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. density

: velocity vector

: surface normal vector

: net mass generated inside volume element
: tensor (dyadic) product

. identity matrix

: viscous flux tensor

: body force per volume caused by porous media
. effective viscosity

. laminar viscosity

: turbulent viscosity

: realizable k-epsilon coefficient

. turbulent Kinetic energy

: turbulent dissipation rate

I porous viscous resistance tensor

: porous inertial resistance tensor

: total enthalpy

: heat flux vector

: effective thermal conductivity

. porosity

: solid region’s thermal conductivity
. effective thermal conductivity for turbulent flows
: thermal conductivity of the fluid

: specific heat

: turbulent Prandtl number

. intermediate velocity vector field

: uncorrected mass fluxes at faces

: pressure correction

- under-relaxation factor for pressure
: boundary pressure corrections

: gradient of the pressure corrections
: vector of central coefficients

: cell volume

. pressure gradient

. permeability coefficient
: Darcy velocity
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EVALUATION OF AN AUTOMOTIVE AIR INTAKE SYSTEM IN TERMS
OF PRESSURE LOSS AND FLOW CHARACTERISTICS

SUMMARY

In diesel engines, determination of pressure losses on air intake system is of crucial
importance due to its detrimental effect on engine performance. Inefficiencies in
performance present itself in elevated fuel consumption and/or high emmisions.
Main effect of pressure losses in air intake system (AIS) is on compressor
performance and combustion efficiency. The term AIS includes a major portion of an
internal combustion engine’s air path. In internal combustion engines, air path is
basically a series of closed conduits that starts from grill opening that collects the
fresh air to the exhaust tailpipe. AlS is the common name for system that comprises
group of engine components which are responsible to deliver fresh air into the
combustion chamber. Area of interest in this study is the series of components
conveying air from atmosphere until compressor. Parts included in this study are the
portion of AIS from atmosphere until compressor; a grill opening, dirty side ducts,
air filter assembly, clean side ducts.

When high pressure losses occur inside this system, AIS can accommodate less fluid
flow under existing operating conditions to fulfil the demand of charged air into
combustion chamber, compressor is forced to work in an inefficient operating point,
resulting in extra load to turbine. Excessive load on turbine increases back pressure
and hence, this phenomenon diminishes the combustion performance. To choose and
calibrate the related parts of AIS, such as turbocharger, intake manifold, pressure
losses from upstream should be determined correctly. However, this determination
should be performed in early stages of design, leading to difficulties and complexity
for test. Hence, employing a computational fluid dynamics (CFD) solver is more
than a necessity to perform such evaluation. Yet again, to conduct a CFD study and
to achieve reliable results in good correlation with real operating conditions, most of
the cases require a validation procedure that includes testing.

In this study a valid evaluation of the AIS performance is aimed. To achieve this
goal, objectives that followed is;

- Acquiring information about AIS system boundary conditions,
- Building a CFD Model to model air filter’s pressure loss characteristics,

- Comparing pressure loss obtained in CFD model with ASTM (American
Society for Testing and Materials) F778 Standard Air Permeability test
results,

- Building sector CFD models to evaluate the behavior of the filter element
when installed into air filter assembly,

XXi



Quantifying filter behavior with results of sector analyses and determining
porous media tensor to represent filter element in complete AIS CFD model,

Building a full CFD model including all low pressure portion of the AIS and
evaluating flow performance in terms of pressure loss and flow
characteristics such as flow uniformity values on before and after mass flow
rate sensor, filter element and at compressor inlet.

Gathering test results for the AIS subjected to CFD analyses and comparing
pressure loss behavior to validate the evaluation.

To perform CFD Analyses, a commercial CFD Solver called StarCCM+ (v.10.02) is
used for analyses. Upon completion of the study, findings collected are as follows:

ASTM F778 test is reproduced via CFD, calculating air filter element’s
pressure loss with less than 7% difference in comparison with measurement.

CFD analysis of AIS is underpredicting the pressure loss by 11% when
compared to tests.

CFD analysis of AIS underpredicts the pressure loss value around 15% for
pleated air filter element when compared to measurement data.

The results can be considered satisfactory, as the method to evaluate pressure loss is
applicable for early stages of design where it is too expensive and time consuming to
build and test a prototype for each design. Besides, the values of deviation for each
pressure loss value are lesser than similar studies in literature, due to the increased
detail level and quality.
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BiR ARAC HAVA EMIS SISTEMININ BASINC KAYIPLARI VE AKIS
KARAKTERISTIKLERI ACISINDAN INCELENMESI

OZET

Bir otomobilin tasarimindaki en Onemli unsurlardan biri Tlretilen parcalarin
akiskanlarla etkilesiminin dogru sekilde hesaplanmasi ve davranisinin 6nceden
bilinmesidir. Ozellikle araca hareket fonksyonunu kazandiran motor, akiskan
etkilesimi bakimindan tiim aracin en karmagsik kismidir. Sistemdeki siirtinmeyi
azaltan yaglama sistemindeki yagin, yanma sonucu ortaya ¢ikan 1sinin malzeme i¢in
tehlikeli olmasint Onleyen sogutma sistemindeki suyun, yanma odasina beslenen
yakitin ve en Onemlisi atmosferden yanma odasina, yanma odasindan eksoza
gerceklesen ve motor performansini belirleyen havanin akisi, motor igerisindeki
akiskan hareketlerini olusturur. Bu calismanin ana odaginda havanin atmosferden
yanma odasina kadar izledigi yolu olusturan hava emis sistemi bulunmaktadir. Hava
emis sistemindeki kayiplarin hesaplanmasi ve tasarimin kayiplart en aza indirecek
sekilde yapilmast motorun tasarimi agisindan kritik 6nem tasir. Son yillarda daha
cevreci motorlar Tlretilmesi yonilinde yapilan yasal diizenlemeler, otomotiv
sirketlerini iiretilen her motordan olabilecek en iyi performansi ve en yiiksek verimi
almaya yonlendirmektedir. Giiniimiiz teknolojisinde hava emis sisteminde
kargilasilan karmasik geometri ve yapilarin ii¢c boyutlu hesaplamali akiskanlar
dinamigi (HAD) ile incelenip performansinin degerlendirilmesi miimkiindiir. Bu
calismada hava emis sisteminin akiskanlar dinamigi acisindan en karmasik parcasi
sayilabilecek hava filtresinin HAD ile modellenmesini kolaylastiran bir yontem
gelistirilmis ve kullanima sunulmustur.

Hava emis sistemindeki kayiplarin dogru hesaplanabilmesi i¢in otomotiv firmalari iki
ana yol izlemektedirler. Bunlardan birincisi hava ile etkilesecek parcalarin
prototiplerinin iiretilerek deneylere tabi tutulmasi olup bu yontem ¢ogunlukla motor
tasariminin ilk asamalarinda miimkiin degildir. Bu yontemin kullanilmasi aym
zamanda birden fazla tasarim alternatifinin degerlendirilmesi gerektigi durumlarda
oldukca pahali ve is giicii gerektiren bir hal alir. Bu giicliikleri icermeyen ve tasarim
esnasinda kullanilan diger yontem ise bilgisayar destekli benzetimlerle parcalarin
performanslarmin sanal ortamda degerlendirilmesidir. Icerdigi karmasiklik ve
gerektirdigi teorik bilgi yiikii nedeniyle benzetimin dogru, gergege yakin ve etkin
sekilde yapilmasi sistem hakkinda dogru bilgiyi almak agisindan biiyiik 6nem tasir.

