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Abstract

Improved wall models for Large Eddy Simulation (DE8e presented in this research.
The classical Werner-Wengle (WW) wall shear stresslel is used along with near-wall sub-
grid scale viscosity. A sub-grid scale turbulemidtic energy is employed in a model for the
eddy viscosity. To gain better heat flux resudtanodified classical variable-density wall heat
transfer model is also used. Because no experimesmala shear stress results are available in
engines, the fully turbulent developed flow in ai@@ duct is chosen to validate the new wall
models. The model constants in the new wall moaedsset to 0.01 and 0.8, respectively and are
kept constant throughout the investigation. Thellteg time- and spatially-averaged velocity
and temperature wall functions from the new walldels match well with the law-of-the-wall
experimental data at Re = 50,000. In order toysthé effect of hot air impinging walls, jet
impingement on a flat plate is also tested withribe wall models. The jet Reynolds number is
equal to 21,000 and a fixed jet-to-plate spacindH@® = 2.0. As predicted by the new wall
models, the time-averaged skin friction coefficiagtees well with experimental data, while the
computed Nusselt number agrees fairly well when>/R0.

Additionally, the model is validated using experitted data from a Caterpillar engine
operated with conventional diesel combustion. ®mntdifferent operating engine conditions are
simulated. The majority of the predicted heat fi@sults from each thermocouple location
follow similar trends when compared with experinadmtata. The magnitude of peak heat fluxes
as predicted by the new wall models is in the ranfaypical measured values in diesel
combustion, while most heat flux results from poes LES wall models are over-predicted.
The new wall models generate more accurate predetand agree better with experimental

data.
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Chapter 1 Introduction

1.1 Overview

In recent years, there has been an increasing defeanmproved advanced internal
combustion engines in terms of engine efficiendyisTfact suggests a need for more accurate
predictions of thermal conditions, in particulanetgas temperatures inside the combustion
chamber. Better thermal predictions would help rtpriove engine efficiency. Moreover, the
thermal conditions inside combustion chambers &ngly dependent on wall heat transfer.
Higher heat loss from the in-cylinder gases to wals reduces the average in-cylinder gas
temperature, pressure, and work transferred tomi@ieywood, 1988). Therefore, the changes
in gas temperature due to wall heat transfer havangact on engine efficiency. An accurate
prediction of heat transfer through combustion dbanwalls is a prerequisite for understanding
the thermal condition within the engine cylinders.

Engine wall heat transfer is one of the importasgues in the study of internal
combustion engines. Analysis of engine wall heandfer is among the most complex
engineering topics, because these mechanisms #&atedreto the turbulent motion, the
combustion process in cylinders, and the thermahfary layer near walls. During the engine
operating cycles, the unsteady and transient behafi the turbulent motion inside engine
cylinders causes a variation of heat fluxes betwigids and walls. In-cylinder heat fluxes
oscillate between a few MW/mduring combustion and near-zero or negative vathging
intake (Heywood, 1988). The large pressure and ¢eatpre variations during the engine cycle
make the in-cylinder the boundary layer compressifihe very steep temperature gradients

which develop near wall surfaces during combuspimduce highly inhomogeneous temperature



distributions and create strong local changes at fiex. All of these factors contribute to highly
unsteady and non-uniform phenomena in engine veall transfer.

Apart from experimental study, the increase in cotational power in recent decades
has made the use of engine simulations with conipuat fluid dynamics (CFD) more practical.
The current multi-dimensional CFD tools have becauiiciently mature to employ for engine
research i.e., a KIVA engine code (Jhavar et 8062 Hu et al., 2007). In a multi-dimensional
approach, the three-dimensional governing equatiohsmass, momentum and energy
conservation are solved together with the turbwdemoodel in core regions. To save
computational time, all engine simulations rely amvall model to represent the details of the
near-wall flow and to provide wall boundary conaiits for the bulk flow governing equations.

The schematic of multi-dimensional CFD model iroenbustion chamber is shown in Figurel.l

Wall layer

Figure 1.1 Schematic of multi-dimensional CFD maded combustion chamber.

These engine wall models are used without solvirgy full governing equations. The
inner wall layers are computed based on the solubba simplified set of momentum and
thermal boundary layer equations which are knowwalt functions. These functions represent

the behavior of all flow variables in the near-waifjions (Borman et al., 1987). In particular, the



wall functions employ the local information of theean flow in the computational cells at the
combustion chamber walls. The velocity wall funoBoare used to calculate wall shear stress,
while temperature wall functions supply wall heaixf at the boundary for engine CFD
simulation.

However, most of the wall models which are publiéshe the literature rely on the
information from traditional Reynolds Averaged Nawvbtokes (RANS) turbulence modeling
(RANS-based wall models). In RANS, the three-din@mal, time-dependent Navier-Stokes
equations are ensemble-averaged. Only mean floanpeters are solved numerically, so the
ensemble-average results are obtained. This amgrdgnds to remove important small-scale
turbulent structures from flow fields. This affedfse local information regarding heat flux
distribution near walls. These heat flux resultsrirRANS-based wall models may not provide
more flow structure and may not be useful when naw®iled spatial thermal information is
needed.

Recently, many reports have shown that Large Eddwul&tion (LES) provides
significant advantages over RANS techniques inren@FD simulations (Jhavar et al., 2006;
Hu et al., 2007; Rutland, 2011). One observatiaihas LES can be used to study cycle-to-cycle
variability, and it can produce more detailed logaformation and more accurate results
(Rutland, 2011). Also, LES helps in understanding interactions between in-cylinder flows
and fuel-air mixing, which is critical to contraily transient operations and maintaining good
combustion characteristics (Banerjee et al., 2012).

In LES, the mean flow equations are derived frocalesolume-average Navier-Stokes
equations. Then, the flow field is separated irstyé-scale (grid size, or filtered-scale), and

small-scale or sub-grid scale motion by filteringdl flow variables. For example, in LES, the



instantaneous velocity is composed of the filterelbcity and the sub-grid scale velocity. Since
the large-scale motions, which contain most ofkimetic energy of flow, are directly solved in
the governing equations, more local flow structucas be resolved by the nature of LES
averaging. This is a different concept from thalittanal RANS model in which mean flow
equations come from ensemble-average processesefditee LES techniques appear to be a
better way to perform highly unsteady engine flowscomparison to the RANS approach.
However, in order to provide accurate boundary ¢@rs, the local information of wall models
should be consistent with turbulent modeling. Tfeee LES-based wall models are needed
when the turbulence model is switched from RANSLES. In other words, new wall shear
stress and wall heat transfer models should relypf@mnmation from LES turbulence modeling in
the core flow. The results of wall shear stress w&atl heat flux from LES wall models would
provide more local distribution near walls aftertabbing information from the LES turbulence

approach.

Figure 1.2 Contour plot of wall heat fluxes fromwB&S-based wall model in a square duct.



Figure 1.3 Contour plot of wall heat fluxes frolRANS-based wall model in a square duct.

Figures 1.2 and 1.3 show the contour plots of satmuhs of wall heat flux in a square
duct with constant wall temperature, which are radired by the maximum local wall heat flux
values. Comparisons were made between RANS teobsignd LES methods. It is clear that
LES can capture more detail of the local flux restlhhan RANS, and this is the motivation for

this research.

1.2 Objective and Method to Approach

The objective of this research is to improve engidl models for LES. The new wall
models will be able to predict more accurate hieet fesults and to capture more detailed local
information near walls. This information may helpgene designers to understand the detailed
local information of thermal conditions within thembustion chambers. Also, the detailed
calculation of emissions can be investigated basedhis local thermal information. In the
present study, LES models are used to simulateitemb motions along with the KIVA engine

code. This code solves the unsteady three-dimessmompressible Navier-Stokes equations



coupled to the LES turbulence model. For modeingsimproved wall models will be used as

boundary conditions for simulations.

1.3 Organization of a dissertation

The remainder of this dissertation is organizetblsws. First, the mechanism of engine
wall boundary layers is investigated and key pls/sissociated with wall shear stress and wall
heat transfer models are identified. Next, improwvesll shear stress and wall heat transfer
models are presented. For model validation, corapasi are made with existing experimental
data of channel flows, i.e., a square duct flowe Thodel constants are justified from these
comparisons and are used throughout the invesimaln order to study the effect from hot air
impinging walls, the jet impingement on a flat plare also tested with new wall models. Also,
the heat flux results from the new wall models esepared with available experimental data
from conventional diesel engines. Moreover, restitsn the traditional RANS turbulence
technique are included and compared to the LESItseduinally, the conclusions from the

improvements are summarized.



Chapter 2 Literaturereview

2.1 Structure of near wall flows

In turbulent wall flows, there are three regionsickhare characterized by their distance
from the wall: the very thin viscous sub-layer nda wall, the overlap region, and the outer
turbulent layer. In the viscous layers closesth® wall, the turbulent structure is influenced by
the viscous shear stress and laminar or molecusaosity of the fluid (White, 2003). The
laminar viscosity of fluid enforces the no-slip Imolary condition and causes turbulent velocity
fluctuations to vanish at the wall. The flows alese to laminar in this region. In the outer flow
regions, the turbulent or Reynolds stress is domtirend there is significant mixing and
randomness of the flow. The turbulent eddy visgostdefined in these outer flow regions.
Moreover, there is an intermediate region callesldfierlap region (logarithmic region), where
both viscous shear stress and turbulent sheas siresmportant.

The character of the flow within the viscous andeouflow region is completely
different. The viscous shear stress is dominarttiwithe viscous sub-layer, while the turbulent
shear stress is dominant in the outer flow regidms creates a problem with different length
scales between the near wall region and the resiediow, and leads to the definition of a near-

wall velocity scale, i.e., friction velocityu(), given as

P 2.1)
The termp is the density of fluid and, is the wall shear stress. Note that this frictirefocity

has dimensions {LT}, but it is not actually a flow velocity.
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Figure 2.1 A turbulent velocity profile (WhiteQ@3).

In engines, there are many complicated phenomenehwhake boundary layer flows
near walls difficult to analyze. Turbulent motionkich are generated during the intake process
are convected and diffused into wall regions (Jegpn1991). The interaction between large scale
bulk flow motions and production from mean sheamflproduces a high level of turbulence
within the boundary layer. As a result, the flowldi near walls strongly depends on turbulent
motions within the core flow.

Moreover, the operating cycles in engines occuhiwithe order of a few hundred
milliseconds. In-cylinder pressure changes by &ofaaf fifty during the compression stroke and
gas temperature increases by a factor of threagitine combustion period. These variations of
in-cylinder gas conditions during a cycle are vargh and make in-cylinder boundary layers
highly unsteady and compressible. The high tempexajradients, which are developed during
the combustion period, produce steep density amd fbroperty gradients near walls. Also,
engine boundary layers can be highly three-dimerasidue to the complex motions, such as

tumbling and swirling motion, which are producedtbg intake flow during a cycle. Therefore,



in summary, engine boundary layer mechanisms ysuatiergo highly unsteady, compressible
and three-dimensional flows, and it is crucial @rgineers and scientists to understand and
predict these mechanisms.

However, it has become more feasible to simulaginenwall bounded flows using
computational fluid dynamics (CFD) due to the dram@ncrease in computational power in
recent decades. Since the boundary layer thickimesesmbustion chambers of engines is thin
(Heywood, 1984), the computational grids near wallgst be quite fine to capture engine
boundary layer mechanisms. There are many investingaof near-wall mesh requirements for
CFD simulations in the literature. Chapman (19%hp worked in the aeronautical field, was
the first researcher to propose the number of gpidts which should be scaled as'R& near-
wall regions. It is impossible to resolve near-wdifhamics behavior directly in high Reynolds
flows, because it requires a huge computationakes®. In order to resolve all scales in the
boundary layers, the first grid point should beaked at about the dimensionless distance from
the wall y = 1 (Jenning,1991). Therefore, a large numberoafiutational cells are needed to
satisfy this condition. Moreover, Jennings and Mq@990) proposed the use of separate
computational zones in wall regions to provide fgnel resolution in boundary layers. However,
this approach required additional computationabrefand encountered problems with matching
solutions between the wall regions and the outavdl

To avoid the use of a large number of grid poirgarrwalls, wall models are generally
used in engine CFD simulations. The most commotih nvablels rely on a set of wall functions.
The full governing equations of mass, momentum, g@neand species along with a turbulence
model are solved within core regions or outer lagggions, while wall models act like the

boundary conditions. These wall functions are basedolutions of near wall flows, which are
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derived from an analysis of flow and thermal physitside the turbulent boundary layers. In
particular, using wall functions, the first gridipts might be placed in the logarithmic layer.
This leads to a reduction in the number of cellthmmboundary layers. Because the character of
wall functions is universal, and the form of coatedns between the wall and the outer edge of
the logarithmic layer is invariant, these wall ftions can apply to many flow conditions. To
understand wall models in more detail, the conwosati wall models are first reviewed in the

next section.

2.2 Conventional law-of-the-wall overview
Application of dimensional and scale analysis leadshe well-known law-of-the-wall

which can be written in the following form

Viscous layer:

(2.2)

Log-layer:
+ 1 + +
u ==Iny )+B ,y > 1181
K (2.3)

The linear profile in the viscous layer can be @pluntil Y equal to 11.81, which was

determined from experiments measuring viscous ldyiekness (Hinze, 1975). The terks

0.4327 and B=5.5 (Amsden et al., 1989) and the &rmand y* are defined as

(2.4)
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(2.5)
The termU is the magnitude of the gas velocity parallel te wmll. Also, the information of
fluid properties such as fluid densigyand viscosityy from wall cells is employed in the above

wall functions. The law-of-the-wall profiles areastn in Figure 2.2.

VESOOLES: busfiar imertisl
sublayer layer sublayer

3a

10

— L L
10" 1 2 R ) n s [Ty 10!
— .1-'1—

Figure 2.2 Law-of-the-wall profiles (White, 2003)

In CFD models, wall functions use Eqgs (2.2-2.55&bermine local wall shear stress on
wall surfaces. The wall shear stress is appliech asoundary condition on the momentum
equation parallel to the surface at these nodes.tlitee dimensional flows, there are two
velocity components parallel to each wall surfaldes makes two components of the wall shear
stress for use as boundary conditions on the manreatjuations.

Another modification for developing velocity wallurictions to apply for general

application of CFD simulations is to deal with awexpression of friction velocity. Launder and
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Spalding (1974) proposed alternative relations ¢finé a friction velocity by replacing the
velocity scale with new scales by
u, = C%(tke)™
(2.6)

The termC, is 0.09 and the term tke represents the turbltemdtic energy at the grid cell

nearest to the wall. Chieng et al. (1980) founct tth@ friction velocities,U, and U, are

approximately the same for equilibrium boundaryelaylow, which was proven using the
standard RANS techniques.

In the KIVA engine code, the local wall shear sdresscalculated using information from
law-of-the-wall velocity conditions to provide badery conditions for the momentum equations
(Amsden et al., 1989). To avoid the iterative golufor unknown friction velocity, the profiles
of velocity near the walls are assumed. In pariguh linear profile is assumed in the viscous
sub-layer and a 1/7 power law velocity profile ss@amed in the logarithmic region. The closed
forms of the velocity wall function are only dependl on the magnitude of gas velocity near

walls and are rewritten by

Viscous layer

2.7)

Log-layer

(2.8)
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The term& represents Reynolds number, which is based onabkesgjocity relative to the
v

wall. The transitiorR; is equivalent to 114 and the constapts approximately 0.15.

In thermal analysis, the Reynolds analogy betwé&enniomentum boundary layer and
the thermal boundary layer is applied. In the visclayer, the fluid slows down and behaves like
a laminar flow in which thermal energy transportois molecular diffusion, while in the log-
layer, the effect from turbulent eddies is includ€de thermal law of the wall is given by (Kays,

1994)

Viscous layer

T =Pry" ,y" <y,

(2.9)
Log-layer
T* = 244Pr, |n(1ézj+ 132Pr ,y" >y
' (2.10)
The non-dimensional temperature teffhis defined as
R B
T = =
Ta (2.11)

The friction temperature is determined by (Bradsleaal., 1995)

T = —Jw
PCpU. (2.12)
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The termq,, is the wall heat flux¢, is the constant pressure specific heat of theRyas, fluid
Prantl number anér; is turbulent Prantl number. A critical value depends on fluid Prantl
number (Kays, 1994). The critical value is choasenl3.2 for air. (Pr = 0.71). The turbulent
Prantl number is assumed close to 1.0 in the fullgulent region. In general, the thermal law of
the wall is used to determine local wall heat flux each surface and these flux results are

applied as boundary conditions on the energy eguati

Table 2.1 Comparisons of thermal law-of-the-walll @mgine conditions

(Borman et al.,1987)

Thermal law-of-the-wall conditions Engine conditions
2D flow 3D core flow complicated
Steady Unsteady
Incompressible Compressible. low Mach number
Uniform pressure gradient Pressure waves
Uniform surface temperature Non-uniform surface temperature
No chemical effects Chemical reactions
No spray effects Two-phase effects

In engines, there is some issue when the therawalof-the-wall is used in engine
applications. The boundary layers in engines haweng fluid density changes due to
temperature variations. This leads to different qptg/ between traditional incompressible
boundary layers and in-cylinder boundary layerse Thany differences between traditional
temperature wall function from law-of-the-wall aetgine conditions can be summarized in

Table 2.1. The traditional temperature wall funetiavhich are currently mentioned before are
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derived with the assumptions of steady, incompbéssiand fully developed flows. Some of
these assumptions are questionable when appliedgme flows, because the in-cylinder gas
density varies significantly due to piston motisrdaombustion.

The unsteadiness and chemical heat release maydateathe Reynolds analogy. Also,
the assumptions of the traditional temperature Wattion rely on a constant value of turbulent
Prandtl number across the boundary layer whilenteegperimental results from literature have
revealed that the turbulent Prandtl number incieaseéhe boundary layer (Han et al., 1997).
This increased Prandtl number affects wall heatstiex predictions.

Therefore, in conclusion, the traditional tempematwall function from the law-of-the-
wall may not work when applied in engine simulasiofhis temperature wall function needs to

be modified for representing wall modeling in eregn

2.3 In-cylinder heat transfer and wall heat transfer models

The in-depth research on heat transfer in intecoaibustion engines has developed for
many decades. In theory, heat flux through combnsthamber walls is mainly due to gas-phase
convection, fuel film conduction, and high-temparatgas and soot radiation (Han et al., 1997).
However, the gas-phase convective heat transtheimajor concern in this research.

The results of experimental measurements sudiez®l engines and spark ignition
engines have been published by many researchetgedel engines, the first attempts were made
by Annand (1963) and Woschni (1967). The motorimgestigation from Duo (1973) and both
motoring and firing conditions of Huber (1990) weeported in the literature. Spark ignition
engines both motoring and firing conditions hawsodleen studied by Overbye et al., (1967) and

Alkidas et al., (1980). All the above experimergaldies focus on measuring the heat fluxes at
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various locations on the cylinder head, on therlared on the piston head including the detailed
information of in-cylinder field and the thermallbwary layers.
In the area of computational methods, numerous enadltical heat transfer models have

been proposed and can be roughly divided into ngaoyps based on the spatial resolution as

follows. (Borman et al., 1987)

Figure 2.3 Global heat transfer model

P L

Figure 2.4 Zonal heat transfer model



17

Wall layer

r------

Figure 2.5 One-dimensional model

Wall layer

Figure 2.6 Multi-dimensional model

1. Global (one-zone) model
2. Zonal (multi-zone) model
3. One dimensional model

4. Multi-dimensional model

As mentioned before, this present work focusesneeyiinder convective heat transfer between
gas-phase and the walls, thus the radiation heasfer model is excluded from reports. The
radiation terms are sometimes included within tbevective heat coefficient in the global

model (Borman et al., 1987).
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First, the empirical correlation with a dimensi@denumber as parameters is called the
global heat transfer model or one zone model (Wusdl®67 and Annand, 1970) as displayed in
Figure 2.3. These models employ correlations teutate overall heat transfer coefficients,
which are assumed to be the same for all cylingst transfer surfaces, and a quasi-steady
assumption is applied. However, since the inforamatof spatial variation of heat-flux,
temperature, and flow field cannot be provided tiog aipproach and the global models are also
strongly dependent on the empirical constants,ptiaetical range of these models is limited
within the conditions upon which the correlationdisrived. These models are appropriate for
engineering applications in which only global quizes are needed.

