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Abstract: Internal combustion engines face increased market, societal, and governmental pressures to
improve performance, requiring researchers to utilize modeling tools capable of a thorough analysis
of engine performance. Heat release is a critical aspect of internal combustion engine diagnostic
analysis, but is prone to variability in modeling validity, particularly as engine operation is pushed
further from conventional combustion regimes. To that end, this effort presents a comprehensive
open-source, zero-dimensional equilibrium heat release model. This heat release analysis is based
on a combined mass, energy, entropy, and exergy formulation that improves upon well-established
efforts constructed around the ratio of specific heats. Furthermore, it incorporates combustion using
an established chemical kinetics mechanism to endeavor to predict the global chemical species in
the cylinder. Future efforts can augment and improve the chemical kinetics reactions for specific
combustion conditions based on the radical pyrolysis of the fuel. In addition, the incorporation of
theoretical calculations of energy and exergy based on the change in chemical species allows for
cross-checking of combustion model validity.

Keywords: internal combustion engine; heat release; chemical kinetics; performance; simulation;
zero-dimensional; chemical species

1. Introduction

In the current era, the internal combustion engine (ICE) faces considerable pressure
to improve performance and lower emissions, requiring proper tools for quantifying and
illustrating engine performance metrics from measured data. The root of ICE performance
analysis is diagnostic rate of heat release (RHR) modeling, which utilizes the in-cylinder
pressure trace to allow for proper accounting of the pathways through which thermal energy
from combustion is alternatively used for work or lost to the surrounding environment [1].

The standard methodology for quantifying heat release is as presented in Heywood [1].
This method originates from the open system energy equation and utilizes in-cylinder
pressure data recorded during the compression and expansion strokes:

dQ
dt
− p

dVCV

dt
+ ∑

in

.
minhin =

dUCV

dt
(1)

where dQ/dt is the rate of total heat transfer into the system through its boundary, p·dVCV/dt
is the rate of boundary work completed by the moving piston,

.
min is the mass flow rate

entering the system through the system boundary, hin is the enthalpy of the mass entering
the system, and dUCV/dt is the rate of change in the total energy of the mass contained in
the system. For direct-injection engines, Equation (1) is rewritten as follows:

dQ
dt
− p

dVCV

dt
+

.
m f h f =

dUCV

dt
(2)
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where the f subscript denotes fuel. Considering U as the sensible internal energy of the
contents within the cylinder and hf as the injected fuel, sensible enthalpy helps distinguish
dQ/dt as the difference between the energy (aka heat) released through chemical combustion
and the rate of heat transfer. Hence, the apparent heat release rate (dQ/dt) is indicated
through a gross rate of heat release (dQHR/dt) and the heat transfer rate to and from the
walls and piston (dQHT/dt); here, heat transfer is defined as negative when leaving the
cylinder. This must equal the sum of the rate of change of sensible internal energy of the
system and the piston work as follows:

dQ
dt

=
dQHR

dt
+

dQHT
dt

=
dUCV

dt
+ p

dVCV

dt
− .

m f h f (3)

Assuming the cylinder contents behave like ideal gases with a constant gas con-
stant (R), Equation (3) is further reduced to the following:

dQ
dt

=

(
k

k− 1

)
p

dVCV

dt
+

(
1

k− 1

)
VCV

dp
dt

(4)

where k is the ratio of the specific heats with usual values ranging between 1.30 and 1.35 for
single-zone compression ignition (CI) combustion models. Sometimes, for better accuracy, k
is taken as 1.35 at the end of the compression stroke and 1.26–1.30 at the overall equivalence
ratio following combustion. However, the appropriate values for k during combustion
are not well-defined, primarily owing to (a) the quasi-static nature of the fuel injection,
atomization, vaporization, and mixing processes; (b) the instantaneously indeterminable
composition of burned gases; (c) the accuracy of the available heat transfer correlations;
and (d) heat loss through crevices. These phenomena must be determined accurately to
develop better heat release models at the cost of complexity and greater computational
costs. For this model, the influence of chemical species changing throughout the entire
combustion process comes down to the single parameter k.

Beyond the core model, numerous variations exist to expand on the core of heat
release modeling to address individual research interests [2]. From a modeling standpoint,
the most prevalent work involves improving the determination of the combustion rate
and ignition timing based on a combination of measured operational data and empirical
combustion models (e.g., the Wiebe function) [3,4]. Significant work is also associated with
the expansion of heat release modeling to include alternative fuels, particularly various
generations of biofuels [5,6]. Additionally, heat release modeling has been expanded for
variable degrees of exhaust gas recirculation, as well as less conventional combustion modes,
such as dual-fuel combustion of gaseous and/or liquid fuels, as well as homogeneous-
charge compression ignition (HCCI) and reactivity controlled compression ignition (RCCI)
combustion [7–12]. Other heat release models have tackled multidimensional and/or
multi-zone combustion models, splitting up the in-cylinder volume in some combination
of unburned, burned, and fuel zones. Multi-zone modeling is often paired with emission
prediction algorithms, with the goal of supplementing or replacing more costly emission
measuring equipment [4]. While multidimensional models are required for more thorough
emission speciation, three-zone zero-dimensional (0D) models have been used previously
for the estimation of emission species, particularly oxides of nitrogen, as well as for the
prediction of engine knocking [13–16]. Finally, research has served to target uncertainty
estimation, model refinement, indirect sensing of heat release without an in-cylinder
pressure trace, and general challenges in the application of heat release modeling, among
other topics [17–21].

While the majority of heat release models focus on analysis of in-cylinder combus-
tion exclusively from the standpoint of the First Law of Thermodynamics, some models
have expanded into utilizing a Second Law of Thermodynamics analysis, and are advan-
tageous when exhaust exergy must be calculated (e.g., for exhaust waste heat recovery
systems) [22–24]. In addition, while second law modeling might be unnecessary for con-
ventional engine operation, these models can lend additional insights with respect to
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unconventional combustion regimes (e.g., HCCI, RCCI, dual-fuels) that are less well under-
stood [25,26].

Of note, heat release modeling generally devolves into a trade-off between time-
efficient analysis, model accuracy, and flexibility for unconventional engine operational
modes. Heat release analysis is a critical component towards informing design and analysis
decisions on numerous fields within internal combustion engine research, ranging from
engine and fuel performance to emission prediction and engine wear analysis. Further,
there is need for commonality in heat release analysis, particularly with respect to mod-
els with improved capability to respond and adapt to differing and diverging research
interests. At present, heat release models are more ad-hoc and are constructed according
to individual research interests. As these models are not always documented, it can be
difficult for researchers to share heat release results, as strengths and shortcomings of
individually written models are not always apparent without a thorough analysis of the
underlying model script. Thus, owing to a lack of shared and flexible 0D heat release
models, comparison of heat release results is often more qualitative in nature.

To that end, this effort proposes an open-source, 0D diagnostic RHR model for use in
generalized engine analysis. The model, constructed in MATLAB and that can addition-
ally be run in the freeware program GNU Octave [27], includes chemical-species-based
predictions of engine thermodynamic behavior based on provided in-cylinder pressure
measurements and engine operational characteristics. It analyzes the traditional first law
basis, the second law incorporating in-cylinder entropy generation, and expansion to
exergy destruction and balancing. It is useful for a wide range of combustion analyses
including multiple direct fuel injection events and a dual-fuel heat release including phased
combustion. It is freely available on the Github site of the first author [28] and offers the
opportunity for additional improvements based on the user’s objectives.

2. Model Equations

The model is set up to solve the conservation of mass, combustion, conservation of en-
ergy, conservation of entropy, and exergy equations, as discussed in the following sections.