Hesaplamali akiskanlar dinamigi agisindan hava emis sisteminin en karmasik
pargasi icerdigi kiigiik 6lgekli detaylar ve gdzenekli yapisi nedeniyle hava filtresidir.
Otomobillerde kullanilan hava filtreleri cogunlukla “filtre kagidi” ad1 verilen genis
diizlemsel malzemenin katlanmasi ile elde edilen girinti ve c¢ikintilara sahip
geometriyi igerir. Bu parganin ana gorevi aracin ¢alistigi ortamdaki tozun ve kirin
motorun igerisine ulagsmasint Onlemektir. Motorun c¢aligmasi esnasinda iyi
tasarlanmig bir hava emis sistemi iizerindeki kayiplarin biiyiikk ¢ogunlugunu hava
filtresi olusturur. Kaybin HAD ile dogru hesaplanabilmesi i¢in filtrenin karmasik
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yapisinin dogru modellenmesi esastir. Ancak hava filtresinin en ince ayrintisina
kadar modellenmesi benzetime c¢ok biiyiik bir hesaplama yiikii getirir. Bu nedenle
literatiirdeki genel egilim, hava filtresinin detaylardan arindirilarak gozenekli bir
blok halinde modellenmesi yoniindedir. Hava emis sisteminin timiiniin benzetime
katildig1 durumlarda bu yaklasimin hesaplama siiresi ve maliyeti bakimindan
getirdigi kazanimlar agikardir. Ancak bahsi gegen “gdzenekli blok” model igerisinde
dogru temsil edilmelidir. Ticari HAD programlar1 genellikle gbdzenekli ortamin
yarattigi kayiplar1 genel momentum denkleminde govde kuvveti adi verilen
momentum kayip mekanizmalari altinda degerlendirir.

Bu c¢alismanin amaclarindan biri benzetimde kullanilan momentum denklemindeki
govde kuvvetinin dogru hesaplanmasini saglamada kullanilan katsayilar1 belirlemede
kullanilan bir yontemin basariyla uygulanmasidir. Bu yontem fiziksel 6zellikleri
bilinen karmasik hava filtresi geometrisinin kiiclik bir kisminin analiz edilmesi
sayesinde, deneysel yoOntemler kullanilmaksizin yeterli bir yaklasiklikla ilgili
katsayilarin hesaplanmasini saglamaktadir. Calismaya konu olan diizlemsel hava
filtresi icerisinden segilen alan, filtre kagidinda olusan ii¢ ana yondeki akis HAD
analizine tabi tutulmustur. Bu ii¢ ana yon; havanin katlamalarin gerceklestirildigi
dogruya paralel dogrultu, havanin biiyilk ¢ogunlugun izledigi yol olan katlama
dogrultusuna diisey yonde dik olan dogrultu ve havanin gecmekte en ¢ok zorlanacagi
katlamalara filtre diizleminde dik olan dogrultudur. Bu ii¢ dogrultu ii¢ ayr1 benzetim
grubunda incelenmis ve her benzetimde o dogrultuya 6zgii tahmini debi araliklari
taranarak hizlara bagli basing kaybi karakteristikleri belirlenmistir. Belirlenen bu
degerler iizerinden gecirilen egrilerle Forchaimer terimini iceren Darcy kanununa
gore poroz ortam katsayilarina ulasilmistir. Benzetimlerde yaygin kullanilan ticari
HAD yazilimlarindan StarCCM+(v10.02) tercih edilmistir.

Uc ana yonde yapilan analizler sonucunda elde edilen gdzenekli ortama dair
katsayilar daha sonra benzetime tabi olan filtre kagidinin takildig: biitiin bir hava
emis sisteminin analizinde kullanilmis ve sistemde olusan basing kayiplar1 kademeli
bir sekilde hesaplanmistir. Calisma sonunda hesaplanan basing kayiplar ilgili
standart yonergelere uygun yapilmis deneylerle dogrulanmaistir.

Dogru bir hava emis sistemi modellemesi i¢cin HAD modelinin yalnizca basing
kaybii dogru modellemesi de yeterli degildir. Yapilan benzetimde gézenkli blok
halinde modellenen filtre kagidi bolgesinin igerisinde olusacak akis alaninin dogru
sekilde modellenmesi de Oncesindeki ve sonrasindaki parcalarin olusturdugu
kayiplart dogru modellemek agisindan kritik 6nem tagimaktadir.

Bu yontem ile daha oOnceden yapilan deneyler ile belirlenen gozenekli ortam
katsayilar1 deneye ihtiyag duymaksizin HAD ile belirlenebilir hale gelmistir.
Yontemin etkin ¢alisabilmesi icin gereken tek deney otomotiv ve tekstil
endiistrisinde filtre elemanlarinin standartlastirilmasi amaciyla yapilan ASTM(F778-
88) standartlarina dayali Ol¢limiin sonuglandir. Filtre kagidi iireticileri {iriin
gamindaki iirlinleri bu deney ile belirlenen hava gecirgenligine gore siniflandirirlar.
Secilen filtre icin ulasilan hava gecgirgenligi 6l¢iim sonuclarina da ¢alisma icerisinde
ayrica yer verilmistir.

Calismanin tamamlanmasi ile beraber;
- Hava emis sisteminin basing kaybi oOlciilen degere kiyasla HAD tarafindan
%11 seviyesinde bir fark ile dogru tahmin edilmistir.
- Hava filtre elemaninin katlanmis haldeki basing kaybi HAD tarafindan,
oOl¢iilen degerine kiyasla %15 daha az olarak tahmin edilmistir.
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- ASTM F778-88 standardi kapsaminda yapilan o6l¢giim HAD ortaminda
tekrarlanmig ve basing kaybi %7’nin altinda bir fark ile dogru tahmin
edilmistir.

Filtre elemanmmin HAD benzetimlerinde daha detayli incelenmesi sayesinde

basing kayiplar literatiirdeki benzer ¢alismalara kiyasla daha 6l¢iim sonuglarina

daha yiiksek yaklasiklikla belirlenmistir.

Bunun yani sira kiitle debisi sensoriiniin 6ncesi ve sonrasi, filtre elemaninin giris

yiizeyi, kompresor girisi gibi kritik bolgelerdeki akis dagilimlart gorsel olarak

aliman es basing ve hiz egrileri ile; ve sayisal olarak da tekdiizelik katsayisi

(uniformity index) ile gosterilmistir.
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1. INTRODUCTION

The term Air Intake System (AIS) includes a major portion of an internal combustion
engine’s air path. In internal combustion engines, air path is basically a series of
closed conduits that starts from grill opening that collects the fresh air to the exhaust
tailpipe. AIS is the common name for pack of parts that has fresh air inside. As can
be seen in Figure 1.1, AIS includes all the pipeline until air enters into the

combustion chamber.

' 4 Mass airflow |
: Air filter sensor )
I Air !
I Cylinder :
: CR pump pressure sensors ‘
| — 'LPEGR
| Charge air i :
| cooler 1
I
! - - -JA\VGT, EGR cooler valve (3)
\

I ey
I Throttle (1) EGR cooler
| R

HP EGR valve (2) Iﬁ T

Variable intake

manifold with HP EGR DOC + DPF NOx  Exhaust H2S

path feedback adsorber valve catalyst

Figure 1.1 : Schematic view of an automotive AIS [1]

This study is performed on a diesel engine that includes air charging subsystem. Air
charging subsystem generally comprises a compressor for pressurizing the fresh air
fed to combustion chamber. As can be seen in block diagram given in Figure 1.2,
typical components of the AIS include a grill opening, intake ducts (dirty side ducts),
air filter, clean side ducts, a compressor, hot charged ducts, a charge air cooler, cold
charged ducts, throttle body and intake manifold.

In Figure 1.2, the portion of AIS called ‘Low pressure ducts’ is marked as the area of
interest. In this study, the flow characteristics and pressure losses of this region will

be inspected in depth.



