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Abstract: Two- and three-wheeled vehicles account for a significant portion of the automobile market
in several countries worldwide. In order to advance the capabilities of these vehicles, the integration of
direct-injection (DI) technology is essential, given its potential benefits such as high thermal efficiency
and low engine-out emissions. Direct injection in small-bore engines, however, further complicates the
challenges involved (of DI technology) like fuel impingement and mixture inhomogeneity inside the
engine cylinder, driving the need for an in-depth exploration of in-cylinder processes. Consequently,
the necessity arises to develop a small-bore direct-injection spark-ignition (DISI) optical engine that
incorporates a transparent cylinder and piston top. In this scenario, these transparent components
are required to endure a combination of intricate loads and boundary conditions, hence the potential
to result in failures. This work aims to assess numerically the effects of these loads and boundary
conditions on the transparent components and optimize their thicknesses. For this purpose, a
computer-aided design model of a small-bore DISI optical engine (displacement volume of 200 cm3) is
developed. The mechanical and thermal loads are extracted from the experimental data and validated
computational fluid dynamics model of the same engine configuration. A coupled temperature-
displacement finite element analysis methodology is developed in ABAQUS/CAE, and simulations
are performed under both steady and transient conditions. Temperature and combined stress
distributions within the transparent cylinder and piston top are obtained and analyzed to find their
optimum thicknesses. Knowing thermal gradients, combined stresses and displacements under
actual conditions helped design the small optical engine with an improved factor of safety.

Keywords: small-bore DISI optical engine; quartz cylinder; coupled finite element analysis;
steady-state and transient analyses; temperature distributions; combined stress distributions

1. Introduction

Small automotive engines with port fuel injection are primarily employed in two- and
three-wheeler vehicles, where prioritizing cost-effectiveness and economy of operation
is paramount. Consequently, conducting research on these engines presents a challenge
due to the need to improve power output while maintaining fuel economy, emissions
and efficiency. All of these objectives must be met through the utilization of simple and
cost-effective technologies. In recent times, automobiles (four-wheelers) equipped with
direct-injection spark-ignition (DISI) engines have shown substantial potential in enhancing
combustion efficiency and reducing emissions [1,2]. Conversely, given that fuel is directly
injected into the cylinder in DISI engines, fuel can come into contact with the piston and
cylinder surfaces, leading to potential impingement [3–5]. Moreover, a significant issue
in DISI engines is the formation of an inhomogeneous mixture due to insufficient time
for mixture preparation [6]. In conclusion, despite their advantages, DISI engines face
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challenges such as wall wetting, mixture inhomogeneity caused by limited time for mixture
preparation and elevated hydrocarbon emissions at low loads, as well as increased NOx
emissions at high loads. These challenges become more pronounced when dealing with two-
and three-wheeler vehicles due to their smaller engine size [7,8]. Comprehensively, in DISI
engines, charge motion and mixture preparation have been determined to have the greatest
impact on engine efficiency and combustion stability [9,10]. As a result, comprehending
the intricate in-cylinder processes becomes crucial for development of small DISI engines
for two- and three-wheeler applications.

Optical engines have been useful by providing details of both temporal and spatial
variations of in-cylinder processes. In optical engines, a transparent cylinder replaces the
conventional metal cylinder to make the entire combustion chamber visible. In addition, the
elongated piston has a transparent window at the top, allowing the laser sheet to illuminate
the flow or access the camera for viewing purposes [11]. In contrast to conventional
SI optical engines, optical engines incorporating DI technology demonstrate increased
thermal loads, such as combustion and frictional heat fluxes, as well as elevated mechanical
loads, like combustion and clamping pressures. Complex boundary conditions further
compound these conditions. This is attributed to the enhanced thermal efficiency and
in-cylinder pressure inherent to DISI technology. Therefore, the transparent components,
such as the cylinder and piston top, are subjected to rigorous thermal and mechanical
loads [12]. Given these circumstances, researchers are compelled to refine the design
of these transparent components through a meticulous finite element analysis, thereby
guaranteeing an enhanced factor of safety. Over the last few decades, numerous optical
engines have been developed, integrating transparent components into their designs. A
comprehensive discussion of optical engines integrating transparent components into their
designs, along with limitations, is provided in the subsequent section.

Bowditch [13] made crucial advancements in optical engine design by placing a mirror
with a 45◦ inclination in the slot of an extended piston. This arrangement made the mirror
stationary irrespective of the engine operation. As a result, the transparent piston top
window, via the mirror, allowed optical access to the interior of the engine cylinder. In
the initial design, a transparent Pyrex disc between the cylinder and the head consistently
fractured when the engine ran for more than a few minutes due to a differing thermal
expansion coefficient with the metallic surfaces. Efforts to replace Pyrex with Vycor were
also unsuccessful because of surrounding material distortions, leading to Vycor disc failure.
To address this issue, a water-cooled laminated quartz-metal disc was adopted. However,
preventing the chipping of the quartz piston crown proved to be a challenging task. The
impact of thermal and mechanical loads on transparent parts has garnered significant
attention from the research community engaged in the optical engine development field.
Nakanishi et al. [14] employed L-head engines equipped with quartz windows to capture
images of combustion events. These experiments were conducted at low engine speed
(900 rpm) and under part load condition with an intake manifold pressure of 52 kPa.
Holtman and McClure [15] conducted an observation of in-cylinder flows using a fused
quartz cylinder with a thickness of 2.2 mm. They operated this engine in both motored
and limited fired-cycle conditions. Richman and Reynold [12] developed an optical engine
employing a transparent single-crystal sapphire cylinder. They applied a basic heat transfer
model and analytical equations for a stress analysis in the transparent cylinder, making
certain assumptions. The results showed that mechanical hoop stresses decreased as the
cylinder wall thickness increased while thermal stresses increased. They determined that
the wall thickness of 4.45 mm minimized the stress in the sapphire cylinder. Furthermore,
the selection of a 0.5 mm cylinder-piston wall clearance was made without conducting a
proper displacement analysis, whereas Bates [16] used a quartz cylinder because a sapphire
is brittle and has a high coefficient of thermal expansion, resulting in higher thermal
stress levels. Based on the analytical calculations of thermal and mechanical stresses,
a 1.72 mm thick quartz cylinder was chosen for motoring investigations. The primary
limitations of the aforementioned works are associated with the reliance on assumptions
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in the analytical equations, which resulted in approximate analyses instead of exact ones.
Contrariwise, Lee and Assanis [17] developed a finite element approach for predicting
the temperature and stress distributions in the quartz cylinder of an optical engine. In
the course of conducting the finite element analysis (FEA), thermal and mechanical loads
were subsequently introduced. However, the subsequent application of these loads onto
the transparent components may not precisely indicate the actual loading conditions. To
the authors’ best knowledge, no additional research has been undertaken to examine the
combined analysis of thermal and mechanical stresses, temperature distributions and/or
displacements in the transparent components of an optical engine simultaneously.

