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About This Guide

Welcome to Lotus Engine Simulation

Welcome to Lotus Engine Simulation. Using Lotus Engine Simulation, you can
predict the performance of an engine.

What You Need to Know

This guide assumes the following:

B |otus Engine Simulation is installed on your computer or network and you
have permission to execute the Lotus Engine Simulation module.

B The necessary password files are installed to allow you to run the necessary

modules.

B You have a basic understanding of engine performance simulation and
combustion and the influence of hardware changes on engine performance.
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1 Introducing Lotus Engine Simulation

Overview

This chapter introduces you to Lotus Engine Simulation and
explains the benefits of the code. It also explains how you can
learn more about Lotus Engine Simulation and introduces tutorials
that will help you to get started.

This chapter contains the following sections:
[ ] What is Lotus Engine Simulation?, 2
B Starting Lotus Engine Simulation, 3
B About the Tutorials, 5

B Getting Help Online, 6
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What is Lotus Engine Simulation?

LOTUS ENGINE SIMULATION is a simulation program capable of predicting the complete
performance of an engine system. The program can be used to calculate:

e the full- and part-load performance of the engine under steady-state and transient
operating conditions;

e in-cylinder heat transfer data;
e instantaneous gas property variations within the engine manifolds;

e turbocharger and supercharger matching conditions.

LOTUS ENGINE SIMULATION is designed to run on a desktop PC with Windows NT/98/2000. The
user interface is based on the standard LOTUS ENGINEERING software ‘look-and-feel’ and offers
the same intuitive approach as other popular Windows applications.

Using the simulation program typically follows the procedure below,

B The user constructing the simulation model enters the engine and manifold specifications. This
includes data for:

engine bore, stroke and connecting rod dimensions;

compression ratio;

valve sizes and valve event timing data;

intake and exhaust port flow data;

intake and exhaust manifold dimensions;

maps defining the performance of turbines and compressors;

engine operating speed;

heat release data’ characterising the combustion event;

air / fuel ratio and inlet air temperature and pressure.

B Having defined the engine specification data and test condition data the cycle simulation is
performed. The user can monitor the progress of the simulation using the Job Status screen.

B Calculation results for cycle-averaged data, such as volumetric efficiency, BSFC, torque, and
power, and intra-cycle data, such as pressure, temperature, and mass flow rate are available to
the user in the form of a report quality summary sheet and through quick-to-use graph plotting
systems.

LOTUS ENGINE SIMULATION has been applied extensively by world-wide clients and validated
thoroughly at LOTUS over a wide range of engine types. The program is capable of simulating most
existing and projected engine systems and is continually updated by LOTUS in co-operation with it's
partners.
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Starting Lotus Engine Simulation

The three basic steps necessary to create and run a LOTUS ENGINE SIMULATION model are:

Step 1 - generate a model through either the ‘drag-and-drop’ network builder, loading and
editing data from an existing model, or using the integrated ‘Concept’ Tool.

Step 2 - define the required engine operating parameters for the test.
Step 3 - launch the simulation solver.
Step4 - load the simulation results as either textual or graphical displays to review the
calculated values.
Start-up Wizard

When the application is opened, the first dialog box displayed is the Startup Wizard, shown
below in Fig. 1.1.

! Lotus Engineering Software - StartUp Wizard

LOTUS ENGINEERING SOFTWAHARE

TECHNICAL EXCELLENCE
— v __—

Simulation Environment:

L) @ Lotus Engine Simulation

Engine Concept Tool

Friction E stimatar Toal

g Combustion 4
-F= Combustion

Figure 1.1. Startup wizard

This window consists of three main panels, each panel containing a number of options. The
wizard provides access the Lotus Engine Simulation and Lotus Vehicle Simulation
environments and a number of other Lotus Engineering Simulation Tools. It should be
noted that only the codes for which the user is licensed can be selected. An item ‘greyed
out’ indicates that that program or tool is not currently licensed.

The Simulation environment panel allows the user to chose between opening the main
application at either the Engine Simulation or the Vehicle Simulation environment level.
When an option is selected (identified by the toggle being shown in white) the second panel
will display file options relevant to that environment level. If you are not licensed for either
Engine Simulation or Vehicle Simulation the second panel will not be visible.
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For the Engine Simulation environment there are two file options available in the second panel,
(Lotus Engine Simulation):

The first option is ‘Open an Existing .sim File’. This option should be selected if the user
has previously saved a Simulation model and wishes to load it into the interface. If this option
has been chosen then the standard Windows file browser will be displayed and will use the
*.sim filter, allowing the user to select the correct data file.

The second option is ‘New Blank .sim File’ and should be selected if no simulation models
have yet been constructed or if the user wishes to create a new model.

The Engine Concept Tool, the Friction Estimator Tool, the Combustion Analysis Tool,
the Port Flow Analysis Tool, and Lotus Concept Valve Train can all be used in
conjunction with LOTUS ENGINE SIMULATION. These tools analyse and prepare data in a
form which is compatible with the input requirements of LOTUS ENGINE SIMULATION.
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About the Tutorials

It is assumed that the user will work through the tutorials in sequential order.
Therefore more guidance is given in the early tutorials and less as you proceed
through the guide

Note: If you choose not to work through the tutorials in sequential order you may
have to refer to earlier tutorials for guidance on some of the basic actions.

The following tutorials are included in the guide:

Tutorial 1 — ‘Basic Single-Cylinder Engine Model’

Tutorial 2 — ‘Basic Single-Cylinder Engine Model with Intake Pipes’

Tutorial 3 — ‘Parametric Studies Using Basic Single-Cylinder Model with Intake Pipes’
Tutorial 4 — ‘Building a Multi-Cylinder Model’

Tutorial 5 — ‘Using the Concept Tool’

Tutorial 6 — ‘Using Sensors and Actuators’

Tutorial 7 — ‘Using the Load Finder’

Tutorial 8 — ‘Multi-Cylinder Turbocharged Model’

Tutorial 9 — “Turbocharged Model with a Waste-gate and Charge-cooler’

Tutorial 10 — ‘Modelling a Multi-Cylinder Turbocharged Diesel Engine’

Tutorial 11 — ‘Modelling the Transient Response of a Turbocharged Diesel Engine’

Tutorial 12 — ‘A Two-Stroke Engine Model’
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Getting Help Online

When working in Lotus Engine Simulation, you can get help in several ways, as
follows:

B Displaying Bubble Help
B Using Status Bar Messages
B Accessing the Online Documentation

B Displaying Information About Lotus Engine Simulation

Displaying Bubble Help

The bubble help gives a brief description of a particular icon or buttons function. Rest
the cursor over the desired icon to view the bubble help message. To turn bubble
help ‘off’, from the Help menu select Display Bubble Help. Changes in the visibility
of the bubble help only take effect the next time the program is run.

Using status Bar Messages

The bubble help messages are also displayed in the first status bar pane at the lower
left of the screen. They are displayed irrespective of the visibility setting of the bubble
help. The other panes in the status bar are used for displaying data values at
relevant times.
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Accessing the Online Documentation

The online help documentation can be accessed from the Help menu, select
Contents to open the help file at the contents page, (see Figure 1.1)

Help Topics: Lotus Engine Simulation |

Contents | Index | Find |

Click a book, and then click Open. Or click another tab, such as Index.

C & Frogram O
@ DQuick Start Guide
@ Theory

@ Metwork, Builder [nterface
@ [rput Drata

@ Salver

@ Fesults

@ Concept Builder

@ Data Checking Tool

@ Farametric / Optimizer Tool
@ Combustion Analyziz Tool
@ Friction E=stimatar Tool

@ Puart Flow Analyzis Tool

Open I Erint.... Cancel

Figure 1.2. On-line help contents page
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To access the most relevant page based on the current section selected, from the
Help menu select Help on Lotus Engine Simulation...

> Lotuz Engine Simulation - On Line Help
File Edit Bookmark Options Help

Helpl-:npin::sl Back | Frirt | £ | F I

Program Overview - Data Module

The Builder Interfaceallows the user to build and view their engine model via a graphical j
method. Components can be added to the display and joined together in a graphical

manner, allowing the user to construct a visual representation of the model. Each

component can be added, selected and manipulated and all camponent data can be entered
through this interface.

Data Sub-Components
The sub-compaonents of the engine model are
+ BHase Engine Data

+ Fuel and Fuel System Data
+ Combustion and Heat Transfer Data hd

Figure 1.3. On-line help, context sensitive pages

You can also access the help file directly at a relevant page whenever you see the

help icon.

Displaying Information About Lotus Engine Simulation

To display information about Lotus Engine simulation:

From the Help menu, select About Lotus Engine Simulation.
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Tutorial 1. ‘Basic Single Cylinder Engine
Model

Overview

This tutorial shows the user how to create a single-cylinder engine
model, run the model, and display the answers. The tutorial also
introduces the user to some basic operations within Lotus Engine
Simulation, such as checking a model for connectivity errors and
describes various elements of the Lotus Engine Simulation
interface.

This chapter contains the following sections:

Starting Lotus Engine Simulation, 10

Adding a Cylinder, 11

Changing the In-Cylinder Heat Transfer Coefficients, 12
Performing Basic Functions in the Builder Environment, 13
Adding Valves, 13

Adding Ports, 15

Adding Inlet and Exit Boundaries, 16

Defining the Fuel and Fuel System, 17

Defining Steady-state Test Condition Data, 18

Setting the Names of the Results Files, 19

Saving a Model, 19

Running a Model, 20

Monitoring the Progress of a Job, 21

Displaying the .MRS Results — Text Viewer, 22

Displaying the .MRS Results — Graphical Viewer, 23
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Starting LOTUS ENGINE SIMULATION

From the start menu, point to Programs, point to Lotus Engineering Software, and then select
Simulation Tools. The start-up ‘splash screen’ is then displayed for a few seconds before the start-up
wizard appears, as shown below in Fig. 2.1.

B | otus Engineering Software - StartUp Wizard

LOTUS ENGINEERING SOFTWAHRE
TECHNICAL EXCELLENCE

ilE

Figure 2.1. Start-up wizard

From the start-up wizard select Lotus Engine Simulation from the Simulation Environment panel
and select Open blank .sim file. Then select OK.

Before proceeding further in this tutorial please ensure that the Show Connectivity Errors option has
been selected from the View menu at the top of the interface window as shown in Figure 2.2.

== | ptus Engine Simulation-Pro ¥5.03 - untitled1.zim
‘Eile ' Module - Data - Edit | vigw - Groups Solve  Results Setup Tu:uc:ls

| n [@ +_ _-Tl:ll:llk.lt ......

v‘ . _Prnpert|e$
I - Eesilts F'ane

. '.:_-'Tcu:ull:uars
prs "»-’u:lec: Eu:untrujl i

- Contial '

- .'.'_F'rmf and Enp_l,r RN &

1 Wisabilities : R X
Show Connechivity Errors

200 -_Sllencer etk Equw -

prs Fu:u:us F'u:ulnt 2500 5

s Shaded D|sp|a_l,l

L Bi wlder Eackgmund EDIDur .'

SEIdId e 1sm'|-n{3 L EI)I_'#’J._NI; [saazmru:u

Figure 2.2. Turning on the display connectivity errors option.

This will cause elements which do not have their connectivity’s sufficiently well defined to appear in
red.
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Adding a Cylinder

Select the Cylinders tool kit tab from the left-hand side of the window (the partial screen shot shown
below shows the Cylinder Tool Kit). Using the left mouse button drag and drop a cylinder on to the
central region of the window known as the Builder Area. The cylinder background will turn red once it
is placed in the builder area as shown in Fig. 2.3.

= | otus Engine Simulation-Pro v5.03 - untitled]_sim [modified)
% Module [Data Edit “iew Groups Solve Results Setup Toolz ‘Window Help
| DB [Ho H# B T . MigkFd >
| [esinger J[Eme s rfl sahor 0QR[E " @
o |Label |default cylinder
=
B a |Bore i) |82.DD
@ 1 i |Strake [mm) |80.00
— 1 {
£ .. |C0n-r0d Length [mm] |1 30.00
3 | | [Fin DffSet {mm) [000
ul |C0mplessi0n Ratio |9.50
—
e |Phase [ATDC] |0.00
g |C0mbusti0n Model &
7
i |Open Cyele HT £
|Closed Cuycle HT &
=
= |Surface Areas &8
B
| ) |Surface Temperatures &
] ooy v sy

Figure 2.3. The builder area

In the cylinder Property Sheet on the right-hand side of the screen change the cylinder Bore to 87
mm and the stroke to 84 mm.

Also change the Compression Ratio to 11.0.

Now click on the Surface Areas option on this property sheet. In the window which is generated
select the User Defined Values for Surface Areas option. This will change the appearance of the
window to that shown below. This screen enables the user to define the increase in the surface area
over the bore cross-sectional area of the cylinder head and piston. It also enables the user to defined
the ‘bump clearance’ of the engine (i.e. the exposed cylinder liner length above the crown when the
piston is at top-dead-centre). The last number defines the number of segments in to which the
cylinder liner can be sub-divided in order to discretize liner heat transfer data. Set the Head/Bore
(ratio) to 1.1, the Piston/Bore (ratio) to 1.05 and the Exp. Liner (length above piston crown at tdc) to
1 mm. All these parameters are used in the heat transfer calculations.

I Component Surface Area Data |
Help
" Default Walues for Surface dreas
& User Defined Yalues for Surface Areas @
User Value
Cylinder D1ata: Head/Bare Pizton/Bare  ||Exp. Liner [mm]{| Mo of Liner 1=
Comman j [ratio] [ratio) Segs |
Cylinder 1 |11 1.05 1.0 20
Cylinder 2
Cylinder 3

Cylinder 4 -
4| | 3

Figure 2.4. Editing component surface areas.

Select Common from the Cylinder Data box on the left-hand side of the window — this allocates the
properties just defined to any other cylinders which exist at the time of editing the data, or are
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subsequently created. Close the window by clicking on the cross in the top right-hand corner of the
window.

Changing the In-Cylinder Heat Transfer Model
LOTUS ENGINE SIMULATION provides a choice of three in-cylinder heat transfer models:

1. the Annand model;
2. the Woschni model;

3. the Eichelberg model.

These models characterise the convective and radiative heat transfer coefficients in the cylinder — the
Annand model is selected as the default model. Different coefficients are used in the open and closed
periods of the cylinder due to the different gas compositions and temperatures, and the different fluid
motion regimes which prevail during these periods. Click on the Closed Period option in the cylinder
property list. This will produce the window shown in Fig. 2.5.Click in the User bullet box and change
the Annand A coefficient to 0.20, ensure the B coefficient is set to 0.8 and C to 4.29e-9.

%4 Closed Cycle Heat Transfer Model |
Help

-Heat Transfer Model

Type:lAnnand j LS

Annand Heat Transfer Model

= Default A0120 B:0.600 1224 290e-009

& Lser A:IEI.EEI B :IEI.BEIEI CZ|4.29|:|E'|:|E|E|

Figure. 2.5. Defining the closed cycle heat transfer model.

Use the Help File to discover the definitions of A, B and C coefficients in the Annand model. Click on
the Help File icon shown below and click on the Theory link which is highlighted in green. Scroll down
this window until you reach the section which defines the Annand equation.

Close the Help File window when you have read the section describing the Annand equation.

Close the Closed Cycle Heat Transfer Model window.
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Performing Basic Functions in the Builder Environment

Now that an element is present in the builder environment it is appropriate to explore some of the
basic viewing functions which can be performed. The viewable area can be automatically scaled, so
that all of the elements present in the builder environment are visible, by pressing the Control-A keys.
Alternatively, pressing the right-mouse button in the builder environment when no element is in focus
produces a menu from which the Auto-scale option can be selected. Performing this auto-scaling
task should show the cylinder which was added and the green Fuel Element. The Fuel Element
enables the user to define the fuel type and fuel system specification as described below.

Clicking on the magnify glass icon on the top tool bar enables the element to be zoomed in or out by
moving the magnifying glass up or down respectively.

Particular areas of the model can be zoomed in on so that the selected region fills the viewable area
by clicking on the right mouse button with no element in focus and selecting the Zoom option. This
produces a ‘cross-hair’ which can be placed with the left-mouse button on the required point and

dragged to encapsulate the region which is to be zoomed. The hand icon enables the model to be
moved around within the viewable area.

Adding Valves

Click on the Intake Components tab on the Tool Kit menu. Select the element at the top of this list —
this is a poppet valve. Attach the valve to one of the connectors on the cylinder element as shown in
Fig. 2.6.

= | ptus Engine Simulation-Pro ¥5.03 - untitled].sim [modified)
Fiz - #Module Data Edit “iew Groups Solve FResults Setup Too

DB < @ LH® 8aalke

[T HIEEY

SYIANTTLD

JAYLNI

"

Figure. 2.6. Adding an intake valve.

RN A

3414

The timing of this valve is to be changed. We shall make use of the Help File in order to discover the
convention for setting the valve timings.

Using the information contained in the Help File set the intake valve opening (Valve Open (deg)) and
closing (Valve Close (deg)) points to 15 degrees before top-dead-centre and sixty degrees after
bottom-dead-centre, respectively. Having set these values, click on the Valve Timing Display button
to give a visual check on the data — the window should appear as below. The timings can also be
entered from the Valve Timing Display window.
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=" Walve Timing Display [ ]
File ‘“iew Help

| &5

oo

IW=15.0

0P=112.5
IWC=E0.0

BOC

Figure 2.7. Intake valve timing.

Click on the Exhaust Components tab on the Tool Kit menu. Select the poppet valve element at the
top of this list. Attach the valve to one of the connectors on the opposite side of the cylinder element to
the intake poppet valve. You will notice that the background colour of the Cylinder element has
changed to grey, indicating that the cylinder is now a fully connected element within the model.

Modify the exhaust valve timing to 40 degrees before bottom-dead-centre and 20 degrees after top-
dead-centre for the opening and closing points, respectively. Clicking on the Valve Timing Display
button now produces a diagram such as that shown in Fig. 2.8.

%> Walve Timing Display
File ‘“iew Help

| &=

BOC

Figure 2.8. Intake and exhaust valve timing.

Note that it is conventional to define the Maximum Opening Point (MOP) as positive and negative for
conventional inlet and exhaust valve timing, respectively, for a four-stroke engine. This is the point of
maximum valve lift.

%" Cylinder Phaze / Yalve Event Dizplay _ O] x|
File “iew Help

lLEEEEE O Qaa (o &

o- T T T T T T T T T T i T T T |
o 120 F=0 =0 1=

Filrimng OFdsr :

Figure. 2.9. Intake and exhaust valve lift profiles.
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A further visual check that the valve timing data is as intended is to click on the Valve Event Display
button which should give the window shown below:

In this window the exhaust valve lift profile is shown in orange and that for the inlet valve is shown in
blue.

Adding Ports

Now select the exhaust Port icon from the Exhaust Tool Kit menu and connect it to the exhaust valve.
Repeat the process for an inlet port. The use of separate valve and port combinations enables the
user to try different cam and port combinations. The model should now appear as indicated below:

mE =
riny iy

Figure 2.10. Connecting ports to poppet valves.

The click on the intake port icon and change the Valve Throat Diameter to 28. This number
represents the diameter of each individual valve (port) throat in the region of the valve seat. Note that
the number of valves specified (on the intake side of the cylinder) is 2. This means that it is not
necessary to model the individual port duct leading to each valve. With basic four-valve engines this
does not introduce any significant modelling inaccuracy if the individual ducts after the bifurcation are
of equal length. The simulation will treat the port as a single duct with an equivalent diameter equal to
the total of the two individual ducts. Note that the length of the port cannot be modelled using the port
data — the port flow data simply constitutes a map of data which defines the size of the valve orifice at
a given lift.

I Default Port Flow E3
File
Mo of Walues:10 E
‘ L/D Ratio || Flow Cosff. ‘ =
1|0 0
2005 014
e 0.27
4015 0.395
502 051
" Bj0.25 0.605
703 067
8035 071
404 0.72
10t 0.72
KRl
E .
T o

Figure 2.11. Port flow data — default good port.

Select the Port Data button from the property sheets. This reveals a table of port flow coefficients vs.
valve lift / port throat diameter data (C; vs. L/D — see Fig. 2.11) which can be viewed by clicking on the
graph icon in the top right of the window.
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The View / Autoscale command should be invoked if the graph cannot be seen or is not correctly
scaled. Figure 2.12 shows how the data should appear. The data for this table is obtained via steady
flow tests on the engine to be simulated or from an engine with similar port geometric details.

The port icons can only be attached to poppet valves.

{_j Data Lizsting =l E3
Wiew Data

OeFault Port Flow

-

o

-t

FLaw Co=FF.

2

o

o.+ 0.8 o.B I.a
LD Rotio

Figure 2.12. Variation of flow coefficient with valve lift / diameter ratio.
After closing the plot window shown in Figure 2.12 it is worth taking note of the menus which define
the upstream and downstream elements which can be connected to the element in focus. Clicking on
the inlet valve reveals the elements shown in the bottom right-hand corner of the interface screen,
shown in Figure 2.13. This indicates that the upstream elements which can be connected to an inlet

poppet valve are an inlet port and a virtual pipe (see later), whilst the downstream elements which can
be connected to an inlet poppet valve are a cylinder and a virtual pipe.

ALLOWABLE UFSTREEAM ELEMEMTS

ALLOWABLE DOWMSTEEAM ELEMENTS

Figure 2.13. Connectivity permissions.

Adding Inlet and Exit Boundaries

This extremely simple model can be completed by adding inlet and exit boundary conditions to the
intake and exhaust ports. To do this select the intake tools tab and drag-and-drop an Inlet Element on
to the builder area — attach this element to the intake port. Click on to the exhaust tool tab and attach
an Exit Element to the exhaust port. The model should now appear as shown in Figure 2.14.
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|

=]

BB

4

Figure 2.14. Complete model.

The model is now physically complete and it only remains to define the fuel and fuel system data
operating conditions at which the engine simulation model is to run. The inlet and exit boundary
conditions are defined when the Test Condition Data is set up (see below).

Defining the Fuel and Fuel System

The fuel type and properties are defined by clicking on the Fuel Element shown in Figure 2.14. The
property sheet associated with the fuel element is shown in Figure 2.15.

|Label |
|Fue| Swystem FartInjection j
|Fue| Type Gasaline j

| Calorific Value (ki) [43000.0
[Density (kafitre) f0.7500
|H/C Ratio Fuel molar) ~ [1.500
|0/C Retio Fuel fmolar) |00
[Molecular Mass (kgikmol) [114.270
[Meldistribution Factar — [1.000

Figure 2.15. Property sheet for fuel element.

Various default fuel types and fuel systems are available. The Help File lists the options and describes
the property data. In this example we will use the default Gasoline as the Fuel Type and select Port
Injection as the Fuel System. The port-injection option implies that the air and fuel enter the cylinder
pre-mixed in the ratio specified in the Test Conditions Data described below.

= | ptus Engine Simulation ¥5.03 - E:ALES_Getting_start®
File  Module Edit “iew Groups Solve Results Setup wl .

'| ~  File Degcriptions... T -
L = Cycle Type 4 lll e rr
ffﬂ Elemnent Surnmary. .. [% - @ ‘im] C

Sim Connections Summary...

[ Combustion and Heat Transfer... F4
&)

Heat Tranzfer 3
Scavenging Models.. Fa

Fipe Auto-tesh 4
Pipe Mesh Auto-Refine 3
PFipe Ww'all Friction Setting 4

Test Conditions Edit Steadw State Test Data...

[ & [ata Lewvel Steady State Create ‘wWizard...

Jp a Data Level Steady State Test Data Summary... F12
Tranzient Test Data Summary...

1

tanage Data Import... Al+F1

I
Figure 2.16. Accessing the Test Conditions Data Wizard.
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Defining Steady State Test Condition Data

The engine operating points that the simulation model is required to mimic can be set up most
efficiently using the Test Conditions Wizard. This wizard is accesses via the Data / Test Conditions
| Create Wizard option from the drop-down menu at the top of the screen.

Clicking on the Create Wizard option generates the input data Wizard shown in Figure 2.17.

# Test Data Wizard E3

Select Definition Type
& By Mo of Tests " By Speed Incrament

Mo, DfTests:I?

hin. Speed (rpm):[1000.0000
Maox. Speed (fprm):| 7000.0000
Speed Increment (rpm): |1 00o0.a0aa
Armbient Air Pressure (bar abs.): |1 00ao
Ambient Air Temperature (C): |ED 0000
Inlet Pressure (bar abs.): |1 oooa
Inlet Temperature (C): |2EI 00ao
Exit Fressure (bar abs. .|1 .aaon

Eguivalence Ratic::|1 J1aa
Specific Humidity (kgfkg):lﬂ.m a0

Cptions
™ Interpolate Existing

Apply | Cancel | o

Figure 2.17. Create Wizard for Test Condition Data

Set the desired engine speed range by changing the No. of Tests to 7 and the Max. Speed (rpm) to
7000. Also set the Exit Pressure (exit boundary pressure) to 1 (bar abs.) and the Equivalence Ratio

to 1.1. Click Apply.

