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Abstract

Carbon capture and storage and oxy-fuel combustion have recently become more significant due to global warming as well
as green energy solutions. Oxy-combustion power plants fueled with natural gas are compatible with today’s clean energy
policies. In this study, effects of oxygen content of reactant mixtures used in oxy-combustion on thermodynamic proper-
ties, adiabatic flame temperatures, combustion products and pollutant emissions are analyzed using a novel multi-feature
equilibrium combustion model. Using natural gas from most important origins (Russia, USA, Iran, Australia) as fuel, results
obtained from oxy-fuel combustion for three different O, fractions are compared with the results of conventional air—fuel
combustion for varying equivalence ratio, inlet temperature and pressure. The accuracy of the results is confirmed by two
different popular combustion softwares. According to the results, oxy-fuel combustion of same oxygen content with air causes
24% less entropy production but 40 times less NOx emissions which is an indicator of significant decrease in carbon capture
and storage costs. Comparison of natural gas of different origins shows that Russian natural gas is more advantageous in
terms of NOx emissions where Australian natural gas is more advantageous in terms of entropy production.

Keywords Chemical equilibrium - Emissions - Flue gas analysis - Natural gas - Oxy-combustion - Thermodynamic
properties
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Z Number of oxygen atoms
q Number of nitrogen atoms

1 Introduction

Energy demand in recent years is increasing with a growing
rate. Increasing awareness of global warming phenomenon
led researches on green energy production systems. In the
meantime, increase in penalties for excessive pollutant emis-
sions raises zero emission power plant concepts. Burning
of fossil fuels causes very harmful emissions such as NO,
and increases greenhouse gas emissions in the atmosphere.
Among these greenhouse gases, carbon dioxide undoubt-
edly has the greatest importance in terms of global warming.
For many years studies have been carried out to reduce the
amount of carbon dioxide emissions of power production
plants.

POST-COMBUSTION TECHNOLOGY

In order to be effective in the competition against global
warming and climate change, intensive work is being carried
out on carbon dioxide capture, transport, and storage (CCS).
Three basic technologies for CCS are post-combustion, pre-
combustion and oxy-combustion systems [1], namely, used
to keep carbon dioxide concentrations resulting from the
combustion of fuels within specified limits. The operating
principles of these systems are shown in Fig. 1. Oxy-fuel
combustion technology utilizes a thermodynamic cycle in
which the fuel is burned in a combustion chamber with an
oxidant stream of pure O, and flue gas with high quantity
CO, and almost zero N, is aimed in order to capture CO,
more effectively. This is more difficult in air power cycles
with traditional air combustors because N, forms a large
proportion of the air and it reacts with fuel in the combustion
process which causes NO, emissions. With oxy-fuel com-
bustion, carbon dioxide can be easily captured and stored
which consequently minimizes energy and investment costs
significantly.
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In oxy-fuel combustion power systems, very high com-
bustion temperatures occur due to the absence of N, among
the reactants. In today’s technology, the combustion tem-
peratures in oxy-combustion power cycles can be reduced by
two different technological solutions within material limits:
one, as in SCOC-CC, MATIANT, and NET Power cycles,
dilution of cycle working fluid with carbon dioxide [2—10]
and the other, as in Graz and CES cycles, dilution of cycle
working fluid with steam [11]. Comparative thermodynamic,
environmental and economic investigations of these oxy-
combustion cycles have been conducted in previous studies
[12-14].

In the focus of current studies, the use of CO, instead
of air in conventional power cycles has been a trend. There
are many studies on oxy-combustion which comparatively
investigate oxy-fuel power cycles by taking certain criteria
such as power, efficiency, economy, and pollutant emissions,
into consideration [15—-19]. These studies show that some
oxy-combustion cycles are better in terms of economy while
some others in terms of pollutant emissions [20]. Some stud-
ies also focus on system components such as air separation
unit (ASU), combustion chamber and carbon capture (CCS)
unit [21-29]. There are also many modifications which have
been applied to increase oxy-combustion cycle efficiencies
[30-38].

Various studies on supercritical carbon dioxide fluidized
closed cycles including thermodynamic cycle analysis in
oxy-combustion power plants conclude that oxy-fuel sys-
tems using carbon dioxide as working fluid at supercritical
phase is more effective in terms of thermal efficiency [30,
39-43].

Studies on characteristics of oxy-combustion at differ-
ent conditions with various parameters have also been car-
ried out [44-48]. Although flame temperature, combustion
products and thermodynamic properties of the combustion
products are of important concerns for optimization of ther-
modynamic cycles [49-54] there are no studies available
which investigate these fundamental characteristics of oxy-
fuel combustion systems.

