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Abstract

This thesis describes and discusses the applicability of the k- e-t
turbulence model for calculation of thein-cylinder flow fields of an engine.
The thesis also discusses the effects of swirl and valve seat angle to the
characteristics of in-cylinder flow fields.

The equations are solved by finite difference method on a computational
mesh which is made to always lie between the cylinder head and the
moving piston head by defining a coordinate transformation which allows
the axial grid line position to be expressed in terms of a time independent
coordinate. The transformed conservation equations are integrated over the
finite difference cells to provide algebraic equations. A hybrid differencing
scheme is employed for numerical stability and PISO agorithm is used for
the velocity-pressure coupling. k - e- t turbulence model which considers

the compressibility effect due to the compression and expansion of the
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piston was used.

Calculations have been done for the intake and compression stroke cycle
of a two dimensional axisymmetric model engine. The unsophisticated
geometry has been selected for reasons of simplicity and saving computer
time, so the main effort isfocused on the treatment and understanding of the
complex in-cylinder flow fields during intake and compression stroke cycle.

The predicted results using k- e- t turbulence model of the turbulent
flow fields in a model engine are compared to those from the modified
k - e turbulence model and the experimental data. The results obtained
with the k- e- t turbulence model are in much better agreement with the
experimental data than the modified k - e turbulence model, as far as the
mean velocity and the turbulence intensity are concerned.

Finally the effects of swirl on thein-cylinder flow structure are examined
through the parametric study of swirl numbers 0.0, 0.6, 1.2 and 2.4, then the
effects of valve seat angle are examined. As the swirl number increases the
center of the man vortex moves to the cylinder wall and the
counterclockwise vortex increases near the intake valve. The turbulence
intensity increases with swirl number during intake stroke, but it has a
maximum value at swirl number 1.2 during compression stroke.

For the valve seat angle of 45° or more the flow pattern remains same but
for the valve seat angle of 30° an alternative structure appears, in which the
outer edge of the jet does not separate from the cylinder head wall, thus

diminishing the corner vortex.

- Vii-



Nomenclature

a : Cdl aea
A : Total convective and diffusive flux coefficient

A. : Effective flow area

A, : Reference area

b, : Reynolds stress anisotropic tensor

C,, CscCg.C,,C,C, C, : Turbulence model constants

Cs.Cs150:Cs ax - Turbulence model constants
C, : Discharge coefficient
C_ : Specific heat at constant pressure

: Vdocity divergence
: Vave head diameter
: Empirical congtant in the 'law of the wall'
f,, f, : Spatia linear interpolation factors
h : Enthdpy
K : Turbulent energy
| : Turbulent length scde
L, : Vvavelift

\

R : Mass flow rate

- Viii-



M : Mach number

p : Pressure

P° : Guessed pressure

P~ : Corrected pressure

P~ : Twice corrected pressure

p¢ : Pressure correction

p@® : Second pressure correction

P,,. : Production of the turbulent energy by the dilatation part

Pnc : Production of the turbulent energy by the incompressible part

Pe : Peclet number
P. : Production tensor

P : Pressure at the throat
q : Turbulent velocity
g, Wall heat flux

I : Radia coordinate direction
R; : Reynolds stress tensor

S,q : Mean gtrain rate for axisymmetric expansion flow

S : Mean drain rate for isotropic compression flow

§; : Strain rate tensor

S : Source term for dependent variable f



T : Temperature

T” : Repid part of the pressure strain tensor

T, : Wal temperature
u : Axid direction veocity
0 : Reative velocity of the fluid
u,v' : Guessed velocities

*

u”,v" : Corrected velocities

*k ok

u™ v : Twice corrected velocities

ud,ve : Velocities corrections
u” : Dimensionless velocity
Us : Grid velocity

u. : j-direction velocity

. Friction velocity

v : Radid direction velocity

w : Circumferential direction velocity
X. : j-coordinate direction

y : Norma distance from the wall
y* : Dimensionless distance

Z  Axia coordinate direction

Z : Instantaneous position of the piston



[Greek symbols]

a : Spatia difference function in difference equation

a, : Pressure under-relaxation factor

a,,a, : Veocity under-relaxation factors

g : Specific heet ratio

G : Diffusion coefficient

d. : Kronecker delta

ij

e : Turbulent energy dissipation rate

g : Circumferentia coordinate direction
K :Von Karman constant

I Viscosty

My, : Effective viscosity

m : Turbulent viscosity

N, : Turbulent kinematic viscosity

X : Transformed axia coordinate

r : Densty
S;, : Laminar Prandtl number

S, : Turbulent Prandtl number
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t : Turbulent time scale

f . Genera dependent variable

W, : Mean rotation tensor

[Superscripts]
- : Ensemble mean value
" . Fluctuating component

n : New vaue

0 : Old vdue
[Subscripts]
e, E : Eass
n,N : North
s,S : South
w,W  West
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Table 2.2 The source terms of the transformed conservation equations
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B 1-13 W 1, e | +1,J
i-1J W i,Jd P i+1,J E
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| 1-2,j-11 -1 | +1,j-1]
3-2 o T o T o T o
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Fig.3.2 Control volume and its notation



