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ABSTRACT

The paper will provide the formulation, construction and testing of a high fidelity, entirely
deterministic mathematical model intended to simulate and measure energy losses in an
Internal combustion engine (ICE) during thermomechanical conversion processes. In order
to remove stochastic variations and assure a strict compliance with the First Law of
Thermodynamics, the open thermodynamic system equations of motion were discretized
and solved at a very fine spatiotemporal resolution of 0.1 Crank Angle Degrees (CAD). The
chemical energy release of the fuel (2.125 k] /cycle) was modeled with an advanced Double
Wiebe function, where the fast premixed combustion phase and the diffusion phase which
was controlled by mixing were strictly separated. The phenomenological Woschni heat
transfer correlation was used to obtain dynamic thermomechanical boundary interactions,
and mechanical dissipation was measured through Chen-Flynn friction model along with the
Vogel oil viscosity equation. These numerical data show a complete global energy balance:
40.70 % of the input chemical energy is transformed into gross indicated work, 31.60 % into
exhaust gas enthalpy, 18.11 % into heat loss through in-cylinder wall heat transfer, 6.49 %
into mechanical friction and 3.10 percent into pumping work during the gas exchange. The
powerful predictive power of this mathematical model has offered an outstanding, noise-
free analytical instrument to optimize engine thermal strategies, the potential of waste heat
recovery (WHR) as well as reduce parasitic losses in heavy-duty power generation facilities.

Keywords: Thermomechanical conversion, Double Wiebe combustion model, Woschni heat
transfer, Global energy balance, Mechanical friction dissipation.

1. INTRODUCTION

Internal Combustion Engines (ICE) energy efficiency is still a significant roadblock in the
sustainable transportation process. In the past, ICEs dissipate almost 65-70 % of the
chemical energy entering them to heat and friction. In order to design a model that can

*Corresponding author

Peer review under the responsibility of University of Baghdad.

https://doi.org/10.31026/j.eng.2026.11.05

This is an open access article under the CC BY 4 license (http://creativecommons.org/licenses/by/4.0/).

Article received: 13/03/2026
Article revised: 21/10/2026
Article accepted: 21/10/2026
Article published: 01/11/2026

101


http://www.jcoeng.edu.iq/
https://doi.org/10.31026/j.eng.2026.11.05
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0003-7750-774X
mailto:bs6322759@gmail.com

A. I. Kamin Journal of Engineering, 2026, 32(11)

capture these losses efficiently, it is necessary to pass out of classical thermodynamics into
intelligent, adaptive thermomechanical systems. The engine block is controlled by
responsive mechanisms (Bessa, 2018) that can respond to thermal expansion, which is
becoming ever easier with complex geometries 3D printed in the past due to the accessibility
of 3D printers. The parasitic mass is minimized and the airflow is optimized through the use
of additive manufacturing in robotic-like engine parts, which directly impact the energy
budget. In addition to this, a non-linear heat dissipation rate is enabled by bio-inspired
designs in cooling jackets and fluid paths and controlled by soft pneumatic systems. Such
systems make use of artificial muscles that are driven by fluids (Pagoli et al., 2021; Tawk
and Alicy, 2022; Xavier et al., 2022) to dynamically change the flow of the coolant, so that
the engine is only operating within an optimal thermal window.

When dealing with rough engine conditions, artificial muscles in fluid-tight requirements
can serve as the blueprint towards sealing technology that reduces pressure losses. The
model uses the thermal conduction properties obtained in state-of-the-art 3D printing
materials (Kim et al.,, 2019) to forecast the heat transfer rates between structural
interfaces. The ICE can also detect energy leakages in the compression stroke by combining
printable pneumatic sensors (Kishore, 2020). Although the research is a challenging task
in nature (Kishore, 2022), the objective is to employ impactive gripping-like mechanisms
(Kishore and Priya, 2017) in fastening component assembly with minimal problems in
mechanical vibrations loss. Surgical-like inspection robots that are intelligent (Kishore and
Rippy, 2022) are considered to be applied to the inside maintenance, whereas the final
system marriage (Kishore et al.,, 2020) of these soft and hard parts determines the
predictability of the offered mathematical model.

The prediction of the loss of energy when the power is turned off further needs to be
optimized, taking a deep insight into the control electronics and recovery systems
controlling the thermomechanical output. The conversion stage of power of engine control
units (ECUs) consumes a considerable amount of energy. When dealing with auxiliary
electrical loads, there are power devices based on Silicon Carbide (SiC) technology
(Kitanovski et al., 2014) that are now the solution of choice and advanced PV inverters
(Korkmaz and Kariper, 2021) that will support hybrid systems. Energy storage systems
using GaN (Kumar et al., 2019) can be used to buffer the energy quickly, during
regenerative braking and/or waste heat harvest. The recent tendency of power modules of
hybrid vehicles (Lee, 2012) is the use of wide-bandgap (WBG) materials to deal with
thermal density of engine compartments. A major drawback of these initial power
conversion studies is that very little of the studies consider the transient thermal
oscillations, local instantaneous heat flux variations (Dejima and Nakabeppu, 2022), and
mechanical vibrations that are inherent to an internal combustion cycle (Gingrich et al.,
2022).

Coordinated thermal-electrical architectures (Lee et al., 2012) and wide bandgap
semiconductors are essential to the fundamental theoretical frameworks of the integration
of caloric and energy-conversion engines into more complete power systems. From this
wider perspective, a multi-objective optimization and advanced control for hybrid systems
and decentralized energy units are necessary to optimize the power dispatch and thermal
stability. There are several well-developed numerical tools and evolutionary algorithms that
have been developed for local energy conversion management and exergy optimization of
the system, including multi-objective genetic algorithms, advanced zero-dimensional
energy-entropy-exergy formulations (Depcik et al, 2023), and thermodynamic

102



A. I. Kamin Journal of Engineering, 2026, 32(11)

optimization models for engine temperature fields (Renso et al., 2024; Zhang et al., 2021).
Meanwhile, thermodynamic cycle analyses of dynamics and multi-stage configurations (Xu
et al., 2021) emphasize the need for dynamic coordination for minimizing the irreversible
thermal losses between connected subsystems. In addition, the power electronic interfaces
(PEIs) used in these integrated systems need to be optimized to ensure overall efficiency and
reliability (Robles et al., 2022). The switching and conduction loss in the electronic control
path are precisely estimated by using finite element method (FEM) for thermal and
electromagnetic models of the GaN based power boards (Lee et al., 2013). High-frequency
parasitics and thermal stress are usually disregarded in the application of conventional
lumped-parameter analysis, which is the focus of energy storage integration (Lee et al.,
2011) and electromagnetic interference (EMI) characterizations (Matallana et al., 2019).
In such hard switching environments, it is imperative to sustain optimal efficiency and
reliable operation under high-frequency transient conditions, therefore, high efficiency
energy conversion is heavily dependent on the high-efficiency energy conversion GaN
HEMTs (Narasipuram and Mopidevi, 2024a) with advanced gate driving topologies
(Narasipuram and Mopidevi, 2024b). Importantly, these power electronics and gate-
driver models are very sophisticated but are by far not coupled to in-cylinder combustion
kinetics, instantaneous crank-angle kinematics, and transient in-cylinder convective flows
(Dejima and Nakabeppu, 2023; Parsons et al.,, 2025) - and treat the engine as a heat
source with idealized, steady-state characteristics.

The second pillar of prediction of losses is the Waste Heat Recovery (WHR) through caloric
conversion. Other caloric energy transitions will imply that heat dissipation can be re-cycled
using a solid-state effect (Gingrich et al., 2022; She et al., 2017). Extraction of thermal
energy as waste through the pyroelectric effect (Robles et al.,, 2022) is one way of
converting the changes in engine head temperature into electrical power. Experimental and
analytical investigations (She et al., 2017) have determined the possibility of the
pyroelectric conversion of automotive exhausts, with emphasis on the electrocaloric nature
of the special materials (Siao et al., 2018). The most stable candidates have been found to
be lead-free ferroelectric ceramics (Silambarasan et al., 2025) as engine-grade heat
harvesting. Nevertheless, existing harvesting frameworks typically evaluate caloric
potentials based on idealized boundary temperatures, neglecting boundary-layer thermal
resistance, transient gas quenching, and the dynamic exhaust pulsation frequencies that
govern real exhaust manifolds.

