
 

 

 
Abstract— Traditional fossil fuels stocks are limited so are 

considered “non-renewable” whereas bio-fuels are “renewable” 
sources. Nowadays, the possibility of converting fuel oil into natural 
gas fired power plants has risen due to a global concern about the 
“greenhouse effect”. On the one hand, the main advantages are that 
the acidic emissions are almost annulled while monetary incentives 
were introduced into particular statutory regulation schemes. On the 
other hand, disadvantages are mainly the high traces of ashes that gas 
matrix contains, causing the exhaust gases strong abrasive scratches 
over hot surfaces. A particular gas derived from biomass obtained in 
fluidized beds has been revealed as a credible option. First of all, a 
full theoretical evaluation of the global efficiency associated to a 
power plant of reference depending on the fuel burned has been 
performed and improved significantly with the proper determination 
of the so called “difficult evaluation losses term”, demonstrating the 
suitability of fuel replacement in terms of efficiency. The main 
contribution corresponds to a CFD study, validated through the 
results provided by a scaled experimental facility, fully monitored, in 
order to compare the environmental impact of two of these fuels, 
justifying its use for further characterizations of other fuels prior to 
its full implementation. 
 

Keywords— Alternative fuels, bio gas, CFD, efficiency, natural 
gas. 

I. INTRODUCTION 

OSSIL fuels stocks are limited and are considered non-
renewable sources. From the decade of the 90´s, the 

possibility of converting fuel oil (FO) fired power plant into 
natural gas (NG) has been raised 1, 2, due mainly to the 
significant increasing in the global concern about the 
“greenhouse effect”. 

Natural gas expectations as fuel replacement in some 
sectors are suffering a substantial increase but the most 
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important fact is that recent increases in crude oil prices have 
brought alternative fuels into the energy scenario. Figure 1 
shows the Gross Consumption of Natural Gas by the 
Organization for Economic Co-operation and Development 
(OECD). Source monthly gas survey 2015 IEA Statistics. 
 

 
Fig. 1 Gross Consumption of Natural Gas by OECD Region. 

General Electric, Pratt & Whitney, and other gas turbine 
manufacturers, have been testing these fuels in their machines 
for a long time 3, 4. Today, bio-fuels have an additional 
attraction as they are considered “renewable sources” which is 
a strong argument for the success of their implementation 5, 
6. Note that special attention has to be paid to technical and 
operational challenges have to be taken into account regarding 
any fuel replacement issues 7. 

Gas derived from biomass (BG) obtained in fluidized beds 
has been revealed as a credible option. There is an important 
source of biomass called “Miscanthus giganteus” for the 
production of energy either for direct combustion or through 
cellulosic ethanol as has been treated here. The gas matrix 
contains high traces of ashes 8, which are crucial to be 
eliminated, otherwise the gas would not be suitable for 
burning in gas turbines due to the enormous abrasive action of 
the exhaust gases caused by the high temperature (around 
800ºC) combined with a high speed around the blades as 
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described in 9. 
Key driving factors for bio-fuels are the monetary 

incentives built into particular regulations of each estate which 
makes it difficult to evaluate and compare among different 
countries 10. Too many questions arise in order to make a 
clear decision at least in the near future as these alternative 
fuels are still not available in sufficient volume all over the 
world for supporting the current power generation 11. 

There is also another significant challenge as conventional 
power plants have been gradually replaced by combined 
cycles around the world. The most commonly fuel burned in 
conventional cycles has been the fuel oil (FO); the so called 
“Ner2” and the low sulphur index fuel (LSI) have been 
traditionally used in the main thermal power plants in Spain. 
Their substitution for NG has been widely proposed because 
its basic component methane (CH4), contributes to the 
greenhouse effect by about 18 % while SO2 emissions are 
almost annulled 12 - 14. First of all, the advantages of 
burning some of these fuels have been demonstrated through 
this paper in terms of efficiency, with data from a power plant 
of reference. 

Finally a complete CFD (Computational Fluid Dynamics) 
model was built and validated later on through the 
measurements obtained from an experimental facility designed 
and built ready for burning different fuels instead of burning 
them directly in the fossil-fuelled thermal power plant. Two 
different fuels were tested in this paper such as natural gas and 
a gas derived from biomass, in order to compare emissions. 

II. AIMS AND METHODOLOGY 

The aim of the present work is to show the overall effect of 
the gradual replacement of fossil fuel consumption for natural 
gas, or other alternative fuels such as bio-fuels, in terms of 
efficiency and emissions, ensuring combustion quality. 

It is crucial to point out that the global efficiency in a 
thermal power plant on the base of the LCV is around 39 % in 
case of conventional cycles 15, so the assessment of this 
particular situation when burning different fuels is another 
relevant objective. First of all, the boiler and global 
efficiencies for conventional cycles burning fossil and 
alternative fuels will be determined based on both gross and 
lower calorific values on a thermal power plant of reference. 

Finally, the advantages of burning some of these fuels will 
be demonstrated through a CFD (Computational Fluid 
Dynamics) model, validated by the measurements obtained 
through an experimental scaled combustion chamber, which 
will be fully described later, ready for burning different fuels, 
so a comparative test between NG and BG will be performed. 

III. DETERMINATION OF THE GLOBAL EFFICIENCY 

A. Procedure 

The global efficiency of a power plant can be calculated 
according to Eq. 1, 
 

bcG                     (1) 

 

Whereas the cycle efficiency reaches a constant value of 
0.41 regardless of the fuel type burned, the global efficiency 
can be directly obtained through the boiler efficiency which 
can be associated to the low or gross calorific values of the 
fuel burned 16 according to Eqs. 2 and 3, respectively. 
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Where: 
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Considering for the water (at 20ºC) according to ASTM D 

240-50, 
 

kg
kJ 31.436,2r                  (5) 

 
Relationship between LCV and GCV is given by: 
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On the one hand, the total losses term can be split into 

several terms, according to, 
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Splitting this term into convection and radiation losses: 
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 Where the total surface boiler of the thermal power plant of 
reference was divided into N areas according to their 
respective temperatures, being 
 




N

1i
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 The calculation of the average temperature for the boiler 
walls can be obtained according to the average temperature 
(Tbwi) assigned to each one of these areas: 
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 For the dry gases, 
 

3
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2
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Whose constants are shown next in Table 1, 

 
Table 1. Definition of Cp constants for the dry gases 

(kJ kg-1 K-1) a b  102 c  105 d  109 
N2 6.903  0.03753 0.1930 0.6861 
O2 6.085 0.3631  0.1709 0.3133 

CO2 5.316 1.4285  0.8362 1.784 
 

Special treatment will be given to the so called “Difficult 
evaluation losses term” (Pde). This is in fact the sum of a set of 
minor entity losses such as, ashes radiation heat, sensitive heat 
of slags, latent heat of fusion of slags, unburned hydrocarbons, 
and formation of free radicals and species dissociation 
respectively. 