/
e . Trf []e
F =geérdf - ———q rdr
Q% » TXq,
= () - fE - fP 9_ ~ _
(rua)ege pe (rua)wgw
2 2 A
az?” L 2 Pe
2 3
Peclet
(ra)
Pe, = e
e Ge
ZpCb(EP
(ra)
Pe, = w
€ G,
Zp(jXPW
- W ,
f. f,
. :fEP'efP :(1- ae)fE +aefP
w :fpp'efw :anW +(1- aw)fP
a Peclet
Peclet
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(3.4)

(3-5)

(3.-6)



il 1

o Pe £ 2

.:.2 Pe P
a=j 1 Pe>2

} 0 Pe<-2

1

(3.1)

- e
i(‘5dt(‘)(§ruf-iﬁg rdrdt
a 8 Zp ﬂng

- (rta). - a ¥, +adf,]- (rGa) oty +(1- a)

tdt \Xe, 1'|'f \rn

1 é u
—c rvf -r -z dxdt
aQ Qf Gw&p

= (rvan[(l' an)f N +an]c P]' (rva)s[asfs +(1' as)f P]

1 pa .
=0 Jshmm=%n+g
s, S f
(3.1
(rv)s - (rv)s )

+(rda)! - (rda)" +(rva)" - (rva)l =0

G.71

(3-8)

(3.9)

(3.10)



(- L, a1

+ m:/[aw fP - fW)]n + r&2[(1' an)(fN 'fP)]n
+m2[as(fp_ fS)]n - Spfg - Su =0

@’ o (rda.), m°(rva)

e~e~e n-n-n

rae :l_r pfl + rE(l_ fl)Jaelje
= [r p f2 + r N(l- fz)]anvn

f, f, (factor)

(3.11)

(A - s, JFi=8 Afl+Af2+s,
A=AA+A

a N, S, E, W

o
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(3.11)

(3.12)

(3.13)

(3.14)

(3.15)



A=l - 1)

Ay =m®ay
A =m2(82 - 1) (3.16)
As =a,
o _ MoV
Ap =

t
(314) (3.16)
(3.16)

Fig.3.2

3.2

3.2

321

4]

Harlow Welch

(staggered grid)



Fig.3.3

Fig.3.4

Fig.3.2
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Fig.3.3 u-contral volume and its neighbouring vel ocity components
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Fig. 3.4 v-control volume and its neighbouring velocity components



Fig.33  Fig3.4 u v

a,u ;= é apUpp, +(pl-l,.] U )AJ +bi,J (3.17)
[}
& Vi =a AV + (pl g1 P )AJ +b, ; (3.18)
bi,J’ bl,j ) A'J) A,j

[o]

caagy, (i-13)(+13),,3+2 (i,9-1)

D (317) (319

322 SIMPLE
SIMPLE(Semi-Implicit Method for Pressure Linked Equations)
Patankar Spalding™®® ,

(guess and correct) . SIMPLE

o
(3.17) (3.18) u v



* [o] * * *
a U, =a a,u, +(pl-l,J - P )AJ +bi,J

* [e] * * *
a Vi =a &V +(p|,3-1' pI,J)AI,j +bl,j

p P
correction) p¢
p=p +p¢
u, v
u¢, vd
u=u +u¢
v=Vv +ve
Y
(317)  (318) (3190 (320

* o *
ai,J (ui,J - ui,J )_ a anb(unb - unb)

Hpw - piw ) (0, - 0 MA

* o N
a'J (Vl,j - Vl,j ) - a a'nb(an -V, )

Hproa- pls)- (P - P A,

(321) ~ (3.23) (3.24)

a, uiq:J = é. anbur%"'(plq;u - plq?\] )AJ

(3.19)

(3.20)

(pressure

(3.21)

(322)

(323

(3.24)

(3.25)

(3.26)



a Ve = a a,vg +(p|q,:3-1 - P, )A',J

(3.26) (3.27)
SIMPLE
implicit)
(3.26) (3.27)

u¢, =d, (plqgl,J - plq,:J)

qu?j :dl,j (plq?J»l - pﬂ,:J)