2.1. Conservation of Mass

The fundamental equation for the conservation of mass includes the change in mass within
the control volume (dmCV/dt) and the flow rates of mass entering (

.
min) and exiting (

.
mex):

dmCV

dt
= ∑

in

.
min −∑

ex

.
mex (5)

where the mass within the control volume (mCV) consists of unburned (mu), burned (mb),
added gaseous fuel (mfa), and direct injected fuel (mfl) zones:

mCV = mu + mb + m f a + m f l (6)

The model does not currently include any mass exiting the cylinder and can be
extended to add blow-by past the cylinder [29]. With respect to mass entering, the direct
injected liquid fuel mass flow rate (dmfli/dt) is calculated as follows [30,31]:

dm f li

dt
= χCd Annhninj

(
2ρ f ∆p

) 1
2 (7)

where Cd is the coefficient of discharge (=0.39), An is the nozzle hole area, nh indicates each
injector’s number of holes, ninj is the number of injectors, ρf is the injected fuel density,
and ∆p is the difference between the pressure of the cylinder and nozzle. Previously, the
direct injected liquid fuel was assumed to instantaneously heat up and vaporize. However,
this can lead to an injection artifact in the heat release plots that will be shown later. As
the liquid fuel injected does not immediately convert into gaseous form, an adjustable
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parameter χ was included in Equation (7) to slow down the liquid fuel preparation process
and emulate the combined injection and evaporation process. Future efforts can include
an evaporation model, such as that from Li et al. [32], to better simulate this process. The
model can include multiple fuel injection events as an array of dmfli/dt is used over the
entire length of the simulation.

Model calculations begin at the intake valve closing (IVC) event with the initial effort
finding the unburned, residual, exhaust gas recirculation (EGR), and added gaseous mass
at this crank angle. This involves the use of a global combustion reaction:

ξpCwHxOyNz +
(
ξg + ζgε

)
CaHbOcNd + δ(g2O2 + g3N2 + g4Ar)+

ε(g5O2 + g6CO2 + g7H2O + g8N2 + g9Ar)
→ (g5O2 + g6CO2 + g7H2O + g8N2 + g9Ar) + ζpCwHxOyNz + ζgCaHbOcNd

(8)

with the first fuel formula detailing the direct injected liquid fuel (p) and the second fuel
formula describing the added gaseous fuel (g). Generally, the air flow rate into the engine
and the liquid and added gas fuel flow rates are measured along with their known molecu-
lar masses. Hence, ξp and ξg can be calculated. Air is also specified on a mole fraction basis;
thus, g2, g3, and g4 are known. The use of experimentally measured combustion efficiencies
(ηc) helps to specify those items:

ζ = (1− ηc)ξ (9)

Each fuel has its own combustion efficiency in case the experimental data can pro-
vide this fidelity, e.g., it might be possible to measure exhaust methane emissions for
a natural-gas-assisted combustion experiment and determine a specific added gaseous
combustion efficiency.

The residual fraction (f ), also known as internal EGR, is originally estimated and later
updated after calculating the exhaust temperature (Texh) leaving the cylinder:

f =
mres

mIVC
=

1
rc

pexh
pint

Tint
Texh

(10)

where rc is the compression ratio; mres is the mass of residual; mIVC is the mass at IVC, pint and
pexh are the intake and exhaust pressures, respectively; and Tint is the intake temperature.

It is assumed that there are no burned gases and there is no direct injected liquid fuel
at IVC with the combination of residual (α) and EGR (β) part of the unburned mixture:

ε = α + β (11)

The global combustion reaction without residual and EGR can be solved to find the
initial estimates of g5 through g9. EGR is specified on a volume fraction basis and the
number of moles of EGR (nEGR) can be calculated:

nEGR = ζgβ + β(g5 + g6 + g7 + g8 + g9) (12)

Thus, the volume fraction of EGR is as follows:

EGR =
ζgβ + β(g5 + g6 + g7 + g8 + g9)(

ξg + ζgε
)
+ δ(g2 + g3 + g4) + ε(g5 + g6 + g7 + g8 + g9)

(13)

The mass of residual can be computed directly as follows:

mres = ζgαM f a + α
(

g5MO2 + g6MCO2 + g7MH2O + g8MN2 + g9MAr
)

(14)

where M is the molecular mass of the corresponding species. Assuming an initial mass
at IVC consisting of just the air and added gas allows for the calculation of α using
Equations (10) and (13), whereas β can be calculated from Equation (13) and a known
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EGR percentage. These are used to find new values of g5 through g9 using a mass balance
and the process followed until convergence of these parameters.

At this point, all of the masses at IVC are known and the volume (V) at IVC can be
computed from geometry and the crank angle (θ) at IVC:

VCV = Vc + Vbowl +
πb2

4

[
c + r− r cos θ −

√
c2 − (r sin θ)2

]
(15)

where Vc is the clearance volume, Vbowl is the piston bowl volume, b is the bore, c is
the connecting rod length, r is the crank arm length, and θ is the crank angle. As the
in-cylinder pressure (p) is measured, the global temperature at IVC (TIVC) can be found
after determining the mixture averaged gas constant (RIVC) from the left-hand side of
Equation (8):

TIVC =
pIVCVIVC
mIVCRIVC

(16)

2.2. Combustion

An expansion of the model over previous efforts allows for the added gas and direct
injected fuel to begin combustion at two different crank angles and burn at different rates.
The same rate expression is used to track the mass burn rate of the added gaseous (dmfab/dt)
and direct injected (dmflb/dt) fuels [33]:

dm f ab

dt
= −K f aρ2

CVYf a,CVY5
O2,CVVCV exp

( −E f a

RuTCV

)
(17)

dm f lb

dt
= −K f lρ

2
CVYf l,CVY5

O2,CVVCV exp
( −E f l

RuTCV

)
(18)

where K and E are the Arrhenius-based pre-exponentials and activation energies that dictate
the combustion rate of either fuel, ρCV is the control volume density, Yfa/fl,CV is the mass
fraction of the corresponding fuel within the control volume, YO2,CV is the mass fraction of
oxygen in the control volume, and Ru is the universal gas constant. Here, the user selects
initial values of the Arrhenius variables, and a Newton–Raphson iteration routine is used
to calibrate the pre-exponential (K) values to the specified combustion efficiencies based on
the final mass fraction burned values that are calculated from combustion efficiencies.

The combustion of each fuel follows their own localized reaction with each assumed
to progress to completion:

CaHbOcNd + n2O2 → n3CO2 + n4H2O + n5N2 (19)

CwHxOyNz + l2O2 → l3CO2 + l4H2O + l5N2 (20)

This is a limited expression of combustion as it occurs in one step per fuel, whereas
combustion follows a multistep reaction process as the hydrocarbon fuel breaks down
before eventually terminating through carbon monoxide and hydroxyl species reactions.
An alternative model that is available is presented in the next subsection.

Given the molar nature of these local combustion reactions, the burning rates of each
fuel in Equations (17) and (18) are converted to molar format (nfab and nflb) to determine
the change in the number of moles of each fuel:

.
n f ab =

1
M f a

dm f ab

dt
and

.
n f lb =

1
M f l

dm f lb

dt
(21)

after employing the time-step (∆t) determined from the crank angle resolution and engine
speed and the molecular masses of the fuels.
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Thus, the total molar change in unburned oxygen is as follows:

.
nO2,u =

.
n f abn2 +

.
n f lbl2 (22)

Reviewing the global combustion reaction, it is assumed that the air, residual, EGR,
and added gas are all well mixed in the chamber at IVC. As the oxygen is being consumed,
the other constituents of nitrogen, argon, carbon dioxide, and water are transitioning from
the unburned to the burned mixture at the same time:

.
nN2,u =

δg3 + εg8

δg2 + εg5

.
nO2,u (23)

.
nAr,u =

δg4 + εg9

δg2 + εg5

.
nO2,u (24)

.
nCO2,u =

εg6

δg2 + εg5

.
nO2,u (25)

.
nH2O,u =

εg7

δg2 + εg5

.
nO2,u (26)

On the burned side, combustion involves adding the species of CO2, H2O, and N2
based on the fuel formula. In addition, the unburned components that were with the
oxygen are added to the burned side, resulting in the following:

.
nCO2,b = − .

n f abn3 −
.
n f lbl3 −

.
nCO2,u (27)

.
nH2O,b = − .

n f abn4 −
.
n f lbl4 −

.
nH2O,u (28)

.
nN2,b = − .

n f abn5 −
.
n f lbl5 −

.
nN2,u (29)

.
nAr,b = − .

nAr,u (30)

