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General Thermodynamic Analysis
for Engine Combustion Modeling

ABSTRACT

The energy and
an open control volume

entropy balance equations in
are treated analytically
by a method that can be applied to any level of
modeling (zero-dimensional, quasi-dimensional,
and multi-dimensional) of any internal combustion

engine (homogeneous—-charge, stratified-charge,
direct-injection, Diesel, adiabatic, ...). The
method involves no major assumptions and 1is,

therefore, compatible with any detailed model for
physical effects such as liquid fuel atomization

and vaporization, heat transfer within the
combustion chamber and through its walls, mass
transfer (convective and diffusive) within the
combustion chamber, with crevice regions, with
prechambers, and through the inlet and exhaust
ports, temperature, composition, and pressure
nonuniformities, and so on. The result is in the
form of differential equations for the

instantaneous mass fraction of burnt gas mixture
and for the entropy generated by irreversibility
within the chosen control volume, in terms of the
pressure and volume histories and appropriately

defined mean variables. The choice of control
volume may range from the entire combustion
chamber (zero-dimensional approach) to a single

mesh point in a numerical solution scheme of the
differential local balance equations of mass,
chemical species, energy and entropy, coupled
with some closure scheme to model diffusion,
viscosity, heat conduction and chemical kinetics

(multi-dimensional approach). Irrespective of
the level of detail of the chosen modeling
approach, the entropy balance equation provides

an interesting and useful, though very seldom
exploited, independent relation to check the
consistency of any set of additional modeling
assumptions or closure scheme with the second law

requirement of nonnegativity of the 1local and
global rate of entropy production by
irreversibility.
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1. INTRODUCTION

this paper is to present a
the thermodynamic analysis of

The purpose of
general method for

a combustible mixture contained in an open
control volume, With applications in engine
combustion modeling. The method is an extension

and Keck [1] for
combustion engines,
features of

of that discussed Dby Beretta
homogeneous charge internal
and has similar characteristic
generality, flexibility and immediate
applicability. Depending on the c¢hoice of the
control volume, it displays explicitly the local
or global dependence of the mass fraction burnt,
and the rate of entropy generation by
irreversibility, on the various pnysical effects
occurring locally or globally in an engine
combustion chamber.

By defining appropriate mean variables, the
energy and entropy balance equations are
manipulated analytically without making major
assumptions. Thus, any additional wmodeling
assumption concerning temperature and composition
distributions of the combustible two-phase
mixture, including all the approximations that
nave been considered in the literature [2-181],
may be incorporated with only minor
modifications, none of which 1s in the general
equations. The flexibility of the method is
obtained by an especially efficacious scheme used
to label different gas or liquid slements in the
chosen control volume at every instant in time.

For either modeling (zero-dimensional,
quasi-dimensional, or multi-dimensional) or
diagnostic purposes, the problem of interrelating
the instantaneous mass fraction of burnt gases
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4, With these capabilities the new model can
serve as an important link in advanced
analytical methodologies, addressing com-
plex thermally coupied issues such as the
performance of low heat rejection engines,
component temperatures, design of cooling
systems and lubrication.
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chamber pressure and volume
typical application of the
To this end, the latter

and the combustion
histories, 1is the
energy balance equation.
must be complemented by a set of modeling
assumptions to account for such effects as fuel
distribution after injection and vaporization,
wall heat transfer, mass exchange with crevice
volumes or through the boundaries of the chosen
control volume, nonuniform distributions in
temperature and composition, and so on.

The additional independent condition that
the rate of entropy production by irreversibility
must be nonnegative at every instant in time, is

an interesting, useful and seldom exploited
practical application of the entropy balance
equation. It provides an independent check for
the consistency of a given set of modeling
assumptions adopted as a closure scheme.