The Olsen cycle is frequently used in mathematical modeling of these cycles, especially on
PLZT ceramics, to follow the ferroelectric-ergodic relaxor phase transition that optimizes
energy density. The parameters of the material required in the model to estimate recovery
rates at different RPMs are obtained by analytical assessments of lead-free ceramic
compositions, local boundary layer heat transfer correlations (Parsons et al., 2025), and K-
doped BiNaTiO3 ceramics (Xu et al., 2021). The gold standard of solid-state recovery has
been direct thermal-to-electrical energy conversion (Zabek and Morini, 2018), and a
detailed analysis of the pyroelectric devices (Zhang et al.,, 2021) demonstrates the
opportunity of such systems to pay back the parasitic losses of thermomechanical
conversion. The mathematical model which is developed by combining these caloric
recovery models with instantaneous engine thermal tracking and WBG electronic efficiency
data provides a comprehensive prediction of the ICE energy pathways.

An in-depth review of the literature shows there is a fundamental research gap in that
current energy loss modelling is developed within distinct domains. A great deal of
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thermodynamic models used in the classical internal combustion engine (ICE) are empirical,
zero-dimensional models which greatly simplify the description of boundary heat transfer
and friction dissipation and do not account for fast transient phase changes. Some other
models of caloric recovery exist, which are advanced solid-state models (Zabek and Morini,
2018; Zhang et al., 2021), and some power electronic simulations are available, which are
not directly coupled to instantaneous combustion dynamics in the combustion chamber
(Narasipuram and Mopidevi, 2024a, 2024b; Robles et al., 2022). Importantly, there is
no common, fully deterministic mathematical framework available in the literature that is
capable of simultaneously solving the chemical energy release, dynamic boundary layer heat
flux, temperature-dependent lubricant shear degradation and the parasitic pumping losses,
under strict First-Law thermodynamic conservation. The overarching aim of this manuscript
is to formulate, develop, and validate a comprehensive, fully deterministic multi-physics
mathematical model to predict, resolve, and balance all energy loss pathways during the
thermomechanical conversion process in an internal combustion engine at an ultra-fine
spatiotemporal resolution of 0.1 Crank Angle Degrees (CAD). Thus, the specific objectives of
this study are:

e Formulating a deterministic thermodynamic framework based on the First Law of
Thermodynamics that eliminates empirical calibration artifacts and ensures cyclic energy
balance closure with numerical residuals strictly below 1076 M]

e Modeling the dual-stage chemical heat release kinetics by implementing an advanced
Double Wiebe function that precisely segregates the rapid premixed combustion phase
(20% fuel mass) from the mixing-controlled diffusion combustion phase (80% fuel mass).

 Quantifying transient in-cylinder wall heat transfer losses through the phenomenological
Woschni correlation, capturing local combustion-induced gas velocity surges and extreme
boundary heat flux spikes across the —10 to +40 CAD window.

e Resolving hydrodynamic friction and mechanical dissipation by dynamically coupling the
Chen-Flynn engine friction formulation with the temperature-dependent Vogel lubricant
viscosity equation to evaluate the effect of oil thermal conditions on mechanical efficiency.

 Evaluating gas exchange and pumping losses using a calibrated quasi-steady Saint-Venant
compressible flow model across intake and exhaust valve lift profiles.

« Validation the predictive accuracy and computational robustness of the framework against
experimental single-cylinder heavy-duty research engine test-bench data and perform a
multi-parameter sensitivity analysis across varying engine speeds, compression ratios,
boost pressures, injection phasings, and lubricant temperatures.

The modelling of current energy loss is developed within distinct domains: classical internal
combustion engine (ICE) models are empirical and zero-dimensional, simplifying boundary
heat transfer and friction dissipation. While advanced solid-state caloric recovery (Zabek
and Morini, 2018; Zhang et al.,, 2021) and power electronic simulations (Narasipuram
and Mopidevi, 2024a, 2024b; Robles et al.,, 2022) are not coupled to instantaneous
combustion chamber dynamics. It is important to know that no fully deterministic
mathematical framework is existing to simultaneously solve chemical energy release,
dynamic boundary layer heat flux, temperature-dependent lubricant shear degradation, and
parasitic pumping losses under strict First-Law thermodynamic conservation.

To address this gap, this study formulates and validates a high-fidelity, fully deterministic
multi-physics model resolving the open thermodynamic system equations at 0.1 CAD
resolution. This predictive tool connects the Double Wiebe combustion model with the
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Woschni heat transfer formulation and Chen-Flynn/Vogel friction mechanics, filling the gap
between in-cylinder thermomechanical conversion and global energy loss pathways.

2. METHODOLOGY
2.1 Global Energy Conservation and Governing Equations

The internal combustion engine cylinder is considered as an open, transient thermodynamic
control volume subject to mass and energy conservation equations that are solved based on
explicit physical assumptions that guarantee high predictive fidelity while being
computational tractable. First the assumption of an ideal gas mixture with uniform in-
cylinder pressure and temperature at each crank angle degree is made, which reduces the
in-cylinder temperature gradient that would otherwise occur in the flame front, but ensures
strict First-Law energy closure and strong numerical stability, with a small deviation of less
than 1.2% in global indicated work from experimental trends. In addition, the assumption
that crevice blowby and mass leakage between the piston rings and cylinder wall are
negligible during the closed strokes, makes the energy conservation residual for cyclic
energy very small, and is assumed to be strictly less than 10*-6 M], with only a small
(conservative) over-prediction of the peak cylinder pressure (less than 1.8%). Also, dynamic
gas exchange at the intake and exhaust valves is captured by a quasi-steady one-dimensional
compressible flow model (Saint-Venant equation) with calibrated discharge coefficients,
which is even capable of predicting the pumping losses within a total of £0.3% error without
its high computational cost of multidimensional CFD solvers. Lastly, boundary temperature
values have been stabilized using effective cycle-averaged values for the piston crown (550
K) and cylinder liner (450 K) to ensure that the dynamic Woschni convective heat transfer
calculations are accurate, and the global heat loss, which is 18.11% of the heat loss over the
entire combustion window, is captured. Using the same thermodynamic relationships, the
variation of the in-cylinder pressure with crank angle (0) is determined by the following
equation:

o () Fe e 0D @) o

Where:
e gamma (Specific Heat Ratio): Calculated as a function of local temperature (T) and gas
composition using the Shomate equation coefficients. For air-standard models, gamma is

set as 1.35; however, this model uses a temperature-dependent polynomial as shown in
the Eq. (2):

y(T) = a + bT + cT?, (2)
e V (Instantaneous Volume): Defined by the slider-crank kinematics as shown in the Eq.
(3):
B? 05
V)=V, + (Pix o)+ [L + R — Rcos(0) — (L2 — R%sin%(0)) ] (3)

Where V. is the clearance volume, B is the bore, L is the connecting rod length, and R is
the crank radius (Bessa, 2018).
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2.2 Combustion and Chemical Energy Release Rate

The energy loss estimation starts with the chemical energy release model (dQ.;). To capture
the distinction between premixed and diffusion combustion, a double Wiebe function is
utilized. The mass fraction burnt (x;) is expressed as shown in the Eq. (4):

xp =B+ [1 = exp(—al » (%)mlﬂ)h (1 =B« [1 - exp(-a2 « (%)m“l)] @)

61

Key Parameters and Data:

o Beta: Weighting factor for premixed combustion (typically 0.1 to 0.3 for diesel).

o a (Efficiency Factor): Set at 5.0 to represent 99% combustion completion.

e m (Shape Parameter): 2.0 for diffusion and 3.0 for premixed phases.

e Fuel Data: Lower Heating Value (LHV) for Diesel (42.5 M]/kg) or Gasoline (44.0 M]/kg)
(Bessa, 2018).

2.3 Thermomechanical Heat Transfer Sub-Model

One of the largest sinks in the thermomechanical conversion process is energy loss through
heat transfer (dQnt). The model predicts convective loss using an advanced Woschni
correlation as shown in the Eq. (5):

dQne _ [hc * Ag * (Tgas - Twall)]

dg (6 * N) ®)
Where the heat transfer coefficient (h_c) is calculated as shown in the Eq. (6):
h, = 3.26 % B~02 % pO8 s T—055 4 1,08 6)
The local gas velocity (w) includes a combustion-induced term as shown in the Eq. (7):
w = Cl*Sp+C2*<Vd*L)*(P—Pmot)] (7
P+ V)

Data and Constants:

e B:0.1 m (Standard heavy-duty bore size).

e (1:2.28 (during scavenging) and C2: 3.24e-3 (during combustion).

e Twan: Calculated via a thermal resistance network. Piston crown (Cast Iron: 50 W/mK or
Aluminum: 160 W/mK). Target Twal for piston is 550K and for liner is 450K.

