
 

1 Thermodynamic Aspects 

1.1 Combustion System 

Combustion system, S, is a confined field of a compressible fluid where 
the exothermic process of combustion takes place, subject to conditions 
imposed at its boundary. Presented here are global properties of such a  
system. 

The composition of a combustion system is specified by mass fractions 
of its initial components, YK, where K = F, A and B, for, respectively, fuel, 
air and the non-reacting portion of the fluid, like the recirculated exhaust, 
or residual gas. The mass fraction of reactants, YR = YF + YA, a mixture of 
fuel and air, is equal to that of the reaction products, YP. 

The composition of a combustible mixture is expressed by the air/fuel 
ratio, σK ≡ (YA/ YF)K, (K = R, S). For the reactants, σR is identified usually 
with the measured flow rates of air and fuel, whereas for the system, σS is 
deduced from the exhaust gas analysis. The values of these ratios are ex-
pressed conventionally in terms of the air-equivalence ratio with respect to 
the stoichiometric proportion, referred to by subscript ”st”, stKK /σλ σ≡ , 
reciprocal of the fuel-equivalence ratio,, φK. 

Thus, 
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A phase diagram of the mass fraction of system components is dis-
played in Fig.1.1 with respect to the mass fraction of products, yP, i.e. the 
substance produced by oxidation of fuel and their mixing with the non-
reacted portion of the cylinder charge. The variable mass fractions are de-
noted in it by small letters and the constants defining the system by capital 
letters.  

 
Fig. 1.1. Phase diagram of component mass fractions with respect to mass fraction 
of products 

As displayed by this figure, in the course of combustion the mass frac-
tions of components, yK (K = F, A), are linear functions of the mass frac-
tion of end products, yP , namely 
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while the latter is expressed in terms of the mass fraction of fuel, xF, as 

FP xy RY=  (1.4) 

For a system constrained by the walls of its enclosure, like a cylinder in 
a piston engine, the sole purpose of combustion is to generate pressure. 
With a measured pressure profile, the objective of its thermodynamic 
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analysis is the solution of an inverse problem: the deduction on this basis 
of data on the evolution of the thermodynamic state parameters of the sys-
tem components, as well as of the mass fraction of combustion products _ a 
quantity proportional, according to (1.4), to that of fuel.  

Mass fractions of fuel, xF, and of products, yP, consist of the effective 
parts, xE and yE, formed to produce the measured pressure profile, and of 
the ineffective  parts, xI and yI, expended by energy loss due primarily to 
heat transfer to the walls of the enclosure, i.e. IEF xxx +=  
and IEP yyy += . 

Their profiles are displayed by Fig. 1.2 in terms of the normalized 
time,  T/)t( i−≡ tτ , where, with tf = tt, T = tf – ti is the lifetime of the exo-
thermic process that shifts the process of expansion away from that of 
compression to form the work cycle. As demonstrated in Chapter 3, the 
initial state, i, at τ=0, is a fundamental, sharp, saddle type, singularity of 
combustion, while the final state, f, occurring at the same time as the ter-
minal state, t, is at τ=1 _  the end of the exothermic process identified 
above _  where the effective parts, xE and yE, are at their maxima forming a 
smooth, nodal type, singularity.  

 
Fig. 1.2. Profiles of effective and ineffective mass fractions of fuel and products  
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Global properties of a combustion system are established by pressure 
diagnostics – a procedure for solution of an inverse problem based on 
measured pressure, p, and given mass averaged specific volume, v.  The 
procedure of pressure diagnostics consists of two perspectives: 

1. Dynamic Properties manifested by the physical space of the work cy-
cle.  Their parameters are derived directly from data of the measured pres-
sure profiles, p(t), and the corresponding volume profiles, v(t), obtained 
from the crank-angle mechanism of the engine.  Besides coordinates of the 
work cycle, p(v), they provide data for the profile of the dynamic potential, 

)()()( tvtptw ≡ , exposed in Section 1.2.1, and their expressions in terms of 
analytic functions, described in Section 1.2.2.  

2. Thermodynamic Properties manifested by the thermodynamic phase 
space delineating the three component processes of the: compression, the 
exothermic process referred to as the dynamic stage, and expansion. The 
fundamental reference coordinate of this space is the dynamic poten-
tial, )(tw . The trajectories of the processes carried out by the system in the 
course of the work cycle are delineated on the state diagram, e(w), where e 
is the internal energy of the working substance.  Obtained on this basis are 
profiles of the temperature, T(t), as well as of the effective mass fractions 
of products, yP(t), and, hence, of fuel expended to create pressure, xF(t). 

1.2 Dynamic Properties  

The analysis of the dynamic properties yields analytic expressions for the 
exothermic process (popularly referred to as ‘heat release’) of combustion.  
It takes place in the course of, what is here referred to, the dynamic stage.  
Its life time is identified by the bounds: the rank angle of the initial state, i, 
and that of the final state, f.  State i is an essential singularity of combus-
tion, a saddle point representing the state where the specific volume of the 
products, vi = Vi / Mi = 0/0 (!) – the raison d’être of what is known in 
combustion literature as the “cold-boundary difficulty,” occurring in lami-
nar flames (Williams 1985).  Since nature abhors corners, it is bypassed by 
experimental data and, hence, state i is not identifiable by a data point.  

