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Abstract

Diesel engines find application in a large number of sectors of modern industries, such
as the automotive and maritime. The wide adoption of Diesel engines, along with the
rise of environmental concerns created the needs for optimization of fuel efficiency and
power output as well as minimization of exhaust gas emissions. These targets must be met
while retaining the reliability of Diesel engines. One technique that is used to significantly
enhance the reliability of Diesel engines is piston cooling. The working fluid is engine oil
which is injected in the cylinder towards the lower side of the piston. The objective of the
current study is to simulate the process of cooling with the aid of CFD. The numerical
methodologies that are used in the current study are the Reynolds-Averaged Navier-Stokes
(RANS) equations for the continuous phase, while for the disperse phase the modelling is
conducted with the Lagrangian modelling. The numerical model which is built focuses on
the effect that the mesh resolution has on the results of the simulation, especially on the
disperse phase of the flow. It can be inferred that there is dependence between the quality
of the results and the mesh resolution. It is shown that the grid has to be fine enough to
produce quality results, but if there is excessive refinement, the quality of results drops
because assumptions of the Lagrangian modelling are not satisfied. Following this phase
of the study, a CFD model is built to simulate the phenomenon of droplet impingement
on a solid wall. In this set of simulations, the goal is to compare the impingement model
that is used in the software with published experimental results of droplet impingement.
The results indicate agreement between the CFD model and the experimental process. In
the final stage of the thesis, there is the numerical study of heat transfer involved in the
process of spray impingement on a hot wall. A CFD model is built to compare the heat
transfer which is predicted by the software model and results from relevant published
experimental studies. It can be concluded that there is divergence between CFD and
published experimental results, stemming from the modelling assumptions of the software.
The results of the present thesis can be used in future studies of the company, either as
a continuation of the spray cooling topic, or for novel studies such as gallery cooling.
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Chapter 1

Introduction

Diesel engines play an important role in the automotive industry, for maritime propulsion,
and for electricity generation. Since the first concept of Diesel engine in 1893 by Rudolph
Diesel, there has been ample research and effort into the analysis and improvement of this
type of engine [33, 56]. There are three major goals in the development of Diesel engines:
The increase of fuel efficiency, the reduction of undesired emissions in terms of noise and
exhaust gases, and the optimization of performance in terms of power output.

A large number of environmental concerns has led to rather strict emission regulations
that the automotive industry has to abide by. One way to increase the efficiency of a Diesel
motor is to cool the pistons with engine oil. Apart from the benefit of increased efficiency
when there is a piston cooling system, there is the issue of reliability of the engine. It has
been supported by Thiel [52] and Izadi [22] that the solution of piston cooling decreases
the thermal loads of the moving parts of the engine, thus being beneficial in this way to
the reliability of the motor.

As it can be understood, the aforementioned benefits led DAF to investigate into the
topic of piston cooling. In a series of studies of this process, there have been attempts to
explain the complicated physical phenomena that govern. Through Computational Fluid
Dynamics (CFD) simulations. An experimental approach would increase significantly the
cost of the study. Furthermore, another possible limitation of the experimental procedure
related to this topic is the lack of versatility. It is understandable that a greater number
of configurations can be tested in CFD software rather than experimental ones. At the
same time, another benefit of CFD over an experimental study of this type is that while
using CFD, there exist measurements on all of the domain of the simulation. On the
other hand, while conducting an experimental campaign, one would have to be limited to
a specific amount of data that could be collected locally.

1.1 Problem description

The problem of piston cooling is a rather wide topic that can be divided into smaller sub-
problems. In the current configuration of the pistons, the oil cooling is done primarily by
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the use of a cooling gallery. The visualization of the cooling gallery is on the following
figure.

ITTH L

Figure 1.1: Piston gallery configuration, reprinted from [27]

As it can be seen, a jet of oil is injected from the bottom of the crankcase facing upwards.
The jet is pointed towards the entrance of the gallery. After crossing the toroidal volume
of the gallery, the oil exits from a second hole. The engine oil inside the gallery performs
a sloshing motion, due to the reciprocation of the piston. It should be mentioned that it
is not possible to have all of the jet pass through the gallery, since the phenomenon of jet
break-up can occur. Thus, a portion of the jet’s liquid impinges on the wall. Through
the impingement on the wall, there is the phenomenon of cooling the undercrown of the
piston. Jet break-up is a phenomenon of great interest on the topic of piston cooling. It
dictates whether the jet will reach the piston in a continuous form or it will disintegrate
into droplets and ligaments. As it can be seen on Figure 1.2, the evolution of the jet and
the jet impingement cooling sub-problems have been previously investigated at DAF. On
the other hand, the sub-problem of gallery cooling is still a topic to be studied. In this
study, the scope includes the spray impingement cooling part of the general piston cooling
problem.

Previous work Piston cooling
Y

4 v v b

‘ Qil jet evolution ‘ Jet impingement Spray impingement Gallery cooling
cooling cooling
Y
Jet in quiescent Jet in turbulent
atmosphere atmosphere

Figure 1.2: Categorization of piston cooling sub-problems
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1.2 Previous work

Prior to the current study, two other theses were conducted on the general topic of piston
cooling at DAF. The first of those studies was conducted by Celik [12] while the second
study was conducted by Venkatesh [54].

Celik conducted simulations of an oil jet by using a multiphase LES configuration. The
multiphase modelling was an Euler-Euler approach, more specifically the Volume of Fluid
scheme (VOF) scheme, which proved to be stable. The purpose of those simulations were
to measure numerically the flow rate efficiency of the jet. By flow rate efficiency, it is
meant the ratio of the engine oil that passes through the cooling gallery, over the total
amount of engine oil that is injected. A visualization of the described set-up is provided
for clarification.

3 LPM 5 LPM 7 LPM

Figure 1.3: Flow rate efficiency simulations, reprinted from [12]

Furthermore, Celic conducted a series of simulations that dealt with the topic of jet
impingement heat transfer. More specifically, 2D RANS models were built for this reason,
while the results were compared to published analytical solutions and experimental data.
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Re =21200
Re = 31800
Re = 40800

rd (-)

Figure 1.4: Nusselt number results at different Re, reprinted from [12]

The second thesis on the topic of piston cooling was done by Venkatesh [54]. The main
topic of investigation in Venkatesh’s study was the development and the disintegration of
the oil jet. It was found that the most important factor that leads to primary breakup
is the wall turbulence. Moreover, there was investigation of the effect of the ambient
air’s turbulence on the disintegration of the jet. The conclusion was that the ambient
air’s turbulence was not a dominant factor as far as the primary breakup is concerned.
However, it was shown that the secondary breakup was affected by the turbulence of the
air inside the crankcase.

One of the most important findings of Venkatesh was related to the distribution of the
droplet size. Through LES simulations, the distribution of droplet sizes was found for
various volumetric flow rates of oil. This is a rather important finding for the current
thesis, since these distributions of droplet sizes are used as an input for the simulations
of spray impingement. An example of the probability distribution function of droplet
diameter that was found at TDC of the piston by Venkatesh can be seen in Figure 1.5.
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Figure 1.5: Droplet size PDF, reprinted from [54]

1.3 Research questions

This study’s main concern was to answer the following research questions.

Question 1: What are the key requirements for the creation of a solid CFD RANS model
including Lagrangian multiphase flow?

e Identify what is the suitable size of the grid and timestep for a stable and accurate
solution.
e How is the solution affected when the mesh is refined in an excessive manner?

Question 2: Which are the dominant parameters affecting the phenomenon of droplet
wall impingement?

e Identify what are the different impingement outcomes when a droplet impacts a
solid wall.

e What is the outcome of droplet impingement in the specific conditions of a DAF
engine?

e How is impingement modelled in the used CFD software?
e Build and validate the numerical impingement model, based on experimental data

found on the literature.

Question 3: What are the key parameters affecting the heat transfer involved in droplet
impingement?
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e How is impingement heat transfer modelled in the used CFD software?
e Construct a CFD model that includes the calculation of heat transfer.

e Literature research on similar cases and validation of the CFD model through pub-
lished experimental results.

1.4 Structure of report

Chapter 2 of the report is a literature review. In this chapter, the fundamental concepts
of multiphase flows are established, along with the presentation of papers that were found
to be relevant to the topic of the current study. In the subsequent chapter, there is the
presentation of the simulations that were conducted aiming to investigate the sensitivity
of the grid when there is Lagrangian multiphase flow modelling and the behaviour of
droplets in the absence of a solid wall. Following is chapter 4, where there is the validation
of the numerical model that was built to simulate the droplet impingement. In chapter
5, there is the presentation of the simulations that are conducted with aim to confirm
that the correct mass flow rate of oil is introduced in the engine cylinder. The topic of
impingement heat transfer is studied in chapter 6, where there is the presentation of the
model that is used in the software, as well as the comparison of the numerical results
with the experimental results of a relevant paper. In chapter 7 there are the conclusions
of the thesis and finally in chapter 8 there are suggestions on how the current thesis can
be improved and developed by a future student.



Chapter 2

Literature Review

2.1 Fundamental concepts of Multiphase Flows

Multiphase flows are flows where two or more phases coexist and interact with each other
inside a flow field. In the subsequent study two phases of fluid are going to be taken into
account. The first phase is air that is assumed to be ideal gas. It is going to be called the
continuous phase. The liquid phase of the study is engine oil, which in the present study
is also encountered as the dispersed phase.

One of the most important parameters regarding multiphase flows is the volume fraction.
For the continuous phase the volume fraction is defined as [16]:
AV,

Qe = lim —_—
AV SAVL, AV

(2.1)
where AV}, is the point volume of the mixture, which is essentially a critical volume under
which there may be microscopic effects that compromise the assumption of continuum.

Similarly, there is the definition of volume fraction of the dispersed phase, or the oil:

AV,

g = lim ——.
AV S5 AV, AV

(2.2)

From the conservation of mass it is deduced that: a. + ag = 1.

2.2 Dimensionless numbers

As a first investigation of the phenomenon of the impingement, it is useful to recognise
the important parameters that govern the physics of this problem.

1. Weber number:

2
2D
We, = PP (2.3)

g
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where V; is the incident velocity, which is the normal part of the relative velocity of
the droplet with the wall.

It is the dimensionless number expressing the ratio of the aerodynamic forces related
to the dynamic pressure over forces of surface tension, as it is described by Sirignano
in [47]. It can be considered as one important parameter in impingement [6], as it is
frequently used to describe the conditions during the impact and it plays a pivotal
role in the construction of impingement models. As an outline, when the Weber
number is low, (O(1)) then the droplet tends to retain its shape even after collision,
since the surface tension forces are not negligible. On the contrary, when the Weber
number is high (We > 1), then the inertia dictates the outcome of the impingement,
which is splashing. In splashing, the droplet disintegrates into smaller droplets after
the impact as it is discussed on paragraph 2.3.

. Laplace number:

opqD
La="2P (2.4)
Hq
The Laplace number is used to express the ratio of the surface tension forces over
the viscous forces. It can be expressed alternatively as a function of Weber and

Reynolds numbers:

_ Re?
N Wei
In essence, both Laplace and Ohnesorge numbers express the importance of viscous

forces related to the surface tension forces, nevertheless they do so from different
standpoints. The relation between La and Oh is:

La

1

La= G

The main manifestation of the Laplace number can be seen on the limit of splashing.
For example, on the Bai-Gosman model, it is shown in [43] that as the Laplace
number gets larger, the droplet transitions to splash on lower Weber numbers.

. Temperature ratios: Different temperatures of a wall impingement system play
a significant role on the physics of the collision. Important temperature ratios that
affect the physics are the following:

Tw Tw Tdrop
b ) )
Tooir = TrLeia  Tw

where: T, is the temperature of the wall, Tj,; is the boiling point of the liquid,
Tarop is the temperature of the droplet and 17,4 is the Leidenfrost point of the fluid.
The Leidenfrost point is a characteristic point on the boiling curve (Figure 2.1). At
this point, the heat flux from the hot wall towards the boiling liquid reaches a
local minimum, as it progresses from transition boiling to film boiling. Heat flux is
minimized due to the insulation of the vapour film that exists between the wall and
the boiling liquid.



Literature Review 9
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Figure 2.1: Typical boiling curve, reprinted from [1]

The manifestation of the first two temperature ratios can be seen at Figure 2.9.
The outcome of the droplet impingement for the Bai-Gosman model is divided into
three temperature ranges based on if the wall temperature is higher or lower than
the boiling point and the Leidenfrost point.

4. Wall film thickness ratio 2: It has been shown by a number of studies [29],
[34] that the outcome of the impingement is affected significantly if the fluid film
is shallow or if the fluid film is considered a deep pool compared to the droplet
diameter. It is shown in [29], that the non dimensional wall film ratio changes the

limits between coalescence and splashing regions.

5. Dimensionless surface roughness % : The effect of surface roughness is more
prevalent when the wall that the droplet impinges is dry. It can alter the splashing
characteristics as well the limit of the onset of the splashing region [6].

6. Stokes Number: Stokes number is the non-dimensional number indicative of the
response time of a particle of the dispersed phase [16]:

St="Y (2.5)
TF

where 7y is the particle response time defined as:

(2.6)

Physically, the particle response time represents the amount of time that is required
for a non-moving particle to reach 63% of the undisturbed flow field’s velocity,
according to the methodology presented by Schwarzkopf et al. in [16].

On the other hand, 7 is the characteristic time of the flow field. For a flow inside
a cylinder of finite length, which is not fully developed, the characteristic time is:
L.

TF = F ; (27)
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where L. is a typical length scale and U is the velocity of the undisturbed flow field.

It can be observed that in the case of a very small Stokes number, i.e. St < 1,
the particle responds very quickly to the changes that the flow field imposes. This
means that the particle follows the streamlines of the flow and it behaves as if its
inertia is negligible. The exact opposite happens when the Stokes number is much
larger than 1, in which case the inertia of the particle dictates the path that it
follows, almost independent of the flow streamlines.

2.3 Post impingement droplet behaviour

After discussing about the governing parameters of the single droplet impingement prob-
lem, it is useful to investigate the possible post-impingement behaviour of a single droplet.
Bai and Gosman [6] identified that the impingement outcome could fall into 7 categories,
which are mentioned on the following list. The criteria of this categorization are based
on Weber number and the temperature of the wall, T,.

1. Stick: When the droplet has very low kinetic energy compared to the surface

tension, then the droplet sticks to the wall. This means that the droplet retains its
shape after the collision and it does not suffer large deformations.

STICK

Figure 2.2: Droplet adhere regime, reprinted from [6]

2. Bounce or rebound: If the energy of the impact becomes larger than that of the

stick regime, then during the collision a thin film of gas is trapped between the
droplet and the liquid film [6]. However, the energy of the impact is not sufficient
to rupture this gas film and the result is for the droplet to deform and bounce back.
The latter description is valid for wetted walls (which is the set-up of interest). For
dry walls, rebound occurs when wall temperature is very high (typically above the
Leidenfrost point). Similarly to the wet walls, rebound occurs because the vapour
film that is found between the wall and the droplet does not allow their contact.
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BOUNCE

Figure 2.3: Droplet bounce regime, reprinted from [6]

3. Spread: When the kinetic energy of the impact is sufficient to rupture the gas film
between the droplet and the liquid film, then the droplet deforms significantly and
is deposited on the liquid film.