In this study, in order to obtain these fundamental char-
acteristics a detailed equilibrium combustion model is
needed as it has been used in the above studies. For this
aim a detailed and validated equilibrium combustion model
which has been established by [55] has been modified in
order to obtain flame temperature, combustion products and
thermodynamic properties of the combustion products such
as entropy, enthalpy and specific heat. Effects of thermal dis-
sociations have been taken into account for better accuracy.
Assessment of oxy-combustion at different oxygen ratios in
comparison with conventional combustion is demonstrated
and discussed for natural gas of four different origins (Rus-
sia, USA, Iran, and Australia). One other novelty of this
study is the comparison of these gases in oxy-combustion

which is absent in the available literature. In addition, envi-
ronmental effects of these gases and three different oxygen
ratios are compared. Oxy-combustion and conventional air
combustion results have been shown. Obtained results are
validated by two popular combustion softwares: NASA CEA
and GASEQ.

2 Materials and Methods

In order to perform a thermodynamic analysis of oxy-com-
bustion power plants, the combustion process in the combus-
tion chamber should be examined in detail as temperature,
product concentration, specific heat, enthalpy, entropy val-
ues are important data for analysis. Besides, combustion and
fuels are very important for emissions. In order to investigate
the thermodynamic properties, combustion products and adi-
abatic flame temperature, a novel equilibrium combustion
model is modified for oxy-fuel combustion regarding 12
combustion products. Analysis conducted using the equilib-
rium combustion model, considering all gases as ideal, and
the enthalpy and specific heat of the gases as a function of
temperature, and the equivalence ratios (¢) in the oxy-com-
bustion are about 0.3—1.5 range. Conventional combustion
has been analyzed assuming that air is composed of 21% O,
and 79% N, and in dry condition. Calculations to be made in
oxy-combustion are considered to be in various O, fractions
and CO, is used for dilution. The very small amounts of N,
which would leak into the system from ASU are neglected.

2.1 Mathematical Modeling for Equilibrium
Combustion Products

The global chemical combustion mechanism used in the
model is given below:

k=n
¢ ). m(CyH,0,N,) + a0, + bCO,
k=1
+cN, — x,CO, + r,H,0+ »;3N,
+ 1402 + /YSCO + /Y6H2 + X7H + /YSO+ XQOH
+ 110NO + x,,HO, + x,,NO, €))

Here, atom numbers in fuel chemical formula are denoted
as x (carbon), y (hydrogen), z (oxygen), and ¢ (nitrogen),
the molar reaction coefficients of products are denoted as
X1 10 X 12, the equivalence ratio is denoted as ¢, molar stoi-
chiometric fuel—air ratio is denoted as &, used to convert the
amount of fuel and air in mass basis to molar basis, and the
mixture reaction coefficients are denoted as a (O,), b (CO,)
and ¢ (N,). In Eq. (1), a represents the oxygen supplied by

Springer



2480

Arabian Journal for Science and Engineering (2021) 46:2477-2492

ASU, b represents recirculating CO, and c represents N,
leaks from ASU.

On the other hand, in conventional combustion with air a
and c are 0.21 and 0.79, respectively.

The stoichiometric equivalence ratio is defined as the
ratio of fuel-air ratio (FA) over stoichiometric fuel-air ratio
(FA)):

_FA
¢—FAS )

The equivalence ratio, @, of the multiple-component fuel
mixture is as follows:

where the oxidant molecular weight is MW, used in com-
bustion reaction. We obtain stoichiometric fuel—air ratio is
rewritten follows:

12.01x + 1.008y + 16z + 14.01¢g

FA, =
=e W (1n

To calculate the products mole numbers, 12 unknowns,
given in Eq. (1), a system of 12 equations can be expressed
using the combustion reaction at chemical equilibrium
using the following product species [58]:

1/2H, 2 H K1=0‘1\/1_7/\/0‘_6 61=K1/\/I_7 ("7:01/\/0‘_6

k= (12a)
o ( FA
(p=2<ﬁ> 3) 1/20,=0 Kzzas\/l;/\/“_zt 02=K2/\/I_7 ag = cy/ /oy
k=1 s/ k (12b)
Natural gas is the most common fuel utilized in oxy- 1/2H, 4+ 1/20, = OH K5 = ay/+/a,;4/a
combustion power plants. Natural gas is composed of 5-6 = Ke e =i/ Ja o
components, found in majority. In this study, natural gas } =6/ Va% (12¢)
contents from most important origins (Russia, USA, Iran,
Australia) are considered [56, 57]. In oxy-combustion and 1/20, + 12N, = NO K, = “10/\/ LZRVS
conventional air combustion comparative analysis, NGO1 is c, =K, ay=cy/\/a\/a (12d)
used. Additionally, the other 4 natural gases are examined.
C, H, O, and N atoms in fuel composition are calculated
as follows: H2 + 1/202 = HZO KS = (12/06\/04\/;
X = fix, + % + fyxs + o+, @ TRV m=cny (12)
Y=fiyi +foya + 33+ + v 5) CO +1/20, = CO,  Kg = a;/asv/as/p
Ce =K6\/l_7 X = Cols5y/ 0y (12f)
Z=fha +ha+h+ g, (6)
0, + 12H, = HO, K, =a;;/ay\/ag\/p
0 =figi +hay +fq5 + - + 1,4, 7 —
191 T 2q2 + 1343 @) ¢y =Kp\p oy = oy /ag (12¢)
. g
T AX+Y-2Z ®)  NO+1/20, = NO, Ky =ay,/a\/az/p
g = Kg\/p app = czap01/ay (12h)
R = eqfy )
Here, p is the pressure (in atm), and K,—K; are the reac-
RMW tion equilibrium constants. In [55], reaction equilibrium
FA, = lf/[W d (10)  constants are calculated from partial pressures (Table 1).
fu For this, using curve fitting component partial pressures
are expressed as a function of temperature as follows:
Table 1 Properties of natural Components NGO1 Russian NG IranNG  Austalian NG US NG
gases [56, 57]
CH4 (Methane) [mol%] 90.82 92.54 87.81 86.26 99.7
C2H6 (Ethane) [mol%] 4.97 4.47 4.09 8.23 0.09
C3H8 (Propane) [mol%] 2.93 1.97 1.25 3.26 0.03
C4H10 (Butane) [mol%] 1.01 0.95 0.87 0.96 0.01
N2 (Nitrogen) [mol%] 0.27 0.07 5.98 1.26 0.17
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logK, = Aln (=5 ) + 2 + C + DT + ET* (13)

1000 T

K, values are calculated according to the JANAF tables
[59]:

aG?

Kp = ' (14)

In addition to the eight reaction equations, from the atom
balances of C, H, O and N extra four equations are used as
follows:

C:epX+b=(a;+as5)N (15)
H: epY = Qay + 205+ a; + ag + o )N (16)

O:epZ+2a+2b=QQa +a,+2a,+as

+ag + a9 + ajg + 20y, + 20N
a7

N : epQ +2c = az + a;g)N (18)

Here, a is the molar fractions of products and N is the total
mole number of the products:

Xk
% = o2 (19)
Zk=1 )(k
12
N=> n (20)

Eventually, the total number of unknowns becomes 13.
Thus, from the conservation of mass for given in Eq. (21)
an extra equation is obtained to form a linear system. As a
result, linear system has 13 equations for the 13 unknowns to
be solved:

12
Y a-1=0 1)
k=1

By dividing Egs. (16)—(18) into Eq. (15), the following equa-
tions are obtained:

epY
20y + 205 + a7 + ag + ay; — (a; + as)m = (22)
2a) + ay + 204 + a5 + ag + ag + oy + 20y, + 20y
e@Z +2a+2b
— () + a5)————— =
epX +b (23)
epQ+2c

20y + ayy + 1y, — (o) + a5) 22
a3+ @y +ap — (o) + as) coX + (24)

Substituting Egs. (12a)—(12h) into Egs. (21)—(24), nonlinear
equations of four and independent variables a5, oy, a5, and o
are obtained [58]:

fi= (0 ap,05,0) =0 j=1,2,34 (25)

Equation (25) can be solved with Newton—Raphson
method to find the equilibrium mole fractions:

k=n
£g )\ m(CyH,0,N,) + a0, + bCO,
k=1
+ N, — 1,CO, + p,H,0 + 1N, + 1,0,
+ x5CO + x.H, (26)

Firstly, initial values for iterative calculation are deter-
mined through solving, the chemical reaction equation
for combustion at 7< 1000 Eq. (26). In this case, there
are six unknowns, combustion products given in Eq. (26),
but four equations of atomic conservations. In the lean
and stoichiometric combustion cases, ys=ys=0 is con-
sidered, since CO and H, are oxidized. Thus, equation
system is linear and can be solved. In the rich case, y,=0
is considered, since all the O, is consumed. And introduc-
ing the water—gas reaction H,+ CO, = H,0 + CO, one
extra equation for the equilibrium constant is added. In
this case, there are five unknowns, combustion products
given in Eq. (26). The equation system has four equations
of atomic conservations and one from the water—gas reac-
tion equilibrium constant. Thus, equation system is linear
and can be solved. In the lean combustion case, formation
of products depends on equivalence ratio, not pressure and
temperature. However, in the rich combustion case, forma-
tion of combustion products depends on pressure, tempera-
ture and equivalence ratio. The temperature dependent of
the water—gas reaction equilibrium constant [58]:

InK =2,743 — %[1761 _ 1611000 280300]

T T2 @7)

where the reaction temperature is denoted as 7 (in K). The
constant pressure equilibrium constant can be defined as
follows:

_ X4
X1 X6

K (28)

Reaction constant y;5 is solved by substituting Eq. (28)
into Eq. (27) from the resulting quadratic equation. In the
end, to initialize iterative calculations ai", a{", a{" and
afl) are determined. By iterating Eq. (25) neglecting the
second and higher grade derivatives and expanding into
Taylor series the following four equations are obtained
and Aq, is found:
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o, o, o, o,
L Aay+ L Aoy + —LAas + —LAag =0 j=1,2,3,4
f/ o, as 9a, ay das as Jag A J
(29)
where
Ay = a; — a]({l) (30)

Equations in Eq. (29), explicitly, in matrix notation are as
follows:

(1) (1) (1) (1)
Silag ) Results Aas
G “) ;”, g» of| | Aa,

X
V), <1> o, oV
f‘3( 4 9 5 9 )

Jacobian Aas
f4(a(1) 4(11)’ ((jl)’ (()1)) Matrix Aag

IR

0 @D

Using Egs. (30), (31) can be solved iteratively. Intermediate
iteration steps can be solved as follows:

o =a” +Aey k=3,4,56 (32)

The iterative solution of equation system is proceeded up
to a certain tolerance value of | Aay, | . The unknowns, a3, a,,
as, and ag, are obtained by solving the values lower than the
desired tolerance. The rest of the unknowns are calculated by
substituting the solved ones into equations of Eqs. (12a)—(12h).
Eventually, the unknowns of molar fractions at equilibrium
are calculated.

At high temperatures combustion products undergo thermal
disassociations, this also affects specific heats. This requires
calculation of changes in combustion species mole fraction
with temperature. Partial derivative of Eq. (25) with respect
to temperature can be calculated:

o, 9 day If; day 9f; das
0T  Oday 0T 00(4 oT das 0T

9f; oay
——=0
* dag oT (33)

The similar procedure given for Egs. (29)—(32) can be fol-
lowed to solve Eq. (33). The specific heats of combustion prod-
ucts can be calculated using Eq. (41) with the results obtained.

Using the coefficients (a,...a,), enthalpies in Eq. (35),
molar specific heats in Eq. (35) and entropies in Eq. (36) for
the corresponding species can be calculated [60]:

hy Ay i Qg o A4k, 5 G5k 4 Aok
kg 2y 2Ep g g ke Tk
) 3 4 5 2

(34)
Cpk
RL = ay; +ay, T+ ay T+ ay, T + as, T* (35)
0
5 a a
R—kT—alklnT+a2kT+ ;kT %T3+%T4+a7’k
u

(36)

Springer

The enthalpy of the mixture can be calculated consid-
ering the temperature change at constant pressure. The
ultimate thermodynamic properties of the product gases
there are as follows:

k=1
1 12
P2
Zak lnak —ln(P> 39)
Py
(2 - zza__k hyoo _ahom
“MoT MoT M2 oT

Using Eqs. (34)—(38) and rearranging Eq. (29), the fol-
lowing expression is obtained:

12
oh 1 _ - Oy
(57), == L; R hMT] 1)
M — . oOa
M, =22 =Yy
T=or g; kor (42)

Here, the combustion temperature is 7 (in K). The prod-
uct molar mass is M,, and the total products molar mass
is M.

12 12
M = ka =ZakMk (43)
k=1 k=1

The total mass of products (mp) is equal to the total
mass (my) of the reactants. And, the total number of moles
of the products can be found from the following equation:

Myye) + Meo, + Mo, + My,

N = - (44)

Finally, mole numbers y,, x,, ¥3...
are found as follows:

., of the products

X = N 45)

The adiabatic flame temperature is solved iteratively.
Iteration is initialized with an estimated temperature. Itera-
tion is followed up to an adequate temperature tolerance
(107°). So, it is expressed as follows:
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(h,— hy)

p

DeltaT = (46)

where ¢, is calculated by Eq. (41), A, is the enthalpy of reac-
tants, and h,, is the enthalpy of products. With the iterations
to be made, the adiabatic flame temperature (AFT) is found
with minimum error:

AFT"*! = AFT” + DeltaT 47)
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Y
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3 Results and Discussion

Thermodynamic analysis of oxy-fuel combustion has been
conducted according to the above procedure. In Figs. 2, 3,
4, 5 and 6 change of adiabatic flame temperature, specific
heat, entropy, NOx emissions and concentration of combus-
tion products are presented for varying equivalence ratio,
combustion chamber inlet temperature, combustion pressure
and oxygen rates.

