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A finite-volume numerical calculation method is presented to predict the flow field at 
unsteady, turbulent levels in a motoring reciprocating engine. An algebraic grid generation 
technique is used to map the complex fluid domain, on which the cylinder head is a 
deformed boundary, onto a rectangle for every time step. Hence the metric of the coordinate 
transformation can be determined by direct analytic differentiation. The model gives a 
good account of the axial, radial, and swirl velocity components and engine turbulence 
by means of a two-equation model of turbulence and wall functions. Effects of the 
shapes of both cylinder head and grid distribution on in-cylinder air motion are investigated. 
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Introduction 

Body-fitted coordinate systems have been utilized in conjunction 
with finite-difference techniques to solve steady-flow problems 
with an irregularly physical domain. ~-3 The physical domain, 
in which the boundaries are always irregularly shaped, is 
generally mapped onto a rectangular computational domain. 
Mapping of the domain is achieved by what are known as grid 
generation techniques, which may be roughly grouped into two 
categories: differential equation techniques and algebraic grid 
generation techniques. 4 The methods that generate the grid by 
solving a system of partial differential equations, developed 
largely by Thompson et al., 5 are called differential equation 
techniques. Algebraic grid generation techniques do not require 
the solution of partial differential equations; rather, an algebraic 
nonorthogonal coordinate transformation is used. Consequently, 
algebraic grid generation techniques are computationally much 
more efficient than differential equation methods. This difference 
is especially true for unsteady problems, in which grid points 
are moving in the physical domain. 

Algebraic grid generation techniques have been applied to 
viscous laminar flow under steady state. 6'7 The methodology 
was developed for nonorthogonal curvilinear systems. A fully 
staggered grid system is used to calculate the velocity and 
pressure fields in order to avoid spurious pressure oscillations. 
Hence no explicit description of the pressure boundary con- 
dition is needed. A rectangular computational domain is 
obtained by using Moretti's transformation, making possible 
avoidance of the task of solving a system of partial differential 
equations. The numerical results are in excellent agreement 
with the available analytical solutions. 

That in-cylinder air motion greatly influences the combustion 
process is generally accepted. Many parameters affect in- 
cylinder air motion, such as initial swirl ratio, engine speed, 
wall heat transfer, chemical reactions, turbulent transport, 
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combustion chamber geometries, etc. 8'9 Several studies on the 
effects of combustion chamber geometries have shown that 
geometry greatly influences the flow pattern. 8-11 In order to 
economically design and improve the performance of combustion 
systems in reciprocating engines, therefore, development of 
useful computer programs to simulate internal engine flow is 
important. 

Differential grid generation techniques have been applied to 
solve in-cylinder air motion with a cup in the piston head. s'12 
The grid points inside the cup are stationary, i.e., do not vary 
with time as the piston moves. Itoh et al.13 utilized a method 
based on the algorithm of CONCHAS-SPRAY to examine 
in-cylinder air motion in a "fiat hemisphere" combustion 
chamber. A nonstaggered grid system was adopted. 

In our previous study,~ 4 we applied algebraic grid generation 
techniques to simulate in-cylinder air motion involving a 
physical domain that varies over time under laminar conditions. 
Therefore a fixed computational region is mapped for every 
time step. Air flow in real reciprocating engines is very 
complicated and behaves as turbulent motion. 9 In the present 
study we extend the discussion further to unsteady, axisym- 
metric turbulent air motion. Hence the methodology of our 
previous study proved to be very useful. 

Transformation of grid systems 

Figure 1 shows the physical and computational domains for 
calculation of the in-cylinder flow fields. In the physical domain, 
only half the cylinder is considered because of symmetry. The 
head of the engine's combustion chamber is a deformed 
hemisphere and the piston head is fiat. 

