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Second law analysis
• Most of this analysis is nowadays conducted on the 

system level development.

• While useful for that purpose, this approach doesn’t 
deliver the detailed information about the specific 
process phenomena, often space and time dependent, 
which cause the exergy changes in it; The phenomena 
may include
• heat transfer, 
• mass transfer,
• fluid mechanics,
• solid mechanics,
• chemical and/or nuclear reactions,
presence of fields such as gravitational, electric and magnetic.

• This type of detailed analysis, which we shall call 
"intrinsic", is due in the second phase of system 
development, is invaluable in accelerating the evolution of 
the innovative systems needed to meet the difficult 
energy demands of this century.



The most important and 
useful objectives of exergy 
or entropy/exergy analysis 
1. identification of the specific 

phenomena/processes that have 
relatively large exergy losses or 
irreversibilities,

2. understanding why these losses 
occur,

3. evaluation of their sensitivity to any 
changes in the process parameters 
and configuration,

4. as a consequence of all these, 
suggestions for improvement.



Exergy gains (Eg ), losses (El ), and 
useful output (W ) for a Diesel engine

Eg,air El,exhaust

Eg,fuel

El,heat

W

El,frictions

El,turbocharger El,accessories

Note that the 
energy values are 
typically rather 
different from the 
exergy values of 
the same entities, 
or even absent as 
in the case of 
combustion 
losses, and thus 
do not represent 
well their work-
loss potential and 
thus can not 
guide 
improvements.

El,flowsEl,mixing
El,combustion

El,gradients



Comparison of results from first- and second-law balance, and 
quantification of irreversibilities (six-cylinder, turbocharged and 
aftercooled, diesel engine operating at 224 kW and 2100 rpm)

C.D. Rakopoulos , E.G. 
Giakoumis,  Second-law 
analyses applied to internal 
combustion  engines
operation, Progress in Energy 
and Combustion Science 32 
(2006) 2–47
Also: Lior and Rudy, Second-
law Analysis of an Ideal Otto 
Cycle, ECM, Vol. 28, No.4, pp. 
327-334, 1988.



Exergy-guided opportunities for engine 
efficiency improvements
Reduce exergy losses

• More reversible 
combustion

• More complete 
combustion at minimal 
excess air

• Wall and exhaust heat 
losses

• Reduce internal 
temperature, 
concentration ad  
pressure gradients

• Flow losses
• Friction
• Accessories

Partially recover 
exergy losses
• Add bottoming cycle(s) 

to use the heat losses
• Drive turbo- or super-

charger
• Preheat combustion air…

All affected by compression ratio, crank 
angle position, injection timing, load/RPM, 
inlet air temperature and pressure, design 
of ignition zone, and other.

All are closely interconnected through 
reaction kinetics, fluid dynamics, heat and 
mass transfer, static and dynamic 
sructural materials behavior.



THE RIGOROUS METHOD for
INTRINSIC EXERGY ANALYSIS

• Most of the exergy analysis is nowadays conducted on the 
system level development, by evaluating the exergy values 
and changes of component input and output streams and 
energy interactions. 

• While this can indeed identify the exergy destruction in a 
system component, it doesn’t deliver the detailed 
information about the specific process phenomena, often 
space and time dependent, which cause the exergy 
changes.  This type of detailed analysis, due in the second 
phase of system development, is invaluable in accelerating 
the evolution of innovative combustion systems needed to 
reduce fuel consumption and emissions..



The exergy/entropy production 
field equations

• The general transient partial differential 
equations for computing the intrinsic 
irreversibilities and exergy destruction in 
general are in Dunbar, Lior, and Gaggioli 
(1992), based on earlier work by Hirschfelder 
et. al (1954), Obert (1948), and Gaggioli (1961, 
1962).

• Knowledge of the velocity, pressure, 
temperature, concentration, electrical, 
magnetic… fields, of the state equations, and 
of the chemical reactions involved, allows the 
direct computation of the exergy, and entropy 
generation, fields.