The test conditions which have been generated can be viewed or edited from the window produced by
clicking on the Test Data — Summary icon shown below.

e
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% Test Data - Summary [_ (O]
Test Poinlsw Heat-Phase] Heat-PeriDd] Fueling] Boundary Conditions ] Fric:licln] SDIutiDn] Plutling] Ac:luaturs]
Test | Speed (rpm) Salve Label ﬂ
Paint
1 1000 On Load Case 1-{ Created by TestWizard )
2 2000 On Load Case 2 - { Created by TestWizard )
33000 On Load Case 3-( Created by TestWizard )
44000 On Load Case 4-( Created by TestWizard )
5 5000 On Load Case 5-({ Created by TestWizard )
6 k000 On Load Case b - { Created by TestWizard )
77000 On Load Case 7 - { Created by TestWizard )
7T _'l‘I

Figure 2.18. Test Data Summary window.

The top tabs can be used to move through the different data sections that have been created. The
wizard has generated and defined some data which is not controlled by the selections made in the
wizard. This additional data includes ‘heat release’ parameters which, for the gasoline engine we have
generated, consists of defining the point of 50% mass fraction burned and the 10%-90% mass fraction
burned period. A default relationship for calculating the engine friction has been selected. This is
necessary in order for LOTUS ENGINE SIMULATION to predict ‘brake’ output parameters (torque,
power, specific fuel consumption, BMEP). Note that the default models (in this case the Barnes-Moss
model) estimate only the mechanical friction of the engine — the simulation code predicts the pumping
work.

Close this window after checking that the test conditions have been generated as intended.

Setting the Names of the Results Files

In order to save the simulation results to unique file names click on the File Descriptions section of
the Data menu list shown in Figure 2.16. This generates the window shown in Figure 2.19. Enter the
text shown.

File Text Descnptors

hdain Title

ISimpIe single cylinder engine
Sub Title

IdeeI with no pipes
Test Mo, (must be a SINGLE word)

|tutD rial_1

[8]:4 Cancel |

Figure 2.19. File Descriptions window.

The Main Title and Sub-Title names appear at the top of the results text file. The Test No. string
which is entered is used to name the results files produced by the code. Click OK to close this
window.

Saving a Model

This is probably an appropriate juncture at which to save the model. Click on the Save Data to File
icon and save the file to the directory of your choice as tutorial_1.sim (note that the .sim extension
will be added automatically on saving).
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Running a Model
The model can be run by clicking on the LOTUS ENGINE SIMULATION solver control icon shown

below

This produces the window shown in Figure 2.20. Enter a text string in the Label box. This will allocate
the text string entered to the job name displayed in the Job Status window (accessed from the tab
shown in the Lotus Engine Simulation Solver window). Select Currently Held Data — this will run
the model which has just been built in the interface. Select Use testno — this fills the two text boxes
below the widget with the text string entered in the Test No. text box shown in Figure 2.19.

Click on the launch icon at the bottom of the window to submit the job.

M Lotus Engine Simulation Solver

Subm\tJDb] Job Status] Job Mesages] Salver Settings ]

The MNext Bun Wil Use Job Mo 1 °

Label.‘swmple model-un 1]

Select either & Currently Held Data
or ¢ Existing Sawved Data File

| Use testno

File Name to Save Text Results as (*mrs):

|tutcma\_1 mrs =1

File name to Save Graphical Results as (*pre):

|tut0r\a\_1 prs =1

Iv Display Prompt on Completion of Job
Iv Display this Job Status on DialogBox Progress Bar

!

Figure 2.20. The Lotus Engine Simulation Solver window

Submitting the job will open the solver runtime window shown in Figure 2.21. Minimise this window by
clicking on the minimise tab. Do not close the window as this will stop the job from running.

"‘ﬁ F:\lesoft_5_03_vist\lesolve_ exe

a.
PERCENTAGE COMPLETE x 6@
28.
Cycle Ho. 3
188.
PERCENTAGE COMPLETE x
278.
COMPLETE x

COMPLETE

COMPLETE =

COMPLETE =
4

COMPLETE =

COMPLETE

Figure 2.21. Solver runtime window produced on submission of job.



Getting Started Using Lotus Engine Simulation 21

Tutorial 1 ‘Basic Single-Cylinder Engine Model’

Monitoring the Progress of a Job

Click on the Job Status tab on the LOTUS ENGINE SIMULATION solver runtime window. This will
produce a window as shown in Figure 2.22.

.M, Lotus Engine Simulation Solver 1= B3

Submit Job | Job Status] Job MESﬁgEB] Sohver Settings ]

MNurmber of Active Jobs: 1 ﬂ Showing Jok 1 ﬂ @

- Showin 1.1 »
Complete (%) 34 J 9y J
TFesilhle iai7 Display Prampt on Completion of Job I Yes Mo |

Cycle Mo 4afin Display this Job Status on Progress Bar I Yes  Ma |

Crank Angle (deg) 120 Elaspsed Time (s) : ] Rermaining (est) : 16
Prinx Cbar ) vol EFF (2} Cony - Inlet (%) Cony - Exh (2 S0C Catded
0 100 10 10 D
36.93 82.3 0.007 -1.090 -10.0

Job Labelsimple madel - run 1
Data File Mame :Fesoft_5_03_vist, EMGIN_RUNT SIM @
Text Results File Name Fiyesoft_5_03_vistiutarial_1.mrs

Graphical Results File Mame ‘Fijesoft_5_03_vistiutorial_1.prs

Figure 2.22. Job Status window.

The Job Status window provides a means of monitoring the progress of a simulation job. The top text
box indicates the Number of Active Jobs being run by LOTUS ENGINE SIMULATION. The arrow
tabs to the right of this box enable the user to display information regarding the different jobs being run
(in this case only one job has been submitted).

Various measures of the progress of the job are displayed, including the Test No., Cycle No., and the
Crank Angle position within the cycle. The Elapsed Time and an estimate of the Remaining time are
also displayed.

The five red bars which appear after the first cycle simulated are cycle-averaged parameters from
which the user can obtain an impression of the viability of the run. Eg. The maximum cylinder pressure
(Pmax) and volumetric efficiency (Vol Eff) values are updated every engine cycle and indicate
whether the run is progressing in a satisfactory manner.

At the end of the run the window shown in Figure 2.23 will appear on the screen and the Job Status
window will display the ‘Job Complete or Not Current’ message. This prompts the user to load the
simulation results into the various post-processing options within LOTUS ENGINE SIMULATION. Tick
the boxes to Load Text Results (.mrs) and Load Graphics Results (.mrs) . This places the .MRS
results file, which contains all the relevant cycle-averaged data into the dedicated text reader and
graphical facilities. The .PRS results will be discussed in a later tutorial — leave this box un-ticked.
Click Load. Now close the Lotus Engineering Simulation Solver window shown in Figure 2.22.
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[, Batch Job Finished - Load Results

Batch Job Finished!

Load Results File for Job 1: simple model-run 1 7
¥ Load Text Results {mrs)
¥ Load Graphics Results (.mrs};

v | oad Results Exclusive
Load Results Shuffle

Load Results Position 1
Load Results Position 2

Load Results Position 3

i e e e Bie

Load Results Paosition 4
" Load Results Position 5
[ Load Graphics Besults { prs)
& Load Besults Exclusive
! Load Fesulis Add

Load | Cancel |

Figure 2.23. Batch Job Finished window.

Displaying the .MRS Results — Text Viewer

The .MRS file contains all the cycle-averaged results from the engine simulation, such as brake
torque, brake power, volumetric efficiency, BMEP, BSFC, and heat rejection data. This file can be
displayed in a dedicated text file viewer by clicking on the icon shown below on the top tool bar.

]

The data at the top of the .MRS file summarises the input data — this information can be used by the
user in order to identify the results and to ensure that the input data has been submitted as intended.
At the end of the input data summary section the results for each Test Point, or operating condition,
are given. For each test point the operating conditions and boundary conditions are printed first.
Detailed information regarding mass flow rates through the valves of each cylinder (only a single-
cylinder is present in this case) is then provided, including the volumetric efficiency of each cylinder1.
The trapped conditions within each cylinder are then given, followed by a ‘Performance Section’ where
the IMEP, FMEP, BMEP, and power values are given for each cylinder. Fuel consumption and
efficiency values for each cylinder are then provided, before a Performance Summary table is written
to the file. In addition, bulk heat transfer data for each cylinder is provided. The Miscellaneous Data
and Results section contains component resolved heat transfer data for the cylinders and the heat
transfer distribution down pipes (there are no pipes in the model considered in this tutorial).
Combustion data is also written to the file in this section. This is followed by a listing of the mass flow
convergence results (see a later tutorial) and a summary table of the total engine performance
parameters. The remaining portion of the file consists of a copy of the input data file, which may, if
desired, be re-loaded. A sample of the .MRS text file is shown in Figure 2.24.

! Volumetric efficiency is defined as the ratio of the mass of air and fuel trapped in the cylinder when
the intake valve closes to the mass of air and fuel which could be trapped in the cylinder at a
reference temperature and pressure. The reference condition is usually taken as the ambient
conditions for naturally aspirated engines. Intake plenum conditions are sometimes used for pressure
charged engines.



Getting Started Using Lotus Engine Simulation 23

Tutorial 1 ‘Basic Single-Cylinder Engine Model’

a Results File Yiewer - F:hlesoft_5_ D3 vist\tutorial_1.mrs

File Help
RESULTS 1000.0 rpm =]
GAS FLOWS
FATIRALIRILITNIOS per Cycle
Cylinder 1
Inlet Valvei(s). . . 0.5025E-03 kg Exhaust Valvei(s). . 0.5027E-03 kg _J
Inlet Valveis). . . 0.4187E-02 kg-s Ezxhaust Valwvei=s). . 0.4189E-0Z kg-=
Air Flow. . . . . . 0.389BE-02 kg-=
Scavenge Fatio . . . 0.949 Scavenge Effvy . . . 94 .9 X%
Trapping Effvy . . . 00,0 % Charging Effy . . . 77.0 0%
Vol. Eff. (Ambient) 8.7 X @ Press, Temp: 1.000 bar., 20.0 C
FUELLING
1) Fuel Ha==-Cycle 0. 3510E-04 lg Oyerall Equiv ratio 1.10
TRAPFED COHNDITIONS
Cylinder 1
Trapped Pressure . 1.139 bar Trapped Temnperature 82.3 C
Trapped Ma== . . . 0 .5296E-03 kg Fesiduals . . . . 511 X%
Max Cylinder Press 55 .91 bar @ Angle (deg) . . . 17.0 ATDC
PERFORMANCE
Cylinder 1
IHEF {(Power bdc-bdc) 9.94 bar IMEFP (Complete Cycle) 9.91 bar
IHEF {(Pumping bdc—bdz) —-0.03 bar BMEF . . . . . . . . 9.11 bar
Mechanical Efficiency 91.9 X FMER . . . . . . . . 0.80 bar
Indicated Power . . 4.12 kU Brakse Power . . . . 379 kU
CONSTHPTION
Cylinder 1
ISFC . . . . . . .. 285.3 g+«kWh BSFC . . . . . . L. 277.8 g-klh
ISAC ( Total 3 . . . 366 kgskWh BSAC ( Total ) . . . 3.98 kg-skWh
Ind. Thermal Effy. . 32.79 & Brake Thermal Effy . 30,14 %
TOTALS
Indicated Power . . 4.12 kU Brake Fower . . . . 3.79 kU
Indicated Torque . . 39,38 nm Brake Torgque . . . . 36,20 nm
ISFC . 0 . 0 . 2553 gskWh BSFC . 0 0 0 0 0 277.8 gsklh
HEAT TREAHSFER
PAPIRAMPIDINAIPIRRINI DS per Cylinder
Cylinder 1
Cwl. Heat Loss= Rate . 2.86 LU Fraction of Fuel Energy 22.8 X% :J

Figure 2.24. Screen shot of the .MRS file.
Take some time to familiarise yourself with the information contained in this file.

Note that the .MRS file is in ASCII format and can be read into any text editor such as WordPad.

Displaying the .MRS Results — Graphical Viewer

A dedicated graphical viewer is provided in LOTUS ENGINE SIMULATION in order display the .MRS
results. The .MRS file can be viewed by clicking on the icon shown below.

This produces the window shown in Figure 2.25. Select the Autoscale option from the View menu
within this window.
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Figure 2.25. MRS Results Graphical viewer.

The first plot which can be viewed (see Figure 2.25) shows the BSFC (brake specific fuel
consumption), BMEP (brake mean effective pressure), Torque, and Power produced by the engine. It
can be seen that there is a gently increasing power output from the engine as the speed rises. The
torque curve peaks at about 2000 rev/min. This performance characteristic is typical of an engine with
no pipes.
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Figure 2.26. Listing a point on the .MRS graph.
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Now click on the List Point option from the View menu on the .MRS plotting window. This produces a
‘cross-hair’ which can be placed over any point on the window to interrogate a precise value from the
graphs as shown in Figure 22.26. Clicking the left-mouse button causes the values to appear. Clicking
the right-mouse button releases the cross-hair. The values appear at the bottom of the window. In the
case shown in Figure 22.26 the X-axis is the engine speed (the point selected is 2000 rev/min) and
the Y-axis numbers relate to the four graphs shown in order of ascending height on the page: Y1 =
BSFC; Y2 = BMEP; Y3 = Torque; Y4 = Power.

Confirm that the BMEP value at 2000 rev/min is 9.4 bar.

Remember to click the right-mouse button to release the cross-hair before moving to the next ‘page’ in
the .MRS graphical viewer screen. The arrow buttons in the top left-hand corner of the screen can be
used to move through the different data screens which can be displayed.

Click on the right-arrow to display the second screen. Click on Autoscale from the View menu. This
screen shows the variation of inlet boundary pressure, volumetric efficiency, inlet boundary
temperature, and plenum pressure with engine speed. In this model there is no plenum. Clicking on
the right-arrow reveals the next screen which shows the same data for the exhaust system. The next
screen shows the variation of combustion related parameters with engine speed, including the angles
of 10%, 50%, and 90% mass fraction burned, and the maximum cylinder pressure.

This concludes the first tutorial.
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Tutorial 2. ‘Basic Single-Cylinder Engine
Model With Intake Pipes’

Overview

This tutorial shows the user how to add pipes to the basic single-
cylinder model developed in Tutorial 1. The .MRS results are
compared with those from Tutorial 1 in order to highlight the
dramatic effect which the intake pipe has on the engine
performance.

Displaying the .PRS results is described and the user is taken
through the procedure for generating animations using these
results.

The chapter contains the following sections:

B Re-Naming a Model, 28

B Adding Pipes, 28

B Changing Plotting Options, 30

B Examining the .MRS Results, 31

B Comparing the .MRS Results with the Tutorial 1, 32
B Displaying the .PRS results, 34

B Animating .PRS Results, 36

B Exercise, 39
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Re-Naming a Model

With the model tutorial_1.sim loaded into LOTUS ENGINE SIMULATION click on the Save As option
from the File menu and create a new model called tutorial_2.

Adding Pipes

We wish to insert pipes between the port icon and the inlet boundary icon. In order to be able to
detach a single element from other elements the Move Element Singularly Icon on the left-hand side
of the group of icons shown below should be depressed.

e

Click on the Zoom icon and zoom out a little. Click on the inlet element and move it to the left of the
builder environment as shown in Figure 3.1.

H- - () it

Figure 3.1. Detaching the inlet element.

Now click on the Pipes tab on the Tool-Kit. Click on a (black) pipe from the top of the menu and drop,
by clicking the left-mouse button, the left-hand end about 2 of the way between the port icon and the
inlet element. Then attach the right-hand end of the pipe to the port icon by clicking again the left-
mouse button. Pressing Control-A will bring the model into a fuller view now. The model should appear
as shown in Figure 3.2. Note that the green pipes on the pipe tool kit tab are virtual pipes which only
imply commonality of connection points which they link together.

=F

- ——E-E] ) [E-E

Figure 3.2. Model with pipe attached to port icon.

The intention is to modify the properties of this pipe so that it represents the physical extent of the port.
Click on the pipe and change the Total Length in the pipe property sheet to 100 mm. Note that the
No. of Meshes has been set to 7 by the automatic meshing option which is turned on by default. Now
change the Start Diameter and End Diameter to 39 mm. Change the Wall Thickness to 4 mm and
the Cooling Type to water cooled. You will notice that the Temperature and Ext. HTC values have
been changed to 99.85 deg. C and 5000 W m? K. The water cooled pipe option assumes that the
pipe is entirely surrounded by cooling water and these values define the temperature and convective
heat transfer coefficient for the coolant. These values can also be defined by the user if they differ
from the defaults.
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Note that the Wall Material is set to aluminium — this fixes the Thermal Conductivity of the pipe wall
which is used in the heat transfer calculation in the pipes.

A further feature to note on the pipe property sheet is that the Wall Factor Type is set as Default
Surface Roughness — this implies that a default surface roughness value has been assigned to the
pipe wall which is then used by the code to infer a pipe wall friction factor from a curve fit to the Moody
diagram (which portrays pipe wall friction factor against Reynolds number as a function of pipe wall
surface roughness). Click on the cactus icon to display a schematic of the pipe which has been
created (see Figure 3.3).

+* Pipe Graphical Digplay - Pipe 1
File “iew FrelEraph Help

Mo[=Tea<x0aaa (o - 8- ¢

AAANATAIATA
IVNIVVVIV

Dla = 33.00 33.00

Figure 3.3. Schematic diagram of pipe.

The red circles represent pipe mesh-points. The black circles indicate points at which the pipe
diameter values have been defined.

Close this window.

We now wish to add a pipe to represent the intake runner of the engine which extends from the
cylinder head outwards. This pipe will be surrounded by ambient air.

Repeat the procedure described above for inserting a pipe on to the builder interface.
Click on the pipe and change the Total Length in the pipe property sheet to 350 mm. Now change the
Start Diameter and End Diameter to 39 mm. We will accept the default wall thickness of the pipe and

the cooling type.

The model should now appear as shown in Figure 3.4.
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Figure 3.4. Single-cylinder model with port and inlet runner pipe.

Changing Plotting Options.

Before running the model we will select an output data option which will allow us to look at the
instantaneous variation of gas properties in the inlet system.

Select the Data / Test Conditions / Edit Steady State Test Data Summary option from the drop
down menu at the top of the screen. Click on the Plotting tab in the screen shown in Figure 3.5

# Steady State Test Data - Summary M= E
Test Puints} Heat-Phase} Heat-PeriDd} Fuelling] Boundary Conditions ] Fril:tiun} Solutioné PIDt‘ting] Au:tuators]
Test | Speed (rpm) Plotting Option Cylinder Options Plenum Options Pipe Options Flowﬂ
Faint
1 1000 Llser Defined Flotting Options - Cylinder + Gas Stored  Plenurm + Gas Stored Al Pipe Data Stored Al Flow D:
2 s g Options  Cylinder + Gas Stored  Plenum + Gas Stared  All Pipe Data Stored Al Flaw Dt
3 IR R CIE T NI o Options Cylinder + Gas Stored  Plenum + Gas Stared Al Pipe Data Stared Al Flow Ds
4 Help on Steady State Plotting... ||g Options  Cylinder + Gas Stored  Plenum + Gas Stored Al Fipe Data Stored Al Flow D
5 5000 Llser Defined Ploting Options - Cylinder + Gas Stored  Plenurm + Gas Stored  All Pipe Data Stored Al Flow Di
[ G000 Llser Defined Ploting Options - Cylinder + Gas Stored  Plenurm + Gas Stored  All Pipe Data Stored Al Flow Di
7 7000 Llzer Defined Plotting Options Cylinder + Gas Stored  Plenum + Gas Stored  All Pipe Data Stored Al Flow D:

Al o

Figure 3.5. Plotting options window in Test Conditions Data window.

Select User Defined Plotting Options from the Plotting Option selection box and choose All pipe
data stored from the Pipe Options selection box. Then click on the Copy this Tests Plotting Data to
All Tests button at the top right-hand side of the plotting window. This will affect the amount of data
which is written to the .PRS plotting files which contain all the data which may vary on an intra-cycle
basis.

Close the Test Conditions Data window

Select the File Descriptions Option from the Data menu and change the text in the Test No. box to
tutorial_2. Click OK.

Now Save the model.
Run the model by following the same procedure described in Chapter 2. Click on the Use Test No.

option in the Lotus Engine Simulation Solver window in order to define the file names for the .MRS
and .PRS files and submit the job.
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Minimise the solver runtime window produced and click on the Job Status tab on the Lotus Engine
Simulation Solver window in order to monitor the progress of the simulation.

At the end of the run the window shown in Figure 2.23 (Chapter 2) will appear on the screen and the
Job Status window will display the ‘Job Complete or Not Current’ message. This prompts the user to
load the simulation results into the various post-processing options within LOTUS ENGINE
SIMULATION. Tick the boxes to Load Text Results (.mrs), Load Graphics Results (.mrs), and
Load Graphics Results (.prs) . This places the .MRS results file, which contains all the relevant
cycle-averaged data, and the .PRS file, which contains all the intra-cycle data, into the dedicated text
reader and graphical facilities. Click Load. Now close the Lotus Engineering Simulation Solver
window shown in Figure 2.22.

Examining the Results
Click on the .MRS file viewer icon (shown below) and Autoscale the plots (View / Autoscale):

This will produce the results shown in Figure 3.6.
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Figure 3.6. Results for model with inlet pipe.
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Note that there is now a pronounced peak in the torque curve at 5000 rev/min. This is the effect of the
intake system tuning phenomenon which increases the pressure across the intake valve at engine
speeds which excite the gas in the inlet system at its resonant frequency.

Comparing the Results with Tutorial 1

It is instructive to compare the results predicted by the code for this model with those produced in the
previous tutorial. In order to do this click on the File / Load Results (shuffle) option from the top
menu and select tutorial_1 from the browser. Then click on Open. This will place both sets of results
on the same set of graphs as shown in Figure 3.7.

The large improvement in the performance of the engine at high engine speeds is immediately
apparent. The peak BMEP value for the model with no pipes is 9.4 bar at 2000 / 3000 rev/min
whereas the peak value for the model with the inlet runner pipe if 12.6 bar at 5000 rev/min — a 34
percent improvement!

The actual data values for the two sets of results can be accessed from the performance summary
from the text file viewer or by listing lines from the .MRS file viewer. Before using this latter approach it
is prudent to change the number of decimal points listed in the power data. This is done by clicking on
the Axis Scales option from the View menu as shown in Figure 3.8. Type a 1 in the Y-Axis 4 box.
This will give the power values to one decimal place. Click Refresh and close the window.
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Figure 3.7. Comparison of .MRS results.
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Figure 3.8. Changing the number of decimal places on a line.
Now click the View [ List Line(s) option to reveal the screen shown in Figure 3.9.
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Figure 3.9. List line values.

Selecting the List / Graph / Graph 4 option displays the power results from the model constructed in
Tutorial 1.

Selecting the List / Position / Position 2 option displays the power results from the model
constructed in this tutorial.

Calculate the percentage increase in peak power.

Close the List line and .MRS viewer windows.
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Displaying the .PRS Results

We can examine some of the phenomena which contribute to the substantial improvement in engine
performance when the intake pipe is added by displaying he .PRS results.

Getting Started Using Lotus Engine Simulation
Tutorial 2 ‘Basic Single-Cylinder Engine Model with Intake Pipes’

Switch the interface to the .PRS viewer by clicking on the icon shown below.

g

Type Control A to autoscale the model in the viewing environment.

Click on the red dot (mesh point) closest to the intake valve and move the cursor over the graphs
on the right-hand side of the screen. Click the right-mouse button and select the Autoscale All
Graphs option. Also from the right-mouse button menu select Show Valve Event Lines. The default
graphs show the variation in pressure, temperature, mass flow rate, and velocity at the point selected
(see Figure 3.10). The engine speed at which the results were obtained is displayed in the bottom left-
hand corner of the model display window (in the case 1000 rev/min). The two orange vertical lines
indicate the exhaust valve opening and closing points respectively (from left to right), and the blue
vertical lines represent the intake valve opening and closing points respectively.
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Figure 3.10. Gas property variations at the intake valve — 1000 rev/min.

Clicking on these graphs at various points moves the black vertical line, next to which is given the
value of the results at the point (crank angle point) selected (indicated in the text box below the
graphs). The mean values of each line can be displayed next to the current value by selecting Display
Graph Mean Values from the right-mouse button menu.
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The curves shown can be appreciated better with respect to the open and closed periods of the
cylinder with respect to the intake valve. To the left of the left-hand blue line (IVO) and the right of the
right-hand blue line (IVC) is the period during which the intake valve is closed. The pressure variation
is characterised by an almost sinusoidal wave of decaying amplitude. In between these two lines the
intake valve is open.