For two-dimensional (2-D) spatial domains varying with 
time, three dependent variables (~, r/, and z) are used to 
transform the governing equation from the physical domain to 
the computational domain (Figure 1). The terms ( x , r , t )  
represent the physical domain and (4, t/, r) represent the compu- 
tational domain. Here, f l , f 2 ,  etc., are boundaries in the 
physical domain and are functions defined only at these 
boundaries. Therefore, based on Moretti's transformation, 15 
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Figure I Schematic diagram of the physical and computational 
domains 

and t/are defined as follows: 

x - f x ( x ,  r, t) r - f 3 ( x ,  r, t) 
~ -  and r / -  (1) 

f2(x, r, t ) -- f i (x ,  r, t) f4(x, r, t)--f3(x, r, t) 

SO 

¢=¢(x , r , t )  and q=tl(x ,r , t )  (2) 

Conversely, 

x=x(¢ , th~)  and r=r(~, t  1,z) (3) 

The relationship between t and z is taken to be 

t = z (4) 

i.e., there is no stretching in time. 
Explicit functional relationships between the physical and 

computational domains are based on this transformation. The 
grid lines are specified in equally spaced increments in the 
and t/directions, where the ranges of ~ and q are 

0_<¢_<1 (5) 

0_<q_<l (6) 

Then, Equation 1 becomes 

x =f2(t/, z){ + f ,  (r/, z ) (1-  {) (7) 

r=f4(~, z)fl +f3(~, z)(1 - q )  (8) 

Introducing the new dependent variables, ~ and r/, and 
applying the chain rule for partial derivatives transforms the 
original partial differential equation from the physical domain 
(x, r, t) to the computational domain (~, t/, ~): 

~ t  . / ~ , ~ \  

= ~= q'llOq~|,, / (9) 

where 

~x ~x 
~, t/, 

is called the metrics of the transformation. 
The metrics of the transformation can be analytically calcu- 

lated when known functions are used in the boundaries. 
Clearly, the relationship between the physical and compu- 

tational domains need to be determined. This relationship 
establishes the metrics of the transformation. These quantities 
can also be obtained from the expressions: 

~x= r" (lO) 
J 

~r-  - x .  (11) 
J 

- r e  r/x- (12) 
J 

x{ 
n , = - -  (13) 

J 

Notat ion  

f t ,  f2, f3, f,* 
G1, G2 
J 
k 
L 
N 
P 
ql, q2, q3 

R 
S 

S 

t ,  "~ 

U, 13, W 

U p i s  

x ,  r 

Functions of the boundary wall curve 
Contravariant velocity 
Jacobian metric 
Turbulent kinetic energy 
Turbulent length 
Engine speed 
Pressure 
Geometric relations between coordinate 
systems 
Radius of cylinder 
Source term in governing equations for the 
physical plane 
Source term in governing equations for the 
transformed plane 
Time 
Velocity components along x, r, and 0 axes 
Velocity of moving piston 
Cylindrical coordinates 

Greek symbols 
p Density 
~b General dependent variable 
Q Swirl ratio 
F Diffusion coefficient 
# Viscosity 
~, t/, z Transformed coordinate 
¢5t, 32 61 = f 2 - - f t ;  62 = fa - - f3  
-V- Volume of the control volume 
e Rate of dissipation of turbulent kinetic energy 

Subscripts 
E , W , N , S  
e, w, n, s 
P 

x, r, t 
¢, t/, z 

Four nodes adjacent to P 
Four surfaces of control volume centered at P 
Nodal point to be solved for in difference 
equation 
Partial derivative with respect to x, r, and t 
Partial derivative with respect to ~, t/, and z 

Superscripts 
0 Value at the previous time step 
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where J is called Jacobian matrix, or 

1 
(14) J = xer,-  rex,- ~xq,- ~,qx 

For the wall of the cylinder, which is straight and is 
independent of time, both f3 and f4 are constant. The cylinder 
head is stationary, so f ,  is also independent of time. Let 

6,(q, z)=f2(q, z)--f,(r/, z) =fz(fl, z)--ft(t/) (15) 

62(~, ~)=f4(~, z)--f3(¢, ~)= Constant = R (16) 

where R is the radius of the cylinder, 31 is the distance between 
the moving boundary (the piston head) and the fixed end (the 
cylinder head). As 6~ is a function of time and 6: are constants, 

~ -  ¢ d61 and 17~=0 (17) 
6~ dt 

Note that Up~,=d6~/dt and that 6~ is function of radius and 
time. 

