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Abstract:

The cylinder working fluid mean temperature, rate of heat fluxes to combustion chamber and
temperature distribution on combustion chamber surface will be calculated in this research.
By simulating thermodynamic cycle of engine, temperature distribution of combustion
chamber will be calculated by the Crank-Nicolson method. An implicit finite difference
method was used in this code. Special treatments for piston movement and a grid
transformation for describing the realistic piston bowl shape were designed and utilized. The
results were verified to be accurate for simplified test problems. In addition, the method was
applied to realistic problems of heat transfer in an Isuzu Diesel engine, and gave good
agreement with available experimental measurement.
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Introduction:

It is known that heat transfer effects internal
combustion engine performance, efficiency,
and emissions. As far as performance is
concerned, cooling for the cylinder head,
cylinder wall, and piston is desired. This is
because of problems such as thermal stresses
in regions of high heat flux, deterioration of
the lubricating oil film, and knock and pre-
ignition in spark ignition engines. On the other
hand, an increase of heat transfer to the
combustion chamber walls will lower the gas
temperature and pressure within the cylinder,
which reduces the work per cycle transferred
to the piston. Heat transfer from the working
gas to the cooling system of a conventional
Diesel engine accounts for up to 30% of the
fuel energy. About 50% of this energy is lost
through the piston and 30% through the head
[1].

By simulating the thermodynamic cycle of
engine, mean temperature of cylinder working
fluid and heat fluxes to combustion chamber
will be calculated. Following that, using the
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heat conduction equations, by considering
material property data and appropriate
boundary conditions a temperature distribution
is obtained for calculated heat fluxes.

The chamber wall temperature T, is a vital
parameter for determining magnitude of heat
flux and engine cycle simulation. In general,
the combustion chamber of an internal
combustion engine is formed by cylinder wall,
head and piston, where the temperature
distributions are different for each surface.
Typically, the temperature of each surface is
assumed to be a constant [2] where this is not
consistent with the actual situation occurring
on the surface of the combustion chamber.

Engine and Operating Specifications

The engine studied in this work was an Isuzu
Diesel engine developed by Isuzu Ceramics
Research Institute (ICRI). It is a ceramic,
single cylinder DI Diesel engine. The piston
crown, head, linear, cylinder and valves are
made of Silicon Nitride (Kyocera SN235).
This material has the following properties at

room temperature: density p =3240kgm™ ;
thermal conductivity k=31 Wm'K™" ; and



specific heat ¢, =680/ kg™ K'. Additional

insulation is provided by air gaps and
insulating rings between the ceramics and the
metal components of the engine. The engine
has limited cooling of the cylinder wall and of
the bottom of the metal skirt of the piston.
Both of these regions are cooled by lubricating
oil.

Tablel. Specifications of Isuzu ceramic Diesel engine

Bore of cylinder 84 mm
Stroke 92 mm
Sauish 1.3 mm
Compression ratio 12.6 —
Connecting rod 193 mm
Piston crown shallow dish —
Engine speed 1500 rev/min

Thermodynamic cycle simulation

The primary feature used in the development
of this cycle simulation is the first law of
thermodynamics which is utilized to derive an
expression for the crank angle (time) derivative
of the overall gas temperature in terms of
engine design variables, operating conditions,
and sub-model parameters.

The first law of thermodynamics for the one -
zone formulation for this system is [3]:
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where E is the total energy, Q,,is the total
net heat input, W is the net work done by the

system, 7 is the mass flow rate into or out of
the system, and /4 is the specific enthalpy
either into or out of the system.

The only significant energy of the system is
internal energy (u), the only significant work
term is due to the piston motion (system
boundary motion). So equation (1) becomes:
d(dm@u) - Qlot_pV+ Min By, = Mou hout (2)
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where m is the mass in the cylinder, p is the

cylinder pressure, and V is the cylinder
volume time rate of change.

