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ABSTRACT

Conceptually, a reversible flame is obtained by preheating a mixture of reactants to
a given temperature 7} and pressure p,, while maintaining inhibited by some means
all the chemical reaction mechanisms. The mixture must have a composition exactly
equal to that dictated by the chemical equilibrium condition at the given temperature
and pressure. Once the mixture has been preheated to 7} and p;, “turning on” the
chemical reaction mechanisms has no effect because the composition is already that
of chemical equilibrium. Subsequent cooling of the reacting mixture will shift the
chemical equilibrium composition and gradually liberate the chemical exergy of the
fuel. Original discussions by Keenan [1] and Obert [2] present the concept as highly
theoretical due to the fact that the values of T} at which a reversible flame is possible
are extremely high. However, by examining the concept in some detail, we show that
in principle a reversible flame is possible at any given value of T,. We hope that
this observation will fuel further investigations on the practical applicability of the
concept.

1. INTRODUCTION

In combustion flames, a large fraction of the fuel exergy is destroyed by irreversibil-
ity. Depending on parameters such as excess air, preheating of the reactants, exhaust
gas recirculation, and other combustion conditions, for hydrocarbon combustion in
conventional power plants about 50% of the fuel exergy is destroyed by the irre-
versibility of the flame and the subsequent heat transfer to the power plant working
fluid. It is clear that understanding the influence of the various parameters may lead
to new ideas for improving the thermodynamic efficiency of fossile fuel utilization.

In this paper we discuss the concept of “reversible combustion” that can be traced
back to Keenan[1]: “In order to change a mixture of reactants (such as C and Og) to
products (such as COg9) reversibly, we might first bring the mixture reversibly to a
state in which the reactants could coexist in stable equilibrium with an infinitesimal
amount of the products — that is, a state in which the tendency toward chemical
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equilibrium has vanished. Then the mixture could be gradually and reversibly altered
in pressure and temperature, ..., while it follows a path of most stable states of
progressively greater degrees of combination.”

The idea has been taken one step forward by Obert[2]: “Although no practical
method exists for reversibly operating an internal combustion engine, a theoretical
means can be imagined as proposed by Keenan. Suppose that a mixture of fuel and
air were isentropically compressed to an extremely high temperature. (It is assumed
that the speed of the compression process is extermely swift and therefore reaction
does not occur during the compression [or else a negative catalyst is present]). At
this high temperature, once achieved (although quite imaginatively), reaction could
not occur to any great extent ... Then the mixture can be slowly and isentropically
expanded; as temperature falls, reaction proceeds reversibly; and ... a greater and
greater amount of products will be formed.”

Another suggestion was given by Keenan[1]: “Ifit is difficult to attain a stable state
of complete dissociation (as it is for C and Og) it might be necessary to find a chain
of reactions involving other substances. For example, the fuel might be combined
with some third material with which it will react reversibly. If the products of this
reaction will unite reversibly with air to restore the third material to its initial state
and leave only the usual products of combustion, then the products could be formed
reversibly from fuel and air.”

The suggestion has been recently picked up and developed by Richter and
Knoche[3] who suggest the use of a metal oxide as a “third material” and intro-
duce a useful representation of the states of reactants and products of combustion on
an enthalpy versus entropy graph.

In this paper, we develop such graphical representation as a means to clarify the
theoretical concept of a “reversible flame.” Rather that focusing of the use of a third
material, here we focus on the idea of “turning on and off” the chemical reaction
mechanisms.

Conceptually, a reversible flame is obtained by preheating a mixture of reactants to
a given temperature T, and pressure p,, while maintaining inhibited by some means
all the chemical reaction mechanisms. The mixture must have a composition exactly
equal to that dictated by the chemical equilibrium condition at the given temperature
and pressure. Once the mixture has been preheated to T and pp, “turning on” the
chemical reaction mechanisms has no effect because the composition is already that
of chemical equilibrium. Subsequent cooling of the reacting mixture will shift the
chemical equilibrium composition and gradually liberate the chemical exergy of the
fuel.

A major practical difficulty is to maintain all reactions inhibited during preheating.
A way to prevent at least some of the reactions is to preheat the reactants in separate
streams, and then mix them. In this case the only irreversibility inherent in the
method is that due to isothermobaric mixing. The consequent loss is not a large
fraction of the fuel exergy provided the mole fraction of the fuel in the resulting
mixture is not too small.

