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Abstract

This paper deals with modeling of heat flow thiougylinder structural components of a marine twmlst
engine. Especially, we paid attention on simulatiofy temperature distribution for the wet cylindeindr.
Multidimensional equations for the transient heab@duction with the Dirichlet and Fourier boundargraitions have
been applied. In particular, we applied local vaduer the convective and radiative heat transfeefficients using
the Fourier boundary conditions determined in aaf cylinder volume and a cooling space of thadgr. In
order to determine the temperature distribution fmnsidered spaces, we applied the radiosity metBadulation
results have been presented in the form of a teatyer field for cylinder structural components deged on the
crankshaft position angle. Application of the itiva calculation method for solving differentialuedions of energy
balance allowed us for using software easy to §eé& carried out all iterative computations using MERcel
spreadsheet. This way, we could decrease the diowleost significantly.
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1. Introduction

Many researches show us that approximately 25 %ggr@roduced by a combustion process
is lost to the engine cooling system [1]. In orterincrease the piston engine effectiveness, we
should recognize the heat-releasing phenomenon droengine cylinder volume. The knowledge
makes it also possible to determine thermal stseissparticular elements of cylinder, as well as to
model emission of toxic compounds contained in aghgas [2].

It is necessary to express that working featurgastbn engines, for example cyclic changes of
combustion process parameters depended on crabkgbsitions, can cause to additional
difficulties in describing such a process in appiate quantitative and qualitative way. Therefore,
in order to identify the amount of heat lost, wewd determine not only parameters occurring in
the combustion chamber and cooling volume, but gésometrical features (sizes and shapes) of a
cylinder liner. Additionally, it should be stressttht structural elements of engine cylinders are
massive units with complex shapes and — in the chsearine engines — of large dimensions as
they have to withstand large mechanical and thetozals. For this reason, they are capable of
accumulating a large amount of heat energy, whialy cause detrimental effects such as thermal
overloading which — in extreme cases — may reaudngine failures.

The presented work has been aimed at developinguli-aimensional model of heat
conduction through structural elements of pistogjima cylinder, with a use of one of the
numerical methods of solving heat conduction pnoisienamely the radiosity method [3]. Such a
model has been applied to visualize temperatutelaition of the mentioned components for the
laboratory two-stroke engine installed in GdyniariMiae University.



2. Modéding of the heat transfer coefficient

The heat transfer rate from the combustion gaseéket@ombustion chamber wall is usually
expressed by the Newton'’s law [4]. It useder alia, the term of the experimental heat transfer
coefficient. Many models proposed various wayslitaim such a coefficient. They assumed that
the heat flux is the same for all surfaces in aorsibn elements of the engine combustion
chamber.

First of them is Nusselt's model [5]. It assumeeasly state heat transfer and shows
dependence of amount of the heat transfer coeftida the mean piston speed, the temperature
difference, the cylinder gas pressure and a gastlaadwall emissivity. Based on the same
parameters, Sitkei [6] proposed a different expental equation for four-stroke, indirect injection
diesel engines. Eichelberg [5] proposed very sinmptelel for two and four-stroke engines and
Hohenberg studied the heat transfer for six entypes [7]. Wiebe’s proposal presented in [8],
makes a value of the overall heat-transfer coeificdependent on geometrical sizes of a cylinder
volume, average speed of a piston, and stage ptremaf a mixture averaging for the total
volume of a cylinder space. A value of such a c¢oeffit changes according to the crankshaft
position. Woshni proposes the similar dependency[9in He developed it adding variable
coefficients, which vary with different phases bétengine cycle. Annand cited in [10] proposed
other approach. He determined amount of heat eamsf to cylinder walls by means of adding
heat conveying trough the convection and radiggbenomena. However, he made the accuracy
of results received with using of this method dejeen on the correct determination of so-called
calibrating constants. As a rule, these constasbe obtained by means of laboratory tests. The
presented correlation dependencies can be helpfsgtting up the total energy balance of piston
engines because they require only a small numb#reoinput data. Nevertheless, the accuracy of
results received in this way depends on calibratimade every time for the specific engines. The
comparison of values of the heat-transfer coeflitseletermined for a laboratory engine by using
the described methods is presented in [11]. Resettsived by these methods have the sufficient
discrepancy, reaching almost 80% for beginning #mwughout of a combustion process.
However, the mentioned dependencies describe balpyerall heat quantity transferred from the
cylinder liner or the whole engine and they are atae to describe the local and transient flow of
heat [12].