Due to their special nature, the direct and rigorous 
evaluation of the three first terms turns to be really complex 
whereas the evaluation of the last two ones is simply 
impossible, given that the combustion is reached inside great 
boilers with burners in turbulent flow regime. 
 

On the other hand, the credit factors are given by: 
 

pa fCrfCrfCr                 (22) 

 
Where the two different terms on the right side of this 

equation, associated to air comburent and boiler recirculation 
water pumps respectively can be defined as: 
 

 extheataaa TTmCpfCr               (23) 
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 The later equation considers than only half of the full load 
electrical consumption of the pumps Ep is transferred. This 
approximations is usually accepted when burning these fuels 
13. 

B. Application to a case study 

The next considerations must be taken into account for this 
particular approach: 
 Averaged temperature for dry gases is (Tdg = 85 ºC). 
 The percentage of carbon that gets transformed to CO, 

admitting a good operative practice of the boiler together 
with a suitable design of this one, provides values between 
4 and 20 mg Nm-3. 

 The specific losses associated with convection and 
radiation (kJ h-1 m-2) respectively was proposed by ASTM 
Committee C-8, Subcommittee on heat transfer, 1937 
(revised on 1947). A constant value of for the averaged air 
velocity (v = 1.5 m s-1) is considered. 

 The total boiler wall area (Sbw = 3,370 m2) has been 
divided into N = 56 walls according to their temperature. 

 The boiler walls temperature is assumed to be a constant 
value (Tbw = 54 ºC), being Text = 22 ºC. 

 For the evaluation of these losses, a value of DE = 1 % (kJ 
per kilogram of fuel burned over the GCV) is commonly 
applied. Here nevertheless a value of DE = 1.078 % will be 
applied with the exception of DE = 1.92 % for the biomass 
derived fuel 13. 

 The temperature of the air prior to the preheater 
(Ljungstron type) is assumed to be a constant value (Theat = 
46 ºC) whereas (Cpa = 1 kJ kg-1 K-1). 

 A full load electrical consumption of the pumps: (Ep = 985 
kWh) has been considered. 

 The credit factor associated to the boiler recirculation 
pumps (kJ per kilogram of fuel burned) considers that only 
50% of the energy supplied by the boiler pumps is 
transferred to heat the water inside the boiler. 

 The averaged composition of the fuels addressed in this 
study can be seen in Tables 2 and 3 respectively. 

 
Table 2. Volumetric composition of the Natural gas 

(% vol.) Max. Min. Avgd.
CH4 89.8872 88.8317 88.9786
C2H6 5.1343 5.8767 5.1274
C3H8 1.2888 1.2662 1.2714
I-butane 0.2354 0.2249 0.2262
N-butane 0.3338 0.3283 0.3311
I-pentane 0.0794 0.0713 0.0727
N-pentane 0.0749 0.0718 0.0724
C6H14 0.1223 0.1177 0.1200
N2 3.5393 3.4742 3.4898
CO2 0.4185 0.2996 0.3112

 
Table 3. Mass composition for the rest of fuels 

(% mass) FO “N 2” FO “LSI” BG
C 85.40 85.98  43.13 
H2 10.38 10.91  6.31 
N2 0.55 0.46  0.46 
O2 0.00 1.54  47.28 
S 2.92 0.81  0.00
Moisture 0.45 0.00  0.00 
Ash 0.30 0.30  2.82 
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 Finally, Table 4 shows the main technical details of the 

thermal power plant of reference. 
 

Table 4. Technical details of the thermal power plant 
Net power (MW) 377 
Minimum technical load (MW) 140 
Fuel consumption (ton/day) 2,900 
Boilers (Babcock & Wilcox)  
 Vapour production (ton/h) 1,735 
 Reheater out temp. (ºC) 540.5 
 Reheater out press (kg/cm2) 42.67 

Turbine/alternator (G E)  
 Inlet temperature (ºC) 538 
 Inlet pressure (kg/cm2) 40 
 Speed (rpm) 3,000 
 Voltage (V) 20,000 
 Electrical power (kVA) 640,000 (cosφ = 0.85) 

Air preheaters (American St.)  
 Type H2M-23-120 
 Fluid Vapour 

Fans (American St.)  
 Type Double inlet 
 Number 2 
 Motor power (kW) per unit 1,840 

Condensator (B&W)  
 Number of steps/shell 2 
 Type Surface 

Water pumps (Ingersoll Rand)  
 Number 2 
 Motor power (kW) per unit 2,826 

Condensated pumps (Worth.)  
 Number 2 
 Motor power (kW) per unit 766 

 

C. Results 

A breakdown of the different losses and credit factors 
previously defined are shown in Table 5 for all the fuels. Note 
the LCV for all the fuels are defined in the first row. 
 

Table 5. Losses and credit factors for the different fuels 
(kJ kg-1) FO “N 2” FO “LSI” NG BG 
LCV 40,035.66  40,630.68  46,541.91  15,598.54 
Pdg 1,937.64 1,937.64 2,163.65 811.63 
Pwf 12.12 0.00 0.00 0.00 
PH2 2,498.09 2,498.09 5,858.56 1,518.84 
Pwa 30.76 30.76 36.11 2.96 
PCO 1.08 1.08 1.08 0.58 
PCR 61.44 61.44 61.44 24.53 
Pde 1,393.69 1,145.44 556.82 325.87 
fCra 383.51 383.51 380.04 151.52 
fCrp 20.56 20.56 20.56 8.19 
 
So, the boiler efficiency can be calculated according to Eqs. 