While numerous investigations in the literature have focused on a thermo-mechanical
analysis using a finite element analysis for conventional engine parts during the design
phase, the knowledge obtained from this literature work has been instrumental in framing
the methodology employed in the present study. Lowe and Morel [18] developed a thermo-
mechanical FEA tool for engine components. Thermal boundary conditions such as the
temperature and heat transfer coefficient were calculated separately using commercial
computational fluid dynamics’ (CFD) codes. Later, a thermal analysis was conducted using
predicted thermal boundary conditions, and the results were subsequently applied to a
structural analysis. Similarly, Roy et al. [19] employed commercial CFD software for a
thermal analysis, while a stress analysis was conducted using FEA software. These analyses
were subsequently executed, leading to a considerable time investment. Javanmardi and
Rezvani [20] used a CFD study to predict the thermal boundary conditions that were
applied to the cylinder liner segment by segment. In order to examine the deformation
of a cylinder liner, Barbieri et al. [21] conducted a simplified finite element analysis on
a turbocharged eight-cylinder V-type four-stroke engine, with each cylinder having a
displacement volume of 487.5 cm3. Liu et al. [22] calculated the temperature and the heat
transfer coefficient of a piston crown using analytical equations while performing a thermo-
mechanical analysis of the piston. The literature referenced was constrained to engines
of a larger size featuring more than two valves. The role of optical engines in advancing
internal combustion engine development is worth acknowledging, including their diverse
applications, which are discussed in the following section.

An optically accessible, single-cylinder, port-fuel-injection (PFI) engine with a dis-
placement volume of 110 cm3 was used in [23,24], and the experiments were carried out
employing particle image velocimetry (PIV) at various throttle openings. Recently, the flow
field was measured in a 475 cm3 optical single-cylinder four-valve gasoline direct injection
engine using a 2D digital PIV approach [25]. Research on a four-stroke single-cylinder
optical engine with four valves has revealed that the swirling properties of in-cylinder
airflow in a DISI engine play a role in influencing the dispersion of fuel spray and the speed
of flame propagation [26]. Furthermore, Tornatore and Sjöberg [27] employed advanced
optical diagnostic techniques, offering spatial and temporal precision, within a transparent
engine configured to operate in the partial fuel stratification mode to stabilize overall lean
combustion. In [28], the authors conducted experimental and numerical investigations to
characterize mixture preparation, combustion and emissions in a direct-injection natural
gas optical engine. Moreover, in [29], passively fueled pre-chamber spark plugs with vary-
ing geometries (three different types) were investigated in a single-cylinder direct-injection
gasoline engine, utilizing high-speed in-cylinder imaging. The primary objective was to
compare the flame propagation characteristics of these pre-chamber spark plugs with those
of a traditional spark plug. Apart from the PFI and GDI engines, optical engines also find
applications in the development of compression ignition engines [30]. However, no studies
focusing on in-cylinder processes and their interactions have been conducted in small-sized
DISI engines, primarily due to the challenges associated with their design. Also, there is a
lack of comprehensive details regarding the design of transparent components employed
in these engines.

The primary objective of this study is to comprehensively analyze the temperatures,
combined stresses (i.e., mechanical and thermal stresses) and displacements experienced



Energies 2023, 16, 7400 4 of 25

by the transparent components within the optical engine. This investigation is carried out
through a coupled finite element analysis approach. First, the combined loads are derived
from experimental data and a validated CFD model of the same engine configuration.
These loads, along with their corresponding boundary conditions, are then transferred for
application onto a finite element model within ABAQUS/CAE software. Subsequently, the
coupled equations governing the FEA process are solved using the ABAQUS/CAE solver.
This investigation specifically pertains to the selection of transparent components for small
DISI optical engines. This approach ensures improved durability and enhanced thermal
performance of these transparent parts. As a result, the main contribution of this paper can
be outlined as follows:

1. A small DISI optical engine is designed while maintaining the bore and stroke di-
mensions of its conventional metal counterpart from which (and its validated CFD
model) loads and measured boundary conditions are derived. This design’s geometric
specifics serve as the initial dimensions for the transparent cylinder and piston top
when initiating the coupled finite element analysis for thickness optimization.

2. A coupled finite element analysis methodology is developed to analyze the combined
stresses, temperatures and displacements. This methodology is then applied to the
transparent components of the small DISI optical engine.

3. The optimum thicknesses of both the transparent cylinder and piston top are de-
termined to ensure their resilience against complex loads and boundary conditions,
thereby ensuring an enhanced factor of safety.

4. The research methodology outlined in this study can be applied to the advancement
of optical engines, including technologies such as PFI, DISI and CI, irrespective of the
fuel type. This is achievable by utilizing thermal and mechanical load data obtainable
from experimental data (along with validated CFD models) of their corresponding
metal counterparts.

This paper is structured as follows: The coupled FEA methodology is outlined in
Section 2. In Section 3, the methodology of the coupled finite element analysis for the
quartz cylinder is detailed. This section comprises subsections that focus on assumptions
(Section 3.1), thermal and mechanical loads (Section 3.2) and the FEA model of the transpar-
ent cylinder (Section 3.3). Section 4 covers the application of the coupled FEA methodology
to the transparent piston top. The findings and discussions are presented in Section 5. This
section is further subdivided to address several aspects, such as the analysis of temperature
(Section 5.1), combined stress (Section 5.2) and displacement (Section 5.3). Additionally,
a transient FEA analysis and determination of optimum thickness for the transparent
materials are discussed in Sections 5.4 and 5.5, respectively. Section 6 offers a summary
and conclusions.