The paper is organized as follows.
Definitions and assumptions are discussed in
Section 2, the thermodynamic-state method of

description in Section 3, the energy and entropy
balance equations and the resulting differential
equations for the fraction of burnt gases and the
entropy generated by irreversibility in Section

4§, details of a possible multi-zone quasi-
dimensional application of the analysis in
Section 5, details of a multi-dimensional
modeling application in Section 6, and
conclusions in Section 7.
2. SYSTEM DEFINITION AND ASSUMPTIONS

The object of study 1s an open system
composed of a combustible mixture inside a
variable control volume. For example, the

control volume could coincide with the combustion
chamber of an internal combustion engine. Again,
for more detailed descriptions, it could coincide
with a subregion of the combustion chamber. As
combustion takes place, the mixture of reactants
is transformed into a gas mixture of products of
combustion (referred to as the "burnt mixture,"
subsecript b). The mixture of reactants is
composed of an unburnt gas mixture (subscript u)
and a liquid phase (subscript 2).

The first assumption of the present analysis
is to neglect the mass fraction of gases which
are at any instant of time in the process of
burning. This hypothesis is justified by the
fact that the principal exothermic reactions
involved in the combustion process are faster
than any other major rate process occurring in
the combustion chamber.

The second assumption is that the pressure p
is uniform throughout the chosen control volume.
As pressure waves travel at the speed of sound in
the mixture, local pressure nonuniformities last
a negligible time when compared to the
characteristic time of the other rate processes.
If pressure nonuniformities cannot be neglected
(strong permanent swirl inside ¢the combustion
chamber, oscillating pressure waves due to the
"knock™ phenomenon), the present analysis can
still be applied provided the combustion chamber
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The third assumption 1s that the burnt and
unburnt gas mixtures behave as Gibbs-Dalton
mixtures of ideal semi-perfect gases (i.e., with
temperature dependent specific heats). The
composition of both the unburnt and the burnt gas
mixtures will not be assumed to remain either
fixed or uniform, whereas the composition of the
liquid phase will be assumed to remain fixed at
all times. The assumption made in Reference 1 of
fixed unburnt gas mixture composition, which
restricted the applicability of that analysis to

homogeneous charge engines, has been dropped so
as to include effects such as charge
stratification and unburnt gas mixture
nonuniformities that are important in a broader
class of applications, e.g., stratified charge,
multichamber and Diesel engines, and are
essential for the application to multi-

dimensional models.

OQur last assumption is
inside the combustion chamber behaves as an
incompressible fluid so that specific volume,
energy and entropy depend on temperature only.

that the liquid fuel

3. THERMODYNAMIC STATE OF THE MIXTURE

To characterize
the mixture inside
instant in time t,
mass fraction of the
instantaneous mass fraction
the total instantaneous mass of the gas and
liquid elements in the control volume and p(t)
the instantaneous (locally) uniform pressure.

An important role is played in our analysis
by the method adopted to label and account for
gas or liquid elements that differ in temperature
and/or chemical composition. At each instant in

the thermodynamic state of
the control volume at every
let x(t) be the instantaneous
burnt gas mixture, f(t) the
of liquid fuel, m(t)

time, a continuous variable x' labels all the
elements in the control volume. Values of x!'
between 0 and x(t) correspond to gas elements

with a burnt composition. Values of x' between

x(t) and 1-f(t) correspond to gas elements with
an unburnt composition. Values of x' between
1-f(t) and 1 correspond to liquid fuel elements.

The fraction of total mass in the control volume
contributed by gas or 1liquid elements between x!'
and x'+dx' is dx'.

It is noteworthy that the labeling scheme
and the following analysis and results require no
assumptions regarding the spatial distribution of
burnt, unburnt and liquid fuel particles within
the control volume. Therefore, our results are

compatible with any measured, computed, or
assumed spatial distribution.

No assumptions are made regarding the
composition and temperature distributions of the
burnt and unburnt gas elements, and the
temperature distribution of the 1liquid fuel
elements. Thus, our results are compatible with
any measurement, computation, or assumption

regarding such distributions,
Sections 5 and 6.

as exemplified in



INSTANTANEQOUS VOLUME
The mean specific volume is

Vb(t) + Vu(t) + Vz(t)

- vit)