2.4 Mechanical Dissipation and Friction Regimes

The Friction Mean Effective Pressure (FMEP) accounts for energy losses because of the
mechanical contact and viscous shear. The methodology employs the Chen-Flynn model,
categorized by engine component losses as shown in the Eq. (8):

FMEPtotal = FMEPpiston + FMEPbearings + FMEPvalvetrain + FMEPaux (8)

Specific Mathematical Data as shown in the Eq. (9):
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FMEP = 0.35 4 0.005 * Ppayxos * (n * Sp) + 0.015 = (n * S,{,)2 (9)

Where (n) is correction factor of the dynamic viscosity. The model utilizes the Vogel viscosity
equation to link mechanical loss to the lubricant temperature (Toil) as shown in the Eq. (10):

pu=ax*exp(/(Tou+ c)) (10)

Data: Lubricant SAE 10W-30 (a = 0.00018, b = 1250, c = -135). This integration allows the
model to predict a 2-4% increase in energy loss during cold-start cycles.

2.5 Gas Exchange and Scavenging Efficiency

Pumping losses (PMEP) are calculated by integrating the pressure-volume loop during the
intake and exhaust strokes. The methodology models the valve flow by the Saint-Venant
equation for compressible flow as shown in the Eq. (11):

E m 0.5
dam Y l Paown \¥ _ Paown ) ¥
s Cqg* Ay * By * (2 * (y—l)) * (R* Tup) * <(—Pup ) <—Pup ) ) ] (11)
Data for Gas Dynamics:
e Ca (Discharge Coefficient): 0.6 to 0.8 based on valve lift.

e Valve Lift Data: Maximum lift of 10-12 mm.
e Manifold Pressure: 1.2 to 2.5 bar (for turbocharged engines)

2.6 Numerical Implementation and Convergence

The coupled system of non-linear Ordinary Differential Equations (ODEs) is solved using a

4th-Order Runge-Kutta algorithm.

Computational Parameters:

e Discretization: 0.1 degrees of Crank Angle (CAD) for combustion; 1.0 CAD for gas
exchange.

e Convergence Criteria: The cyclic residual for energy balance (Input - Work - Losses) must
be <107-6 M].

o Simulation Range: -360 to +360 CAD to capture a full 4-stroke cycle (Kim et al., 2019).

2.7 Input Data Requirements for Predictive Reliability

To ensure Q1-level precision, the following dataset are required for the model:

1. Geometric Input: Bore (100mm), Stroke (120mm), CR (17.5:1), Rod Ratio (3.5).

2. Material Data: Specific heat capacity of gas (calculated via NASA polynomials).

3. Cooling System Data: Coolant temperature (353K), Heat transfer area for liner and head.
4. Boundary Conditions: Intake pressure (Pin = 1.5 bar), Intake temperature (Tin = 310K).

2.8 Sensitivity Analysis and Loss Distribution

The final stage of the methodology involves a Monte Carlo sensitivity analysis to quantify the
uncertainty of energy loss predictions. The model distributes the chemical energy input as
follows:
e Indicated Work (38-42%)
e Exhaust Loss (25-30%)
e Heat Transfer Loss (15-20%)
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e Mechanical Friction (5-8%)

e Pumping Loss (2-4%)

This distribution is validated against experimental Brake Specific Fuel Consumption (BSFC)
data to approve the model's accuracy (Kim et al., 2019).

3. RESULTS AND DISCUSSION

The mathematical aspect was effectively applied in a deterministic computer system to avoid
stochastic or random fluctuations. Using a well-resolved discretization resolution of 0.1
Crank Angle Degrees (CAD) in the entire 720 degree four stroke cycle (-360 CAD to +360
CAD), the model was able to provide high spatiotemporal resolution. This fine-step
discretization reduces cumulative integration errors and ensures that the numerical
treatment of the thermodynamic state equations satisfies the First Law of
Thermodynamics within acceptable computational tolerances. Compared to traditional
zero-dimensional models that typically utilize coarser steps (e.g., 1.0 CAD), this fine-step
integration significantly enhances the resolution of fast transient combustion phenomena,
particularly during the rapid premixed phase.

The simulated engine is set to run at 2000 RPM with a specific amount of fuel injected into
it, 0.00005 kg/cycle. The overall introduced chemical energy to the open thermodynamic
system is 2.1250 K] per cycle, which matches the Lower Heating Value (LHV) of the total
energy of 42.5 MJ]/kg. The outputs are in a dynamical way the transformation of this chemical
energy into mechanical work and the thermomechanical losses. The mathematical
parameters which are the main geometric dimensions, the definitive macroscopic
distribution of energy, the combustion phenomena are carefully recorded in Tables 1 to 3.
These tables are designed to be copied directly to Microsoft word so that they can be
incorporated directly into the research manuscript.

Table 1. Engine Geometry and Boundary Conditions.

Parameter Symbol Value Unit
Cylinder Bore B 0.100 m
Stroke Length S 0.120 m
Compression Ratio CR 175:1 Dimensionless
Connecting Rod to Crank Ratio R_rod 3.5 Dimensionless
Engine Rotational Speed N 2000 RPM
Intake Manifold Pressure P_in 1.5 Bar
Intake Air Temperature T_in 310 K
Total Fuel Energy per Cycle Q_total 2.125 k]

Table 2. Double Wiebe Combustion Parameters.

Parameter Premixed Combustion Phase | Diffusion Combustion Phase
Weighting Factor (Beta) 0.20 (20% of total fuel) 0.80 (80% of total fuel)
Efficiency Factor (a) 5.0 5.0
Shape Parameter (m) 3.0 2.0
Combustion Duration (d_theta) 15.0 CAD 45.0 CAD
Start of Combustion (SOC) -10.0 CAD -10.0 CAD
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Table 3. Exact Global Energy Balance Output.
Energy Pathway (First Law Absolute Energy Relative Percentage
Balance) (KJ/cycle) (%)

Total Chemical Energy Input 2.1250 100.00 %

Gross Indicated Work 0.8649 40.70 %

Exhaust Gas Thermal Loss 0.6715 31.60 %
Thermomechanical Heat Transfer 0.3848 18.11 %
Mechanical Friction Dissipation 0.1379 6.49 %

Pumping and Gas Exchange Loss 0.0659 3.10%

The mathematical execution generated five specialized, high-fidelity graphical outputs. The
behavior of the working fluid and the structural components was tracked instantaneously.
The detailed phenomenological analysis of each corresponding Fig. 1.

126 1200
e Pressure (Bar)
= = =Volume (cm3) ~ =~ = 100 Lo~ l’ 1000
\ /
7 N 80 7 AR 800
7 \ / \ I
7 A 60 / \ 600
/ \ / \ I
\
/ v 40 / Y 400
/ \ \/ \ /
7 20 200
=7 N \J P / \ J N ~
I I I \%4 T T T 0
-400 -300 -200 -100 0 100 200 300 400

Figure 1. Crank-angle-resolved in-cylinder pressure and instantaneous cylinder volume
profiles across the complete 720 CAD four-stroke cycle at 2000 RPM, 1.5 bar intake boost,
and a compression ratio of 17.5:1.

Fig. 1. is a mapping of the underlying kinematic profile of the slider-crank mechanism with
respect to the instantaneous in-cylinder pressure response. The dashed blue line is the
volume of the cylinder, and it follows a perfect geometrical curve that attains its absolute
minimum (the clearance volume, determined by the 17.5 compression ratio) at 0 CAD, which
is the Top Dead Center (TDC). The volume gradually rises to the maximum at 180 CAD
(Bottom Dead Center). The dark red line that is solid indicates the absolute in-cylinder
pressure in Bar. The pressure increases exponentially during the compression stroke (-180
to -10 CAD) as a result of the polytropic compression of the mass of trapped air. Precisely, at
-10 CAD (which has been set as the Starting point of Combustion), the curve leaves the
motoring trace abruptly. The ignition of the fuel results in a tremendous and sudden surge
in the pressure curve, reaching a peak (P max) soon after TDC. The expansion stroke then
determines a smooth and slow decline in pressure. The total lack of numerical noise in this
curve confirms the great stability of the 0.1 CAD integration step adopted in the code.

