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Abstract

When designing a new fuel management system for a spark ignition engine the amount of

air that is fed to the cylinders is highly important. A tool that is being used to improve

the performance and reduce emission levels is engine modeling were a fuel management

system can be tested and designed in a computer environment thus saving valuable

setup time in an engine test cell. One important part of the modeling is the throttle

which regulates the air. The current isentropic model has been investigated in this

report. A throttle body and intake manifold has been simulated using Computational

Fluid Dynamics (CFD) and the influence of surface heating and surface wall roughness

has been calculated. A method to calculate the effective flow area has been constructed

and tested by simulating at two different throttle plate angles and several pressure

ratios across the throttle plate. The results show that both surface wall roughness

and wall heating will reduce the mass flow rate compared to a smooth and adiabatic

wall respectively. The reduction is both dependent on pressure ratio and throttle plate

angle. The effective area has showed to follow the same behaviour as the mass flow

rate for the larger simulated throttle plate angle 31◦, i.e. an increase as the pressure

drop over the throttle plate becomes larger. At the smaller throttle plate angle 21◦, the

behaviour is completely different and a reduction of the effective area can be seen for

the highest pressure drop where an increase is expected.





Sammanfattning

När ett nytt bränslesystem ska designas till en bensinmotor är det viktigt att veta

hur stor mängd luft som hamnar i cylindrarna. Ett verktyg som är på frammarsch

för att förbättra prestanda och minska emissioner är modellbaserad simulering. Med

hjälp av detta kan ett bränslesystem designas och testas i datormiljö och därigenom

spara dyrbar tid som annars måste tillbringas i en motortestcell. En viktig del av

denna modellering är spjället eller trotteln vilken reglerar luften. I denna rapport har

studier gjort på den nuvarande isentropiska modellen. Ett spjällhus och insugsgrenrör

har simulerats med hjälp av Computational Fluid Dynamics (CFD) och påverkan av

värme samt ytjämnhet på väggen har beräknats. En metod att beräkna den effektiva

genomströmmade arean har konstruerats och testats vid två olika spjällvinklar samt

flertalet tryckkvoter över spjället. Resultaten visar att både en uppvärmd vägg och en

vägg med skrovlighet kommer att minska massflödet jämfört med en adiabatisk respek-

tive en slät vägg. Minskningen har både spjällvinkel samt tryckkvots beroende. Den

effektiva genomströmmade arean har visats sig följa samma beteende som massflödet

vid den större simulerade spjällvinkeln 31◦, det vill säga öka med ökat tryckfall över

spjället. Vid den mindre vinkeln 21◦ är beteendet helt annorlunda jämfört med mass-

flödet och en minskning av den effektiva arean kan ses vid det största tryckfallet där

en ökning förväntades.
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Chapter 1

Introduction

To regulate the power output from an engine there have to be some restriction of how
much fuel - air mixture that reaches the cylinders. One way to do this is to use some
kind of valve that restricts the air, fuel is then regulated to get the correct fuel - air
mixture. The most common valve is of butterfly type and is used in almost every car
engine manufactured today, the valve is sketched in figure 1.1. The throttle plate rest
angle α0 is larger than zero to prevent wall binding.
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Figure 1.1: Throttle body with definition of angles, α0 6= 0 to prevent wall binding

Development of fuel injection systems that gives better fuel economy, less emissions and
higher performance are central parts when a new engine is designed. This area is where
most improvements have been made in the last two or three decades. In fuel manage-
ment design simulation is one of the most powerful tools. This gives the engine controll
designer a way to run an artificial engine under controlled conditions controlling tem-
perature, ambient pressure and other physical properties instantaneously without time
loses. A real engine on the other hand may take several minutes and sometimes hours
to reach steady state conditions. When simulating an engine the various engine com-
ponents are divided into subsystems, for example, air filter, turbo charger, intercooler,
throttle body, cylinders and exhaust system. For each subsystem there are equations or
models that are used to describe how a particular subsystem will effect the others. If all
subsystems are validated correctly against engine measurements they will behave and
perform just as in the real engine. By doing so there are possibilities to get accurate
results from simulations of how a real engine would react to a certain fuel management
system.
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CHAPTER 1. INTRODUCTION

1.1 Purpose

The main purpose of this report is to gain a greater understanding of how the air flow is
restricted at the throttle plate and especially why the flow becomes choked at a certain
pressure ratio using Computational Fluid Dynamics (CFD).
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Part I

Throttle Flow
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Chapter 2

Background

Engine measurements were conducted at The Department of Electrical Engineering,
University of Linköping [1] only the results will be presented here. The engine data
consists of measurements conducted at four different throttle plate angles presented
with corresponding geometric cross sectional area in table 2.1.

The mass flow rate for the four throttle plate angles has been normalized and are
presented in figure 2.1(a). The current model assuming isentropic flow, and Hendricks
polytropic exponent model [7] are used to visualize differences. For further reading
about the models see page 11 section 3.1.
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Figure 2.1: (a) Pressure ratio p2

p1
versus normalized mass flow rate, curves represent

the isentropic model and Hendricks polytropic exponent model. (b) Isentropic model
relative error compared with Hendricks polytropic exponent model.
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CHAPTER 2. BACKGROUND

Throttle plate angle [◦] Area [mm2]
19 150
17 125
15 100
13 75

Table 2.1: Throttle plate angle and corresponding cross sectional geometric area.

The model has a maximum relative error of approximately 6 percent, figure 2.1(b).
However the “knee” where the flow is choked occurs at a different pressure ratio for the
measured data compared with the isentropic model.

2.1 The complete Navier-Stokes Equations

The flow through the geometry is governed by three physical rules.

1. Conservation of mass.

2. Newtons second law, F = ma.

3. Conservation of energy.

These fundamental rules are used to derive the governing equations that are utilized to
describe and calculate the flow. The equations are known as the complete Navier-Stokes
equations, in conservation form and for a Newtonian fluid they are written as.
X direction.

∂(ρu)

∂t
+

∂(ρu2)

∂x
+

∂(ρuv)

∂y
+

∂(ρuw)

∂z
= −∂p

∂x
+

∂

∂x

(

λ∇ · V + 2µ
∂u

∂x

)

+
∂

∂y

[

µ

(
∂v

∂x
+

∂u

∂y

)]

+
∂

∂z

[

µ

(
∂u

∂z
+

∂w

∂x

)]

+ ρfx (2.1)

Y direction.

∂(ρv)

∂t
+

∂(ρuv)

∂x
+

∂(ρv2)

∂y
+

∂(ρvw)

∂z
= −∂p

∂y
+

∂

∂x

[

µ

(
∂v

∂x
+

∂u

∂y

)]

+
∂

∂y

(

λ∇ · V + 2µ
∂v

∂y

)

+
∂

∂z

[

µ

(
∂w

∂y
+

∂v

∂z

)]

+ ρfy (2.2)

Z direction.

∂(ρw)

∂t
+

∂(ρuw)

∂x
+

∂(ρvw)

∂y
+

∂(ρw2)

∂z
= −∂p

∂z
+

∂

∂x

[

µ

(
∂u

∂z
+

∂w

∂x

)]

+
∂

∂y

[

µ

(
∂w

∂y
+

∂v

∂z

)]

+
∂

∂z

(

λ∇ · V + 2µ
∂w

∂z

)

+ ρfz (2.3)

6



2.2. ASSUMPTIONS

Energy equation.