SPREAD

Figure 2.4: Droplet Spread regime, reprinted from [6]

4. Break-up: This regime of droplet impingement can be observed when the wall
temperature is larger than the boiling point of the liquid but smaller than the
Leidenfrost temperature. In this region, the droplet is deformed upon impingement
and forms a liquid film similar to the process of Figure 2.4. Afterwards, the film
disintegrates into a large number of small droplets (secondary atomization). The
atomization occurs due to instabilities caused by the bubble boiling that takes place,
as it is explained by Cossali et al. in [15]. More specifically, Cossali et al. [15]
experimentally determined the following critical parameters:

H Number Value H
We 116, 276, 514
Re 5100, 7880, 10755
La 2.27 x 10°
Oh 2.11 x 1073

Table 2.1: Non-dimensional parameters on Cossali’s experiment

It was found that for a droplet size range of D = 1.8 — 4.6mm, the Sauter Mean
Diameter (SMD) of the droplets after impact was: ds2 = 0.03 — 0.05D.
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Figure 2.5: Break-up regime, reprinted from [6]

5. Boiling-induced Break-up:This regime is analogous to the Stick regime that was

described previously. It is the regime where the Weber number is the lowest, thus
the droplet impacts the wall retaining its shape. However, due to thermally induced
instabilities, the droplet breaks up into smaller droplets.

O

F
-

. » ’
P ]

BOILING-INDUCED
BREAK-UP

Figure 2.6: Boiling induced Break-up regime, reprinted from [6]

. Rebound with Break-up: This regime occurs at wall temperatures close to the

Leidenfrost limit. It is an impingement regime similar to that of the simple rebound.
It is observed when the impact energy is higher than that of the rebound regime, so
that the rebounding droplet becomes unstable and disintegrates into 2 or 3 smaller
droplets, as it is explained by Wachters and Westerling in [55].

REBOUND WITH
BREAK-UP

Figure 2.7: Droplet Rebound with Break-up regime, reprinted from [6]

. Splash: Splash is the result of impingement when the collision energy is higher than

all the 6 aforementioned states, regardless of wall temperature or wall state (dry or
wetted). According to Rioboo et al. [34], splash is the breakup of a droplet, accom-
panied by the ejection of secondary droplets. During this process, the formation of
crown may or may not be observed. It is a region where a number of studies have
been conducted attempting to define criteria regarding its occurrence [6, 7, 34].
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Figure 2.8: Droplet Splash regime, reprinted from [6]

2.4 Bai-Gosman model

The Bai-Gosman model was developed in 1997 and it is still being used in commercial
software, such as Star CCM+. There are 6 possible outcomes for the impingement, as it
can be seen on Figure 2.9.

On the x axis of the graph, there is the temperature of the wall T;,. We distinguish two
limiting temperatures, called Tyyy; and Tre;q- These temperatures are the boiling point
of the liquid and the Leidenfrost point of the liquid respectively. During the operation
of the engine, the temperature of the wall (lower part of the piston) never exceeds the
boiling temperature of the oil. Thus, it can be observed that we are going to operate on
the left-most temperature range, or Temperature Range 1 as it is indicated on Figure 2.9.

The y axis represents the incident Weber number of the droplet. In the temperature
range 1, the droplet impingement can have 4 possible results. Moving from lower to
higher Weber numbers, the first possible outcome is for a droplet to adhere to the wall.
This happens for We numbers lower than 2. For 2 < We < 20, the model sets the droplet
to rebound. For 20 < We < We,, the droplet spreads and merges with the existing fluid
film of the wall. If the droplet surpasses the critical Weber number, then splash occurs.
In the Bai-Gosman model, the critical Weber number does not have a fixed value, like
the limits between adherence and rebound or rebound and spread, but it depends on the
Laplace number of the droplet [6]. More specifically, the equation that is used to calculate
We, is:

We.= A.-La™"1® (2.8)

The coefficient A, depends on the state of the wall, meaning that there are different values
of A. between a dry and a wet wall. Moreover, there are different values of A, for various
non-dimensional surface roughness values. In the current study, the piston wall is wet,
so no surface roughness is taken into consideration and the value of A, is equal to 1320.
This value of A, occurred from the curve fitting of experimental data that were done
with water droplets. This process that is described by Bai in [6] led to the criteria and
the delimiters of the Bai-Gosman model. Later, this model was reviewed and the criteria
changed in order to take into consideration the effect that the spray has on the outcome of
the impingement, rather than investigating an isolated droplet. More specifically, for the
initial Bai-Gosman model it can be seen on Figure 2.9 that the outcome of impingement
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for a given temperature is defined by the Weber number of the droplet. On the subsequent
review, called the Bai-Onera model, the impingement outcome depended on parameter
K [43], a function of Weber and Ohnesorge number:

K =WeOh %%, (2.9)
We Temperature Temperature Temperature
- Range 1 — - Range 2 - Range 3
Splash Splash Splash
We,
Breakup and
Spread
Wenf------- Breakup and
Spread
Spread Breakup and
Rebound
Wenp - - = — = — - -
20
Rebound Spread
Rebound
2
Adhere
T|2 T“! Tw

Figure 2.9: Possible outcomes of Bai-Gosman model for wet wall in Star CCM+, reprinted
from [43]

2.5 Lagrangian Phase Modelling

In Star CCM+ software, the modelling of Lagrangian phase is done in accordance with
the work of Crowe et al. [16]. More specifically, the motion of the particles inside the
continuous phase follows the second law of Newton:

Fy=m—2 2.10
a=m- (2.10)

2.5.1 Force modelling

The total force that is exerted by the continuous phase on a particle is comprised of 6
different constituents:

1. Undisturbed flow: The first type of force that is exerted on a particle is the force
that the undisturbed flow field would exert due to its pressure and shear stress fields.
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Namely, the undisturbed force is formulated on [16] as:
oP 0Om
+ Tik )

Fu=Fp+F.=V;(— (2.11)

2. Steady state drag: The vast majority of the studies regarding the steady state
drag have been conducted for particles of spherical shape. The force that is exerted
on the particle can be found from the formula:

1
Fp = 5pCODAVS2 (2.12)

In (2.12) the major concern is the calculation of the drag coefficient Cp. For creeping
flow (Re < 1), the drag coefficient can be found by considering that the analytical
solution for the force [3]:

24
" Re
However, this model is restrictive in the sense that it is valid for very low Reynolds
numbers. This is the reason why researchers have derived empirical relations in
order to have an estimate of Cp for a wide range of Reynolds numbers. One such
empirical relation that is also implemented in StarCCM+ is proposed by Schiller
and Naumann [37]:

Cp (2.13)

_ 24 0.687
Cp = E<1 +0.15Re ) (2.14)

3. Virtual mass: As one particle moves inside a continuous phase, the flow field
around it is distorted. In the wake of the particle, the continuous phase is following
the motion of the particle. Thus, in the motion of the particle, we have to take into
consideration that it ”carries” some mass of the continuous phase. The force of this
virtual mass is formulated as [16]:

va = Cvm

PV (Dui dvi) ’ (2.15)

2 \Dt dt
where: Cy,is the virtual mass coefficient in Star CCM+ is taken as equal to 0.5
for spherical particles [40], %“ti is the acceleration of the fluid in the vicinity of the
particle and d;jj is the acceleration of the particle.

Thus, from (2.15), it can be seen that the virtual mass force is linearly dependent

on the relative acceleration of the adjacent fluid to the particle (%fj — %).

4. Basset Force: The Basset force bears some similarities to the virtual mass force,
in the sense that they both refer to forces that are exerted on accelerating particles
inside a continuum. The Basset force is the force that is exerted on the accelerating
particle due to the changes of shear stress. The formulation of the Basset term is
[16]):

by — ;) (ui —vi)o

_ 3 2 /
FB—C’B2D ,/ﬂ'pcuc{ i dt’ + 7 (2.16)

The Basset force is not available to model in Star CCM+ when there is Lagrangian
particle simulation.
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5. Saffman Lift: This type of force is exerted on a particle when it is found on a
non-uniform flow field like that of the following figure:

-

Vf ° Vv

Figure 2.10: Saffman lift force

The differences in the relative velocity of the particle change the pressure field
according to the Bernoulli principle. Thus, a lift force perpendicular to the velocity
of the particle is going to be exerted on the particle with a resultant acceleration.
The formula of the Saffman lift force that is used in Star CCM+ is [40]:

Fg = CS%DB'(% X w) (2.17)

where: Cg is the Saffman lift coefficient. In Star CCM+, there are two options
regarding the calculation of Cg [40]. The first option was proposed by Saffman [36]
and the assumption that is made for this model is a very low Reynolds number
(Re < 1). The second option regarding the shear lift coefficient was proposed by
Sommerfeld [48]. This model is suitable for Reynolds numbers that are even larger
than 40. ug is the slip velocity of the particle is defined as: ug = U — Vp.

6. Magnus Lift: The Magnus lift is observed when a particle is rotating inside a
flow field. Similarly with the Saffman lift, parts of the sphere that have higher
relative velocity to the flow field are subjected to lower pressure and vice versa. As
a result, there is a lift force that is applied to the particle. This type of force can
be modelled only in conjunction with the DEM (Discrete Element Method) and not
with the statistical Lagrangian modelling that is being used in this thesis.

2.5.2 Statistical Lagrangian modelling

During a simulation, it is common that a large number of particles are injected in the
physical domain. This implies that theoretically, Newton’s second law (equation 2.10)
has to be solved for each particle. However, this cannot be the case for an industrial
application. Solving every particle’s equation of motion would greatly increase the cost
of a simulation.

Instead of using the rather expensive method of solving (2.10) for every particle, another
method can be implemented to reduce the cost and it is the statistical approach to the
Lagrangian formulation. Computational particles, also known as parcels are used as a
replacement of the physical particles [14, 51]. In essence, a parcel is a conglomerate of
physical particles. The equation of motion and energy conservation is solved for each
parcel instead of each physical particle. The benefit of this strategy is that by creating
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conglomerates of particles, the number of equations to be solved can be significantly
reduced. In the software that is used for the simulations, all of the parcels are comprised
of identical physical particles. Thus, each physical particle has the same momentum
and energy as with any other particle of the parcel. In this way, the complexity of the
calculations is reduced.

2.6 Computational fluid dynamics

The equations that are used to describe a flow field are the Navier-Stokes equations. In
essence, they describe the conservation of momentum, or Newton’s second law on the
context of fluids. There is abundant documentation on this set of equations, since they
are the fundamental equations of fluid dynamics. They can be found for example on the
textbooks of Anderson [4], Schlichting [38] and Batchelor [8]. In their 3-dimensional form,
the unsteady Navier-Stokes equations are:

ﬁ[ (@+aﬂ)
ayuﬁz oy

Du oP 0 ou 2 . 0 ou Ov
P Di = ~aw a2, — 50| + g [nG, + 5y
0 ow Ou
5 (1o + 55)] + 1
Do oP 0 ov 2 . 0 ov  Ow
P = _87y+87y['u(287y_§dwv)} +%[u($+87y)}+ o.15)
0 ou Ov ’
5z 15y * 5] + I
Dw oP 0 ow 2 . 0 ow Ou
P Dr = as tas g — 34 + gy g+

In Equation 2.18, v is the vector of velocity, u, v and w are the components of the velocity
vector on the x, y and z axis respectively. P is the pressure, p is the dynamic viscosity
and fz, fy, f. are the z, y, z components of the body force vector.

Apart from the conservation of momentum, there is the conservation of mass (also known
as the continuity equation) that is valid throughout the flow field:

ap B
T V-(pv)=0 (2.19)

In Computational Fluid Dynamics, the discretized Navier-Stokes equations are solved
numerically in a spatial and temporal domain.

2.7 Turbulence

Turbulence is a rather complicated phenomenon that has been extensively studied by a
large number of researchers. It is a state, in which the exact instantaneous flow is not
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predictable but can be described with the help of statistical tools. It is highly effective
in transferring momentum and energy [31]. In computational fluid dynamics, the most
frequently encountered methods of handling turbulence are explained below.

1. RANS: The first approach to turbulence is RANS (Reynolds Averaged Navier-
Stokes). In RANS simulations, the entire spectrum of turbulence is modelled. For
the incompressible regime (which is the case for the current study), the Navier-
Stokes equations are transformed from their dimensionless form (2.20), into the
Reynolds-Averaged Navier Stokes (2.22), after splitting the solution into the en-
semble average part and the fluctuating part, as shown in (2.21). A more detailed
description of the process can be found in [20]:

ou 1 1 —
or TV VP - 2oV Vi =0 (2.20)
Vou=0
u = (u) Y (2.21)
o(u) 1 1 = A
T TV (@@ VP - gV VW =V wy)
V-(u)=0

The effect of turbulence in RANS equations is manifested via the term —V - (u/u)
of equation (2.22). This term, also known as the Reynolds Stress Tensor is the
only one that includes the fluctuating part of the velocity vector. The rest of the
terms are concerned with the mean flow. There is a number of ways to calculate
the Reynolds Stress Tensor, all of which fall into 2 categories.

(a) Eddy Viscosity Models:
The eddy viscosity models are based on the assumption of Boussinesq [11]. This
assumption states that there is a linear dependence between the turbulent shear
stress and the rate of strain of the mean flow. The factor by which the shear
rate is multiplied to yield the Reynolds stress tensor is called eddy viscosity
[20].

2
—(ujus) = 2vrS;j — §5ij/€ ; (2.23)

where: S;; is the shear rate tensor and k is the turbulence kinetic energy.

(b) Reynolds Stress Models:
The second category of modelling turbulence in RANS simulations is the
Reynolds Stress Models (RSM). Contrary to the eddy viscosity models, the
Reynolds Stress Tensor in this category is calculated by solving the transport
equation of the tensor. This method has a significant advantage over the Eddy
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Viscosity approach. Turbulence is not considered to be isotropic, but the 6
independent components of the tensor are calculated separately. Nevertheless,
the computational effort of the RSM models is in general higher than the Eddy
viscosity models.

2. DNS: The second method of treating turbulence in CFD is Direct Numerical Simu-
lation (DNS). It is the most expensive method, as far as the computational resources
are concerned. For this reason, DNS is not widely used in industrial applications.
Instead, the main use of DNS is for academic research. In the DNS approach, the
Navier-Stokes equations are solved numerically without any approximations. Tur-
bulence is resolved in all of its spectrum, from the large energy containing structures
up to the smallest scales, called Kolmogorov scales. Due to this wide spectrum of
turbulence scales, there is the requirement of extremely fine meshes and very small
time-steps in the DNS approach [59]. More specifically, the number of cells that
are required to conduct a DNS simulation scales with the Reynolds number of the
flow. In the case of a three-dimensional flow, the relation between the number of
cells and the scaling with the Reynolds number is the following [59]:

N o (Re)i (2.24)

Thus, due to the very high computational resources that are required, the DNS
simulations are currently limited to low Reynolds number flows and academic ap-
plications.

