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ABSTRACT 
The focus of the world is the reduction of 

greenhouse gases like carbon dioxide, which 

contribute to the global warming currently 

experienced. Since most of the carbon dioxide 

emitted into the atmosphere is from fossil fuel 

combustion, alternative energy source were 

developed and others are currently under study to 

see if they can be good alternatives. One of these 

alternative sources of energy is the combustion of 

wood instead of coal. Wood has an advantage for 

being a neutral carbon fuel source, and that 

currently installed infrastructure used to combust 

coal can be retrofitted to combust wood or a 

mixture of wood and coal in an attempt to reduce 

the carbon dioxide emissions. In this study the 

effect a change in diameter of a combustor has on 

irreversibilities in a 7 m circulating fluidised bed 

combustor with a negative wall heat flux, firing a 

mixture of air and solid pitch pine wood, was 

investigated. An analytical expression was derived 

that predicts the entropy generation rate, thereby 

the irreversibilities, of a combustor with a negative 

wall flux as a function of the combustor diameter. 

A numerical code was used to compute the molar 

fractions of combustion products needed as an 

input in the analytical expression. In the numerical 

code the combustion process was modelled by a 

non-premixed combustion model, with a P1 

radiation model. Simulations were run using a 

steady Reynolds averaged Navier Stokes model. 

The analytical expression predicted the optimum 

diameter that results in minimum irreversibilities to 

be 0.32 m for a rich mixture with an Air-Fuel mass 

ratio of 6, and an incoming air temperature of 400 

K. 

INTRODUCTION 
The focus of the world is the reduction of 

greenhouse gases like carbon dioxide. Since most 

of the carbon dioxide emitted into the atmosphere 

is from fossil fuel combustion, alternative energy 

source were developed and others are currently 

under study to see if they can make good 

alternatives. One of these alternative sources of 

energy is the combustion of wood instead of coal. 

Wood has an advantage for being a neutral carbon 

fuel source, and that currently installed 

infrastructure used to combust coal can be 

retrofitted to combust wood or a mixture of wood 

and coal in an attempt to reduce the carbon dioxide 

emissions  

NOMENCLATURE 

A  [mm2] Cross-sectional area  

AF  [-] Air-Fuel mass ratio 

1B  
[-] Equation term 

3B  
[-] Equation term 

4B  
[-] Equation term 

6B  
[-] Equation term 

c  [kJ/kmol.K] Molar specific heat  

c  [kJ/kg.K] Specific heat  

pc  
[kJ/kg.K] Specific heat at constant 

pressure  

C  
[-] Atomic carbon 

dC  
[-] One of the mixture fraction 

variance transport equation 
constant 

gC  
[-] One of the mixture fraction 

variance transport equation 
constant 

CO  
[-] Carbon monoxide 

2CO  
[-] Carbon dioxide 

D  [mm] Combustor diameter  

f  
[-] Mixture fraction 

2f   
[-] Mixture fraction variance 

F


 
[-] Body force 

g  [m/s2] Gravitational acceleration 

magnitude  

g


 
[m/s2] Gravitational acceleration  

G  [kg/s/m2] Mixture mass flux  

h  
[kJ/kmol] Specific enthalpy  

0h  
[kJ/kmol] Enthalpy of formation  
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H  [mm] , [kJ]  Atomic hydrogen; Height; 

total enthalpy  

2H  
[-] Molecular hydrogen 

OH 2  
[-] Water vapour 

î  
[-] Unit vector 

I  
[W] Irreversibility  

k  [-] Turbulent generate rate 

L  [mm] Length  

m  
[kg/s] Mass flow rate  

M  [kg/kmol] Molecular weight  

n  [-] Stoichiometric coefficient 

N  
[-] Atomic nitrogen; Entropy 

generation number 

2N  
[-] Molecular nitrogen 

O  
[-] Atomic oxygen 

2O  
[-] Molecular oxygen 

P  [Pa] Pressure  

q   
[W/m2] Wall heat flux  

R  
[kJ/kmol.K] Universal gas constant  

s  [kJ/kmol.K] Specific entropy  

s  
[kJ/kmol.K] Absolute entropy  

genS  
[W/K] Entropy generation rate  

hS  
[-] Viscous dissipation energy 

source term 

mS  
[-] Solid phase to gas phase 

mass transfer source term 

T  [K] Temperature 

v


 [m/s] Velocity  

x  [-] Molar fraction 

1X  
[-] Equation term 

2X  
[-] Equation term 

3X  
[-] Equation term 

4X  
[-] Equation term 

Y  [-] Mass fraction 

   