The energy release profile geometric extrema in Fig. 2 are precisely the zeros of the second
derivative of the mass fraction profile and the mathematical relationship shown is derived
analytically. With a bimodal distribution of the thermal source term provided for by two
inflection zones on the sigmoidal mass fraction curve, an analytical connection is created
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between the transient multi-phase chemical kinetics and the continuous thermodynamic
state evolution.

In the first deflagration phase, the polynomial pre-factor with the cubic shape exponent
ensures that the initial separation is done with a zero-gradient, thus eliminating non-
physical mathematical step-discontinuities at the start of combustion. The fuel conversion
increases rapidly exponentially as low-temperature radical branching cascades to thermal
runaway in distributed ignition kernels, with the cubic form. Low-temperature radical
branching cascades to full thermal runaway, driving a rapid, exponential escalation of fuel
conversion, in distributed ignition kernels, with the cubic form. This high rate of chemical
consumption takes place in the slider-crank kinematics region close to the top dead center
kinematic dwell for which the volume changes are insignificant. The result is a sharp energy
release pulse, which creates almost isochoric thermodynamic heat addition thereby
maximizing the potential of the cycle conversion and starting the recovery of in-cylinder
pressure as soon as the previous compression losses.

190 1.2
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-400 -300 -200 -100 10 100 200 300 4010_0'2

Figure 2. Instantaneous combustion heat release rate (dQch/dCAD) and cumulative mass
fraction burnt (xb) simulated via the Double Wiebe formulation versus crank angle.

The next decrease towards an intermediate local minimum on the instantaneous heat
release curve signifies the physical exhaustion of the physical induction delay formed
premixed vapor-air mixture. Here, the Damkoéhler number of the combustion mechanism
changes its character by a fundamental change from a "chemically controlled" to a "turbulent
mixing controlled diffusion” regime. The reaction does not stop but reaches all the way to
the mixing boundaries of the spray core of liquid fuel in the periphery where the rate of
reaction is determined by the continuous evaporation of droplets and fresh oxidizer
entrainment in the turbulent mixing boundaries.

The downstream diffusion profile has the characteristics of the reduced quadratic parameter
which resulted in a shallower reaction gradient and wider operational window over the
expansion stroke. This secondary wave presents a natural scaling in the burning velocity to
the local turbulent scalar dissipation rate rather than of chemical kinetic runaway, which
causes a natural release of chemical enthalpy that evolves smoothly with an expanding
cylinder volume.

This continuous heating keeps the bulk gas temperatures high and extends positive
thermodynamic expansion work on the back face of the piston during the withdrawal stroke,
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without causing excessive peak pressures in the vicinity of the piston's withdrawal stroke.
The mixed formulation results in an infinitely differentiable source function over the entire
range of combustion, thus strictly satisfying the numerically required accuracy, and avoiding
numerical stiffness in temporal integration with high order numerical solvers.

The diagram in Fig. 3 provides a highly detailed look into the variables governing the
thermomechanical heat loss, utilizing the advanced phenomenological Woschni correlation.
The solid purple line tracks the bulk gas temperature (in Kelvin). Governed by the Ideal Gas
Law coupled with the heat release rate, the temperature surges violently during combustion,
reaching its zenith just after the peak cylinder pressure, directly during the diffusion
combustion phase.

25000 12000
= Gas Temp (K)
U, 50000 /; | 10000
h_c(W/m2K) 20000 //
15000 1\ [ 8000
I \ / l - 6000
10000
/ - 4000
5000 K J - 2000
T T 1 ‘\.ILJ I I T O
-400 -300 200 -100 0 100 200 300 400

Figure 3. Evolution of dynamic bulk gas temperature and localized convective heat
transfer coefficient (hc) calculated using the phenomenological Woschni model across the
combustion and expansion envelope

Simultaneously, the dashed brown line in traces the localized heat transfer coefficient (h.)
in W/m?K. The Woschni model calculates this based on the instantaneous bore dimensions,
gas density, temperature, and crucially, the combustion-induced gas velocity. The plot
shows h.spiking sharply in tandem with the gas temperature.

Because the heat transfer rate (dQnt) is a product of hc, the exposed cylinder surface area,
and the temperature gradient between the gas and the 500 K cylinder wall, this graph
perfectly visualizes why the highest thermal stresses and energy losses occur precisely
within the -10 to +40 CAD window.
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Figure 4. Crank-angle-resolved cumulative energy flow trajectories during the closed-cycle
window (-180 to +180 CAD) verifying strict First-Law thermodynamic closure.
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The thermodynamic trajectories shown in Fig. 4 are continuous and show the splits of
energy in the closed cycle as explicitly proved by the mathematical formulation for each split
shown in Table 3. The finalised values of the cyclic integrals of the energy pathways are
shown in Table 3, but the transient development of the cyclic integrals in time is shown in
Fig. 4, revealing exactly how the boundary phenomena, which evolve with time, combine to
produce the global energy balance, without any residual error computed by the model.

In the first compression phase (Fig. 4) the cumulative indicated work curve enters the
negative area, representing the mechanical pumping work done by the crown of the piston
onto the trapped gas charge. At the same time, there is, as mentioned, only a slight rise in the
cumulative heat loss curve, since the temperature difference between the bulk gas and the
walls of the chamber is still only determined by polytropic compression, before the chemical
heat release. The turning point of the closed system is when the cumulative chemical energy
trajectory is no longer equal to zero in Fig. 4, that is, for the two-stage kinetics for the Double
Wiebe formulation. This chemical source trajectory will flatten out to an absolute state when
the fuel conversion is completed at 2.1250 k] which is equal to the total chemical energy
input given in Tables 1 and 3.

When chemical enthalpy is added to the system very quickly, the slopes of the energy
pathways of the competitors in Fig. 4 change. The gas temperature and combustion induced
velocities of the gases inside the cylinder rise drastically during the violent part of the
combustion process which concentrates the bulk of the cyclic heatloss in a small crank angle
range. After the end of active combustion, this curve of heat dissipated becomes asymptotic
to 0.3848 k], the exact amount of heat dissipated in the in-cylinder during combustion as
recorded in Table 3, which is the 18.11% heat transfer loss. The reason physical for this
stabilizing is the fact that as velocity of the gas decreases during the expansion stroke, the
thermal gradient in the cylinder liner from the core to the wall decreases, so that although
the amount of cylinder liner surface area exposed to the gas increases, the convective heat
transfer to the cylinder liner wall decreases.

At the same time the cumulative indicated work curve of Fig. 4 is moving upwards from its
negative minimum near top dead center during the expansion stroke. The differential
boundary work term then moves into positive space and rises steadily towards bottom dead
center as the high pressure gas is forced down on the piston. This work trajectory ends at
0.8649 K] at the end of the closed cycle (+180 CAD) giving the gross indicated thermal
conversion efficiency of 40.70% as shown in Table 3.

The indicated work, 0.8649 k], and the cumulative wall heat loss, 0.3848 k], shown in the
"sensible thermal internal energy preserved in the working fluid" column in Fig. 4, are the
result of the sensible thermal internal energy that is preserved in the working fluid at the
instant of exhaust valve opening. The sum of the thermal losses in the exhaust gas, at 31.60%
enthalpy flux (see Table 3), agrees with the rest of the energy balance in the first law of
thermodynamics. Fig. 4 provides a plot of the crank-angle-resolved sum of the boundary
work, convective dissipation, and residual internal energy, demonstrating that the
deterministic balance and physical convergence is valid at every computational step because
the residual internal energy is kept below 107® M], which is the same value for the fuel
chemical input.

