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Abstract—The development o a hybrid three-dimensional finite element thermostructural model is pre-
sented in this work. which is used to study the behaviour of various combustion chamber insulation
configurations of a four-stroke, direct injection (DI), diesel engine on its performance. components tem-
peratures. and heat fluxes under various steady operating conditions. The model incorporates a compre-
hensive thermodynamic engine cycle simulation model in combination with a detailed structural
analysis model. Separate reprzsentation of the various subregions of each component, effected by the
hybrid model. makes it possible for the quantitative estimation of the effect of contact resistances and
included air gaps on the amount of heat rejected to the combustion chamber walls. Connection between
the resulting finite element submodels at the interface of any two subregions is accomplished through
appropriate use of the heat balance method. For this purpose. an iterative procedure is developed,
which is capable of overcoming numerical instabilities occuring during convergence even for the most
difficult case of the three-dimensional finite element analysis. The model is applied for two of the most
commonly used engine insulation configurations, i.e. plasma sprayed zirconia and silicon nitride mono-
lithic designs. The complex heat flow paths through the various combustion chamber components are
analysed and the corresponding temperature distributions are presented. A satisfactory degree of agree-
ment is found between theoretical predictions and experimental measurements for the uninsulated
engine, thus confirming the model’s validity. Furthermore, the uninsulated engine data case (baseline
configuration) forms a sounc basis against which the corresponding performance of the two engine
insulation cases can be compared and assessed. . 1998 Published by Elsevier Science Ltd. All rights
reserved

Keywords Low heat rejection, diesel engine. finite elements, hybrid thermostructural model.

NOMENCLATURE
A region (area) of interzst (m°)
¢ specific thermal capacity (J/kg K)
[Hs] heat convection matrix (W/K)
[hs] heat convection matrix (W)
n heat transfer coefficient (W/m2 K)
[K} conduction matrix {(W/K)
k thermal conductivity (W/m K)
n engine speed (rpm)
i surface unity vector im)
P pressure (N/m%)
[gs] heat flux matrix (W)
q heat flux (W/m”)
R. specific (thermal) contact resistance (m° K/ W)
¥ radial coordinate {m)
S boundary area (m”)
T absolute temperature (K)
T ambient temperature (K)
{ vector of temperature at grid points (K}
t time coordinate (s)
} volume (m3 )

axial coordinate (m)
Greek letters
o density (kg/m*)
[7) engine crank angle ('CA)
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Subscripts

c contact area

g gas

h specified convective condition

J a specific component subregion
P boundary finite element volume side index
q specified heat flux condition

u iteration step

w wall

Superscripts

e an ordinary element

v a time moment

Abbreviations

b.m.e.p. brake mean effective pressure
FEM finite element method (or model)
LHR low heat rejection

PSZ Plasma Sprayed Zirconia

S.N. Silicon Nitride

TDC top dead centre

INTRODUCTION

During the last two decades, extensive theoretical and experimental research has been carried
out for the development of limited cooled or, more commonly called, Low Heat Rejection
(LHR) internal combustion engines [1-4]. The main interest for such engines emanates from
their potential to do more work by reducing the cooling losses and so utilizing the increased
exhaust gas enthalpy in a power turbine [5-11]. Other equally important benefits are their com-
pact design, the related savings in cooling system’s parasitic power, and their capability for
using low cetane grade fuels due to the increased cylinder temperatures involved. Unfortunately,
related research efforts revealed some adverce aspects which initially had not been taken into
account; these included the elevated cylinder surface temperature causing a significant reduction
in volumetric efficiency (affecting directly the engine power output), and in some cases, a drastic
increase in convective heat transfer coefficient and thus enhancement of in-cylinder heat rejec-
tion. Also, constructional problems evolved concerning the compatibility of the new ceramic ma-
terials used as insulation along with the conventional ones.

During the last few years, works reported, for example in refs [5-7,12-15], have contributed
significantly to the advancement of the insulated engine development. Moreover, detailed ther-
modynamic analysis models [9-11] provided a better insight into the processes taking place in
insulated diesel engines, and their effects on their performance and pollutants emissions. Todays
research status on LHR engines has to provide answers to specific and important problems con-
cerning the engine construction, which can be summarized as follows:

1. The heat transfer paths through the combustion chamber components should be analysed in
detail resulting in accurate estimations for the amount of rejected heat and temperature dis-
tributions in both the ceramic and metallic subregions of each component.