Greek 

symbols 

  

  [kg/m3] Density  

  [-] Void fraction; turbulent 

dissipation rate 

t  
[-] One of the mixture fraction 

variance transport equation 

constant 

  [Pa.s] Molecular viscosity  

t  
[Pa.s] Turbulent viscosity  

  
[-] Stress tensor 

   

Subscripts   

0  
[-] Superficial 

Air  
[-] Air 

char  
[-] Char 

CO  
[-] Carbon monoxide 

2CO  
[-] Carbon dioxide 

f  
[-] Fuel 

g  [-] Gas 

min,gen  
[-] Minimum entropy 

generation rate 

 hgen  
[-]  

 pgen  
[-] Entropy generation rate due 

to frictional pressure drop 

2H  
[-] Molecular hydrogen 

OH 2  
[-] Water vapour 

th   [-] Heat transfer 

i  [-] Counting index 

l  
[-] Maximum number of 

products 

m  [-] Maximum number of 

reactants; mixture 

mf  
[-] Minimum fluidisation 

2N  
[-] Molecular nitrogen 

2O  
[-] Molecular oxygen 

p  [-] Product species 

r  [-] Reactant species 

ref  
[-] Environment reference 

s  [-] Solid species 

sd  
[-] Dense zone solid species 

se  [-] Exit zone solid species 

t  [-] Total of solid and gas 

th  
[-] Theoretical amount of air 

ratio 

w [-] Wall 

The influence of geometric parameters on the 

efficiency of energy production has been an area of 

interest for researchers looking to get the most out 

of their apparatus used for this purpose. Hua, Wu 

and Kumar [1] discovered that changing the wall 

conditions from adiabatic to heat loss through a 

wall on the combustion chambers has the effect of 

quenching, even extinguishing the combustion 

process inside the chamber burning a hydrogen-air 

mixture, as they vary from millimetre to micro 

scale size when they were analysed numerically. 

[2] expanded on the worked done in [1] to optimise 

the micro-combustor in terms of the best 

equivalence ratio to operate the micro-combustor 

at. Norton and Vlachos [3] numerically studied the 

effects of wall thickness and flow velocities on the 

combustion characteristics and flame stability in a 

premixed methane/air mixture micro-burner. They 

found two modes of flame blowout, one due to 

thick wall thermal conductivities and another due 

to low flow velocities. Louis et al [4 found that to 

compare well with experimental data it is necessary 

to include the mixing, combustion and heat loss 

associated with non-adiabatic modelling in 

accurately predicting the NO formation in flames 

with heat loss for an air cooled syngas combustion 

chamber. Li and Zhong [5] experimentally found 

that for a stainless steel micro-tube burning a 

methane/oxygen mixture the heat loss due radiation 
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constituted about 70% of the total heat loss. Feng, 

Liu and Li [6] found that the higher the axial wall 

temperature gradient the more stable the flame that 

can be realised for a given tube size when they 

numerically studied the combustion of an air-

methane mixture inside a small tube. The technique 

of analysing and minimising the entropy generation 

rate of a process was demonstrated with good effect 

in studies by [7-10]. In furtherance of the work 

done in Baloyi, Bello-Ochende and Meyer [7], 

Baloyi, Bello-Ochende and Meyer [11] and [12] in 

this study the effect of a change in diameter of a 

combustor has on irreversibilities in a 7 m 

circulating fluidised bed combustor with a negative 

wall heat flux, firing a mixture of air and solid 

pitch pine wood, was investigated. 

EXERGY ANALYSIS 
The irreversibility generation rate that results from 

the combustion-heat transfer and frictional pressure 

drop processes taking place in an adiabatic 

combustor is as given by equation (1) [13-15]. 

