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ABSTRACT

\pproximately 1/3 of the usctul energy of the fuel is
destroyed during the combustion process used in electri-
cal power generation. This work is an attempt to clarify
and categorize the reasons for the exergy destruction
taking place during uncontrolled fuel oxidation. The
entropy production is separated into three subprocesses:
{l) a combined difTusion/fucl oxidation, (2) an "internatl
thermal energy exchange” (heat traaster). and (3) the
product constituent mixing process. Four plausible
process paths are proposed and analyzed. |IHydrogen and
methane are considered as the fuels. The results disclose
that the majority (about 3/4) of the exergy destruction
occurs during the internal thermal energy exchange. The
fuel oxidation, itscif., is rclatively efficient, having
an exergetic efficicnecy of typically 94% to 97%.

NOMENCIATURE

acy specific chemical exergy, kJ/kegmole
ag specific flow exergy. ki/kemoie
ayy specific thermal mechanical exergy., kJ/kemole
molar specific heat, kJ/kgmole-°K
convective energy rate, Kl/s
specific enthalpy, kJ/kgmole
molar flow rate, kgmole/s
sum of total number of moles of mixture at reactor
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molar production rate, kegmole/s
pressure. kPa
atmospheric pressure, kPa

heat transfer rate, klJ/s
universal gas constant. kJ/kgmole-"K
fuel consumption rate, kgmole/s
specific entropy. kJ/kgmole-°K
entropy production, kJ/°K
temperature, °K

reference temperature, °K
exergy rate, kJ/s
exergy destruction rate, kJ/s

chemical affinity, kJ/kgmole
clectrochemical potential, kJ/kemole
stoichiometric coefflcicnt, kgmoles (kegmole fucl)
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. (conventional)

X mole fraction

subscripts

i mass stream index
j species index
superscripts

rate (per unit time)
per kgmole

[NTRODUCTION

Past studies have revealed the combustion process, of the
many processes occurring in the typical clectr@city-
producing power plant. as the single largest Eontrxbutor
of excrgy losses (cf. Gaggioli et al., 1973). With
present technology, fuel oxidation by yncontrolled
combustion at atmospheric pressure
consumes about 1/3 of the fuel's utilizable energy. Thq
objectlive of this work ls to investigate the sources of
this irreversiblllty and its underlvlng reasons.

Specifically, the approach taken in this study is to (1)
descrlbe and quantify the overall (global) entropy
production taking place during combustion. and (i1i)
separate and quantify the amount of entropy production
associated with the subprocesses of combustion, namely
constituent mixing, oxidatfon, and internal therqal
energy exchange, along four conceivable representative
paths of the global combustion process. This computation
along prescribed process paths is an alFernatlve to the
practically intractable rigorous solution of the full
field and state equations (Navier-Stokes, energy. entropy
generation, and thermodynamic properties, cf. Qaggxoli
1961, 1962) combined in a combustion process w1th mass
transfer and reaction kinetics equations. all tightly
coupled. Rigorous analysis of combustign can be performed
(cf. Buckmaster and Ludford, 1982, Arai et al.. 1986) but
due to the many simplifications that are lntroduced.to
ease the mathematical problem, and the.mnny uncertain-
ties. especially in the reaction kinetics, the results
are not accurate anyway.

. : . sis
A particular difficulty in applying such formal ar(‘(ai{r:ry
to the determination of entropy production 1xe



destruction) Is the fact that irreversible thermodynamic
processes are path-dependent. Without exapt knqwledze
of the sequence of processes and reactions Ln‘ the
combustion process. the solution of the full fle!d.
state, and kinetic equations will provide results which
are much harder to obtain and probably no more accurate
than those obtained from the below-described analysis
along prescribed paths. It is noteworthy that the
"rigorous” analysis has so far only been applied to the
simplest heat/mass transfer problems. such as flow in
two- dimensional channels without any chemical reactions
(Bejan. 1979, San et al., 1987), and even that required
the use of a number of simplifications and empirical
correlations.

