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Figure 105: Feasible and Pareto designs of the FAST NSGA-II optimization run with 1500 designs of Engine C.
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Figure 106: Selected Pareto solutions for the FAST NSGA-II optimization run with 1500 designs of Engine C.

three designs. Even though the combustion progress is matching the design ID 917 shows a
high combustion efficiency wherefor the NO, emissions are predicted higher. The best match
for NO, emissions is obtained for design ID 525 which also predicted the lowest €ppssyre
error. The design ID 526 was selected because of the lower ¢, error and it also shows the
best match for the validation data set. Nevertheless, all three designs indicate the difficulty to
match the experimental CO emissions and having at the same time a reasonable match of the

combustion.

Soot optimization for Engine C The design ID 525 is finally selected because of
the better prediction of combustion progress and NO, emissions. Subsequently, the FAST
NSGA-II optimization of the soot mass is performed. The set 3 is used for the optimization.
The method of soot source term tabulation is introduced by Matrisciano et al. [43, 112, 113]
and uses the detailed soot model by Mauf3 [114] in conjunction with a detailed PAH chemistry.
The detailed soot model describes the soot formation and oxidation by incorporating source
terms for particle inception, surface reaction, condensation, coagulation and fragmentation.
The surface reactions are divided into surface growth by acetylene addition and oxidation

140



MULTI-OBJECTIVE OPTIMIZATION OF STOCHASTIC ENGINE MODELS

«  ID 525 (R?=0.15, RM SE—4.66)
o 1D 526 (R?=0.26, RM SE=5.41)
¢ ID 917 (R?=0.09, RM SE=5.36)

x D 525 (R?=0.67, RMSE=2.52)
o 1ID 526 (R?=0.67, RMSE=2.54)
¢ 1D 917 (R?=0.73, RMSE=2.33)

15 T T T 30 T T T T T P
10 7 251 7 .
g //// S 20F 0.:’/// 7
= - = XX
< L -7 | < L % 8° i
S S B3 =15 ,g«g@é
a o ] a g }QQQ
.= 5 ¢ = 10 8o, - a
aoor 4" "0 g0 . 2 P $
- ST e % N o$ ° o 5r - & b
-5 - I P o I 0 - al I 1 I I
-5 0 5 10 15 0 5 10 15 20 25 30
Experiment Experiment
(a) 10% combustion progress in °CA (b) 50% combustion progress in °CA
x 1D 525 (R?*=0.89, RM SE=174.31) % ID 525 (R?=0.02, RM SE=932.65)
o 1D 526 (R*=0.87, RMSE=5T73.93) o 1D 526 (R’=0.49, RMSE=517.87)
¢ ID 917 (R*=0.86, RMSE=177.97) ¢ 1D 917 (R*=0.14, RMSE=1022.95)
2500 T T T e} T 2000 T T T P
T o ¢ o e
= 2000 o s o 1500 :Q ° ° 7 o o
Q e g o .:x g) O‘ _ o~
2 1500 o x - x - B ’gx ¢ v
= P = 1000 ¢ - . s
E 1000 oo 4 ’ z et .
= _ /‘ | * -~ -
Ug) 5 /0{ * U% 500 g@ o -~ -
- 2 %~ W% _ I~ o_~ .
500 oé/%‘ . g§§£/ >
0 * I I 1 I 0 - I 1 I
0 500 1000 1500 2000 2500 0 500 1000 1500 2000
Experiment Experiment

(c) Nitrogen oxide in mole ppm (d) Carbon monoxide in mole ppm

Figure 107: Validation results for design ID 525, ID 526 and ID 917 of FAST NSGA-II optimization run with 1500
designs of Engine C.

by OH and O,. The surface sites of a soot particle actually undergoing surface reactions are
described by the fraction of active sites which is set to 0.3 according to Pasternak et al. [115].
The shape of a soot particle is mathematical defined by the fractal dimension where a value
of 2 denotes a sphere and a value of 3 denotes an chain-like structure. The optimization
parameters in table 44 represent scaling factors of the soot source terms.

Parameter Lower limit Upper limit
Particle inception source term 0.1 10.0
Surface growth source term 0.1 10.0
Oxidation by OH source term 0.1 10.0
Oxidation by O; source term 0.1 10.0
Fractal dimension 2 3

Table 44: Soot optimization parameters for Engine C.

As objectives the espor and €0t gradient €rrors are defined for the soot mass according to
the equations (5.7) and (5.8). The feasible designs of the soot optimization show a very large
spread in figure 108 and the Pareto solution only consists of a few designs which make the
MCDM selection difficult. From the Pareto solutions the three designs ID 2487, ID 2488 and
ID 2707 are selected to investigate their performance for the validation data set. Design ID
2487 uses equi-weights in the MCDM for the €00t and €01 gragient €rrors while design ID 2488
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prefers lower €50t errors and design ID 2707 focuses on the low €soot,gradient €TTOIS.
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Figure 108: Selected Pareto solutions from the soot optimization run with 1500 designs and FAST NSGA-II of
Engine C.

The simulation of the validation data set is performed using the Validation Set 3 from
table 43 and the results of the fuel specific fuel mass (fsSoot) are outlined in figure 109. The
results of all three designs include the standard deviation of soot mass for 100 stochastic
cycles which are shown as error bars in the plot. The designs ID 2487 and ID 2707 show a
quite similar performance with the tendency to predict higher soot mass compared to design
ID 2488. Both designs have a lower particle inception scaling factor (Cp;=8.31 / =8.82) and
oxidation by OH and O, scaling factor (Cp,on=0.96 / =0.86 and Cp,0p=4.29 / =3.14) in
comparison to design ID 2488 (Cp;=9.86, Coron=1.44 and Cp,0r=4.80). All three designs
predict the fractal dimension to be close to 2 wherefor the soot particles have a more spherical
shape. The design ID 2487 and ID 2707 show a good performance in predicting the high soot
masses of the operating points 3, 6, 12, 17 and 18 while the design ID 2488 is performing
better predicting the low soot masses of the operating points 2, 15, 19, 21, 22, 24 and 25.
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Figure 109: Comparison of fuel specific soot mass for design ID 2487, ID 2488 and ID 2707 including standard
deviation as error bars of Engine C. The R? values and RMSE are included in the legend.