1
1 Area of

1

Mass Flow 1 Interest

|/
Sensor |

Air Filter

Dirty Side Clean Side !
Ducts Ducts Cbmpressor
i

Throttle Body

Charged
Ducts
Intake Charged
Manifold Air Cooler
Cold Charged
Ducts

Combustion
Chamber
(Cylinders)

Figure 1.2 : Area of interest inside AlS.

Determination of pressure losses and flow behavior in AIS is crucial due to the
effects on engine performance. Flow characteristics of AlS is needed to be obtained
in early stages of the engine design for hardware selection for numerous essential

engine components including; compressor, mass flow sensor, charged air cooler.

There are two main paths that can be followed for assessing performance of the AIS

which are conducting tests and building CFD models.

Building a CFD model to represent flow behavior, can return approximate results in
a fast and relatively cheaper manner. Hence, employing a CFD solver is more than a

necessity to perform such evaluation.

However, a robust and representative CFD model for entire AIS must include a valid
method to evaluate air filter flow characteristics. Due to the fact that filter can have
an extremely complex geometry with large and small scales and microstructure in
filter element is non-deterministic, modelling of air filter is one of the most difficult
problems to solve with current technology. Figure 1.3 shows the typical filter

element geometry which causes most of the complexity for CFD analyses of AlS.



A typical airbox assembly

Filter element

Pleats of filter paper

Figure 1.3 : A typical Air Filter Box Assembly [2]

1.1 Purpose of Thesis

For vehicles of all size, AIS is one of the most crucial systems for engine operation.
The robustness of design affects a wide variety of engine performance parameters
including compressor efficiency, compressor noise, fuel consumption, combustion
efficiency, emission levels. In addition, for the engine subjected to this study, there
are extra requirements such as targets that are needed to be achieved for mass flow
sensor to work without loss of fidelity, flow uniformity level to be attained in the

front face of the filter element.



Main purpose and motivation behind this study is to deliver a robust and reliable AIS
design that is in full compliance with prescribed targets and performance metrics. In
order to achieve this goal there are several objectives to be attained. These objectives
include;
- Acquiring information about boundary conditions corresponding worst case
scenario for AlS,
- Predicting filter’s pressure loss characteristics via a CFD model,

- Comparing pressure loss obtained in CFD model with ASTM F778 Standard
Air Permeability test results,

- Building sector CFD models to evaluate the behavior of the filter element
when installed into air filter assembly,

- Quantifying filter behavior with results of sector analyses and determining
porous media tensor to represent filter element in complete AIS CFD model,

- Building a full CFD model including all low pressure portion of the AIS and
evaluating flow performance in terms of pressure loss and flow
characteristics such as flow uniformity values on before and after mass flow
rate sensor, filter element and at compressor inlet.

- Gathering test results for the AIS subjected to CFD analyses and comparing
pressure loss behavior to validate the evaluation method.

- Searching possibility to conduct the AIS evaluation process without requiring
series of measurements.

1.2 Literature Review

Current methods employed in automotive industry are rather difficult to find since
most of the information is kept as know-how inside automotive companies.
However, with substantial amount of research on subject is known to be performed
in numerous companies. These research methods mostly aimed to provide a reliable

method to model AIS in terms of pressure losses and flow behavior.

In a SAE paper by Moreira et al. [3] 3D CFD analysis is performed for AIS of an
automobile. In this analysis, filter element has planar and pleated geometry and
modeled as a porous block. Analyses were conducted via commercial CFD solver
FLUENT, and porous block’s resistance parameters are obtained via series of tests

on prototype, details of which are not shared.

Joshi et al. [4] worked on a methodology to evaluate low pressure ducts of a common
rail direct injection engine. In this study the porous media coefficients of filter



elements that required by CFD solver is determined by a curve fit applied to the data
obtained from series of tests conducted on an instrumented vehicle.

During literature survey for test-free methods for modelling filter element via CFD, a
SAE paper by Huurdeman and Banzhaf [5] is encountered. The paper presents an
application of the same main idea in this study. In this paper, the porous media
coefficients are obtained with two-dimensional CFD modelling of single pleat in
main flow direction. In other flow directions (by notation used in this thesis, against
and parallel to pleats) simple flow analyses inside closed conduits are employed.
Details of these analyses were not included inside the paper, due to preservation of
know-how. The paper also contains an information for standard procedure of air
filter design in Mann Hummel. Standard procedure is obtained by development of a
tool by this company which generates pressure drop and porous media coefficients to
be used in 3D CFD analyses upon user input of geometrical data and physical
properties. Only study that provides information about CFD results’ agreement with
test for a model that includes air filter is provided by again Huuderman and Banzhaf

(2006). In this study, level of agreement is found around 15%.

What these three studies share is to model the filter element as a porous block instead
of solving the pleated filter geometry in full detail. Same simplification is used in this

thesis due to its straightforward and yet reliable nature.

In most of the cases in literature, commercial CFD solvers such as StarCCM+, Fluent
and CFX is employed to determine flow behavior. In a study by Siqueira et al. [6] an
automobile AIS is analyzed for two different geometry configurations and seven
different operation points for each geometry. Within this study it is found that the
flow characteristics such as uniformity index (referred to as gamma coefficient) and
eccentricity factor (a ratio that defines the location of maximum velocity with respect

to axis of the section) is remaining unchanged with changing flow velocity.

In another study by Mamat et al. [7] pressure loss of air intake grill and duct located
downstream is calculated. The study does not include filter element and all numerical
results obtained is given in comparison with experimental data. CFD results show a
maximum error of 8.4% from experimental data and authors deem this error level as

fair level of agreement.






2. THEORY

2.1 Equations of Conservation

All equations of conservation including mass, momentum and energy is treated in
integral form to comply with the necessity suggested by finite volume method
(FVM). As defined by Andersson et al. [8], Finite Volume Method is based on
dividing entire computational domain into small cells to represent partial differential
equations (PDEs) that govern conservations of quantities as a sum of each cell’s
algebraic contribution. On this occasion, PDEs are reduced into a set of linear
algebraic equations. These set of equations are given in the form that used in this
study.

2.1.1 Continuity Equation (Conservation of Mass)

Continuity equation is the conservation of mass inside a domain whose boundaries
are specified. In the analyses, unsteady effects are not taken into consideration. The
continuity equation as provided in StarCCM+ v 10.02 theory guide [9]:

3€A pi.dd = j S, dv 2.1)

%4

Where p is density, v denotes velocity vector and a is surface vector. S,, denotes the

net mass generated inside volume element. gﬁA is the symbol used to define a surface

integral over a specified boundary.

2.1.2 Conservation of Momentum

Since the analyses are all solved buy steady solver, transient term is dropped to zero

and all body forces acting on volume element is neglected except for porous media



force. After arrangements, the conservation equation for momentum is given by
Equation (2.2) [9]:

ﬁpﬁ@ﬁ.dd=—£p1.d5+£r.d5+ff;dV (2.2)
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Left hand side of the equation is corresponding to convective flux; Where v is
velocity vector, p is density a is the face area vector. The operator @ used in
equation is the tensor (dyadic) product of two vectors. Terms on the right hand
side is corresponding to pressure gradient, viscous flux and body forces, respectively.
And the variables p, I, t, E are corresponding to density,identity matric, viscous flux
tensor and body force per volume caused by porous media involment, respectively.
Since the Reynolds stress transport model is employed to solve cases as turbulent

flow, Bousinessq approximation is used for viscous flux tensor 7 [9]:
- — 2 -
T = Uess [Av + VT — 3 (V. v)I] (2.3)

Inside Equation (2.3)., v is the velocity vector, vT s the velocity vector defining
turbulent fluctuations. p.rr = p+ u., is the effective viscosity and sum of the

laminar viscosity u and turbulent viscosity u,,. Turbulent viscosity is defined as
follows [8];

k2
U = pCM? (24)

In Equation (2.4), C, denotes realizable k-epsilon coefficient, k is turbulent kinetic
energy and epsilon denotes turbulent dissipation rate.