GLOBAL ANALYSIS

We consider steady combustion in a well-insulated
combustion chamber. The term "global” rcfers here to
consideration of the combustor as a single "black-box”
control volume, with conditions known or determined only
at the control-voiume inlet and outiet. The global
combined Flrst and Second Luw analysis is pertformed here
first, and the cquillbrium state of the combustor
products. the extent ot reaction (defined as the molar
amount of fuel reacted per mole ot {uel input), and the
effects of excess air are determined. Two analyses are
performed: onc with hydrogen and one with methane as the
fuels. They are assumed to be purc. at the ambient
conditions of 25°C, 1 atm. The oxidant is atmospheric
air with an assumed composition of 21% oxyegen and 79%
nitrogen. The amount of cxcess air is varied. ranging
from 0%-100%. Dissociation of hydrogen and oxygen is
deemed negligible (Wark., 1977) at the adiabatic flame
temperatures of these rcactlions.

Mathemarical Modelling
Due to the adiabatic boundary restriction and the fact
that no work is produced during conventlonai combustion,
the exergy balance is

EEA! : EiAﬁ * Ad' (l)

i.e.., the useful cnergy associated with the entering
matter is equal to the available energy of the exiting
matter plus the Iirreversible destruction of exergy

associated with the combustion.
exergy of stream i is

licre, the total flow

A= N8, (2)

where the total specific exergy of a given flow stream
(e.g., stream i) is
4, = ;luég, (3)

1

The specific flow exergies are evaluated by employing

caiculational procedures found in the literature (cf.
Rodriguez, 1980). by first separating them into thelr
thermomechanical and chemicai components

afu = é’”ly - 537"11' (4)

where the spgcific flow excrgy. a;, is composed of two
exergy contributions: (1) the speciflc thermomechanlcal
and

exergy. ay. (2) the specific chemical exergy. ac.
Assuming ideal gas behavior for all components,
dny, = 12, (2-(T/T)1dT + AT 1n(p/P,), (5)
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Ay, = A (T, = T,8;;(T,.Pp) * RT,Inx,; - Bis- (6)
llere for all chemical species j in gas strecam i the
enthalpies are thus expressed as

A, = A, -~ fep,dr, (7
and the entropies are expressed as

8, =8, ~ fe,’(dr/n - Rin(Py/p,) . (8)

The exergy destruction rate can also be expressed as
and it was computed in this study in two ways: by using

A, - T,5,. (9)

Eq. (1) and then by using Eq. (9). to double-check the

correctness of the results.

The entropy for Eq. (9) was calculated from the balance

S:’ = :(N:gz)proa - :(Nxsi) roac” (10)
From conservation of chemical species

:N,- =L+ N’..‘, (11)
out a7 -
w#here the equation of reaction cquilibrium is

Zvu;- Lvp =0, (12)
prod reac

which can be reduced to an expression for the equilibrium

constant. K,

I~
K. = orod (i)m"
7 N N,

reac

(13)

#ith no heat or work transfer across the combustor
boundaries. the energy conservation equation is
TINA)
1

= D(NAY) cpe (14)

Froda
Enthalpies of formation, absolute entropies., chemical
exergies. and ideal gas heat capacity coefficients were
obtained from Reynolds and Perkins (1977}, Rodriguez
(1980). Sonntag and Van Wyien (1982), and Gurvich and
Veyts (1989).

Boundary Conditions

The boundary condltions for the global reactor are: (1)
the fuel and air entrance temperatures are at the assumed
reference, ambient temperature of 25°C, (2) lncoming fuel
and air compositions. (3) the product gas stream exits
the recactor under chemical equilibrium conditions, (4)
all gas streams arec at atmospheric pressure, and (5) the
combustion chamber (reactor) walls are adiabatic.