3. LES: The last type of simulation based on the treatment of turbulence is Large Eddy
Simulation (LES). As the name suggests, in LES the large structures of turbulence
are resolved, while the smallest structures are modelled. This strategy of modelling
only the least energetic turbulent structures stems from the observation that those
structures are not case dependent. Instead, they present a universal behaviour
[17]. Furthermore, the effect of the smallest turbulent structures is possible to
be modelled. From a computational effort point of view, it is found in the middle,
between the least computationally demanding RANS and the most demanding DNS.
Thus, it is used for industry applications more frequently than the rather expensive
DNS.

2.8 Time step and grid size

Determining the grid size and the time step of the simulation is a part of great importance.
It is possible for the simulation to converge to an unrealistic solution or even diverge due
to a poor quality mesh, or due to a time-step that is not suitable for the mesh. Thus,
the determination of the time step is a decision that has to be taken bearing in mind the
mesh size. For the correlation of the grid size and the time step, The Courant number
can be used. The Courant number for a one dimensional advection problem is [23]:

_ UAt

Cr= " (2.25)
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Having C, < 1 means that during one time step, a particle travels less space in the spatial
grid than the length of a cell. If an explicit scheme is used in the simulation, then it is
necessary to have C, < 1, otherwise the scheme is unstable [23]. During this study, the
implicit unsteady solver of Star CCM+ was used, which is stable even if C}. > 1, however
it was taken into consideration not to have C, > 1 to yield high accuracy in the results.

2.9 Fluid Film modelling

Modelling of the fluid film is an essential part of the current study, since it affects the
spray impingement process by changing the characteristics of the collision surface. In
Star CCM+ software there is a dedicated model to simulate the flow of the fluid film.
This model’s main assumption is that the flow is a laminar boundary layer. The concept
of boundary layer was first introduced by Ludwig Prandtl in 1904 [32] and a first solu-
tion to a two-dimensional boundary layer of flat plate was proposed by Blasius. Blasius
conducted an order of magnitude analysis and simplified significantly the Navier-Stokes
equations [53]. Furthermore, he proposed the similarity solution, where the velocity inside
a boundary layer could be found numerically.

In order to find the solution of the boundary layer in Star CCM+, three transport equa-
tions are solved. The first is the continuity equation or conservation of mass equation
[42]:

S,

8/ prdVv’ —i—/ pyve - da = —=dv’ (2.26)
at V/ A/ V/ hf

The second equation is the momentum equation [42]:

8/ prde,—l—/ prf®Vf'da:/ Te - da — Pfda+/ (fb+Sﬂ)dV, (2.27)
8t V/ A/ ! AI ! hf

The third equation is the conservation of energy equation [42].

0 S
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(2.28)

Those three equations are solved in a sub-domain of the mesh that is a surface which has
one cell height. This type of domain is named Shell Region in Star CCM+-. Since the
equations are solved inside this specific domain, attention should be payed to the fact
that the fluid film should not exceed the boundaries of this domain.

At this point is useful to mention that the fluid film modelling bears similarities with
the regular flow field’s conservation equations. However, it should be mentioned that one
difference between the flow field equations and the fluid film equations is turbulence. In
fluid film formulation, it is considered that there is no turbulence, while this assumption
is not made in the RANS equations that are employed to solve the air flow field.

Regarding the heat transfer of the fluid film, in the current study the physics of the
problem dictates that there is heat transfer between the liquid film and the hot wall
of the piston. More specifically, between the fluid film model and the wall there is an
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interface that allows the exchange of heat. Apart from the interface between the wall and
the liquid film, there is the interface of liquid film and the surrounding air, which also
allows the heat transfer between the two phases.

2.10 Parameters’ space

In this section it is attempted to give estimations of the parameters that have been defined
in previous paragraphs of the report. This is an important task, since a quantitative
analysis of those parameters can give qualitative information on the results that are
expected to occur from the subsequent numerical analyses.

2.10.1 Dimensionless numbers

e The first parameter of which there is the estimation is the Stokes number. The
calculation of Stokes number gives information about the behaviour of the particles’
trajectories inside the continuous phase. Following the definition of equation (2.5),
the characteristic time of the particle is:

_ paD?  810.1-(0.35-1073)2
© 18u.  18-0.02174-10-3

T =254 -1073s. (2.29)
It should be noted at this point that for the droplet diameter estimation, the cu-
mulative distribution function of the droplet diameters was in accordance with the
findings of the previous study that was conducted [54]. The median value of the
droplet diameter distribution was 0.35-1073m. The density of engine oil pg, is equal
to 810%. Finally, the last parameter that is needed as input for the calculation of
the particle characteristic time is the dynamic viscosity of the continuous phase at
100°C'. The dynamic viscosity value was

The characteristic time of the flow on the other hand is:

L 023 _3
=15 =g =28-107"s. (2.30)
As far as the velocity is concerned, from CFD analyses it was found that when the
flow rate of the oil was 7 It/min, the velocity of the air in the cylinder was centred
around the value of 8 m/s. The characteristic length of the flow is chosen to be
equal to the length that an air particle has to cross before it impacts on the wall.
This is approximately L = 23cm.

Thus, an estimation of the Stokes number is:

254
St = — =~ 10. 2.31
28 ( )

As it can be observed, Stokes number is considerably larger than unity. This means,
that the liquid particles are expected to be detached from the flow and not follow
the streamlines of the flow field.
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e The second parameter that is covered is the Weber number. As it is shown in (2.3),

Weber number depends on the density of the liquid, the velocity of the droplets,
the diameter of the droplets and the surface tension of the liquid. While the density
and the surface tension are properties of the liquid (oil), the droplet velocity and
diameter are case dependent. To obtain an estimation of the Weber number, results
of the previous study that was conducted at DAF [54] were used. More specifically,
from CFD analyses it was found that when the flow rate of the oil was 7 It/min,
the velocity of the droplets was centered around the value of 10 m/s. Furthermore,
for the droplet diameter estimation, the cumulative distribution function of the
droplet diameters was also found in [54]. The median value of the droplet diameter
distribution was 0.35 - 1073m. By substituting the above values into (2.3), it is
possible to obtain a rough estimation of the Weber number of the bulk of the
particles: , ;
We, = 810.1-10“-0.35-10
0.024

= 1180. (2.32)

Considering the definition of the Weber number, which implies that it is the ratio of
the inertial forces over the surface tension of the liquid, it can be observed that the
inertial forces are significantly higher (three orders of magnitude) than the surface
tension forces.

The third parameter for which there is an estimation is the Laplace number. As it
is shown in (2.4), Laplace number depends on 4 variables (o, pg, D, pq), 3 of which
are properties of the liquid. The only parameter that requires prior analysis to be
obtained is the droplet diameter D. This parameter is equal to 0.35-10™3m, as it is
described in the context of discussion on Weber number (2.32). In the same manner
that the median Weber number was calculated, the median Laplace number is:

0.024 - 810.1-0.35-1073
La = = 7.6. 2.33
¢ T 7981 (9.542- 10-3)2 (2:33)

Finally, as a part of the preliminary analysis of this study, the Bond number of the
liquid film was calculated. The Bond number is defined as:

(P — pe)ghy

. .
In essence, it is the ratio of the force that is exerted to the film by the gravity over
the force of the surface tension. Its importance on the study lies on the fact that if
the Bo > 1, then this means that the destabilizing force of gravity is expected play
a more important role compared to the surface tension. As a rough estimation of
the stability of the film, it is possible to find a liquid film length for which the Bond
number is equal to 1. This means that the gravitational force exerted on the film is
the same as the surface tension:

ocBo [ 0.024
hiy=4——— =hf={/——- = |hy = 1.74- 10 >m. 2.35
f (pr —pe)g / 809 - 9.81 f m (2.35)

Bo = (2.34)

Having an estimation of the Weber number and the Laplace number, it is possible to use
the Bai-Gosman model [7] in order to estimate the behaviour of a droplet whose diameter
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is the median in the distribution that was found in previous study [54]. The critical Weber
number is found from (2.8):

Wee=A.-La %1% = We. =1320-7.67%1 = | We. = 910. (2.36)

It can be observed that the incident Weber number that is calculated from (2.32) is greater
than the critical Weber number of the Bai-Gosman model. This means that the bulk of
the droplets are expected to splash upon impingement on the wall. When combined with
the fact that the temperature of the wall is lower than the boiling temperature of oil, it
can be inferred that the expected outcome of the impingement is on the left-most and
upper-most region of the Figure 2.9.

2.10.2 Relevance of particle forces

In this part of the report, there is the estimation of the order of magnitude of the forces
that are exerted on a particle from the flow field. This is achieved by taking the same
particle that was considered in paragraph 2.10.1 and calculating the magnitude of the
forces from the flow field.

The first force that is covered is the drag force. The drag force on a sphere is a topic that
has been investigated thoroughly. A sample of studies on this field are by Schiller [37],
Stokes [50] and Liu [26]. Before any further calculations, it is necessary to determine the
Reynolds number of the particle:

-D 5.24-(3.5-107*
Re, = “sV = Re, = 1?() 105 ) = | Re, = 141. (2.37)

[

It should be pointed out that the velocity used in the Reynolds number is a numerical
result (sSimulation reference) and is the average slip velocity of the particles was
used.

For the drag coefficient, the Schiller-Naumann model is being used [37]. This means that
for particle Reynolds number of 141, the drag coefficient is calculated from the subsequent

formula: 94
Cp = ﬁ(1 +0.15- Repy®") = | Cp = 0.935. (2.38)
P

The total drag force on the particle is:

1
o= LConotnd = [Fo = L5 1] )

The next type of force that is covered in this paragraph is the Saffman lift force, defined
in equation (2.17). An unknown of this equation is Cg, or the Saffman lift coefficient.
According to the documentation of the software [40], for a particle Reynolds number of
141 Cg is found via the following formula [48]:

41126 05
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where Reg is the Reynolds number based on the curl of the flow field:

D?
es = 21 [Reg =53] (241

C

It is important to mention that the curl of the velocity field was obtained from a numerical
simulation close to the wall where droplets impinge. A representative value of the curl is
found to be w = 900%.

Thus, having estimates of all the factors of equation (2.17), it is now possible to provide
an estimate for the Saffman lift force on a particle close to the impingement wall:

Fs = CS%D%US X w) =
1.187

Fs=0.15 (3.5-107%)% - (4.5 - 900) = (2.42)

Fg=1.2-10"8N.

The next particulate force that is covered in this paragraph is the virtual mass force. Fol-
lowing (2.15), the only unknowns are the acceleration terms of the fluid and the particle.
Those terms are estimated from numerical simulation (simulation reference) and in
essence they represent the average acceleration of the fluid and the particles on the last
third of the cylinder before impinging on the wall. More specifically, it was found that
the particles are decelerated as they travel % of the cylinder downstream, from an average
of ug = 8.9% to an average of ug = 8.4% in a time window of 23 ms. On the other hand,
the air is accelerated from an average of U = 4.777* to an average of U = 5.29"* travelling
the same distance as the particles (% of the cylinder length). Thus, the virtual mass force
can be estimated:

Fym =0.5

1.18-2.24- 107!
(130.8 ~(-216.2)) (2.4

F,,=23-10"Y N.

The last particulate force that is estimated is the gravitational force. This is given by
Newton’s second law:

Fg =MmMq- g =
F,=18-10"%.9.81 = (2.44)
F,=1.78-10"" N.

One conclusion that can be drawn from this analysis of forces is that the force with the
largest magnitude is drag. More specifically, the drag force is one order of magnitude larger
than the gravitational force, which is the second largest. The third force by magnitude is
the Saffman lift force, which was found to be two orders of magnitude smaller than drag
and one order of magnitude smaller than gravity. The smallest force that is found to be
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applied on a particle is the virtual mass force, which according to the analysis that was
conducted was found to be 3 orders of magnitude smaller than drag.

Thus, it can be concluded that the calculations that were done on the context of the
importance of the forces exerted on a particle agree with the conclusions of Yeoh [58] and
Chrigui [14]. In those publications it is stated that the dominant force that is exerted on
a particle is drag.

2.11 Spray heat transfer

2.11.1 Experimental validation paper

One paper that was found to be matching the needs of this study was conducted by
Mudawar and Valentine [30]. It was deemed as suitable, since some parameters that
affect the heat transfer (such as the droplet diameter and the spray mass flow rate) are
in the same order of magnitude with the oil spray in DAF engines. In the paper of
Mudawar, there is the experimental procedure that was followed in order to determine
the heat transfer that is involved upon the impingement of a spray on a wall. Afterwards,
there is the presentation of the heat transfer results from the procedure, which are of
interest for the current study.

The experiments of Mudawar and Valentine [30] involve one heated surface, where the
impingement takes place. The material of the heated surface is copper, as is the material
underneath the surface. As it can be seen on Figure 2.11, the heater is insulated to
prevent any heat losses from the sides of the experimental set-up. The heat is provided
by electric cartridge heaters. Due to the insulation, the heat transfer is considered as
one-dimensional, as it is directed from the cartridges towards the spray cooled surface.
The measurement of the heat flux is conducted by monitoring the temperature gradient
inside the heater. The temperature gradients are proven to be linear, thus the assumption
of the author that heat transfer inside the heater is one-dimensional is confirmed.

The nozzle of the spray is located above the heater surface, facing downwards and is not
depicted on Figure 2.11. Various nozzles are tested, with different spray cone angles and
different nozzle pressures. In this way, the volumetric flux of the spray is controlled, and
the velocity of the droplets is kept in the same order of magnitude.

One of the parameters that is used extensively for the characterization of the spray is the
droplet diameter. It is elaborated on the paper that there are various diameters that can
be found by using different techniques. For example, there is the Sauter mean diameter,
which is defined as the diameter of a droplet that would have the same volume to surface
ratio as that of the whole spray. Moreover, there is the mass median diameter. This is
the diameter for which half of the spray’s mass has larger droplet diameter, while the
other half has smaller droplet size.

After defining the parameters that are described above, the experiments are conducted.
The working fluid of the spray is water. It should be noted at this point, that water
is kept at approximately constant temperature which is fluctuating between 22.5°C' and
23.5°C.
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Figure 2.11: Experimental setup, reprinted from [30]

A number of experiments were conducted in order to collect data from a wide range of
wall temperatures, spray volume fluxes and droplet velocities. It is important to mention
that the wall temperature ranged from approximately 30°C up to 400°C'. Thus, this
experimental campaign deals with a rather wide spectrum of the boiling curve, thus de-
scribing a number of different phenomena that take place. These include the single phase
convection, nucleate boiling, transition boiling and film boiling. Out of those phenomena,
the only range of interest for the current study was the single phase convection. This is
because the oil coolant in an engine is below boiling temperature during the process of
spraying. Thus, out of all the data that are published on this paper, there is analysis
of the experiments that have low Ty,. For this region of the boiling curve, the authors
managed to derive correlations that linked the resultant heat transfer of the spray with
flow parameters such as Re and Pr numbers. In the following graph, the curve of one of
those correlations is shown.
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Figure 2.12: Nusselt number correlation, reprinted from [30]

At this point it is useful to clarify the correlation of Figure 2.12

The most frequent way that the Reynolds number is encountered is as

Re = (2.45)

v

where U is the characteristic velocity of the fluid, L is the characteristic length of the
body (for a sphere it would be its diameter) and v is the kinematic viscosity of the fluid.