The main advantages of using algebraic grid generation are 
that they are direct and that the metrics of the transformation 
can be computed analytically. 

The grids inside the combustion chamber contract or expand 
according to the motion of the piston, as shown (for example) 
in Figure 2 for the flat hemisphere case. A transformation of 
coordinates is introduced to transfer the moving boundary 
value problem into a fixed boundary value problem. The piston 
is always located at ¢ = 1 in the transformed domain. Therefore 
a fixed computational region is obtained. 

The generating of grid points is demonstrated by means of 
a 2-D time-varying spatial domain. However, the technique 
presented here can readily be extended to three-dimensional 
(3-D) spatial domains that vary with time. 

30* BTDC 

15" BTDC 

5 *  BTDC 

TDC 

5* ATDC 

15" ATDC 

3 0 *  ATDC 

Figure 2 Grid points during compression and expansion strokes 
in flat hemisphere combustion chamber (22 x 22 grid points) 
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Governing equations and mathematical model 

Unsteady, incompressible, nonreacting, turbulent in-cylinder 
flow can be described by the Reynolds-averaged equations and 
k-e turbulence model. 16'17 The time-dependent governing 
equations can be written in axisymmetric cylindrical (x, r, t) 
coordinates: 

=7 L~ \ 
where p, F, and s denote the density, diffusion coefficient, and 
source terms, respectively. Also, ~, represents one of the 
following entities: 1, u, v, w, k, or e, in which the dependent 
variables are axial velocity u, radial velocity v, swirl velocity 
w, and turbulent kinetic energy k and its dissipation rate e. The 
definitions of ~b, F, and s are shown in Tables 1 and 2.17 The 
pressure gradient terms are combined into the source terms. 

After some rearrangement, Equation 18 can be rewritten in 
strong conservation-law form as 

1 8(p~iq~) + r  L r/ 61 8z (prGlq~)+~,, 

+ S(¢, rt) (19) 

Table  1 Definition of ~b, T, and s 

q~ F s 
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2 0  
3 c~x [/t~,(V. 0) + pk] 

O p + ~ [  0u,  1 0 ( 0 v )  v 
- 2p.. - t'°"rT, e 

pw = 2 O 
-~ [/t. ,(V. t2) +pk  3 

r 3 Or 

_[ov+!  o (r...)]w 
Lr ,~m 

G,-p~  

Cl G,s/k - C2pe2/k + (1 - C3) pe (V. O) 

f FfOu~ = f o r k  = [vk=q fOv Ou\ = /Ow'\= 

+tr,) 

C ,~pk 2 
Lleff - -  

Table  2 Empirical coefficients used for the k-¢ model 

C, = 1.44 C= = 1.0 C3 = 1.373 
a, = 1.0 or, = 1.3 C d = 0.09 
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(b) Grid on Computational Domain 

Figure 3 Types of grid systems in the physical and computational 
domains 

where 

G1 = U~x + v~r + 4, (20) 

G 2 ---- Uqx + Vr/, (21) 

ql = ¢2 + ~2 (22) 

q2 = ~xr/x + ~rqr (23) 

q3 = r/x 2 + r/2 (24) 

where G~ and G2 are the contravariant velocities written 
without metric normalization. 

Figure 3 shows the finite-volume grid system in the physical 
and computational domains. A fully staggered grid system is 
adopted, with the swirl velocity w and scalar variables P, p, k, 
e, etc., are located at the grid nodes P, E, etc. The velocity 
quantities are located at the midpoints of the grid joints: u at 
the e-w faces of the control volume and v at the n-s faces. 