To obtain a derivative of the pressure, which
is independent of the gas temperature, an
expression for the derivative of the pressure,

p is needed. This may be obtained from the
derivative of ideal gas equation of state

p=mRT+mRT+mRT —pV)/V 3)
Combining equations (2), (3) and assuming
that the composition and thermodynamic
properties are constant therefore:
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Solving these differential equations and
assuming a constant wall temperature the
cylinder working fluid mean temperature,
pressure and magnitude of heat fluxes to
combustion chamber will be obtained. Figures
(1) and (2) show the pressure and gas
temperature of cylinder working fluid against
crank angle (time).
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Fig. 1. Cylinder Pressure against crank angle for Isuzu
engine
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Models and Numerical Methods

The approach to determine the combustion
chamber temperature distribution is deduced
from the energy conservation law. For
simplicity it is assumed that the engine
geometry is axisymmetric. In two dimensional
cylindrical coordinate the heat conduction
equation is:
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where 7 and z are the coordinates in the
radial and axial directions, respectively; T is
the wall temperature; k is the thermal

conductivity ; ¢, is the specific heat and ¢ is

time.

As the boundary condition, the temperatures
on the outer surface of the cylinder wall liner,
head and piston were treated as constant
surface temperature conditions, in which the
temperature equals either the measured coolant
temperature or the oil temperature in the
crankshaft case. This is reasonable because the
variation of the temperature on these surfaces
is much smaller than that on the inner surfaces
of the combustion chamber. The boundary
condition on the inner gas-side surface of the
combustion chamber was a specified heat flux,
which was obtained through the cycle
simulation process.

The numerical method used here is the
Crank-Nicolson method which is an implicit
and accurate method. For the constant
coefficient  heat conduction equation,

(I, =a(T,+T,)) the Crank-Nicolson
method is [4]:
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Piston movement is a complicated feature
that characterizes engine operation which is
important in the heat conduction problem.
Assuming that the connecting rod length is /,
crank radius is »and crank angle is &, then

according to Fig. 3(a) [5]:
1
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Where s, is the squish height; s is the piston
position; z, is the distance between the crank

axis and the piston top surface; v, is the

instantaneous piston velocity; N is the
rotational speed of the crankshaft and b is the
distance between the piston top surface and the
piston pin axis.
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Fig. 3. Schematic diagrams showing (a) geometrical
relationships of piston movement; (b) grid distribution in
an engine cylinder.

In this research a special technique was
developed to solve the moving boundary
problem of engine pistons. The grids were
formed in a cylindrically symmetric domain
were the left side represent the centerline of
the engine cylinder. Nodes representing



boundaries or inner points of the cylinder wall,
head and piston were determined. These nodes
participate in the computation and are termed
computed nodes, but others outside the
boundaries are non-computed nodes. In Fig. 3
(b) the nodes in the white regions are the com-
puted nodes and the nodes in shadowed
regions are the non-computed nodes.

The computed nodes representing the piston
and the gap between the piston and cylinder
wall [region ABCD in Fig. 3 (b)] are separated
from other computed nodes. When the engine
is running, the piston position s is determined
using eqn (9). If s+s, is moved to s, —Az in
the next time step [Fig. 3(b)], the nodes just
above the piston top boundary AB are
converted into the nodes of a new top
boundary and the nodes on the former bottom
boundary CD are changed into non-computed
nodes. Meanwhile, temperatures at each node
at the former piston position are moved to the
corresponding node at the new piston position.
In this way the upward piston movement is
realized in the finite difference analysis.
Downward piston movement is treated with an
analogous method.

Instead of a flat-topped piston such as that
typically used in spark-ignition engines, Diesel
engines usually have a piston with bowl. In
medium-to-small size direct-injection Diesel
engines, use of a bowl-in-piston combustion
chamber results in  substantial  swirl
amplification at the end of the compression
process. The effect of air swirl on the
performance and emissions characteristic of
this type of engine is very important.

In order to describe the configuration of a
bowl-shaped piston in the finite difference
representation, tabular information about the

piston outline is used [i.e. the coordinates 7

and z, in Fig.4.
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Fig. 4. Silhouette of piston bowl
The finite difference equations are most

efficiently solved in a rectangular domain.

Thus, it is convenient to transform the
nonrectangular  physical domain to a
rectangular computational domain. From the
geometry characteristics, the relationship
between the physical and the computational
domain can be defined as

§=&(r,z)=r (11)
n=n(rz) =Z{M(r—n)+a} (12)
i
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Where &¢=&(r,z) and n=n(r,z) are
mapping functions.

