Callum-James Hill
P148699

University of Wales Trinity Saint David

School of Engineering

Optimization of a High Speed 3 Cylinder Using the
Ricardo Wave Engine Development Software

Advanced Computational Methods
M6X00408
Callum-James Hill
P148699
January 2020

Figure 1 Ricardo Wave (Ricardo)



OPTIMIZATION OF A HIGH SPEED 3 CYLINDER USING THE
CALLUM-JAMES HILL RICARDO WAVE ENGINE DEVELOPMENT SOFTWARE

Contents
o (o] )Y/ 1 PP T PP i
2 LISTOF EQUALTIONS .....cviieeiiiisit bbbttt b i
3 LIST OF FIQUIES ... b b e ettt b bt n e e n s i
N 13 o) €1 o] SRS R i
5 LISt OF TADIES ..o ii
B INEFOAUCTION ...t bbbt b et b et sb et b et iii
7 Interpretation of Data PrOVIAed..........cccciiiiiiiiiiic ettt sttt iv
7.1 Cylinder Pressure and VOIUME ........ccvovi ittt st e iv
S |V | S ST TUPPTOTRPTRRPRTRRN vi
8.1  Timing & Duration Of DUM ..o s vi
8.2  Use of Wiebe Function to fit MFB CUIVE.........cceiiiiieises e vii
8.2.1 EXCEI CUIVE FIl ..ot viii
8.2.2 MATLAB CUINVE Fil...oiiiiiee e X
8.3  Burn Rate and Unburned FUEL ...........ccooiiiiiiiie e Xi
9 WAVE MO ...ttt bbb Xiii
9.1 BenCMArK RUN .....ccoouiiiiiiiii et Xiii
9.2 Modifications t0 MOGEL..........c.ciiriiieiiiei s Xiv
COMPATISON & ANAIYSIS ...ttt bbbttt bt nn et ene s Xviii
0.3 VOMUMIB. bbbttt Xviii
I O 10 1o (- g o - - USSP XiX
TR T 10 o N = S PSS XXi
0.8 POWET .t xxii
10 CONCIUSION <.ttt bbb bbb et b et b et b s Xxiii
11 RETEIEINCES. ... bbbttt ettt et XXiV
12 AADPENAIX .ttt bbbt b bbb XXV
12.1  MFB MATLAB SCHPL....c ittt bbb XXV



OPTIMIZATION OF A HIGH SPEED 3 CYLINDER USING THE
CALLUM-JAMES HILL RICARDO WAVE ENGINE DEVELOPMENT SOFTWARE

1 Acronyms

ICE — Internal Combustion Engine
RPM — Revolutions Per Minute
TDC - Top Dead Centre

BDC — Bottom Dead Centre

CC — Cubic Centimetres

2 List of Equations

EQUALION 1 ADSOIULE PrESSUIE ......eiviiiee ettt ettt s te et s te et e be et e s beeteesbesbeesbesteennenras iv
EQUALION 2 VOIUME ...ttt ettt et st e et e et e s b e b e be e ae e stesbaesbesbeeneebesaeeneete e v
Equation 3 Polytropic Index (Connor, 2019) .........ccoiiiiiieieieeie ettt s re e re e v
Equation 4 INterpolation EQUALION .........c.coiiieiiiieiic ettt sttt sreere e sreen e resnnesreees vii
Equation 5 Wiebe Function (Yeliana, 2008) ..........cccciviiveiiieeiiiii ittt sne e vii
EQUAtion 6 UNDUIMNE FUEL..........coiiiie et Xii
Equation 7 Clearance HEIGNT .........coiiiiiiieeee e XVii
Equation 8 ClearanCe HEIGNT ..o Xviii