The control volume ofintegration d3i - is 

daL = r dx dr= r~l~ 2 d~ dr/= rJ d~ dr/ (25) 

where J=6162. 
Integration of Equation 19 over the control volume dJ¢ gives 

1 
f {~l O(P61d?) t-l [~--~ (prGld?)+~ r 

1 O Fr ql +q2 

; or/ o¢ N d~¢ 

= .((Sc+Sy?p) dV- (26) 

where the source term has been made linear in the usual manner, 
and--for  the unsteady term--Sp and ~bp are assumed to prevail 
over the entire control volume. Evaluating Equation 26 requires 
use of a central difference approach to approximate the diffusion 
term. When the values on the control volume faces are 
unknown, interpolation from the nodal values is required. 

The continuity equation can also be written in (x, r, t) 
coordinates as 

F0(p.r) + O(p r)1 = o 
Ot r L Ox Or J 

and transformed to (~, q, z) coordinates as: 

1 0 ( P 6 1 ) + l [ ~  (prGl)+~(prG2)]=O (28) 
61 Ot r 

Integrating the continuity equation over each control volume 

d~¢ - yields the integral form: 

f {~ d(p~,)+ l [ 0 ~ t  r L ~  (prG1)+~(prG2)]}d-V-=O (29) 

The molecular viscosity and density would be spatially 
uniform but vary temporarily at every time step for the 
assumption of quasi-compressible and quasi-steady states. The 
density is updated only from the volume of the cylinder; for 
example, 

~¢_o 
p=pO (30) 

wherep° and~¢_o refer to the values at previous time t. The 
calculations are performed for turbulent swirling flow and 
without heat transfer between fluid and wall. 

The standard k-e two-equation model was utilized as the 
turbulence model, which has an additional term in the e 
equation to express the compression-dilation effect. This modi- 
fication results from Morel's assessment. 16 

In order to economize on grid nodes in the region of the flow 
field conditions adjacent to the solid wall often are matched to 
some assumed boundary-layer profiles of velocity. The law-of- 
the-wall (wall functions) is used to provide wall boundary 
conditions.1a'19 

The algorithm used in the calculation is the SIMPLE 
algorithm, developed by S. V. Patankar. 2° After some modi- 
fication, the SIMPLE algorithm and a power-law procedure 
were extended to the present curvilinear coordinate system, as 
discussed in ref. 14. The modified procedures were used 
successfully for unsteady laminar flow calculations. 

Boundary condit ions 

No-slip boundary conditions are applied for velocities at all 
walls. At the piston head, the axial velocity u is assumed to 
equal the moving velocity of the piston. The normal component 
of the gradient of turbulent kinetic energy is set equal to zero 
near a solid wall, whereas the rate of dissipation of turbulent 
kinetic energy is calculated by the wall functionJ s 

Initial conditions 
The air is taken to have the solid-body rotation profiles 
w(r) = 2nNf~r, where N is the engine speed and f~ (called the 
swirl ratio) is defined as the ratio of swirling speed (rpm) of 
the gas to engine speed. The radial velocity v is assumed to be 
zero. The axial velocity u is assumed to vary linearly from 
cylinder heat (zero velocity) to piston head (moving boundary 
velocity). Turbulence is taken to be uniform throughout the 
cylinder. The initial values of turbulent kinetic energy are 
k=0.012U 2, where U is the mean velocity. In an engine, 
the length L of turbulence is on the order of 0.1 times the 
cylinder bore D. The initial dissipation rate is calculated from 
8:  CaK3/2/O. 1DJ 6n 7 

The engine used for computation is a four-stroke engine with 
a curved cylinder head. The main specifications of the engine 
are illustrated in Table 3. 

At the start of the calculation, the proper initial operating 
conditions, as suggested by Itoh, ~3 are specified. The swirl ratios 
for the initial values are 2.15 at a crank angle of 130 ° BTDC 
(before top dead center) at an engine speed of 700 rpm. 