Table 2.2 Global heat transfer correlations (dincared form)

Author Correlation

. 067703371 , 1 A4,
n=cp |1 U'f‘l.--lllp)

Nhuccalt (10221
ANUSSSIT 1Y 2s)

Eichelberg (1939) hy = ¢, p®°T %%y %%
2 2 p
Annand (1963) _ 07 7-03-10, 0.7
hy=c;p LT u,
Woschni (1967) ],4 — ("4})0 870 IT—0»35”38
Hohenberg (1979) hy = c p®SL 02T % (” +1 4)081v—0_os
J > )4 : inst
C'llang (2004) ]’6 _ Cspo.sto.z]—fo:s”g.s

Table 2.2 lists the global engine cylinder heangfar correlations in dimensional form
which are referred in the literature. The symbaolsTable 2.2 are defined as follows:s the
convective heat transfer coefficieptis in-cylinder pressurel is cylinder gas temperatung, is

the piston velocityy, is unsteady velocity termys is the modified unsteady velocity term from
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the original Woschni (1967) model,is the characteristic length, aWgis the instantaneous
cylinder volume.

Figure 2.4 shows the schematic of the zonal haaster models studied by Krieger et al.
(1966) and Poulos et al. (1983). In these modéis, ih-cylinder combustion chamber was
divided into an unburned and a burned zone. Eacte z@s its own values of heat transfer
coefficient for the calculation of heat fluxes. Howver, using a similar manner as the global
model, these models cannot provide local infornmatmf thermal condition within the
combustion chamber.

One-dimensional heat transfer models were propbgdsdshiki et al. (1970) and Yang et
al. (1989) as shown in Figure 2.5. The core regams$ near wall layers were separated within
these one-dimensional models. In the boundary lagar walls, heat fluxes were calculated
directly by solving an energy equation without gsan heat transfer coefficient, while the core
region was considered a global region with unifopnoperties without spatial distinction.
Compared to global and zonal models, one-dimenkioeat transfer models can provide more
physics of thermal boundary layers. However, infgér core regions for internal combustion
engines cannot be considered globally because #rertcal changes in the core region due to
turbulence, swirling, tumbling and combustion eféed herefore, to predict better wall heat flux
results, multi-dimensional models for core regiorduding one dimensional heat transfer model
are needed.

Figure 2.6 demonstrates a schematic of the muttedsional models of core flows and
wall layers. In these models, conservation equatadmmass, energy, momentum and species are
solved for multi-dimensional core regions while thall models are generally used within wall-

layers. Since the mechanisms of wall-layers areillaimo the physics within the thermal



20

boundary layer, the heat flux solutions based enassumptions of the thermal boundary layer
are obtained without solving the full governing atjons.

In general, the analysis for the formulation of Wadat transfer model is initiated from
the one-dimensional energy equation across the dasyniayer which is described below in

equation (2.13).

oT oT 0 oT dP
cp—+C¢C pv—:—{(k+kt)—}+—+ 0Q
:T% ’ ay @/_ _ ay g/t—i combustion
unsteady convection conduction work (2.13)

In the classical wall heat transfer model developgd.aunder and Spalding (1974), the
unsteady term, the convection term, the work teand combustion term from equation (2.13)
were neglected. This model was based on the asmumsuf incompressible flows and constant
density and viscosity across thermal boundary &yEne thermal conductivity of fluid and the
turbulent Prandtl number variation were not congddan this work. Howeveil is confirmed
from many reports that heat flux results from simmple model under-predicted heat flux (Reitz
1991; Han et al.,, 1997; Park et al., 2009; Rakapowdt al., 2010). The constant density
assumptions from this model are not valid in endloess. More advanced wall heat transfer
models are needed.

Yang and Martin (1988) demonstrated wall heat feartsy using linearized techniques to
avoid nonlinear terms in the governing equatiorie Uinsteady one dimensional energy equation
of a turbulent boundary layer was solved by usime@mpirical correlation of turbulent thermal
conductivity. Also, the influence of unsteadinesd aompressibility were tested in these studies.

Only motored engine results were shown in theserteplt was also shown that the turbulent
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thermal conductivity involved the characteristingéh which was dependent on friction velocity.
The results can match with experimental data bintufriction velocity.

Improvement of engine heat transfer predictionsigishe modified wall function were
followed by Huh et al. (1990). The pressure workntén the equations (2.13) was added in the
formulation of the wall heat flux, and it was foutidat this pressure work is strongly dependent
on the peak value of heat flux results. MoreoveeitR (1991) applied the Lagrangian
transformation to the temperature law-of-the-waltl daurbulence boundary conditions. He also
studied the effects of unsteadiness and gas cosipiteg on wall heat flux calculations.
However, there are some limits when a Lagrangiansformation is employed. Kojima and
Nishiwaki (1994) presented the increased the nurabrodes near walls. Only the conservation
of momentum and energy equations were solved wigitgecting the equations of the turbulent
kinetic energy and dissipation rate. They also eygd the law-of-the-wall heat transfer in their
model.

A compressible version of the Launder and Spaldmgdel was introduced by
AngelBerger et al. (1997). This model takes intocamt the variation of the gas density and
viscosity within the boundary layer. Han et al997) also proposed a model which was derived
from the one-dimensional energy equation and whicluded thermodynamic variations of gas
density and the increase of the turbulent Prandthlver across the boundary layers. They
employed data from the incompressible flow assupmpéind statistics curve fitting to obtain the
final equation of the wall heat fluxes. The valebion of these wall heat transfer models was
extended by Ra et al., (2006), and the effectsrallsy+ were included. Because there is a steep
temperature gradient between the wall and the Gshputational nodes next to the wall,

Nijeweme (2001) used a reference temperature, wlich mean value between the wall
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temperature and the temperature of the first ndti&an the wall, to calculate the gas density
inside the wall function formulation. Park et &009) presented a wall heat transfer model using
full variation of physical properties. This modefuires model constants which are tuned along
with engine data.

To compare all previous heat transfer models fitted equations of wall heat flux are
summarized in Table 2.3

Table 2.3 Comparisons of previous wall heat transiedels

Model

Wall heat flux Valid region

— puDCp(T _TW)
Launder & " Pry* y"' <1163

Spalding (1974)

q = AL, (T -T,)

! *>1163
Py 1In(Ey+)+ Yo 4
K Pay
dP v 2
uc (T-T,)-05——Prly”
Huh et al. (1990) q. = AUy w) dt ug, (y ) y" <1320
w Pry+
puc, (T-T,)- 9PV (8712Pr+ 2195," - 28989)
q = P Yodtug y* >1320
i, 132Pr+ 2195In(y*)- 566

T

Angelberger et ,OUDCpTh‘I T
q, = " w y+ <1163

al. (1997) Pry
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pchpTln(_lTj
Ay = - y' >1163
Pr, 1In(Ey+)+P Yo
K Py
. (1997
Han et al. (1997) pu*cpTIn(l)
d Raetal Ow = T
an . w — 7
{7.483 arctan (0.0935y )} y* <400
(2006)
-
uc,TIn| —
o (ij y" >40
G 21In(y*)+ 25
Rakopoulos et al p%CpTIn(T]—((ijV y;‘wl+11731
Tw) At 04767+ All y*
(2010) Q=7 n .
(In(y+ + j— In(40+ D +10.2384
0.4767 0.4767Pr 0.4767Pr

However, most of previous wall heat transfer medaetre based on the traditional RANS
techniques. The results from these methods canmovide a detailed distribution of
instantaneous heat fluxes. Therefore, previous hadit transfer models have drawbacks and

limits when more detailed spatial thermal inforroatis needed.

2.4 Wall shear stressmodel in LES

The treatment of the wall boundary conditions igpamiant, especially when accurate
predictions of wall shear stress are required. ES lwall-bounded flows, an ill-posed problem
may occur when uniform filtering is applied in thear-wall region, because the filter width may

cross over the wall boundary (Schmidt, 2003). Als@s impossible to directly resolve all scale
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motions in the boundary layer since it requiresugehcomputational effort. Therefore, wall
models are generally used to simulate flow strechaar walls.

A good prediction of the wall model in LES shouleyide results in the local sense and
should agree with law of the wall in the mean. MABS wall models have been proposed in the

literature and can be broadly classified into saivgroups as follows.

2.4.1 Equilibrium Laws

Equilibrium laws assume a constant stress near #ils.win particular, the inner layer is
bypassed and the velocity at the first grid poimtthe outer layer is assumed to satisfy a
logarithmic profile. With this approach, the walbdel provides a set of boundary conditions to
the outer flow LES in the form of wall shear strefhis methodology was first employed in a
channel flow simulation by Schumann (1975). In tmigdel, only the values of the streamwise
and spanwise components of wall shear stress &elatad at the wall. At the first off-wall
velocity nodes, the model assumed zero velocityditimm in the wall normal direction and
proposed a linear relation between instantaneaesrstvise velocity and instantaneous wall

shear stress as follow

- oty o)
T12,w -/~ uwx,y,, <z
(T(x.y5.2)) p (2.14)
T32,W =V W(X’ yp’ Z)
Yo (2.15)
V. =0

P (2.16)
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The termV is kinematic viscosityy, is the distance between the wall and the first-watle, and
U and w are the resolved streamwise and spanwise velscitispectively. The symbcﬁf}] is a
time average over a plane parallel to the wall. Eigsv, this model is limited in use because the
mean wall shear stre@%,), which is approximately equal to the driving pregsgradient for a

channel flow, must be known first. To overcome tissue, the modification of Grotzbach (1987)
may be used, in which the mean velocity betweemtlband the first LES grid point is assumed to

satisfy a logarithmic law of the wall as

<G(x, Yo z)> = um{%ln( ylp/uDJ + B}

(ru) = pu’

(2.17)

(2.18)

The termU is the friction velocity,K is the Von Karman constant, and B is the valutheflog law

intercept. The model used the iterative processotee for the friction velocityl; and obtain the

wall shear stress. Hence, a priori knowledge of miean wall shear stress is not necessary.
Moreover, to incorporate more physics in the wadidel, the shifted model by Piomelli (1989)
proposed a wall model which includes the inclinatmf near wall structures. He formulated the
model according to the fact that the local wallassteress is related not to the local near-wakhibelr
velocity, but to the near-wall velocity at the Itoa shifted downstream by the optimal streamwise

displacement. The shifted correlation model istemitas

_ )
Tow=7=———UX+A4,,y,,Z
(Y, 2) ( ) (2.19)
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(7.)

Taow = WW(X+ AYR'MY Z)

(2.20)
A =y,cot8 ,30<y <50 (2.21)
A;=y,cotl3 ,y" >50 (2.22)

Based on observations, Piomelli (1989) also masleggestion to consider coherent structures near-
wall. The motion of high speed fluid toward or aweym the wall, which takes place during sweep
and ejection events, affects the wall shear stidss.impact of fast fluid pockets on walls cauges t
longitudinal and lateral vortex lines to stretch,auhich leads to increased velocity fluctuatioesn

the wall. On the other hand, the ejection of fhgtdfmasses induces the inverse effect, leadirg to
decrease in the wall shear stress. Therefore, #lermodel should include these events and can be

written in the form

T =(T,) —CUT(X+A,, Y, 2 (2.23)

- ()

T32,W - <J(X, yp1 Z)> W(X + As’ yp’ Z)

(2.24)

The term c is a dimensionless constant of ordeMbreover, one should notice that all wall
models mentioned above require the iterative pote®btain the friction velocity and average
wall shear stress. However, there is another metiftodh was proposed by Werner and Wengle

(1989). They introduced a wall model based on iistantaneous velocity profile given by
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u+ = y+, y+ <118 (225)
WA > (2.26)
The constant A is 8.3 and B is 1/7. Here, the lg-profile in equation (2.3) is replaced by the

approximate power law (1/7) profile. The model assd that the instantaneous tangential velocity
components at the first near-wall nodes are paiallehe wall and are in phase with the wall shear
stress. The values of the tangential velocity camdbated to the wall shear stress by integratieg t

velocity profiles, which are given in the equati@isove, over the height of wall cells. As a result,
this model can provide the analytical wall sheaesst, and the iterative process is not required. In

order to understand this model in more detaik derived as follows.

u

Figure 2.7 The Werner-Wengel (WW) velocity profiles

Figure 2.7 shows the Werner-Wengle velocity prgfidhich are given as

y fory" <y’

Linear profile: u
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Power law: u"=A(y")® fory" >y’ with A=83andB=1/7
By definition,
+_ Wy
A
(2.27)
.U
u = —
uEl
(2.28)

where U is the magnitude of gas velocity at th& fyrid point parallel to the wall , y is the dista

from the wall. The intersection point € y, and U=U,) of the two laws provides

1

+ _ 4 _ A(l-B) —
y =y, =A"" =1181 (2.29)

By assuming that the first grid point is locatedheg centroid of the wall cells, the distance yriro

the wall to the centroid is equal to half of theghe of wall cells Ay =2y).

For the linear law-of-the-wall regiqay* < y* andU <U, ) , we have

U _yy_
u, Vv v
2=
Hence y
TW_ ézzpvu 7U—Um
Then Ay (2.30)

By integrating the velocity profile over the heigiitwall cells, we obtain

+2 by

sy 1y
J.yd_Ay*7

0
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Therefore, the maximum velocity for linear law igen as
2
U, =| — |at®
m 2Ay

For the power law regiqay” >y and U >U_) ,we get

(2.31)

1

u" = —
Ay

Ym ay*
(Jurdy + Jusdy)
0

Ym

Ym ay*
utay” = ([y*dy+ [ A(y")®dy)
0

Ym

) [yTJ ’ (1+A B )[(Ay* - 2

Finally, we obtain

2 (1+B) 1+B
U(1+ BJ(ﬂJ :lAa—B)(“ Bj%ﬂ) uer® - A[ﬁ)

A v 2

B (1+B) (@1+B)
u(l+B) :(1"' Bj L U +(1_Bj L A(l_B)
- A Ay 2 \Ay

Therefore, the formulation of wall shear stresgiven as

2

wB|, () 5 o) 2
1,=pul= (—1_ BJA(H‘) v +(—1+ Bj Yyl us[ 2 |ae
2 Ay A )\ lQy 20y

The closed form of the streamwise shear stresses gy
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v
2by (2.32)

(2.33)

wherev is molecular viscosity antly is the height of the first cells near the walls.

In summary, mst of models which are described above, such dmnsann (1975),
Grotzbach (1987), and Piomelli (1989), calculate thean wall shear stress using the iterative
solution. However, byWerner and Wengle (1989) velocity profile approxiioia the wall shear

stress can be explicitly calculated.

2.4.2 Smplified boundary layer equations model

This method employs the turbulent boundary layeuragsgions. To obtain the local wall
shear stress, Hoffmann and Benocci (1995) analliticdegrated the governing equations of the
turbulent boundary layers which include eddy vigyosThey proposed a numerical solution of

the local wall shear stress in the form

(2.34)

(2.35)
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d Y
v, = -— [ udy
dx
0 (2.36)
As can be seen in equation (2.34), the pressureuastady terms are included in the model.

The term 9P« is equivalent to the external pressure gradiedtiais kinematic viscosity. The
dx

term v; is turbulent eddy viscosity, which is related witlte turbulence models from the core
flow. The test results with a channel flow agrethvexperimental data.

Moreover, Wang (1999) used a similar approach toutate the flow over the trailing
edge of an airfoil. The calculations are accuratée zero or favorable pressure gradient regions

of the flow, but the flow in the adverse presswadgent region is not predicted accurately.

2.4.3 Zonal approaches

This approach used different grids in each comprtat domain, which is known as the
two layer model (TLM). A secondary grid is locatedthin the first cell near walls which is
called the inner layer. Balaras & Benocci (1994) @ualaras et al. (1996) introduced this
concept of two layer models in the literature. Matent set of equations were solved at the inner
and the outer layers. The Navier-Stokes equatiosr® wolved in the core flows while RANS
equations were performed in near-wall models. Thwndary layer equations used in the model

can be rewritten in form

(2.37)
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The index “i" are 1 and 3 and the index “n” is naindirection. The pressure teri which is
assumed to be independent of the distance fromswialicomputed from the LES outer flow
equations. As expected, the integration of the aldmundary layer equations leads to the wall
shear stress components, which are used as boucaiaditions for the outer flow calculation.

Also, the normal velocity components are obtaimechfcontinuity equations

3

T(aul o, jdx
0

(2.38)

Balaras & Benocci (1994) and Balaras et al. (1988p proposed the artificial eddy turbulent

viscosity based on the magnitude of the resolvedrstate tensor along with a damping function to

assure the correct behavior of viscosttynear walls. The eddy viscosity can be expressed as

v, = (ky) D(y)$|

D(y)=1- eXP[‘[ ;5ﬂ

The termy is the distance to the wall ankt is the Von Karman constant. An interesting

(2.39)

The damping function is

(2.40)

implication is that the computational costs foisthmodel are not significantly higher than those
of equilibrium stress models, because only two dingensional problems are solved without

Poisson equation.
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24.4Hybrid RANS/LES

Alternatively, one approach for the wall shear sdrenodel is based on the idea of
merging LES with RANS to model the near wall regiomhe same grid is employed within the
inner and outer layers, but only the turbulence ehasl switched. This is a different concept
when comparing with the previous zonal approachke €huations reduce to unsteady RANS
equations in the near-wall regions, while the goirey equations take on the form of LES
equation away from the wall. This model was introglli by Spalart et al. (1997) and was named
Detached Eddy Simulation (DES).

In particular, this model employs a one-equatiabuience model to determine the eddy
viscosity coefficients. The model itself switchesck and forth from RANS to LES by changing
the local length scale, which leads to a variabbeddy viscosity in the flow field. As a result,
this model does not depend on zones. However, taeresome issues for wall models that
employ the hybrid RANS/LES scheme. Because thexeldferent scales between the LES and
RANS approaches, a mean velocity mismatch is alegttéhe interface regions (Piomelli, 2002).
This is known as logarithmic laws mismatch, whitsoavas supported by the work of Davidson

and Peng (2003).

2.4.5 Conclusion of LESwall shear stress models

In summary, the equilibrium stress model is thestl@mmputationally expensive model,
while the cost of hybrid RANS/LES method is highlestause the wall normal direction must be
solved, such as in the model of Spalart et al. 7).9Bhe disadvantage of the hybrid RANS/LES
method is the logarithmic layer mismatch of mealogigy at inner/outer interface. Also, this
method is not a pure LES simulation, because fieisormed by different turbulence models

(RANS and LES) within the same computational dondimterest.The equilibrium model can
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predict reasonable results in attached flows and pnessure gradien{®iomelli, 2002). Moreover,
by logarithmic law modification, this equilibrium adel can easily include the wall surface
roughnessZonal models have had some success in flows inhwtiie outer layer drives the inner
one. At present, it is still not clear which meth@de the best for LES wall models.