2 and 3, while the global efficiency can be determined 
according to Eq. 1. Figure 2 summarizes this for all the fuels 
considered here. 

 

 
a) 

 
b) 
 

Fig. 2 Comparative test of efficiency, a) boiler; b) global 
 

The most important conclusion is that boiler and global 
efficiencies present comparable values for all the fuels so 
alternative fuels could be considered an efficient option in 
thermal power plants regarding efficiency. 

IV. EXPERIMENTAL WORK 

Experimental results have been achieved through direct 
measurements over a 465 kW thermal power experimental 
installation which is basically composed of a 4 m length 
combustion chamber whose walls are fully protected with 
glass fibre of 70 mm. thickness and equipped with a control 
board composed by two thermostats, a clock of temperature 
and pressure and a safety thermostat. Figure 3, shows a picture 
of the burner and redefined combustion chamber placed in our 
premises. 

The chamber consists of three parts: fuel supply unit, 
adapted burner, and finally the boiler. The air is supplied by a 
centrifugal fan and passes outside through 12 uniformly-
placed nozzles, where the fuel is finally injected, producing 
the required air-fuel mixture while the initiating spark 
produces the flame.  

Figure 4 shows the basic scheme of the BG supply system. 
After this treatment, the bio-gas is ready to be fired in the 
combustion chamber. 

The measurement process was considered as a decisive part 
of the design process and hence carefully designed. Four 
reference parts were carefully studied inside the chamber such 
as, chimney, combustion chamber, water and fuel respectively, 
so the numerical model will be fully adapted to them as it will 
play a decisive part in the validation procedure carried out, 
which will be described later. 

FO “N 2”FO “LSI” NG
BG

86,17 86,93 83,33 84,33

91,48 92,22
92,46 92,19

ηb (GCV)
ηb (LCV)

FO “N 2”FO “LSI” NG
BG

36,18
36,5

34,99 34,57

38,41
38,72

38,82 37,8

ηG (GCV)
ηG (LCV)
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Fig. 3 Picture of the fully monitored facility 
 

For each one of these parts, several physical quantities were 
measured in order to guarantee that the information further 
needed for the CFD model would be precise enough. A 20 
channels data-logger with complex software was used. The 
instrumentation used is briefly described below: 
 Temperature: Ambient temperature is mostly measured 

using a platinum thermostat while flue gas temperature 
was measured at several points by a thermocouple. The 
following equipments were used for the measurement of 
the maximum temperature of the flame and of the walls 
of the combustion chamber: a wet-bulb thermometer, a 
resistance thermometer, thermocouples, and a portable 
colorimetric pyrometer, model QL2500. 

 Pressure: Bourdon gauge of graduated mask, pressure 
differential cut-out and differential gauges. 

 Barometric pressure: Standard aneroid barometer. 
 
 

 Flow: Perforated plate (certified), for measuring the 
water flow, a differential gauge of 4-20 mA. (exit), for 
measuring the pressure drop, and a digital flow meter, 
model RMC205 for measuring the gas flow. 

 Emissions: RS232C is a microprocessor-based gas 
analyser with a totally automatic microprocessor-based 
operation including auto start-up, auto-calibration, auto-
range, internal parameter monitoring and alarms. Figure 
5 shows the large multifunction 5” LCD monitor, 
providing a clear display values for different emissions 
and ambient temperatures as shown in Table 6. 
 

 
 

Fig. 5 Front view of the portable IMR3000 gas analyzer 
 

Table 6. Main specifications of the gas analyzer 

Response Time 5 s 
Accuracy +/- 1.0 % 
Linearity 0.5 % 
Max. Temp.  1,500 C 
Battery 12 VDC (6h autonomy) 
Interface  RS 232 C 
Memory 10,485 measurements 
Units ppm, mg/Nm3 
Emissions CO, CO2, SO2, O2, NO, NO2, H2S 
Dimensions 510 x 180 x 430 mm 
Weight Aprox. 16 kg 

 
 

1. Bio-gas bottle. 
2. Fractionation column. 
3. Filter. 
4. Gas analyzer. 

5. M. C. S. 
6. Odorization device. 
7. Desulphurization unit. 
8. Particle filter. 

9. Water scrubbing column. 
10. Heat exchanger. 
11. Fan. 
12. Through-drying machine. 

 
Fig. 4. Basic scheme of the BG supply unit. 
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These outcomes provide enough information to define 
properly the boundary conditions and the validation of the 
CFD model that will be described next. 

V.  CFD MODEL 

A. Domain and computational mesh 

A CFD model was built in order to predict the exhaust 
gases in the combustion chamber from various fuels and 
validated through the experimental results previously 
described. This data were implemented in the compressible 
parallel finite volume-element solver ANSYS-FLUENT, 
which is able to handle hybrid grids to simulate the whole 
combustion process.  

In a previous design process of an experimental dual burner 
17 a preliminary model was built over a similar combustion 
chamber, but in this study, the full CHEMKIN® reaction 
solver 18 has been implemented and burner geometry 
redefined. Figure 6 a) shows the detail of the main section for 
the CFD mesh corresponding to the burner. 
 

a) 

b) 
 

Fig. 6 a) Detail of the CFD burner mesh and b) Full model domain 
surface mesh with the different parts 

The main air is supplied by a centrifugal fan and passes 
outside 12 uniformly-placed nozzles, where the fuel is finally 
injected through, producing the required air-fuel mixture while 
the initiating spark initiates the flame 19. 

In Figure 6 b), the computational domain including burner 
and redefined combustion chamber are depicted. The outlet of 
the chamber can be clearly seen on the right side of the roof 
and the fuel nozzles are depicted inside the burner. The 
placement of the temperature probes for the experimental 
testing measurements are placed on one of the lateral walls, 
centred and separated 0.5m. as it is also depicted together with 
a virtual centreline in which further results will be based. 

The grid was created using a powerful pre/processor code 
called ICEM CFD, and then the whole domain is fully 
discretized 20. 

