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Abstract

An analysis of irreversibilities generated due to combustion in an adiabatic combustor
burning wood was conducted. This was done for a reactant mixture varying from a rich to a
lean mixture. A non-adiabatic non-premixed combustion model of a numerical code was used
to simulate the combustion process where the solid fuel was modelled by using the ultimate
analysis data. The entropy generation rates due to the combustion and frictional pressure drop
processes were computed to eventually arrive at the irreversibilities generated. It was found
that the entropy generation rate due to frictional pressure drop was negligible when compared
to that due to combustion. It was also found that a minimum in irreversibilities generated was
achieved when the Air-Fuel mass ratio was 4.9, which corresponds to an equivalence ratio of
1.64, which are lower than the respective Air-Fuel mass ratio and equivalence ratio for

complete combustion with theoretical amount of air of 8.02 and 1.
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Nomenclature

Abbreviation

CFD Computational Fluid Dynamics

Symbol

AF

ol

CO

co,

Velocity constant term [s™]

Cross-sectional area [mm?]

Air-Fuel mass ratio

Molar specific heat [kJ/kmol.K]

Specific heat [kJ/kg.K]

Specific heat at constant pressure [kJ/kg.K]
Atomic carbon

One of the mixture fraction variance transport equation constant

One of the mixture fraction variance transport equation constant

Carbon monoxide

Carbon dioxide

Mixture fraction

Mixture fraction variance



«

Body force

Gravitational acceleration magnitude [m/s?]

Gravitational acceleration [m/s?]

Specific enthalpy [kJ/kmol]
Enthalpy of formation [kJ/kmol]
Atomic hydrogen; Height [mm]; total enthalpy [kJ]

Molecular hydrogen

Water vapour

Unit vector

Irreversibility [W]

Turbulent generate rate

Length [mm]

Mass flow rate [kg/s]

Molecular weight [kg/kmol]

Stoichiometric coefficient

Atomic nitrogen; Entropy generation number

Molecular nitrogen

Atomic oxygen



0, Molecular oxygen

P Pressure [Pa]

R Universal gas constant [kJ/kmol.K]
S Specific entropy [kJ/kmol.K]
5° Absolute entropy [kJ/kmol.K]

S Entropy generation rate [W/K]

gen
S, Viscous dissipation energy source term
S Solid phase to gas phase mass transfer source term

T Temperature [K]

u Speed [m/s]

v Velocity [m/s]
X Molar fraction
Y Mass fraction

Greek symbol

D Density [kg/m°]
£ Void fraction; turbulent dissipation rate

o, One of the mixture fraction variance transport equation constant

u Molecular viscosity [Pa.s]



A Turbulent viscosity [Pa.s]

T Stress tensor

Subscript

0 Superficial

Air  Air

char Char

CO Carbon monoxide

CO, Carbon dioxide

f Fuel

g Gas

gen, min Minimum entropy generation rate

gen(h) Entropy generation rate due to heat

gen(p) Entropy generation rate due to frictional pressure drop

H,  Molecular hydrogen

H,O Water vapour

i Counting index

I Maximum number of products

m Maximum number of reactants; mixture



mf Minimum fluidisation

N,  Molecular nitrogen

O,  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

1. Introduction

Incomplete combustion process of solid fuels such as those found in circulating fluidised bed
combustors are difficult to model as compared to complete combustion [1]. The reason for
this is that for complete combustion the proportion of each combustion product can easily be
predicted analytically through the stoichiometric equation [1, 2, 3, 4], whereas this cannot be
the case for incomplete combustion. This makes it hard to predict the performance of a
combustion unit as measured against desired output. The Air-Fuel mass ratio (AF) can be
selected such that combustion occurs, but for incomplete combustion the proportions of the

combustion products cannot be predicted analytically as mentioned earlier. For an incomplete