2. Methodology of Coupled Finite Element Analysis in ABAQUS/CAE

The temperature, stress and displacement fields are simultaneously solved using a
combined temperature-displacement technique in which a coupled analysis is performed
with interaction between thermal and mechanical solutions. This technique integrates
temperatures with a backward-difference strategy. Moreover, a nonlinear coupled system
is solved with Newton’s method. To implement Newton’s technique precisely, we need a
coupled non-symmetric Jacobian matrix, as seen below in Equation (1) [31].[

Kuu Kuθ

Kθu Kθθ

]
×
[

∆u
∆θ

]
=

[
Ru
Rθ

]
, (1)

where Kij are the submatrices of the fully coupled Jacobian matrix, ∆u and ∆θ are the
respective corrections to the incremental displacement and temperature, while Ru and Rθ

are the mechanical and thermal residual vectors, respectively. The governing equations,
which include the above terms, were discussed in the literature [32]. The aforesaid technique
allows for applying the combined loads on the quartz cylinder or piston top in a single step
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in the dedicated ABAQUS/CAE software, unlike the conventional methods wherein the
results of a thermal stress analysis mapped with mechanical loads are used to obtain the
combined stresses [17].

Figure 1a presents the exploded view of the optical engine’s computer-aided model
featuring a displacement volume of 200 cm3. Figure 1b illustrates the experimental setup
developed for the optical engine considering the present analysis. Both figures show the
intricate environment, surrounding the transparent components within the optical engine.
Furthermore, the initial dimensions of the transparent components are derived from the
engine’s CAD model, serving as the basis for generating their FEA model in the context of
the coupled finite element analysis.
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Figure 1. (a) Exploded view of the optical engine’s computer-aided model, and (b) optical engine
experimental setup.

Figure 2a presents the flow chart of the coupled finite element analysis steps. In Step 1,
a computer-aided three-dimensional cylinder was created. Next, in Step 2, the developed
model was applied with the properties of the quartz. Quartz properties employed for the
FEA were extracted from reference [12], with essential properties repopulated in Table 1.
Later, in Step 3, a 2 mm grid with a hexahedron shape was chosen for meshing. In Step 4, a
fixed displacement boundary condition (mechanical constraints) was applied to the nodes
at the top and bottom surfaces of the (cylinder) model. Step 5 involves the interaction
between the quartz cylinder and the environment (at temperature T∞) by providing a heat
transfer coefficient to the outer surface. Also, both thermal and mechanical loads were
applied in this step. Post-processing of temperature, combined stress (mechanical and
thermal stresses) and displacement distributions, and their contours, was accomplished in
the concluding step. Figure 2b depicts the various components of the optical engine. Also,
it shows the different loadings on the transparent cylinder and piston top.
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Table 1. Properties of the quartz material used for coupled FEA [12].

Property Value

Ultimate tensile strength (MPa) 50
Young’s modulus (MPa) 70 × 103

Poisson’s ratio (−) 0.16
Thermal expansion coefficient (/◦C) 0.6 × 10−6

Thermal conductivity (mW/mm−K) 1.4
Density (ton/mm3) 2.2 × 109

Melting point (K) 1973

3. Application of the Coupled Finite Element Analysis for the Quartz Cylinder
3.1. Basic Assumptions and Boundary Conditions

An internal combustion engine functions by igniting gasoline within the cylinder,
leading to the generation of heat energy and subsequently generating elevated pressure
within the cylinder. A portion of heat energy is utilized for the mechanical work, while
the rest is lost to the environment through the cylinder, cylinder head, piston and exhaust.
Consequently, the engine cylinder experiences thermal loads (consisting of combustion
and frictional heat fluxes) and mechanical loads (consisting of combustion, clamping and
atmospheric pressures). It is to be noted that frictional heat flux is due to the relative
motion between the piston and the cylinder; also, clamping pressure is applied to secure a
tight seal between the cylinder head, cylinder and crankcase. However, the lateral force
on the cylinder due to the piston-connecting rod mechanism was neglected because of its
lower value.

The subsequent assumptions were considered to represent realistic operating condi-
tions of the engine during the combined stress analysis using ABAQUS/CAE (as depicted
in Figure 3a,b):

i. Combustion pressure, applied to the inside surface of the cylinder, was assumed to
be constant with respect to time and uniform over the axial length.
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ii. Clamping force was converted to pressure and was assumed to be applied uniformly
at the top and bottom surfaces of the cylinder [17].

iii. Combustion heat flux, applied to the inside surface of the cylinder, was assumed to
be constant with respect to time but reduced from top to bottom along its longitudi-
nal axis [17].

iv. Frictional heat flux was assumed to be constant with respect to time and had a
stepwise profile with maximum magnitude at the middle of the cylinder [17]. This is
due to the greater lateral force present near the middle of the stroke, thus producing
more frictional heat.
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Figure 3. Schematic of the assumptions in the load profiles: (a) mechanical (see red profile for
combustion pressure, dark blue profile for clamping pressure and orange profile for atmospheric
pressure loads), and (b) thermal loads (see dark red profile for combustion heat flux and dark gold
profile for frictional heat flux loads).

The outer surface of the quartz cylinder was applied under homogeneous boundary
conditions in terms of the heat transfer coefficient and the environment temperature (T∞)
of 298 K. This heat transfer coefficient was calculated using the empirical equation for a
cylinder-shaped object [33]. Also, this study selected forced air cooling with a constant
velocity of 5 m/s over the quartz cylinder [17].

3.2. Thermal and Mechanical Load Profiles

The specifications of the optical engine (Figure 1b) are shown in Table 2. As discussed
in Section 1, thermal boundary conditions like the temperature and heat transfer coefficient
(inside of the cylinder) have been commonly employed instead of focusing on thermal loads.
However, determining these boundary conditions requires the use of a computational fluid
dynamics analysis, which poses challenges during the initial design stages of the optical
engines. With the availability of a validated CFD model in the present study, combustion
pressure, however, was obtained from the CFD analysis [7]. On the other hand, combustion
heat flux was taken from the total heat input based on the experiments conducted on its
metal counterpart, operated at 3000 rpm with wide open throttle (WOT).