2. Thermal and mechanical conditions at the interface between ceramic and metallic materials
have to be carefully evaluated in a structural calculation. Also, special insulation schemes,
like the ‘air gaps’, have to be analysed in detail.

3. Problems associated with ceramic materials behaviour on transient engine operation (thermal
shock) have to be properly assessed.

In most of the published papers concerning LHR engines, the engine structure is simulated
with a simple one-dimensional conduction model [7,14-17]. This simple approach has the ad-
vantage of low computational cost, but is unable to describe the important effects of each
specific insulation scheme and its geometric details on engine heat losses and performance.
Therefore, in the present paper, a three-dimensional axisymmetric finite element model (FEM) is
adopted [18, 19]. The engine thermodynamic cycle was simulated [20-24] with a single-zone com-
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bustion model which in the past proved successful [24], especially for the performance predic-
tions of open chamber diesel engines, with the added advantage of low computational cost.

A reference to the effect of conditions at the interface between the ceramic and metallic
materials, on the amount of heat losses from insulated combustion chamber components, is
seldom found in the relevant literature [25]. Therefore, the present authors were led to the
development of a new finite element model based on the principle of ‘interface variable’ [26].
These models are often referred to as ‘Hybrid® [27], as distinct from the ‘complete field’ ones. In
this way, the non-ideal contact between two dissimilar materials in the engine construction can
be taken into account, with a detailed description of the physical mechanisms responsible for
the contact resistance and the aid of the ‘heat balance method’ properly applied between the
two subregions. The three-dimersional FEM submodels applied in both subregions offer
maximum accuracy. All of the above features constitute a novel model, with appreciable
predictive powers for heat transfer calculations in a LHR internal combustion engine.
Moreover, in the present paper, the special, but frequently used, insulation technique of ‘air
gaps’ is also represented, for the first time, by a detailed physical mechanism so that the amount
of heat rejection can be calculated in detail.

Apart from steady state operations, transient engine operations can cause significant problems
in the application of ceramic materials in engine insulation, such as the so called ‘thermal
shock’ [28,29]. The present authors have already incorporated the time dimension in all the sub-
models used by the hybrid code, in order to estimate the effect of transient operation on the
insulated engine structure. However, because of brevity of space, this important issue will be
addressed in a further communicarion.

DESCRIPTION OF SIMULATION MODEL

General description of the model

The engine thermodynamic cycle is simulated by a single-zone combustion model [24]. Among
other results concerning engine performance, the gas side thermal boundary conditions are
computed which are necessary for the related heat transfer calculations.

The ceramic and metallic subregions of every engine component are simulated separately by
the hybrid model. Three-dimensional axisymmetric finite element submodels are considered for
the representation of both parts. Connection between them is accomplished with appropriate
use of the heat balance method through an iterative procedure developed by the authors.
Numerical instabilities which occur during this procedure are faced up with the aid of a ‘filter-
ing’ process based on a local distinction of the contact elements according to their relative
temperature and/or heat flux error.

The mathematical details of the model for the general uninsulated case have been reported in
previous publications [18, 19], so that only an outline of the most important of them is presented
here. On the contrary, all the above modifications and additional features which formulate the
new hybrid model are described in detail in the following subsections.

Hybrid finite element formulation of steady temperature fields in insulated combustion chamber
components. For a three-dimensional axisymmetric steady state temperature field in cylindrical
coordinates (r,z), in the absence of heat sources inside every region of interest and constant ther-
mal conductivities, the heat conduction equation reads [30}:

2 18T 8T
(Z1.10T,07) - n
;

arr ' r dr ' 922

where index j denotes the specific subregion of the engine component for which differential
Equation (1) is applied, i.e. ceraraic or metallic.

The basis of the finite element formulation for every part is the minimization of the following
variational statement [31,32]:
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where the triple integral extends over the volume of interest }; (ceramic or metallic), while .Sy,
and S, denote boundary areas of part j° with specified convective and heat flux conditions,
respectively.