At each time-step, the relative amount of each species can be calculated. Again, from
the ideal gas law along with the measured pressure and calculated volume, the global
temperature within the control volume (TCV) can be found after determining the mixture
averaged gas constant (RCV):

TCV =
pCVVCV

mCVRCV
(31)

Expanded Combustion

Generally, combustion is not completed in a single step. Hydrocarbon combustion can
be approximately described as the combustion of CO and H, with these compounds being
provided by radical pyrolysis of the fuel:

CO + OH→ CO2 + H (32)

H + O2 → OH + O (33)

As a result, the model contains an option for an expanded combustion mechanism.
The first step is the conversion of fuels to CO and H2:

CaHbOcNd + n2O2 → n3CO + n4H2 + n5N2 (34)

CwHxOyNz + l2O2 → l3CO + l4H2 + l5N2 (35)

Then, combustion is completed using chemical kinetic mechanisms for hydrogen and
carbon monoxide combustion:

H2 +
1
2

O2 → H2O (36)
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CO +
1
2

O2 → CO2 (37)

A simple detailed mechanism was based on a prior effort of the authors [34] while
including a couple detailed reaction steps from the GRI mechanism [35]:

R1: 1.5× (H + O2 ⇔ O + OH) (38)

R2: 0.25× (O + H2 ⇔ H + OH) (39)

R3: 0.25× (OH + H2 ⇔ H + H2O) (40)

R4: 1× (O + H2O⇔ 2OH) (41)

R5: 0.5× (H2 ⇔ 2H) (42)

R6: 1× (2O⇔ O2) (43)

R7: −1.75× (O + H⇔ OH) (44)

R8: 1.75× (H + OH⇔ H2O) (45)

R9: 0.5× (CO + OH⇔ CO2 + H) (46)

R10: 0.5× (CO + O2 ⇔ O + CO2) (47)

R11: 0.5× (O + H⇔ OH) (48)

The reaction rate expressions and equilibrium constants were computed via temperature
curve-fits for the Gibbs free energy values for each expression. The multipliers in front of each
reaction rate were added to balance the reactions in order to achieve Equations (36) and (37).
Then, to include this with Equations (34) and (35) requires the following:

(n4 + l4)
(

H2 +
1
2

O2 → H2O
)

(49)

(n3 + l3)
(

CO +
1
2

O2 → CO2

)
(50)

As a result, each of reactions 1–8 need to be multiplied by (n4 + l4) and reactions 9–11
must also be multiplied by (n3 + l3). It is important to note that more advanced detailed
mechanisms exist for carbon monoxide and hydrogen combustion with additional steps
to improve accuracy, such as those by Burke, et al. [36] and Li, et al. [37]. The goal here
was to generate the smallest set of detailed reaction kinetics to investigate its influence
on the overall combustion model and see if this expansion was advantageous. Future
efforts can add further detailed steps including the radical pyrolysis of the fuel and its
subsequent conversion.

2.3. Conservation of Energy

The generalized version of the conservation of energy in rate format includes separat-
ing out and solving for the rate of heat release (dQHR/dt):

dQHR
dt

=
dUCV

dt
− dQHT

dt
+

dWCV

dt
−∑

in

.
minhin + ∑

ex

.
mexhex (51)

which includes the internal energy rate of change (dUCV/dt); the rate of heat transfer
(dQHT/dt), which is defined as negative exiting the control volume; power (dWCV/dt),
defined as negative entering the control volume; and the enthalpy influence of mass flow
rates entering and exiting while assuming negligible kinetic energy and potential energy.
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Again, no mass losses are calculated; hence, the last term on the right-hand side equals zero.
The power can be determined directly using the known cylinder pressure and geometry:

dWCV

dt
= p

dVCV

dt
(52)

dVCV

dt
=

 πb2r2 sin(2θ)

8
√

c2 − r2 sin2(θ)
+

πb2r sin(θ)
4

dθ

dt
(53)

With the change in crank angle with respect to time calculated from the engine
speed (Nr):

dθ

dt
=

2πNr

60
(54)

Heat transfer includes the effects of convection, radiation, and conversion of direct
injected liquid fuel to a gas:

dQHT
dt = hc As(Tw − TCV) + σAs

(
αwT4

w − εgT4
CV
)
+

dm f li
dt

[
c f
(
Tinj − Tvap

)
− h f g + cp, f

(
Tvap − Tf l

)] (55)

The convective heat transfer coefficient (hc) is determined from a traditional Nusselt
number relationship employing the Reynolds number (Re) and Prandtl number (Pr):

Nu = aRe3/4Pr1/3 (56)

where the value of a is calibrated as discussed later. The choice of this expression instead
of more traditional ICE heat transfer expressions (e.g., Woschni [38] or Hohenberg [39])
follows a review of heat transfer expressions, and the findings supporting this fundamental
expression [40].

Like the cylinder volume, the surface area (As) is determined using geometry:

As = 2
πb2

4
+

4Vc

b
+ πb

[
c + r− r cos θ −

√
c2 − (r sin θ)2

]
(57)

The wall temperature (Tw) is specified along with the absorptivity (αw = 0.37) and the
Stephan–Boltzmann constant (σ), whereas the emissivity of the bulk gas (εg) is correlated to
the water vapor and carbon dioxide within the control volume [4]. The final expression
on the right-hand side in Equation (55) involves the heating of the direct injected liquid
fuel from its injection temperature (Tinj) to its vaporization temperature (Tvap) based on
the liquid fuel’s specific heat (cf), the energy involved in its vaporization (hfg), and the
subsequent heating to the direct injected fuel zone temperature (Tfl) based on its specific
heat as a gas (cp,f).

The direct injected liquid fuel has another facet involved in the conservation of energy.
As indicated, when injected, it takes heat away from the control volume through heat
transfer. However, once it becomes a gas, it provides an enthalpy flow addition (hfl). It is
assumed that this enthalpy addition happens at the vaporization temperature once this
liquid becomes a gas and mixes with the control volume:

∑
in

.
minhin =

dm f li

dt
h f l (58)

As for the total internal energy in the cylinder at each time-step (UCV), this includes
the unburned (Uu), burned (Ub), added gases (Ufa), and direct injected fuel (Ufl) zones:

UCV = Uu + Ub + U f a + U f l (59)
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Using either Amagat’s or Dalton’s partial volume or partial pressure models, respec-
tively, the following is recovered based on the ideal gas law:

mCVRCVTCV = muRuTu + mbRbTb + m f aR f aTf a + m f l R f lTf l (60)

where m, R, and T are the masses, gas constants, and temperatures of each zone, respectively.
At each time-step, all of the masses are known along with the calculated gas constants

for each zone and the temperature of the cylinder through the ideal gas law, because the
in-cylinder pressure and total volume are known. In the prior effort, a Newton–Raphson
iteration methodology was used to ensure that the total internal energy balances along with
the ideal gas law. In essence, the zone temperatures were guessed and iterated upon until
both Equations (55) and (56) were balanced. After reviewing this methodology, this only
balances if all zones are the same temperature as that of the control volume. A derivation of
this finding is available upon request. For the gaseous quantities, the values of specific heat,
internal energy, enthalpy, and entropy are determined using the CHEMKIN-III format [41].