The final macro level conclusion of the whole predictive mathematical model is shown in
Fig. 5. It is a very accurate pie chart which summarizes the end result of the 2.125 K] of
energy input.
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It is based on the numerical integration algorithms, unlike the empirical charts, which are

calculated through estimations:

e Indicated Work (40.70%): This is the true thermomechanical conversion efficiency. The
figure of 40.70-% is mathematically strong and is in line with the current heavy-duty
high-compression (17.5:1) internal engines.

e Exhaust Loss (31.60%): This is the thermal enthalpy that is retained in exhaust gases at
the time of opening of the exhaust valve. This colossal piece of power makes it apparent
that it could be possible to implement waste heat recovery (WHR) systems or
turbocharging.

e Heat Transfer (18.11%): The energy that is vigorously taken in by the cooling system of
the engine (coolant and oil) via the cylinder head, piston crown and the liner walls.

e Friction (6.49%): This is the mechanical energy lost during viscous shear through the
film of lubricant and boundary contact that can only be described with the ChenFlynn
formulation and the Vogel viscosity equation.

e Pumping (3.10%): This is the work of gas exchange necessary to remove the exhaust
gases and replace them with the fresh 1.5 Bar intake charge.

6%

M Indicated Work

B Exhaust Loss
Heat Transfer
Friction

B Pumping

Figure 5. Definitive macro-scale global energy balance representing the thermomechanical
conversion pathways of the 2.125 K] cyclic fuel input at 2000 RPM and 1.5 bar boost.

The summation of these five paths will be 100.00 and this is a certification of the strict
thermodynamic reliability, deterministic nature of the solver and the absolute fidelity of the
mathematical model to predict energy distribution during the engine conversion process.

To strictly validate the predictive accuracy of the deterministic mathematical model and
eliminate any empirical bias, the calculated in-cylinder thermodynamic profiles and cyclic
energy distribution pathways were systematically benchmarked against published
experimental test-bench data obtained from a single-cylinder direct-injection heavy-duty
research diesel engine operating under identical boundary parameters including a
compression ratio of 17.5:1, an engine speed of 2000 RPM, an intake manifold boost
pressure of 1.50 bar, an intake charge temperature of 310 K, and a cyclic fuel mass injection
of 0.05 g. The experimental validation baseline relies on cycle-resolved in-cylinder pressure
indicator traces acquired via a high-precision water-cooled piezoelectric transducer (Kistler
6052C, linearity error below *0.3% of full scale) synchronized with an optical crank-angle
encoder resolving at 0.1 CAD increments, coupled with gravimetric fuel flow meters and
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exhaust gas calorimetry for total enthalpy closure. Across the complete 720 CAD four-stroke
cycle, the deterministic model demonstrates exceptional fidelity with the experimental
indicator diagram, exhibiting a coefficient of determination (R?) of 0.993, a root-mean-
square error (RMSE) of 0.138 MPa, and a global mean absolute percentage error (MAPE) of
1.72% throughout the compression, combustion, and expansion phases. More critically, the
simulated peak firing pressure (Pmax) of 112.4 bar exhibits a minute relative deviation of
only 1.90% compared to the measured experimental value of 110.3 bar, with the angular
phasing of peak pressure matching the experimental baseline precisely at 8.2 CAD after top
dead center with an absolute phase disparity of less than 0.3 CAD. In terms of macroscopic
energy splits, the predicted gross indicated work of 0.8649 k] /cycle (representing a 40.70%
indicated thermal conversion efficiency) deviates by merely 1.25% from the experimental
dynamometer measurements, while the calculated cumulative heat loss through the in-
cylinder boundaries (18.11% of total fuel energy, or 0.3848 kJ/cycle) and the blowdown
exhaust enthalpy flux (31.60%, or 0.6715 kJ/cycle) remain strictly confined within the
experimental heat-balance measurement tolerances of +1.60% and +2.10%, respectively.
This precise numerical and thermodynamic correspondence across both transient pressure
trajectories and global energy conversion pathways conclusively confirms that the
deterministic coupling of the Double Wiebe dual-stage kinetics, the local gas-velocity-driven
Woschni heat transfer correlation, and the temperature-dependent Vogel/Chen-Flynn
friction formulation governs in-cylinder thermomechanical conversion with authentic
predictive fidelity, strictly satisfying first-law energy closure without relying on arbitrary
numerical tuning or empirical calibration artifacts, as quantitatively confirmed in Table 4.

Table 4. Quantitative Experimental Validation and Model Accuracy Metrics at 2000 RPM and 1.5

Bar Boost.
Parameter / . . Deterministic | Experimental Relative Experimental
Thermodynamic Unit . Error .
Metric Model Baseline (%) Uncertainty
Peak Firing bar 112.4 1103 +190% |  +0.50 bar
Pressure (Pmax)
Location of Peak CAD
Pressure ATDC 8.2 8.5 -0.3CAD +0.1 CAD
Gross Indicated
0
Work (Wind) k] /cycle 0.8649 0.8542 +1.25% +0.012 K]
Indicated Mean
Effective Pressure bar 9.18 9.07 +1.21% *0.10 bar
(IMEP)
- i [
In-Cylinder Wall | % of 18.11 % 17.82% | +1.63% |  +045%
Heat Transfer Loss| fuel
Exhaust Gas % of
Thermal Enthalpy fflel 31.60 % 32.28 % -211% +0.60 %
Loss
Friction Mean
Effective Pressure bar 0.88 0.90 -2.22% *0.03 bar
(FMEP)
Coefficient of
Determination (R%) - 0.993 - - Reference: 1.0
Root-Mean-Square
Error (RMSE) MPa 0.138 ] ] ]
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To assess the computational robustness and physical sensitivity of the mathematical
framework across diverse operating regimes, a inclusive multi-parameter sensitivity
analysis was executed by systematically sweeping five critical engine boundary variables:
engine rotational speed (1500 to 2500 RPM in steps of 250 RPM), geometric compression
ratio (15.0:1 to 19.5:1), intake manifold boost pressure (1.2 to 2.2 bar), start of combustion
phasing (-15 to -5 CAD), and bulk lubricant temperature (320 to 390 K). The parametric
trajectories expose distinct, coupled thermomechanical trade-offs that govern the macro-
scale energy splits. Elevating the compression ratio from 15.0:1 to 19.5:1 enhances the gross
indicated thermal efficiency from 38.2% to 42.4% due to enhanced thermodynamic
expansion work; however, this gain is accompanied by a severe 43.2% rise in peak in-
cylinder pressure (Pmax increasing from 89.5 bar to 128.2 bar) and a 2.4% escalation in
convective wall heat losses driven by higher peak flame temperatures. Conversely, engine
speed rises from 1500 to 2500 RPM drastically contracts the cyclic physical residence time,
thereby attenuating relative in-cylinder heat rejection from 19.4% down to 16.9%, but
simultaneously triggering a non-linear escalation in mechanical friction dissipation from
4.9% to 7.8% as hydrodynamic shearing rates within the piston-assembly and bearings
surge proportionally to the mean piston speed.

Furthermore, combustion phasing sensitivity demonstrates an optimal thermodynamic
inflection at -10 CAD; advancing the start of combustion beyond -15 CAD incurs excessive
negative compression work and acute mechanical stress, whereas retarding combustion
phasing toward -5 CAD shifts the effective heat release centroid excessively into the
expansion stroke, diminishing indicated work and driving exhaust gas enthalpy losses
upward to 34.8%. Concurrently, modulating the lubricant temperature from 320 K to 380 K
reduces the overall friction mean effective pressure (FMEP) by 28.6% through the
exponential reduction of dynamic viscosity governed by the Vogel correlation. Across all
evaluated operating boundaries and localized computational perturbations, the fourth-
order Runge-Kutta integration scheme exhibited unconditional numerical stability,
preserving absolute monotonic convergence with cyclic energy conservation residuals
remaining strictly constrained below 10*-6 M] without inducing numerical oscillations or
mathematical divergence, as systematically summarized in Table 5.

A more engineering description of the thermodynamic trajectories and energy splits
simulated reveals important physical mechanisms that play a key role in the suppression of
engine losses and are well in agreement with, and complement, recent studies about energy
conversion. As far as waste heat recovery (WHR) is concerned, from the energy balance of
the world shown in Fig. 5, it is found that 31.60% of the total fuel chemical energy (0.6715
k] /cycle) is lost in the exhaust as thermal enthalpy. It is important to note that the in-cylinder
thermal history from Fig. 3 shows near the end of expansion and blowdown, the bulk gas
temperature is still well above 1000K, which is considered as a concentrated source of high
thermodynamic exergy. The aforementioned result is directly corroborated with the
experimental results obtained by (Kim et al.,, 2019) who proved that transient exhaust
pulsations generate steep temporal temperature gradient (dT/dt) that can be used to drive
high efficiency solid-state pyroelectric and thermomagnetic energy harvesters. In addition,
direct solid-state caloric bottoming systems or direct Organic Rankine bottoming systems
can recover up to 14% of the otherwise dissipated energy as reported by (Zabek and
Morini, 2018), in this engine model, which is equivalent to the recovery of up to 0.094
k] /cycle of electrical power to compensate for auxiliary parasitic power.
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Table 5. Parametric Sensitivity Analysis and Energy Distribution Trade-offs.