3 List of Figures

Figure 1 Ricardo Wave (RICAIIO) .........uiiiiiueiieieieieesie sttt 1
Figure 2 10,250 Spreadsheet for Wiehe FUNCHION...........coiiiiiiic s X
Figure 3 MATLAB Wihe FUNCHION. ..ot X
Figure 4 Baseline WAVE Model INTEITACE ..o xiii
FIQUre 5 CoNStANtS TaDIE .......ccviiiiiie ettt sreere e besneenee e xiii
Figure 6 Connecting ROA LENGLN..........cviiiii e Xiv
Figure 7 50% Burn and BUrn DUFBLION .........couoiiiiiiiiieisieisiese s XV
Figure 8 INtake ValIVe Lift.........cooiiiiiic e XV
Figure 9 EXNAUSE VaIVE LiTt.......oooiiiiiiiiiie e XV
Figure 10 Re-calculating Volume and Heat Transfer & Skin Friction Area ............cccooevveneincnnnnn XVi
Figure 11 Re-Calculating Coolant-Side ATBA ...........ceovierieirieieiieiiiee e XVi
Figure 12 Pressure RETEIBNCE ........ccuciiiiiiiiieieie sttt Xvii
Figure 13 Power @ 12,600 RPM ......coiiiiiiiieieieeee et sre et nne e neens XXii



OPTIMIZATION OF A HIGH SPEED 3 CYLINDER USING THE

CALLUM-JAMES HILL RICARDO WAVE ENGINE DEVELOPMENT SOFTWARE

4 List of Graphs

Graph 10 14,400 RPM Mass Fraction Burn & Unburnt Fuel Against Crank Angle ..........cc.cooeeeee. xii
Graph 12 10,250 RPM Cylinder Pressure Against Crank Angle........c.oov e XiX
Graph 13 13,000 RPM Cylinder Pressure against Crank Angle........ccocveviiiiicieiecic e XX
Graph 14 14,400 RPM Cylinder Pressure Against Crank Angle........cccooveviiieiiieic i XX
Graph 510,250 RPIM LOG PV ..ottt ettt sta sttt be e sbeenae it XXi
Graph 6 13,000 RPIM ......ooiiiicie ittt ettt ettt e te et esbeene e besaeebesbeeneesteeraentens XXi
Graph 7 14,400 RPIM ......ooiiiiiii ettt st et ae et et e e e st e e te e besbe e st e nteeneesreanes XXii

5 List of Tables

Table 1 Wiehe FUNCLION VAIUBS.........ccoiiiiiiciiese ettt xi
Table 2 BENChMAIK RUN .....oouiiiiiiieieieees ettt sttt nennenre s Xiv
Table 3 10, 50 & 90 BUIMN RALES ...covveeeeeiteiee e et e et e ettt e e st e e s seta et e s st eeessataeeessarreeesaetreeessarreeessans Xiv
TaDIE 4 WIEDE M VAIUES........oiiieiiieie ettt et sttt e teesaesbe et e e besna e e e nteaneenees XVi
Table 5 Final RUN Pressure DIffErENCES .......oiiveiiiiiiece ettt s XiX



OPTIMIZATION OF A HIGH SPEED 3 CYLINDER USING THE

CALLUM-JAMES HILL RICARDO WAVE ENGINE DEVELOPMENT SOFTWARE

6 Introduction

This report consists of a study where real cylinder pressure data from a Triumph Daytona 675cc at RPM
sites; 10,250, 13,000 & 14,400 was reverse engineered with the use of Microsoft Excel and MATLAB,
specifically by a method of determining the combustion characteristics for an engine of this type. A
baseline model of the engine was provided within the Ricardo WAVE software package, the reverse
engineered data was then used as a validation tool to ensure that the model was logical and a realistic

representation of the real-life data and to demonstrate a correlation between the two.
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7 Interpretation of Data Provided

The data provided by Dr Williams was attained during a Dynamometer session undertaken on the

Triumph Daytona 675cc engine. It consisted of the following;

e Crank Angle®

o Cylinder Pressure (Bar)
e Volume (%)

e Burn Rate (%)

e Time (ps)

7.1 Cylinder Pressure and VVolume

The cylinder pressures acquired from the triumph data were gauge pressures, meaning they were equal
to absolute pressure minus atmospheric pressure. Therefore, negative values are seen “Gauge Pressure
is positive for pressures above atmospheric pressure, and negative for pressures below it”. (Hinrichs,
2019). To ensure all the values were positive, atmospheric pressure (1 bar) was added to the gauge

pressure making it absolute.