The information needed for
rigorous intrinsic exergy analysis

• To compute the exergy, exergy destruction, entropy, and entropy 
generation fields from these equations, we need:
• the field parameters v (and hence τ), P (and hence also τn), T (and 

hence ε and σ), Ω (and hence also ji, µ),
• the state equations for the materials used, ( properties (ρ,µ, S)
• the chemical reactions involved (to determine λ,Ri,ri)

• All the  field parameters are obtained from the solution of the full 
field and state equations: Navier-Stokes, energy, species 
conservation, entropy generation, and thermodynamic 
properties and the reaction kinetics equations, all tightly 
coupled.

• Naturally (             ), as a first step at least an order of magnitude 
evaluation of the different components of exergy should be 
performed, to determine whether they can be ignored or need to 
be calculated more precisely.



Exergy analysis in combustion

Motivation

 Past studies have shown that the 
combustion process typically destroys 
about one third of the exergy of the fuel. 

 Combustion of the fuel is the single largest 
contributor of exergy losses in fossil fuel 
power production.

 It is thus of great interest to determine the 
magnitudes and causes of irreversibility in 
this process.



APPROXIMATE APPROACHES
• Rigorous analysis of combustion is one of the most 

challenging fields of science and engineering: all 
modes of heat transfer, set of 3-d partial integro-
differential equations, many chemical reaction 
kinetics equations, all coupled and having a wide 
range of scales.

• To make the problem tractable, various simplifying 
assumptions are usually made, increasing the 
solution error.

• The rigorous intrinsic exergy or entropy analysis 
has indeed so far only been applied to the simplest 
heat/mass transfer and combustion problems, and 
even that required the use of a number of 
simplifications and empirical correlations.

• Neverthelese, simplified modeling at least partially 
clarifies the causes of combustion irreversibility, 
and some examples follow 



Approximate combustion/reaction 
irreversibility analyses

Process Model Conclusions Authors

Diffusion flames Radiative Arpaci and Selamet 
(1988)

simple H2 and CH4
combustor

Heuristic 
finite 
increment

•The major 
losses are 
due to heat 
transfer
•The 
assumed 
path was not 
so influential

Dunbar and Lior (1990, 
1994)



Approximate analyses (2)

Convective droplet 
burning

•single 
control 
volume
•empirical 
correlations 
for transport

An 
optimization 
problem 
between rate 
of  
evaporation 
and 
combustion 
(entropy 
increase) 
and resulting 
flow friction 
loss (entropy 
decrease 
due to 
blowing)

Puri (1992)

Process Model Conclusions Authors



Approximate analyses (2)

Chemical reactions, 
oxidation of  SO2

•reactor in 
which the 
driving 
force 
distribution 
is chosen to 
minimize 
entropy 
production
•only 
reaction 
entropy is 
considered

entropy 
production 
can be 
reduced

Kjelstrup et al., 
Kjelstrup and Island 
(1999)

IC engine static 
combustion

single 
control 
volume

exergy 
losses 
decrease 
when the 
temperatur
e and 
equivalenc
e ratio are 
increased

Caton (2000)

Process Model               Conclusions Authors



A heuristic finite-increment exergy analysis method
Dunbar and Lior (1990, 1994)

• The overall (global) entropy production taking place 
in the combustor was first modeled and quantified. 

• Next, it was assumed that the combustion 
irreversibility is primarily caused by the 
subprocesses of 
• (i) reactant diffusion,
• (ii) reaction (fuel oxidation),
• (iii) internal thermal energy exchange (i. e., heat 

transfer between gas constituents within the 
reactor),

• (iv) product mixing.



• The chamber was divided into a number of cells 
(increments) from entrance to exit, and the exergy 
and irreversibility was computed for each 
subprocess in each cell

• Because the magnitudes of the various 
contributions to entropy production are path-
dependent, and the field equations aren't solved in 
this approach, a number of conceivable process-
paths were proposed and analyzed, and the results 
were compared

• Two of these paths assume incremental stages of 
fuel oxidation; two assume instantaneous fuel 
oxidation



Computation 

• The entropy production rate for each model control 
volume can be computed by

where the entropy of each stream k, sk, can be 
computed from the appropriate state relations with 
the knowledge of the stream temperature, 
pressure, concentrations and any other needed 
parameters. 