∂

∂t

[

ρ

(

e +
V 2

2

)]

+ ∇ ·
[

ρ

(

e +
V 2

2

)

V

]

= ρq̇

+
∂

∂x

(

k
∂T

∂x

)

+
∂

∂y

(

k
∂T

∂y

)

+
∂

∂z

(

k
∂T

∂z

)

− ∂(up)

∂x
− ∂(vp)

∂y
− ∂(wp)

∂z

+
∂(uτxx)

∂x
+

∂(uτyx)

∂y
+

∂(uτzx)

∂z
+

∂(vτxy)

∂x
+

∂(vτyy)

∂y
+

∂(vτzy)

∂z

+
∂(wτxz)

∂x
+

∂(wτyz)

∂y
+

∂(wτzz)

∂z
+ ρf · V (2.4)

2.1.1 Equations of State

The air traveling past the throttle plate is assumed to be an ideal gas, i.e. the ideal gas
law can be utilized

p = ρRT (2.5)

For a calorically perfect gas the relation between temperature and internal energy is

e = cvT (2.6)

2.2 Assumptions

One way to solve the complete Navier-Stokes equations analytically is to reduce them
with assumptions. However with every assumption made the expression loses in accu-
racy. To derive the equations that are the foundation to most models that are used to
describe the flow the following suppositions are made.

• The flow is assumed one directional, lets say in the X direction. v = w = ∂
∂y

=
∂
∂z

= 0.

• The gas is assumed ideal, p = ρRT.

• The flow is assumed to be at steady state, ∂
∂t

= 0.

• The gas is assumed to have a constant specific heat, e = cvT .

• Body forces are neglected, fx = fy = fz = 0.

• Viscosity is neglected in the system, µ = λ = 0.

• Thermal conductivity is neglected, k = 0.

• No heat is added through the wall, q̇ = 0.

7



CHAPTER 2. BACKGROUND

Equations 2.1 - 2.4 can now be reduced to
Continuity equation.

∂(ρu)

∂x
= 0 (2.7)

Momentum equation.
∂(ρu2)

∂x
= −∂p

∂x
(2.8)

Energy equation.
∂

∂x

[

ρ

(

e +
u2

2

)

u

]

= −∂(up)

∂x
(2.9)

From equation 2.5 we get the derivative of p.

∂p

∂x
= R

(

ρ
∂T

∂x
+ T

∂ρ

∂x

)

(2.10)

By including the cross sectional area A to equation 2.7 we get get the expression for
the continuity equation

∂(ρuA)

∂x
= ρA

∂u

∂x
+ ρu

∂A

∂x
+ uA

∂ρ

∂x
= 0 (2.11)

or
ρ1u1A1 = ρ2u2A2 (2.12)

This is valid at every point 1 and 2 in the flow. For simplicity index 1 means at inlet
and 2 at the throat. The equations for momentum and energy can be derived in a
similar way, see any good book about fluid dynamics e.g. [5]
Momentum equation.

p1A1 + ρ1V
2
1 A1 +

∫ A2

A1

p dA = p2A2 + ρ2V
2
2 A2 (2.13)

Energy equation.

h1 +
u2

1

2
= h2 +

u2
2

2
(2.14)

By assuming a isentropic process the relations between pressure, density and tempera-
ture can be summarized as

(
p2

p1

)

=

(
ρ2

ρ1

)γ

=

(
T2

T1

) γ

γ−1

(2.15)

Furthermore the total temperature can be written i terms of static temperature as

T o = T +
u2

2cp

(2.16)

an other important property is the speed of sound which is described by

a =
√

γRT =

√
2γ

γ + 1
RT o (2.17)

8



2.2. ASSUMPTIONS

When the velocity at the throat is at Mach one the mass flow will not increase. This
is called choked flow. The flow is driven by the pressure ratio which can be described
using inlet temperatures.

p2

p1

=

(
T o

1

T1

2

γ + 1

) γ

γ−1

(2.18)

From these equations an expression for the nozzle flow can be derived.
The pressure at the throat.

p∗2 = max

{

p2, p1

(
T o

1

T1

2

γ + 1

) γ

γ−1

}

(2.19)

The velocity at the throat.

u2 =

√
√
√
√u2

1 + 2cpT1

(

1 −
(

p∗2
p1

) γ

γ−1

)

(2.20)

The density at the throat.

ρ2 =
p∗2

RT2

(2.21)

If the inlet velocity u1 << u2 we finally get the expression for one dimensional isentropic
ideal flow. 





Π = max

{

p2

p1
,
(

2
γ+1

) γ

γ−1

}

Ψ(Π) =

√

2γ
γ−1

(

Π
2

γ − Π
γ+1

γ

)

ṁ = p1√
RT1

AΨ(Π)

(2.22)
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Chapter 3

Common Throttle Flow Estimation

Models

From the engine measurements presented in section 2 one can see that the isentropic
model is a quite good approximation of the mass flow rate, but since the throttle model
only is a subsystem which will effect other subsystem in the engine simulation the error
can escalate leading to greater divergence in the final result. It is therefore vital to
adjust the model so it fits perfect to engine measurement. This can be done in mainly
two ways.

• Adjusting the mass flow rate as a lumped system.

• Adjusting parameters separately i.e. effective area, velocity at throat, density.

If one is only interested in the mass flow rate they both give accurate results with proper
validation. By lumping the differences in one single term interesting fluid mechanics
phenomenons may be lost.

3.1 Flow Estimation Models

Standard expression [8] equation 2.22 derived in section 2.2. By adding the coefficient
of discharge Cd adjustments can be made so that the expression fits to measured data.

ṁ(α, pafter, pbefore, Tbefore) =
pbefore

√
RaTbefore

Ψ(Π)CdA(α) (3.1)

Ψ(Π) =







√

2γ
γ−1

(

Π
2

γ − Π
γ+1

γ

)

for Π >
(

2
γ+1

) γ

γ−1

√

2γ
γ−1

((
2

γ+1

) 2

γ−1 −
(

2
γ+1

) γ+1

γ−1

)

otherwise

(3.2)
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CHAPTER 3. COMMON THROTTLE FLOW ESTIMATION MODELS

The expression can be modified [7] with use of tunable parameters.

ṁ(α, pa, pi, Ta) = ṁat1
pa√
Ta

β1(α)β2(pr) (3.3)

β1(α) = 1 − α1 cos(α) + α2 cos2(α) (3.4)

β2(pr) =







1
pn

√

p
p′
1

r − p
p′
2

r if pr ≥ pc

1 if pr < pc

(3.5)

pc = Πcrit =

[
p′1
p′2

]( 1

p′
2
−p′

1

)

(3.6)

pn =

√

p
p′
1

c − p
p′
2

c (3.7)

pr = Π =
pi

pa

(3.8)

Equation 3.1 comes as a direct derivation from the Navier-Stokes equations assuming
isentropic flow and only the discharge coefficient is added as a fitting parameter. Equa-
tion 3.1 consists of three independent fitting parameters ṁat1, β1 and β2. β1 serves as
an area dependent discharge coefficient, β2 has similarities with the outflow function Ψ
and ṁat1 is used as a fitting constant.
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3.1. FLOW ESTIMATION MODELS

3.1.1 Outflow Function Ψ

The outflow function Ψ is derived from the velocity and the density at the throat. The
function determines at which pressure ratio the flow becomes choked, see figure 3.1.
Observe that Hendricks in equation 3.5 refers to Ψ as β2.
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0.3

0.4
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0.6

0.7

0.8

0.9

1

Preasure ratio

Ψ

 

 

 

Normalized Ψ
Tunable Ψ

Figure 3.1: Outflow function Ψ, dotted line represents the isentropic model derived
from the Navier-Stokes equations. Solid line is calculated by using Hendricks polytropic
exponent model

For the standard expression equation 3.2 the pressure ratio when the flow is choked can
be calculated by.