State f, is at a singular point of maximum in the evolution of the com-
bustion system, where its support by the deposition of exothermic energy 
is at equilibrium with the endothermic loss of energy incurred by heat 
transfer to the walls.   
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1.2.1 Dynamic Potential  

The dynamic potential 

ehppvw −≡≡≡
ρ

 (1.5) 

is of particular significance to pressure diagnostics by furnishing an essen-
tial link between the dynamic Properties, where it is evaluated as a de-
pendent variable, and the thermodynamic Properties for which it provides 
the fundamental thermodynamic reference parameter. The temperature is 
delegated thereby to the position of a dependent variable. Its magnitude 
can be readily determined from the equation of state for given values of p 
and w, or v, of the substance.   

By expressing the specific volume in a non-dimensional normalized 
form, w is measured in units of pressure. Its value is popularly called flow 
work - a term demeaning its cardinal nature, as pointed out by Kestin 1966 
(Sections 4.1 and 4.2). The significance of the dynamic potential is empha-
sized by most equations of state.  For example, consider the following 
equations.  
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In the latter, 
R

mw
Θ ≡ , where subscript m implies that the dynamic po-

tential, w, is expressed per mole of the substance, while R is the universal 
gas constant.   

                                                      
1  Becker-Kistiakowski-Wilson 
2  Jones-Wilkins-Lee 
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It is, in fact, for this reason that an equation of state for a system in equi-
librium can be determined experimentally without measuring the tempera-
ture – a procedure providing the measure for the absolute temperature 
scale (vid. e.g. Kestin 1966-68). 

1.2.2 Data 

The procedure for establishment of the dynamic Properties is illustrated 
here by the specific example of a HCCI (Homogeneous Charge Compres-
sion Ignition) engine – a system that today is at the crest of popular re-
search on novel piston engines.  The data of the engine adopted for the 
present purpose are provided by Table 1.1.  The operating conditions of its 
dynamometer test are listed in Table 1.2. 

Table 1.1. HCCI engine data 

Bore (cm) 7.95 
Stroke (cm) 9.56 
Length of piston rod (cm) 14.4 
Compression ratio 16.5 
Intake valve closing, Θa 205 
pa(bar) 1.39 
Ta(K) 325 
Exhaust valve opening Θz 512 

Table 1.2. Operating conditions 

Speed rpm 1200 
Torque Nm 75 
Fuel (gasoline)  Octane No. 87 

12.305 
Stoichiometric air/fuel ratio 

νst, mol/mol  
σst, gm/gm 15.064 

Air-equivalence ratio, λS, - 2.2 

Cylinder pressure at Θa, pa, atm 1.39 

Gas temperature at Θa, Ta, K 325 

The air equivalence ratio cited in Table 1.2 was obtained from exhaust 
gas analysis and pertains therefore to the system, S, rather than the reac-
tants, R. 
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Profiles of the dynamic parameters in terms of the crank angle, Θ, pro-
vided by the dynamometer test data of the engine operating at constant 
speed, are presented in Figs. 1.3-1.6.  

 
Fig. 1.3. Data of the pressure profile 

 
Fig. 1.4. Data of the work cycle in linear scales 
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Fig. 1.5. Data of the dynamic potential  

 
Fig. 1.6. Data of the work cycle in logarithmic scales 

One should note that in pressure diagnostics cS / vvv ≡ , c denoting clear-
ance, and, since in dynamometer tests engines are operated at constant 
speed, the time, t, is expressed in terms of the crank angle, Θ.  
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1.2.3 Functions 

To provide a rational interpretation of the test data, they are expressed in 
terms of analytic functions.  The key to this task is the polytropic function 

kn
k pvπ ≡  (1.6) 

where k = c, e, d for, respectively, the processes of compression, expan-
sion, and the dynamic stage between them.  In the first edition of this book 
and in Oppenheim 2004, the polytropic function was referred to by its ge-
neric name “polytropic pressure model”, because for an enclosure of con-
stant volume nk=0, so that πk=p.   

Upon selection of the scope of the data for analytic interpretation, 
bounded by point b at the start of the last sector of compression and point c 
at the end of the first sector of expansion, their processes are expressed by 
polytropes _ functions for which nc and ne, as well as πc and πe, are con-
stant. In Fig, 1.6, these polytropes are identified by straight-linear sectors 
between the postulated bounds, b and i- for compression and f+ and c for 
expansion, where the two exponents are identified by their slopes. 

 
Fig. 1.7. Profiles of data for polytropic functions, evaluated with invariant indexes 
nc (open points), and ne (closed points) 
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Profiles of data expressed by polytropic functions of the HCCI engine, 
with nc for compression and ne for expansion, are portrayed by Fig. 1.7, 
where the two polytropes, extended over the width of the diagram, are dis-
played by horizontal lines. 

The a priori unknown bounds of the analytic function for the dynamic 
stage, xd, the initial point, i, and final point, f, must be located on these 
lines. To satisfy this requirement, the analytic function has to be estab-
lished by iteration, with an, at least, partially variable exponent nd.   