However, in the case of the current paper, the spray Reynolds number is defined as:

_Q”'L

1%

Re (2.46)

where the units of volumetric flux Q" are: [WTQBS] =[]

It can be seen that there is an exponential relation of the Nusselt number with the
Reynolds number. It is a positive exponent, so this means that when the Reynolds number
increases, the Nusselt number (thus the heat transfer) increases as well. This qualitative
observation is in agreement with the conclusion of the authors. The conclusion was that
the volumetric flow rate of the spray plays a dominant role when it comes to the heat
transfer between the wall and the spray.
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Chapter 3

Spray verification

Until now, the literature review has taken place. At this part of this study, there is the
creation of the first numerical model. The structure of this chapter is the following: At
first, there is the explanation of the geometrical characteristics of the set-up, as well as
the boundary conditions that are used. Afterwards, there is a presentation of the space
and time discretization parameters, as the prime goal of this chapter is to obtain results
that are mesh independent. Furthermore, there is the presentation of the physics that
govern this particular problem. At the final stage of this chapter, there is the presentation
of the numerical results and the conclusions that can be drawn from those.

3.1 Problem description

The goal of this part of the study is to investigate the behaviour of the oil droplets and
the dominant parameters that affect their behaviour, as well as the effect of the mesh
on the solution of the Lagrangian multiphase simulation. The delineation of the process
that is followed throughout this chapter is the following: A cylindrical physical domain
is created in the beginning. Afterwards, the boundary conditions are defined so that the
simulation is a well posed problem.

At the bottom boundary of the cylinder (as shown at Figure 3.1) an Injector part is set
up, so that particles be injected in the cylindrical domain. The particles’ characteristics
are defined based on the findings of the previous study conducted at DAF [54].

The last phase of this type of simulations is the post processing, a rather important
stage of the study. In the post processing, there is the analysis of each solution that is
obtained. Criteria are defined to determine the quality of each solution. The goal of
this part of the study is to reach a mesh independent solution of the spray and the flow
field, that is as computationally inexpensive as possible. It should be mentioned that
in a simulation not including Lagrangian phase modelling, the user would only search
for the mesh size at which further refinement would not yield more accurate results.
However, in this simulation where there is Lagrangian modelling, there is the problem of

29
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excessive refinement, which makes the process of mesh sensitivity analysis a non-trivial.
This problem is addressed in paragraph 3.5.6.

3.2 Geometry and boundaries

The computational domain that is used during this set of simulations is a cylinder with
diameter D, = 0.05m and height H. = 0.06m. The reason of using this cylinder is that it
is very close to an actual engine’s cylinder dimensions, making it relevant to this study.
The geometry of the cylinder as it was used in Star CCM+, can be seen on Figure 3.1.
All of the three boundaries of the cylinder are set as pressure outlet. This choice is
made so that the first part of the Lagrangian modelling simulations do not include wall
impingement, but the focus is on the behaviour of the droplets prior to the expected
impingement.

Pressure Outlet

Pressure Outlet

g

Figure 3.1: Explanation of Boundary conditions setup

Particle Injector and Pressure Qutlet

3.3 Space and time discretization

The mesh type that is used throughout the study of spray is a structured mesh. In the
software environment it is called trimmed mesher. The cells of the grid are hexahedral.
The mesh parameters changed through the course of this set of simulations, since one of
the major goals of this chapter is to examine the effect that the mesh has on the solution
of the Lagrangian droplet phase, as well as on the continuous phase of air. The mesh
that is created almost uniform. There is no need for refinement of a specific area, as
it is frequently the case. This decision is taken based on the fact that there is no wall
boundary condition, thus there is no need for refinement close to the boundaries, and
also the particles are uniformly spread at the physical space, eliminating the need for any
custom control of the mesh.
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During the simulation campaign of this chapter, 6 different mesh sizes are used and 6
different timesteps.

H Mesh  Size [m]  Cell count H

1 5-107% 960000
7-10714 355000
9.107* 170000
1.1-1073 95000
2.1073 16000
3.1073 5000

O O | W[ N

Table 3.1: Mesh size and total cell number

The implicit unsteady solver of Star CCM+ is chosen, while the temporal discretization
scheme used is of 2"¢ order. The consideration behind the choice of timestep is related to
the CFL number. For the accuracy of the solver it is considered good practice not to have
CFL numbers much larger than unity. It is decided to follow this threshold, and to not
exceed by a large margin this value, while the stability of the solver is monitored through
the residuals. More specifically, it is mentioned in [20] that a CFL number smaller than
0.5 generally yields small time integration errors.

H Number timestep [s] H

1 3-10°
-107°
-107°
-107°
.10~
.10~

O O | W N
W N[ ©O| | Ut

Table 3.2: Table of timesteps used

In total, 18 simulations of this type are conducted. The 16 first are finalized with the
Design manager tool of Star CCM+, to automate the procedure of running. The mesh
sizes and the time-steps of the simulations are shown on the following table:
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H Design number Time-step [s] Mesh size [m] H

1 3.-107° 5.0-10714
2 3-107° 7.0-1071
3 3-107° 9.0-10714
4 3-107° 1.1-1073
5 5-107° 5.0-107%
6 5-107° 7.0-107%
7 5-107° 9.0-10~*
8 5-107° 1.1-1073
9 7-107° 5.0-107%
10 7-107° 7.0-1071
11 7-107° 9.0-1071
12 7-107° 1.1-1073
13 9.107° 5.0-1074
14 9.107° 7.0-1074
15 9.107° 9.0-1074
16 9.107° 1.1-1073
17 2.1071 2.0-10°
18 3.-1071 3.0-1073

Table 3.3: Mesh size and time-steps of the first 18 simulations

3.4 Physics description

The initial state of the simulations is a stagnant air containing no Lagrangian phase.
At t = 0, the injector starts spraying droplets inside the air domain. The settings of
the injector are modified in such a way that they produce a spray close to that of [54].
More specifically, Venkatesh conducted an LES study, where some of the outcomes were
the droplet size distribution as well as the velocity of the particles. It is important to
mention that in the study of Venkatesh, the liquid phase was modelled with the Fulerian
Multiphase physics and the Volume of Fluid approach. Thus, there are rather important
differences with the approach of the current study. Moreover, the particle size distribution
was found by using the blob detection model. As its name suggests, the blob detection
model is used to identify droplets or bubbles in an Eulerian phase. Based on the detection
model, it is possible to create a histogram of the particle size distribution. As one can read
in [54], a number of such histograms was produced for various locations on the cylinder
and various volumetric flow rates of oil. It was chosen to use the particle size distribution
that corresponded to a volumetric flow rate of oil equal to 7 % while the location of the
piston was at the Top Dead Center (TDC). The cumulative distribution function of the
droplet sizes can be seen on Figure 3.2.
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Figure 3.2: Cumulative distribution function of droplet diameter, reprinted from [54]

Injector: A significant portion of the parameters is modified based on data retrieved
from the previous thesis inside DAF [54]:

e Injector type: In this set of simulations, the type of injector was Surface Injector
was used. This means that all the particles entered the domain from one boundary
of the domain. This boundary was the lower end of the cylinder, as it can be seen
on Figure 3.1.

e Flow rate specification: This was a constant quantity for the study of this chap-
ter. As it was mentioned, the volumetric flow rate of oil was 7 %, which corresponds
to a mass flow rate of mh = 0.0945%.

e Particle size specification: For this aspect of the injector, the former study of
Venkatesh was used. As an input, a table was created that corresponded to the
Cumulative Distribution function of Figure 3.2.

e Particle injection velocity: According to the results of Venkatesh [54], the ve-
locity of the particles was very close to being homogeneous. Thus, in the context
of the injector, the particles are sprayed with a constant velocity, which is equal to
ug = 107

e Injection Point Density: Since the injector is a boundary surface of the physical
domain, it is necessary to define the number of injection points on that surface. If
the number of points is too large, then the computational cost of the simulation will
increase significantly. On the other hand, if the number of injection points is small,
then the number of injected parcels will be small as well. This has a negative effect
on the statistical part of the Lagrangian modelling. When the number of injected
parcels is low, this means that each parcel contains a large number of particles, all
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having the same trajectory. Thus, there is a trade-off between the computational
cost of the simulation and the accurate representation of the Lagrangian phase.
In this part of the study, the density of injection points was chosen 100000 %.
The cylinder with radius 0.025m has cross-sectional area A =~ 0.002m?, thus the
resultant number of injection points on the surface is 200.
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Figure 3.3: Visualization of a surface injector, reprinted from [45]

3.5 Results and discussion

3.5.1 Oil volume fraction

One of the parameters that is used to assess the mesh quality is the volume fraction of oil
inside the cells. It is a parameter that can influence the results and their quality. Refining
the mesh indefinitely leads to instabilities of the solver as well inaccuracy of the results,
according to Senecal [39]. This phenomenon is directly related to high volume fractions
of Lagrangian phase inside the mesh cells. Thus, the volume fraction of oil is a parameter
that should be monitored closely.

H Mesh size [m] Max volume fraction Average volume fraction H

5-1074 0.15 6.22-1073
7-10714 0.08 6.22 - 1073
9.107% 0.0744 6.22 - 1073
1.1-103 0.0476 6.22- 1073
2.1073 0.0505 6.30- 1073
3-1073 0.0429 6.20 - 1073

Table 3.4: Volume fraction of Lagrangian phase

The left-most column of the table that is presented above is the cell size of the 6 different
meshes that were used. The middle column is the maximum value of the oil’s volume
fraction. This value was measured at the end of the physical time of the simulation, which
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was at t = 0.05s. The third column is the average value of oil volume fraction. Again, it
is a measurement at the end of the simulation’s physical time. It should be observed that
the average volume fraction remains rather insensitive to the changes of the mesh size. It
is an expected result, since the average volume fraction of oil represents the volume of oil
that there is in all of the physical domain, averaged by the total volume of the cylinder.
Thus, it is logical that this value remains virtually constant by changing the mesh size.
What is a rather sensitive parameter though is the maximum value of the volume fraction.
This value is highly dependent on the cell size. As the mesh gets refined and the cells
get smaller, the Lagrangian droplets occupy bigger portion of the cells’ volume and the
maximum volume fraction of the Lagrangian phase grows larger. This is an undesired
effect, since in this way the assumption of the Lagrangian simulations that the cells are
much larger than the droplets starts being invalid.

The advice of Senecal [39] related to the volume fraction of the Lagrangian phase was
not to exceed volume fraction value of 0.1. It should be made clear that this limit
was recommended as a “rule of thumb” rather than a hard limit that should not be
crossed. The strategy that was followed in this set of simulations was to not exceed the
recommendation of [39]. As it can be observed on Table 3.4, only in one mesh the volume
fraction of the Lagrangian phase is greater than 0.1. As it is expected, this is the finest
mesh that was used. As an extra measurement for this mesh, a threshold was created
in Star CCM+. This threshold was used to indicate the cells where the volume fraction
of oil exceeded 0.1. It was shown that 21 cells had volume fraction larger than 0.1. It
should be reminded that the total number of cells in this simulation was 960000. This
means that only 0.002% of the total cells exceeded the threshold. The simulation had no
stability issues, and the results were in agreement with those of coarser meshes. After all,
the solver of Star CCM+ intervenes when the volume fraction of the Lagrangian phase is
greater than 0.75. Thus, the results of the finest mesh can be considered reliable in this
aspect.

3.5.2 Weber number

In this part of the results, the behaviour of the particles’ Weber number is presented,
along with the description of the patterns that are observed on the graphs.

The process of monitoring the Weber number is as follows:

e The first step of the process is to determine the cells that participate in the monitor-
ing of the Weber number. For this reason, Cell Sets are created in Star CCM+. As
the name suggests, cell sets are clusters of cells that share a property that the user
desires. In this case, the cell sets include all the cells that are in the close vicinity
of the inlet of the cylinder, at 1/3 of the cylinder, at 2/3 of the cylinder and at the
outlet of the domain. By vicinity, it is defined as the cells that are found within
0.7mm distance of the 4 aforementioned measurement cross-sections.
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Figure 3.4: Cell set at 1/3 of the cylinder height

e Next is the creation of the field function that monitors the Weber number, as well
as the creation of monitors that store at every time-step the average Weber number
of the cell sets.

e For the post-processing part, it is not informative to plot the instantaneous data of
the Weber number monitors. The data displayed a fluctuating behaviour as it can be
expected. The solution to this is to use a moving average of the instantaneous data.
The moving average is decided to take samples from the past approximately 0.015s,
so that the fluctuations be damped and there is a graph out of which conclusions
can be drawn. This amount of time is decided because the initial decision was to
take the moving average of 550 timesteps corresponding to the smallest time-step
of At =3-10""s.
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Figure 3.5: Moving average of the Weber number at inlet

At Figure 3.5 one can see the average Weber number of the particles at the inlet of the
domain, where the injector is located.

There is one observation that needs to be made on this graph, which is also valid for the
subsequent three Weber number graphs. Although there are 16 different curves, only 4
of them are distinguishable, the ones that have different colors. The curves that have the
same color represent simulations where the time-step was held constant but the mesh size
differed, according to the strategy that is presented at Table 3.3. This means that the
particles have identical Weber number when the time-step remains the same, independent
of the mesh size. There is an explanation behind this behavior and it lies on the Injector
settings. In those settings, there is the option to randomise the injection timing as well
as the injection points. It is chosen to activate those two randomizations, as this is the
case in the real problem. The particles are not injected in the cylinder in an orderly
manner neither in space nor in time. However, the spatial and temporal randomization
in Star CCM+ is implemented based on the timestep of the simulation. Thus, when two
simulations have the same timestep, the exact same particles will be injected, provided
that the particle size distribution and the designated particle mass flow remain the same.
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Figure 3.6: Moving average of the Weber number at 1/3 of the cylinder

Figure 3.6 shows the measurements at 1/3 of the distance between the injector and the
outlet of the domain. As it is expected, the curves of the plot follow the same pattern
as on the previous figure. The simulations that had the same timestep showed identical
behaviour on the We number part. However there is one difference between figures 3.5
and 3.6. At Figure 3.6, the curves that have the same timestep (i.e. the same color), can
now be distinguished from each other. They are spread, nevertheless it is clear that they
follow the same trend.

The same patterns can be observed on the plots 3.7 and 3.8. It can be seen that as we
move downstream of the inlet, there is uncertainty of the We number, which is related to
the mesh size. As someone can assume, different meshes produced different flow fields.
The flow field from its side determines the trajectories of the particles, so it is important
to examine what is the difference between the Weber number curves.