In Equation (2.2), the variable ﬁ in body force addition term represents the effect of

porous medium if CFD model includes a porous domain. The viscous body force

term E is calculated by following formula as follows [9]:

fy =B+ PI3]). ¥ 2.5)



where P, is porous viscous resistance and P;denotes porous inertial resistance

tensors. Determinationof these coefficients will be revisited in succeeding chapters.

2.1.3 Energy Equation (Conservation of Energy)

Energy equation used in analyses is for a flow, which is not transient and includes no

body forces and grid velocity, and presented in integral form as follows [9]:

3€pHada - 35 Tdi + yg v bdd (2.6)
A A A

where H is the total enthalpy T is the heat flux vector t is the viscous stress tensor
that calculated in Equation (2.3), and v is the velocity vector. Total enthalphy H is

calculated as;

212
v
Ty Lis 2.7)
2
Heat flux vector g" is evaluated from;
q" = —kepfVT (2.8)

where T is temperature and k. is effective thermal conductivityk, ., is calculated

as follows for porous media involvement:

kerr = Xkfuia + (1 = X)Ksotia (2.9)

And y is porosity (calculated from ratio of void volume over total volume) kg4 is

the effective thermal conductivity for turbulent flows:

Uer Cp
Pry,

kfluid = k + (210)

where k is thermal conductivity of the fluid, p,, is turbulent viscosity from Equation

(2.4) C,, is specific heat, Pry, is turbulent Prandtl number.



2.2 SIMPLE Algorithm

One of the most important aspects in CFD modelling is the coupling of velocity and
pressure and pressure corrections applied in CFD model. The method called SIMPLE
(Semi Implicit Method for Pressure Linked Equations) algorithm is employed by
StarCCM+ solver to conduct this operations.

SIMPLE algorithm is an iterative process that starts from a guessed value (i.e. an
initial condition prescribed by user for CFD solvers) for pressure field in domain
subjected to CFD. SIMPLE algorithm includes following steps [9]:

1) Set the boundary conditions.
2) Computed the reconstruction gradients of velocity and pressure.
3) Compute the velocity and pressure gradients.

4) Solve the discretized momentum equation. This creates the intermediate

velocity field v*
5) Compute the uncorrected mass fluxes at faces ni >

6) Solve the pressure correction equation. This produces cell values for the

pressure correction p’

7) Update the pressure field:

p™tl =p" + wp’ (2.11)

where w is the under-relaxation factor for pressure.
8) Update the boundary pressure corrections p’;,

9) Correct the face mass fluxes:

m T = mig* + (2.12)

10) Correct the cell velocities:

VVpr

v
a/p

pntl = p*

(2.13)
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Where Vp' is the gradient of the pressure corrections a'g is the vector of

central coefficients for the discretized linear system representing the velocity

equation, and V is the cell volume
11) Update density due to pressure changes.

12) Free all temporary storage.

2.3 Porous Media Modelling via CFD

Background theoretical information about flow in porous media is a large and
complex topic with numerous aspects are needed to be taken into account. However,
modelling inside CFD solvers does not differ much in nature. Since the CFD
modelling is performed in StarCCM+ solver’s theoretical guides is inspected
throughly to obtain the exact formulation to be used. Effect of porous media to flow

is modeled as a momentum sink [7].

Main mechanism of pressure and momentum loss is governed by Darcy’s law.
StarCCM+ employs Darcy’s Law for small values of velocity as defined by Vafai
[10]:

vp=—(5)v (2.14)

where u is dynamic viscosity, VP is pressure gradient, a is permeability coefficient
and v is “Darcy Velocity” defined as ratio of volumetric flow rate over cross

sectional area.

However, when turbulence is present, momentum and pressure drop behavior of
region changes. Due to this change inertial resistance factor P; is added to the

momentum sink equation, presented in Equation (2.5).

In porous media modelling, in order to determine viscous and inertial resistance,
flow velocity is related to pressure loss per unit length in a macroscopic manner as
follows [9]:

AP
T = PUU + Pivz (215)
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Equation (2.15) is the general form suggested for users to determine inertial and
viscous resistance values. Generally, as can be seen in references [3] and [4],

resistance values are calculated by fitting a polynomial to test data.

2.4 Finite Volume Method

There is a wide variety of numerical algorithms to solve these problems in literature,
according to their position in mathematical classification. However, each algorithm
requires an operation called discretization to solve the equation numerically. Zikanov
[11] defines discretization as replacement of an exact, continuous solution of a PDE
or a system of PDEs by an approximate numerical solution defined in a discrete
domain. This replacement process can be performed in numerous ways including
spectral, finite element, finite difference and finite volume methods. Commercial

CFD solvers generally employ finite volume approach for solutions.

The FVM is a discretization technique for partial differential equations, especially
those that arise from physical conservation laws. FVM uses a volume integral
formulation of the problem with a finite partitioning set of volumes to discretize the
equations. FVM is in common use for discretizing computational fluid dynamics
equations. Detailed information for discretization of conservation equations can be

found in the book in reference [8].

2.5 Computational Grid

Discretization of a computational domain requires representation of discretized
quantity (geometry, time etc.) as set of points with known properties. This set of
points form series of two or three dimensional elements. The structure formed by
these elements is called “grid” or “mesh”. Hoffmann and Chiang describes grids in
two main categories; structured grid and unstructured grid. Sturctured grid is formed
by elements rectangular in shape and grid points are distributed along the grid lines,
whereas unstructured grid’s points can not be associated with orderly defined grid
lines, the points forming discrete elements are not distributed according to the same
pattern throughout computational domain [11]. Figures 2.1 and 2.2 shows an

example for structured grid and unstructured grid, respectively.

12



Figure 2.1 : Structured grid, [12].

Figure 2.2 : Structured grid built with triangular elements.

CFD models built in this study also include unstructured mesh. Surface mesh
generated to define basis for volume meshing used triangular element and volume

mesh for all CFD models in this thesis is generated from polyhedral cells.
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3. EVALUATION OF AIS

3.1 Workflow

In order to evaluate AIS, the all calculations are followed in a step by step manner.

On this occasion, the whole workflow can be described in 4 steps. These steps are:

Step 1:

Step 2:

Step 3:

Air Permeability Calculation of filter element:

Geometry and other pertinent information is gathered for filter element to be

used in next calculations.

ASTM standard test procedure is applied on filter element or standardized
filter permeability data is used to obtain permeability property of the filter

element.

A CFD model is built to evaluate the level of agreement between tests and
CFD. In this CFD model, value of porous viscous resistance Pi is calculated

from ASTM test and applied as isotropic porous media coefficient.
Sector analyses:

Mesh sensitivity study is performed for CFD models to be built up, to ensure

optimized mesh quality and calculation time.

A CFD model is prepared for each three main directions for filter element,
described according to positioning with respect to filter pleat structures. The

directions are named as parallel, perpendicular and against the pleats.

CFD analyses for each direction is repeated to calculate porous inertial and

viscous resistances. These coefficients are stored to be used in Step 3.
Full geometry analysis:

A CFD model is built for entire AIS, having a porous block instead of the

filter geometry with all details.

Mesh and runtime sensitivity study is performed.

15



- The coefficients for porous media obtained in Step2 are applied to this porous
block.