Results of the global analysis of hydrogen combustlon are
contained in Fig. 1. Based on the equillbrium reaction
cquations (12) and (13), the extent of reaction basically
becomes 1.00 (Implying complete oxidation of fuel) above
30% excess air. The equilibrium, adlabatic. product gas
temperature ranges from 1646°K to 2433°K. decreasing with
an increase in the amount of excess air. The exergy
orficicnev is derined, as are all etficiencies in this
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Fig. 1 Exergetic cfficiency, cxtent of reaction and

product tcmperature, vs. cxcess air, for global analysis
of hydrogen combustion.

work, as the ratio of exergy outputs to exergy inputs.
The exergetic efficiency of hydrogen combustion ranges
from 66.3% to 77.3%. decreasing with increasing amount
of excess air. In conclusion. such conventional combus-
tion destroys approximateiy 23% to 4% of the userul

energy of hydroren fuel for the investigated range of
excess air.

RcsulFs of the global analysis of methane combustion are
contained in Fig. 2. For the range of cxcess air amount
studied. the extent of reaction for water formation
ranges from 0.981 to 1.00, baslcally becoming 1.00
(!mplylnz complete formation of water) above 40% excess
air. The extent of reaction for carbon dioxide formation

ranges from 0.909 to 1.00. basically becoming 1.00 above
30% excess ajr.
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Fig. 2 Exergetic efficliency, extent of reaction and

product temperature, vs. excess air, for global analysis
of methane combustion.

The equilibrium, adliabatic. product gas temperature
ranges from 1480°% to 2249°K. decreasing with an increase
in the amount of excess air. The exergetic efficiency
of methane combustion ranges from 60.4% to 71.6%,
decreasing with increasing amount of excess air. In
other words, conventional combustion destroys approxi-
mately 28% to 40% of the useful energy of methane fuel
for the investigated range of excess air.

The significant degradation of the potential to produce
useful work, during combustion. computed above to be 23%
to 40% with hydrogen and methane as fuels, was also
observed for other types of hydrocarbon fuei combustion
(cf. Hedman et al. 1980). This irreversibility has
significant dctrimental impact in all combustion-based
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energy conversion systems in our energy industry. such
as residential and commercial space heating furnaces,

industrial furnaces for materials processing. internal
and external combustion engines, and combustion chambers
withln power plant boilers. It is thus important to
improve our understanding of the phenomcna contributing
to entropy generation in combustion, and we approach it
in the following by a breakdown and quantification of the
subprocesses taking place during combustion.

The initial condition before fuel combustion (state i)
includes a tuecl stream and an ajir stream, both at ambient
temperature and pressure. The final condition., rthat
af ter fuel combustion (state 2}, is characterized by (i)
the presence of a number of new chemical species (e.g..
water. carbon dioxide), (ii) a higher temperature, and
{ili) all constituents being mixed. The processes which
cause these physical changes, fuei oxidation, heat
transfer, and product mixing produce the aforementionecd
amounts of irreversible entropy production. The immedi-
ate objective is to conceptualiy separate and quantify
the amounts of entropy production associated with these
various physicochemical subprocesses of combustion.

BREAKDOWN OF ENTROPY PRODUCTION IN COMBUSTION

llirschfelder, Curtiss and Bird (1954) present an expres-
sion for the local rate ot entropy production. I[ntegrat-
ing their equation over the volume ot the system results
in a relatlon ror the global rate of cntropy production:

S, = [gav

2 [(1/T) (-(eVT) - (x:VV) (19)

—ZE[:I,-V(;:., - p)l o+ gx,a, * Zl:(j,‘g‘) }av.

The first term on the right-hand-side is the contribution
to entropy production due to heat transfer. the second
term is that due to momentum transfer (fluld friction).
the third and fifth terms are those due to diffusion, and
the fourth term is due to chemical reactions. The volume
Integrals in equation (15) are process-dependent and
hence. path-dependent in the thermodynamic sense. To
evaluate these volume integrals. the approach taken here
{s to assume hypothetical sequences of subprocesses,
wherein these volume integrals may then be evaliuated by
surface integrals.

In this study., it is assumed that three physicochemical
subprocesses are the primary contributors to the global
rate of entropy production: (i) reactant diffusion and
fuel oxidation, (ii) internal thermal energy exchange (i.
e., heat transfer between gas constituents within the
reactor), and (iii) product mixing. Because the magni-
tudes of the various contributions to entropy production
are path-dependent, four conceivable process-paths are
studied and the results thercof are compared. Two of
these paths assume incremental stages of fuel oxidation:
two assume instantaneous fuel oxidation. The equations
used are those described in the Mathematical Analysis
section above.