combustion process the combustion products mixture will contain unburnt fuel in the form of
char and maybe volatile gases released from the devolatilisation of the solid fuel. There is
negligible molecular oxygen in the combustion products mixture [1, 2, 3, 4]. In the case of
complete combustion with excess air there will be molecular oxygen in the combustion
mixture, but there will not be any fuel components that resulted from the devolatilisation
process [1], assuming proper mixing occurred. Because the combustor is adiabatic the total
enthalpy across it does not change, but entropy increases [1]. A way to alleviate this
predicament is to conduct experiments or run numerical simulations that predict the
proportion of each combustion product. Elfasakhany et al. [5] undertook experimental and
numerical studies to find reasons for emissions of unburned volatiles and particles of
pulverised wood in combustion products mixture, and they found that the emissions were
sensitive to fuel particle size and combustor configuration. Different AF ratios will results in
different exergies or availability of the energy released as measured by means of a
combustion products average temperature. Chen et al. [6] compared the gasification of raw
biomass, torrefied biomass and coal using pure oxygen, and found that there is an optimum
oxygen-fuel ratio for each fuel at which gasification is most efficient. Tran et al. [7] found
that torrefaction of stump biomass resulted in increased heating values and grind-ability of
the fuel when compared to untreated biomass, but terrofaction made the treated fuel less
reactive. Zhang et al. [8] experimented on gasification of caking coal in a pilot fluidised bed
gasifier, where they found that the optimal proportion of oxygen used for pre-oxidation of
37% of the total oxygen supply greatly enhanced the gasification rate. The availability of the
energy released from the combustion process can be quantified through the computation of an
entropy generation rate as given Bejan [9]. Le Roux, Bello-Ochende and Meyer [10] used the
technique of total entropy generation minimisation to find the optimum operating point of a

turbine, and to optimise the geometric parameters of a recuperator and receiver of an open



and direct solar thermal Brayton cycle. Mwesigye, Bello-Ochende and Meyer [11]
numerically investigated the entropy generation rate due to heat transfer and fluid friction in a
parabolic trough receiver. They found that a minimum entropy generate rate existed for every
combination of concentration ratio and inlet temperature, which corresponds to an optimum
flow rate. Le Roux, Bello-Ochende and Meyer [12] used the dynamic trajectory optimisation
method to find optimised geometric parameters, minimum irreversibility rates and maximum
receiver surface temperatures for an open and direct solar thermal Brayton cycle. For an
adiabatic circulating fluidised bed combustor the entropy generation rate is due to frictional
pressure loss across the combustor and the combustion process. The frictional pressure drop
across a conduit for a fluidised system as given by Kunii and Levenspiel [13] remains the
same once minimum fluidisation has been attained. Gupta and Reddy [14] analysed the effect
of pressure on the bed-to-wall heat transfer in a pressurised circulating fluidised bed riser by
modifying a cluster renewal model developed for atmospheric circulating fluidised bed riser
columns. The model they developed agreed well with experimental results and literature. Han
et al. [15] found that pressurisation improved the capture of CO, when using CaO in a
fluidised bed gasifier of sawdust. Aisyah, Ashman and Kwong [16] found that coal fly-ash
oxygen carriers were effective in converting carbon dioxide into carbon monoxide when used
in chemical looping combustion of synthesis gas. Aghbalou, Badia and Illa [17] conducted an
exergetic optimisation of a solar collector and thermal storage system where they used a
phase change material. The optimisation resulted in an analytical model that compared well
to experimental data they generated a priori. Kousksou et al [18] conducted a second law
analysis of latent thermal storage for a solar system where they studied the behaviour of
phase change material in the form of its melting temperature. Exergy analysis of phase
change materials was also conducted by Li et al [19] where they developed a mathematical

model for the thermal storage of energy from a solar collector system. They developed the