• The exergy destruction rate is calculated from

( ) ( )out inp k k k k
k k

S n s n s= −∑ ∑

0d pA T S= 

d k k
in out

A A A= −∑ ∑  

d k k
in out

A A A= −∑ ∑  

k k k
k

A n a= ∑

k k k
k

A n a= ∑ k ki ki
i

a aχ= ∑

0 0 0 0 0 0i i i i i i i i ia h T s h T s h T sµ= − − = − − −

or

where



The combustion process is envisioned here to 
proceed as follows:

• As the air and fuel enter the reactor, the oxygen 
and fuel molecules, which have an intrinsic affinity 
for each other, are "drawn" together in a diffusion 
process which consumes useful power, used to 
separate them from the reactant gas stream

• Having approached the fuel, and with the possibility 
of a number of series/parallel steps, the oxygen 
reacts with the fuel, forming product molecules

• During this process, there are concomitant net 
changes of energy in the forms of
• (1) internal-chemical energy - energy associated with 

intramolecular forces
• (2) radiation energy, and
• (3) internal-thermomechanical energy - associated 

with particle motions and intermolecular forces 
between system constituents

• Having stabilized (reacted), these interactions 
between the participating species have thus added 
to the system entropy, destroying exergy.



Path 1 results



Path 2



Path 3



Path 4



Main results from the incremental analysis

• The largest subprocess exergy destruction takes 
place during the internal thermal energy exchange 
(chambers 2, 5, etc. in Fig. 1); exergy efficiency of 
73% to 83%, is:
• decreasing with increasing amounts of excess air
• ~72-77% of the overall exergy loss of the combustion 

process
• The reaction (oxidation, in chambers 1, 4, etc.) has 

a 94% to 95% exergy efficiency, ~15% to 18% of the 
total exergy loss

• gas constituent mixing (in chambers 3, 6, etc., has 
an exergetic efficiency of 96.5% to 97.4%, the 
remaining 8% to 10% of the total exergy loss.



Paths comparison
• The results for the four different hypothetical 

process paths analyzed show that the internal 
thermal energy exchange subprocess is 
responsible for more than 2/3 of the global exergy 
destruction.

• The differences between the 4 paths aren’t big.



An example: exergy 
analysis of oil droplet 
combustion.

• once the droplet is introduced in the hot 
atmosphere, its temperature starts to rise 

• consequently some of it begins to vaporize 
at its surface.

• fuel vapor diffuses through the hot gas 
until the combustion reaction starts.

• the fuel is oxidized to form carbon dioxide 
and water

• the combustion heat released raises the 
temperature of the gas and of the droplet.



Phenomenological description
The physical situation to be modeled consists in describing the transient and 
pseudo steady states experienced by a droplet of fuel that is suddenly 
introduced to a quiescent hot air atmosphere. Once the droplet is introduced 
in the hot atmosphere, its temperature starts to rise and consequently some 
material begins to vaporize on the droplet surface. The initial vaporization 
rate is slow because the droplet is cold, and it increases as the droplet heats 
up. Fuel vapor diffuses through the hot gas until the criterion for the 
combustion reaction is met. At this point the reaction starts and the fuel is 
oxidized to form carbon dioxide and water. In the combustion process heat 
is released and the gas is heated up further, some of the heat going to the 
droplet and the other part convected-conducted to the rest of the gases. As 
the droplet continues vaporizing, its radius decreases, thus originating a 
moving interface between the liquid droplet surface and the outer, gaseous, 
domain. The process will continue until all the fuel is consumed. 