Πcrit =

(
2

n + 1

) n
n−1

= 0.5283 at n = γ = 1.4 (3.9)

With parameters p′1 and p′2, the polytropic exponent n is adjusted to determine the
critical pressure ratio when using Hendricks model. Πcrit = 0.4125 fits well to the
measured engine data. Solving equation 3.9 with respect to n will result in n = 2.3 for
the given critical pressure ratio.

3.1.2 Throttle Area Equations

The geometrical cross sectional area which the flow has to pass can be calculated by
using models of various complexity. The simplest one which neglects the throttle shaft
is described by.

Ag(α) =
πD2

4

(

1 − cos(α)

cos(α0)

)

(3.10)

13



CHAPTER 3. COMMON THROTTLE FLOW ESTIMATION MODELS

By including the throttle shaft diameter b, a more accurate expression is acquired [8].

Ag(α) =
πD2

4

[(

1 − cos(α)

cos(α0)

)

+
2

π

[
b

cos(α)

(
cos2(α) − b2cos2α0

)1/2

+
cos(α)

cos(α0)
sin−1

(
b cos(α0)

cos(α)

)

− b(1 − b2)1/2 − sin−1(b)

]]

(3.11)
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Figure 3.2: Area estimation comparison between simple geometrical model neglecting
throttle shaft (dotted line) and more complex including throttle shaft (solid line)

The area estimation model can be a great source of error. Neither the model with or
without throttle shaft include throttle plate thickness. In two dimensions it can be
showed that a systematic error proportional to the throttle plate thickness occurs [10].

αactual = α − arctan

(

1
(

D
t

)
cos(α0) − tan(α0)

)

t = Throttle plate thickness

(3.12)

Leak Area

At small throttle angles the leak area at the throttle plate plays a dominant role. One
should keep in mind that this occurs at pressure ratio that are relatively small to very
small compared to larger throttle angles. It is therefore crucial to included the throttle
leak area in the equation used to estimate throttle area, i.e.

Ag(α) = Ag(α) + ALeak (3.13)
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3.1. FLOW ESTIMATION MODELS

Pursifull [12] concludes from engine experiments that leak area is about 15 percent of
total area at a throttle angle of 4 degrees for his particular throttle body. At larger
angles the relative error caused by neglecting leak area obviously gets smaller. The leak
area must be determined for each individual throttle body.

3.1.3 Discharge Coefficient Cd

The discharge coefficient ranging from 0 to 1 is a coefficient that describes how much
the actual flow differs from a reference flow through the same restriction and geom-
etry. There is no distinct definition of Cd but several authors have given there own
interpretation.

The isentropic discharge coefficient

By measuring the mass flow rate and dividing it with the isentropic mass flow rate one
get the expression for the isentropic discharge coefficient [3].

Cdis
=

measured mass flow rate

isentropic nozzle mass flow rate
=

ṁex

ṁis

(3.14)

By analysis of the First Law of Thermodynamics and the continuity equation one can
derive equation 3.15, assuming that deviations in the model are solely dependent on
the effective cross sectional area.

Ate =
ṁex

√
γRT1

γp1

(
p2

p1

) 1

γ

√

2
γ−1

(

1 −
(

p2

p1

) γ−1

γ

)
(3.15)

ṁis = ρtAteut = ρ2A2u2 (3.16)

Equation 3.14 can thus be written as.

Cdis
=

effective throat area

geometrical throat area
=

Ate

Ag

=
Ate

A2

(3.17)

Ideal discharge coefficient

Flow coefficient [8] or ideal discharge coefficient [3].

Cd =
actual mass flow rate

ideal mass flow rate
=

ṁex

ṁid

(3.18)

15



CHAPTER 3. COMMON THROTTLE FLOW ESTIMATION MODELS

An other way to treat the discharge coefficient is to define it in terms of an effective
cross sectional area of the passage and a reference area [8].

Cd =
AE

AR

(3.19)

Here the reference area AR is usually taken as as the minimum cross-sectional area.
The effective area AE is a bit more arbitrary. One definition is that the effective area is
the cross sectional area which ideal frictionless flow would pass at a restriction between
a large upstream reservoir and a large downstream reservoir.

Actual discharge coefficient

Cda
=

effective throat area

geometrical throat area
=

Ate

Ag

=
Ate

A2

(3.20)

The similarity with equations 3.17 and 3.19 are obvious [3].

Cd as function of Π and A(α)

It stands clear from the previous equations 3.14 - 3.20 that the discharge coefficient has
a dependency on both the pressure ratio Π and the area A(α). Blair [3] uses maps to
determine the Cd for specific area and pressure ratio Π, this suggests that

Cd = Cd(Π, A(α)) (3.21)

Andersson [1] on the other hand concludes from engine experiments that equation 3.21
can be separated in two products i.e.

Cd = Cd(Π, A(α)) = Cd(Π)Cd(A(α)) (3.22)

On a naturally aspirated engine Cd can be treated as a function of throttle angle α

only. By experiments conducted by Pursifull [12] Cd ranges from 0.7 to 1.05, the value
1.05 is nonphysical but fits well to his measured data.

Which model of Cd is correct

It is apparent that there is no distinct definition of Cd. An other problem which adds
to this is that Cd also is dependent on geometry of the actual throttle body. By this
meaning that the edge of the throttle plate, the throttle body wall finish and other
properties will influence Cd and this is individual to each and every throttle body.
There is also the problem with adapting a two dimensional area to a three dimensional
flow [12]. Cd will be discussed more in section 5.4 on page 32
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Chapter 4

Pre-simulation

4.1 Geometry

Initial simulations were conducted on a pipe 300 mm long with a diameter of 60 mm,
the throttle plate rest angle α0 where 5◦. The throttle shaft center axis where located
100 mm from the inlet. This setup was soon rejected since the outlet had a to big
influence of the flow at the throttle plate and was not seen as a proper representation
of the actual flow. In order to overcome the problem with outlet boundary influence
the pipe was lengthened 800 mm. Both the geometry and the mesh were created using
the commercially available computer software Ansys Icem CFD (2005, ANSYS Inc).

(a) (b)

Figure 4.1: (a) Throttle body with pipe outlet. (b) Throttle plate and throttle shaft
close-up.

The fluid volume of the geometry in figure 4.1 is 3087 cm3. There is a problem with
having a large volume while creating the computational mesh, large total volume means
that number of cells have to be substantial. The gap between the throttle plate and
the throttle body wall is very small, a consequence of this is that cells also need to be
small. One way to overcome this is to use different sizes of cells, small cells near and
at the gap and larger in general. The transition between these different cell densities
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CHAPTER 4. PRE-SIMULATION

can cause problems with warped cells and poor mesh quality as a result. In an attempt
to decrease the total volume a more realistic geometry were designed with an intake
manifold and four outlets. The flow is now interrupted by the lower manifold wall and
the setup were considered more alike the real geometry.

(a)

(b)

Figure 4.2: (a) Throttle body with manifold exterior geometry. (b): 1: Throttle plate,
2: Intake manifold, 3: Outlet, 4: Throttle shaft, 5: Inlet.