It is believed that turbulence played an important role on the discrepancies between the
graphs of the Weber numbers with the same color. For this reason, the average turbulent
kinetic energy and the average turbulent dissipation rate for the 16 cases are shown in
Table 3.5. There is one pattern that can be observed by comparing Table 3.5 and the
figures of the Weber number. It can be seen that the curves of the same color are offset
from one another. It was found that there is a strong correlation between the average
turbulent kinetic energy of the simulation and the offset of the curves. More specifically,
the simulations with higher turbulent kinetic energy are offset towards the lower parts of
the diagrams. This can be explained if the effect of turbulence on the particles is taken
into consideration. In general, turbulence in RANS simulations is modelled as a term of
viscosity. Thus, the particles are expected to have a lower velocity in a case where there
is more turbulence, resulting in lower Weber number.
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H Design # Turbulent kin. energy [J/kg] Turbulent dissipation rate [m?/s?] H

1 5.03-103 8.14-10~1
2 2.76-1073 2.76-101
3 3.11-103 2.74-1071
4 2.40-1073 1.56 - 1071
5 4.88 1073 6.62-101
6 3.75-103 2.63-101
7 3.30-1073 3.62-10°1
8 2.68-1073 2.36-10~1
9 3.19-102 3.24 - 109
10 3.80-103 2.55-101
11 3.35-1073 3.76 - 10!
12 2.35-1073 1.43-1071
13 5.17-1073 6.56 - 10!
14 3.72-1073 1.89 - 1071
15 3.35-1073 3.33-10°1
16 2.35-1073 1.15-1071
Table 3.5: Turbulent kinetic energy and turbulent dissipation rate
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Figure 3.7: Moving average Weber number at 2/3 of the cylinder
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We at the outlet of domain
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Figure 3.8: Moving average Weber number at the outlet of the domain

3.5.3 Mass flow rates

In this paragraph, there is the presentation of the behaviour of mass conservation in the
physical domain, or else the mass flow rates at the boundaries of the cylinder. The four
graphs depicting the mass flow rates of air are in Figures 3.9-3.12. The signs of the flow
rates indicate the direction of the flow. A negative flow rate means that the flux is from
the environment towards the cylinder.

It can be seen that curves of the same color are in close proximity among each other.
More importantly though, it is observed that curves of the same color follow the same
path with relatively small deviations. At this point, it should be reminded that the curves
of the same color have common time-step. Moreover, as it is explained in paragraph 3.5.2,
in simulations with common time-step, the exact same particles are injected at the exact
same time. Due to two-way coupling, if the same particles are injected at the same time,
then the same amount of air is expected to flow towards and out of the cylinder. This
is an explanation based on the assumption that there is no source of mass flow acting in
the simulation. There is no prescribed pressure difference between the inlet and outlet
boundaries of the cylinder. Thus, the only known cause of air flow is the particles that
are accelerating their surrounding air.
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Mass flow at inlet
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Figure 3.9: Mass flow rate, inlet of domain
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Figure 3.10: Mass flow rate, side of cylinder
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Mass flow at outlet (piston)
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Figure 3.11: Mass flow rate, outlet of domain

As far as the total net mass flow rate of air is concerned, the behaviour of the simulation
is as expected. There should be zero net flux of air towards the cylinder, since the flow is
incompressible. It can be seen that there are small oscillations having amplitude in the
order of 10~*kg/s. The order of magnitude of the mass flow rate at the boundaries is
10~2kg/s, two orders larger than the oscillations of the net flow in the domain. Based on
visual impression, the oscillations do not follow a pattern and they can be characterized
as random, having a mean value equal to 0. One can observe in Figure 3.12 that there
is no significant effect of mesh resolution or time-step on the continuity of the flow field.
However, what can be observed is that curves of the same color (i.e. having the same
time-step) oscillate in the same phase. This is attributed to the fact that when there
is the same time-step, there is injection of identical droplets, thus through the two-way
coupling there is the same mass flow rate of air as it is explained above in the current
paragraph.
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Mass flow total
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Figure 3.12: Net mass flow rate of domain

3.5.4 Streamlines

The streamlines of the flow field can be a useful tool to inspect visually the resultant flow
field of the simulation. Although it is an aspect of the study that cannot be quantified,
some important conclusions can be drawn by analysing them. One can see on Figure 3.13
the streamlines of the simulation with the highest mesh resolution and the smallest time-
step. As the streamlines start from the inlet of the domain (the bottom of the cylinder in
Figure 3.13), they consistently converge towards the center of the domain. As an implica-
tion of this fact, it means that there is acceleration of the air as one moves downstream.
This is an expected behaviour, since the Lagrangian particles are accelerating particles
of air through the two-way coupling. At this point it should be mentioned that all of the
simulations that were conducted, produced streamlines with no perceptible differences.
Consequently, not all of them are presented here for reasons of brevity. Furthermore, it
should be reminded that this behaviour can be observed during the simulations that have
Pressure Outlet boundary condition at all of the 3 boundaries of the cylinder. Adding
a wall, or in general changing the boundary conditions of the simulation, would yield a
different flow field.
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Velocity: Magnitude (m/s)
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Figure 3.13: Streamlines of design 1 simulation

3.5.5 Pressure
Apart from the streamlines, the pressure field is also monitored closely through the course
of this study. For this reason, it is chosen to illustrate the static pressure field on a plane.

The symmetry of the flow around the z axis (as it is defined at Figure 3.14) allows to
choose either a plane normal to = or to y axis without affecting the resultant graphs.

Z

=

Figure 3.14: Plane section of pressure visualization

To begin with, it can be seen on Figure 3.15 that the static pressure at the inlet boundary
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(bottom) is lower than atmospheric (in essence, this figure shows the pressure difference
relative to the atmospheric pressure).
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Figure 3.15: Instantaneous static pressure scene of design 1 simulation

There are some patterns that can be distinguished at the pressure field of Figure 3.15.
At first, the static pressure is expected to rise upstream of a particle, while it is expected
to fall downstream of a particle, according to Southard [49]. The pressure distribution
around a sphere for laminar and turbulent boundary layer can be seen at Figure 3.16.

laminar boundary layer pressure distribution
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Figure 3.16: Pressure distribution around a sphere, reprinted from [49]
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One particle would not create a significant difference on the pressure field, since the
size of the cylinder is significantly greater than the size of an oil particle. However, in
the simulations of this chapter, the particles can macroscopically affect the flow field.
The cumulative effect of all the particles is to increase the static pressure as they travel
towards the outlet of the domain. This pressure increase can be viewed at Figure 3.15.
It is important to mention that the pressure rise is not monotonic. This happens because
there can be flow from the sides of the cylinder. In the case of a cylinder with a wall side
boundary, the pressure rise due to the particles would indeed be monotonic. The same
patterns are observed on all of the simulations of this chapter, independent of the mesh
size or the time-step.

3.5.6 Refinement limit

The topic of this section is related to an attempt to find the limit of refinement of the
mesh. There is an elaborate explanation on why the mesh in the Lagrangian-Fulerian
simulations cannot be refined indefinitely and it can be found on paragraph 3.5.1.

As a proof of concept, it is decided to run a simulation with an even finer mesh was used
to test the limit of the results’ validity. This mesh has a cell size equal to 4 - 10~*m and
the total cell count is 1,870,200. To put in in perspective with the previous meshes, the
finest mesh that is presented in Table 3.4 has cell size equal to 5 - 10~%m, while the total
number of cells was 960,000. The impact that this change of mesh has on the resultant
volume fraction of oil is significant. It is found that 56806 cells have oil volume fraction
larger than 0.1. As a percentage, 56806 cells represent the 3% of the total number of
cells. As it is going to be shown, this amount of cells having high volume fraction of oil
was capable of degrading the results of the simulation.

Figure 3.17: Scene of cells having oil volume fraction greater than 0.1
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Weber number plots In this paragraph there is the presentation of the Weber number
plots, in the same manner that they are depicted on paragraph 3.5.2. On all 4 graphs,
there is no systematic discrepancy between the refined mesh and the other 4 simulations
that were conducted earlier. As it was discussed earlier, the differences of the graphs
at the 2/3 of the cylinder and at the outlet are attributed to different turbulence levels
of each solution. Thus, over-refining the mesh does not have significant impact on the
Weber number of the particles.
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Figure 3.18: Weber number plots at various locations of the cylinder

Boundary mass flow rates In this paragraph there is the presentation of the mass
flow rates of air through the boundaries of the domain. Contrary to the outcome of the
Weber number, the results are rather different when it comes to the mass flow rate of air.
Figure 3.19 shows the mass flow rate at the boundary of the inlet. It can be seen that
there is one curve that is rather distinct from the remaining curves. It is the solid blue
line that represents the finest setting of the mesh. The difference of this curve and the
median curve of the remaining 4 is calculated to be 12%. This is considered significant
discrepancy, since the margin between the remaining 4 curves is equal to 2%. It is believed
that over refining is the root cause of this discrepancy between the bulk of the lines and
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the blue one. As it was explained in paragraph 4.3.2 refining beyond the point of having
large volume fraction of Lagrangian phase in the cells can lead to miscalculation of the
drag in the continuous phase. Thus, due to the two-way coupling between the Lagrangian
and the Eulerian phase, there is discrepancy in the amount of air that the Lagrangian
particles are ”"dragging” into the spatial domain.

Mass flow at inlet
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Figure 3.19: Mass flow rate at the inlet of the cylinder, comparison of simulations
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Figure 3.20: Mass flow rate at the sides of the cylinder, comparison of simulations
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Mass flow at outlet (piston)
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Figure 3.21: Mass flow rate at the outlet of the cylinder, comparison of simulations

In Figure 3.22, it can be observed that there is no systematic error occurring from refining
the mesh. There are small oscillations that have amplitude in the order of 10~*kg/s, while
the over-refined mesh does not depict diverging behaviour from the rest of the meshes.
The order of magnitude of the mass flow rate at the boundaries is 1072, two orders larger
than the oscillations of the total flow in the domain. Thus, it is believed that in all of the
tested meshes the continuity of the flow field is respected up to the numerical precision.
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Figure 3.22: Total net mass flow rate of the cylinder’s boundaries, comparison of simulations

Pressure at the boundaries

Apart from the measurement of the mass flow rates

at the boundaries of the domain, it was deemed useful to monitor the pressure as well.
Figures 3.23, 3.24 and 3.25 depict the average static pressure of the 3 different cylinder
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boundaries. It can be observed at Figure 3.23 that there is one curve that is distinct from
the other 4 curves. This is the curve of the finest mesh size. It follows the same pattern
as the mass flow rate graph 3.19. It was calculated that the average difference between
the solid blue line and the median of the remaining 4 curves is 20%. Similarly as the mass
flow graphs, the discrepancy is attributed to the excessive refinement of the mesh.
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Figure 3.23: Static pressure at the inlet of the cylinder
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Figure 3.24: Static pressure at the sides of the cylinder
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Chapter 4

Impingement Validation

4.1 Objective of this Chapter

Before conducting simulations that are related to DAF engines’ conditions, it is of great
importance to validate the chosen models based on the comparison between the results
of the numerical model that is built and the results of a reference experiment available in
literature.

4.2 Reference experiment

The paper of Motzkus et al. [29] is used as reference to validate the numerical model that
is built. The main purpose of Motzkus in this study is to analyse the post-impingement
behaviour of droplets under certain conditions, which are described at the following para-
graphs.

In their experimental campaign, Motzkus et al. [29] used a high speed CCD camera to
visualize and analyze the process of impingement. A sketch of the experimental setup can
be seen on Figure 4.1. The impingement can be characterized as a 'wet wall’ impingement,
since the droplets were impacting on a pool of the same liquid. The height of this fluid
film was measured through the non-dimensional parameter Sy, where:

SfZE. (4.1)

Apart from the dimensionless fluid film thickness, the droplet diameter also changed in
the course of the experiments. The range of the droplet diameters had a minimum of
1.9mm while the maximum value was 4.3mm.

Another parameter that was variable through the experimental campaign was the impact
velocity of the droplets. The impact velocity could be adjusted by changing the height
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from which a droplet would fall. The range of impact velocities was from 1.32% up to
4.57. This range refers to the set of experiments that were validated through simulations.

Syringe pump
[ ]
—
[ ]
° Diffuser screen
CCD camera . . Light source
._- ‘. . N
;
Liquid film
Impact site

Figure 4.1: Sketch of the experimental setup, reprinted from [28]

Experiments with 3 liquids were performed: The first material was water, the second
material was a 50% mixture of water and ethanol and the third liquid was a mixture of
45% water and 55% glycerol. By using different liquids, the authors of the paper could
control the density, the viscosity as well as the surface tension of the working fluid. This
change of the fluid properties has an impact on dimensionless numbers of the experiments,
such as the Ohnesorge and Weber numbers.

4.3 Simulation set-up

4.3.1 Geometry and boundaries

The computational domain that was used to replicate the experiments that were done by
Motzkus [28] was a cylinder with diameter D, = 0.05m and height H, = 0.06m.
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a
Figure 4.2: Geometrical domain of the simulation

To get insight into the model that was developed, the boundary conditions of the simu-
lation are presented in Figure 4.3:

Outlet

Velocity inlet

\

wWall, wetted with fluid film

Outlet

Y

.

Figure 4.3: Boundary conditions of the model

On the inlet boundary, there is a particle injector at which all the parameters of the La-
grangian droplets are defined. Moreover, the velocity is prescribed at the inlet boundary,
where the velocity magnitude was set equal to 0, since there is no freestream velocity in
the actual experiment.
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4.3.2 Space and time discretization

For the spatial discretization, the trimmed mesher of Star CCM+ was used. This means
that the cells are hexahedra. Since there is a preferred flow direction in these simulations, a
hexaherdal grid introduces less numerical diffusion than a polyhedral mesh [20]. Moreover,
another benefit of the hexahedral mesh is the fact that there are less memory requirements
than a corresponding polyhedral mesh, since one hexahedral cell has less neighbouring
cells than a polyhedral cell [20].

The cell size of the mesh was determined based on the droplet diameter. Since the
droplets are modelled as a Lagrangian phase, the cells cannot be much smaller than the
droplets. This happens because the volume fraction of the Lagrangian phase should be
relatively small when compared to the volume fraction of the continuous phase. As it is
mentioned in [46], in Star CCM+ software, the volume fraction of the Lagrangian phase
is automatically limited to 0.75. When a cell exceeds this value, then the software raises
a warning so that the user is aware of this situation. Nevertheless, Senecal in his article
[39] stated that in general, Lagrangian volume fractions that are greater than 0.1 should
be avoided.

The timestep size is adjusted based on the maximum CFL number. More specifically,
the simulation with the highest particle velocity had ug = 4.16"* and the grid size was
Az = 1.4mm. Consequently, in order to have a CFL number less than unity, the timestep
was set to At =2.0-107% s.

In this set of simulations, there was special treatment of the first cell that was adjacent to
the wall. As it has been mentioned above, the wall where there is impingement is wetted
with a liquid film of water. This is the reason why the fluid film model has been activated
(see section 2.9). However, the fluid film model is valid only until the first cell height. If
the liquid film grows thicker than the first cell, then the flow field is no longer calculated
based on the fluid film solver. What happens though is that after the first cell height
the liquid film takes the properties that are valid on the boundary of the first cell. This
makes the Fluid Film model invalid on wall distances greater than the first cell height.
For this reason, the prism layer mesher was used in the meshing process. In this way, the
first cell height could be adjusted manually, so that it can accommodate the fluid film
correctly, without having any dependence on the mesh size. More specifically, the Prism
layer mesher was set to have only 1 layer, while the thickness of the layer is set according
to the thickness of the fluid film, which is found on the following section.