At this point, the conservation of energy equation via Equation (51) can be computed
and the cumulative heat release can be found. In the prior effort, the heat transfer parameter
a in Equation (56) was employed in a Newton–Raphson iteration technique and adjusted
so that the total heat release equals the following:

QHR,total = ηc, f am f a,totalQLHV, f a + ηc, f lm f l,totalQLHV, f l (61)

using the corresponding lower heating values (QLHV) of the fuels. In general, a complete
intensive property internal energy (u) expansion is as follows:

du
dt

=

(
∂u
∂T

)
p,Y

dT
dt

+

(
∂u
∂p

)
T,Y

dp
dt

+

(
∂u
∂Y

)
p,T

dY
dt

(62)

where the bolded Y variable indicates the vector of chemical species mass fractions. For
a mixture, the intensive value of internal energy includes each mass fraction (Yi) and
associated internal energy (ui):

u =
j

∑
i=1

Yiui (63)

The second term on the right-hand side of Equation (58) is zero for ideal gases. Includ-
ing the definition of constant volume specific heat (cv) and intensive internal energy of each
species into Equation (58) recovers the following:

du
dt

= cv
dT
dt

+
j

∑
i=1

ui
dYi
dt

(64)

for the intensive version of internal energy, whereas the conservation of energy employs
the extensive version:

dU
dt

=
d(mu)

dt
= m

du
dt

+ u
dm
dt

(65)

Incorporating the intensive derivative recovers the following:

dU
dt

= m

(
cv

dT
dt

+
j

∑
i=1

ui
dYi
dt

)
+ u

dm
dt

(66)

Substituting this equation into the conservation of energy and comparing terms finds
that a theoretical heat release rate can be calculated from the change in mass fraction of
the species:

dQHR,theory

dt
= −mCV

j

∑
i=1

ui,CV
dYi,CV

dt
(67)
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This expression provides a better value of the cumulative heat release than the lower
heating value calculation of Equation (57) as it uses the thermodynamic properties of
each species through the CHEMKIN-III curve-fits. Of note, they can be shown to be
approximately the same, with a derivation available upon request. As a result, the heat
transfer parameter a is calibrated to match the theoretical cumulative heat release. Overall,
if the chemical species are simulated correctly, the heat release rate computed using the
conservation of energy and the heat release rate computed using the change in chemical
species should be equal.

The use of a relatively simple heat transfer correlation through Equation (52) to
simulate the complex turbulent heat transfer process can be incorrect. Thus, while heat
transfer is calibrated to match the final cumulative heat release, at each crank angle, the use
of this correlation can provide an inaccurate value of heat release. If radiative heat transfer
is ignored, as it is typically small for CI engines, and the theory is utilized to solve for the
heat release, the conservation of energy equation can be used to solve for the convective
heat transfer:

dQHT,c

dt
=

dUCV

dt
−

dQHR,theory

dt
−

dQHT, f l

dt
+

dWCV

dt
−∑

in

.
minhin (68)

with the final expression on the right-hand side in Equation (55) equal to dQHT,fl/dt. If the
chemical species are simulated correctly, accomplishing this calculation for dQHT,c/dt might
be advantageous in developing new heat transfer expressions because the convective heat
transfer coefficient can be found from this term and Equation (55).

2.4. Conservation of Entropy

The generalized version of the conservation of entropy in rate format is as follows:

dSCV

dt
=

1
Tb

dQHT
dt

+ ∑
in

.
minsin −∑

ex

.
mexsex +

.
σCV (69)

where the left-hand side describes the change in entropy within the control volume (SCV),
the initial term on the right-hand side includes the entropy gain or loss due to the surround-
ings based on the corresponding boundary temperature (Tb), the next two terms involve
the flow of entropy into or out of the control volume, and the final term on the right-hand
side is the entropy generation (

.
σCV).

Regarding the boundary temperatures for the different heat transfers in Equation (55),
the heat transfer due to the wall uses the wall temperature as the boundary. As for the
heat transfer based on fuel vaporization, heat leaves the control volume to vaporize the
fuel. Thus, the control volume is the system and the fuel is the boundary. Over one step,
the fuel heats up from its injection temperature to that of the control volume. As a result, a
weighted average temperature value was calculated from the associated energies involved
in this heat transfer process:

Tb =

1
2
(
Tinj + Tvap

)
c f
(
Tinj − Tvap

)
− Tvaph f g +

1
2

(
Tvap + Tf l

)
cp, f

(
Tvap − Tf l

)
c f
(
Tinj − Tvap

)
− h f g + cp, f

(
Tvap − Tf l

) (70)

Again, there is no mass leaving the control volume, which eliminates the correspond-
ing term in Equation (69). Like Equation (58), it is assumed that the entropy flow addition
happens at the vaporization temperature once this liquid becomes a gas and mixes with
the control volume:

∑
in

.
minsin =

dm f li

dt
s f l (71)
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Computing the molar values of entropy of the species (si) uses Dalton’s model and
partial pressures (pi):

si = so
i − Ru ln

(
pi

pre f

)
(72)

The values for the standard state entropy (so
i ) computed using the CHEMKIN-III

curve-fits are at a standard state pressure (pref) of 100,000 Pa. With respect to the pressure
for the liquid fuel injection, the fuel starts at the specified injection pressure; however, it sees
a lower pressure when it enters the control volume. In addition, it has yet to merge with the
control volume; thus, a partial pressure based on the mixture in the control volume cannot
be computed. As the equilibrium vapor pressure of a fuel provides an indication of its rate
of evaporation, the vapor pressure of the fuel is used here as the pressure component when
computing its entropy.

Following the internal energy derivation example, a complete intensive property
entropy expansion is as follows:

ds
dt

=

(
∂s
∂T

)
p,Y

dT
dt

+

(
∂s
∂p

)
T,Y

dp
dt

+

(
∂s
∂Y

)
p,T

dY
dt

(73)

For a mixture of chemical species, this involves the use of the constant pressure specific
heat (cp), specific volume (v), temperature, and individual species entropy (si) values:

ds
dt

=
cp

T
dT
dt
− v

T
dp
dt

+
j

∑
i=1

si
dYi
dt

(74)

Again, using an extensive derivation and substituting back into the conservation of
entropy equation recovers a theoretical entropy heat release expression based on the change
in chemical species:

dSHR
dt

= mCV

j

∑
i=1

sCV,i
dYCV,i

dt
(75)

As far as the authors are aware, this entropy heat release expression is not found in
the literature. It is unsure what insight this term can provide, if any, into the combustion
process. Perhaps, it can be used to compare fuels based on a relative comparison of energy
to entropy release, i.e., fuels that are more beneficial to the environment by providing a
greater energy release at a minimum of entropy creation.

2.5. Exergy

The generalized version of exergy in rate format is as follows:

dECV

dt
=

dQHT
dt

(
1− T0

Tb

)
−
(

dWCV

dt
− p0

dV
dt

)
+ ∑

in

.
minein −∑

ex

.
mexeex − T0

.
σCV (76)

where dECV/dt is the exergy change rate within the control volume, T0 is the standard state
exergy temperature (298.15 K), p0 is the standard state exergy pressure (101325 Pa), and e is
the flow exergy into and out of the control volume. The first expression on the right-hand
side describes the rate of exergy transfer based on heat transfer and the second bracketed
term on the right-hand side is the associated rate of exergy transfer by work. The final term
on the right-hand side describes the rate of exergy destruction based on irreversibilities.

Exergy in general is computed as follows:

e = (u− u0) + p0(v− v0)− T0(s− s0) + ech (77)
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including the standard state internal energy (u0), standard state specific volume (v0),
standard state entropy (s0), and the influence of chemical exergy (ech). The flow exergy
based on the fuel being direct injected,

∑
in

.
minein =

dm f li

dt
e f l (78)

is computed using enthalpy (h) and the standard state enthalpy (h0):

e = (h− h0)− T0(s− s0) + ech (79)

Following our internal energy derivation example, a complete intensive property
exergy expansion is as follows:

de
dt

=

(
∂e
∂T

)
p,Y

dT
dt

+

(
∂e
∂p

)
T,Y

dp
dt

+

(
∂e
∂Y

)
p,T

dY
dt

(80)

Using exergy and derivations according to thermodynamic properties, this can be
shown to be equal to the following:

de
dt

=

(
cv + p0

R
p
− T0

cp

T

)
dT
dt

+

(
−p0

v
p
+ T0

v
T

)
dp
dt

+
j

∑
i=1

(
ui + p0

T
p

dR
dYi
− T0si

)
dYi
dt

(81)

The derivative of dR/dYi can be determined from corresponding dR/dt and dYi/dt
terms, where

dR
dt

= − Ru

M2
mix

dMmix
dt

(82)

with Mmix being the mixture molecular mass computed from mole fractions (X) and its
derivative with respect to time computed as follows:

dMmix
dt

=
j

∑
i=1

Mi
dXi
dt

(83)

and the change in mole fractions with respect to time computed from the mass fractions:

dXi
dt

=

1
Mi

dYi
dt

j
∑

i=1
Yi/Mi − Yi

Mi

j
∑

i=1

1
Mi

dYi
dt(

j
∑

i=1
Yi/Mi

)2 (84)

This is the intensive value of exergy; thus, from the extensive derivation and substitut-
ing back into the exergy equation, a theoretical exergy heat release expression based on the
change in chemical species can be recovered:

dEHR
dt

= −mCV

j

∑
i=1

(
ui + p0

T
p

dR
dYi
− T0si

)
dYi
dt

(85)

Like the entropy heat release expression, as far as the authors are aware, this term
does not appear in the literature and might be helpful in comparing different fuels if the
chemical species are computed correctly.

