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Abstract

Premixed or partially premixed fuel configuration with turbulent combustion is widely used in
all combustion technologies and applications available in the industry. Though there are many
interesting alternatives exist to combustion technologies (e.g., battery technologies),
combustion technologies still become relevant as of today because of the existing infrastructure
built around the combustion applications and the ease of application. Many popular companies
(e.g., Volvo Car, Siemens, etc) and research enthusiasts in Sweden and worldwide are
developing interesting strategies to mitigate the global warming, which is one of the downsides
of combustion technologies. Among various renewable fuels, hydrogen becomes one of the
important carbon free fuels of interest. Also compared to the other fuels, hydrogen fuel has
very good combustion characteristics (high laminar flame speed, wide flammability limits, low
ignition energy, etc.) and can be produced using various technologies and renewable methods.
It is important for researchers to develop efficient combustion models to make the application
of hydrogen fuel more practical and adaptable in various applications. This can be done only
by using the data obtained by experimental results and Computational Fluid Dynamics (CFD)
tools effectively. However, there is not enough research available which can accurately predict
the burning rate and combustion characteristics of turbulent hydrogen — air mixture. Hydrogen
has a significant high burning rate which is usually controlled by local mixture composition
changes due to higher molecular diffusivities of hydrogen air mixture. The most popular
approach is based on the hypothesis that the entire turbulent flame regime is controlled by local
flamelets which are highly perturbed. This thesis work mainly covers the study of such highly
perturbed local flamelets. Eventually, the data can be further used to design or develop
hydrogen-air turbulent combustion applications.

CHEMKIN-PRO is the main tool which is used in this project to simulate combustion
characteristics of hydrogen — air mixture. CHEMKIN PRO gives flexibility to the user to setup
specific boundary conditions based on user needs to obtain a desired output. This project can
be divided into two parts, the first part — simulation of laminar hydrogen air flames and the
second part — simulation of strained laminar flames. In laminar flame simulations, the main
goal is to study the effect of different input configurations like inlet temperature, pressure,
diffusion and transport model effects, gird resolution and curvature and different combustion
mechanisms on laminar flame speed S; for different equivalence ratios (¢) ranging from 0.5
to 2.9. It is observed that the flame speed increases rapidly up to ¢ = 1.5 and then reduces
sharply. In the second part, strained laminar flame simulations, the goal is to study the strain
rates at which the maximum consumption velocity S7*** and the extinction has attained for
lean hydrogen air flames ranging from ¢ = 0.36 to 0.80, using Oppdif module in CHEMKIN
PRO. For strained flames, consumption velocity S. becomes more relevant as it represents the
global burning rate of the mixture. Later, the effects of different mechanisms, inlet temperature,
different equivalence ratios, pressure and flame thickness are studied and presented at the end
of this thesis. A significant amount of time is also spent on extracting and visualizing the
relevant data in MATLAB from the output obtained by CHEMKIN PRO.
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1.Introduction

In recent years, there has been a wide focus in all industrial sectors on how to mitigate the
carbon emissions but keeping current systems and eco system built around the fossil fuels. Due
to the increased rate of global warming, abnormal increase in prices of conventional
hydrocarbon fuels, geo political situation and supply chain disruptions, the interest on
alternative, renewable, carbon free fuels has become the interest of choice of many industries
[1]. For example, in line with the Paris agreement (COP21), International Maritime
Organization has been put a strategy for significant reductions in carbon emissions, -40% by
2030 and -70% by 2050 compared to the emissions as of 2008 for the emissions happening
because of the global sea shipments [2].

Though the combustion properties of hydrogen fuel are very different compared to the fossil
fuels, hydrogen is one of the key promising fuels of future which can be a very good alternative
to fossil fuels. Hydrogen is abundantly available and can be even produced using renewable
energy resources, if required. As the technology on sustainable hydrogen generation
progresses, the usage of hydrogen fuel in combustion systems can contribute to a significant
greenhouse gas emissions reduction, which is one of the biggest problems as of today [1].
Though, majority of the current hydrogen production still depend on sources like natural gas,
coal, crude oil and electrolysis, there have been successful innovations towards hydrogen
generation using sustainable methods. Due to its wide range of applications ranging from fuel
cells to combustion technology, the usage of hydrogen becomes even more interesting [1].

The concept of hydrogen combustion technology (key focus of this project) is an important
combustion carbon free technology compared to the current fossil fuels which contributes to
around 17% of the world’s greenhouse gases [3]. The fossil fuels are responsible for many
harmful combustion bi products such as carbon monoxide (CO), nitrous oxide emissions (NOy)
and particulate matter (PM) [3]. These emissions have a direct impact on the quality of the air,
have a severe impact on atmosphere and the ozone layer which plays a significant role in
shielding harmful rays entering the Earth’s atmosphere [3]. Also, the other point to note is that
there is already a developed ecosystem for combustion systems make use of hydrocarbon fuels.
Economically, it can be a huge impact to make a complete transition into a new technology [3].
For example, the automotive sector, which has a dominance of hydrocarbon-based combustion
systems, is now in the transition phase to electric powertrains. This requires a huge shift in the
infrastructure [3]. With a minimum shift required in the infrastructure yet keeping the majority
of existing ecosystem built around the existing fossil fuels, hydrogen can be used as an easy
replacements to fossil fuels [3].



2.0Dbjectives and Research scope

In the world of combustion science, hydrogen fuel has its own significance because of its
distinctive characteristics compared to normal hydrocarbon fuels. The hydrogen typically has
wide range of flammability limits and higher diffusivity compared to hydrocarbon fuels. This
allows the user to operate under very rich to lean conditions. Another important property is the
bi products of combustion. Though, hydrogen systems tend to produce NOx emissions at higher
operating temperatures, there are almost zero greenhouse gas emissions with a higher burning
velocity and low ignition energy compared to conventional fuels [4].

Although, the ultimate interest of researchers is to predict the behaviour (flame speed or
burning velocity) of turbulent flames and though, several theories, models exit to predict the
premixed turbulent combustion, there is still enough work that needs to be carried out to predict
the exact behaviour of premixed turbulent combustion systems because of its complexity and
highly unpredictable behaviour [4]. It is widely accepted that turbulent flames consist of many
local zones of highly perturbed laminar flame structures, which are stretched by turbulence but
locally resemble laminar flames [4].

Many theories make use of only flame displacement speed or the rate at with the flame front
moves within the unburnt mixture to calculate the turbulent flame speed. These theories
completely ignore the complexities of turbulent flame mixtures and the rate at with the fuel is
consumed, which is called as the consumption velocity S, [4]. But, the studies reviewed by
Lipatnikov and Chomiak [4] indicates that the use of peak consumption velocities S***, see
equation 2.1, to calculate the turbulent flame speed can better capture the real-time
characteristics like local variations in enthalpy and mixture composition due to differences in
molecular transport processed for different species, extinction and propagation phenomena
compared to the models which only makes use of only displacement speed [5]. Also, S™**acts
as one of the key inputs for Reynolds-Averaged Navier-Stokes (RANS) or Large Eddy
Simulations (LES) in correcting the reaction source terms in turbulent flame-let libraries and
allow models to account for preferential diffusion effects, which play an important role in lean
hydrogen combustion [5].

1 sgmax 1/2
U, = Au'DaZ( Cs ) (2.1)
l

U; — Turbulent burning velocity inm/s
A — Emperical constant

D, — Damkohlers number

S; — Laminar flame speed inm/s

smax

— Peak consumption velocity inm/s

u' — rms turbulent velocity inm/s



One of the main objectives of this project is to calculate S.***of premixed lean hydrogen highly
perturbed combustion flames using CHEMKIN PRO [6] simulation tool.

At first, using the prebuilt flame speed calculator, for different lean conditions, ranging from
¢ = 0.36 to 3, laminar flame speed is calculated for different combustion mechanisms. In this
part of the project, the combustion mechanisms such as Dublin [7], Princeton [8] and Konnov
[9] are used to compare flame speeds yielded by those mechanisms. Later using mechanism
Milano [10], the effect of pressure, inlet temperature and the effect of grid resolutions in
CHEMKIN PRO is illustrated.

The next part of this project is mainly focused on calculation of peak consumption velocities
Sa*of premixed lean hydrogen combustion flames ¢ < 0.8. To do so, OPPDIF figure 3.2.3.1
simulation model which is readily available in the CHEMKIN PRO default models is selected.
The strain rate is varied until the extinction point is reached and S7***is calculated manually
using the output data obtained after OPPDIF simulations. Here again, the effect of different
mechanisms on S7***is illustrated, followed by pressure and temperature effects on S**,



3.Literature review

3.1 Characterizing combustion:

3.1.1 Non-dimensional quantities:

The non-dimensional quantities are generally used in fluid dynamics to characterize the fluid
flows. The relevant non-dimensional quantities used to describe the combustible flows are
detailed in this section. When a fuel undergoes combustion in the presence of air the
stoichiometric ratio of mass of fuel (my) to mass of air (m,) is called the stoichiometric Fuel-
Air Ratio (FAR,;). However, when the reaction is carried out with Fuel-Air Ratio (FAR) other
than the stoichiometric ratio, then equivalence ratio (@) of the mixture can be defined as the
ratio of FAR to FAR,;. This is shown in equation 3.1. Equivalence ratio is used as a measure
of the quantity of fuel and oxidizer available in the mixture and is detrimental to the rate of the
reaction and the flame speeds. If ® = 1 the ratio is stoichiometric, if ® > 1 the mixture is a
rich mixture and for ® < 1 the mixture can be called as a lean mixture.

_ FAR
" FARg,

3.1)

Lewis number (L,) is defined as the ratio of thermal diffusivity (k) of the mixture to the mass
diffusivity (D) of the deficient reactant as shown in equation 3.2. It has been shown that the
local flame speed and the surface curvature of the flame has a strong correlation with the Lewis
number and the turbulent flame speed increases with a decrease in its value [11].

_ K
Le = D (3.2

Prandtl number (Pr) is defined as the ratio of kinematic viscosity of the fluid (v) to the thermal
diffusivity and is given by equation 3.3 A very small value of this quantity (i.e. Pr <« 1) implies
that the thermal diffusivity is dominant in the flow whereas, a very large value (i.e. Pr > 1)
indicates that momentum diffusivity is the dominant characteristic. This is mainly common in
liquid metals and the viscous liquids but can be applicable also for gases at high temperatures
[12, 13].

pr=" 3.3
rex (33

Markstein number (Ma) is defined as the ratio of Markstein length (L,,) to the characteristic
laminar flame thickness (8,). The Markstein number is used to describe the relation between
the local burning rate with the local flame strain rate and local flame front curvature [14].
Equation 3.4 shows the mathematical expression for this quantity. Markstein length L,,



characterizes change in the flame speed with a small change in the strain rate represented by
equation 3.5

L
Ma=-2 (3.4)
3
ds,
Ly = — 35
w= Tkl (3.5)

Zel’dovich number () is a non-dimensional quantity that appears as an exponent in the
Arrhenius equation. This number gives a measure of the activation energy for the chemical
reaction [14] and is given by equation 3.6; where, E, is the activation energy for the chemical
reaction, R is the universal gas constant, T}, and T, are the burnt and unburnt gas temperatures.
The term (T, — T,,) /T, is called the heat release parameter, a.

_ E, (Tb _Tu) _ E,a
RT, T, RT,

B (3.6)
For very large values of activation energy (i.e. p — o) and non-unity value of Lewis number,
the asymptotic value of the Markstein number of the unburnt gas (Ma,) can be given by

equation 3.7 , where, Le,, is the Lewis number of the unburnt gas, o the heat release parameter
and [ the Zel’dovich number [15].

(3.7)

a/(1-a)

1 1 Le,—1 1—a« ln(1+x)d

a 1—a«a B 2 a X x
0

The other commonly used number is Damkohler number Da equation 3.8 which is the ratio of
flow time scale 7 to combustion time scale 7. If Da >> 1, the reaction is fast compared to the

flow and the reaction is slow if Da « 1 [14, 16].

lf
T (5

Da (3.8)
The Reynolds number (Re) is defined as the ratio of inertial forces to the viscous forces in the
flow and is generally used to determine the flow regime, i.e., laminar, or turbulent [14, 17].
The mathematical expression for this number is shown in equation 3.9 , where u is flow
velocity, L, is characteristic length and v is the kinematic viscosity.

(3.9)




3.1.2 Basic thermodynamics:

In this section the fundamentals of thermodynamics are discussed in the context of an ideal
multi-component gas undergoing a chemical reaction. At the outset, the molar heat capacity at
constant pressure (C,) for an ideal gas is assumed to be purely a function of the temperature of
a gas (T). The expression for specific heat at constant pressure as shown in equation 3.10 ,
where R is the universal gas constant [14].

N
¢, =R Z a, T (3.10)
n=

The molar enthalpy of the gas is then given by equation 3.11 , which on integration becomes
equation 3.12

H = ]cp dT (3.11)
0
N
TTl
H=R E tn (3.12)
n
n=1

The entropy (S) of the system is subsequently given by equation 3.13, where S,, is the standard
molar entropy at temperature T,
T CP
S=5,+ f —dT
. T
0

N T
a,T(n—1
ars 3,2 0)
n=2

n—1

(3.13)
=S, +R

To

The internal energy (U) of the system is given by equation 3.14 and the Gibb’s free energy (G)
by equation 3.15 . Finally, the Helmholtz free energy (A) can be obtained as shown in equation
3.16.

U=H-—RT (3.14)
U=H-TS (3.15)
A=U-=TS (3.16)

Since the process of combustion involves several gases with different molar heat capacities, it
IS necessary to have a mixture averaged molar specific heat. This is obtained from equation
3.17, where X is the mole fraction of the k — th species and K is the total number of species.
The respective specific heat capacity of the k — th component is obtained by dividing the
corresponding molar heat capacity (C,y) by its molecular weight (W) (i.e., cpr = Cpr/ W)



K
C_'p = z Ckak (317)

k=1

While defining the entropy, Gibb’s free energy and Helmholtz free energies of the mixture the
corresponding pressures and mixing entropies need to be considered, which then renders
different equation for entropy as shown in equation 3.18 for the k — th component. The term
P,:m refers to the atmospheric pressure and the term, Sy is the standard molar entropy of k —
th component. Equation 3.19 gives the equation for the mixture averaged entropy, equation
3.20, the equation of mixture averaged Gibb’s free energy (G) and equation 3.21, the equation
of mixture averaged Helmholtz free energy (A) [14, 16].

P
Skzsg—RlnXk—Rln( ) (3.18)
atm
K
_ P
S= [S;g —RlnXk—Rln< )]Xk (3.19)
Patm
k=1
c p
G = Z [Hk—TK (s;g —RlnXk—Rln( >>]Xk (3.20)
k=1 Patm
c p
A= z [Uk _ T, (s,g —RInX,—R 1n< ))] X, (3.21)
Patm

&
1l
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3.1.3 Equation of state:

For an ideal gas with K components, the relation between the system pressure (P), density (p)
and temperature (T) can be obtained from the ideal gas equation shown in equation 3.22. The
term W, is the molecular weight of the k — th component and c;, is the molar concentration
(i.e., number of moles per unit volume) [14, 16].

K
p= RTZ[ck]
k=1 (3.22)

K
p= Z[Ck]wk

k=1

The mean molecular weight (W) of the mixture can be written as shown in equation 3.23, where
X, is the mole fraction, Y;, the mass fraction, c, the molar concentration and W, the molecular
weight.
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Y., K
Zf:lWI; Li=1Cr

I
[

k=1
3.1.4 Reaction rates and stoichiometry:

The burning velocity or the flame speed in premixed laminar flames is significantly affected
by the reaction rates [14]. This section provides a brief discussion on the equations governing
the reaction rates. equation 3.24 shows a system of I reversible chemical reactions with the i;,
reaction’s stoichiometric coefficients of reactants and products given by vj; and vy;
respectively. The reactants (and products) themselves are given by Rj,.

K K
D iaRe= ) ViR, (3.24)
k k=1

=1

The rate of production (wy) of k" species can be given by equation 3.25 , where g; is the
progress rate variable for the i reaction given by equation 3.26. The reaction constant for the
it" forward (ky;) reaction is obtained from the Arrhenius equation given by equation 3.27. The
term f; in this equation is the temperature exponent (not the same as Zel’dovich number), the
term A; is the scaling pre-exponential factor, R, the universal gas constant and E; the activation
energy for the reaction [14, 16].
T
Wy = z Vi qy (3.25)

1=1

!

Vk €[1,K], where vy = vy — Uy

K K
ai = ki | [k ke | [ (3.26)
k=1 k=1
ke = A, TPiexp (_—El> (3.27)
fi i RT

While the forward rate constant is obtained from the Arrhenius equation, the backward rate
constant can be calculated from the relation between the forward (kg;), backward (k,;) and

equilibrium constant (k;), shown in equation 3.28 .

k=L (3.28)



The equilibrium constant is further calculated with the help of the change in the values of
AS? /R and AH} /RT as shown in equation 3.29 .

ASO  AHP\ [Py 2kt Vi
ket = exp (== 7 ( )

RT

where:

AS? i s?

= Vki 4

R LR (3.29)

and

AH? i HY

RT _ L.VKRT
k=1

3.1.5 Fundamentals of fluid dynamics:

The general equations of a fluid in the state of motion are obtained from conservation of mass,
momentum, and energy. However, if the fluid under consideration is undergoing a chemical
reaction, the conservation of molecular species needs to be included in the set of governing
equations [17].

The equation of mass conservation for a flow with a variable density in three dimensions
(Cartesian coordinate system) is given by equation 3.30. The equation is written in tensor
notations where a repeated index indicates summation and w; (where i = 1,2,3) is the
component of flow velocity in X, y and z directions respectively.

dp OJdpu;

Ty el (3.30)

The equation for momentum conservation for a compressible fluid follows from the Newtons
second law and is given by equation 3.31. The term Y, represents the mass fraction of k"
species and f; represents the component of body force on the k" species. The term p’ is the
bulk viscosity (which is zero for monoatomic gases and non-zero for polyatomic gases).
However, the value of u' has little significance for combustion and can be assumed as zero
[17]. The term p is the dynamic viscosity and the term §;; is the Kronecker delta.

K

apu; apu; dp 0 ( 2 )6uk ou; 0Ou;

bl S - Y, =2y s e}

ot Yox P D Vel ax, ax |\* T3%)5x, %0 T H\ oy, T ax,
k=1 i

5 _{1,ifi=j
UT\0ifi #j

(3.31)

The equation for energy conservation for a compressible fluid is quite complex and involves
the heat conduction (Gonq) which follows the Fourier’s law, in addition to inter-diffusion (¢;4)
and Dufour effect (g4,)). Inter-diffusion occurs in a multicomponent system when the average
velocity (uy) of the component k is different from the mass-averaged velocity of the system

9



(Ux)- The Dufour effect is the reciprocal effect of the thermal diffusion (or Soret effect). The
Soret effect states that the temperature gradient (VT) drives the diffusion velocities, whereas
the Dufour effect is the heat flux that is generated by the concentration gradient (VX;) [17].
Thus, the net heat flux into the control volume is given by equation 3.32. Where A is the thermal
conductivity, a; is the thermal diffusivity for the k" species, Dy, is the binary diffusivity of
the k — [ species system, W, is the molecular weight of the k" species and R is the universal
gas constant. Although the Dufour effect is small enough to be neglected [17], it is included
here for the completeness of the equation.