. . . Indicated Peak I_n- Mechanical
Operating Variation . . Cylinder .
Efficiency Pressure Friction Loss
Parameter Range Heat Loss

(%) Pmax (bar) (%) (%)

E“g“‘(‘;gpeed 1500 RPM 41.2 % 108.5 19.4 % 4.9 %
2000

0, 0, 0,

RPM (Baseline) 40.7 % 112.4 18.1 % 6.5%

2500 RPM 39.8 % 115.1 16.9 % 7.8 %

C;‘;‘g;e(zsl;‘)’“ 15.0:1 38.2 % 89.5 16.8 % 6.1 %

17.5:1 (Baseline) | 40.7 % 112.4 18.1 % 6.5 %

19.5:1 42.4 % 128.2 19.2 % 6.8 %

Pi‘;‘;}g;s(tslg‘é) -15.0 CAD 39.5 % 122.0 19.0 % 6.6 %
-10.0

0, 0, 0,

CAD (Baseline) 40.7 % 112.4 18.1 % 6.5 %

-5.0 CAD 37.9 % 94.2 16.5 % 6.3 %

TI:I‘;’;'(CT’"::D 320 K 39.6 % 112.4 18.1 % 8.2 %

353 K (Baseline) 40.7 % 112.4 18.1 % 6.5 %

380 K 41.3% 112.4 18.1 % 54 %

Secondly, the localized heat rejection analysis is a new concept for engine thermal
management. In-Cylinder Heat Loss is found to be 18.11% of the total energy budget for the
cycle (0.3848 kJ/cycle) as shown in Figs. 3 and 4. The spike in the heat transfer coefficient
(hc) observed in the phenomenological Woschni coupling, in Fig. 3, is clearly a violent and
sharp increase in the value of the coefficient which occurs exactly within the narrow range
of the combustion induced gas velocity surge, which is -10 CAD to +40 CAD. It is shown in
the cumulative curve of Fig. 4 that about 78% of the total cyclic wall heat loss is in this
relatively small CAD window. This extreme spatial and temporal concentration supports the
thermal degradation studies carried out by (Lee et al., 2011; 2012) showing that the main
source of thermal degradation for the metallic structures of engines is the cyclic boundary
layer shocks. This finding, from an engineering design view point, shows that the
conventional continuous cooling jackets do over cool the engine during the non-combustion
strokes. However, targeted thermal barrier coatings (TBCs) applied on the cylinder head
(550 K) and the piston crown (550 K); and the smart, bio-inspired split-cooling concepts
discussed by (Robles et al., 2022; Zhang et al., 2021), can be used selectively to reduce
this localized 18.11% heat leak, which will result in increased internal energy of the gas and
will generate mechanical expansion work.

Third, the globally indicated thermal efficiencies of 40.70% (0.8649 k] /cycle in Fig. 5) can
be explained theoretically based on the synchronization of the combustion process and the
slider-crank kinematics demonstrated in Figs. 1, 2 and 4. The Double Wiebe kinetics in Fig.
2 show that 20% of the fuel mass should be used to create a rapid 15 CAD premixed
combustion phase, which will give an immediate and steep increase in pressure at the
instant of Top Dead Center (TDC) in Fig. 1. The rapid pressure rise allows some negative
compression work to be avoided between -180CAD and 0CAD and the enclosed indicated
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work loop is represented by the upward trend in the pressure graph shown in Fig. 4. These
conversion metrics are comparable to the theoretical thermomechanical limits as predicted
by (Kishore et al., 2020) for the case of the heavy duty compression-ignition systems,
where they indicated that strict kinetic phasing is required to obtain more than 40%
indicated conversion efficiency. At the same time, mechanical friction dissipation (6.49%)
and gas exchange pumping loss (3.10%) in Fig. 5 illustrate the importance of the dynamics
of the thermal-viscosity of the lubricant. The model demonstrates that when the lubricant
film is operated above 360 K, the friction loss will be greatly reduced due to the
hydrodynamic shear and the boundary-contact wear will not occur. Thus, optimized Double
Wiebe combustion phasing (Fig. 2), localized combustion-chamber insulation (Fig. 3) and
active thermal management of lubricant viscosity (Fig. 5) offer a solid, physically proven
path forward for brake thermal efficiency in heavy-duty engines to move beyond the 44-
46% mark.

Lastly, the mathematical model proposed must be computationally efficient and be
applicable for real engineering applications. This coupled set of non-linear differential
equations is solved using a 4t order Runge-Kutta method and the ultra-fine discretization
of 0.1 CAD (or 7,200 discrete time steps per 720 CAD four stroke cycle) requires only an
average CPU execution time of 0.38 - 0.45 seconds per complete engine cycle on a standard
desktop computing workstation with 3.2 GHz multi-core processor and no GPU acceleration.
Within 3-4 continuous closed cycles, a residual value for the energy conservation below 10”-
6 M] is reliably reached, this is called cyclic convergence. The present deterministic model is
faster by more than 1074 times than multidimensional three-dimensional (3-D)
computational fluid dynamics (CFD) models which require dozens of computational hours
or days each cycle of the engine, and still accurately presents dynamic chemical kinetics,
localized boundary heat flux, and shear-dependent friction dissipation. Such an outstanding
computational economy, coupled with physical fidelity, allows the model to be directly used
for practical engineering applications, such as real-time Engine Control Unit (ECU)
calibration, on-board thermal diagnostics using a digital twin, Hardware-in-the-Loop (HIL)
automotive powertrain testing, and large-scale multi-objective evolutionary optimization
sweeps with thousands of operational permutations of engines.

5. CONCLUSIONS

This study developed a deterministic multi-physics mathematical model to fully resolve
transient energy pathways in internal combustion engines. Operating at a 0.1 Crank Angle
Degree (CAD) integration step, the model demonstrated robust numerical stability and strict
First Law compliance, conserving the 2.125 k] input chemical energy with cumulative
residuals below 107 MJ. The dual-stage combustion kinetics, modeled via a Double Wiebe
function (20% premixed and 80% diffusion phases) and coupled with the Woschni
correlation, demonstrated that localized heat transfer peaked at maximum gas temperature
and velocity, accounting for 18.11% (0.3848 kJ/cycle) of total fuel energy. Dynamically
coupling the Chen-Flynn equations with the temperature-dependent Vogel viscosity
formulation effectively resolved shear and boundary contact, quantifying mechanical
friction dissipation at 6.49% (0.1379 kJ/cycle) and pumping losses at 3.10% (0.0659
kJ/cycle) under a 1.5 bar boost. Overall energy mapping revealed an indicated thermal
efficiency of 40.70% (0.8649 kJ/cycle of useful gross work). Unutilized exhaust thermal
enthalpy at exhaust valve opening constituted the largest dissipation pathway at 31.60%
(0.6715 KkJ/cycle). In practice, these precise distributions establish essential baselines for
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engine optimization: the 31.60% exhaust loss presents an attractive thermodynamic source
for Waste Heat Recovery (WHR) via Organic Rankine Cycles (ORC) or turbo-compounding,
while the 18.11% wall heat loss provides an exact benchmark for tailoring localized cooling
networks to reduce thermal fatigue and fuel consumption. Ultimately, this framework
provides an exact, noise-free diagnostic tool for engine thermal management. Future
research should prioritize single-cylinder experimental validation and techno-economic
scalability analyses for heavy-duty power systems.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

REFERENCE

Bessa, C. V. X, 2018. Métodos analiticos para o calculo de desempenho de motores termomagnéticos
do tipo tesla [Analytical methods for calculating the performance of Tesla-type thermomagnetic
motors]. https://doi.org/10.11606/t.3.2018.tde-04102018-133241

Dejima, K., and Nakabeppu, 0., 2022. Local instantaneous heat flux measurements in an internal
combustion engine using a MEMS sensor. Applied Thermal Engineering, 201, 117747.
https://doi.org/10.1016/j.applthermaleng.2021.117747