However, these successful LES results are repddedonly simple channel flows
(Deardorff, 1970; Balaras et al., 1996; PiomelB9%). This may not work well with engines
since the flow fields in engines are highly trangsjenon-stationary, and turbulent (Celik, 2001).
Also, the geometry in engines is complex, so thgliegtion of these models to engine flows

may be problematic. Therefore, one must be cavelfigh they are applied with engine cases.

25 Existing LESwall shear stressand wall heat transfer models

In KIVA engine codes, one possible option for LES&dations is that the standard
RANS based wall shear stress model is applied khtbwandary conditions. The local wall shear
stresses are calculated from known filtered veyoo#ar walls. The LES equilibrium laws may
be approximated to apply in engines if the companal grids in the boundary layers are larger
than the boundary layer thickness (Celik et alQ130 The fluctuating component of velocity
may be removed by the filtering process. Hence,absumption of equilibrium laws may be
reasonable (Celik et al., 2001).

Moreover, for wall heat flux predictions, the fietempt for wall heat transfer modeling
in LES is the VDHT model of Han et al. (1997), whincludes the variation of gas density and
turbulent Prandtl number across the thermal bouyndayers. The information of filtered
temperature near walls is employed in these wadk teansfer formulations. Also, a sub-grid

scale turbulent kinetic energy near walls is useddlculate friction velocity. The heat flux
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results are calculated from this model. More detail these formulations are discussed in the
next section.

However, it is found that the standard wall shéwess model in the KIVA engine code is
derived from existing RANS law of the wall modelhese models are based on time averaging,
which is not present in LES. The values of filtexadocity gradients near walls may not produce
a good scale with local wall shear stresses resuhigh are estimated from standard wall shear
stress model in the KIVA engine code. Therefore, stkandard wall shear stress model in the
KIVA engine code is improved when the LES technitgiased. Similar to the VDHT model of
Han et al. (1997), this model needs to be modifube@n used for LES simulations, because its
formulation relies on a RANS-based wall model. Tmcussion above shows that there is some
room for improvement in the wall shear stress maohel wall heat transfer model when using

with LES for engine CFD calculations.

2.6 Review of turbulent flow and heat transfer in a square duct

In the present work, it is a minimum requirementvédidate a new wall model with a
square duct before it is moved to engine complexvfcases. Since there is some limit of
available experimental data of wall shear stress wall heat transfer in engines which have
been published in literature, one option to test maall models is that the model constant from
new models is calibrated from existing square destilts.

The forced turbulent heat convection in a straggjuare duct is one of the fundamental
problems in thermal science and fluid mechanice Béhavior of wall variables in a turbulent
square duct and boundary layer flows is of consiolerinterest in applications involving drag

and heat transfer. Several fundamental studiearbfitent flow in square and rectangular ducts
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exist in the literature. Direct numerical simulaiso(DNS) have been carried out for a square
duct by Gauvrilakis (1992) and Huser and Biringe@93d), with Reynolds numbers of 4,410 and
10,000, respectively. Large eddy simulations ofasguand rectangular ducts have been reported
by Madabhuhi et al. (1991) at a Reynolds numbés,8)0, and by Su et al. (1994) at a Reynolds
number up to 49,000.

Nikuradse (1930) was the first pioneer to test istraight duct and observe the mean
secondary flow of rectangular cross section, whdahnot be found in circular straight ducts.
Although the magnitude of secondary flows are abput 2-3 percent of the streamwise mean
velocity, this motion makes a reduction in volurieetiow rate and causes the axial velocity field
to be distorted. The secondary flows are perpetalicio the main flow directions and are
produced in the cross sectional plane, which isatied from the center of the duct to the corners.
Madabhushi et al. (1991) proposed that these secpribws come from the anisotropy of the
Reynolds stress. These flows usually carry momenftom the center area to wall regions
along the corner bisectors. As a result, they idate the local wall shear stress along the duct
periphery. The secondary motion produces an iner@éasthe wall shear stress towards the
corners. Figure 2.8 (a) shows the mean second#wgityevectors whereas the contours of mean
streamwise velocity at a cross-sectional plandlmsrated in Figure 2.8 (b). All quantities are
averaged over the four quadrants. Many experimetigies have been conducted to investigate
the flow characteristics in a square duct (Brurtdgetl., 1964 & Melling et al., 1976 & Gessner

et al., 1979).
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Figure 2.8 Numerical results of square duct flovithwRe =42,000. (a) Left: mean secondary
velocity vectors, (b) right: contours of mean stn@ase velocity at a cross-sectional plane
(Balaras et al., 1996)

A large amount of experimental data is availableha literature for fully developed
turbulent heat transfer in a square duct. Simdanbmentum transfer, the thermal energy is also
transported by secondary flow. Novotny (1964) shibwiee results of Nusselt number for
turbulent air flows in a square duct with two igethand two uniform heat flux walls. Brundrett
et al. (1964) reported the distributions of the méamperature profiles in a square duct and
revealed that the influence of the secondary flppwear in the local wall heat flux distributions.
In numerical simulations, Launder et al. (1973)uakdted the mean temperature distributions in
the duct with the assumption that the turbulenn8tlanumber is constant over the duct cross
section. The same results were also shown by Nakay al. (1986) and Myong (1991). The
works of Emery et al. (1980) performed the meanpemature distribution in a square duct and
compared their numerical results with experimenijité et al. (1988) made the numerical

simulation for turbulent flow and heat transfemisquare duct with two roughened facing walls.
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2.7 Wall treatment in the KIVA engine code

The numerical implementation of the turbulent banmydayer equations in KIVA code is

discussed here. More details can be found in theature (Amsden et al., 1989).

x&&&& f
@§§ NI\

e

Figure 2.9 The schematic of KIVA wall cells (Anesdet al., 1989)

Consider a wall cell adjacent to the wall as shanRkigure 2.9. Nodes e, f, g, and h lie on the

wall, while nodes a, b, ¢, and d are in the fllitst, to calculate the wall shear stress, the

tangential velocity us calculated by

=+ (U, +u, v, +u,)
(2.41)

Equation (2.41) assumes the normal velocity attpairb, ¢, and d is negligible. The tangential
component may be replaced by the magnitude of #iecity. The magnitude of the normal

velocity is calculated from the momentum equatioAlso, the distance y from the wall is

evaluated by
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y= 211* 06 =)+ e = ) b =, )+ _Z“)]D%
(2.42)

where A, is the area vector of the face cell which liegtemwall. The standard wall shear stress
in KIVA is calculated using the velocity wall funieh of law-of-the-wall conditions in Equations
2.7 and 2.8. The produc}AAt contributes the total change in fluid momentuneach timestep
due to wall friction associated with the wall c&ine-fourth of this change is allocated to each of
the nodes e, f, g, and h. Moreover, for the theramalysis, the heat flux results are calculated
from wall heat transfer model. The termAq\t represents the energy loss to the wall, which is
deducted from the internal energy of the cell. Ald® product,UAAt gives the kinetic energy

dissipated by the wall friction, which is addedhe internal energy of the cell.

2.8 Jet impingement on aflat plate

Potental

Figure 2.10 The schematic of impinging jets (amFlegions for an impinging free-surface jet;
(b) flow zones of a free jet. (Viskanta, 1993)
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The turbulent impinging jet is frequently used mgaeering applications when high
heat transfer rates which occur in the impingemegion are required. The applications of these
impinging jets are employed for heating and dryipgpcesses in glass, paper, and steel
industries, and for cooling of turbine blades ardcteonic components. Most of those
applications of interest are in turbulent regimethwcomplex flow characteristics such as
stagnation, recirculation, and adverse pressureéiggrtazones. Moreover, these many complex
structures of impinging jets strongly effect on thgansfer rate. Therefore, the accurate flow
field and heat transfer prediction of turbulensjen the impingement plates is needed for those
industrial applications.

There are a lot of numerical and experimental studn the flow characteristics and heat
transfer of jet impingement on wall surfaces in liberature. Both single jets and multiple jets
were tested in many conditions including the eHeaf crossflow, jet orientation, and rotating
surfaces. The present study is concerned with &dlse of a singular circular turbulent air jet at
the ambient air temperature impinging on a flatistery surface with a constant surface

temperature. Therefore, only a single air jet i8awed in this section.

2.8.1 Jet flow characteristics
The flow structure of a typical impinging jet isastin in Figure 2.10. Reynolds number

of impinging jets which produced by an orifice on@zzle can be defined as

v (2.43)
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where the term plis bulk velocity of pipe flow, Pis the diameter of pipe or jet diameter and
kinematic viscosity. A fully turbulent jet is coagired when Reynolds number is greater than
3000. Figure 2.10a demonstrates the flow zoneaninmpinging jet which are commonly
comprised of three main regions.

First, a free-jet area is the region which is ueetiéd from the impinged wall. This free-
jet area can be subdivided into three regions dinypotential core regions, developing regions,
and fully developed regions as shown in Figure 2. ¥Gter exiting from the nozzle towards the
impinged walls, in a potential core, the jet velpcat the centerline does not change in the
streamwise direction and is equal to its valuéatrtozzle exit. In a developing zone, the mixing
between the existing jet and ambient air formssthear layer which creates the entrainment of
mass, momentum and energy at the jet boundary weais to the decay of the axial velocity.
The axial velocity profile is fully developed anuindar in the developing regions. However, the
incoming jets may or may not be fully developed whiee jets hit the walls depending on the
distance between the nozzle exit and impinged wall.

In the impinging zone, there is a rapid decreasmirter velocity and axial momentum as
corresponding static pressure rises when the pathes the wall. At the wall boundary, the
stagnation point, where the mean velocity is zerformed within the center of the impinging
region. Also, the bulk flows of jet in the impingent regions are forced to change the direction
and are turned into the outward radial directiothvai strong angular acceleration. The boundary
layer begins to grow from the point of impingemenhe strong acceleration may keep the
boundary layer laminar in the stagnation zone (Mafit977).

Away from the stagnation point, the flow developeng impingement surface in the

form of the wall-jet. In the wall-jet regions, tiflews are parallel to the impingement walls. As
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the radial distance increases, the cross-sectargal of the flow in the wall jet region increases.
Thus, the mean radial velocity decelerates in tbe fdirection while the jet spreads radially
outward. The thickness of turbulent boundary laysreases. Commonly, the wall-jet is
characterized by a strong shear with the turbuldagel much higher than those of parallel

flows. The friction coefficient is defined as

1 2
27°° (2.44)

where the termx,, is wall shear stress. Figure 2.11 shows theidrnctoefficient of a round
impinging jet experiments with Reynolds number 8f0D0 (Tummers, 2011). At the stagnation

point, the value of friction coefficient is zeroalto no mean velocity at that point.
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Figure 2.11 Friction coefficients versus radialifoa (Tummers, 2011)

2.8.2 Heat transfer characteristics
The direct impingement of turbulent jet onto an inged wall promotes high local heat
transfer rates. The strong aerodynamic and thernmtakaction which exists between the

incoming jets and the walls has an impact of tleallheat transfer in the stagnation and wall-jet
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regions. The local rate of wall-jet heat transfernon-uniform and is not unique since it is
dependent on many parameters such as Nusselt nUibgrReynolds number (Re), Prandtl
number (Pr), the non-dimensional nozzle to platcsw (H/D) and the displacement from the
stagnation point (r/D) (Jambunathan et al., 1992)general, the heat transfer distribution of
wall-jet is given by the variation of the local Niedt number with radial position and where the

Nusselt number is defined as

(2.45)
where the term D is the jet diameter, h is the hemtsfer coefficient and;kepresents the
thermal conductivity of fluid. In general, the theal boundary conditions of wall-jet heat
transfer can be divided into two categories i.euyndorm wall heat flux and a constant wall
temperature. The Nusselt number which is obtaimech footh thermal boundary conditions is
the highest values when compared with a singleghbasvection.

In turbulent jets, the statistically averaged Nitssember (Nu) usually shows large
values at the stagnation point. The value of Nthatstagnation point cannot be fully associated
with the level of turbulence. The main factor asasted with large scale eddies are the broken
ring vortices which impinge periodically on the Walirface (Hadziabdic et al., 2008). Also, the
thickness of the boundary layer is very thin at skegnation point. It leads to high stagnation
point heat transfer because the heat transfettaasks is relatively low.

Moreover, after many different experimental teclueis| of jet impingement from the
literature are explored, two definitions of the eective heat transfer coefficient are used and

defined as
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—_ qconv

h=_ dconv

(Tw = Taa) (2.46)
h - qCOnV

(T =T)) (2.47)

where the term gis the adiabatic wall temperature andslthe jet temperature.
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Figure 2.12 The radial variation the local Nusseiinber (Lytle et al., 1991)

Equation 2.46 can be used when the thermal bouraargition of uniform heat fluxes
are applied while Eq. (2.47) can be employed ftregiuniform wall heat flux or constant wall
temperature thermal boundary condition. Figure 2lé&onstrates the experimental data of the
radial variation of local Nusselt number from a@t jmpingement with Reynolds number of
23,000 (Lytle et al., 1991). One thing can be deem Figure 2.12, the shape of the radial heat
transfer distribution is affected by the nozzletexi plate spacing (H/D). Far away from a

stagnation point, a rapid variation of heat transflso can be observed. For the separation
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H/D > 0.25, a local maximum heat transfer developédhe stagnation point (r/D=0). The
variation of Nusselt number (Mg at the stagnation point has reported by workSalfistein et
al. (1986). The stagnation point heat transfeelatively low and constant when the nozzle exit
to plate distance (H/D) is located within the poigncore length. The magnitude of stagnation
point heat transfer increases with H/D for distabegond the potential core length until it
reaches a maximum at H/D = 8. Lee et al (199%) fland the maximum value of Nywas at
H/D = 6.

Colucci et al (1996), which mainly focused on tffe& of Reynolds number, nozzle exit
to plate spacing and nozzle geometry on local traasfer coefficient, found the second peak
value of Nusselt number in the heat transfer distron at low spacing (H/D=0.25). The
experiment was tested at low nozzle to plate spgalr25 < H/D < 6.0) and Reynolds number in
the range of 10,000 to 50,000. Baughn et al. (19899rted similar behavior of the second peak
of Nusselt number distribution and concluded tihat $econd maximum in the Nusselt number
exists only the jets with (H/D<6.0).

The two peak maximum of heat transfer relates éadéevelopment of the boundary layer.
In particular, the laminar boundary layer starts develop from the stagnation point and
eventually undergoes the transition to the turbuterundary layer. This transition is believed to
be responsible to the secondary peak in the Nusseliber distribution since the enhancement of
mass transfer towards the wall. Another explanattorthe second peak of Nusselt number was
given by Jambunathan et al. (1992) who concludatlttiis second peak of heat transfer was due
to rapid acceleration of jets in the deflectioniosg near the stagnation point. The acceleration

jets promote higher local Nusselt numbers.
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Cooper et al. (1993) studied a single turbulentinginging normal on a large plane
surface with Reynolds number of 23,000 and 70,00y used hot wire instrumentations to
investigate the details of mean velocity and tuehake quantities. Inflow boundary condition and
the fully developed of pipe flows were employedtie experiments. By the spacing (H/D)
varying from 2.0 to 6.0, the heat transfer increaabout 10%. From experimental data of
Nishino et al. (1996), the turbulence statistickorimation of a single impinging jet at the
stagnation point was reported.

Impinging jet studies using large eddy simulat{a&S) are reviewed here. Voke et al.
(1998) reported a computational study of the impmgnt plane jet with Re = 6,500. They
studied a plane jet of water issuing from a plahanoel focusing on temperature variations at
the plate surface. The temperature two points @iroas were shown in this research. Large
eddy simulation of flow and heat transfer from ampinging rectangular slot jet was investigated
by Cziesla et al. (2001). A dynamic subgrid-scaés tbeen used for the small scales of
turbulence. These works showed the flow structofesnpinging jets and the distributions of
mean velocities, velocity fluctuations and turbulsinesses were also reported.

A good agreement of predicted heat transfer resiltdhe stagnation point was found
when compared with experimental data. Hadziabdat.€2008) applied large eddy simulations
techniques with a round normally impinging jet whiexits from the long pipe with Re=20,000
and H/D =2.0. The flow field and heat transfer pcgdn were studied and verified with

experimental data. More details of flow, verticatlgurbulent structures were investigated.
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2.8.3 Impinging jetsin engines

The combustion process in direct injection comgiges ignition engines such as diesel
engines has been studied for a long time. Impingghdgs one process which plays a role in the
generation of localized regions with high levelsheht transfer. The high pressure level of liquid
fuel is injected from nozzle exit into the combastichamber during the power stroke. The fuel
enters the environment with high momentum and traeeards the chamber wall. Small
droplets are generated and vaporize when they ntlx thve high temperature compressed air.
Since the air temperature and pressure are abeviidlis ignition point, the vapor self-ignites
and the combustion process begins. The hot gases dombustion continue to move towards
the combustion chamber wall. Impinging hot gas s generate very high levels of heat
transfer coefficient in the impingement zone. Tpienomenon also produces a localized high
temperature spot on the combustion chamber wallshanay reduce life cycles of mechanical

engine structures.
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Chapter 3 Wall model formulation

3.1 Introduction

To obtain better results for LES simulations, tpedsfic goal of this study is to develop
new wall models, such as a wall shear stress naukh wall heat transfer model. These models
should rely on information from LES turbulent madgl in the core flows. Inaccurate
predictions of the velocity wall function causedoarate predictions of thermal conditions near
walls. Therefore, the accurate prediction of théosiey wall function is a prerequisite for an
accurate prediction of wall heat transfer. Thisptbashows the three wall model formulations
which are tested in this research. First, a stahdaxl shear stress in the KIVA engine code is
simulated with RANS techniques and the LES approdtien, the improved Werner-Wengle
wall model with LES is proposed. The results frolnnaodels are compared and discussed in

this work.

3.2 LES governing equationsin core flows (outer regions)

By applying a density-weighted LES spatial filtgriroperation on the continuity
equations and the Navier-Stokes equations, thergimge equations for the large (resolved)
scales are obtained. The more detail can be fauagpendix. Equation (3.1) is the LES filtered

continuity equation.

a_’a+_a'5U' =0
o 0x (3.1)

The LES filtered momentum equation is given by

dpu, 0Py, u, ap o0 [ﬂaﬁi]_aprij _E

L+ =— + ]
ot oX. ox  0x; | 0x 0X; !
(3.2)

] 1
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where the overbar indicates spatial filtering udiing local CFD cell volume. The term i6 the
momentum sink due to the liquid spray drag in #eolved scale (Bharadwaj et al., 2009). The
unclosed ternT; is generally called the LES sub-grid stress termsuat needs to be modeled.
Here, the dynamic structure model uses a non-vitgcadationship to model this unclosed sub-

grid stress tern. This term is proportional to the sub-grid kinetieeegy with the dynamically

— Lii
My = 2Ky (3.3)
kk

The LES sub-grid kinetic energy is defined by

determined coefficient tensof L

Kegs =%(ﬂ -4 (3.4)

The coefficient is the normalized Leonard term whig obtained from the resolved gas phase

velocity field as follows:

L = E—uu.) (3.5)

where the second overbar indicates a test filteratpn with filter size equal to twice the base
of filter size. Also, the LES sub-grid kinetics egye obtained from the transport equation

(Pomraning et al., 2000) is given by

u ok
sgs Msgs _ -p I-ij S _ﬁgsgs-'-i DV, sgs
0% 0% (3.6)
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Here, the sub-grid dissipation raigs and the sub-grid eddy viscosity temm are defined as

(Ghosal et al., 1995 and Menon, 1996).

— A~ ALOS
Vie = CkA ksgs (3_7)
1.5
£ — Csksgs
sgs K
(3.8)
E — (VOI )0333

(3.9)

where vol is cell volume, the termy & the symmetric part of the deformation rate ¢enand
the constants, and C, are set to 0.05 and 0.3, respectively. These L&Blations are
implemented in the KIVA-3V-Release 2 code.