Note the large increase in the temperature at the intake valve in the valve overlap period (between
IVO and EVC) — this is caused by hot gas flowing back from the cylinder into the intake pipe during
this period, as can be seen from negative values in the mass flow rate and velocity diagrams.

We now wish to load in the results for 5000 rev/min (the peak torque speed). Click on the PRS

Results File Status icon shown below.

This produces the window shown in Figure 3.11. The Single Speed option has been selected by
default. Use the right-arrow button to move through the speeds until speed 5 of 7 is reached. Now
click on Apply and close the PRS Results File Status window.

From the right-mouse button menu select Autoscale All Graphs. This will change the display to be
similar to that shown in Figure 3.12.
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Figure 3.11. PRS results file status window.

Note that there are now fewer oscillations in the pressure trace because the time for the propagation
of the pressure waves to occur is diminished. It is easier to gain an appreciation of the basic intake
tuning mechanism by studying the gas property variations at this engine speed and this is explained
below.

The periodic charging and discharging of the cylinders, together with the pressure increase generated
during the combustion process, gives rise to highly unsteady flow in the manifolds of reciprocating
engines. In a four-stroke engine, at the beginning of the induction process, the downward motion of
the piston creates a reduction in cylinder pressure which gives rise to the propagation of a rarefaction
wave into the intake runner pipe. This is manifested in the low pressure region between the VO line
and the black line in Figure 3.12. . The reflection of this wave at the end of the inlet runner pipe
creates a pressure wave which, if it arrives back at the inlet valve in the period between bottom-dead
centre and the point of inlet valve closure (as in Figure 3.12), can augment the trapped mass of air in
the cylinder. By managing this mechanism the major features of the engine torque characteristic can
be manipulated.
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Note that the waves in the closed period are now distorted decaying sinusoids — the wave profiles
have changed because they are non-linear. This means that the high pressure points on a wave front
travel faster than the low pressure points. Hence the wave fronts steepen-up. Also note that there is
now no reverse flow from the cylinder into the intake pipe at the start of the induction event.
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Figure 3.12. Gas property variations at the intake valve — 5000 rev/min.

Animating .PRS Results
Two types of animation can be produced from the .PRS results. These are both described below.

To get a better appreciation of the wave propagation process within the intake pipe select Display
Pipe Graphic from the right-mouse button menu. Click on the red sideways Y-icon at the top of the
screen to display both pipes in the intake system. Click on the Autoscale option from the View menu.
Click on the ‘hand’ icon at the top of the screen and position the pipe toward the bottom of the window.

This will generate the window shown in Figure 3.13.
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Figure 3.13. The Pipe Graphical Display window.

Now click on the graph icon and select the Graph Y Length option from the Prs Graph menu. Enter
120 in the value box and click OK. These actions will result in the window appearing as shown in
Figure 3.14.
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Figure 3.14. The Pipe Graphical Display window.

The animation control buttons can now be used to animate the variation of pressure along the pipe
length.

Click on the rightward-pointing triangle to start the animation. Note that the position within the engine
cycle is indicated by the moving black line on the .PRS graphs behind the window (the actual crank
angle value is displayed in the value box at the bottom of the .PRS graphs — if you cannot see this re-
position the .PRS Graphical Display window. The ‘+1’ button enables the animation to be stepped
through one time increment (2 degrees crank angle) at a time. Explore the use of the other functions
on the animation control panel.

Stop the animation by clicking on the button with the two thick vertical black lines and close the pipe
graphical display window.
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Now click on the Shaded Display Visibility icon shown below.

This transforms the view of the engine model.

Now select the .PRS Video Controller Visibility icon shown below.

This produces a moveable animation control window as shown in Figure 3.15.

E -prz Yideo Control
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Figure 3.15. .PRS Video Control panel.

Clicking the rightward-pointing triangle animates the .PRS model as sown in Figure 3.16.
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Figure 3.16. Still from animated .PRS display.

In this animation the piston and valves are phased correctly. When the valves are open they turn
white.

Stop the animation.

Turn the .PRS graphs off by clicking on the Results Pane Visibility icon to the left of the .PRS Video
Controller Visibility icon.
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Zoom and manoeuvre the image using the magnifying glass and hand icons on the tool panel. This
allows the user to study particular phenomena in detail.
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Figure 3.17. Zoomed area of the .PRS animation.
Replace the .PRS graphs and type Control-A to autoscale the model.

Now return to the builder environment by clicking on the icon shown below.

This completes this tutorial.

Exercise

Change the length of the intake runner to 500 mm and re-run the model. Compare the results with
those obtained using the 350 mm intake runner. What is the maximum torque speed? Investigate the
pressure wave variation in the intake pipe at different engine speeds.
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Tutorial 3. ‘Parametric Studies Using Basic
Single-Cylinder Model with Intake Pipe’

Overview

This tutorial shows the user how to add perform an analysis using
the parametric tool, using the single-cylinder engine model
developed in Tutorial 2.

The Parametric / Optimizer Tool allows the user to run a series of
tests without having to modify the initial engine model. Groups of
components are created and the attributes of all the components
within a group can be changed automatically using the Parametric
Tool. The Parametric Tool allows the user to perform 1-D, 2-D or
even up to 10-D parametric studies.

The chapter contains the following sections:
B Element Groups, 42

B Creating Element Groups, 42

B Adding Elements to a Group, 42

B Viewing Elements within a Group, 43
B Starting the Parametric Tool, 44

B Defining a Scoring System, 44

B Setting Up Parameters, 46

B Launching a 1D Parametric Run, 47
B Exercise - 1D parametric analysis, 49
B Running a 2D Parametric Run, 50

B Running the Optimizer, 52
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Element Groups

Before the Parametric / Optimization Tool can be invoked, the user must specify the engine test
conditions and define element groups.

Creating Element Groups

Begin by loading the model tutorial_2.sim into LOTUS ENGINE SIMULATION. To create a group
select Groups from the LOTUS ENGINE SIMULATION menubar. Then select New from the menu to
create a new group. A pop-up window will appear where an identifying label for the group can be
entered, as shown below.
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Figure 4.1. Creating a Group.

We wish to create two groups: one called ‘Inlet Valves’ and another named ‘Inlet Runner’. So type
‘Inlet Valves’ into the pop-up window, as shown in Figure 4.1. Then press OK. Select Groups, from
the LOTUS ENGINE SIMULATION menubar again, followed by New. Now type ‘Inlet Runner’ in the
pop-up window. Then press OK.

These new groups contain no elements. Elements must now be added to them.

Adding Elements to a Group

To add elements to an existing group requires the following two steps to be performed:

e The element to be added is selected;

e To add the selected element to a group select Groups from the LOTUS ENGINE
SIMULATION menubar. Then select Add to Group from the menu. A pop-up window will
appear enabling the group to which the elements are to be added to be selected.

Only elements of the same generic type can be added to a group, i.e. the elements within the group
must all be pipes or all be plenums. The first element added to the group will set the type of elements
that the group contains.
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We wish to add the inlet valve to the ‘Inlet Valves’ group. Begin by selecting the inlet valve with the
mouse, as shown in Figure 4.2.

e ERIC)

- e

Figure 4.2. Selecting the inlet valve element.

Now select Groups from the LOTUS ENGINE SIMULATION menubar, followed by Add to Group. A
list of the current groups will appear. Click on ‘Inlet Valves’ to add the inlet valve to this group, as
shown in Figure 4.3. Elements can be removed from a group in exactly the same manner, except that
Remove from Group should be selected from the Groups menu.
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Figure 4.3. Adding an element to a group.

Now add the inlet runner pipe to the ‘Inlet Runner’ group. Click on the inlet runner pipe, so that it
flashes, as shown in Figure 4.4. Then click on Groups, then Add to Group, then select the ‘Inlet
Runner’ group.

o TR O

Figure 4.4. Selecting the inlet runner .
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Viewing the Elements within a Group

The elements contained within a group can be viewed by selecting Groups from THE LOTUS
ENGINE SIMULATION menubar. Then select Current from the menu. A pop-up window will appear
listing all of the current groups. The group to be displayed is selected from this list, as shown in Figure
4.5. Once a group has been selected, the builder window display will switch from displaying the
current model, to displaying the contents of the selected group.

To revert the builder display to show the entire model, select Groups from THE LOTUS ENGINE
SIMULATION menubar. Then select Cancel from the menu.

Save the modified model to tutorial_3.sim having first changed the Test No. description to tutorial_3.
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Figure 4.5. Viewing a group

Starting the parametric tool

The parametric tool is started by clicking on the parametric tool icon from the LOTUS ENGINE
SIMULATION toolbar, as shown in Figure 4.6. Groups must be defined before the parametric tool can
be started.
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Figure 4.6. Invoking the parametric tool.

Defining a Scoring System

When the parametric tool is invoked the user will be presented with the Gates menu screen, shown in
Figure 4.7 below.

To aid the optimisation procedure and the analysis of results a scoring system has been devised:

e Gates of any performance metric (torque, BMEP, vol. Eff.) are specified at the engine speeds
defined in the test data section of the engine model.

e Gates can be defined as:

— aexisting performance characteristic;
— atarget performance characteristic.

o Weighting coefficients multiply difference in the actual and gate values at each speed to
produce a score:
— Bonus and penalty weightings are applied to the difference between the achieved values
and the target values.
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The performance parameter used for the gate values can be altered by clicking the left mouse button,
whilst the mouse pointer is positioned on the down arrow by the Gate Variable menu item, as shown
in Figure 4.7. A list of parameters will appear, the desired parameter can be highlighted with the
mouse pointer and selected with the left mouse button. In this tutorial we will select Volumetric
Efficiency as the parameter to scrutinise in the parametric study.

Gate Yariahle Yol Eff. (%4 (ambient)

Brake Power (kW)
Brake Torgue (Mm)
Mo, of Gates | BHEF I:bﬂl’:l

waol Eff. (%2) (amhbient)

B=SFC (gfkwh)

specific Brake FPower (ki/litre)

specific Brake Torgue (Mm/litre)

Figure 4.7. Setting the gate parameter

Volumetric efficiency is defined as

B mass flow rate of air into cylinder
A - . . . .
{mass of air contained in swept volumeat reference }

pressure and temperature x no of induction cycles per second

The volumetric efficiency is a measure of the ‘breathing efficiency’ of the engine and it is this
parameter which is directly affected by changes to the manifold geometry. Studies involving air

induction system, and exhaust system geometry should therefore be conducted initially using
volumetric efficiency.

Now select Run Baseline to fill Gates from the Gates menu at the top of the screen, as shown in
Figure 4.8.
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the walue far each ga
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Figure 4.8. Selecting the Run Baseline to Fill Gates

This will run the baseline model to fill the gate values with the volumetric efficiency predictions. The
parametric screen should now appear as shown in Figure 4.9



46 Getting Started Using Lotus Engine Simulation
Tutorial 3 ‘Parametric Studies Using Basic Single-Cylinder Engine Model with Intake Pipes’

Pa[amellic / Optimizer Tool E

File Gates Graph Solve Help
I Gates FParameters | Saolve |

This defines the gate value for each test point. Selectthe required wvariable to use for the gates, then define

the value for each gate point. Setthe penalty weighting at gates to reflect performance ohjectives.

Gate Yarizhle {vol. EX. (%) (ambient) =l

Mo. of Gates ;7

Gate Setting

Speed (rom) Gate Value Score Over Fenalty Under =

1 [1000 759 0.1 1

2 [2000 815 0.1 1

3 [3000 825 0.1 1

4 [4000 1042 01 1

5 [5000 1126 01 1

6 |6O00 1045 01 1
TrEl - - ‘ 58

Figure 4.9. Parametric screen after running the baseline model to fill Gate Values with vol. Eff.

Setting Up Parameters

Now click the Parameters tab. Having picked up a feel for the effects of inlet runner length on engine
performance in the previous tutorial we will perform a one-dimensional parametric study of the effects
of varying the intake valve closing angle (IVC). In the exercise of this tutorial a further 1D parametric
run is required, varying the inlet pipe length.

Palamellic / Dptimizer Tool

" File Gates Graph Solve Help
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This defines the model parameters used for the analysis. Selectthe No. required and for each parameter
define the group Id, the variable, and the limits of the variahle. The step size sets the analysis resaolution.
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Figure 4.10. Setting up the IVC parameters.
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In order to be able to perform both the proposed parametric runs set the No. of Parameters to 2 and
press Return. Now select the Inlet valve group from the Group Id box and set the Variable to Valve
Close (deg). Click on the ‘question mark’ icon to enquire the value of IVC from the baseline model.
This should be 60 deg. (after bdc induction stroke).

Click on the Value button as shown in Figure 4.10 and enter a Minimum value of 20, a Maximum
value 80, at step sizes of 10 degrees.

Launching a 1D Parametric Run

Now click on the Solve tab and select 1D parametric. Click on the Graph / Display / Volumetric
Efficiency option from the drop down menu at the top of the screen to change the output display
parameter. Also click on the Graph / Display / Autoscale option. Now click on the Launch icon. This
produces the window shown in Figure 4.11. Choose the 1 parameter as inlet valves, valves close
(deg) as shown and click OK. This will launch the parametric run.

Parametric Yariable[z] |

Farameter 1 {QERERNE / = 2

Ok | Cancel |

Figure 4.11. Parametric variable window.

The 1D parametric progress indicator will appear as shown in Figure 4.12. This window enables the
user to monitor the progress of the runs. The top bar indicates the progress of the total job whereas
the bottom bar indicates the progress of the current job.

1D Parametric Progress Indicator |

@ B3%: complete (tatal)
36%: complete
i

Figure 4.12. Progress Indicator window.
As the jobs run the volumetric efficiency curves will appear on the Gates / Results graph.

After the job has run the screen should appear as shown in Figure 4.13. Use the arrow keys to cycle
through the results. The yellow curve is the one to which the values which appear in the Picked Run
Details box refer. The red curve is the one selected by the scoring system defined in the Gates
screen. Now the results have been obtained the weighting coefficients can be re-defined if desired.
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Figure 4.13. Results screen — Curve Display.

In the results above it can be seen that early IVC timing gives good volumetric efficiency at low engine
speeds and poor volumetric efficiency at high engine speeds. Conversely late IVC timing gives high
volumetric efficiency at high engine speeds and low volumetric efficiency at low engine speeds.

If you wish to save the results this must be done before exiting the Parametric window.
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The 1D parametric results can also be
displayed not only for over 130 different
variables, but also in two basic styles. The
alternative styles are as curves or as a
contour. To display the 1D results as a
contour plot select the Graph / 1D Display
Type / Contour menu option.

The one result that can’t be displayed as a
contour for a 1D display is the Curves Gate
Score. For a 1D parametric analysis this can
only be displayed as a single line.
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Figure 4.14. Results screen — Contour Display.

Exercise

Set up a 1-D parametric to vary the intake pipe length between 100 mm and 600 mm with a 50

step size. (results shown below).
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Running a 2D Parametric Analysis

Ensure both parameters are set as for the previous 1D section and example 1, i.e.

Parameter 1, Group Id = Inlet Valves, Variable = Valve close (deg),
By Value, Min = 20, Max = 80, Step =10

Parameter 2, Group Id = Inlet Runner, Variable = Last Length (mm),
By Value, Min = 100, Max = 600, Step = 50

A 2D parametric analysis will run a full matrix of each inlet valve closing value with each inlet runner
length. For the settings as above this will be 77 (7valve x 11pipe) individual build specifications, each
build specification being run for 7 speeds. Select the Solve tab and change to 2D Parametric. Again
set the display type to be Vol Eff (%) and then submit the job using the launch icon and select the
Inlet Valves, Valve Close (deg) as the 1* parameter and Inlet Runner, Last Length (mm) as the 2™

parameter.
Parametric Yariable[z] |

1=t Faram eter:l Inlet Yalves, Walve Close (deg)

end Parameter:llnlet Funner.Last Length {(mm) j

Ok | Cancel |

Figure 4.16. 2D parametric variable window

The 2D parametric progress indicator will appear allowing the progress of the analysis to be
monitored. After the job has run, (this will take approx. 2-2" hours to run on a 500Mhz Pc), the screen
should appear as shown in Figure 4.17.
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Figure 4.17. 2D Parametric Results Screen
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Again the arrow keys can be cycled through to indicate the build specification of a specific run and
show the Volumetric Efficiency curve for that build specification. As with the 1D run the weighting
coefficients/gate values can be adjusted to identify different curve gate score scenarios.

The 2D display can also be changed to display different variables and in different styles. The 2D
parametric results can be displayed as either curves, single speed contours or all speed contours.
The All speed Contours option is only visually viable if the contour fill is turned off. Using individual
speed contour plots of volumetric efficiency highlight the problem in identifying an optimum build
specification over the complete speed range, since the contours vary widely between the speeds.
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Example Single Speed Contours 2D Parametric Menu Options

As with the 1D parametric results plotting the Curves Gate Score produces slightly different output
from the other variables. The graph is always displayed as a contour plot of the score against the two
parametric variables. The contour plot for this example is shown in Figure 4.18.

CHF‘VE'S Gote Scoreo

Inlet RunnersLast Lengbh Cmm
100150200253030035040045050055 0800

Inklet “Walwes,Walve Close tdegl

Figure 4.18. 2D Parametric Curves Gate Score Contour plot
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This contour plot identifies the combination of parametric variables, which achieve the best score for
the defined gates/scoring. By coincidence this example shows that the original specification of Inlet
valve closing at 60 degrees and Inlet runner length of 350 mm achieves the best score, although this
is perhaps not so surprising since the gate values where derived from the original build specification.

If we were to change the gate values to represent an alternative performance requirement, the build
specification identified as the optimum would change.

As an example lets us reset the gate values to aim for an engine that has greater volumetric efficiency
at lower engine speeds than that achieved with the standard model, we will need to sacrifice some
high speed volumetric efficiency for this improved low speed benefit. Select the Gates tab and edit the
gate values as below;

Rpm Original Gate Value New Gate Value

1000 75.5 85
2000 81.0 90
3000 82.1 110
4000 104.0 105
5000 112.2 100
6000 104.1 95
7000 90.7 85

Now select the Solve tab and note that the contour plot has changed to that shown below indicating a
new maximum score point (marked with a red circle) at a valve timing of 40 degrees and a runner
length of 400 mm.

Curves Gote Score

Inlet RunnersLast Lengbh Cmm
100150200253030035040045050055 0800

Inklet “Walwes,Walve Close tdegl

Thus the advantage of running a full 2D parametric is that if the results are saved they can be
subsequently used to identify differing optimum build specifications to suit varying targets without
recourse to re-running the analysis.

Running the Optimizer

An alternative approach to the parametric run is to use the Optimizer solution method. This has the
advantage, over the parametric approach, in that it does not need to perform a full matrix of tests and
can thus run quicker. The disadvantage of the optimize route is that since it uses the Curves Gate
Score to decide the solution route if you need to review an alternative gate value/score setting you
must re-run the analysis.
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As a test case we will re-run the current example with the new gate values and identify how many
solution steps are performed to hopefully achieve the same conclusion. An Optimizer solution will use
the parameter settings in a slightly different way to the 1D and 2D parametric solution methods. The
min and max values are still used to ‘bound’ the solution but the step value is now used to control the
resolution of the optimized solution. Thus the current settings would only identify the optimum valve
close position to within 10 degrees and the inlet runner length to within 50mm. For a direct run time
comparison we can leave these settings but normally you would take advantage of the optimizer to
identify a solution with smaller step settings.

Change back to the Solve tab, (having first checked that your gate values are still set to the ‘new’
values). Select the Optimizer solution type and accept any results data loss, (perhaps save them first
if you haven'’t yet done s0?).

The optimizer has a couple of solution control settings that can be changed by the user. They are;

o Number of sensitivity steps, (default 3)

e Parameter Solve Order, either in order of highest sensitivity or in the order entered, (default is
in the order of highest sensitivity).

e Solve Type as either full wave or half wave, (default full wave).

All of these options can be accessed through the Solve menu, see below.

izer Tool

Help

B Mieplaved Farametie
Eum S elested Earametis ]
Fun Optimizer

Fun Optimizer to Senzitivities

Ma. af Senzitivity Steps I
Optimizer Salve Order 3+ From Highest Senzitivity

Optimizer Salve Type ¥ InEntered Parameter Order

"White Scores to File

v Save .mrz Files

For this example we will stick with the default settings, (for further information on optimizer settings
consult the help file).

Before we can proceed with the solution we have one more task to perform. Changing to an optimizer
type solution will make visible some additional widgets on the Parameters panel. These are used by
the optimizer to identify coupled parameter runs. If we do not identify that we want our two parameters
to be solved as coupled, the optimizer will run them as individual 1D analyses, solving the most
sensitive first before moving on to solve the next parameter. We require the optimum to mimic the
previous 2D parametric run and thus require them to be optimized coupled.

Change back to the Parameters panel and with parameter one displayed select the Coupled button
next to the toggle arrows, this should then display in the selection box our other parameter for inlet
runner length. If you now use the arrow keys to move to the second parameter you will see the
coupled button and selection box disabled to indicate that this parameter is already coupled and
cannot be selected again, see Figure 4.19.
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Parametric / Optimizer Tool
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Figure 4.19. Parameter Setting for Coupled Optimize Run.

Return to the solve panel and set the display to show the curves gate score and select the autoscale
option, we are now ready to run the optimizer. Selecting the launch icon will start the run displaying
the normal progress display.

As the optimizer progresses the calculated scores are displayed in the graph. The first part of the
optimization identifies the sensitivity of the score to the parameter over its defined range. The number
of sensitivity steps setting is used to control how many points are used to identify the variation in
score for each optimizer parameter step. The default setting of three, means that the optimizer will
look at the score for then min. max and mid point values. (A higher setting whilst it may assist in
identifying an intermediate peak in the sensitivity would lead to more runs and hence longer run
times).

Once the optimizer has identified the sensitivities and the points at which the maximum values
occurred, the solve order can be identified, (this is not applicable to our example since we only have
one step in the optimizer routine because our two parameters are solved coupled). The individual
optimizer steps’ maximum value points are used to identify the initial setting for the parameters and
later refined as that parameters step is reached.
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Figure 4.20. Optimizer Results Screen.

Once the run is complete the screen display should look as shown in Figure 4.20. The red circle again
indicates the highest score point, which if we use the arrow keys to pick this run (point No. 14) the
build specification is identified as a valve timing of 40 degrees and a runner length of 400 mm. This is
the same solution point as identified by the full 2D parametric run in 77 runs, whilst the optimizer
identified it after 14 runs and completed 24 runs to confirm the peak. This represents a considerable

saving in the solution run time.
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Tutorial 4. ‘Building a Multi-Cylinder
5 Model’

Overview

This tutorial shows the user how to produce a multi-cylinder model,
starting from the single cylinder model we have developed in the
previous tutorials.

We will produce a 4 cylinder model using the existing single
cylinder model and look at the influence of pipe junction geometry
for our example 4-2-1 exhaust manifold.

The tutorial includes the following sections:
B Adding the Exhaust pipes, 57

B Copying Model Segments, 59

B Creating the 4-2-1 Exhaust Manifold, 61
B Selecting the Firing Order, 64

B Running the Multi Cylinder Model, 65

B Using the Pressure Loss Junction, 66

B Running the Pressure Loss Junction Model, 68
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Adding the Exhaust Pipes

To produce the 4 cylinder model we will use the single cylinder engine created in the previous tutorial,
we shall begin by loading the file tutorial_3.sim.

In a similar manner that previously used to add the inlet pipes we now wish to insert exhaust pipes to
the exhaust port icon. In order to be able to detach a single element from other elements the Move
Element Singularly Icon on the left-hand side of the group of icons shown below should be

depressed.
|

Select the exhaust boundary element and move it out of the way, we will connect it back into the
system once we have built the manifold. You may need to zoom out a bit to provide adequate space to
add the pipes.

Pick the Pipe tab on the toolkit and select a pipe element. Add the first end of the pipe to the free end
of the exhaust port and leave the pipes second end several grid squares away from the port. In the
property sheet for the pipe change the length to 100 mm, set the start and end diameters to 32 mm,
the wall thickness to 4 mm and the cooling type to Water cooled. This pipe represents the exhaust
port in the cylinder head.

Now add the primary exhaust pipe connect the first end to the free end of the exhaust port pipe and
again leave the second end a few grid squares away. In the property sheet for the pipe change the
length to 400 mm and start and end diameters to 32 mm, we will accept the other defaults. Your
model should now look like that illustrated in Figure 5.1.
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Figure 5.1. Adding the exhaust pipes
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Copying Model Segments

We will build up the multi cylinder model by copying the single cylinder and pasting it back in three
times to give us our basic 4 cylinder model. Before we do this we need to move the inlet boundary so
that we can copy only the portion of the model we require. Pick the inlet boundary and move it out of
the way.