Following the same lines of formulation as described in detail in ref. [19] for the uninsulated
case, we obtain the characteristic ‘element’ and ‘global’ matrices for the three-dimensional. axi-
symmetric, steady state heat transfer problem in every component subregion j (i.e. conduction
[K];» convection [H];, [, and heat flux [¢], matrices).

The nodal temperatures [7]; of every subregion can then be obtained through the solution of
a respective set of linear algebraic equations

([[K]+ [HJ] - [T] = (] = [a]), (3)

The minus sign on the rhs of this equation results from the adopted convention that heat flux ¢
at every boundary element is positive when outgoing the surface and negative in the opposite
case, which is in agreement with the direction of the surface unity vector /. This assumption
proved convenient for the calculation of the heat flux vector where necessary.

Application of conditions at the contuact area between different parts. Referring to Fig. 1(a), two
different engine components I and II (or two different parts of the same component, i.e. ceramic
and metallic) with thermal conductivities & and 4, and temperature distributions 7} and Ty,
respectively. are in coatact through a common boundary area S.. Assuming perfect contact
conditions (zero contact resistance) between the two parts, the next equations must be satisfied

at every point of the area S, [30]:
or
=hkny| =
e ( 7z )uls" )

| il X oT

_= — —K —

qils, = quls, " on
Thls, = Tulg,

where the same convention was kept for the heat flux sign, as mentioned before.

This is an ideal situation and can be applied only in cases where construction of the two parts
permits such a simplification. However, for most of the real cases due to numerous factors
(quality of contact surface S.. insulating air gaps, necessary operating tolerances, etc), contact
between the two parts (even under pressure) is accomplished with a specific thermal resistance
R.(T). In these cases, contact conditions are given by the following set of equations [25, 30]:

oT oT
als. = —quls, < wkl(mll& = kn(a)ﬂ\x (5)

TIIS; - Tll|51. = RC(T)-‘I”& = ‘RC(T)~51H|5;
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Fig. 1. Contact conditions between two parts (a). and application of the heat balance method between
two elements at the contact area (b).
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so that the interference of the thermal resistance R, causes a temperature drop between the two
contact parts. For the case of insulating air gaps, this difference approaches several hundreds
degrees. Here, the resistance R. is due to a combination of two different mechanisms, that is the
air gap will pass some heat by radiation apart from the amount of heat which passes because of
conduction [7,33]. From a mathematical scope, the temperature function T(r,z,f) for the present
case 1s not continuous at the interface S, and as a result, the first derivatives with respect to r
and £ in Equation 2 tend to infinity, a fact excluding the possibility of a straight-forward
solution applied in both regions of interest, simultaneously.

Application of the heat balance method and connection of the two parts of the hybrid model.
Complications arising due to the presence of the thermal resistance at the interface between the
calculated parts could be simplified if more emphasis is given to the physical insight, using a
combination of the FEM with the heat balance method [30].

Referring to Fig. 1(b), two solid elements (¢) and (f) with finite volumes ¥ and V" are
considered in regions I and II, respectively, having a common side (1-2) at the contact surface
S.. For the general transient case. the heat balance on each volume for the interval At, in the
absence of heat sources, yields the following expressions:

(v+1

) (v)
0 (f]T | - p C[T« 3
Volume V(e):{ @ Y aly ] e = Zqu,,L:;
p=1
(6)
(vl (V) 3
TpnenT —puenT :
Volume V‘”:[ e A L@ ] v = ZAP‘Iplfzi
p=1

and from Equation (4) or (5), ¢» =q'C = —q{,'. The time instant &, for which the term on the rhs
of Equation (6) apply, belongs to the time interval tRER{t, + At, while index p refers to the
three sides of each finite element volume. For the steady state case considered, the lhs terms of
Equation (6) simply reduce to zero.

Application of Equation (6) during the FEM solution at the surface separating two different
parts of a component or two different combustion chamber components, either for the zero
(ideal) resistance contact case [described by Equation (4)] or the non-zero (real) contact resist-
ance case [described by Equation (5)], was accomplished via an iterative procedure created by
the authors as described below.