Moreover, the results from the traditional RANSbuwience technique are included and
compared to the LES results. The more detail ofRA&NS governing equations in core flows
can be found in the literature (Reitz, 1991). Idesrto provide accurate simulation results, the
boundary conditions of those governing equatiores regeded. The wall models tested in this

research are described in the next section.

3.3 Wall model formulations

This section shows the three wall model formulaiarich are tested in this work. First,
a standard wall shear stress in the KIVA engineedsdgimulated with RANS techniques and the
LES approach. Then, the improved Werner-Wengle waldel with LES is tested. The results

from all models are compared and discussed inréisisarch.
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3.3.1 MODEL-I (RANS-LW)

In this model, RANS techniques (RANS-LW) are sintethwith a standard wall shear
stress model from the KIVA engine code which usesbf-the-wall velocity conditions. These

equations are summarized below (Amsden et al.,)1989

&
Ty =P —
u (3.10)

wherer, is wall shear stresg,is gas density and is the magnitude of gas velocity parallel to

the wall and
v (3.11)

(3.12)

where y is the distance from the wall ands molecular viscosity. The ternxLJ represents
v

Reynolds number, which is based on the gas veloelgtive to the wall. Also, the transition R
is equivalent to 114 and the constaptis equal to 0.15 (Amsden et al., 1989). Thesdiogla
give kx = 0.4327 and B = 5.5. To obtain heat flux resuitgealistic engine calculations for
thermal analysis, the classical wall heat transfedel of Han et al. (1997), which takes into
account the variation of gas density and viscosithin the boundary layers (VDHT model), is

employed, and the effect of sufficiently small ndimensional wall normal distance” ys
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included (Ra et al., 2006). More detailed assunmgtiased in the model derivation can be found
in the reference. The corresponding formulatiowall heat flux is given as

T
pu.c,T In(_l_—)

— w , Yy <40
O {7.483arctan (0.0935y*)} Y (3.13)

T
pu.c,T In(T—)

Gy = N oEl Y 740

W {21In(y") + 25} (3.14)
y ==Y
1%

Also (3.15)

The friction velocityu is calculated from turbulent kinetic energy (tkejar walls as follows

u = (CEZS'[kQ?\',?,) (3.16)

with the constant £= 0.09 (Han et al , 1997).

3.3.2 MODEL-II (LES-LW)

This LES models (LES-LW) are simulated with thenstard wall shear stress model
(law-of-the-wall velocity conditions) and the clasd wall heat transfer model of Han et al.
(1997). Egs. (3.10-3.15) are also employed in tlogleh In the friction velocity calculation,
since the turbulent kinetic energy does not existkS, this term is replaced by the near-wall

sub-grid scale turbulent kinetic energy (ksg) (Bgwet al., 2012).

U, = (C025 05 )

1 \sgs nw.

(3.17)
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3.3.3 MODEL-IIl MODIFIED WERNER-WENGLE WALL SHEAR SRESS MODEL
(IMPROVED LES-WW MODEL)

The original model introduced by Werner and Wer(g\&V) is considered here (Werner
et al., 1989). They have proposed a wall modelLt6 that is based on the linear law-of-the-

wall and the power law profile of the form
ut = A(y")” (3.18)

where the constant A is equal to 8.3 and constanis Bl/7. This model assumes that
instantaneous tangential velocity components affiteenear-wall nodes are in phase with the
wall shear stress. By integrating the velocity peobver the height of wall cells, the explicit
form of wall shear stress formulations are obtainfednore detailed derivation can be found in
the section 2.4.1. In particular, there are mamyious LES wall shear stress models which have
been proposed and tested in the literature. Howehese models (Deardorff, 1970; Schumann,
1975; Grotzbach, 1987; Balaras et al., 1996) relthe iteration process for friction velocity
prediction and then the wall shear stresses acelles¢d. On the other hand, for the WW model,

no iteration method is necessary because this nppdeides the wall shear stress explicitly. The

model for calculating the wall shear stressesvsmby Eqgs. (2.32-2.33) and repeated here:

2
. _2pvU U< V s

Yo by " ony (3.19)

2

1_ B ﬁ 1+B 1+ B B ﬁ i
r,=pl——ars| L 422 gl gs 2 are
2 Ay A Ay 20y

(3.20)
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where Ay is the height of the first cells near the waltowever, to provide better local wall

shear stress results, the original WW model shbelanodified in the present work. The effect
from small scale motions near walls should be idetliin the model. In particular, it employs
the near-wall sub-grid scale turbulent kinetic gyemwhich relates to small scale motion. The
near-wall sub-grid scale eddy viscosity is includedhe outer fully turbulent region of the wall

layer, which is characterized by the logarithmigela and is defined as

033 k 05

Vi = Con(VOl) ™ Kege (3.21)

tk_nw

where,vol, is the near-wall cell volume. The sub-grid scaleekic energy is denoted Ikyys nw

Therefore, Eqg. (3.20) is modified as

2

1+B 1+B B luB
r:pgAﬁﬁ +£ﬁ U ,U>LA1‘
v 2 Ay A Ay 20y

Bl

(3.22)

Vow =V +V

where tk_nw (3.23)

Also, the friction velocity can be defined as

— 2W
u = |—

One thing to clarify here is that two different etjons of predicted friction velocity are
demonstrated in the research. Eq. (3.16) is intedwby the reference (Han et al., 1997) for
RANS-LW model and Eq. (3.17) is employed by theerefice (Banerjee et al., 2012y LES-

LW model, while the improved LES-WW model uses E324) to calculate friction velocity.
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Moreover, to gain better heat flux results with LE&ulations, the classical wall heat

transfer (VDHT) model of Han et al. (1997) is maelif to be coupled with the friction velocity
from EqQ. (3.24), which is calculated from the meatif WW model. Also, the constagy,, is

inserted into this model to adjust scales from RANS&I model to LES scales. Finally, the

formulation of the improved wall heat transfer igam as

T
pu.c TIn=)
TING

Gy = — , Yy <40
G| 7483 arctar(0.0935")} (3.25)
pu.c,T In(_l-_r)
q = + =~ ’y+ > 40
Y ol 22In(y*) + 25 (3.26)

The values of model constarfés,, and C,,, are chosen from validation studies on a square duct

flow as shown in a later section.

3.4 Other sub-models

For the RANS-LW model, turbulence is modeled ushmyRNG ke turbulence model in
KIVA-3V, while for the LES-LW and improved LES-WWutbulence models, the KIVA-3V
code uses a non-viscosity dynamic structure mdd8M) which was developed by Pomraning
et al., (2002), to model the unclosed sub-gridsstrerm in LES. Also, a detailed chemistry
solver CHEMKIN (Kee et al., 1989) is employed fdl #sted models in this study for the
combustion model. In particular, the CHEMKIN solvierintegrated into the KIVA code to

couple the chemistry and flow solutions. This CHEMKconsiders every cell a well stirred
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reactor. The species concentrations and thermodgneonditions are passed to the chemistry
solver for each computational cell at each timep.s#® mixing-controlled direct chemistry
(MCDC) model (Zhang et al., 2011) is also included LES-LW and improved LES-WW

models in the investigation.

For liquid spray break-up process, the KH-RT moielemployed. Also, a skeletal
reaction mechanism for n-heptane fuel, which haslai ignition characteristics with diesel fuel
(Ra et al., 2003), is used to simulate diesel @memistry. The mechanism includes 36 species
and 76 reactions. However, the physical propedfethe fuel in this work are represented with

those of tetra-decane in the calculations (Ra.e2@03).
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Chapter 4 Validation test cases

4.1 Turbulent flow in a square duct

To validate all tested models, the flow in a squiuet was chosen as a test case because
the geometry is simple, and a large number of D&ksilts and experimental data are available
for comparison. The square duct flow results of RANS-LW, LES-LW, and improved LES-
WW models are discussed. These results are compattedvailable experimental data, and the
model constants,& and G, in the improved LES-WW model were calibrated basedthe

existing square duct results and were held fixedughout the investigation.

4.1.1 Numerical setup

The numerical study of turbulent air (Pr = 0.7X)wiland convective heat transfer in a
square duct was investigated. The size of the squaet was equal to H*H*6H in the x, y, and z
directions, respectively. The computational gridswaniform with 40*40*60 cells in three
directions as shown in Figure 4.1. In order to dvspecified inflow and outflow boundary
conditions, periodic boundary conditions were aghliln particular, the computational domain
should be sufficient to capture the longest stmgctpresent in the flows when the periodic
boundary conditions are used (Piomelli, 1999). abgect ratio L/H was about 6.0, while L was
the length of the duct. This length, which was ssged in the reference (Huijnen et al., 2005), is
adequate to simulate turbulent flows. The boundanditions at walls included new wall shear
stress and wall heat transfer models. The inigdbeity profiles were assumed to be "L fower
law. To generate turbulent motions, the initial dition for sub-grid scale turbulent kinetic
energy was scaled with 10% of the mean velocitidfi@he constant wall temperature was

chosen to be 350 K.
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Figure 4.1 CFD mesh of a square duct

4.1.2 Results and discussion of square duct flows
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Figure 4.2 The balance term of a square duct flow

Non-zero constant forcing terms, which were the nmeaart of the pressure gradient, were
used to maintain constant mass flow rate during fidmulations (Huijnen et al., 2005). The
statistics for obtaining the average velocity aedhperature fields and the turbulent intensities
were not collected until the turbulence flow fidlchd become stationary. In particular, the
stationary flow field was identified by the balarfeetween the average shear stress at the walls
and the mean streamwise pressure gradient (Madaibeual., 1991). The balance term of the
square duct flow simulations is presented in Figu& Here, the balance term is the difference

between the forcing term and the average sheasss#iethe walls. It is clear that the turbulent
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flow field was stationary by about t=5s (1s aftestart). The statistical data were obtained by
averaging the flow field both in time and in theesimwise (homogeneous) direction from t=5 to
10s. In near-wall flows, a good indicator of thellvgaear stress model and the wall heat transfer
model is the prediction of the friction factor ailsselt number when compared with the
correlations. The corresponding friction factor ahasselt number for the square duct flow are

defined as

b (4.1)
And

where U is the bulk velocity over the square cross sectigyns the hydraulic diameter, k is the
gas thermal conductivity, and h is the convectieathransfer coefficient. The term,Ts the
mean temperature over the square cross sectiom aisdthe wall temperature. Also, the friction

factor correlation from Petukhov (1970) is defirsed

f., = (0790nRe,- 164~

4.3)
while the Nusselt number correlation for fully deyed turbulent flow in tubes comes from
Gnielinski (1976) and is given as

[fJ(ReD—loo()Pr
_ 8
Nu, =

f 05
10+ 127(8j (Pr*"-10)

(4.4)
Several computations have been performed for tharggduct, with different values of

the first near-wall grid points being used in eaase. First, in order to calibrate the model
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constant g, in the wall shear stress model, the results frobm dadiabatic condition (no heat
transfer effect) are investigateBigures 4.3 and 4.4 show the ratios of the predidtetion
factors and Nusselt numbers to their respectivestaiions as a function of yof the first near-
wall grid points. Herebecausehe influence of the wall in the KIVA engine codedonsidered
only at the first wall-adjacent cell, the distandein the wall shear stress and wall heat transfer
formulations is the distance from the first gricdes to the walls.

Figure 4.3shows the trend of the predicted friction factompasdicted by the improved
LES-WW model with adiabatic conditionh& model constant,g in Eq. (3.21) was varied in a

range from 0.002 to 0.05.
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Figure 4.3 Ratio of the friction factor predictegthe improved LES-WW model to the
correlation as a function of y+ at the first neatvgrid points

For each value of .G, the non-zero constant forcing terms were usedné&intain
constant mass flow rate and the stationary val@i@sealicted friction factor and the values df y

at the first grid points were calculated. As carsben in Figure 4.3, the friction factor was over-
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predicted when the model constapt,avas equal to 0.05 and the results fropy & 0.01 agree
very well with the correlations for a wide rangeydf Thus, the model constantgin Eq. (3.21)

was chosen to be 0.01.
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Figure 4.4 Ratio of the Nusselt number predictedhgyimproved LES-WW model to the
correlation as a function of y+ at the first neaHvgrid points with g,,= 0.01

Figure 4.4 shows the ratio of the Nusselt numbesradicted by the improved LES-WW
model to the correlation as a function 6fat the first near-wall grid points with a constaral|
temperature. In Figure 4.4, the model constapircEqgs (3.25) and (3.26) was varied in a range
from 0.4 to 1.0, while the model constapf,avas kept constant. For each value gf ¢he
forcing terms were also employed to maintain cartstaass flow rate, and the stationary values
of predicted Nusselt number and the values “ofitythe first grid points were calculated. The
predicted Nusselt number agrees well with the tations in the wide range of ywhen the

model constant;g is equal to 0.8.
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Therefore, in this present work, the model constapy, and ¢, in the improved LES-

WW model were set to 0.01 and 0.8, respectivelgubhout the study.
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Figure 4.5 Ratio of mean friction factor predictedthe RANS-LW, LES-LW and improved
LES-WW models to correlations over wall areas efjaare duct at Re=50,000
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Figure 4.6 Ratio of mean Nusselt number predictethb RANS-LW, LES-LW and improved
LES-WW models to correlations over wall areas efjaare duct at Re=50,000

Figures 4.5 and 4.6 show the mean friction factat Blusselt number predicted by the

RANS-LW, LES-LW and improved LES-WW models after aed calibration. These results
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were averaged over four wall areas of a square wiibta Reynolds number of 50,000, which
was based on the bulk velocity and duct height (H)s clear that only the results from the
RANS-LW and improved LES-WW models match very welth the correlations, while the
friction factor (wall shear stress prediction) asdsselt number are under-predicted for the LES-
LW model. The friction factor from the LES-LW modehs about 50% less than those from the
RANS-LW and LES-WW models, and the Nusselt numbas about 60% less. A possible cause
for this difference is that the length scales affei@nt between the LES turbulence techniques
that are used to simulate the bulk flow motions &wdof-the-wall velocity conditions in Eq.

(3.10). This leads to under-prediction of the valoscale (i.e., friction velocity) near walls.
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Figure 4.7 Mean velocity profiles in wall layer m®dicted by the RANS-LW, LES-LW, and
improved LES-WW models at Re = 50,000
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Figure 4.8 Mean temperature profiles in wall lagsmpredicted by the RANS-LW,LES-LW, and
improved LES-WW models for constant wall temperatatr Re = 50,000

The non-dimensional mean streamwise velocity altvegwall bisector predicted by the
RANS-LW, LES-LW, and improved LES-WW models is shown Figure 4.7. This mean
velocity is normalized by the local friction velbgiaveraged over four walls and is compared to
experimental data (Wei et al., 1989). Equatio243B.is used to calculate the friction velocity.
The location of the first grid point is*y= 70. In Figure 4.7, good agreeement with the
experimental data is seen for the RANS-LW modelilevtine LES-LW calculation shows large
over-prediction. The improved LES-WW model undegdicts U relative to experimental data
for small y and agrees fairly well with experimental data wér 100. Also, Figure 4.8 shows
the mean temperature profiles along the wall b@ecbrmalized by local friction temperature
averaged over four walls and plotted in wall conatés. The mean temperature differences and

friction temperature are given as

(4.5)
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T = —dw
pc,u.

(4.6)
where T,, is the wall temperature angl, is the wall heat flux. Similar to the mean velocity
profiles, good agreeement is seen between the iexptial data and the RANS-LW model,
while the LES-LW calculation shows large over-potidin, as seen in Figure 4.8lso, the
values of mean temperaturé @s predicted by the improved LES-WW model aredbrgnder-

predicted near the walls. A fairly good agreemeithwexperimental data (Kay, 1994) is found

when using the value of y 100.

B EXP_u+ @ EXP_v+ A EXP_w+
Ut eeeeees v+ - - W+

rms

Figure 4.9 Turbulence intensities in the wall lagsmpredicted by the LES-LW (red) and
improved LES-WW (green) models at Re = 50,000

Figure 4.9 shows the turbulence intensity values'gf, v'ims and Wyms as computed by
the LES-LW and improved LES-WW models. These rmisiasmwere normalized by the local
friction velocity averaged over four walls. The geat computations as predicted by the
improved LES-WW model agree well with experimertata (Balint et al., 1991) fof s, While

the LES-LW calculation shows mostly over-predictiéiso, the computed normal and spanwise
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directions (Vims and W, are under-predicted in the wall vicinity. This@rmay come from a
common problem with LES calculations in which othe resolved or filtered part (large scales)
are plotted. Another reason for the discrepancwéen the computed and experimental values
of viims and Wns is that the computed values indicate only thetflating component of the LES
resolved value, while the experimental data dedh whe fluctuations of instantaneous values.
Here, because the resolved velocity (large scadey dhot exist in the RANS-LW model, only

information from the LES-LW and improved LES-WW rabére plotted in Figure 4.9.

RANS-LW LES-WW

t=6.0s

f" Z

Figure 4.10 Comparisons of contour plots of locallymalized wall heat fluxes as predicted by
the RANS-LW and improved LES-WW models at t=6s &r&l5s
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Wall shear stress Wall heat flux

Figure 4.11 Comparisons of contour plots of locallymalized wall shear stresses and wall heat
fluxes as predicted by the improved LES-WW modef6&t0s and t=6.5s

Figure 4.10 shows comparisons of contour plot®célly normalized wall heat fluxes as
predicted by the RANS-LW and the improved LES-WWdelg at t=6.0s and t=6.5s Also,
comparisons of contour plot of locally normalizedlmshear stresses and wall heat fluxes as
predicted by the improved LES-WW model can be sedfigure 4.11. The contour plots of the
local wall shear stress from one wall are normdlibg the maximum wall shear stress values

while the local wall heat flux distributions froome wall are normalized by the maximum heat

flux values.
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As can be seen in Figures 4.10, the wall sheassstamd heat flux results from the
improved LES-WW model can provide more detailedalaaformation of wall shear stresses
and heat fluxes near walls, and the improvement&$ wall models can be observed. Similar
flow structure between wall shear stress and weit lux can be captured as shown in Figure
4.11.

In summary, from all results of the square ductvipthe improved LES-WW model can
provide a better estimation of the wall shear staasd wall heat transfer, which are represented
by the friction factor and Nusselt number calcalas, when compared with the LES-LW model.
Also, all results from the improved LES-WW modelegwell with experimental data in square
duct flows and provide reasonable wall informatmth a high degree of accuracy.

Therefore, the LES-WW model is an improvement f&SLwall models in channel flow
applications. Next, the improved LES-WW model wastéd with impinging jet flows

applications.

4.2 Jet impingement on aflat plate

Impinging jet flows are widely employed in engineegr applications due to their high
heat transfer performance. In diesel engines, igipg hot gas jets to a combustion chamber
generate very high heat transfer coefficients i ithpingement zone. The magnitude of heat
transfer prediction near the stagnation point ipdnant, and accurate heat flux distributions are
needed. These results may help to understand #ukécprd heat flux results in areas where the
hot gas jets impacts on the piston surfaces. Théystonducted in this section will test the
RANS-LW, LES-LW, and improved LES-WW models withpmging air flow normal to a flat

plate. The results from wall shear stress modelsranluded. Recent experiments on circular jets
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impinging on a flat plate (Baughn et al., 1989 dmunmers et al., 2011) are selected for model

validation.