   

DLq
T

T

sThnsThn
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m
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w

ref

l

i
pirefpi

m

i
rirefri

f

f





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












 



1

11




     (1) 

Since the wall temperature, the enthalpy and 

entropy terms of the combustion products are 

unkowns for a rich mixture in equation (1), the 

irreversibility generation rate can also be defined, 

by equation (2) 

genref STI       (2) 

Where
genS is the entropy generation rate. The 

specific entropy is given by equation (3). 

)ln()( refpipipi PPxRTss  
 (3) 

The static pressure in the combustor is the same as 

the reference static pressure, i.e. refPP  , and the 

molar fraction of each product species, pix , is 

given by equation (4) 





l

i

pipipi nnx
1

   (4) 

pin is the stoichiometric coefficient of combustion 

product species i. The same expressions apply for 

reactants. h is the specific enthalpy, 

pis is the 

absolute entropy, R is the universal gas constant, 

p is the static pressure, refP is the reference static 

pressure of the environment and refT is the 

reference temperature of the environment. . The 

specific entropy of the solid fuel was computed by 

defining [13] it as given by equation (5). 

 298ln fTcs     (5) 

c  is the molar specific heat of the solid fuel. The 

study was conducted a combustor with a negative 

heat flux wall condition burning pitch pine wood, 

and an incoming air temperature of 400 K as 

investigated in [11]. The combustor is as illustrated 

in Fig. 1. The combustor was made out of a 

cylinder with a negative heat flux wall condition, 

inlets for the solid fuel and primary air inlet for the 

air used to devolatilise the solid fuel and secondary 

air inlets that were needed to complete the 

combustion of the fuel.

Figure 1 Schematic of a combustor (adapted from 

[7]). 

 

The air-fuel mass ratio (AF) of 6 was chosen for 

this study because it was identified in [12] to be the 

minimum AF for a combustor with a negative heat 
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flux wall condition of 7500 W/m
2
, and a diameter 

of 0.3 m as shown in Figure 2. 

 

 

Figure 2  Plots of the variation of entropy 

generation rate with AF for case with wall heat flux 

of -7500 W/m
2
. 

 

The chemical formula of the solid fuel as computed 

in [11] is given by 22.79.4 OHC , the lower heating 

value of the fuel from [11] was given as 16091.2 

kJ/kg and the molecular weight of the fuel was 

calculated as 98 kg/kmol. The specific heat at 

constant pressure was also given as 1.680 kJ/kg.K. 

The entropy generation rate is constituted by the 

frictional pressure drop and combustion-heat 

transfer terms [16]. The frictional pressure drop 

term, due to the air-fuel mixture as it flows through 

the riser [17], was derived in [7] and is given by 

equation (6). 

 
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    (6) 

P is the pressure drop across the combustor, fm

is the solid fuel mass flow rate, m is the mixture 

density, mT is the mixture temperature. 

The combustion-heat transfer term, due to 

combustion and/or heat transfer processes, was also 

derived in [7] and is given by equation (7). 

  

  


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
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

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





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
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


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rjrj
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j
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f
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T
Mcn

T
Mcn

xRsn

xRsn

M

m
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














     (7) 

A negative wall heat flux of 7500 W/m
2
 was 

applied over the wall of the combustor, which 

results in a heat rate of energy extracted through 

the wall of 48.5 kWth. This corresponds to about 

20% of the total thermal heat rate of 241 kWth 

generated in the combustor for a fuel mass flow 

rate of 0.015 kg/s. The analysis of the entropy 

generation rate is the same as that of [7] except that 

there is an additional term due to heat transfer [16] 

through the wall of the combustor, and this term is 

as expressed in equation (8). 

TT

qLD
S

m

thgen





2
)(

    (8) 

Where L is the length of the combustor, D is the 

diameter of the combustor, q  is the wall heat flux 

and T is the change if temperature across the 

length of the combustor. The only term that is 

unknown in equation (8) is T which can be 

described by equation (9). 

GStc

q
T

p


     (9) 

Where   AAFmG f 1  is the mixture mass 

flux and PrReDNuSt  is the Stanton number. 

The Prandtl number Pr is assumed to be 0.69 [18] 

for the gas species mixture involved in the 

combustion process and DRe is the Reynolds 

number based on the combustor diameter. The 

Nusselt number [16] is given by equation (10), 

assuming turbulent internal flow. 