- Upon completion of CFD analysis pressure and velocity contours in mass
flow rate sensor, compressor inlet, upstream and downstream faces of porous

filter element are provided.

- The pressure losses are calculated and reported for entire system and through

filter element only.
Step 4 : System level validation test
- Test setup is build according to prescribed Ford procedure.

- The pressure readings on tests are collected and compared with the results
obtained with CFD.

The workflow with sub elements is summarized with figure 3.1.

Evaluation of AIS

System level validation
test

Air Permeability Calculation
of filter element

Sector Analyses Full Geometry Analysis

Gather information | Perform Mesh | Perform Mesh Compare results
for filter element Sensitivity Sensitivity with CFD findings
Collect results of Parallel to Pleats : Evaluate pressure drop

ASTM F778 test Collect results, evaluate Pi & Py of filter and System

Draw streamlines and
—— Provide contours for

Calculate air
permeability for

Perpendicular to Pleats :

CFD Collect results, evaluate Pi & Pv critical sections
Perform CFD Against the Pleats:
Analysis " Collect results, evaluate Pi & Pv

Figure 3.1 : Summarized workflow.
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3.2 Step 1 : Air Permeability Calculation of filter element

3.2.1 Gathering information for filter element

To test and validate the method a sample case of analysis of an engine of which
geometrical information and datasheets are provided by Ford Otosan is used. In the
Figure 3.2 and table Table 3.1, the filter element’s geometrical information is

provided.

Figure 3.2 : Air Filter Geometry Details

As can be seen in Figure 3.2, due to its small details, modelling the filter element
would pose extreme difficulties in both meshing and calculation phases for a full AIS
geometry CFD study.
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Table 3.1 : Geometry data for Filter Element [13]

Corresponding
Description Dimension (mm) |dimension on Figure

4.2

Number Of pleats 86 n/a
Bellow Width (mm) 168 1
Height of Bellow (mm) 45 2
Length of Bellow (mm) 266 3
Pitch of pleats 3.1 4
Thickness (mm) 0.5 5

Filtration Area (m2) 1.19 n/a

3.2.2 Gathering information for filter element

Most of the filter element producers comply with ASTM 738 standard test [13] to
categorize their products. Filter element subjected to this study, Mahle LX935 air
filter, is also categorized with aid of this test. According to standard test procedure,
filter element used in assembly allows 440 I/min.m? of air flow from a 0.003532 m?
of unfolded, circular filter element under 1 inch water column (124 Pa) pressure
difference applied. Filter element is also known to have a thickness of 0.5 mm. This
standard test result is used to calculate air permeability. And modifying this result,
porous media coefficients to be used for sector CFD modelling of filter element is
obtained. Darcy’s law given in Equation (2.14) is employed to calculate air
permeability.

Air permeability test is conducted for different filter elements to monitor
repeatability, maximum deviation from test to test is below 2%. A schematic view of

test setup is provided in Figure 3.3.
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Figure 3.3 : Schematic Test Setup [13]
3.2.3 Calculate air permeability for CFD

During calculation of porous media coefficients, two main assumptions are
employed. First, structure inside filter element assumed to be isotropic and show the
same resistance in every direction. Second, flow inside the porous domain is
assumed to be laminar and its behavior is governed by Darcy’s Law. The porous
viscous resistance P, to be used in CFD model, is calculated from an altered version
of Equation (2.14):

vt 0.44(m/s)5x107*(m)

b=0=ap~ 124 Pa

k
=~ 5.64x105( g) (3.1)

m3s

where t is corresponding to filter element’s thickness and APis pressure drop across
the filter element, v is superficial (Darcy) velocity and a is the air permeability

coefficient of filter paper.
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These values are used as isotropic tensor for “porous viscous resistance” for
StarCCM+, value is fed to resistance coefficients matrix on CFD models in Step2,

same value for all three directions.

3.2.4 CFD analysis

To perform the reliability crosscheck between test and CFD an analysis performed in
accordance with geometrical specifications and requirements claimed in standard
document. Model setup details are provided in tabular form via Table 3.2. In CFD
model, total pipe length is set as 10 times the diameter of pipe to eliminate flow
instabilities and to provide sufficient distance for flow to reach to the specimen

without any resistance.
Boundary conditions for CFD model is extracted from ASTM test setup details.

- Inlet: Mass flow rate 2.06E-3 kg/s (cooresponds to 440 I/min.m? room

temperature)
- Outlet : Pressure 0 Pa (Absolute)

It must also be noted that the specimen used inside the CFD model is assumed to be
isotropic, that is to say, the specimen shows same porous media characteristic in all

three dimensions.

Table 3.2 : CFD model setup data for Filter Element [14]

Quantity Unit Value
Filter Element Thickness mm 0.5
Standard Cross Sectional Area cm2 38.32
Density kg/m3 1.22
Inlet Mass Flow kg/s 2.06E-03
Pressure on outlet pa 0
Deviation N/A 7% <
Pressure Drop (Test) Pa 124
Pressure Drop (CFD) Pa 132

20



An image to show volume mesh is provided in Figure 3.4:

Porous region

Figure 3.4 : CFD Model to mimic test conditions

The results obtained by CFD model is in good correlation with the prescribed
pressure drop. The difference is calculated to be below 7%. In Figure 3.5, the CFD

result is provided by a bar chart.

Air permeability test results
Pressure

diffeerence Compa rison

(Pa)
140 132.6

120

100
m dP_experiment

mdP by CFD

80
60
40
20

0

Figure 3.5 : ASTM F778 Test results and CFD model comparison
3.3 Step 2 : Sector Analyses

Sector modelling of air filter element is one of the most crucial parts of this study. A
CFD model is prepared and performed for small portion of air filter element. Having
a small portion enables modelling the geometry in full detail with considerably less

penalty for runtime. Main problem is to recreate the domain in a representative way,
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so that reliability of CFD results can hold. To accomplish this fidelity, structure is
analysed in three main directions; parallel to pleats, perpendicular to pleats(main
direction), and against the pleats. CFD models are run with mesh generated inside
StarCCM+ having a range between 2.1 and 8.3 million polyhedral elements inside
the domain. Mesh sensitivity study is performed with refinements until mesh

independent solution is reached.

Three main flow directions are shown in Figure 3.6:

Against the pleats (Case C)

Perpendicularthe pleats (Case B)

Parallel to the pleats ( Case A)

Figure 3.6 : Single Pleat analyses flow directions
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Model setup details are divided into two groups as values and settings used in model

and provided in tabular form as shown in table 3.3 and table 3.4 respectively.

Table 3.3 : Single Pleat (sector) analysis model setup details

Quantity Unit Value
Prism Layer Thickness mm 0.1225
# of Prism Layers - 4
Base Size mm 0.3
\XIGSQS Absolute Minimum surface size mm 0.03
Absolute Target size mm 0.2
Surface Mesh Growth Rate - 1.1
Volumetric Control on corners mesh size | mm 0.03
Density mm 1.205
Fluid Viscosity Pa.s 1.82E-05
Properties Thermal Conductivity W/m-K | 0.02603
Specific Heat J/kg-K 1005
Pressure Pa 0
. Static Temperature C 25
Colr?clitilt?cl)ns Turbulent Lengthscale mm 0.0463
Turbulent intensity - 0.05
Porous side turbulence intensity - 0.05
Outlet Pressure Pa 0
Outlet Temperature C 25
Outlet Turbulent Lengthscale mm 0.0463
Outlet Turbulence Intensity - 0.05
Inlet Velocity m/s 0.02-12
Inlet Temperature C 25
Inlet Turbulent Lengthscale mm 0.0463
Boundary Inlet Turbulence Intensity - 0.05
Conditions | porous viscous Resistance (xx direction) - 590476.2
s :
Porous viscous Resistance (yy direction) kg/rsn’\3- 590476.2
Porous viscous Resistance (zz direction) kg/rsn’\3- 590476.2
Porous Inertial Resistance (xx direction) | kg/m”4 0
Porous Inertial Resistance (yy direction) | kg/m"4 0
Porous Inertial Resistance (zz direction) | kg/m”™4 0
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Table 3.4 : Single Pleat (sector) analysis physics setup details

Mesh Count 21M-35M
Turbulence Model RANS > Realizable K-Epsilon Two Layer
Wall Treatment All y+
Y+ Range <1
Density Dependency Ideal Gas
Time Dependency Steady State
Temperature Dependency Segregated

3.3.1 Mesh sensitivity analyses:

A mesh sensitivity study is performed to set the optimum mesh count for a both
computationally economic and mesh independent solution. Only changed parameter

during mesh sensitivity study is the base size.