For this reason, the prism layer mesher was used in the meshing process. In this way, the
first cell height could be adjusted manually, so that it can accommodate the fluid film
correctly, without having any dependence on the mesh size. More specifically, the prism
layer mesher was set to have only 1 layer, while the thickness of the layer is set according
to the thickness of the fluid film, which is found on the following section.

Fluid film was assigned with a maximum thickness. If the liquid film were to grow above
this maximum value, then the solver automatically ’chops’ the part which extends beyond
the limit. Thus, it was decided to set as a maximum fluid film thickness equal to the height
of the first cell. This decision was taken based on the fact that when the fluid film reaches
the height of the first cell, above that it stops solving the flow field and it assigns the
values that are valid on the height of the first cell. Thus, it is considered to give unreliable
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results beyond the first cell.

The following figure shows the grid of the physical domain. This grid remained the same
throughout all the validation simulations.

Figure 4.4: Mesh of the validation simulations

4.3.3 Set-up of the two-phase flow

In this section there is the explanation of the physical and numerical models and their
implementation in Star CCM+ software. For the validation procedure, a Lagrangian
multiphase simulation is used. Thus, an injector that shoots Lagrangian particles in the
air domain is set up.

Injector: All the data that are related to the Lagrangian particles were provided in the
reference paper [29]. In the Injector section of the simulation, the user can modify the
parameters of the Lagrangian phase that are explained below:

e Injector type: The first parameter that is set in the injector entity is its type. In
the current validation simulations, a Point Injector was used. This means that all
the particles entered the domain from one specific point in space.

e Flow rate specification: In all the simulations of the validation model, the flow
rate was measured in particles per second. For this reason, a Field Function was
created, so that one particle is injected every 40 time-steps. Thus, the impingement
test was conducted multiple times, confirming the repeatability of the simulation.

e Particle size specification: A constant diameter was selected, in accordance
with the experimental procedure. More specifically, the droplet diameter of all the
subsequent validation simulations is D = 1.9 mm.



58 Impingement Validation

e Particle impact velocity: Changing the velocity of the particles was the only
means of varying the Weber number. In the validation simulations, the range of
impingement velocity was from ug = 1.327* up to uq = 4.16". More specifically,
the following matrix shows the impact velocities of all the validation simulations.

H Simulation Velocity We H

1 1.32 50
2 2.28 150
3 2.32 155
4 2.35 160
5 2.39 165
6 2.43 170
7 3.22 300
8 3.72 400
9 4.16 500

Table 4.1: Test matrix of simulations

Physics modelling: In the Continua section, the physics setup of the simulation is
defined. As far as the impingement wall is concerned, it is covered with a liquid film of
water to make the simulation as close to the experiment as possible. Thus, the Fluid Film
model was used. The initial thickness of the fluid film was hy = 1.14mm. This thickness
was taken from the experimental data of [29], and was extracted from the non-dimensional
film thickness, that was:

h
ff =0.6 = hy = 1.14mm. (4.2)

Apart from initializing the fluid film, it is also necessary to specify its interaction with the
droplets. For this purpose, a tool of the software called multiphase interaction was used.
It is an interaction model, through which the user specifies that an impinging droplet on
the fluid film and behave in accordance with an impingement model (in this specific case
Bai-Gosman model).

The working fluid is air in this case. The turbulence model is realizable k — ¢, as it was
found to yield consistent results while the simulation showed no signs of divergence.

The gravity model was chosen not to be activated. It was observed that when there is
gravity in the model, the droplets were either accelerated or decelerated depending on the
orientation of the injector. This acceleration posed a problem in tuning the impingement
velocity correctly. There was no observed disadvantage from not activating the gravity in
this set of simulations.

4.3.4 Simulated Cases

In total, there were 9 different validation simulations. As it was mentioned above in
this chapter, the only difference between those simulations was the impact velocity of
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the droplet. In order to automate the workflow the Design Manager tool of Star CCM—+
was used. What this tool did was to assign the particle velocity as a parameter. After
setting this parameter and its values, the software can run simulations in batches. Thus,
it was possible to run 9 different simulations automatically, increasing the efficiency of
the workflow. In Table 4.1 there are values of particle velocity that correspond to the 9
different simulated cases.

4.3.5 Results and discussion

The final stage of the validation process is the post-processing of the results and their
presentation along with conclusions of this study. As a first result, it is the visualization
of the experiment. On the following figure, one can view the cylinder that is the physical
domain of the simulation. On the left side, there is the injector surface, where the particles
are introduced inside the cylinder. On the right side of the cylinder, there is the wetted
wall, where the droplets are impinging. In this specific picture, it can be seen that there
are 3 particles simultaneously in the physical domain. As it was explained before, this
behavior is desired, since the repeatability of the results can be checked if the test is
conducted multiple times.

0.0015880

0.0011320

0.0006 7600

.G. 00022000

Figure 4.5: Visualization of the simulation

The outcome of the impingement was assessed visually as well as by checking the mass
conservation. The visual assessment was done by using the Scenes post-processing tool of
Star CCM+. More specifically, the particle diameter of all the droplets inside the domain
was plotted and exported every 5 timesteps.

There were 2 distinct outcomes. If the droplet were below the splashing limit of the
Bai-Gosman model, then it is spreading and its mass is added to the mass of the fluid
film. Thus, when the droplet diameter scene is plotted, the user sees that the particle
disappears upon the impact with the wall, as it becomes part of the liquid film.

The second possibility at this set of simulations is to have a droplet splashing. This
event occurs when the Weber number is higher than the critical Weber number, as it
is explained in paragraph 2.4. Upon the splashing event, the droplet disintegrates into
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smaller particles that are ejected inside a conical volume [43]. Thus, splashing can be
detected visually by the user, when smaller droplets appear after the impact. One such
figure showing the splash of a droplet can be seen below:

Solution Time 0.1 (s) Particle Diameter (m)
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© * % ® %
. 0.0011320
. -
. . .
o -
e 0.00067600
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Figure 4.6: Visualization of splashing

After gathering all the simulation data, it is necessary to compare them with the cor-
responding experimental. In Figure 4.7, the horizontal axis is the non-dimensional fluid
film thickness (S¢), while the vertical axis is the Weber number of the impinging particle.

The reader should observe in this figure that there are two horizontal lines corresponding
to the limits of splashing and droplet spreading of the experimental procedure. More
specifically, the limit of coalescence was found to be at We = 154, while the limit of
splashing was found to be at We = 205. There was no further experimental data inside
this Weber number zone that would help to narrow the limits between splashing and
coalescence.

On the other hand, the Bai-Gosman model provides with a critical Weber number that
sets a clear limit between spreading and splashing. In this specific set of simulations, We,
was found from (2.8) based on a Laplace number of La = 127550:

We, = 1320 - 127550 %18 = We. = 160. (4.3)

The numerical results confirmed that there is agreement with the experimental data.
More specifically, the simulation with We number equal to 160 was the last one where
droplet spread was observed, while from the simulation with We number equal to 165
and above, all of the simulations depicted splashing behavior.
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Figure 4.7: Comparison between experimental and numerical results
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Chapter 5

Mass conservation simulations

5.1 Problem description

The goal of this part of the study is to investigate in the mass conservation of the liquid
phase. In this type of simulations oil is injected inside a cylinder which has solid walls
on its bottom and its side, while the top of the cylinder is open. One figurative way
of describing this problem can be this: Initially, there is an empty cylindrical container.
Then, at ¢t = 0 there is a source of that injects oil from the top of the container. The mass
conservation is monitored through the rate of increase of the interface between air and
oil. The comparison of the rate of increase takes place based on 2 different methods that
are described below. The first method is a simulation that was conducted with the use
of Lagrangian multiphase model, while the second method is a theoretical linearly rising
interface, where the oil flow rate is the same as that of the Lagrangian simulation.

5.2 Lagrangian multiphase flow

The first method is to inject Lagrangian particles inside the cylinder. At ¢t = 0, there is a
rather thin liquid film on the bottom of the cylinder (its initial thickness is equal to 1mm)
modelled as an Eulerian phase. This liquid film serves as an initialization of the ”pool”
that is formed. Then, the injector starts shedding particles towards the film of oil. The
schematic representation of this is shown on Figure 5.1. It can be seen that the particles
are injected with velocity equal to 107, As soon as a particle contacts the Eulerian phase,
it is modelled to merge with the oil film and transform into Eulerian phase. In this way,
the Eulerian phase of oil starts to form a rising pool of liquid.
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Particle Velocity: Magnitude (m/s)
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Figure 5.1: Mass conservation model with Lagrangian multiphase physics

The monitoring of the rise is conducted with measuring probes inside the cylinder. The
probes are shown as a vertical black line on Figure 5.2. It is shown as a continuous line,
since there are 100 probes on this direction. The probes measure the volume fraction of
oil and its temporal evolution. As it can be seen on Figure 5.2, the interface between oil
and air is not absolutely sharp. At first, at the lower part of the cylinder (non-blue) there
is a significant amount of area that is covered in yellow color, meaning that the volume
fraction is close to 0.7. The explanation of this phenomenon is that there are some trapped
air bubbles inside the oil pool, of which the interface has not been captured. Thus, they
are manifested as a decrease of the oil volume fraction. Moreover, the oil-air interface
depicted in the middle of Figure 5.2 is not sharp either. Consequently, for the temporal
evolution of the interface rise, it was decided that if the oil volume fraction is more than
0.5, then the fluid belongs to the pool of oil, otherwise it belongs to the Eulerian phase
of air.
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Figure 5.2: Oil volume fraction scene, Lagrangian model at ¢t = 1s

As it can be seen on Figure 5.3, there is satisfactory agreement of the two methods. The
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result of the simulation is to follow the trend of the linear increase of the interface. The
error that occurs is measured to be on average 27%. The discrepancy between the linear
approximation and the simulation can be attributed to the bubbles of air that are trapped
during the simulation. Since not all of the volume is filled uniformly with oil during the
simulation, it is logical that the interface is found to be higher than the corresponding
linear interface.
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Figure 5.3: Temporal development of oil and air interface
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Chapter 6

Spray heat transfer

Up until now, the focus of the study has been on the flow field of the spray. There has
been a grid convergence study of the spray, as well as a validation of the Bai-Gosman
model. However, none of the previous chapters refer to the topic of heat transfer, which
is of great importance for DAF. Thus, at this part of the thesis, the subject of spray heat
transfer is investigated on the geometry of a cylinder.

This section has the following structure: At first there is the presentation of the paper that
is used as reference for the validation of the numerical model that is built. Furthermore,
there is the explanation of the geometry and the boundary conditions of the problem.
Afterwards, the heat transfer model that is implemented on Star CCM+ is presented. At
the last part of this chapter, there are the results of the simulations and the conclusions
that stem from the outcome of the simulations.

6.1 Problem description

The problem of spray heat transfer can be described as a rather complicated one. There is
the creation of a liquid film when the wall is cold (below the Leidenfrost point). Moreover,
there is the interaction between the spray and the film as well as the interaction of the wall
and the liquid film. In a real world engine, the heat transfer between the oil spray and the
piston becomes an even more complicated problem, since there is the reciprocating motion
of the piston and the existing flow field of air inside the crankcase. Thus, there have been
some simplifications regarding the approach of the problem of spray heat transfer. Those
simplifications are discussed in the subsequent paragraphs, along with the development
of the numerical model which describes the physics of impingement heat transfer.

6.2 Experimental reference data

During the literature research, two papers have been identified to be the most suitable
for the purposes of this study: Mudawar and Valentine [30] and Rybicki and Mudawar
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[35] describe the experiments that the authors conducted in order to calculate the heat
transfer between a spray and a wall. These two studies were selected due to the proximity
with the current study. At first, the droplet diameters of the experimental spray studies
were within the range of diameters predicted by Venkatesh [54]. Even if the volumetric
fluxes of the experiments were not inside the range of the previous study, they were in
the same order of magnitude as of the DAF piston case. Thus, it was concluded that the
aforementioned studies were suitable for the validation of the numerical simulations to
follow.

6.3 CFD validation

Out of studies [30] and [35], the one or Mudawar and Valentine [30] is chosen because the
working fluid of the experiments in [30] is water, a material that is well-documented and
exists on the database of Star CCM+ software. On the other hand, Rybicki and Mudawar
[35] used the more exotic coolant PF-5052 as working fluid which does not exist in the
database of the simulation software.

The validation of the numerical model is conducted by utilizing the experimental data
that is provided through the boiling curves of Figure 6.1.
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Figure 6.1: Experimental data of boiling curve, reprinted from [30]

6.3.1 Geometry and boundaries

The geometry of the simulation are close as possible to the experimental setup Figure 6.2.
There are two domains, a solid domain made of copper on the bottom part of the figure
(gray) and a fluid domain of air on top of it where the spraying process takes place. Both
domains have the same diameter (D, = 0.004m), corresponding to the 0.5cm? impinge-
ment area of the experiments. The length of the air domain is equal to 10D.. Since there
was no information relative to the injector-plate distance for the experiments, this length
was decided based on the thought that the impingement area and the injector should
be far enough such that they don’t interact with each other. The following boundary
conditions are chosen:
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Solid domain:

e Bottom boundary: At the bottom of the cylinder, the boundary condition is a
prescribed heat flux (units in [%]) It is essentially the numerical counterpart of

the electrical heaters that exist in the experiment [30].

e Side boundary: The cylinder side is insulated in the simulation, as it is on the
experiment. This is because it is desired not to have heat transfer other than the
cooling of the spray impingement.

e Top boundary: At the top of the grey cylinder, there is conjugate heat transfer
between the solid cylinder and the fluid film.

Fluid domain:

e Bottom boundary: At the bottom of the fluid cylinder, the boundary condition
is a wall where there exists a fluid film, interacting with the solid wall on the side
of heat transfer.

e Side boundary: The cylinder side is prescribed as a pressure outlet. It was chosen
because the air and the Lagrangian particles need to escape from the simulation
domain after the impingement.

e Top boundary: At the top of the orange cylinder, there is the injector of the
Lagrangian phase. Moreover, for the continuous phase of air, it is set as pressure
outlet. Although it is expected to act as an inlet of air due to the two-way coupling,
the velocity and the flow rate of the air are not known, that is why it is chosen to
set this boundary as a pressure outlet.
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Figure 6.2: Geometrical setup of simulation

6.4 Space and time discretization

Hexahedral mesh is used throughout the thermal study of spray, an option called trimmed
mesher in the software. The mesh that was created was almost uniform. There is no
refinement at a specific area of the domain. Although there is one wall at the fluid mesh,
it should be reminded that the wall is wetted with a fluid film. This fluid film can span
only up to the first cell height, otherwise the model does not give reliable results. Thus,
it is not possible to refine the mesh locally at the wall of the fluid domain. At the other
two boundaries it is considered that there is no need for refinement, as they are not areas
where further accuracy is required. For those reasons, it is considered that there is no
need for local refinements at the current mesh.