The size of the mesh was strictly determined by the 
treatment of the turbulence in the near-wall region. High 
quality numerical results for the wall boundary layer will only 
be obtained if the overall resolution of the boundary layer is 
sufficient 21. 

The adjacent near-wall cell in the Non-Equilibrium Wall 
Functions model (NWF), “yp” was determined depending on 
the choice of turbulent model used and was defined by the 
dimensionless term “yp

+” 22. This parameter can be 
calculated according to Eq. 25: 
 

v

uy
y tp

p


                    (25) 

 
 Where the friction velocity is defined by 
 




tu                     (26) 

 
The logarithmic law is referenced to the pressure gradient in 

order to account for the phenomenon of moderate flow 
separation, so the centroid was placed between 30 ≤ yp

+ ≤ 300, 
which means a distance from the solid surface between: 0.25 
mm ≤ yp ≤ 2.5 mm.  

The smaller the size, the greater the number of cells and 
consequently an enhanced resolution can be achieved at added 
computational cost. 

The discretization of the computational domain previously 
defined was realized with a maximum size of 0.9 mm, which 
is a reasonable estimation for a proper distribution of the 
centroid of the adjacent elements to the wall. 99.7 % of the 
cells in our model accomplish with 30 ≤ yp

+≤ 300.  
In order to minimize numerical diffusion error, different 

grid sizes were analyzed, ensuring grid independence. The 
final mesh contained 4 106 cells, which resulted an easy to 
handle mesh, considered to be thin enough to capture the 
turbulence scales phenomena. 
 

B. Boundary conditions 

Once the discretization of the geometric volume was 
completed, the mesh is exported, into the main code 
(processor), where the boundary conditions would are set to 
complete the numerical model. 
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The boundary condition “mass flow inlet”, for the fuel was 
selected because the corresponding value of the flow was 
available. Thus, the consumption of air was obtained by 
calculating the ratio “kg air/kg fuel” for combustion with an 
excess air of 10 % 23. 

The condition of “outflow” for the outlet of the combustion 
chamber was adopted. It is appropriate where the exit flow is 
close to a fully developed condition, as the outflow boundary 
condition assumes a zero, normal gradient for all flow 
variables, except pressure. 

The external walls of the burner were considered to be 
adiabatic, considering that the gas nozzle was inside the 
refractory of the fireplace. With the optical pyrometer, the 
maximum temperature that was reached on the lateral walls 
was measured. 

To evaluate correctly the temperature of the walls, an 
average temperature was considered and two criteria were 
used. For the first criterion, the temperature of the exhaust 
gases was determined from the combustion chamber. This 
temperature depends on the power of heat given out by the 
burner and the heat exchange across the walls in the fireplace. 
For the second criterion, the heat across the walls for the 
thermal calculation was given by the manufacturer. To fit this 
value, modelling was carried out several times, imposing a 
temperature to the walls verifying always the values of the 
average temperature for the CEG and the flow of total heat 
evacuated through the walls. 
 

C. Basic conservation equations 

The conservation equations for mass and momentum were 
solved together with the energy and species conservation 
equations. 

The equation for conservation of mass, or continuity 
equation, can be written as follows 24. 
 

  mSv
t



 


                (27) 

 
The source term is the mass added to the continuous phase 

from the dispersed second phase (e.g., due to vaporization of 
liquid droplets) and all the user-defined sources. 

And the conservation of momentum in an inertial (non-
accelerating) reference frame is given by: 
 

      Fgpvvv
t
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Where the stress tensor is given by 
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The second term on the right hand side represents the effect 

of volume dilation. 
Finally, the conservation of species is given by 
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 Where the diffusive mass flow is defined by 
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Finally, the energy equation can be written 
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and the term E, is defined as, 
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D. Turbulence closure 

Unfortunately no single turbulence model is universally 
accepted when dealing with all problem areas. The choice of 
turbulence model will depend on considerations such as the 
physics encompassed in the flow, the established practice for a 
specific class of problem and the level of accuracy required. 

The realizable k- model in FLUENT has been finally 
adopted for this study, which is a variant of the standard k- 
model, including new formulation for the turbulent viscosity 
together with new transport equation for the dissipation rate  
25. It provides good predictions for adverse pressure 
gradient flows where near wall characteristics need to be 
resolved, while the computational cost is relatively low. The 
word “Realizable” actually implies that the model satisfies 
specific constraints on the Reynolds’ stresses that make the 
model more consistent with the physics of turbulent flows and 
hence more accurate than the standard k- ε model 26. 
Transport equations for k and ε are respectively as follows: 
 

    kMbk
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Where, 
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hm

t
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This model makes the eddy-viscosity coefficient, Cν, 

dependent on the mean flow and turbulence parameters. The 
notion of variable Cν has been suggested by many authors and 
is well substantiated by experimental evidence. Note that in 
the realizable model, Cν can be shown to recover this standard 
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value of 0.09 for simple equilibrium flows. The rest of the 
model constants have been established to ensure that the 
model performs well for certain flows, such as, 
 

2.1;0.1;9.1C;44.1C k21             (39) 

 

E. Radiation closure 

Radiative heat transfer was included because the radiant 
heat flux was high compared to the heat transfer rate due to 
convection or conduction. The radiative transfer equation 
(RTE) adopted for an absorbing, emitting, and scattering 
medium at position r


 in the direction s


, is: 
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The weighted-sum-of-gray-gases model (WSGG) for 

computation of a variable absorption coefficient is provided. 
The net radiative heat flux at flow inlets and outlets is 
computed in the same manner as at the walls, as described 
above. The P-1 radiation model is based on the expansion of 
the radiation intensity into an orthogonal series of spherical 
harmonics [27]. The following equation is obtained for the 
radiation flux: 
 

  G
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The transport equation for G is: 
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It has been assumed that the emissivity of all flow inlets and 

outlets is 1.0 (black body absorption). For a gray, absorbing, 
emitting, and scattering medium containing absorbing, 
emitting, and scattering particles, the transport equation for the 
incident radiation can be written as: 
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Where, 
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So, finally, heat sources (sinks) due to particle radiation are 

included in the energy equation as follows: 
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F. Combustion closure 

The above mentioned model, considered the incorporation 
of improved UDF (user defined functions) under the ANSYS-
FLUENT solver of which combustion model obeys to a 
probability density function (PDF). The laminar flamelet 
approach, modelled a turbulent flame brush as an ensemble of 
discrete, steady, laminar flames, called flamelets [28]. They 
were assumed to have the same structure as laminar flames in 
simple configurations, and were obtained by experiments or 
calculations. Using detailed chemical mechanisms, laminar 
opposed-flow diffusion flamelets for non-premixed 
combustion can be calculated. 