model based on the finite-time thermodynamics method. A review of exergy based
performance evaluation of phase change materials latent heat thermal storage systems was
performed by Jegadheeswaran, Pohekar and Kousksou [20] where they looked at the
influence of design parameters and operating conditions on optimisation of the thermal
storage systems. Brandvoll and Bolland [21] used exergy analysis on results from simulations
to show that a chemical looping combustion process has lower irreversibilities than a
conventional combustion process with air. Srinivas et al [22] performed energy and exergy
analyses of pressurised and atmospheric circulating fluidised bed char combustion units
where they identified the pressure ratio and maximum value of the gas turbine inlet
temperature as the parameters that have a dominant impact on the combined cycle plant
performance. The exergy efficiency of a blast furnace process was found to have high exergy
efficiency, but the compressing and preheating of the blast was found to be characterised by
high exergy losses due to the associated combustion process in a study conducted by Ziebik
and stanek [23]. Ziebik and stanek [24] also looked at the thermal improvement of a blast
furnace process through the increase of blast temperature and its oxygen enrichment. They
did this through energy and exergy analyses. Nur lIzyan and Shuhaimi [25] used exergy
analysis on a crude oil distillation unit to find strategies to reduce fossil fuel depletion
problem, they found that the first inlet furnace had the highest exergy loss and that the best
strategies are to reduce the heat loss from furnace stack and an overall cleaning schedule of
crude preheat train. Gupta and Reddy [26] performed energy and exergy analyses on a
combined-cycle power plant all in the aim of modernising the plant. They found that the
combustion chamber, gas turbines and heat recovery steam generators were the main sources
of irreversibilities. The irreversibilities of Proton Exchange Membrane fuel cells were
analysed by Cihan, Hacihafizoglu and Kahveci [27] as a function of operating pressure,

pressures of the electrodes, current density, etc. Bapat, Majali and Ravindranath [28] did an



exergetic evaluation of two quintuple effect evaporators with and without heat recovery, and
found that an increase in exhaust inlet temperature results in deterioration in exergetic
performance of the evaporator with heat recovery and the quality of end product. Ghazikhani
et al. [29] used a double pipe heat exchanger with counter current flow to recover exergy by
cooling the exhaust from a diesel engine. They found that the recovered exergy increased
with increasing load and engine speed. They also found that when they used the recovered
exergy, the brake specific fuel consumption decreased markedly. Ghazikhani et al. [30]
investigated the improvement in performance and reduction in emissions due to ethanol
additives in a two stroke Sl engine. They found that there is a reduction in brake specific fuel
consumption and there is a reduction in pollutants emitted, with a 35% reduction in CO
emission being the highest. In a related paper Gazikhani, Hatami and Safari [31] found that
for 5% added ethanol into the fuel the second law efficiency was higher for 2500 and 3000
revolutions per minute settings. Chintala and Subramanian [32] used an exergy analysis on a
hydrogen-diesel engine to determine the maximum available work and irreversibility due to
mixing, combustion, unburned and friction. They found that the maximum available work
increased with H, addition due to reduction in irreversibility due to combustion. They also
found that the addition of H, had no effect on the irreversibility due to friction and mixing,
whereas the irreversibility due to unburned fuel decreased due to the high temperature
combustion that result with the addition of H,. Jafarmadar [33] found that even though the
exergy efficiency decreased when they increased the mass fraction of exhaust gas
recirculation in an indirect injection diesel engine from 0% to 30%, the cumulative
irreversibility in the combustion chamber decreased. Ting, Hung and Guo [34] investigated
the entropy generated by nanofluid with streamwise conduction in microchannels. They
found that there existed minimal entropy generation at certain range of the low-Peclet number

flow regime. The need to combat rise in CO and CO, emissions from coal combustion has
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put pressure on utilities and governments of countries where the main source of electricity is
from coal combustion. Substitutes for coal combustion that can result in lower emissions of
CO and CO2 are some of the mitigation solution under consideration at the moment. These
substitutes can be complete replacement of coal with wood as a source of heat in a boiler or a
blending of wood with coal. However combustors usually do not completely burn the solid
fuel, especially circulating fluidised combustors. In order to investigate the viability of wood
as a source of heat in a typical combustor setting, the analysis of irreversibilities generated
during the combustion of pitch pine in an adiabatic circulating fluidised bed combustor was
conducted as the Air-Fuel mass ratio was varied to achieve a reactant mixture varying from a
rich mixture to a lean mixture. This was achieved by fixing the fuel mass flow rate at one

value, but we reduced or increased the air mass flow rate.