For the ideal condition contact case with R.=0 and for every iteration step u during conver-
gence, we define

(Age), = [(9e),) = (at),|
and
(ATC)M = (TL)H - (Til)u

where index ‘¢’ refers to values of corresponding variables at the ‘contact’ area. Then, the heat
flux [directed as shown in Fig. 1(b)] at the next iteration step (u + 1), is given from the
following relations:

1. In the general case during convergence, if (A7), > 0, the heat flux modification is

1 11 A o),
@), = I(qc)uP;l(qc hl I g) |

@ + @] [(Age).
(qll u+l — 2 - 2 )

(7)

where the new value of heat flux can be incorporated in the (u + 1) step as a corrected
boundary condition for the common side of the elements e and f at the contact surface S,
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[side 1-2 in Fig. 1(b)]. In the opposite case, that is (AT,), <0, the second terms on the rhs of
Equation (7) are used with reversed sign.

2. At the final convergence stages, where (AT,.),20, but a remarkable value of (Ag.), (above
convergence criterion) still exists, the heat flux modification is accomplished by the relations

1 i1
(q(l;)u+| — l(qc)u' —; ](qc )ul

I 1
(qy)u«—l - J(_qg_).i_-;iqc—)ul

(8)

3. At the initial convergence stages, where for the most part of S., temperatures generally are
extremely different (i.e. (AT,),>0 or (AT.),<0), the procedure can be accelerated via a sim-
ultaneous temperature and heat flux modification. Specifically, when (AT,), >0, Equation (7)
can be used with the following ‘modified’ temperature values

Ti,mod = (Ti)u _féorr(Tl, TICI,ATC) }

©)
Tp,mod = (Tll)u 'f‘fcorr(T‘]37 TP,ATC)

The corresponding ‘modified” heat fluxes on the rhs of Equation (7) can be evaluated now,
leading to new values for the (u + 1) step calculations. Again, when (AT.), <0, the second
terms on the rhs of Equation (9) are used with reversed sign. The f,, is a temperature correc-
tion function dependent on the contact temperatures (7!, 7!') and their difference (AT,). Many
different types of f..r can be used, and the final choice must also take into account the effects
of contact surface geometry and node density. An hyperbolic type of f...r gave quite good
results for all the cases in the present study.

For the real condition contact case with R.= R.(7)$0 (increased surface roughness, enclosed
air gaps, etc.), we define as ‘mean heat flux’ value at the contact area. for every step » during
convergence, the quantity

|(g8).] + 1(gh).]

(qu)u = 3

Then, the previously described iterative procedure formulated by Equation (7)—(9) can be uti-
lized unchanged, but a temperature check in every step u is now accomphished, respectively,
through the relations

(ATc)u > R(T) - (qcm)u (10a)
or

(AT) <R(T) - (gem),, (10b)

The above iterative process [Equation (7)—(10)] is not applied at every step u simultaneously
to the whole contact surface (S.), but through a local distinction based on a filtering process, as
stated in a following section. Of course, satisfaction of conditions (4) or (5) is checked at the
whole contact surface in every step during the process, which stops when the relative error in
temperature and heat flux values (between the two parts) falls below a specific respective limit.

Thermodynamic cycle simulation of engine operation— Application of boundary conditions at
the combustion chamber components. In order to simulate the engine thermodynamic cycle, a
single-zone model of combustion was adopted. A uniformity in space (mono-zone) of pressure,
temperature and composition is considered in the combustion chamber at each instant of
time [1]. Because of the weak mixtures involved, dissociation is neglected. Heat transfer is con-
sidered using the Annand formula [34]. Variable specific heats of all constituents with tempera-
ture are taken into account. The fuel used is dodecane (C;3H6), wWhich typically represents the
fuel used (diesel oil) for high and medium speed diesel engines. The semi-empirical model of
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Whitehouse and Way [35] is used for calculating the rates of combustion. The injected fuel is
prepared for combustion by a mixing and diffusion process, while the chemical reaction is
effected by using an Arrhenius type expression.