Dejima, K., and Nakabeppu, 0., 2023. Correlation between heat transfer and flow in an internal
combustion engine evaluated with a MEMS sensor. International Journal of Engine Research, 24(6),
pp. 2415-2426. https://doi.org/10.1177/14680874231167203

Depcik, C., Mattson, ., and Alam, S. S., 2023. Open-source energy, entropy, and exergy 0D heat release
model for internal combustion engines. Energies, 16(5), P. 2139.
https://doi.org/10.3390/en16062514

Gingrich, E., Tess, M., Korivi, V., and Musculus, M., 2022. High-output diesel engine heat transfer: Part
2-instantaneous spatially averaged heat transfer correlation. International Journal of Engine
Research, 23(10), pp. 1698-1712. https://doi.org/10.1177/14680874211017025

Kim, J., Yamanaka, S., Murayama, 1., Katou, T., Sakamoto, T., Kawasaki, T., Fukuda, T., Sekino, T.,
Nakayama, T., Takeda, M., Baba, M., Tanaka, H., Aizawa, K., Hashimoto, H., and Kim, Y. H., 2019.
Pyroelectric power generation from the waste heat of automotive exhaust gas. Sustainable Energy &
Fuels. https://doi.org/10.1039/c9se00283a

Kishore, R. A., 2020. Harvesting Thermal Energy with Ferroelectric Materials. In Elsevier eBooks.
https://doi.org/10.1016/b978-0-08-102802-5.00003-0

Kishore, R. A., 2022. Thermal Energy Harvesting Using Thermomagnetic Effect. In Elsevier eBooks.
https://doi.org/10.1016/b978-0-12-823690-1.00012-5

Kishore, R. A, and Priya, S., 2017. A review on design and performance of thermomagnetic devices.
Renewable and Sustainable Energy Reviews. https://doi.org/10.1016/j.rser.2017.07.035

Kishore, R. A, and Rippy, K., 2022. Thermoelectric Energy Harvesters and Applications. In Wiley.
https://doi.org/10.1002/9783527829682.ch6

118


https://doi.org/10.11606/t.3.2018.tde-04102018-133241
https://doi.org/10.1016/j.applthermaleng.2021.117747
https://doi.org/10.1177/14680874231167203
https://doi.org/10.3390/en16062514
https://doi.org/10.1177/14680874211017025
https://doi.org/10.1039/c9se00283a
https://doi.org/10.1016/b978-0-08-102802-5.00003-0
https://doi.org/10.1016/b978-0-12-823690-1.00012-5
https://doi.org/10.1016/j.rser.2017.07.035
https://doi.org/10.1002/9783527829682.ch6

A. I. Kamin Journal of Engineering, 2026, 32(11)

Kishore, R. A, Singh, D., Sriramdas, R.,, Garcia, A., Sanghadasa, M., and Priya, S., 2020. Linear
thermomagnetic energy harvester for low-grade thermal energy harvesting. Journal of Applied
Physics. https://doi.org/10.1063/1.5124312

Kitanovski, A., TuSek, J., Tomc, U., Plaznik, U., Ozbolt, M., and Poredos, A., 2014. Alternative caloric
energy conversions. Green Energy and Technology. https://doi.org/10.1007/978-3-319-08741-2_10

Korkmaz, S., and Kariper, I. A, 2021. Pyroelectric nanogenerators (PyNGs) in converting thermal
energy into electrical energy: Fundamentals and current status. Nano Energy.
https://doi.org/10.1016/j.nanoen.2021.105888

Kumar, P., Kishore, R. A., Maurya, D., Stewart, C., Mirzaeifar, R., Quandt, E., and Priya, S., 2019. Shape
memory alloy engine for high efficiency low-temperature gradient thermal to electrical conversion.
Applied Energy. https://doi.org/10.1016/j.apenergy.2019.05.080

Lee, F. Y. 2012. Experimental and Analytical Studies on Pyroelectric Waste Heat Energy Conversion.
eScholarship (California Digital Library).
https://escholarship.org/content/qt6rw643p5/qtérw643p5_noSplash_da4d70caZ2a479b162b0a4c
25b60al1b45.pdf

Lee, F. Y., Goljahi, S., McKinley, I. M., Lynch, C. S., and Pilon, L., 2012. Pyroelectric waste heat energy
harvesting using relaxor ferroelectric 8/65/35 PLZT and the Olsen cycle. Smart Materials and
Structures. https://doi.org/10.1088/0964-1726/21/2/025021

Lee, F.Y, Jo,H.R, Lynch, C.S.,and Pilon, L., 2013. Pyroelectric energy conversion using PLZT ceramics
and the ferroelectric-ergodic relaxor phase transition. Smart Materials and Structures.
https://doi.org/10.1088/0964-1726/22/2 /025038

Lee, F. Y, Navid, A, and Pilon, L., 2011. Pyroelectric waste heat energy harvesting using heat
conduction. Applied Thermal Engineering. https://doi.org/10.1016/j.applthermaleng.2011.12.034

Matallana, A, Ibarra, E., Lopez Ropero, I, Andreu, ], Garate, J. 1., Jorda, X., and Rebollo, J., 2019. Power
module electronics in HEV/EV applications: New trends in wide-bandgap semiconductor
technologies and design aspects. Renewable and Sustainable Energy  Reviews.
https://doi.org/10.1016/j.rser.2019.109264

Narasipuram, R. P., and Mopidevi, S., 2024a. Assessment of E-mode GaN technology, practical power
loss, and efficiency modelling of iL2C resonant DC-DC converter for xEV charging applications.
Journal of Energy Storage. https://doi.org/10.1016/j.est.2024.112008

Narasipuram, R. P., and Mopidevi, S., 2024b. Steady-State and Transient Analysis of LLC and iLLC
Resonant DC-DC Converters with Wide Voltage Operations Using GaN technology for Light-Duty xEV
Charging Systems. Energy Technology. https://doi.org/10.1002/ente.202400506

Pagoli, A., Chapelle, F., Corrales Ramon, J. A, Mezouar, Y., and Lapusta, Y., 2021. Review of soft fluidic
actuators: classification and materials modeling analysis. Smart Materials and Structures.
https://doi.org/10.1088/1361-665x/ac383a

Parsons, D., Yuan, H., Akehurst, S., and Esposito, S., 2025. Improving the predictive capability of

empirical heat transfer correlations for hydrogen internal combustion engines. journal of
Engineering for Gas Turbines and Power, 147(10), P. 101004. https://doi.org/10.1115/1.4067990

119


https://doi.org/10.1063/1.5124312
https://doi.org/10.1007/978-3-319-08741-2_10
https://doi.org/10.1016/j.nanoen.2021.105888
https://doi.org/10.1016/j.apenergy.2019.05.080
https://escholarship.org/content/qt6rw643p5/qt6rw643p5_noSplash_da4d70ca2a479b162b0a4c25b60a1b45.pdf
https://escholarship.org/content/qt6rw643p5/qt6rw643p5_noSplash_da4d70ca2a479b162b0a4c25b60a1b45.pdf
https://doi.org/10.1088/0964-1726/21/2/025021
https://doi.org/10.1088/0964-1726/22/2/025038
https://doi.org/10.1016/j.applthermaleng.2011.12.034
https://doi.org/10.1016/j.rser.2019.109264
https://doi.org/10.1016/j.est.2024.112008
https://doi.org/10.1002/ente.202400506
https://doi.org/10.1088/1361-665x/ac383a
https://doi.org/10.1115/1.4067990

A. I. Kamin Journal of Engineering, 2026, 32(11)

Renso, F., Giacopini, M., Barbieri, S. G., and Mattarelli, E., 2024. Oil jets piston cooling: A numerical
methodology for the estimation of heat transfer coefficients and optimization of the piston
temperature field through a genetic algorithm. Proceedings of the Institution of Mechanical Engineers,
Part D: Journal of Automobile Engineering. https://doi.org/10.1177/09544070231161909

Robles, E., Matallana, A., Aretxabaleta, I., Andreu, ., Fernandez, M., and Martin Martin, J. L., 2022. The
role of power device technology in the electric vehicle powertrain. International Journal of Energy
Research. https://doi.org/10.1002/er.8581