>

d,=—%, d 6 =2
y ai,J ) a'I,j

a a,ug

(328) (329 (322) (323

Ui, :u:,J +di,J(pl¢l,J - plq,:.])
Vl,j :VI*,j +d|,j(plq,:J—l_ plq,:J)

i+1,J VI,j+l

(3.27)

a a,vg

(main approximation)

(3.28)

(3.29)

(3.30)

(331)

(332

(semi-



ui+l,J = ui*+l,J + di+l,J (plq,:J - plq:rl,J) (333)

Vi =Vt a(pg - ) (33
Fig.3.5
{(rua),.., - (ruA)i'J}+{(rvA),’j+l - (rvA)lvj}: 0 (3.36)
(331) ~ (334) (3:36)

ér i+1,J A+1,J {ui*+1,.] + CIi+1,.] (pI¢J - pg;rl,J )} l‘fl
e . u
@ - ri,JA,J{ui,J +di,J(pl¢l,J - p|¢J)}E|

) . . (3.37)
(?r |,j+1A,j+1{V|,j+1 +d|,j+1(p|q,:J - p|¢'3+1)} l:'_
+é . g—O
g - rl,JAI,J{Vl,i +dl,j(pIG,:J—1 - pt, )}H
[(rdA).., +(rda), +(rda), ., +(rda), |pg,
= (rdA)i+1,J pﬂzfl,J +(rdA)i,J pl¢1,3 (339)
+(rdA)|,j+1 pl¢J+1+(rdA)|,j pIG,:J—l .
+[(ru*A)i'J - (ru*A)iﬂ,J +(rv*A),’J. - (rv*A)I’jﬂ]
p¢
a'I J p|q,:J = a'I +1,J p|q+:-l,J + a'I—l,J plqgl,\] + a'|,J+1 p|q,:J+l (3 39)

+aI,J—1p¢ +blq,:.]

15J-1
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scalar control volume

J+1 ® ® ®

j+1 \ |

—— —

® ®

) w) w P € E
j A
s||

J-1 ® ® ®
S

-1 i | i+1  1+1

Fig.3.5 The scaar control volume used for the discretization of the continuity
equation



a'I J = aI+1,J + aI-ZLJ +aI,J+l +a| J-1

a'I +1,J = (rdA)i+l,J

Q1 :(rdA)i,J
& 5 = (rdA)I,j+l
Q5.1 :(rdA)l,j

b, :(ru*A)i‘J - (ru*A)HLJ +(rv*A),’j - (rv*A)

(339) p¢
be
(3.39)
pe (3.21)
(3.31) ~ (3.34)
& a,ug
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1,j+1

p¢

(under relaxation)

pnew



new

p"™ =p +a,pt (3.40)

p
a, 1 po pt
p p¢
.a, 0
a, 0 1
p¢ :
u™ =a u+(l-a,)u™? (341)
v =a v+(1- a, v (342)
a, a, u v 0 1
. u v u™®
v
u_
ai, o ‘I, al l,J n-
_Jui,J =a apuy, +(pl»l,J : pI,J)A,J +b +1(1' a, )_JgJi(,Jl) (343)
a, | a,
V_



o

Z’jvl,j :é.anbvnb"'(pl,a-l pu)A +b, +| 1 a, _E;v" (344)

. SIMPLE
Fig.3.6
SIMPLE , CFD

SIMPLE p¢

SIMPLER(SIMPLE Revised), PISO(Pressure

Implicit with Splitting of Operators)
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Initial guess p",u”,v',f "

STEP 1 : Solve discretized momentum equations
« _ 9 . * *
ai,Jui,J —a. anbunb +(p|-1,J - pl,J )AiJ +h,J
* [o] * * *
a Vi TadawVet (pI,J-l - pI,J)AI,j +b|,j

¢ u,v

STEP 2 : Solve pressure correction equations

a'I J pI¢J = a1+l,.] pﬂ:ﬂ,.] +al-l,J plq;l,J + a'I J+1 plq,:,]+l + a'I ,J-lplq,:J-l + bI¢J

1

STEP 3: Correct pressure and velocities

pl, =pIJ+pI
IJ_uIJ+dJ(pI¢ )
'_VIJ+d (p|¢ )

i p,u,v,f

STEP 4 : Solve all other discretized transport equations

aI,Jf 1,J = a'I*rl,J.I: 1+1,J +a|-1,Jf 1-1J +a|,J+l‘f 1,J+1 +a'l ,J-lf 1,J-1 +bf 1,J

No

Convergence?