Figure 2a—d shows the effects of the change of the
equivalence ratio on the adiabatic flame temperature, NOx
emissions, specific heat, and entropy values. As shown in
Fig. 2a, when the adiabatic flame temperature changes with
the variation of the equivalence ratio from 0.3 to 1.5 it can
be seen that the characteristic of conventional combustion

(b) 4000 -
—=— Air Comb.
——21% 0O, Oxy Comb. x 10
35007 —+—26% 0, Oxy Comb. x 10
1 —+—31% 0, Oxy Comb. x 10
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— 2500 H
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Fig.2 Adiabatic flame temperatures (a), NOx emissions (b), constant pressure specific heats (¢) and entropies (d) with equivalence ratio for

various oxygen fractions. (P=1 atm, 7;,=300 K)
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Fig.3 Adiabatic flame temperatures (a), NOx emissions (b), constant pressure specific heats (c¢) and entropies (d) with pressure for various oxy-

gen fractions. (¢ =1, T;,=305 K)

has a very similar characteristic with the characteristic of
oxy-combustion of 31% oxygen. The figure also shows that
oxy-combustion of 26% oxygen gives lower flame tem-
peratures compared to these two conditions, but it gives
higher results than oxy-combustion with a ratio of 21%
oxygen. Inlet temperature of turbine is determined by the
blade material strength at dedicated temperatures. Accord-
ingly, fuel consumption at that specific temperature will
be higher for lower oxygen ratios. Figure 2b presents that
combustion with air results in 40 times more emissions
than oxy-combustion with 31% oxygen content. It is also
obvious that NOx emissions from conventional combus-
tion are much more than that of oxy-combustions at all
oxygen fractions. In Fig. 2c specific heats are compared at
varying oxygen ratios. Results show that oxy-combustion
with a ratio of 31% and 26% has higher specific heat ratios
which is an advantage in terms of net power production

@ Springer

of the cycle. The conventional combustion condition is
almost similar to the 26% oxy-combustion rate until the
equivalence ratio reaches 0.8. At ratios between 0.8 and
1.1, the air combustion has lower specific heat values than
26% oxy-combustion. On the other hand, oxy-combustion
with 21% oxygen is more advantageous overall. Having
examined in terms of entropy, another order is seen to be
occurred (Fig. 2d). In other words, in the case of conven-
tional combustion, the entropy value was determined to
be almost one and a half times of oxy-combustion with
a ratio of 21% oxygen. As the percentage of oxygen in
oxy-combustion increases from 21 to 31%, entropy also
increases. However, oxy-combustion results in lower
entropy values than conventional combustion in all cases.
As entropy is lower in oxy-combustion, exergy potential is
higher than that of conventional combustion. As entropy
is lower in oxy-combustion, exergy potential of the CC
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Fig.4 Adiabatic flame temperatures (a), NOx emissions (b), constant pressure specific heats (¢) and entropies (d) with inlet temperature for

various oxygen fractions. (¢ =1, P=1 atm)

exhaust is higher than that of conventional combustion
which would result higher reversible work obtained from
the power turbine.

Figure 3a—d shows the effect of change in the combustion
pressure, on the adiabatic flame temperature, NOx emis-
sions, specific heat, and entropy values. Besides the equiva-
lence ratio, combustion pressure is also very important for
combustion. Compressor pressure ratios in today’s thermal
power plants are around 30. In oxy-fuel power plants, the
pressure value is more than 74 bar in cycles such as super-
critical CO, cycle. (CO, behaves as a supercritical fluid
above its critical temperature 30.98 °C and critical pressure
73.8 bar [61]) Referring to Fig. 3a, there is an increasing
trend for adiabatic flame temperature due to the change in
combustion pressure between 1 and 4 bar, while there is only
a slight increase in the adiabatic flame temperature above
20 bar. This increase is 15 K in oxy-combustion with the

ratio of 21% oxygen from 1 to 200 bar, 60 K for 26% and
130 K for oxy-combustion with the ratio of 31%. When NOx
emissions, specific heat, and entropy values are examined, it
is seen that all decrease with increasing pressure as shown
in Fig. 3b—d.

One of the most important parameters for combustion
in power generation plants is the temperature of the oxi-
dant and fuel mixture entering the combustion chamber in
Fig. 4a—d. As the combustion chamber inlet temperature
increases, the adiabatic flame temperature increases in all
cases. For all inlet temperatures, conventional combustion
is more advantageous than oxy-combustion. In conventional
combustion, when the inlet temperature is increased from
300 to 800 K the adiabatic flame temperature increases by
234 K, while by 291 K, 224 K and 176 K at oxy-combustion
with 21%, 26%, and 31% oxygen, respectively. Depending
on the compression ratio in thermal power plants, when the
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inlet temperature is changed from 300 to 800 K, the NOx
emissions increase by 230%. In oxy-combustion power
plants, when the inlet temperature is changed from 300 to
800 K by incorporating the gases in the exhaust into the
recirculation with recuperator, heat exchanger, etc.; 400%,
300%, 200% increase in emissions is seen for 21%, 26% and
31% oxygen ratios, respectively. Moreover, even in the case
of the oxy-combustion, for the highest value obtained, NOx
emissions are 1/130 of the obtained quantity from conven-
tional combustion.

