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1. Introduction

Traditional analysis of thermodynamics and efficiency of internal combustion engines is
performed applying a mass and energy balance throughout the engine cycle according to the first
law of thermodynamics [1]. Comprehensive analyses of idealized internal combustion engines
are found in the literature, and these studies have served as the basis for further optimization of
current engine technologies [2-5]. However, practical systems are far from the thermal
efficiencies predicted by the first law due, among other factors, to the non-ideality and
irreversibilities of real engine processes [6].

The main sources of irreversibilities occurring in a real diesel engine are due to the
combustion reaction, the heat transfer to cylinder walls and the environment, and friction and
mixing of gases through intake and exhaust valves [7,8]. Due to the irreversibilities of a system,
part of the available energy, that otherwise would be used to produce work, is dissipated to create
entropy. Many studies suggest that irreversibilities can be minimized by: (a) increasing
combustion temperature to decrease the unrestrained character of the combustion reaction, (b)
decreasing temperature differences across finite distances to reduce the heat flow and (c)
decrease pressure drops and expansion across intake and exhaust valves [9-11].

The second law of thermodynamics offers a new perspective for the analysis of the
performance of energy systems based on the concept of availability, a measure of the available
energy to produce work [12,13]. Although this approach is not new [14-16], its application has
been more extensive during the last 30 years [7]. A significant number of publications have been
dedicated to the availability analysis of engine processes and the ways to decrease the
availability destruction [17-24]. Rakopoulos and Giakoumis [25] and Caton [26] present a
historical perspective and a summary of the main findings.

It is also of interest to study the entropy changes that accompany real engine processes, as
the lost available work (Wl ) is proportional to the rate of entropy generation (Sgen) and the
= T;)Sgen *
“Entropy Generation Minimization (EGM)”, “Thermodynamic Optimization” or “Finite Time
Thermodynamics” are different names to describe the methods that use the second law of

thermodynamics to analyze entropy generation during irreversible processes and the ways to
minimize it [28-31].
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temperature of the environment (7;, ) according to the Gouy-Stodola Theorem [27]: W,

ost

In this project, the entropy generation rate will be calculated for the combustion of hydrogen
in an internal combustion engine based on the formulation proposed by Hiwase et al. [32] and
Daw [33] using a simple model for constant volume combustion. The ultimate goal is to develop
a model to compute the lost available work as a function of engine and operational parameters.
The conservation equations for mass and energy must be solved to find the mass velocity flows
and temperature profiles in the combustion chamber, while the classical model proposed by
Woschni [34] will be used to estimate the heat transfer coefficient and heat transfer rates to the
cylinder walls.

2. Governing Equations

The governing equations for the simple model of a fuel droplet burning in a quiescent
environment are presented below [32]. The droplet is surrounded by a spherically symmetric



flame in which the fuel and oxidizer react in stoichiometric proportions. The species of interest
in the gas phase are fuel vapor, oxidizer and combustion products, while the liquid fuel is the
only condensed phase [35]. Conservation of mass, conservation of energy and conservation of
species in the gas phase are presented in Eq.1, Eq.2 and Eq.3:
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3. Solution in Comsol Multiphysics™

The problem was setup using a simple 2D geometry and the coupled Fluid-Chemical
Reactions sub-model in Comsol Multiphysics™. The following governing equations are
included to solve the system:

» Convection and Diffusion (Mass Conservation)

» Convection and Conduction (Energy Conservation)

» Incompressible Navier-Stokes (Momentum Conservation)

The following assumptions are considered:
» Reaction between hydrogen and oxygen occurs according to the “forward-only” 7-steps
reaction model developed by the NASA Langley Research Center [36].



» Hydrogen and oxygen are fully mixed in a constant volume combustion chamber. No
flows are considered before or after chemical reaction.
» Combustion is initiated by the effect of temperature, which is always above the

autoignition temperature for H,-O; (860K).

» Effect of pressure is not considered in the kinetic combustion model.
» Combustion chamber is thermally insulated (adiabatic combustion).