C_I)net = C_I)cond + C_I)id + C_I)du

K K K
X
— _AVT +p Z he Y, + RTZ Z ( il ) (e —u;) (3.32)

WD
k=1 k=11=1 KK

The overall equation for the energy conservation including the mechanical work done, influx
of kinetic and internal energy by convection, heat addition due to heat flux and heat added from
an external source (Q), is given by equation 3.33. Note that, the bulk viscosity (x') is assumed
to be zero, the dot (.) represents the dot product, the term D/Dt represents the material

derivative given by(D /Dt = (8/0t) + u; (a/axj))and the term h represents enthalpy of the
system given by h = fOT CpdrT.
Dht (')p _ a(uirﬁ)

K
PD—t—E—a—xj‘FQ—V-ﬁnet+P;kak-(uk+Uk)

where:
ht = h + —
2
2 auks N aui+auj
bi = 3“axk ji T H d0x;  Ox;

To simplify the equations sometimes the Fick’s law of diffusion may be used. The
mathematical expression is given by equation 3.34, where k" species mass flux component
along x; is given by J,;, diffusivity by D, and concentration X,Y by ¢,. However, this
simplification does not yield very accurate results as the thermal diffusion plays an important
role in the transport of species [17].

Jei = _Dka_xi (3.34)

10



3.2 Flame theory:

The process of combustion is essentially a chemical reaction consisting of several intermediate
reactions and their respective components. The visible part of the combustion reaction is
referred to as the flame. In general, the flames can be classified into several different ways.
Depending on the type of flow — laminar or turbulent flames. Depending on the type of air fuel
mixture supplied — premixed or diffusion flames. Depending on the composition of the air fuel
mixture — lean or rich flames. Depending on how the flame propagates inside the control
volume — deflagration or detonation flames. Depending on the type of flame stabilization
geometry — flat, spherical or counterflow flames [14, 17].

As illustrated in many of the popular book references [14, 17, 18], a flame consists of two main
zones; the preheat zone and the reaction zone. The preheat zone is where the unburnt gases
propagate and get thermally excited from the energy released in the reaction zone. The reaction
zone is where the process of combustion occurs. The process of combustion reaction is highly
sensitive to temperature [17, 18]. Based on the condition of mixing of the fuel and the oxidizer,
the type of flame generated can be classified into two categories: premixed flames and non-
premixed flames. The premixed flames are generated because of combustion of a homogeneous
mixture of fuel and oxidizer whereas the non-premixed flames are the flame generated when
fuel and oxidant are separated [18]. In this study, since the focus is on the premixed mixtures
and their combustion, the rest of the content in this thesis is solely relevant to premixed flames.

|

|

l[ Zone |
i (Preheat Zone) | {Reaction)
I

Figure 3.2.1.1 Temperature vs. flame length showing preheat zone and reaction zone [17].

As described above, depending on the type of flame structure, the flames can be classified into
laminar and turbulent flames. The first part of this study section 5.1 is mainly focusing on the
behaviour of laminar flames, where the flow upstream of the flame is irrotational. The turbulent
flames, which are completely opposite to laminar flames are assumed to have several
stretched/strained laminar flame pockets within the large turbulent flame domain according to
many theories. The second part of this study section 5.2 is mainly focusing on the behaviour
of such strained/stretched laminar flames. Reynolds number helps to determine if the flow is
laminar, turbulent, or transitional. The flow is laminar if the Reynolds number is too low, and
it is high for turbulent fluid flow domains. There exists a critical Reynolds number for certain
boundary conditions at which the flow is transitional from laminar to turbulent flow domain
[18].
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3.2.1 Flame stretch:

The fuel entering the combustion chamber is non-uniform due to viscosity in the flow. Hence
the flow field is curving and straining causing changes in the frontal area of the flame. The
hydrodynamic stretching and preferential diffusion have considerable effects on the instability
at the flame front [19, 20]. The flame stretch factor () can be defined as the fractional rate of
change of the flame surface area (A; ) and is given by equation 3.50 .

1 dA;
= A_fﬂ (3.50)
The flame stretch acts to decrease the flame thickness and influences the flame speed and
structure as it is coupled with mass and heat diffusion. The relationship between the flame
stretch, strain rate, volumetric expansion or dilation and the flame curvature is given by
equation 3.51. The term R is the local equivalent radius of curvature of the flame and
n;,n;(i,j € {1,2,3}) are the X, y and z components of unit vector normal to the flame surface.
The first term on the right-hand side of the equation is the term associated with the strain rate
tensor, the second term is associated with dilation and the third with flame curvature [14, 16,
17].

aui - SL
K = —ninj a—x] +V.u+ E (351)

3.2.2 Flammability limits:

The stability of the flame depends on several factors, but mainly the velocity of the fuel-air
mixture through the nozzle and the equivalence ratio (¢). The equivalence ratio of the air-fuel
mixture plays a vital role in determining whether the flame can be sustained or not. For very
low FAR, the content of fuel is too little to sustain combustion and for very high FAR the
oxidizer is too little. Hence there exists limits on ¢ beyond which combustion doesn’t occur.
For Hydrogen-air mixtures, this limit is given as [4%, 29.3%] by volume [17].
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Figure 3.2.2.1 A schematic of the laminar flame in a Bunsen burner [17]
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Figure 3.2.2.2 A close-up view of the mouth of the burner with representation of zones [17].

The supply velocity also has an impact on the flame stability. When the supply velocity of the
fuel-air mixtures is lower than flame speed (i.e., ugpp1y < S1), the flame propagates through
the nozzle causing flashback. When the supply velocity is much higher (i.e., ug,ppiy, > S1),
then flame blows out. The velocity at which the flame blows out is called the extinction
velocity. The flame extinction is affected by Lewis number of the deficient reactant (Ley). If
Leg is larger than a critical value, then the flame stretch causes the extinction, whereas, if the
Le, is lower than the critical value then the extinction is caused due to incomplete combustion
and flame stretch [21, 22].

3.2.3 Strained laminar flames

In this part, the behaviour and the key characteristics of the strained laminar flames have been
illustrated in the context of hydrogen-air premixed flames. Hydrogen-air premixed strained
laminar flames allow us to study a behaviour of hydrogen air flame configuration under the
controlled aerodynamic stretch. Often, to study the combustion characteristic of such flames it
is assumed that the flame exists at the stagnation plane at the centre with two opposing flow
setups with two opposed flow nozzles injecting a premixed hydrogen air mixture in a controlled
manner. This configuration introduces a symmetric strain field that deforms the flame and
allows detailed observation of flame response to varying strain rates [16].

Equation 3.52 explains the effect of the strain rate a , is a key controlling parameter that affects
the flame characteristics, defined by the inlet velocities and the nozzle separation distance
L,, where and U;and U, are the velocities of the opposing streams. As the strain rate increases,
the flame is compressed toward the stagnation plane, forming a flame structure, with peak
adiabatic temperature, and a reaction zone with certain thickness and characteristics which
mainly depend on inlet hydrogen air fuel configuration [23].

U+ U,
==

a (3.52)
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Hydrogen can be considered as one of the carbon free fuels which exhibits a high laminar flame
speed S, , with its low ignition energy and the wide flammability limits. Hydrogen-air mixtures
can sustain combustion over a broad range of equivalence ratios and its excellent diffusion
properties makes it one of the most special fuels. The Lewis number Le for hydrogen is
significantly less than one, indicating that mass diffusivity exceeds thermal diffusivity. The
high diffusion ability of hydrogen contributes to a significant reaction zone and higher flame
stability even under lean conditions [24].

The consumption velocity S., which quantifies the rate at which the unburnt gases are

consumed due to the flame reactions, is commonly defined as S, = = : where m"" is the mass

Pu

flux rate of reactants and p,, is the density of the unburned mixture. In planar unstrained flames,
the S, is equal to the laminar flame speed S,. However, in strained flames, S, can vary
significantly due to transport and other thermodynamic effects due to increase in strain rate [4].
A more detailed definition based on the heat release integral is illustrated in Equation 3.53.

= qdx

— (3.53)
Pu (hsens,oo - hsens,—OO)

Se

where,

S, = Consumption velocity inm/s

g — Volumetric heat release rate in W /m3 or J/m3/s
dx — Distance inm

p, — Unburnt gas density in Kg/m?3

hsens — Sensible enthalpy | /kg

This expression calculates S, from the integrated heat release rate g, normalized by the
enthalpy change hg.,,s and unburned gas density p,,. It directly links the flame’s thermal output
to its reactive propagation capability. In case of strained flames, the parameter consumption
velocity S. becomes more relevant than flame speed as the consumption velocity captures the
global burning behaviour which is more relevant for non-uniform stretched flames unlike
laminar flames where the flame is planar and flame speed is the speed of the flame normal to
itself [4].

As strain increases, the local transport properties increase, the steeper the gradients in
temperature and the species concentration will become, further increasing the local rate of
reaction, ultimately reaching its peak value. Beyond this point, the increase in strain leads to
the supressed flame and chemical activity, leading to an extinction. The behaviour of S, versus
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strain rate is key to assessing flame behaviour in the systems make use of hydrogen as the
primary fuel [25].

A widely used configuration to study this behaviour is the axisymmetric opposed-flow burner.
The setup is like asymmetric opposed flow burner configuration as shown in figure 3.2.3.1
except where the flame is stabilized, which is slightly above or below the mid plane due to
varying nozzle velocities. In axisymmetric setup, identical nozzles supply premixed hydrogen-
air mixtures from opposite ends toward a central stagnation plane. The flame is stabilized at
this plane where the momentum from both jets’ balances. The domain is modelled as
axisymmetric, with the axial direction representing flow and the radial direction capturing
symmetry. This configuration is ideal for resolving the strain rate effects on flame structure,
peak consumption velocity, and extinction [6], which can be used to predict the behaviour of
extremely turbulent hydrogen air mixture, which is the main part of this thesis work.

Premixed gases H2 / CO + air

1l

Premixed gases H2 / CO + air

A
b % ik

Figure 3.2.3.1: Asymmetric opposed flow burner illustration [6].

Extinction is considered as one of the key phenomena is strained flames, the extinction occurs
when the flame cannot sustain the increased strain rate furthermore, the strain rate dominates
the existence of flame. The extinction strain rate marks the threshold beyond which the flame
guenches due to insufficient residence time for chemical reactions. Mathematically, this
corresponds to a sharp drop in T,,,, the maximum adiabatic temperature, S. consumption
velocity and the fuel consumption rate wy,, given by equation 3.54 where vy, . is the
stoichiometric coefficient of hydrogen in reaction r, and w, is the rate of reaction r [26].
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oy, = —z Vi, O (3.54)
'

In real-time simulations, extinction can be defined as a point where the temperature drops
sharply below a defined value and the solver fails to converge due to the dominant flame losses.
A useful parameter to assess this balance is the Damkdhler number Da (equation 3.8).
Extinction is typically observed when Da « 1, indicating that the flow strain dominates the
chemical reaction rates [27]. Detailed flame simulations using tools like CHEMKIN-PRO or
Cantera solve species, momentum, and energy conservation equations. The energy balance in
the flame zone is represented as equation 3.55, where [ is the diffusive flux of species k, h;
is the specific enthalpy, and g is the volumetric heat release rate [6].

dr d, .
pCpua = —zk hkd—;+ q (3.55)

3.3 Reaction kinetics:

The global reaction of the combustion of hydrogen in the presence of air can be written as
equation 3.56. The stochiometric value of the number of moles of air (zg) required for the
complete combustion of a moles of H, can be determined as z,. = a/2. This value of zg; is
used in the calculation of FAR, [18].

aH, + Z2(0.210, + 0.79N,) — aH,0 + cN, (3.56)

3.3.1 Reaction pathways

The above reaction is only a global representation of the overall reaction. The actual reaction
pathways are different and highly temperature dependent. The four fundamental types of
reactions that define the reaction pathways are: chain initiation, chain branching, chain
termination or recombination and chain propagation [18]. These concepts are explained below
in the context of hydrogen combustion.

3.3.1.1 Chain initiation:

At the start of the reaction the initial molecules of H, and O, do not directly react with each
other as the probability of breaking the H — H and O — O bonds by direct collision are very
low. The thermally excited molecules of H, and O, have a higher probability of collision with
other thermally excited molecules (M) present in the flame. This collision results in transient
termolecular collision complexes that give rise to free radicals [18]. While there are several
free radicals of different elements formed, the main reactions relevant to the combustion
process of hydrogen are mentioned in equation 3.57 .
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Hy,+M>H+H+M
0,+M->0+0+M (3.57)

3.3.1.2 Chain branching:

The branching reactions describes the reaction of these free radicals with the other molecules
producing transient combination of different molecules while generating other free radicals
[18]. This in the context of hydrogen and air mixtures are shown in equation 3.58 . The growth
rate of the radicals is exponential and can be given by 2V, where N is the number of collisions.

H,+0—->0H+H

3.58
0,+H - H+ OH (358)

3.3.1.3 Chain termination or recombination:
When the concentration of these free radicals is high, they react with themselves forming
more stable species [18]. This is shown in equation 3.59

H+0,+M- HO, + M
O+H+M- OH+M (3.59)
H+OH+M - H,0+M

3.3.1.4 Chain propagation:

The propagation reactions are those where the net number of radicals in the reaction remains
unchanged. In other words, the more stable radicals formed in the previous steps react with the
thermally excited molecules producing the product and a free radical as shown in equation
3.60. This reaction is responsible for the highest production of the H, O species [18].

H, + OH - H,0 + H (3.60)
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4.Methods

Further to different models which predict flame characteristics, the modern-day approach
makes use of sophisticated modelling methods to predict the flame characteristics and their
spatial derivatives. In this thesis work, CHEMKIN PRO is the only simulation tool used to
determine the required parameters. CHEMKIN PRO has a built-in code which is designed
based on consideration of all the governing equations and the numerical computation methods,
which can accurately predict all the required parameters to solve the flame related problems.
There are several standard models which allows the user to select a particular type of problem
one wants to solve and depending on the type of mechanism, transport properties and other
boundary conditions, CHEMKIN PRO can by itself to generate a required output. Overall,
CHEMKIN PRO code provides a solid framework for solving one dimensional, steady state,
constant pressure flame problems with its detailed transport and chemical properties [6]. Below
are the major governing equations which CHEMKIN PRO embeds in its code to solve the
premixed laminar flame problems. If 71 is the mass flow rate flowing through a cross sectional
area A, with density p and A is the thermal conductivity of the mixture with @, and Y, being
reaction rate and mass fraction of the species.

Continuity equation:

m = pud (4.01)

Energy equation — including conduction, species diffusion and reaction enthalpy terms:

R 4 1d<,1dT)+Ai Y,V dT+Ai'hM =0 (4.02)
™ ix cpdx\" dx/) ¢ Pl icCpre cpk_lwkk wi = '

Species conservation equation for each species Y;:

Y, d ,
md—; + P (pAY, V) — AwgM,,, = 0 (4.03)

Equation of state:

pM
R,T

p= (4.04)

Using the equations above CHEMKIN PRO applies a finite difference numerical
approximations to solve the above differential equations with an initial guess for temperature
profiles, species mole/mass fractions and spatial resolution [17].
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The spatial temperature gradient is approximated as
dT h;_ h;i —h;_ h;
-~ m[ -1 j -1

— T+ T, — ] T-_l (4.05)
hi(hy +hi) 7™ b 7 b () T

m—=
dx

The thermal conduction term:

d (AA dT) SO Py RN (A Skl A NP [ i 4.06
dx dx/) ~ Xjy1 = Xj—1 j+i/z Xj41 — X; j-1/2 Xj — Xj_q (4.06)

The diffusion velocity gradient term:

(pAYka)j+1/2 - (PAYka)j—1/z

Xjt+1/2 — Xj-1/2

d
Tx (pAYi Vi) = (4.07)

There are mainly 2 steps in CHEMKIN PRO - pre-processing where the flame model for a
specific type of problem, chemical kinetics, thermodynamic properties are loaded along with
the required boundary conditions. The next step is post processing where the CHEMKIN code
solver solves the problem using the complex numerical methods assuming the temperature
dependent properties using polynomial coefficient to generate the required flame profiles like
temperature, species concentration, density, velocity, etc [6, 17].

Specific to this project, the thesis is mainly divided into 2 major parts 1. Premixed laminar
flame simulations and 2. Strained laminar flame simulations, focusing mainly on lean hydrogen
air flames and different reaction mechanisms.

The first part, steady state 1D laminar flame simulations is easy to calculate using CHEMKIN
PRO. There are already pre-existing models which illustrates different flame related problems,
the one used in this project is ‘Flame Speed Calculator’ which comes in handy to calculate the
laminar flame speed and related scalar profiles, which is the main goal of this part. After
choosing the required flame model according to the problem, the next step is pre-processing
where the user needs to define the thermodynamic properties, transport properties and chemical
kinetics. Here, there are several sets of pre-loaded mechanisms already available online, but in
this project to compare the effects, there are mainly 4 mechanisms selected which are Konnov
[9], Princeton [8], Dublin [7] and Milano [10]. Once the problem is setup, there are several
options which give the user to carryout different studies ranging from different temperatures,
pressures, and species profiles along with the specific parameter effects. In the first part, a
detailed study of flame speed focusing on lean hydrogen flames ranging from 0.36 to 2.8
equivalence ratio is made. Subsequently, the effects of pressure, temperature, diffusion and
transport properties, temperature and grid configurations are studied.

The second part, strained laminar flame simulations is a major part of this thesis work which
makes use of a OPPDIF flame model available readily in CHEMKIN library which consists of
2 opposed flow burners separated by a fixed distance where the flame is stabilized on a
stagnation plane between 2 opposed flow nozzles as illustrated in the figure 3.2.3.1. The flame
is assumed to be radially axis symmetric which allows to reduce the complex 2D-3D flow to
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1D flow where the fluid properties are the function of axial distance only. Later using the
CHEMKIN code solver, this opposed flow configuration is solved to determine species,
temperature and velocity profiles [6]. To begin, the input velocity which is usually higher than
the laminar flame speed is set keeping the nozzle separation distance constant. The OPPDIF
module predicts the subsequent velocity and time step, until the flame extinction is achieved.
The next important work which is covered under this study is post processing of results.
Though the user can extract and visualize majority of the output data directly through
CHEMKIN visualizer, CHEMKIN also allows the user to extract the raw data in different
forms which can be further processed to determine the required output parameters. In this
thesis, after the simulations, the data from CHEMKIN is saved in .csv and. ckcsv files and then
processed in MATLAB to plot the effect of strain rate on consumption velocity calculated using
equation 3.53. From the large set of data, a code is written to first extract the required columns
and the parameters. Later those columns are processed to obtain a specific output using a
separate code (presented at the end in appendix part of the report). The goal is to identify the
strain rate associated with the maximum consumption velocity which is normally just before
the extinction point which is later presented in the results and discussion section, mainly
focusing premixed lean hydrogen air flames. Later the effect of pressure, inlet temperature, and
different equivalence ratios are also discussed.
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5.Results and discussion

5.1 Premixed laminar flame simulations

5.1.1 Comparison of effect of equivalence ratio on flame speed

Fig 5.1.1 shows the comparison of flame speed with change in equivalence ratio ranging from
0.5 to 2.8. Here, the effects are studied using 3 mechanisms — Konnov, Princeton and Dublin.
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Figure 5.1.1. Effect of equivalence ratio on flame speed.
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Figure 5.1.2. Effect of equivalence ratio on adiabatic flame temperature.
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Here, the standard flame speed simulator is used to calculate the effect of equivalence ratio on
flame speed, adiabatic flame temperature and net heat production. To achieve this, CHEMKIN
PRO allows the user to setup a parameter study and here different equivalence ratios are entered
from 0.5 to 2.8 with a step of 0.05. Upon successful completion of the simulation, CHEMKIN
returns the output parameters for each equivalence ratio step, which is further summarized and
presented as above using MATLAB. The similar process is repeated for different mechanisms.