The advantage of the laminar flamelet approach was that 
realistic chemical kinetic effects could be incorporated into 
turbulent flames. The chemistry could then be pre-processed 
and tabulated, minimizing computation substantially. 
However, the laminar flamelet model was limited to modelling 
combustion with relatively fast chemistry [29]. The flame was 
assumed to respond instantaneously to the aerodynamic strain, 
and thus the model was unable to capture deep non-
equilibrium effects such as ignition, extinction, and slow 
chemistry. 

The conserved scalar model was interpreted as the most 
basic flamelet structure. The coupling between non-
equilibrium chemistry and turbulence was achieved by the 
statistical description of two parameters: the mixture fraction ( 
f ) and the instantaneous scalar dissipation rate (  ). Under the 
assumption of equal diffusivities, a coordinate-free 
formulation of the flamelet structure was considered [30]. The 
hypothesis of statistical independence of these two parameters 
was also discussed. 

On the one hand, the mixture fraction definition can be 
understood in relation to common measures of reacting 
systems [31]. Consider a simple combustion system involving 
a fuel stream [32], an oxidant stream, and a product stream 
symbolically represented at stoichiometric conditions as: 
 

  sss Pr1OrF                (50) 

 
Denoting the equivalence ratio as: 
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airfuel
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So, the reaction in equation (50), under more general 

mixture conditions, can then be written as: 
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  sss PrOrF               (52) 

 
Looking at the left side of this equation, the mixture fraction 

for the system as a whole can then be deduced as: 
 

r
f






                   (53) 

 
Equation (53) allows the computation of the mixture 

fraction at stoichiometric conditions ( = 1) or at fuel-rich 
conditions ( >1), or fuel-lean conditions ( <1). 

On the other hand, the scalar dissipation rate is defined as: 
 

2
fD2                    (54) 

 
For adiabatic systems, the density-weighted mean species 

mass fractions and temperature in the turbulent flame can be 
determined as: 
 

    ststst
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where: 
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When introducing fuel to an oxidant, spontaneous ignition 

does not occur unless the temperature of the mixture exceeds 
the activation energy threshold required to maintain 
combustion. It is necessary to supply an ignition source to 
initiate combustion. This source may be a heated surface or 
inlet mass flow that heats the gas mixture above the required 
ignition temperature. Often, however, it is the equivalent of a 
spark: an initial solution state that causes combustion to 
proceed into a region of the CFD model that contains a 
sufficient fuel/air mixture for ignition to occur. 

The temperature-dependent portion of the rate expression 
contains an exponential, which is computationally expensive 
to evaluate. To facilitate a more computationally efficient 
solution algorithm, CHEMKIN® [18] provides additional 
subroutines that either provide the temperature-dependent rate 
coefficients or, given these rate coefficients, return the 
species’ net rates of production. 

In addition to chemically reacting flow applications, it 
includes an Equilibrium Reactor model. This model allows 
users to determine the chemical state of a mixture under 
equilibrium conditions. It can be used to determine phase 
equilibrium, between gas and condensed phases, as well as 
chemical equilibrium. 

Gas-phase reactions describe interactions and conversions 
between gas-phase species. Each species in a reaction must be 
associated with thermodynamic data which are used to 
calculate equilibrium constants and reverse-rate coefficients 
for the reaction 33. Consider elementary reversible (or 

irreversible) reactions involving the chemical species that can 
be represented in the general form: 
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The production rate of the k th species can be written as a 

summation of the rate of-progress variables for all reactions 
involving the k th species: 
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The “third body” is required for the reaction to proceed; this 

is often the case in dissociation or recombination reactions. 
The concentration of the effective third body must appear in 
the expression for the rate-of-progress variable as: 
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It was assumed that heat gain/loss to the system would have 

negligible effect on the species mass fractions, and adiabatic 
mass fractions were used. 

G.  NOx post-processing 

The post process NOx model includes: thermal, prompt, 
fuel, and intermediate NO2 routes. 
 Thermal route: 
This is determined by a set of highly temperature-dependent 

chemical reactions known as the extended “Zeldovich 
mechanism” [34]. The principal reactions governing the 
formation of thermal NOx from molecular nitrogen are as 
follows: 
 

NOHOHN

NOOON

NONNO

2
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               (60) 

 
Hence, the NO source term due to thermal NOx mechanisms 

is: 
 

dt

NOd
MS T

NO,wNO,Thermal             (61) 

 
 Prompt route: 
The presence of a second mechanism leading to NOx 

formation was first identified by Fennimore [35] and was 
termed “prompt NOx”. There is good evidence that it can be 
significantly performed in some combustion environments, 
such as in low-temperature, fuel-rich conditions, and in 
situations where residence times are short. Surface burners or 
staged combustion systems, can create such conditions [36]. 

At present the prompt NOx contribution to total NOx from 
stationary combustors is small. However, as NOx emissions 
are reduced to very low levels by employing new strategies 
(burner design or furnace geometry modification as it can be 
considered for this study), the relative importance of the 
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prompt NOx can be expected to increase. The route now 
accepted is as follows: 
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In other studies [30], comparison of probability density 

distributions for the location of the peak NOx with those 
obtained for the peak CH have shown close correspondence, 
indicating that the majority of the NOx at the flame base is 
prompt NOx formed by the CH reaction [37]. 