Mesh sensitivity study is conducted for Case-A, has the flow in direction parallel to

the pleats. To obtain mesh independent solution, three base size values are used:
- Coarse (includes 5.0E+5 Elements),
- Fine (includes 2.1E+6 elements),
- Very Fine(includes 2.6E+6 elements).

To demonstrate mesh density, Figure 3.7is provided. Each section view is
extracted from same location, from the area marked in the Figure 3.7.

/[:Lm

Very Fine Fine Coarse
Cell Count : 2.6 M Cell Count:2.1 M Cell Count : 500K

Figure 3.7 : Mesh sensitivity study images
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Results provided in Table 3.5 and Figure 3.8.

Table 3.5 : Tabular data for sector analysis

COARSE FINE VERY FINE
Velocity(m/s) | AP (Pa) |AP/L(Pa/m)| AP(Pa) |AP/L(Pa/m)| AP (Pa) |AP/L(Pa/m)
0.2 1.225 245.00 1.065 212.97 1.198 239.55
0.4 1.698 339.66 1.711 342.24 1.860 371.99
0.6 2.516 503.15 2.621 524,11 2.654 530.71
0.8 3.402 680.41 3.567 713.41 3.558 711.66
1 4.334 866.85 4.542 908.37 4.514 902.70
1.2 5.310 1062.03 5.543 1108.56 5.502 1100.41
# of cells 500000 2 100000 2 600 000

AP/L(Pa/m) vs. V(m/s) Mesh comparison
1200.00
1000.00 |
800,00 |
£
_E_ 600.00 | B COARSE
= m FINE
400,00 | m VERY FINE
200,00 |
0.00 ¢
0.2 0.4 0.6 0.8 1 1.2
Velocity[m/s)

Figure 3.8 : Mesh sensitivity study results

Method was to make the mesh finer and finer until mesh independent results are

obtained. Since the pressure drop values differ less than %3, case called ‘Fine’ is

chosen.
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3.3.2 Case A: Parallel to pleats

Once the mesh size is determined, the procedure proceeded to sector analyses. The
first analysis performed is called Case A. Geometry details for Case A is given with
Figure 3.9 and 3.10.

I

Figure 3.9 : CFD domain for parallel to the pleats case

Dimensions
@ A:5mm
B:3*A
C:6.2 mm
D:44.75 mm

Figure 3.10 : Geometrical dimensions for case A

Figure 3.11 provides images of CFD domain from different angles and

computational grid.
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CASEA

Flow
Direction

Figure 3.11 : CFD domain for case A

In this model, sketch shown in Figure 3.9 is created in CATIA, extruded in direction
perpendicular to the sketch plane namely the z direction, and exported to StarCCM+.
Flow in this case is through the pleats, in z direction. Pleats are modeled as isotropic

porous media. Boundary conditions for CFD model:
- Inlet: Velocity Inlet, 0.2-1.2 m/s (swept with 0.2 intervals)
- Outlet: Pressue Outlet 0 Pa (gage).

It must be noted that velocity values are extents of typical values expected under real

operating conditions for given direction.

Upon completion of analyses, the pressure loss data is obtained as shownin table 3.6.
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Table 3.6 : Tabular Input/Output Data for CFD Analyses

StarCCM+
\V AP(Pa)
0.20 1.07
0.40 1.71
0.60 2.63
0.80 3.58
1.00 4.56
1.20 5.56

To extract porous media coefficients, AP is normalized with characteristic length of
porous media, namely the depth of pleat structure. For the depth value of 5mm,
normalized pressure values plotted with corresponding velocity values, creating the

characteristic curve for porous media coefficients extraction.

Case A: Parallel to pleats

1000 /
/‘{= 53.236607143x2 + 858.950892857x
800 / RZ=0.996876190
600 / @ STARCCM
400
/ Poly. (STARCCM)
200 $

0 T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

V(m/s)

1200

AP/L(Pa/m)

Figure 3.12 : Polynomial curve fit for Case A

With fitted curves, polynomial coefficients can be directly used as porous inertial and
viscous coefficients inside StarCCM+ model. Tabular data from Table 3.6 with

calculated porous inertial and viscous resistances are provided in Table 3.7.
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Table 3.7 : Pressure loss characteristics and porous media coefficients

STARCCM
V(m/s) AP/L(Pa/m)
0.20 213.25
0.40 342.95
0.60 525.46
0.80 715.38
1.00 911.01
1.20 1111.94

Pressure and velocity contours provided for given section indicated in the figure
3.13.

L] Pressure (Pa)
. . -2.4621 -0.85802 0.74603 2.3501 3.9541 5.5582
Section position [ '
Velocity: Magnitude (m/s)
0.00033759 0.31324 0.62614 0. 33904 1.2519 1.5648

Figure 3.13 : Pressure and velocity contours for case A
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3.3.3 Case B: Perpendicular to pleats

©,®

Dimensions
A:5mm
C:6.2 mm
D:90 mm I u

Figure 3.14 : CFD domain for perpendicular to the pleats case and sample grid

In this model, sketch shown in Figure 3.14 is created in CATIA, extruded in
direction perpendicular to the sketch plane, namely the z direction, and exported to
StarCCM+. Flow in this case is through the pleats, in -y direction. Pleats are modeled
again as isotropic porous media. Boundary conditions for CFD domain are:

- Inlet: Velocity Inlet: 2-12 m/s (swept through with 2 m/s intervals).
- Outlet : Pressure Outlet, 0 Pa (gage)

Velocity values are extents of typical values expected under real operating

conditions for given direction.

To extract porous media coefficients, AP is normalized with characteristic length of
porous media, namely the height of pleat structure. For the normalized pressure
values plotted with corresponding velocity values, creating the characteristic curve
for porous media coefficients extraction. Characteristic curves and porous media

coefficients are shared in Figure 3.15 and Table 3.8, respectively.
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Perpendicular to the pleats

20000
/ y =59.4257x% + 831.9836x
15000 R?=0.9997
10000 /
@ STARCCM
5000 / Poly. (STARCCM)

0 T T T T T T 1
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

V(m/s)

AP/L(Pa/m)

Figure 3.15 : Polynomial curve fit for Case B

Table 3.8 : Pressure loss characteristics and porous media coefficients

STARCCM
V(m/s) AP/L(Pa/m)
2.00 2084.01
4.00 4344.32
6.00 7088.25
8.00 10364.81
10.00 14203.39
12.00 18622.40

Pressure and velocity contours provided for given section indicated in the Figure

3.16.