2. Mathematical Model

The study was of an adiabatic combustor burning pitch pine wood as illustrated in Fig. 1. The
adiabatic combustor consisted of a cylinder with an adiabatic wall, inlets for the solid fuel
and primary air inlet for the air used to devolatilise the solid fuel and secondary air inlets if
needed to complete the combustion of the fuel. The different states of complete/incomplete
combustion were attained by changing the mass flow rate of the incoming oxidising air,
thereby varying the AF. The chemical formula of the solid fuel as computed in [1] is given by

c:4.9 H 7.202 .

The lower heating value of the fuel from [1] 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.
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The availability of the energy released from the combustion process was analysed for
scenarios on both sides of the theoretical air complete combustion point, i.e. the incomplete
combustion with air deficiency and complete combustion with excess air. Complete
combustion of pitch pine wood occurs at an AF of 8.02 as was determined in [1]. The

availability was analysed as a function of AF.

2.1. Exergy analysis
The irreversibility generation rate that results from the combustion and frictional pressure

drop processes taking place in an adiabatic combustor is as given by Eq. (1)
=M (S0 [ =T,s) —Sn (7 =T,s) 1
_M_f ;nri — DS i _ani — DS pi ( )

Since the enthalpy terms cancel out in Eq. (1), the irreversibility generation rate can also be
defined, by Eq. (2)

=TS (2)
Where S .en IS the entropy generation rate. The specific entropy is given by Eg. (3).

§pi = §;| (T) - ﬁ In(PXpi/Pref ) (3)

The static pressure in the combustor is the same as the reference static pressure, i.e. P =P,

ref !

and the molar fraction of each product species, x ., is given by Eq. (4)

pi ?
|

Xpi = Ny ;npi 4)

n,;is the stoichiometric coefficient of combustion product species i. The same expressions

apply for reactants. h is the specific enthalpy, § oi IS the absolute entropy, R is the universal

gas constant, p is the static pressure, P

ref

is the reference static pressure of the environment
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and T, is the reference temperature of the environment. . The specific entropy of the solid
fuel was computed by defining [1] it as given by Eqg. (5).

s=cln(T, /298) ()
¢ is the molar specific heat of the solid fuel.

The entropy generation rate S'gen is due to the combustion and the pressure drop phenomena.

Generally the entropy generation rate term is not defined in detail in terms of its constituents.
In section 2.1.1. we give the detailed expressions of the entropy generation rate term

constituents.

2.1.1. Entropy generation rate

Entropy generation rate is a term that can be used to quantify the inefficiencies of
thermodynamic systems as they convert energy from one form to another. Complete
elimination of this term is not possible for real systems; however its minimisation could result
in maximisation of the exergy available from these systems and hence improved efficiencies.
The entropy generation rate term due to combustion was defined [9] in terms of the change in
entropy of the system due to reactions. On the other hand the entropy generation rate due to
frictional pressure drop was defined in terms of the pressure drop of the system [9]. Each of

the two terms was defined and derived in turn as presented below.

2.1.1.1. Friction pressure drop entropy generation rate
The friction pressure drop entropy generation rate term is made up of the contribution due to
the air-fuel mixture as it flows through the riser. The contribution due to the air-fuel mixture

flow is given by Eq. (6).

AP
Py

S (6)

gen(p)
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AP is the pressure drop across the combustor, m, is the total air and fuel mass flow rate, p,, is
the mixture density, T, is the mixture temperature. The pressure drop across the riser due to

the air-fuel mixture [13] is given by Eq. (7).
AI:)zl-mf(:l'_gmf xpf _pg)g (7)

&y 1S the minimum fluidisation solid volume fraction, pis the char density, p,is the

gaseous density, L, is the minimum fluidisation height and g is acceleration due to gravity.