Select the Edit Select icon, as shown below,

b [m o o

Then select the complete single cylinder model with the mouse. The display will indicated the captured
region, all elements contained wholly within this region will be subjected to any subsequent cut/copy
paste type activity. Thus ensure that you have fully enclosed both ends of the pipes, see Figure 5.2.

- aEi

Figure 5.2. Capture of single cylinder portion

Now select edit / copy (or Ctrl+C), (the capture box will now disappear), then select Edit / Paste (or
Ctrl+V) three times, each ‘paste’ event will add a new cylinder assembly below the previous one to
produce the building blocks for our four cylinder model. The new model is displayed in Figure 5.3
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Figure 5.3. Model after ‘pasting’.

To produce the four cylinder model we must first connect the free ends of the intake side together.
Select in turn the free end of each of the top three inlet pipes and connect them to the free end of the
lower inlet pipe. Select the Intake Components tab on the toolkit add select the plenum element.
Connect the down stream end of the plenum to the free ends of the inlet pipes, (you may want to
rotate the plenum round to do this, use either rotate option on the right mouse menu or use the
Ctrl+PgUp/CtrI+PgDn keys). Select the plenum and change its volume to 2.5 litres in its property
sheet. From the Intake Components toolkit tab we now need to select a throttle element. Connect
this to the upstream end of the plenum. You may want to rotate the throttle element. Now reconnect
the inlet boundary to the upstream (free end) of the throttle. Your model should now look similar to that
shown in Figure 5.4
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Figure 5.4. Inlet manifold connected.
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Before leaving the inlet side we need to set some properties for the throttle. Select the throttle so that
it is ‘In-Focus’, we will then set its cross sectional area in the property sheet. We can either enter the
cross sectional area in directly, or define it by its ‘equivalent diameter’. By default the area definition
method is directly via the Minimum C.S.A value entry. This is indicated by the ‘greying’ out of the
Equiv. Diameter value entry. To switch to defining by the equivalent diameter select the Equiv.
Diameter descriptive text box, (note not the value entry). This will then enable the Equiv. Diameter
entry and ‘grey-out’ the cross sectional area. Set the equivalent diameter to 45 mm.

Creating the 4-2-1 Exhaust Manifold

We will now produce the exhaust manifold. For this example we will simulate a conventional 4-2-1
style manifold. We must first connect the free ends of the existing exhaust pipes (primaries) together
into two separate junctions. Take the free end of the pipe connected to cylinder 4 (the bottom cylinder)
and connect it to the free end of the pipe connected to cylinder 2. Similarly connect the free end of the
pipe attached to cylinder 3 to the free end of the pipe connected to cylinder1, (the top cylinder). Your
network should look similar to that shown in Figure 5.5

W] W] [W] |

Figure 5.5. Connecting the exhaust primaries together.

We will now add the two secondary pipes to the model. From the pipe tab on the toolkit add two new
pipes. Connect the upstream end of a pipe to each of these pipes to one of the primary junctions and
then connect the two secondaries together at some point above and to the right of the primaries. You
may need to manipulate the view using the zoom or translate options. We will now set the properties
of the secondary pipes. Select one of the secondary pipes, to illustrate the use of the element labelling
feature we will pick and edit Pipe 17. To do this use the element selection box in the top right of the
interface to select the required pipe. The required pipe will now be ‘in-focus’ and we can define its
properties. These component labels can also be displayed in either full or abbreviated form on the
actual model. The component selection box uses the abbreviated labels whilst the property sheet lists
the full label. To display the abbreviated labels on the model select the pull down menu item, View /
Visabilities / Abbrev. Label Visability. This will then show the labels for all the model components.
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The ‘Abbrev. Labels’ are also used as the label by which copying of component data between
elements is identified. We will use this feature later, so for now leave the labels visible.
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Figure 5.6. Component selection box.
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Figure 5.7. Copying data between pipes.

With Pipe 17 in-focus set the values in its
property sheet as, length 260 mm, start and
end diameters as 41 mm. Leave all other
values as the defaults. We can now copy the
properties of this pipe to the other secondary
pipe, pipe no. 18, (you can confirm this is the
required pipe from the visible labels). To do
this ensure pipe 17 is ‘in-focus’, (i.e. selected
and its properties displayed), then use the right
mouse (on the network display area) and
select the Copy Data To / Pipe 18 option. This
will update the values of the second
secondary pipe for us. You can confirm this
copy has occurred by selecting pipe 18 and
viewing its values for length and diameter.
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The exhaust side of the model should now look like that illustrated in Figure 5.8.

Figure 5.8. Model with exhaust secondary pipes added.

We now require to add the final pipe, a plenum to represent the silencer/catalyst and then the final
throttle before connecting back in the existing exhaust boundary. From the pipes tab on the toolkit
select a pipe and add its upstream end to the free end of the exhaust secondary pipes. Position the
free end of this new pipe a couple of grid squares up from its other end. Set its length to 300 mm and
its start and end diameters to 53 mm. Select the Exhaust Components tab on the toolkit and pick an
exhaust plenum. Add this to the model connecting its upstream end to the manifold pipes free end.
You may want to rotate this component to improve the visual appearance of the model and aid
connection. Set the plenum’s volume to 3.0l and accept all the other data defaults. To the free end of
the plenum connect a throttle element, (observing flow direction arrows as normal) and finally
reconnect the existing exhaust boundary. Finally set the exhaust throttle area to 1345 mm?Z Your
model should now look similar to that shown in Figure 5.9.

=

Figure 5.9. The completed network model.



64 Getting Started Using Lotus Engine Simulation
Tutorial 4 ‘Building a Multi-Cylinder Engine Model’

Setting the Firing Order

The act of ‘copying’ and ‘pasting’ cylinder groups as we have done, has the benefit of also copying all
the associated component properties thus saving us re-entering properties. What this does mean is
that all our cylinders currently have the same phase(firing) angle. This would be flagged as a ‘warning’
by the data checker when the job was submitted. To test this run the data checking wizard using the
pull down menu Tools / Data-check Wizard. The display will list two warnings associated with firing
order.

: [ﬂ Data-Checking Wizard

Function: Help
Update | i‘

4

-

Base Engine Data:
WWarning 11 Cylinder Phase Angles All Equal
“Warning 21 Check for simple Increasing Cylinder Phase Angles

Fuel and Fuel System Data:

Combustion and Heat Transfer Data;

scavenging Data:

Pors and Yalves Data:

Fipes and Flenum Data:

Throttle Data:

4T — — f

Figure 5.10. Data Checking — showing firing order warning.
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We will set the firing order to 1-3-4-2, where the top cylinder (cyl1) is taken as cylinder 1. Select the
individual cylinders and edit the phase value for cylinder 2 as 540, cylinder 3 as 180 and cylinder 4 as
360. Re-run the data checker to confirm that the phase angles are now acceptable.
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Running the Multi Cylinder Model

We will keep the test conditions that we defined in the earlier tutorials. Before we run the model
change the model titles and test No. to reflect the model changes and identify the results as being for
tutorial 4.

File Text Descriptors |

bain Title

|Mu|ti cylinder Example

=ub Title

|Eiuiltvia cut and paste

TestMo. (must be a SINGLE ward)

|tut|:| tial_4

(08 | Cancel |

Figure 5.11. Text descriptors.

Now run the analysis using the normal ‘Launch’ icon, having first ‘saved’ the model if you are using the
running from ‘existing saved data file’ option. It is not necessary to save the model before running if
you are using the ‘Currently Held Data’ option as the latest values will be extracted and used prior to
job submission by the application, but it is good working practice to save the model changes before
running.

This model will take 40 minutes to run on a 500 MHz machine, to get an approximation of the
expected run time for your machine, you can scale this run time by the ratio of the processor speeds.
The job status window will give you an indication of the run time (elapsed and remaining) as it
progresses.

Once the job has run, load the graphical mrs results and display the resultant graphs.
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Figure 5.12. Tutorial 4 — standard junction results.

Using the Pressure Loss Junction

The process of connecting the exhaust pipes
together imply a default pipe to pipe junction
type, the ‘constant pressure junction’. This
particular junction model type does not include
any attempt to model the angular geometry of
the pipe intersections. We can easily change
to an alternative pipe junction model type that
includes the effect of pipe angles on the
pressure loss characteristics. This alternative
junction model is the ‘Pressure loss junction’
and is added to the model as a ‘draggable’
element.

Select the pipes toolkit panel and locate the
pressure loss junction element, (ringed in the
figure below). Pick the pressure loss junction
and add it to both of the 4-2 junctions.

r S1HANODRWCOD | LTk
S3NI HIWH L 53dId I\_LSI'IVH}H l EEL

Figure 5.13. Loss junction element.
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The pipe angle data for the pressure loss junctions are relative to reference pipes. You must identify
which pipes should be used for these reference pipes. In our case we require pipes 17 and 18 to be
the reference pipe 1 on loss junction 1 and 2 respectively. In this instance we do not care which of the
other two pipes is used for reference pipe 2.

We now need to set the actual pipe angles used to represent the junction geometry. Select each loss
junction in turn and select the Angle Data edit icon on the property sheet. Enter the angles relative to
Ref1 as 150 degrees and relative to Ref2 as 180 degrees, as shown in Figure 5.14.

[_j Loz Junction - Pipe Angles I
File
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Figure 5.14. Loss junction pipe angle data.
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Figure 5.15. 3D Loss junction dynamic viewer.

To visualise the geometry we have just defined
select the Pipe angle Display from the property
sheet. The graphical display allows us to view
the junction in 3d, (in edit mode we can also
re-define the angle values).
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Running the Pressure Loss Junction Model

Before re-running the model, edit the Test No. in the ‘File Text Descriptors’ and change it to
tutorial_4b, then save the model file as tutorial_4b.sim. Submit the job using the Launch icon. When
the job has finished, (again approx. 40 minutes on a 500 MHz machine), load the mrs results and
cross plot them against the original model. (Hint: the easiest way to cross plot files is to use the menu
items on the Results Graph (.mrs) dialogue box, these include File / load latest (position) ... ).
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Figure 5.16. Comparison of pipe junction cycle averaged results.

The comparison of the overall performance levels shows relatively small changes in the predicted
performance. There are however significant changes in the gas dynamics within the exhaust pipes,
these can be investigated using the prs results viewer by cross plotting the two sets of prs results for a
particular speed.
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Figure 5.17 is for the 7000 rpm speed condition for Loss Junction 1. To display the pipe animation
change to the prs display module, (Module / Results Viewer) load the two required prs files (if not
already loaded). Select pipe 9 either from the element selection box or directly from the network
model. Ensure that the required animation variable (in the example this is pressure) is ‘on display’ by
selecting the required graph with the right mouse button and pick Display Selected Graph from the
menu options. Again with the right mouse select from the menu options Display Pipe Graphic. This
opens the dialogue box illustrated below.

%> Pipe Graphical Display - Pipe 9 [Pressure [H/m2] ]
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Figure 5.17. Effect of loss junction model - example of instantaneous pipe pressure results.
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6 Tutorial 5. ‘Using the Concept Tool’

Overview

This tutorial shows the user how to produce a multi cylinder model
directly from the concept tool.

We will produce a 4cyl model similar to that created in the previous
tutorial but based on the standard rules built in to the concept tool.

The tutorial includes the following sections:

B Opening the Concept Tool, 72

B Entering the minimum Data requirements, 74

B Setting Data Values Directly, 74

B Editing the User Defined Rules, 75

B Changing the Warning Limits, 76

B Selecting Inlet and Exhaust Options, 77

B Creating the Simulation Model from the Concept Tool, 78
B Concept Tool Test Points, 79

B Running the Concept Tool Model, 79
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Opening the Concept Tool

The concept tool can be opened either directly from the opening start-up wizard or from within the
main engine simulation application. To open the concept tool from the start-up wizard check the
Concept Tool toggle in the Simulation tools panel, then select Ok.

! Lotus Engineering Software - StartUp Wizard

LOTUS ENGINEE

TECHNIC

Simulation Environment

2. @ LotusEn gine Simulation

Simulation Tools

Engine Concept Tool E'ﬂ" Port Flow Anal

Friction Estimator Tool Lotus Conce

Cormbustion An Tool

Figure 6.1. Selecting the Concept Tool from Start-Up.

If already in the main engine simulation application select the pull down menu item Tools / Concept
Tool... or from the toolbar the Concept tool Icon, (ringed in the figure below).

ezltz Setup Toolz ‘wind Ip
© Ba T F . miagd F

CIE = N\Q’FE Y

Figure 6.2. Opening the Concept Tool from the Toolbar.

The concept tool dialogue box will then be opened. The first time that you open the concept tool in a
session you will be presented with an information box giving a brief description of the process involved
with using the concept tool, see Figure 6.3.
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Lotus Engine Simulation Concept Tool

i To start concept tool zolution, enter required walues for
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pipe auto mezher to zet the pipe mesh denzity

Figure 6.3. Concept Tool start up message.

Simply select OK to close this information box. The concept tool consists of two tabbed panels, we will

primarily be concerned with the data in the Standard Data tab and in particular the dimensional data
variables towards the top of this tab.
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Figure 6.4. Concept Tool dialogue box.

The concept tool uses a number of empirical rules and classical relationships to produce the cylinder
geometry from three basic numbers. The user must provide as a minimum these three values of No.
of Cylinders, Swept Volume (I) and Maximum Power Speed (rpm) to enable the cylinder model to
be created. All other data variables are optional and the user can define these directly or take the
calculated values. The overall layout is shown below prior to any data being entered.
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Entering the Minimum Data Requirements

We will use the concept tool to create a similar model to that generated in the previous tutorial. Set the
No. of cylinders to 4, the swept volume to 2.0 litres and the maximum power speed to 6000 rpm. Once
the maximum power speed has been entered pressing return will perform the initial calculation

populating all the data fields with the default values.

Setting Data Values Directly

Any of the data fields can be set directly by the user. To illustrate this we will change the default value
given for the bore of 86.0 mm to be the same as in our previous model. Change the bore to 87 mm
and press return. Note that background colour of the bore data field is now coloured in mouve to
indicate that it has been ‘user defined’ and the padlock icon next to it has been selected. To revert
back to the default value we can simply un-select the padlock icon. With the bore value set to 87.0mm

the display should appear as shown in Figure 6.5.
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Figure 6.5. Setting the cylinder bore value directly.
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Editing the User Defined Rules

Each of the data fields that have a ‘notepad’ type icon next to them are defined by a rule. The notepad
icon allows the user to edit that rule from the standard Lotus formula provided. This allows users to
tailor the concept tool to their own company standards. We will change the user rule for the Inlet
Throat Diameter to illustrate this process. Select the edit icon next to the inlet throat diameter data
entry.

| —

@IetThruatDia(mmj; &
572350 ol
r—— ‘\\.

Figure 6.6. Icon to open user definable rules.

This opens the user definable function edit box as shown below. The function is defined using Fortran
syntax based around using a number of available data fields. Each field is identified within the function
by a F1, F2 type string, where the key for each is given in the Available Fields list. The Fortran
functions supported by this tool are given in the Supported Functions list. The current is displayed in
an editable text box with the default setting shown above it. We can see that currently we are using a
function that is the same as the default. The default function is based on the cylinder bore (F4) and the
number of inlet valves (F13). Edit the function to change the ratio value from 0.23 to 0.2222. We can
test the effect this has on the calculated value by using the Test String button. This will evaluate the
string using the current values for F4 and F13 to determine the new value for inlet throat diameter.
Select Save to save our change and return to the main concept tool window. The Inlet throat diameter
should now display a value of 29.0 mm.
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Detault Setting
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|SCIF’&T(D.23,."F1 34

Test Result =0.0000000

Test String | Setto Defaultl Cancel | Save

Figure 6.7. User definable functions editing.
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Changing the Warning Limits

The values displayed at the bottom of the window are calculated parameters rather than dimensional
properties. These parameter fields will be highlighted in red if they exceed the current target limit. The
program comes with a set of Lotus default values that can be changed by the user. To illustrate the
use of warning limits we will deliberately change a data value to produce a warning.

Change the value for cylinder bore to 70 mm and press return. The display will now show the values of
Mean Piston Speed and Inlet/Bore Area Ratio with a red fill background. The flagging of errors is
controlled by a set of min/max limits, for which default values are provided. These defaults can be
edited through Data / Data Limits menu. This opens the limit editor shown in the figure below. Scroll
down through the list until you find Mean Piston Speed (m/s), selecting this item will then display the
default warning settings and the current user settings for this particular parameter. You can see that
the default warning limit for mean piston speed is 20 m/s.

| ® Data Limits |
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Inlet Press (bar)

Inlet Tamn () hd
Default Settings,
Min Walue: 0.0000000 kax Walue: 20.0000000
User Settings,
Min Walue: 0.000o00a0 k ax Walue: 20.0000000

Lirnits for this wariahle are used directly in the calculations to limit calculated walues

Setto Default Close |

Figure 6.8. Setting and testing data limits.

Close the Data Limits dialogue box and return to the main concept tool window. Change the value for
the Bore back to 87.0 mm and press return.
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Selecting the Inlet and Exhaust Manifold Options

Before we create our simulation model we can select the type of inlet and exhaust options that are
applied to our defined cylinder model. The intake and exhaust options are set through a manifold
wizard. To open this wizard select the Intake/Exhaust / Intake/Exhaust Options pull down menu, as
shown in Figure 6.9.

® Concept Tool - Intake/Exhaust Options

I Intake Exhaust |

q Oyl Intake Option: Common Flenum Junction

Metwork Schematic

B
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£l
I

Ok, | Cption 1 of 7 »>

Figure 6.9. Selecting the intake option.

This wizard displays the intake and exhaust types available. The current selection is indicated by the
Select button being indented, toggle through the inlet options using the arrow keys at the bottom of the
window. Confirm that option 1 is set for the inlet. Change to the exhaust options by selecting the
Exhaust tab at the top of the window and again toggle through the exhaust options to confirm that
option 1 is selected. Select the Ok button to accept the choices.
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Creating the Simulation Model from the Concept Tool

We can now create an engine simulation model from the [FRINIc |

concept tool data. From the top menu bar select the File /

Close (make current) menu item. .
Thiz will loge all curent data

| Cancel |

Accept the data loss warning. This will close the concept tool
down and create the simulation model in the main interface.
The display will autoscale to fit the newly created model, as
shown in Figure 6.10.

= Lotus Engine Simulation ¥5.03 - untitled2._sim [modified]
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Figure 6.10. Concept Tool generated model.
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Concept Tool Test Points

The concept tool automatically creates two test points for us, the first for a maximum torque point and
the second at our defined maximum speed condition. The maximum torque speed point is controlled
by the Helmholtz Engine Speed data entry in the concept tool.

# Steady State Test Data - Summary M=l E3

Test PDintS] Heat—Phase] Heat—PeriDd] Fuelling] Boundary Conditions ] Fril:tiun] Sulution] Plutting] Al::tuators]
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Faint IUnits Finder L
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2 wOgo On Max POWER Builder Def.

. -
1| | 3

Figure 6.11. Concept Tool generated test points.

Running the Concept Tool Model

Because of the limitation s on exhaust options available with the concept tool the created model is not
identical to that we created in the previous tutorial with a 4-2-1 exhaust. We could now modify the
concept tool produced model to have the 4-2-1 exhaust as previously, but for the purpose of this
exercise we will continue with the ‘as-created’ model.

Before we run this model open the text descriptors (Data / File Descriptions...) and set the Test No.
to tutorial_5, then save the model to tutorial_5.sim.

We can now run our concept tool generated model in the normal way using the launch icon. Because
of the reduced number of test points and fewer pipes this model will run in approx 6 minutes on a 500
MHz machine.
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Once run load the mrs results into the graph display, (see figure below).
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Figure 6.12. Concept Tool model .Mrs results.
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Overview

This chapter introduces you to Sensors and Actuators. We will
use sensors and actuators to simulate an engine that has
variable valve timing (VVT).

This chapter contains the following sections:
B Loading the Model, 82
B The Importance of Groups, 82
B Adding Sensors and Actuators to a Model, 84
B Using Control Elements, 86
B Running the VVT Model, 88
B Running the Model with Fixed Geometry, 89

B Exercise — Adding an Exhaust Cam Phaser, 89
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Loading the Model

For this tutorial we will use the existing model created in tutorial 4. Load the previously saved file
tutorial_4.sim and check it's the same as shown in the figure below.

= |otus Engine Simulation ¥5.03 - C:\NPF\source\MICESA\D ata\tutorial_4.sim
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Figure 7.1. Loaded tutorial_4.sim model file.

The Importance of Groups

Sensors and actuators are added to the model in a similar manner to all the other components. To
simplify the use of sensors and actuators they are normally applied to an element via its group
association. Thus before we start to add the sensors and actuators we need to create the required
groups.

To build our VVT model we will change the inlet valve timing as a function of engine speed, thus we
need to be able to apply an actuator to each inlet valve element. This would need four separate
actuators unless we make a group out of the inlet valves.

To create the group, select from the top menu bar Groups / New, enter the label for the new group as
Inlet Valves VVT and select Ok
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Figure 7.2. Defining the group label.

Select the Edit / Pick Area menu item or icon and pick an area that encompasses all of the inlet
valves, (see below). We could pick and add each individual valve separately, but picking an area
allows us to add them all in one go.

7 B

_
s

Figure 7.3. Selecting a group of elements.
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To add the selected inlet valves to our group
select the group menu item Groups / Add to
Group / Inlet Valves VVT

To confirm successful creation of the group
display the group using Groups / Current /
Inlet Valves VVT. This should then just display
our four inlet valves. To return to displaying the
complete model select Groups / Cancel.
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Adding Sensors and Actuators to a Model

We can now add the required sensors and actuators. We will attach a sensor to a cylinder to sense
engine speed and an actuator to one of the inlet valves to vary inlet valve timing as a function of
engine speed.

Sensors and actuators are not attached to the same connection points we use for linking the engine
components together with, instead they are connected to the elements harness connector. By default
all element harness connectors are not visible, their visibility is turned ‘on’ individually by element as
required. You can only connect to a harness connector if it is visible. The visibility switch can be found
in the elements property sheet.
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|Oy|inderl3'hase Display

|W

(]Ijarness Conhectar

IMmﬁnr iff -

[Transient Data |
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Figure 7.4. Setting the harness connector visability.

Select Cylinder 1 and make its harness connector visible. Select Poppet Valve 1 (inlet) and make
its harness connector visible, see Figure 7.5 below.

—~{Eh (—)

Figure 7.5. Harness Connectors Visible

To connect sensors and actuators to the model and to each other we use harness wires. These can
be selected from the Sensors and Actuators toolkit tab.

First we will add the required sensor and
el actuator, then we will connect them together
with the harness wires. From the Sensors and
Actuators toolkit tab select the sensor element
and place it just above cylinder 1. Flip the
& sensor direction so that its output faces

E E - @ 1 E E towards the inlet valve (hint to flip an element

¢

4 flow select Ctrl+f when the required element is
‘in-focus’).
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Now select an actuator element and place it
just above Poppet valve 1, again rotate the
element so that it points towards the target
valve’s harness connector.

We can now connect the elements together
using three harness wires.

Connect the cylinder harness connector to the input of the sensor. With the second harness wire
connect the output from the sensor to the input of the actuator. Finally with a third harness wire
connect the output from the actuator to the harness connector on the poppet valve. Your model should
now look like that shown below.

=)

@

Note that the first harness wire has be displayed as a ‘double bend’ style, as with ordinary pipes and
virtual links this makes no difference to the properties of the element, it is purely to assist in element
connection and improving the visual appearance.

We must now define which particular
property of the cylinder we wish to sense
and which valve property we wish to define
with the actuator. Select the sensor and
select from the Sensed Parameter list
Crank Speed (rpm). For this particular
parameter we can leave the Sensor Group
Type as Single.

_

il

|SensurLabeI

default sensor

|Sensed Fararneter

L]

|SenSDrGrDup Twpe

|Sensed Elerment

|A|::tuat|:|r Lakel

default actuatar

|A|::tu ator ariakle

[

Fressure (M/m2)
Temperature (k)
“olume (m3)

kass (Ka)

Gas Constant (J/Kg K
Fafio spec. Heats

Y

Gas Yiscosity (Ko/fs.r
‘Crank Speed (rom)
Crank Angle (dedq)
Cyole Ma, -

|ctuator Group Type Yalve Open (deg)
Yalve Close (deq)

|ActuatDrAppIy Twpe Dwell at Max (deg)

|&ctuator Solve Type hzee Lift (i’

MOP [d
Opening Lash (mm)
Closing Lash (mm)
Yalve Lift (mm)

eq]

Now select the actuator and select from the
Actuator Variable list MOP (deg). Set the
Actuator Group Type to Group. Set the
Actuator Apply Type to By Value and set the
Actuator Solve Type to Per Cycle.
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We now have a sensor that detects engine speed and an actuator that updates all the inlet valves
MOP (maximum opening point), at each cycle. We need to define the relationship between engine
speed and valve MOP. This is done using control elements that are created as children of sensors and
actuators and define how an input signal(s) is used to calculate the output signal.