The initial point is, therefore, first estimated to be ahead of the eventual 
position of i, at point i-, where the data of πc start to rise above the hori-
zontal polytrope for compression, and the final point postulated to be be-
yond the expected position of f, at point f+, where the data of πe start to 
drop below the horizontal polytrope of expansion.  The exponent of expan-
sion, ne, is retained below point f to some intermediate point, n, where the 
data of πc and πe  are coincident. Up to that point, the polytropic function of 
the dynamic stage is expressed in terms of nd = ne.  Below this point, it has 
to culminate at the initial point i on the extended polytrope of compression 
that, as brought out at the outset of Section 1.2, is a sharp singularity obvi-
ated by the data, for nature abhors corners. 

For this purpose, the data of the dynamic stage are expressed in terms of 
the progress parameter for the polytropic function 
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in terms of which  
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Upon establishing in this manner the progress parameter, x(π), made out 

of two sectors, one from i- to n according to (1.8), and the other from n to 
f+ with n = ne, a unique analytic function for the dynamic stage is, ob-
tained by regression of x(π), between i and f to the life function introduced 
in Chapter 2 – a normalized exponential 
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whose exponent 
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 (2.48) 

 
is a power function of the progress parameter for time that, for an engine 
operating at constant speed, is measured in terms of the crank angle, Θ, i.e. 

 

if

i

Θ−Θ
Θ−≡ Θτ  (1.9) 

 
For this purpose, the exact position of point i is established by iteration 

to minimize the standard deviation of regression, yielding the two life 
function parameters, α and χ. 

As demonstrated in Chapter 2, the life function thus determined satisfies 
both conditions imposed by the singular boundaries of the dynamic stage, 
specified at the outset of Section 1.2.  

Analytic interpretation of the profiles of the polytropic functions for the 
HCCI engine, are presented by Fig. 1.8, in comparison with data of Fig. 
1.7.  

 
Fig. 1.8. Analytic interpretation of data for the last sector of compression, the dy-
namic stage, and the first sector of expansion of the HCCI engine 
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Values of all the parameters involved in this procedure for the HCCI 
engine are listed in Table 1.3, together with the crank angles of all the cri-
tical points for pressure diagnostics.  The consecutively evaluated analytic 
interpretation of data for profiles of the dynamic potential, the work cycle, 
and pressure, are displayed, respectively, by Figs. 1.9, 1.10 and 1.11. 

Table 1.3. Parameters of Dynamic Properties  

Crank angle of point a 205o 
Crank angle of point b 320o 
Crank angle of point i  366 o 
Crank angle of point f 375o 
Crank angle of point c 500o 
Crank angle of point z  512o 
Life function coefficient, α 13.55 
Life function exponent , χ 2.19 

 
Fig. 1.9. Analytic interpretation of data for the dynamic potential of the HCCI en-
gine 
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Fig. 1.10. Analytic interpretation of data for the work cycle of the HCCI engine  

 
Fig. 1.11. Analytic interpretation of data for the pressure profile of the HCCI en-
gine  
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1.3 Thermodynamic Properties 

In accord with the zero-dimensional nature of dynamic properties, the vari-
ables of thermodynamic p are expressed in terms of time-dependent mass 
averaged thermodynamic parameters of state: the pressure, pK )(t , the tem-
perature, TK )(t , the specific volume, vK )(t , the internal energy, eK )(t , 
and the dynamic potential, wK )(t , where K = F, A, B, C, R and P, provid-
ing a link between the dynamic and thermodynamic properties.  Moreover,   
since all the parameters of the dynamic properties are expressed in terms 
of analytic functions, the time coordinate can be expressed in terms of any 
of them, in particular pressure whose time profile provides the basis for 
their evaluation. 

1.3.1 Thermodynamic State 

The state of a constituent is identified by three parameters of its own equi-
librium.  The conventional equation of state, expressing a relationship be-
tween pressure, p, specific volume, v, and temperature, T, does not provide 
a comprehensive specification of state, because, to evaluate internal en-
ergy, e, specific heats are, moreover, required.  If, however, internal en-
ergy is included among the parameters of state, then, according to the fun-
damental principle of the First Law provided by Gibbs (1875-1878) and 
formulated by Poincaré (1892) and Carathéodory (1909), the state of a 
constituent is thereby completely specified. 

Accordingly, the thermodynamic state of a constituent is expressed by a 
point in a three-dimensional thermodynamic phase space whose coordi-
nates are specific internal energy, e, specific dynamic potential, w, and 
pressure, p.  If internal energy is expressed in molar (volumetric) basis, the 
fundamental role of a reference coordinate is played by the temperature, T, 
rather than w.  However, since in system undergoing a chemical reaction 
mass is conserved rather than volume, the latter is for this purpose more 
appropriate. 

The reactants, R, are considered as an air/fuel mixture at its local air-
equivalence ratio, λR.  The products, P, are specified by the molecular 
composition of the system at thermodynamic equilibrium.  The states of 
both of them are established by appropriate algorithms.  Their thermody-
namic parameters are presented by Table 1.4 upon evaluation by means of 
STANJAN (Reynolds 1996), and CEA (Gordon and McBride 1994, 
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McBride and Gordon 1996)3, on the basis of thermodynamic data provided 
by the JANAF Tables (Stull and Prophet 1971), as well as the Chemistry 
WebBook of NIST4, for a mixture of iso-octane and normal heptane in 
proportions provided by the octane number and the air-equivalence ratio 
cited in Table 1.2. 