Pressure (Pa)

y 1337 9.2003 19.738 30.276 40.813 51.351
3 = - om
O —
—
Velocity: Magnitude (m/s)
Y 0.012562 0.42432 0.83607 1.2478 1.6596 2.0713
I; =

Figure 3.16 : Position of the plane section and Pressure & Velocity Contours
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3.3.4 Case C: Against thepleats

—> —>
1 r
—>
Flow
Direction \L
—>
—>
y
J
z X

Figure 3.17 : CFD domain for against the pleats case

OJC,

Dimensions
A:5 mm
C:6.2 mm
D:44.75 mm

Figure 3.18 : Geometrical dimensions for case C

In this model, flow in this case is through the pleats in x direction as shown in
Figure 3.17. CFD Model is prepared according to geometry infromation provided in
Figure 3.18. Pleats are modeled again as isotropic porous media. BOundary

conditions for CFD Analyses are:
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- Inlet : Velocity Inlet 0.02-0.12 m/s (swept through with 0.02 m/s intervals).

- Outlet : Pressure QOutlet, 0 Pa (gage)

Velocity is swept through 0.02-0.12 m/s with 0.02 m/s intervals. Velocity values are

extents of typical values expected under real operating conditions for given direction.

To extract porous media coefficients, AP is normalized with characteristic length,
namely the longest distance enveloped by region in x direction, For the normalized
pressure values plotted with corresponding velocity values, creating the characteristic
curve for porous media coefficients extraction. Characteristic curves and porous

media coefficients are presented in Figure 3.19 and Table 3.9, respectively.

Against the pleats

12000
10000 /
/ y =97.042x2 + 95165.419x
8000 / R%=1.000
6000
/ & STARCCM
4000
2000 /
O T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

V(m/s)

AP/L(Pa/m)

Poly. (STARCCM)

Figure 3.19 : Polynomial curve fit for Case C

Table 3.9 : Pressure loss characteristics and porous media coefficients

STARCCM
V(m/s) AP/L(Pa/m)
0.02 1903.64
0.04 3806.45
0.06 5709.68
0.08 7614.52
0.10 9517.74
0.12 11420.97
Porous inertial Resistance 97.21
Porous Viscous Resistance 95165.39
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3.4 Step 3 : System Level CFD Analysis

Low pressure ducts refer to series of air channels and vessels conducting air from
free atmosphere to compressor. A typical low-pressure AIS ducts consists of
following parts; snorkel, dirtyside duct, air filter box upstream, air filter element, air
filter box downstream, cleanside duct. Main goal of this study is to obtain
coefficients of porous block that represents the air filter element and use the values to
model an AIS comprising the filter element . To do so, at this step of the method,
obtained values of porous media is fed to the general model. The model contains 3
different regions, namely Fluid region for upstream, a porous region representing the

filter element and another fluid region to solve downstream.

CFD analysis is performed via StarCCM+(v10.02). Wet surfaces extracted in
CATIAV5R18, porous region modeled as a rectangular prism box and coefficients of
porous media is defined as non-isotropic tensor including two terms, namely porous
inertial resistance and porous viscous resistance retrieved from tables 3.7, 3.8 and
3.9. These values are applied to CFD model after defining a reference coordinate

system in accordance with filter geometry.

3.4.1 Mesh Sensitivity Study

A mesh sensitivity study is performed to set the optimum mesh count for a both
computationally economic and mesh independent solution. Only changed parameter
during mesh sensitivity study is size of the mesh, size of the mesh and polyhedral

cell growth rate.

Figure 3.20 shows the mesh density from left side view of the airbox geometry.
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Z

Coarse : Element count 253k

N ——

Z

Fine : Element count 1.62M

Z

Fine : Element count 5.1M

Figure 3.20 : Mesh sensitivity images for main model
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Upon completion of the analyses, two metrics are compared for each model, namely;
surface uniformity index at filter outlet and pressure loss throughout the system.
Criterion for the study is that these metrics for “fine” model should not deviate more
than 2% from “very fine” case. Method is built in such a way that if this deviation
exceeds 2%, “Very fine” case become “fine” and new “very fine” case has increased

mesh density. In this study target of 2% is attained within first trial.
The deviation of both metrics are provided in bar chart form with Figure 3.21 and

Figure 3.22.

Surface Uniformity @ Filter outlet % Deviation
(wrt Very Fine)

6.00

5.05

5.00 -

4.00 +

M Coarse

m Fine
2.00

1.00 ~

0.00 -
Surf Uniformity@Olet

Figure 3.21 : Deviation of surface uniformity index calculated at filter outlet

Pressure Drop % Deviation
(wrt Very Fine)

3.00

2.50

2.00 -

M Coarse

1.50 ~

H Fine
1.00 -

0.50 -

Ptot Diff Psta Diff

Figure 3.22 : Deviation of pressure drop calculated for entire domain
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3.4.2 Pressure drop evaluation for AIS and filter element

As mentioned in the introduction section, in order to evaluate an automotive air
intake system’s flow characteristics, the analyses should be performed in two steps.
First step includes detailed modelling of the filter element. This modelling provides
necessary data for determination of porous media coefficients. These coefficients are
then fed to porous media settings inside main model.

AIS CFD model consists of an intake tube (cleanside duct), Airbox, resonator and
filter assembly, a cleanside duct and a representative mass flow rate sensor mounted
on cleanside duct. Air is collected from fictionally defined spherical region to
represent pressure losses that occur during suction of stationary, ambient air.
Ambient pressure is applied as inlet boundary condition on surface of said fictious
sphere. To provide desired mass flow through system, mass flow boundary condition
is applied to the outlet side. Amount of mass prescribed at outlet is equal to mass
flow rate for the condition that engine is running with rated power. High y+
turbulence model employed as wall treatment model, with a prism layer mesh
configuration satisfying y+>30 condition for non-stagnant regions. Realizable k-
epsilon turbulence model is used to simulate turbulent effects. During meshing, a
fictional extrusion of 5 times outlet diameter is applied to the outlet boundary, to
disregard the outlet effects and prevent numerical errors. However, pressure value at

outlet is read from original location.
Model basically includes three regions namely cleanside ducts, porous block,

dirtyside ducts as shown in figure 3.23.

Cleanside region

Porous Block(filter
element)

Dirtyside region

Figure 3.23 : Regions used in main CFD model
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A fictious sphere is defined at the inlet to simulate suction from stagnant air and take
the losses occur during suction into account. Inlet sphere is defined to be 5 times

inlet pipe diameter. The figure 3.24 shows the fictious sphere.

!
i
!
i
!
i
!
J

Figure 3.24 : Fictious sphere applied on inlet

38



The most important output of the study is without doubt, the pressure drop value of
systrm and its distribution among the components. To show the breakdown of
pressure losses, a number of sections are provided within CFD model. Locations of

these sections are marked in the Figure 3.25.

Outlet:
6 Before MAFS mass flow rate

7 After MAFS
5: Airbox /
CS

8 CSD

\
/

3 DSD
End

10: Outlet

2 After Grill

Inlet: 1 atm / 1

Figure 3.25 : Critical sections that CFD data is read

Pressure losses are normalized and provided as a percentage of total pressure loss
throughout the system. Table 3.10 shows the pressure loss data where Figure 3.26

shows losses graphically via a bar chart.