Table 3 Engine parameters 

Bore × stroke 76 mm x 78mm 
Displacement volume 352.8 cc 
Compression ratio 9:1 
Engine speed 700 rpm 
Piston head geometry Pancake 
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Results and discussion 

Two types of combustion chamber were considered. The first 
has a dome in the cylinder head, and is called a "flat hemi- 
sphere." The second has no dome and is called a "flat plate." 
The grids inside the combustion chamber contract or expand 
according to the motion of the piston. 

Air  mot ion wi th in the combust ion chamber 

Figure 4 shows the flow fields at different crank angles, ranging 
from 30 ° BTDC to 30 ° ATDC (after top dead center), in a fiat 
hemisphere type of combustion chamber during compression 
and expansion strokes. The combined values of u and v are 
represented in vector form as shown in Figure 4a. The corre- 
sponding swirl velocity is presented in Figure 4b. At 30 ° BTDC, 
as the piston moves toward TDC, the air inside the combustion 
chamber is directed toward the cylinder head because of the 
upward motion of the piston. The piston motion transfers air 
from the periphery to the cylinder axis, inducing a flow called 
"squish flow." Air transferred from the cylinder axis to the 
periphery is called "reversed squish." At TDC two vortices 
exist inside the combustion chamber, which are opposite in 
direction of rotation. The stronger counterclockwise vortex is 
induced from squish flow. The weaker clockwise vortex, found 
near the cylinder wall, is induced by interaction between the 
squish and swirl flows. 

At 5 ° ATDC, the piston is moving downward, and reversed 
squish flow was observed. The counterclockwise vortex has 
disappeared and the strength of the clockwise vortex has been 
reduced. After 15 ° ATDC, the vortex disappears because of 
reversed squish flow and decreasing swirl velocities. 

Figure 5 presents the distributions of turbulent kinetic energy 
and its dissipation rate at different crank angles. It has a strong 
peak near the boundary of the cylinder head where the strong 
shear layer caused by squish flow produces turbulence. 

5*ATDC 

15*ATDC • vvv • 

= 5 m/sec 

30°ATD C 

m/sec 
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Figure 6 shows the flow field of the flat plate type of 
combustion chamber during compression and expansion strokes. 
At TDC, the strength of the counterclockwise vortex has almost 
disappeared. The squish flow is weaker than for the fiat 
hemisphere combustion chamber at this position. The clockwise 
vortex still exists inside the combustion chamber. Thus an 
increase in hemisphere depth apparently raises the strength of 
squish flow. 

Sensitivity to gr id size 

A further assessment of the effect of grid point distribution on 
the numerical results was made. In these calculations, other 
grid points were tested. This grid system contains 36 grid points 
in the radial coordinates; i.e., more points were used to describe 
the curved wall. The number of grid points was changed from 
22x22 to 16×36. All the boundary conditions, physical 
parameters, and solution procedures remain the same. Figure 7 
shows the grid system and the flow fields of a fiat hemisphere 
type of combustion chamber at different crank angles. Com- 
paring Figures 4 and 7 shows that the calculated flow fields 
are very similar. 

To demonstrate further the sensitivity to grid size of the 
computer program, comparisons were tested for mean swirl 
ratio and local swirl velocity. Figure 8 shows the time history 
of the mean swirl ratios for a different combustion chamber 
geometry and a different grid system. Higher mean swirl ratios 
are obtained from the flat hemisphere combustion chamber. 
This result may be due to the effect of higher strength of squish 
flow. The mean swirl ratios, predicted on two grid systems, are 
very close. 