Absolute Pressure = Gauge Pressure + Atmospheric Pressure

Equation 1 Absolute Pressure

Cylinder Pressure and Volume at Crank Angle
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Graph 1 Cylinder Pressure & Volume Against Crank Angle

Graph 1 displays the cylinder pressure and volume on the y axis plotted against crank angle on the

x axis. Initially, the volume within the cylinder from the provided data was given as a percentage



OPTIMIZATION OF A HIGH SPEED 3 CYLINDER USING THE

CALLUM-JAMES HILL RICARDO WAVE ENGINE DEVELOPMENT SOFTWARE

where 0% represented the piston being located at TDC, and 100% being when the piston was at
BDC. The volume needed to be re-calculated to cubic centimetres (cc) in respect to each degree of

crank angle, this was done using equation 2.

Volume Percentage
100

Volume = ( X Swept Volume) + clearance Volume

Equation 2 Volume

The values for the swept and clearance volumes were found within the technical information PDF that
was provided. Swept volume being the volume displaced by the piston during its reciprocating motion
and clearance volume representing the remaining volume between the piston head and cylinder head at
TDC.

Finally, Logarithmic values of both pressure and volume were taken, by plotting these against one
another as shown in graph 2 crucial information such as the polytropic index “n” of compression and
expansion strokes can be seen. Furthermore, a polytropic process is a thermodynamic process expressed
by the following equation;

PV™ = contant

Equation 3 Polytropic Index (Connor, 2019)
Therefore, because of the polytropic being a process where volume and pressure increase are constant
combustion can be seen when the increase in pressure and volume are no longer linear, which can be

seen in graph 2.
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8 MFB

The Mass Fraction Burned of fuel within an engines cylinder is “a normalized quantity with a scale of
0 to 1, describing the process of chemical energy release as a function of crank angle” (Mendera,
2002) and is one of the most decisive factors of simulating and predicting combustion as it is the

governing factor of the rate of fuel burned.

8.1 Timing & Duration of burn
The crank angle and burned data was inputted into MATLAB (Appendix 7.1). Next, with the use of the
“cftool” curve fitting tool a polynomial trend was applied to the 9" order to increase the accuracy of

the results.

100 ! T T T ‘_,.J-*"“"
« MFB10250 vs. OrankAngle10250

untitied fit 1

70 1

MFB10250
3

a0 - 1

0 1 I} 1 1 1
-20 -10 0 10 20 30 40|

Cra nkAngIe10250

Graph 3 10250RPM MATLAB 9th Order Polynomial

Graph 3 shows that only crank angles between -20° and 40° have been plotted as because the values
either side of this are considered constant (0% and 100%). Next, a code was then generated and run,
and the data exported into an Excel spreadsheet. This gave more accuracy as exported data’s crank
angle moved in iterations of 0.01° as opposed to the 1° of the provided Triumph data.
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MFB from MATLAB Data
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Graph 4 shows the values of MFB from the exported data for all three engine speeds. A further benefit
of this method is when certain points of burned rates need to be pin pointed to be later on inputted into
WAVE, 50% burn, 10-90% burn duration etc. An interpolation equation can be used for the below and

above values to more accurately identify the exact position of the crank angle at each specific burn rate.

Burned % — BDl)

CA1+ (CA2 — CA1) x (
( ) (BD2 — BD1)

Equation 4 Interpolation Equation

o Where CA; & BD; are the below values
o And CA; & BD;are the above values
o And “Burned %” is the burn rate percentage at the crank angle being searched for.