The kinetic model used to account for the production rates of the chemical species involved
in the reaction is shown below:

R.1
R.2
R.3
R.4
R.5
R.6
R.7

H; + O, = 20H
H+0,=2OH+O0
OH+H, = HO+H
O+H290H+H
20H = H,O0+0O
H+ OH = H,0

2H = H,

The rate constants for the forward reactions are computed using the Arrhenius equation:
k¢ =A><TB><exp(

For which the kinetic parameters are shown below:

Ta)
T

Table 1: Kinetic Parameters for H,-O, Reactions
A T
Reaction < m3 ) B ( K“)
mol.s
R.1 1.7 x 107 0.0 24,154.6
R.2 1.2 x 1011 -0.91 8,309.7
R.3 2.2 x 107 0.0 2,591.6
R4 5.1 X 1072 2.67 3,165.3
R.5 6.3 x 10° 0.0 548.5
R.6 2.21 x 101 -2.0 0.0
R.7 7.3 x 1011 -1.0 0.0

By applying the Law of Mass Action to the species participating in the elementary chemical
reactions, we derived the following expressions to be included in the mass conservation
equations to account for the consumption and production of species:
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The solution for the constant volume combustion of hydrogen-oxygen was found using this
setup. Figure 1 shows that the concentration of hydrogen and oxygen does not vary significantly
with time, despite the initial temperature is well above the autoignition temperature of hydrogen.
The result is somewhat contradictory because it would be expected that a “forward-only” kinetic
model would lead to faster combustion rates. Validation against the known behavior of the
system would allow us to compare the accuracy of the simulation using Comsol Multiphysics.
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Figure 1: Evolution of Concentration of Reactants - Solution of H,-O, Constant Volume
Combustion using Comsol Multiphysics™

The rates of production of H,O and OH species shown in Figure 2 behave in the same way
of the rates of consumption. Production rates increase exponentially after 0.5 seconds with a
sudden release of heat that increases combustion temperature to almost 4500K (Figure 3). The
model gives negative values for the concentration of radicals O and H, and will not be

considered.
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Figure 2: Evolution of Concentration of Products - Solution of H,-O, Constant Volume
Combustion using Comsol Multiphysics™




Evolution of Flame Temperature
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Figure 3: Evolution of Combustion Temperature - Solution of H-O, Constant Volume
Combustion using Comsol Multiphysics™

4. Validation

The results obtained with Comsol Multiphysics™ are compared with a simulation using the
constant volume combustion module in CHEMKIN™, including a detailed kinetic mechanism
for hydrogen oxidation [37]. Figure 4 shows that hydrogen is not completely consumed, but
instead equilibrium is attained after 0.2 ms of reaction. The time scale also shows that hydrogen
oxidation occurs at very fast rates, which is an indication that the kinetic model in Comsol
Multiphysics™ does not capture the main features of the reaction.




Evolution of Concentration of Species from H,-O, Combustion
Simulation using Chemkin
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Figure 4: Constant Volume Combustion for H,-O, Mixture — Simulation using CHEMKIN™
Initial temperature 1500K, Equivalence ratio 1.0

The temperature profile and adiabatic flame temperature is not significantly affected by the
initial mixture temperature, as seen in Figure 5. Independently of the initial mixture temperature,
final temperature is about 3350K. Concentration profiles (not shown) are not significantly
affected either, which is consistent with the fact that adiabatic flame temperature strongly

depends on the equivalence ratio (¢) [35].




Effect of Initial Temperature on Adiabatic Flame Temperature
Solution using CHEMKIN™
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Figure 5: Effect of Initial Temperature on Adiabatic Flame Temperature of H,-O, Reaction at
Constant Volume — Simulation with CHEMKIN™,

5. Parametric Study

In this section we analyze the effect of initial mixture temperature (Ty), equivalence ratio (¢)
and thermal diffusion coefficient (c) on the species concentration and temperature profiles of the
H,-O, constant volume combustion system. Figure 6 shows that initial mixture temperature
reduces the time for consumption of hydrogen in a significant manner, although is always two
orders of magnitude larger than the reaction times predicted by CHEMKIN™. As expected,
reaction rates are exponentially accelerated as temperature increases. There seems to be no
reaction at 1000 K, but it starts to be significant at 1500K. At 2000K, hydrogen is completely
consumed after 0.012 seconds. As observed with CHEMKINTM, adiabatic flame temperature is
not much affected by initial mixture temperature. This is observed in Figure 7, where the
temperature profiles for 1500K and 2000K are presented. The profile at 1000K is not included
because there is not reaction at this temperature.