For standard hydrocarbons, a reversible flame is unpractical because it requires
either an extremely high preheating temperature or an extreme dilution of the hy-
drocarbon in the reactant streams. However, the concept is appealing enough to
suggest that further research should address these difficulties. For the concept of a
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reversible flame to become practical, we need to identify a suitable reaction scheme
(and the related fuel preprocessing) that allows to reach a value of T} attainable by
current-technology materials for a not-too-high dilution of the fuel in the reactants,
and such that the reactions can be effectively “frozen” during preheating (by either
separate preheating or some kind of anticatalyst or reaction inhibitor) and effectively
“promoted” during cooling (by some kind of catalyst or reaction promoter). Reaction
inhibitors and promoters have been the subject of several combustion studies[4].

Weinberg[4] summarizes the underlying trend of combustion research as an effort
to gain more and more controllability, allowing ourselves to vary the temperature
of the reaction zone, and beyond that, the rate of reaction independently of the
fuel/air ratio, and also to vary the rate of the reactions which produce pollutants
independently of the rate of energy release. As a result of our discussion of the
theoretical concept of a reversible flame we conclude that an effort may be worthwhile
to gain also another controllability, allowing ourselves to inhibit the rate of reactant
dissociation during preheating and to promote the rate of combustion during cooling
so as to vary the entropy production by irreversibility.

2. NORMALIZED ENTHALPY VS ENTROPY GRAPH

In this section, by reviewing some standard results[5] we build up the notation that
is needed to develop a useful enthalpy versus entropy graph, introduced by Richter
and Knoche[3].

We consider an ideal steady-state burner, perfectly insulated, as sketched in Figure
1. The burner is fed with an inlet stream consisting of a bulk-flow state of a mixture
of a hydrocarbon fuel, C;H,, and air, Oy and N9. The energy balance for the
perfectly insulated burner is

lehb - 7:lvaha = 0 (1)

where ng and ny are the inlet and outlet molar flow rates, and hq and hy the specific
molar enthalpies of the inlet and outlet mixtures. Equation 1, for given inlet flow rates
of counstituents, n;,, inlet temperature, 7y, inlet pressure, py, outlet pressure, py,
and the condition of complete oxidation of the hydrocarbon, defines the temperature
Ty that is called the “adiabatic flame temperature”|[5].

Assuming ideal gas mixture behavior for both the inlet and the outlet mixtures,
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Table 1. Stoichiometry of the combustion and dissociation reaction

mechanisms.
? constituent ugl) y§2) 1/2(3) v§4)
1 CrHy -1 0 0 0
2 0, -(k+f) 4
3 Ny 0 0 o -3
4 Hy0 s 0o -1 0
) CO9 k -1 0 0
6 CcO 0 1 0 0
T Ho 0 0 1 0
8 NO 0 0 0 1
the energy balance (Equation 1) becomes[6]
nyhy — naha
.
= > nplhii(Ty) = hii(To)]
=1
r T
- Z fia[hii(Ta) — hii(To)] + Z ¢j(AR%); =0 (2)
1=1
where the enthalpy of the j-th reaction at standard temperature and pressure
r r -
ar); =S 1) = Y v (ang); (3)
=1 1=1
(Aho)Z is the enthalpy of formation of the i-th constituent, 1/(‘] ) the stoichiometric

coefﬁc1ent of the i-th constituent in the j-th reaction mechamsm and we label the
constituents as summarized in Table 1.

For the purpose of evaluating adiabatic flame temperatures, a very good approxi-
mation is to consider as active only the hydrocarbon oxidation mechanism

) I4

j=1:  CH+ (k+ )OZ:LCOg+ LH,0 (4)
and the dissociation reactions

1 .
j=2:  COy=CO+ 509 (3)

) 1
7 =3: HQO:H2+302 (6)
1 1 . o
] =4: 5.\ +§OQZL‘O (7)
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with the conditions that the hydrocarbon is fully oxidized, i.e., €1 = ni,, and that
the mixture of products of combustion satisfies the chemical equilibrium equations
for each of the dissociation reactions, that is,

ye(yas)/? po\1/2 . «
Yoo, = (22) " ky(T 8
Ysh <Pb) t2ldp) (8)
yin(yap) /2 po\U/2 A
YiRv2e)  _ (Bo) T gy(T 9
Yab <Pb> +3(Zh) (9)
Ysh o |
o P72~ T (10)

where y;;, denotes the mole fraction of the i-th constituent in the outlet mixture,
and K;(T}) the value of the equilbrium constant of the j-th reaction at temperature
T;.

