APPENDICES

Appendix A: Variable input data for simulation

(a) Engine revolution in rpm

4000
(b) No of stroke
Total angle of rotation in degree
(c) Cylinder specifications:
- Compression ratio
- Cylinder diameter
- Cylinder bore
- Length of connecting rod
(e) EVO: Angle at which exhaust valve opens
EVC: Angle at which exhaust valve closed
IVO: Angle at which inlet valve open
IVC: Angle at which inlet valve closed (IVC)
ACSB: Angle at which compression stroke begin
AlJ: Angle of injection (AlJ)
(f) Trapped pressure for cylinder

Trapped temperature for cylinder

244

= 1500, 2000, 2500, 3000,

=720.0

=15,16,17, 18

=0.110m

=0.0870 m

=0.230m

=144.5 bTDC

=364.5 aTDC

=355.5bTDC

=575.5aTDC

=575.5 CAD aTDC

=697.0 bTDC

=1.0 bar

=300.0K



(g) Annand’s coefficient for heat transfer =0.26,0.7

(h) Inlet valve diameter/bore =0.4410
Exhaust valve diameter/bore =0.3990
Cylinder head wall temperature =500 K
Piston wall temperature =500 K
Inlet valve temperature =500 K
Exhaust valve temperature =500 K
Surface temperature for loner top =500 K
Surface temperature for loner bottom =410 K

(1) Fuel Properties:-
Carbon atom in fuel (C) =16.0, for biodiesel
=12.0, for diesel
Hydrogen atom in fuel (H) = 32.0, for biodiesel
=23.0, for diesel

Oxygen atom in fuel (O) = 2.0, for biodiesel
= 0.0, for diesel
Calorific value of fuel (CV) = 34587.0 kj/kg, for biodiesel

=42000.0 kj/kg, for diesel

Fuels vapour viscosity parameters = 9.88*10™ kg/m.sec (for biodiesel)
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(j) Internal energy coefficients for biodiesel and diesel

(k) Equivalence ratio

Fraction residuals

Multiplication factor for rated CO

(D) Step angle in degree

Angle of crank for calculation in degree

Accuracy

246

=-1.11320*%10°

-8.352*10°

5.16538*107"

-2.0042%10

=3.38*%10"

=0.58

=0.03

=0.50

=0.50

=3600.0 (10 revolutions)

=0.001



Appendix B: Flow chart of main programme

Entry

!

Initializations of internal energy coefficients of 10 exhaust species

Read: engine revolutions

Read: type of stroke, total angle of crank rotation
Read: compression ratio, cylinder diameter

Read: cylinder stroke (m), length of connecting rod (m)

Read: angle at which exhaust valve open, angle at which exhaust valve close,
angle at which inlet valve open, angle at which inlet valve close, angle at
which compression stroke begins, angle of injection

Read: trapped pressure, trapped temperature
Read: Annand’s heat transfer coefficients

Read: inlet valve diameter (fraction of bore), exhaust valve diameter
(fraction of bore)

Read: cylinder head wall temperature, piston wall temperature, inlet valve
temperature, exhaust valve temperature, surface temperature of inner top,
surface temperature of liner bottom

Read: number of hydrogen atom in fuel, number of oxygen atom in fuel and
number of nitrogen atom in fuel

Read: equivalence ratio, fraction residual, blending

Read: angle of crank for calculation, step angle, accuracy

A 4

Initialize the exhaust species as zero

A 4

Calculation of number of molecules required of oxygen for combustion

A 4

Calculation of cylinder area

A 4

Initialize work output through inlet and exhaust valve as zero
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l

Calculation of I/r ratio for cylinder effective cylinder length at BDC and
volume at BDC

A 4

Calculation of effective surface area for heat transfer

A\ 4

Calculation of average piston velocity

A 4

Conversion of reference angles of EVO, EVC, and angle of ignition with
respect to BDC

A 4

Calculation of fresh mixture

fr 49

\ 4

Set accuracy as 0.001

Call subroutine PAREQ to calculate the exhaust species at equilibrium

A 4

Print the above species as trapped residual species under the power entry

A 4

A

Calculation of internal energy coefficients and gas constant

for unburned

49

A 4

y

Set internal energy coefficients of unburned is equal to that

of fresh mixture
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l

Calculation of gas constant for unburned

Set molecular weight of unburned is equal to molecular weight of fresh
mixture

\ 4

A 4

Print headings for detailed print out

\ 4

Initialize work output, heat transfer to wall as zero

A\ 4

Call subroutine SPIG for combustion initiation and its progress calculations
Includes: delay period, pre and diffusion combustion,
Burned and unburned: Temperature and pressure variation with crank angle