For the geometry in figure 4.2 the fluid volume is 2734 cm3. Simulation gave evenly dis-
tributed mass flow to each outlet but there where still problems with mesh density. The
mesh where considered to coarse to resolve boundary layers. In an attempt to decrease
the volume furthermore adjustments where made to the intake manifold. This adjust-
ment was not wanted since a geometry with good flow properties and evenly distributed
flow already existed. But the change was necessary due to computer limitations while
generating the mesh.
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4.2. MASS OR PRESSURE DRIVEN FLOW

(a) (b)

Figure 4.3: (a) Throttle body with decreased intake manifold volume to reduce number
of computational cells whilst keeping the grid sufficiently dens. (b) Throttle plate and
throttle shaft showing behind throttle body wall

From the final geometry, figure 4.3 with fluid volume of 1182 cm3 only the throttle
plate angle where changed. The throttle shaft is located 65 mm from the inlet, the
throttle body diameter is 60 mm and the throttle plate rest angle is 5◦. Two meshes
with different throttle plate angle, 21◦ and 31◦ where design both with unstructured
tetrahedral cells. For 21◦ the total number of computational cells were 2.3 million and
for 31◦, 2.7 million.

4.2 Mass or Pressure Driven Flow

In Fluent 6.1 (1998, Fluent Inc) there are two ways to drive the flow through the
geometry when using compressible models for this particular problem.

• Static mass flow rate at inlet and static pressure outlets, mass driven flow.

• Static pressure inlet and static pressure outlets, pressure driven flow.

Initial simulations were conducted using mass driven flow. The boundary conditions
are very easy to set and the solution converges fast. There is one great disadvantage
by using mass driven flow though, as the pressure ratio gets close to the critical one
continuity is compromised. The flow is choked at the throttle plate and therefore the
mass flow rate at the outlets is stabilized but the pressure before the throttle will
increase as additional mass is introduced in the cavity. This will lead to divergence as
the pressure peaks in front of the throttle plate. For this reason one must be careful
not to use mass driven flow close to or under the critical pressure ratio.
Pressure driven flow has no limited operating range seen so far. The pressure driven
flow is much more sensitive to initial conditions than the mass driven one. As for the
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mass driven flow initial conditions are computed from the inlet. In the mass flow driven
case there is no problem setting a initial velocity to zero at the inlet. In the simulations
conducted with pressure driven flow initial velocities at the inlet has been set a bit
arbitrary. Velocities around 30-50 m/s at the inlet has showed to give good results.
The main problem is if the initial velocity is set to high this will lead to a divergent
solution caused by pressure build up in front of the throttle plate or sudden decrease
in temperature near the throat caused by super sonic flow conditions.

4.3 Solver

There are two numerical methods available in Fluent to solve the governing equations
(mass, momentum and energy) and in this case also turbulence.

• segregated solver

• coupled solver

With the segregated solver Fluent will solve the equations sequentially by this mean-
ing one at a time. Since the governing equations are coupled and non-linear several
iterations must be performed to reach a converged solution. The process is described
in figure 4.4.

Update properties.

?
Solve momentum equations.

?
Solve pressure correction (continuity)
equation. Update pressure, face mass

flow rate.

?
Solve energy, species, turbulence, and

other scalar equations.

?�

�

�

�
Converged? - Stop

-

Figure 4.4: Flow chart describing the segregated solution method

The coupled solver solves the governing equations (mass, momentum and energy) cou-
pled together. As for the segregated solver method several iterations must be performed
to reach a converged solution. The coupled solution method is illustrated in figure 4.5.
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4.4. TURBULENCE

Update properties.

?
Solve continuity, momentum, energy,
and species equations simultaneously.

?
Solve turbulence and other scalar

equations.

?�

�

�

�
Converged? - Stop

-

Figure 4.5: Flow chart describing the coupled solution method

Throughout the simulation it is necessary to control the change of the flow field.
Fluent uses an under-relaxation procedure which reduces the change of a specific
variable after each iteration. This can be described using a scalar quantity Φ.

Φ = Φold + δ∆Φ (4.1)

By decreasing δ the convergence gets more controlled and the author has reduced this
from the default value 0.3 to 0.1 for the pressure update step in order to get a converged
solution. Early attempts were made with the default value, resulting in divergence after
just a few iterations. Only the segregated solver uses the under-relaxation feature. It
should be noticed that decreasing the under relaxation value will cause slower conver-
gence. All simulations were conducted with the segregated solver.

4.4 Turbulence

To find a universal turbulence model that describes the flow at all circumstances is just
not possible, atleast not for now. The turbulence models available in Fluent have all
their own limitations. The overall criteria for the simulations has been to get a fast
converging solution. The k - ǫ model with standard wall function was used since it gave
good performance of the overall calculations. The boundary conditions for turbulence
kinetic energy at both inlet and the outlets can be calculated by [6],

k =
3

2
(uavgI)2 (4.2)

where I is the turbulence intensity,

I = 0.16 (ReDH
)−

1

8 (4.3)

The dissipation rate can be calculated by

ǫ = C(3/4)
µ

k3/2

ℓ
(4.4)
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where

ℓ = 0.007D (4.5)

The author’s intent was to study different turbulence models and boundary conditions
but due to time and computer limitations this could not be realized. Furthermore it
has been showed [9] that the standard k - ǫ turbulent model gives the best prediction of
discharge coefficient and critical pressure ratio of gas flow through a critical Laval nozzle
compared with other turbulent models. This however will not eliminate anomalies that
can be derived from the turbulence model.

4.5 Criteria of Convergence

There are no stand alone model or measurement to determine if a solution is fully
converged. In Fluent one can monitor the following residuals for the specific problem.

• Continuity

• X-velocity

• Y-velocity

• Z-velocity

• Energy

• Turbulence k

• Turbulence ǫ

In addition to this the mass imbalance have been calculated between inlet and outlets.
This net mass flow in combination with the residuals are used to determine if the
solution is converged. The absolute net mass imbalance value (|ṁnet|) is not allowed
to be greater than 5 · 10−5 kg

s
. The residual plots themselves were used to check if the

solution had leveled off or had a steady decrease in a substantial amount of iterations.
However additional iterations where ran to ensure convergence. The criteria |ṁnet| <

5 · 10−5 kg
s

is used as a maximum value but for most of the simulations this term was in

order of 5 · 10−6 kg
s

or less. The choice of |ṁnet| has been made in such a way that the
overall mass flow rate will have at least three significant figures. An example is given
in table 4.1

Variable Mass flow rate kg
s

ṁ 0.072162233
ṁnet 1.63e − 6
ṁrounded 0.0722

Table 4.1: Rounded mass flow rate with three significant figures
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4.6 Boundary and Internal Conditions

The gas has been treated as air with ideal gas properties. For further reading about
this see section 4.7 on page 26.

All walls including the throttle plate and shaft were treated as adiabatic and perfectly
smooth in all cases except when surface wall roughness and wall heating were simulated.
At the inlet atmospheric pressure at sea level where set as a boundary conditions.

The pressure at the outlets has been set in correlation with the inlet pressure thus
achieving an appropriate pressure ratio.

poutlets = Π · pinlet (4.6)

Equal pressure at all outlets is obviously not what happens in an real engine. The
method is used to assure that a homogeneous pressure field with small pressure gradients
is produced in the intake manifold since the throttle body is of main interest. Details
of boundary conditions for inlet, outlets and the gas it self are summerized in tables
4.2 to 4.4.

Gas Property Value Unit
Cp 1006.43 J

kgK

Thermal Conductivity 0.0242 W
mK

Viscosity 1.7894e − 5 kg

ms

Molecular Weight 28.966 1

mol

Table 4.2: Properties of the gas.

Inlet Boundary Value Unit
Total Temperature 300 K

Turbulence Kinetic Energy 0.5 m2

s2

Turbulence Dissipation Rate 2 m2

s3

Gauge Total Pressure 101300 Pa

Table 4.3: Inlet boundary conditions

Outlet Boundary Value Unit
Backflow Total Temperature 300 K

Backflow Turbulence Kinetic Energy 0.5 m2

s2

Backflow Turbulence Dissipation Rate 2 m2

s3

Gauge Pressure Π · 101300 Pa

Table 4.4: Outlet boundary conditions

The backflow conditions are only in use if any backflow occurs, otherwise only the
pressure will act as an boundary condition.
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4.7 Limitations

The specific heat has been treated as constant. There are possibilities to simulate
polynomial, piecewise linear or piecewise polynomial specific heat. In figure 4.6 a com-
parison between constant Cv and polynomial Cv can be seen. The polynomial is written
as.