4.08.0
PrRe023.0 DNu    (10) 
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Substituting equation (10) into equation (9) and 

taking all the above into consideration, equation (9) 

becomes: 

  2.0

2

Re11148.0 




Dfp AFmc

qD
T




 (11) 

Substituting equation (11) into equation (8) results 

in: 

 

  qDTAFmc

qAFmLDc
S

Dmfp

Dfp

thgen









 22.0
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








     (12) 

When equation (12) is added to equation (7), what 

results is an equation that describes the entropy 

generation rate due combustion and heat transfer 

through a wall for the combustor with a heat flux 

wall condition, as expressed by equation (13). 
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     (13) 

Where the Reynolds number is as expressed by 

equation (14). 
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   (14) 

Where  is the mixture dynamic viscosity. 

When taking the all the terms that constitute the 

entropy generation rate into account by adding 

equation (13) with equation (6), the total entropy 

generation rate is expressed by equation (15). 
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  mfp TAFmcB 11148.06     (19) 
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 qAFmLcX fp
 12296.03

  (22) 

qX  4     (23) 

The entropy generation rate in equation (15) can be 

expressed as a function of Reynolds number as 

given by equation (24). 
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The entropy generation number, sN  [7] which is 

the quotient of the entropy generation rate at any 

Reynolds number and the minimum entropy 

generation rate, was used to analyse the penalty 

paid by running the combustor at a Reynolds 
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number other than the optimum and is as given by 

equation (25). 

min,gen

gen

s
S

S
N 


     (25) 

 

NUMERICAL MODEL 
The combustor produced 241 kWth when complete 

combustion of pitch pine wood occurs with 

theoretical amount of air. The combustor had a 

diameter of 300 mm and a height of 7000 mm as 

illustrated in Fig. 3. 

 

Figure 3  Schematic of the combustor 

showing boundary placements (adapted from [7]). 

The mass flow rate of the incoming solid fuel was 

fixed at a value of 0.015 kg/s so as to have a 

common maximum heat generation rate of 241 

kWth since the lower heating value is fixed and 

unique for any particular fuel. ANSYS Fluent 14 

[19] was used to simulate the combustion process 

inside the combustor. The combustion process was 

modelled using the non-premixed combustion 

model because the solid fuel is only specified in 

ultimate analysis data [20] as given in Table 2, and 

the combustion model gives an option of specifying 

the fuel as an empirical stream. The inlet diffusion 

option was selected. 

Table 1 Pitch pine ultimate analysis data (adapted 

from [19]). 

Element Value 

C 59.0 (%) 

H 7.2 (%) 

O 32.7 (%) 

Ash 1.13 (%) 

HHV 24220 (kJ/kg) 

LHV 16091.2 (kJ/kg) 

Molecular weight 98 (kg/kmol) 

 The continuity and momentum equations [19] as 

expressed by equation (26) and equation (28) 

respectively were solved for under steady state 

condition.  
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    Fgpvv


   (28) 

The stress tensor [19] is given by equation (29). 

  







 ivvv T ˆ

3

2 
  (29) 

 is the molecular viscosity of the continuous 

phase, F


is the interactive body forces between the 

dispersed and the continuous phases, mS is the 

source term accounting for the mass transfer from 

the solid phase to the gas phase and î is a unit 

vector. f and 
2f  are the mixture fraction and its 

variance, and are computed by applying an 

assumed shape probability density function (  -

function) when modelling the turbulence-chemistry 

interaction. 

The energy for the non-premixed combustion 

model [19] was as expressed by equation (30). 

  h

p

t SH
c

k
Hv 

















  (30) 

The total enthalpy H is given by equation (31). 

   



m

j

T

T

jrefjjpj

jref

ThdTcYH
1

,

0

,

,

 (31) 

jY is the mass fraction, jpc , is the specific heat and 

constant pressure and  jrefj Th ,

0
 is the enthalpy of 
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formation of the j
th

 species. hS is the source term 

due to viscous dissipation. The use of the chosen 

combustion model required the use of a turbulent 

model because the combustion model is a mixture 

model. To this end the k  turbulent model with 

enhanced wall function option was chosen for all 

simulations. 