Fig.3.6 The SIMPLE agorithm
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323 PISO

PISO - | ssa®®! , 1
(predictor  step) 2 (corrector step) ,
. PISO SIMPLE
1)
SIMPLE p (3.19), (3.20)
u, v
2 1
u, v P
u ’ V**
SIMPLE 1 . SIMPLE
(3.28), (3.29) , PISO
p"=p +pt
u’ =u +u¢
v =v +ve
u** V**
u:,*.] :ui*,J +di,J (plq;l,J - pg:J) (345)



v =v;, +d, (p¢,,- pt,) (346)
SIMPLE (3.45) (3.46)
(3.26) (3.39) . PISO
(3.39) 1 , 1 p¢
: u” v’ (345
(3.46)
3 2
SIMPLE , PISO
. UH V**
a'| J | J a a'nbunb +(pl 1J - p:*‘] )AJ + bi,J (347)
a VI j = a anbvnb +(pl J-1° p:*‘] )Al,j + bl,j (348)
5 U v
|J | J a anb + (pl***l.] - pT*z )AJ + b.,J (3-49)
a VI j = a a'nanb +(pl J-1°- pr*’; )AJ +b|,j (350)
(349)  (350) (319 (320
- *k é. a'nb(unb - ur:b)
ui,J =ui,J + a +d, J(pl 13 ~ p ) (3-51)
i,
ok é. anb(v:\b - an)
V=V +d, (p#.,- p®) (352)



od 5 | o™
0" = p” +pt (353)

utov" (3.36) 2

a'I J pﬂp] = a'I +1,J pgl,\] + a'I—l,J plqpl,.l + a'I,.J+ZI. p%ﬂ_

(354)
+aI,J—1pI¢J—l+bIaB
A, =, ta,; ta ,ta
Q. = (rdA)i+l,J
a1 :(rdA)i,J
a 5.1~ (rdA)I j4
a ;. _(rdA)l,j
FAO o * aa Ao o
b, =¢c—= a anb(unb - unb)' —+ a anb(unb - unb)
eag, ea gy,
FAO o g A0 o
Te—* Ay (an - an)' c—+ a anb(vnb an)
ea %] j ea z|,j+l
(3.54) ,

[(ru** A)i'J - (ru** A)iﬂ'J +(rv** A)I,j - (rv** A),,MJ

u** V** 0



2 p¢ (354) , 2

p” =p” +pl=p +pt+pt (355)
2 351) (352
Fig.37 PISO
PISO 2 , 2
SIMPLE
Issa et a.l"! (laminar backward-facing step)
(bench-mark) CPU time SIMPLE
PISO



START

Initial guess p“,u”,v',f "
Perform STEP 1-3 of SIMPLE algorithm
- Solve discretized momentum equations

- Solve pressure correction equation
- Correct pressure and velocities

¢ p,u,v,pt

STEP 4 : Solve second pressure correction equation
a ,p% =a,.,, Pl +a 5P, +a . pH., a5 Pl + b

v

STEP 5 : Correct pressure and velocities
Py =Py +ps +pl

o ( ok * )

a &p\Un, - U

J

ui*j :u:,J +di,J(pFEJ,J - pF,J)-'- +di,J(pI@1,J B pl(n‘:])

Vi =V +d,,j(p|q:J_l- pfFJ)"'M*du(pﬂE.l' pﬂ%)

J

STEP 6: Solve al other discretized transport equations

aI,Jf 1,J = al+l,Jf 1+1J +a|-l,Jf 1-1J +aI,J+1f 1,J+1 +a| ,J-lf 1,J-1 +bf 1J

No

Convergence?

Fig.3.7 The PISO agorithm
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3.3

1)

Ao _

eflr g

0
2)
no-dip
u p
value) (wall function)

(start-up)

(3.56)

(near-wall

Patankar



and Spalding*®!

Couette

3
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4.1

411

Ahmadi-Befrui et a.[*"

Table 41, Fig. 4.1
75mm
200rpm
+05% . Fig. 4.1

3Amm
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Table 4.1 Geometric details of model engine'®

Bore 75 mm
Stroke % mm
Compression ratio 35
Connecting rod length 363.5 mm
Intake valve
Diameter(D) 34.0 mm
Maximum lift(L) 7.3 mm
Dimensionless lift(L/D) 0.21
Seat agle 60°
Open at 6° BTDC
Close at 44° ABDC

Fig 4.1 Diagram of piston-cylinder assembly
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412

(discharge coefficient)

L 0052
D

\

0.052 £ EL)V <0.113

\

0.113£ v <02
DV
Sa 02
DV
1)
2) Vin

585251, Bjcen et dl.