According to the figures, the effect of inlet temperature
in terms of specific heat, the specific heat increase in con-
ventional combustion is observed to be about half of that of
oxy-combustions. This result is opposite in terms of entropy;
namely, it is found that the increase in entropy with the
combustion inlet temperature for conventional combustion
is the least. Also, it is observed that 31% oxy-combustion

Springer

presented a lower entropy increase than oxy-combustion of
26% and 21% oxygen ratios.

This study is conducted on a single natural gas mixture
up to this section. However, the content of natural gas com-
ponents varies according to the location of drilling [56, 57].
The results of the analysis of the natural gas of Russia, Iran,
Australia and the USA which are one of the prominent natu-
ral gases of the world reserve are shown in Fig. Sa—d. When
these four different natural gases are examined, adiabatic
flame temperature and specific heat increase logarithmically
with the oxygen ratio. In terms of adiabatic flame tempera-
ture and specific heat it is concluded that the most advanta-
geous natural gases are Australian, Russian, USA and Iran,
respectively. On the other hand, in terms of entropy, it is
seen that the order of priority is Australian, Russian, Iranian
and USA natural gas. Considering the NOx emission results,
it is determined that Iranian natural gas emission values



Arabian Journal for Science and Engineering (2021) 46:2477-2492

2487

(a) 0.9
08 —=—Air Co,
—— %21 Oxy CO,
—A— %26 Oxy CO,
——%310xy CO,
—8—AirH,0
—@— %21 Oxy H,0
—A— %26 Oxy H,0
—k— %31 Oxy H,0
—8—Air0,
—8—%210xy 0,
—A—%26 Oxy 0,
—*—%310xy 0,
—m—AirN,

Mole Fraction

—8— %21 Oxy N,x 10°
—A—9%26 Oxy Njx 10°

—*— %31 Oxy N,x 10°

T e N e o

f——— ———— 4
03 04 05 06 07 08 09 10 1.1 12 13 14 15

Equivalence Ratio

(b) **1

—=—Air CO
—@— %21 Oxy CO

—A— %26 Oxy CO

—*— %31 Oxy CO

—=— Air NOx 10
—@—%210xy NOx 10°
—A— %26 Oxy NO x 10"
—*—%31 Oxy NO x 10°
—=—Air NO, x 10°
—®— %21 Oxy NO, x 107
v

Mole Fraction

—A— %26 Oxy NO, x 10
——%31 Oxy NO, x 10"
—8—Air HO, x 10°

—— %21 Oxy HO, x 10°
—A— %26 Oxy HO, x 10°
—k—%31 Oxy HO, x 10°

Equivalence Ratio

(¢) =

Mole Fraction

Equivalence Ratio

—8—Air H, x 10
—@— %21 0xy H,x 10’
—A— %26 Oxy H,x 10°
—*—%310xy H,x 10"
—8—Air Hx 10°

—@— %21 Oxy Hx 10°
—A— %26 Oxy Hx 10°
—&— %31 Oxy Hx 10°
—=—Air0x 10’

—@— %21 0xy 0 x 10°
—A—9%26 Oxy 0 x 10°
—#— %31 Oxy O x 10°
—8—Air OH x 10
—@— %21 Oxy OH x 10°
—A— %26 Oxy OH x 10°
—— %31 Oxy OH x 10°

Fig.6 CO,, H,0, N,, O, molar fractions (a), CO, NO, NO,, HO, molar fractions (b), O, H,, H, OH molar fractions (c¢) with equivalence ratio for

various oxygen fractions. (7;=300 K, P=1 atm)

are more than the others. As a result, the natural gas to be
used should be chosen regarding to a specific parameter.
In another words, natural gas to be used should be decided
by considering its pros and cons. The mole fractions of the
combustion products are shown in Fig. 6a—c with different
scales, for four different conditions as the conventional com-
bustion with air and oxy-combustions with the oxygen ratios
of 21%, 26% and 31% according to the equivalence ratio.
Results are validated with two popular combustion
programs NASA CEA and GASEQ, and the accuracy
of the results of the combustion model are presented in
Tables 2, 3, 4 and 5 for four different cases (i.e., at dif-
ferent inlet pressure, inlet temperature and equivalence
ratios) and Fig. 7 for 30 arbitrary cases. In Fig. 7, the
mean difference and maximum difference from the results
obtained from NASA CEA and GASEQ are shown. In
Fig. 7, calculated results are very close to the CEA pro-
gram results, differences in adiabatic flame temperatures
are about 0.01%, enthalpies are about 0.07%, and entro-
pies are about 0.006%.The similar comparison with the
GASEQ program are about 0.02%, 0.05%, and 0.01%,