The power input per engine cycle is calculated using the following Equation (2):

.
Qinput =

.
m f × LHV, (2)

where
.

m f = Mass flow rate of the fuel (i.e., gasoline) supplied to the engine per cycle, and
LHV = Lower heating value of gasoline.
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Table 2. Engine specifications and operating condition.

Particulars Details

Bore 62 mm
Stroke 66 mm
Displacement 200 cm3

Compression ratio 9.6:1
Length of the quartz cylinder 92 mm
Diameter of the quartz piston top 50 mm
Engine speed and load 3000 rpm and WOT
Fuel flow rate

( .
m f

)
1.148 kg/h

Lower heating value (LHV ) 44 MJ/kg

In a conventional spark-ignition engine, heat loss comprising heat transfer from
combustion chamber walls and ports, frictional losses and auxiliary energy dissipation
accounts for roughly 17–26% of the

.
Qinput [34]. However, approximately 30% of this heat

loss can be attributed to heat dissipation through the engine cylinder [17]. Conversely,
in this study, it was assumed that 5% of the

.
Qinput is lost through the cylinder during

firing (for example, 5.1% and 7.8% in the case of heat loss accounting for 17% and 26%
of the

.
Qinput, respectively). This is because quartz has low thermal conductivity, which

reduces the heat transfer as compared to that in the metal cylinder. Later, this heat loss
is converted into heat flux by dividing it with the corresponding surface area. As stated
in assumption (iii), the profile of the combustion heat flux was assumed to be reduced
segment-wise from top to bottom of the cylinder, as shown in Figure 4a. A similar type
of profile was used for boundary conditions such as the temperature and heat transfer
coefficient instead of heat flux in [19,20]. Regarding frictional heat, about 3% of the

.
Qinput

was considered as total frictional heat generated in the engine [35]. Out of this frictional
heat, 15–20% was owing to the sliding motion of the piston and the cylinder, and was lost
through the engine cylinder [36]. However, in the case of quartz cylinder, more than 15–20%
of the total frictional heat could be lost because quartz has a higher coefficient of friction
(0.1) [17] as compared to that of conventional cylinder materials (0.06) [37]. Therefore, 25%
of the total frictional heat was selected in the present study as frictional heat lost through
the cylinder. As mentioned in assumption (iv), this frictional heat flux inside the cylinder is
considered as a step profile with a maximum value at the middle of its surface, as seen in
Figure 4b. This profile shape is because of the maximum lateral force of the piston on the
cylinder at this location.

As mentioned in assumption (i), the combustion pressure is uniformly distributed
over the inner surface of the quartz cylinder, as shown in Figure 5a. The combustion
pressure is predicted through the CFD model, validated with the measured pressure trace
from the metal engine, as seen in Figure 5b. The peak combustion pressure is 50.7 bar,
representing to the full load condition (engine speed of 3000 rpm with wide open throttle).
The combustion pressure is applied either segment-wise [17] or in a sinusoidal pattern [20].
However, in the present study, the peak combustion pressure was applied uniformly
over the length of the cylinder. As a result, a higher factor of safety could be achieved
compared to other profiles. Further, it is to be noted that optical engines are mostly used
for cold flow (motoring) and part load conditions, hence further improving the factor of
safety. The clamping pressure in the cylinder head bolts was determined to be 6.9 MPa.
This pressure was selected based on the tightening torque that was chosen. Furthermore,
this pressure was evenly applied to the top and bottom surfaces of the cylinder. Also,
atmospheric pressure (0.1 MPa) was applied to its outer surface. Note that a coupled finite
element analysis was also conducted for motoring condition. In this case, the mechanical
load consists of motoring peak pressure (i.e., 20 bar), clamping pressure and atmospheric
pressure, whereas the thermal load consists of frictional heat flux only (i.e., combustion
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heat flux is ignored due to the motoring condition). The effect of motoring condition on the
transparent cylinder is elaborated in Section 5.5.
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3.3. Finite Element Model of the Quartz Cylinder

Figure 6a depicts detailed information on the meshing of the 11 mm thick quartz cylin-
der. The mesh element type is C3D8T (8−node trilinear displacement and temperature).
The different loadings and boundary conditions of the quartz cylinder in ABAQUS/CAE
are shown in Figure 6b. In summary, at the inner surface of the cylinder, green arrows
indicate the total heat flux load (i.e., the sum of combustion and frictional heat fluxes), and
pink arrows indicate the combustion pressure load. Furthermore, pink arrows on the outer
surface of the cylinder indicate the atmospheric pressure load, and red arrows on the top
and bottom surfaces of the cylinder show the clamping pressure load.

Figure 7a,b illustrate the mechanical and thermal loads within the quartz cylinder,
respectively. These figures serve to validate the accurate implementation of the combined loads.
As mentioned, the total heat flux decreases from top (Z = 92 mm) to bottom (Z = 0 mm) while
being applied to the inner surface of the cylinder. In addition, the steady-state conduction
heat transfer equation is also shown in Figure 7b. This equation is used in the discussion of
temperature distributions in Section 5.1.
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4. Application of the Coupled Finite Element Analysis Methodology for the Quartz
Piston Top

The quartz piston top is commonly used in optical engines as it helps to visualize
within the engine cylinder through the inclined mirror. Furthermore, this piston top allows
the laser to illuminate the flow inside the cylinder in tumble flow studies [23,24]. Also, it is
used to allow the combustion flames to be captured with a high-speed camera in the case of
firing operations [38,39]. In optical engine design, the piston top is a necessary component.
Therefore, a thermo-mechanical analysis of the piston top is critical during optical engine
development. Figure 8a shows the location of the quartz piston top in the optical engine.
The mechanical load consists of combustion pressure with the value of 50.7 bar, uniformly
applied to the upper surface of the piston top. Simultaneously, the thermal load consists
of a constant wall temperature (550 K) (applied on the top surface of the piston top) [40].
Both of these loads (as seen in Figure 8b) are taken from the CFD model of the same
engine configuration.
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Figure 8. Boundary conditions and loadings on the quartz piston top: (a) CAD model of the optical
engine with quartz cylinder and quartz piston top, and (b) boundary conditions and mechanical and
thermal loads on the quartz piston top in ABAQUS/CAE.