= = 1
v(t) TS (o) (1
where V represents the total volume (of the

chosen control volume). Denoting the specific

volumes by v, we have

_ x(t) 1-£(t)
v(t) = J vb(x',t)dx' + I vu(x',t)dx'
0 x(t)
1
+ J vz(x',t)dx' (2)
1-£(t)
We now define the following mean variables
_ 1 x(t)
- 1 dx!
Rb(t) ") JO Rb(x ,t)dx (3)
1 1-5(t)
R (t) = T T J R (x',£)dx’ (%)
u 1-£(t)-x(t) (1) u
1 1
Y, (8) = =— J v,(x',t)dx’ (5)
g f{t) 1-£(£) )
where Rb = R/Mb, Ru = R/Mu, Mb and Mu are the
molecular weights and R is the universal gas
constant. Let  o(T) = (1/v)(dv/dT) be the
coefficient of thermal expansion of the liquid

19).

and

fuel (ef., e.g., Reference Denoting by T

L0

v the

by 0

corresponding reference specific volume, we have

a reference temperature

_ v2 1 Tl(x',t)
v (t) = f(‘;) J [expj a(T)dTldx' . (6)
1-f(t) TQO
We now define
R(L) = x(tﬁ{b(t) + [1—r<t>-x(t>]§u<t) (7
5 x(t)
Ty (t) = ——— J R (x',£)T (x',t) dx'
x(£)R (£) 0 (8)
1-£(t)
1
T (t) = R (x',t)T (x',t)dx’
u e u u
[1—f(t)—x(t)]ﬂu(t) %(t) (9)
T 1 ) (10)
T (%) = =—— J T (x',t)dx’
% PO Jiop(ey b

2.96

x<t>'§b<t)'fb<t) + [1~f(t>—x(c>3§u<tﬁ‘u(t>

[

T (t) =
g [1=-r(t)IR(L) “n

[1—f(t>1§(t)7é(t) + f(t)p(t)?&(t)

T(t) (12)

i

R(L)

With the definitions above, Equation 1 becomes

_V(e) _ R(E)T(t)

v = = 1
vt = oy p(t) (13)
INSTANTANEOUS ENERGY
The mean specific energy is
+ + B
iy L ) B+ B (6) < E (1) i
m(t) m(t)
where E represents the total energy in the
chosen control volume. Denoting the specific
energy by e, we have
_ x(t) 1-£(t)
e(t) = [ eb(x',t)dx‘ + I eu(x',t)dx'
0 x(t)
1
+ J el(x',t)dx' (15)
1=£(t)
where
Tb(x',t)
o 1 - 1 - &+ | S 'T‘
vb(x , ) ebo(x , L) J cvb(T,x ,£)dT i
T, (16)
bo
Tu(x',t)
e (x',t) = e (x',t) + J c A(T,x',t)dT
U uo T va (7
uo
Tl(x',t)
o 1 = S T
Vl(x ,t) IR JT cQ(L)dT (18)
" L0
¢} and ¢ are the specific heats at constant
vu vb
volume of the gases, cl is the specific heat of
the liquid fuel and e__, e and e are the
bo uo 20
reference specific energies corresponding to the
reference temperatures Tbo’ Tuo and Tlo' The

choice of three different reference temperatures
can be useful in the calculation of the integrals

in Equations 16, 17 and 18. We note that oy and
Cou depend on T which 1is the variable of
integration, on x' because of differences in
chemical composition between elements, and on



time, whereas c depends only on T because all

L
liquid elements are assumed to have the same
composition which is independent of time.

We now define

_ 1 x(t)
ebo(t) = 30 Jo ebo(x',t)dx (19)
_ 1 1-£(%)
euo(t) = m Jv(t) euc(x',t)dx' (20)
eo(t) = x(t)ebo(t) + f(t)elo
+ [1-f(t)-x(t)]eu0(t) (21)
x(t) Tb(x',t)
J j c  (T,x',t)dTdx"'
vb
_ o} Tbo
cvb(t) = — (22)
x%)ﬁ“t)-TmJ
1-£(¢) Tu(X',t)
J J Cvu(T,X',t)deX’
_ x(t) Tio
cvu(t) = — (23)
[1-f(t)'x(t)][Tu(t) - Tuo]
1 Tl(x',t)
f j CQ(T)deX'
_ 1=£(8) Ty
cvl(t) = (24)

f(t)[TZ(t) - Tzo]

cv(t)[T(t)*TO]

[

x(t)cvb(t)[Tb(t)~TbO]