From figure 5.1.1, it is visible that, there is almost less to no impact due to the different
mechanisms on the flame speed. Initially for the lean conditions from 0.50 to <1.5 equivalence
ratio, the laminar flame speed increases as the mixture becomes richer and reaches maximum
close to equivalence ratio from 1.5 to <2.0 and then further decreases as the equivalence ratio
further increases. But the system attains a maximum adiabatic flame temperature figure 5.1.2
slightly after the stoichiometric condition because this is where the intensity of combustion is
much stronger due to the perfect balance in fuel and oxidizer ratio [17]. Under lean conditions,
the adiabatic flame temperature and heat release rate are dominated by the excess air, less fuel
and higher thermal diffusivity. But as the equivalence ratio further increases, the flame starts
to quench due to excessive fuel, oxygen limited conditions and incomplete combustion [17,
18]. The similar trend is also observed when we plot the impact of equivalence ratio on the net
heat release rate figure 5.1.3, but here the differences in the mechanisms especially Konnov is
quite dominant compared to other 2. This is mainly due to the difference in reaction pathways
among those mechanisms and the different transport properties embedded in each mechanisms
[16].
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Figure 5.1.3. Effect of equivalence ratio on net heat production.

On the other hand, one can notice very similar trends between figure 5.1.1 and figure 5.1.3.
The max flame speed and the net heat release rate is between ¢ = 1.0 to Phi ¢ = 1.6 whereas,
the maximum temperature occurs at just after the stoichiometric condition. This is mainly due
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to the relation between net heat release rate, reaction rate of products and the flame speed. The
diffusion takes place faster due to steep gradients which results in max heat release and flame
speed up to ¢ < 1.6, whereas the maximum temperature is mainly linked with the
thermodynamic properties and independent of chemical reaction. The maximum flame
temperature occurs at the equivalence ratio close to stoichiometric condition and that’s where
the complete combustion happens, and hence higher flame temperature is observed. There is
an ideal balance between the fuel and air mixture and there is no heat loss due to the lack of
other species to absorb the energy unlike the rich mixtures [16, 17]. As the mixture becomes
richer at ¢ => 1.6, normally the reaction rate should be higher due to the higher concentration
of fuel mixture. But the reaction rate is relatively low due to lower temperature and this effect
is more dominating [14, 17].

Also, another interesting observation is that the comparison of flame speed of hydrogen vs.
conventional hydrocarbon fuel. Figure 5.1.4 shows the effect of equivalence ratio on flame
speed for n-heptane/air mixtures as presented in [28]. Here, the maximum flame speed is very
close to the stoichiometric conditions. Whereas in case of hydrogen, as you can see in the figure
5.1.1 , the maximum flame speed is observed at equivalence ratio of 1.5 and is significantly
larger. This is mainly due to the unique characteristics of hydrogen fuel compared to
hydrocarbon fuels. In case of hydrocarbon fuels, at higher equivalence ratios, the excess fuel
slows down the radical formation and the problem of incomplete combustion becomes more
dominant with heavier fuel intermediates and lower heat release rate [28]. In case of hydrogen,
primarily due to its higher diffusivity property D, the flame speed S; directly increases as S; «
/D [24]. And at fuel rich conditions, hydrogen tends to diffuse more allowing rapid radical
formation resulting in higher fuel penetration to the reaction front. This mechanism allows the
flame to be sustained even at higher equivalence ratios, unlike hydrocarbon fuels, where fuel
rich conditions slow down the overall reaction rate and the flame speed [24].
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Figure 5.1.4. Effect of equivalence ratio on flame speed for n-heptane/air mixtures [28].

5.1.2 Analysis of combustion products associated at maximum adiabatic
flame temperatureat ¢ = 1.1

This section illustrates the concertation of the main combustion products before, during
combustion and after combustion, at the point of equivalence ratio (¢ = 1.1) where the
adiabatic flame temperature is maximum, see figure 5.1.2. At this point, all the concentrations
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of different radicals and products can be directly obtained by the CHEMKIN output files. These
concentrations are plotted along the axial length of the flame, the special domain representing
unburnt gases at one and the end products on the other side, which is kept 2 cm.
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Combustion Products Associated With Phi-1.1 at Max Temp N2
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Figure 5.1.5a and figure 5.1.5b illustrates the concentration of H, and O, species and figure
5.1.6a and 5.1.6b shows H,0 and N, concentrations respectively.
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The 0, mole fraction completely reaches close to zero which shows the signs of the complete
combustion and it acts as a limiting reactant which controls the overall combustion [17]. The
H, mole fraction, drops sharply as soon as it enters the reaction zone but since the mixture is
rich ¢ = 1.1 and there is no sufficient oxygen to aid the complete combustion, there is still
some unburnt hydrogen left behind [17]. The mole fraction of H,O increases steeply which
shows the formation of end products due to the combustion. An increase in the mole fraction
of N, is very small and is mainly due to decrease in the number of moles of other reactants and
it’s a relative increase. Overall, N, remains totally inert and doesn’t really participate in the
actual combustion [17]. And all 3 mechanisms show very little to almost no deviation.

5.1.3 Comparison of thermal diffusion and multi component transport
effects on flame speed

The graphs below illustrate the effects of thermal diffusion and the multicomponent transport
on flame speed, see figure 5.1.7. Adiabatic flame temperature, see figure 5.1.8 and net heat
production, see figure 5.1.9. Here, the legend O — indicates that the effect is applied and X —
indicates that the effect is not applied.

When thermal diffusion is applied, the fuel tends to diffuse away from the reaction front
causing slower reactions and reducing the overall net heat release rate and the flame
temperature. But this is important to capture the exact flame speed in fuel rich and lean
conditions where diffusion effects are play an important role. If thermal diffusion is not applied,
there is a chance of over prediction of the flame speed as no thermal diffusion keeps the radicals
to be concentrated at the flame front, which may result in higher flame speeds [16, 17].
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Corgd%%rison of Differen effects of TD & MC transport effects (Max Temprature)-Milano

.
®
2300 59/ \E\
/ Q\)gk
L / i
¥ 2200 F Y
o ’
2 2100 - ! R\@\ .
g / ®
E2000r ¢ N 1
— ff "®\®
£
5 1900 | ! &
{0
= 1800 Beo
!
k — ©— TD-0 & MC-0
] — — —.TD-X & MC-X
oo — == TD-0 & MC-X | ]|
— x— -TD-X & MC-O
1600% 1 1 1 1
05 1 15 2 25 3

Equivalence Ratio

Figure 5.1.8. Adiabatic flame temperature vs. equivalence ratio (effect of TD and MC
transport)

Normally, each species diffuse at its own rate and in order to predict the accurate flame speed
it’s important to capture these cross-species diffusion effects and the species gradients at rich
and lean conditions [16, 17]. When multicomponent transport model is not applied, the system
doesn’t take into consideration of species cross diffusion effects, leading to the overprediction
of flame speed. Applying multi component model and thermal diffusion effects in CHEMKIN
PRO helps the user to predict accurate flame speed representing the actual conditions reducing
under or over estimation of results.
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TD-X and MC-X represents the condition where the thermal diffusion and multicomponent
effects are not taken into consideration, means higher reaction rates due to no diffusion and
oversimplifies the system with no cross-diffusion effects taken into consideration too. Due to
this, figure 5.1.7 - clearly shows that the flame speed is high in this condition compared to TD-
O and MC-O where the flame speed is low compared to other settings, which is in line with
the hypothesis described above.

5.1.4 Comparison of effect of pressure on flame speed

Figure 5.2.0 and figure 5.2.1 illustrates the effect of pressure on flame speed and net heat
production at P = 1 atm,P = 3 atm & P = 5 atm. As it is evident from the simulation results
below, pressure has a significant effect on flame speed. To simulate these conditions, as
described in the earlier sections, a parameter setup is set for pressure in CHEMKIN PRO and
the outputs are visualized using MATLAB.

The effect of pressure on flame speed and net heat production mainly depends on reaction order
and the transport properties [16, 17]. At higher pressures, the chain recombination reactions
(third order) are more dominant compared to chain branching reactions (second order), which
are directly responsible for producing key radicals like O, H & OH. These radicals can sustain
at lower pressures leading to a higher laminar flame speed at lower pressures. At higher
pressures, the flame speed decreases due to the dominant recombination of radicals & slow
radical build-up [16, 17].

In contrast, even though the flame speed decreases, the net heat release rate per unit volume
increases with increase in pressure. As the pressure increases, density and the reactant
concentration increase. The local concentration supports faster reaction rates with a shorter
chemical time, but overall molecular transport reduces. This results in a thinner flame, leading
to an increase in the net heat release rate per unit volume [16, 17]. Hence in the figure below
5.2.0 & 5.2.1, even though the flame speed decreases, the net heat release increases due to
increase in pressure.
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5.1.5 Comparison of effects of grid resolution on flame speed

Equivalence Ratio

3

Figure 5.2.2 and figure 5.2.3 illustrates the effect of grid resolution, i.e., gradient and curvature
of the flame structure on flame speed and net maximum temperature. This is mainly the step
size which needs to be use in numerical computational method used in CHEMKIN PRO to
predict the flame characteristics. The finer the grid size is, the more accurately it is possible to
predict the required parameters efficiently representing the real estimations. GRAD represents
the spatial gradient, smaller the GRAD finer the spatial resolution. Finer the spatial resolution,
it is possible to predict the flame speed accurately with sharper and steeper temperature and
species gradient. If the grid size is larger, it is possible that the system can underestimate flame
speed due to smooth GRAD, it could be possible that the system may not be able to capture the

peak flame speed val

FlameSpeed in Cm/Sec

Figure 5.2.2. Flame speed vs. equivalence ratio (effect of grid resolution)

ues [16, 24].
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Effect Of GRAD & CURV on Max Temprature - Milano
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Figure 5.2.3. Flame speed vs. equivalence ratio (effect of grid resolution)

CURYV defines the curvature input for a flame. Higher the curvature, more the flame stretch is.
This results in reduced local radical concentration and slows the overall chain branching.
Hence, the flame speed reduces and vice versa [16, 24]. This is also clearly visible in the figure
above, GRAD -0.1 and CURV-0.5 has the lowest prediction in flame speeds compared to other
finer grid resolutions.

5.2 Premixed strained laminar flame simulations

Majority of the time in this project was spent on this part of the simulations where the behaviour
of the premixed lean hydrogen flames is studied in strained conditions. To do so, Oppdif
module in CHEMKIN PRO is selected, which is already readily available in CHEMKIN PRO
libraries. This setup exactly represents figure 3.2.3.1, where there are 2 opposed flow burners
separated by a fixed distance which is assumed to be radially symmetric. When the premixed
hydrogen air flame is supplied through the nozzles of 2 opposing flow burners, the flame is
formed exactly at the stagnation plane which is towards the centre of the distance of 2 opposed
flow burners.

This setup is used to simulate the effect of stain rate on flame behaviour. In case of strained
flames, consumption velocity is more relevant than flame speed as in 1D unstretched laminar
flames. The flame is strained and geometrically, consumption velocity represents the real and
global burning rate. To illustrate the effects below, after selecting the Oppdif module in
CHEMKIN, the input parameters are varied to obtain a specific output parameter. This is
repeated for different mechanisms and equivalence ratios. In case of laminar flame speed
estimation, user could directly select the equivalence ratio of the mixture. Whereas in case of
strained laminar flames using Oppdif module, the equivalence ratio is adjusted by adjusting H,
and O, mole or mass fractions. Accordingly, the simulation is carried for different equivalence
ratios. In most of the simulations, GRAD is used as 0.01 and CURV is used as 0.05 with a
maximum grid point of at least 100000 and the nozzle separation distance ranging from 0.9 cm
to 1.4 cm.
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Another important step in strained laminar flames is the post processing of results. CHEMKIN
PRO doesn’t readily calculate consumption velocity S, this must be calculated separately in
MATLAB using the output obtained from CHEMKIN PRO. After the simulation is successful,
CHEMKIN allows the user to save the data of spatial derivatives of hydrogen like temperature,
species concentration, density, velocity, net heat release rate, specific enthalpy etc. using many
output data forms, mainly .csv and .ckcsv formats. Using these files, the relevant parameters
are extracted, sorted, and used in calculations of consumption velocity S, using equation 3.53.
The detailed MATLAB codes used to illustrate these calculations are attached in the appendix
at the end of the report.

5.2.1 Effect of different mechanisms on consumption velocity S, for ¢ =
0.50 and 0.80.

Figure 5.2.4 illustrates the change in consumption velocity and figure 5.2.5 the change in
maximum adiabatic temperature with change in strain rate from a completely unstrained
condition to the point at which the maximum consumption velocity is achieved and the flame
is completely extinguished. For ¢ = 0.5, the Oppdif module allows the user to define the
number of iteration steps and the conditions for flame quenching. The CHEMKIN solver
automatically predicts the subsequent temperature step at which the solution exists until the
flame quenching conditions are achieved, which is the point of extinction. The point of
extinction is the point at which the flame temperature starts to drop sharply, and the combustion
doesn’t sustain anymore.

Figure 5.2.4 shows that, an increase in the strain rate increases the consumption velocity. The
opposing strong flows aid the combustion by forcing the reactants towards the flame front up
to a certain point and at the point of extinction the flame suddenly quenches and resulting in
the sharp drop of consumption velocity. The maximum strain rate at which the extinction
occurs, and the maximum consumption velocity is attained is called as extinction strain rate.
At higher strain rates, the flame becomes thinner and there is a incomplete combustion due to
increased heat losses and quenching of radicals [17, 24].
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Figure 5.2.4. Consumption velocity and max temperature vs. strain rate ¢ = 0.50
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Figure 5.2.5. Max temperature v/s strain rate ¢ = 0.50

In figure 5.2.5, hence, the maximum flame temperature tends to increase until strain rate
1000s~1, the strain aids the complete combustion resulting in higher flame temperatures and
drops sharply beyond this. After certain moderate strain rate, the quenching effects starts to
grow, thinning the flame, by reducing the radical concentration which brings down the flame
temperature [17]. At the extinction strain rate, the flame cannot further sustain and flame
completely quenches. It is also evident from the comparison of mechanisms that Dublin
mechanism can capture the consumption velocity even at the higher strain rates compared to
Princeton and Konnov mechanisms, which tend to be strain sensitive compared to Dublin.
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Figure 5.2.6. Consumption velocity and max temperature vs. strain rate

Figure 5.2.6 illustrates the example of consumption velocity and adiabatic temperature vs.
strain rate for ¢ = 0.80, comparing Dublin and Princeton mechanisms. As the mixture
becomes richer, the flame can withstand higher strain rates which is also visible in the figure
above.
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5.2.2 Comparison of properties at maximum temperature point and at
maximum consumption velocity point. ¢ = 0.50- Dublin mechanism.

In this section, a comparison of different properties like net heat release rate, temperature, local
equivalence ratio, progressive variable Cf, radical and bi products concentration are plotted
against the spatial coordinates at the point where there is a maximum consumption velocity.
These results are compared with counterpart profiles obtained at the point where the system
attains the maximum adiabatic flame temperature for Dublin mechanism and for ¢ = 0.50.
CHEMKIN PRO automatically saves the result of each iteration while calculating the point of
extinction from unstretched condition.

o 2107 Netheat Release Vis Distance - Phi 0.50 (Dublin) Temperature V/s Distance - Phi 0.50 (Dublin)

1800

at max SC
at max temp

at max SC
1600 F at maxtemp | |

1400

: H
6L 1200 -

@
o
=]

net heat release in J/m%s
w
temperature in K
5]
(=)
o

600

1F 400

L . . . 200
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

distance in m distance in m

Figure 5.2.7. Net heat release and temperature vs. distance (Ty,qx VS S&*)

Here from the figure 5.2.4, the data of the points at which the maximum strain rate/consumption
velocity and maximum temperature is extracted using the MATLAB codes and the following
graphs are plotted to understand the behaviour of the lean hydrogen flame.

Figure 5.2.7 illustrates the difference in net heat release rate and temperature vs. the spatial
distance. At maximum temperature, the strain rates are very moderate and there is a stable
and more distributed combustion resulting in higher peak temperatures compared to point of
maximum consumption velocity. There, due to the high strain rate, the reactions are highly
localized and have shorter window time, higher thermal diffusion, increased reactant
concentration and the effects of extinction are dominant compared to the sustained combustion.
Here, the temperature is not maximum, but this causes the maximum heat release rate to reach
sudden peak due to the faster localized reactions at high strains. On the other hand, at the point
of maximum temperature, the heat release is broader shows the distributed heat flow under low
strain [16, 17].
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Figure 5.2.8. Local equivalence ratio and temperature vs. distance (Tp,qx vS. SY)

Figure 5.2.8 represents the local equivalence ratio and progress variable
XH,
(XHZ)unb’

where (XHZ)unbiS unburnt hydrogen mass fraction. Progress variable indicates the extent up to

Cr vs. distance. Progress variable C; can be calculated using the equation Cr = 1 —

which the complete combustion has happened. At maximum temperature, the Cris close to 1
compared to the point of maximum consumption velocity, this indicates the complete
combustion at maximum temperature. At high strain rates, the combustion is incomplete, i.e.,
Cr < 1. This leads to an immediate sharp peak for a shorter period creating the sudden sharp
peak as shown above. Local equivalence ratio is the exact equivalence ratio of the combustion
mixture during the flame formation for the mixture with the global equivalence ratio of 0.50.
This is varied mainly due to the preferential diffusion. The mixture undergoes an exchange of
lean and fuel rich spots causing the differences in the local equivalence ratio. As soon as the
reaction begins, as it is evident, the stretch in the initial phase of combustion induces the fuel
lean conditions and it suddenly changes [16, 17].

Figure 5.2.9, figure 5.3.0 and figure 5.3.1 represents the concentration of the radicals
H, O, OH and the intermediate species HO, , H,0, formed during the combustion.
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Figure 5.2.9. 0 and H mole fraction vs. distance (Ty,qx vS. S&%%)
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Figure 5.3.1. H,0, mole fraction vs. distance (Ty,qx VS. ST*)

At higher strain rates, chain branching is suppressed resulting in the reduced level of OH
radicals. The intermediate species - HO,, H,0, build-up and the H radical peaks strongly
because of limited consumption. At maximum temperature, the effect is quite opposite.
Increased chain branching means that OH, HO, and H,0, are consumed quickly. Due to the
faster conversion, the H radical is kept lower [17, 24]. This is clearly visible in the graphs
presented above.

5.2.3 Effect of pressure on consumption velocity. ¢ = 0.50- Dublin
mechanism.

The figures 5.3.2a and 5.3.3 illustrate the effect of consumption velocity and maximum
temperature due to different pressure conditions latm, 2atm and 3atm. As the pressure
increases, the consumption velocity decreases due to reduced chain branching reactions and

lower molecular transport. From the figure 5.3.2a, it looks like the flame can sustain higher
absolute strain rate due to increase in the density because of higher pressure. But, when the

absolute strains are normalized using diffusive — chemical time scale, 7, = = the curves for
l

latm, 2atm and 3atm, fall on one to each other, see figure 5.3.2b. This shows that the extinction

36



is still governed by the balance between the transport and reaction chemistry, not directly on
pressure. [4, 17, 24].
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Figure 5.3.2b. Consumption velocity vs. normalised strain rate (effect of pressure)

In figure 5.3.3, as the strain rate increases the transport of species increases leading to the
increased combustion rate leading to a higher combustion temperature. Later, the effect of
strain rate dominates the flame stability leading to the incomplete combustion which results in
decrease of temperature as the strain increases [16, 17].
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Figure 5.3.3. Temperature vs. strain rate (effect of pressure)

5.2.4 Effect of inlet temperature on consumption velocity. ¢ = 0.50-
Dublin mechanism.

Figure 5.3.4 shows the change in consumption velocity with change in the inlet temperature.
As it is evident from the figure 5.3.4 below, an increase in the inlet temperature increases the
consumption velocity. As the temperature increases, as per the Arrhenius equation, the rates of
many reactions also increase increasing the consumption velocity. Due to increased
temperature, the radicals are already preheated. As a result, less energy is required for
sustaining the combustion. This results in increasing consumption rate even at the lower strain
rates. As the flame stretch increases, the rection zone becomes thinner leading to extinction at
higher strain rates [16, 17].
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Figure 5.3.4. Consumption velocity vs. strain rate (effect of inlet temperature)
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Another interesting observation is the difference in the trend between 298K, 500K and 800K.
The trend for 800K is very different compared to the other inlet temperatures. This is a unique
characteristic of hydrogen fuel at that temperature. At 800K, the species are already close to
the auto ignition temperature (auto ignition temperature of H, = 770K — 850K). The reaction
zone is already thinner and highly reactive leading to the maximum consumption velocity at
low strain rates. As the strain rate slightly increases further, the consumption velocity tends to
decrease initially until 15000 s~1.. But later, the flame stretch effect balances the flame stability
allowing an increased transport due to diffusion of species, leading to an increasing
consumption velocity trend [16, 17, 24].