8.2 Use of Wiebe Function to fit MFB Curve

There are multiple mathematical functions, most of which are based on the law of normal distribution
of a continuous random variable. The most commonly known being the Wiebe Function “Which is used
to predict the burn fraction and burn rate in internal combustion engines operating with different
combustion systems and fuels” (Ghojel).

w={1-enl-a("52) |}

Equation 5 Wiebe Function (Yeliana, 2008)

vii
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Equation 5 displays the Wiebe Function where;

o aisthe “function efficiency parameter” (Giakoumis, 2008)
o mis the form factor

o @ isthe current crank angle®

o 8, isthe degree of crank angle at the start of combustion.

o Af is the combustion duration in degrees of crank rotation.

The a and m exponents were provided within the technical information sheet as 5 & 2. These exponents
are the values that characterize the curve as proven in graph 6.
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Graph 5 Wiebe Function (Romero, 2003)

8.2.1 Excel Curve Fit

With the use of Microsoft Excel the Wiebe function was utilised in order to find the most accurate
values to later be inputted in to the WAVE model. Assumptions were made for the start & end of
combustion and the combustion duration. The start of combustion was chosen by overlaying the
difference in pressure and cylinder pressure over one another and looking for the greatest rate of change
and assuming this was where combustion begins as shown in graph 7. Also, the combustion duration

was chosen from the straying curve within the Log PV graph as previously stated.

viii
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14400 RPM Cylinder Pressure & A Pressure against Crank Angle

Cylinder Pressure (Bar)
A Pressure (Bar)

-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10

Crank Angle®
Cylinder Pressure

Change in Pressure

Graph 7 14,400 RPM Difference in Pressure & Cylinder Pressure against crank angle
Once all of the values required for the Wiebe function were known and calculated the values were then
plotted against MFB in respect to crank angle. The variables within the equation were then altered until

both trends showed complete correlation as shown in graph 8.
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Graph 8 10,250 RPM Wiebe Function
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| Max Burn Rate

l 99.1339 398

|

[puration complete com

| 55.8

C.A start of combustion
23.25

C.A @ Full Combustion
34.81

Wiebe
| |
-3
2.05

CA Wiebe MFB | MFB/100
.23 |(s1$14+1))) | 0.532327 | 0.005323
-22 0.000003 | 0.534244 | 0.005342
-21 0.000029 | 0.538939 | 0.005389
-20 0.000125 | 0.557631 | 0.005576
-19 0.000351 | 0.605782 | 0.006058
-18 0.000783 | 0.700512 | 0.007005
-17 0.001512 | 0.838683 | 0.008387
-16 0.002638 | 1.023828 | 0.010238
-15 0.004275 | 1.262816 | 0.012628
-14 0.006544 | 1.560980 | 0.015610

Figure 2 10,250 Spreadsheet for Wiebe Function

8.2.2 MATLAB Curve Fit

Furthermore, following the same method the calculations were re-done in MATLAB predominantly for

comparative reasons, but also as the software is able to calculate to a considerably superior level of

accuracy.

Custom Equation

¥ = f(|x )

=|ll-exp(-a*(((x - (-25.25))/62.8))"(m+l))

Fit Options...

Auto fit
Fit

Stop

MFB10250
= o © 9 o o o
W -~ (5] [=2] - [=-] o -

o
]

o

=]

|
*  MFB10250 vs. CrankAngle_10250
untitled fit 1

CrankAngle_10250

25 30 35

Figure 3 MATLAB Wiebe Function
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Table 1 shows the values used within the Wiebe function for all three engine speeds in both Excel and
MATLAB.

0, AO a m

10,250 RPM
Excel -23.25° 55.80° 5 2.65
MATLAB -25.25° 62.80° 6.96 2.84

13,000 RPM
Excel -26.40° 67.40° 5 2.85
MATLAB -26.40° 67.40° 6.757 2.78

14,400 RPM
Excel -27.05° 57.49° 5 2.9
MATLAB -27.05° 57.49° 4.18 2.48

Table 1 Wiebe Function Values

8.3 Burn Rate and Unburned Fuel

To calculate the burn rate during combustion, it’s simply the rate of change of the Mass Fraction Burnt,
predicted via the Wiebe Function. The following graph shows the burn rate through combustion for
both the real data provided and that from the prediction. As can be seen, there is an indefinite trend with
respect to start and end of the burn, but the Wiebe function has the limitation of creating a linear pattern.
Also, as seen from the real data, the burn rate most certainly isn’t linear when operating in real
conditions, but the maximum difference is only 0.0019% and therefore shows the function has the
ability to predict the MFB to a high enough degree of accuracy for modelling.