respectively. The mean differences for molar fractions of
CO,, 0,, H,0, and N, are well below 0.4%. The differ-
ences in eight of combustion products (CO,, H,O, N,, O,,
CO, O, H,, H) are very low, while the rest (NO, NO,,
HO,, OH) are higher. Thus, slight differences in results are
present. However, the differences in the constant pressure
specific heats differ from the GASEQ program, consider-
ably. This is because GASEQ neglects effects of dissocia-
tions on the specific heat of the combustion products. For
this reason specific heat results obtained from GASEQ and
CEA differ significantly especially at high temperatures.
Therefore, it is strongly recommended for researchers to
use CEA or an equilibrium model when calculating tak-
ing thermal dissociations into account. GASEQ calcu-
lates the specific heat directly from Eq. (35) instead of
calculating derivatives and using Eq. (40). The deviations
of model results both from GASEQ and NASA CEA for
HO, are as high as %33. The reason for this deviation
is meticulously investigated. Same method which gives
only around %0.4 error is applied to HO, with JANAF
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Table2 Combustion results
for conventional combustion

(P=1 atm, Tu=300 K, ¢=1) air combustion

in comparison with CEA and CEA GASEQ MODEL CEA deviations (%) GASEQ
GASEQ programs deviations
(%)

Tady (K) 2231 2232.5 2232.5 —0.0672 0.0000
C, (kl/kg K) 2.2121 1.50372 221138 0.0326 —32.0008
h (KJ/kg) —235.87 -236.77 —236.52 —0.2748 0.1057
s (KJ/kg K) 9847.3 9846.44 9847.05 0.0025 —0.0062
N, 0.71064 0.71059 0.710618 0.0031 —0.0039
H,0 0.17778 0.17787 0.177805 -0.0141 0.0366
CoO, 0.08807 0.08809 0.088157 —0.0987 —0.0760
(60) 0.00945 0.00942 0.0094179 0.3408 0.0223
0, 0.00471 4.79E-03 0.00475 —0.8421 0.8421
OH 0.003124 2.99E-03 0.003007 3.8909 —0.5653
H 0.0004 4.01E-04 0.000403 —0.7444 —0.4963
(¢] 0.00022 2.27E-04 0.000223 —1.3453 1.7937
H, 0.00355 3.57E-03 0.003583 -0.9210 —-0.3628
NO 0.00198 2.01E-03 0.002 —1.0000 0.3000
NO, 3.50E-07 3.55E-07 —1.4085
HO, 6.47E-07 8.16E-07 —20.7108

Table 3 Combustion results (P=1atm, Tu=300 K, ¢=0.9) %21 O2 oxy-combustion

for %21 O, oxy-combustion

in comparison with CEA and CEA GASEQ MODEL CEA deviations (%) GASEQ

GASEQ programs deviations

(%)

Tady (K) 1686.7 1688.4 1686.7 0.0000 0.1008
C, (kl/kg K) 1487.3 1448.09 1501.45 —0.9424 —3.5539
h (KJ/kg) —17374.37 -7375.4 —7375.63 -0.0171 —0.0031
s (K/kg K) 7502.6 7504.72 7503.23 —0.0084 0.0199
N, 0.00021 2.08E—04 2.12E-04 —0.9434 —1.8868
H,0 0.16747 0.16766 0.16742 0.0299 0.1434
Cco, 0.81234 0.81236 0.81231 0.0037 0.0062
CO 0.00034 3.47E-04 0.0003426 —0.7589 1.2843
0, 0.01933 1.91E-02 1.93E-02 0.2593 —0.7261
OH 0.00026 2.44E—04 2.54E-04 2.3622 —3.9370
H 6.01E-07 5.93E-07 1.2985
(¢ 0.00001 5.41E—06 5.38E-06 0.3717 0.5576
H, 0.00002 2.14E-05 2.10E-05 0.0000 1.9048
NO 0.00001 1.45E—05 1.48E-05 —1.3514 —2.0270
NO, 1.34E-08 1.36E-08 —1.4706
HO, 2.62E—07 2.90E-07 —9.6552

table data, and three different dissociation reactions are
considered: O, + 1/2H, = HO,,0, + H = HO, and
O + OH = HO,. Eventually, HO, mol fractions are

similar in GASEQ and CEA programs because the cal-
culations are based on the same fundamental methods.
Moreover, the present model results are consistent with
the programs compared.
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Table 4 Combustion resg]ts (P=1 atm, Tu=300 K, ¢=0.9) %26 O2 oxy-combustion

for %26 O, oxy-combustion

in comparison with CEA and CEA GASEQ MODEL CEA deviations (%) GASEQ

GASEQ programs deviations

(%)