5.2.5 Effect of equivalence ratio on consumption velocity - Dublin
mechanism.

Figure 5.3.5 illustrates the effect of the equivalence ratio on consumption velocity vs. the strain
rate. As explained in equation 3.1, as the equivalence ratio increases, the fuel becomes richer
and richer, i.e., the amount of fuel particles increases. As the amount of fuel increases in the
air-fuel mixture, the consumption velocity also increases with the increase in the equivalence
ratio [17]. The same is visible in figure 5.3.5. As the equivalence ratio increases, due to fuel
rich condition, the flame can withstand the higher strain rates before extinction with as high as
close to 15000 /s for equivalence ratio ¢ = 0.80 compared to equivalence ratio ¢ = 0.36,
which extinguishes at close to 5000 /s strain rate.
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Figure 5.3.5. Consumption velocity vs. strain rate (effect of equivalence ratio)

Though the peak consumption velocity increases with increase in the equivalence ratio, another
important observation is the trend for ¢ = 0.80, which is slightly different at low strain rates.
Here, the consumption velocity decreases as the stain rate increases. This is mainly due to the
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preferential diffusion and radical quenching which happens for the richer mixtures at low
moderate stain rates. At higher strain rates, the flame reaches the stabilization and the
consumption velocity gradually increases until it reaches the extinction [16, 17].
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5.2.6 Summary — Results obtained

5.2.6.1. Unstrained/ laminar flames

Unstrained Flame Result Summary

Pressure Inlet Laminar flame speed Max adiabatic flame temperature
Phi Temperature| Princeton | Konnov | Dublin | Princeton | Konnov | Dublin
atm K S, incm/s Tinax inK
0.50 1 298 47.65 48.13 53.22 1630 1630 1630
0.60 1 298 83.46 81.80 90.12 1820 1830 1820
0.70 1 298 120.59 117.31 127.12 1980 1990 1980
0.80 1 298 155.33 151.85 161.35 2120 2130 2120
0.90 1 298 185.87 183.78 191.17 2220 2230 2220
1.00 1 298 212.01 211.94 216.51 2280 2290 2290
1.10 1 298 233.72 236.03 237.56 2300 2310 2310
1.20 1 298 251.26 255.60 254.49 2280 2290 2290
1.30 1 298 264.80 270.64 267.49 2250 2260 2250
1.40 1 298 274.69 281.37 276.87 2210 2210 2210
1.50 1 298 281.24 288.04 282.97 2170 2170 2170
1.60 1 298 283.00 291.28 286.26 2120 2130 2130
1.70 1 298 286.16 291.63 287.17 2080 2090 2090
1.80 1 298 285.47 289.82 286.17 2050 2060 2050
1.90 1 298 283.31 286.35 283.74 2010 2020 2010
2 1 298 280.02 281.69 280.19 1970 1990 1970
2.1 1 298 275.84 276.18 275.79 1940 1950 1940
2.2 1 298 271.03 269.98 270.84 1910 1920 1910
2.3 1 298 265.74 263.47 265.41 1880 1890 1880
2.4 1 298 260.13 256.61 259.68 1850 1870 1850
25 1 298 254.29 249.61 253.80 1830 1840 1820
2.6 1 298 248.28 242.60 247.76 1800 1810 1800
2.7 1 298 242.17 235.56 241.62 1770 1790 1770
2.8 1 298 236.03 228.54 235.43 1750 1760 1750
2.9 1 298 229.90 221.59 229.29 1730 1740 1730

Table 5.2.6.1 — Summary of results unstrained/laminar flames
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5.2.6.2. Strained laminar flames

Strained Flame Result Summary - Dublin Mechanism

Flame thickness at

R Max spax
Pressure Inlet Laminar flame Consumption |Max strain rate Ratio
Phi Temperature speed velocity a, :%
e

atm K S;inm/s SMA% inm/s st smax/g, 8, inm
0.36 1 298 0.1360 0.6702 4192 4.928 1.7960E-04
0.40 1 298 0.2285 0.8256 5653 3.613 1.6510E-04
0.45 1 298 0.3700 1.001 7495 2.705 1.5330E-04
1 298 0.5324 1.1694 9157 2.196 1.4790E-04
2 298 0.4140 1.1636 20183 2.811 6.7050E-05
0.50 3 298 0.3410 1.1365 30405 3.333 4.3840E-05

5 298 0.2470 - - - -

1 500 - 2.674 17955 - 1.9060E-04
0.52 1 298 0.6028 1.2384 9712 2.054 1.4750E-04
0.60 1 298 0.9012 1.42274 11473 1.579 1.4400E-04
0.80 1 298 1.6100 1.7923 14017 1.113 1.4670E-04

Table 5.2.6.2 — Summary of results strained laminar flames
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6.Conclusions

As we have already discussed in the earlier sections, hydrogen becomes one of the common
solutions which can immediately be used as the fuel in existing combustion systems with minor
modifications. Hydrogen can also be produced using green methods, which makes hydrogen
even more interesting as a fuel [1].

It is evident from the studies that though hydrogen combustion is still prone to NOyx emissions
at higher temperatures compared to hydrocarbon fuels, hydrogen becomes a carbon free fuel,
which has almost no carbon emissions as a bi product. This is an important advantage compared
to other existing carbon-based fuels. Another major advantage of hydrogen is the flammability
limits of hydrogen, hydrogen can handle a very wide operating range from very lean to very
rich operating conditions. Due to high combustibility, it takes smaller energy to ignite the fuel-
air mixture even at lean conditions. And running on lean conditions can further contribute for
lesser NOx formation as the combustion temperatures are smaller compared to near-
stoichiometric mixtures [17].

Another important observation is the flame speed of hydrogen itself, which is another important
combustion characteristics. Hydrogen has the highest flame velocity compared to fossil fuels
which makes the combustion faster. For example, in case of combustion engines, the engine
can operate under higher rpm as the combustion itself is not limited by the flame speed like for
hydrocarbon fuels [29]. Hydrogen has high diffusivity compared to hydrocarbon fuels which
in turn supports faster and complete combustion due to uniform mixing of air fuel mixture due
to high diffusivity property of hydrogen [17]. When it comes to the quenching properties,
hydrogen has shorter quenching distance compared to hydrocarbon fuel and hydrogen’s lower
density compared to fossil fuels make its application interesting and practical [17].

It is evident from the simulations above that the flame speed and the consumption velocity is
sensitive to flame stretch, boundary conditions and the composition of the air fuel mixture
itself. The consumption velocity increases with increase in the pressure, inlet temperature and
the fuel air mixture composition. Richer the mixture the larger consumption velocity. At these
conditions, the flame can also withstand higher strain rates before extinction. Also, through
simulations, it can be observed that the resolution of grid points and the flame curvature also
has direct effects on the calculation, hence it is also important for the user to predict the right
approximations for right type of flame problem based on the outcome required.

This project successfully computes the peak consumption velocities at different mixture
compositions — mainly focusing lean mixtures and different boundary conditions, using
CHEMKIN PRO simulation tool as presented in section 5.2.5. Further, the data can be directly
used to adopt the model developed by Lipatnikov and Chomiak [4] for predicting turbulent
burning velocity. The model and computed data can be used for CFD research into engines
fuelled with lean hydrogen mixtures.
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8. Appendix

8.1 MATLAB Codes:

8.1.1 Unstrained/laminar flames:

clc
clearvars

%% Unstarined Flame Simulations
% Extract .csv data from chemkin simulations

unstrainedkonnov

unstrainedmilanoo

unstraineddubli

n

= readmatrix('resultskonnoov.csv');
= readmatrix('resultsmilano.csv');
= readmatrix('resultsdublin.csv');

unstrainedprinceton = readmatrix('resultsprinceton.csv');

% Convert table to data

% 4 column flame speed, 5 column max temp in k, 6 column net heat prodn (erg/cm3-sec)
% No Solution Exist for Princeton Phi 1.6

equi_ratio = linspace(©.5,2.9,25);

fl_speed_konnov
fl_speed_milano
fl_speed_dublin

unstrainedkonnov(:,4);
unstrainedmilanoo(:,4);
unstraineddublin(:,4);

fl _speed_princeton = unstrainedprinceton(:,4);

% compare fl_speed for different mechanisms - Grad=0.01, Curv =0.05, Grid = 1000

figure()

plot(equi_ratio,fl_speed_konnov, '--0', 'linewidth',1)
hold on

plot(equi_ratio,fl _speed_princeton,'--', 'linewidth',1)

plot(equi_ratio,fl speed_dublin,'b--', 'linewidth',1)

hold off

legend('Konnov', 'Princeton’, 'Dublin’, 'Location’, 'southeast")
title('Laminar Flame Speed Comparison -Different Mechanisms')
xlabel('Equivalence Ratio')

ylabel('FlameSpeed in Cm/Sec');

% Compare max temp

maxtemp_konnov
maxtemp_milano
maxtemp_dublin

maxtemp_princeton

unstrainedkonnov(:,5);
unstrainedmilanoo(:,5);
unstraineddublin(:,5);
= unstrainedprinceton(:,5);

figure()

plot(equi_ratio,maxtemp_konnov, '--0', 'linewidth',1)
hold on

plot(equi_ratio,maxtemp_princeton, '--', 'linewidth',1)

plot(equi_ratio,maxtemp_dublin, 'b--', 'linewidth',1)

hold off

legend('Konnov', 'Princeton’, 'Dublin’', 'Location’, 'southeast")
title('Max Temparature Comparison-Different Mechanisms')
xlabel('Equivalence Ratio')

ylabel( 'Maximum Temparature in K");

% Compare net heat

figure()

netheat_konnov
netheat_milano
netheat_dublin

unstrainedkonnov(:,6);
unstrainedmilanoo(:,6);
unstraineddublin(:,6);
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netheat_princeton = unstrainedprinceton(:,6);

plot(equi_ratio,netheat_konnov,'--0', 'linewidth',1)

hold on

plot(equi_ratio,netheat_princeton, '--', 'linewidth',1)
plot(equi_ratio,netheat_dublin, 'b--', 'linewidth',1)
hold off

legend('Konnov', 'Princeton', 'Dublin’, 'Location’, 'southeast")
title('Net Heat Production Comparison-Different Mechanisms')
xlabel('Equivalence Ratio")

ylabel('Net Heat Production in erg/cm3-sec');

%% Comparison of different effects - Example Milano.

% 4 column flame speed, 5 column max temp in k, 6 column net heat prodn (erg/cm3-sec)
% Flame speed comparison

% With both TD & MC On

figure()

plot(equi_ratio,fl_speed_milano,'--o0', 'linewidth',1)

hold on

% With both TD & MC Off - Solution exist only from Phi = 0.6
milano_mctd_off = readmatrix('milano_mc_td_both off.csv');
fl_speed_milano_mctd_off = milano_mctd_off(:,4);
plot(equi_ratio(1,2:end),fl_speed_milano_mctd_off,'--', 'linewidth',1)

% Only TD On & MC Off

milano_td_on_mc_off = readmatrix('milano_mc_off_td_on.csv');
fl_speed_milano_td_on_mc_off = milano_td_on_mc_off(:,4);
plot(equi_ratio,fl_speed_milano_td_on_mc_off, 'b--', 'linewidth',1)

% Only TD Off & MC On

milano_td_off_mc_on = readmatrix("milano_mc_on_td_off.csv");

fl_speed_milano_td_off_mc_on = milano_td_off_mc_on(:,4);

plot(equi_ratio,fl _speed_milano_td_off_mc_on, 'x--', 'linewidth',1)

hold off

legend('TD-O & MC-0', 'TD-X & MC-X','TD-0O & MC-X', 'TD-X & MC-0','Location', 'southeast")
title('Comparison of Differen effects of TD & MC transport effects(Flaame Speed)-Milano')
xlabel('Equivalence Ratio')

ylabel('FlameSpeed in Cm/Sec');

% Temprature Comparison

% With both TD & MC On

figure()

plot(equi_ratio,maxtemp_milano, '--0', 'linewidth',1)
hold on

% With both TD & MC Off - Solution exist only from Phi = 0.6
maxtemp_milano_mctd_off = milano_mctd_off(:,5);
plot(equi_ratio(1,2:end),maxtemp_milano_mctd_off,'--', 'linewidth',1)

% Only TD On & MC Off
maxtemp_milano_td_on_mc_off = milano_td_on_mc_off(:,5);
plot(equi_ratio,maxtemp_milano_td_on_mc_off,'b--', 'linewidth',1)

% Only TD Off & MC On

maxtemp_milano_td_off _mc_on = milano_td off_mc_on(:,5);
plot(equi_ratio,maxtemp_milano_td_off mc_on, 'x--', 'linewidth',1)

hold off

legend('TD-O & MC-0', 'TD-X & MC-X','TD-O & MC-X', 'TD-X & MC-0','Location', 'southeast")
title('Comparison of Differen effects of TD & MC transport effects (Max Temprature)-
Milano')

xlabel('Equivalence Ratio')

ylabel( 'Maximum Temparature in K");

% Net Heat Prodn Comparison
figure()
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plot(equi_ratio,netheat_milano,'--0', 'linewidth',1)
hold on

% With both TD & MC Off - Solution exist only from Phi = 0.6
netheat_milano_mctd_off = milano_mctd_off(:,6);
plot(equi_ratio(1,2:end),netheat_milano_mctd_off,'--', 'linewidth',1)

% Only TD On & MC Off
netheat_milano_td_on_mc_off = milano_td_on_mc_off(:,6);
plot(equi_ratio,netheat_milano_td_on_mc_off,'b--', 'linewidth',1)

% Only TD Off & MC On

netheat_milano_td_off_mc_on = milano_td_off_mc_on(:,6);
plot(equi_ratio,netheat_milano_td_off_mc_on, 'x--', 'linewidth',1)

hold off

legend('TD-O & MC-0', 'TD-X & MC-X','TD-O & MC-X', 'TD-X & MC-0','Location', 'southeast")
title('Comparison of Differen effects of TD & MC transport effects (Net Heat Prodn) -
Milano")

xlabel('Equivalence Ratio')

ylabel('Net Heat Production in erg/cm3-sec');

%% Comparison of Pressure effects - Example Milano.

% 4 column flame speed, 5 column max temp in k, 6 column net heat prodn (erg/cm3-sec)
% MC TD ON, Grid 1000, Grad ©0.01 Curv 0.05

% Flame Speed Comparison

% P = latm

figure()

plot(equi_ratio,fl_speed_milano,'--0', 'linewidth',1)

hold on

% P = 3atm

milano_pres_3atm= readmatrix('milano_pres_ 3atm.csv');

fl _speed_milano_pres_3atm = milano_pres_3atm(:,4);
plot(equi_ratio,fl _speed_milano_pres_3atm,'--', 'linewidth',1)

% P = 5atm - No data exist for 1.1,1.2,1.3,1.4 - Imaginary values Values
milano_pres_5atm= readmatrix('milano_pres_5atm.csv');
fl_speed_milano_pres_5atm = milano_pres_5atm(:,4);
plot(equi_ratio,fl_speed_milano_pres_5atm, '--', 'linewidth',1)

hold off

legend('Pres 1ATM', 'Pres 3ATM', 'Pres 5ATM', 'Location’, 'southeast")
title('Effect Of Pressure on Flame Speed - Milano')

xlabel('Equivalence Ratio")

ylabel('FlameSpeed in Cm/Sec');

% Max Temprature Comparison

% P = latm

figure()

plot(equi_ratio,maxtemp_milano,'--0', 'linewidth',1)
hold on

% P = 3atm
maxtemp_milano_pres_3atm = milano_pres_3atm(:,5);
plot(equi_ratio,maxtemp_milano_pres_3atm,'--V', 'linewidth',1)

% P = 5atm - No data exist for 1.1,1.2,1.3,1.4 - Imaginary values Values
maxtemp_milano_pres_5atm = milano_pres_5atm(:,5);
plot(equi_ratio,maxtemp_milano_pres_5atm, '--x', 'linewidth',1)

hold off

legend('Pres 1ATM', 'Pres 3ATM', 'Pres 5ATM', 'Location’, 'southeast")
title('Effect Of Pressure on Max Temprature - Milano')
xlabel('Equivalence Ratio')

ylabel('Max Temparature in K');

% Net Heat Comparison
% P = latm



figure()
plot(equi_ratio,netheat_milano,'--0', 'linewidth',1)
hold on

% P = 3atm
netheat_milano_pres_3atm = milano_pres_3atm(:,6);
plot(equi_ratio,netheat_milano_pres_3atm,'--V', 'linewidth',1)

% P = 5atm - No data exist for 1.1,1.2,1.3,1.4 - Imaginary values Values
netheat_milano_pres_5atm = milano_pres_5atm(:,6);
plot(equi_ratio,netheat_milano_pres_5atm, '--x', 'linewidth',1)

hold off

legend('Pres 1ATM', 'Pres 3ATM', 'Pres 5ATM', 'Location’, 'southeast")
title('Effect Of Pressure on Net Heat Production - Milano')
xlabel('Equivalence Ratio")

ylabel('Net Heat Production in erg/cm3-sec');

%% Grad & Curv Effects

% 4 column flame speed, 5 column max temp in k, 6 column net heat prodn (erg/cm3-sec)
% Flame Speed

% Grad 0.01 & CURV = 0.05, Grid 1000

figure()

plot(equi_ratio,fl_speed_konnov, '--0', 'linewidth',1)

hold on

% Grad 0.1 & CURV = 0.5 , Grid 1000

milano_grad@l_curve5= readmatrix('milano_grad@.1_curv@.5.csv');
fl_speed_milano_grad@l_curve5 = milano_gradel_curves(:,4);
plot(equi_ratio,fl_speed_milano_grad@l_curves5,'--', 'linewidth',1)

% Grad 0.01 & CURV = 0.01 , Grid 1000 _no solution for 1.8 Phi

milano_grade@l curve@l= readmatrix('milano_grad0.01 curv@.0l.csv');
fl_speed_milano_grade@l curve@l = milano_gradeel_curveel(:,4);
plot(equi_ratio,fl speed_milano_grade®l curveel, '--', 'linewidth',1)

hold off

legend('GRAD-0.01 & CURV-0.05', 'GRAD-0.1 & CURV - 0.5','GRAD-0.01 & CURV-0.01"',
'Location', 'southeast')

title('Comparison of Differen GRAD & CURV effects (Flaame Speed)-Milano')
xlabel('Equivalence Ratio')

ylabel('FlameSpeed in Cm/Sec');

% Max Temperature

% Grad 0.01 & CURV = 0.05, Grid 1000

figure()

plot(equi_ratio,maxtemp_milano, '--0', 'linewidth',1)
hold on

% Grad 0.1 & CURV = 0.5 , Grid 1000
maxtemp_milano_grad@l_curve5 = milano_grad@l_curve5(:,5);
plot(equi_ratio,maxtemp_milano_grad@l_curves5,'--', 'linewidth',1)