Using Control Elements

Control elements are children of sensors and actuators. To be able to see the children of a particular
element we will introduce the concept of Levels. All of our existing model components can be
considered to exist in one level (considered as level 1), with a single parent (taken as at level 0).
Sensors and actuators, unlike the components we have worked with up to now, can have child
elements associated with them at a lower level (considered as level 2). We can move between levels
where relevant using the menu items, Data / Down a Data Level or Data / Up a Data Level,
alternatively the equivalent icons can be used, (it is currently not possible to move to level 0).

— -

o mlaEt 4@ 2 |

Figure 7.6. Level icons.

You can move down to level 2 with either sensors or actuators. For our particular example we need
only add a control element to the actuator and allow the sensor to simply pass its sensed speed value
unchanged.

If we select the sensor and move down to level 2, we will see two control components in inlet
boundary and an outlet boundary. These get added automatically as children to a sensor whenever
you add a new sensor. For our simple case of passing the value unchanged the inlet is left connected
directly to the outlet. At this level the toolkit contents change to reflect the new parent, (only elements
that can be children of the current parent are displayed). The toolkit now list 1D and 2D control

elements. Return back to level 1.
IN, . QUT

Figure 7.7. Default sensor children.

Select the actuator and move down to level 2, again we have an inlet boundary and an outlet
boundary that were added by default with the actuator. For our requirements with this example the
simplest and most appropriate control element to use is the 1D lookup table. We use the 1D table as
we only require the valve timing to vary as a function of 1 parameter, (engine speed). We need to
insert the 1D lookup table control element between the inlet and outlet boundaries. Separate the
boundary elements and connect in a 1D lookup table element, (see figure below). (Hint; remember to
use the Edit / Move By / Single option to enable connected elements to be moved indepenantly).
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NG LQUT

10 Table

Figure 7.8. Actuator control elements after addition of 1D look-up table.

Next we need to define the properties of the 1D table. Select the 1D table component and pick the
LookUp Data option from the property sheet. This opens the data spread sheet. Modify the default
data supplied to have 8 points with X values (speed) of 1000, 2000, 3000, 4000, 5000, 6000, 6500
and 7000 and Y values (MOP) of 90, 90, 90, 95, 105, 120, 125, 125 (see table below).

21D Control Look-Up Table ]|
File
Mo Df‘v’alues:lﬁ— E
s Nl =
1/1000 40 .
2/2000 a0
3/3000 a0
4/4000 495
55000 105
B|E000 120
7|6500 125
g/ 7000 125
g
10
11
12 -
Tl o

Figure 7.9. Actuator 1D look-up table data.

Once the data has been entered close the table by selecting File / Close. In the property sheet set the
LookUp type for the actuator to Interpolate Only, this uses linear interpolation within the defined
range, but won’t extrapolate beyond the defined range instead using the first or last value as
appropriate.

Return back up to level 1. In the text descriptors (Data / File Descriptors ), change the
Test No. to tutorial_6. Close the text descriptors box and now save the file as turotial_6.sim. We are
now ready to run the VVT model.
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Running the VVT Model

Submit the job in the usual way, again as in tutorial 4, this will take about 40 minutes to run on a 500
MHz machine. Once the run has finished load the mrs results into the mrs graphs.

Open the mrs results graph and load into position 2 the results from tutorial 4. We can now identify the
benefits of variable inlet valve timing compared to a fixed valve geometry engine.
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Figure 7.10. Comparison of VVT model with Tutorial 4 fixed geometry model.

The VVT model shows significant improvements in the low speed region, but loses out slightly in the
upper speed region, this implies we have not picked an overall ‘optimum’ timing curve for the VVT
engine.
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Running the Model with Fixed Geometry

It is possible to enable/disable individual actuators for different steady state test points. Thus although
we have now built a VVT model, we could run the original ‘fixed’ geometry engine without needing to
delete the sensors and actuators. These settings are controlled through the test conditions summary
spread sheet. From the menus select Data / Test Conditions / Steady State Test Data Summary...,
or alternatively use the F12 function key. This opens the test conditions summary used previously.
Select the Actuators tab.

# Steady State Test Data - Summary [_[3] x| t
Test Points] Heat—Phase] Heat—PeriDd] Fuelling] EBoundary Conditions ] Fril:tiun] SDIutiDn] PIDtting\ Actuatu:nrs]
Test | Speed (rpm) Actuatar Optian I
Foint _
1 1000 Actuator 1; default actuator Min
Tiest Fomt
2 2000 Actuator 1: default actuator
3 3000 Actuator 1: default actuator gi:
4 4a0o Actuator 1: default actuator - —
Selected Actuator 'O all Tests
5 5000 Actuator 1: default actuator Selected Actuatar 'On' all Tests
B B000 Actuator 1: default actuatar &l dctuatars 'OFF for Selected Test
7 Fooo Actuataor 1: default actuatar Al Actuators 'On' for Selected Test
Al
| Al On
4 | 3|

Figure 7.11. Steady State Test Conditions — Actuators Tab
Each actuator is listed against each test point. Selecting the Option column with the left mouse button

provides the option to switch the individual actuators on or off. If you select All Off this will disable the
actuators for all test points and revert back to our original fixed geometry valve data.

Exercise, Adding an Exhaust Cam Phaser
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As a further example add an exhaust cam phaser. You will need to create a new group for the exhaust
valves, add a second actuator, (you can use the same sensor for engine speed). Add the required
control element and define suitable values. Remember that exhaust MOP’s are —ve. You may want to
try improving the inlet cam phaser, such that it is at least as good as the fixed geometry engine, in the
upper speed region.
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8 Tutorial 7. ‘Using the Load Finder’

Overview

This chapter introduces you to the concept of the Load Finder. A
utility that modifies the properties of an element or group of
elements to match the output load to a target value.

This chapter contains the following sections:
B | oading the Model 92

B ‘Load Finder’ Objectives 92

B Adding the Throttle to a New Group 93

B Setting Up the ‘Load Finder’ Cases 93

B Monitoring the ‘Load Finder’ 96

B Running the ‘Load Finder’ Job 98

B Reviewing the ‘Load Finder’ Results 99

B Exercise — Virtual Links 99
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Loading the Model

For this tutorial we will again use the existing model created in tutorial 4. Load the previously saved file
tutorial_4.sim and check it's the same as shown in Figure 8.1.

= Lotuz Engine Simulation ¥5.03 - C:\NPF\source\MICES\D ata\tutorial_4.sim

File Module Data Edit “iew Groups Solve Results Setup Tools ‘Window Help

PSR B HE Bac T HlEET 4@ 2 ] |

e

ojjoljojjo

HIT3-43dNS [ H313-43dNS S1MINOHKOD | SININOLOD
Lil RS TE] L v INT LSHNIHW“ L SRl l.LSnVH)(EI Laxvmr LSHEIUNI'I)J

Ready [%Grd 13 [vGrd 23 | 4

Figure 8.1. Loaded model.

Load Finder Objectives

Until now, all our tutorials have been based on building models to run wide open throttle (WOT)/full
load type analyses. The objective of the load finder is to take our model and run it a load condition
other than that achieved with the ‘as-built’ engine model. Normally this would mean running our WOT
model at some part load condition. To do this the Load Finder uses an element, or group of elements,
as the load control and varies a particular property to set the load. Perhaps the simplest case that can
be envisaged is that of a simple intake throttle component, and varying its minimum cross sectional
area. A slightly more complex load controller could be the simulation of a throttle-less engine using
poppet valve timing as the control.

All our normal sensor and actuator functionality is available to use during a ‘load finder’ run, so we can
build additional control inter-dependency into our part load ‘load finder’ models.

It needs to be remembered that as you change the output load the validity of using fixed values for
some of the models properties is debatable. This is particularly true of combustion data where the
combustion phase and duration may vary with load. This variation of the combustion parameters can
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be added to the model through the use of sensor and actuators attached to the cylinders. For the
purpose of this exercise we will ignore any influence of operating condition on the combustion.

Adding the Throttle to a New Group

To demonstrate the use of the Load Finder we will create a new group and add the inlet throttle to it.
Create a new group using Groups / New..., set the group label as Throttle, as shown in Figure 8.2.

Enter ldentifying Label |

Group Label - Group 3

[Throtie]
(08 | Cancel |

Figure 8.2. New throttle group.

Select the intake throttle with the mouse, and with it in focus add it to our new group using Groups /
Add to Group / Throttle.

Setting Up the ‘Load Finder’ Cases

The load finder run is initiated from the test data summary spread sheet. Open this spread sheet up
using either the F12 function key or the pull down menu Data / Test Conditions / Steady State Test
Conditions Summary...

= | ptugs Engine Simulation ¥5.03 - C:ANPFisource\AMICESAD ata\tutonal_4.zim [modified]

File Module ENEER Edit ‘“iew Groupz Solve Resulz Setup Tool: Window  Help

=~ File Descriptions... <
= le Dezcriptions 151 ﬁ ﬂ. w h Eﬂ[

Cycle Type »

O
E i Element Summary... ’E = L O ’TIE

Sim Connections Surmmary...

1 1 Combuszstion and Heat Transfer... F4
1 @ 1 Heat Tranzfer J

Scavenging Models... F5

Fipe Auto-tesh »
Pipe Mezh Auto-Refine r
Pipe 'wall Friction Setting »

Test Conditions Edit Steady State Test Data...

[N a [Data Level Create Wizard...
lp aData Level Steady State Test Data Summary... F12
Eﬂ Tranzient Test Data Summary...
iz [ U W I S " N N I s

Figure 8.3. Opening the Steady-State Test Data Summary.
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The load finder is switched on from the Test Points tab under the Case Type column, by default all
test points are created as Builder Def.. This means that the simulation is run using data exactly as
defined in the model.

Test PuintS] Heat—Phase] Heat—PeriDd] Fuelling] Boundany Conditions ] Fridion] SDIutiDn] PIDtting] Aduators]
Test | Speed (rpm) Solve Lakel Case Type Load Finder Load Control Group || Contral Variaﬂ
Point Units Finder
Yalue
1 1000 On Load Case 1-{ Builder Det.
7 2000 On  Losd Case 2-( BuilderDe. | o0
3 3000 On  Load Case 3- Builder De  Buider Def
hmal s T i Load Finder (Bounded)
9 4000 On LDad‘C??E i-(‘ Builder De Laad Finder [Simple)
5 5000 On LDac{C?Ise 15'_-(‘ Builder De 4 T asts Builder Def.
E  RODD On Load Case 6-{ Builder De Al Tests Load Finder [Bounded)
dmnlless T : Al Tests Load Finder [Simple)
¢ 7000 On Load Case 7-{ Builder De
KIS _>l‘I

Figure 8.4. Changing to a ‘load Finder’ run.

To change a test point to run a ‘load finder’ case, select in the Case Type column for the required test
point and select one of the two load finder options from the left mouse menu. From this menu you can
also set all test points to ‘load finder’ at the same time.

The two types of load finder, Bounded and Simple represent alternative approaches to controlling the
iterative process used to match the element property against the required load. The Bounded
approach as the name suggests requires the user to specify the upper and lower limit of any variation
in the element property, this can help reduce the number of cycles required to match to the required
load. For our example we will use the Simple approach. From the left mouse menu on the Case Type
column select All Tests Load Finder (Simple).

Having selected a simple ‘load finder’ run the next four columns are enabled, (we will ignore the two
columns on the far right No. of Cycles 1 and No. of Cycles 2). We need to define the units and value
for the load finder, what group will be used to control it and what variable. From the left mouse menu
on the Joad finder units column select BMEP (bar). (note: just set this on the first test point and we will
copy it to all test points later. In the Load Finder Value column for test point 1 enter 4.0. In the Control
group column for test point 1 select from the left mouse menu the group we created for the throttle,
select Throttle, as shown in Figure 8.5.
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Canditions ] Frin:tin:nn] Sulutiun] F"Intting] ﬁl:tuaturs]

Cirote |

=] Load Finder Load Contral Group | Control Variable
Inits Finder
Yalue
imple) BMEF (bar) 4.0
imple) IMEP (bar)  0.00 Tiest Eairtd
imple)  IMEP {har)  0.00 Inlet'/ahves
[rlet Bunmer
imple) 0.00

IMEF (bar)

Figure 8.5. Setting the Load Finder Control Group.
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We can now set the Control Variable by selecting from the left mouse menu in this column on test
point 1 the required variable. We shall use Minimum C.S.A. as our control variable.

pary _______________________HE

at—F"erin:ud] Fuelling] Boundary Conditions ] Friu:tin:un] SDIutiDn] F"In:ntting]An:tuatDrs]

Case Twpe Load Finder Load Control Group || Contral %ariable | Upper Bound | |
LLInits Finder
Yalue
Load Finder (Simple) ~ BMEF (bar) 4.00 Thrattle =g
Load Finder (Simple IMEF (bar)  0.00
inder (Simple) (bar) Minimum C.5.4 s
Load Finder (Simple) ~ IMEF (bar)  0.00 Discharge CF
Load Finder (Simple) =~ IMEF (har)  0.00 Load Finder
- - Butterfly Angle [deg] —
Load Finder (Simple) IMEF (bary 0.00 Slide Plate Distance [mrm]
Load Finder (Simple) IMEF (bary 0.00 Slide % alve Lift [mm)]
Load Finder (Simple) |~ IMEP (bar) 0.0 Barrel Angls (deg)

Figure 8.6. Selecting the Load Finder control variable.

We now need to copy these settings to all the other test points. We could simply repeat the above for
all the other test points or, more efficiently, we can select from the left mouse menu on the Test Point
column in test point 1 (far left of the spread sheet) the Copy Picked Test to All Test Points. The load
finder portion for all the other tests will be updated to reflect our entered settings for test point 1 (see
Figure 8.7)
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# Steady State Test Data - Summary M= B3
Test PointS] Heat-Phase] Heat—PeriDd] Fuelling] Boundary Conditions ] Fril:tiun] Sulution] Plotting] Al:tuators]

Test | Speed (rpm) Sohve Lakel Case Type Load Finder Load Control Group | Control Yariable \ﬂ
Faint Units Finder
Yalue
1 1000 On Load Case1-{ Load Finder (Simple)  BMEP (bar)  4.00 Throttle Minimum C.5.4
2 2000 On Load Case 2-( Load Finder (Simple) ~ BMEP (bar) 4.00 Throttle Minimum C.5.4
3 3000 On Load Case 3-{ Load Finder (Simple) ~ BMEP (bar)  4.00 Throttle Minimum C.5.4
4 4000 On Load Case d4-{ Load Finder (Simple) ~ BMEP (bar) 4.00 Throttle Minimum C.5.A
5 5000 On Load Case 5-( Load Finder (Simple) ~ BMEP (bar)  4.00 Throttle Minimum C.5.4
[ ] On Load Caseb-{ Load Finder (Simple) ~ BMEF (bar) 4.00 Thraottle Minimum C.5.4
77000 On Load Case 7-{ Load Finder (Simple) ~ BMEP (bar)  4.00 Throttle Minimum C.5.4

KIN : il

Figure 8.7. Final Load Finder settings.

For this example we will run at a constant 4 bar BMEP across the entire speed range, but we could
just as easily have defined a Load finder value that varied between test points.

Before we leave the Test Data summary sheet we need to change one other solver setting. Because
of the iterative nature of the Load Finder we need to increase the maximum number of engine cycles
to give the solver sufficient cycles to converge to the required control variable value. The load finder
will also run a number of cycles before it will start to change the model data such that a certain level of
stability is achieved before the model is modified, further adding to the requirement for an increase in
the number of cycles.

We also need to disable the solver convergence check, as the convergence check is not a check on
the load finder solution but a check on mass flow convergence between adjacent cycles. One does not
necessarily imply the other.
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Change to the Solution tab on the test data spread sheet. In the Cycle Limits column for test point 1
change from Default Cycle limits to User Defined Cycle Limits. We can now edit the next three
columns for test point 1 to be all set to 25. As before we can from this tab copy test point 1’s values to
the other test points.

(6 Stoady State Tost Data Summay —————__________—— ——— mm|
Test PDints] Heat—Phase] Heat-PeriDd] Fuelling] Boundary Conditions ] Friction | 50|utiDn] F’Iotting] Al:tuators]
Test | Speed (rpm) Step Size Option Inlet + Inletar | All valves Cyele Limits Befare Ma.vﬂ
Faint Exhaust Exhaust Closed Conver- | Sim
Open Open gence
Check
1 1000 Default Crankshaft kaximum IR 1R 1R Lser Defined Cycle Limits 2h
Test Bt

Copy this Tests Solution Data to All Tests rmimum 05 b b Default Cycle Limits 4

3 Help on Steady State Solution...

Laximum IR 1R 1R Default Cycle Limits 4

Angle Step Sizes
4 4000 Default Crankshaft Maximum 05 05 05 Default Cycle Limits 4

Angle Step Sizes
S S i R o S S SN = R ; .l

Figure 8.8. Copying solution parameters to all test points.

We can now close the test data summary sheet and return to the main display.

Monitoring the ‘Load Finder’ ‘i‘
During a Load Finder run, or in fact for any run type, we can make use of a |
specific sensor element to monitor how the load finder solution is progressing. @'

This sensor element is the Sensor Plot and is located on the Sensors and
Actuators tab of the toolkit. This sensor not only creates an output file
independent of the ‘mrs’ and ‘prs’ files but can also be viewed dynamically on

the job status display as the run proceeds.

We will use the sensor plot to display the average BMEP of the cylinders and

the throttle minimum cross sectional area. To this we first need to create

another new group. This group should be called Cylinders and contain all four /

cylinders. (If in doubt how to do this refer back to the previous tutorial where we
created a group for the inlet poppet valves).
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Change the toolkit tab to Sensors and Actuators. Select the plot sensor from the toolkit and place
just above cylinder 1. Turn on the harness connector for Cylinder 1 and for the inlet throttle.

Using a harness wire connect the cylinder to the input of the plot sensor, and similarly connect the

throttle’s harness connector to the input of the plot sensor. Your model should now appear as shown
in Figure 8.9.
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= Lotus Engine Simulation ¥5.03 - C:\NPF\source\MICES\Data\tutorial_4.sim [modified]
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Figure 8.9. Model after addition of plot sensor connections.

Having made the connections we now need to define how and what the plot sensor will store. Select
the plot sensor element so that we can view the elements properties. We will first define the name of
the output file. Select the browse icon next to the File Name entry in the property sheet and enter the
filename as tutorial7.trs (note: for a multiple speed run a separate file is produced for each speed and
an index added to the defined file name i.e. tutorial7.trs1, tutorial7.trs2 ....).

= _ We now select which particular property we
|Label |autput plot file require to save for each wire connection. In the
|Fi|e Marne - CANPRsource Q] | Channel Select entry ensure this is set to Wire 1
and then in the Channel Parameter menu select
[Plat far Run Type Steady State ~l| emep (bar). Change the Channel Group Type to
IChanneI Salact YWire 1 j group and Group Apply Type to Average of
roup.
IChanneI Farameter Fressure (N/m2) j P
|Channe| Group Type Liner Awvg. Temp. (K) =] Repeat this process for the throttle, by setting the

IMEP (complete) (hal Channel Select to Wire 2 and the Channel
Parameter to Min. CSA (mm2). For this wire we

|Channe| Element Indicated Powear (ki do not need to change the Channel Group Type
Brake Power (ki) as we are only interested in the one element.
Brake Torque (MNm)

|Plot Associate Type Yolumetric Eff. (%) The sensor plot files can be saved in ASCII or
Bare (rmm) Binary format, include headings, and be stored

|Plot Sample Size (s) strake () on either a time or crank angle basis. We will

|Plot File Format Type Thraw {rmrm) =)l accept the defaults for all these.
[4dd File Headings Omit =]
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Running the ‘Load Finder’ Job

This job will take approx. 108 minutes on a 500 MHz PC.

Before we run the job edit the file descriptions and set the Test No. to Tutorial7 then save the data file
to Tutorial_7.sim.

Submit the job in the normal way using the launch icon from the solver control dialogue box, having
remembered to set the .MRS and .PRS file names (Tip: always use the data checking wizard to
validate any new models).

Once the job is successfully running we can monitor its progress using the job status tab on the solver
control window. From the Select Required Display selection box change from the normal Standard 5x
Bar Charts selection and pick Sensor Plot 1 (steady state). The normal bar chart display will change
to an x-y plot with two lines on, one for each sensor wire attached to the plot sensor. The graph will
display on the y-scale the values associated with the first wire. To change the displayed values use
the right mouse button on the graph and select Channel 2 from the Show Y-axis values for item in
the menu.

M= E3

[l Lotus Engine Simulation Solver

Submit Job I Job Status Job Messages | Solser Settings |

MNumber of Actve Jobs 1 ﬂ Showing Job 1 j @
Showin [P
Complete (%) : g J 9y
TestNo.:  1of7 Display Frompt on Completion of Job :I Yes Mo |
Cycle Mo 11 of 25 Elaspsed Time (s) 957 Remaining (est): 15150
Crank Angle (deg) 73 Select Reguired Display :ISensur Plot1 (Steady State) j
o T-oxis Values: Throttle 1 Cdnletd [Min. CSA Cmmz 2]
[| ——CTLINDER 1 [E'EF (BAEX]
s3] THROTTLE 1 CIMLET! CHIM. C3A CMHZ N
=R
S57 -
S5
S5
33 T T T T T T T T T
1.232 1.24 1.25 1.26 1.26 1.27 1.28 1.23 1.23 1.30 1.31
Time ©=2
Job Type Steady State Fun
Job Lakel :

Data File MName
Text Results File Mame

Graphical Results File Name

(CANPPysourceMICESYDatah EMNGIM_RUMT SIk
(CANPPsourceMICES\Dataltutorial_7.mrs
(CANPPysource\WICES\Datahutarial _7.prs

Figure 8.10. Plots sensor dynamic display.
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Reviewing the Load Finder Results

When the job has run, load the mrs results into the mrs graph display. The first thing you will notice is
that the BMEP value does not make exactly 4.0 bar BMEP throughout the speed range. This is
because 25 cycles was insufficient to exactly match the target. The BMEP varies from 3.3 bar to 4.2
bar.

[ i Results Graph [ .mrs] M=l E3
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Figure 8.11. 4.0 bar BMEP Load Finder Results — 25 cycles

Exercise — Virtual Links

We have seen from the previous load finder run that the increase in the required No. of cycles leads to
significant increases in run times. One way of reducing run times is to de-refine the model by replacing
the pipes with virtual links. Virtual links have no associated mass flow or properties they simply imply
element connections, they can also be used to just help layout our conventional pipe based model.
Whilst it is not normally appropriate to de-refine a model in this way, as removing the pipes will lose
there associated wave dynamics, there are occasions when it is acceptable to do this. This exercise
will illustrate the run time benefits that can be achieved when replacing the pipes with virtual links.
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First delete all the pipes from the model then directly connect the free end of each inlet port to the free
end of the inlet plenum with a virtual link. Repeat this for the exhaust side. Your model should look like
that shown in Figure 8.12.
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Figure 8.12. Virtual link version of the model.

Re submit the job, (you may want to change the Test No string and save it to tutorial_7b.sim so that
you don't lose the existing results). You may want to increase the number of simulation cycles to assist
in the load finder convergence, say 40 cycles. At 25 cycles you should find that the run time is reduced
by a factor of 10. The results are shown for 40 cycles compared to the full pipe model results for 25
cycles, (note the improved load finder convergence with 40 cycles).
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Figure 8.13. Comparison of results.
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9 Tutorial 8. ‘Multi-Cylinder Turbocharged
Model’

Overview

This chapter uses one of our previous naturally aspirated multi-
cylinder models and takes you through the steps to convert it into a
turbocharged model.

This chapter contains the following sections:

B |oading the Original Model 104
B Adding the Turbocharger 104
B Modifying the Turbocharger Data 106
B Monitoring the Turbocharger Speed 108
B Running the Turbocharged Model 109
B Viewing the Results 111

B Exercise 114
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Loading the Original Model

We will again use the existing model created in tutorial 4. Load the previously saved file
tutorial_4.sim. We will need to modify the intake and exhaust pipe arrangements to enable us to
connect the turbocharger into the system.