One of the most essential factors in temperature predictions at the combustion chamber com-
ponents is the correct application of boundary conditions. As this application directly influences
not only the resulting temperatures, but also the heat fluxes on both gas and cooling sides, a
detailed knowledge of the physical mechanisms becomes essential [36]. An extensive discussion
on the application of boundary conditions, separately for each one of the combustion chamber
components, was presented by the authors in ref. [19). For example, for the gas side of the
piston crown and liner, the engine cycle simulation with the use of the Annand heat transfer
correlation {34] calculates the instantaneous values of gas side heat transfer coefficient 4, and
gas temperature T, as a function of engine crank angle ¢. From these, the time-averaged
equivalent values h, and Tg can be calculated, as follows, for a four-stroke engine:

_ 1 4n _ i 4n
h:-—J hodp, Ty = _JThd 11
g4_n0gq’ 4nhg0ggfp (1)
Similar correlations for the gas and coolant sides of the combustion chamber components
formulate a final set of boundary conditions, appropriately stated for the demands of the
present simulation mode].

DESCRIPTION OF THE TEST ENGINE AND MEASUREMENTS

The experimental results for this work were taken from the literature [37,38]. The engine
concerned is a ‘Mirrlees-National FV2’, four-stroke, medium speed, direct injection (DI) diesel,
supercharged with a ‘Brush’ turbocharger. The cylinder bore is 0.305 m, piston stroke 0.381 m,
connecting rod/crank radius ratio is 4.9, clearance volume 0.00261 m® (compression ratio 12)
and the nominal speed 500 rpm. The fuel injector has nine holes, 0.52 mm diameter each. The
piston, liner and head of this engine are made from cast iron.

A wide range of tests at various engine operating conditions (speed and load) were conducted
for the baseline uninsulated case [37], during which a large number of engine variables were
measured and reported. Cylinder pressure measurements were taken with a water-cooled,
shielded piezoelectric pressure transducer. The pressure signal was recorded into an on-line
computer through an analogue-to-digital converter.

Temperature measurements in the various components of the combustion chamber (piston,
liner and cylinder head) were taken via a large number of ‘traversing’ thermocouples, which
were installed at various points of the above components. The thermocouples were fitted into
plugs, which were themselves fitted into the metal of the head, liner and piston [Fig. 2(a)]. The
fitting procedure also involved measurements of metal thickness at every particular location.
The measurements taken gave a signal with very little noise and also provided the required
data for heat flux calculations, assuming one-dimensional heat conduction along the path
connecting the two thermocouple wires. The coolant side temperature was also measured by
building a Ni/Fe thermocouple in it.

COMBUSTION CHAMBER INSULATION SCHEMES AND MODEL CONDITIONS

The previously described thermodynamic cycle and structure heat transfer model can now be
used to examine the effect of various insulation schemes on engine performance, heat flux and
temperature distributions at various (ceramic or metallic) parts of combustion chamber
components. The baseline uninsulated case configuration is shown in Fig. 2(a).

Two quite different combustion chamber insulation configurations [5, 7] are considered for the
present study, which are the most commonly used ones:

1. An l-mm-thick Plasma Sprayed Zirconia (PSZ) coating (k = 1.4 W/m°C) applied on the gas
side of piston crown and liner [Fig. 2(b)].
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Fig. 2. Piston-liner configurations, (a) for the baseline uninsulated case, (b) for the PSZ insulation case
and (c) for the Silicon Nitride insulation case.

2. A HPSN (Hot Pressed Silicon Nitride) cup with k = 10.0 W/m°C, screwed and fixed to the
piston upper surfacs [Fig. 2(c)]. Liner insulation for this case was accomplished through a
10 mm Silicon Nitride (S.N.) sleeve shrink fitted into the cast iron basis.

For all the above configurations, contact between the ceramic part and the base material
(i.e. cast iron) was accomplished taking into account the necessary contact resistances R, with
values dependent on the construction technique followed in each case. The effect of presence
of an air gap (of various thicknesses) in piston insulation for the PSZ coating configuration
case was furthermore considered, giving a complete set of cases for the application of the
present model.

In the present analysis, mean wall temperature 7T,, necessary for the thermodynamic cycle
simulation, has been held constant throughout the entire engine cycle. However, its initial esti-
mation can be modified through an iteration process if such a demand is raised by the calcu-
lation. This is an advantage of the present model, since the combustion chamber wall
temperatures vary significantly with position, while their final mean level value (different for
every load and every insulation case) is unknown at the beginning of the calculation, a fact
permitting only parametric examination of the problem if only pure thermodynamic models
were to be used [16,17]. Of course, this is achieved with the analogous extra computational
cost.