The mesh size for this set of simulations was equal to:
Az =4-10"*m. (6.1)

This was a choice that was based on the reasoning that was developed in section 4.3.2.
Briefly explained, the cells of the mesh, should not be arbitrarily small, because in this way,
the volume fraction of the Lagrangian phase increases. The consequence of Lagrangian
phase’s increased volume fraction in cells is the possible miscalculation of the forces that
are exerted on a particle. On the other hand, the grid size should not be excessively large,
on the ground of the accuracy of the results. Figure 6.3 shows a cross section of the air
domain that passes from the centreline of the cylinder. The quantity that is depicted is
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the volume fraction of the Lagrangian phase. It can be seen that the volume fraction is
consistently below 0.1, which is the threshold that is suggested by [39]. The maximum
Lagrangian volume fraction of the whole mesh was found to be equal to 4 - 1073. The
result from this process is a mesh that has 33000 cells on the part of the air cylinder,
while the solid cylinder contains 4600 cells due to its smaller size.

Volume Fraction of Lagrangian_water
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Figure 6.3: Lagrangian phase volume fraction scene

Since it is a transient simulation, it is necessary to determine the timestep. It was decided
to do so according to the CFL number. The CFL number was kept below 1 at all times.
More precisely, the maximum CFL number that was recorded was equal to 0.41. The
same mesh parameters were used for the mesh of the solid domain, so that the contact
between the two meshes is a conformal interface. The final meshes are shown in the
following figure.
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Figure 6.4: Mesh scene

6.5 Physics modelling

In this section there is the explanation of the Physics models and their implementation
in Star CCM+ software.

The current type of simulations is RANS. Turbulence was modelled according to the
Realizable k — e formulation with two-layer all y* treatment. The latter model (two-layer
all yT treatment) refers to the turbulence modelling in the vicinity of the wall. The y*
non-dimensional distance of the first cell is calculated in the software. If 4y is small (=~ 1)
then the first cell is located in the viscous sublayer of the boundary layer [17] and the
modelling is based on the assumption that the flow is laminar at that specific region [44].
On the contrary, if the centroid of the first cell has high y™ (> 30), then the modelling is
conducted based on the assumptions of the log-law region [17].

The working fluid of the simulation is air of constant density. The solver which was used
was the segregated solver. This choice is made based on the recommendation of Star
CCM+ documentation [41].

Gravity was taken into consideration, and it acted in the —z direction, according to the
reference frame of Figure 6.4. This means that gravity acts in the same direction as the
particle injection.

For the validation procedure, a Lagrangian multiphase simulation is used. Thus, an
injector that shoots Lagrangian particles in the air domain is set up. The properties of
the Injector part are shown on the following matrix.
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H Parameter Quantity  Units H
Flow rate 51-107° &
Particle size ~ 6.35-107%  m
Particle velocity 18.6 =

Table 6.1: Main properties of Injector part

6.5.1 Impingement Heat Transfer Model

When activating the Lagrangian Multiphase model, it is possible to model the heat trans-
fer that takes place due to the impingement of the Lagrangian droplets on a wall. The
modelling of impingement heat transfer that is implemented on Star CCM+ is presented
by Birkhold et al. [10], while the model itself was developed based on the assumptions of
Wruck [57].

At first, the impingement heat transfer model is based on the map that is shown in
Figure 6.5. This map is developed in [24] and in essence determines the outcome of spray
impingement, based on two parameters, namely 7% and K. T* is the non-dimensional
temperature of the wall and it is defined as:

Ty
T = . 6.2
Thoit (6.2)
The second parameter on which the impingement depends is called K:
K = Ca®*La’/* . (6.3)

This parameter is used to express the kinetic energy of the droplet impact. It can be
concluded that the higher the impact energy, the higher number K grows.

In order for the Impingement Heat Transfer model to be valid, the wall needs to be hot.
Quantitatively, this means that according to Figure 6.5, T needs to be greater than 1.1.
In the case of a cold wall (T < 1.1), the software does not have specific formulation for
the heat transfer. The physics is rather different during a cold wall impingement. One
significant difference between the cold and hot wall impingement is the formation of fluid
film. On a hot wall, liquid film cannot be formed on the wall. Instead, all of the droplets
that impinge on the wall, either bounce back away from the wall, or they evaporate.

Another assumption of the impingement heat transfer model is the fact that the droplets
and the solid wall are considered to be semi-infinite bodies [9].
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Figure 6.5: Spray interaction map, reprinted from [10]

More specifically, the algorithm that is implemented on Star CCM+ for the Impingement
Heat Transfer model is described on the following paragraph:

The first parameter that is calculated on the context of this algorithm is called D,y ¢, or
the effective diameter of the droplet. In essence, it is the diameter that should be taken
into consideration on the calculations of the heat transfer. The effective diameter is given
from the following formula:

Dejp = 0.61DgWed-2. (6.4)

Knowing the effective diameter for heat transfer, the corresponding contact area of heat
transfer is calculated:

eff
. 6.5
] (65)

Afterwards, the contact time of the heat transfer is calculated. This calculation is done
based on the interaction map of Figure 6.5. Two regimes are recognised by the software:
They are K > 40 and K < 40, confirming the fact that the model takes into consideration
the hot wall case (T > 1.1). The two different contact times can be attributed to
the fact that there are two different phenomena involved in the heat transfer of the
droplets, namely the rebound and the thermal breakup. The contact times are given by
the following formulas:

m [ palg K < 40

0.25
5
ﬂ(pé?) , K >40

teont =

(6.6)

The last parameter definitions for this specific model of heat transfer are the heat pene-
tration coeflicients of the wall and of the particle, b, and b, respectively. Those factors
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indicate if the temperature at the interface of the two bodies is closer to the wall (b, > bg)
or close to the droplet (b, < bg) [9]

by = \/ EwpPuwCp, , b = \/KapaCp,- (6.7)

Having defined the all the necessary parameters, it is possible to introduce the formula
that gives the heat transfer between a particle and the wall, due to impingement:

2\/ teont bwbd

‘w :Acon
@ P tﬁAtpbw—l-bd

(T = Tirop)- (6.8)

6.5.2 Effect of spray orientation

During the course of this set of simulations, a challenge occurred related to the orientation
of the simulation. During the operation of the engine, the spray nozzle is found below
the piston. This means that engine oil is injected upwards, against the force of gravity.
Due to this configuration, several challenges occurred during the initial models that were
built.

At the initial simulations, the gravity force was set to act against the direction of particle
injection, as it is expected to happen in the engine environment. Consequently, the fluid
film that is formed on the wall, is essentially ”hanging” from the piston, as it can be seen
for the configuration in Figure 6.6.
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Figure 6.6: Demonstration of piston-oil jet configuration, reprinted from [25]

The fact that the fluid film is hanging from the wall poses a number of problems in
the simulations. Those problems can be traced in the use of Fluid Film model. As it
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is expected, the oil film’s thickness would reach a steady state value, if the motion of
the piston is not taken into consideration. Liquid droplets detach from the wall if the
thickness grows larger than a certain point. However, in the implementation of Fluid Film
model, the detachment of liquid oil can not be predicted. Instead, the observed behaviour
of the fluid film in Star CCM+ is the following: An instability grows at a random point
at the fluid film and a ligament starts to grow indefinitely. The expected behaviour is for
droplets to detach from the main ligament as it grows. Thus, this non-physical behaviour
of the fluid film renders the simulations which include a "hanging” fluid film unreliable.

Instead of recreating the actual condition of the engine, where the oil is sprayed upwards,
another methodology is implemented. According to the findings of Rybicki and Mudawar
[35], the heat flux which occurs from the impingement of droplets on a solid wall is
independent of the orientation of the spray. The condition to have independence is not
to have liquid accumulation on the wall. If a pool of liquid is formed during the spray
process, then the heat flux is expected to be affected significantly. Thus, the observation
of independence of orientation for the heat flux allows the change of spraying direction to
a direction which would alleviate the aforementioned problems of upwards spraying. More
specifically, the spray direction which is adopted for the set of the following simulations is
along the direction of gravity, i.e. the spray emanates from the top of the cylinder, while
the impact wall is found at the bottom of the cylinder as it can be seen at Figure 6.2.

The benefit of this configuration is the fact that the behaviour of the wall’s liquid film is
no longer erratic. The ligaments which pose a problem in the simulations no longer exist,
and the maximum film thickness reaches reasonable values. Further analysis of the wall
liquid film can be found at paragraph 6.6.1.

6.6 Results and discussion

In order to reproduce numerically the boiling curve of the validation paper, it was nec-
essary to define the heat flux on the bottom boundary and measure what would be the
resultant temperature on the surface where the spray impingement takes place. From
the large volume of data that was provided from the boiling curves of Figure 6.1, the 15
points that are marked in red have been simulated, see Table 6.2.
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H Case # dos (mm) wu. (m/s) T, (°C) Q" (1073 m3s~'/m?) H

1 0.635 18.6 43.5 1.02
2 0.635 18.6 58 1.02
3 0.635 18.6 74 1.02
4 0.635 18.6 91 1.02
) 0.635 18.6 96 1.02
6 0.512 18.1 34 5.0
7 0.512 18.1 41 5.0
8 0.512 18.1 50 5.0
9 0.512 18.1 95 5.0
10 0.512 18.1 69 5.0
11 0.554 26.7 35 2.01
12 0.554 26.7 42 2.01
13 0.554 26.7 62.5 2.01
14 0.554 26.7 71 2.01
15 0.554 26.7 84 2.01

Table 6.2: Parameters of simulated cases

The choice of the points is done carefully, taking into consideration the physics that
governs various regions of the boiling curves. It is decided that the points which are
more relevant to the current study are found on the left-most part of the boiling curves.
This part is the called the single phase regime [30]. It is called this way because it is
the only region where water is in liquid phase during the experiment. On the rest of the
regimes, such as nucleate boiling or film boiling, there is the involvement of water in gas
phase, either in the form of bubbles (nucleate boiling), or in the form of vapour film (film
boiling). In the current study, the working fluid of interest (engine oil) is constantly at a
temperature below its boiling point, thus the physics governing the heat transfer remains
the same as that of the validation experiments.

Figure 6.7 depicts one of the key results of the simulation, which is the temperature
distribution of the solid cylinder. At first sight, it can be seen that the temperature
inside the cylinder drops linearly as we move from the heated boundary towards the
spray cooled surface. This is an expected result which is in agreement with the findings
of [30].
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Figure 6.7: Temperature profile of solid cylinder, case 1

Apart from the quantitative presentation of the temperature profile, it it necessary to
quantify the results. On Figure 6.8 there is the temporal development of the average
temperature at the wall where impingement takes place. Since the wall heat flux has a
constant value, the experiment is validated by observing the resultant wall temperature.
It is clear that the convergence of the wall temperature is highly dependent on the initial
conditions. If the user imposes initial conditions that are close to the steady-state result,
then the simulation can converge quickly. At this point, it should be mentioned that the
wall temperature converges to a steady state after ¢ ~ 0.1s. The simulation ran for a
longer period of physical time in order to ensure the stability of the solution, meaning
that no irregular behaviour shall appear after the seemingly converged solution.
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Figure 6.8: Temperature development at the cooled wall, case 1

Another criterion for the convergence of the solution is the heat flux from the boundary of
the impingement wall. While the instantaneous heat flux on the bottom of the cylinder is
constant and is set as a boundary condition, the instantaneous heat flux on the boundary
of impingement is dependent on the instantaneous heat transfer among the droplets, the
fluid film and the solid wall. This fluctuating behaviour can be seen on Figure 6.9. The
range of fluctuations is from pr = 32000% up to pr = 38000%. Another observation
that can be made on this graph is that the fluctuations are consistently around an average
value. The average of the data of wall heat flux is pr = 34700%. At the same time,
the wall heat flux that is set at the bottom boundary is equal to pr = 35200%. This
means that the simulation has not converged analytically to the input value of the heater,
but it has converged within accuracy of 1.4%.
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Figure 6.9: Wall heat flux temporal development, case 1
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H Parameter Quantity Units H
Bottom heater input 35200 %
Impingement wall heat flux (average) 34700 %
Min wall heat flux 32000 >
Max wall heat flux 38000 v

Table 6.3: Output of simulation’s heat fluxes, case 1

As far as the qualitative aspect of the wall heat transfer of particles, Figure 6.10 can
provide with some information. To begin with, it can be noticed that at the side of the
cylinder, the heat flux is analytically 0, which is in accordance with the adiabatic boundary
condition that is chosen for this simulation. On to the wall where particle impingement
takes place, the heat flux is varying. It can be seen that there are numerous ”islands”,
where there is a spike of the heat flux, and others where heat flux is lower than the average
value. This can be explained if the physics of the problem are taken into consideration.
In the close vicinity of impingement of a droplet, the instantaneous heat flux is expected
to be significantly higher than a corresponding area where there is no impingement.
This behaviour of locally enhanced heat flux on the vicinity of the impingement is also
supported by the fact that the fluid film is relatively shallow (compared to the diameter
of the droplets), thus the heat transfer is expected to be different locally.

Solution Time 5.15464 (s)

Boundary Heat Flux (W/mA2)

- 63224,

SFEIE,

Figure 6.10: Wall heat flux scene, case 1

Comparison between the impingement heat transfer model and the model
of fluid film: On the context of comparing the two heat transfer approaches that the
software uses, a model is built to utilize the impingement heat transfer model. It should
be mentioned that the fluid film model is not used in the simulation of impingement
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heat transfer, due to lack of compatibility between these two models. The comparison
between the two models can be seen on Figure 6.11. The comparison refers to a case which
belongs to the curve described by squares in Figure 6.1. More specifically, it corresponds
to the second from left case where the wall heat flux is equal to ¢ = 205000W/m?2,
while the temperature difference between the wall and the water is equal to 58°C. It
can be seen that on Figure 6.11 there are discrepancies among the three cases that are
compared. The lowest curve, (in green color) presents the result of the methodology that
is described in paragraph 6.3.1. This means that the droplets of water impinge on a fluid
film that is attached to the wall. The average resultant heat transfer is 70% lower than
the experimental one.

It should be stated that information related to the modelling of droplet impingement heat
transfer on a fluid film is rather scarce for Star CCM+ software. Thus, the root cause for
the observed discrepancies between the experimental and numerical results is yet to be
found.