The NO source term due to prompt NOx mechanisms is: 
 

 
dt

NOd
MS Pr

NO,wNO,prompt             (63) 

 
  Fuel route: 
It is well known that nitrogen-containing organic compounds 

present in liquid or solid fossil fuel can contribute to the total 
NOx emissions during the combustion process. This fuel 
nitrogen is a particularly important source of nitrogen oxide 
emissions for residual fuel oil and coal, which typically 
contain 0.3-2 % nitrogen by weight. Studies have shown that 
most of the nitrogen in heavy fuel oils is in the form of 
heterocycles and of significance are heterocyclic ring 
structures such as pyridine, quinoline, and amine type [38]. 

The extent of conversion of fuel nitrogen to NOx was 
dependent on the local combustion characteristics and the 
initial concentration of nitrogen-bound compounds. Fuel-
bound nitrogen-containing compounds were released into the 
gas phase when the fuel droplets or particles were heated 
during the devolatilization stage. From the thermal 
decomposition of these compounds in the reaction zone, 
radicals such as HCN, NH3, N, CN, and NH were formed and 
converted to NOx. These free radicals are subject to a double 
competitive reaction path [39]. Other investigations have 
shown that hydrogen cyanide appears to be the principal 
product if fuel nitrogen is present in aromatic or cyclic form 
[40]. Although the route leading to fuel NOx formation and 
destruction is still not completely understood, different 
investigators [41] seem to agree on a simplified model such 
as: 
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The source terms in the transport equations can be written 

as follows: 
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 Intermediate N2O route: 
Nitrogen enters combustion systems mainly as a component 

of the combustion and dilution air. Under favorable 
conditions, which include elevated pressure and oxygen-rich 
conditions, this intermediate mechanism can contribute as 
much as 90 % of the NOx formed during combustion. This 
makes it particularly important in equipments such as gas 
turbines and compression-ignition engines. As these devices 
are operated at increasingly low temperatures to prevent NOx 
formation through the thermal NOx mechanism, the relative 
importance of the N2O-intermediate mechanism is increasing 
[42]. 

The simplest form of the mechanism takes into account two 
reversible elementary reactions: 
 

NO2OON

MONMON

2

22




             (66) 

 
Here, M is a general “third body”. As the first reaction 

involves third bodies, the mechanism is favoured at elevated 
pressures. Both reactions involve oxygen radical, which makes 
the mechanism favoured in oxygen-rich conditions. Although 
it is not always justified, it is often assumed that the O atoms 
originate solely from the dissociation of molecular oxygen. 

VI. RESULTS AND DISCUSSION 

A. Experimental results from the combustion chamber 

The boiler was loaded about one hour before the starting of 
the tests in order to ensure stability, especially for several 
parameters such as: pressure, temperature, and flow of both 
gases and water. 

The different instruments were checked in order to verify 
the stability of the process. The parameters were considered to 
be steady when the variation between them did not exceed a 
range of 5 % in every measurement process. 

Once stability was achieved, the input of data started. All 
the tests and measurements were carried out with the 
experimental burner in automatic mode (working conditions of 
the burner were defined automatically, according to heat 
consumption) as well as manual alternative selection of low 
and high flame process monitoring respectively [43]. 

Results obtained in the combustion of NG and BG 
respectively is summarized in Table 7. The combustor 
performance with both fuels is similar, being obtained with 
comparable values of temperature rise, combustion efficiency 
and CO emissions. 

B. Validation 

Experimental values measured with the previously mentioned 
facility at the exit of the combustion chamber and the results 
obtained with the CFD model were summarised in Table 8 for 
natural gas and bio-gas respectively which seem to be the best 
options. A significant agreement is achieved between CFD 
and experimental results showing that the procedure can be 
considered fully validated. Observe that experimental losses 
for both cases (*) based on data provided by direct 
temperature measurements over the walls were calculated. 
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Table 7. Measured values in the combustion chamber. 
 NG BG 
Environment: 
 Dry bulb temperature (K) 
 Barometric pressure (Pa) 
 Relative humidity (%) 

 
296.00 

101,329.00 
78.00 

 
297.00 

101,330.00 
79.00 

Chimney: 
 CO (ppm) 
 CO2 (%) 
 O2 (%) 
 Outlet temperature (K) 

 
3.60 

10.90 
2.00 

512.00 

 
4.36 

14.90 
1.00 

505.00 

Chamber: 
 CO2 (%) 
 O2 (%) 
 Outlet temperature (K) 
 Máx. temperature (K) 

 
10.60 
2.10 

1,352.00 
2,138.00 

 
14.60 
2.40 

1,343.00 
2,159.00 

Water: 
 Flow (kg s-1) 
 Inlet temperature (K) 
 Outlet temperature (K) 
 Total pressure (Pa) 

 
12.20 

388.20 
417.00 

1,084.10 

 
12.20 

389.10 
419.00 

1,088.20 

Fuel: 
 Flow (kg s-1) 
 Inlet temperature (K) 
 Relative pressure (Pa) 

 
0.03 

295.00 
6,754.10 

 
0.03 

295.00 
6,758.20 

 
Table 8. Validation of the CFD model. 

 NG BG 
Exp CFD Exp CFD 

Qb (W) 545,221 (*) 544,970 555,546 (*) 554,908 
Tavg (K) 1,352.00 1,360.41 1,343.00 1,350.32 
Tmax (K) 2,138.00 2,169.00 2,159.00 2,180.00 
CO (ppm) 3.60 3.63 4.36 4.69 
NO (ppm) 42 43 44 46 
NO2 (ppm) 0.6 1 1.6 2 
 

A small difference in the maximum combustion temperature 
was expected, because it is well known that the combustion 
model tends to over-predict such values of temperature. As a 
consequence, the temperature of the combustion exhaust gases 
from the combustion chamber is obviously slightly lower than 
this given value 44. 

Figure 7 a) shows the average temperature along the 
centerline of the combustion chamber in a comparative test for 
experimental values and CFD outcomes for NG, whereas in 
figure 7 b) the same are depicted for BG, showing in both 
cases a good agreement both in values and distribution. 

To quantify properly the variations between the measured 
data and CFD outcomes, the square of the Pearson product 
moment correlation coefficient (R²) is calculated according to: 

 

Rଶ ൌ ቌ
∑ ሺଡ଼౪ିଡ଼ഥሻሺ౪ିഥ ሻ౪సభ,

	ට∑ ሺଡ଼౪ିଡ଼ഥሻ²	౪సభ, ∑ ሺ౪ିഥሻమ౪సభ,

ቍ

ଶ

       (67) 

 
This can be visualized graphically in Figure 8. The values 

obtained are admissible for both fuels tested. 

 
a) 

b) 
 
Fig. 7. Experimental and CFD temperatures (K) along the centerline 

of the chamber, a) NG; b) BG. 
 