39



Table 3.10 : Normalized Pressure Loss data

AP Scaled to total AP level of system
CFD Results

Elementary Cumulative
Inlet 0 0.00
Grill 28.7 32.25
Dirtyside Duct 17.7 52.13
Airbox Downstream 21.52 76.31
Filter 11.08 88.76
Airbox Upstream 1.33 90.26
Cleanside Duct 11.67 100.00

Cumulative Pressure Drop

100
80
60
40

i I
0

Inlet Grill Dirtyside Airbox Filter Airbox Cleanside
Duct Downstream Upstream Duct

m CFD Results

Figure 3.26 : Cumulative pressure loss data for components
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3.4.3 Generation of streamlines and contours for critical sections

Upon completion of the analyses, pressure and velocity contours on streamlines and

middle sections are provided. Figure 5.27 shows the position of section

Section 1 Position

Figure 3.27 : Position of section 1

Velocity and Pressure contours on Sectionl are provided in the figure 3.28 and 3.29:

ty on Section 1

Figure 3.28 : Velocity and Pressure contours
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Figure 3.29 : Velocity and Pressure contours

Streamline plots having pressure and velocity contours are provided in Figure 3.30
and figure 3.31:

Velocity Streamline

Figure 3.30 : Velocity and Pressure contours
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Pressure Streamline

Figure 3.31 : Velocity and Pressure streamline plots

Figure 3.33 shows velocity flow patterms from sections inside porous block as

shown in Figure 3.32

Section2 (horizontal)

Section3 (Vertical)

Figure 3.32 : Positions of sections 2 and 3
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Section2

Figure 3.33 : Velocity contour as projected on section 2

Velocity scene is set up to show tangential velocity contours on middle section. As
can be seen from the figure 3.33, flow is dominant in the parallel to the pleats
direction. That is an expected phenomenon due to the fact that fluid encounters less
resistance in parallel to the pleats direction.Figure 3.34 shows tangential velocity
contour on section3.

Section3

Figure 3.34 : Velocity contour as projected on section 3
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Velocity, as can be seen in the figure 3.34, is dominant on the perpendicular to the
pleats direction. It is again an expected phenomenon since this direction has less
resistance than against the pleats direction. The velocity component on against the
pleats direction is almost zero compared to the one in perpendicular to the pleats

direction.

Flow uniformity upstream from mass flow sensor is also an important parameter for
flow behavior. Surface Uniformity is a measure of velocity distribution and causes
mass flow rate sensor to operate correctly and read data in a repeatable manner in

real time.

Figures 5.15 and 5.16 show velocity contours upstream and downstream from mass
flow rate sensor where Figure 3.35 shows position of mass flow sensor with respect
to entire AlS.

Figure 3.35 : Mass flow rate sensor position
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Figure 3.36 and Figure 3.37 shows the velocity contours and surface uniformity

values of upstream and downstream of mass flow sensor, respectively.
Velocity contours 5 mm upstream from mass flow sensor,

Surface Uniformity : 0.954

5mm Mass flow sensor

Figure 3.36 : Mass flow rate sensor position
Velocity contours 10 mm downstream from mass flow sensor,

Surface Uniformity : 0.852

Figure 3.37 : Mass flow rate sensor position
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3.5 Step 4: System Level Validation Test for AIS

To indicate CFD model’s fidelty, a series of tests are conducted. Results are collected

and provided in comparison at Results and Discussion section.

3.5.1 Aiir filter pressure drop test method

To assess air filter pressure drop, an internally standardized procedure is followed in
Ford Otosan. A schematic view and a photograph of actual of test setup is provided
in the Figure 3.38 and 3.39:

HEF. AZHRAE STANDARD 8276

SMOOTH PANEL

THANSIT PIEZO-RI
ITIONS FILTER o NG
7 deg MAX
I 1001 CROSS-3ECTION
.___,_.._...
P e = ] -_-_'--b
o1 ,__'_-. IHLET S e —— OUTLET D2
—_— |
w |—r-

|- L -1 SQUARE —'l 02

CROSS-SECTION
TDPm |
| I |

HERE, D1=D2
L =4.072 x (W - D1 or D2)
DP (head loss) = DP (measured) { THE DYNAMIC HEAD LOSS CANCELS OUT}
OR

FRESSURE DROP = DPm(WITH ELEMENT+ HOUSING) - DPm{HOUSING ONLY)
OF ELEMENT

WE ASSUME THAT THE DPm{HOUSING} IS SMALL COMPARED
TO THE FILTER ELEMENT.

Figure 3.38 : Schematic image for test setup

Figure 3.39 : Test setup images
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Method basically has the following steps:
1) Install Airbox assembly and pertinent cleanside and dirtyside ducts
2) Calibrate flow measurement devices

3) Adjust the mass flow rate to the maximum flow rate that occurs/expected to

be occuring during engine operation.
4) Take measurement with filter element installed
5) Repeat the measurement to cover repeatability
6) Remove filter element from the assembly and repeat measurement
7) Repeat the measurements to cover repeatability.
Results collected for 7 different air filters to cover difference between provided parts.

Variation among measurements are all below 2%

3.5.2 AIS Pressure drop test method

For validation of this study, air filter pressure drop test is conducted with increased
number of piezo-rings to have a better comparison of values predicted via CFD and

actual values.

For validation of this study, air filter pressure drop test is conducted with increased

number of piezo-rings to have a better comparison of values predicted via CFD and

actual values.A schematic view and a photograph of actual of test setup is provided
in the Figure 3.40 and 3.41:

PIEZO-RINGS
ooy -— INLET
COVER TUBE
-_—
TUBE ‘
FILTER TRAY - [ o FLOW
ELEMENT I l )
[DELC P = DPm T
| I

Figure 3.40 : Schematic test setup for geometry equivalent to main CFD model
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Figure 3.41 : Test setup images for geometry equivalent to main CFD model

Mass flow is created with suction from downstream side and dirtyside duct’s

upstream end is left free to make Test and CFD aligned. After instrumentation most

of the sections marked in CFD model is instrumented in the test as well.

3.5.3 Comparison of Test Results with CFD

Upon completion of analyses, pressure drop of AIS is evaluated. Under same

operation conditions, a test data acquired from Ford Otosan, regarding same

geometry. Results are given in comparison in table 3.11. and figure 3.42. Please note

that pressure drop values are scaled and presented as percentages section by section.

Table 3.11 : Predicted and tested pressure drop values AIS CFD
AP Scaled to total AP level of system (%)

Test Results CFD Results

Elementary | Cumulative Elementary | Cumulative
Inlet 0 0.00
Grill 28.70 28.70
Dirtyside Duct 50.52+1.1 17.70 46.40
Airbox Downstream 21.52 67.92
Filter 13.02+0.1 11.08 79.00
Airbox Upstream 85.42+1.7 1.33 80.33
Cleanside Duct 100.00£1.9 11.67 89.00
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Figure 3.42 : Column Chart for cumulative pressure drop
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4. CONCLUSIONS AND RECOMMENDATIONS

Study is completed with derivation and validation of a method to model air filter
element in less time and resource consuming CFD model, which has significant

value in automotive industry.
Outcomes and commentary of the study can be summarized as follows:

- ASTM F778 test is reproduced via CFD, calculating air filter element’s
pressure loss with less than 7% difference in comparison with measurement.

- CFD analysis of AIS is underpredicting the pressure loss by 11% when
compared to tests.

- CFD analysis of AIS underpredicts the pressure loss value around 15% for
pleated air filter element when compared to measurement data.

- It is proven that accurracy of an AIS CFD analysis can be improved with

relatively physical modelling of filter element.

- For correctous modelling of filter element, standard datasheet information of

filter element is adequate.

- Accurracy of CFD model can be acceptable for early phases of design, but

can not be trusted for product validation.

- Applying this procedure in design phase, is useful for prediction of flow
behavior at compressor inlet and significantly lowers the amount of funds
spent on test expenses for design iterations.

For studies to be done in future, scope of this project can be broadened by following

additions:

- Filter element modelling can be extended to conical and cylindirical filter

element configurations.

- Turbulence models or mesh quality can be improvedin order to incease the

level of accurracy at the expense of computational labor.
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- The process can be automatized with scripts formed in java or other
programming environments, or supported with a graphical user interface to

prevent errors sourcing from program operator.
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