3. Experimental Setup

To demonstrate the heat release model, a respectively unique experimental combustion
effort was simulated. In brief, DME-assisted ULSD combustion was experimented in a high
compression ratio, single-cylinder compression-ignition engine (Yanmar L100V) connected
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to a Dyne Systems Dymond Series 12 hp alternating current dynamometer for load and
speed modulation. Of note, this experimental setup has been elaborately discussed by
Langness et al. [42]. During the experiments, ULSD injection mass was determined from
engine load by a Bosch MS15.1 electronic control unit (ECU) and injected conventionally,
whereas gaseous DME was port-injected with the help of a Brooks thermal mass flow
controller (model #SLA5850) and its injection amount was determined from an energy
substitution ratio (ESR) described in detail by Langness et al. [8]. The in-cylinder pressure,
performance, and emissions data were recorded from various sensors, ECU, and emission
analyzer, respectively, during the combustion experiments and post-processed with the
heat release model [26]. Full load to the engine was selected (18.0 N·m @ 1800 rpm) along
with an 18% added DME ESR. At this setpoint, the global equivalence ratio was computed
to be 0.58. This highlights a substantial energy release of both the added gas and directly
injected liquid, helping to show the model effects. In addition, as discussed later, DME
undergoes both low- and high-temperature reactions at this ESR level, revealing a novel
combustion event.

4. Results and Discussion

All model files and the experimental data used to run the heat release calculations
presented in this section are available on a Github site [28].

To begin, the model takes in the experimental pressure data and creates a smoothed
pressure trace based on a filtering process as shown in Figure 1. This filtering is accom-
plished by passing the unfiltered pressure trace through a low-pass Chebyshev filter set to
6 kHz, in order to remove high-frequency oscillations and ringing. In addition, the volume
and surface area of the cylinder are computed. Using the smoothed pressure data, the first
and second derivatives of pressure are computed as illustrated in Figure 2. Syrimis et al.
found that the second derivative of pressure can indicate when autoignition happens in the
cylinder [43]. Others have postulated that the third derivative of pressure can also provide
a quantitative investigation of autoignition [44,45]; however, the use of this option is seen
respectively less in the literature. Prior experience in the authors’ laboratory has found that
use of the second derivative works well to find ignition timing when employing a single
fuel injection event [5]. During multiple fuel injection processes or dual fuel combustion,
the use of the second derivative of pressure might not provide a reasonable result, as
combustion events might blend. In Figure 2, three representative peaks are seen in the
second derivative that correspond to combustion of DME at−31.8◦ and−14.4◦ BTDC, with
the largest peak occurring at 0.4◦ ATDC based on the diesel fuel injected at −9.6◦ BTDC.
These peaks presumably correspond to the kinetically limited low-temperature combustion
(LTC) followed by a thermal-dissociation dominated high-temperature combustion (HTC)
of DME and these phenomena are consistent with the HCCI/PCCI-like DME combustion,
as noted by other researchers [46,47]. Thus, visual inspection of the second derivative
provides useful insight as to the initiation of multiple phases of combustion in a dual
fuel scenario.

As indicated by Equation (7), the fuel injection profile shown in Figure 3 is computed
based on the current pressure difference between the specified nozzle pressure and in-
cylinder pressure. However, when it comes to heat release, using this profile as is can
create a model artifact, as seen in the early work of the authors [5]. Thus, parameter χ
was employed to effectively slow down the fuel injection process to simulate the complete
fuel injection, atomization, and evaporation process. An evaporation model, such as that
employed by Li et al. [32], that more accurately predicts the evaporation rate of droplets
could instead be incorporated. For any direct injected fuel, the relative amount of pre-mixed
and diffusion burn combustion will affect this term. With a higher level of diffusion burn,
this parameter will likely be lower to account for this respectively slower combustion
process. Thus, to obtain a better heat release profile, this parameter was added to an
optimization of the heat release rate, which will be discussed later. The result employing
this optimized value is provided in Figure 3 and demonstrates a significantly longer overall
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process. Again, this parameter considers both the fuel injection process and the rate of
evaporation of the droplets in the cylinder.
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As the model computes the amount of mass in each zone at each step and both the
in-cylinder pressure and volume (through geometry) are known, the in-cylinder global
temperature can be computed through the ideal gas law as highlighted in Figure 4. It
is likely that there are localized spots within the cylinder that will be at higher and lower
temperatures; however, a zero-dimensional heat release program cannot capture this fidelity.
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The first law heat release rate on a per degree basis is computed according to Equation (51).
In Figure 5, this is provided highlighting (a) the impact of the fuel injection artifact by
increasing the value of χ, (b) when the optimized evaporation parameter is utilized, and
(c) when the fuel injection terms in the first law are removed from the analysis. Ideally, the
model should not demonstrate any fuel injection artifact and (b) and (c) should look similar.
For instance, when diesel fuel is injected at −9.6◦ BTDC, there should be a respective drop
in heat release as fuel begins to evaporate, taking energy away from the gas in the cylinder.
As illustrated, using a greater value of χ finds that the heat release rate does not decrease
as much and prior efforts even demonstrated an incorrect positive heat release rate during
fuel injection [5]. Thus, using parameter χ helps adjust the fuel injection and evaporation
profile to eliminate this artifact. Overall, the blue curve is the simulated rate of heat release
for this experiment.
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Figure 5. Rate of heat release on a per degree basis highlighting the injection artifact as a function
of the evaporation parameter. The figure also illustrates what the rate of heat release looks like
when the corresponding fuel injection terms are removed from the calculation. Single localized
combustion reaction.



Energies 2023, 16, 2514 16 of 30

As DME’s ignition characteristics are temperature-dependent, DME–air mixtures
ignite twice, once between 600 and 800 K at lower pressures (~1 atm) and between 800
and 1100 K at higher pressures (~40 bar) [48]. The initial ignition involves competing, low-
temperature chemical pathways, whereas the second ignition includes thermal dissociation
and the rapid oxidation of the fuel that remains and other intermediate species that were
generated during the initial ignition event [49]. Hence, DME-assisted combustion of liquid
fuels necessitates careful inspection of the heat release rate.

Recall from Equation (67) that a theoretical heat release rate can be determined based
on how the chemical species change. Figure 6 highlights the difference between the calcu-
lated and theoretical heat release as a function of crank angle. In the first iteration of the
model, only a single combustion reaction was used for both fuels (Figure 6a). At that point,
it was not expected that the two curves should be the same given the simplified nature of
the modeled combustion. A one-step mechanism for both fuels, Equations (17) and (18),
was used to simulate the radical pyrolysis of the fuel through the completion of combustion
via the carbon monoxide and atomic hydrogen reactions of Equations (32) and (33), respec-
tively. The pre-exponentials, activation energy, and power terms on the mass fractions of
oxygen of Equations (17) and (18) along with the evaporation parameter were optimized
using the Matlab fmincon function to reduce the difference between the calculated and
theoretical heat release rates. Subsequently, combustion was expanded to conclude through
the combustion of CO and H2 while still employing Equations (17) and (18) to simulate
radical pyrolysis of Equations (34) and (35). Interestingly, the results after an analogous
optimization (Figure 6b) ended up looking like the single localized combustion reaction
option. The single combustion reaction provides a more smoothed result over the entire
process in comparison with the expanded reaction set. Optimization caused the theoretical
results to fall in between the peaks and valleys of DME and ULSD combustion, with the
single reaction model having a lower variance, e.g., when ULSD fuel injection happens,
the expanded combustion model predicts a greater initial heat release rate. Overall, the
model is an improvement on the conventional heat release model of Heywood that effec-
tively employs the ratio of specific heats as a chemical-species-based parameter. However,
significant improvements can still be accomplished by adding the radical pyrolysis of the
fuel through additional reactions. This will come at a cost of computational complexity
and numerical run time. It is envisioned that this will result in an eventual matching of
the theoretical and calculated heat release, providing an accurate prediction of the global
chemical species in the cylinder. The authors are unaware of any prior heat release model
that computes chemical species in this manner.
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Figure 6. The calculated rate of heat release according to the conservation of energy and the theoretical
heat release based on the change in chemical species of Equation (67). (a) Single combustion reaction
of Section 2.2 and (b) expanded combustion reaction after optimization.