14,400 RPM Burn Rate against Crank Angle

Fuel (%)

-25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40

Crank Angle®
Burned Rate (Wiehe)

Burned Rate

Graph 9 14,400 RPM Burn Rate Against Crank Angle

Xi
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With having calculated the MFB, the unburnt fraction can be found by;

Unburnt Fuel =1 — MFB

Equation 6 Unburnt Fuel

This is shown in graph 10 below by having the unburnt proportion, it aids in developing a two-zone

combustion model within a cylinder.

14,400 RPM Mass Fraction Burnt and Unburned Fuel Against Crank Angle
1.00
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Unburmed Fuel Unburned Fuel (Wiebe)

Wiehe

MFB

Graph 10 14,400 RPM Mass Fraction Burn & Unburnt Fuel Against Crank Angle
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9 WAVE Model

As previously stated, a Baseline WAVE Model of the three-cylinder Triumph Daytona 675cc was

provided, camshaft and flow bench data that was given was inputted into the model allowing it to run

correctly. Figures 4 and 5 show the Baseline models interface and the table of constants. Numerous

alterations were then made to the model in the aim of correlating the data it produces with that of the

actual dynamometer data.

Phi = 1.136
l‘ duct16 duct1s
glauc71l - Jducts uct uct dudt ‘% a &’ duct17 ot1 B duct uc20 " Gucti Guct2Z duct: .-.
L= d ductig
[ yiurs onif35  onfa1  orif@ yjures 2 yjun27 ot onff0  offt orfiz ont3 ot Yo D
amb3 ofit29 yjun1 s N = ' = " g
U duct11 duc6 ‘ Sl &
* Nauctrol* Jouctsa Fgucts8 gucsB ] aude “Q > @’ guces [guce@ Buctal g uctg i Buctzd @y A W quctes
ol Ls " Y= i bf het o
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yjun21 yjun17 off37  orif33  orif22 yjun25 ) ’ cyl4 . yjun29 orif23  orif24 orf25 orif26  orf27  orif28
Figure 4 Baseline WAVE Model Interface
Constants Table Sweep Constants Dependent Constants  External Constants
MName Units Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case §
Status
Title Case 1 Case 2 Case 3 Case 4 Case 5 Case & Case 7 Case 8
1 |EDUR deg 20 32 28 2 2e 2a 26 26
2 |eop deg 85 BS 5 5 5 85 5 5]
3 |exh 180 180 180 1 180 18 1 1
4 | FRRD Q.08 .08 08 0 08 0.0 0.
5 |iop deg 250 250 250 25 250 250 25
6 |HCYC 20 20 20 20 20 20 20
7 | PREF 1.01325 1.01325 1.01325 1.01325 1.01325 1.01325 1.01325
8 | SPEED rom 15000 14400 13000 11750 10250 S500 7500
9 | TCYL =i 575 275 575 275 273 SiTiE)
10 | THBSO deg il T.23 10.52 9.25 B 9.25
11 | THEAD &00 600 600 &0 e00 600
12 |thrto mm 40 4 4 4 4 40 4
13 | TPIS 550 55 55 E5 S50 550
14 | TREF 298.13 298.15 298.15 298.15 288.15 288.15

9.1 Benchmark Run

Figure 5 Constants Table

Initially, a benchmark run was done without making any changes to the model apart from adding in the

valve lift data for both intake and exhaust, and their flow coefficient profiles. Subsequently, a

combustion model needed to be added, the Wiebe model within the software was used, and also the