One of the main effects of engine heat insulation is the significant rise of combustion chamber
wall temperatures and thus the higher thermal loading of the engine [10,39]. This loading
is assumed to be withstood by the present engine; an examination of the developed thermal
stresses and component deformation is left for a future communication. It should be noted that,
at each load examined (under steady state) by the engine simulation program, the fuelling rate
of the engine has been kept constant (same pump rack position), while the volumetric efficiency
of the engine was allowed to be influenced by the wall surface temperatures. Thus, the overall
air-fuel ratio in these cases was varied accordingly.
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NUMERICAL SOLUTION PROCEDURE AND COMPUTER PROGRAM

In order to implement the theoretical analysis exposed in the previous sections, a computer
program was written in FORTRAN-77 and executed on an IBM-compatible PC-486.

Application of the basic finite element (and eventually finite difference) submodels to a hybrid
thermostructural code requires some major modifications in their structure, as well as their
successful connection through the heat balance method. The first important modification is the
addition of one more variable in the statement of the main program matrices, which refers to
the specific component subregion (ceramic or metallic, respectively). In this way, a temperature
distribution for any independent part is accomplished at every step during the solution process,
and satisfaction of conditions described by Equation (4) or (5) [as the case may be] at the
contact area is examined. If the, initially stated, convergence criterion for temperatures and
fluxes is not satisfied at every single contact element, the program enters the modification
procedure [Equation (7)-(10)]. The solution is then repeated with the new modified values of
fluxes at the contact area until the final temperature and flux distributions for every part are
reached.

One of the most difficult probiems concerning the use of an hybrid thermostructural code is
the significant instabilities introduced by its nature. Researchers in the past have reported [27]
such problems; the situation defiritely gets worse if a ceramic material, with its associated higher
thermal gradients, is considered for one of the subregions. On the contrary, the iterative pro-
cedure proposed by Equation (7)—(10) has presented remarkable stability even in the most diffi-
cult case of calculations involving ceramic components formulated by three-dimensional
axisymmetric models. Furthermore, the present authors have observed that the number of
necessary steps until final convergence, as well as numerical instabilities, can be significantly
reduced, if a filtering process is applied at every step during the modification procedure. This
process plays the role of local distinction of various contact elements, depending on the magni-
tude of their relative temperature or heat flux error in comparison to the corresponding maxi-
mum error value at every step . Thus, we have a low-level cut-off process which permits the
temperature and/or heat flux modification only on those elements possessing an absolute tem-
perature or heat flux error exceeding, respectively, the following quantities

(Terr)l, :ferr.T : i(ATC)u.mux1 }

A ‘ (12)
(Qerr)“ :.ferr.q ' ‘(ch)u,max]

Empirical values used in the present application were in the range of 0.70-0.85 for f...t and
0.55-0.70 for forrq-

RESULTS AND DISCUSSION OF ENGINE INSULATION

For the needs of the present investigation, two different engine operating conditions were
simulated for the baseline (uninsulated), as well as for the two insulation configurations
described previously:

1. A part load (35% of full lcad) operation at a speed of » = 400 rpm and a brake mean
effecive pressure (load) of b.m.e.p. = 3.33 bar; and

2. A full load (100% of full load) operation at the same engine speed and a b.m.e.p. = 9.72
bar.

All constants necessary for the combustion rate and heat loss submodels of the thermodyn-
amic cycle were obtained by comparison between calculated and experimental results for a wide
range of engine operating conditions [19]. As a typical case, Fig. 3 presents a comparison
between calculated and experimental cylinder pressure values versus engine crank angle for
n = 495 rpm and b.m.e.p. = 3.92 bar. The observed agreement is good, as was also the case for
the rest of the engine conditions compared. In the same figure, the corresponding pressure dia-
grams for the two insulation cases considered are also presented; a slight increase in maximum
pressure value can be observed in agreement with findings of other published studies [9, 10].
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A detailed presentation of the effect of insulation on engine performance, as calculated from
the thermodynamic cycle simulation model, is given in Fig. 4 for the two load operating
conditions considered. Here, the increase of the degree of insulation is considered by a respective
increase in the mean wall temperature, since this is the final effect in the real case. As expected,
a considerable increase in the maximum and exhaust gas temperatures is observed, accompanied
by a corresponding decrease of volumetric efficiency as the degree of insulation increases [10].