Tady (K) 2004.9 2005.6 2004.9 0.0000 0.0349
C, (kl/kg K) 1729.8 1540.76 1787.93 -3.2512 —13.8244
h (kJ/kg) -6963.9 —6965.27 -6964.9 —0.0144 0.0053
s (kJ/kg K) 8158.9 8160.04 8159.6 —0.0086 0.0054
N, 0.0003 2.97E-04 3.00E-04 0.0000 —1.0000
H,0 0.23407 0.23416 0.23409 —0.0085 0.0299
CoO, 0.71817 0.71795 0.71835 —0.0251 —0.0557
(60) 0.04297 0.043314 0.043117 —0.3409 0.4569
0, 0.00052 5.16E—04 0.000519 0.1927 —0.5780
OH 0.00081 7.30E—-04 0.000767 5.6063 —4.8240
H 0.00009 9.33E-05 9.35E-05 —0.5348 -0.2139
o 0.00002 1.57E-05 1.61E-05 -0.6211 —2.4845
H, 0.00305 3.08E-03 3.06E-03 —0.3268 0.6536
NO 0.00001 7.95E—06 8.10E-06 —1.2346 —-1.8519
NO, 6.29E—10 6.30E—-10 —-0.1587
HO, 6.66E—08 8.53E-08 —21.9812

Table 5 Combustion resglts (P=1 atm, Tu=300 K, ¢=1,2) %31 O2 oxy-combustion

for %31 O, oxy-combustion

in comparison with CEA and CEA GASEQ MODEL CEA deviations (%) GASEQ

GASEQ programs deviations

(%)

Tady (K) 2156.87 2158.6 2156.87 0.0000 0.0802
C, (kl/kg K) 1944.3 1942.8144 2016.05 —3.5589 —3.6326
h (KJ/kg) —-6561.93 —6563.62 —6563.28 —0.0206 0.0052
s (kJ/kg K) 8701.7 8701.9 8701.4 0.0034 0.0057
N, 0.00036 3.58E-04 3.61E-04 —-0.2770 —-0.8310
H,0 0.27985 0.27989 0.27954 0.1109 0.1252
CO, 0.61442 0.61455 0.61445 —-0.0049 0.0163
(6(0) 0.09379 0.09369 0.09338 0.4391 0.3320
0, 0.00084 8.48E—-04 0.00084 0.0000 0.9524
OH 0.00196 1.80E—-03 0.00186 5.3763 —3.2258
H 0.0004 4.04E-04 4.05E—-04 —1.2346 —0.2469
O 0.00006 5.97E-05 5.92E-05 1.3514 0.8446
H, 0.00832 8.38E—-03 0.00835 —-0.3593 0.3593
NO 0.00002 1.64E—05 1.65E—05 3.0303 —0.6061
NO, 1.31E-09 1.32E-09 —0.7576
HO, 1.63E-07 2.10E-07 —22.3810

4 Conclusion

In this study, a novel equilibrium combustion model is
modified for oxy-fuel combustion in order to obtain adi-
abatic flame temperature, mole fractions and thermo-
dynamic properties of combustion products for varying

oxygen ratios. Natural gases from four important origins
(Russia, USA, Iran, Australia) are considered, and the
results of the analysis are validated with CEA and GASEQ
software. It has been seen that, in terms of adiabatic flame
temperature, conventional combustion has similar charac-
teristics for 31% O, oxy-combustion and provided higher
results than that of oxy-combustion of 26% O, and 21% O,.
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Fig.7 Comparison of model results with results (Differ-
ence % =[(Program value —Model Value)/(Model Value) x 100])

But for the specific heat constant (c,), conventional com-
bustion values are closer to ¢, values of oxy-combustion
with 26% O, and provided higher results than that of oxy-
combustion of 21% O, and 31% O,. Also, it is concluded
that the entropy values in oxy-combustion are significantly
reduced in comparison with the results of the conventional
combustion. As the oxygen content in the oxy-combus-
tion is increased, the entropy is increased. Lower entropy
production of oxy-combustion is an indication of higher
exergy potential of the CC exhaust which would result
higher reversible work obtained from the power turbine.
In terms of emissions, oxy-combustion power plants have
been used for carbon capture and storage (CCS) with zero
CO, emissions. This study presents that oxy-combustion
also produces much fewer NO, emissions than air combus-
tion in the order of below 1/40. Analysis of natural gases
of different resources shows that thermodynamic prop-
erties vary from source to source. In terms of adiabatic
flame temperature, specific heat, and entropy, Australian
natural gas showed better results among the tested fuels,
while Russian natural gas emits least NO, emissions. On
the other hand, using Iranian natural results the lowest
adiabatic flame temperature and specific heat but high-
est NO, emissions. In terms of entropy the highest values
are obtained from US natural gas. The mole fractions of
the combustion products have been evaluated for four dif-
ferent conditions both for conventional combustion and
oxy-combustions.
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