Woschni model was used for t

Xiii

he heat transfer model.
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Benchmark Run
Maximum Cylinder Pressure (Bar)
RPM 10,250 13,000 14,400
WAVE 98.89 90.72 76.67
Excel 81.93 80.25 84.82
A 16.96 10.47 -8.15
Table 2 Benchmark Run

9.2 Modifications to Model

The only modification made to the geometry of the engine was the length of the Connecting Rod which
was altered from 98mm to 104.6 mm for each cylinder.

m Case #1: Cylinder Panel X
Template Name

|Defau11: Engine Cylinder

Mame Cylinder Number Mumber of Valves

NE NE |

|cy12
|

Geometry |nitial Conditions Valves Sub-Models Initial Fluid Composition
Liner Head Piston

Edit Engine General Properties

Surface Area Multiplier | 1.0

Surface Area | 4536.46

Connecting Rod Length | l04.6

Wrist Pin Offset |o

Compression Ratio | 12.85

Figure 6 Connecting Rod Length

Next, in order to make the model more realistic, the use of the methods previously stated in regards to

situating the crank angle at a certain burnt percentage, using MATLAB and the interpolation equation,
the 50% burn rate and the burn duration (10-90%) were calculated and inputted into the model.

% 10250 13000 14400
5% -8.4443 | -8.1737 |-12.2200
10% -4.2884 | -3.9548 | -7.5281
50% 9.2418 | 10.4869 | 7.2748
90% 21.8346 | 24.2877 | 21.2674
B Duratio
C.A.
26.1230 | 28.2425 | 28.7955

Table 3 10, 50 & 90 Burn Rates

Xiv



CALLUM-JAMES HILL OPTIMIZATION OF A HIGH SPEED 3 CYLINDER USING THE

RICARDO WAVE ENGINE DEVELOPMENT SOFTWARE

m Case #1: 5l Wiebe Combustion Model X
Model Name
| siwiebel |
Properties
Location of 50% Burn Paint | {THB50} | | deg ~|
Combustion Duration (10%-90%) | {BDUR} | | deg ~|

Exponentin Wiebe Function | {WIEBE} |

Profile Control | Terminate at v| |1.0 |

Mess Fraction Burned

Crank Angla [deg]

Figure 7 50% Burn and Burn Duration

Next, the Inlet Valve Diameter was changed from 29mm to 31mm, which is stated within the Triumph
technical information sheet, the diameter of the intake port duct was also changed from 28.3mm to
30.3mm. This value was chosen, to maintain a difference of 0.7mm between the valve and the duct.
Furthermore, the exhaust valve diameter was not on the technical information sheet, but was attained
online as 25.5mm (Ape Race Parts, 2009).

O Lift Valve Editor X & Lift Valve Editor *
Walve Number Valve Mumber
1 2
Valve Parameters Valve Parameters
Reference Diameter |31 | | mm v| Reference Diameter |25.5 | | mm w
[ Heat Transfer Diameter | 0.0 mm O Heat Transfer Diarneter | 0.0 mm
Figure 8 Intake Valve Lift Figure 9 Exhaust Valve Lift

XV
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(X0 Case =1: Complex Y-junction Panel X
Template Name
Default Complex Y-junction

Name

nls
yjur “=

Complex Y-junction  initial Fluid C m
Diameter | 120 . L"‘f‘i "‘ /

e [s05775 | (o3| Gl

Wall Friction Multiplier | 10

Heat Transfer Multiplier | .0

Heat Transfer/Skin Friction Area | $5232.9 | [ mm*2 VJ ﬂ
Intial Pressure | {FREF} | [ar v]
Initial Fluld Temperature | {TREF} [ K v
Wall Temperature | 300.0 | [K v“}
Edit Openings

[JFuet Spray Impingement Point

oK Cancel Help

Figure 10 Re-calculating Volume and Heat Transfer & Skin Friction Area

Every Y-Junction within the model had incorrect Heat Transfer/Skin Friction Area values, therefore in
order to replicate realistic results these values were re-calculated as displayed in figure 10.
Subsequently, the same method was carried out to calculate the coolant-side area values. Originally,
they were at O but by using the re-calculation function, WAVE accurately calculated the correct
numbers affiliated with Conduction.