Energies 2023, 16, 2514 17 of 30

In Figure 7, the global mole fractions of all chemical species including the fuels are
provided for the expanded combustion reaction case. The gaseous fuel undergoes a slower
combustion process, whereas the direct injected fuel quickly converts to CO and H2. Again,
the optimization process endeavored to match the calculated heat release profile. As a
result, a moderate combustion process was predicted for DME to average the heat release
between the two peaks seen in the calculated results of Figure 6. For ULSD, the more
dramatic rise in heat release (pre-mixed) was captured through the quick conversion of fuel;
however, this resulted in an inability to match the later phases of heat release (diffusion
burn). The evaporation parameter χ does help with expanding the combustion process
to try and capture diffusion burn, but a more complex reaction mechanism is required.
Carbon monoxide and hydrogen are indeed being generated from the gaseous and liquid
fuels and converted to CO2 and H2O, respectively. The creation of hydroxyl chemical
species is apparent along with other radical species, highlighting the ability of the model to
simulate these components.
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combustion models, only the simple combustion model results are presented moving 
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Figure 7. Global mole fractions of the chemical species in the cylinder as a function of crank angle for
the expanded combustion reaction.

Plotting the cumulative heat te representation of the global chemical species in the
crelease based on crank angle in Figure 8 finds that the two combustion models reproduce
nearly the same results. The calculated cumulative heat release demonstrates an irregular
profile with peaks that correspond to the DME and ULSD crank-angle-based heat release
results, whereas the theoretical model predicts a steadier rate of heat release, resulting
in a smoother curve. All model results have a lower overall cumulative result than the
LHV calculation of Equation (61). This is from the use of CHEMKIN curve-fits and ther-
modynamic data for all species employed. Again, the discrepancy from the theoretical
species results and the calculated heat release model is seen clearly with the later stages
of combustion less accurately predicted from a species perspective. Future efforts should
target the matching of both Figures 6 and 8 through an enhanced reaction mechanism to
provide an accuraylinder.

As there was no appreciable difference between the simple and expanded combustion
models, only the simple combustion model results are presented moving forward. Figure 9
highlights the different energy components of the conservation of energy equation and
a check according to Equation (51) finds that they balance. As to be expected, radiative
heat transfer is significantly less than convective heat transfer, which dominates the losses.
Interestingly, heat transfer due to fuel injection is a non-insignificant value stemming from
the respectively high load simulated for this engine that required a large fuel injection
event. From this information, the first law efficiency of the engine can be calculated from
the work and cumulative heat release.
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and the theoretical convective only heat transfer that would result using the heat release calculated 
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entropy heat release from the data. In other words, entropy heat release is embedded 

within the entropy generation term without any method of separating it into two terms, 

Figure 9. The cumulative energy components of the conservation of energy equation.

If the theoretical heat release is computed through the species correctly, recalling the
discussion around Equation (68) indicates that it would be possible to back calculate the
theoretical convective heat transfer rate that balances the first law at each crank angle. This
could be used to develop a new heat transfer correlation that is more accurate than current
models [40]. Figure 10 highlights the comparison between the calculated convective and
radiative heat transfer and the theoretical convective heat transfer from Equation (68). As
the calculated convective heat transfer was calibrated to match the cumulative heat release
rate at EVO, it is not surprising that the curves are similar. Differences are largely seen
towards the latter stages of combustion as the species are inaccurately predicted. However,
the respective goodness of fit (R2 = 0.992) lends credence to the use of the heat transfer
model employed.
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Figure 10. Comparison between the calculated convective and radiative cumulative heat transfer 
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entropy heat release from the data. In other words, entropy heat release is embedded 

within the entropy generation term without any method of separating it into two terms, 

Figure 10. Comparison between the calculated convective and radiative cumulative heat transfer
and the theoretical convective only heat transfer that would result using the heat release calculated
through the change in chemical species.

Owing to the impact of entropy generation, there is no method to calculate the entropy
heat release from the data. In other words, entropy heat release is embedded within
the entropy generation term without any method of separating it into two terms, like
the first law of thermodynamics. The conservation of entropy equation can be used to
determine the relative influence of each expression, as shown in Figure 11. Heat transfer is
the largest factor for entropy generation, with the convective and radiative components
being significant. Combustion embedded in the control volume entropy has the second
largest influence, with the fuel injection process having a small impact. The entropy
flowing in has an incorrect negative impact on entropy generation. This is likely due to
the choice of the equilibrium vapor pressure when calculating the pressure component
in Equation (72); hence, this assumption should be revisited. The Carnot efficiency is
calculated from the ambient temperature during the experiment and the maximum global
in-cylinder temperature.
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Figure 11. (a) Cumulative entropy generation as a function of crank angle and (b) the results of the 

different components in the conservation of entropy equation. 
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Figure 11. (a) Cumulative entropy generation as a function of crank angle and (b) the results of the
different components in the conservation of entropy equation.

While the entropy heat release cannot be calculated through the conservation of
entropy equation, it can be determined theoretically through Equation Figure 12 shows the
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theoretical cumulative entropy heat release plotted along with the first law heat release
values of Figure 8. Interestingly, in comparison with Figure 11, the cumulative entropy heat
release value due to combustion is respectively small in comparison with the other facets
of entropy generation. It only accounts for about 15% of the entropy generated within
the control volume and pales in magnitude compared with entropy generated through
heat transfer.
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Figure 12. Cumulative heat release calculated based on the first law, from theory, and the final
value according to the lower heating values with the theoretical entropy heat release plotted on the
second y-axis.

Recalling the discussion around Figure 10 and the determination of a theoretical heat
transfer, it is possible to use this expression for finding entropy generation. Figure 13
highlights the entropy generation computed using the conservation of entropy equation
and whether the heat transfer in this equation was replaced with the theoretical convective
heat transfer determined for Figure 10. Again, they end at the same cumulative result
because the total heat release was matched through modifying the convective heat transfer
correlation. Like the discussion around Figure 10, it is not surprising that the curves are
comparable, with discrepancies seen during the later stages of combustion. However, the
respective matching does lend further credibility to the fact that the heat transfer correlation
chosen is appropriate. In addition, comparison of these curves provides another potential
check on the reaction mechanism employed.

Energies 2023, 16, x FOR PEER REVIEW 21 of 34 
 

 

Figure 12. Cumulative heat release calculated based on the first law, from theory, and the final value 

according to the lower heating values with the theoretical entropy heat release plotted on the second 

y-axis. 

Recalling the discussion around Figure 10 and the determination of a theoretical heat 

transfer, it is possible to use this expression for finding entropy generation. Figure 13 

highlights the entropy generation computed using the conservation of entropy equation 

and whether the heat transfer in this equation was replaced with the theoretical convective 

heat transfer determined for Figure 10. Again, they end at the same cumulative result 

because the total heat release was matched through modifying the convective heat 

transfer correlation. Like the discussion around Figure 10, it is not surprising that the 

curves are comparable, with discrepancies seen during the later stages of combustion. 

However, the respective matching does lend further credibility to the fact that the heat 

transfer correlation chosen is appropriate. In addition, comparison of these curves 

provides another potential check on the reaction mechanism employed. 

In Figure 14a, the exergy components on a per degree basis are presented. As ULSD 

has a significant amount of chemical exergy, the fuel injection process (i.e., flow in) 

demonstrates a relatively steady addition of exergy that corresponds to the profile in 

Figure 3. Exergy destruction also has a noticeable influence on the level of exergy within 

the system, whereas heat transfer has a respectively lower impact. The losses and gains in 

work exergy follow the compression and expansion processes, as expected. Interestingly, 

the control volume exergy encounters a significant number of positive peaks, highlighting 

advantageous combustion events of both DME and ULSD. Like the conservation of 

energy, an exergy heat release can be computed from the data that nearly exactly follows 

the conservation of energy heat release, as seen in Figure 14b. 