Cv = a + bT + cT 2 + dT 3, a, b, c, d constants (4.7)
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Figure 4.6: Internal energy with constant and polynomial Cv

The polynomial expression has a maximum error of 0.72 percent [4] in the temperature
range 273 − 1800 K. If we use the model with constant Cv and compare it with the
polynomial Cv the maximum deviation is approximately one percent. The maximum
total error of the constant expression will therefore not be more then roughly 2 percent
if the two maximum errors coincide.

Throughout the simulations the air has been treated as an ideal gas. A gas can be
treated as ideal if the pressure is low and the temperature is sufficiently high. For air
that consists of mainly nitrogen the critical temperature point is at 132.5 K and critical
pressure point is at 3.77 MPa. The lowest temperatures observed in the simulations
has been in the order of 150 K for Π = 0.2. If this is regarded as sufficiently high the
gas can be treated as ideal with an error less then one percent [4].

The mass forces has been seen as highly negligible, a result of the high velocities in
the geometry. The only known mass force acting on the flow is gravity. This have an
effect in sedimentation process where velocities are dominated by mass forces but in
this particular case they are neglected.
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There are physical properties that have a temperature dependency, this includes viscos-
ity and thermal conductivity that has been held constant throughout the simulations.
To see what effect the thermal conductivity had on the result two test simulations were
made with two different values for the thermal conductivity.

To reduce speed at the throat pressure ratio Π were kept at a moderate 0.9. The
assumption is that the thermal conductivity will have greater effect at smaller velocities
since the heat will have more time to spread. Even at this high pressure ratio the average
velocity at the throat is in the area of 100 m

s
. To get a substantial difference between

the two simulations the thermal conductivity k were held constant at 0.024 W
mK

in
simulation one and elevated by a factor 100 in simulation two. The results showed no
effect of the mass flow rate what so ever.

Viscosity were held constant throughout the simulations. This might effect the result
but to what extent has not been investigated.

Even though this work indents to simulate a real throttle body and intake manifold
on an actual engine there are things that for different reasons has been approximated.
The purpose has been to establish trends and behaviour of certain properties not to
duplicate the results from engine measurements with simulations. The flow is con-
sidered stationary, simulating instationary gas flow would be desirable but are very
computer demanding. The simulated geometry differs from the actual one, for example
the throttle body cross section is a perfect circle in simulations the actual one is an
ellipse. The walls in the simulated geometry are perfectly smooth or have the same
sand-grain roughness. This will make the results from simulations differ from engine
measurements. If there were possibilities to replicate the exact engine measurements
with simulations one must keep in mind that the results only apply to that specific
engine. By studying a more general throttle body and intake manifold and comparing
behaviour instead of exact values a broader understanding to why the flow is choked at
a certain point hopefully is gained.
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Chapter 5

Analysis

5.1 Ways of Comparison

There are more than one way to compare differences between the simulations. In this
work the ways of comparison have been divided into three subgroups.

• Global level, which compares total mass and heat flux.

• Local level, compare heat fluxes for each part, throttle body, shaft, edge etc.

• Node level, compare velocities, pressure, density etc. at each computational node.

The global level has been of main interest since it gives direct scalar values without
any post processing. By comparing the mass flow rate the influence of the studied
assumption has been estimated. To visualize local differences between the simulations
the following method where used. From a plane in line with the throttle body center
axis and the throttle shaft as normal, data at each node were extracted.

(a) (b)

Figure 5.1: (a) Example of a plane computational grid. (b) Complete exterior grid
visual.
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Let q1(i, j) and q2(i, j) be values of a studied variable in the plane from each simulation.
To compare the differences between q1 and q2 they were subtracted from one another
forming a new set of values f(i, j)

f(i, j) = q1(i, j) − q2(i, j) (5.1)

The new set of values f describes the difference at each node. Let the circles in figure
5.2 represent a value at a specific node f(i, j).
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f(i, j)

f(i − 1, j + 1)
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F (I)

Std(I)

ց

Figure 5.2: Example of grid used to downsample and calculate mean value and standard
deviation.

For every interval dx the mean value F (I) and the standard deviation Std(I) are cal-
culated.

F (I) =
1

Nndx

j+1
∑

m=j−1

i+1∑

k=i−1

f(k,m) ......... Nndx = Number of nodes in interval dx

(5.2)

Std(I) =

√
√
√
√

1

Nndx

j+1
∑

m=j−1

i+1∑

k=i−1

(f(k,m) − F (I))2 (5.3)

In addition to this there are numerous ways to visualize results in Fluent, contours,
vectors, pathlines etc.

5.2 Estimating Effects of Wall Heating

The temperatures which the throttle body has to operate at is far from constant. At
engine start up the throttle body has approximately the same temperature as the
surrounding air. The engine will then gradually reach its working temperature which
is in the area of 85 − 95◦C. Simulations were ran with external and internal wall
temperatures at 358 K (85◦C) to ascertain what effect a heated wall will have in
comparison with an adiabatic. A total of 12 simulations were calculated, six at throttle
angle 31◦, six at a throttle angle 21◦. The pressure ratios were set to 0.2, 0.4 and 0.6
for each throttle angle. As references simulations were conducted at the same pressure
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ratios and throttle angles with adiabatic and smooth walls. The amount of heat per
mass fluid transfered from the intake manifold, throttle - plate, shaft, body and edge
has been calculated by summarizing the heat flows through the particular parts and
dividing with the mass flow rate.

W

ṁ
=

J

kg
(5.4)

5.3 Estimating Effects of Wall Surface Roughness

Pressure losses caused by wall surface roughness is in this particular case hard to mea-
sure due to the experimental setup. There are however possibilities to simulate surface
roughness using Fluent. There are two parameters when modeling wall roughness in
Fluent, the roughness height Ks and roughness constant Cs. The roughness height
constant can be chosen as the sand-grain roughness height thus assuming uniform sand-
grain roughness [6]. Modeling the actual wall roughness has been seen as to difficult
and the main interest is the effect of wall roughness not to model the true nature of
the walls in a real intake manifold. The choice of Ks has been done by taking three
things in concern. The inlet pipe which in the real engine is a braided rubber hose, the
throttle body itself which have a somewhat machined smooth surface and the intake
manifold which is sand-casted. For newly cast pipes Ks ranges from 0.2 − 0.6 mm.
When simulating wall roughness Ks has been set at 0.2 mm, assuming that the inlet
pipe and throttle body has similar wall roughness as the intake manifold. The rough-
ness constant Cs was set to its default value of 0.5. The default value was determined
so when used with the k− ǫ turbulence model it would replicate Nikuradse´s resistance
data for pipes with uniform sand-grain roughness [6]. As for wall heating a total of 12
simulations were ran, six at throttle angle 31◦, six at a throttle angle 21◦. The pressure
ratios were set to 0.2, 0.4 and 0.6. For each throttle angle three simulations were used
as references which had smooth and adiabatic walls. To evaluate what influence each
part had the wall shear stress τw were integrated over the surface area for each part,
intake manifold throttle plate, shaft and edge and the throttle body itself.

∫

τw dA (5.5)

The wall shear stress can be simplified using a laminar zone close to the wall and is
defined by the normal velocity gradient at the wall.