The sensitivity of the number of stochastic cycles is further investigated for design ID 2707
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by running the simulation with validation set 1, 2 and 3. The results in figure 110 include the
mean soot mass and its standard deviation. With increasing number of stochastic cycles from
5 to 30 the mean soot mass is significantly decreasing for all operating points. Increasing the
number of stochastic cycles even further to 100 shows a slight decrease of soot mass. Further,
the standard deviation is the highest for low number of stochastic cycles which indicates the
high uncertainty of the soot mass prediction.
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Figure 110: Comparison of fuel specific soot mass for design ID 2707 with 5, 30 and 100 stochastic cycles
including standard deviation as error bars of Engine C. The R? values and RMSE are included in the legend.

Finally, the design ID 2707 with validation set 3 is selected as the best performing DI-SRM
setup. The predicted soot masses using the optimized soot source term scaling factors are
compared with the results of design ID 525 without soot source term optimization in figure
111. The design ID 525 under-predicts the soot mass by a margin which indicates the necessity
to optimize the soot model parameters. The optimizer fulfilled this task for design ID 2707 by
increasing the scaling factor of particle inception wherefor more primary soot particles are
formed.

Validation results of Engine D The optimized design ID 2707 with optimized soot
model parameters from the previous section is further tested for the case Engine D. The
initial and boundary conditions are outlined in section 7.3 and the Validation Sets 1 to 3
from table 43 are used for the DI-SRM simulation. It has to be noted that for Engine D no
measurement data is available for the pressure and temperature in the intake and exhaust
manifold. Therefor, the gas exchange model from section 4.2.4 is not used and the turbulent
kinetic energy and angular momentum production terms in the k — ¢ turbulence model
from section 4.4 are not calculated. Further, no experimental data for soot mass is available
wherefor only the gaseous emissions are evaluated.

The simulation results are outlined in figure 112. The DI-SRM shows an earlier prediction
of 10% combustion progress while 50% combustion progress is slightly higher. The NO,
emissions are under-predicted and the CO emissions are over-predicted using the design ID
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Figure 111: Comparison of fuel specific soot mass for design ID 525 and ID 2707 including standard deviation
as error bars of Engine C. The R? values and RMSE are included in the legend.

2707 model parameters. Further, increasing the number of stochastic cycles shows no change

of the predicted results.
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Figure 112: Validation results of design ID 2707 for Engine D.

144



MULTI-OBJECTIVE OPTIMIZATION OF STOCHASTIC ENGINE MODELS

The simulation results of OP5 and OP10 are investigated more in detail and the cylinder
pressure and heat release rate are shown in figure 113. Both cases show a lower predicted
maximum cylinder pressure and the combustion duration is longer compared to the experi-
ments. The differences are a result of the inactive gas exchange model wherefor the influence
of inflowing mass for turbulent kinetic energy and swirl angular momentum production is
not captured. Therefor, the length scale parameter C;, of the large-bore engine case Engine D
is adjusted” to get a better match of the cylinder pressure and heat release rate to investigate
the impact on NO, and CO engine-out emission prediction.

The simulation results for OP5 and OP10 with the modified C,, parameter show an improve-
ment of the cylinder pressure and heat release rate. For both operating points the maximum
cylinder pressure is closely match and the burn duration matches with the experiments.
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Figure 113: Predicted cylinder pressure and heat release rate of OP5 and OP10 of Engine D.

Reviewing the simulation results in figure 114 of all operating points with modified
C¢, parameter shows an improved match of the 50% combustion progress, NO, and CO
engine out emissions. However, the emissions still differ significantly from the experiments
even though the combustion shows a better agreement. For NO, emissions, especially the
operating points with high concentrations in the experiments are under-predicted by the
DI-SRM simulation.

*“The value of C¢, is increased from 7 to 9.
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Figure 114: Simulation results of design ID 2707 with modified C, parameter for Engine D.

7.7 Conclusions for compression ignition engine model optimization

The DI-SRM presented in section 4.4 is implemented into the the multi-objective optimization
platform from section 5 and validated for a small-bore and large-bore engine case. The
best practice optimization setup comprises the FAST NSGA-II algorithm with 1500 designs
evaluated in total. The selection of designs from the Pareto solutions is done using the
MCDM. The best practice DI-SRM setup consists of 200 notional particles and 0.5°CA time
step size. To determine statistically stable mean results of soot mass 100 stochastic cycles are
simulated.

The best performing training procedure included sixteen operating points distributed over
the whole engine operation range. The injection strategy of the different operating conditions
include up to two pilot injections and for some cases one post injection. It is found that
decreasing the number of training points showed no negative impact on the prediction of
combustion progress while NO, emission prediction was diminished. The parameterization
of the ASOV using equation (9.3) allowed to account for the vaporization delay for different
operating conditions.

The soot mass optimization is performed for the small-bore engine case Engine C. The
optimized k — ¢ model parameters are used and the soot model source term parameters
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of particle inception, surface growth, oxidation by OH and O, are optimized. Following,
the validation set is tested for different number of stochastic cycles which showed that the
standard deviation of soot mass is decreasing with increasing number of stochastic cycles. To
obtain a statistical stable result of the mean soot mass 100 stochastic cycles are calculated.
The validation of Engine D showed larger deviations for combustion progress and engine out
emissions. For Engine D no experimental data for the intake and exhaust manifold model
was available wherefor the gas exchange model from section is not used. This did not
allow to transfer the optimized k — ¢ model parameters from Engine C because the turbulent
kinetic energy and angular momentum production due to intake flow is not calculated.
The turbulent length scale parameter C;, is adjusted to obtain an improved match of the
combustion progress, however the NO, emissions are still under-predicted and the CO
emissions are still over-predicted by the DI-SRM.
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8 Conclusions and Outlook

This thesis summarizes the author’s developments in the area of k — ¢ turbulence models
for the prediction of turbulent length and time scales in 0D SRM, and multi-objective opti-
mization methods for automatic model training. The performance of the newly implemented
models for the prediction of combustion processes and emission formation was demonstrated
for SI and CI engines. Finally, the performance of the developed optimization platform for
automated model training is demonstrated for multiple operating points of the engine map.
The convective heat transfer model in 0D SRM is extended by a term that considers the
influence of turbulent scales. Furthermore, a stochastic algorithm describing the influence of
turbulence on heat loss is implemented. The models are validated using DNS simulations for
temperature stratification in an engine-like geometry. An increase in turbulent kinetic energy
leads to higher convective heat loss. The temperature distribution during the compression
stroke is in good approximation with the DNS results.