Therefore, they are not suitable to describe thesteges of structural components of an
engine cylinder. In last years, models describihghe multidimensional flow of heat through
cylinder walls have been developed according toptiogress made in the field of the turbulent
combustion of fuel. It is obvious that these modelke into consideration the changeable
conditions of a combustion process in various poifita cylinder volume.

3. Heat transfer through construction elements of the engine
Construction elements of the cylinder of large maritwo-stroke engine have usually
cylindrically shapes. Therefore, in this case usthe cylindrical arrangement of equations is more

adequate. The heat flow balance for an elementaoyngtrical area of engine cylinder structural
element (Fig.1) can be presented as energy batenimdlows:

Q+XQ =0, @

where:

Qv — an internal heat source,
Qi — amount of heat flow from a neighboring elemeng@ometrical area,



n— a number of neighboring areas.

Fig 1. An elementary volume of a cylinder lineustural component

According to Fourier's law of heat transfer, theahdlux is proportional to the local
temperature gradient in any direction:

Q=-A10T, (2)
where:

A — thermal conductivity of material [W/(®)],
OT — temperature gradient [Ki.

Assuming that properties of structural material iaotropic in all directions, we can state that
there is no heat source inside the consideredaar@dhe heat exchange process is stationary. The
heat flux across walls of the elementary componantbe presented by the following equations:

Q. [R+A—2RJARM3¢DI(T AZT j (3)
Q,r =(R+AR)AZ (Mg m(T ART j , (4)
Qo = (R+%)AR vy, m(%j , (5)

Q. =RAZ D4 m(T o j ©)

where:

T — temperature [K],
L r U, D — Indexes of neighboring areas temperatures (ged
A —thermal conductivity of material [W/(&)].



Substituting of Eq. (3) to Eq. (6) and next into.Hd) and taking into account that
AZ = AR = X, we obtained the following relation:

1 1 R+ X R
T, ="T,+-T.+ — 2 T+ — T, 7
ViogV 4°® (4R+2xjR (4R+2xjL (7)

Eq. (7) for modeling of heat flow through an engayénder liner could not give correct results
due to the unstable heat transfer through the agtitiner structural components resulting from
the cyclic engine work. Moreover, thermal energgusculation in the cylinder liner structural
components complements such a kind of phenomerthisiitase, we converted the Eq. (1) to the
following form:

T,"-T,
QD:V _QU:>V _QR:>V +QL:V =Vol |Ep DDGTI (8)

where:

Vol — volume of the elementary componenf’][,mequals(R+%AR)AR [Ag [AZ

Cp — specific heat at constant pressure[JKKg

p — density of the elementary control volume [k&/m
At — considered time interval [s],

T, — temperature afteft time [K].

Using the notion of the Fourier discrete numbED for two-dimensional heat flow [13] inside
elementary area, we can express the temper&uirby the following equation:

9)
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where:
L ALAt
AFo — the Fourier discrete number [-], equals——.
c, LpIX

In the iterative solutions, the steady-state camadlishould be met. It can be expressed by the
following inequality:

AFO> =, (10)

4. A model of temperaturein the engine construction elements

The input data for a thermal state model are thentary conditions on borders of the cylinder
liner structural components and initial conditiodstermined by means of the experimental
measurements or modeling of a combustion proceseinylinder volume. Both the boundary and



the initial conditions determine a thermal state &iructural component boundaries. All
calculations were carried out for the one-cylinderp-stroke, and crosshead laboratory engine
with the straight-through scavenging. The freshew#iowing through the wet cylinder liner cools
its cylinder volume. The main parameters of thigiea are; the piston stroke 350mm, a diameter
of the cylinder 220mm, the actual rotational sp26@ rpm and the actual power output 17kW.
The structural similarity to the large-size mareregines was the reason of its selection as the
modeling item. Using design documentation of thentio@ed engine, we have divided the
cylinder liner structural components into the elataey components with a size 2 mm of their
sides (parameteX in relative Equations). Taking into mind axial-aymtrical shapes of the
modeled elements, we limited our modeling to theo-thmensional areas located in the
longitudinal section. These elementary control pagcallow us to describe the temperature field
for the following components: the engine pistonetthgr with its rings considered as the uniform
structural componenthe cylinder liner, the cylinder block with undesfon chamber and the
cylinder head together with its exhaust valve amekcior.