In Figures 8 — 10 we present the effect of equivalence ratio on species concentration profiles
and adiabatic flame temperature. Three cases are considered: (1) stoichiometric mixture (¢ =
1.0), (2) twice the stoichiometric oxygen (¢ = 0.5) and (3) half the stoichiometric oxygen (¢ =
2.0). Figure 8 shows that reaction rate increases at higher equivalence ratios (higher hydrogen
mole fractions), while maximum conversion occurs at the stoichiometric equivalence ratio. The
adiabatic flame temperature also exhibits the expected behavior, reaching the maximum at the
stoichiometric equivalence ratio.
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Figure 6: Effect of Initial Temperature on Evolution of H, Concentration
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Figure 7: Effect of Initial Temperature of Evolution of Flame Temperature




Evolution of Concentration of Hydrogen
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Figure 8: Effect of Equivalence Ratio on H, Concentration Profile
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Figure 9: Effect of Equivalence Ratio on H,O Concentration Profile
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Figure 10: Effect of Equivalence Ratio on Adiabatic Flame Temperature

The effect of thermal diffusivity (o) on the results was also considered. While it was
assumed that thermal diffusivity is the same for all the species, values of 0.01, 0.1 and 1.0 m?*/s
are considered as model parameters. In the simple reaction system considered (closed vessel,
thermally insulated walls), the effect of thermal diffusivity should be negligible. This is
confirmed by the results presented in Figures 11-13. The profiles for oo = 0.01 and o = 0.1 m%/s
are exactly the same in all cases, while at a = 1.0 m?/s a change is observed, but the runs had to
be stopped at 0.55 seconds due no convergence. We do not see any physical explanation to this
issue, thus we assume that the problem must be in the Comsol solver. If the system was not
adiabatic, one could argue that thermal energy is quickly dissipated to the surroundings and the
acceleration of reaction due to heat release cannot be achieved. In the adiabatic case, the heat
flux to the surroundings is explicitly forbidden.

From the experience using Comsol Multiphysics™ in this project, we want to highlight that
the software is very powerful for simulation of physical processes, but the incorporation of
realistic kinetic mechanisms is not straightforward unless we have the Reaction Engineering
Module™. Even with the manual incorporation of the kinetic mechanism and thermodynamic
data, it was not possible to predict correctly the production rates for a simple H,-O, system and
running times were excessively large. We regret having to spend too much time struggling with
the chemistry and ending with no time to explore heat and mass transport processes in a more
complex configuration, which was the initial objective of the project. Other limitation we faced
is that 3D models cannot be productively developed in our Computer Lab (318 Hosler). The
computers seem to be too slow for this application, even with the simplest configurations. It is
our hope that this situation could be solved for the future students.
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Figure 11: Effect of Thermal Diffusivity on H, Concentration Profile
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Figure 12: Effect of Thermal Diffusivity on H,O Concentration Profile
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Figure 13: Effect of Thermal Diffusivity on Adiabatic Flame Temperature

6. Conclusions

Comsol Multiphysics™ has been used to simulate constant volume combustion of mixtures
of hydrogen (H») and oxygen (O,) using a 7-step forward-only kinetic mechanism. The model
does not capture the features of the real system as predicted by CHEMKIN™ in terms of species
profiles and adiabatic flame temperature. Species production rates are at least two orders of
magnitude smaller compared to CHEMKIN™ simulation, while adiabatic temperatures are much
higher due to the assumption of forward-only reactions (no equilibrium). However, the
parametric study exhibits correct trends in terms of the effects of initial mixture temperature,
equivalence ratio and thermal diffusivity. Further refinement of the model and higher
computational capabilities are needed to reproduce experimental kinetic data, analyze heat and
mass transfer in complex (open, non-adiabatic) systems and simulate the full performance 3D
geometries.

Entropy generation and lost available work calculations were not considered as the model
developed in Comsol™ lacks physical meaning, and processes of interest such as heat and mass
transfer could not be included successfully in the model. This remains as part of future work to
be considered by next students.
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