The combustion process is envisioned here to proceed In
the following manner. As the air and fuel enter the
reactor, the oxygen and fuel molecule "sense” each
other's presence. They have an intrinsic affinity for
each other yearning to react due to the greater
chemical stability of the oxidation preduct(s) in
comparison to that of the rcactants. Thus. the oxygen
and fuel molecules are “drawn” together in a diffusion



process which consumes useful power, used to “pull” them
from the mixed gas stream.

Hiaving approached the fuel, and with the possibility of
a number of series/parallel steps, the oxygen reacts with
the fucl. forming product molecules. During this
process, there is a concomjtant energy conversion: net
changes of encrgy in the forms of (1) "internal-chemical
energy” -- energy assoclated with intramolecuiar forces.,
(2) radiation encrgy (in the case of chemical reactions,
most likely, x-ray radiation) and (3) "internal-thermo-
mechanical energy” -- assocliated with particle motions
and intermolecular forces between system constltuents
(Hirschfelder et al., 1954). Having stabilized (react-
ed), the participants have added to the system entropy,
destroying useful power.

At the Instant following the exothermic recaction. the
product molecules lcave the reaction site with a Kinetic
energy which {s much higher than the statistlical average
kinetlc energy of the neighboring particles. Momentum
(and associated kinetlc energy) transfers therefore take
place, bringing the reactlon product temperature down to
an equilibrium value consistent with that of the sur-
rounding medium. This process. which is here calied an
"Internal thermal eneregy exchange”. also consumes useful
power by increasing the entropy of the system. Finally,
in a process which occurs simultaneously with the
internai-thermal eneregy exchange. but separated here tor
the sake of insight. the product molecules mix with the
remaining global system constituents, further reducing
the system exergy. Hence. the above description provides
a categorization (breakdown) of subprocesses that occur
within the global combustion process. To summarize. the
processes arc theoretically separated as follows:

(1) a combined dlffusion process (where the oxygen and

fuel molecules are drawn together) and a chemical
reaction (oxidatlon of the fuel),

(2) an internai-thermal energy exchange. where the
product molecule “shares” its Kinctic cnergy with its

nelghbors, and
(3) a mixing process whereby system constituents mix
uniformiy.

The contributions to exergy destruction are calcuiated
below for four process paths. The paths were chosen to
represent somewhat !imiting conditions in the determina-
tion of subprocess irreversibilities, and to be physico-
chemically plausibie.

Path 1

In this process path the breakdown of combustion irre-
versiblilty is investigated by assuming that (i) fuel
oxidation occurs in stages ot reaction (i.e.. not
instantaneousliy), and (ii) fuel combustion takes place
{n the subprocess order of (a} reactant diffusion and
fuel oxidation, {b) internal thermal energy exchange. and
{c) product mixing. Thus, with this scheme, the global
combustion process is envisioned to proceed as follows.

Flg. 3 displays schematically the technique of analysis.
For example. in chamber 1, the oxygen (oniy the incremen-
tal stoichiometric amount which will react in this
chamber) enters a compartment where it reacts with the
lncremental amount of fuel consumed. Upon reaction. the
products exit Into chamber 2 at the temperature charac-
terized by a completed reaction in an adiabatic chamber.
Flowing in a separate compartment, jisolated from the
reaction momentarily, (s the amount of unreacted fuel and
the oxygen-depicted air/product streams. ‘
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in chamber 2. heat transfer (but no mass transfer) |s
allowed to take place between the gas particles in the
separated compartments of this chamber. All gas tempera-
tures exiting chamber 2 are the same (i.e., thermal
equilibrium is assumed). Thus. the addit{onal boundary
conditions for chamber 2 are: (1) heat transfer {but no
mixing) allowed between the compartments within the
reactor (but no heat transfer to ambient surroundings),
and (2) thermal equilibrium between all constltuents at
the exit of chamber 2.