+

[1—f(t)-x(t)]cvu(t)ETu(t)—TuO]

+ I\t)cvl(t)[TZ(t)-Tio] (25)
where TO is another arbitrary reference
temperature. Equation 14 then becomes

e(t) = eo(t) + cv(t)[T(t) - TO] . (26)
INSTANTANEOQOUS ENTROPY
The mean specific entropy is
Sy - S 5P ST A (27)
m(t) m(t)
where S represents the total entropy in the

chosen control volume. Denoting the specific

entropy by s we have
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- x(t) 1-£(t)
s(t) = J sb(x‘,t)dx' + J su(x',t)dx'
0 x(t)
1
+ J sz(x',t)dx' (28)
1-£(t)
where
T.{x',t)
1 P 1 b 1 Q.I
sy (x',t) = s (x',t) + J cpb(T,x U7
T
bo
- R (x' p(t)
X ,t)ln—E—— (29)
o
T (x',t)
1 - ] u 1 —d_rz
su(x yt) = suo(x yb) o+ f cpu(T,x ,t)T
uo
- qu(x',t)ln%i)~ (30)
o
T, (x',t)
s, (x7,0) = 5, + J P e et (31)
T
20

po is an arbitrary reference pressure and cD

denotes the specific heat at constant pressure.
As already noted, the values of the specific
heats vary from element to element because of
differences in their chemical composition.
We now define
_ 1 x(t)
- 1 [
sbo(t) x(t) IO Sbo<X FE)dx (32)
a . 1-7(t)
D e ————— (ot & '
500 = T J L Stx ,t)dx (33)
X(u)
so(t) = x(t)sbo(t) + f(t)slo
+ [1—I(t)—x(t)]suo(t) (31)

x(t) Tb(x‘,t) 4t

J J e (Thx',t)zdx
- 0 Too ° .
e, () = — (35)

X(t)ln[Tb(°)/Tbo]

1-£(t) (T (x',%)

j J b cDu(T,x',t)%Idx'
_ x(t) Tuo : N
ODU u) = (36)

ET’f(t)—x(t)]ln[Tu(t)/TuO]



1 T, (x',t)
[ J % cl(T)%Idx'
B 1-£(8) 1T,
cpl(t) = — (37
f(t)ln[Tl(t)/Tm]
= T (t)
T ()1t - x(0)T, (£) 1n—o—
p T, pb Tro
_ 'fu(t)
+ [1=r(t)=x(t) Je_ (£)ln—m—
pu Tuo
_ T, (¢)
+ f(t)cpg(t)ln Tlo (38)

Equation 27 then becomes

S(6) =5 (1) + Ep(t)ln-'f-(—”— - §<n>u§-’é§l . (39

T
o) o)
Next, we define

pe,(t) = €0t = ey () (40)
Be, (L) = e, - e, (1) (41)
A's'go(t) = 5, (t) — 5, (%) (42)
b3, (t) = 5,0t = sy (43)

so that Equations 21 and 34 become

i

eo(t) euo(t) - x(t)Aego(t) + f(t)AelO(t) (44)

1

so(t) suo(t) + x(t)Asgo(t) f(t)Aszo(t) . (45)

The definitions in this section allow the
representation of the mixture in the control
volume by means of an equivalent "quasi-ideal
gas" at opressure p(t), temperature T(t) and
specific gas constant R(t). _In fact, the
equation of state p(t)V(t) = m(t)R(L)T(t} holds
by virtue of such definitions. However, the
artifice is only mathematical and no physical
significance should be attached to this
representation. It 1is in fact noteworthy that
the Mayer relation for ideal gases is not
E@tisﬁ}ed by the specific heats cD and cv since
c_ =~ c¢_ = R. y
p v

The "quasi-ideal gas" representation appears

to be convenient despite the presence of the

liquid phase. In fact, under Diesel operating
conditions, the effect of the liquid phase is not
dominating, so much that it is often assumed in
the 1literature that liquid fuel vaporizes
immediately after injection, i.e., with our
notation, that f(t) = 0 (cf., e.g., Reference
[13h.