Table 1.4. Thermodynamic parameters of components in the HCCI engine 

p T v e h w M K States 
atm K m3/kg kJ/g g/mol 

a 1.35 325 0.672 -0.12 0.03 0.09 29.50 
i 49.34 802 0.045 0.27 0.50 0.23 29.50 R 
f 78.37 1407 0.050 0.86 1.25 0.40 29.50 
(hp)i 49.34 1832 0.106 -0.03 0.50 0.53 28.73 P 
(hp)f 78.37 2359 0.086 0.57 1.25 0.68 28.74 

 
Fig. 1.12. State diagram  for adiabatic and isochoric combustion system 

                                                      
3  <http://www.grc.nasa.gov/WWW/CEAWeb> 
4  <http://webbook.nist.gov> 
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In a three-dimensional state space, the planar platform of this diagram 
presented by Fig. 1.12 is at the level of the initial pressure, pi.  For higher 
pressures, the e-w platform is at higher levels.  For the regime of pressures 
and temperatures existing in internal combustion engines, the reactants are 
made out of fixed fuel and air fractions, while, according to the available 
source of thermodynamic data, these components are perfect gases.  The 
locus of states of the reactants, R is, therefore, pressure independent.  
However, the locus of states of the products, P, is dependent on pressure, 
because, in order to comply with the condition of thermodynamic equilib-
rium, their composition is variable.  On the e-w plane, for higher pressures, 
the line of P tends to get straighter, so that, as indicated in Fig. 1.12, it is 
further away from the internal energy axis. 

In the course of an exothermic process, the states of reactants, R, and 
products, P, move along their loci of states, starting from the initial point, 
i, and ending at the terminal point t, where the generation of products, and 
hence, consumption of fuel, is terminated, that, in principle, is different 
than the final point, f.  Nonetheless, as demonstrated in Chapter 3, they are 
coincident  The change of state taking place in the course of exothermic 
reaction, when the reactants are transformed into products at a fixed pres-
sure, is presented by a straight line between a point on R and a point on P. 

The changes of state of the reactants, R, and products, P, taking place in 
the combustion system are presented for them by vectors i – t along their 
loci of states, while the processes of exothermic reactions carrying out the 
transition between them are depicted by vectors ion R – ion P and ton R – t on P 
across their loci of states. 

1.3.2 Processes 

1.3.2.1 Mixing 

For a chemical reaction to take place, its components must be first mixed 
to form a molecular aggregate.  If, initially, the thermodynamic coordi-
nates of fuel and air are different, they have to be brought to the same state 
i on R - a task accomplished physically by transport processes of molecu-
lar mass diffusion and thermodynamic conduction, assisted by viscosity.  
In Fig. 1.12, the concomitant changes of state taking place in the course of 
mixing are expressed by broken curves between points o on A and o on F 
to point i on R, with their directions indicated by arrows.  The effect of 
mixing is manifested by rotation of the end point of the state vector around 
point i on R.  Irrespectively of the influence of molecular diffusion, which, 
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as a rule, must be involved in forming the reacting mixture, its outcome 
can be identified right from the outset by the intersection of the straight 
line between points o on A and o on F with R. 

1.3.2.2 Exothermic Reaction 

Chemical reaction of combustion takes place in an exothermic center.  The 
concept of exothermic centers has been known for a long time in detona-
tion literature under the name of “hot spots.”  Their non-steady behavior 
under the influence of molecular diffusion has been studied extensively as 
the process of ignition (e.g. Boddington et al 1971; Gray and Scott 1990; 
Griffiths 1990).  Their non-steady version in a turbulent field is referred to 
as the ‘flamelet model’ (Peters 2000).  The fluid dynamic features of exo-
thermic centers were investigated experimentally and theoretically in con-
nection with their relevance to detonation and explosion phenomena, lead-
ing to the identification of mild and strong ignition centers.  In a 
gasdynamic field where exothermic reaction takes place, exothermic cen-
ters occur at discrete sites.  Each of them behaves then as a point singular-
ity - a constant pressure deflagration where a finite change of state takes 
place locally at constant pressure - rather than across a straight line as it 
does in the classical version of a deflagration front. 

1.3.3 Thermodynamic Parameters 

The behavior of a combustion system is specified by the balances of mass, 
volume and internal energy.  The mass balance is expressed simply by the 

fact that 1Y KS ==∑ y , or RKF YX ==∑ x , as depicted in Fig. l.1.  

The balance of volumes, ∑= KKS vyv is expressed by the balance of 

dynamic potential, ∑= KK wywS , since by definition w(t) = p(t)v(t), 

where p(t) is the same for all the components.  The balance of energy is 

similarly given by ∑= KKeyeS . 
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The two coordinates of the thermodynamic states are expressed by a 
single generalized state parameter, zK = wK, eK (K = S, F, A, P, B, C, R), in 
terms of which the balances of volume and energy are cast into a single 
equation, 

   
 BBPPAAFFS zyzyzyzy z +++=         (1.10) 
 
whence, in view of (1.3) and (1.4), 

 FAFPBAFS xzzzzzzz )YY(YYYY AFPBAF −−++= +         (1.11) 

The state of the cylinder charge, C - a substance whose composition is 
fixed by initial conditions while its thermodynamic parameters vary,  