The transparent piston top is assembled by bonding its side and part of the bottom
surfaces to the elongated piston. Though the conduction heat transfer occurs through
these contact surfaces, authors assumed applying a convection heat transfer coefficient of
200 W/m2−K (i.e., within the range reported in [40]) on both side and entire bottom
surfaces of the transparent piston top. This assumption is reasonable because, as depicted
in Figure 8b, most of the bottom surface of the transparent piston top is not in contact with
the elongated piston (i.e., only a small bonding area at the bottom surface is in contact with
the elongated piston). Also, the wall of the slot where the piston top is assembled in the
elongated piston has a thickness of 6 mm only (considering bore and piston top diameters
of 62 and 50 mm, respectively). This smaller wall thickness leads to a lower temperature
drop across the wall, resulting in less temperature variation between the inner and outer
(which lose heat through convection) surfaces of the wall. Also, a fixed displacement
boundary condition (mechanical constraints) is imposed on the circumferential and bottom
surfaces of the piston top [32].

5. Results and Discussion

The findings of the discussed methodology are outlined in the subsequent sections.
First, predictions are made for temperatures, combined stresses and displacements within
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both the quartz cylinder and piston top. Subsequently, a transient analysis is introduced,
focusing on the quartz cylinder’s behavior during various engine operating times. Next, the
optimum thicknesses for both the quartz cylinder and piston top are determined. Finally,
conclusions are drawn based on the comprehensive analyses conducted.

5.1. Temperature Distributions in the Quartz Cylinder and Piston Top under Combined
Loading Conditions

Figure 9a shows the temperature variations in the quartz cylinder along its axial length
at the inner and outer surfaces with solid and dashed lines, respectively. The maximum
temperature, recorded at the upper region of the inner surface (Z = 92 mm), can be at-
tributed to the higher total heat flux observed at this location. Furthermore, it is evident that
temperatures decrease longitudinally due to the reduction in total heat flux along the length
of the quartz cylinder from top to bottom (as depicted in Figure 7b). A similar trend is
also reported in the literature [19], where the prediction of temperature distribution within
a metal cylinder was performed. Consequently, the temperature gradient (the difference
between temperatures of the inner and outer surfaces, ∆T) was maximum at the top dead
center (Z = 92 mm). This gradient also increases with thickness, according to the Fourier
law of heat conduction. Figure 9b presents the radial temperature variations at the top
surface of the quartz cylinder for different thicknesses considered (i.e., 8, 11, 14 and 16 mm).
The inner surface in the figure represents to 31 mm (i.e., cylinder bore of 62 mm); hence,
each plot for a given thickness starts at 31 mm and extends to its respective thickness, for
example, to 39 mm in the case of an 8 mm thick cylinder. This figure additionally illus-
trates the maximum temperature at the inner radius and the minimum temperature at the
outer radius.
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Figure 9. Temperature variations in the quartz cylinder for different thicknesses at steady-state
condition: (a) for inner and outer surfaces along the axial length (bottom to top), and (b) at the top
surface in the radial direction.

Figure 10 depicts the temperature contours for various thicknesses of the quartz
cylinder in a half-cut view by taking advantage of the axis-symmetric plane. It is clear
that for a given Z location, the total heat flux (input to the model) is constant, and there
is no variation in temperature along the angular direction (θ) (see Figure 10). Hence, the
temperature variation in the cylinder could be explained with a simple 1D steady-state heat
transfer equation, which consists of the heat input (a), conduction term (b) and convection
term (c), as represented in Figure 7b. With given heat flux as an input, known surface area,
assumed heat transfer coefficient (at the outer surface) and environment temperature, one
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may calculate the outer wall temperature (Two) using (a) and (c) terms, and then the inner
wall temperature (Twi) using (a) and (b) terms. It is also evident that the inner top surface
has the maximum temperature for all the thicknesses considered (as is also represented in
Figure 9a). The recorded maximum temperatures are 532.7 K, 885 K, 1001 K and 1041 K for
thicknesses of 8, 11, 14 and 16 mm, respectively. This location of the maximum temperature
was also observed in [41] in the case of the metal cylinder. These elevated temperatures
are a result of conducting the analysis under rated engine operating conditions. However,
it is important to note that optical engines mostly operate under motoring or part load
conditions. Therefore, the maximum temperature experienced in the quartz cylinder
would be lowered (compared to the full load condition considered in the present analysis).
Also, it is to be noted that inside the cylinder of an internal combustion engine, the peak
temperature is limited by the adiabatic flame temperature (for example, it is about 2600 K
for gasoline considering the constant volume combustion process). However, it is to be
noted that the wall temperature of an engine cylinder is considerably lower because of the
presence of a thermal boundary layer at the wall surface. The common metallic engine
cylinders made of cast iron (with a melting point of 1473 K) and aluminum are engineered
to function at temperatures ranging from 473 to 673 K [42], i.e., a significant reduction of
temperature from gas to cylinder walls due to the thermal boundary layer. These relatively
lower operating temperatures (compared to gas temperatures) ensure the durability of these
materials and are helpful in preventing fatigue. Materials with lower thermal conductivity
(such as quartz), however, tend to exhibit relatively higher wall temperatures (compared to
the temperatures of in-cylinder surfaces in the case of cast iron and aluminum) because of
their reduced heat transfer rates.

Energies 2023, 16, x FOR PEER REVIEW 14 of 26 
 

 

may calculate the outer wall temperature (𝑇௪௢) using (a) and (c) terms, and then the inner 
wall temperature (𝑇௪௜) using (a) and (b) terms. It is also evident that the inner top surface 
has the maximum temperature for all the thicknesses considered (as is also represented in 
Figure 9a). The recorded maximum temperatures are 532.7 K, 885 K, 1001 K and 1041 K 
for thicknesses of 8, 11, 14 and 16 mm, respectively. This location of the maximum tem-
perature was also observed in [41] in the case of the metal cylinder. These elevated tem-
peratures are a result of conducting the analysis under rated engine operating conditions. 
However, it is important to note that optical engines mostly operate under motoring or 
part load conditions. Therefore, the maximum temperature experienced in the quartz cyl-
inder would be lowered (compared to the full load condition considered in the present 
analysis). Also, it is to be noted that inside the cylinder of an internal combustion engine, 
the peak temperature is limited by the adiabatic flame temperature (for example, it is 
about 2600 K for gasoline considering the constant volume combustion process). How-
ever, it is to be noted that the wall temperature of an engine cylinder is considerably lower 
because of the presence of a thermal boundary layer at the wall surface. The common 
metallic engine cylinders made of cast iron (with a melting point of 1473 K) and aluminum 
are engineered to function at temperatures ranging from 473 to 673 K [42], i.e., a significant 
reduction of temperature from gas to cylinder walls due to the thermal boundary layer. 
These relatively lower operating temperatures (compared to gas temperatures) ensure the 
durability of these materials and are helpful in preventing fatigue. Materials with lower 
thermal conductivity (such as quartz), however, tend to exhibit relatively higher wall tem-
peratures (compared to the temperatures of in-cylinder surfaces in the case of cast iron 
and aluminum) because of their reduced heat transfer rates. 