The values of the thermophysical properties
can be found, for example, in References 19 and
21 to 24, These include properties of liquid and
gaseous fuels, air, combustion products and

correlations for these properties. Reference 25
describes a useful methodology to obtain
approximate relationships for combustion
products. It has been applied in the context of

the present approach in Reference 26.

In what follows, the dependence on t will be
dropped unless its explicit appearance 1is
required for clarity.

4, ENERGY AND ENTROPY BALANCE EQUATIONS

In this section the energy and entropy
balance equations are manipulated analytically in
terms of the quantities Jjust defined. Let the
control volume under study be open to a mass flux

m (positive if inward)
hm and mean specific entropy sm

of mean specific enthalpy
For example, in

zero-dimensional studies of a combustion chamber
of an internal combustion engine, depending on
the choice of the control volume, the mass influx
should take into account exchanges of mass
through the inlet and exhaust valves, with
prechambers and the crevice regions between
piston, piston-ring and cylinder wall (if not
included in the control volume), and due to
injected fuel entering the volume. Again, for
multi~dimensional models, the control volume may
correspond to a mesh point in a numerical
approximation scheme. Detailed expressions for
hm and sm in this case are given in Section 6.

The energy and entropy balance equations are

E = mhm - Qw - pV (46)
. Q .
W
S = msm -,I-.; + Sil"l" (47)

where é is the rate of heat loss through the

W

surface of the control volume, Tw is a properly

defined mean temperature of the surface of the

control volume (cf. Section 6), and éirr (always

non-negative by the second law of thermodynamics)
is the rate of entropy generation by
irreversibility inside the control volume.

To use the balance equations, the explicit

expressions of E and § are needed. From the
definitions of the last section, we obtain



. . .

= me + me (48)

S =ms + ms (49)
where e and s are given Dby Equations 26 and 39.
Taking the time derivative of Equations 13, 26

and 39, yields

T :
- = % *vYon Tz (50)
T R
e-s +o, I -1 (51)
mR T mR
s-5 +c L+ 12 -F2 - Rk (52)
PT P mEr P Po

the time derivatives of Eg and Eg are obtained by

taking the time derivative of Equations 44 and
45, Substituting into the energy and entropy
balance Equations 46 and 47 and solving for the

mass fraction burning rate x and the rate of

entropy generation by

)

irreversibility éir

r
yields
. oV E} E§+§'V T E; mRT
X = — __—['bp'*__ v":+:_——(1°' VO)]
mAe R : ¢] R o] P
8o v v
. Qw -0y hm_ uo+cho - Aelo“
A & . ]
mAego Aego Aego
Ae e . Ae
- x =824 (g M, fO (53)
Aego Aego Aego
‘é‘_ﬁ . . . - -
s, ~mo (22T Ry Ry, By, DV g
irr DT - D v = - - -
e : R ¢] o} ¢] mRT
p p p o]
- W - - A
+ mxAsgo + T; + m[xAsgo + (1’f)suo - fAsQo]
+ é[xagéo * 8,0 " Syt o (2l - )
mRTO
- Rind- - 45, ] (54)
po 20
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It is noteworthy that the time derivatives

of R, E;, Agéo and AE@O depend on the value of X.
Therefore, differential Equation 53 is not in its
normal form (a similar comment holds for
differential Equation 54). However, the terms in

which the time derivatives of R and E& appear are

generally of at least one order of magnitude
smaller than the leading pressure and volume
terms. It is also noteworthy that modeling
assumptions other than the standard assumptions
stated in Section 2 are required to evaluate Cv’

55, their time derivatives, and éw’ T,mh, s

W m m
as discussed in the example of Section 5.
As a consequence of the second law of

thermodynamics, é, must be nonnegative at every

irr
instant in time. This
useful independent check of the consistency of
any particular set of additional modeling
assumptions adopted to close the problem.