The injection and vaporization model was extended by a stochastic algorithm that randomly
distributes the injected liquid fuel mass among the notional particles in the cylinder. During
the early phase of injection, the ¢-distribution predicted by the 0D SRM deviates from the
3D CFD RANS results, and is shifted to lean mixtures. The differences are due to a delayed
evaporation rate of the injected fuel mass in the 0D SRM. During the compression stroke,
the ¢-distribution converges to the 3D CFD RANS simulation, and at spark ignition, both
solutions are close.

The gas exchange through the valves is modeled in the 0D SRM using the experimental data
of pressure and temperature in the intake manifold and exhaust manifold. The calculated
mass flow through the inlet valves agrees well with the 3D CFD RANS results. Backflow
of mass through the exhaust valves into the cylinder predicted by 3D CFD RANS is not
captured by the 0D SRM. The gas exchange through the valves was coupled with the newly
implemented k — e turbulence model, so that it creates a tumble flow motion and leads to the
generation of turbulent kinetic energy during the compression and combustion phases.

The k — & turbulence model for SI engines was implemented in 0D SRM to predict the
turbulent length and time scales for different operating points. The model considers the
influence of valve flow, axial flow, direct injection, and tumble decay on turbulent kinetic
energy generation. The tumble flow motion is described by the angular momentum generated
by the valve flows, which decays into turbulent kinetic energy due to shear forces and wall
friction forces in the cylinder. The 0D SRM simulation results were compared with 3D CFD
RANS results and show good agreement. The k — ¢ turbulence model is able to predict the
change in turbulent time and length scales for different operating conditions.

The turbulent flame propagation model of Peters was implemented in 0D SRM, which is
valid for flames in the corrugated and thin reaction zone regime. The input parameters for
turbulence fluctuation and turbulent length scale are calculated using the k — e turbulence
model. The model was extended to include a flame propagation model for early flames,
which describes the transition from laminar to turbulent flame propagation as a function of
the turbulent time and length scales. The model is able to accurately predict combustion in
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gasoline engines for various operating conditions, including lean mixtures. In addition, a
stochastic algorithm has been implemented to account for the ¢-distribution in mass transfer
between the unburnt and burnt zones. The algorithm allows the calculation of premixed and
partially premixed flames.

A source of unburned hydrocarbons is considered by applying a crevice model that calcu-
lates the volume of the crevice as 2-4% of the cylinder volume. The mass enclosed in the
crevice is calculated based on the ideal gas law. Here, the enclosed mass depends on the
pressure difference and the turbulent kinetic energy. As the turbulent kinetic energy increases,
more mass of unburned hydrocarbons is transported into the crevice. This is based on the
assumption that a high turbulent kinetic energy correlates with a strong flow motion toward
the piston crevice, which traps more unburned hydrocarbons in the crevice. As a result, the
crevice model increases the mass of unburned hydrocarbons, which means that the results of
the 0D SRM are in good agreement with the experiments.

The strong cycle variations of cylinder pressure in gasoline engines are accounted for by
a pdf-based cyclic variation model. The model assigns a normally distributed random
number for the turbulence variation and the ignition timing. Through this variation, faster or
slower firing cycles can be calculated in the 0D SRM. The experimentally measured standard
deviation of the maximum cylinder pressure and crank angle is predicted by the model to a
good approximation.

The k — & turbulence model for CI engines was implemented in 0D SRM to calculate the
generation of turbulent kinetic energy and dissipation for different operating points over
the engine map. The model considers the influence of valve flow, axial flow, direct injection,
secondary flows in the piston bowl, and swirl flow on the generation of turbulent kinetic
energy in the cylinder. The motion of the swirl flow is described by the angular momentum
generated by the valve flow, which is amplified by the displacement into the piston bowl
during the compression stroke. The shear forces and wall friction forces occurring in the
cylinder cause the angular momentum to decay and generate turbulent kinetic energy.

The optimal 0D SRM parameters are determined using the developed multi-objective opti-
mization platform. Several genetic and heuristic algorithms were tested to determine the
most reliable optimization method. The tested heuristic algorithms are based on the particle
swarm method (MOPSO) and the simulated annealing method (MOSA). They show good
performance in finding the best Pareto front, exhibiting a diverse distribution of solutions.
The genetic algorithms tested are based on the Non-domination Sorting Method (NSGA-II)
and the Multi-objective Method (MOGA-II). They show a stronger formation of clusters
which is why the solution space is not always evenly covered. The coupling of the RSM-
based optimization (FAST) with the genetic algorithm NSGA-II shows a good performance
in finding the best Pareto front, with a diverse distribution of solutions. Thus, the FAST
NSGA-II algorithm was selected to find the best set of model parameters for 0D SRM. To
systematize the selection of solutions from the Pareto front, a multi-criteria decision maker
was implemented.

The 0D SRM for SI engines is trained for a single-cylinder research engine and validated for
another single-cylinder research engine. The trained 0D SRM is able to accurately predict
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the combustion characteristics of the studied engines, with a correlation factor between
0.98 < R? < 0.99. The prediction of NO, and CO emissions shows some larger deviations
(R? ~ 0.7). In particular, for the second single-cylinder research engine, the predicted CO
and HC emissions are significantly lower compared to the experiments. The reason for the
increased measured CO and HC emissions is attributed to a strong spray-wall interaction
and evaporation of the liquid wall film during the expansion stroke.