Finally, the reaction products and the unrecacted air
components mix in chamber 3. The boundary conditlons for
chamber 3 are: {l1) uniform mixture of all reaction
products and oxygen-depleted air stream at exit, and (2)
adiabatic boundaries.

Following the first incrementai extent of reaction, the
gas components flow into chamber 4. repeating these steps
of combustion for the second (and subsequent) incremental
extent(s) of reaction. Thls procedurec is repeated untif
the gas constituents reach the fuel ignition temperaturc,
whereupon the fuel oxidation is assumed to be instanta-
ncous (i.c., all the remaining fuel is oxidized immedli-
ately at the fuel ignition temperature). The assumed
fuel [gnition temperaturecs are 582°C for hydrogen and
690°C for methane (ilabcock and Wilcox, 1978). The finai
products of combustion then exit the reactor under the
required global system equilibrium conditions.

Effects of increment size. An analysis was first

pertformed to determine the sensitivity of the results to
the number of increments in the process descrihed in Fig.
3. These rcsults are displayed in Figures 4 and 3 for
the cases of 0% and 50% excess air amount.

As shown. at a number of Increments of about 100 the
results approach a valtue which does not change with the
increase of the number of increments. This is because
the reactants’ conditions have smaller changes. for given
overall process beginning and end states, as the number
ot Increments becomes iarger. For exampie. the increase
in temperature in each increment, for an excess air value
ot 100% and at 500 Increments is only about 1 to 2 K.

The exergy destruction due to oxidation decreases with
increasing number of increments becausc iarger percentag-
es ot the fuel oxidation are evaluated under more
officient conditlons: i.e., at higher temperatures and
thererore closer to equilibrium (hence more reversible
see Fig. 6). Five hundred increments were chosen for the
following combustion irreversibility breakdown analysis,
thus assuring the determination of Increment-size-
independent exergy destruction values for the assumed
sequence of subprocesses in this path.

The
relevant results of the breakdown of exergy losses in
hydrogen combustion are given in Fig. 7. The signiflicant
result is that the largest subprocess exergetic consump-
tion takes pliace during the internal thermal energy
exchange (chambers 2, 3, etc. in Flg. 3). The exergetic
efficiency of thls subprocess is 73% to 83%, decreaslng
with {ncreasing amounts of excess air. l.e. approximately
72-77% of the overall exergy loss of the combustion
process is associated with 1t. The reaction (oxidation,
in chambers 1. 4, etc., In Filg. 3) has a 94% to 95%
exergetic efficlency and destroys about 15% to 18% of the
total exergy ioss. and gas constituent mixing (in
chambers 3, 6, etc., In Fig. 3) has an exergetic effi-
clency of 96.5% to 97.4%, destroying the remaining 8% to
10% of the total exergy loss.
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The overall (global) exergetic efficicngy ranges rrog
66.5% to 77.3%, decreasing with increasing amounts of

excess alr.

Path 2 . . .
In this process path, described in Fig. 8. we study the

breakdown of combustion lrreversibility assuming that (i)
all the fuel and air mixed in the first step, before
reaction., (1i) fuel oxidatlon occurs progressively in a
nuaber of dlscrete stages of reactlon. and (iii) fuel
combustion takes place in a repeating series of two-step
subprocesses: (a) fuel oxidation, and (b) Internal
thermal energy exchange. These subprocesses are repeated
until the required exit equillbrium product gas state is
attained. The boundary conditions for chamber 1 in which
mixlng takes place (Flg. 8) are: (1) the incoming matter
rate. composlition, and temperature for both the fucl and
air. (2) adiabatic boundaries, (3) no chemical rcactions,
and (4) the gas constituents exit as a uniform mixture.
The boundary conditions for the fuel oxidation chambers
(2, 4, etc., Fig. 8) are: (1) adiabatic boundaries, (2)
the gas constituents exit as a uniform mixture, (3) the
oxidation product gas constituents (their quantity
computed from the increment in extent of reaction) exit
under complete adiabatic reaction conditions, and (4) the
gas constituents not involved in the oxidation exit with
the same temperaturc as that when entering the chamber.