An alternative more useful analytical
rearrangement of the energy and entropy balance
equations is obtained by integrating Equations 46
and 47 from time t' to time t

requirement provides a

E-E'=H -Q -W (55)
8 -8' =8 -8 + S (56)
where
t .
H = [ mh_dt (57)
m £ m
t .
Q, = {. Q dt (58)
L.
W= pvdt (59)
tl
t .
S = [ ms dt (60)
m £
£Q,
S =/ ==t (61)
W T
L' v
t .
Asirr = ﬁ' Sippdt - (62)

Equation 55, combined with our definitions
in Section 3, can be solved for the instantaneous
mass fraction of burnt mixture, to yield

Qw + W - Hm + A(E) - A(E") + x(t9)B(t")

K - B(t) (63a)



where

[
vb == _ - -
A =-— [pV - m(1 f)RuTu mfpvl] + m(euo + fAelo)
R
b
+ m((1-f)c (T -T )+ fc (T, -~ T,)]
vuu uo L2 A L0 (63b)
— - - ﬁgz;b - =
B = m[Aego e Tio ~ CvuTuo + (1 ;ﬁ§—~)cvuTu].
b vu (63¢)
Similarly, Equation 56 yields
AS, =8 -8 + C(t) - c(t") (64a)
irr W m
where
RT pv
— '3
¢ = mxc_, 1nl L € I
' "y Tho BoToo  RbTho
+ m(suo + xAsgo - fAle - cpbxlnx)
- EL — T&
- 1 + 1
+ m(1-f x)cpu-nf—— mfcpl-n?——
uo L0
- mlx®_+ (1-f-x)R JinE— . (64b)
b u~"p
o
We see that when f goes to zero and the

uniform fixed composition
are constant in time),

=3

unburnt mixture has

(i.e., e and s
uo uo

Equations 63 and 64 reduce to Equations U42 and 44
of Reference 1.

5. MULTI-ZONE QUASI-DIMENSIONAL APPLICATION:
MASS FRACTION BURNT FROM PRESSURE MEASUREMENTS

The results of Section % hold for any
distribution of temperature and composition
within the burnt and unburnt mixtures. Moreover,

even the definition of the mixtures 1is relatively
unspecified. For example, we are free to
consider the case of 1liquid fuel injection or of
premixed gaseous fuel and air, to include the
residual burnt gases in either the burnt or the
unburnt mixture, or even to distribute them among
the two, according to some modeling scheme.

As an application of the analysis, we will
consider the problem of estimating from
measurements of pressure and volume history, the
mass fraction of burnt gases as a function of
time in a Diesel combustion <chamber with no
residual burnt fraction (a similar application
for the case of homogeneous-charge spark—-
ignition engine is discussed in Reference 1).

2.100

We let the control volume coincide with the
walls of the combustion chamber and assume that
it can be subdivided into several zones within
which temperature and composition are uniform.
Thus, the integrals [dx' will transform into
weighted summations, the weights being the mass
fractions of the different zones. We assume the
following subdivision.

Burnt Mixture (2 zones):

a. Fresh charge burnt, at a core temperature

o s s
T,, composition of equilibrium at T? and p,
b o b
fraction of total mass xb.

b. Fresh charge burnt, at crevice

! ‘o .
temperature T, frozen composition corresponding

TC

to equilibrium at and pj, fraction of total

mass XC
b

Unburnt Mixture (N+2 zones):

o)

¢. Liquid fuel at temperature Tl’ specific
volume vz, fraction of total mass f.
d. N gaseous zones with increasing fuel

concentrations, each with uniform composition and
temperature. For the i-th zone, the gaseous fuel
concentration will be denoted by Ci, the uniform

temperature by Ti and the mass fraction by xi.

e. Fresh charge unburnt, at crevice
c . . o c
temperature Tu, fraction of total mass Xu' The

fuel concentration in this =zone is assumed to be

equal to (Eixici)/(iixi).

We have
o] c .
L (65)
¢}
1 f-x= Eixi MR (66)
Moreover, the definitions of the mean variables
given in Section 3 become
0.0 . _.C .C
7.59% " % (67)
b Xo . Xc
b b
V.x. R- + x°g°
F - i1y u - u (68)
“u c
X, ot X
i7i u
xo RO TO + xc R? Tc
= b b b b b b
Tb = (69)
LR . < Rc
b b b b