The 0D SRM for CI engines is trained for a passenger car engine and validated for an
additional heavy duty engine. The trained 0D SRM is able to predict the combustion cen-
ter of the studied engines in a good approximation with a correlation coefficient between
0.67 < R* < 0.82. The 10% combustion advance is predicted too early for low load operating
points. CO emissions are predicted too high for high load operating point, indicating that
mixture formation is not well predicted. NO, emissions show good agreement with experi-
ments (R?> = 0.89). Optimization of the soot model parameters shows an improvement in
the prediction of the fuel-specific soot mass and the results are in good approximation to the
experiments. The trend of soot mass is well matched by the model for most of the operating
points, but some operating points show larger deviations. The soot mass predicted by the 0D
SRM shows a dependence on the number of calculated stochastic cycles. To achieve a stable
prediction of the mean soot mass, 100 stochastic cycles are calculated.

In the future, work will be done on merging the two k — e turbulence models for SI and
CI engines to obtain a general model. This will make it possible to increase the physical
significance of the turbulence model by providing a unified definition of the turbulent time
and length scales. Furthermore, it will be possible to implement new angular momentum
flow terms that can compute mixed swirling and tumbling motions. In addition, the explicit
Runge-Kutta solver solver will be extended to include an algorithm that improves conver-
gence at large operator split time steps relevant to real-time simulation.

The simplified stochastic vaporization model is replaced by a detailed physical vaporization
model that takes into account the multiphase mass transfer of liquid droplets and the distri-
bution of the spray into the cylinder. The information about the distribution of liquids and
vapors in the cylinder is needed to implement models that account for the formation of a wall
film and the interaction between the spray and the piston crevice. The latter is required for
the extension of the crevice model. In the new model, the rotational speed of the tumble, the
penetration depth of the spray and the piston position are related to each other to determine
the probability with which unburned hydrocarbons are pushed into the piston crevice. A
model for calculating the wall film allows another source of unburned hydrocarbons and
soot mass in SI engines to be taken into account.

The onset of flame propagation is predicted using a spark ignition model that accounts for
discharge energy and discharge duration. The initial mass burned is predicted based on the
physical properties of the fuel and the discharge energy. The subsequent flame propagation is
calculated by a new model that determines the flame propagation of the individual notional
particles. The new model will thus be able to account for inhomogeneities of the flame front
that lead to different turbulent flame propagation velocities.
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9 Appendix

9.1 Thermodynamic polynomials

Heat capacity
T A
Cpl(z ) = (Al + Ay - lTl(T) + A3 T+ T_;L) 9.1)
Enthalpy
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9.2 Cylinder wall temperature correlation function

The correlation function in equation (9.4) for the wall temperature of cylinder liner, head and
piston is developed based on the work of Barra [116]. Further, experimental measurement
data of a single-cylinder spark ignition engine from the FVV project “Water injection in SI
engines” [117] is used to investigate the performance of the model.

Twi= (B1- T+ B2) - (Tw,O,i + B3 - <HB4 + mﬁf’ + !9501|Bé>) (9.4)

Therein, i is a counter for the cylinder area (liner, head, piston), T,; is the oil temperature,
Tw,0,i is a default wall temperature, 7 is the engine speed, miy is the injected fuel mass and
SOl is the start of injection. The values of the parameters B; - B¢ are given in the table
The transient change of wall temperature during the engine cycle is neglected.

Parameter Unit Value
T

B, I 0.00128

B — 0.535

Bj — 0.008

By — 1.0

Bs - 2.2

Bg — 1.5
Tw,O,liner K 390
Tw,O,head K 430
Tw,O,pis ton K 430

Table 45: Cylinder wall temperature correlation function parameters for a warm engine.

The calculated wall temperatures for the training and validation points of Engine A are
outlined in figure
The calculated wall temperatures for the validation points of Engine B are outlined in

tigure
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Figure 115: Calculated wall temperatures of cylinder liner, head and piston head of Engine A.

9.3 Start of vaporization correction function

The correction function of Afspy is introduced to account for the time delay of fuel vapor-
ization of direct injection Diesel engines. The stochastic vaporization model introduced in
section 4.2.3 underpredicts the vaporization delay wherefor the correction is applied.

Mbsoy = By + By n+ By - (0.06- my)™ - exp (=1- (0.06-my)*'?) - \/% 9.5)

Therein, By, By and B3 are model parameters which can be adjusted, 7 is the engine speed
and my is the injection fuel mass.

9.4 Early flame propagation correlation function

The correlation function 7, estimates the correction parameter 7, of the early flame prop-
agation model in section 4.3.2 based on the equivalence ratio ¢, injected fuel mass m; and

compression ratio ecg.
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Figure 116: Calculated wall temperatures of cylinder liner, head and piston head of Engine B.
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77c=B1+Bz'¢2+33'm—f+B4'4>'mf+BS'ECR

Therein, By, By, B3, B4 and Bs are model parameters which can be adjusted.

9.5 Piston speed

(9.6)

The mean piston speed c;;, is calculated according to equation (9.7). Therein, ks is the stroke

and 7 is the engine speed.

n

(9.7)

The instantaneous piston speed c,;s can be calculated based on the mean piston speed. 6 is
the current crank angle, [,,; is the connecting rod length and 4 is the stroke.

T
Cpis = Cm " 7 - sin(6) -

1+

2

(9.8)
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9.6 Tumble ratio

The tumble ratio T is defined as the ratio of tumble rotation speed nt and engine speed n.

nr
T=— 9.9
; ©9)

The tumble rotation speed n7 is determined by the angular momentum Lt and the moment
of inertia 7.

1 Lt
- .= 9.10
=T, (9.10)
The momentum of inertia Jr of the cylinder is calculated according to the following
equation.
B 1 (dg\*> 1 _,
]T = mg : (Z : (7) + E : Hl (9.11)
9.7 Swirl ratio
The swirl ratio S is defined as the ratio of swirl rotation speed ns and engine speed n.
ns
S = 9.12
n - 60 612

The swirl rotation speed ng is determined by the angular momentum Lg and the moment
of inertia Jg.
1 Lg

R AE

The momentum of inertia Js of the cylinder is calculated according to the following

(9.13)

equation.