The pressure drop can also be expressed in terms of the total height of the riser by using an
expression found in [13] for an air-solid mixture undergoing fast fluidisation inside a vertical

column as given by Eq. (8).

me (1_gmf):%+Htgsd _Hf(gsd _‘9:) (8)

&4 18 the solid volume fraction in the bed region of the riser, ¢ is the solid volume fraction
at the exit of the riser, ais an empirical velocity term, H,is the total height of the riser, H is

the freeboard height and ¢ is the minimum value that &, can assume. Kunii and Levenspiel

[13] also give an expression for H, as given by Eqg. (9).

H, = [In(gsd —g:)— In(gse —5:)]/a 9)

When Egs. (7 - 9) are substituted into Eq. (6), the pressure drop is eliminated and results in an

expression as given by Eqg. (10).

. Eg— € Ee— & | €4 — &
mt(pf _pg )g sd se Htgsd + |n se s* sd s
a ng _(c.:s a

Sqen(o) = 10
oente) (8sepf+(1_gse)pg)Tm ( )
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The mixture density was computed as expressed by Eq. (11).

Pm = €sePt +(1_gse)pg (ll)
The empirical velocity term acan be expressed in terms of the fuel mass flow rate and the
AF. Firstly the empirical velocity term is given bya =10/u,, where u,is the superficial

velocity. But the superficial velocity is given asu, = (1— Egy )ug , Where u, is the gas velocity.

The gas velocity in turn is expressed as Eq. (12)

u, =my/p,A (12)
Given the fact that the total mass flow rate is expressed by Eg. (13), and that the Air-Fuel

mass ratio is expressed as AF =m, /rhf , the superficial velocity can be written as expressed

by Eq. (14).

m, =m, +m; (13)
m, AF

Ug :(1_gsd) f A (14)
Py

Hence the empirical velocity term can be expressed in terms of the fuel mass flow rate and
AF as given by Eq. (15).

10p, A

T W=, )M AF

(15)

When Eq. (15) is substituted into Eq. (10), the entropy generation rate due frictional pressure

can be expressed in terms of the fuel mass flow rate and AF as given by Eq. (16).

. (85 _gse)(l_gs m, AF —& -, ,
mf(AF+1)(pf _pg)g - 10pgAd) f +Heg +1n j::_is isgpgii (1_‘9sd)mfAF

(gsepf + (1_gse)pg )Tm

gen(p)

(16)
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2.1.1.2. Combustion entropy generation rate
The entropy generation rate due to the combustion process is given by Eq. (17).

M, AS

Sgen(h) = M—f (17)

The change in entropy S accounts for the increase in entropy as the fuel is oxidised by

gen(h)
the oxygen in the air. The change in entropy is constituted by contributions from gaseous

species and solid species, i.e. AS =AS; +AS,. The contribution to the entropy change from
gaseous species is given by Eq. (18).

As, =3 n, (5" =RiIn(x)), > n, (5" =RIn(x)), (18)

j=1 j=1

M ;is the molecular weight of species j. The contribution to the entropy change from solid

species is as expressed by Eqg. (19).

Ags = p/;har r]char char char ( /98) D n C M ( /98} (19)

g 9

is the specific heat constant for the char particles and c, is the specific heat constant for

char

the solid fuel. When Egs. (18) and (19) are substituted into Eq. (17) the entropy generation

rate due to combustion can be expressed as given by Eqg. (20).

Z pl( R In( )) i nrj (§O - ﬁ In(X))rj + pChar ncharccharl\/I char |n(Tchar 298)

m; | = j=1 Py

Sqeny) = ——
gen(h) Mf T
——nfch In 08

(20)
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2.1.2. Entropy generation number and relative entropy generation rate

The entropy generation rate at any equivalence ratio was analysed further by means of two
ratios. An equivalence ratio of 1 means complete combustion with theoretical amount of air,
whereas an equivalence ratio above 1 signifies a rich mixture and that below 1 signifies a lean

mixture. The first ratio is the entropy generation number, N [9] which is the quotient of the

entropy generation rate at any equivalence ratio and the minimum entropy generation rate,

and is as given by Eq. (21).