S L BT g ROTY
Tu b i c ,C (70)
Y.x. R- + x R
i1 u uu
= .m0 - 0
Tl = Tl and Ve = Vg (71)
xo el 4 xc e
= - b "bo b "bo (72)
bo Xo + Xc
b b
I, oo+ x5 el
- _ %171 Two u_uo
€0 = . (73)
Z.x. + X
i%i u
o) Tg o ¢} Tg c
Xy J CVD(T)dT Ay J cvb(T)dT
T T
- bo bo
Cop = 5 P (74)
g+ % W, = Ty )
Ti i 6] TE ¢]
Eixi J ey (1T + x J e, (T)dT
- Tuo Tuo
vu - Tx. +x)»T -1 ) 7
ivi u u uo
g
J ¢, (T)dT
A
- Tlo
c. ., = (76)
v ° -7
L Ko}
As a possible iterative step by step
solution scheme, we consider the following. We

first define the set o of variables

_ e LC ¢ .C C .0 0O . i nC oC,
g-_ e {Xb’Rb’TD’Ty’py’Tl’vl’ f,xi,RU,Ti’RU,TU’m’QW} .
To close the problem, enough additional
independent meodels are néeded so that é can be
evaluated whenever the values of all the
variables of the problem (not only those in a)

are known. The problem of estimating the liquid
fuel fraction f and the rate of 1liquid fuel
vaporization is discussed, e.g., in References 20

and 27 to 31. The heat loss éw to the combustion

chamber walls can be estimated using the
correlation proposed by Woschni [32] or by more
sophisticated methods (cf., e.g., Keck [331).
Assuming that enough such models are
available, a step by step solution scheme
starting from an instant in time, t, at which all
the variables of the problem have known values
(and x = 0), would be to first evaluate a(t+dt)

a(t) + a(t)dt and then use Equation 53 to find a
first estimate of x(t+dt), namely, x(t+dt) x(t)
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+ x(t)dt. With these estimates at time t+dt, we
would estimate the following variables (the
sequence in which equations are used 1is
important): xg and xﬁ (Equations 65 and 66), ﬁb

and ﬁu (Equations 67 and 68), Tu (Equation 70),

Tg (Equations 11 to 13, using the instantaneous

measured values of p and V), Tg (Equation 69) and
®oo’ Buo’ Svo
With these estimates we can finally use Equation
63 to find an improved estimate for x(t+dt). The
sequence above could then be repeated to refine
the estimate. Before proceeding to the next step
in time, we must use the data at times t and t+dt
to estimate the values of ¢ , R, e , Ae__ and
v uo go

subsequent

v Sy and g (Equations 72 to 76).

their time derivatives for use in

Equation 53.

When X the estimate of TO

b
to 13 is
with an

0 or x <1,

of Equations 11
be substituted
o
b
flame temperature corresponding
temperature and composition.

through the direct use
critical and could

estimate based on setting T approximately equal

to the adiabatic
to a mean unburnt

n

i

It is noteworthy that the value of enters the

final Equation 63 only through the value of Evb

given by Equation T4.

6. MULTI-DIMENSIONAL MODELING APPLICATION

As repeatedly stated, our thermodynamic
analysis, method and results are zpplicable not
only to zero-dimensional or quasi-dimensional

engine combustion models but to multi-dimensional
models as well [34-35]. In this section, we give

explicit expressions for hm and (ef. Section

4y for a control volume represented, for example,
by mesh point in a numerical solution scheme of
the general differential equations expressing the
local balances of mass, chemical species,
momentum, energy and entropy. >

Using the notation in Reference
instantaneous local balance equations are

g

a

34, the

ap/3t + Ve(pu) = 0 (77)
3(pY,) /3t + VelpY (utu )] = w, (78)
i - 1 -1 1
apu)/at + V-(puu) + ¥p + V.o = 0 (79)
2 - 2
d(pe+pu~/2)/3t + Ve[(perpu /2)u + pu + u+gl
. + {-2AYT) =

+ 1,%-(p¥Y nu) + To(-ATT) = 0 (80)
3(s)/3t + Ve(psu) + ] ¥-(p¥;s.u,)

+ Ve[-(AUT)/T] = s, 20 (81)



Equation 80, combined with Equations 77 and 79,
may be rearranged to yield

8(pe)/dt + Ve(phu) + ) Ve(pY¥;h,u,) - u-¥p

= &+ Ve(=2AVT) = O (82)