Js = 7t 5 (- b+ hogur - Al ) (9.14)

9.8 Uniformity measure

The uniformity measure is defined according to Montrone et al. [70].
Given a dataset of n points in a d-dimensional space

D= {xli=1,..,n} (9.15)
for each point x; one can denote the minimum distance from all other points as g;
qi :Ivf};éf}{||xi_xj||} (9.16)

Considering the whole set of minimum distances
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Q={qli=1,..,n} (9.17)
the uniformity measure Up is the median value of this set

Up = Q (9.18)
For a fixed number of points, the higher the value of the uniformity measure, the better
the uniformity of points.

9.9 3D CFD simulation setup

The 3D CFD simulations are performed for Engine A using the CFD code Converge v2.4 [115].
The selected CFD models are outlined in table 46 and references to the original publications
are provided in the table as well. More simulation results on the 3D CFD simulation can
be found in [92]. Details on the spray model setup can be found in [103]. Details on the
combustion model setup can be found in [95].

Model Unit Parameter
Base grid size (x,y,z) mm 2,22
Adaptive mesh refinement - Temperature, velocity, species
Fixed embedding - Cylinder, valves and spark
Minimum grid size mm  0.125 (around spark)
Wall-film model — O'Rourke [119]
Collision model — NTC [120]
Evaporation model — Frossling with boiling model [121]
Liquid mass diffusivity of iso-octane — D0:7.9E—6m72, n=1.87 [118]
Initial droplet size distribution — Rosin-Rammler (g,+=5.5) [122]
Break-up model - Kelvin-Helmholtz and Rayleigh-Taylor [123]
Flame propagation - G-Equation with CEQ solver in the reaction zone [3, 124, 125]
Laminar flame speed - Same look-up table as for SI-SRM
Turbulent flame speed — Peters model [3]
Unburnt / burnt zone — SAGE with detailed chemistry [126]
Reaction mechanism — see section
Spark model - Initialize passive scalar of G-Equation model
Turbulence model — RNG k —¢[127]

Table 46: 3D CFD model settings.
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9.10 Liquid thermophysical properties

156

Ps [Pa]

Ps [Pa]

3.308200E+0
1.056200E+1
2.986900E+1
7.608000E+1
1.769900E+2
3.804900E+2
7.633100E+2
1.440900E+3
2.577800E+3
4.397200E+3
7.190000E+3
1.132100E+4
1.723500E+4
2.545700E+4
3.659400E+4
5.133200E+4
7.043500E+4
9.473900E+4
1.251500E+5
1.626300E+5

2.000000E+2
2.100000E+2
2.200000E+2
2.300000E+2
2.400000E+2
2.500000E+2
2.600000E+2
2.700000E+2
2.800000E+2
2.900000E+2
3.000000E+2
3.100000E+2
3.200000E+2
3.300000E+2
3.400000E+2
3.500000E+2
3.600000E+2
3.700000E+2
3.800000E+2
3.900000E+2

3.575500E+5
3.521600E+5
3.468700E+5
3.416600E+5
3.365400E+5
3.314800E+5
3.264800E+5
3.215200E+5
3.165700E+5
3.116300E+5
3.066700E+5
3.016700E+5
2.966100E+5
2.914600E+5
2.862000E+5
2.808100E+5
2.752600E+5
2.695300E+5
2.635800E+5
2.573900E+5

2.082000E+5
2.629600E+5
3.280400E+5
4.046200E+5
4.939500E+5
5.973300E+5
7.161300E+5
8.518000E+5
1.005900E+6
1.180000E+6
1.376100E+6
1.596400E+6
1.843300E+6
2.120500E+6
2.433400E+6
2.553900E+6
2.653900E+6

4.000000E+2
4.100000E+2
4.200000E+2
4.300000E+2
4.400000E+2
4.500000E+2
4.600000E+2
4.700000E+2
4.800000E+2
4.900000E+2
5.000000E+2
5.100000E+2
5.200000E+2
5.300000E+2
5.400000E+2
5.500000E+2
5.600000E+2

2.509200E+5
2.441500E+5
2.370100E+5
2.294700E+5
2.214700E+5
2.129400E+5
2.037900E+5
1.939000E+5
1.831100E+5
1.712100E+5
1.578800E+5
1.425800E+5
1.243600E+5
1.010300E+5
6.363100E+4
2.934200E+4
0.000000E+0

Table 47: Liquid vapor staturation pressure, temperature and heat of vaporization of iso-Octane [

Ps [Pa]

Ps [Pa]

2.142400E+0
7.265500E+0
2.165300E+1
5.774500E+1
1.398700E+2
3.116000E+2
6.451500E+2
1.252500E+3
2.297300E+3
4.007200E+3
6.684500E+3
1.071600E+4
1.657900E+4
2.484700E+4
3.619000E+4
5.137400E+4
7.125900E+4
9.679500E+4
1.290100E+5
1.690300E+5

2.000000E+2
2.100000E+2
2.200000E+2
2.300000E+2
2.400000E+2
2.500000E+2
2.600000E+2
2.700000E+2
2.800000E+2
2.900000E+2
3.000000E+2
3.100000E+2
3.200000E+2
3.300000E+2
3.400000E+2
3.500000E+2
3.600000E+2
3.700000E+2
3.800000E+2
3.900000E+2

4.290700E+5
4.220100E+5
4.151200E+5
4.083900E+5
4.017900E+5
3.953100E+5
3.889200E+5
3.826000E+5
3.763400E+5
3.701000E+5
3.638600E+5
3.575900E+5
3.512600E+5
3.448600E+5
3.383400E+5
3.316700E+5
3.248400E+5
3.178000E+5
3.105200E+5
3.029600E+5

2.180400E+5
2.772900E+5
3.481300E+5
4.319400E+5
5.302100E+5
6.444900E+5
7.764200E+5
9.277600E+5
1.100400E+6
1.296300E+6
1.517900E+6
1.767700E+6
2.049100E+6
2.366300E+6
2.727900E+6
2.827900E+6