Adding the Turbocharger

Change the toolkit tab to show Machines, select the turbocharger element at the top of the toolkit and
add it to your model just below cylinder 4. To aid connectivity we will rotate the turbocharger round
180 degrees, (use Ctrl+Page Down), such that the turbine portion of the turbocharger, (shown in
orange — you may need to disable the View / Show Connectivity Errors option) is uppermost. Finally
we need to flip the flow directions of both the compressor and the turbine. To do this with the
turbocharger in focus select from the right mouse menu, Flip Compressor and Flip Turbine. Your

model should now look like that shown in figure 9.1.

i
:
I

=&

Figure 9.1 - Adding the Turbocharger.

With the turbocharger in focus we can see that the allowable connections are limited to plenums and
the inlet boundary, (assuming we ignore the virtual link).

We will move the existing inlet boundary on the inlet (upstream) side of the compressor (the
compressor is coloured blue). You will probably want to rotate it so that it lies in the horizontal direction
to aid layout. Now add a second inlet plenum to the downstream end of the compressor, simply copy
and paste the existing inlet plenum and move it to make the required connection. Change the volume
of the new plenum to 1.0 litres. Connect the outlet of this plenum to the throttle using a virtual pipe
(coloured green), you may want to change the visual appearance of the virtual pipe to single bend to
assist in the layout.

Turbocharged engines tend not to have tuned inlet systems, so we will shorten the length of the
primary inlet runners (the 4 pipes connected immediately downstream of the original inlet plenum)
from 350 mm to 150 mm. Select each of these pipes in turn and alter their length in their property
sheet. This will have the benefit of reducing the number of meshes in these pipes, and hence will
reduce the calculation run times. Your model should now look similar to that shown in Figure 9.2.
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Figure 9.2. Connecting the compressor.

We will now perform a similar series of changes, system to those we have implemented to the inlet, to
the exhaust. Move the existing exhaust plenum, throttle and exhaust boundary to the downstream end
of the turbine. Copy the existing exhaust plenum and add it to the upstream end of the turbine. Select
the exhaust throttle and alter its diameter to 60 mm in the property sheet. Your model should now look
similar to the one shown in Figure 9.3.
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Figure 9.3. Connecting the turbine.

Now delete the secondary and tertiary pipes from the exhaust system, just leaving the exhaust ports
and primary runners (Hint: If you delete a component unintentionally, pressing Ctrl+Z will undo the
action. Alternatively selecting Edit / Undo from the menubar will perform the same action). Connect
the free ends of the exhaust primary runners and connect them to the free end of the new exhaust
plenum.

We will shorten the length of the exhaust primary runners from 400 mm to 100 mm. Select each of
these pipes in turn and alter their length in their property sheet. You may want to change the visual
appearance of these pipes by altering them to double bend to assist in the layout. The location of the
bends within the pipe can be altered by selecting Lengthen Offset or Shorten Offset, using the right
mouse button menu, whilst the pipe is selected.

Finally, we shall change the compression ratio of our engine from 11:1 to 8:1. Select each cylinder in
turn and alter the compression ratio in the cylinder property sheet.

You should now have a fully connected turbocharger model. To verify your connections switch on the
connectivity error visibility using View / Show Connectivity Errors. If you have any elements shown
in red check your model with that shown in Figure 9.4 for the missing connections.
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Figure 9.4 Turbocharger Fully Connected

Modifying the Turbocharger Data

We will now change the properties of the turbocharger data. The data contained within the default
turbine and compressor maps are from a large diesel engine and need to be changed before we run
our model. Select the turbocharger and edit the following parameters in the properties menu:

Compressor Inlet Dia. (mm) 50
Compressor Outlet Dia (mm) 40
Rot. Inertia (kg.m2) 4E-6
Turbine Inlet Dia. (mm) 40
Turbine Outlet Dia (mm) 60
Rot. Inertia (kg.m2) 4E-6

The property sheet for the turbocharger should now appear as shown in Figure 9.5. The inlet and
outlet diameters are simply the diameters of the entry and exits to the compressor and turbine. The
rotating inertia is used in the calculation for updating the turbocharger speed. The torque balance
between the compressor and the turbine is calculated, and the acceleration/deceleration of the device
is limited by its inertia. The speed calculation is either performed only one per engine cycle, or at every
calculation time-step, depending on the Update Speed option selected in the turbocharger property
sheet. We shall leave this at the default setting of By Time Step.

Rather than entering alternative compressor and turbine maps we will simply scale the existing data.
To view the compressor map data click on the pad icon, shown below, in the properties sheet menu.

Compressaor Map Data | |
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|Campressur Label |defau|t COMmpresso il
ICDmpressurType IFuII bap j
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|Outlet Dia. mm [40.00
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Figure 9.5. Turbocharger property sheet.

A spreadsheet, which contains all the compressor data, will appear. The top left-hand box in this
window allows the user to specify the number of constant speed lines used to define the compressor
map. The default value is 6 (maximum = 20). Data for each turbine can be displayed by using the
arrow keys next to the value entry box. The map consists of mass flow versus pressure ratio and mass
flow versus efficiency values.
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Figure 9.6. Compressor map data window.
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Change the Speed Scale Factor from 1.0 to 1.5, the Mass Flow Scale Factor to 0.35 and the
Pressure Ratio Scale Factor to 0.7, as shown in Figure 9.6. This will apply these scale factors to all
of the constant speed lines defined in the compressor map. Clicking on the graph icon in the
compressor map data window will open a window displaying the compressor map. This should now
look like the map shown in Figure 9.7.
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Figure 9.7. Compressor map.

We need to similarly scale the turbine map data. Close the compressor map data window and click on
the pad icon, shown below, in the turbocharger properties sheet menu. Change the Speed Scale
Factor to 1.5, the Mass Flow Scale Factor to 0.25 and the Pressure Ratio Scale Factor to 0.9.

|Turbine bap Data & |

Monitoring the Turbocharger Speed

It is often useful, when running a turbocharged engine model, to use the sensor element to monitor
how the simulation is progressing. We will use a sensor plot to display the turbocharger speed (If in
doubt how to do this refer back to the previous tutorial where we used a plot sensor to view BMEP and
inlet throttle CF).

Change the toolkit tab to Sensors and Actuators. Select the plot sensor from the toolkit and place it
just below the turbocharger element. Turn on the harness connector of the turbocharger. Using a
harness wire. connect the harness connector tab of the turbocharger (the turbocharger element has
two harness connectors, one attached to the compressor, the other to the turbine, these access the
same element properties, so it doesn’t matter which tab you connect to) to the input of the plot sensor,
as shown in Figure 9.8.
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Having connected the plot sensor, we now need
define to what the plot sensor will store and to
which file it will be written to. Select the plot
sensor element so that we can view the element
properties. We will first define the file name for
the output. Select the browse icon next to the
File Name entry in the property sheet and enter
the filename as tutorial8.trs, (note for a multiple
speed run a separate file is produced for each
speed and an index added to the defined file
name i.e. tutorial8.trs1, tutorial8.trs2 ....etc.).

Figure 9.8. Model after addition of a plot sensor.

We now need to select which particular property we will store in the file, we can store one parameter
for each wire connected to a plot sensor, as we only have one wire connected we only need to define
one parameter. Ensure that the Channel Select entry box is set to Wire 1 and then in the Channel
Parameter menu select Comp Speed (rpm/K*0.5/T). Change the Channel Group Type to Single.

The sensor plot files can be in ASCII or Binary, include headings, and be against either time or crank
angle. Set the Plot Associate Type to Crank Angle and the Plot Sample Size (deg) to 20.

Running the Turbo-charged Model

Before we run our turbocharged model, we shall change the maximum number of engine cycles, as
turbocharged simulations can take longer to achieve a converged solution than naturally aspirated
simulations, as several cycles are required for the turbocharger speed to stabilise. Press the F12 key
to open the Steady State Test Data - Summary and click on the Solution tab. For the first test point
change the Cycle Limits from Default Cycle Limits to User Defined Cycle Limits. Change the Max
No for Simulation to 20 and the From which Results are Written to 20, as shown in Figure 9.9.

wndary Conditions } Friu:tiu:un% SDIutiDn] P|Dttir‘|l_]} ﬂxu:tuatu:ura]

All Wakes Cyele Limits Before | Max Mo for |[From which| =
Closed Conwver- || Simulation | Fesults -
gence are Witten
Check
0& User Defined Cycle Limits 4 20 20
05 Default Cycle Limits 4 10 10
05 Default Cycle Limits 4 10 10

Figure 9.9. Edit the cycle limits.

Click on the Test Point column of the first test point and then select Copy this Tests Solution Data
to all Tests, as shown in Figure 9.10. This will change the maximum number of cycles to 20 for all of
the defined test conditions.
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Figure 9.10. Copy new cycle limits to all tests.

Now click on the Plotting tab and ensure that the Plotting Option is set to User Defined Plotting
Options. Now change the Cylinder Options to Cylinder Stored, the Plenum Options to Plenum
Stored, the Pipe Options to All Pipe Data Stored, the Flow Options to All Flow Data Stored and the
Turbine Options to All Turbine Data Stored, for all of the test conditions, as shown in Figure 9.11.

# Steady State Test Data - Summary [_ O] =]
Test Poims} HeatfPhase} HeatfPenod} Fuellmg} Boundary Conditions } Friction} Solution" P\Dt‘tingi Actuators]
Speed (rpm) Flotting Option Cylinder Options Flenum Options Fipe Options Flow Options Turkine Options
1000 User Defined Plotting Options  Cylinder Stored Flenum Stored AllPipe Data Stared  All Flow Data Stored Al Turbine Data Stored
2000 User Defined Plotting Options  Cylinder Stored Flenum Stored AllPipe Data Stared Al Flow Data Stored Al Turbine Data Stored
;I 2nnn Ilmme Dimfimemd DlaHine MDlimdion s Tulimelmre Cmemel Dl v Cdmvmel A Crimem Mista Chmem A Elms Mata Cmem Al A Tvbine Miota Chaes
4

Figure 9.11. Copy new cycle limits to all tests.

Close the Steady State Test Conditions Summary Window and change the file descriptions and set
the Test No. to Tutorial8 then save the data file to Tutorial_8.sim.

Submit the job in the normal way using the launch icon from the solver control dialogue box, having
remembered to set the .mrs and .prs file names.

Once the job is successfully running we can monitor its progress using the job status tab on the solver
control window. From the Select Required Display selection box change from the normal Standard 5x
Bar Charts selection and pick Sensor Plot 1 (steady state), as shown in Figure 9.12. The normal bar
chart display will change to an x-y plot. This graph will display on the compressor speed. Note: the
turbocharger speed is reset at the beginning of each steady state test point to be half way between the
maximum and minimum compressor speed curves defined in the compressor map.

You may observe the following message in the solver run-time window: Warning compressor match
point not found. This generally indicates that the instantaneous pressure ratio across the compressor
is higher than any point on the compressor map, for the current compressor speed. Provided that this
message only occurs a few times per cycle then it can be safely ignored. Persistent occurrences of
this message generally indicate a problem with the turbocharger map data or the model, and should
be investigated further.



Getting Started Using Lotus Engine Simulation
Tutorial 8 ‘Multi-Cylinder Turbocharged Model’

W, Lotus Engine Simulation Solver

Submit Jokb I Job Status Job Messages | Sokver Settings I

Mumber of Active Jobs: 1 ﬂ Showing Job 1 ﬂ

Showing Cwl. 1

Complete (%) : 1

TestMo.:  1of7 Display Prompt on Completion of Jok :I Yes Mo |

CycleNo.:  1of20 Elaspsed Time (s) 28 Femaining (est) 2772

Crank Angle (deg) : 90 Select Required Display || Sensor Plot1 (Steady State) j

T—oxls Yalues: Turbocharger 1 [Comp Speed CrpmsK™0.5-T )
[[—— TLRBOCHARBER 1 [COMP SPEED CRFMAK*0.5/731 ]

109430

108630+

107330

Standard x5 Bar Charts

107171
105411
105651
104831 ; . ! | | i | | :
283 =il 3536 400 443 486 330 373 E16 BED 703
Crank Angle (Deg?
Job Type ‘Steady State Run Joh Lahel :

Data File Name ‘EA\ ES_Getting_startedLES_tuta.....\_EMNGIN_RLUN1.SIk
Text Results File Name (4| ES_Getting_started\LES_tu_.... \tutorial_8 rmrs
Graphical Results File Name (EA\ ES_Getting_started\LES_tut .. \tutarial_8.prs
Debug File Mame :Debug Off

@

Figure 9.12. Runtime monitoring of turbocharger speed using sensor plot.

Viewing the Results

117

Once the job has finished, the Batch Job Finished window will appear. This prompts the user to load
the simulation results into the various post-processing options within LOTUS ENGINE SIMULATION.
Tick the boxes to Load Text Results (.mrs), Load Graphics Results (.mrs) and Load Graphics
Results (.prs). This places the .MRS results file, which contains all the relevant cycle-averaged data,
and the .PRS file, which contains all the intra-cycle data, into the dedicated text reader and graphical

viewing facilities.

Use the graphical viewer to display the .MRS results. Open the .MRS file viewer by clicking on the icon

shown below.

This produces the window shown in Figure 9.13. Select the Autoscale option from the View menu

within this window.
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Figure 9.13. .MRS Results Graphical viewer.

The first plot which can be viewed (see Fig. 9.13) shows the BSFC (brake specific fuel consumption),
BMEP (brake mean effective pressure), Torque, and Power produced by the engine. It can be seen
that the torque produced by the engine increases sharply between 2000 and 3000 rev/min. Peak
torque is at 3000 rev/min, and corresponds to a BMEP of about 30 bar. This BMEP is exceptionally
high for a turbocharged automotive engine, which typically have maximum BMEP values of less than
20 bar. Further examination of the results shown in the .MRS graph viewer reveals that the predicted
PMAX values for this engine are about 150 bar from 3000 to 5000 rev/min, which is unrealistically high
for a spark ignition engine running on gasoline.

Select Display / Plot / Plot 8 from the .MRS graph viewer menu bar. The viewer window should now
change to display a blank screen, as only the first seven plots are defined by default. If the screen isn'’t
blank use the arrow keys to move along until you find an unspecified plot. Now select View / Specify
Graph from the menu bar. The Specify Graph menu will appear allowing the variables displayed on
each graph to be specified. Up to four graphs can be specified for each plot screen.

% Specify Graph [.mrs) Ed
ndividual | Overlay [ Single Autoscale | Befresh | 4| Potgof2n »|
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Yeaxis 2 CrossPlot Flenum Pressure (bar) j Flenum 3 j by Plenum

Y-mxis 3 CrossPlot Compressor Speed (rpm) T||Compressar1 |7 " by Fipe

“-axis 4 CrossPlot L Cylinder BMEF (bar) |7 ||Awerage of Cyls =) IAII Tests j

Figure 9.14. Specifying new .MRS plots
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We shall specify four new graphs for our plot screen. There are 3 selection boxes in the top left hand
corner of the Specify Graph menu, Individual, Overlay and Single. These alter the way our graphs
will appear, click on the Single selection box so that it appears depressed. We shall plot the
parameters we wish to view, against engine speed, so select Speed (rpm) as the X-Axis variable. For
the Y-Axis variables select Plenum Pressure (bar) for Y-Axis 1 and Y-Axis 2, Compressor Speed
(rpm) for Y-Axis 3 and Cylinder BMEP (bar) for Y-Axis 4. Select by Test for the Plot Type option,
from the right-hand side of the Specify Graph menu. In the bottom right-hand corner of the window
select All Tests.

|Plenum 3 (inlet) |

Now close the Specify Graph menu window and click on the plenum directly downstream of the
compressor. Make a note of the plenum number that appears in the component list box, shown above.
Click on the plenum directly upstream of the turbine, and make a note of its number. Return to the
.MRS graph viewer and re-open the Specify Graph menu window. Use the left and right arrows to
return to our new plot. In the Entry No. column we need to specify which component the parameters,
that we specified in the Variable column, will be taken from. For the Y-Axis 1 Plenum pressure, select
the plenum number corresponding to the plenum upstream of your turbine. For the Y-Axis 2 Plenum
pressure, select the plenum number corresponding to the plenum downstream of your compressor.
For the Y-Axis 3 compressor speed, selecet Compressor 1. For the Y-Axis 4 Cylinder BMEP plot
selecet Average of Cyls. Your Specify Graph menu should now look similar to the one shown in
Figure 9.14. Click on the Autoscale button and then the Refresh button. Your .MRS plot should now
look similar to the one shown in Figure 9.15. You may want to change the line colours and alter the
appearance of the grid on the graphs. To do this close the Specify Graph menu window and select
View / Setup from the .MRS viewer menubar. You might like to experiment with the effect that the
various options in this menu have on the appearance of the plots.
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Figure 9.15. Viewing the turbocharger operating parameters.

Examination of the four graphs we have just created reveals that the pressure in the plenum directly
upstream of the turbine reaches a pressure in excess of 8 bar at 6000 rev/min. Also, the compressor
delivery pressure is over 5 bar for a large proportion of the speed range of the engine. The
compressor speed is also very high, being about 250000 rev/min for the majority of the speed range of
the engine. You will notice that this is in excess of the highest speed line specified in our compressor
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map data. LOTUS ENGINE SIMULATION has extrapolated the data in compressor map. You can also
see that the BMEP, and hence torque, of the engine is very strongly coupled to the compressor
delivery pressure. Typically, the boost pressure of an automotive spark ignited gasoline engine is
limited to 2 bar, or less, using a waste-gate.

We will examine how a simple waste-gate may be implemented, using the sensors & actuators
elements, in the following tutorial.

Exercise

Use the *.PRS viewer to examine the variation in pressures around the pipe network and the cylinder
pressure diagrams. Use the Graph Status menu, shown in Figure 9.16, (Results / .prs Results /
Graphs / Graph Status... from the LOTUS ENGINE SIMULATION menubar, or simply Graph Status
from the right mouse button menu) to change the graphs to display turbine and compressor data, such
as compressor/turbine speed or pressure ratio.
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Figure 9.16. The Graph Status menu.
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Tutorial 9. ‘Turbocharged Model with a
Waste-gate and Charge-cooler’

Overview

This chapter uses our turbocharged multi-cylinder engine, which
we developed in the previous tutorial, and takes you through the
steps to add a simple waste-gate. A simple control system for this
waste-gate is constructed, using the sensors and actuators
elements.

This chapter contains the following sections:

B Loading the Original Model, 115

B Adding the Waste-gate, 116

B Adding Control Elements to the Waste-gate, 117

B Running the Turbocharged Model with a Waste-gate, 120
B Viewing the Results, 121

B Waste-gate for Variable Boost pressure, 122

B Damping the Waste-gate Motion, 126

B Exercise, 127
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Loading the Original Model

We will use the existing turbocharged model created in tutorial 8. Load the previously saved file
tutorial_8.sim.

A waste-gate is essentially a valve that allows some of the exhaust gases to by-pass the turbocharger
turbine. In simple mechanical systems the waste-gate consists of a simple spring-loaded valve and the
inlet system pressure actuates the opening of the waste-gate via a controlling diaphragm. We shall
model the waste-gate using a simple throttle element. The sensors and actuators elements will be
used to adjust the flow area of this throttle based on the inlet system pressure.

R,
wr

Figure 10.1. Adding the waste-gate throttle.

Adding a Simple Waste-gate

Select a throttle from the Exhaust Components toolkit and place it just below our inlet boundary, as
shown in Figure 10.1. Ensure that the Throftle Type is set to Simple Throttle and the Discharge Data
Type is set to CF Fixed. Set the Throttle CF to 1.0 and the Minimum C.S.A. (mm2) to 700.0. Now
select a pipe from the Pipes toolkit. Connect the upstream end of the pipe to the plenum downstream
of the turbocharger and the downstream end to our new throttle element (you may want to shorten the
plenum downstream of the compressor, to stop the new pipe over lapping the end of the plenum. To
do this select the plenum and click the right mouse button, then select Shorten), as shown in Figure
10.2. Change the length of the pipe we have just added to 50mm and ensure that the diameter is set
to 35mm. Change the wall material to Cast Iron and the wall thickness to 3mm.

Figure 10.2. Add a pipe to the waste-gate throttle.

Select a virtual pipe from the Pipes toolkit and connect it from our waste-gate throttle to the plenum
upstream of the turbine, as shown in Figure 10.3. The mechanical connections for our waste-gate are
now complete. We now need to add the control elements.
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Figure 10.3. Add a virtual pipe to the waste-gate throttle.

Adding Control Elements to the Waste-gate

Select the plenum downstream of the compressor and toggle the Harness Connector option to On.
Now do the same thing to our waste-gate throttle element. Click on the Sensors & Actuators toolkit tab
and select a sensor element. Place this sensor element just beneath the pipe connected to the waste-
gate. Now pick an actuator element from the Sensors & Actuators toolkit and place it just to the right
of the sensor element. Use the harness wires from the Sensors & Actuators toolkit to connect the inlet
plenum harness connector to the sensor element, the sensor to the actuator, and the actuator to the
harness connector of the waste-gate throttle. Your model should now look similar to the one shown in
Figure 10.4.

Figure 10.4. Adding control elements to the waste-gate.

Select the sensor element and change the properties so that the Sensed Parameter is Pressure
(N/m2) and the Sensor Group Type is Single, as shown in Figure 10.5.

|SensanabeI |defaultsensur

|Sensed Farameter
|SensanrDup Twpe ISingIe j

Figure 10.5. Selecting the Sensed Parameter.

Now we need to define the control strategy for the actuation of our waste-gate. We will attempt to
model a simple mechanical waste-gate, which is held shut by a spring, and actuated by the inlet
pressure acting on a diaphragm.
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If we assume that the diameter of our diaphragm is 50 mm, then the cross-sectional area is roughly
0.002 m?. If we wish our waste-gate to begin opening at an inlet pressure of 1.8 bar, then the preload
we require in the spring that holds our waste-gate shut is

F = p.4=180000[Pa].0.002[m>]= 360N . (10.1)

If we want our waste-gate to be fully open by the time the inlet pressure has reached 2.0 bar, and we
want the maximum lift of our waste-gate to be 10 mm, then the spring stiffness required is given by

AF (200000 —180000)[Pa].0.002[m?]
0.01[m]

spring stiffness = =4000N/m . (10.2)

If we assume that the maximum flow area of our waste-gate is 700 mm?, and that this area varies
linearly between fully closed and fully open (at 10 mm lift), we can obtain an expression for the
instantaneous area of our waste-gate at a given valve lift

flow area[mmz] = l[m].70000[mm2 /m]. (10.3)
The instantaneous lift is obtained from

_ force —preload  force[N]—360[N]

[[m] — (10.4)
spring stiffness 4000[N/m]
Denoting the inlet pressure as F1 calculate the instantaneous force on the spring as
force[N]= p.4= Fl[pa].0.002[m2] : (10.5)

Combing equations (10.3), (10.4) and (10.5), we can write an expression for the instantaneous flow
area of the waste-gate, based on the inlet pressure (F1), giving

(Fl[Pa] %0.002[m> ])— 360[N]

flow area[mmz] = * 70000[mm2/m] . (10.6)
4000[N/m]
This can obviously be simplified to give
F1-F2
flow area= g *Af, (10.7)
(AF)
where: F1 = Instantaneous inlet system pressure;
F2 = Waste-gate opening pressure;
AF = Pressure difference between waste-gate opening and fully open;
Ar = Waste-gate flow area when fully open.

Select the actuator element and use the level control toggle, shown below, to drop into the control
element level.

—r

r

Now select a User Function element from the 1D Control Elements toolkit and place it between the
IN' and OUT signal boundaries, as shown in Figure 10.6.

Ny 1) QUT

Figure 10.6. Inserting the user function element.
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|Labe| 1d control user function
|UserFun|:ti|:|n =4 N |
53

Select the User Function element and click on the pad icon, shown below, to open the user defined
function menu. The data entry window shown in Figure 10.7 should now appear.

% User Defined Fortran Based Function

Available Input Fields

Insert Field Insert Func. |

Define Farran String
|(((F1*D.DD2)-360.D)MDDD.D)*?DDDD.D

Test Result (Unity Inputs) =-6293 96484

Cancel | Ok |

Figure 10.7. Entering the actuator control string.

The User Function control element allows the entry of a generic user defined maths function based
on Fortran syntax. This can be used to perform any maths-based action on the input signal provided it
can be written as a single Fortran string using the supported intrinsic functions. The input signal is
represented in the string as ‘F1’. We will use this function to enter the relationship that we have
developed above for waste-gate flow area verses inlet pressure, given in equation 10.6. We can
simply enter this equation in the Define Fortran String entry box, using the string ‘F1’ to represent the
input signal IN". In this box type (((F1*0.002)-360.0)/4000.0)*70000.0, as shown in Figure 10.7. We
can test the integrity of the equation we have just entered by pressing the Test String button. This will
solve the equation we have entered in the Define Fortran String entry box, using a value of 1.0 for
F1. The Test Result should be —6299.96484.
QuUT

Now 1)

Figure 10.8. Adding the control limit element.