The resultant heat flux of the second numerical method that is used can be seen as the
red curve in middle curve of Figure 6.11. The methodology that is used during this
simulation is explained in paragraph 6.5.1. The heat transfer modelling that is described
in this paragraph cannot be used in conjunction with the fluid film model due to the
physics of the model. More specifically, the range of wall temperatures where this model
is valid is Toon > 1.1. This means that the wall is supposed to be hot on the context
of this model. However, during nominal operation of the DAF engines, the wall of the
piston is not hot. Although the model described in 6.5.1 is suitable for a temperature
range different from that of DAF engines, there is great potential in this model for a
future study. The implementation of this model in Star CCM+ is customizable to a great
extent. As a consequence, in a future study the user can implement different models of
impingement heat transfer. More specifically, it is possible to cancel the effect of the
equations in section 6.5.1 and apply models that can be found in the open literature.
One suggestion that can be possibly applied is found in the paper of Mudawar [30]. The
correlation that is found to be suitable for the temperature range of natural convection
is:

Nugs = 2.569 Redt8 pr0-56 (6.9)
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Figure 6.11: Heat flux comparison

Comparison between Fluid Film heat transfer model and experimental results:
For the purpose of validating the numerical model which includes wall heat transfer via
fluid film, a number of test runs are conducted. The runs can be seen on Figure 6.1 as
red dots. Those experiments are chosen because they are in close proximity with the
condition of the actual spray of the DAF engines. This similarity is in terms of the
mass flow rate of the working fluid, the droplet diameter distribution as well as the wall
temperature. On Figure 6.12 there is the presentation of the resultant wall heat flux of
the numerical model, compared with the heat flux of the experimental process. At first
sight, it can be seen that there is satisfactory agreement between the two methods as far
as the slope of the curves is concerned. Nevertheless, there is rather constant offset of the
CFD resultant heat flux from the experimental results. To be more specific, on average
the CFD wall heat flux is 70% lower than the experimental one. The root cause for the
observed discrepancies between the experimental and numerical results is yet to be found.
Furthermore, it can be observed that on the red curve of the experimental results, the
right-most point starts to diverge from the linear behaviour that the rest of the points
exhibit. It is believed that this occurs due to the relatively high wall temperature. At
96°C, the wall approaches the boiling point of the working fluid (water). It means that
this particular point is close to the transition from the natural convection regime and the
nucleate boiling regime of heat transfer.
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Figure 6.12: Boiling curves CFD plot

To demonstrate the constant discrepancy between the numerical model and the experi-
ment, there is Figure 6.13. It can be seen that when the wall heat flux of the simulation
increases by 70%, the experimental and the numerical results are in rather satisfactory

agreement.
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6.6.1 Fluid film

The final parameter that is measured during this set of simulations is the fluid film on
the wall. A visualization of the fluid film thickness is shown on Figure 6.14 for case 1.
There are some patterns that can be discussed on that photo.

Fluid Film Thickness (unt)

.302'56

24717

191.78

136.39

80.999

25.609

Figure 6.14: Fluid film thickness, case 1

At first, it can be seen that the fluid film is certainly not uniform, but there is a number
of peaks and valleys. This behaviour can be explained if the impingement of the droplets
are taken into consideration. When a droplet impinges on the fluid film, it is expected to
create a crater, where liquid is displaced.

This set of simulations is transient. It means that the initial conditions need to be defined
before running the simulation. It is decided that a reasonable initial thickness for the fluid
film can be equal to 200um. The initial thickness of the fluid film does not affect the
results at later stages of the simulation. After a number of times that this simulation ran,
it was decided that an initial thickness of 200um would aid to reach steady state more
swiftly. The initial thickness can be seen on the red curve of Figure 6.15, at ¢t = 0.

After a very short amount of time (approximately ¢ = 0.1), the average fluid film thickness
reduces to 90um. It should be mentioned that it is a spatial averaged fluid film. After
this initial reduction the average fluid film thickness reaches a steady state at this value of
thickness, although there are perceptible oscillations that have amplitude equal to 5um.
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Chapter 7

Conclusions

The broader topic of this thesis is the simulation of piston cooling in internal combustion
engines. This general topic can be divided into 4 different sub-topics, listed below.

e Oil jet evolution and breakup
e Jet impingement cooling
e Spray cooling

e Gallery cooling

The current study focuses on the third sub-problem, spray cooling, as the first two topics
were thoroughly investigated during two earlier thesis projects of DAF. The sub-topic
of spray cooling is on its own a rather broad subject, so it is also split into 3 different
sub-projects explained below.

7.1 Grid sensitivity analysis

In all of the simulations that were conducted, the RANS modelling was used for approach-
ing turbulence. For the multiphase part of the simulations, the Lagrangian formulation is
used. During the first phase of the thesis, there was a grid sensitivity analysis. Due to the
Lagrangian approach of this multiphase flow, this proved to be a non-trivial task. Follow-
ing the common sense, one would expect that the further the mesh is refined, the higher
quality would be yielded for the solution. However, this is not the case in a simulation
with Lagrangian multiphase flow. It was found that the diameter of the droplets played
a rather important role for the choice of the grid size. More specifically, when there was
refinement beyond a certain point, the simulations proved to yield low quality results.
The root cause behind the low quality results of the simulations with very fine meshes lies
on the fact that the Lagrangian droplets occupy a large part of the cell’s volume. When
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this happens, the Lagrangian droplets can rapidly bring up to their speed the continuous
phase, resulting in a drag force that is significantly underestimated. These observations
were in accordance with the findings of a number of papers [5, 39]. Along with the issue of
drag calculation, there are reports [2, 5, 39, 46], stating that divergence of the simulation
is highly likely when the Lagrangian droplets are large compared to the cell size, however
this behaviour was not observed during the simulations.

7.2 Validation of impingement model

The second phase of the thesis was related to the validation of the impingement model
that is implemented on Star CCM+. The most suitable paper that was found for this
case was published by Motzkus [29]. In this paper, the liquid of the droplets was water.
Contrarily to the paper, the liquid that is used for the process of piston cooling is engine
oil, however the literature on the topic of droplet impingement of engine oil is rather
scarce.

A test case simulation was built for the validation of the impingement model of Star
CCM+. The simulation that was built yielded results in excellent agreement with those of
the experimental process. In the aforementioned paper, the authors gave a range of uncer-
tainty between the transition from droplet deposition to droplet splashing phenomenon.
The Bai-Gosman model that is implemented on Star CCM+ accurately predicted this
transition within the same range of droplet We number. Each droplet impact test was
conducted multiple times in each simulation. Thus, the repeatability of the results is an
indication of the robustness of the model that was built.

7.3 Impingement heat transfer

The last chapter of the thesis was dedicated to the heat transfer that takes place during
the process of spray impingement. A validation procedure took place for the purpose of
investigating the impingement heat transfer between a hot wall and liquid droplets. The
paper that was chosen for the purpose of validation was published by Mudawar [30]. It
was chosen due to the similarities that it bore with a number of parameters of the DAF
piston cooling problem. Some of these parameters are: Droplet size, spray volumetric
flux and wall temperature.

Although all of the aforementioned parameters of the experiment are in the same order of
magnitude as the DAF piston cooling problem, the working fluid is not the same. In the
experiment, water is used for the creation of spray, while in the DAF pistons, the working
fluid is engine oil. Given the scarcity of literature on the topic of engine oil impingement,
this was considered as a rather suitable alternative. Two impingement heat transfer
models of Star CCM+ were tested against the experimental results. The first model that
is tested is a conjugate heat transfer model. There was an accurate representation of
the experimental configuration, since in the simulations there is the inclusion of the fluid
film that is formed during the spraying process. Furthermore, there is the modelling of
the heat transfer between the droplets and the fluid film, as well as the conjugate heat
transfer between the fluid film and the wall, which is the desired result. The outcome
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of the validation simulations had some positive aspects, as well as some negative ones.
In the variety of experimental test cases that were simulated, it can be observed that
there is high precision but low accuracy. In all of the 15 validation simulations that were
conducted, there was a consistent underestimation of the experimental wall heat transfer
by 70%. This consistency suggests that there might be some systematic root cause that
makes the model under-predict the wall heat flux.

The second model that was implemented, is called Impingement Heat Transfer model.
This model was not used as extensively as the previous one. Although it was found to
be applicable on different regimes of impingement heat transfer, there is great potential
for further investigation of this model, since it can be customised to replicate the desired
conditions of impingement.
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Chapter 8

Future work

There is some significant scope on the general topic of piston cooling. This study has
focused on the spray cooling part of the general problem, however there are some aspects
that need to be investigated further, while other aspects of piston cooling are to be studied
from the beginning.

The current study can be improved in a number of ways. Some of those are described:

e One way that the future student can improve the current study is the investigation
of the actual geometry of a DAF piston. In the current study, there is a number
of models, regarding the droplet impingement behaviour and the heat transfer that
takes place. However, all of those models have been created on a cylindrical domain
that bears similarities with the actual cylinder, however it is far from being identical.
Thus, it would be rather interesting to investigate the pistons of the DAF engines
as compelling conclusions and observations are expected to arise from such a study.

e Another area where there can be improvement is the heat transfer modelling. In
the current study, there is the comparison of the existing model of Star CCM+ for
impingement heat transfer between the droplets and the wall. However, on the latest
update of the software, the user is able to customize the model and use their own
field functions. This fact gives the user significant freedom to validate numerically
various experimental papers that are found on the open literature.

e Moreover, another topic that the future student may further explore in this thesis is a
number of parametric studies. Through changing some of the dominant parameters,
the user is expected to yield some interesting results. For example, by changing
the viscosity of the liquid or the temperature of the wall and the working fluid is
likely to improve the understanding of the complex physics behind the impingement
phenomenon.

Apart from the improvements of the current thesis, there are some unexplored territories
of the general piston cooling problem. One of these can be considered the gallery cooling
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topic. In previous theses, the topics of jet cooling and jet break-up have been thoroughly
investigated, while on the current project, the spray cooling is studied. The remainder
chapter that is rather significant to the broader topic is the analysis of gallery cooling.
Since the only type of pistons that DAF currently uses are cooled through a gallery, the
reader can understand the importance of such a project. The sloshing motion that the
engine oil performs inside the gallery is offered for a number of numerical experiments.
Furthermore sloshing motion is a field that has been thoroughly studied [21, 18, 19, 13],
so the future student is expected to have a solid topic of study.

As a closing remark, the subject of the current thesis has the element of novelty for DAF.
In previous theses the topic of piston cooling was studied from the oil jet point of view,
while in the current thesis the topic is studied from the oil spray point of view. Thus, this
study gave the company insight into a wider window of operation for the cooling of the
internal combustion engines. Given the cost and the difficulties of implementation that a
possible experimental study would pose to the company, the numerical study has been a
very effective way of expanding the knowledge of DAF.
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Appendix A

Properties of engine oil liquid

10-W30

T Kinermatic . Dynarmic Specific Heat Thermal Thermal
emperature ) . Density : . o IR
Wiscosity Wiscosity . . Conductivity Diffusivity
per unit mass | per unit volume
G mméis = Bt kgim® mPa.s = cP kdikg. K kdim?® K Wim. K mmés
a 789.8 g77 1 GE2.7 1.81 1584.8 0.1355 0.085
] 5471 737 478.0 1.83 15549 0.1351 0.085
10 389.0 gv0.4 3386 1.84 1604.4 0.1345 0.084
15 2532 867.0 2456 1.86 1614.2 0.1344 0.083
20 2107 637 152.0 1.88 1623.48 0.1340 0.033
25 1589 860.3 1376 1.80 16331 01337 0.052
30 1236 g57.0 105.9 152 16421 0.1333 0.081
35 a7.09 8536 §2.88 153 1651.4 01328 0.080
40 75.00 850.3 55.85 1.95 1660.3 01326 0.080
45 5265 459 53.06 157 1669.3 01322 0.073
50 51.34 8436 43.30 1.99 1677.9 0.1318 0.078
55 42.86 g40.2 35.76 20 1686.7 0.1315 0.075
G0 35.67 8369 29.85 203 16595.0 01311 0.077
G5 30.20 8335 2517 2.04 1703.6 0.1307 0.077
70 253 8302 21.43 2.06 17117 0.1304 0.076
75 2224 826.8 18.39 2.08 1720.0 0.1300 0.076
a0 19.32 8235 15.91 210 17279 01295 0.075
a5 16.91 8201 13.87 212 1736.0 01293 0.074
a0 14.90 g16.8 1217 213 17436 01289 0.074
5 13.21 3134 10.74 215 1751.4 0.1285 0.073
100 11.70 8101 2.542 217 1758.8 01282 0.073
105 10.56 a0s.7 3.522 219 1766.3 01278 0.072
110 2821 8034 7643 22 17735 01274 0.072
115 8.622 80o0.0 5.895 223 1780.8 01271 0.071
120 7.843 767 5.245 224 17877 01267 0.071
125 7.164 7933 5.683 226 1754.8 0.1263 0.07a
130 5.569 7a0.0 5.159 223 1801.4 0.1260 0.07a
135 5.045 786.6 4.755 230 1808.3 0.1256 0.052
140 5.583 7833 4373 232 18147 0.1252 0.052
145 5.172 R 4.034 234 1821.3 01245 0.052
150 4.806 7766 3.732 235 1827 .4 0.1245 0.055
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Appendix B

We

Impingement validation results

Outcome of single droplet impingement

800
A Experimental Coalescence
m Experimental prompt and delayed splash
700 + ® Experimental Prompt splash only
A CFD Coalescence
m CFD Splash
600 —— Experimental limit of splashing
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] ]
400 s L]
]
.
] L]
300 A - ®
] ]
200 b d
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A A
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0 T T T T
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102 Impingement validation results

| Test # Velocity [m/s] We [] Droplet size [nm]  Outcome ||

1 1.32 50 1.9 Coalescence
2 2.28 150 1.9 Coalescence
3 2.32 155 1.9 Coalescence
4 2.35 160 1.9 Coalescence
5 2.39 165 1.9 Splash
6 2.43 170 1.9 Splash
7 3.22 300 1.9 Splash
8 3.72 400 1.9 Splash
9 4.16 500 1.9 Splash

Table B.1: Matrix of numerical validation results



Appendix C

Heat transfer results

Boiling curve

1000000

100000 ~

surface heat flux [W/mZ]

10000

-
-

CFD Cases 1-5
Experimental Cases 1-5
CFD Cases 6-10
Experimental Cases 6-10
CFD Cases 11-15
Experimental Cases 11-15

40.0

50.0

70.0 80.0 90.0

wall Temperature [*C]

| Test # ATuq [°C] D [mm] uy[m/s] Paper Qup [W/m?] CED Qu [W/m? |

1 43.5 0.635 18.6 120000 32500
2 o8 0.635 18.6 205000 60500
3 74 0.635 18.6 305000 88300
4 91 0.635 18.6 430000 118000
5 96 0.635 18.6 530000 126000

Table C.1: Comparison of experimental and CFD cases 1-5
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104 Heat transfer results

H Test # ATyy [°C] D [mm] wug [m/s] Paper Qup [W/m?] CFD Qup [W/m?] H

6 34 0.512 18.1 240000 67000
7 41 0.512 18.1 390000 110100
8 50 0.512 18.1 570000 165700
9 95 0.512 18.1 710000 196500
10 69 0.512 18.1 905000 282900

Table C.2: Comparison of experimental and CFD cases 6-10

H Test # ATyq °C] D [mm] wug [m/s] Paper Qup [W/m?] CFD Qup [W/m?] H

11 35 0.554 26.7 104000 35400
12 42 0.554 26.7 157000 56600
13 62.5 0.554 26.7 365000 118600
14 71 0.554 26.7 448000 144300
15 84 0.554 26.7 639000 183600

Table C.3: Comparison of experimental and CFD cases 11-15
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