The spray cone angle is measured using the image capture after 1.2 ms SOI at the
injection pressure of 500 bar. The average values of are considered as a final spray cone
angle. The spray cone angle of diesel, tallow biodiesel and WCO biodiesel are 17°,
15.4° and 15.6° respectively. Biodiesel is projected a lower spray cone angle than diesel
spray. Spray characteristics are essentially identical in tallow and WCO biodiesel.
Recommendations

The current research work finds effect of inner nozzle cavitation flow on the spray
characteristics. The two-step coupling method developed in the current work can be
applied to assess the impact of inner nozzle cavitation on spray breakup. It was
discovered that the inner nozzle cavitation has a substantial effect on the spray's primary
breakup. A specific cavitation condition results in a wider spray cone angle due to
improved spray atomization. The current research suggests that super cavitation
conditions can result in significant improvements in spray characteristics. Furthermore,
this can help to mitigate the drawbacks connected with the biodiesel. The super
cavitation assisted fuel injector can work quite effectively with both diesel and biodiesel
fuels.

Scope of future work

In current research the compressibility effect is not considered. One can include the
effect of compressibility in the existing cavitation model.

The present work considered only liquid and vapour phase of fluid. The model did not
consider non-condensable gas.

The current method considered steady cavitation flow with full needle lifted. The effect
of needle movement can be incorporate using dynamic mesh.

Two-step coupling method is implemented in two-dimensional geometry, this can be

used with three-dimensional geometry of fuel injector.
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