For given values of n;,, Ty, pp, and é1, Equations 8, 9 and 10, together with the
stoichiometric relations

(1)

njp = Njg T V;

(2)

i

€ + Z/Sg)ég + 1/7(4)é4 (11)

1

€1 + v

determine the values of the reaction coordinates ¢g, €3, and é4, of the dissociation
reactions. For given values of nj,, Ta, Tp, pp, and &1, Equations 2, 8, 9, 10 and
11, together with data for the specific heats of the various constituents as a function
of temperature[5], determine the adiabatic flame temperature 7, and the reaction
coordinates €, €3, and €4.

The specific exergy (or availability) of a bulk-flow stream of an unburnt mixture
of a hydrocarbon and air at standard conditions of temperature T, = 25°C" and
pressure p, = 1 atm, with respect to an environment also at standard conditions
is very well approximated by the negative of the Gibbs free energy of the oxidation
reaction at standard conditions, that is,

Ezgel = —11a(8¢°)1 = —014[(AR%)1 — To(As)1] (12)
If the stream is preheated at a temperature 7, and a pressure pg, the additional
exergy rate is
Ea"preheat = Eag — Exfyel
- h-a[ha(Ta) - Tosa(Ta)] - 'I:La[h-a(To) _,TO‘SG(TO)] (13)
The exergy rate of the stream of products of combustion at the adiabatic flame
temperature 1s
Exy = np(Ty)[ho(Ty) — Tosp(Th)] = 1p(To)[hp(To) = Tosp(To)] (14)
where we must take into account that for stream “b” the chemical reactions are active
and so the composition is a function of the temperature, and we use the fact that at

standard conditions (7, and p,) the products of combustion have negligible exergy.
The entropy production by irreversibility in the burner is given by the entropy
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balance

Sirr = npsp — NgSq (15)

where s, and s, arve the specific molar entropies of the inlet and outlet mixtures.
For ideal gas mixture behavior,

Sipr = NSy — NaSa

T

, ,
= aplsii( Ty py) — sii( To,po)] = R 0y Iy
=1 =1

r

.
— > ialsii( Tas Pa) = sii(To:po) + B Y fria Inyia
i=1 i=1

-+ EJ(ASO)J (16)
i=1
where the entropy of the j-th reaction at standard temperature and pressure

r P

(As%)j = sz(j')sz'i(To) => fffj)(AS?c)i (17)

1=1 i=1

( As?) ; 1s the entropy of formation of the :-th constituent.
With respect to an environment at standard temperature T, and pressure p,, the
entropy production due to irreversibility causes a rate of exergy destruction

El’destroyed = ToSin (18)
Thus, the exergy rate of the stream of products of combustion at the adiabatic flame
temperature is also given by
Ezy = Ezq - El?destroyed (19)
The results may be shown graphically in a convenient way by defining the following
dimensionless enthalpy, entropy and exergy

nh — nyhy(To)
L Lo, (20
[—714(Ag°)1] .

_ ns — nysp( Lo, po)
[—114(Ag°)1]/To

Ez = Ex/[—nia(Ag°)] (22)

Figure 2 shows two curves on an H versus S graph. Curve “a” is that of the
stable equilibrium states of a chemically inert mixture of methane, CHy, and the
stoichiometric amount of air at pressure p, = p,, for temperatures T, ranging from
T, (=298.15K) to 1500 K. Curve “b” is that of the chemical equilibrium states of
the corresponding products of the combustion and dissociation reactions at pressure
Pa = Po, for temperatures T}, ranging from T, to 3000 K .
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It can be readily shown that on curve “a” the slope is equal to the ratio Ty /7,
and on curve “b” to the ratio Tj/T,. So, on curve “b” the point where the slope is
equal to unity corresponds to the state of the products of combustion at temperature
T,. The line with unit slope tangent to that point is useful to visualize exergy values
on the graph. Indeed, the vertical distance of a given point from that line can be
readily shown to be equal to the value of Ez for the state represented by the given
point. For example, the graph shows the state at 7, of the unburnt mixture (on
curve “a”): the vertical distance of the corresponding point on the graph from the
To line tangent to the “b” curve represents the normalized exergy of the unburnt
mixture, Ezyg,e (equal to unity by virtue of the normalization chosen with Equation
22).