In Figure 9, flame speed vs. equivalence ratio is depicted in 
the form of a comparative study (at normalized conditions of 
298K and 1 atm) between similar works carried out by 
different researchers when burning NG [45 - 48]. For our 
model, in the primary zone, the value of  = 1.4 corresponds 
to a speed of approximately 0.20 m/s which is relatively low, 
while in the secondary zone  = 0.7 corresponds to a speed of 
0.14 m/s. 

Strong differences between both zones are shown. Targets 
demonstrated that our model best matches fame speeds at 
different conditions, which finally allow us to validate the 
structure of the temperature profiles adopted for our model, 
improving this way the above mentioned predictions and 
others [49]. 
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Fig. 8. Error treatment. 

 

 
Fig. 9. Different flame speeds (cm s-1) at 298K and 1 atm for NG. 

 

C. CFD outcomes 

Results are shown over the symmetry plane of the 
combustion chamber for the two fuels, in order to visualize the 
differences observed. 

Figure 10 shows the contours of total temperature (K), 
addressing the flame temperature. NG offers lower 
temperatures than BG. 

Fig. 11 shows the contours of CO (ppm) over the symmetry 
plane of the combustion chamber for two different fuels such 
as NG and BG, addressing the quality of the combustion. 

Contours of CO are revealed following the flame shape, as 
expected, especially at the end of the chamber where finally it 
almost becomes exhausted especially regarding the 
combustion of the natural gas. A higher amount of CO traces 
has revealed anyway in the case of BG as expected from the 
experimental values measured at the exit of the chamber. 
Anyway these values are rather similar in both cases. 

 
 
 
 
 

 

 

 
Fig. 10. T (K) inside the chamber, up NG; down BG. 

 
 
 
 
 
 

 

 
 

Fig. 11. CO (ppm) inside the chamber, up NG; down BG. 
 

Figure 12 shows the contours of CO2 (ppm) over the 
symmetry plane of the combustion chamber for the same two 
fuels, NG (up) and BG (down). Differences in combustion 
between the two fuels are not evident as CO2 concentrations 
are somewhat distributed in a different way. 

R² = 0,9973 (NG)

R² = 0,9967 (BG)
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Figure 13 shows the contours of NO (ppm) over the 
symmetry plane of the combustion chamber for the same two 
fuels, NG (up) and BG (down).  

 
 
 
 
 
 

 

 

 
 

Fig. 12. CO2 (ppm) inside the chamber, up NG; down BG. 
 

 
 
 
 
 

 

 
Fig. 13. NO (ppm) inside the chamber, up NG; down BG 

Contours of NO are clearly influenced by temperature [50]. 
In this case the differences for both fuels are evident, resulting 
in a bigger amount of NO emissions for NG. 
 

 
 
 
 
 

 

 

 

 
Fig. 14. NO2 (ppm) inside the chamber, up NG; down BG 

 
 
 
 
 
 

 

 
 

Fig. 15. Surface temp. (K) inside the chamber, up NG; down BG 
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Figure 14 shows the contours of NO2 (ppm) over the 
symmetry plane of the combustion chamber. In this case, 
emissions for NG are almost annulled [51] at the chimney 
whereas for BG, values are greater. 

The effect of the heat transfer process from the CEG to the 
walls over the whole combustion chamber was carefully 
evaluated through Figure 15, as was previously shown in 
Table 8 for validation purposes. Surface temperatures for BG 
are simply greater, showing bigger heat losses through walls. 

Finally, a comparative test was performed for both fuels. 
Figure 16 a) depicts the Mean mixture fraction [52] whereas in 
Figure 16 b) shows the specific heat at constant pressure Cp, 
Both figures are reported along a centerline of the chamber, 
showing similar values for both fuels but highlighting bigger 
amounts for NG. 

 

 

a) 

 

b) 
 

Fig. 16. Comparative test for NG and BG along a centerline of the 
chamber, a) Mean mixture fraction and b) Cp 

VII. CONCLUSIONS 

This paper presents a complete methodology for the 
evaluation process of re-converting thermal plants firing fuel-
oil into alternative fuels which are nowadays becoming a 
credible alternative for gas turbines when fossil fuels are 
scarce or expensive. Two alternatives were studied, such as 
natural gas and a particular biomass derived fuel obtained in 
fluidized beds. A key factor of such fuel replacement is to 
ensure that global efficiency of the whole plant is kept 
constant, so a rigorous study for the evaluation of such 
efficiency according to the fuel burned was presented here, 
prior to proceeding with any fuel replacement. 

On the one hand, the evaluation of the boiler and global 
efficiencies associated to the burning of fuel oil (both standard 
type and low sulphur index), natural gas and biomass derived 
gas respectively (regarding both Gross and Lower Calorific 
Values) including an exhaustive definition of the “losses and 
credit factor terms” has been carried out here. An innovative 
improvement on the definition of the “difficult evaluation 
losses term”, has been highlighted here, obtaining for such 
fuels, values really close although natural gas presents slightly 
higher figures in the range 0.42 - 1%. Anyway, the 
considerable amount of ashes present in the matrix of these 
fuels would represent a decreasing on their respective real 
thermal efficiencies comparing with the values calculated 
here. 

On the other hand, for the characterization of the fuel 
behaviour in terms of pollution and performance, a detailed 
study through Computational Fluid Dynamics was presented, 
which has revealed as a powerful tool. The final improved 
models implement the CHEMKIN® code and have been 
widely validated throughout a fully monitored experimental 
facility showing a significant agreement with the CFD 
outcomes. This means a considerable improvement in relation 
to previous results, due on the one hand to the implementation 
of the great number of equations fully solved now in the 
combustion process, and on the other hand, to the use of 
improved User Defined Functions (UDF) defining faithfully 
the behavior of fluids properties involved. Natural gas once 
again reaches better values regarding environmental pollution 
with regard to the bio gas, both CO and NOx. 