τw = µ
∂v

∂n
(5.6)
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5.4 Calculating the Effective Flow Area

The discharge coefficient Cd is somewhat of a gray area. When discussing Cd one must
be very careful describing what definition is used. In section 3.1.3 there are multiple
ways to describe the discharge coefficient and a proper explanation of which model that
is being used must be defined before any conclusions are made. As with all experiments
determining Cd the results from the simulations are only valid for the specific geometry
and not applicable for others. It might give an indication of how the flow is affected of
a certain geometry but never precise values. As stated in section 3.1.3 one can write
the coefficient of discharge as,

Cdis
=

effective throat area

geometrical throat area
=

Ate

Ag

(3.17)

It is commonly known that air flow will contract after an orifice forming a cross sectional
area smaller then the geometrical one1 the phenomena is sketched in figure 5.3. The
phenomena have also been observed in the simulations as seen in figure 5.4(b). It where
of great interest to calculate the effective area and put in correlation to the mass flow
rate.

-

6

?

Effective area

Flow direction

Figure 5.3: Vena contracta forming after the minimum geometric cross sectional area.

By releasing pathlines from the throttle edge, figure 5.4(a) and calculate the perpen-
dicular distance to the center axis of the throttle body a method has been constructed
to establish the effective area.

The following steps describe the algorithm.

Let P (x, y, z)n be the position of a massless particle released from the throttle edge.
The coordinate system is located in such a way that the y - axis is located in the center
of the throttle body pointing toward the inlet. The perpendicular distance to the y -
axis, Pd is calculated by

Pd(x, y, z)n =
√

P (x, y, z)n · P (x, 0, z)n n = 1, 2...number of particles. (5.7)

For every Pd(x, y, z)n the maximum distance to the center axis is calculated.

Pdmax
(x, y, z)n = max {Pd(x, y, z)n} (5.8)

1The smaller cross sectional area or effective area is known as vena contracta
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5.4. CALCULATING THE EFFECTIVE FLOW AREA

By using this method the area can be described and visualized in 3 dimensions, figure
5.5. The max value point acquired for each pathline is projected on the x-z plane
and enclosed by the Matlab function convhull, figure 5.6(a). Finally the area can
be calculated by using Matlab function polyarea, figure 5.6(b). The coefficient of
discharge has been calculated in two ways, one based on mass flow rate and one on
effective area.

Cdisentropic
=

ṁsimulated

ṁisentropic

(5.9)

Cdarea
=

Ate

Ag

(5.10)

The isentropic mass flow rate is calculated by equation 2.22 on page 9. The effective
area is calculated by the method previously described. The geometrical area Ag has
been calculated in Fluent by projecting the throttle - shaft, plate and edge on the x-z
plane.

(a)

(b)

Figure 5.4: (a) Pathlines releasing from throttle plate edge used to calculate the effec-
tive area. (b) Pathlines showing a contraction behind the throttle plate forming the
effective area.
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Figure 5.5: 3D scatter plot of the points used to calculate the effective area.
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Figure 5.6: (a) Scatter plot of points with maximum distance to center axis projected on
the x-z plane enclosed with Matlab function convhull. (b) Filled area with Matlab

function polyarea
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5.5 Results

Effects of wall heating.
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Figure 5.7: Mass flow rate and deviation from an adiabatic wall when investigating
the influens of a heated wall. Top: Mass flow rate (observe the scale) at throttle plate
angle, left : 31◦, right: 21◦ . Bottom: Deviation from adiabatic wall.

Throttle plate angle α = 31◦ α = 21◦

Pressure ratio 0.2 0.4 0.6 0.2 0.4 0.6
Heat Transfer Rate [W ] 1277 1377 1346 647 683 669
Mass flow rate

h

kg

s

i

0.0746 0.0736 0.0682 0.0230 0.0227 0.0214

Heat quota
h

J
kg

i

17117 18697 19735 28166 30138 31217

Table 5.1: Heat transfered through walls and by the throttle - plate, edge and shaft
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Effects of surface roughness.
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Figure 5.8: Mass flow rate and deviation from a smooth wall when investigating the
influens wall surface roughness roughness. Top: Mass flow rate (observe the scale) at
throttle plate angle, left : 31◦, right: 21◦ . Bottom: Deviation from smooth wall.

Throttle plate angle α = 31◦ α = 21◦

Pressure ratio Π 0.2 0.4 0.6 0.2 0.4 0.6

∫
τw dA

Throttle body wall 2.44 2.63 2.09 1.74 1.59 1.18
Throttle plate 0.12 0.11 0.09 0.05 0.04 0.04
Throttle edge 0.17 0.15 0.10 0.18 0.17 0.13
Throttle shaft 0.012 0.012 0.01 0.01 0.004 0.003

Intake manifold 3.47 2.71 1.78 0.91 0.68 0.44

Table 5.2: Integrated wall shear stress for each part when investigating the influence of
wall surface roughness
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Coefficient of discharge.
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Figure 5.9: Coefficient of discharge calculated and measured with Fluent, solid line
represent Cdarea

and dotted Cdisentropic
. (a) Throttle angle = 31◦. (b) Throttle angle

= 21◦
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5.6 Discussion

5.6.1 Mesh Generation

The mesh generation process is somewhat arbitrary. The cells near the throttle edge
must be substantially small to get high resolution at the restriction. The process
presents a challange to get a mesh with good quality and substantial number of cells
in conflict with computer performance. Multiple meshes were designed with different
mesh density to achieve high quality. This however gave an opportunity to check the
mesh independence for the different mesh densities. The different mesh sizes were sim-
ulated with a smooth and adiabatic wall at a pressure ratio of Π = 0.6, the mesh in all
cases consists of unstructured tetrahedral cells.

Number of cells Mass flow rate kg
s

Percentage deviation from densest grid
557 000 0.0695 1.3 %
800 000 0.0694 1.2 %

1 300 000 0.0689 0.4 %
2 700 000 0.0686 0 %

Table 5.3: Number of cells and mass flow rate in geometry, mesh independence check.

5.6.2 Wall Heat

Heat addition from the wall has showed an effect on the flow dependent on both throttle
plate angle and pressure ratio, figure 5.7. It has showed that the mass flow rate will
be effected more at the smaller throttle plate angle 21◦ than 31◦. If this behaviour
increases for even smaller throttle plate angles the deviation from the adiabatic will of
course also be greater. One can probably expect that the effect increases with smaller
throttle plate angles due to the fact that the fluid will spend more time in the geometry,
caused by the lower mass flow rate.

The two throttle plate angles both show a decrease of mass flow rate but the deviation
from the adiabatic wall used as reference does not follow the same pattern. The larger
mass flow rate will result in a larger heat transport however the amount of heat per
mass fluid will increase with smaller mass flow rate, that is, the quota W

ṁ
= J

kg
will

be greater for smaller mass flow rates. Why the heat transfer rate is greater for larger
throttle plate angle may be explained by following empirical expression.

Q̇ = Aα′ (Tw − Tf ) (5.11)

Where α′ is the heat transfer coefficient and A is the area which the heat flux passes.
The heat transfer coefficient will be greater for larger mass flow rates caused by an
increased velocity close to the wall. Still, more heat per mass of fluid will be transfered
to the flow at the smaller throttle plate angle resulting in an elevated temperature of
the fluid as can be seen in figure 5.10. This in turn results in an decrease of mass flow
rate.
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Figure 5.10: Static temperature field in K, Π = 0.6, wall temperature 358 K. (a): 21
degrees of throttle plate angle, (b): 31 degrees of throttle plate angle.