 
Figure 10. Temperature contours at the steady-state condition in the quartz cylinder at various thick-
nesses: (a) 8 mm, (b) 11 mm, (c) 14 mm and (d) 16 mm. 
Figure 10. Temperature contours at the steady-state condition in the quartz cylinder at various
thicknesses: (a) 8 mm, (b) 11 mm, (c) 14 mm and (d) 16 mm.



Energies 2023, 16, 7400 14 of 25

Figure 11a,b show the temperature variations (across the light grey arrow in the axial
direction as indicated in Figure 11b) and its contours for the quartz piston top, respectively.
As described in the methodology, a constant temperature of 550 K was applied to the top
surface as the thermal load. Hence, the highest temperature within the quartz piston top
corresponds to 550 K (on its top surface). Moreover, it is evident that greater thermal
gradients exist at the circumferential area compared to the central region of the piston
top. A similar temperature contour is also reported in [40] in the case of the metal piston.
It is also worth noting that the differences in thermal gradients over the circumferential
area (in the axial direction) of the quartz piston top for various thicknesses were relatively
less, which is apparent from the slopes of the temperature lines depicted in Figure 11a.
Furthermore, in Figure 11b, the overall thermal gradients (obtained by subtracting the
minimum temperature from the maximum temperature) for thicknesses of 7, 8.5, 10 and
12 mm are calculated as 176.5 K, 189.3 K, 199.6 K and 209.9 K, respectively.
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5.2. Combined Stress Distributions in the Quartz Cylinder and Piston Top under Combined
Loading Conditions

Figure 12 depicts the variations in combined stress along the axial length of the quartz
cylinder for different thicknesses, i.e., 8, 11, 14 and 16 mm. The solid lines represent to the
inner surface, while the dashed lines correspond to the outer surface. This figure has three
regions, namely, region-A (Z = 0, i.e., bottom of the cylinder, to 26 mm), region-B (Z = 26 to
64 mm) and region-C (Z = 64 to 92 mm, i.e., top of the cylinder). Also, Figure 13 presents
the contours of the combined stress in the quartz cylinder under the steady-state condition
for various thicknesses.

It is clear from Figure 12 that near the top of the cylinder (see dashed green box in
region-C), the combined stresses (for the inner surface) are tensile in nature for thicknesses
of 11, 14 and 16 mm due to the dominance of thermal load over mechanical load (however,
separate thermal and mechanical finite element analyses are not shown to maintain con-
ciseness). Also, the combined stress is higher for higher thickness (compared to the case
with respect to lower thickness), which is expected due to higher temperature gradients
for higher thickness. Further to be noted is that for the lower thickness of 8 mm, this
stress (inner surface) (dashed green box in region-C) is compressive in nature, i.e., the
dominance of mechanical load over thermal load. The combined stresses near the bottom of
the cylinder (see dashed green box in region-A) (inner surface) are found to be compressive
for all thicknesses. This is due to the dominance of mechanical load over thermal load
(which is quite low at the bottom of the cylinder compared to the top; Figure 7b). These
stresses are then increased (become tensile in nature) in the axial direction of the quartz
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cylinder (moving towards region-B) (see dashed blue box specifically in region-A). This
is due to the tensile nature of both thermal and mechanical loads for higher thicknesses,
i.e., 11, 14 and 16 mm, and the dominance of mechanical stress (tensile) over thermal stress
(compressive) in the case of an 8 mm thickness. The maximum combined stress (for the
inner surface) is noted in region-B for all the thicknesses considered (see Figure 13).
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various thicknesses: (a) 8 mm, (b) 11 mm, (c) 14 mm and (d) 16 mm.

At the outer surface, the combined stresses are higher and more tensile in nature
near the top of the cylinder (see dashed blue box in region-C for thickness of 11, 14 and
16 mm). This is due to the tensile nature of both mechanical and thermal loads at the
outer surface and having higher thermal loads due to higher temperature gradients for
higher thicknesses. This is also clear from relatively lower tensile stress (outer surface) for
an 8 mm thick quartz cylinder, having lower temperature gradients compared to higher
thicknesses. The combined stresses are maximum in region-C for all the thicknesses consid-
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ered, and reduce moving towards region-A (bottom of the cylinder) due to the reduction in
thermal load.

Figure 14a,b show the combined stress variations (across the light grey arrow in the
axial direction as indicated in Figure 14b) and its contours for the quartz piston top, re-
spectively. Figure 15a–d depict the contours of thermal stress, mechanical stress, combined
stress with x and r axes cut view and combined stress with x, r and z axes cut view (see r and
z axes in Figure 11b) for the piston top with an 8.5 mm thickness. With given constraints,
the stresses in the piston top are compressive in nature (Figure 14a). This is due to a lower
thermal stress (which is tensile in nature) compared to a relatively higher mechanical stress,
which is compressive in nature. At Z = 0 mm, it is more compressive for lower thickness
compared to its higher thickness counterpart. This is due to a lower thermal load for
lower thickness compared to a relatively higher thermal load for higher thickness at the
same location. As the thermal stress increases along the axial length (i.e., grey arrow in
Figure 14b), see Figure 15a, the combined stress decreases moving from Z = 0 mm towards
the top (for all the thicknesses considered) and reaching its minimum. With the reduction
in thermal stress then (which is tensile in nature), the overall combined stress is increased
(more compressive) and reaches its maximum at the top (for example, Z = 7 mm for the
piston top with a 7 mm thickness).
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Figure 14. Combined stresses at the steady-state condition in the quartz piston top: (a) on the
circumference along the axial length (across the light grey arrow shown in (b)), and (b) contours at
various thicknesses–(i) 7 mm, (ii) 8.5 mm, (iii) 10 mm and (iv) 12 mm.
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5.3. Displacement Distributions in the Quartz Cylinder and Piston Top under Combined
Loading Conditions