Finaily, tollowing the fuel oxidation. the internatl
thermal energy exchange subprocess occurs (in chambers
3, 3. etc., Fig. 8). The boundary conditions f{or these
chambers arc: (1) adlabatie boundaries. (2) uniform
mixture of gas constituents. (3) thermal equilibrium
prevails between all system gas constituents at the ecxit.

Following the flrst tncremental extent of reaction, the
gas components flow into the downstream chambers,.
repeating these steps of combustion for the subsequent
Incremental extent(s) of reaction. This procedure is
repeated until the gas constituents reach the fuel
ignition temperature, whercupon the fuel oxidation is
assumed to be tnstantaneous (i{.e.. all the remaining fuel
is oxidized immediately at the fuel {gnition tempera-
ture). The fitnal products of combustion then exit the

' 1
| Farst incremend i
| Cxtent of Reacuon - |
!

reactor under the Tequired global system equillbr
conditions.

As in the Path t study, an analysis was flrst perforr
to determine the sensitivity of the results to the cho:
number of increments. The results of this analysis w
simllar to those shown [n Figs. 4 and 6 describ.
results of the Path 1 analysis. Two hundred incremer
were chosen for the Path 2 analysls, amply adequate
ensure results independent of increment number.

Qualitatively similar to the results of the Path
analysis. the largest cxergy destructlon, 66% to 73%
the total. takes place during the internal thermal ener
exchange (chambers 3. 5. etc.. Flg. 8). The fu
oxidation (chambers 2, 4, etc., Fig. 8) is responsib
for 18% to 25% of the exerzy destruction. The mixi
process consumes about 8% to 10% of the total exer
destruction. The corresponding subprocess exerget
efficiencies, which reflect these results. are display
in Fig. 9.
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Bath 3

In this process path, described in Fig. 10, we study the
breakdown of combustion irreversibility assuming that (i)
the fuel and air are internally preheated to the ienition
temperature, (ii) the fuel is oxidized instantaneously
at the lgnition temperature, and (iii) fuecl combustion
takes piace in the subprocess order of (a) internal
reactant preheating, (b) reactant diffusion/fuel oxida-
tion, (c) internal thermal energy exchange, and (d)
product mixing. Thus, with this scheme, the global
combustion process is envisioned to proceed as follows.

As the air and fuel enter the reactor, these reactants
are interpally preheated (via, e.g., back radiation from
the downstream combustion products). LUpon reaching the
fgnition temperature, the fuel Is oxidized instantaneous-
ly. The instant following this exothermic reaction, the
product molecules transfer cnergy to the neighboring
constituents in the Internal thermal ecnergy exchange
subprocess. Finally, the oxidation products and inert
gas constituents mix uniformly. The boundary conditions
for chamber 1 are: (1) the incoming matter rate,
composition. and tcmperature for both the fuel and air,
(2) no chemical reactions, and (3) both the fuel and air
exit the chamber at the ignition temperature.

[{n chamber 2. the fuel and oxygen react instantaneousiy.
The boundary conditions for this chamber are: (1)
product gas exits at a temperature characterized by a
completed rcactlon in an adiabatic chamber. (2} the
amount of unreacted fuel and the oxygen-depieted air exit
at the same temperature as when entering chamber 2, and
(3) adiabatic boundaries.

In chamber 3, internal heat transfer (but no mixing) is
allowed to take place (i)} between the gas particles in
the separated compartments of this chamber, and (il)
between the gas in this chamber and the lower temperature

in chamber 4. all the constituents mix uniform-
ly. Thus, the two additional boundary conditions for
this chamber are: (1) adiabatic boundaries, and (2)
uniform composition and temperature at the chamber exit,
the exiting gas leaving under the required global
chemical equilibrium conditions.