 
 BAFC zzzz BAF YYY ++≡          (1.12) 

The state of reactants, R, considered as a mixture of fuel, F, with air, A, 
at their fixed ratio of σR is determined by the mass average 
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With (1.12) and (1.13), in view of (1.8), (1.13) is reduced to 
 

 PRPCS yzzzz )( −=−         (1.14) 
 

In a combustion field, an exothermic center is a front across which a 
jump from i to t takes place at a constant pressure. Its amplitude is  
 
 )z(zYzz RPRSRSP −=−         (1.15) 
 

Presented in Fig. 1.13 are changes of state taking place in the general 
case of an exothermic system that, unlike that of Fig.1.12, is affected by 
energy losses occurring in the course of the transition from R to P.  Under 
such circumstances, the end equilibrium states on P are, below those 
reached at constant enthalpy.  
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Fig. 1.13. Diagram of states for an exothermic system with energy loss 

1.3.4 Coordinate transformation 

As portrayed Fig. 1.13, the slope at any point of state trajectory 
 

  CK ≡ (et – ei)K/(wt – wi)K (K = R, P)        (1.16) 
 
Consequently 
 
 RR we RC=                   (1.17) 
 
while 
 
 PP qC −= PP we         (1.18) 
 
where qP = eRo - ePo, subscript “o” referring to the intersections of the lines 
of K with the axis of ordinates.  The quantity qP, referred to here as the 
exothermic energy, provides a geometric measure of a reference parameter 
that replaces the conventional concept of ‘heat release’ (HR), used as a 
constant in conjunction with fixed specific heats.  Its awkward role when 
specific heats are variable is evident in Fig. 1.13, where the reference 
states of HR are denoted by r. 
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According to (1.17) and (1.18), 
 

 PPR qCC +−=− PRPR wwee         (1.19) 
 

The coordinates of internal energy, eK(wK),  can be thereby expressed in 
terms of the local trajectory slope, CK, and the exothermic energy, qP, as il-
lustrated in Fig. 1.14 for the initial state, i, and the terminal state, t, of tran-
sition from a reactant, R, to product, P, taking place in an adiabatic exo-
thermic center. 

 
Fig. 1.14. Diagram of states for an adiabatic exothermic center in e(w) and h(w) 
coordinates 

The loci of states for R and P are displayed in this figure in e(w) and 
h(w) coordinates.  A change of state taking place in the course of an adia-
batic exothermic reaction proceeds along a constant enthalpy path _ a di-
agonal on the plane of e-w expressed by e = hi – w, and a horizontal line on 
the h-w plane.  As implied by the geometry of this diagram, the slope DK = 
CK + 1 (K = R,P).  If the reactants are considered as perfect gases with 
constant specific heats, (cv)K = deK/dT  and (cp)K = dhK/dT  , then, in terms 
of RK ≡ R /MK, where R is the gas constant and MK the molar mass, 
whence γK ≡ cKp/cKv, CK = cKv/RK = 1/(γ – 1) and DK = cKp/RK = γ/(γ – 1). 
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Since, generally, the curvature of a state trajectory, R or P, is relatively 
small, the changes of state performed by reactants and products in the 
course of an exothermic process are expressed with remarkable accuracy 
by straight lines.  The relationships for trajectory slopes specified in the 
previous section can be applied, therefore, to the sectors pertaining to the 
process of an exothermic center.         

1.3.5 Isentropic Relationships 

Of particular significance to the coordinates of the state diagram are the is-
entropic relationships.   Irrespectively whether the substance is a perfect 
gas or not, nor whether its process is isentropic or not, the parameter  
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while the polytropic index  
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Then, by virtue of the Second Law, according to which 
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the isentropic index, with subscript “s” denoting an isentropic process, 
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Thus, noting that ,wpvp ≡≡
ρ

the velocity of sound 



24      1 Thermodynamic Aspects 

 γwγ)( ==
∂
∂≡

ρ
p

ρ
pa s         (1.24) 

 
whence 

 ss p
w

ap
a ]

)(
[

2
)(

∂
∂

=
∂
∂ γ        (1.25)) 

 
while, in view of (1.21) and (1.23),   
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so that, by virtue of (1.24),  
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- a relationship of particular significance to gasdynamics presented in 
Chapter 7. 

Since, by definition, )dln(dln vpwwd += , it follows from (1.26) that 
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and, according to (1.20),  
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- a relationship of particular significance to blast wave theory presented in 
Chapter 9. 

1.3.6 Closed System 

A closed system is one whose volume, v(t), is restricted by prescribed 
boundary conditions.  In the cylinder of an internal combustion engine, for 
instance, the boundary conditions are imposed by piston motion estab-
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lished by the kinematics of crankshaft mechanism.  Its volume and energy 
balances are specified by (1.14), for which wS(t) is prescribed.  

The volume balance is then obtained for z = w,, while pR =pP, so that  

 CSPRP wwyww −=− )(         (1.30) 

The energy balance is obtained similarly for z = e, whence 

 CSPRP eeyee −=− )(         (1.31) 

for which  

 eSiS eee −=         (1.32) 

while  

 wwe qwe +≡         (1.33) 

expresses the energy expenditure that, in an internal combustion engine, 
consists of piston work,  

 cv d
t

S
i

( )w bw ≡ −∫ p p v         (1.34) 

and the energy loss, qw. 
In the above, subscript “c” denotes clearance volume per unit mass, 

while “b” refers to the backpressure, whereas qw, is incurred primarily by 
heat transfer to the walls that, besides some usually negligible effects of 
leakage and mixing, is the principal irreversibility of a combustion system. 