For describing the heat exchange phenomena, tloevinf forms of boundary conditions were

applied:

— Dirichlet’'s conditions for a surface between theustural component walls and the
surrounding air, which were obtained by determoratf the wall temperature equals to
the air temperature measured during the experirhstutdy,

— Dirichlet’'s conditions for a surface of under-pistehamber which were obtained by
calculation of compression in this area duringehgine working [14],

— Fourier's condition for a surface between the stmad component walls and the cooling
volume,

— Fourier's condition for a surface between the d¢tmad component walls and the
combustion chamber.

The Fourier boundary condition was obtained with tise of heat transfer coefficients, which

are calculated individually for local conditionshd& convective heat transfer coefficient was
determined by the following semi-empirical equation

a. = o,ozeztﬁC D<j | Eﬁﬂ] e : (11)
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a

where:

C —speed of gas in a combustion chamber assumechasmpiston speed or mean speed of water
in a cooling volume, calculated by Poiseuille fotanpm/s],

v — a kinematic viscosity [fs], assumed’ =610 [T?+710° T -110°° for gas in a cylinder
and 8,6@0° m?s for the cooling water,

Aa — thermal conductivity of material [W/(#)], assumedi =-210° [T +8107° [T + 0, 003fr

gas in a cylinder and 0,612 Wiknfor the cooling water,

Cpa — Specific heat at constant pressure[JKKg assumedc, = 3007 T2 +01974T +93814 for

gas in a cylinder and 4178 J/kgK for the coolingexa

The radiative heat transfer coefficient determirad the basis of Newton’s and Stefan-
Boltzmann's laws can be described as follows:

T-T), (12)

where:



¢ — a relative emissivity determined for ,grey” flanand ,lusterless” surface of cylinder walls
equalss=0,79,

C — a Stefan-Boltzmann’s constant, eq@ds 5,6 710° W/(mK?),

T, —a temperature of a combustion chamber and a leog¢rature in the cooling volume [K].

The sum of convective and radiative heat trangbefficient was take into account to describe
Fourier's condition for surfaces. The correct vahfeT, temperature of elementary area was
obtained by using the iterative method, whereasitipeit data regarding temperatufein a
combustion chamber were taken from the combustioogss model presented in [14].

5. Resultsof modeling

Solving Eg. (9) for each of elementary control pat; we can obtain a temperature field
picture for cylinder components in cylindrical argement. All necessary calculations we
performed for the described laboratory engine. &hgine thermodynamic state varied according
to its crankshaft position angle. It is representgdchanges of temperature in a combustion
chamber. Values of these temperatures are presentes]. Taking it into account, we carried out
calculations beginning from the angle equal 8° leetnd ending at 88° after the top dead centre
(TDC). Moreover, we performed these calculationgiterval 8°, what gave the time interval of 6
[ms] at the set rotational speed. Using of suclerwals together with the assumed sizes of
elementary components allowed us to meet the dondéxpressed by Eqg. (10). This, in turn,
ensured the convergence of several iterative soisitiBearing in mind the unstable character of
this heat transfer, we applied the input data enfdrm of a temperature field resulting from the
previous crankshaft position in order to calculé¢enperatures of cylinder liner structural
components. Only the starting calculations for agle 8° before TDC, we carried out with using
Equation (7) assuming the steady heat transfer.
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Fig 2. The example of temperature field in enginacsural components shown in axial cross-sectieft gide)
and schematic view of an upper part of the engjfi@aer (right side)

In the left side of Fig. 2, the example of modelirgults is presented in the form of the
temperature field of engine structural componehtsas in axial cross-section. Due to the large



number of elementary areas, the obtained modedisglts are presented in the form of multi-color
map. Borders of particular colors correspond whih isotherms dividing the cylinder construction
areas into the temperature intervals of 40 K. Tigbtrside of Fig. 2 presents the schematic axial
cross-section of engine cylinder construction aggplin modeling the temperature field within
particular structural compo nets.