Environment-Outer Domain

Droplet

Flame Zone

Fuel Vapor 
Diffusion Zone

R∞

R(t)

Modeling and Exergy analysis of a burning fuel droplet

A model was developed and solved for the
transient mass, temperature and velocity fields
in the gas and droplet



Global kinetics for the chemical 
reactions, assuming full completion of 
the reaction, the reaction rate is given 
by the Arrhenius form equation
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YF and YO2 are the mass fractions of the fuel and oxygen



The computed gas temperature as a function 
of distance and time for an n-heptane droplet 
of di=(1)10-4 m, Tli= 293 K burning in air at 

Tgi=1073 K.

Note the large temperature gradients, they cause large entropy generation



The exergy efficiency
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Defining Ed as the exergy 
destruction in the defined 
control mass, and Ein as the 
exergy inflow into it, the 
efficiency is
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Compute the exergy input Ein

where nF  is the molar mass evaporation rate, 
and eFth, eFch, are the fuel specific 
chemical and thermal exergy and e(O2)th
and e(O2)ch are the oxygen specific 
chemical and thermal exergy, respectively
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The exergy destruction 
rate 
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Computed history of a) (x) chS , (○) mS  

 (■) hS , and (◊) cS  and b) ratioS for an 
n-heptane droplet of di=(1)10-4 m, 
Tli= 293 K burning in air at Tgi=1073 K 
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. . .
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The computed a) chs as a function of position and time, 

b) chs evolution in time, 

c) Contour plot for chs ; 
for an n-heptane droplet of di=(1)10-4 m, 
Tli= 293 K burning in air at Tgi=1073 K.  



Exegy inflow (Ėin) as a function of time for an 
n-heptane droplet of di=(1)10-4 m, Tli= 293 K 

burning in air at Tgi=1073 K.



Computed PS  as a function of time for an n-heptane droplet of di=(1)10-4 m, 
Tli= 293 K burning in air at Tgi=1073 K (♦);  
Tgi=1173 K (○); 
1/3 of pre-exponential factor (A) in Arrhenius eq. 2.2 (□);  
fast-combustion case (70% oxygen) (x) 



Summary of results obtained in the 
sensitivity analysis

A in 
ωA in 
ωReduced
ω

A in ωReducedω
Case
Name

Conditions Ignition 
delay 
time,

s

Exergy 
destruction

Ed,
J

Exergy 
Efficiency ε,

%
Tgi,
K

YO2i
in air

Eq. 
(15)

Base-Case 1073 0.23 A 0.432 5.140 68.4

High-
Temperature

1173 0.23 A 0.092 4.749 70.9

Reduced ώ 1073 0.23 A/3 1.195 5.165 68.2

Fast -
Combuston

1073 0.70 A 0.084 4.409 73.2

ω

ω



Example: Exergy analysis in a pulverized coal 
combustion process

• Based on comprehensive 3-d 
combustion model developed 
by Lior and co-workers

• The spatial exergy of each 
component and process can 
be computed

• Initial examination has shown 
that K, Φ, and strain exergy 
can be neglected

• Some conclusions:
– The effectiveness of the 

exergy feedback (30% of the 
total)

– Possibility of positioning the 
flame at max. exergy



Some results: concentration profiles
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Some results: temperature fields

Gradual heating of the gas and the coal particles by convection and
radiation from the combustor walls
Narrow flame zone (an objective of this combustor)
The radial temperature drop due to wall heat losses.



Exergy distributions

Thermal:
follows closely the
temperature field

Chemical: starts
decreasing when the
volatiles start burning,
then decreases
sharply when the
char starts burning

Total: ~30% drop overall, >90% of it in the thin flame zone



Some exergy analysis conclusions for 
improvement in coal combustion

• In the investigated inlet temperature range of 573-973K, 
the exergy efficiency slightly decreased with temperature, 
in part because of the increased heat losses.     

• The thermal feedback raises the thermal exergy upstream 
of the flame front to about 1/3 of its maximal value.

• An optimal combustor exit location, where the exergy is 
higher and yet the reactions were completed to satisfactory 
extent.