[61]

o §%93+2692 ng
vﬂ

&
C,= él .07- 0.8623 - 0. 052——
o @D
& &L,
G, =§10174+0 .9494° gf 0113—
Dv ﬂﬂ
® 0
C, :§11 17 B 00
D, %
2
, (60°)
’ kln en
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3
0.0V 2 3.65% 4

in
[62]

4.2

Fig4.2 . ,

[63]

40 x 40 60 x 60

10
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Fig.4.2 Grid structure for numerical calculation
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4.3

Fig.4.3(a)~(f)

V, =0.6267 ms?
Ahmadi-Befrui et a.*!
k-e k-e-t
15mm
Fig.4.3 (a) (© 36° o0°
26mm
k-e k-e-t
k-e-t
k-e
Fig.4.3 (b) (d) 3%

o0° :
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20mm

o0° k-e-t

270°
Fig43 (e (f)
k-e-t

k-e-t
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(b)

Fig.4.3 Radiad profiles of axial mean velocity and rms velocity at z=15mm

(8) mean velocity at q=36°

(b) rmsvelocity at q=36°
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Fig.4.3 Radiad profiles of axial mean velocity and rms velocity at z=15mm
(c) mean velocity at q=90° (d) rms velocity at g=90°
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Fig.4.3 Radiad profiles of axial mean velocity and rms velocity at z=15mm

(e) mean velocity at q=270°
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4.4

Fig.4.4 Fig.4.5
25mm
, k-e-t
Fig.4.3 (3 (©
()
Fig.4.4
vortex)
Fig.4.5

[14]

Fig.4.4

105V,

. Fig4.4

15mm,

Fig.4.5 ,

(main

Fig.4.5
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Fig.4.3(f)

k-e-t
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Fig.4.4 Tempord changes of axia mean velocity at z=15mm, r=25mm
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Turbulence Intensity ((7/17[) )
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Fig.4.5 Tempord changes of turbulence intensity at z=15mm, r=25mm



4.5

k-e
Fig.4.6 () (b)
Fig.4.6 (c) (d)

k-e-t

, Fig.4.6

36°

Fig.4.7

BT

Hoult!s%

600



180°(Fig4.6 (6  (f)

[14,47]

360
%0
k-e k-e-t
k-e-t
k-e
180° . Fig.4.6 (g) (h)
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Fig.4.7 (a)~(f)

225°
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BDC

(@)

TDC BDC

(b)

Fig.4.6 Velocity fields of modified k - e modd and k - e- t model
(@ modified k - e modd, q=36° (b) k- e-t modd, q=36°



BDC

BDC

Fig.4.6 Velocity fields of modified k - e modd and k - e- t model
(c) modified k - e modd, q=90° (d) k- e-t modd, q=90°

- 89



BDC

TDC

— 5Vp

(f)

Fig.4.6 Velocity fields of modified k - e modd and k - e- t model

=180°

(f) k- e-t modd, g

180°

(e) modified k - e modd, g



BDC

(¢)]

BDC

(h)

Fig.4.6 Velocity fields of modified k - e modd and k - e- t model

(h) k- e-t modd, q=225°

=225°

(9) modified k - e modd, q
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BDC
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— 5Vp

0)

Fig.4.6 Velocity fields of modified k - e modd and k - e- t model

() k-e-t modd, q=270°

(i) modified k - e model, q=270°
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Fig.4.6 Velocity fields of modified k - e modd and k - e- t model

360°

360° (I) k- e-t modd, g=

(k) modified k - e modd, q
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(b)

Fig.4.7 Turbulence intensities of modified k - e modd and k - e- t model
(8 modified k - e modd, q=36° (b) k- e-t modd, q=36°
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Fig.4.7 Turbulence intensities of modified k - e modd and k - e- t model
(c) modified k - e modd, q=90° (d) k- e-t modd, q=90°
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Fig.4.7 Turbulence intensities of modified k - e modd and k - e- t model
(e) modified k - e modd, q=180° (f) k- e- t modd, q=180°
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Fig.4.7 Turbulence intensities of modified k - e modd and k - e- t mode
(9) modified k - e model, q=225° (h) k- e-t modd, q=225°
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Fig.4.7 Turbulence intensities of modified k - e modd and k - e- t model
(i) modified k - e modd, q=270° () k- e-t modd, q=270°
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Fig.4.7 Turbulence intensities of modified k - e modd and k - e- t model
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Fig.A3.1 Coordinate system around valve
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