4.000000E+2
4.100000E+2
4.200000E+2
4.300000E+2
4.400000E+2
4.500000E+2
4.600000E+2
4.700000E+2
4.800000E+2
4.900000E+2
5.000000E+2
5.100000E+2
5.200000E+2
5.300000E+2
5.400000E+2
5.500000E+2

2.950900E+5
2.868500E+5
2.782000E+5
2.690500E+5
2.593500E+5
2.489800E+5
2.378100E+5
2.256900E+5
2.123800E+5
1.975600E+5
1.807400E+5
1.610900E+5
1.369900E+5
1.042400E+5
2.210300E+4
0.000000E+0

Table 48: Liquid vapor staturation pressure, temperature and heat of vaporization of n-Heptane [

1.
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Ps [Pa]

T; [KI]

Hv [J/ kg]

Ps [Pal]

T; [K]

Hv [J/kg]

1.083300E+0
3.763200E+0
1.147900E+1
3.131400E+1
7.754200E+1
1.764900E+2
3.731200E+2
7.392300E+2
1.382900E+3
2.458600E+3
4.177400E+3
6.816500E+3
1.072700E+4
1.634000E+4
2.417000E+4
3.482100E+4
4.898000E+4
6.741800E+4
9.098800E+4
1.206200E+5
1.573100E+5
2.021400E+5

2.000000E+2
2.100000E+2
2.200000E+2
2.300000E+2
2.400000E+2
2.500000E+2
2.600000E+2
2.700000E+2
2.800000E+2
2.900000E+2
3.000000E+2
3.100000E+2
3.200000E+2
3.300000E+2
3.400000E+2
3.500000E+2
3.600000E+2
3.700000E+2
3.800000E+2
3.900000E+2
4.000000E+2
4.100000E+2

4.754600E+5
4.683600E+5
4.614900E+5
4.548200E+5
4.483200E+5
4.419800E+5
4.357600E+5
4.296600E+5
4.236300E+5
4.176800E+5
4.117600E+5
4.058600E+5
3.999600E+5
3.940300E+5
3.880500E+5
3.820000E+5
3.758500E+5
3.695700E+5
3.631500E+5
3.565500E+5
3.497500E+5
3.427200E+5

2.562200E+5
3.207500E+5
3.969800E+5
4.861900E+5
5.897400E+5
7.090500E+5
8.455900E+5
1.000900E+6
1.176600E+6
1.374500E+6
1.596400E+6
1.844400E+6
2.120700E+6
2.427900E+6
2.769100E+6
3.147900E+6
3.568800E+6
4.038500E+6
4.088500E+6
4.188500E+6

4.200000E+2
4.300000E+2
4.400000E+2
4.500000E+2
4.600000E+2
4.700000E+2
4.800000E+2
4.900000E+2
5.000000E+2
5.100000E+2
5.200000E+2
5.300000E+2
5.400000E+2
5.500000E+2
5.600000E+2
5.700000E+2
5.800000E+2
5.900000E+2
6.000000E+2
6.100000E+2

3.354400E+5
3.278500E+5
3.199400E+5
3.116500E+5
3.029400E+5
2.937500E+5
2.840200E+5
2.736500E+5
2.625500E+5
2.505800E+5
2.375900E+5
2.233200E+5
2.074700E+5
1.895400E+5
1.687400E+5
1.436200E+5
1.106900E+5
5.056300E+4
3.529300E+4
0.000000E+0

Table 49: Liquid vapor staturation pressure, temperature and heat of vaporization of Toluene [

Ps [Pa]

Hy [J/kgl

Ps [Pa]

H, [J/kg]

1.101800E+0
4.145600E+0
1.369400E+1
4.040400E+1
1.080400E+2
2.649900E+2
6.022900E+2
1.279500E+3
2.559700E+3
4.852900E+3
8.767900E+3
1.516900E+4
2.523800E+4
4.053100E+4
6.303300E+4
9.520700E+4
1.400300E+5
2.009900E+5
2.821500E+5
3.880300E+5

2.000000E+2
2.100000E+2
2.200000E+2
2.300000E+2
2.400000E+2
2.500000E+2
2.600000E+2
2.700000E+2
2.800000E+2
2.900000E+2
3.000000E+2
3.100000E+2
3.200000E+2
3.300000E+2
3.400000E+2
3.500000E+2
3.600000E+2
3.700000E+2
3.800000E+2
3.900000E+2

1.008500E+6
1.000300E+6
9.921100E+5
9.838500E+5
9.754600E+5
9.668900E+5
9.580600E+5
9.489100E+5
9.393500E+5
9.292900E+5
9.186400E+5
9.072700E+5
8.950600E+5
8.818900E+5
8.676400E+5
8.521600E+5
8.353400E+5
8.170200E+5
7.970700E+5
7.753300E+5

5.236800E+5
6.945200E+5
9.063600E+5
1.165300E+6
1.477600E+6
1.849900E+6
2.289000E+6
2.802300E+6
3.397600E+6
4.083900E+6
4.871900E+6
5.776700E+6
6.187500E+6
6.287500E+6

4.000000E+2
4.100000E+2
4.200000E+2
4.300000E+2
4.400000E+2
4.500000E+2
4.600000E+2
4.700000E+2
4.800000E+2
4.900000E+2
5.000000E+2
5.100000E+2
5.200000E+2
5.300000E+2

7.516600E+5
7.259000E+5
6.979600E+5
6.677200E+5
6.350700E+5
5.998600E+5
5.617000E+5
5.198600E+5
4.728700E+5
4.176400E+5
3.461600E+5
2.211800E+5
7.161900E+4
0.000000E+0

Table 50: Liquid vapor staturation pressure, temperature and heat of vaporization of Ethanol [

1.