4.2.1 Test case description

Initial power law velocity profile

Adiabatic wall l Adiabatic wall
F' Y
4
Top pipe region
CWT CWT
- -
)
D
2D Pressure outlet Pressure outlet
Base region
Constant wall temperature (CWT) r
|
}‘v 12D >

Figure 4.12 Configuration and computational donfairthe impinging jets on a flat plate

The computational domain for impinging jets wasididd into the two regions shown in
Figure 4.12. First, in the top pipe region, thdiahivelocity profiles at the inlet were assumed by
the 1/ power law. To generate turbulent motions, theidhitondition for sub-grid scale
turbulent kinetic energy was scaled with 10% of jetebulk velocity in the pipe. The length of
the pipe is 26D, which can provide a fully develdflew at the exit, and the adiabatic wall was
applied at the pipe surfaces.

In the base region, the distance between the pipeed the wall surfaces is H=2D and
the turbulent jet impinges normally on the surfagth size of 12D, as sketched in Figure 4.12.

The inlet and initial condition of air in the pip@éd the base region was set to 350 K. In order to
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be consistent with thermal boundary conditions eigaare duct flow and all following engine
test cases, constant wall temperature boundaryitiamsl (CWT) were used on the top wall and
the bottom, or impingement, wall, while the ougeessure boundary conditions were applied at
the ambient exits. The constant wall temperature @sen to be 280 K, which matched with
experimental data. The boundary conditions of thiegrid scale turbulent kinetic energy were
the Neumann boundary conditions.

Cylindrical coordinate were used for the computaiadomain of the impinging jet. The
original point (r=0) was located at the center lifike velocity components in the axial (z), radial
(r) and azimuthal6() directions are denoted by W, U and V.

The new wall shear stress and wall heat transfetefsonvere included for all walls in the
computational domains. Because the research focasethe impingement wall, the non-
dimensional heat transfer coefficient, i.e., Nussamber and the skin friction coefficient on the
impingement surface were calculated and comparéu existing experimental data. Also, the

flow fields on the impingement wall were investigg@t

4.2.2 Numerical setup

The numerical study of impinging jets was testethwivo different computational grids
i.e., grid JA and grid JB as shown in Figure 4.t3the top pipe with a diameter 2.0 cm, the
computational grids JA and JB were 10*10 cellsha tross section plane and 100 cells in the
axial direction. Only the resolution within the kaggion was changed between grid JA and grid
JB, as the resolution here affects the heat flglte on the impingement wall (bottom wall).
The base has a diameter of 24 cm and height of.4eid JA comprised of 42,000 cells with a

mesh of 30*30*20 cells while grid JB consisted a{000 cells with a mesh of 36*36*30 cells.
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The grid spacing in the normal direction of impingent wall isAz" = 120 for grid JA and\z" =

60 for grid JB.

Grid JA Grid JB

Figure 4.13 CFD meshes (grid JA and grid JB) ofitmginging jet on a flat plate

4.2.3 Resultsand discussion of jet impingement

Figure 4.14 shows large-eddy simulation resulté wie improved LES-WW wall model
of impinging jets flowing within a long pipe at amstant Reynolds number (Re) of 21,000,
corresponding to a jet bulk velocity g)Vof about 2,000 cm/s. The round jet issuing frofolly
developed pipe flow as shown in Figure 4.15 entieesbase region and impinges on the target
wall surfaces. The shapes of normalized axialaiBigrofiles no longer change with location in

the pipe as shown in Figure 4.15.
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Figure 4.14 Reynolds number versus time of the flowhe top pipe
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Figure 4.15 Time average of normalized axial mealnaity at different distances measured
from pipe exit
4.2.4 Mean flow properties and turbulence statistics
The axial and radial mean velocity components avat mean square (r.m.s) of their
fluctuations at the stagnation point (r/D =0) afid=0.5 as predicted by the improved LES-WW
model are shown in Figures 4.16 and 4.17, respygtivThese axial mean velocity and r.m.s
values are normalized by the jet bulk velocity,. Whe experiment data are selected from works
of Geers et al., (2004) to compare with calculatellles. The mean axial velocity, W, and the

mean radial velocity, U, at r/D=0 (centerline) af@wn in Figure 4.16a. On the centerline, the
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axial mean velocity remains nearly constant from pipe exit (Z/D=2.0) up to Z/D=0.4, while,
below the position Z/D=0.4, the flow decelerateslevthe jet flows approach to the wall. As can
be seen in Figure 4.16b, at the position r/D =Qte strong flow deflection due to the
impingement wall makes the mean radial velocityWA) start to increase and reaches the

maximum value near the wall whereas the mean aglakity (W/W,) approaches to zero.
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Figure 4.16 Comparisons of measured and computea medal and radial velocity profiles as
predicted by the improved LES-WW model at (a) @séion point (r/D=0) and (b) r/D =0.5.
For the r.m.s. values as shown in Figure 4.17a 4afdb, the mean axial and radial
velocity fluctuations decrease down to zero du¢hto wall-blocking effect (Hadziabdic et al.,
2008). However, the r.m.s value of the radial viéyomcreases again in the near-wall region
owing to the near-wall shear. At the centerlin®£0), the r.m.s values of the axial and radial
velocity fluctuation are over-predicted in the @giZ/D < 0.3 while the results agree fairly well
when Z/D > 0.3. At r/D = 0.5, the velocity fluctimts are higher than those of values at the

centerline. The mean velocity components at theitpgD = 0.5 agree fairly well with the
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selected experiment data until Z/D < 0.4. The digancies between the r.m.s values of the
velocity fluctuations predicted by the improved L-BB8V model and experiment data can be

observed in Figure 4.17b in the region Z/D > 0.4.
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Figure 4.17 Comparisons of measured and computddmean square (r.m.s) of axial and radial
velocities as predicted by the improved LES-WW maiéa) a stagnation point (r/D=0) and (b)
r/D =0.5.

Figure 4.18 shows the contour plots of instantaeegalues of wall heat flux on the
impingement wall predicted by the RANS-LW, LES-LWidaimproved LES-WW models at
t=1.8s, 2.0s, 2.2s, respectively. The magnitudelotted heat fluxes are varied from 1,000 to
8,000 W/nf. The contour of heat fluxes is non-uniform and fieat flux results from improved
LES-WW model can provide more flow structure and rendocal information on the

impingement wall. Figure 4.19 compares the confats of instantaneous values of wall shear

stress and wall heat flux on the impingement wedidcted by the improved LES-WW model.
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As can be seen in Figure 4.19, similar flow stroetoetween wall shear stress and wall heat flux

can be captured.

RANSLW LESLW LESWW
t=1.80s

t=2.0s

t=22s

1000.00 4500.00 8000.00

Figure 4.18 Contour plots of wall heat flux on thingement wall as predicted by the
RANS-LW, LES-LW and improved LES-WW models variedrh 1,000 to 8,000 W/fm
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LESWW

Wall shear stress Wall heat flux

t=180s

1000.00 4500.00 8000.00

L

Figure 4.19 Contour plots of wall shear stressagafiom 0 to 1.8 N/mand wall heat flux on
impingement wall varied from 1,000 to 8,000 \W/as predicted by the improved LES-WW
model

During the post-processing step in this presentkwdhe predicted skin friction
coefficient and Nusselt number are stored in eaah surface of the impingement wall. The
plots of the time averaged values of these sunfeoperties with the centroid of those surfaces

are shown in Figures 4.20 and 4.21.
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Figure 4.20 Time-averaged skin friction coefficenas predicted by the RANS-LW, LES-LW
and improved LES-WW models with Re = 21,000 and H/R.0

For the velocity field, the radial variation of thiene-averaged skin friction coefficients

as predicted by all test models is illustrated iguFe 4.20. The skin friction coefficient can be

defined as
Z-W

1 Wy’
2 (4.32)

C, =

whreret,, is wall shear stress which can be calculated froodels in Egs (3.10) , (3.19) and
(3.20). The term Wis a jet bulk velocity in the pipe. The experin@rdata of Tummers et al.,
(2011) are selected to compare with the skin iictcoefficient as predicted from the RANS-
LW, LES-LW and improved LES-WW models. In Figure2@, starting from zero at the
centerline, the largest local skin friction coeiffict appears near r/D = 0.5. After this point, the

local skin friction coefficient decreases rapidlghe skin friction coefficient predicted by the

improved LES-WW model agrees well with experimentaia, while the results from the RANS-
It can be concluded that the wall

LW and LES-LW models are significantly under-preda
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shear stress from Eqs (3.10) which is predictetheyRANS-LW and LES-LW models may not

work well with impinging jet applications.
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Figure 4.21 Time-averaged Nusselt number as pestilsy the RANS-LW, LES-LW
and improved LES-WW models with Re = 21,000 and H/R.0
For the thermal field, the distribution of time-aaged Nusselt number as predicted by all

test models is shown in Figure 4.21. The Nussetiber is defined as

hDh — qWDh

Nu= =
k (Tjet _Tw)k

(4.9)
whrere @ is the convective heat transfer from hot gas tdl walculated from models in Eqgs
(3.13-3.14) and (3.25-3.26). The termy s gas temperature of wall cells ang, & wall
temperature. The physical properties are evaluatéue film temperature which is defined as

1
Tf =3 (Tjet +TW)
2 (4.10)

The Nusselt number prediction in this present wask compared with experimental
measurements (green color) of Sagot et al. (2008)y measured heat transfer between gas and
wall at a uniform wall temperature with Reynoldsnraer of 23,000 and a nozzle to plate

distance (H/D) of 2.0. These data are availablerwh® > 2.0. Moreover, the classical
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measurement data (red color) of Baughn et al. (L988ch were conducted at a uniform heat
flux with Reynolds number of 23,000 are includedotovide comparisons near the stagnation
point. From figure 4.21, it is clear that the vausd Nusselt number from the measurement are
largest at the stagnation point and decrease moitalty in the wall jet region (r/D > 2.0). In
Figure 4.21, the Nusselt number predictions frorm BRANS-LW and improved LES-WW
models agree fairly well with the experimental dataSagot et al. (2008), while the LES-LW
model shows over-prediction when r/D > 2.0.

Also, the discrepancies of predicted Nusselt nundaer be found in Figure 4.21. The
improved LES-WW model under-predicts the Nussethber near the stagnation point. Because
the convective heat transfer calculation of therompd LES-WW model is strongly dependent
on the values of wall shear stress, the decreapeedfcted Nusselt number may come from the
decrease of predicted wall shear stress when 2 <However, the Nusselt number distribution
as predicted by the improved LES-WW model has alainrend with experimental data from
the literature when H/D < 2.0 as shown in FigurE22. In other words, inconsistencies between
the experimental conditions and the numerical s&idiay occur in the present work.

In summary, from all results of the impinging jetse improved LES-WW model can
provide a better estimation of the wall shear stregich is represented by the time-averaged
skin friction coefficients, when compared with tRANS-LW and LES-LW models. Also, for
wall heat transfer prediction, the Nusselt numhmedicted by the RANS-LW and improved
LES-WW models agree fairly well with experimentata when r/D > 2.0, while the LES-LW
over-predicts. Therefore, the improved LES-WW madein improvement for LES wall models
in impinging jets. Next, the RANS-LW, LES-LW, ananproved LES-WW models were

simulated in diesel combustion.
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Chapter 5 Diesel combustion ssimulations

5.1 Introduction

The present research develops wall heat transfetelmdo use for heavy duty truck
engines. Thus, all test wall models are simulatediésel combustion. The heat flux results from
11 points on the piston surface as predicted fioenRANS-LW, LES-LW and improved LES-
WW models are compared with experimental data nbthiby surface thermocouples. A few
sets of experimental data from previous works ohdtieks (2011) are selected to represent a
wide variety of diesel combustion. The baselineimagondition (Run41l) is discussed and more
engine condition simulations are performed. To dranthe predicted heat fluxes from all tested
wall models more fully, the magnitude and phasihgeak heat fluxes prediction, and the trends
and the spatial effects of those results are coedpaith experimental data. A parametric study

of diesel combustion operating variables is alsegtigated.

5.2 Overview of diesel combustion

In a diesel engine, only air is initially introduténto the cylinder while liquid fuel is
injected into the combustion chamber with high e#ip starting close to the end of the
compression stroke near the position of top deadec€TDC). The liquid droplets interact with
the surrounding air in the cylinder, creating ansfer of momentum and thermal energy. The
liquid droplets break up and vaporize, and the viapd fuel mixes with the surrounding air,
forming a combustible mixture. The combustion pescénitially begins with slow chemical
reactions due to the relatively low mixture tempera and the lack of radical species. With the
increase of mixture temperature and the accumulatib the radical species, the chemical

reactions increase rapidly, and ignition startse Time difference between the start of injection
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(SOI) and the time of ignition is called ignitioeldy. A premixed mixture is accumulated during
the ignition delay and is fuel rich. It reacts iddp in a few crank angle degrees when it is
ignited. The fast consumption of the premixed miatis usually called the premixed burn and
shown by a spike on the heat release curve.

After the premixed burn, a turbulent diffusion flarforms at the jet periphery where the
mixture is close to the stoichiometric conditio@mbustion during this stage is usually called
the diffusion burn or mixing controlled combustidih.occurs over a wide span on the heat

release curve.

5.3 Validation setup: Engine Geometry

The measurement data (Hendricks, 2011) from aesioginder oil test engine (SCOTE)
by Caterpillar (CAT) with 2.44L displacement wagddgo validate computational results in this
study. At maximum speed, the SCOTE is rated at\62 K summary of the main geometrical
data is listed in Table 5.1.

Table 5.1 Caterpillar SCOTE specification (HendsicR011)

Displaced volume 2.44L
Bore*Stroke 13.72*16.51 cm
Number of nozzles 6, equally spaced
Connecting rod length 26.16 cm
Geometric compression 16.1:1

Number of valves 4

IVC/EVO -143/130

Squish height 0.197 cm

Piston bowl design Mexican hat
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5.4 Piston heat flux measur ements

Figure 5.1 Thermocouple locations on the pistofiesas (adapted from Hendricks, 2011)

The heat flux measurements of the conventionaketliesmbustion were used for model
validation. By using a wireless telemetry systerd ah fast-response thermocouples which were
attached to the piston surface, instantaneous cutlemperatures were measured (Hendricks,
2011). Then high resolution heat flux results waveined after using heat transfer analysis. The
thermocouple locations on the piston surfaces laogvs in Figure 5.1. On the primary axis, the
first cutting plane (TC#1-TC#7) passes throughragpxis and the second cutting plane (TC#9-
TC#11) is located in the middle between two adjacspray planes. However, in the
measurement reports of this engine, TC#4 failedlavhinning the test. Therefore, only 10

thermocouple locations on the piston surfaces wieosen to monitor wall heat flux results.
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5.5 In-cylinder computational grids

To save computational time, sector symmetry wasimed and periodic boundary
conditions were applied for each injector hole.® Sector mesh was used to represent one-sixth
of the engine combustion chamber. The first stualydcicted in this work was to understand the
impact of grid resolution. The following sectioregs through comparisons of the simulation
results to the experimental data in the baselirggnencondition (Run 41) summarized in Table
5.3. Only the resolutions of radial direction ire thowl geometry were refined, as the resolution

in this area strongly affects heat flux predictions

Grid A Grid B Grid C

Figure 5.2 Three computational grids used fot@anesh simulations

To resolve sufficient flow structure, LES usualquires a finer mesh resolution than
RANS. However, the finer mesh requires a larger matational expense as summarized in
Table 5.2. Due to the advantage of the dynamicttra model (DSM), the mesh resolution can
be reduced to the extent of RANS resolution. Margvijpus reports also shows that DSM model
used in this framework can capture the main floarahteristics in LES simulations (Shethaji et.

al, 2005; Jhavar et. al., 2006; Hu et. al, 2007)
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Table 5.2 Summary of computational grids used éot@ mesh simulations

grid A grid B grid C
Cells at BDC 42,000 70,000 91,000
Azimuthal resolution o° ° o°
Radial direction in the bowl
region 3.5mm 1.75 mm 1.36 mm
Axial direction 4.0 mm 4.0 mm 4.0 mm
Running CPU time
(IVC->EVO) 6 days 12 days 17 days
16.0 -
- = «EXP
12.0 - e S| A

Pressure (MPa)

CA (ATDC)

Figure 5.3 Comparison of cylinder pressure prealicfrom three computational grids used for
sector mesh simulations as predicted by the impt@ES-WW model run in the baseline
conditions (Run41)
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Figure 5.4 Comparison of predicted chemical hdatse from three computational grids used
for sector mesh simulations as predicted by theavgd LES-WW model run in the baseline
conditions (Run41)
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Figure 5.5 Comparison of predicted cumulative hesg from the piston surface from three
computational grids used for sector mesh simulatempredicted by the improved LES-WW
model run in the baseline conditions (Run41)

Figures 5.3 through 5.5 show the comparison of ipted cylinder pressure, chemical
heat release and cumulative heat loss on the psstdace for three different computational grids
based on operating conditions summarized in Talllelbcan be seen that there is no significant

change in results of grid A, grid B and grid C witte predicted pressure trace, chemical heat
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release and cumulative heat loss on the pistoraceufTherefore, to save computational time,

grid A was chosen to simulate all diesel enginedd@mns in this present work.

5.6 Initial conditions & boundary conditions

In this study, the computational domain consistedre section of the modeled engine
cylinder which was used for simulations betweemtinblve close (IVC) and exhaust valve open
(EVO). Therefore, the model computes only the adoselume part of the engine cycle. The
simulations were started at the intake valve clesgvC) with uniform in-cylinder mixture
distribution assumptions. The swirl was initializeased on the wheel flow velocity profile and
the sub-grid kinetic energy was initialized at N6 scaling with the mean piston speed. The
boundary conditions of the sub-grid scale turbulenetic energy were the Neumann boundary
conditions. The boundary conditions at walls inelddnew wall shear stress and wall heat
transfer models. Also, the pressure and temperatuiéC were given based on the experimental
data. The wall temperature on piston surfacesagaamed to be constant throughout the study

and was based on averaged measurement data.

5.7 Baseline engineresults (Run 41)

For model validation, the engine test case at Ruéd selected as a baseline case in the
present study due to the availability of a contplat of experimentally measured heat fluxes on
the piston surface. These plots are compared Wwidket of predicted heat fluxes by the RANS-
LW, LES-LW, and the improved LES-WW models. Tabl8 Summarizes the engine condition

for the baseline case (Run41l) which was obtaineuah fiterature (Hendricks, 2011).



Table 5.3 Caterpillar SCOTE engine conditions fa baseline case (Run 41)

Engine speed (rpr 130(
IMEP gross (ba 7.9%
Swirl ratic 0.7
Fuel flow rate (g/mir 59.C
SOl (ATDC) -1352
DI duration (C£) 12.12
EGR rate (% 0
Equivalerce ratic 0.3¢
Intakepressure (ba 1.53¢
Intake temperature (I 312.6¢
IVC pressure (ba 1.637
IVC temperature (K 387.3:
Avg. constant wall temperature 500.0
on piston surface (t '

improved LES-WW models during the simulations.