It is noteworthy that the vertical distance between the T, point on the “a” curve
and the T, point on the “b” curve is equal to the ratio of the heating value ( —Ah?) of
the fuel to its exergy value (—Ag?). Similarly, the small horizontal distance between
the two T, points represents the ratio of the sum of the entropy of combustion (As?)
and the difference between the mixing entropies of the two mixtures multiplied by
T, to the Gibbs free energy of combustion or, equivalently, the ratio of the difference
between exergy and heating values to the exergy value.

The state at T, on curve “a” corresponds to T, = 1000 /X of the stoichiometric
methane-air mixture, and has exergy shown graphically by the vertical distance de-
noted by Ezq (=1.126). The exergy required for preheating the unburnt mixture
from Ty, to T, is shown graphically as the vertical distance denoted by Ezpreheat
(=0.126). The point on curve “b” having the same value of H as that of the point at
T, on curve “a” represents the state of the products of combustion at the adiabatic
flame temperature T} (= 2568 K ), defined by the energy balance, Hy = Hy (=1.238).
Correspondingly, the horizontal distance between the two points represents the nor-
malized entropy production by irreversibility, Si;; = Sp — Sg (=0.316-0.132=0.184).
The graph shows also the corresponding vertical distance representing the exergy
destroyed by irreversibility, Ee jostroved (=0.184). The products of combustion at T}
have identical energy content as the reactants at T, but exergy Ez, (=0.942) which
is about 84% of the exergy of the prehated fuel-air mixture, Ezq = 1.126.

We see clearly from the graph that the higher the preheating temperature the
smaller Si;; and Exdestroved - However, lowering the entropy production by irre-
versibility Si;; by preheating is not sufficient because in addition to the entropy
generation associated with the irreversibility of the flame, much additional entropy
generation is associated with the heat transfer between the hot products of combus-
tion and the working fluid flowing through the power plant devices. Such heat transfer
is necessary because current technology materials, that must be used to contain and
exploit the hot combustion products, cannot withstand temperatures much higher
than 1400 K. Preheating lowers the irreversibility in the flame but increases the
flame temperature and so the subsequent heat-transfer is across a larger temperature
difference and hence more irreversible.

Therefore, in order to improve power plant efficiency, it is necessary not only to
lower the flame irreversibility but also to lower the flame temperature, so as to reduce
both the flame and the heat-transfer irreversibilities.

Dilution of the fuel-air mixture with an inhert gas, such as nitrogen in atmospheric
air, has the effect of reducing the flame temperature, but cannot reduce the overall
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flame-and-heat-transfer irreversibility. Indeed, the process is equivalent to stoichio-
metric combustion in pure oxygen, with a high flame temperature, followed by heat
transfer by mixing with the inhert gas to reach a lower temperature Tj.

3. REVERSIBLE COMBUSTION

For hydrocarbon combustion flames under typical conditions the assumption of
complete oxidation (as adopted in Section 2) is extremely accurate. Indeed, even if the
adiabatic temperature T} is a relatively high temperature (around 2300-3000 K ), the
equilibrium constant of the oxidation reaction (reaction 1, Equation 4) is extremely
high and, therefore, practically no unburnt hydrocarbon is present in the products
of combustion.

Nonetheless, we proceed by assuming a hypotetical fuel and a reaction mecha-
nism that at a temperature T} manageable by standard materials has a not-too-high
equilibrium constant K1(7}). In this case, we consider the H versus S diagram in
Figure 3. Curve “b” represents the chemical equilibrium states of the products of
the reaction. At the state at temperature T, we denote the composition by ny(7}).
Curve “a” represents the stable equilibrium states of a nonreacting mixture with
fixed (“frozen”) composition nq = ny(7}), namely, the same composition as that of
the state at Tj on curve “b”, but with all the reaction mechanisms “turned off”.