Finally,

Qualitatively similar to the results of the studies
performed using Paths 1 and 2, the internal thermal
energy exchange subprocess is again responsible for the
majority of the combustion irreversibllity. According
to the results of this study, this subprocess, which
includes the effects of Internal prcheating. destroys
approximately 74% to 80% of the total exergy destroyed
in the process. The fucl oxidation destroys about 12%
to 16% of the total exergy destroyed. and the nmixing
process is responsible for approximateiy 8% to 10% of the
combustion exergy destruction. The exergetic efficien-
cies., reflecting also these results. are dispiayed In
Fig. 11.
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Path 4
In this process path, described in Fig. 12. we study the

breakdown of combustion irreversibility assuming that (i)
the fuel and alr are internally preheated to the ignit{aon
tesperature., (il) the fuel is oxldized {nstantaneously
at the ignition temperature., and (1ii) fuel combustion
takes place in the subprocess order of (a) reactant
mixing, (b) internal reactant preheating, (c) fuel
oxidation, and (d) internal thermal energy exchange. The
global combustion process ls thus envisioned to proceed
as follows.

As the air and fuel enter the reactor, the reactants mix
uniformly. Although Internal preheating is occurring at
the same time. the internal preheat process is anaiyzed
separately [n order to quantify the frreversibiflity
assoclated with these two subprocesses. Thus, after the
mixing, the reactants are internaily prcheated to thé
ignition temperature. Following the mixing and lnternni
preheating processes. the fuel is oxidized instantanecous-
ly at the ignition temperature. Finally, the lnternél
thermal energy exchange subprocess occurs, wherein the
products then exit the reactor under thermai and chomicai
equilibrium conditions.

A; shown. in chamber 1. all the reactant gas constituents
mix uniformiy. The boundary conditions tor this chamho}
are: t1) the incoming matter rate, composition, aﬁd
tempe;ature for both the fuel and air, (2) no chemical
reactions, (3) the gas exits with a uniform composition
at ambient temperature and pressure, and (4) adiabatic
boundaries.

[n chamber 2, the fuel and air are internally preheated
to the ignition temperature. The source of hcat‘lé tﬁo
hot product gas in chamber 4, downstream of the‘fuo[
oxidation chamber. The additional boundary nonditinﬁq
for this chamber are: (1) no chemicai reactlons, and 123

both the fuel and air exit the chamber a i
t the
temperature. ignition

In chamber 3. the fuel and oxygen react instantaneously.
The boundary conditions for this chamber are: (1) the
oxidation product gas molecule exit at a temperature
characterized by a completed reaction in an adlabatic
chamber, (2) the unreacted fuel and air, and the inert
gases exit at the same temperature as when entering
chamber 3. and (3) adiabatic boundaries.

Finally, in chamber 4, internal heat transfer occurs (i)
between the gas constituents in this chamber, and {ii)
between the gas in this chamber and the lower temperature
fuel and air in chamber 2. The product gas exits chamber
4 under thermal and chemical equilibrium conditions.

Agaln qualitatively similar to the resuits of the studies
performed using Paths 1. 2 and 3, the internai thecrmal
energy exchange subprocess is responsibie for the
majority of the combustion irreversibility. According
to the results of this study. this subprocess, which
includes the effects of Internai prcheating, destroys
approximately 74% to 80% of the total exergy destroyed
in the process. The fuel oxidation destroys about 12%
to 16% of the total exergy destroyed. and the mixing
process is responsible for approximately 8% to 9% of the
combustion exergy destruction. The exergetic efficien-
cies, reflecting ailso these resuits, are displayed in
Fig. 13.

To observe the effect of fucl type on combustion subpro-
cess irreversibllity, the Path 4 combustion process was
recevaluated using methane as fuel. Qualitatively, the
results are similar to those obtained from the hydrogen
combustion brcakdown analysis. The internal thermaf

energy exchange subprocess is responsible tor the
majority of the combustion irreversibility. This
subprocess, which includes the effects of internal

prcheating, destroys approximately 57% to 67% of the
total exergy destroyed in the process. The fuel oxlda-
tion destroys about 30% to 40% of the total cxergy

destroyed, and the mixing process is responsible for
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Fig. 12 lypathetical combustion chamber for Prncess Path 3.
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about 3% of the combustion exergy destruction.
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Fig. 14 Exergetic effliciency of the methanc combustion
process, Path 4, vs. excess air.