One should keep in mind that the simulations were conducted at steady state. Unsteady,
pulsating flow has showed to double the heat transfer rate compared with stationary
flow [2].

5.6.3 Wall Surface Roughness

If one compares the integrated wall shear stress it is a clear shift in which part that
have the largest influence on the flow when comparing the two different angles, table
5.2. For the larger throttle plate angle the intake manifold have the most influence.
At the smaller angle this have shifted to the throttle body wall. The throttle edge
has even higher wall shear stress for the smaller throttle plate angle. One plausible
explanation to this is that at the smaller throttle plate angle the flow will be forced
closer to the wall thus increasing the velocity gradient. Even if the throttle plate angle
is decreased or increased the highest velocity at the throat is mainly pressure ratio
dependent see equation 2.22, the velocities close to the wall in the intake manifold is
mass flow rate dependent caused by the low pressure gradients in the intake manifold.
This could explain why this shift happens. As with wall heating the effect from wall
surface roughness is both pressure ratio and throttle plate angle dependent, figure 5.8.

5.6.4 Effective Area

From simulations it has been concluded that for 31◦ of throttle plate angle Cdarea
is

larger than Cdisentropic
, see figure 5.9(a). Viscous and turbulence effects may explain the

deviation. The behaviour is however almost the same. For 21◦ of throttle plate angle
the behaviour is completely different, figure 5.9(b). At the lower pressure ratio Cdarea

even showed a decrease. At the smaller angle wall attachment effects and the boundary
layer play a more dominant role of the flow, this or numerical deviations might explain
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the behaviour. One should keep in mind that the largest perpendicular distance from
the throttle edge to the throttle body wall at this angle is about 2 mm.

In this report the effective area is defined as the minimum cross sectional area between
the throttle body wall and the artificial boundary which particles released from the
throttle edge would generate, see section 5.4. This definition or model is one of many
ways to describe the effective area. It has been seen that the behaviour of the mass
flow rate coincide with the effective area, at least for 31◦ of throttle plate angle. This
leads one to believe that the model is sufficiently good.

For 31◦ of throttle plate angle one possible answer to how the effective area changes
with pressure ratio is that the effective area restrict the mass flow rate but in it self
it has no capability to actually choke the flow. When Mach one is achieved in the
geometrical area the pressure ratio can be decreased without any increase in mass flow
rate and so the flow is choked. As pressures ratio is decreased the effective area gets
closer to the geometrical one and at specific pressure ratio Πchoked the two will coincide.

lim
Π→Πchoked

Cdarea
= 1 (5.12)

This may also explain why the flow is choked at a lower pressure ratio than the isentropic
model. The effective area is not an actual boundary merely an artificial created by the
nature of the flow. The calculated isentropic critical pressure ratio where the flow
reaches Mach one is correct if one expects it in the effective area however mass flow
rate will continue to increase to that point where Mach one is obtained in the entire
geometrical restriction.

If an isentropic model is used to describe the flow past the throttle plate and the
discharge coefficient is used as a curve adjustment parameter it should be noticed that
Cd is a measurement of how much the actual flow differs from the isentropic one and
not a proper representation of how the effective area differs from geometrical.

It has been observed Mach numbers exceeding one after the throttle edge, figure 5.12
which indicates that the pressure field in cooperation with the throttle plate edge acts as
an convergent-divergent nozzle. To what extent this is possible or not is hard to validate
with engine measurements but one can probely expect it at some throttle angles which
intensifies the effect. The phenomenon is sketched in figure 5.11, it is likely that shock
waves occurs when the flow i decelerated from M > 1 to M ≤ 1.
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Figure 5.11: Convergent - divergent nozzle forming downstream throttle edge
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Figure 5.12: Mach number exceeding one after the throttle plate

What influence the turbulence model had on the results must be determined by simu-
lating with other models. However the greatest deviation from reality is probably done
by assuming stationary flow. Investigating instationary flow caused by intake valves
opening and closing before testing different turbulence models seems as the natural step
to continue this work.
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5.7 Conclusions

Both wall heating and wall surface roughness will reduce the mass flow rate compared
to an adiabatic or perfectly smooth wall. Similar effects have been found when studying
converging nozzles [11]. By simulations it has been concluded that the wall it self play
an important part of the flow, two throttle plate angles were studied, a clear throttle
plate angle and pressure ratio dependence can be observed. It is without problem
easy to adjust the isentropic throttle model used for engine simulations to fit engine
measurements. However to gain a greater understanding of the flow it is important
to recognize that there are several parameters that effects the flow and reducing all of
them to the effective area may be to cut corners. In addition to this comes effects from
swirl in the inlet caused by the ducts leading from the intercooler or air filter that has
not been studied in this report.
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Chapter 6

Nomenclature

Symbol Description Unit
α Throttle plate angle [o]
α′ Convection heat transfer coefficient [ W

m2K
]

α0 Throttle plate rest angle [o]
α1 Fitting constant
α2 Fitting constant

ǫ Turbulent dissipation rate [m2

s3 ]
γ Ratio of specific heat cp

cv
= 1.4

λ Second viscosity coefficient [ kg
ms

]

µ Molecular viscosity coefficient [ kg
ms

]
Π Pressure ratio
Πcrit Critical pressure ratio

ρ Density [ kg
m3 ]

τ Shear stress [Pa]
a Local speed of sound [m

s
]

Ag Geometrical area [m2]
Ate Effective area [m2]
Cd Coefficient of discharge
cp Specific heat capacity, constant pressure J

kgK

cv Specific heat capacity, constant volume J
kgK

Cµ Emperical constant, value ≈ 0.09
D Throttle body diameter [mm]
e Internal energy [kJ

kg
]

h Enthalpy [kJ
kg

]

I Turbulence Intensity [%]
k Thermal conductivity [ W

mK
]

Ks Roughness height [mm]
ℓ Turbulence Length Scale [m]
M Mach number

ṁ Mass flow rate [kg
s
]

ṁat1 Fitting constant
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Symbol Description Unit

ṁex Actual mass flow rate [kg
s
]

ṁis Isentropic mass flow rate [kg
s
]

p1 Pressure before throttle plate [Pa]
p2 Pressure after throttle plate [Pa]
p′1 Fitting constant
p′2 Fitting constant
pafter Pressure after throttle plate [Pa]
pbefore Pressure before throttle plate [Pa]
pa Pressure in front of throttle plate [Pa]
pi Manifold pressure [Pa]
q̇ Heat flux [W

kg
]

Q̇ Heat flux rate [W ]
t Throttle plate thickness [mm]
T1 Temperature before throttle plate [K]
T2 Temperature after throttle plate [K]
Tafter Temperature after throttle plate [K]
Tbefore Temperature before throttle plate [K]
Tw Temperature of wall [K]
Tf Temperature of fluid [K]
R Ideal gas constant [ J

kgK
]

Re Reynold number
u Velocity, x-direction [m

s
]

uavg Mean flow velocity [m
s
]

v Velocity, y-direction [m
s
]

w Velocity, z-direction [m
s
]

V Vector velocity [m
s
]
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Appendix A

Results in Tabular Form

Throttle plate angle Pressure ratio Π Wall property Mass flow rate kg
s

α = 31◦

0.6 Adiabatic 0.0686
0.4 Adiabatic 0.0741
0.2 Adiabatic 0.0751
0.6 358 K 0.0682
0.4 358 K 0.0736
0.2 358 K 0.0746

α = 21◦

0.6 Adiabatic 0.0217
0.4 Adiabatic 0.0229
0.2 Adiabatic 0.0232
0.6 358 K 0.0214
0.4 358 K 0.0227
0.2 358 K 0.0230

Table A.1: Mass flow rate when investigating the influence of wall heating

Throttle plate angle Pressure ratio Π Wall property Mass flow rate kg
s

α = 31◦

0.6 Smooth 0.0686
0.4 Smooth 0.0741
0.2 Smooth 0.0751
0.6 Ks = 0.2 mm 0.0679
0.4 Ks = 0.2 mm 0.0733
0.2 Ks = 0.2 mm 0.0746