With (1.19) and (1.32), the energy balance specified by (1.31) becomes 

  eSiCPPR ewwyw w +−=+− )(C)qC(C CPPR             (1.35) 

Then, eliminating wP from (1.30) and (1.35), the mass fraction of products 
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In terms of normalized variables, SiKK w/wW ≡  (K = S, R, P) and 

Siee weW /≡ , while SiPP w/qQ ≡ , (1.36) yields  
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Since, according to JANAF tables – the conventional sources of ther-

modynamic data – all the components are treated as perfect gases, while 
the thermodynamic properties of the reactants and the system charge – 
their mixtures at fixed composition – are practically the same, 
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where -1

cn1m −≡ . 
Thus, according to the volume balance expressed by (1.30),  
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- a relationship emphasising the singular nature of state i, at which the nu-
merator WS – WC = 0, while the denominator yP = 0. 

According to the results of a comprehensive, semi-empirical study of 
heat transfer in a closed combustion vessel presented in Chapter 3, the 
mass fraction of products, yP(Θ) is equivalent to x(τ), the latter identified 
by (2.49) with (2.48).  

The mass fraction of the generated products, as pointed out in (1.15), 
 

 IEP yyy +=        (1.40) 

 
where yE is its effective part and yI is the ineffective part.  Then, by virtue 
of (1.37) and (1.38), with Siw/ww wW ≡ , while, by definition, PVWS =  
where ip/pP ≡ , SiS /vvV ≡ ,  
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while, in turn, the effective part, yE, consists of the products generated for 
internal energy, yε, and to produce piston work , yω, so that 
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while the ineffective part 
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where Siw/wI qQ ≡ . 
It is of interest to note that, if RCP CCC == , (1.41) is reduced to  
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- a relationship of the well established ”heat release analysis”, based on the 
classical paper of Rassweiler and Withrow (1938). 

For an isochoric and isentropic system of v = 1, Ww = 0 and QI = 0, ob-
tained thereby is the popular proportionality between the mass fraction of 
products, yP, and the measured overpressure, (P - 1) [vid. e.g. the classical 
text of Lewis and von Elbe (1987)]. 

The procedure of pressure diagnostics is completed by taking into ac-
count the results obtained from heat transfer study described in Chapter 3.  
According to them, 

(1) the time coordinate of the final state is identified with that of the 
terminal state, so that Θf = Θt  

(2) the mass fraction of products is identified with the progress vari-
able for the polytropic function expressed in terms of the life 
function, while yP(Θ) = x(Θ), determined for the exothermic 
process, whose profile is displayed by Fig. 1.8.     
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Obtained therefore are means for evaluating the ineffective mass frac-
tion of products yI = yP - yE, identifiable, as demonstrated in Chapter 3, 
with energy loss incurred by heat transfer to the walls.  The relationship 
between these variables is displayed on the phase diagram illustrated by 
Fig. 1.15, corresponding to their profiles displayed by Fig. 1.2.     

 
Fig. 1.15. Phase diagram of the effective and ineffective parts of products 

Concomitantly, (1.39) yields the profiles of the dynamic potential and, 
hence, the temperature profiles of the reactants and the products.  The re-
sults obtained thereby from dynamometer tests of a diesel engine were 
found to be in satisfactory agreement with the well-known Woschni corre-
lation [Woschni 1966/67, 1967, 1970, Woschni and Anisits 1973, 1974]. 

1.3.7 Procedure 

As for the elucidation of dynamic properties, the procedure for implemen-
tation of the exothermic process is presented here for the specific example 
of a HCCI engine. 

The state diagram of its exothermic process is presented by Fig. 1.16.  
Its  parameters are presented by Table 1.5.  Profiles of the mass fraction of  
products, yP = x, its effective part, yE, consisting of yε and yω, are deter-
mined with the use of these parameters, according to (1.40), by (1.41), 
that, according to (1.42), by (1.43) and (1.44).  The results are displayed by 
Fig. 1.17.  The dynamic potential in its normalized form, WK, is thereupon 
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obtained by virtue of (1.39), and its profile, wK(Θ) = WK(Θ)wSi, where K = 
R, P, S, is presented by Fig. 1.18, whence the temperature profiles depicted 
by Fig. 1.19, are evaluated the use of the equation of state whence TK(t) = 
wK/RK. 

 
Fig. 1.16. State diagram of the exothermic process in the HCCI engine 

 
Fig. 1.17. Profiles of the mass fraction of products and its components of the 
HCCI engine  
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Fig. 18. Profiles of the dynamic potential of the HCCI engine  

 
Fig. 1.19. Temperature profiles in the HCCI engine  
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1.3.8 Control Logistics 

Pressure diagnostics provides the analytical method for ushering in micro-
electronic control system to optimize the execution of the exothermic 
process of combustion and improve thus significantly its performance.  Put 
forth thereby is the essential objective of what is referred to as ‘internal 
treatment’ – a technology that has been aborted by industry in favor of ‘ex-
ternal treatment’ as a consequence of the fact that, at the time when clean 
air laws were introduced, micro-electronics was not yet available. 