In order to understand the predicted results froned test wall models, the important
sub-models used in the simulations are reviewed. Hable 5.4 compares the turbulence model,

combustion model, spray model and wall models ukgdthe RANS-LW, LES-LW and

Table 5.4 Summary of important sub-models usdgtersimulations

RANSLW

LESLW

LESWW

Turbulence mode

RANS
(Reitz,1991)

LES
(Rutland,2011)

LES
(Rutland,2011)

Combustion mode

CHEMKIN
(Kee et al., 1989)

CHEMKIN+MCDC
(Zhang et al. ,2011)

CHEMKIN+MCDC
(Zhang et al.,2011)

Spray model

KH-RT model
(Beale et al.,1999)

KH-RT model
(Beale et al.,1999)

KH-RT model
(Beale et al.,1999)

Wall shear stress
model

Law-of-the-wall (LW)
Egs. (3.10-3.12)

Law-of-the-wall (LW)
Egs. (3.10-3.12)

Improved WW model
Egs. (3.19-3.24)

Wall heat transfer
model

Variable density heat
transfer model
(VDHT)
Egs. (3.13-3.14)

Variable density heat
transfer model
(VDHT)
Egs. (3.13-3.14)

Adjusted scale VDHT]
Egs. (3.25-3.26)
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Figure 5.6 Comparisons of computed and measur&adeylpressure for Run 41, with the start
of injection at 13.52 degrees before TDC
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Figure 5.7 Comparisons of computed and measuradicheheat release rate for Run 41, with
the start of injection at 13.52 degrees before TDC
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Comparisons between measured and computed in-eylpréssure and heat release rate
as predicted by the RANS-LW, LES-LW, and improveBS-WW models are shown with
experimental data in Figures 5.6 and 5.7. FiguBeaso shows the comparisons of computed in-
cylinder bulk temperature as predicted by the RAN®- LES-LW, and improved LES-WW
models. Good agreement with the experimental predsace can be seen for all three models in
Figure 5.6. With the CHEMKIN detailed chemistry nebdthe RANS-LW model calculations
shows slightly earlier ignition and results in ldsgrning during the expansion stroke with
underestimation of in-cylinder pressure and bulkgerature level.

In Figure 5.7, the heat release rate curve antbttaion of the cool flame and main heat
release as predicted by all three models are shé&wncan be seen, the heat release rate
calculations from the LES-LW and improved LES-WW drts have a lower peak heat release
and longer combustion duration due to mixing cdigdodirect chemistry (CHEMKIN+MCDC).
The LES-LW and improved LES-WW models do not diffégnificantly in heat release rate.
Because the heat release rate comes from the chleh@at released during combustion, heat
loss through the walls do not directly affect tloenbustion calculation. However, it can be seen
from Figure 5.8 that the in-cylinder bulk temperatun the LES-LW model is slightly lower
than in the improved LES-WW model. Because thel tataount of chemical energy release
(area under the curve) in the LES-LW and improv&$SiWW wall models are almost the same,
these differences may come from different wall hesmtsfer rates, which is confirmed in Figure
5.9. The LES-LW model has 38 percent higher cutiudeheat loss than the improved LES-

WW model.
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Figure 5.10 Experimental heat flux measurementsvsigpthe spatial effects along the primary
spray axis for Run41l

Next, comparisons of the local heat flux at therimcouple locations will be made using
the three models and the experimental data of Heksdr(2011). Figure 5.10 illustrates
experimental heat flux measurements showing théaspefects along the primary spray axis.
The heat release rate is given for reference. li@ertocouple location TC#5 is the first to detect
the heat flux. The heat flux progresses radiallyvand on the primary spray plane and phasing
delay can be seen. The next thermocouples to @fitercombustion process are TC#2, TC#6,
TC#3, and TC#7The thermocouple location TC#1 shows the lowedlipted heat flux because
the diesel spray actually targets beyond this point

In Figures 5.11-5.14, similar global wall heat fltesults were predicted from all three

wall models during the early compression strokee Tagnitude of the heat flux results is very
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small before the combustion occurs. However, that flex prediction from all tested models

becomes quite different during the combustion event

TC#1
L2E407 ooy e
= == EXP
ﬁ ——— RANS-LW
E 8.0E+06 = = LES-LW
= —— LES-WW
x ‘ ‘
=
= 4.0E+06 -
©
Q
pu =
0.0E+00
-20 -10 0 10 20 30
CA (ATDC)
TC #2
126407 4 e 3
= : - aEXP ‘
£ ‘ i ~—— RANS-LW
§ 8.0E+06 o e —— LES-LW
= ‘ ‘
3
e
e
T 4.0E+06 -
pn =
0.0E+00 m
-20 -10 0 10 20 30
CA (ATDC)
CA (ATDC)
TC#3
1.2E+07 = ‘
= = =EXP
o ———RANS-LW
S B.0EH06 - t-pl-—N—~ ——lESIW  ——
2
xX
=
L
% 40E+06 {
Q
T
0.0E+00

CA (ATDC)

Figure 5.11 Comparisons of heat flux on pistonaefat TC#1-TC#3 (spray axis) for Run41l
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Figure 5.12 Comparisons of heat flux on pistonaefat TC#5-TC#7 (spray axis) for Run41l
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Figure 5.13 Comparisons of heat flux on pistonaefat TC#8-TC#10 (mid-way between two
adjacent sprays) for Run 41
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Figure 5.14 Comparisons of heat flux on the pistariace in squish areas TC#4 and TC#11 for
Run41l

In Figures 5.11 and 5.12, comparisons of measungldcamputed heat fluxes on the
primary spray axis as predicted by the RANS-LW, HBS, improved LES-WW models show
that the heat flux due to combustion was first cketet by TC#6 and TC#3. Because the mid-

point between two adjacent spray planes is off frim@a primary axis, a phasing difference



96

occurs. The location TC#9 was the next to detexthiat flux, followed by TC#10 and TC#11 in
the squish region. At the locations of TC#1, #2 &bdnear the piston dome, the magnitude of
heat flux was lower when compared with other lawai The same order of magnitude of heat
flux can be found between the measurement andrédtigtion. This suggests that the flame front
may not reach the center of the piston (Kleemaral. eg2003).

In Figure 5.14, the thermocouple locations #4 afd #re located within the squish
region on the piston surface. They usually shovery high heat flux under most conventional
diesel combustion conditions because of the hidhative gas velocities present. In the
measurement report, TC#4 failed while running t&¢ &nd no experimental data is available for
TC#4 to compare against the models.

One observation is that the shift in phasing of hileat flux peak between the predicted
heat flux and measurement data can be seen ohdhadcouple locations #3, #6 and #7, which
are located on the spray axis in Figures 5.11 ad@.5The premixed combustion initiation
process occurs on the periphery of the fuel spaag,this corresponds with the physical location
of thermocouples #3, #6 and #7. These thermocowalesdetect the higher values of chemical
heat release which came from the premixed combustigent, which can be seen from the
chemical heat release shape in Figure 5.7. Moredvex clear that the heat flux results on the
first spray plane from the RANS-LW and LES-LW maake over-predicted at TC#5-8, while
the LES-WW model heat flux results agree fairly weth the experimental data. The reason is
that the formulation of heat flux in the RANS-LWdAhES-LW models relies on the friction
velocity. In RANS-LW, the constar, in Eq. (3.16) may be tuned to obtain a good scale
between the friction velocity and turbulent kineéinergy. For the LES-LW model, the scale

between friction velocity and a sub-grid turbul&irietic energy from the above equations may



97

not be appropriate. The consta@t = 0.09 in Eq. (3.17), which was derived from RANS
techniques, does not exist in LES governing equoafite friction velocity from Eq. (3.24) may
be used to provide better heat flux results folawaddel-based LES (LES-WW).

In Figure 5.15, the contour plots of the heat feiom the piston surface at the baseline
engine conditions are illustrated. For the contplot comparison, plots of the heat flux
distribution on the piston surfaces were generatad experimental data (Hendricks, 2011), and
symmetry of the heat flux results about the sprag écenter line) were assumed, as seen in
Figure 5.15. This technique does not allow for itduence of swirl to be captured by these
plots. The color plots of measured heat flux ressoh the piston surface were generated using
Delaunay triangulation to map the recorded discheta flux triplet data onto an evenly spaced
polar grid. The piston surface was projected onfiata2-D plane using total arc length between
thermocouples to set radial distance spacing. Tdwoar grid was filled by interpolating
between the discrete thermocouple locations usaigral neighbor interpolation (Hendricks,

2011).
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Figure 5.15 Comparisons of measured and computadfib® distributions on the piston surface

as predicted by the RANS-LW, LES-LW, and improveelS-WW models for the period -5
(ATDC) to +3 (ATDC). The scale of plotted heat fluxes variemir2*1® to 1.1*10 W/m?

The general picture of the combustion sequencehaadl flux pattern development are
summarized as follows. At CA =-BTDC, thermocouple #6 starts registering the effed the
spray and its possible impingement. From TDC to afer TDC, higher heat fluxes progress

radially outward on the piston surfaces. After ,Harger heat fluxes can be seen in the squish
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region. Moreover, the results from all tested medet compared. It can be seen that the contour
plot of heat fluxes from the improved LES-WW modgfrees fairly well with the experimental
data. The non-uniform distribution of surface hié@tes can be captured accurately by the LES-
WW model, and a significant improvement is showrFigure 5.15 when compared with the
RANS-LW and LES-LW models.

Here, in order to more fully understand the h&at €alculation of the RANS-LW, LES-
LW, and improved LES-WW models, the computed nuteerand denominator in Egs. (3.13-
3.14) and (3.25-3.26) are compared. Also, the mateous local values at the wall cell of each
term within those equations are explored. The |lamger of computed heat flux at thermocouple
TC#6 as predicted by the RANS-LW and LES-LW mod=s be seen when compared with

experimental data and this location is used foegtigation.
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Figure 5.16 Comparisons of the computed numeratpredicted by the RANS-LW, LES-LW,
and improved LES-WW models at the wall cell forrthecouple location TC#6
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Figure 5.17 Comparisons of the computed denomiretq@redicted by the RANS-LW, LES-
LW, and improved LES-WW models at the wall cell foermocouple location TC#6

The comparisons of the computed numerator and diexabon of heat flux calculations as

predicted by the RANS-LW, LES-LW and improved LESAWmodels at wall cell for
thermocouple location TC#6 are shown in Figures65ahd 5.17. With the denominator

calculation, the model constan{,@quals to 1.0 for the RANS-LW and LES-LW models,leh
it is 0.8 for the improved LES-WW model. It is ctdhat there is insignificant differences in the
computed denominator for heat flux calculation amafi tested wall models. The dissimilar
computed numerators as shown in Figure 5.16 makadht flux prediction from the tested wall
models totally different. Therefore, the magnituafepredicted heat flux in each wall model is

strongly dependent on its numerator. The numeiatalso related with gas density),(specific
heat (@), friction velocity (U.), and gas temperature (T) at the wall cells wihile wall

temperature () was assumed to be constant.
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Figure 5.18 Comparisons of computed gas temperatutres wall cell for thermocouple location
TC#6

The comparisons of computed gas temperature avalecell for thermocouple location
TC#6 are shown in Figure 5.18. The same order afmtade for gas temperature as predicted
by the RANS-LW, LES-LW, and improved LES-WW modebkn be observed. That means the
gas density and specific heat which depend on thgzse temperatures may also provide

insignificantly different values. Figure 5.19 alsbows the discrepancies of calculated friction

velocity U. from the RANS-LW, LES-LW, and improved LES-WW mdsle
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Figure 5.19 Comparisons of computed friction velpoif the wall cell at the location of
thermocouple TC#6 for Run41l
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Therefore, the heat flux prediction in Equationsl83.14) and (3.25-3.26) is strongly
dependent on the choice of the friction velocitynte The RANS-LW and LES-LW use
Equations (3.16) and (3.17) which employs turbulenetic energy (tke) and sub-grid scale
turbulent kinetic energy near walls (ksg) to cadtelthe friction velocity, while Equation (3.24),
which is scaled with the computed wall shear sttegsis employed for the improved LES-WW
model. Because the location of thermocouple TC#$ eated at the bowl wall on the primary
spray axis, the higher values of turbulent kinetieergy and sub-grid scale turbulent kinetic
energy may affect the friction velocity predictiofhe over-prediction of friction velocity by the
RANS-LW and LES-LW models on the thermocouple Tdg6responsible for the largely
different heat flux results when compared with ekpental data.

Figure 5.20 illustrates the comparisons of computad shear stress and wall heat flux
distribution on the piston surface as predictedthsy improved LES-WW model at CA ="-5
ATDC, 0 ATDC , and +3ATDC. The predicted wall shear stress and walt lr@asfer from the
improved LES-WW model provide more local information the piston surface and the locally
maximum and minimum values can be observed in Eigui6. Because the predicted friction
velocity from Equation (3.24), which used infornoatifrom wall shear stress, was employed in
the heat flux calculation, the contour plots of Mglear stress and wall heat flux predictions are
observed to be similar. Therefore, the heat flugudations in the improved LES-WW model are
strongly dependent on the predicted wall sheasstréhe contour plots of wall shear stress and
wall heat flux on the piston surface provide mareal information, which is consistent with the

concepts of LES techniques.
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Figure 5.20 Comparisons of computed wall sheassta&d wall heat flux distribution on the
piston surface as predicted by the improved LESW@deais for period -5ATDC) to +3
(ATDC). The scale of wall heat fluxes varies fromi@® to 1.1*10 W/m? and
1 to 100 N/r for wall shear stress

5.8 Test engine conditions

Different operating conditions on a single cylinagmgine are presented in this section.
The experimental results of pressure trace, chérmgat release rate, and surface heat flux are
compared with the simulation results. Testing wasedat fifteen operating conditions, which are

presented in Table 5.5 and Table 5.6.



Table 5.5 Summary of selected diesel engine caniti

DOF Run Run Run Run DOF DOF
62 52 51 69 63 38 50

RPM 1300 | 1300| 1300 900/ 1750 1300 1300
Load(bar) | 9.75 | 12.44| 15.49 1489 1510 875  9.07
P inj(MPa)| 150 | 150 | 150 | 150| 150 60 90
Fuel flow

rate 012 | 015| 0.19| o018 018 012 01P
(g/cycle)

SOl 325 | 942| -11.70 -6.01 -1659 -1.75 -2.70
CATDC) . . . . . . .
Swirlratio | 070 | 0.70| 0.70| 070 07d 070 0.70
Diduration| o el 1813 2104 1570 27.64 2222 18l69

(CA)

EGR rate

%) 0 0 0 0 0 0 0
Eq“r';’t"’i‘éence 0.601 | 0.609| 0598 0610 0600 0600 0.61

Intake
pressure | 1.311| 1.535| 1.91 1.973 1.858 1.308 1.286

(bar)

IVC
pressure | 1.460 | 1.654| 2.070 2.135 2.060 1.466 1.488

(bar)

IVC
temperature, 398 369 364 392 376 388 383

(K)

Piston

surface | 504 | 535 | 559 | 544| 584| 489 494
temperature

104



Table 5.6 Summary of selected diesel engine candit{continue)

Run Run Run Run Run Run Run Run
40 39 42 43 44 33 36 38
RPM
1300 1300 1300 1300 1300 1300 1300 1300
Load(bar) | 7.98 7.97 7.92| 7.85 7.37 9.34 9.29 9.08
P_inj (MPa)| 150 150 150 150 150| 150 150 150
Fuel flow
rate 0.091| 0.091] 0.091 o0.091 0.09 0.104 | 0.106f 0.105
(g/cycle)
SOl -11.01| -8.46 -6.0| -351 -091 -7.20 | -7.40| -7.40
CATDC) . . ) .51 ) ) ) )
Swirl ratio | 0.70 0.70 0.70 0.70 0.700 0.70 0.70 0.70
D'(O'C“XE‘)“O” 1189 | 12.20] 1221 1220 12201352 | 13.73| 13.66
EGR rate
(%) 0 0 0 0 0 0 0 0
Eq“r';’t"’i‘éence 0.388| 0.388| 0.388 0.384 0.3860.342| 0.417| 0.467
Intake
pressure | 1.531| 1.531] 1.540 1.548 1.5531.926| 1.703| 1.53(
(bar)
IVC
pressure | 1.639| 1.636| 1.647 1.656 1.6572.115| 1.861, 1.633
(bar)
IVC
temperaturg 374 386 388 389 389| 319 315 398
(K)
Piston
surface 491 484 478 473 469| 490 494 495
temperature

105
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These test cases were chosen to examine the effelifferent loads (DOF62, Run52,
and Run51), engine speeds (Run69, Run51, and Rum§&jtion pressures (DOF62, DOF38,
and DOF50), start of injection (Run39, Run40, RunR2n43, and Run44), and equivalence
ratio (Run33, Run36, and Run38). All test casesewsed for validating the proposed wall heat
model. The main objective in this section is to pame the predicted heat flux results as
predicted by the RANS-LW, LES-LW, and the improvedS-WW models with experimental
data. However, only the comparisons of computed ewedsured cylinder pressure and the
comparisons of computed and measured chemicalrélease rate are shown. The computed and
measured heat flux can be found in appendix.dpgarent that the majority of the predicted heat
flux results from each thermocouple location (TCHI#11) follow similar trends when
compared with experimental data. Those trends &edetror analysis from those heat flux

results are summarized in a later next section.

5.8.1 DOF62

12 A

----EXP

Pressure (MPa)

20 0 20 40 60
CA (ATDC)

Figure 5.21 Comparisons of computed and measutdediey pressure for DOF62, with the start
of injection at 3.25 degrees before TDC.
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Figure 5.22 Comparisons of computed and measureaiichl heat release rate for DOF62, with
the start of injection at 3.25 degrees before TDC.

Comparisons between measured and computed in-eylpréssure and heat release rates
as predicted by RANS-LW, LES-LW, and the improvdiS-WW models are shown in Figures
5.21 and 5.22 from case DOF62, with an SOI of 8i@§rees before TDC. A slight difference in
motor pressure trace from all three test modelslmmbserved in Figure 5.21, while a good
agreement in phasing of ignition can be seen iur€id.22. The locations of predicted cool
flame and main heat release rate agree fairly wél experimental data. Similar trends of
chemical heat release rate relative to the baselse (Run4l) in Figure 5.7 are captured here
for the RANS-LW model. With the CHEMKIN detailed eétmistry model, the RANS-LW model

results in less burning during the expansion strok# underestimation of in-cylinder pressure.
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5.8.2 Run52
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Figure 5.23 Comparisons of computed and measuiledley pressure for Run52, with the start
of injection at 9.42 degrees before TDC.
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Figure 5.24 Comparisons of computed and measureahichl heat release rate for Run52, with
the start of injection at 9.42 degrees before TDC.
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The comparisons between measured and computedimleypressure and heat release
rates as predicted by RANS-LW, LES-LW, and the ioyed LES-WW models are illustrated in
Figures 5.23 and 5.24 from Run52 with an SOI oR3dgrees before TDC. A slight difference
in the pressure trace from all three test modefs & observed in Figure 5.23, while a good
agreement in phasing of ignition can be seen inrgich.24. Similar trends of chemical heat
release rate relative to the baseline case (Rundiigure 5.7 are captured here for the RANS-
LW model. The RANS-LW model results in less burnitigring the expansion stroke, with

underestimation of in-cylinder pressure.

5.8.3 Run51
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Figure 5.25 Comparisons of computed and measuiledley pressure for Run51, with the start
of injection at 11.72 degrees before TDC.
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Figure 5.26 Comparisons of computed and measurealichl heat release rate for Run51, with
the start of injection at11.72 degrees before TDC.

The comparisons between measured and computedimley pressure and heat release
rates as predicted by the RANS-LW, LES-LW, and ioved LES-WW models are illustrated in
Figures 5.25 and 5.26 from Run51, with an SOl of721degrees before TDC. A slight
difference in the pressure trace from all threé mesdels can be observed in Figure 5.25, while a
good agreement in phasing of ignition can be seeRigure 5.26. The RANS-LW model is

observed to over-predict the pressure trace.
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5.8.4 Run69
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Figure 5.27 Comparisons of computed and measutetley pressure for Run69, with the start
of injection at 6.01 degrees before TDC.
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Figure 5.28 Comparisons of computed and measuremhichl heat release rate for Run69, with
the start of injection at 6.01 degrees before TDC.
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The comparisons between measured and computedimleypressure and heat release

rates as predicted by the RANS-LW, LES-LW, and ioved LES-WW models are illustrated in

Figures 5.27 and 5.28 for Run69, with an SOI ofl&legrees before TDC. A good agreeement

in pressure trace and phasing of ignition as ptediby the RANS-LW, LES-LW, and improved

LES-WW models can be seen in Figures 5.27 and S8ilar trends of chemical heat release

rate relative to the baseline case (Run4l) in Eidui7 are captured here for the RANS-LW

model.