Emission species variation: Rate kinetic of CO and NO

'

Calculate the total heat and work output

\ 4

Calculate and print the combustion duration

Calculation of heat from fuel and heat loss in power

A 4

Print heat loss in power

\ 4

Calculation and print of air fuel ratio

\ 4

Print angle, trapped pressure and trapped temperature

\ 4

Print angle, released pressure and released temperature

\ 4

Calculate and print the indicated power
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l

Calculate and print percentage heat loss

Calculate swept volume and indicated mean effective pressure

Calculate and print indicated thermal efficiency

Calculate friction mean effective pressure

A

Calculate brake mean effective pressure

A 4

Calculation and print brake power

Calculation and print brake thermal efficiency

A 4

Calculation and print mechanical efficiency

A 4

Calculation and print level of CO in vol% formed at exhaust valve

Print maximum NO and released level in ppm

Print released exhaust species

l

Stop
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Appendix C: SUBROUTINES

C.1: Flow chart for SUBROUTINE DIFOR: This subroutine is used for differentiating
of the dependent variable in the cylinder. HRK (I) is the rate of change of variables with

respect to crank angle, where, I = 1 for cylinder pressure (N/m?)
[ = 2 for unburned temperature (K)
I =3 for burned temperature (K)
I =4 for total unburned mass (kg)
I =15 for total heat transfer to wall (J)

I = 6 for total kg-mol of NO in burned
Entry

l

Calculate rate of change of cylinder volume, cylinder volume V, , average
cylinder wall temperature, cylinder length

Open to gas,

dv,
HRK(6)= Px d;’ ,HRK(4)=0.0

<

A O

MCJ

(up to two zone)

Product mass = Total mass and product volume = Cylinder volume

A 4

Calculate C, for unburned

|
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>0
< MCJ

after combustion

Calculate unburned heat transfer per degree crank angle, calculate
rate of change of pressure and unburned temperature

Return

A 4

A 4

A 4

Calculate product (burned) volume V,, and unburned volume Vi,

l

Vi

AN
\ =

A

A 4 A4

Call subroutine RADIC to MCJ =3
calculate product mass, rate of

change of product and 8= Current angle

unburned, Heat transfer

\ 4
A

A 4

Call subroutine PAREQ to compute equilibrium concentrations |

Call subroutine PROPS to compute gas properties

l
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l

Calculate burned heat transfer

y

Calculate rate of change of total kg-mole of NO in burned and rated
concentrations of NO and N from rate equations

A 4
Adjust the difference of rated and equilibrium NO and N from
Nz, Oz, and O

A 4

Call subroutine PROPS to calculate new gas properties

MCJ

A

Calculate HRK (7), set HRK (5): @ +@
dg do

Calculate HRK (1), HRK (2), and HRK (3)

Return

A 4

A 4

Set HRK(5)= % ,

Calculate HRK (1), set HRK (2) = 0.0, and calculate HRK (3).

l

Exit
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C.2: Flow chart for SUBROUTINE PAREQ

This subroutine calculates the equilibrium thermodynamics.

Entry

)

Set variables for computing equilibrium constants

v

Calculate equilibrium constants k, ky, ke, kg, ke, ks, and kg

A 4

X = Hydrogen atom (hy)

A 4

Calculate value of ‘a’ based on equivalence ratio

A 4

Calculate ‘b’ based on temperature

A

v

Calculate molar fraction of exhaust species

\4

Calculate value of g , &,

g yes

<0.001

10
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yes

10

Store the species concentrations in a temporary storage

10

A 4

A 4

Set 13" and 14" species as zero

Exit
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A 4




C.3: Flow chart for SUBROUTINE STINT

This subroutine is used to steps up the variables by Runge-Kutta method.

Entry

Set the variables required for Runge-Kutta method

A\ 4

( Doj=1,4 >

A\ 4
Set the variables required for differentiation of dependent variables

A

( Doi=1,NQ >

A

Calculate U, = AA (j)*(DVAR (1)-BB(j))*Q(i)

=56
: i
A 4
< MCJ
> VAR()
2.5%U,*DAXX . Exit
VAR(i) = VAR(i) + U*DAXX
| Q@)= Q) + 3.0¥U, — CC(j)*DVAR(i)
\ 4
4 » 5 > Exit
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C.4: Flow chart for SUBROUTINE SPOUT:

This subroutine is used to print out the variables; cylinder pressure, unburned
temperature, burned temperature, NO, work ratio, burning speed, marker for combustion

stage throughout the crank rotation.
Entry

)

Convert cylinder pressure in N/m? to bar

Convert crank angle w.r.t. BDC to w.r.t. TDC

y

Set TTM = TM (unburned temperature)
TTP = TP (burned temperature)
R=RADX (flame radius at end of step)

F =FS (flame propagation speed)

l

=0
< MCJ > 3
>2
\4
2
Calculate work ratio of product mass to total charge mass

A\ 4

\ 4

Print out the variables angle, pressure, unburned

temperature, burned temperature, NO, work ratio, flame

radius, flame speed, marker for combustion stage

l
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A 4




A 4

Print out pressure, burned temperature, NO, Marker for
combustion stage

A 4
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A 4

20




C.5: Flow chart for SUBROUTINE PROPS:

This subroutine calculates the molecular weight of fuel and total molecular weight of all

exhaust species.