It can be shown(7] that curves “a” and “b” have a contact of first degree, i.e.,
are tangent, at the point at 7. For any other value of the enthalpy H, the chem-
ical equilibrium state has a higher entropy S, i.e., it is more stable than the fixed
composition state of curve “a”.

It is now clear that starting with the mixture represented by the point at T, on
curve “a”, preheating it along curve “a” up to the temperature T; while maintaining
all reactions inactive, then activating the reactions and cooling down the chemically
active mixture to T, along curve “b” achieves completion of the reaction without
passing through an irreversible flame.

4. AN EXAMPLE

In principle, a reversible flame can be obtained at any temperature and pressure
provided the chemical kinetics can be controlled.

As an example, we consider a simplified model of the oxidation of hydrogen in
pure oxygen according to the single reaction

1
Hy + :7—02 = Hy0 (23)

with the equilibrium constant approximated by the relation

29911
K(T) = exp ((— 6.866 + 2 )

- (24)

so that at the chemical equilibrium state at temperature T} and pressure p, the mole
fractions satisfy the equation
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For example, if Hy, O9 and HoO are the only constituents, then Equation 25 becomes

ni,0(ni, +no, +nHy0)"/? _ (p_o_>—1/2K(_Tb,) (26)
ni,(no, )1/2 Db ' '
For ng, =1 mol, ng, = 1/2 mol and py = p, we find
3 1/2 1\—1/2 29911 -
nH,0 (3 + nH20> = <;) exp ( — 6.866 + T, ) (27)

and the resulting relation between ny,o and T} is plotted in Figure 6. In particu-
lar, for T; = 1600 &, 1800 s, 2000 /&', 2200 K", 2400 K, and 2600 I, respectively,
NH,0 = 2110 mol, 528 mol, 174 mol, 70 mol, 32 mol, and 17 mol.

Figure 5 shows H versus S graphs corresponding to ngy0 = 23.5 mol and Ty =
2497 K. Curve “a” represents the states of the “frozen composition” mixture of
ng, = 1 mol, no, = 1/2 mol, and NH)0 = 23.5 mol; curve “a’'” represents the
overall enthalpy and entropy of three separate “frozen composition” single-constituent
streams with the same given amounts. It is noteworthy that the entropy production
by irreversibility due to mixing the three streams is about 0.07, i.e., mixing destroyes
7% of the fuel exergy, a nonnegligible amount which increases for larger dilution of
the fuel, i.e., for larger values of nH,0 n our example. Curve “b” represents the
chemical equilibrium states.
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Figure 6 shows T versus H graphs corresponding to the curves “a” and “b” in
Figure 5. The two graphs cross at Ty = T, = 2497TK and H = 11.5. At each
value of H, T} is higher than T, of as much as 150 I{'. The fuel exergy can be fully
extracted only by exploiting this temperature difference with reversible machinery.
The practical way of doing so in such a way as to minimize irreversibilities remains
to be investigated. It is clear that just using stream “b” to preheat directly stream
“a”, from the point of view of irreversibility, is entirely equivalent to just burning
the mixture without preheating.

CONCLUSIONS

A practical implementation of the method just cited requires to overcome several
difficulties. First we need to identify a suitable chemical reaction mechanism or
scheme, with a not-too-high equilibrium constant at a not-too-high temperature T}
so that in the “a” stream the fuel is not so extremely diluted as it would be if the
scheme is applied to the oxidation of a standard hydrocarbon. Then, we need to
identify means to inhibit the chemical reactions in stream “a” while preheating from
T, to Tj. To this end it may help somehow to substitute the mixture in stream
“a” with several separated streams each with a single constituent, thus, at least,
the only reactions that must be inhibited are the dissociation reactions. Of course,
before or after preheating, the streams are to be mixed, and this causes some entropy
production by irreversibility which may not be negligible with respect to the entropy
production in a standard hydrocarbon combustion flame if the fuel is too diluted in
the reactants.
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We conclude that the concept of reversible combustion is worth further investiga-
tion and development, particularly on the chemical kinetics of reactant dissociation
and on the most suitable machinery and working-fluid cycle that could make it prac-
tically feasible.
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