α = 21◦

0.6 Smooth 0.0217
0.4 Smooth 0.0229
0.2 Smooth 0.0232
0.6 Ks = 0.2mm 0.0212
0.4 Ks = 0.2mm 0.0225
0.2 Ks = 0.2mm 0.0229

Table A.2: Mass flow rate when investigating the influence of wall surface roughness
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APPENDIX A. RESULTS IN TABULAR FORM

Throttle plate angle Pressure ratio Π Mass flow rate kg
s

Cdarea
Cdisentropic

α = 31◦

0.9 0.0401 0.86 0.82
0.8 0.0541 0.86 0.83
0.6 0.0686 0.90 0.87
0.5 0.0722 0.94 0.91
0.4 0.0741 0.96 0.93
0.2 0.0751 0.97 0.95

α = 21◦
0.6 0.0217 0.87 0.87
0.4 0.0229 0.89 0.91
0.2 0.0232 0.87 0.92

Table A.3: Mass flow rate and coefficients of discharge. Cdarea
is calculated by measuring

the effective area with the method presented in section 5.4, Cdarea
= Ate

Ag
, Cdisentropic

=
ṁsimulated

ṁisentropic
.
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Matlab Code

reader.m

Extracts data from path line files.

0 function [xout,yout] = reader(fname,ncols,nhead,particles)

1 %Syntax [xout,yout] = reader(fname,ncols,nhead,particles)

2 %fname = filename

3 %ncols = 2;

4 %nhead = Number of lines to skip in begining of file or in middle

5 %particles= Number of repeating systems

6 % Example, if fname=

7 % [aaaaaa

8 % 1 2

9 % 3 4

10 % bbbbb

11 % 1 3

12 % 4 1]

13 % The call to reader will be

14 %[xout,yout] = reader(fname,2,1,2)

15 %

16 %Per Carlsson, Linköping 2006-11-21

17

18

19 fin = fopen(fname,’r’);

20

21 if fin < 0

22 error([’Could not open ’,fname,’ for input’]);

23 end

24

25 for count=1:particles

26
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27 for i=1:nhead,

28 buffer = fgetl(fin);

29 end

30

31 data = fscanf(fin,’%f’);

32

33 nd = length(data);

34 nr = nd/ncols;

35 data = reshape(data,ncols,nr)’;

36 x = data(:,1);

37 y = data(:,2:ncols);

38

39

40 xout(1:length(x),count)=x;

41 yout(1:length(y),count)=y;

42

43 end

44 fclose(fin);
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distxyz.m

Calculates the distance to the center axis of the throttle body.

0 clear all

1 close(’all’)

2 clc

3

4 pressure_ratio=’05’;

5

6 numpath=3000; %Number of pathlines

7 t=1; %Counter

8

9 filenamex=[’xpath’,pressure_ratio]; %file with x-values

10 filenamey=[’ypath’,pressure_ratio]; %file with y-values

11 filenamez=[’zpath’,pressure_ratio]; %file with z-values

12

13 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

14 %Loads data from the files

15

16 disp(’Reading files’)

17 [pathx,distx]=reader(filenamex,2,3,numpath);

18 [pathy,disty]=reader(filenamey,2,3,numpath);

19 [pathz,distz]=reader(filenamez,2,3,numpath);

20 disp(’Done reading’)

21

22 %Calculate maximum distance from centerline.

23 for i=1:numpath

24

25 if sum(distx(:,i))==0 |sum(disty(:,i))==0 |sum(distz(:,i))==0

26 break

27 disp(’break’)

28 end

29

30 if t==100

31 disp(’ ’)

32 disp([’Processing pathline number: ’ num2str(i)])

33 t=0;

34 end

35

36 xyz_dist(:,1,i)=distx(:,i);

37 xyz_dist(:,2,i)=disty(:,i);

38 xyz_dist(:,3,i)=distz(:,i);

39 xyz_dist(:,4,i)=sqrt(distx(:,i).^2+distz(:,i).^2);

40 t=t+1;

41 end
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42

43 [row col dep]=size(xyz_dist);

44

45 for q=1:dep

46

47 sort=sortrows(xyz_dist(:,:,q),4);

48 maxdist(q,:)=sort(end,:);

49 end

50

51 %Displays results

52 %*************************************************************

53 figure(1)

54 plot(maxdist(:,1),maxdist(:,3),’.k’)

55

56 x=maxdist(:,1);

57 y=maxdist(:,3);

58

59 k=convhull(x,y);

60

61 hold on

62 plot(x(k),y(k),’-’,’linewidth’,3)

63 wall = rsmak(’circle’,0.03);

64

65 points=fnplt(wall,’k’);

66 fnplt(wall,’k’)

67 set(gca,’DataAspectRatio’,[1 1 1])

68

69 xp=points(1,:)’;

70 yp=points(2,:)’;

71

72 geoproj=106.0298882

73 % 333.5206882, 31 degrees ;

74 totarea=0.03^2*pi*1000000;

75 tharea=totarea-polyarea(x(k),y(k))*1000000;

76 Codis=tharea/geoproj;

77

78 at=[’Projected area from Fluent = ’ num2str(geoproj) ’ mm^2’];

79 ag=[’Throated area = ’ num2str(tharea) ’ mm^2’];

80 coefd=[’Coefficient of discharge = ’ num2str(Codis)];

81 P_ratio=[’Pressure ratio = ’,pressure_ratio];

82 tit={at; ag;coefd;P_ratio};

83 title(tit)

84 xlabel(’x’,’FontSize’,18)

85 ylabel(’z’,’FontSize’,18)

86

87 hold off
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88 %**************************************************************

89 figure(2)

90 plot3(maxdist(:,1),maxdist(:,2), maxdist(:,3),’.k’)

91 hold on

92 set(gca,’DataAspectRatio’,[1 1 1])

93 xlabel(’x’,’FontSize’,18)

94 ylabel(’y’,’FontSize’,18)

95 zlabel(’z’,’FontSize’,18)
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Flow Through a Throttle Body. A Comparative Study of Heat Transfer, Wall Surface
Roughness and Discharge Coefficient.

Per Carlsson

When designing a new fuel management system for a spark ignition engine the amount
of air that is fed to the cylinders is highly important. A tool that is being used to
improve the performance and reduce emission levels is engine modeling were a fuel
management system can be tested and designed in a computer environment thus sav-
ing valuable setup time in an engine test cell. One important part of the modeling
is the throttle which regulates the air. The current isentropic model has been in-
vestigated in this report. A throttle body and intake manifold has been simulated
using Computational Fluid Dynamics (CFD) and the influence of surface heating and
surface wall roughness has been calculated. A method to calculate the effective flow
area has been constructed and tested by simulating at two different throttle plate
angles and several pressure ratios across the throttle plate. The results show that
both surface wall roughness and wall heating will reduce the mass flow rate compared
to a smooth and adiabatic wall respectively. The reduction is both dependent on
pressure ratio and throttle plate angle. The effective area has showed to follow the
same behaviour as the mass flow rate for the larger simulated throttle plate angle 31◦,
i.e. an increase as the pressure drop over the throttle plate becomes larger. At the
smaller throttle plate angle 21◦, the behaviour is completely different and a reduction
of the effective area can be seen for the highest pressure drop where an increase is
expected.
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