0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

100 50 0 50 100

Total

Theoretical HT

C
u

m
u

la
ti
v
e

 E
n

tr
o

p
y
 G

e
n

e
ra

ti
o

n
 [
J
/K

]

Crank Angle [deg]  

Figure 13. Cumulative entropy generation computed using the conservation of entropy equation 

and using a theoretical heat transfer based on the theoretical heat release. 
Figure 13. Cumulative entropy generation computed using the conservation of entropy equation and
using a theoretical heat transfer based on the theoretical heat release.



Energies 2023, 16, 2514 21 of 30

In Figure 14a, the exergy components on a per degree basis are presented. As ULSD has
a significant amount of chemical exergy, the fuel injection process (i.e., flow in) demonstrates
a relatively steady addition of exergy that corresponds to the profile in Figure 3. Exergy
destruction also has a noticeable influence on the level of exergy within the system, whereas
heat transfer has a respectively lower impact. The losses and gains in work exergy follow
the compression and expansion processes, as expected. Interestingly, the control volume
exergy encounters a significant number of positive peaks, highlighting advantageous
combustion events of both DME and ULSD. Like the conservation of energy, an exergy
heat release can be computed from the data that nearly exactly follows the conservation of
energy heat release, as seen in Figure 14b.
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Figure 14. (a) Exergy components as a function of crank angle and the (b) rate of heat release for the
first law and exergy equations.

Figure 15a presents the exergy results on a cumulative basis and Figure 15b illustrates
the final cumulative impact of the different constituents according to Equation (76). The
generation of useful work pulls exergy out of the control volume, while the combined
heat transfer loses more exergy overall. The direct fuel injection process adds a significant
amount of exergy into the system and most exergy is lost through destruction and irre-
versibilities. As a result, a lower exergetic efficiency is seen in comparison with the first law
efficiency, highlighting the negative aspects of heat transfer and irreversibilities.
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Like the conservation of energy and conservation of entropy, a theoretical exergy
heat release can be determined through Equation (85). Figure 16 provides the cumulative
theoretical heat release values plotted with the calculated values from the energy and
exergy equations. The same difference between the theoretical and calculated exergy values
as that of energy regarding Figure 8 is seen. As stated before, if the chemical species are
simulated correctly, there should be little difference between the calculated and theoretical
values. Exergy then provides one last check of correctness between model predictions and
values calculated from the experimental data. Finally, this figure demonstrates a minor
difference in the cumulative results between energy and exergy that stems from exergy’s
reference state calculation.
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release and the calculated conservation of energy and exergy heat release results. 
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5. Recommendations

At present, the heat release model has room for expansion in a number of areas. Most
prominently is the characterization of engine-out heat transfer, which has long been a source
of uncertainty. This heat transfer will vary depending on cylinder and piston geometry,
cooling methods, and application. While this will be dependent on the engine and test cell
configurations of individual researchers, the model at present may be well-suited to more
accurate heat transfer estimations owing to the inclusion of entropy and exergy equations
in the core of the model. In addition, a standard set of experimental data for the validation
of heat release models would be helpful. Measurements of heat release inside the cylinder
through optical or laser-based combustion analysis would help ensure model correctness
while expanding the predictive nature of the model through the construction of better
sub-models for fuel injection and vaporization. Capturing exhaust emissions at the same
time could additionally help the formulation of enhanced chemical kinetics. Furthermore,
the combustion model can be expanded significantly to include partial oxidation to CO
and H2, inclusion of additional side reactions (e.g., water gas shift and steam reforming),
radical pyrolysis of the fuel, and nitrogen oxide production. Thus, global, reduced, and/or
detailed kinetic mechanisms could be included along with an interpreter program, such
as Cantera [50]. Finally, validation of the model using different fuels, load points, EGR
rates, and so on would be helpful to highlight model shortcomings and additional areas
for improvement.

6. Conclusions

Quantifying engine performance metrics through heat release rate analysis is paramount
for improving their combustion performance and lowering emissions. Common heat
release rate models lack fidelity as they do not track the chemical species change accurately
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and rarely employ the second law of thermodynamics or exergy. Therefore, this effort
proposes an optimized open-source, multi-zone 0D diagnostic heat release rate model
to (a) track chemical species progression between IVC and EVO relatively accurately,
(b) predict heat release rate from in-cylinder pressure measurements and engine operational
characteristics via the first law, and (c) compute entropy generation from the second law
along with the exergy balance, for various runtime conditions (e.g., single-fuel, dual-fuel,
EGR) using a relatively small set of reaction kinetics. The main features of this model are its
open-source framework, the addition of the second law and exergy to provide a correctness
check, and modularity (i.e., the model can utilize global and detailed reaction mechanisms
to represent fuel combustion). Moreover, the entropy heat release expression (potentially
unique in the literature) can be used to compare fuels based on a relative comparison of
energy to entropy release.

Model validation against experimental data found that this model accurately estimates
ignition timing and the low- and high-temperature combustion of DME-assisted diesel
combustion from the second derivative of in-cylinder pressure, thus providing a useful
insight into the different phases of combustion in a dual-fuel scenario. The use of a simple
dampening coefficient χ to adjust fuel injection and evaporation profile minimizes artifacts,
improves the results’ accuracy, and reduces the computational effort. Moreover, the theo-
retical heat release computation from species shows a high goodness of fit (R2 = 0.992) and
suggests that the model can be used to develop a new heat transfer correlation for better
accuracy. The second law analysis confirms that the impact of physical/chemical processes
on entropy generation is in the order of heat transfer > combustion > fuel injection. Fur-
thermore, the entropy and exergy calculations provide a correctness check and successfully
capture the advantageous combustion events of DME and ULSD. In addition, the model
predicts a lower exergetic efficiency that highlights the negative aspects of heat transfer
and irreversibilities.

While the model results appear satisfactory, it has its limitations. Firstly, the use
of the second derivative of pressure might not always provide reasonable results under
multiple fuel injections or dual fuel combustion. Secondly, the 0D model cannot capture
the effect of localized in-cylinder hot and cold spots on fuel combustion and emission
formation. Additionally, using a global combustion reaction can lower model fidelity.
Overall, this is an improved iteration of the conventional heat release model based on a
robust methodology to correctly investigate combustion and emission performance under
varying engine operation conditions. It can be further expanded to include any mass
exiting the cylinder and blow-by past the cylinder. Finally, detailed fuel pyrolysis and
combustion reactions can be added to the model to improve the prediction of in-cylinder
global chemical species.
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Nomenclature

Parameter Description Units
An Nozzle hole area m3

As Combustion surface area m2

αw Wall emissivity -
b Cylinder bore m
c Connecting rod length m
Cd Coefficient of discharge -
c f Specific heat of liquid fuel J/(kg K)
cp, f Constant pressure specific heat, vaporized fuel J/(kg K)
cv Constant volume specific heat J/(kg K)
dECV/dt Exergy change in the control volume W
de/dt Total change in specific internal energy W/kg
dEHR/dt Theoretical exergy heat release over time W
dmCV/dt Change in mass within the control volume kg/s
dm f ab/dt Mass burn rate of the added gases kg/s
dm f lb/dt Mass burn rate of the added liquid fuel kg/s
dm f li/dt Time rate of change of direct injected liquid fuel kg/s
dMmix/dt Change in mixture molecular weight with time gm/(mol s)
∆p Difference between cylinder and nozzle pressure Pa
dp/dt Rate of in-cylinder pressure change Pa/s

dQ/dt
Time rate of change in the total heat transfer into the system

W
through its boundary

dQHR,theory/dt Rate of change in theoretical heat release W
dQHR/dt Gross rate of heat release W
dQHT,c/dt Convective heat transfer W
dQHT/dt Rate of heat transfer from the walls and piston W
dR/dt Change in mixture gas constant with time W/(kg K)
dR/dYi Change in gas constant with changing species mass fractions J/(kg K)
ds/dt Change in specific entropy W/(kg K)
dSCV/dt Change in entropy within the control volume W/K
dSHR/dt Theoretical entropy heat release expression W/K
dT/dt Rate of change in temperature K
dθ/dt Change in crank angle deg/s
du/dt Change in the specific internal energy of the system W/kg