THOUGHTS ABOUT METHOS FOR
REDUCING COMBUSTION IRREVERSIBILITY (1)

Joseph Keenan (1941) proposed the nuclei for two thermo-mechanical 
ideas and one electrochemical, for pursuing “reversible combustion”:

• preheating the reactants to the equilibrium temperature and partial 
pressures without allowing reaction, followed by gradual and reversible 
expansion of  the mixture which allows  reaction to take place gradually 
too, and produces work till the dead state is reached.  A system aimed at 
that process was recently proposed by Echigo (1999), where isothermality 
is maintained during the expansion through a turbine by having 
combustion proceed through the turbine stator nozzle.

•The use of, a metal oxide as an intermediate material that would combine 
reversibly with the fuel, and then be restored to its original condition by a 
reversible reaction with air.  This was pursued further by  Richter and 
Knoche (1983), Harvey and Richter (1994), Anheden and Svedberg (1998), 
Ishida and Jin (1994, 1996), Lyngfelt et al. (2001), Mattison et al. (2001)…



THOUGHTS ABOUT METHOS FOR
REDUCING COMBUSTION IRREVERSIBILITY (2)

• Fuel cells: fuel oxidation is accomplished 
electrochemically, with the participation of the electrodes, 
and produces electricity directly rather than heat (at least 
in principle)

 Reaction affinity control: In a combined system, where a 
high temperature fuel cell is used as a topping component 
for gas and steam turbine power generators, Dunbar, Lior, 
and Gaggioli (1991) have shown that exergy destruction is 
reduced by decreasing the combustion reaction affinity 
This reduction was accomplished by using a fuel-rich 
mixture which is first passed through the fuel cell, where it 
generates power, and then the leaner mixture, now with a 
lower affinity, is brought to a conventional combustor for 
generating heat for the gas turbine. 

 Or, avoid combustion in a vehicle engine 
altogether, use electric motor instead
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Engine compounding: 
Use our hybrid solar steam 
powered Rankine engine (SSPRE) 
system concept: generate steam 
from radiator heat and superheat 
it using exhaust heat.



Our hybrid solar steam powered Rankine engine (SSPRE): 
thermodynamic principles

47



System configuration
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SSPRE predicted performance and major advantage: doubling the 
overall efficiency at the expenses of adding only 20% high 
temperature (such as fuel solar concentrator) heat

49



Our SSPRE counter-rotating turbine, 30hp

One of the rotors,
~ 30 cm dia.

The rotor manufacturing
Method: electro-discharge
machining (EDM)

Photovoltaic generation of electricity

50



The SSPRE turbine, gearbox, backup 
motor and dynamometer
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Luz solar power system, CA;
354 MW, $3000/kWe
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Engine compounding: 4%-20% efficiency improvement

54

VERY roughly:
oSay the engine efficiency is 40% and there is 50% waste heat,
oThe U of PA bottoming hybrid power cycle may reach 20% efficiency,
oThen 10% power can be generated by the bottoming system,
oThen the overall compounded engine efficiency will rise by 25%



Chemical Looping Combustion:
A way to reduce combustion 
irreversibility

55



Chemical Looping Combustion; a more reversible combustion

 Heat generation rate from fuel is the same as in regular combustion
 Needs oxygen carrier metal (Me) particles, e.g.. Fe, Ni, Co, Cu, Mn, Cd
 Their reduction and oxidation must occur at adequate rates, and they should 

remain active after many cycles; tested to 1200C
 At this stage not for IC engines 56

Reduction, 
usually 
endothermic

Oxidation, 
usually 
exothermic

Net heat output



CONCLUSIONS AND RECOMMENDATIONS

• Creative conclusions for improving the exergetic efficiency of 
combustion and other chemical reaction processes can be 
drawn from even approximate exergy/irreversibility analysis

• The rigorous intrinsic analysis offers vastly more useful 
information for that purpose, and it is now increasingly 
feasible to compute the exergy or irreversibility distribution in 
combustion processes

• The method and equations for both approximate and rigorous 
intrinsic types of exergy/irreversibility analysis are described.

• While difficult to reduce combustion irreversibilities, it is 
MUCH easier by using external combustion for heat supply 
than by using internal combustion as done in engines

• Progress towards "reversible combustion" is slow, but very 
worthwhile pursuing.
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