1.
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Ps [Pa]

Ps [Pa]

9.0445E-04
8.8144E-03
6.1632E-02
3.3084E-01
1.4340E+00
5.2154E+00
1.6395E+01
4.5600E+01
1.1433E+02
2.6231E+02
5.5750E+02
1.1088E+03
2.0810E+03
3.7117E+03
6.3288E+03
1.0369E+04
1.6393E+04
2.5103E+04
3.7355E+04
5.4166E+04

1.6000E+02
1.7000E+02
1.8000E+02
1.9000E+02
2.0000E+02
2.1000E+02
2.2000E+02
2.3000E+02
2.4000E+02
2.5000E+02
2.6000E+02
2.7000E+02
2.8000E+02
2.9000E+02
3.0000E+02
3.1000E+02
3.2000E+02
3.3000E+02
3.4000E+02
3.5000E+02

5.1572E+05
5.1007E+05
5.0433E+05
4.9850E+05
4.9258E+05
4.8657E+05
4.8046E+05
4.7424E+05
4.6791E+05
4.6146E+05
4.5490E+05
4.4820E+05
4.4137E+05
4.3440E+05
4.2728E+05
4.1999E+05
4.1254E+05
4.0490E+05
3.9706E+05
3.8902E+05

7.6723E+04
1.0639E+05
1.4468E+05
1.9331E+05
2.5413E+05
3.2914E+05
4.2049E+05
5.3043E+05
6.6133E+05
8.1566E+05
9.9593E+05
1.2047E+06
1.4447E+06
1.7184E+06
2.0285E+06
2.3776E+06
2.7684E+06
3.2032E+06
3.6847E+06
4.2152E+06

3.6000E+02
3.7000E+02
3.8000E+02
3.9000E+02
4.0000E+02
4.1000E+02
4.2000E+02
4.3000E+02
4.4000E+02
4.5000E+02
4.6000E+02
4.7000E+02
4.8000E+02
4.9000E+02
5.0000E+02
5.1000E+02
5.2000E+02
5.3000E+02
5.4000E+02
5.5000E+02

3.8074E+05
3.7223E+05
3.6344E+05
3.5436E+05
3.4497E+05
3.3522E+05
3.2508E+05
3.1451E+05
3.0344E+05
2.9181E+05
2.7953E+05
2.6648E+05
2.5254E+05
2.3748E+05
2.2104E+05
2.0280E+05
1.8207E+05
1.5761E+05
1.2665E+05
7.9339E+04

Table 51: Liquid vapor staturation pressure, temperature and heat of vaporization of RON95E10 [

Table 52: Liquid vapor staturation pressure, temperature and heat of vaporization of n-Decane [
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Ps [Pa]

Ps [Pa]

2.8673E+00
7.9180E+00
1.9993E+01
4.6638E+01
1.0141E+02
2.0709E+02
3.9985E+02
7.3415E+02
1.2883E+03
2.1704E+03
3.5240E+03
5.5338E+03
8.4305E+03
1.2495E+04
1.8060E+04
2.5513E+04
3.5300E+04
4.7917E+04
6.3919E+04

250.00
260.00
270.00
280.00
290.00
300.00
310.00
320.00
330.00
340.00
350.00
360.00
370.00
380.00
390.00
400.00
410.00
420.00
430.00

3.8874E+05
3.8282E+05
3.7700E+05
3.7126E+05
3.6560E+05
3.6001E+05
3.5447E+05
3.4898E+05
3.4353E+05
3.3809E+05
3.3266E+05
3.2722E+05
3.2175E+05
3.1623E+05
3.1065E+05
3.0498E+05
2.9921E+05
2.9331E+05
2.8726E+05

8.3911E+04
1.0855E+05
1.3855E+05
1.7465E+05
2.1767E+05
2.6846E+05
3.2790E+05
3.9696E+05
4.7664E+05
5.6801E+05
6.7222E+05
7.9054E+05
9.2432E+05
1.0751E+06
1.2447E+06
1.4353E+06
1.6497E+06
1.8918E+06

440.00
450.00
460.00
470.00
480.00
490.00
500.00
510.00
520.00
530.00
540.00
550.00
560.00
570.00
580.00
590.00
600.00
610.00

2.8104E+05
2.7462E+05
2.6797E+05
2.6107E+05
2.5387E+05
2.4633E+05
2.3841E+05
2.3004E+05
2.2115E+05
2.1165E+05
2.0142E+05
1.9028E+05
1.7803E+05
1.6431E+05
1.4862E+05
1.3004E+05
1.0673E+05
7.3445E+04

1.
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Ps [Pa]

T; [K]

H, [J/kgl

Ps [Pa]

T; [K]

Hy [J/kgl

3.3875E-02
1.3016E-01
4.3464E-01
1.2879E+00
3.4445E+00
8.4301E+00
1.9099E+01
4.0442E+01
8.0680E+01
1.5268E+02
2.7570E+02
4.7740E+02
7.9612E+02
1.2834E+03
2.0065E+03
3.0511E+03
4.5239E+03
6.5547E+03
9.2992E+03
1.2940E+04
1.7689E+04
2.3789E+04
3.1512E+04
4.1162E+04
5.3075E+04
6.7615E+04
8.5177E+04
1.0619E+05
1.3109E+05
1.6037E+05

250.00
260.00
270.00
280.00
290.00
300.00
310.00
320.00
330.00
340.00
350.00
360.00
370.00
380.00
390.00
400.00
410.00
420.00
430.00
440.00
450.00
460.00
470.00
480.00
490.00
500.00
510.00
520.00
530.00
540.00

4.3750E+05
4.3432E+05
4.3110E+05
4.2784E+05
4.2454E+05
4.2120E+05
4.1781E+05
4.1438E+05
4.1090E+05
4.0737E+05
4.0379E+05
4.0016E+05
3.9647E+05
3.9272E+05
3.8891E+05
3.8504E+05
3.8111E+05
3.7710E+05
3.7303E+05
3.6888E+05
3.6465E+05
3.6034E+05
3.5594E+05
3.5145E+05
3.4686E+05
3.4217E+05
3.3737E+05
3.3246E+05
3.2742E+05
3.2226E+05

1.9452E+05
2.3405E+05
2.7951E+05
3.3144E+05
3.9042E+05
4.5701E+05
5.3180E+05
6.1538E+05
7.0834E+05
8.1127E+05
9.2476E+05
1.0494E+06
1.1857E+06
1.3344E+06
1.4959E+06
1.6707E+06
1.8595E+06
2.0628E+06
2.2810E+06
2.5146E+06
2.7641E+06
3.0299E+06
3.3125E+06