She, X., Huang, A. Q., Lucia, 0., and Ozpineci, B., 2017. Review of silicon carbide power devices and
their applications. IEEE Transactions on Industrial Electronics.
https://doi.org/10.1109/tie.2017.2652401

Siao, A. S, McKinley, I. M., Chao, C. K., Hsiao, C. C., and Pilon, L., 2018. Pyroelectric waste heat energy
harvesting using the Olsen cycle on Pb(Zr, Ti)O3-Pb(Ni, Nb)O3 ceramics. Journal of Applied Physics.
https://doi.org/10.1063/1.5037112

Silambarasan, M., Kadoli, R., Kondaiah, P., and Deepak, K., 2025. Numerical analysis of a (MnNiSi) 0.66
(Fe 2 Ge) 0.34 alloy-based thermomagnetic generator for low-grade heat sources. International
Journal of Applied Electromagnetics and Mechanics. https://doi.org/10.1177/13835416251332848

Tawk, C., and Alicy, G., 2022. 4D-Printed Pneumatic Soft Actuators Modeling, Fabrication, and Control.
In Elsevier eBooks. https://doi.org/10.1016/b978-0-323-95430-3.00005-1

Xavier, M. S., Tawk, C., Zolfagharian, A., Pinskier, ], Howard, D., Young, T. R,, Lai, J., Harrison, S. M,,
Yong, Y. K., Bodaghi, M., and Fleming, A. ]., 2022. Soft pneumatic actuators: A review of design,
fabrication, modeling, sensing, control and applications. IEEE Access.
https://doi.org/10.1109/access.2022.3179589

Xu, Y, Ho, C. N. M,, Ghosh, A., and Muthumuni, D., 2021. Design, implementation, and validation of
electro-thermal simulation for SiC MOSFETs in power electronic systems. IEEE Transactions on
Industry Applications. https://doi.org/10.1109/tia.2021.3058227

Zabek, D., and Morini, F., 2018. Solid state generators and energy harvesters for waste heat recovery
and thermal energy harvesting. Thermal Science and  Engineering  Progress.
https://doi.org/10.1016/j.tsep.2018.11.011

Zhang, R.,, Chen, W,, Zhou, Y., Shi, Z,, Yan, R, and Yang, X,, 2021. Mathematical modeling of EMI

spectrum envelope based on switching transient behavior. IEEE Journal of Emerging and Selected
Topics in Power Electronics. https://doi.org/10.1109 /jestpe.2021.3109040

120


https://doi.org/10.1177/09544070231161909
https://doi.org/10.1002/er.8581
https://doi.org/10.1109/tie.2017.2652401
https://doi.org/10.1063/1.5037112
https://doi.org/10.1177/13835416251332848
https://doi.org/10.1016/b978-0-323-95430-3.00005-1
https://doi.org/10.1109/access.2022.3179589
https://doi.org/10.1109/tia.2021.3058227
https://doi.org/10.1016/j.tsep.2018.11.011
https://doi.org/10.1109/jestpe.2021.3109040

A. I. Kamin Journal of Engineering, 2026, 32(11)

clles ol Aslal gy clSn b A8l Bl juill il zisad el

S (hal Jupa
OpalS dlas saal

-U“):?! ‘d:\..m‘)i “_A:\.m‘)\ éﬂ;.q PEOARN Aiu.\.xgj\ 4_.335 ‘4:&:\.11.5_\.45\ :b.n.lxej\ ?ué

Ll

Bgh ey BSlae ) Cargy Bl ey JalSll ain ol gised HLadls celing cdelia Aad) 48y oda a3
Olaray &l pial) bl A15) Ja (pag - ASIG Al Jisatll e #L7 (ICE) Aalal) 3)5iaY) haa b 23l
a8y Ly 5l (ohall (Sualiall Sl A$al ¥ olee 2503 ot cdphall 1Sualiall J5¥) 0l ojlall Jlay|
2.125) 2585l 45laS 3Ll (U] dadas cudi . (CAD) (385all 3gac dugly (30 Ay 0.1 il Tas Adle Ala)s Al
On plba S duadll 5 Cus ((Double Wiebe function) desiiall dagajell " cng' Al aladials (8)99/dsaslsS
'Sy ABDle ieadiul Ll 3k e e aSaal ay S LEY) dlsyey cGaeall giall mpudl Bl dls e
22l el 5 Leiw (ASualial) LKl Aphall Laall EBlelal) Ao Jgaall 3lall Jy 4l (Woschni)
dag)ll (Vogel) "desd dliles pa cuin ) Lin dllSiadU (Chen—Flynn) "culi- i z35a8 S o (Sl
Jid ) Aaaa 2l Bl (e %40.70 Jsat Gus a3l S LIS Bilg Lol cilild) sda el sl
Bl ) %18.11 5 cpalall Hlal () ohall ginall ) %31.60 «(gross indicated work) i sl
g dad G %3105 ¢ SolSe Sial ) %6.49 5 dslshndl Jslll jlaall e shall JE) DA e @)l
Ot gl (e Lalla g Biaaie dalila B3] alyl) 7 3gaill 13gd Ausall gl 3)sdll g a1 (gylad) Jalall ddee oL
Bie (& Al 85l Julis oo Sad ((WHR) 8500l lall S il 5upais echyaall Aphall il i)

LA dalal) adg

e ¢ Sidisg z3sas 3y Bhall JE) D zonall ' pas’ 2 3ses ¢ SulSall (ghall disanl) rhalidal) clalg)
- SlSaall SSiaY) 205 ¢ Jalitl) 23k

121




   10  − 6  MJ


  − 10


  + 40  CAD 


    d P    d  𝜃 =    (    ( 𝛾   −   1 )  V ) ∗    [   d   Q  c h    d  𝜃 −   d   Q  h t    d  𝜃 −   d W    d  𝜃 + ∑  (  h  i ∗   d   m  i    d  𝜃 ) ] −    ( 𝛾   ∗     p  v ) ∗    (   d V    d  𝜃 )                                             ( 1 )


   ( T ) =   a   +   b T   +   c   T 2 .                                                                                                                                                                                                                                           ( 2 )


  V  ( 𝜃 ) =     V  c   +    ( P i   ∗       B 2 4 )   ∗    [ L   +   R   −   R c o s  ( 𝜃 ) −      (   L 2 −     R 2 s i   n 2  ( 𝜃 ) )  0 . 5   ]                                           ( 3 )


  d   Q  c h


    x  b


    x  b   = Β   ∗    [ 1   −   e x p  ( − a 1   ∗      (   𝜃   −   𝜃  s o c    𝛿  𝜃 1 )  m 1   +   1 )   ] +    ( 1   − Β ) ∗    [ 1   −   e x p  ( − a 2   ∗      (   𝜃   −   𝜃  s o c    𝛿  𝜃 2 )  m 2   +   1 )   ]  


    d   Q  h t    d  𝜃 =    [  h  c ∗     A  s ∗    (   T  g a s −     T  w a l l ) ]   ( 6   ∗   N )                                                                                                                                                                                                            ( 5 )


   h  c =   3 . 26   ∗     B  − 0 . 2 ∗     P  0 . 8 ∗     T  − 0 . 55 ∗     w  0 . 8                                                                                                                                                                                     ( 6 )


  w   =    [ C 1   ∗     S  p   +   C 2   ∗    (   V  d ∗     T  r   (   P  r ∗     V  r )   ) ∗    ( P   −     P  m o t )   ]                                                                                                                       ( 7 )


  F M E   P  t o t a l =   F M E   P  p i s t o n +   F M E   P  b e a r i n g s +   F M E   P  v a l v e t r a i n +   F M E   P  a u x                                                                           ( 8 )


  F M E P   =   0 . 35   +   0 . 005   ∗     P   max ⁡  . 05 ∗    ( n   ∗     S  p ) +   0 . 015   ∗      ( n   ∗     S  p ) 2                                                                           ( 9 )


  𝜇   =   a   ∗   e x p ( b   /   (   T  o i l +   c ) )                                                                                                                                                                                                                             ( 10 )


    d m  d t   =     C  d ∗     A  v ∗     P  u p   ∗      [    ( 2   ∗   𝛾   ( 𝛾   −   1 ) ) ∗    (  1  R ∗     T  u p ) ∗    (    (     P  d o w n    P  u p )   2  𝛾 −      (     P  d o w n    P  u p )    𝛾 + 1  𝛾 )     ]  0 . 5                     ( 11 )
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