% Grad 0.01 & CURV = ©.01 , Grid 1000_no solution for 1.8 Phi
maxtemp_milano_grade@l_curve@l = milano_grade®l_curveol(:,5);
plot(equi_ratio,maxtemp_milano_grade®l_curveel,'--', 'linewidth',1)

hold off

legend('GRAD-0.01 & CURV-0.05','GRAD-0.1 & CURV - ©.5','GRAD-0.01 & CURV-
0.01', 'Location', 'southeast")

title('Effect Of GRAD & CURV on Max Temprature - Milano')
xlabel('Equivalence Ratio')

ylabel('Max Temparature in K');

% Net Heat Production

% Grad 0.01 & CURV = 0.05, Grid 1000

figure()

plot(equi_ratio,netheat_milano, '--0', 'linewidth’',1)
hold on



% Grad 0.1 & CURV = 0.5 , Grid 1000
netheat_milano_grad@l_curve5 = milano_grad@l_curve5(:,6);
plot(equi_ratio,netheat_milano_grad@l_curves,'--', 'linewidth',1)

% Grad 0.01 & CURV = 0.01 , Grid 1000_no solution for 1.8 Phi
netheat_milano_grade@l_curve@l = milano_gradeol_curveol(:,6);
plot(equi_ratio,netheat_milano_grade@l_curveel,'--', 'linewidth',1)
hold off

legend('GRAD-0.01 & CURV-0.05', 'GRAD-0.1 & CURV - 0.5','GRAD-0.01 & CURV-

0.01', 'Location', 'southeast")

title('Effect Of GRAD & CURV on Net Heat Production - Milano')
xlabel('Equivalence Ratio")

ylabel('Net Heat Production in erg/cm3-sec');

%% Comparison of Euivalent Combustion products at equivalent combustion
associated with Highest T At Phi 1.1
% Plot Distance against H2, 02, N2, H20

% Konnov

% Columnl = Distance, Column 10 = Mole Fraction H2,

% Column 12 = Mole Fraction 02, Column 13 = Mole Fraction H20,Column 20
products_konnov = readmatrix('productscomparison_konnov_1.1.csv');

%Extract Data

products_konnov_dist = products_konnov (:,1);
products_konnov_h2 = products_konnov (:,10);
products_konnov_02 = products_konnov (:,12);
products_konnov_H20 = products_konnov (:,13);
products_konnov_N2 = products_konnov (:,20);

% Dublin

%Columnl=Distance, Column 9 =H2, Column 10 = 02, Column 11 = H20,
% Column 17= N2

products_dublin = readmatrix('productscomparison_dublin 1.1.csv');

%Extract Data

products_dublin_dist = products_dublin (:,1);
products_dublin_h2 = products_dublin (:,9);
products_dublin_02 = products_dublin (:,10);
products_dublin_H20 = products_dublin (:,11);
products_dublin_ N2 = products_dublin (:,17);

% Princeton

%Columnl=Distance, Column 10 =H2, Column 12 = 02, Column 14 = H20,

% Column 17= N2

products_princeton = readmatrix('productscomparison_princeton_1.1.csv');

%Extract Data

products_princeton_dist = products_princeton (:,1);
products_princeton_h2 = products_princeton (:,10);
products_princeton_02 = products_princeton (:,12);
products_princeton_H20 = products_princeton (:,14);
products_princeton_N2 = products_princeton (:,17);

% H2 Mole Fractions

figure()

plot(products_konnov_dist,products_konnov_h2,"'-"', 'linewidth',2)
hold on

plot(products_dublin_dist,products_dublin_h2,'--x"', 'linewidth',2)
plot(products_princeton_dist,products_princeton_h2,"'--x", 'linewidth',2)
hold off
legend('Konnov', 'Dublin', 'Princeton’, 'Location’, "northeast")
title('Combustion Products Associated With Phi-1.1 at Max Temp H2'")
xlabel('Distance in CM")

ylabel('Mole Fraction H2');

productst

= Mole Fraction N2
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% 02 Mole Fractions

figure()

plot(products_konnov_dist,products_konnov_02,'-"', 'linewidth',2)

hold on

plot(products_dublin_dist,products_dublin_02,'--', 'linewidth',2)
plot(products_princeton_dist,products_princeton_02,"'--"', 'linewidth',2)
hold off

legend('Konnov', 'Dublin', 'Princeton’, 'Location’, 'southeast")
title('Combustion Products Associated With Phi-1.1 at Max Temp 02')
xlabel('Distance in CM")

ylabel('Mole Fraction 02');

% H20 Mole Fractions

figure()

plot(products_konnov_dist,products_konnov_H20,'-', 'linewidth',2)
hold on

plot(products_dublin_dist,products_dublin_H20,"'--', 'linewidth',2)
plot(products_princeton_dist,products_princeton_H20,'--"', 'linewidth',2)
hold off
legend('Konnov', 'Dublin', '"Princeton’, 'Location', 'southeast")
title('Combustion Products Associated With Phi-1.1 at Max Temp H20'")
xlabel('Distance in CM")

ylabel('Mole Fraction H20");

% N2 Mole Fractions

figure()

plot(products_konnov_dist,products_konnov_N2,'-', 'linewidth',2)

hold on

plot(products_dublin_dist,products_dublin_N2,'--', 'linewidth',2)
plot(products_princeton_dist,products_princeton_N2,'--', 'linewidth',2)
hold off

legend('Konnov', 'Dublin', '"Princeton', 'Location', 'southeast")
title('Combustion Products Associated With Phi-1.1 at Max Temp N2')
xlabel('Distance in CM")

ylabel('Mole Fraction N2');

%% End Of Unstrained Flames

8.1.2 Strained laminar flames:

close all
clc
clearvars

%% Princeton 05

% general code for particular cases

% 0.5 Phi - Opposed flame analysis _ princeton_ default Grad ©.01, Curv - 0.05
% Grid - 100000

% Load the CSV files

princeton_default netheat 05 = readmatrix('princeton_default netheat ©5.csv'); % Replace
with the actual filename

princeton_default_distance_05 = readmatrix('princeton_default_distance_05.csv'); % Replace
with the actual filename

% Determine the number of columns

princeton_default_numColumns_integrate_05 = min(size(princeton_default_netheat_05, 2),
size(princeton_default_distance_05, 2));

% Initialize the results matrix

princeton_default_integration_results_05 = zeros(1,
princeton_default_numColumns_integrate_05);

% Loop through each column
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for i = 1:princeton_default_numColumns_integrate_05
% Extract current column for netheat and distance
princeton_default_netheat_col 05 = princeton_default_netheat_05(:, i);
princeton_default_distance_col_05 = princeton_default_distance_05(:, 1i);

% Remove NaN values and ensure both arrays align

princeton_default_valid_idx_@5 = ~isnan(princeton_default_netheat_col_05) &
~isnan(princeton_default_distance_col_05);

princeton_default_netheat_col 05 =
princeton_default_netheat_col_05(princeton_default_valid_idx_05);

princeton_default_distance_col 05 =
princeton_default_distance_col_05(princeton_default_valid_idx_05);

% Perform integration only if there are sufficient data points
if length(princeton_default_distance_col_05) > 1
% Sort distance and netheat by distance values for correct integration
[princeton_default_distance_col_05, princeton_default_sortIdx_05] =
sort(princeton_default_distance_col_05);
princeton_default_netheat_col 05 =
princeton_default_netheat_col 05(princeton_default_sortIdx_05);

% Perform numerical integration using the trapezoidal rule
princeton_default_integration_results 05(i) =
trapz(princeton_default_distance_col 05, princeton_default_netheat_col 05);

else
% Not enough data to integrate
princeton_default_integration_results_05(i) = NaN;

end

end

% Load the CSV file
princeton_default_density 05 = readmatrix('princeton_default density ©5.csv'); % Replace
with the actual filename

% Extract the first row of each column
princeton_default_first_row_values_density 05 = princeton_default_density 05(1, :);

% Load the CSV file
princeton_default_sensibleenthalpy_ 05 =
readmatrix('princeton_default_sensibleenthalpy_©5.csv'); % Replace with the actual filename

% Get the number of columns
princeton_default_numColumns_sense_05 = size(princeton_default_sensibleenthalpy 05, 2);

% Initialize matrices to store first and last valid values
princeton_default_sensible_enthalpy first_05 = zeros(1,
princeton_default_numColumns_sense_05);
princeton_default_sensible_enthalpy_last_05 = zeros(1,
princeton_default_numColumns_sense_05);

% Loop through each column
for i = 1:princeton_default_numColumns_sense_05
% Extract the column
princeton_default_column_data_05 = princeton_default_sensibleenthalpy 05(:, i);

% Remove NaN values to get valid data
princeton_default_valid data_05 =
princeton_default_column_data_@5(~isnan(princeton_default_column_data_05));

% Get the first and last values from the valid data
if ~isempty(princeton_default_valid_data_05)
princeton_default_sensible_enthalpy first_05(i) =
princeton_default valid data ©5(1); % First value
princeton_default_sensible_enthalpy last_05(i) =
max(princeton_default valid data ©5(:,end)); % Last value
else
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% If the column is entirely NaN, assign NaN
princeton_default_sensible_enthalpy first ©5(i) = NaN;
princeton_default_sensible_enthalpy last_©5(i) = NaN;
end
end

princeton_default_xyz_05 = princeton_default_sensible_enthalpy_last_05-
princeton_default_sensible_enthalpy first_05;

princeton_default_den_05 =
princeton_default_first_row_values_density 05.*princeton_default_xyz_05;

princeton_default_SC_05 =
princeton_default_integration_results_05./(2.*princeton_default_den_05);

% Load the strain rate data from the CSV file
princeton_default_axialvel 05 = readmatrix('princeton_default_axialvelocity ©5.csv');

% Remove rows with NaN values
princeton_default_first_row_values_axialvel 05 = princeton_default_axialvel ©5(1, :);
princeton_default_max_dist_05 = max(princeton_default_distance_05, [], 1, 'omitnan');

% Find the maximum value in each column

% dublin_default_max_strainrate_05 = max(dublin_default_strainrate_05, [], 1); % Row
vector with max values for each column

% L = 0.014;

princeton_default_strainrate_05 =

2*princeton_default_first_row_values_axialvel 05./princeton_default_max_dist_05;

% Load the strain rate data from the CSV file
princeton_default_maxtemp_05 = readmatrix('princeton_default_temperature_05.csv');

% Remove rows with NaN values
princeton_default_max_temp_05 = max(princeton_default_maxtemp_05, [], 1, 'omitnan');

%% Dublin -0.5
% 0.5 Phi - Opposed flame analysis _ dublin_ default Grad 0.01, Curv - 0.05
% Grid - 100000

% Load the CSV files

dublin_default_netheat_©5 = readmatrix('dublin_default netheat ©5.csv'); % Replace with
the actual filename

dublin_default_distance_05 = readmatrix('dublin_default distance ©5.csv'); % Replace with
the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_05 = min(size(dublin_default_netheat_05, 2),
size(dublin_default_distance_05, 2));

% Initialize the results matrix
dublin_default_integration_results_05 = zeros(1l, dublin_default_numColumns_integrate_05);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_05
% Extract current column for netheat and distance
dublin_default_netheat_col_05 = dublin_default_netheat_05(:, 1i);
dublin_default_distance_col_05 = dublin_default_distance_05(:, i);

% Remove NaN values and ensure both arrays align
dublin_default_valid_idx_©05 = ~isnan(dublin_default_netheat_col_05) &
~isnan(dublin_default distance col 05);
dublin_default_netheat _col 05 =
dublin_default_netheat_col 05(dublin_default valid idx_05);
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dublin_default_distance_col_05 =
dublin_default_distance_col_05(dublin_default_valid_idx_05);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col _05) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col_ 05, dublin_default_sortIdx_05] =
sort(dublin_default_distance_col_05);
dublin_default_netheat_col 05 =
dublin_default_netheat_col_05(dublin_default_sortIdx_05);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_05(i) = trapz(dublin_default_distance_col_05,
dublin_default_netheat_col_05);
else
% Not enough data to integrate
dublin_default_integration_results_05(i) = NaN;
end
end

% Load the CSV file
dublin_default_density_©5 = readmatrix('dublin_default_density ©5.csv'); % Replace with
the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 05 = dublin_default_density_05(1, :);

% Load the CSV file
dublin_default_sensibleenthalpy_05
% Replace with the actual filename

readmatrix('dublin_default_sensibleenthalpy_05.csv');

% Get the number of columns
dublin_default_numColumns_sense_05 = size(dublin_default_sensibleenthalpy 05, 2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_05 = zeros(1, dublin_default_numColumns_sense_05);
dublin_default_sensible_enthalpy last 05 = zeros(1l, dublin_default_numColumns_sense_05);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_05
% Extract the column
dublin_default_column_data_©5 = dublin_default_sensibleenthalpy 05(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_05 =
dublin_default_column_data_05(~isnan(dublin_default_column_data_05));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_@5)
dublin_default_sensible_enthalpy first_05(i) = dublin_default_valid_data_05(1); %
First value
dublin_default_sensible_enthalpy last_©05(i) =
max(dublin_default valid data_©5(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_©5(i) = NaN;
dublin_default_sensible_enthalpy last_©5( i) = NaN;
end
end

dublin_default_xyz_ 05 = dublin_default_sensible_enthalpy_last_05-
dublin_default_sensible_enthalpy_first_65;

dublin_default_den_05 = dublin_default_first_row_values_density 05.*dublin_default_xyz_05;
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dublin_default_SC_05 = dublin_default_integration_results_05./(2.*dublin_default_den_05);

% Load the strain rate data from the CSV file
dublin_default_axialvel_05 = readmatrix('dublin_default_axialvel @5.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel_05 = dublin_default_axialvel _05(1, :);
dublin_default_max_dist_05 = max(dublin_default_distance_05, [], 1, 'omitnan');

% Find the maximum value in each column

% dublin_default_max_strainrate_05 = max(dublin_default_strainrate_05, [], 1); % Row
vector with max values for each column

% L = 0.014;

dublin_default_strainrate_05 =
2*dublin_default_first_row_values_axialvel_©5./dublin_default_max_dist_05;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_05 = readmatrix('dublin_default_temperature_05.csv');

% Remove rows with NaN values
dublin_default_max_temp_05 = max(dublin_default_maxtemp_©5, [], 1, ‘omitnan');

%% Konnov @5

% Load the CSV files

konnov_default_netheat_05 = readmatrix('konnov_default_netheat_05.csv'); % Replace with
the actual filename

konnov_default_distance_05 = readmatrix('konnov_default_distance_05.csv'); % Replace with
the actual filename

% Determine the number of columns
konnov_default_numColumns_integrate_©5 = min(size(konnov_default_netheat_05, 2),
size(konnov_default_distance_05, 2));

% Initialize the results matrix
konnov_default_integration_results_05 = zeros(1, konnov_default_numColumns_integrate_05);

% Loop through each column

for i = 1:konnov_default_numColumns_integrate_05
% Extract current column for netheat and distance
konnov_default_netheat_col_©5 = konnov_default_netheat_©05(:, i);
konnov_default_distance_col 05 = konnov_default_distance_05(:, i);

% Remove NaN values and ensure both arrays align

konnov_default_valid_idx_©5 = ~isnan(konnov_default_netheat_col 05) &
~isnan(konnov_default_distance_col_05);

konnov_default_netheat_col 05 =
konnov_default_netheat_col_05(konnov_default_valid_idx_05);

konnov_default_distance_col_05 =
konnov_default_distance_col_05(konnov_default_valid_idx_05);

% Perform integration only if there are sufficient data points
if length(konnov_default_distance_col 05) > 1
% Sort distance and netheat by distance values for correct integration
[konnov_default_distance_col 05, konnov_default sortIdx 05] =
sort(konnov_default_distance_col 05);
konnov_default_netheat_col_05 =
konnov_default_netheat_col_05(konnov_default_sortIdx_05);

% Perform numerical integration using the trapezoidal rule
konnov_default_integration_results_05(i) = trapz(konnov_default_distance_col_05,
konnov_default_netheat col 05);
else
% Not enough data to integrate
konnov_default_integration_results_05(i) = NaN;
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end
end

% Load the CSV file
konnov_default_density 05 = readmatrix('konnov_default_density ©5.csv'); % Replace with
the actual filename

% Extract the first row of each column
konnov_default_first_row_values_density_05 = konnov_default_density_05(1, :);

% Load the CSV file
konnov_default_sensibleenthalpy_05
% Replace with the actual filename

readmatrix('konnov_default_sensibleenthalpy ©5.csv');

% Get the number of columns
konnov_default_numColumns_sense_05 = size(konnov_default_sensibleenthalpy_05, 2);

% Initialize matrices to store first and last valid values
konnov_default_sensible_enthalpy first_05 = zeros(1l, konnov_default_numColumns_sense_05);
konnov_default_sensible_enthalpy last_©5 = zeros(1l, konnov_default_numColumns_sense_05);

% Loop through each column
for i = 1:konnov_default_numColumns_sense_05
% Extract the column
konnov_default_column_data_@5 = konnov_default_sensibleenthalpy 05(:, 1i);

% Remove NaN values to get valid data
konnov_default_valid_data_05 =
konnov_default_column_data_05(~isnan(konnov_default_column_data_05));

% Get the first and last values from the valid data
if ~isempty(konnov_default_valid_data_05)
konnov_default_sensible_enthalpy_ first 05(i) = konnov_default_valid _data_05(1); %
First value
konnov_default_sensible_enthalpy last_05(i) =
max(konnov_default_valid_data_05(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
konnov_default_sensible_enthalpy first_05(i) = NaN;
konnov_default_sensible_enthalpy last_©5(i) = NaN;
end
end

konnov_default_xyz_05 = konnov_default_sensible_enthalpy last_ 05-
konnov_default_sensible_enthalpy first_05;

konnov_default_den_05 = konnov_default_first_row_values_density_©5.*konnov_default_xyz_05;
konnov_default_SC_05 = konnov_default_integration_results_05./(2.*konnov_default_den_05);

% Load the strain rate data from the CSV file
konnov_default_axialvel 05 = readmatrix('konnov_default axialvel ©5.csv');

% Remove rows with NaN values
konnov_default first_row_values_axialvel 05 = konnov_default_ axialvel 05(1, :);
konnov_default_max_dist_©5 = max(konnov_default_distance 05, [], 1, 'omitnan');

% Find the maximum value in each column

% L = 0.014;

konnov_default_strainrate_05 =
2*konnov_default_first_row_values_axialvel_05./konnov_default_max_dist_05;

% Load the strain rate data from the CSV file
konnov_default_maxtemp_05 = readmatrix('konnov_default temperature 05.csv');
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% Remove rows with NaN values
konnov_default_max_temp_05 = max(konnov_default_maxtemp_05, [], 1, 'omitnan');

% Find the maximum value in each column

figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_SC_05(1:84),'-', 'linewidth',3)
hold on

plot (princeton_default_strainrate_05(1:91),princeton_default_SC_©5(1:91),'-",
'linewidth',3)

plot (konnov_default_strainrate_05(1:74),konnov_default_SC_05(1:74),'-', 'linewidth',3)
ylim([0.5 2])

legend('Dublin’, 'Princeton’, "konnov', 'Location’, 'northeast")

title('Consumption Velocity V/s Strain Rate - Phi 0.50")

xlabel('global strain rate in /s')

ylabel('consumption velocity in m/s");

hold off

figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_max_temp ©5(1:84),'--0',
'linewidth',1)

hold on

plot (princeton_default_strainrate_05(1:91),princeton_default_max_temp_05(1:91),'--0",
'linewidth',1)

plot (konnov_default_strainrate_05(1:74),konnov_default_max_temp_05(1:74),'--0",
'linewidth',1)

legend('Dublin’', 'Princeton’, "konnov', 'Location’, 'northeast")

title('Max Temperature V/s Strain Rate - Phi ©.50")

xlabel('global strain rate in /s')

ylabel('max temperature in K');

hold off

%% other plots

% Find the maximum value of y and its index
[max_dublin_default_max_temp_©5, maxIndex_1] = max(dublin_default_max_temp_05);