550.00
560.00
570.00
580.00
590.00
600.00
610.00
620.00
630.00
640.00
650.00
660.00
670.00
680.00
690.00
700.00
710.00
720.00
730.00
740.00
750.00
760.00
770.00

3.1695E+05
3.1149E+05
3.0587E+05
3.0007E+05
2.9408E+05
2.8788E+05
2.8145E+05
2.7477E+05
2.6781E+05
2.6054E+05
2.5291E+05
2.4489E+05
2.3640E+05
2.2738E+05
2.1773E+05
2.0731E+05
1.9595E+05
1.8338E+05
1.6919E+05
1.5271E+05
1.3259E+05
1.0550E+05
5.3691E+04

Table 53: Liquid vapor staturation pressure, temperature and heat of vaporization of a-Methylnaphthalene

[128].
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9 Appendix

Table 54: Liquid vapor staturation pressure, temperature and heat of vaporization of Methyl Decanoate [128].

Ps [Pa]

Ps [Pa]

3.9161E-02
1.1918E-01
3.3321E-01
8.6317E-01
2.0872E+00
4.7418E+00
1.0180E+01
2.0759E+01
4.0390E+01
7.5283E+01
1.3491E+02
2.3321E+02
3.8997E+02
6.3251E+02
9.9742E+02
1.5325E+03
2.2989E+03
3.3728E+03
4.8476E+03
6.8360E+03
9.4712E+03
1.2909E+04
1.7330E+04
2.2939E+04
2.9968E+04

310.00
320.00
330.00
340.00
350.00
360.00
370.00
380.00
390.00
400.00
410.00
420.00
430.00
440.00
450.00
460.00
470.00
480.00
490.00
500.00
510.00
520.00
530.00
540.00
550.00

3.4226E+05
3.3654E+05
3.3099E+05
3.2562E+05
3.2039E+05
3.1531E+05
3.1037E+05
3.0555E+05
3.0084E+05
2.9624E+05
2.9174E+05
2.8733E+05
2.8300E+05
2.7873E+05
2.7453E+05
2.7038E+05
2.6627E+05
2.6220E+05
2.5814E+05
2.5409E+05
2.5004E+05
2.4597E+05
2.4188E+05
2.3774E+05
2.3354E+05

3.8679E+04
4.9360E+04
6.2335E+04
7.7959E+04
9.6623E+04
1.1876E+05
1.4484E+05
1.7540E+05
2.1100E+05
2.5232E+05
3.0007E+05
3.5510E+05
4.1838E+05
4.9105E+05
5.7451E+05
6.7050E+05
7.8131E+05
9.1012E+05
1.0618E+06
1.2444E+06

560.00
570.00
580.00
590.00
600.00
610.00
620.00
630.00
640.00
650.00
660.00
670.00
680.00
690.00
700.00
710.00
720.00
730.00
740.00
750.00

2.2927E+05
2.2490E+05
2.2043E+05
2.1583E+05
2.1107E+05
2.0614E+05
2.0100E+05
1.9562E+05
1.8996E+05
1.8397E+05
1.7760E+05
1.7076E+05
1.6335E+05
1.5522E+05
1.4615E+05
1.3579E+05
1.2354E+05
1.0819E+05
8.6858E+04
0.0000E+00
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Ps [Pa]

T [K]

Hz; [J/kg]

Ps [Pa]

T; [K]

Hv []/kg]

1.85E-02
5.10E-02
8.35E-02
1.16E-01
1.48E-01
1.81E-01
2.13E-01
2.46E-01
2.78E-01
8.22E-01
2.22E+00
5.53E+00
1.28E+01
2.79E+01
5.75E+01
1.12E+02
2.09E+02
3.73E+02
6.40E+02
1.06E+03
1.70E+03
2.65E+03
4.02E+03
5.95E+03
8.60E+03
1.22E+04
1.69E+04
2.30E+04
3.09E+04
4.08E+04

2.00E+02
2.10E+02
2.20E+02
2.30E+02
2.40E+02
2.50E+02
2.60E+02
2.70E+02
2.80E+02
2.90E+02
3.00E+02
3.10E+02
3.20E+02
3.30E+02
3.40E+02
3.50E+02
3.60E+02
3.70E+02
3.80E+02
3.90E+02
4.00E+02
4.10E+02
4.20E+02
4.30E+02
4.40E+02
4.50E+02
4.60E+02
4.70E+02
4.80E+02
4.90E+02

4.23E+05
4.17E+05
4.10E+05
4.04E+05
3.97E+05
3.91E+05
3.84E+05
3.78E+05
3.71E+05
3.65E+05
3.59E+05
3.53E+05
3.47E+05
3.42E+05
3.36E+05
3.31E+05
3.26E+05
3.21E+05
3.16E+05
3.11E+05
3.06E+05
3.01E+05
2.96E+05
2.92E+05
2.87E+05
2.82E+05
2.77E+05
2.73E+05
2.68E+05
2.63E+05

5.32E+04
6.83E+04
8.68E+04
1.09E+05
1.36E+05
1.67E+05
2.04E+05
2.47E+05
2.96E+05
3.53E+05
4.18E+05
4.93E+05
5.77E+05
6.72E+05
7.80E+05
9.00E+05
1.04E+06
1.19E+06
1.36E+06
1.55E+06

5.00E+02
5.10E+02
5.20E+02
5.30E+02
5.40E+02
5.50E+02
5.60E+02
5.70E+02
5.80E+02
5.90E+02
6.00E+02
6.10E+02
6.20E+02
6.30E+02
6.40E+02
6.50E+02
6.60E+02
6.70E+02
6.80E+02
6.90E+02

2.58E+05
2.53E+05
2.47E+05
2.42E+05
2.36E+05
2.31E+05
2.24E+05
2.18E+05
2.11E+05
2.04E+05
1.97E+05
1.89E+05
1.80E+05
1.70E+05
1.60E+05
1.48E+05
1.34E+05
1.18E+05
9.63E+04
6.08E+04

Table 55: Liquid vapor staturation pressure, temperature and heat of vaporization of Diesel-2 [128].
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