S.gen
Ns = g (21)

gen,min

Since S is the best possible solution at which the most exergy can be generated, N,

gen,min
measures the penalty paid in terms of lost exergy when deviating far from the point where
minimum entropy generate rate occurs. The second ratio is relative generation rate, which is
the quotient of the entropy generation rate at any equivalence ratio and the entropy generation

rate when combustion occurred with theoretical air ratio, and is as expressed by Eq. (22).

N, = o (22)

gen,th

S.....measures the entropy generation rate when complete combustion occurs with

gen,th
theoretical amount of air. This point also happens to be where maximum possible temperature
can be achieved. So N can be a measure of gained or lost efficiency by sacrificing

attainment of the maximum possible temperature in order to maximise exergy generation.
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2.2. CFD model
The adiabatic combustor produced 241 kWi, 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. 2.

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 kW, since the lower heating value is fixed
and unique for any particular fuel. ANSYS Fluent 14 [35] was used to simulate the
combustion process inside the adiabatic combustor. The combustion process was modelled
using the non-premixed combustion model because the solid fuel is only specified in ultimate
analysis data as given in Table 1, 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 [36]).
Element Value
C 59.0 (%)
H 7.2 (%)
o) 32.7 (%)
Ash 1.13 (%)
HHV 24220 (kJ/kg)
LHV 16091.2 (kJ/kg)
Molecular 98 (kg/kmol)
weight

The continuity and momentum equations [35] as expressed by Eq. (23) and Eqg. (25)

respectively were solved for under steady state condition.

v (if)=v. (ﬁ v?j +s, (23)

Oy
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V.€O\7f’2)=V~(§Vf’2]+Cg,ut(VT)2—CdpEf’2 (24)
t

V-(pW)=-Vp+V-(T)+pg+F (25)

The stress tensor [30] is given by Eq. (27).
= = oT 2 &
7 :,u[(VV+VV )—gv-vu} (26)

w is the molecular viscosity of the continuous phase, F is the interactive body forces between
the dispersed and the continuous phases, S, is the source term accounting for the mass

transfer from the solid phase to the gas phase and T is a unit vector. f and f'? 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 [35] was as expressed by Eq. (27).

v(,;m):v-(:—tw}sh (27)

The total enthalpy H is given by Eqg. (28).

m T

H=>Y, [(c,,dT +h(T. ;) (28)
=1

i T

ref , j

Y,is the mass fraction, c,;is the specific heat and constant pressure and h;’(Trefyj) is the

enthalpy of formation of the j™ species. S, 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 adiabatic combustor had four mass flow inlets for the solid fuel as shown in Fig. 3, 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
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temperature of pitch pine [36]. 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 298K. The wall of the combustor was adiabatic.
The data that was extracted from the simulations were the temperature at the pressure outlet
boundary and the combustion products molar fractions. Fig. 3 shows the placement and types

of boundaries applied on the combustor.

Mesh independence of the solution was carried out for different mesh cell numbers. The
Figure of merit used to quantify mesh independence was A , which was used to quantify the
change in entropy generation rate as the number of cells in the computation domain was
increased. The entropy generation rate was computed for the case of complete combustion

with theoretical amount of air. It was computed asA = (S )/ Sgenis » @nd the results

geni Sgen,i—l

are tabulated in Table 2.

Table 2
Mesh independence analysis results.
Number of cells  Sgen (W/K) A(%)

438192 362.6218
609857 362.6756 0.01%
655783 362.7186 0.01%
747055 364.1874 0.40%
1188339 361.6429 -0.70%

The mesh used for the numerical simulations had 747055 unstructured polyhedral cells. The

Presto scheme was used to solve for pressure and second-order upwind schemes were used to
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solve for the continuity, energy, turbulence and mass fraction. The results obtained when
using Eq. (16) and Eq. (20) to process data from CFD simulations and data from
thermodynamics tables data [2] 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 CFD

data compared well with results from thermodynamics tables data as shown in Fig. 4.