The combustor had four mass flow inlets for the 

solid fuel as shown in Figure 4, each with equal 

mass flow rate of 0.00375 kg/s. The inlet 

temperature of the fuel at each inlet was set at 

600K. The temperature value was selected to be 

same as the devolatilisation temperature of pitch 

pine [20]. The oxidising air was split into the 

primary and secondary air, each making up half of 

the total air used in the oxidation of the fuel. The 

reason for splitting the oxidising air was to enable 

the modelling of incomplete combustion to take 

place. The primary air entered the combustor at the 

base with a single fixed mass inlet, with half of the 

total air mass flow rate. The secondary air four 

fixed mass inlets were situated a quarter of the 

height up the combustor, each having an eighth of 

the total air mass flow rate. The inlet temperature at 

all eight air inlets was set at 400K. The wall 

boundar condition of the combustor was a negative 

heat flux of 7500 W/m
2
. The data that was 

extracted from the simulations were the 

temperature at the pressure outlet boundary and the 

combustion products molar fractions. Figure 4 

shows the placement and types of boundaries 

applied on the combustor. 

 

Figure 4  Schematic of the geometry used 

in Ansys Fluent 14 to model the combustor. 

 

The mesh used for the numerical simulations aried 

from 750000 to 850000 unstructured polyhedral 

cells. The Presto scheme was used to solve for 

pressure and second-order upwind schemes were 

used to solve for the continuity, energy, turbulence 

and mass fraction. The results obtained when using 

equation (6) and equation (7) to process data from 

numerical simulations and data from 

thermodynamics tables data [13] were compared 

for the case of complete combustion with varying 

amount of excess air, that is lean mixtures. It was 

found that the results from numerical simulations 

data compared well with results from 

thermodynamics tables data as shown in Figure 5. 
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Figure 5  The entropy generation rate 

profile as a function of AF in an adiabatic 

combustor for lean mixtures. 

 

RESULTS AND DISCUSSION 
The molar fractions of combustion products were 

incorporated into equation (24) in order to compute 

the entropy generation rate of the combustor. The 

computed entropy generation rate for a wide range 

of Reynolds number based on the combustor 

diameter was plotted in Figure 6. The figure shows 

that the minimum entropy generation rate of about 

218 W/K occurred at a Reynolds number of about 

25000. This Reynolds number corresponds to a 

combustor diameter of 0.32 m as shown by Figure 

7. Since the AF has been fixed at a value of 6, the 

entropy generation rate term due to combustion 

remains constant even when the there is a change in 

combustor diameter. Also given that the 

contribution of the pressure loss term is negligible 

as discovered in [7], therefore all the change in 

entropy generation rate is all due to the heat 

transfer term through the wall of the combustor. 

This means that the optimum diameter discovered 

in this study is unique for a combustor run at an AF 

of 6. 

 

Figure 6  The entropy generation rate 

profile as a function of ReD in a combustor ran at 

an AF of 6. 

 

 

Figure 7  The entropy generation rate 

profile as a function of combustor diameter in a 

combustor ran at an AF of 6. 

 

The corresponding irreversibilities rate was also 

computed, and is shown in Figure 8. 

 

Figure 8  The irreversibilities rate profile 

as a function of ReD in a combustor ran at an AF of 

6. 

 

The penalty that is paid when a combustor has a 

diameter that is not 0.32 was also computed as 

represented by sN as can be seen in Figure 9. The 

figure shows that at diameters of 0.1 m and 0.97 the 

penalty paid was an extra 7% in entropy generation 

rate. 
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Figure 9  The entropy generation number 

profile as a function of combustor diameter in a 

combustor ran at an AF of 6. 

 

CONCLUSIONS 

The combustor with a negative heat flux wall 

condition was simulated at an AF of 6 for varying 

combustor diameters to find the diameter with the 

minimum entropy generation rate. It was 

discovered that a diameter of 0.32 m resulted in the 

minimum entropy generation rate. It was also 

discovered that the penalty paid, when a combustor 

with a diameter of 0.1 m or 0.97 m was used, was 

7%  
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