% To find velocity at max temp to search parameters
corresponding_dublin_default_strainrate_05 = dublin_default_strainrate_05(maxIndex_1);
corresponding_dublin_default_SC_05 = dublin_default_SC_05(maxIndex_1);
corresponding_dublin_default_first_row_values_axialvel 05 =
dublin_default_first_row_values_axialvel_©5(maxIndex_1);

% To find velocity at to searconsumption velocityc parameters
[max_dublin_default_SC_05, maxIndex_2] = max(dublin_default_SC_05);
max_dublin_default_strainrate_05 = dublin_default_strainrate_05(maxIndex_2);
max_dublin_default_first_row_values_axialvel 05 =

dublin_default_first_row_values_axialvel_05(maxIndex_2);

% Display the results

disp([ 'corresponding_dublin_default_first_row_values_axialvel_©05(at max temp) ',
num2str(corresponding_dublin_default_first_row_values_axialvel 05)]);
disp(['max_dublin_default_first_row_values_axialvel @5(at max SC) ',
num2str(max_dublin_default first row values_axialvel ©5)]);

% Plotting Graphs

dublin_default_analysis_atmax_sc_05 = readmatrix('dublin_default_analysis_atmaxsc_05.csv');
dublin_default_analysis_atmax_temp_05 =
readmatrix('dublin_default_analysis_atmaxtemp_05.csv');

Xoffset = 0.001;

% Net Heat

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_analysis_atmax_sc_05(:,2),
'-', 'linewidth',2)

hold on
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plot (dublin_default_analysis_atmax_temp_©5(:,1),dublin_default_analysis_atmax_temp_05(:,
2),"'-", 'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast")

title('Netheat Release V/s Distance - Phi 0.50 (Dublin)')

xlabel('distance in m")

ylabel('net heat release in J/m"3s');

hold off

%Temperature

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_analysis_atmax_sc_05(:,8),
'-', 'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_05(:,1),dublin_default_analysis_atmax_temp_05(:,
7),"'-", 'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast")

title('Temperature V/s Distance - Phi ©.50 (Dublin)')

xlabel('distance in m")

ylabel('temperature in K');

hold off

% (e)-(i) mass (or mole) fractions of H, O, OH, HO2, and H202

% 0 mass fraction

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_analysis_atmax_sc_05(:,15)
,'-", 'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_05(:,1),dublin_default_analysis_atmax_temp_05(:,
14),'-"', 'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast')

title('0O - Mole Fraction V/s Distance - Phi ©0.50 (Dublin)')

xlabel('distance in m")

ylabel('0 Mole Fraction');

hold off

% H mass fraction

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_analysis_atmax_sc_05(:,16)
,'-", 'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_05(:,1),dublin_default_analysis_atmax_temp_05(:,
15),'-"', 'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast")

title('H - Mole Fraction V/s Distance - Phi ©.50 (Dublin)"')

xlabel('distance in m")

ylabel('H Mole Fraction');

hold off

% OH mass fraction

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_analysis_atmax_sc_05(:,17)
,'-", 'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_05(:,1),dublin_default_analysis_atmax_temp_05(:,
16),'-"', 'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast")

title('OH - Mole Fraction V/s Distance - Phi ©.50 (Dublin)')

xlabel('distance in m")

ylabel('OH Mole Fraction');

hold off
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% HO2 mass fraction

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_analysis_atmax_sc_05(:,18)
,'-", 'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_05(:,1),dublin_default_analysis_atmax_temp_05(:,
17),"'-"', 'linewidth',2)

legend('at max SC','at max temp','Location', 'northeast’)

title('HO2 - Mole Fraction V/s Distance - Phi ©.50 (Dublin)")

xlabel('distance in m")

ylabel('HO2 Mole Fraction');

hold off

%H202 mass fraction

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_analysis_atmax_sc_05(:,19)
,'-', 'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_05(:,1),dublin_default_analysis_atmax_temp_05(:,
18),'-", 'linewidth',2)

legend('at max SC','at max temp','Location', 'northeast’)

title('H202 - Mole Fraction V/s Distance - Phi ©.50 (Dublin)")

xlabel('distance in m")

ylabel('H202 Mole Fraction');

hold off

% Local Equivalence Ratio

dublin_default_xHtotal_atmaxsc_@5 = 2*dublin_default_analysis_atmax_sc_05(:,12) +
2*dublin_default_analysis_atmax_sc_©05(:,14) + 1*dublin_default_analysis_atmax_sc_05(:,17)+
1*dublin_default_analysis_atmax_sc_©05(:,16)+ 2*dublin_default_analysis_atmax_sc_©05(:,19)+
1*dublin_default_analysis_atmax_sc_©05(:,18);

dublin_default_xOtotal_atmaxsc_©5 = 2*dublin_default_analysis_atmax_sc_©5(:,13) +
1*dublin_default_analysis_atmax_sc_©05(:,14) + 1*dublin_default_analysis_atmax_sc_05(:,17) +
1*dublin_default_analysis_atmax_sc_©05(:,15) + 2*dublin_default_analysis_atmax_sc_05(:,19)+
2*dublin_default_analysis_atmax_sc_05(:,18);

dublin_default_localphi_atmaxsc_05 =
dublin_default_xHtotal_atmaxsc_05./(2*dublin_default_xOtotal_atmaxsc_05);

dublin_default_xHtotal atmaxtemp_©5 = 2*dublin_default_analysis_atmax_temp_05(:,11) +
2*dublin_default_analysis_atmax_temp_©5(:,13) +
1*dublin_default_analysis_atmax_temp ©5(:,16)+
1*dublin_default_analysis_atmax_temp ©5(:,15)+
2*dublin_default_analysis_atmax_temp ©5(:,18)+
1*dublin_default_analysis_atmax_temp_05(:,17);

dublin_default_xOtotal_atmaxtemp_05 = 2*dublin_default_analysis_atmax_temp_05(:,12) +
1*dublin_default_analysis_atmax_temp_05(:,13) +
1*dublin_default_analysis_atmax_temp_05(:,16) +
1*dublin_default_analysis_atmax_temp_05(:,14) +
2*dublin_default_analysis_atmax_temp_05(:,18)+
2*dublin_default_analysis_atmax_temp_05(:,17);

dublin_default_localphi_atmaxtemp_05 =
dublin_default xHtotal atmaxtemp_05./(2*dublin_default_ xOtotal_ atmaxtemp_05);

figure()

plot
(dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_localphi_atmaxsc_05,"'-",
'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_©5(:,1),dublin_default_localphi_atmaxtemp_05,"'-",
'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast")

title('Local Equivalence Ratio V/s Distance - Phi ©.50 (Dublin)')
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xlabel('distance in m")
ylabel('local equivalence ratio');
hold off

% to calculate cF=1-YH2/YH2,u

dublin_default_cf_atmaxsc_05 = 1-(dublin_default_analysis_atmax_sc_05(:,12)./0.1736);
dublin_default_cf_atmaxtemp_05 = 1-(dublin_default_analysis_atmax_temp_05(:,11)./0.1736);
figure()

plot (dublin_default_analysis_atmax_sc_05(:,1)+Xoffset,dublin_default_cf_atmaxsc_05,'-",
'linewidth',2)

hold on

plot (dublin_default_analysis_atmax_temp_05(:,1),dublin_default_cf_atmaxtemp_05,'-",
'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast")

title('Cf V/s Distance - Phi ©0.50 (Dublin)')

xlabel('distance in m")

ylabel('Cf');

hold off

% heat release rate as a function of cF

figure()

plot (dublin_default_cf_atmaxsc_@5+Xoffset, dublin_default_analysis_atmax_sc_05(:,2), " '-"',
'linewidth',2)

hold on

plot (dublin_default_cf_atmaxtemp_05,dublin_default_analysis_atmax_temp_05(:,2),"'-",
'linewidth',2)

legend('at max SC','at max temp', 'Location', 'northeast")

title('Net Heat V/s Cf - Phi ©.50 (Dublin)')

xlabel('Cf")

ylabel('Net Heat in J/m”3s');

hold off

% Temperature as a function of cF

figure()

plot (dublin_default_cf_atmaxsc_05+Xoffset, dublin_default_analysis_atmax_sc_05(:,8), " '-',
'linewidth',2)

hold on

plot (dublin_default_cf_atmaxtemp_05,dublin_default_analysis_atmax_temp_05(:,7),"'-",
'linewidth',2)

legend('at max SC','at max temp','Location', 'northeast')

title('Temperature V/s Cf - Phi 0.50 (Dublin)"')

xlabel('Cf")

ylabel('temperature in K');

hold off

%% princeton 08
%Phi 08

% Load the CSV files

princeton_default_netheat_08 = readmatrix('princeton_default_netheat_©08.csv'); % Replace
with the actual filename

princeton_default_distance_08 = readmatrix('princeton_default_distance_08.csv'); % Repla
with the actual filename

% Determine the number of columns
princeton_default_numColumns_integrate_08 = min(size(princeton_default_netheat_08, 2),
size(princeton_default distance 08, 2));

% Initialize the results matrix
princeton_default_integration_results_08 = zeros(1,
princeton_default_numColumns_integrate_08);

% Loop through each column
for i = 1:princeton_default_numColumns_integrate_08
% Extract current column for netheat and distance
princeton_default netheat_col 08 = princeton_default_netheat_08(:, i);

ce
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princeton_default_distance_col_08 = princeton_default_distance_08(:, 1i);

% Remove NaN values and ensure both arrays align

princeton_default_valid_idx_08 = ~isnan(princeton_default_netheat_col_08) &
~isnan(princeton_default_distance_col_08);

princeton_default_netheat_col 08 =
princeton_default_netheat_col_08(princeton_default_valid_idx_08);

princeton_default_distance_col 08 =
princeton_default_distance_col_08(princeton_default_valid_idx_08);

% Perform integration only if there are sufficient data points
if length(princeton_default_distance_col 08) > 1
% Sort distance and netheat by distance values for correct integration
[princeton_default_distance_col 08, princeton_default_sortIdx_08] =
sort(princeton_default_distance_col_08);
princeton_default_netheat_col 08 =
princeton_default_netheat_col_@8(princeton_default_sortIdx_08);

% Perform numerical integration using the trapezoidal rule
princeton_default_integration_results 08(i) =
trapz(princeton_default_distance_col 08, princeton_default_netheat_col 08);

else
% Not enough data to integrate
princeton_default_integration_results_08(i) = NaN;

end

end

% Load the CSV file
princeton_default_density_08 = readmatrix('princeton_default_density ©8.csv'); % Replace
with the actual filename

% Extract the first row of each column
princeton_default_first_row_values_density 08 = princeton_default_density 08(1, :);

% Load the CSV file
princeton_default_sensibleenthalpy_ 08 =
readmatrix('princeton_default_sensibleenthalpy_©8.csv'); % Replace with the actual filename

% Get the number of columns
princeton_default_numColumns_sense_08 = size(princeton_default_sensibleenthalpy_08, 2);

% Initialize matrices to store first and last valid values
princeton_default_sensible_enthalpy first_08 = zeros(1,
princeton_default_numColumns_sense_08);
princeton_default_sensible_enthalpy last_ 08 = zeros(1,
princeton_default_numColumns_sense_08);

% Loop through each column
for i = 1:princeton_default_numColumns_sense_08
% Extract the column
princeton_default_column_data_©8 = princeton_default_sensibleenthalpy 08(:, i);

% Remove NaN values to get valid data
princeton_default_valid data_08 =
princeton_default column_data_@8(~isnan(princeton_default_column_data_08));

% Get the first and last values from the valid data
if ~isempty(princeton_default_valid_data_e8)
princeton_default_sensible_enthalpy first_08(i) =
princeton_default_valid_data_08(1); % First value
princeton_default_sensible_enthalpy last_08(i) =
max(princeton_default valid data @8(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
princeton_default_sensible_enthalpy first_08(i) = NaN;
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princeton_default_sensible_enthalpy last_©8(i) = NaN;
end
end

princeton_default_xyz_08 = princeton_default_sensible_enthalpy_last_08-
princeton_default_sensible_enthalpy first_e8;

princeton_default_den_08 =
princeton_default_first_row_values_density 08.*princeton_default_xyz_08;

princeton_default_SC_08 =
princeton_default_integration_results_©8./(2.*princeton_default_den_08);

% Load the strain rate data from the CSV file
princeton_default_axialvel 08 = readmatrix('princeton_default_axialvel ©08.csv');

% Remove rows with NaN values
princeton_default_first_row_values_axialvel 08 = princeton_default_axialvel 08(1, :);
princeton_default_max_dist_08 = max(princeton_default_distance_08, [], 1, 'omitnan');

% Find the maximum value in each column

% L = 0.014;

princeton_default_strainrate 08 =

2*princeton_default_first_row_values_axialvel 08./princeton_default_max_dist_08;

% Load the strain rate data from the CSV file
princeton_default_maxtemp_08 = readmatrix('princeton_default_temperature_08.csv');

% Remove rows with NaN values
princeton_default_max_temp_08 = max(princeton_default_maxtemp_08, [], 1, 'omitnan');

%% Dublines8
% Dublin @8

% Load the CSV files

dublin_default_netheat_08 = readmatrix('dublin_default_netheat_08.csv'); % Replace with
the actual filename

dublin_default_distance_08 = readmatrix('dublin_default_distance_08.csv'); % Replace with
the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_08 = min(size(dublin_default_netheat_o8, 2),
size(dublin_default_distance_08, 2));

% Initialize the results matrix
dublin_default_integration_results_08 = zeros(1l, dublin_default_numColumns_integrate_o08);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_08
% Extract current column for netheat and distance
dublin_default_netheat_col_08 = dublin_default_netheat_08(:, 1i);
dublin_default_distance_col 08 = dublin_default_distance 08(:, i);

% Remove NaN values and ensure both arrays align

dublin_default_valid_idx_©8 = ~isnan(dublin_default_netheat_col 08) &
~isnan(dublin_default distance col 08);

dublin_default_netheat_col_08 =
dublin_default_netheat_col_08(dublin_default_valid_idx_e8);

dublin_default_distance_col_08 =
dublin_default_distance_col_08(dublin_default_valid_idx_08);

% Perform integration only if there are sufficient data points

if length(dublin_default_distance_col _08) > 1
% Sort distance and netheat by distance values for correct integration
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[dublin_default_distance_col_ 08, dublin_default_sortIdx_08] =
sort(dublin_default_distance_col_08);

dublin_default_netheat_col_08 =
dublin_default_netheat_col_08(dublin_default_sortIdx_08);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_08(i) = trapz(dublin_default_distance_col_08,
dublin_default_netheat_col_08);
else
% Not enough data to integrate
dublin_default_integration_results_08(i) = NaN;
end
end

% Load the CSV file
dublin_default_density_08 = readmatrix('dublin_default_density ©8.csv'); % Replace with
the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 08 = dublin_default_density 08(1, :);

% Load the CSV file
dublin_default_sensibleenthalpy 08
% Replace with the actual filename

readmatrix('dublin_default_sensibleenthalpy 08.csv');

% Get the number of columns

dublin_default_numColumns_sense_08 = size(dublin_default_sensibleenthalpy 08, 2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_08 = zeros(1, dublin_default_numColumns_sense_08);
dublin_default_sensible_enthalpy_last 08 = zeros(1l, dublin_default_numColumns_sense_08);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_08
% Extract the column
dublin_default_column_data_08 = dublin_default_sensibleenthalpy_08(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_08 =
dublin_default_column_data_@8(~isnan(dublin_default_column_data_08));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_e8)
dublin_default_sensible_enthalpy first_08(i) = dublin_default_valid_data_e8(1); %
First value
dublin_default_sensible_enthalpy_last 08(i) =
max(dublin_default_valid_data_08(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy_first_©08(i) = NaN;
dublin_default_sensible_enthalpy last_©8( i) = NaN;
end
end

dublin_default_xyz_ 08 = dublin_default_sensible_enthalpy_last_08-
dublin_default_sensible_enthalpy_first_o08;

dublin_default_den_08 = dublin_default_first_row_values_density 08.*dublin_default_xyz_08;
dublin_default_SC_08 = dublin_default_integration_results_08./(2.*dublin_default_den_o08);

% Load the strain rate data from the CSV file
dublin_default_axialvel 08 = readmatrix('dublin_default axialvel 08.csv');
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% Remove rows with NaN values
dublin_default_first_row_values_axialvel 08 = dublin_default_axialvel 08(1, :);
dublin_default_max_dist_08 = max(dublin_default_distance_08, [], 1, 'omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate_08 =
2*dublin_default_first_row_values_axialvel_08./dublin_default_max_dist_08;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_@8 = readmatrix('dublin_default_temperature_08.csv');

% Remove rows with NaN values
dublin_default_max_temp_08 = max(dublin_default_maxtemp_08, [], 1, 'omitnan');

% Find the maximum value in each column

figure()

plot (dublin_default_strainrate_08(1:100),dublin_default_SC_08(1:100), " '-', 'linewidth',3)
hold on

plot (princeton_default_strainrate_08(1:90),princeton_default_SC 08(1:90),"'-"',
'linewidth',3)

ylim([1 2])

legend('Dublin', 'Princeton', 'Location', 'southeast")

title('Consumption Velocity V/s Strain Rate - Phi ©.80")

xlabel('global strain rate in /s')

ylabel('consumption velocity in m/s');

hold off

figure()

plot (dublin_default_strainrate_08(1:100),dublin_default_max_temp_08(1:100),'--0',
'linewidth',1)

hold on

plot (princeton_default_strainrate_08(1:90),princeton_default_max_temp_08(1:90), '--0',
'linewidth',1)

legend('Dublin’', 'Princeton', 'Location', "northeast")

title('Max Temperature V/s Strain Rate - Phi 0.80")

xlabel('global strain rate in /s')

ylabel('max temperature in K');

hold off

%% Konnoves

%% Pressure Effect
% 2 ATM

% Load the CSV files

dublin_default_netheat_05_2atm = readmatrix('dublin_default_netheat_05_2atm.csv'); %
Replace with the actual filename

dublin_default_distance_05_2atm = readmatrix('dublin_default_distance_05 2atm.csv'); %
Replace with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_05_2atm = min(size(dublin_default_netheat_05_2atm, 2),
size(dublin_default_distance_05 2atm, 2));

% Initialize the results matrix
dublin_default_integration_results_05_2atm = zeros(1,
dublin_default_numColumns_integrate_05_2atm);

% Loop through each column

for 1 = 1:dublin_default_numColumns_integrate_05_2atm
% Extract current column for netheat and distance
dublin_default_netheat_col 05 2atm = dublin_default_netheat_05 2atm(:, i);
dublin_default_distance_col 05 2atm = dublin_default_distance_05 2atm(:, i);

% Remove NaN values and ensure both arrays align
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dublin_default_valid_idx_©5_2atm = ~isnan(dublin_default_netheat_col_05_ 2atm) &
~isnan(dublin_default_distance_col_05_ 2atm);

dublin_default_netheat_col_05 2atm =
dublin_default_netheat_col_ 05 2atm(dublin_default_valid_idx_@5_2atm);

dublin_default_distance_col_05 2atm =
dublin_default_distance_col_05 2atm(dublin_default_valid_idx_©5_2atm);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col 05 2atm) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col_©05_2atm, dublin_default_sortIdx_05_2atm] =
sort(dublin_default_distance_col_05 2atm);
dublin_default_netheat_col_05 2atm =
dublin_default_netheat_col_05_ 2atm(dublin_default_sortIdx_05_2atm);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_05 2atm(i) =
trapz(dublin_default_distance_col_05 2atm, dublin_default_netheat_col_05 2atm);

else
% Not enough data to integrate
dublin_default_integration_results_©5 2atm(i) = NaN;

end

end

% Load the CSV file
dublin_default_density_05_2atm = readmatrix('dublin_default_density_05_2atm.csv'); %
Replace with the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 05 2atm = dublin_default_density 05 2atm(1, :);