Results and Discussion

According to the engine specifications, a
finite difference model of this engine was set
up. Figure 5 shows the grids and boundary
conditions of the model for the fine grid
option. The grid number in the r-direction is 34
for the fine grid option, which includes four
grids within the piston-liner air gap. The grid
size in the r-direction depends on the piston
silhouette and the distribution of its outline
points (it is 0.1 mm within the air gap, and
0.05, 0.1 or 1 mm with increasing depth below
the cylinder wall). The grid number in the z-
direction, however, is much more than that in
the r-direction and it is 126 for the fine option.
The grid size in z-direction is 1 mm within the
cylinder wall and 0.05, 0.1, 0.2 or 2 mm with
increasing depth below the head surface.

Fig. 5. Numerical mesh of Isuzu ceramic Diesel engine at
90° ATDC



The gasket between the head liner and
cylinder is made of a metal compressed
material where its thermal resistance was
neglected in this model. Piston rings and the
gas between them occupy the gap between the
piston and the cylinder wall. In order to
include the effects of piston rings on heat
conduction, the piston ring properties for gap
grids from the bottom of the piston to the fifth
mesh point were given.

The temperatures above the head liner and
outside the cylinder wall were designated as
T, =361K and T, =361K, ie. the same as

the coolant temperature; where the
temperatures on the bottom surface of the
piston and on the inner surface of the cylinder
wall below the piston were specified as

T, =375K and T, =368K . For the fired

case the corresponding temperatures are
T, =645K, T,=401K, T, =675K,
T ,, =368K , respectively.

The instantaneous temperature at a point
located on the head liner surface has been
measured for both motored and fired engine
operation cases [6]. Based on the instantaneous
surface temperature, the heat flux at this point
was calculated using the transient heat
conduction equation. For the motored case, the
calculation time step is 2.78x107 s (i.e. 0.25
crank angle degrees) and for the fired case, the
calculation time step is 2.76x 107 s . Figures 6
and 7 compare the computed and measured
temperature at the monitoring point for the
motored and fired cases. Note that, in this case
the finite difference code was run for 500
engine cycles (starting from the uniform wall
temperature initial condition of 7 =355K)
until a pseudo-steady state was reached (i.e. for
the warmed up engine). The computed
temperature in the measurement position is in
good agreement with the measured
temperature for both the motored and fired
cases. These results strongly verify that the
present code developed in this study is suitable
for modeling the temperature distribution of
the combustion chamber surfaces in engines.

The computed time-averaged temperature
distributions on each surface of the combustion
chamber are shown in Fig. 8 to 10. The
temperature distributions for the cylinder head
was shown in Fig. 8 which is 50-120 K lower
than the original (assumed) constant
temperature, and have their maximum value at

the edge of the bowl. The maximum time-
averaged temperature difference at points on
the surface is about 70 K.

Temperature distributions for the piston was
given in Fig. 9 which is also lower than the
original guess, which formed a high
temperature region on the bowl-side surface
and a low temperature region on the bowl-
valley surface.

Figure 10 shows that the temperature
distributions on the cylinder wall surface is the
same as the oil temperature adjacent to the wall
for the majority of locations on the surface, but
there is a 30 K increment in temperature in
the region near the cylinder head. This proves
that combustion and heat transfer within the
cylinder do not have much influence on the
temperature distribution of the wall surface,
except for in a narrow region in the ring
reversal region near the cylinder head.
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Fig. 6. Surface temperature comparison on the cylinder
head for motored case
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Fig. 7. Surface temperature comparison on the cylinder
head for fired engine case
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Conclusion
The cylinder working fluid mean temperature,
rate of heat fluxes to combustion chamber and
temperature  distribution on combustion
chamber surface were successfully developed
in this study. The numerical method used is
Crank-Nicolson finite difference method. This
method is characterized by its implicit nature,
unconditional numerical stability and good
accuracy.

Special treatments for the head gasket and
the piston-liner air gap, and a grid
transformation for describing the realistic

piston bowl shape were designed and utilized
in the present study. The accomplishment of
modeling piston movement within the present
finite difference formulation makes this code a
computer program with the capability of
realistic engine simulation.

This code was used to calculate heat
conduction processes occurring in the
combustion chambers of an Isuzu ceramic
engine. The present code provides an accurate
and consistent method for obtaining the
temperature  distributions  within  engine
components and these results would also be
useful for structural analysis.
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