Figures 9 and 10 show the comparison of local velocity at 

30°BTDC 

15°BTDC 

5 "BTDC 

'" 5 m/sec m/sec 

(a) u and v velocity (b) swirl velocity (a) u and v velocity 

Figure 4 Flow fields at different crank angles of the flat hemisphere combustion chamber 

(b) swirl velocity 
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TDC 

Illllllll[l[ll]lllllllllllllllllllll 

30.ATDc 

(a) turbulent kinetic energy (b) dissipation rate of 

turbulent kinetic energy 

Figure 5 Distribution of turbulent kinetic energy and its dissipation 
rate at different crank angles of the flat hemisphere combustion 
chamber 
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(a) grid system 
30°ATDC 

(b) u and v velocity 

Figure 6 Grid system and f low fields at different crank angles of 
the flat plate combustion chamber 

different points on two grid systems for the flat hemisphere 
type of combustion chamber. The points compared are fixed 
5mm below the top of the hemisphere. Three points were 
investigated: 10mm, 15mm, and 25mm from the axis of the 
cylinder. Figure 9 shows that the calculated swirl velocities are 
almost the same at the two points. The overall differences 

30°BTDC 

TDC 

t 5 m/sec 

(a) grid system 

30*ATDC 

(b) u and v velocity 

Figure 7 Grid system and f low fields at different crank angles of 
the flat hemisphere combustion chamber (16 x 36 grid points) 
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Figure 8 Time history of the mean swirl ratios: flat plate; - - - -  
flat hemisphere (22 x 22 grid points); . . . . . .  flat hemisphere (16 x 36 
grid points) 
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Figure 9 Comparison of local swirl v e l o c i t i e s : -  
points; . . . . . .  16 x 36 grid points 

22 x 22 grid 
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Figure 10 Comparison of calculated and experimental results: - -  
experimental, Itoh; . . . . . .  calculated, I t o h ; - - - - - s i m u l a t e d ,  present 
study (22 x 22 grid points); - - - -  simulated, present study (16 x 36 
grid points) 
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Figure 11 Time history of total turbulent kinetic energy: - -  
hemisphere and . . . . .  flat plate combustion chambers 
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Figure 12 Time history of averaged turbulent length: - -  
hemisphere and . . . . .  flat plate combustion chambers 

flat 

between the calculated solutions on the two grid systems are 
quite small. Figure 10 shows the comparison with experimental 
data obtained by Itoh 13 for the flat hemisphere type of 
combustion chamber. The measuring point is located 15 mm 
from the axis of the cylinder and 5 mm below the top of the 
hemisphere. The solid line and dotted line are Itoh's experi- 
mental and calculated results. Itoh's calculations were for 
laminar conditions. The dashed lines are the result of simulation 
with the present algorithm. The data simulated in the present 
study almost coincide with Itoh's calculations for ATDCs of 
less than 25 ° . 

Figure l l  shows the development of total turbulent kinetic 
energy for both cases throughout the compression-expansion 
cycle. The level of turbulent intensity depends on combustion 
chamber shape. For the flat hemisphere combustion chamber, 
the turbulent intensity increases steadily before TDC. Calcu- 
lations for the flat hemisphere combustion chamber, with a 
stronger swirl air motion, predict a higher turbulent intensity 
than those for the flat plate combustion chamber. 

Figure 12 shows the time history of averaged turbulent length 
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for the two combustion chamber shapes. The predicted results 
show that the variation in length follows roughly the same 
trend line as the cylinder volume height. The length reaches a 
minimum near top dead center and increases during the 
following expansion stroke. 

Conclusions 

A time-dependent, turbulent in-cylinder flow was calculated 
during motoring for various combustion chamber geometries. 
An efficient algebraic grid generation technique was used to 
map the complex fluid domain onto a rectangle for every time 
step. The procedure for implementing this grid generation 
technique is described in detail. If the functions of the boundary 
wall curve are known, the technique can be applied easily to 
other engine configurations. 

Other conclusions can be summarized as follows. 

(1) The compression-expansion effect on in-cylinder turbulent 
flow field can be predicted successfully with a general 
curvilinear coordinate system. 

(2) Calculations for the flat hemisphere type of combustion 
chamber predict higher levels of mean swirl ratios and total 
turbulent kinetic energy than those for fiat plate combustion 
chamber. 

(3) The overall differences between the calculated solutions on 
the two grid systems utilized are quite small. 

(4) The data simulated in the present study almost coincide 
with Itoh's calculated results for an ATDC of less than 25 °. 
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