The benefits of internal treatment are realized by implementing the prin-
ciples of Aero-thermo-chemistry introduced by von Karman: fluid dynam-
ics to create turbulent plumes as far away from the walls as possible, ther-
modynamics to reveal their physical properties and assess their 
effectiveness, and chemistry to modulate the chemical kinetic process of 
the exothermic reaction of combustion so that it takes place at the lowest 
temperature allowable at the verge of extinction. 

In effect, one is treating, therefore, an inverse problem of the inverse 
problem of pressure diagnostics: upon assessing the performance of a com-
bustion system on the basis of the measured pressure profile, its execution 
is optimized by controlling its operating conditions.  A closed-loop micro-
electronic control system suitable for this purpose is described in Oppen-
heim 2004. Its primary feedback is a pressure transducer; its principal ac-
tuators are provided by a pulsed jet injector and a pulsed flame jet igniter. 

Presented here for illustration is the simplest example of optimization 
attainable by micro-electronic control, one particularly appropriate for 
HCCI engines: shifting of the exothermic process of combustion so that it 
takes place as close as possible to the top dead center – a task akin to en-
gine tuning for maximum torque. 

The logistics of control are implemented in two steps: 
(1) shift of the exothermic process to the top dead center 
(2) reduction of the thus augmented IMEP of the work cycle to its 
       standard value 
The application of this procedure is illustrated by the subsequent figures 

where the reference case is depicted by continuous lines, while the two 
steps are delineated, respectively, by broken and dotted lines, and in the 
labels they are marked by single and double primes. 

As depicted in Fig. 1.20, the profile of the polytropic function is ex-
tended, first, by shifting the life function of the dynamic stage along the 
horizontal polytropes of the processes of compression and expansion, so 
that its point of inflection is at TDC (top dead center), and, thereupon, by 
decreasing the level of the expansion polytrope to provide the required 
work output.   
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Fig. 1.20. Profiles of the polytropic functions for the HCCI engine in the original 
and controlled mode of operation  

On this basis, all the parameters for the controlled mode of the engine 
combustion system are evaluated.  The results are displayed by Figs. 1.21 
– 1.26 in comparison to the original performance. 

 
Fig. 1.21. Work cycle of the HCCI engine in the original and controlled mode of 
operation  
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Fig. 1.22. Pressure profiles of the HCCI engine in the original and controlled 
mode of operation  

 
Fig. 1.23. State diagram of the HCCI engine in the original and controlled mode 
of operation  
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Fig. 1.24. Profiles of the mass fraction of products and its components of the 
HCCI engine in the original and controlled mode of operation  

 
Fig. 1.25. Profiles of dynamic potential for the HCCI engine in the original and 
controlled mode of operation  
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Fig. 1.26. Temperature profiles of the HCCI engine in the original and controlled 
mode of operation  

Since the work cycle of the HCCI engine is kept invariant in the original 
and controlled mode of operation, it follows from (1.2) for K = R that, with 
the same exothermic energy per unit mass (referred to popularly as calo-
rific or “heating” value) and the same mass fraction of reactants,  
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Provided thus is an expression for the mass fraction of fuel in the con-
trolled and uncontrolled cases.  The results based on the data of Figs. 
(1.21) and (1.24), are presented by Table 1.5. 
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Table 1.5. Parameters of thermodynamic properties 

Step 0 1 2 
Θi 366 3.56 
Θf 375 365 

IMEP/atm 7.77 8.36 7.77 
λ 2.2 2.37 

CR 3.4839 3.4839 
CP 4.0145 3.9448 
QP 7.3649 6.7781 
YE 0.7247 0.7465 0.7361 

According to the above, the ratio of mass fractions of fuel expended in  
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The saving in fuel consumption obtained by controlled operation of the 
engine is therefore 8.4% – a gain associated with equivalent reduction in 
the formation of pollutants.  This type of improvement can be advanced 
significantly further by charge stratification, so that, within the relatively 
short lifetime of the dynamic stage, the combustion zone is kept away from 
the walls, whereby the energy loss incurred by heat transfer to the sur-
roundings is diminished, as demonstrated in Chapter 4. 

1.4 Production Engine 

To illustrate the application of pressure diagnostics to an industrial prod-
uct, consider a Renault spark ignition engine operating at full and part 
loads, the latter being most often encountered in the European driving cy-
cle [Gavillet et al. 1993; Oppenheim et al 1997, Oppenheim 2004].  Its 
specification is provided by Table 1.6. 

Table 1.6. Engine Data  

Model F7P-700 
Bore(mm) x stroke(mm) 82.0 x 83.5 
Cylinders 4 
Piston rod length (mm) 144 
Compression ratio 10 
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1.4.1 Full Load 

The operating conditions of the dynamometer test at full load are specified 
by Table 1.7. 

Table 1.7. Operating conditions of the Renault engine operating at full load 

Speed (rpm) 2000 
Torque (Nm) 128 
BMEP (kPa) 912 
Fuel RON 95 

Fuel flow (gm/min) 32 
λ 1 
σ 15.0 
Pi /atm 1 
Ti /K 300 
n 1.323 

1.4.1.1 Dynamic Properties 

Parameters of the dynamic properties and the life function are presented by 
Table 1.8. 