The equation that we have entered in the User Function control element will give us a value between
0 and 700 mm? for the waste-gate flow area when the inlet system pressure is between 1.8 and 2.0
bar. However, when the inlet system pressure falls outside this range the waste-gate area returned will
be either negative or greater than 700 mmZ. We can limit the output from the actuator using the Limit
control function. Select a Limit control element from the 71D Control Elements toolkit and place it
between the User Function control element and the OUT signal boundary, as shown in Figure 10.8.
In the Limit control element property sheet, alter the Maximum Value to 700.0 and the Minimum Value
to 0.0, as shown in Figure 10.9.
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|Label [1d contral limit
[Mesdrmum Value |700.0000
[Minirnum ‘alue 0.0000

Figure 10.9. Entering the control limits.

Use the level control toggle, shown below, to return to engine model element level.

—

=

Select the actuator element and alter the Actuator Variable to Minimum C.S.A., the Actuator Group
Type to Single, the Actuator Apply Type to By Value, and the Actuator Solve Type to Per Time Step,
as shown in Figure 10.10.

|ﬂu:1uat|:|r Label default actuator

|ﬁc1uatur\fariable binimum C.3.4 j
|ﬂu:1uat|:|r Group Type single j
|ﬁ|:1uaturﬁpply Twpe By valua j
|ﬂu:1uat|:|r sohve Type Fer Time Step j

Figure 10.10. Setting the actuator parameters.

We have now fully defined the control system for our waste-gate. You may like to add two additional
.TRS plot sensors, so that the inlet plenum pressure and waste-gate cross-sectional area can be
monitored during the simulation run. If you can’t remember how to add a plot sensor then refer to the
Monitoring Turbocharger Speed section of the previous tutorial. If .TRS plot sensors are added it is
recommended that the Plot Associate Type is set to Crank Angle and the Plot Sample Size (deg) is
set to 20, so that the plot files are in the same format as the existing compressor speed .TRS plot
created in the previous tutorial. Remember to give the plot files a name.

Running the Turbocharged Model with a Waste-gate

Change the file descriptions and set the Test No. to Tutorial9 then save the data file to
Tutorial_9.sim.

Submit the job in the normal way using the launch icon from the solver control dialogue box, having
remembered to set the .mrs and .prs file names.
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Figure 10.11. TRS output of waste-gate flow area (5000 rev/min).
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Once the job is successfully running we can monitor its progress using the job status tab on the solver
control window and by viewing the .TRS plots that we have defined. You will notice that the waste-
gate flow area fluctuates with a frequency of about 180° (i.e. the induction event of each cylinder
causes a fluctuation in inlet pressure which in turn causes the waste-gate area to change). In reality
the motion of the waste-gate is damped because the mass of the valve prevents it responding
instantly to pressure changes. We shall examine how to damp the motion of the waste-gate later in
this tutorial.

Viewing the Results

Once the job has finished, the Batch Job Finished window will appear. This prompts the user to load
the simulation results into the various post-processing options within LOTUS ENGINE SIMULATION.
We can press the Cancel button, without selecting any of the options.

We shall use the graphical viewer to compare the .MRS results obtained from Tutorial 8 with or model
with the waste-gate. Open the .MRS file viewer by clicking on the icon shown below.

Select File / Load Results Exclusive from the .MRS viewer menubar. The file browser window will
appear. Now select the file Tutorial8.mrs and click on Open to load the .MRS results from the
previous tutorial. Now select File / Load Results Shuffle from the .MRS viewer menubar (the shuffle
option will move the currently held .MRS file along one position and add the newly opened file at
position 1). The file browser window will appear again. Now select the file Tutorial9.mrs and click on
Open to load the .MRS results from the present tutorial.
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Figure 10.12. .MRS Results Graphical viewer.
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Select View / Autoscale option from .MRS viewer menubar. Your .MRS graph display should now
look similar to the one shown in Figure 10.12 (you may want to change the line style or colour so it is
easier to distinguish between the results of tutorial 8 from those of this tutorial).

This plot (see Fig. 10.12) shows the BSFC (brake specific fuel consumption), BMEP (brake mean
effective pressure), Torque, and Power produced by the engine. It is clear from the performance
summary results, shown in Figure 10.12, that the addition of our waste-gate has limited the BMEP of
the engine, between 3000 and 6000 rev/min, to about 16 bar. It is interesting to note that the waste-
gate has had no effect on the engine performance below 2000 rev/min.
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Figure 10.13. Turbocharger operating parameters.

Select Display / Plot / Plot 8 from the .MRS graph viewer menu bar. The viewer window should now
change to display the plots shown in Figure 10.13. If the screen appears blank, see the section
entitled Viewing the Results in tutorial 8, to find out how to specify the ,MRS plotting options to display
the turbocharger operating parameters. Comparison of the results for tutorial 8 with those for tutorial 9
reveals that the pressure in the plenum directly upstream of the turbine is now limited to about 2.6 bar.
Also, the inlet system pressure is below 2.0 bar across the entire engine speed range. We can also
see that at 1000 and 2000 rev/min the inlet system pressure is below 1.8 bar, thus our waste-gate
doesn’t open at these two engine speeds. This is the reason that engine performance, at these two
speeds, remains unaffected by the addition of a waste-gate. The addition of the waste-gate has also
limited compressor speed.

Waste-gate for Variable Boost Pressure

Modern electronic control systems allow the maximum boost pressure to vary with engine speed. We
will modify our simple waste-gate, so that we can vary the pressure at which the valve begins to open.
We will be simply altering the spring preload, given by equation (10.1). We could just as easily use the
technique employed here to vary any other property of our waste gate, it is probably easier to start
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from equation (10.7). Close the .MRS Viewer window and return to the Builder Interface, if you haven’t
done so already. We need to add a sensor to detect crankshaft speed. Click on cylinder number 4 and
then select On for the Harness Connector option in the element properties menu. Pick a Sensor from
the Sensors & Actuators toolkit and place it in the model window. Using the harness wires, connect
this sensor to cylinder number 4 and the waste-gate actuator, as shown in Figure 10.14. Click on the
sensor and select Crank Speed (rpm) as the Sensed Parameter and set the Sensor Group Type to
Single.

Figure 10.14. Adding a speed sensor to the waste-gate actuator.

Select the actuator element and use the level control toggle, shown below, to drop into the control
element level.

—r

r

Now select a 1D Table element from the 1D Control Elements toolkit and place it next to the IN? signal
boundary. Delete the existing 1D User Function element. Now select a 2D User Function element
from the 2D Control Elements toolkit and place it next to the 1D Table so that the output signal of the
1D Table is connected to the Y input of the 2D User Function element. Connect the existing Limit
element to the output of the 2D User Function element. Now connect the OUT signal boundary to the
output of the Limit element. Finally connect the the IN' signal boundary to the X input of the 2D User
Function element using a Virtual Link. Your control element network should now appear similar to
the one shown in Figure 10.15.

Nowl ol e G
L3

|
N,.

Figure 10.15. Adding a speed sensor to the waste-gate actuator.




130 Getting Started Using Lotus Engine Simulation

Tutorial 9 ‘“Turbocharged Model with a Waste-gate’

I'21D Control Look-Up Table

File
Mo Df\r’alues:lﬁ— g
oo
11000 18e+005

" 2/2000 26+005

34000 26+005

" 45000 1.8e+005

" 5/6000 17e+005

" g/7000 16e+005

Figure 10.16. Entering the variation in waste-gate opening pressure.

Select the 1D Table element and click on LookUp Data to open the data entry window, shown in
Figure 10.16. In this table we need to enter the pressure at which the waste-gate valve will begin to
open. Enter 6 in the No. of Values box. In the X column we shall type a number of engine speeds
(note that we do not need to enter speeds corresponding to test points, as the Look-Up Table
elements will linearly interpolate the data entered between speed points. They can also be set to
extrapolate the data if the current speed is beyond the range of the data entered, or simply use the
closest speed point data). Enter the speed points as 1000, 2000, 4000, 5000, 6000 and 7000. In the Y
column we shall enter the opening pressures (in N/m?) for each of the speeds in column X. Enter
180000, 200000, 200000, 180000, 170000 and 160000 for the Y column data. Close the data entry
window and ensure that the LookUp Type option is set to Extrapolate Only.

% User Defined Fortran Based Function

Available Input Fields Supported Functions

F2 = Signal Input 2

Insert Field Insert Func. |

Define Farran String
|((F1 -F2)/(20000.0)5700.0

Test Result (Unity Inputs) =0.00000

Test String | Cancel | Ok |

Figure 10.17. Adding a speed sensor to the waste-gate actuator.

Select the 2D User Function element and click on the pad icon to open the data entry window, shown
in Figure 10.17. We need to replace the previous value we had for the spring preload, which was 360
N, with our 1D Table output multiplied by the diaphragm area. The equation we need to type into the
Define Fortran String entry box becomes ((F1-F2)/(20000.0))*700.0, as shown in Figure 10.17. The
string ‘F1’ represents the input signal IN', which is the inlet system pressure, and the string ‘F2’
represents the output signal from our 1D Table. We can test the integrity of the equation we have just
entered by pressing the Test String button. This will solve the equation we have entered in the Define
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Fortran String entry box, using a value of 1.0 for both F1 and F2. The Test Result should be
0.00000.

Use the level control toggle, shown below, to return to engine model element level.

—

=

Change the file descriptions and set the Test No. to Tutorial9b then save the data file to
Tutorial_9b.sim.

Submit the job in the normal way using the launch icon from the solver control dialogue box, having
remembered to update the .mrs and .prs file names.

Once the job has finished, the Batch Job Finished window will appear. This prompts the user to load
the simulation results into the various post-processing options within LOTUS ENGINE SIMULATION.
Tick the box to Load Graphics Results (.mrs) / Load Results Shuffle (the shuffle option will move
the currently held .MRS file along one position and add the newly opened file at position 1). Open the
.MRS graphical viewer. Select the Autoscale option from the View menu within this window. If you still
have the Tutorial9.mrs file loaded, this will produces the window shown in Figure 10.18 (if you
haven’t got the Turotial9.mrs file open, select File / Load Results (position) / Position 2 from the
.MRS viewer menubar then select the file Turotial9.mrs from the file browser window).
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Figure 10.18. Comparison of the results for Tutorial_9 and Tutorial_9b.

We can see, from the results shown in the .MRS file, that our modified waste-gate has had no effect
on the engine performance at 1000, 2000 and 5000 rev/min. This would be anticipated at 1000 and
5000 rev/min, as we have set the opening pressure to be equal to the original opening pressure at
these speeds. The performance of the engine at 2000 rev/min remains unaltered, despite us changing
the opening pressure of the waste-gate, because at 2000 rev/min and below, the inlet system
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pressure is insufficient to open the waste-gate. It is clear that the increased opening pressure at 3000
and 4000 rev/min has increased the BMEP of the engine at these speeds. Similarly, the reduced
opening pressure at 6000 and 7000 rev/min has reduced the BMEP of the engine. If we examine the
boost pressure across the speed range we will see that our modified waste-gate is working as
expected.

Damping the Waste-gate Motion

We noted earlier, whilst viewing the instantaneous waste-gate flow area in the.TRS plot file output,
that it oscillated with a period of roughly 180°. This occurs because the simple control system we have
constructed contains no damping. In reality the waste-gate valve cannot respond instantly to variations
in inlet system pressure as a finite time is required to accelerate, and decelerate, the valve mass. Also,
the inlet system pressure is usually fed to the actuator diaphragm via a relatively long pipe with a small
diameter, which acts to damp the inlet pressure fluctuations ‘felt’ by the waste-gate. There are a
number of ways we can damp the motion of the waste-gate valve using the Sensors & Actuators
elements within LOTUS ENGINE SIMULATION.

We shall damp the waste-gate motion by damping the inlet pressure signal passed to the waste-gate
actuator. Click on the inlet pressure Sensor element and then use the level control toggle to drop into
the control element level. Add an Integrator control element and User Function control element
between the IN'and OUT signal boundaries, as shown in Figure 10.18.

Now 2 oo 1 T

Figure 10.18. TRS output of waste-gate flow area (5000 rev/min).

Select the Integrator element and change the Infegrate w.r.t. option to Crank Degrees and the
Integral Period (crank deg) to 180 in the element property sheet, as shown in Figure 10.19. This
element integrates the input signal over the specified period.

|Labe| |1 d control Integrator

|Imegrate wert ICrank Degrees j
|Integral Period (crank deg) [150.0000

Figure 10.19. Property sheet for the Integrator control element.

Now click on the User Function element and open the data entry window. We need to divide the
output signal from the Integrator element by the number of degrees the signal has been summed
over, other wise the signal will be 180 times too high! Enter F1/180.0 in Define Fortran String entry
box. Test the integrity of the equation we have just entered by pressing the Test String button. This
will solve the equation we have entered in the Define Fortran String entry box, using a value of 1.0 for
F1. The Test Result should be 0.00556.

Use the level control toggle, shown below, to return to engine model element level.

Change the file descriptions and set the Test No. to Tutorial9c then save the data file to
Tutorial_9c.sim.

Submit the job in the normal way using the launch icon from the solver control dialogue box, having
remembered to set the .mrs and .prs file names.
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Figure 10.20. TRS output of waste-gate flow area (5000 rev/min).

Once the job is successfully running we can monitor its progress using the job status tab on the solver
control window and by viewing the .TRS plots that we have defined, as shown in Figure 10.20. You
will now notice that the frequency of the waste-gate flow area variation is lower than before (c.f. Figure
10.20 with Figure 10.11). However, whilst the motion of the waste-gate is damped, more engine cycles
need to be simulated to achieve cyclic convergence.

2
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Figure 10.21. Add a Limit Change element to the actuator.

Exercise

Instead of using the Integrator control element to damp the waste-gate motion, try adding a Limit
Change element prior to the output of the waste-gate actuator element. Begin by either deleting the
two control elements we added to the pressure sensor, or re-load the Tutorial_9b.sim file. Add a
Limit Change element to the end of actuator control network, as shown in Figure 10.21. Alter the Limit
Change w.r.t. to Crank Degrees, the Rate of Change to 0.2 and the Limit Type to —ve direction only.
This will have the effect of only allowing the waste-gate are to decrease by 0.2 mm? per degree CA,
without limiting the opening rate. A comparison of Figure 10.22 with Figure 10.11 shows the effect that
this has on the waste-gate area during the simulation. Try altering the waste-gate control strategy and
damping mechanism to see the effect that they have on the waste-gate. To save time you may prefer
to investigate the effect at just one or two engine speeds.
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Figure 10.22. TRS output of waste-gate flow area (5000 rev/min).



Getting Started Using Lotus Engine Simulation
Tutorial 9 ‘“Turbocharged Model with a Waste-gate’




1 1 Tutorial 10. Modelling a Multi-Cylinder
Turbocharged Diesel Engine

Overview

This chapter introduces the user to modelling high-speed diesel
engines. Due to the large amount of data which needs example of
a small turbocharged direct-injection diesel engine is studied.
Examples describing the building of most of the individual features
of this model, such as the pipe network, the turbocharger, and the
waste-gate, and the use of .trs plots, have been described in the
earlier tutorials. In this chapter it is assumed that the user has
completed the earlier tutorials. The new features of this model are
the use of a diesel fuel injection system, the definition of a diesel
combustion model, and the use of a charge-cooler.

The chapter contains the following sections:
B Description of the Model, 130

B Running the Model, 135

B Discussion of Results, 136

B Exercise, 137
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Description of the Model

Load the example model tutorial_10.sim from the Examples sub-folder created during the install
process. If the model does not appear use the Control A command to centre the model. The builder
window should appear as shown in Figure. 11.1.

Figure 11.1. Small high-speed DI diesel engine.

The model represents a 1.45 litre three-cylinder direct-injection diesel engine fitted with a
turbocharger, waste-gate and charge-cooler. Clicking on the fuel tank icon shown below

)

reveals the ‘fuel system’ and ‘fuel type’ property sheet shown in Figure 11.2.

|Label |

|Fue| System Direct Injection j
IFueIType Diesel j
| Calorific value (kJfkg) [42700.0

{Density (keflitre) [0.8400

|H/C Ratio Fuel (malar)  |1.500
|0/C Ratio Fuel (malar)  [0.000
[Molecular Mass (kgfk.mol) [170.000
[Maldistribution Factor f1.000
Figure 11.2. Property sheet for ‘fuel system’ and ‘fuel type’ definition.
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A direct-injection fuel system has been specified so that the fuel will be injected directly into the
cylinder. The fuel type has been set to Diesel and the default properties for that fuel have been
assumed — these are shown in the greyed-out boxes of the property sheet.

The nature of the combustion process in diesel engines differs from that in spark-ignition engines and
different options are available to cater for this in Lotus Engine Simulation. The energy release in a
cylinder is characterised by the fraction of the mass of the fuel burnt at any particular crank angle
position. This parameter is referred to as the ‘mass fraction burnt’ and is defined as

MFB, = Mass of fuel burnt up to crank angle position &

Total massof fueltrapped in the cylinder

In Lotus Engine Simulation the variation of mass fraction burnt during the combustion event can be
specified directly at each engine operating condition or it can be modelled using a Wiebe function. If
the latter approach is adopted a two-part Wiebe function is the most suitable way of modelling the
combustion event in direct injection diesel engines. This model includes separate terms for the pre-
mixed and diffusion controlled periods of the combustion process. The mathematical details of this and
the other models available in Lotus Engine Simulation can be found in the On-line Help (Help
Topics/Contents/Theory/Combustion Models).

The heat release model using the two-part Wiebe function is defined from the data screen shown in

Figure 11.3 which is generated by clicking on the Combustion Model button of the cylinder property
sheet.

.1 Combustion D ata |

Help
- Combustion Model
T},-"pEZITWD-Pﬁr‘t Wiehe j E &
- Two-partWiebe function
= Default A6 900 kA 0500 CE1:1.00
CRE2.0 Fract :0.00 Dielas0.0

& User A [z 900 h :{0.500 CP1 :[1.00
oz 1.0 Fract :0.20 Delay :[0.0

Figure 11.3. Setting up a two-part Wiebe function.

The shape of the cumulative mass fraction burnt curve and the rate of heat release (burn rate) curve,
defined by the coefficients entered, can be seen by clicking on the graph icon on this screen. This
generated the plots shown in Figure 11.4.

The significance of the coefficients used in this model are described in the On-line Help (Help
Topics/Contents/Theory/Combustion Models).
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Figure 11.4. Variation of cumulative mass fraction burnt and heat release rate with fraction of the
combustion period.

To view the data defining the phasing and period of the combustion event click on the Steady-State

Teat Data icon shown below.

Clicking on the Heat - Phase tab reveals the data screen shown in Figure. 11.5.
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# Steady State Test Data - Summary =1 E
Test PDints‘; Heat—Phase] Heat—PeriDd} Fuelling} Boundary Conditions } Fridiun} Sulutiun} PIDtting} Aduators]

Test | Speed (rpm) Phase Option Cylinder | Cyinder | Phase angle Prmax 2
Faint Diata. Mo (deg) (baraks)

1 1000 lser Defined Heat Release Fhase Cammaon All 6.0

2 2000 lser Defined Heat Release Fhase Cammaon All n.o

3 3000 lser Defined Heat Release Fhase Cammaon All 1.0

4 4000 lser Defined Heat Release Fhase Cammaon All 15

b 4500 lser Defined Heat Release Fhase Cammaon All 2.0

ALl o

Figure 11.5. Heat release phase data specifying combustion event.

It can be seen that the User Defined Heat Release Phase option has been selected and the phase
angle, which denotes the start of combustion in a diesel engine, has been set-up to vary with engine
speed. Use the On-line Help (Help Topics/Contents/Theory/Combustion Models) to clarify the
different definitions of Heat Phase for the different combustion systems available in Lotus Engine
Simulation.

Note that a positive value of the Phase angle indicates that the start of combustion will occur before
top-dead-centre whereas a negative value indicates that the start of combustion will occur after top-
dead-centre. The start of combustion has been set as Common to all cylinders in this model but can
be varied between cylinders if desired.

Clicking on the Heat — Period tab produces the data screen shown in Figure 11.6. In this table the
Period Option has been set to User Defined Combustion Duration. .The Release Period has been
set for the individual engine speed as shown in the table.

# Steady State Test Data - Summary == E3
Test PDints] Heat-Phase'; Heat—PeriDd] Fuelling] Boundary Conditions ] Fril:tiun} Sulutiuni PIDtting} Aduators]

Test | Speed (rpm) Period Option Cylinder | Cylinder Release MNa. aof | List Angle (deg) ﬂ
Faint Diata. Mo Feriod (deg) | Foints | Data

1 1000 Jser Defined Cormbustion Duration Comrmon All 25.0

2 2000 Jser Defined Cormbustion Duration Comrmon All 28.0

3 3000 Jser Defined Cormbustion Duration Comrmon All 300

4 4000 Jser Defined Cormbustion Duration Comrmon All 320

5 4500 Jser Defined Cormbustion Duration Comrmon All 34.0

Figure 11.6. Heat release period data specifying combustion event.
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The final pieces of data required to define the diesel combustion event are the Combustion
Efficiency and the quantity of fuel injected to each cylinder per cycle (Fuelling Rate). The data
window in which this information can be specified is accessed by clicking on the Fuelling tab, and is
shown in Figure 11.7.

# Steady State Test Data - Summary [_ (O] <]
Test F’Dints] Heat—Phase} Heat—PeriDdE Fuelling] Boundary Conditions } Fril:tion] Solution} Plotting] Al:tuators]

Combustion || Maldistribution Fuelling Option Cylinder | Cylinder | Trapped | Equivalence || Fuelling Rate ﬂ
Efficiency (0-1) Factar Data Ma. AirFuel Ratio (mm3fin)
Fatio
0.9500 Carnmon All 35.000
0.9500 Carmmon All 55.000
0.9500 Carmmon All 52.000
0.9500 Carnmon All 47.000
0.9500 Cornmon All 35.000

B s

Figure 11.7. Specifying combustion efficiency and fuelling rate.

Click on the other tabs in the Steady-State Test Data to examine the rest of the parameters that have
been set. Now close the Steady-State Test Data window.

Clicking on the icon shown below

o — ) e

reveals the top-level property sheet of the Charge-Cooler data, shown in Figure. 11.8.

|Labe| ||:harge cooler
|Pruperties & |
|Harness Caonnectar Ifo j

Figure 11.8. Top-level property sheet for charge-cooler.

Clicking on the Properties icon produces the data window in which the information characterising the
charge-cooler performance is given, as shown in Fig. 11.9.
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[_f Charge Cooler Properties

Filz
Mo DfVaIues:IE g
Mass Flow (kgfs) || Fressure Loss (bar) ” Coolant Temperature(C) ” Efficiency (0-1) | ﬂ
1|0 0 25 0.6
oo 0.001 25 06
008 0.0z 25 06
o 0.06 25 07
04 02 25 07
G
B
]
Bl
10
1|
12 s
T of

Figure 11.9. Charge-cooler property data.

The performance of the cooler is defined by its efficiency, or effectiveness, as a heat exchanger, and
by the pressure-drop / mass flow rate characteristic of the device. The effectiveness of the cooler is
defined as

.= actual temperature drop _ Tyir out = Dair in
maximum theoretical temperature drop 7. o — Teool in
where T, ..« is the compressor air outlet temperature, 7. ;, is the compressor inlet temperature, and

T, inis the coolant inlet temperature. This data is usually available from the charge-cooler
manufacturer.

The waste-gate model has been set up in a similar way to that described in Chapter 10. Click on the
sensor and the actuator to investigate the waste-gate control structure. The maximum opeing area of
the device is 200 mm?.

Familiarise yourself with the rest of the model data by viewing the property sheets for the other
elements.

Running the Model
Filenames should now be assigned to the output from the .trs plot sensors in order to run the model.

Figure 11.10. Plot sensor for compressor speed.

The plot sensor attached to the right-hand side of the turbocharger, shown in Figure 11.10, is sensing
compressor speed, defined as N/,/T /T, , where T is the compressor inlet temperature and 7T,;
is the reference temperature (298 K). The plot sensor attached to the inlet plenum, shown in Figure
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11.11, is sensing compressor outlet pressure, while that attached to the turbocharger waste-gate is
sensing the flow area of the restriction (Figure 11.12).

Figure 11.11. Plot sensor for compressor outlet pressure.

Figure 11.12. Plot sensor for compressor outlet pressure.

The model can now be run by submitting the job in the normal way (see Chapter 2 — Tutorial 1).
Remember to use the .trs sensor plots to monitor the progress of the run, as described in Chapter 10.