5.8.5Run63
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Figure 5.29 Comparisons of computed and measutetley pressure for Run63, with the start

of injection at 16.59 degrees before TDC.
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Figure 5.30 Comparisons of computed and measurealichl heat release rate for Run63, with
the start of injection at 16.59 degrees before TDC.

The comparisons between the measured and compuoHeglinder pressure and heat
release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are
shown in Figures 5.29 and 5.30 for Run63, with & &8f 16.59 degrees before TDC. A slight
difference in the pressure trace from all threé iesdels can be observed in Figure 5.29, while a
slightly over-prediction in phasing of ignition cdre seen in Figure 5.30. Similar trends of
chemical heat release rate relative to the baselse (Run4l) in Figure 5.7 are captured here

for the RANS-LW model.
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5.8.6 DOF38
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Figure 5.31 Comparisons of computed and measurdediey pressure for DOF38, with the start
of injection at 1.75 degrees before TDC.
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Figure 5.32 Comparisons of computed and measureahichl heat release rate for DOF38, with
the start of injection at 1.75 degrees before TDC.
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The comparisons between the measured and compoteginder pressure and heat
release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are
shown in Figures 5.31 and 5.32 for DOF38, with @&l 8f 1.75 degrees before TDC. A good
agreement in the pressure trace from all threenieslels can be observed in Figure 5.31, while a
slight over-prediction in phasing of ignition cae been in Figure 5.32. However, the pressure

trace as predicted by the RANS-LW model agreetyfaiell with the experimental results.

5.8.7 DOF50
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Figure 5.33 Comparisons of computed and measurdediey pressure for DOF50, with the start
of injection at 2.70 degrees before TDC.
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Figure 5.34 Comparisons of computed and measureaiichl heat release rate for DOF50, with
the start of injection at 2.70 degrees before TDC.

Figure 5.33 shows the comparisons of computed asasored cylinder pressure, while
the comparisons of computed and measured chenaealrblease rate are shown in Figure 5.34.
The start of injection was advanced to 2.70 degoeésre TDC. Good agreeement is seen in the
pressure trace as predicted by the RANS-LW, LES-BWY{ improved LES-WW models, while

the RANS-LW calculation shows slightly earlier igan timing.
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5.8.8 Run40
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Figure 5.35 Comparisons of computed and measuiledley pressure for Run40, with the start
of injection at 11.01 degrees before TDC.
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Figure 5.36 Comparisons of computed and measureahichl heat release rate for Run40, with
the start of injection at 11.01 degrees before TDC.



118

The comparisons between measured and computedimleypressure and heat release
rates as predicted by the RANS-LW, LES-LW, and thgroved LES-WW models are
illustrated in Figures 5.35 and 5.36 for Run40,hwain SOI of 11.01 degrees before TDC. A
good agreeement in the pressure trace and phaskiggitton as predicted by the RANS-LW,
LES-LW, and improved LES-WW models can be seeniguries 5.35 and 5.36. Similar trends
of chemical heat release rate relative to the besehse (Run41l) in Figure 5.7 are captured here

for the RANS-LW model.

5.8.9 Run39
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Figure 5.37 Comparisons of computed and measutetley pressure for Run39, with the start
of injection at 8.46 degrees before TDC.
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Figure 5.38 Comparisons of computed and measuremhichl heat release rate for Run39, with
the start of injection at 8.46 degrees before TDC.

The comparisons between the measured and compoHeglinder pressure and heat
release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are
illustrated in Figures 5.37 and 5.38 for Run39hvah SOI of 8.46 degrees before TDC. A good
agreeement in the pressure trace and phasing wibigas predicted by the RANS-LW, LES-
LW, and improved LES-WW models can be seen in EgW.37 and 5.38. Similar trends of
chemical heat release rate relative to the baselse (Run4l) in Figure 5.7 are captured here

for the RANS-LW model.
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Figure 5.39 Comparisons of computed and measuiledley pressure for Run42, with the start
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Figure 5.40 Comparisons of computed and measureahichl heat release rate for Run42, with

the start of injection was 6.0 degrees before TDC.
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The comparisons between the measured and compoteginder pressure and heat
release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are
illustrated in Figures 5.39 and 5.40 for Run42 hwah SOI of 6.0 degrees before TDC. A good
agreeement in the pressure trace and phasing tibigas predicted by the RANS-LW, LES-
LW, and improved LES-WW models can be seen in Egw.39 and 5.40. Similar trends of
chemical heat release rate relative to the baselse (Run41l) in Figure 5.7 are captured here

for the RANS-LW model.

5.8.11 Run43
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Figure 5.41 Comparisons of computed and measutetley pressure for Run43, with the start
of injection at 3.51 degrees before TDC.
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Figure 5.42 Comparisons of computed and measureahichl heat release rate for Run43, with
the start of injection at 3.51 degrees before TDC.

The comparisons between the measured and compuoHeglinder pressure and heat
release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are
illustrated in Figures 5.41 and 5.42 for Run43hvah SOI of 3.51 degrees before TDC. A good
agreeement in the pressure trace and phasing wibigas predicted by the RANS-LW, LES-
LW, and improved LES-WW models can be seen in Egw.41 and 5.42. Similar trends of
chemical heat release rate relative to the baselse (Run4l) in Figure 5.7 are captured here

for the RANS-LW model.
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Figure 5.43 Comparisons of computed and measuiledley pressure for Run44, with the start
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Figure 5.44 Comparisons of computed and measuremhichl heat release rate for Run44, with

the start of injection at 0.91 degrees before TDC.
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The comparisons between the measured and compoteginder pressure and heat

release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are

illustrated in Figures 5.43 and 5.44 for Run44 hvah SOI of 0.91 degrees before TDC. A good

agreeement in the pressure trace and phasing tibigmas predicted by the RANS-LW, LES-

LW, and improved LES-WW models can be seen in EEgw.43 and 5.44. Similar trends of

chemical heat release rate relative to the baselse (Run41l) in Figure 5.7 are captured here

for the RANS-LW model.

5.8.13 Run33
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Figure 5.45 Comparisons of computed and measutetley pressure for Run33, with the start

of injection at 7.20 degrees before TDC.
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Figure 5.46 Comparisons of computed and measurealichl heat release rate for Run33, with
the start of injection at 7.20 degrees before TDC.

The comparisons between the measured and compuoHeglinder pressure and heat
release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are
shown in Figures 5.45 and 5.46 for Run33, with &l 8f 7.20 degrees before TDC. A slight
difference in the pressure trace from all threé nesdels can be observed in Figure 5.45, while a
good agreement in phasing of ignition can be sedfigure 5.46. Similar trends of chemical heat
release rate relative to the baseline case (Rundiigure 5.7 are captured here for the RANS-

LW model.
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5.8.14 Run36
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Figure 5.47 Comparisons of computed and measuiledley pressure for Run36, with the start
of injection at 7.40 degrees before TDC.
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Figure 5.48 Comparisons of computed and measureahichl heat release rate for Run36, with
the start of injection at 7.40 degrees before TDC.
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The comparisons between the measured and compoteginder pressure and heat
release rates as predicted by the RANS-LW, LES-BWY the improved LES-WW models are
illustrated in Figures 5.47 and 5.48 for Run36hvah SOI of 7.40 degrees before TDC. A good
agreeement in the pressure trace and phasing tibigmas predicted by the RANS-LW, LES-
LW, and improved LES-WW models can be seen in Egw.47 and 5.48. Similar trends of
chemical heat release rate relative to the baselise (Run41l) in Figure 5.7 are captured here

for the RANS-LW model.

5.8.15 Run38
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Figure 5.49 Comparisons of computed and measuretley pressure for Run38, with the start
of injection at 7.40 degrees before TDC.
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Figure 5.50 Comparisons of computed and measureiichl heat release rate for Run38, the
start of injection at 7.40 degrees before TDC.

Figure 5.49 shows the comparisons of computed agasored cylinder pressure, while
the comparisons of computed and measured cheneealrblease rate are shown in Figure 5.50.
For Run38, the start-of-injection timing was adweoh¢o 7.40 before TDC. A good agreeement
in the pressure trace and phasing of ignition alipted by the RANS-LW, LES-LW, and
improved LES-WW models can be seen in Figures a® 5.50. Similar trends of chemical

heat release rate relative to the baseline case4(Bun Figure 5.7 are captured here for the

RANS-LW model.
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5.9 Conclusion from comparisons of predicted heat fluxes and measurement data

In this section, because the overall trend forcafles is similar so data from Run41l (the
baseline case) are chosen as representative. Dihengost-processing step in the present work,
the predicted heat fluxes are stored in each wafase within the computational domain, i.e., a
60 sector. The interpolation of those scalar heat fjuantities into the nearest nodes, which

matched with the thermocouple locations reporteithénliterature, was employed.
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Figure 5.51 Peak heat flux in Wrfor each thermocouple location for Run41 as ptediby
the improved LES-WW model.

Table 5.7 Summary of percent difference betweenmrtaeimum computed heat fluxes as
predicted by all tested models and experimenta ttatRun41

TC TC TC TC TC TC TC TC TC TC TC
Diff (%) #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 | #11

RANSLW | 81 -15 371 0 -36 159 | 220 | 295 -36 28 -53
LESLW 51 -23 374 0 -40 222 322 328 176 37 26
LESWW 19 -40 18 0 -47 6 61 5 -6 -35 -5
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Figure 5.52 Comparisons of phasing at the maximales of predicted heat flux at
thermocouples located in bowl and squish region®fm41

Figure 5.51 shows the magnitude of peak heat &itreach thermocouple location as
predicted by each model and the experimental dat&ktin4l, and the discrepancies of those
results in percent can be seen in Table 5.7. Osergétion from Table 5.7 is that an extreme
difference with experimental data occurred for BR&NS-LW and LES-LW models at TC#3,
TC#6, and TC#7, which were located on the primgmgag axis. Also, the phasing at the
maximum predicted heat flux compared with experitakedata for all thermocouples is shown
in Figures 5.52 and 5.53. A significant advanceahe phasing at the maximum heat flux as

predicted by all tested wall models can be sed@C#3 and TC#6 in Figure 5.53.
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Figure 5.53 Comparisons of phasing at the maximalaes of predicted heat flux and
measurement data at thermocouples located on balld for Run41
Based on predicted heat flux results from all eagéest cases, which were listed in Table

5.5 and 5.6, the global trends of predicted heat fésults can be concluded as follows:

1) During the early compression stoke, the magnitudeeat flux is very small before the
combustion occurs for all test cases.

2) The thermocouples TC#3 and TC#6, which were locatethe primary spray axis at the
bowl walls, always detect the heat flux rise first.

3) The magnitude of the peak heat flux at TC#3 and 6r@# predicted by the improved
LES-WW model agrees fairly well with experimentadta, while the results from the
RANS-LW and LES-LW are over-predicted. Also, theapimg of the maximum heat
fluxes of those thermocouples is significantly atted when compared with

experimental data.
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4) Similar to the trend for TC#6, the improved LES-WMbdel agrees fairly well with
experimental data, while the results from the RANS-and LES-LW are over-predicted
at thermocouple TC#7 and TC#8.

5) The magnitude of heat flux results as predictedalbynodels at thermocouple TC#1,
which was located near the piston dome, are alwag/same order of magnitude as the
experimental data.

6) For thermocouples TC#2, TC#5, and TC#10, the resaflthe improved LES-WW are
always under-predicted, while fairly good agreemaith the experimental data can be
seen from the RANS-LW and LES-LW models.

7) A slight difference is observed between the predicind experimental phasing at the
maximum heat flux for TC#1, TC#10, and TC#11.

8) The magnitude of computed heat fluxes as predioyetthe improved LES-WW model is
in the range of typical measured values in dieseilustion, while most heat flux results

from LES-LW are over-predicted.

5.10 Parametric study of diesel combustion operating variables

One objective of the present study is to explbeettend of heat flux results as predicted
by the improved LES-WW model, which was simulatedier conventional diesel combustion
conditions. An engine speed sweep, SOI sweep, tiaje@ressure sweep, equivalence ratio

sweep, and engine load sweep are investigatedsiseition.



5.10.1 Engine speed (RPM) sweep

Table 5.8 Summary of selected test conditions MRsweep
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Run69 Run51 Run63
RPM 900 1300 1750
Pinj (MPa) 150 150 150
Load (bar) 14.89 15.49 15.11
Fuel (g/cycle) 0.1814 0.18659 0.18067
SOl -6.01 -11.72 -16.59
[0} 0.609817 0.598409 0.599361

For the engine speed sweep, cases with high loddriah equivalence ratio, Run69,
Run51, and Run63, which were listed in Table 5.6 a6, were chosen for simulations. Three
engine speeds were investigated, i.e., 900, 13@D 14150 RPM, while engine loads and
equivalence ratios were held constant. In genaraleases in engine speed result in an increase
in heat flux for a given equivalence ratio and loaéigure 5.54 shows an example of speed
scaling at the location of thermocouple TC#2, whicks located in the bowl region. As can be
seen in Figure 5.54, the magnitude of peak heat iBuhigher at TC#2 when engine speed
increases. Figure 5.55 shows experimental measumtsnof peak flux during engine speed
sweep, while the peak heat flux predicted by therowed LES-WW model for each
thermocouple location as a function of engine spgetiown in Figure 5.56. In theory, the speed
scaling trend should hold over the entire rangedath. The breakdown in the speed scaling
relationship can be observed in Figures 5.55 ahfl. 5The use of only eleven local data points
(TC#1-TC#11) may not be enough to justify the spsealing concept, and more sampling data
should be investigated. Another observation is thist failure in speed scaling may come from

the spray jets and their interaction with the mgwvaiston (Hendricks, 2011).
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Figure 5.54 Comparisons of measured heat flux antpated heat flux as predicted by the
improved LES-WW model during engine speed swedfCat2.

1.60E+07
~
£
E 1.20E+07
=
E
“  8.00E+06
©
Q
=
§ 4.00E+06
Q.

0.00E+00

EXP
- .k
Ao g o%0RM
l wm
: E E ' [ 5 ' ; . 1300 RPM
¢ ¥ ame
-8 B & 1 A1750RPM
S I IR
1 2 3 4 5 6 7 8 9 10 11
TC #

Figure 5.55 Experimental measurements of peakfheain W/m? at each thermocouple

location for different engine speeds.
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Figure 5.56 Peak heat flux in Wrat each thermocouple location for different engipeeds as
predicted by the improved LES-WW model.

5.10.2 SOI sweep
The baseline case (Run41), Run40, Run39, Run424Rand Run 44 were selected for
the SOI timing sweep investigation. Those condgiaere summarized in Table 5.9. The engine
load, engine speed, injection pressure and equigaleatio were kept constant for this sweep. A
range of SOI timing begins from partially premixeambustion (-13.52 ATDC) to more-mixing
controlled combustion (-0.91 ATDC) regime. Expentteg data of chemical heat release during
SOl sweep as shown in Figure 5.57 for reference=igire 5.58, the computed chemical heat
release rate as predicted by the improved LES-WWeahduring SOI sweep is illustrated. Also,
Figures 5.59 and 5.60 show heat flux variation fresperimental data and computed by the

improved LES-WW model during the SOI timing swedpthee thermocouple location TC#6.
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Similar trends of heat flux variation relative toetexperimental data are captured here for the

improved LES-WW model.

Table 5.9 Summary of selected test conditions foE@I sweep

Run41 Run40 Run39 Run42 Run43 Run44
RPM 1300 1300 1300 1300 1300 1300
Pinj(MPa) 150 150 150 150 150 150
Load(bar) 7.93 7.98 7.97 7.92 7.85 7.77
Fuel(g/cycle) 0.090 0.091 0.091 0.091 0.091 0.091
SOl -13.52 -11.01 -8.40 -6.0 -3.51 -0.91
(o) 0.390 0.388 0.388 0.388 0.384 0.386
EXP
800 A
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600 - ——501 =-11.01 ATDC
by ——501 =-8.4 ATDC
-
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I
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Figure 5.57 Experimental data of chemical heatasdeduring SOl sweep

In Figure 5.58, the spike of computed chemical hedd¢ase rate decreases as the
magnitude and duration of mixing controlled cherhloaat release rate are the same when SOI
timing is moved closer to the top dead center. ififlaence of premixed combustion decreases
and finishes at SOl =-0.9ATDC. In particular, the first spike of heat flur Figure 5.60

completely disappears. For the mixing controlledhbastion regime, the maximum peak heat
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flux occurs at SOI = -8.4ATDC, as seen in Figure 5.60. After that poing fieak heat flux
begins to decrease. The combustion begins aftempiston is already beyond the top dead
center, so the hot gas is expanded and the bulkeyaperature is lower. This leads to the

decrease in peak heat flux.
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Figure 5.58 The computed chemical heat releasag @Ol sweep as predicted by the improved

LES-WW model
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Figure 5.59 Experimental data of heat flux variatior an SOI timing sweep at the
thermocouple location TC#6
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Figure 5.60 Heat flux variation for an SOI timingeep at the thermocouple location TC#6 as
predicted by the improved LES-WW model

5.10.3 Injection pressure sweep

The common rail injection pressure was swept ateabf 60, 90, and 150 MPa. The test
conditions of DOF38, DOF50, and DOF62 were selefiiethese simulations as shown in Table
5.10. The load and equivalence ratio were kepttaeohsat about 9 bar and 0.60, respectively.
Figure 5.61 shows experimental data of chemical hel@ase during the injection pressure
sweep. Also, the computed chemical heat releapeeaticted by the improved LES-WW model
during the injection pressure sweep is illustratedrigure 5.62. Higher chemical heat release
rate and shorter combustion duration with increadimection pressure can be observed in

Figures 5.61 and 5.62 for both premixed combusimh mixing-controlled combustion regimes.
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Table 5.10 Summary of selected test conditionsherinjection pressure sweep

DOF38 DOF50 DOF62
RPM 1300 1300 1300
Pinj(MPa) 60 90 150
Load(bar) 8.75 9.07 9.75
Fuel(g/cycle) 0.12 0.12 0.12
SOl -1.75 -2.70 -3.25
0} 0.60 0.61 0.60
200 - EXP
—60 MPa
300 - ——90 MPa
= —150 MPa
<
< 200 -
g
T 100 -
0 7 7 T —
-20 0 20 40 60
CA (ATDC)

Figure 5.61 Experimental data of chemical heatasdaluring the injection pressure sweep

With higher injection pressure, the same amountligdiid fuel is injected into a
combustion chamber within a shorter period of tirAs. expected, the injection momentum
increases. The level of turbulence is increasexyltiag in higher heat flux results. Figure 5.63
shows an example of the injection pressure swegpeakcted by the improved LES-WW model
at the location of thermocouples TC#9, which wereated in the bowl region. Experimental

heat flux measurement at TC#9 is included for dference.
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Figure 5.62 The computed chemical heat releaseeakcped by the improved LES-WW model
during the injection pressure sweep
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Figure 5.63 Comparisons of measured heat flux antbated heat flux as predicted by the
improved LES-WW model during the injection presssmeep at TC#9.