3. Results and discussion
The entropy generation rate was almost entirely due to the combustion process, with
negligible contribution from the component from frictional pressure drop as can be seen from

Fig. 5.

The change in the entropy generation rate as a function of AF was plotted as shown in Fig. 6.
The figure shows that the entropy generation rate reaches a minimum at an AF of 4.9. This is
well illustrated by the close up plot as shown by Fig. 7. This ratio occurs when there is
incomplete combustion inside the adiabatic combustor as complete combustion with
theoretical amount of air occurs at 8.02. Fig. 6 also shows the variation of the generated

irreversibities with AF, which were computed from the entropy generation rate as given by

Eq. (2).

The computed values of the entropy generation rate due to the combustion process, frictional
press drop, the overall entropy generation rate and the irreversibilities generated were also

tabulated in Table 3 for all the plotted AF and corresponding equivalence ratios.

Table 3

Computed values of the entropy generation rate and irreversibilities.

AF  Equivalenceratio S (W/K) S . (W/K) S, (W/K) I (W)

gen

4 2.005 0.237390033  3644.42 3644.66 1086.11
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5.5

6.5

7.5

8.02

8.42

8.82

9.63

10.43

11.23

1.956098

1.909524

1.865116

1.822727

1.782222

1.743478

1.706383

1.670833

1.636735

1.604

1.572549

1.542308

1.513208

1.485185

1.458182

1.336667

1.233846

1.145714

1.069333

1

0.952494
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Fig. 8 also shows the variation of entropy generation rate, but as a function of equivalence
ratio. An equivalence ratio of 1 means complete combustion with theoretical amount of air,
whereas an equivalence ratio above 1 signifies a rich mixture. Fig. 8 also shows that the
entropy generation rate reached a minimum at an equivalence ratio of 1.64 where incomplete
combustion occurs. Both Fig. 6 and Fig. 8 show that when you have an increase in richness of
the reactants mixture or deficiency in air the entropy generation rate drops off gradually until
minimum is reached. Then the entropy generation rate rises rapidly as the AF is decreased

gradually.

The entropy generation rate was normalised with respect to the value computed when
combustion occurred with theoretical amount of air Ng, and this plotted in Fig. 9. Fig. 9
shows that an AF of about 12 (Which is a 50% excess air) resulted in a relative increase in
entropy generation rate of 16.5%. However an AF of 4.5 resulted in about 2.5 fold increase in
entropy generation rate. Fig. 9 also shows that at an AF of 4.7 entropy was generated at the
same rate as when there is complete combustion with theoretical air ratio. A similar plot for
the relative entropy generation rate is plotted in Fig. 10, but as a function of equivalence

ratio.

Fig. 9 and Fig. 10 also show that the minimum entropy generation rate is about 73% of the

value when combustion occurred with theoretical air ratio.

However the relative entropy generation rate was also computed with respect to the minimum
value as an entropy generation number, Ng, and is plotted in Fig. 9. Fig. 9 shows that the
entropy generated when there is complete combustion with theoretical air ratio of 8.02 is

about 37% more than the minimum rate. Combustion at an AF of 4.5 resulted in an entropy
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generation rate that is almost 3.5 times that of the minimum rate which occurred at an AF of
4.9. The entropy generation number was also plotted as a function of the equivalence ratio as

shown in Fig. 10.

The temperature of the exiting combustion products mixture was plotted as a function of the
AF as shown by Fig. 11. As expected the highest temperature is achieved when combustion
occurred with theoretical air ratio of 8.02, and it decreases as either a lean or rich mixture is

combusted.