[& Case #1: Engine General Panel X

Geometry Operating Parameters Scavenge Combustion Conduction HeatTransfer Turbulence and Flow Head Geometry Slaved Models

[ Edit Global Conduction Settings

Cylinder Walls  Cylinder Cooling Valves
Properties

Units Piston | ylinder Head sylinder Liner

Mean Thickness | mm 0.0 0.0 0.0

Thermal Conductivity | W/m/K .0 0.0 0.0
Total Volume | mm~3 Q Q Q =]
Volumetric Heat Capacity | J/m*3/K| 3.=6 3.6 3.e6 ]
Coolant-Side Area | mm~2 4536.46 4536.46 11842.5 =
||
Thermal Resistance Between Piston and Liner |0 -005 | ‘ K v‘

Figure 11 Re-Calculating Coolant-Side Area

As previously discussed with the use of the Wiebe Function, a more accurate value for the Wiebe m
exponent could be calculated, this was done within Excel and MATLAB, the MATLAB values seemed
to yield better results within the WAVE model.

10,250 RPM 13,000 RPM 14,400 RPM

2.84 2.78 2.48
Table 4 Wiebe m Values

XVi
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Within the constants table as previously shown in figure 5 “TREF " referred to the ambient temperature
and was set at 298.15 Kelvin, this was then changed to 293 Kelvin assuming an ambient air temperature
of 20°C. Furthermore, a constant consisting of the ambient pressure (1 Bar) was added and denoted as

“PREF” and applied to each duct and junction before reaching the cylinders (Induction).

juct1: Trple uctl/

uct1 uct1
yj u n23 m Case #1: Simple ¥ -J'.:I1::D\T Panel . .;-7 0 r

Template Name

|Default Simple Y-junction |

Name

|yju.n24 |

|p Simple Y-junction  |nitial Fluid Composition  Structure  Absorptive

Diameter |55 | |mm v|

duc Wall Friction Multiplier
Heat Transfer Multiplier

u t2 Inftial Pressure [ {PREF} | [ar v uct28
Initial Fluid Temperature |(TREF} | |K v|
u Wall Temperature |310 | [k v
Edit Openings
YJun24 []Fuel Spray Impingement Point 3 Or”
OK Apply Cancel Help
4

Figure 12 Pressure Reference

Also, it is worth noting that for each default ambient the temperatures were changed to PREF & TREF
(was previously 300K and 1.065Bar).

The baseline WAVE Model did not provide a clearance height, therefore using the following equation

one was calculated and then added in;

Equation 7 Clearance Height

Where;

o Radius is half of bore in metres.

o Vs Clearance Volume.
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0.0002250 1.9314E-05
CC 225.0084 159.3140
0.0043 M
4.2575 mim

Equation 8 Clearance Height

Comparison & Analysis
9.3 Volume

Volume / Crank Angle

250

200

Volume (CC)
-
(9]
o

iy
o
o

50

-360 -270 -180 -90 0 90 180 270 360

Crank Angle®
Triumph Data e e oo Wave Data

Graph 11 Volume Against Crank Angle

The WAVE data for Volume was only exported out for one RPM as engine speed has no effect on

volume, Graph 11 clearly demonstrates that the volume calculated within WAVE completely corelates
with the real-life data.
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9.4 Cylinder Pressure

Final Run
Maximum Cylinder Pressure (Bar)
RPM 10,250 13,000 14,400
WAVE 85.19 79.51 84.46
Excel 81.93 80.25 84.82
A 3.26 0.74 0.36
A From Bench Mark 13.85 % 12.36 % 10.16 %
WAVE Model.

Table 5 Final Run Pressure Differences

Table 5 displays the final pressure values after all of the modifications that were implicated into to the
WAVE model. The WAVE data for every RPM stint was exported out into an Excel spreadsheet and
plotted against crank angle alongside the real-life data. The following three graphs demonstrates that
even though the pressures were not able to be completely corelated, the trends and gradients have been.