% Load the CSV file

dublin_default_sensibleenthalpy 05 2atm =
readmatrix('dublin_default_sensibleenthalpy 05 2atm.csv'); % Replace with the actual
filename

% Get the number of columns
dublin_default_numColumns_sense_05 2atm = size(dublin_default_sensibleenthalpy_©5_2atm,
2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_ 05 2atm = zeros(1,
dublin_default_numColumns_sense_05_ 2atm);
dublin_default_sensible_enthalpy_last 05 2atm = zeros(1,
dublin_default_numColumns_sense_05 2atm);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_05_ 2atm
% Extract the column
dublin_default_column_data_05_ 2atm = dublin_default_sensibleenthalpy_05 2atm(:, i);

% Remove NaN values to get valid data
dublin_default_valid data_©5 2atm =
dublin_default_column_data_©5 2atm(~isnan(dublin_default column_data_©5 2atm));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_@5_2atm)
dublin_default_sensible_enthalpy first_05 2atm(i) =
dublin_default_valid_data_05_2atm(1l); % First value
dublin_default_sensible_enthalpy_last_©05 2atm(i) =
max(dublin_default_valid_data_05 2atm(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_©5_2atm(i) = NaN;
dublin_default_sensible_enthalpy_last_©5_2atm( i) = NaN;



end
end

dublin_default_xyz_©05_2atm = dublin_default_sensible_enthalpy_last_05_2atm-
dublin_default_sensible_enthalpy_first_05_2atm;

dublin_default_den_05_2atm =
dublin_default_first_row_values_density ©5_2atm.*dublin_default_xyz 05 2atm;

dublin_default_SC_05_2atm =
dublin_default_integration_results_05 2atm./(2.*dublin_default_den_05 2atm);

% Load the strain rate data from the CSV file
dublin_default_axialvel_ 05 2atm = readmatrix('dublin_default_axialvel 05 2atm.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 05 2atm = dublin_default_axialvel ©5_ 2atm(1, :);
dublin_default_max_dist_©5_2atm = max(dublin_default_distance_05 2atm, [], 1, ‘omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate_05_ 2atm =
2*dublin_default_first_row_values_axialvel 05 2atm./dublin_default_max_dist_05_ 2atm;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_05_2atm = readmatrix('dublin_default_temperature_05_2atm.csv');

% Remove rows with NaN values
dublin_default_max_temp_05_2atm = max(dublin_default_maxtemp_05_2atm, [], 1, 'omitnan');

%% 3ATM

% Load the CSV files

dublin_default_netheat_05 3atm = readmatrix('dublin_default_netheat 05 3atm.csv'); %
Replace with the actual filename

dublin_default_distance_05_3atm = readmatrix('dublin_default_distance_05 3atm.csv'); %
Replace with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_05_3atm = min(size(dublin_default_netheat_05_3atm, 2),
size(dublin_default_distance_05 2atm, 2));

% Initialize the results matrix
dublin_default_integration_results_05_3atm = zeros(1,
dublin_default_numColumns_integrate_05_3atm);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_05_3atm
% Extract current column for netheat and distance
dublin_default_netheat_col_05_ 3atm = dublin_default_netheat_05_3atm(:, i);
dublin_default_distance_col_05_3atm = dublin_default_distance_05_3atm(:, 1i);

% Remove NaN values and ensure both arrays align
dublin_default_valid _idx_©5 3atm = ~isnan(dublin_default netheat_col 05 3atm) &
~isnan(dublin_default _distance_col 05 3atm);
dublin_default_netheat_col 05 3atm =
dublin_default_netheat_col_©5_ 3atm(dublin_default_valid_idx_@5_3atm);
dublin_default_distance_col_05 3atm =
dublin_default_distance_col_05_3atm(dublin_default_valid_idx_©5_3atm);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col_©5_3atm) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col 05 3atm, dublin_default_sortIdx 05 3atm] =
sort(dublin_default_distance_col 05 3atm);
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dublin_default_netheat_col_05_ 3atm =
dublin_default_netheat_col_05_ 3atm(dublin_default_sortIdx_©5_ 3atm);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_05 3atm(i) =
trapz(dublin_default_distance_col_05 3atm, dublin_default_netheat_col_05_ 3atm);

else
% Not enough data to integrate
dublin_default_integration_results_@5 3atm(i) = NaN;

end

end

% Load the CSV file
dublin_default_density_@5 3atm = readmatrix('dublin_default_density 05 3atm.csv'); %
Replace with the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density_05 3atm = dublin_default_density_ 05 3atm(1, :);

% Load the CSV file

dublin_default_sensibleenthalpy 05 3atm =
readmatrix('dublin_default_sensibleenthalpy 05 3atm.csv'); % Replace with the actual
filename

% Get the number of columns
dublin_default_numColumns_sense_05 3atm = size(dublin_default_sensibleenthalpy_©5_3atm,
2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_05 3atm = zeros(1,
dublin_default_numColumns_sense_05_ 3atm);
dublin_default_sensible_enthalpy_last 05 3atm = zeros(1,
dublin_default_numColumns_sense_05_ 3atm);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_05_3atm
% Extract the column
dublin_default_column_data_05_3atm = dublin_default_sensibleenthalpy_ 05 3atm(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_05_3atm =
dublin_default_column_data_©5 3atm(~isnan(dublin_default_column_data_05_ 3atm));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_©5_3atm)
dublin_default_sensible_enthalpy first 05 3atm(i) =
dublin_default_valid_data_05_3atm(1l); % First value
dublin_default_sensible_enthalpy_last_05 3atm(i) =
max(dublin_default_valid_data_05_ 3atm(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_05_ 3atm(i) = NaN;
dublin_default_sensible_enthalpy_last_©5_3atm( i) = NaN;
end
end

dublin_default_xyz_©5_3atm = dublin_default_sensible_enthalpy_last_05_3atm-
dublin_default_sensible_enthalpy_first_05_3atm;

dublin_default_den_05_3atm =
dublin_default_first_row_values_density ©5_3atm.*dublin_default_xyz 05 3atm;

dublin_default_SC_©5 3atm =
dublin_default_integration_results_©5_3atm./(2.*dublin_default_den_05_3atm);

% Load the strain rate data from the CSV file
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% dublin_default_strainrate_05 = readmatrix('dublin_default_normalstrain_05.csv');
dublin_default_axialvel 05 3atm = readmatrix('dublin_default_axialvel ©5 3atm.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 05 3atm = dublin_default_axialvel @5 3atm(1, :);
dublin_default_max_dist_©5_3atm = max(dublin_default_distance_05_ 3atm, [], 1, ‘omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate_05_3atm =
2*dublin_default_first_row_values_axialvel 05 _3atm./dublin_default_max_dist_05_3atm;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_05 3atm = readmatrix('dublin_default_temperature_05 3atm.csv');

% Remove rows with NaN values
dublin_default_max_temp_05 3atm = max(dublin_default_maxtemp_©5 3atm, [], 1, 'omitnan');

figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_SC ©5(1:84),'-', 'linewidth',3)
hold on

plot (dublin_default_strainrate_05 2atm(1:170),dublin_default_SC_05 2atm(1:1790),'-",
'linewidth',3)

plot (dublin_default_strainrate_05_3atm(1:164),dublin_default_SC_05 3atm(1:164),'-',
'linewidth',3)

ylim([0.40 2])

legend('1ATM', '2ATM','3ATM', 'Location', 'northeast")

title('Consumption Velocity V/s Strain Rate (Pressure Effects) - Phi 0.50 (Dublin)')
xlabel('global strain rate in /s')

ylabel('consumption velocity in m/s');

hold off
%

figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_max_temp_05(1:84),'--0",
'linewidth',1)

hold on

plot (dublin_default_strainrate_05 2atm(1:170),dublin_default_max_temp_05 2atm(1:170), "' --
o', 'linewidth',1)

plot (dublin_default_strainrate_05_3atm(1:164),dublin_default_max_temp_05_ 3atm(1:164), "' --
o', 'linewidth',1)

legend('1ATM', '2ATM','3ATM', 'Location’, "northeast")

title('Max Temperature V/s Strain Rate (Pressure Effects) - Phi ©0.50 (Dublin)')
xlabel('global strain rate in /s'")

ylabel('max temperature in K');

hold off

%% temperature effects

%t500

% Load the CSV files

dublin_default_netheat_05_t500 = readmatrix('dublin_default_netheat_05_t500.csv'); %
Replace with the actual filename

dublin_default_distance_05 t500 = readmatrix('dublin_default distance ©5 t500.csv'); %
Replace with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_05_t500 = min(size(dublin_default_netheat_05_t500, 2),
size(dublin_default_distance_05_t500, 2));

% Initialize the results matrix
dublin_default_integration_results_05_t500 = zeros(1,
dublin_default_numColumns_integrate_05_t500);

% Loop through each column
for i = 1:dublin_default_numColumns_integrate_05_t500
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% Extract current column for netheat and distance
dublin_default_netheat_col 05 t500 = dublin_default_netheat_05_t500(:, i);
dublin_default_distance_col_05_t500 = dublin_default_distance_05_t500(:, 1i);

% Remove NaN values and ensure both arrays align

dublin_default_valid_idx_©5_t500 = ~isnan(dublin_default_netheat_col_05_t500) &
~isnan(dublin_default_distance_col_05_t500);

dublin_default_netheat_col_05_t500 =
dublin_default_netheat_col_05_t500(dublin_default_valid_idx_©5_t500);

dublin_default_distance_col_05_t500 =
dublin_default_distance_col_05_t500(dublin_default_valid_idx_©5_t500);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col _05_t500) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col_05_t500, dublin_default_sortIdx_05_t500] =
sort(dublin_default_distance_col_05_t500);
dublin_default_netheat_col_05_t500 =
dublin_default_netheat_col_05_t500(dublin_default_sortIdx_05_t500);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_©5 t500(i) =
trapz(dublin_default_distance_col 05 t500, dublin_default_netheat_col 05 t500);

else
% Not enough data to integrate
dublin_default_integration_results_05_t500(i) = NaN;

end

end

% Load the CSV file
dublin_default_density_©5 t500 = readmatrix('dublin_default _density @5 t500.csv'); %
Replace with the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 05 t500 = dublin_default_density 05 t500(1, :);

% Load the CSV file

dublin_default_sensibleenthalpy_05_t500 =
readmatrix('dublin_default_sensibleenthalpy_05_t500.csv'); % Replace with the actual
filename

% Get the number of columns
dublin_default_numColumns_sense_05 t500 = size(dublin_default_sensibleenthalpy_ 05 _t500,
2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_05_t500 = zeros(1,
dublin_default_numColumns_sense_05_t500);
dublin_default_sensible_enthalpy last_©5_t500 = zeros(1,
dublin_default_numColumns_sense_05_t500);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_05_ t500
% Extract the column
dublin_default_column_data_05_t500 = dublin_default_sensibleenthalpy_05_t500(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_05_t500 =
dublin_default_column_data_05_t500(~isnan(dublin_default_column_data_05_t500));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_05_t500)
dublin_default_sensible_enthalpy first_05_t500(i) =
dublin_default_valid data_@5 t500(1); % First value
dublin_default_sensible_enthalpy_last_©5_t500(i) =
max(dublin_default valid data_©5 t500(:,end)); % Last value
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else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_05_t500(i) = NaN;
dublin_default_sensible_enthalpy_last_©5_t500( i) = NaN;
end
end

dublin_default_xyz_05_t500 = dublin_default_sensible_enthalpy_last_05_t500-
dublin_default_sensible_enthalpy_first_05_t500;

dublin_default_den_05_t500 =
dublin_default_first_row_values_density ©5_t500.*dublin_default_xyz 05 t500;

dublin_default_SC_@5 t500 =
dublin_default_integration_results_©5_t500./(2.*dublin_default_den_05_t500);

% Load the strain rate data from the CSV file
% dublin_default_strainrate_05 = readmatrix('dublin_default_normalstrain_05.csv');
dublin_default_axialvel_05_t500 = readmatrix('dublin_default_axialvel_©5_t500.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 05 t500 = dublin_default_axialvel 05 _t500(1, :);
dublin_default_max_dist_©5 t500 = max(dublin_default_distance_05_t500, [], 1, 'omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate_05_t500 =
2*dublin_default_first_row_values_axialvel_05_t500./dublin_default_max_dist_05_t500;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_©5 t500 = readmatrix('dublin_default_ temperature_ 05 t500.csv');

% Remove rows with NaN values
dublin_default_max_temp_05 t500 = max(dublin_default_maxtemp_©5 t500, [], 1, 'omitnan');

%% T=800K

%1800

% Load the CSV files

dublin_default_netheat_05_t800 = readmatrix('dublin_default_netheat_05_t800.csv'); %
Replace with the actual filename

dublin_default_distance_05 t800 = readmatrix('dublin_default distance 05 t800.csv'); %
Replace with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_05_t800 = min(size(dublin_default_netheat_05_t800, 2),
size(dublin_default_distance_05_t800, 2));

% Initialize the results matrix
dublin_default_integration_results_05_t800 = zeros(1,
dublin_default_numColumns_integrate_05_t800);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_05_t800
% Extract current column for netheat and distance
dublin_default_netheat_col 05 t800 = dublin_default_netheat_ 05 t800(:, i);
dublin_default_distance_col_05_t800 = dublin_default_distance_05_t800(:, i);

% Remove NaN values and ensure both arrays align

dublin_default_valid_idx_©5_t800 = ~isnan(dublin_default_netheat_col_05_t800) &
~isnan(dublin_default_distance_col_05_t809);

dublin_default_netheat_col 05 t800 =
dublin_default_netheat_col 05 t800(dublin_default valid idx_©5 t800);

dublin_default_distance col 05 t8600 =
dublin_default_distance_col 05 t800(dublin_default valid_idx_©5 t8090);
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% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col _05_t860) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col_05_t800, dublin_default_sortIdx_05_t800] =
sort(dublin_default_distance_col_05_t8609);
dublin_default_netheat_col_05_t800 =
dublin_default_netheat_col_05_t800(dublin_default_sortIdx_05_t8600);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_05 t800(i) =
trapz(dublin_default_distance_col 05 _t800, dublin_default_netheat_col 05 _t8090);

else
% Not enough data to integrate
dublin_default_integration_results_©5_t800(i) = NaN;

end

end

% Load the CSV file
dublin_default_density_ 05 t800 = readmatrix('dublin_default _density @5 t8@@.csv'); %
Replace with the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 05 t800 = dublin_default_density 05 t8e0(1, :);

% Load the CSV file

dublin_default_sensibleenthalpy_05_t800 =
readmatrix('dublin_default_sensibleenthalpy_05_t800.csv'); % Replace with the actual
filename

% Get the number of columns
dublin_default_numColumns_sense_05 t800 = size(dublin_default_sensibleenthalpy 05 t800,

2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_05_t800 = zeros(1,
dublin_default_numColumns_sense_05_t800);
dublin_default_sensible_enthalpy last_©5_t800 = zeros(1,
dublin_default_numColumns_sense_05_t800);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_05_t800
% Extract the column
dublin_default_column_data_©5_t800 = dublin_default_sensibleenthalpy 05 t800(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_05_t800 =
dublin_default_column_data_05_t800(~isnan(dublin_default_column_data_05_t800));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_05_t8600)
dublin_default_sensible_enthalpy_first_05_t800(i) =
dublin_default_valid data_@5 t800(1); % First value
dublin_default_sensible_enthalpy_last_©5_t800(i) =
max(dublin_default valid data_©5 t800(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_05_t800(i) = NaN;
dublin_default_sensible_enthalpy_last_©5_t800( i) = NaN;
end
end

dublin_default_xyz_05_t800 = dublin_default_sensible_enthalpy_last_05_t800-
dublin_default_sensible_enthalpy_first_05_t800;
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dublin_default_den_05_t8600 =
dublin_default_first_row_values_density ©5_t800.*dublin_default_xyz 05 t800;

dublin_default_SC_@5 t800 =
dublin_default_integration_results_©5_t800./(2.*dublin_default_den_05_t8600);

% Load the strain rate data from the CSV file
% dublin_default_strainrate_05 = readmatrix('dublin_default_normalstrain_05.csv');
dublin_default_axialvel 05 t800 = readmatrix('dublin_default axialvel ©5 t800.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 05 t800 = dublin_default_axialvel @5 _t800(1, :);
dublin_default_max_dist_©05_t800 = max(dublin_default_distance_05_t800, [], 1, 'omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate_05_t800 =
2*dublin_default_first_row_values_axialvel_05_t800./dublin_default_max_dist_05_t800;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_©5 t800 = readmatrix('dublin_default temperature_ 05 t800.csv');

% Remove rows with NaN values
dublin_default_max_temp_05_ t800 = max(dublin_default_maxtemp_05_t800, [], 1, 'omitnan');

figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_SC_©5(1:84),"'-', 'linewidth',3)
hold on

plot (dublin_default_strainrate_05_t500(1:58),dublin_default_SC_05_t500(1:58),'-",
'linewidth',3)

plot (dublin_default_strainrate_05_t800(1:68),dublin_default_SC_05 t800(1:68), " '-',
'linewidth',3)

ylim([0.40 8])

legend('T(inlet)=298K"', 'T(inlet)=500K','T(inlet)=800K"', 'Location', 'southeast")
title('Consumption Velocity V/s Strain Rate (Effect of inlet Temperature) - Phi 0.50
(Dublin)")

xlabel('global strain rate in /s')

ylabel('consumption velocity in m/s');

hold off
%

figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_max_temp_05(1:84),'--0",
'linewidth',1)

hold on

plot (dublin_default_strainrate_05_ t500(1:58),dublin_default_max_temp_©5 t500(1:58),'--0',
'linewidth',1)

plot (dublin_default_strainrate_05_t800(1:end),dublin_default_max_temp_05_t800(1l:end), '--
o', 'linewidth',1)

legend('T(inlet)=298K"', 'T(inlet)=500K', 'T(inlet)=800K", 'Location’, 'northeast")
title('Max Temperature V/s Strain Rate (Effect of inlet temperature) - Phi 0.50 (Dublin)')
xlabel('global strain rate in /s')

ylabel('max temperature in K");

hold off

%% Phi Effects

%% Phi 036

% Load the CSV files

dublin_default_netheat_036 = readmatrix('dublin_default_netheat_036.csv'); % Replace with
the actual filename

dublin_default_distance_036 = readmatrix('dublin_default distance ©36.csv'); % Replace
with the actual filename
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% Determine the number of columns
dublin_default_numColumns_integrate_036 = min(size(dublin_default_netheat_036, 2),
size(dublin_default_distance_036, 2));

% Initialize the results matrix
dublin_default_integration_results_036 = zeros(1,
dublin_default_numColumns_integrate_036);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_036
% Extract current column for netheat and distance
dublin_default_netheat_col 036 = dublin_default_netheat_036(:, i);
dublin_default_distance_col_036 = dublin_default_distance_036(:, i);

% Remove NaN values and ensure both arrays align
dublin_default_valid_idx_©036 = ~isnan(dublin_default_netheat_col_036) &
~isnan(dublin_default_distance_col_036);
dublin_default_netheat_col_036 =
dublin_default_netheat_col_036(dublin_default_valid_idx_036);
dublin_default_distance_col_036 =
dublin_default_distance_col 036(dublin_default_valid_idx_036);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col 036) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col 036, dublin_default_sortIdx_036] =
sort(dublin_default_distance_col_036);
dublin_default_netheat_col_036 =
dublin_default_netheat_col_036(dublin_default_sortIdx_036);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_036(i) = trapz(dublin_default_distance_col_ 036,
dublin_default_netheat_col 036);
else
% Not enough data to integrate
dublin_default_integration_results_036(i) = NaN;
end
end

% Load the CSV file
dublin_default_density_036 = readmatrix('dublin_default_density_©36.csv'); % Replace with
the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 036 = dublin_default_density_036(1, :);