Table 1.8. Parameters of dynamic properties and the life function for Renault en-
gine operating at full load 

θι 353 
θf 384 
απ 9.38 
χπ 1.29 

The characteristic features of the dynamic properties are displayed by 
Figs. 1.27-1.30 in terms of, respectively, the measured pressure profile, 
p(Θ), the work cycle in linear scales, p(v), the profile of the polytropic 
function, π (Θ), and the progress parameter of fuel consumption in the 
course of the dynamic stage, xπ(Θ), together with the analytic expression 
for the pressure profile based on the life function. 
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Fig. 1.27. Measured pressure profile of the Renault engine operating at full load 

 
Fig. 1.28. Work cycle in linear scales of the Renault engine operating at full load 
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Fig. 1.29. Profile of polytropic functions for the Renault engine operating at full 
load 

 
Fig. 1.30. Profiles of the measured pressure data in normalized form, P(Θ) ≡ p/pi, 
and the progress parameter of consumed fuel, xπ(Θ), (presented by circles) and the 
polytropic function expressed in terms of the life function (displayed by continu-
ous lines) for the dynamic stage in the Renault engine operating at full load 
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1.4.1.2 Thermodynamic Properties 

The thermodynamic parameters of the working substance are presented by 
Table 1.9. 

Table 1.9. Thermodynamic parameters of Renault engine operating at full load  

 p T v u h w M 
 

States atm K m3/g kJ/g  g/mol 
i 17.18 623 26.206 1.2294 -1.1838 0.0456  113.53 

F 
f 44.24 637 10.412 1.1868 -1.1401 0.0467  
i 17.18 623 98.328 0.0693 0.24046 0.1712  30.258 

R 
f 44.24 772 47.295 0.2092 0.42124 0.2120  
uv 141.65 2870 98.328 0.0693 0.9176 0.8483  28.131 
hp 17.18 2515 423.87 0.4975 0.2405 0.7380  28.330 P 
pT 17.18 623 104.01 2.7255 -2.5444 0.1811  28.606 

The coordinates of the thermodynamic states of the components are 
listed in Table 1.10. 

Table 1.10. State parameters of Renault engine operating at full load 

K CK uK0 qK 

A 2.7673 -0.3412 0 

F 38.7273 -2.995 2.654 

R 3.4281 -0.5176 0.1764 

P 5.1373 -4.2886 3.9474 

The state diagram of the exothermic process in the course of the dy-
namic stage is displayed by Fig. 1.31. 
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Fig. 1.31. State diagram of the exothermic process in the course of the dynamic 
stage for the Renault engine operating at full load 

Profiles of the normalized temperatures, iKK T/~ TT ≡ , and specific vol-
umes, iKK v/vv ≡ , are depicted by Fig. 1.32. 

 
Fig. 1.32. Profiles of normalized temperatures and specific volumes in the course 
of the dynamic stage in the Renault engine operating at full load 
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1.4.2 Part load 

The operating conditions and life function parameters of the Renault en-
gine run at part load are as follows.  

1.4.2.1 Dynamic Properties 

Table 1.11. Operating conditions and life function parameters of Renault engine 
run at part load  

Speed (rpm) 2000 
Torque (Nm) 9.83 
BMEP (kPa) 70 
Fuel RON 95 
Fuel flow (gm/min) 32 
λ 1 
σ 15.0 
Pi /atm 0.6 
Ti /K 300 
n 1.365 

α 14.2 
xπ χ 2.78 

 
Fig. 1.33. Work cycle of the Renault Engine operating at part load  

The work cycle of the Renault engine operating at part load is presented 
by Fig. 1.33.  The profile of the polytropic function for the dynamic stage 
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is displayed in Fig. 1.34, while profiles of the progress parameter 
)(Θπx and of the normalized pressure, P(Θ) ≡ p(Θ)/pi, represented by its 

measured data (marked by circles) and its analytic expressions (delineated 
by continuous lines), is depicted in Fig. 1.35. 

 
Fig. 1.34. Profile of the polytropic function for the dynamic stage in the Renault 
engine operating at part load  

 
Fig. 1.35. Profiles of the measured pressure data in normalized form, P(Θ) ≡ p / pi, 
and the polytropic function of the dynamic stage for the Renault engine operating 
at part load  
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1.4.2.2 Thermodynamic  Properties 

The thermodynamic state parameters of the exothermic process in the 
Renault engine operating at part load are specified in Table 1.12. 

Table 1.12. State parameters of the dynamic properties  of the Renault  engine op-
erating at part load (Gavillet et al. 1993) 

uo K States C 
kJ/g 

i 0.3459 A f 2.7857  
i 3.7857 F f 54.0000  
i 0.4364 R f 3.0192  

uv 4.4670 
hp 5.4725  P 
PT 4.2093 3.5230 

Profiles of the normalized temperature, iKK T/~ TT ≡ , and specific vol-
ume, iKK v/vv ≡ , are depicted in Fig. 1.36. 

 
Fig. 1.36. Profiles of normalized temperatures and specific volumes in the course 
of the dynamic stage for the Renault engine operated at part load  
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