5.10.4 Equivalenceratio (¢) sweep

Table 5.11 Summary of selected test conditionshferequivalence ratio sweep

Run33 Run36 Run38
RPM 1300 1300 1300
Pinj(MPa) 150 150 150
Load(bar) 9.34 9.29 9.08
Fuel(g/cycle) 0.1038 0.10593 0.10525
SOl -7.20 -7.4 -7.4
(o) 0.342 0.417 0.467
CA5 4.52 4.73 4.92

For the equivalence ratio sweep, the intake aisquree was varied while the fueling rate,
engine load, and 50% combustion timing point {gAvere kept constant as shown in Table
5.11. Experimental cases Run33, Run36, and Run®&hwwere listed in Table 5.6, were
chosen for simulations. Three equivalence ratiosevievestigated, i.e., 0.342, 0.417 and 0.467.

In general, the higher equivalence ratio increasesfuel enrichment.
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Figure 5.64 Experimental data of chemical heatasseduring the equivalence ratio sweep (line
labels indicate the global equivalence ratio)
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Figure 5.65 The computed chemical heat releaseeakcped by the improved LES-WW model
during equivalence ratio sweep (line labels ingidae global equivalence ratio)

Since the diesel combustion always operates at fieglfair ratio with an equivalence
ratio less than 1, increasing the equivalence nasults in higher bulk temperature and heat
transfer rate. Figure 5.64 illustrates experimemtata of chemical heat release during the
equivalence ratio sweep. Figure 5.65 shows the atedpchemical heat release rate as predicted
by the improved LES-WW model. It is observed tHa¢ heat release rate increases in the
premixed combustion regime with equivalence ratidiile the magnitude and combustion
duration of heat release rate in the mixing-colgtbphase are the same. Figure 5.66 shows the
equivalence ratio sweep at the location of thermptas TC#9, which was located in the bowl
region. Experimental heat flux measurement at TG#8cluded for the reference. Higher heat
flux due to more fuel enrichment as predicted gy ithproved LES-WW model can be seen in

Figure 5.66.
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Figure 5.66 Comparisons of measured heat flux antbated heat flux as predicted by the
improved LES-WW model at the thermocouple locafi@#9 during the equivalence ratio
sweep (line labels indicate the global equivalaati®)

5.10.5 Engineload sweep

Nine different operating conditions listed in Tabld2 were chosen to represent a wide
variety of diesel combustion conditions. The eqlémae ratio was chosen to be 0.6, and three
engine speeds were investigated, i.e., 900, 1,800,1,750 RPM. In the engine load sweep,
more fuel is injected into the combustion chambed anore induced air is also needed to
maintain the equivalence ratio. Figures 5.67-5.Tdws the chemical heat release from
experimental data and computed by the improved WBS-model at 900, 1,300, and 1750
RPM, respectively. Experimental data of chemicathelease rate is included for the reference.
It is apparent that the magnitude and combustiaratolin within the premixed combustion is
varied, but the heat release in the mixing-corgbliegime increases with engine load. As a
global trend, increased engine load generally tesual an increase in heat flux for a given

equivalence ratio and engine speed.
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Table 5.12 Summary of selected test conditionshferengine load sweep

DOF61 Run69 DOF64
RPM 900 900 900
Pinj(MPa) 150 150 150
Load(bar)
Fuel(g/cycle)
SOl -3.25 -6.01 -1.25
o) 0.605 0.610 0.594
DOF62 Run52 Run51
RPM 1300 1300 1300
Pinj(MPa) 150 150 150
Load(bar)
Fuel(g/cycle)
SOl -3.25 -9.42 -11.72
o) 0.601 0.609 0.598
DOF27 Run62 Run63
RPM 1750 1750 1750
Pinj(MPa)
Load(bar)
Fuel(g/cycle)
SOl -12.0 -15.1 -16.59
(o) 0.603 0.60 0.60
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Figure 5.67 Experimental data of chemical heatasg#eduring the engine load sweep

at 900 RPM
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Figure 5.68 The computed chemical heat releaseeaticped by the improved LES-WW model
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Figure 5.69 Experimental data of chemical heatasg#eduring the engine load sweep

at 1,300 RPM
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Figure 5.70 The computed chemical heat releaseeaticped by the improved LES-WW model
during the engine load sweep at 1,300 RPM
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Figure 5.71 Experimental data of chemical heatasdaluring the engine load sweep
at 1,750 RPM
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Figure 5.72 The computed chemical heat releaseeaticped by the improved LES-WW model
during the engine load sweep at 1,750 RPM

Figures 5.74 and 5.75 show examples of load scakngredicted by the improved LES-
WW model at the location of thermocouple TC#6, whizas located in the bowl wall. However,
the breakdown of load scaling occurs at lower speedbe seen in Figure 5.73. In other words,
at higher speed, the load scaling trends holds elp due to the increase in the rate of mixing
controlled combustion, which is where the majofyheat release takes place. Experimental
heat flux measurements at TC#6 are included fordfexence.

In summary, because only a few data points of ldwst flux results on the piston
surface are available here, these results may bemmigh to capture the global trends. The
spray jet and piston movement may also affect tse¢hheat fluxes. However, the heat flux
results as predicted by the improved LES-WW modelable to capture the expected trends as

shown in this section.
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Figure 5.73 Comparisons of measured heat flux antpated heat flux as predicted by the
improved LES-WW model at the thermocouple locafi@¥#6 during the engine load sweep
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Figure 5.74 Comparisons of measured heat flux antpated heat flux as predicted by the
improved LES-WW model at the thermocouple locafi@¥#6 during the engine load sweep

at 1,300 RPM
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Figure 5.75 Comparisons of measured heat flux antbated heat flux as predicted by the
improved LES-WW model at the thermocouple locafi@#6 during the engine load sweep
at 1,750 RPM
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Chapter 6 Conclusions and future work

6.1 Conclusions

In the present work, improved wall shear stress wall heat transfer models for LES
simulation techniques were developed from the wghkar stress model by Werner-Wengle
(1989) and wall heat transfer model by Han etE)9{). These models were modified to better
predict the shear stress and heat fluxes near walldES applications. The available
experimental data from square duct flows were usedalidate and determine the model
constants of the improved LES-WW model. The frictfactor and Nusselt number predictions
were in good agreement with experimental resultd,the resulting time- and spatially-averaged
velocity and temperature wall functions from thevngall models matched well with the law-of-
the-wall experimental data. In order to study thfea of hot air impinging on walls, jet
impingement on a flat plate was also tested withribw wall models. The effect of the time-
averaged friction coefficient and Nusselt numbett@impingement was investigated.

Moreover, the model was validated using experimetdsa from a Caterpillar engine
operated with conventional diesel combustion. ®mteiesel engine conditions including the
baseline case were simulated. In each case, th@utational pressure and heat release were
predicted well when compared with the experimemedasurements. There was successful
matching between the predicted and measured wall figxes at ten points on the piston
surface. Compared with the previous RANS-based malilels, the improved LES-WW model
provided more accurate predictions and better ageeewith experimental data.

These studies have given us much more confidencthanpossibilities for further

research on the improved engine wall models fgydaddy simulation (LES).
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6.2 Futurework

In square duct flows, there is still much which dedo be explored. First, the direct
numerical solution (DNS) data from square duct 8aave required for the further validations. In
particular, the details of the wall shear stressleh@ould be evaluated using DNS results. The
scatter plot of wall shear stress computed from RIE& and those from the RANS-LW, LES-
LW, and improved LES-WW wall models should be irtigeged (DNS vs. RANS-LW, DNS vs.
LES-LW, and DNS vs. improved LES-WW). The PDF ofative error from all tests could be
compared.

Moreover, simulation runs should be performed wmitbsh refinement in order to check
grid independence of the square duct flow resiltk® model of sub-grid scale eddy viscosity
and the near-wall sub-grid scale turbulent kinetiergy should be studied in more detail. Also,
the distribution of viscous shear stress, turbusdngar stress, and the total shear stress in square
duct flows could be examined. The studies of twoypcorrelation coefficient and power spectra
could also be included.

In order to obtain more confidence with the impmgg jet, many tests should be
conducted. The Reynolds number and the non-dimeakjet exit to surface ratio (H/D) should
be varied while wall temperature will be kept camit To validate, more available experimental
data in the literature with constant wall tempematagould be employed. The time-averaged
Nusselt number and friction coefficient should bemputed and compared with those
experimental data. The proposed wall heat transfailel for LES in the present work may be
modified in order to improve the predicted heakftasults near the stagnation point.

For the engine test cases, more ergginditions from different engines, i.e., a GM dlese

engine should be simulated to obtain confidencehm heat flux results predicted by the
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improved LES-WW model. For the combustion modelspke over-prediction within the
premixed combustion regime on the heat releaseecsinould be studied in more detail. This
spike may produce higher heat flux results on tleeonples TC#3 and TC#6, which were
located on a primary spray plane. Because the giestiheat flux results are strongly dependent
on the combustion model, a classic shell CTC comrusnodel is another option to check these
higher spike effects.

Moreover, to save computational time, more effarts required in parallel computation.
A few subroutines in the KIVA engine code should medified to be able to run parallel
computations, and the computation time is expeitdu reduced.

In addition, future efforts are expected to use g@vWer in combination with the LES
simulations. Accurate initial conditions of pressuand temperature for simulations will be

needed, and GT-power may help in this regard.
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Appendix A-Simulation background

Many methods for simulating highly turbulent flolvave been developed. Most of them
can be characterized into three groups: Direct NigakSimulation (DNS), Reynolds-Averaged
Navier-Stokes equations (RANS), and Large Eddy &itran (LES). First, all time scales and
space scales in the flow field are resolved by DiNS method. The three-dimensional time-
dependent Navier-Stokes equations are solved naatigriwithout using turbulence models.
This approach is very accurate and is appropriatefundamental research. Due to the huge
computational expense, this method can simulatgy ¢ow Reynolds number with simple
geometry applications. Alternately, for the traghi@al RANS simulations, only mean flow
equations are resolved numerically by using a @weraging process, while all large and small
scales of turbulence are modeled. This averaginggss tends to remove information regarding
the local turbulent flow structure. Therefore, RANS method may not be appropriate when it
is employed in flows with strong local changes,tsas flow inside the combustion chamber of
internal combustion engines.

LES is one of the more sophisticated methods talsite complex turbulent flows. The
main concept is to solve spatially averaged motmimuids, which is different from the RANS
techniques. In LES, the large scale (grid size)iomstwhich contain most of the kinetic energy
of the flow are solved directly. Only small subejscale motions (scale smaller than the grid
size), which are believed to be more isotropic andsersal in characteristics, are modeled.
Because most of the energy of turbulence scalssh®d in LES, the resolution is sufficient to
capture more energetic large-scale fluctuatiorthénflow field than those of RANS simulation.

In particular, more flow structures, eddies, andiges are obtained from LES results (Rutland,
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2011). Therefore, the turbulent simulation techegibased on LES may be more accurate when

compared with RANS approach.

Appendix B-LES fundamentals
In LES, the flow field is separated into large-gcéiesolved or filtered) and small scale

(sub-grid) motion by filtering (spatially averaginigcal flow variables. For any flow varialje

the filtered valueq_o can be written in terms of a convolution integral a

P(%.1) = [G(X - V)@ Yy
v (B.1)

The termG(x - y) is the filtering function, which is defined forghconvolution operation on

any flow variableg and must satisfy the normalization condition d®¥es

Jex-pay=1
v (B.2)

In other words, the filtering functioi®(x - y) is a kernel which is designed to damp out the
fluctuations with a characteristic scale smalleantha filter width A . Commonly, the filter
functions may be the box filter, which representsedghted average in the physical space. It is

defined as

- |un if %sﬁ/z
G(x) =
0 otherwise (B.3)

With this decomposition technique, a sub-grid pérof the local variable is introduced in the

form

g=¢p-¢ (B.4)



163

The resolved part relates to the large-scale flostions and the sub-grid part relates to the
small-scale flow motions. However, one importarihghis that these LES decompositions of
resolved and sub-grid scale should not be confustdthe RANS decomposition of mean and
fluctuating values.

Moreover, the LES method can be applied to any ewasion equation (Moin et al.,
1991). For reacting flows, the governing equatiaresconservation of mass, momentum, energy,
and species, along with the ideal gas equatioriabé sin turbulent combustion, the density may
vary significantly due to temperature change. Té&ls to an invalidation of the incompressible
flow assumption which was used to derive the stahd&S equations. Therefore, in order to
account for density changes, a density weightrfiigeration (LES Favre average) is employed
and indicated as follows
o9
P (B.5)

<

e

Therefore, a Favre average flow variable is reptmbbyq;, while the sub-grid term ig" and
is defined by
¢=p-¢ (B.6)
By applying the density-weighted LES spatial filtgy operation on the Navier-Stokes equation

and continuity equation, the governing equationstf@ large (resolved) scales are obtained.

Equation (B.7) is the LES filtered continuity egoat

a_'a+_aﬁui =0
ot 0x (B.7)
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The LES filtered momentum equation is given by

opt,  9pUU; _ _ap . @ (ﬂ ol ]_ opT,

ot ox. ox,  0x; | O0x, 0x, (B.8)
These equations show the transport of the filtergddcity and contain additional terms that are
located on the third term in the right hand sideisTterm represents the effect of the small scales
(sub-grid) on the large scale flow motions (resdleeales). It is known as the sub-grid stress
tensor (SGS) and is defined by

F :(q_uj -4 Uj)
(B.9)

Because the sub-grid shear stress cannot be gimadtied, as mentioned above, this term must
be modeled to provide the approximate value of dbtual sub-grid scale stress tensor. In
general, the results of the LES method stronglyeddpon the filter width (filter length), which is

a function of the local cell size of the computatibgrid. The filter length scal& from the CFD

grid is defined using the local CFD cell volurfiéol..;) as follows

A = (vol) % ©.10)

The actual sub-grid stresses may also transfegegriezm the sub-grid scale to the large scale in
the backscatter phenomena (Piomelli et al., 19B¢refore, those models may not effectively
capture the real turbulence motion, and the battescaffect should be taken into account. To
overcome the backscatter limitation, the sub-gireetic energy(k,;) is introduced. A transport

equation is also added to the dynamic model, agiomed above, to ensure an energy budget
between the resolved scale and SGS fluid motioren(M et al., 1996). The SGS kinetic energy

(ksgs) is defined by
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Y T
Kege = 2(U. 6, -0 (B.11)

Also, the transport equation féksgs) is formulated from the momentum equation (Pommgnin

2000) and given by

(B.12)

The SGS dissipation rate,(;) and eddy viscosity termuf,) are obtained from the scaling

argument using, and the filter length scalke (Ghosal et al., 1995 and Menon et al., 1996)

c. kl?

£ sgs

gSgS = —
A (B.13)

— —A I, 05
/'Itk - CkpAksgS (814)
The constants’, and C, are set to 0.05 and 0.3, respectively. A one-egiaton-viscosity
dynamic structure model (DSM) was developed by Rming et al. (2002). This model scales

linearly with the ratio of the SGS kinetic energyeothe trace of the Leonard stress term, while

the tensor directions of SGS stress aligns withnlaed stress. It can be written in form

L,
s
L
« (B.15)

Moreover, a priori studies of LES with the dynansttucture model in fundamental flow
configurations agrees well with DNS and experimestadies (Pomraning et al., 2002 and

Chumagov et al., 2004). Also, several studies sttt/ DSM can give excellent predictions of
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engine in-cylinder flows (Jhavar et al., 2006; Huak, 2007; and Banerjee et al., 2010).
Therefore, to obtain better results, the dynanmacstire model is used in the research to model
the sub-grid stress tensor. In addition to massld#®8 momentum conservation equations, an
LES energy equation and equation of state are medjuh perfect gas behavior is assumed and

the filtered ideal gas equation of state is (Mdiale 1991)

p=RpoT =Rot (B.16)
One should notice that the decomposition technigueshot applied to the pressure and density

field. Also, the energy equation can be filtered as

olpn), oloun) __op_ola)_ola),
ot 0X, ot  ox, 0X.

J J

(B.17)
One should also notice that the mechanical eneogyribution, i.e., pressure work and viscous

dissipation, have been neglected in the energyteudecause only low Mach number flow is

considered. The term filtered enthalby is equal tonT and the resolved heat flux is

~\ 0T
g =-k{T )
| ( )axj (B.18)

This terma is the rate of heat input;, is the specific heat at constant pressure, hﬁﬁ) is

thermal conductivity, which is evaluated at thaaﬁltemperaturef. Also, the SGS heat flux in

the filtered energy equation is defined by

Qfgszﬁ(@_uj ﬁ):ﬁcp(?—ﬁjf) (B.19)
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Similar to the SGS stress, the SGS heat flux irfittezed energy equation is modeled. There are
many previous SGS heat flux models in the liteei{@humakov et al., 2004), such as viscosity
models, scale similarity models, and stretchedexorhodels. An eddy viscosity model by Moin

et al. (1991) is usually a convenient and efficiay to approximate the SGS heat flux. It can be

expressed as

sgs — _ /utkcp a_:I:

q;
Prg 0X, (B.20)

The termPr ¢ is the SGS turbulent Prantl number, which may étemiined from a constant
value assumption and the dynamic model calculatiarthe same way, this term, is the SGS

eddy viscosity, which may be calculated from undatrcoefficient models, scale similarity
dynamic models, and one-equation models. The S@&fle in stationary and rotating square

duct flow applications is approximated using thdydiscosity model by Pallares et al. (2000).
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Appendix C-Additional heat flux results
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Figure C.4.2 Comparisons of heat flux on pistoriese at TC#5-TC#7 (spray axis) for Run69
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Figure C.12.2 Comparisons of heat flux on pistarfiemie at TC#5-TC#7 (spray axis) for Run44
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Figure C.12.3 Comparisons of heat flux on pistariese at TC#8-TC#10 (mid-way between
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215

TCH#H4
L2E407 qreeeeeeesssssssseegerseesssssssnsneee - —
| ——RANS-LW |

T BOEH06 o — —LlESwW
s | | ——LES-WW
g f : !
£ 406406 A ———
© ' : : |
Q
- =

0.0E+00 =

T2EH07 m

- —EXP

_ | | ——RANSALW
T 8.OE+06 4 M I— —LlEsw o
S g | —LESWW
X SN
) I\
T OA0EH06 [ . _— AT
Q
I

0.0E+00

CA (ATDC)

Figure C.12.4 Comparisons of heat flux on the pistorface in squish areas TC#4 and TC#11
for Run44
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Figure C.13.1 Comparisons of heat flux on pistarfieme at TC#1-TC#3 (spray axis) for Run33
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Figure C.13.2 Comparisons of heat flux on pistatfieme at TC#5-TC#7 (spray axis) for Run33
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Figure C.13.3 Comparisons of heat flux on pistarfieme at TC#8-TC#10 (mid-way between
two adjacent sprays) for Run33
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Figure C.13.4 Comparisons of heat flux on the pistorface in squish areas TC#4 and TC#11
for Run33
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Figure C.14.1 Comparisons of heat flux on pistorfiese at TC#1-TC#3 (spray axis) for Run36
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Figure C.14.2 Comparisons of heat flux on pistatfieme at TC#5-TC#7 (spray axis) for Run36
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Figure C.14.3 Comparisons of heat flux on pistarfieme at TC#8-TC#10 (mid-way between
two adjacent sprays) for Run36
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Figure C.14.4 Comparisons of heat flux on the pistorface in squish areas TC#4 and TC#11
for Run36
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Figure C.15.1 Comparisons of heat flux on pistorfiese at TC#1-TC#3 (spray axis) for Run38
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Figure C.15.2 Comparisons of heat flux on pistorfiese at TC#5-TC#7 (spray axis) for Run38
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Figure C.15.3 Comparisons of heat flux on pistarfieme at TC#8-TC#10 (mid-way between
two adjacent sprays) for Run38
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Figure C.15.4 Comparisons of heat flux on the pistorface in squish areas TC#4 and TC#11
for Run38