Detailed information about the axial flame temperature was 
also obtained by performing several thermocouple traverse 
measurements on the experimental facility which has been 
useful for the characterization and further validation of the 
heat transfer across the walls for the different fuels tested, 
carried out through CFD. In general terms, the range of 
efficient operation when burning biogas decreases compared 
with the operation with standard fuels. 

Finally, this study brings the possibility of analyzing and 
testing other fuels of interest in the future in a small scale over 
this scaled combustion chamber, which could provide valuable 
comparative information and further insight. 
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NOMENCLATURE 
a Gas absorption coefficient. 
aP Equivalent absorption coefficient. 
A Amount of structural water in the fuel matrix. 
Apn Projected area of the particle n. 
BG Gas derived from biomass (Bio-Gas). 
CEG Combustion exhausts gases. 
CFD  Computational Fluid Dynamics. 
CO2 Carbon dioxide. 
Cp Specific heat capacity at constant pressure (kJ kg-1 K-1) 
Cν Eddy-viscosity coefficient. 
dpn Diameter of the particle n. 
DE Difficult evaluation losses term (%). 

T
iD 

 Soret diffusion coefficient. 

erfc-1 Inverse complementary error function. 
E Energy term. 
Ep Full load electrical consumption of the pumps (kJ h-1). 
EP Equivalent emission of particles. 
f Mixture fraction. 
fst Stoichiometric mixture fraction. 
fpn Scattering factor associated with the particle n. 
Fs Fuel stream (generic). 

F


 External body forces. 
fCr Credit factor (kJ/kg fuel). 
FO Fuel Oil. 
GCV Gross calorific value (kJ/kg fuel). 
G Incident radiation term. 
Gk Production of turbulence kinetic energy due to gradients. 
Gb Production of turbulence kinetic energy due to buoyancy. 
h Specific enthalpy (KJ kg-1) 
H Amount of hygroscopic water in the fuel matrix. 
[H2O]  Water mass fraction. 
I Unit tensor. 
I Radiation intensity. 

i,iJ    Diffusive mass flow 

jJ
  Diffusion flux of species 

k Turbulent kinetic energy term. 
ke Effective conductivity. 
LCV Lower calorific value (kJ/kg fuel). 
LSI Low Sulphur Index. 
M  A general third body. 
Mw Molecular weight of NO (kg [gmol]-1). 
m Mass (kg). 
m  Mass flow (kg h-1). 
n Refractive index. 
N Number of surfaces in the boiler. 
NG Natural gas. 
NWF Non-Equilibrium Wall Functions model. 
Os Oxidant stream (generic). 
Ps Product stream (generic). 
p Static pressure (bar). 
P Losses (kJ/kg fuel). 
PDF Probability Density Fucntion 
ppm Particles per million. 
PFBC Pressurized Fluidized Bed Combustion. 

iq  Rate of progress of the i th reaction (mol cm-2 s-1). 

qr Radiation flux. 
Q Total heat power supplied (W). 
RTE Radiative Transfer Equation. 
Ri Net rate of production of species i. 
Rcf  = Mean limiting reaction rate of fuel (kg m-3 s-1). 
r Latent heat of vaporization for the water (kJ kg-1). 
r Air-to-fuel ratio on a mass basis. 
r
  Position vector. 
s


 Direction vector. 
's


 Scattering direction vector. 
S Total surface (m2). 
Sct Turbulent Schmidt number. 
Si Source term of mass. 
Sh Source term of energy. 
SG User-defined radiation source. 

SHCN Consumption rates of HCN (kg m-3 s-1). 
Spl,HCN Source of HCN (kg m-3 s-1). 
T Gas local temperature (K). 
Tk Temperature of the kth species (K). 
u’ Ratio of the root-mean-square of the velocity fluctuations. 
ut Friction velocity (m s-1). 
UDF User Defined Function. 

v


 Velocity (m s-1). 
v Air velocity (ft s-1). 
V Volume (Nm3). 
WSGG Weighted-sum-of-gray-gases model. 
x Absolute humidity (kg water/kg dry air) 
[Xk]  Molar concentration of the kth species (mol m-3). 
Yj Local species mass fraction. 
YM Contribution of the fluctuating dilatation to the dissipation. 
YN,fuel Mass fraction of nitrogen in the fuel. 
yp Size of the adjacent near-wall cell (mm). 
yp

+ Adimensional sub layer thickness. 
 

Greek symbols 
 Density. 
g Gravitational body forces. 
k Thermal Diffusion velocity of the kth species (cm s-1). 
 Efficiency. 
ε Boiler external walls emissivity (0.95) 
 Dissipation Rate term of the transport equation (m2 s-3). 
 Sum. 
 Delta (increment). 
 Derivative. 
 Phase function. 
’ Solid angle. 

 Stress tensor. 
 Molecular viscosity. 
t Turbulent viscosity. 
 Von Kármán constant (0.4187). 
 Stefan-Boltzman constant (5.669 10-8 W m-2 K-4). 
S Scattering coefficient. 
k,  Turbulent Prandtl numbers for k and  respectively. 
P  Equivalent particle scattering factor. 
S Scattering coefficient. 
 Radiation quantity. 
 Scalar dissipation rate. 
st Stoichiometric scalar dissipation rate. 
 Equivalence ratio. 

T,m  Density-weighted mean species mass fractions. 

 
Subscripts 
a Related to air comburent. 
avg Related to average. 
b Related to boiler. 
bw Related to boiler walls. 
c Related to cycle. 
C related to convection. 
CO Related to carbon monoxide. 
CR Related to convection-radiation. 
da Related to dry air. 
de Related to difficult evaluation losses. 
dg Related to dry gases. 
ext Related to external air conditions. 
G Related to global. 
heat Related to heaters. 
H2 Related to hydrogen. 
lat Related to latent. 
m Related to mass. 
p Related to recirculation pumps. 
R Related to radiation. 
sat Related to saturated vapour. 
v Related to volume. 
vap Related to water vapour. 
wa Related to air moisture. 
wf Related to fuel moisture. 
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