Fig. 6. Piston wall heat flux versus crank angle diagrams for the uninsulated and the two insulation

Heat flux (kW/m?2)

Monolithic (S.N.) insulation
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schemes, at the full load (100%) operating conditions.
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Fig. 7. Piston and liner temperature distributions (in “C) at part load (35%) operating conditions, (a)
for the uninsulated, (b) for the PSZ insulation and (c) for the Silicon Nitride insulation schemes (num-
bers inside parentheses denote experimental measurements).

The average (mean) amount of heat flux to the walls presents a significant decrease as the wall
temperature (and consequently the degree of insulation) increases, whereas the corresponding
peak heat flux increases. This is mainly due to the fact that the increased cylinder surface tem-
perature causes a respective increase in the peak value of convective heat transfer coefficient,
and so the expected gain from the reduction of heat losses (due to the elevated wall surface
temperatures) almost vanishes or is even reversed over a certain part of the engine cycle.

In order to present the previous phenomenon more clearly, Figs 5 and 6 show the variation
of instantaneous piston wall heat flux versus crank angle for the uninsulated and the two com-
bustion chamber insulation schemes at the part load and full load operating conditions, respect-
ively. As expected, the peak heat flux shows an increase for the two insulated configurations
affecting only a certain part of the engine cycle during the expansion stroke, whereas the mean
level of rejected heat is reduced. It can also be observed in Fig. 5 that comparison between
theoretical and experimental heat flux values for the uninsulated engine is successful, confirming
the model’s validity.

0

Fig. 8. Piston and liner temperature distributions (in °C) at full load (100%) operating conditions, (a)
for the uninsulated, (b) for the PSZ insulation and (c) for the Silicon Nitride insulation schemes (num-
bers inside parentheses denote experimental measurements).
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Fig. 9. Radial variation of heat flux from an internal surface of the piston crown (at its midheight) at
part and full load operating conditions, for the uninsulated and the two insulation schemes.

The calculated temperature distributions (in °C) at the interior of engine piston and liner, for
the uninsulated and the two insulation schemes, are presented in Figs 7 and 8 at the part load
and full load operating conditions, respectively. In Fig. 7(a) and 8(a), numbers in parentheses
denote temperature experimental values obtained from thermocouples located at the respective
points. For both operating conditions, the agreement between calculated and experimental
values is very satisfactory providing a sound basis for the validity of results concerning the two
insulated configurations.

The characteristic changes in temperature distributions from the baseline combustion chamber
of Fig. 7(a) and 8(a) can now casily be observed in Fig. 7(b), 7(c) and Fig. 8(b), 8(c), respect-
ively. A significant rise in temperature levels is incured for both insulated configurations,
accompanied by strong thermal gradients inside the ceramic materials. The ceramic layer of
every component operates as a thermal storage tank, which leaves only a small amount of heat

PART LOAD (b.m.e.p. =3.33 bar, n=400 rpm)

Heat Rate Reduction (%)

jE—

Total Upper Rings Lower Oil
Skit  Area Skit  Side

40
60

B PSZ COATED PISTON (7] MONOLITHIC (S.N.)

Fig. 10. Reduction percentage of rejected heat rate for the PSZ and Silicon Nitride (S.N.) insulation
schemes against the uninsulated case, distributed over the various piston surfaces (part load con-
ditions).
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Fig. 11. Reduction percentage of rejected heat rate for the PSZ and Silicon Nitride (S.N.) insulation
schemes against the uninsulated case, distributed over the various piston surfaces (full load conditions).

passing through to the metallic basis and consequently to the fluids surrounding the combustion
chamber. This is shown more clearly for the Silicon Nitride insulation scheme, where tempera-
tures at the corresponding metallic region remain essentially unaffected by the load increase
revealing a high degree of insulation for this specific scheme.