dUCV/dt
Time rate of change in the total energy of the mass contained

W
in the system

dVCV/dt Time rate of change in cylinder volume m3/s
dWCV/dt Power W
dXi/dt Change in species mole fractions with time 1/s
dY/dt Change in species mass fractions over time 1/s
dYi/dt Change in mass fractions of ith species over time 1/s
ech Chemical energy J/kg
ein/out Flow exergy in or out of the system J/kg
εg Emissivity -
ηc Combustion efficiency -
ηc, f a Gaseous fuel combustion efficiency -
ηc, f l Liquid fuel combustion efficiency -
f Residual mass fraction -
hc Convective heat transfer coefficient
h f Enthalpy of fuel J/kg
h f g Fuel enthalpy change going from liquid to vapor J/kg
hin Enthalpy of mass entering (or leaving) the system J/kg
k Ratio of specific heats -
K Arrhenius pre-exponential m3/(kg s)
MAr Molecular weight of argon gm/mol
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Parameter Description Units
mb Mass of the burned gases kg
MCO2 Molecular weight of carbon dioxide gm/mol
mCV Total mass inside the control volume kg
m f a Mass of port-fuel injected gaseous fuel kg
m f a,total Molecular weight of gaseous fuel gm/mol
m f a,total . Total gaseous fuel mass kg
m f l ss of direct injected liquid fuel kg
m f l,total Total injected liquid fuel mass kg
MH2O Molecular weight of water gm/mol
mIVC Mass at inlet valve close kg
Mmix Averaged mixture molecular weight gm/mol
MN2 Molecular weight of nitrogen gm/mol
MO2 Molecular weight of oxygen gm/mol
mres Residual mass kg
mu Mass of the unburned gases kg
.

mex Mass flow exiting the system through the control boundary kg/s
.

m f Mass flow rate of fuel kg/s
.

min Mass flow rate entering the system through the system boundary kg/s
nEGR Number of moles of recirculated exhaust gas -
nh Number of holes -
ninj Number of injectors -
Nr Engine speed rpm
.
nAr,b Total molar change in argon (in the burned zone) mol/s
.
nAr,u Total molar change in argon (in the unburned zone) mol/s
.
nCO2,b Total molar change in burned carbon dioxide mol/s
.
nCO2,u Total molar change in the unburned carbon dioxide mol/s
.
n f ab Burn rate of gaseous fuel in molar format mol/s
.
n f lb Burn rate of liquid fuel in molar format mol/s
.
nH2O,b Total molar change in water (in the burned zone) mol/s
.
nH2O,u Total molar change in water (in the unburned zone) mol/s
.
nN2,b Total molar change in water (in the burned zone) mol/s
.
nN2,u Total molar change in nitrogen (in the unburned zone) mol/s
.
nO2,u Total molar change in unburned oxygen mol/s
Nu Nusselt number -
p In-cylinder pressure Pa
p0 Standard state exergy pressure Pa
pCV Measured pressure in the control volume Pa
pexh Exhaust pressure Pa
pint Intake pressure Pa
pIVC In-cylinder pressure at IVC Pa
pre f Reference pressure Pa
∂e/∂p Change in specific internal energy with pressure J/(kg Pa)
∂e/∂T Change in specific internal energy with temperature J/(kg K)
∂e/∂Y Change in specific internal energy with changing species mass fractions J/kg
∂u/∂p Change in specific internal energy with pressure J/(kg Pa)
∂u/∂T Change in specific internal energy with temperature J/(kg K)
∂u/∂Y Change in specific internal energy with changing species mass fractions J/kg
Pr Prandtl number -
QHR,total Total heat transfer J
QLHV, f a Lower heating value of gaseous fuel J/kg
QLHV, f l Lower heating value of liquid fuel J/kg
r Crank arm length m
Rb Averaged gas constant of the burned zone J/(kg K)
rc Compression ratio -
RCV Mixture-averaged gas constant J/(kg K)
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Parameter Description Units
R f a Gaseous fuel’s gas constant J/(kg K)
R f l Liquid fuel’s gas constant J/(kg K)
RIVC Gas constant J/(kg K)
Ru Universal gas constant J/(mol K)
Ru Averaged gas constant of the unburned zone J/(kg K)
Re Reynolds number -
ρCV Control volume density kg/m3

ρ f Injected liquid fuel density kg/m3

s0 Standard state entropy J/(kg K)
s f l Specific entropy of liquid fuel J/(kg K)
si Molar entropy of the ith species J/(mol K)
s◦i Standard state entropy J/(mol K)
.
σCV Entropy generation W/K
T0 Standard state exergy temperature K
Tb Burned zone temperature K
TCV Temperature of the control volume K
Texh Exhaust gas temperature K
Tf a Gaseous fuel temperature K
Tf l Temperature of injected liquid fuel K
Tinj Temperature of injected liquid fuel (or injector) K
Tint Intake temperature K
TIVC In-cylinder temperature at IVC K
Tu Temperature of the unburned zone K
Tvap Vaporization temperature of fuel K
Tw Wall temperature K
u Specific internal energy of the system J/kg
u0 Standard state internal energy J/kg
Ub Internal energy in the burned zone J
UCV Total internal energy in the cylinder at each time step J
U f a Internal energy of the gaseous fuel J
U f l Internal energy of the liquid fuel J
ui,CV Specific internal energy of ith species J/kg
Uu Internal energy in the unburned zone J
v Specific volume m3/kg
v0 Standard state specific volume m3/kg
Vbowl Piston bowl volume m3

Vc Clearance volume m3

VCV Calculated volume m3

VIVC Cylinder volume at IVC m3

Yf a/ f l,CV Mass fraction of the corresponding fuel in the control volume -
Yi,CV Species mass fraction of the ith species -
YO2,CV Mass fraction of oxygen in the control volume -

Subscripts

Text Description
CV Control volume
a Number of carbon atoms in gaseous fuel
b Burned
b Number of hydrogen atoms in gaseous fuel
c Number of oxygen atoms in liquid fuel
d Number of nitrogen atoms in liquid fuel
EGR Exhaust gas recirculation
ex Exiting (the control volume)
exh Exhaust
f Fuel
fa Gaseous fuel
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Text Description
fl Liquid fuel
g Gaseous fuel (goes with ξ and ζ)
HR Heat release
HT Heat transfer
in Entering (the control volume)
int Intake
IVC Inlet valve close
p Liquid fuel (goes with ξ and ζ)
res Residual
u Unburned
w Number of carbon atoms in liquid fuel
x Number of hydrogen atoms in liquid fuel
y Number of oxygen atoms in liquid fuel
z Number of nitrogen atoms in liquid fuel

Greek Symbols

Symbol Description
α Residual term
β EGR term
χ Tuning parameter to slow down the liquid fuel preparation process
η Efficiency
σ Stefan–Boltzmann constant (W/m2 K4)
θ Crank angle
ξ Number of liquid fuel moles
ζ Number of moles of unburned gases

Abbreviations

Abbreviation Full Form
0D Zero-dimensional
ATDC After top dead center
BTDC Before top dead center
CI Compression ignition
DME Di-methyl ether
ECU Engine control unit
EGR Exhaust gas recirculation
ESR Energy substitution rate
HCCI Homogeneous charge compression ignition
HR Heat release
HT Heat transfer
HTC Low-temperature combustion
ICE Internal combustion engine
IVC Intake valve closing
LHV Lower heating value
LTC Low-temperature combustion
PCCI Pre-mixed charge compression ignition
RCCI Reactivity controlled compression ignition
RHR Rate of heat release
ULSD Ultra-low sulfur diesel

Chemical Species

Species Chemical Name
Ar Argon
C Carbon atoms
CO Carbon monoxide
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Species Chemical Name
CO2 Carbon dioxide
H Hydrogen atoms
H2O Water
N Nitrogen atoms
N2 Nitrogen atoms
O Oxygen atoms
O2 Oxygen
OH Hydroxyl
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