Discussion of Results

Steady state test points have been set up at 1000, 2000, 3000, 4000, and 4500 rev/min. By monitoring
the output from the .trs plot sensors the user will see that only a minimal amount of boost is produced
by the compressor (about 1.2 bar absolute — compressor outlet pressure) at 1000 rev/min. and the
waste-gate does not open.

At 2000 rev/min the compressor outlet pressure has increased considerably to about 1.85 bar — the
waste-gate is now open. Plot the performance results for the engine as described in Chapter 2 — they
should appear as shown in Figure 11.13.

([ Results Graph [.mrz) [_ (O] x|
File ‘“iew Display Help
ESEY -+ T

FERFORMAMCE SUMMART

//ﬁ

v/,/

r T T T T T T T T 1
=oo 1000 1500 Z000 2500 2000 3IS00 0 4000 F3500 0 S000
ENGIME SFEEO ¢ RFPMI

TORGUE £ Mrin
oo 140 180
1 1 1 1 1
o 10 20 20 40 30 g0
POWER Cll 2

g0
L

BSFC {gokW. b2
220 ZE0 300

Figure 11.13. Variation of power, torque, BMEP, and BSFC with engine speed.

The torque curve is characteristic of a small high-speed direct-injection diesel engine, rising rapidly as
the engine to a maximum value of 174 Nm at around 2000 rev/min, and then gradually dropping as
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the engine speed increases. The maximum power produced by the engine is about 55 kW (74 hp) at
4000 rev/min.

Exercise

Plot the output data from the .trs sensors at 2000 and 4500 rev/min.
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1 Tutorial 11. Modelling the Transient
Response of a Turbocharged Diesel

Overview

This chapter introduces the user to the modelling of engine
transient performance using the model considered in Tutorial 10 as
the starting point. The model is first run at reduced load with the
engine speed set at 2000 rev/min. The set-up procedure for a
transient event is then described starting from this operating
condition.

The chapter contains the following sections:

B Setting Up the Part-Load Condition, 140

B Entering Mechanical Property Data and Attaching a Shaft, 141
B Defining a Transient Event, 143

B Running the Model, 146

B Discussion of Results, 147

B Exercise, 147
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Setting Up the Part Load Condition

Load the model tutorial_10.sim and save the file as tutorial_11.sim. Open the Steady State Test
Data icon and turn all the Test Points off by clicking on the Solve column and selecting All Off from
the pop-up menu which appears. Now turn on Test Point 2 by clicking on the 2000 rev/min row of the
Solve column and using the same pop-up menu to select On.

# Steady State Test Data - Summary

Test PDiﬂtS] Heat—F"hase] Heat—F"eriu:ud] Fuelling] Boundary

Test | Speed (rpm) Solve Lahel [
Faint
1 1000 It Load Case 2-( E
2 2000 By E
3 3000 Off R
[ff 000
4 4000 ] E
5 4500 fl Al OF E
Al On

Figure 12.1. Turning the 2000 rev/min test point on.

Now click on the Fuelling tab and reduce the Fuelling Rate at 2000 rev/min to 40 mm3/inj. as shown
in Figure 12.2. Now close the Steady State Test Data. Open the Text File Descriptions data window
from the Data\File Descriptions option on the drop-down menus at the top of the interface window
and change the Test No. entry to tutorial_11 as shown in Figure 12.3. Click OK and save the file. Now
run the job, clicking on the Use Test No. option in the job submission window to set the name of the
output files.

% Steady State Test Data - Summary Hi=] E3
Test F’Dints] Heat—Phase] Heat - Period | Fuelling] Boundary Conditions ] Fridion] SDIution] F’Iotting]Actuators]
Combustion | kaldistribution Fuelling Option Cylinder || Cylinder | Trapped | Egquivalence || Fuelling Rate i‘
Efficiency (0-1) Factor Data Mo, AirFuel Ratio {mrm3{inj)
Fatio
0.9500 Comrmon Al 35.000
0.9500 Common Al
0.9500 Comrmon Al 52.000
0.9500 Cormrman Al 47.000
0.9500 Comrmon Al 35.000

Figure 12.2. Changing the quantity of fuel injected per cycle.
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File Text Descnptors |

kain Title

Iexample small TDI diesel
Sub Title

TestMNo. (mustbe a SINGLE ward)

Itutn:u tial_11

(0] | Cancel |

Figure 12.3. Changing the Test No. text entry.

When the job has run open the .mrs file in the text viewer (as described in Chapter 2) and find the
BMEP values for the cylinders (shown in Figure 12.4). The average value of BMEP should be about
10.8 and this can be used to set the load level in the transient event which will be defined later. Close
the text file viewer.

FPERFCORMAHCE

Cylinder 1
IHEF (Power bdc-bdc) 12 .88 b EP {(Complete Cycle) 12 .24 bar
IMEF {(Pumping bdc—bdc) —-0.64 b EMER . . . . . . . . 10.83 bar
Mechanical Efficiency 3.5 = L 1.4
Indicated Power . . 9.74 LU Brale Power . . . . 8.62 LU

Figure 12.4. BMEP data in .MRS file.

Entering Mechanical Property Data and Attaching a Shaft

Click on each cylinder of the model and enter the mass properties of the piston / connecting rod
components, as shown in Figure 12.5. Note that if the connecting rod inertia is set to zero an inertia
value is calculated from the lumped rotating and reciprocating masses of the connecting rod. If an
inertia value is set for the rod a residual inertia value is calculated as the difference between the
lumped inertia and the actual inertia value specified.

The next task is to add a shaft to the model in order to represent the engine crankshaft. First click on
the cylinder at the top of the model (cylinder 3) and turn on the Mechanical Link Connector by
choosing this option from the data property sheet for the cylinder, as shown in Figure 12.5. The user
will need to use the vertical scroll bar on the right-hand side of the cylinder data property sheet in
order to access this list box. The cylinder should now appear as shown in Fig. 12.6.
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|Oy|inderPhase Display
|Oy|inder'|'iming Display

S 5%

IHarness Connector iff j
|Meu:h Link Connector on j
|Transient Data

[t Aodis Angle (deg) f0.00

[Pistan Mass (ke) {0.34000

[Fistan-Pin hMass (kg) {0.11000

|Con-Rod Rattass (kg)  [0.40000
|Con-Rod Recip Mass (kg) {0.15000
|Con-Piod Inertia (kg.m®  {0.00000
|Pi5tun hoticn

|Muti|:|n Type IStd Crark. Sliderj
[User Sub 1d No. [0
|User8ub Args

|
|User5ub Dl Type IFDnran j II

Figure 12.5. Mechanical property data for piston / connecting rod assembly.

(i

Figure 12.6. Mechanical link connector on cylinder.

Now use the down-arrow at the bottom of the builder tool box to
move down the menu tabs until the Mechanical Links tab can be
seen, as shown in Figure 12.7. Select a virtual link from the tool
box and attach it to the mechanical link connector on cylinder 3.

Now select a shaft, flip the connectivity arrow by selecting the Flip
Flow Direction option from the right-mouse button menu for the
shaft, and attach it to the mechanical link connector. Set the
rotational inertia of the shaft as 0.72 kg m? — this value represents
the inertia of the crankshaft, valve train and accessory system
attached to the engine. Because the speed ratio of these systems
differs from that of the crankshaft their referred inertia needs to be
calculated and added to that of the crankshaft. The referred inertia
can be calculated using the square of the speed ratio between the
systems multiplied by the actual inertia.

eI EREE I
33 L 343 lSHNIH:IVH L §3dId L:

T

Attach another mechanical link connector to the shaft.

SE0LYN LY 1) G PR
l=s SaE0sHAS L oy L‘IVSINVHSENL 15

Figure 12.7. Selecting the Mechanical Links tab.
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3

]Ebel |default conn. shaft
[Pt Inertia (kg.m#) .12

Figure 12.8. Specifying the engine inertia.

Defining a Transient Event

Select the Loads tab from the tool kit menu, as shown in Figure
12.9, and select the transient load icon. Attach it to the top of the
mechanical link connector after using the Flip Flow Direction
option to move the connection point to the bottom of the icon.

The mechanical link / cylinder assembly should now appear as
shown in Figure 12.10.

The transient event can now be defined by clicking on the transient
load icon to reveal the data property sheet shown in Figure 12.11.

Set the Initial Steady State Test Point to Test Point 2.

HENE | W AN G
o l 1343 LSENIHJWL 53d1d Lt

Now click on the Transient Case Data button in order to generate
the data window shown in Figure 12.12.

)

Set the Length Type as Cycles and Length to 80 cycles. Now
define the Load Inertia as 0.25 kg m?.

Set the Update Speed option as By Time Step — this will cause the
program to perform the engine acceleration calculation at every
calculation time step. This option is not really necessary for the type
of simulation performed in this tutorial but has been selected in
order to introduce this feature which can resolve the intra-cycle
speed fluctuation of the engine during a transient event.

EETTRI CEE
5avo L‘IVCIINVHDEINL 15

SH0LYNLaY
F SH0SNAS

Figure 12.9. Selecting the Mechanical Links tab.

149
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2o

Figure 12.10. Complete mechanical link assembly.

|Labe| |defaulttransient

|L|:|ad Twpe ITransient j
|Initial oteacdy State

|Test Foint ITest Foint 2 j
|Steady otate Load Data & |
|Transient Data

|Test Casze ITest Caszel j
|Transient Case Data & |

Figure 12.11. Transient load property sheet.

#% Transient Test Data - Summary H=] E3
TestCases ] Actuators ]

Test Lakel Length Length Load |Update Speed| EwventType EventUnits || Noof | Start [ﬂ
Case Type (s)/Cycles Inetia Paints | Point
(ko.ma)
1 Cycles  80.0000 0.250000 By Time Step Load ws Cyeles MEF(han 2 1

Figure 12.12. Transient test data.
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The transient Event Type can now be set as Load vs Cycles and the Event Units set as MEP (mean
effective pressure). Now set the No of Points to 2 and define the start of the event (Start Point) to be
point 7. Turning the List Data option to On enter the values in the spreadsheet as shown in Figure
12.13. In this case the load has been set as constant throughout the transient event. The value used
here is that obtained from the initial steady state run at the start of the tutorial.

Ewent Twpe Ewent Units || Mo of || Start | List > Y =
Faints | Faint | Data !

Load ws Cycles MEF (bar) 2 1 On 1 10.8300
2000 10,8300

Figure 12.13. Transient load definition.

Turn on the Harness Connector for cylinder 3 and click on the Sensors and Actuators tab on the
tool kit (use the down-arrow until this becomes visible). Attach an actuator and timer as shown in
Figure 12.14. Set the Timer Type to Transient (cycle) in order to record the transient cycle number
and set the actuator properties as shown in Figure 12.15.

s8] O [
=)

Figure 12.14. Attaching a transient timer, fuelling actuator, and engine speed sensor.

|A|:1uat|:|r Label |default actuatar

|Au:1uatu:ur\=’ariable Fuelling {mm3/inj) j
|Au:tuatu:|rGrDup Type Group j
IA::TuatDr Apply Type By Walue j
IA::tuatu:ur Sobve Type Fer Cycle j

Figure 12.15. Actuator properties.

Now set up a one-dimensional look-up table as shown in Figure 12.16 in order to define the schedule
for the volume of fuel injected to the cylinders per cycle. Also attach a transient plot sensor to sense
engine speed during the transient event, as shown in Figure 12.14, and set its properties as shown in
Figure 12.17, using an appropriate file name.

Also change all the steady state plot sensors to be transient sensors and rename the files they
produce so as not to overwrite the files produced by running tutorial_10.sim.
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F21D Control Look-Up Table

File
Nuof\falues:|4— g
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1|0 40
Pk 4
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Figure 12.16. Actuator fuelling schedule.

Figure 12.17. Transient plot sensor properties attached to cylinder.

Now save the model.

Running the Model

|Labe| ||:|utput plotfile

|Fi|e Marme - FARJPASource Y |
|F"I|:|tf|:|r Fun Tywpe Transient j
|Channe| Select Wire 4 j
|Channe| Farameter Crank Speed (rpm) j
|Channe| Group Type ingle j
|Channe| Element |Oylinder3

|P|I:It.-":"~.SSI:II:iEltE Twpe

ICrank Angle (deg) j

|F"I|:|tSampIe oize (deq)

|F"I|:|t File Format Twpe

|20.000
[

|&dd File Headings

Cirnit

ASCI
~|

The user is now in a position to run the model. Note that ideally maps for defining the combustion
phasing and duration as functions of engine speed and load should be used with sensors and
actuators in order to simulate the changes occurring to the combustion process during a transient
event.
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Start the simulation. The model will run at the 2000 rev/min point at part load as a steady state
simulation in order to initialise the transient event. When the transient event starts [as indicated by
(trans) appearing in the Cycle No. box] use the .trs plots to monitor the progress of the job. Figure
12.18 shows the boost pressure rising as the quantity of fuel injected is raised during the transient.

Discussion of Results

Figure 12.19 shows that the waste-gate does not open during the part-load operating period at the
start of the transient and begins to open as the fuelling rate is built up and the boost pressure
increases.

Figure 12.20 shows the engine speed increasing as the fuelling is increased. Because The Speed
Update By time step option was selected when defining the transient event (see Figure 12.8) the intra-
cycle speed variation can be obtained — this is plotted in Figure 12.21.

Exercise
Decrease the load inertia and re-run the model.
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sient Bun (Transient Phase)
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Figure 12.18. Job status window during the transient.

——THROTTLE 2 C(EXHAUST> [AIM. CSA (HARZ22]

Figure 12.19. Variation of waste-gate cross-sectional area with crank angle.
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Engine speed / [revimin]

T-hxds Values: Cylinder 3 [Crank Speed (rpmil
——CYLINDER 3 [CRANE SPEED RPN
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Figure 12.20. Variation of engine speed during the transient event.

2200

2100 JAN /N 7\ /\ /\
VTV

1900

Yaut
<
Pt

1800
3000 3360 3720 4080 4440 4800

Crank angle [deg.]

Figure 12.21. Detailed variation of engine speed with crank angle.
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1 3 Tutorial 12, ‘Two-stroke Engine Model’

Overview

This tutorial shows the user how to produce a model of a
two-stroke engine.

This tutorial assumes that the user is now familiar with the
LOTUS ENGINE SIMULATION interface, and thus many of
actions required to complete this tutorial are only briefly
described. It is recommended that the earlier tutorials
should be completed before this tutorial is attempted.

This chapter contains the following sections:
B Building the Model, 152

B Creating Test Points, 155

B Running the Model, 157

B Exercise, 157
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Building the Model

We will begin by creating a new model. To ensure that all existing data is removed select File
/ New from the LOTUS ENGINE SIMULATION menubar, as shown in Figure 13.1.

= | gptus Engine Simulation ¥5.03 - untitled1_sim [modified)
Module Data Edit “iew Groupz Solve Resulz Setup Tool: “Window  Help

Open... Chrl+0 L E"

' i

Figure 13.1. Creating a new model.

We shall construct a model of a 125cc, single cylinder, crankcase scavenged, two-stroke
engine. Begin by setting the Cycle Type option. Select Data / Cycle Type / 2-Stroke from
the LOTUS ENGINE SIMULATION menubar, as shown in Figure 13.2.

= | otuz Engine Simulation ¥v5.03 - untitled?_sim

File Module gNEER Edit  “iew Groups Solve Resultz Setup Tools  *Window

M = ile Dezcriptions. .. ||?| e “‘ .
4-5trok,
Yoam Element Surrmary. .. e {m] C

Sim Connectionz Surmmary. ..

| /—‘\I | Combustion and Heat Transfer... F4

- TIansfer
bdnrelz

Figure 13.2. Setting the cycle type.

Now select a Cylinder from the toolkit and place it in the builder window. Change both the
Bore and the Stroke of this cylinder 54.0mm in the cylinder property sheet. Also, change the
Con-rod Length to 110.0mm and the Compression Ratio to 14.0. Change the Open Cycle

heat
"ttt} ()]

Figure 13.3. Adding piston ported inlet valve.

Select a Piston Ported Valve from the Inftake Components toolkit and connect it to the inlet
side of the cylinder, as shown in Figure 13.3. Change the properties of the piston ported inlet
valve to those shown in Figure 13.4.

Now select a Piston Ported Valve from the Exhaust Components toolkit and connect it to the
exhaust side of the cylinder. Change the properties of the piston ported exhaust valve to
those shown in Figure 13.4.
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|Labe| |default piston ported in |Labe| |default piston ported e
|‘v’alve Ciption IStandard j |‘\r’alve Option IStandard j
|Part Wicith {mm} 4300 |Part \idth {rmm) |36.00

[Max. Port Height (mm) [16.00 M. Port Height (mirm) |28.00

|Stroke (rmrm) |54.00 |Strake frmm) 54.00

|Riod Length {rmm) [110.00 |Piod Length {mmj [110.00

['valhve Open (deg) |113.00 [valve Open (deg) [2.00

[Max Area CD Coeff {0.900 |Max Area CD Coeff [0.900

|Harness Connectar

[o -

Piston Ported Inlet Valve Properties

|Harness Connectar

[of [

Piston Ported Exhaust “alve Properties

Figure 13.4. Setting the properties of the piston ported inlet valve.

Now select a Variable Volume Plenum element from the Intake Components toolkit and
connect it to the piston ported inlet valve, as shown in Figure 13.5. We will use the variable
volume plenum element to represent the crankcase volume of the engine. The speed ratio of
the variable plenum element can be set, relative to the speed of the crankshaft. Care should
be taken when using this facility, as non-integer speed ratios may cause the phasing of the
plenum, with respect to the crankshaft, to change between engine cycles, thus preventing
cyclic convergence to be achievable. The phasing of the variable volume plenum element,
with respect to cylinder number 1, can be set. A phase angle of 0° would correspond to the
minimum volume of the plenum coinciding with T.D.C. of cylinder 1.

— el ot

(=)l

Figure 13.5. Adding a variable volume plenum to the intake system.

Ensure that the properties of the variable volume plenum element, so that they correspond to
those given in Figure 13.6.
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ILabeI Idefault inletwary. wal p
|Equiv. Bore (mm) |54.00
|Equiv. Stroke (mm) |54.00

|Equiv. Fod Length (mm)  [110.00

IEquiu Compression Ratio |1.EEI

|TDC Angle (de) |180.00

[itfall Temperature (*C)  [100.0000

|Plenum HTC (dfmmek) |5

|Speed Ratio 1.00

|Harness Connector IOff j

Figure 13.6. Setting the properties of the variable volume plenum.
Select a Disc Valve element from the Intake Components toolkit and connect it to the

variable volume plenum, as shown in Figure 13.7. We shall accept the default parameters for
the disc valve flow area and timing.

o r“‘*l-*i‘*@li*

Figure 13.7. Adding a disc valve to the intake system.

Select a Pipe element Pipes toolkit and connect the downstream end to the variable volume
plenum. Change the length of the pipe to 100 mm and the diameter to 38.0 mm. Add an Inlet
Boundary to the upstream end of the pipe, as shown in Figure 13.8.

$—>— @ =|—*v§j®li*

I

Figure 13.8. Complete inlet system.

Now add a pipe to the exhaust port. Click on the All Dimensions pad icon to open the pipe
dimensions menu shown in Figure 13.9. Enter 7 in the No of Values box, then enter the
lengths and diameters given in Figure 13.9.
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I"JPipe Dimensions

File
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Figure 13.9. Adding a disc valve to the intake system.

s

Close the Pipe Dimensions window and click on the Pipe Graphical Display icon, which will
open the window shown in Figure 13.10.

1> Pipe Graphical Dizplay - Pipe 2

File View FrzGraph Help

of-oa<x maaa (o - & @

Len = 0,00 90,00 270,00 420,00 450 Jq0 . o0 TEL00

Ola = 36.00 <0.00 70.00 100,00 100 . 00 24.00

Figure 13.10. Viewing the pipe graphical display.

To complete the model, add an Exit Boundary to the end of the exhaust pipe. Your model
should now look similar to the one shown in Figure 13.11.
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Figure 13.11. The completed model.

Creating Test Points

Now we need to specify the test points at which the model will be run. We shall use the
Steady State Test Data Wizard to create these automatically for us. Select Data / Test
Conditions / Steady State Create Wizard from the LOTUS ENGINE SIMULATION
menubar. This will open the Steady State Test Data Wizard window, shown in Figure 13.12.
Create 6 new test points, 2000, 4000, 6000, 8000, 10000 and 12000 rev/min. Set the inlet
and exhaust boundary conditions to 15 °C and 1.01 bar. Also set the Fuel/Air ratio to 1.1.
Click on Apply to create the new test points and close the window.

# Steady State Test Data Wizard E3

Select Definition Type

" By Mo. of Tests &+ By Speed Increment

Mo, of Tests:IE

Win. Speed (ram):|2000.0000
Max. Speed (rpm): |1EDIZID 0ooo
Speed Increment (rpm): |2IZIDIZI nooo
Arnbient Air Pressure (bar abs.): |1 0100
Arnbient Air Temperature (C): |1 5.0000
Inlet Pressure (har abs.): |1 0100
Inlet Temperature (C): |1 5.0000
Exit Fressure (bar abs. .|1 0100
Equivalence RatiD:|1 .1aon
Specific Hurmidity (kgfkg):lD.DHD

Options
™ Interpolate Existing

Apphy | Cancel | &

Figure 13.12. Opening the Steady State Test Point Wizard.

Open the Steady State Test Data Summary spreadsheet (Hint: this can be opened using the
F12 shortcut key). Change the Heat Release Phase to 12.0 and the Heat Release Period to
23.0 for all of the test points. Set the Combustion Option to in the Fuelling menu to None.
Also set the friction data to the values given in Figure 13.13.
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Test PDints] Heat—Phase] Heat—PeriDd} Fuelling] Boundary Conditions Frictic:ni SDIutiDn] PIDﬂing}ActuatDrs]

Test | Speed(rpm) Friction Optian Cylinder | Cylinder | FMEP Efficiency 2
Faint Data Mo, (bar) (01

1 2000 User Defined FMEF Cormmon All 0572

e 4000 User Defined FMEF Commaon All 0,964

g 6000 User Defined FMEP Common All 1117

4 a0oo User Defined FMEF Cormmon All 133

8 10000 User Defined FMEF Commaon All 1.607

B 12000 User Defined FMEF Commaon All 1.944

Figure 13.13. Steady state test point friction data.

Change the maximum number of calculation cycles for each test to 20. Also change the

Plotting Options so that the Cylinder data, Penum data and all Pipe data are all stored.
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Running the Model

Change the file descriptions and set the Test No. to Tutorial12 then save the data file to
Tutorial_12.sim.

Submit the job in the normal way using the launch icon from the solver control dialogue box,
having remembered to set the .mrs and .prs file names.

Once the job has finished, the Batch Job Finished window will appear. This prompts the user
to load the simulation results into the various post-processing options within LOTUS ENGINE
SIMULATION. Load the .MRS results and .PRS results into their respective graphical
viewers. We can now view the predicted performance of the engine using the .MRS viewer,
as shown in Figure 13.14, and the instantaneous pressures, mass flow etc. using the .PRS
viewer.
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Figure 13.14. Predicted performance of the engine.

Exercise

Delete the disc valve and replace it with a reed valve, as shown in Figure 13.15.
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Figure 13.15. Adding a reed valve.

Change the properties of the reed valve element to those given in Figure 13.16.

|Labe| |default reed valve
[\ahve Lift Optian | Dynamic Lit =]
|N|:| of Petals |4

[Mass of Petal (g) 0.200

|Petal Stifiness (Mfmm)  [0.250

|Area of Petal (mm?) |300.00

|Passage Length (mm) |EI].IJIJ

[Max Lift CD Coeff |0.950

[P Lift frm) |5.000

|Harneaa Connectar IDﬁ j

Figure 13.16 Reed valve property sheet.

Change the file descriptions and set the Test No. to Tutorial12b then save the data file to
Tutorial_12b.sim.

Submit the job in the normal way using the launch icon from the solver control dialogue box,
having remembered to set the .mrs and .prs file names.

Once the job has finished, the Batch Job Finished window will appear. This prompts the user
to load the simulation results into the various post-processing options within LOTUS ENGINE
SIMULATION. Load the .MRS results (use the shuffle option to retain the results from
Tutorial12.sim) and .PRS results into their respective graphical viewers.

Compare the results of the reed valve engine with those for the disc valve controlled version,
as shown in Figure 13.17.

Use the .PRS file viewer to observe the variation of the reed valve flow area at the various
engine speeds, as shown in Figure 13.18 (you may like to change the X-axis range of the
PRS plots to from 0 to 360 to —180 to 180, which will move the TDC point to the centre of the
X-axis).

Alter the parameters of the reed valve and observe the influence on the flow area of the valve
and the engine performance.
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Figure 13.17. Comparison between the predicted performance of the engine with the disc
valve and with the reed valve.
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Figure 13.18. Flow area variation of the reed valve at 8000 rev/min.
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