The main difference between the hydrogen and methane
combustion exergy destructlon breakdown results (s that
the methane oxidatlon subprocess destroys a fraction of
the overall exergy loss which is about 2.3-fold larger
than that destroyed In hydrogen combustion. and the
destruction of exergy in the internal cnergy exchange and
mixlng are smaller.

ADDITIONAL DISCUSSION

Comparison of the Results from the Four Process Paths
Analyzed

The results of the four different hypothetical process
paths have revealed that the internal thermal energy
exchange subprocess Is responsibie for more than 2/3 of

the global exergy destruction. This {s shown in Fig. 13,
as a function of excess air.

Paths 1 and 3 assume that full mixing occurs after
reaction, while Paths 2 and 4 assume pre-mixing. Yo
perceptible differences were found between these modes
of mixing in the exergetic efficiency of the mixlng
subprocess.

The Effect of Internal Preheat
As discussed eariier. internal prcheating is the process
wherein fuel and air are preheated within the combustion
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chamber prior to rcaction by hcat transfer from hot
upstream products of reaction and the colder entering
fuel and air (reactants), via radiation and possibly
conduction in the combustor walls.
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Fig. L5 Exergy destruction due to internal thermal
energy exchange in hydrogen combustion, vs. excess air.

To explain the effect of internal preheat let us consider
first the results (rom Path 1 and Path 13, which differ
primarily by the fact that Path 3 has intcrnal prcheat
while Path 1 does not. Path 1 assumes the fucl is
oxidized in incrcements until the ignition temperature is
attained, whercupon the rcmaining fuel is oxidized. With
this scheme, approximately 10-25% of the fucl is oxidized
prior to reaching the fuel ignition temperacture. I[n this
path, 72%-77% of the total combustion exergy destruction
occurs due to the internal thermal energy ecxchange
subprocess.

Path 3. on the other hand. assumes thc ldentical sequence
of subprocesses, cxcept that, prior to any oxidation, the
reactants arc heated to the lgnition tcmperature, at
which the fuel s then oxidlzed instantancously. The
results of this scheme disclose that the internal thermal
energy exchange and Internal preheating are responsible
for approximately 74%-80% of the total combustion
irreversibility. Thus, according to these results,
internal preheating to the ignition temperature prior to
reaction causes the internal heat transfer irreversibili-

ty to increase by about 2%-3% of thc total combustion
irreversibility. A simllar comparison bctween the
results of Paths 2 and 4"reveals that this internal

preheating raises the internal heat transfer exetgy
destruction by approximately 7%-8% of the total combus-
tion irreversibility. These effects are also dlspiayed
in Fig. 15.

CONCLUSIONS AND RECOMMENDATIONS

The understanding of the sources of combustion irrevers-
{bility and Its underiying recasons was improved by
decomposing the overall exergy destruction into hypothet-
ical subprocess contributions. The results obtained from
the analysis indicate that the major contribution to the
destruction of useful energy occurring in typical gaseous
hydrocarbon fuel combustion is due to the internal
thermal energy exchange (heat transfer) between particies
within the system.

Since these kinetic energy (or momentum) transfers are
inevitable, to reduce entropy production during combus-
tion the above conclusion points to the need to seek
means for reducing the amount of conversion of the
reactants’ “"chemical energy” to the form of “thermal



energy” which causes this undesirable internal thermal
energy exchange.

employing fuel cells, is already being
explored by the authors (cf. Dunbar 1983, Dunbar et al.
1990). Described briefly, fuel oxidation performed in
fuel cells produces useful work (electricity) during the
process, thus generating less internal thermal energy and
entropy between the process end-states, and resulting In
a signiflcantly more efficient process. An alternative

technique. using metal oxides, was proposed by Richter
and Knoche (1983). These are good examples of how exergy
analysis leading to fundamental understanding of process
irreversibilities can point to the development of more
efficient practical processes.

One such way,
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