The variation of molar fraction of combustion species were plotted as a function of the AF as
shown in Fig. 12. The molar fraction for N,was not included in the plot because it is far
bigger than the others, hence it would obscure the variations in the other molar fractions, and
the fact that nitrogen was assumed to be inert to the combustion process. Fig. 12 could hold a
clue as why the minimum entropy generation rate occurred at an AF of 4.9. It can be seen

from the figure that at about an AF of 4.9 the molar fractions of H,and H,O are equal. This
ratio also happened to be about the same point at which the molar fraction of CO,is at its
lowest for a rich mixture. The other species are negligible in comparison. A consequent effect
of this is that the combined contribution to total entropy generation rate from H,, H,O and
CO; is the lowest at an AF of 4.9 than at any other AF, since at an AF of 4.9 the molar
fractions that are significant other than that of N,are those ofCO,, H,Oand H,. This then
result in the lowest entropy generation rate occurring at an AF of 4.9. As mentioned in [1] the
combustion model implemented in the CFD software of [32] over-predicts the presence of O,
. It was also mentioned in [1] that this has the effect of lowering the combustion products
mixture temperature due to the presence of more species available to share in carrying the

heat energy.
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As mentioned earlier the entropy generation rate due to frictional pressure drop is negligible
compared to that due to the combustion process. However for the geometric configuration
used in this study the entropy generation rate due combustion cannot tell if the flow process is
physically possible or not. For this we used the entropy generation rate due to frictional
pressure drop to see where it became negative to know whether it would or not occur in the

physical world. For the current geometric and flow configuration, Fig. 13 shows that the flow

process is physically possible because S is positive throughout the AF range under

gen(p)
consideration. Because it is negligible in magnitude in comparison to the entropy generation
rate due to combustion, the entropy generation rate due to frictional pressure drop was plotted
on its own as a function of the AF as shown in Fig. 13. Whereas a minimum is observed for
the overall entropy generation rate, Fig. 13 predicts a maximum for the frictional pressure
drop entropy generation rate. The maximum value occurred at an AF of about 8, which is
almost an AF of 8.02, where complete combustion occurred with theoretical air ratio. Section
plots of contours of temperature (in Kelvins) through the adiabatic combustor for the case
with AF of 4.9 and 8.02 are plotted respectively in Fig. 14 and Fig. 15. From the two figures
it can be seen that the average adiabatic temperatures plotted in Fig. 11 were arrived at by

averaging over a temperature range at the outlet of the combustor.

4. Conclusions

The entropy generation rates due to the combustion and frictional pressure drop processes
were analysed in order to calculate the irreversibilities generated in the adiabatic combustor.
It was found that the entropy generation rate due to frictional pressure drop was negligible
when compared to that due to combustion. The analysis of the irreversibilities generated

during the combustion process of an adiabatic combustor with a fixed geometry was
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conducted and it was found that a minimum was reached when the Air-Fuel mass ratio was
4.9. At about this Air-Fuel mass ratio the molecular hydrogen and water vapour were at equal
amounts of molar fraction and the carbon dioxide molar fraction was at its minimum for a
rich mixture. This resulted the combined contribution from H,, H,O and CO, to the entropy
generation rate being the lowest at an AF of 4.9 than at any other AF; hence a minimum

entropy generation rate since they have the most significant molar fractions other than No.
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Fig. 1. Schematic of an adiabatic combustor (adopted from [1]).
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Fig. 2. Schematic of the adiabatic combustor showing boundary placements.
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Fig. 3. Schematic of the geometry used in Ansys Fluent 14 to model the adiabatic
combustor.
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Fig. 4. The entropy generation rate profile as a function of AF in an adiabatic
combustor for lean mixtures.
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Fig. 5. The entropy generation rate profile as a function of AF in an adiabatic

combustor.
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Fig. 6. Plots of the entropy generation rate and irreversibilities as functions of AF in an

adiabatic combustor.
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Fig. 7. A close up of the entropy generation rate profile as a function of AF in an

adiabatic combustor.
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Fig. 11. Plot of combustion products mixture temperature as a function of AF in an

adiabatic combustor.
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Fig. 14. Section plot of filled temperature contours (Kelvins) for the case with AF of 4.9.
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