10250 RPM Cylinder Pressure / Crank Angle

90
80

70

Triumph Data
60 ——— WAVE Data

%]
o

Cylinder

e
[=]

w
[=]

]
[=]

=
=]

o

-360 -270 -180 -90 0 90 180 270 360
Crank Angle®

Graph 12 10,250 RPM Cylinder Pressure Against Crank Angle
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13000 RPM Cylinder Pressure / Crank Angle

80

70
—— WAVE Data

(o))
o

Triumph Data

(%]
o

Cylinder
N
o

w
o

N
o

10

-360 -270 -180 -90 0 90 180 270 360
Crank Angle®

Graph 13 13,000 RPM Cylinder Pressure against Crank Angle

14400 RPM Cylinder Pressure / Crank Angle

90
80

70

Triumph Data
60 —— WAVE Data

Cylinder
wu
o

B
o

20

10

-360 -270 -180 -90 0 90 180 270 360
Crank Angle®

Graph 14 14,400 RPM Cylinder Pressure Against Crank Angle
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9.5 LogPV

By taking Logarithmic values of the pressure and volume values and plotting them against one another
the characteristics of the combustion cycle can be analysed. From reviewing the following three graphs
for each RPM it is clear that there is correlation. On the other hand, at each engine speed the WAVE

data does not show the same linear increase during n compression.

10250 RPM Log PV

Triumph Data

—— WAVE Data

1.5
5

@ 1
g
]
w
o

%‘D 0.5
]

0

-0.5

1.2 1.4 1.6 1.8 2 2.2 2.4

Log Volume (CC)
Graph 510,250 RPM LOG PV

13000 RPM Log PV

Triumph Data

—— WAVE Data
1.5

0.5

Log Pressure (Bar)

1.2 1.4 1.6 1.8 2 2.2 2.4
Log Volume (CC)

Graph 6 13,000 RPM
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CALLUM-JAMES HILL

14400 Log PV

Triumph Data

—— WAVE Data
1.5

£l
o 1
(O]
2
4
% 0.5
K]
0
-0.5
1.2 1.4 1.6 1.8 2 2.2 2.4
Log Volume (CC)
Graph 7 14,400 RPM
9.6 Power

The brief for this study stated that at 12,600 RPM the engine was putting out 94 Kw of power. Therefore,
a run was added into the WAVE model at this engine speed to see how close the model was to this

value.

Figure 13 Power @ 12,600 RPM
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10 Conclusion

To conclude, WAVE has proven to be a useful software package in regards to engine modelling and
simulation. It has the complexity to calculate the changes of crucial characteristics such as power,

emissions, and efficiency.

The WAVE model could be seen as a relatively realistic interpretation of the Triumph Daytona 675cc.
On the other hand, attempting to model combustion in a virtual engine with the limited amounts of data
that was provided showed numerous limitations, and proved almost impossible to exactly corelate the
model with real life data.
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12 Appendix
12.1 MFB MATLAB Script

BDSet = xlsread( 'Burned Duration.xlsx"')

MFB18258 BDSet(345:396,2);
MFB13@88 = BDSet(345:397,3);
MFE14480 BDSet(345:4088,4);
Crankfngle _1825@ = BDSet(345:396,1);
Crankfngle 13088 = BDSet(345:397,1);
Crankfngle 14488 = BDSet(345:488,1);

MNewCrank 18258 = (-25:@.81:35)";
MFB18 = MFBl@25@(NewCrank_18258);
MFB18(:,2) = MewCrank_18258;

NewCrank_138@@ = (-17:8.81:35)°;
MFE13 = MFB_13888(NewCrank 13860);
MFB13(:,2) = MewCrank_1382a;

MNewCrank_144868 = (-28:8.81:35)";
MFB14 = MFB_14406(NewCrank_14400);
MFB14(:,2) = MewCrank_14488;
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