% Load the CSV file
dublin_default_sensibleenthalpy_036 =
readmatrix('dublin_default_sensibleenthalpy_036.csv'); % Replace with the actual filename

% Get the number of columns
dublin_default_numColumns_sense_036 = size(dublin_default_sensibleenthalpy 036, 2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_036 = zeros(1,
dublin_default_numColumns_sense_036);

dublin_default_sensible_enthalpy last 036 = zeros(1l, dublin_default_numColumns_sense_036);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_036
% Extract the column
dublin_default_column_data_036 = dublin_default_sensibleenthalpy 036(:, i);

% Remove NaN values to get valid data

dublin_default_valid _data_036 =
dublin_default_column_data_036(~isnan(dublin_default_column_data_036));
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% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_036)

dublin_default_sensible_enthalpy first_036(i) = dublin_default_valid_data_036(1);

% First value
dublin_default_sensible_enthalpy_last_036(i) =
max(dublin_default_valid_data_©36(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_036(i) = NaN;
dublin_default_sensible_enthalpy_last_036(i) = NaN;
end
end

dublin_default_xyz 036 = dublin_default_sensible_enthalpy_last_036-
dublin_default_sensible_enthalpy_first_036;

dublin_default_den_036 =
dublin_default_first_row_values_density ©36.*dublin_default_xyz_036;

dublin_default_SC 036 =
dublin_default_integration_results_036./(2.*dublin_default_den_036);

% Load the strain rate data from the CSV file
dublin_default_axialvel 036 = readmatrix('dublin_default _axialvel ©36.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 036 = dublin_default_axialvel 036(1, :);
dublin_default_max_dist_036 = max(dublin_default_distance_036, [], 1, ‘omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate 036 =

2*dublin_default_first_row_values_axialvel 036./dublin_default_max_dist_036;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_036 = readmatrix('dublin_default_temperature_036.csv');

% Remove rows with NaN values
dublin_default_max_temp_036 = max(dublin_default_maxtemp_036, [], 1, 'omitnan');

%% 0.40
% Load the CSV files

dublin_default_netheat_040 = readmatrix('dublin_default netheat 040.csv'); % Replace with

the actual filename
dublin_default_distance_040 = readmatrix('dublin_default distance 040.csv'); % Replace
with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_040 = min(size(dublin_default_netheat_o40, 2),
size(dublin_default_distance_040, 2));

% Initialize the results matrix
dublin_default_integration_results_040 = zeros(1,
dublin_default_numColumns_integrate_0490);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_040
% Extract current column for netheat and distance
dublin_default_netheat_col_040 = dublin_default_netheat_040(:, i);
dublin_default_distance_col_040 = dublin_default_distance_040(:, i);

% Remove NaN values and ensure both arrays align
dublin_default_valid_idx_ 040 = ~isnan(dublin_default_netheat_col 0490) &
~isnan(dublin_default_distance col 040);
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dublin_default_netheat_col_040 =
dublin_default_netheat_col_040(dublin_default_valid_idx_040);

dublin_default_distance_col_040 =
dublin_default_distance_col_040(dublin_default_valid_idx_040);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col _040) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col 040, dublin_default_sortIdx_040] =
sort(dublin_default_distance_col_0490);
dublin_default_netheat_col_040 =
dublin_default_netheat_col_040(dublin_default_sortIdx_049);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_040(i) = trapz(dublin_default_distance_col_040,
dublin_default_netheat_col_0490);
else
% Not enough data to integrate

dublin_default_integration_results_040(i) = NaN;

end
end

% Load the CSV file
dublin_default_density 040 = readmatrix('dublin_default density 040.csv'); % Replace with
the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 040 = dublin_default_density_040(1, :);

% Load the CSV file
dublin_default_sensibleenthalpy 040 =
readmatrix('dublin_default_sensibleenthalpy ©40.csv'); % Replace with the actual filename

% Get the number of columns
dublin_default_numColumns_sense_040 = size(dublin_default_sensibleenthalpy 040, 2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_040 = zeros(1,
dublin_default_numColumns_sense_040);

dublin_default_sensible_enthalpy last 040 = zeros(1l, dublin_default_numColumns_sense_040);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_040
% Extract the column
dublin_default_column_data_040 = dublin_default_sensibleenthalpy 040(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_040 =
dublin_default_column_data_040(~isnan(dublin_default_column_data_040));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_@5)
dublin_default_sensible_enthalpy first_040(i) = dublin_default_valid_data_040(1);
% First value
dublin_default_sensible_enthalpy_last_040(i) =
max(dublin_default valid_data_©40(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_040(i) = NaN;
dublin_default_sensible_enthalpy_last_©040(i) = NaN;
end
end

dublin_default_xyz 040 = dublin_default_sensible_enthalpy_last_040-
dublin_default_sensible_enthalpy_first_040;
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dublin_default_den_o40 =
dublin_default_first_row_values_density ©040.*dublin_default_xyz_049;

dublin_default_SC_040 =
dublin_default_integration_results_040./(2.*dublin_default_den_049);

% Load the strain rate data from the CSV file
dublin_default_axialvel 040 = readmatrix('dublin_default_axialvel ©04@.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 040 = dublin_default_axialvel 040(1, :);
dublin_default_max_dist_040 = max(dublin_default_distance_040, [], 1, 'omitnan');

% Find the maximum value in each column
% L = 0.014;

dublin_default_strainrate_040 =
2*dublin_default_first_row_values_axialvel_040./dublin_default_max_dist_040;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_040 = readmatrix('dublin_default_ temperature_040.csv');

% Remove rows with NaN values
dublin_default_max_temp_040 = max(dublin_default_maxtemp_040, [], 1, 'omitnan');

%% ©.52

% Load the CSV files

dublin_default_netheat_052 = readmatrix('dublin_default_netheat_052.csv'); % Replace with

the actual filename

dublin_default_distance_052 = readmatrix('dublin_default distance ©52.csv'); % Replace

with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_052 = min(size(dublin_default_netheat_052, 2),
size(dublin_default_distance_052, 2));

% Initialize the results matrix
dublin_default_integration_results_052 = zeros(1,
dublin_default_numColumns_integrate_052);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_052
% Extract current column for netheat and distance
dublin_default_netheat_col 052 = dublin_default_netheat_©052(:, i);
dublin_default_distance_col 052 = dublin_default_distance_©52(:, i);

% Remove NaN values and ensure both arrays align
dublin_default_valid_idx_052 = ~isnan(dublin_default_netheat_col_052) &
~isnan(dublin_default_distance_col_052);
dublin_default_netheat_col_052 =
dublin_default_netheat_col_052(dublin_default_valid_idx_052);
dublin_default_distance col 052 =
dublin_default_distance_col 052(dublin_default valid idx ©52);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col _©52) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col 052, dublin_default_sortIdx_052] =
sort(dublin_default_distance_col_052);
dublin_default_netheat_col_052 =
dublin_default_netheat_col_052(dublin_default_sortIdx_052);

% Perform numerical integration using the trapezoidal rule

dublin_default_integration_results_052(i) = trapz(dublin_default_distance_col_052,

dublin_default_netheat_col 052);
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else
% Not enough data to integrate
dublin_default_integration_results_052(i) = NaN;
end
end

% Load the CSV file
dublin_default_density_©52 = readmatrix('dublin_default_density ©52.csv'); % Replace with
the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density 052 = dublin_default_density 052(1, :);

% Load the CSV file
dublin_default_sensibleenthalpy_052 =
readmatrix('dublin_default_sensibleenthalpy ©52.csv'); % Replace with the actual filename

% Get the number of columns
dublin_default_numColumns_sense_052 = size(dublin_default_sensibleenthalpy 052, 2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy_ first 052 = zeros(1,
dublin_default_numColumns_sense_052);

dublin_default_sensible_enthalpy_ last 052 = zeros(l, dublin_default_numColumns_sense_052);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_052
% Extract the column
dublin_default_column_data_052 = dublin_default_sensibleenthalpy 052(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_052 =
dublin_default_column_data_052(~isnan(dublin_default_column_data_052));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_052)
dublin_default_sensible_enthalpy first_052(i) = dublin_default_valid_data_052(1);
% First value
dublin_default_sensible_enthalpy_last_©052(i) =
max(dublin_default_valid_data_©52(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy_ first_052(i) = NaN;
dublin_default_sensible_enthalpy_last _052(i) = NaN;
end
end

dublin_default_xyz 052 = dublin_default_sensible_enthalpy_last_©052-
dublin_default_sensible_enthalpy_first_052;

dublin_default_den_052 =
dublin_default_first_row_values_density ©52.*dublin_default_xyz_052;

dublin_default_SC 052 =
dublin_default_integration_results_052./(2.*dublin_default_den_052);

% Load the strain rate data from the CSV file
dublin_default_axialvel 052 = readmatrix('dublin_default_axialvel ©52.csv');

% Remove rows with NaN values

dublin_default_first_row_values_axialvel 052 = dublin_default_axialvel 052(1, :);
dublin_default_max_dist_052 = max(dublin_default_distance_052, [], 1, ‘omitnan');
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% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate_052 =
2*dublin_default_first_row_values_axialvel_©052./dublin_default_max_dist_052;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_052 = readmatrix('dublin_default_temperature_052.csv');

% Remove rows with NaN values

dublin_default_max_temp_052 = max(dublin_default_maxtemp_©52, [], 1, ‘omitnan');

%% ©.45
% Load the CSV files

dublin_default_netheat_045 = readmatrix('dublin_default_netheat_045.csv'); % Replace with
the actual filename

dublin_default_distance_045 = readmatrix('dublin_default_distance_045.csv'); % Replace
with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_045 = min(size(dublin_default_netheat_o45, 2),
size(dublin_default_distance_045, 2));

% Initialize the results matrix
dublin_default_integration_results_045 = zeros(1,
dublin_default_numColumns_integrate_045);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_045
% Extract current column for netheat and distance
dublin_default_netheat_col_045 = dublin_default_netheat_045(:, i);
dublin_default_distance_col_045 = dublin_default_distance_045(:, i);

% Remove NaN values and ensure both arrays align

dublin_default_valid_idx_045 = ~isnan(dublin_default_netheat_col _045) &
~isnan(dublin_default_distance_col 045);

dublin_default_netheat_col_045 =
dublin_default_netheat_col_045(dublin_default_valid_idx_045);

dublin_default_distance_col_045 =
dublin_default_distance_col_045(dublin_default_valid_idx_045);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col_045) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col 045, dublin_default_sortIdx_045] =
sort(dublin_default_distance_col _045);
dublin_default_netheat_col_045 =
dublin_default_netheat_col_045(dublin_default_sortIdx_045);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_045(i) = trapz(dublin_default_distance_col_045,
dublin_default_netheat_col_045);
else
% Not enough data to integrate
dublin_default_integration_results_045(i) = NaN;
end
end

% Load the CSV file
dublin_default_density_045 = readmatrix('dublin_default_density 045.csv'); % Replace with
the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density_045 = dublin_default_density 045(1, :);
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% Load the CSV file
dublin_default_sensibleenthalpy_045 =
readmatrix('dublin_default_sensibleenthalpy ©45.csv'); % Replace with the actual filename

% Get the number of columns
dublin_default_numColumns_sense_045 = size(dublin_default_sensibleenthalpy 045, 2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy_first 045 = zeros(1,
dublin_default_numColumns_sense_045);

dublin_default_sensible_enthalpy_last 045 = zeros(l, dublin_default_numColumns_sense_045);

% Loop through each column
for i = 1:dublin_default_numColumns_sense_045
% Extract the column
dublin_default_column_data_045 = dublin_default_sensibleenthalpy 045(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_e45 =
dublin_default_column_data_045(~isnan(dublin_default_column_data_045));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_e45)
dublin_default_sensible_enthalpy first_045(i) = dublin_default_valid_data_045(1);
% First value
dublin_default_sensible_enthalpy_last_045(i) =
max(dublin_default_valid_data_045(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_045(i) = NaN;
dublin_default_sensible_enthalpy_last _045(i) = NaN;
end
end

dublin_default_xyz_ 045 = dublin_default_sensible_enthalpy last_045-
dublin_default_sensible_enthalpy_first_045;

dublin_default_den_045 =
dublin_default_first_row_values_density ©045.*dublin_default_xyz_045;

dublin_default_SC_045 =
dublin_default_integration_results_045./(2.*dublin_default_den_045);

% Load the strain rate data from the CSV file
dublin_default_axialvel 045 = readmatrix('dublin_default axialvel ©45.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 045 = dublin_default_axialvel 045(1, :);
dublin_default_max_dist_045 = max(dublin_default_distance_045, [], 1, ‘omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate 045 =
2*dublin_default_first_row_values axialvel 045./dublin_default_max_dist_045;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_045 = readmatrix('dublin_default_temperature_045.csv');

% Remove rows with NaN values
dublin_default_max_temp_045 = max(dublin_default_maxtemp_045, [], 1, 'omitnan');
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%% ©.60

% Load the CSV files

dublin_default_netheat_060 = readmatrix('dublin_default_netheat_060.csv'); % Replace with
the actual filename

dublin_default_distance_060 = readmatrix('dublin_default_distance_060.csv'); % Replace
with the actual filename

% Determine the number of columns
dublin_default_numColumns_integrate_060 = min(size(dublin_default_netheat_060, 2),
size(dublin_default_distance_060, 2));

% Initialize the results matrix
dublin_default_integration_results_060 = zeros(1,
dublin_default_numColumns_integrate_060);

% Loop through each column

for i = 1:dublin_default_numColumns_integrate_060
% Extract current column for netheat and distance
dublin_default_netheat_col 060 = dublin_default_netheat_o060(:, i);
dublin_default_distance_col 060 = dublin_default_distance 060(:, i);

% Remove NaN values and ensure both arrays align

dublin_default_valid_idx_060 = ~isnan(dublin_default_netheat_col 060) &
~isnan(dublin_default_distance_col_060);

dublin_default_netheat_col_060 =
dublin_default_netheat_col_060(dublin_default_valid_idx_060);

dublin_default_distance_col_060 =
dublin_default_distance_col_060(dublin_default_valid_idx_060);

% Perform integration only if there are sufficient data points
if length(dublin_default_distance_col 060) > 1
% Sort distance and netheat by distance values for correct integration
[dublin_default_distance_col 060, dublin_default_sortIdx_060] =
sort(dublin_default_distance_col _060);
dublin_default_netheat_col_060 =
dublin_default_netheat_col_060(dublin_default_sortIdx_060);

% Perform numerical integration using the trapezoidal rule
dublin_default_integration_results_060(i) = trapz(dublin_default_distance_col_060,
dublin_default_netheat_col_060);
else
% Not enough data to integrate
dublin_default_integration_results_060(1i)

NaN;
end
end

% Load the CSV file
dublin_default_density_060 = readmatrix('dublin_default_density 060.csv'); % Replace with
the actual filename

% Extract the first row of each column
dublin_default_first_row_values_density_060 = dublin_default_density 060(1, :);

% Load the CSV file
dublin_default_sensibleenthalpy_060 =
readmatrix('dublin_default sensibleenthalpy 060.csv'); % Replace with the actual filename

% Get the number of columns
dublin_default_numColumns_sense_060 = size(dublin_default_sensibleenthalpy 060, 2);

% Initialize matrices to store first and last valid values
dublin_default_sensible_enthalpy first_060 = zeros(1,
dublin_default_numColumns_sense_060);

dublin_default_sensible_enthalpy last 060 = zeros(1l, dublin_default_numColumns_sense_060);
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% Loop through each column
for i = 1:dublin_default_numColumns_sense_060
% Extract the column
dublin_default_column_data_060 = dublin_default_sensibleenthalpy 060(:, i);

% Remove NaN values to get valid data
dublin_default_valid_data_060 =
dublin_default_column_data_060(~isnan(dublin_default_column_data_060));

% Get the first and last values from the valid data
if ~isempty(dublin_default_valid_data_060)
dublin_default_sensible_enthalpy first _060(i) = dublin_default_valid_data_060(1);
% First value
dublin_default_sensible_enthalpy_last_060(i) =
max(dublin_default_valid_data_060(:,end)); % Last value
else
% If the column is entirely NaN, assign NaN
dublin_default_sensible_enthalpy first_060(i) = NaN;
dublin_default_sensible_enthalpy_last_060(i) = NaN;
end
end

dublin_default_xyz_ 060 = dublin_default_sensible_enthalpy last_060-
dublin_default_sensible_enthalpy first_060;

dublin_default_den_060 =
dublin_default_first_row_values_density 060.*dublin_default_xyz_060;

dublin_default_SC_060 =
dublin_default_integration_results_060./(2.*dublin_default_den_060);

% Load the strain rate data from the CSV file
dublin_default_axialvel 060 = readmatrix('dublin_default _axialvel 060.csv');

% Remove rows with NaN values
dublin_default_first_row_values_axialvel 060 = dublin_default_axialvel 060(1, :);
dublin_default_max_dist_060 = max(dublin_default_distance_060, [], 1, ‘omitnan');

% Find the maximum value in each column

% L = 0.014;

dublin_default_strainrate_060 =

2*dublin_default_first_row_values_axialvel 060./dublin_default_max_dist_060;

% Load the strain rate data from the CSV file
dublin_default_maxtemp_060 = readmatrix('dublin_default_ temperature 060.csv');

% Remove rows with NaN values
dublin_default_max_temp_060 = max(dublin_default_maxtemp_060, [], 1, 'omitnan');

figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_SC_05(1:84),'-', 'linewidth',3)
hold on

plot (dublin_default_strainrate_036(1:end),dublin_default_SC 036(1l:end),'-"', 'linewidth',3)
plot (dublin_default_strainrate_040(1:36),dublin_default SC 040(1:36),'-', 'linewidth',3)
plot (dublin_default_strainrate_045(1:48),dublin_default SC 045(1:48),'-"', 'linewidth',3)
plot (dublin_default_strainrate_052(1:66),dublin_default SC _©52(1:66),"'-"', 'linewidth',3)
plot (dublin_default_strainrate_060(1:54),dublin_default_SC_060(1:54),'-"', 'linewidth',3)
plot (dublin_default_strainrate_08(1:102),dublin_default_SC_08(1:102),'-"', 'linewidth',3)
ylim([0.35 2])

legend('Phi = ©.50','Phi = ©.36','Phi = ©.40','Phi = ©.45','Phi = ©.52','Phi = 0.60"','Phi =
0.80', 'Location', 'southeast")

title('Consumption Velocity V/s Strain Rate - Phi Effects')

xlabel('global strain Rate in /s')

ylabel('consumption velocity in m/s");

hold off
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figure()

plot (dublin_default_strainrate_05(1:84),dublin_default_max_temp_05(1:84), '--0",
'linewidth',1)

hold on

plot (dublin_default_strainrate_036(1:end),dublin_default_max_temp_036(1:end), '--0',
'linewidth',1)

plot (dublin_default_strainrate_040(1:36),dublin_default_max_temp_040(1:36),'--0",
'linewidth',1)

plot (dublin_default_strainrate_045(1:48),dublin_default_max_temp_045(1:48),"'--0",
'linewidth',1)

plot (dublin_default_strainrate_052(1:66),dublin_default_max_temp_052(1:66), " '--0",
'linewidth',1)

plot (dublin_default_strainrate_060(1:54),dublin_default_max_temp_060(1:54),'--0",
'linewidth',1)

plot (dublin_default_strainrate_08(1:102),dublin_default_max_temp_08(1:102),'--0",
'linewidth',1)

legend('Phi = ©.50','Phi = ©.36','Phi = 0.40','Phi = ©.45','Phi = 0.52','Phi = 0.60"', 'Phi
0.80', 'Location', 'northeast")

title('Max Temperature V/s Strain Rate - Phi Effects')

xlabel('global strain rate in /s')

ylabel('max temperature in K');

hold off

82