Depiction of the modeled cylinder in its longitudirsection and temperatures of its structural
components are presented in Table 1. The distihgdipoints plotted on its individual structural
components are related to layouts of the elemem@amyponents for which of temperature values
were calculated. Based on these results, we oliservesiderable differences of temperatures
between furthest geometrical points of the cylindeaching even 820 K, but in one point
differences of temperatures did not exceed 12 Kn{p®). It resulted from thermal inertia of
construction components represented by the Fodrsarete numberiFo. High temperature in
upper side of cylinder elements is observed. Thsae of this fact is modeling of temperature in
start of combustion process by using Eg. (7), withconsidering a thermal inertia of cylinder
construction components.

Tab. 1. The modeled cylinder and temperaturesdtitictural components

] Number Temperature [K] in elementary components in craakgbosition
S \ ofcomp.| -8° | 0° | 8° | 169 249 32P 40/° 48° 56° 64° 720° B88°

15 _— 1 861 | 861| 861 861 861 865 865 865 865 8§65 865 BEH |8
2 638 | 638| 638 638 638 64D 640 640 640 640 640 B4 |6
Ly 3 455 | 455| 455 455 455 456 456 456 456 456 456 UEH |4
18 \ 4 386 | 386| 386| 38§ 386 387 387 387 387 387 887 PB&H7 |3
\ 5 342 | 342| 342| 342 342 34p 342 342 342 342 842 pB42 |3
\ 6 316 | 316| 316| 314 316 316 316 316 316 316 3816 PB1K |3
e 7 314 | 314| 314| 314 314 314 314 314 314 314 B814 Bm4 |3
8 314 | 314| 314| 314 314 314 314 314 314 314 3814 Bmw4 |3
9 313 | 313| 313 313 313 313 313 313 313 313 813 BmB |3

10 307 | 307| 307, 307 30y 307 307 3p7 307 307 BO7 |3

\ 11 302 | 302] 302 302 302 302 302 3p2 302 302 BO2 |32

: 12 301| 301 301] 301 301 301 301 3p1 301 301 BO1 |3

4| 13 301| 301 301] 301 301 301 301 3p1 301 301 BO1 |3

14 301| 301 301] 301 301 301 301 3p1 301 301 BO1 |3

15 11191122]1121|1121/1120|1120({1119|1119|1118|1118|1117|1117|1116

16 894 | 894| 894 894 894 895 895 895 895 895 B95 @B

17 720 | 720| 7200 720 720 721 721 7R1 721 {21 W21 721

18 595 | 595| 595 593 595 596 596 596 596 596 596 |BHB

19 504 | 504| 504 504 504 505 505 505 505 505 505 =%

6. Conclusions

The presented paper deals with a model of heasfeathrough structural components of the
engine cylinder. Results obtained during modelilhgwaed us for the qualitative estimation of a
thermal state of the engine cylinder. Nevertheldss,lack of experimental verification does not
permit to carry out the quantitative estimationsath a state. Moreover, simplification made in
representation of a cylinder structure within thstgn and cylinder head makes impossible to
obtain the high accuracy of such a modeling. Theegfin order to increase the model adequacy,
we should increase an accuracy of representati@ensbfucture of the considered areas by means
of modeling friction nodes: a piston - piston rings cylinder liner. It, in turn, entails the nesig
to decrease geometrical sizes of elementary coptitwhes. The modeled temperature in certain
points seems to be too high. The reason of thispiabably is modeling of temperature in start of
combustion process without considering a thermattiam of components. In order to remove this



problem, modeling of temperature of elements shbeldegin from start of compression process.
The obtained modeling results may contribute toimgrease of modeling accuracy of the

phenomena occurring within the engine combustioandber, accompanied by a significant
decrease of the modeling cost associated with uspsgial computer software. Such a model
makes possible to develop guidelines for desigmih¢he engine cylinder structure taking into

account decreasing of thermal stresses by optiraizatf temperature distribution in the cylinder

components. As far as combustion process modelsareerned, the modeling of temperature
distribution within cylinder walls may effectivelyontribute to an increase of engine efficiency —
on the one hand — due to the decrease of totalfleeahg out to the engine cooling space and —
on the other hand — due to the possibility of fargnihe heat flow in complex areas of a cylinder
space. Moreover, the obtained results may be usetkdaching the subjects associated with
combustion engines, i.e. analysis of thermal stessd temperature distribution within engine
elements.
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