Figure 9 shows the variation of heat flux from an internal surface of the piston crown (at its
mid-height) at part and full load operating conditions, for the uninsulated and the two insu-
lation schemes considered. A few available experimental values for the baseline piston crown (at
part load) are also shown, which are in good agreement with the corresponding calculated ones.
It can be observed that each one of the insulation schemes performs differently as far as the sup-
pression of rejected heat loss is concerned. In the case of PSZ coating, the heat flow lines remain
essentially unaffected and the heat flux variation across the piston maintains its initial distri-
bution with moderated differences between various locations. On the contrary, when the piston
crown is replaced by the Silicon Nitride one, heat flux variation acquires a completely new dis-
tribution. The large volume of the ceramic material in this case acts like a strong thermal barrier
and heat flux distribution becomes almost constant across the piston crown.

A quantitative representation of the above results is given in Figs 10 and 11, for the part and
full load operating conditions, respectively, in the form of rejected heat rate reduction percen-
tage for the two insulated schemes against the uninsulated case, distributed over the various
piston surfaces. It is clear that the S.N. monolithic configuration presents (for the application
conditions of the present study) a greater insulation effectiveness. Furthermore, the difference in
the local distribution of heat flow for the two insulation configurations is confirmed; PSZ
coating reduces the heat losses by an almost even percentage at all surfaces, whereas the corre-
sponding percentage for the monolithic (S.N.) configuration presents high local differences and
moreover an unexpected increase of heat flow at the skirt upper part. This last phenomenon can
be explained by the high thermal capacitance present inside the significant ceramic volume in
this area, as mentioned above. It is also remarkable that the reduction of heat is accomplished
with greater effectiveness at the part load operating conditions for both insulation configur-
ations, which is in accord with other published results [9].

Finally, Fig. 12 shows the expected reduction of heat rate when an air gap is considered
located inside the metallic piston basis (see small figure in the upper right corner of Fig. 12) for
the case of the PSZ insulated configuration, for part and full load operating conditions.
Examination of the effect of the air gap size (thickness) on the heat loss from the various piston
surfaces was performed up to a value of 0.2 mm. The amount of heat loss reduction was larger
for the skirt and especially the ring’s belt area, since the air gap is placed in this case near the
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Fig. 12. Heat rate reduction versus piston air gap size (thickness), for the PSZ insulation scheme. at
part and full load operating conditions.

perimeter rather than the piston centre. It is also observed that at the full load operating
conditions, the air gap, after an initial reduction in heat rate, quickly loses its effectiveness with
further increases in gap size. It must be noted that the air gap configuration in question
partially insulates the piston crown, so that increments of its thickness simply lead to analogous
increments of heat flux in the rest of the piston volume. The maximum heat rate reduction from
the piston occurs at different values of the air gap thickness, depending on the engine operating
conditions.

CONCLUSIONS

A Hybrid finite element thermostructural model was presented and used to study the heat
transfer behaviour of a four-stroke, direct injection, medium speed diesel engine, under two of
the most common insulation schemes, i.e. plasma sprayed zirconia (PSZ) and silicon nitride
(S.N.) designs. The model developed permitted the separate simulation of the different engine
components {(or their subregions) and provided a detailed description of the physical mechan-
isms of heat flow through them, with the aid of the heat balance method. In this way, the
significant contact thermal resistances were estimated and incorporated inside the structural
model. Numerical instabilities during these applications, which were mainly due to the high tem-
perature gradients developed inside the ceramic materials, were faced up with success via a new
iterative process.

The elevated combustion chamber surface temperatures, for the insulation cases, result in
higher heat flux values to the insulated walls for a certain part of the engine cycle. However, the
mean heat flux level always presents a reduction in the case of low heat rejection engines, as
compared to the corresponding uninsulated engine.

Each insulation configuration acts in a different way concerning the reduction of heat loss.
Ceramic coating (PSZ) leaves the basic heat flow pattern inside each component essentially unaf-
fected, while monolithic component insulation (S.N.) creates a new heat flux distribution around
the various surfaces. Studying the case of including an air gap in an appropriate location inside
the engine piston, for the PSZ insulation design, revealed that this is a very effective way for
heat loss reduction.

Comparison between theoretical predictions and experimental measurements for the normal
(uninsulated) configuration has been satisfactory, proving the validity of the developed model,
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while providing a sound foundation for heat transfer performance comparisons of the insulation
cases considered.
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