Figure 16 depicts the variation in displacement (U) (radially outwards) at the inner
surface of the quartz cylinder along the axial length for thicknesses of 8 and 16 mm. The
displacement values first increased along the axial length from bottom to top, reached
to their maximum, and then decreased. The locations of maximum displacements (inner
surface) are 64 and 52 mm for 8 and 16 mm thicknesses, respectively.
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Figure 16. Variation in the displacement (radially outwards) along the length (bottom to top) at the inner
surface of the quartz cylinder for different thicknesses (i.e., 8 and 16 mm) at the steady-state condition.

Figure 17a,b show the displacement contours for the quartz cylinder with thicknesses
of 8 and 16 mm, respectively. The maximum displacement at the inner surface is identified
with a dashed white ellipse for the thicknesses shown. It is about 18 µm for the 8 mm thick
cylinder, and 21 µm for the cylinder thickness of 16 mm.
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Also, it is to be noted that the displacements in the piston top are not found to be
significant. The maximum displacement for the piston top with an 8.5 mm thickness is
2.8 µm (however, it is not shown here for brevity).
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5.4. Effect of Different Engine Operating Times: Transient Analysis for the Quartz Cylinder

Figure 18a shows the variation of maximum temperature in the quartz cylinder (thick-
nesses of 8, 11, 14 and 16 mm) for different engine operating times. It is observed that
the slope decreases with increasing operating times for all the thicknesses considered
and eventually reaches to zero (steady state) due to the relative effects of the mean body
temperature and temperature gradient. The temperature gradient dominates the mean
body temperature at early operating times. In contrast, mean body temperature dominates
the temperature gradient at later operating times [17]. This phenomena described above
depend on the distance over which heat diffuses into the material during a time interval
commonly called thermal penetration depth (δ), which in turn is approximately the square
root of the product of thermal diffusivity (ϑ) and penetration time (τ), i.e., δ ∼

√
ϑ× τ [43].

Thus, the penetration timings for the respective thicknesses of 8, 11, 14 and 16 mm are 80,
151, 245 and 320 s, respectively. External cooling (forced convection) has no effect at operat-
ing times shorter than the thermal penetration time because the outer surface temperature
equals the ambient temperature. Less thermal penetration time for low thickness values
leads to a quicker steady state of the cylinder. As a result, the maximum temperature slope
is steeper for low thicknesses. Furthermore, the durations necessary for the temperatures
to achieve 90% of their steady-state values are 180, 660, 1080 and 1380 s for the various
thicknesses (see the highlighted solid dots in Figure 18a).
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Figure 18. Effect of different engine operating times: (a) transient maximum temperature in the
quartz cylinder, and (b) transient maximum combined stress in the quartz cylinder.

Figure 18b illustrates the variation of maximum combined stress in the quartz cylinder
for different engine operating times. For all thicknesses except 8 mm, these stress profiles
showed similar trends to those of maximum temperature. This is because the stress due
to thermal load depends on the temperature gradient and mean body temperature [44],
which are time functions. The 8 mm thickness shows the maximum combined stress when
the operating time (τ) is less than the corresponding thermal penetration time, as seen in
Figure 18b. This is because a lower thickness leads to higher mechanical stress, which in
turn is more dominant than thermal stress (due to a lower temperature gradient). With the
increased operating time, thermal stress rises in the material, causing reduced combined
stress. Higher thicknesses, on the other hand, cause decreased mechanical stress due to
the reinforcing effect. For other thicknesses, increasing the operating time influences the
thermal stress, which in turn raises the combined stress to eventually attain a steady state
(hence, no change in temperature gradient or mean body temperature). The solid red dots
in Figure 18b indicate the combined stresses at 600, 900 and 1500 s for the cylinder thickness
of 11 mm. Table 3 gives a clear comparison of these stress values for various thicknesses.
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Thus, it can be seen that, compared to other thicknesses, the 11 mm thick cylinder has
a lower combined stress at steady state because of the trade-off between thermal and
mechanical stresses.

Table 3. Maximum combined stress at different engine operating times for various thicknesses of the
quartz cylinder.

Thickness (mm)
Maximum Combined Stress (MPa)

at 600 s at 900 s at 1500 s

8 22.78 22.78 22.78
11 18.77 20.8 21.85
14 16.89 20.6 23.75
16 15.95 20.33 24.66

Figure 19 shows the contours of transient combined stress in the quartz cylinder
for various thicknesses. Each distribution emphasized two regions: (a) and (b). These
regions were selected because they experienced the highest combined stress. For the
thickness of 8 mm, the maximum combined stress occurs at region (b). This is because, as
mentioned earlier, the mechanical stresses are maximum at the inner surface and dominate
the corresponding thermal values. The maximum combined stress for thicknesses of
11, 14 and 16 mm occurs in the inner surface, region (b), during early operational times
because mechanical stress exceeds thermal stress, which is smaller due to a lower mean
body temperature. Furthermore, with increased operating time, thermal stress exceeds
mechanical stress due to the rise in mean body temperature. Therefore, at the later times,
region (a) at the top outer surface experiences the maximum combined stress for higher
thicknesses. There have been no studies that directly compare stress distributions of a
transient analysis. However, these distributions of the transient analysis are attributed to
the following principles: For smaller thicknesses, the maximum combined stress occurs
at the inner surface of the cylinder [45]. With increased thickness, the thermal stress
dominates the mechanical stress (at later operating times), and its maximum occurs at the
outer surface.

5.5. Selection of Optimum Thickness for the Quartz Cylinder and Piston Top

Figure 20 illustrates the maximum temperature within the quartz cylinder for firing
(at different engine operating times, including steady state) and motoring (only at steady
state) cases. As was also noted earlier, the steady-state case is observed to have higher
maximum temperature compared to other operating times and it increased with the increase
in thickness. However, the maximum temperature for different thicknesses is found to be
within the acceptable temperature limits outlined in [12].