Entry

)

Initialize internal energy, species heat at constant volume as zero

Calculate total internal energy of exhaust species

=1Y =2y =3y =4y =5y

7 8 9 10 11

y

Set A=XU
C =0.000

12

A 4

A

Set A = XU*TT
C =XU*1.00

12

A 4

A

Set A = XU*(TT**2)
C = XU*2.0*TT

12

A 4
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10

11

\ 4

A 4

Set A = XU*(TT**3)
C = XU*3.0%(TT**2)

Y

12

12

A 4

A

Set A = XU*(TT**4)

A 4

12

C = XU*3.0%(TT**3)

\ 4

y

Set A=UPP + A
CVV=CVV+C

Calculate internal energy, specific heat at constant volume, and
viscosity

Exit
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C.6: Flow chart for SUBROUTINE SPIG:

This subroutine calculates the combustion initiation and its progress in the cylinder.

Entry

)

Set ANGF = ANGEO

Marker for identifying stage reaches in process (MCJ) =0

\ 4

Calculate current cylinder volume, total charge mass

Call subroutine SPOUT
to print the variables

MCO

\ 4

Calculate step group number just before the EVO and ignition (NCI)

NCI

\ 4

Initialize 6 variables at trapped condition

Call subroutine STINT to integrate the 6 variables
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+

Call subroutine SPOUT to print the variables

A

Calculate current internal energy

Guess temperature and pressure to obtain product temperature T,

A 4

Call subroutine PAREQ to compute equilibrium concentrations

Call subroutine PAREQ to compute gas properties

A 4

Check for temperature convergence limit (DJ)

A\ 4

Calculate new o7, DJ

The process is iterated until o7,< 5 K

A 4

A

Calculation of fuel burning rate

A 4

Enter into main calculation

Call subroutine SPOUT
to print variables

MCO

A 4
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4

Set the variables for combustion phase

10

A 4

WMP

Set ANGC = ANGX

11

\ 4

ANGX

>3
> > 301
_s 4 _3 VL
10 MCJ=4
>(0.999*WMT
> Set MCJ =3
> 301
< ANGXX
> 301

Calculate specific heat, heat transfer, burned temperature etc.

\4

Call subroutine PAREQ to compute equilibrium concentrations
Call subroutine PAREQ to compute gas properties
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i

Calculate burned and unburned masses

y

Calculate rate of heat

transfer for unburned

18

\

Set NQ

TP=0.5*

=7 and

\ 4

15

(TP+TPR)

A 4

Initialize variables in cylinder to calculate NO concentrations using

subroutine PAREQ

A

y

Calculate burned and unburned portion

A 4

A

301

A 4

A

y

48

Store all variables in dummy array VARP (I) = VAR (I)

Y

Call subroutine STINT to step up the variables by Runge-Kutta
methods

y

Set the variables VAR (I) to cylinder variables

+
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. !

A
Il
\ A=

MCJ 300
\ - 1

42

Calculate mass burnt propagation

\ 4

A 4

A 4

Calculate current nitric oxide concentration (XNOZ)

yes

!

MCJ =4,

MCJ=5
XNOZ<XNOY

XC6MAX= XC (6)

A 4

XNOY=XNOZ

Call subroutine
SPOUT to print

variables

Call subroutine
Ly SPOUT to print

variables
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31

A 4

ANGX<(ANGTE-0.5)

26

Adjustment for initial burning

(ANGTE-ANGC)| < 0.5

Adjustment for burning mass factor

26

Set MCY =1

26

\ 4

PCYL <PXX

Set PXX =PCYL
ANGPX = ANGX

+

266

A

\ 4

yes




A

T™ < TXX

A 4

Set TXX =TM
ANGTX = ANGX

A

MCJ > 2 or RADX > RADZ

Identification for 90 % burning of charge in chamber

Call subroutine SPOUT
to print variables

>5

MCJ

\ 4

Check for combustion stage 6

y

A

Set DQC = VAR (5), WORKP = VAR (6)

l

Exit
267
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