The investigation of temperature alone, however, cannot lead us to the optimum
thickness for the quartz cylinder. The quartz cylinder should also withstand different
stress levels along with surface displacements that should be within the acceptable limits.
The displacements, however, were not found to be significant in the present analysis
(Section 5.3).

Figure 21 compares the maximum values of combined stress and thermal and mechan-
ical stresses at the steady-state condition. As discussed, thermal stress rises with thickness
due to a rise in the temperature gradient. However, the reinforcement of the cylinder
reduces the mechanical stress. Consequently, this trade-off relationship should lead to a
thickness where the combined stress in the cylinder is at a minimum. The lowest maximum
combined stress is observed for 11 mm. Besides this, the combined stress depends on the
engine operating times, which affects the thermal gradients, and in turn, the thermal stress.
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Figure 19. Transient combined stress distributions in the quartz cylinder for different thicknesses.

Figure 22a shows the maximum combined stress within the quartz cylinder for firing
(at different engine operating times, including steady state) and motoring (only at steady
state) cases. The maximum combined stress is seen to decrease for engine operating times
of 600 and 900 s with an increase in thickness. This is due to the effect of decreased
mechanical stress being more dominant than increased thermal stress. It is to be noted
that mechanical stress dominance is seen for a thickness of 8 mm, while thermal stress
dominance happens for 14 and 16 mm thicknesses. Hence, the maximum combined stress
is higher for these thicknesses compared to 11 mm. This is evident from Figure 22a; see the
maximum combined stress for 11 mm for engine operating times of 1500 s and the steady-
state condition. In the motoring case, the combined stresses for the cylinder thicknesses
of 11 mm and 14 mm are comparable, i.e., 7.2 MPa and 7 MPa, respectively. However, the
combined stresses for thicknesses of 8 mm and 16 mm are 9.4 MPa and 8 MPa, respectively.
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Figure 22b illustrates the factor of safety (FOS) corresponding to the combined stress
levels in the quartz cylinder for firing (at different engine operating times, including steady
state) and motoring (only at steady state) cases. As discussed, the maximum combined
stress varies with engine operating time, resulting in variation in FOS, which is higher for
lower operating timings (600 and 900 s) compared to later timings including the steady-
state case. The FOS increased with cylinder thickness for a lower operating time of 600 s.
However, no significant difference in FOS is noted, i.e., 2.4, 2.43 and 2.46, for 11, 14 and
16 mm thicknesses, respectively, at 900 s. On the contrary, the FOS decreased for 14 and
16 mm thicknesses at operating times of 1500 s and steady state. Also, as expected, the FOS
is higher for the motoring case when compared to the firing case, with a value of 6.9 for an
11 mm thickness. Therefore, taking engine operating timings and FOS into account, the
thickness of 11 mm was selected as the optimum measure for the quartz cylinder, wherein
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the values of FOS are 2.6, 2.4, 2.29 and 2.27 for 600, 900 and 1500 s and at the steady-state
condition, respectively. The quartz cylinder used in [17], which had undergone combined
loadings without failure, had the FOS in the range of 2.6 to 2.7.
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Considering the piston top, the maximum combined stress did not vary considerably
for various thicknesses (7, 8.5, 10 and 12 mm) considered (Figure 14b). As a result, the
authors employed Grashoff’s formula [46], which is represented with Equation (3), to
determine the final thickness of the piston top.

t =

√
3PD2

16S
, (3)

where S is the tensile strength of the quartz material (50 MPa), D is the bore of the engine
with a value of 62 mm and P is the peak in-cylinder combustion pressure, i.e., 50.7 bar.
Solving this formula gives the thickness value of 8.5 mm. Therefore, this thickness is chosen
as the final thickness for the quartz piston top.

The transient analysis for the piston top was not included in this paper. This is due
to the fact that, at the steady-state condition, the maximum combined stress, which is
always higher than that of different operating times, is seen to be very low compared to the
design stress.

6. Conclusions

Firstly, a three-dimensional coupled finite element methodology is discussed, where
simultaneous mechanical and thermal loads are applied to simulate the real-world loadings
and constraints. Secondly, this coupled FEA is employed to examine the quartz cylinder
and piston top of a small-bore DISI optical engine under investigation in this study. As a
result, research is conducted to examine the temperature, combined stress and displacement
distributions within the quartz cylinder and piston top, considering various thicknesses.
This study draws the following major conclusions:

• For the various thicknesses considered of the quartz cylinder, the maximum temper-
ature occurs at the top inner surface. These maximum temperatures are noted to be
532.7 K, 885 K, 1001 K and 1041 K for thicknesses of 8, 11, 14 and 16 mm, respectively.
Also, the maximum temperature reduced in the transient analysis with early engine
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operating times. In the motoring case, the maximum temperature is found to be in the
range of 330 K to 390 K for different thicknesses considered.

• In the case of combustion, the maximum combined stress within the 8 mm quartz
cylinder thickness is 23.78 MPa, located on the inner top surface. In contrast, for
all other thicknesses, the maximum combined stress is situated at the outer surface
because of the dominant thermal stresses. The lowest combined stress observed was
22.04 MPa in the 11 mm thick quartz cylinder, attributed to the trade-off between
thermal and mechanical stresses.

• Considering the case with combustion, the maximum combined stress within the 8 mm
(thick) quartz cylinder is found to be 23.78 MPa, located at the inner top surface. In
contrast, for all other thicknesses, the maximum combined stress is situated at the outer
surface because of the dominant thermal stresses. The maximum combined stress
(22.04 MPa) was lowest for the 11 mm thick cylinder compared to other thicknesses
considered, attributed to the trade-off between thermal and mechanical stresses.

• For all the thicknesses of the quartz cylinder considered, there is no substantial varia-
tion in the maximum displacement at the inner surface.

• Lower combined stresses are reported during early engine operating times based on
the transient study. As a result, a higher factor of safety occurs during lower operating
times. Based on the steady-state and transient analyses, an 11 mm thickness was
selected as the optimum thickness for the quartz cylinder.

• The maximum combined stress in the quartz piston top did not vary much with
its thickness variation. The thickness was then calculated using Grashoff’s formula
for the quartz piston top, and 8.5 mm was chosen as the optimum thickness in the
present study.
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