In Equations 77 to 82, p 1is the local bulk
density, u 1is the local bulk velocity vector,

Yi is the local mass fraction of species i
(2,¥; = 1), u; is the local diffusion velocity
vector of species 1 superimposed to the bulk

velocity u (ziYigi = 0), W, is the local chemical
rate of production of mass of species i per unit
volume (Eiwi = 0), p is the local static

pressure, ¢ is the deviatoric or viscosity shear

tensor including second viscosity, e is the local

bulk specific internal energy (e = ZiYiei), e
is the local specifiec internal energy of species
i, h 1is the local bulk specific enthalpy
(h = Zixihi, h=e+p/p), h; is the local
specific enthalpy of species i (hi = e + p/pYi),
s is the local bulk specific entropy
(s = ZiYisi), s, is the specific entropy of

species i, T is the local bulk temperature, i is

the local Fourier bulk conductivity, and éipr is
entropy production by
volume. The term
is the rate of

the local rate of
irreversibility per unit
$ = us(Veg) = Velueg) = - 0,.u, .

- - = - T = 13 1,)
internal energy generation by viscous dissipation

per unit volume. The condition that é‘rr 20 in
4

Equation 81 is required by the second law of
thermodynamics.

Equation 81 is very seldom considered in
the fluid mechanics literature. Tt 1is
independent of the other equations and should be
used to calculate éirr' The nonnegativity
requirement yields an independent consistency
check on the additional modeling equations used
to close the problem, and on the numerical
results.

For a general control volume (including,
e,g., that represented by a mesh point in a

numerical solution scheme) with volume V, surface

area A, surface outward normal versor n, and
surface outward velocity a, the following
identifications establish the link with our
analysis in Sections 3 and 4.
m = fvpdV (83)
E = fvpedv (84)
S = fvpst (85)

Q = -S,MTTnda = = 9 (AIT)aV (86)

W
v = fyarndA (87)
Sirr = IVSirrdv (88)
IAXYT-gdA
Tw = - (89)
S, (1/T)ATT -ndA

pr(g‘g)-gdA
p = —————— (90)
fy(u-a)-ndA

m= - pr(g—g)'QdA (91)

Jypnu-a)ndA + ZiIApYinigi-gdA

Jyp(u-2)-ndd

f,o¥+udV - pf VeudV - [ &dV
- L ! (92)
pr(g“é)'QdA

—-a)e + Y .
fyps(u-a)-ndA ZiIAp‘isigi ndA

s = - (93)
Jpp(u-2)-ndA

The second term in the right hand side of
Equation 92 represents the contributions of
pressure nonuniformities within the control
volume and of internal energy generation by
viscous dissipation. As discussed in Section 2,
the condition of pressure uniformity 1is a
criterion for the selection of the control

volume. Within a single mesh point in a
numerical computation, both such contributions
may be calculated, but it 1is anticipated that

their magnitude is negligible with respect to the
convective and diffusion contributions to the
value of hm'

411 our expressicns in Section 3 are still
valid even for a control volume represented by a
single mesh point, and can ©be very useful in
interpreting and structuring the numerical model
and solution scheme. For example, if the mesh
point is assumed to have only two internal zones,
e.g., the gas mixture and the liquid fuel, and
each zone is represented by a single temperature,
then our analysis in Section 3 shows that the two
temperatures are Tg (Equation 11) for the gas

T

mixture and . (Equation 10) for the liquid fuel.

Our general analysis suggests that the
readability of numerical simulations could be
improved by appropriately defined multi-zone
internal structure of each mesh point. For

example, displaying the numerical results in

2102



terms of the mesh-point mean gas temperature Tg

is not directly
the mesh-point composition Yi

interpretable, especially where
is very different

from the equilibrium composition corresponding to
the mesh-point value of Tg. Indeed, to the

extent that our first assumption in Section 2 is
valid, this would be a clear indication that the
internal structure of the mesh point has at least
two zones, with different compositions and
temperatures.

Thus, an improved numerical scheme based on
at least three =zones (i.e., burnt gas mixture,
unburnt gas mixture, and liquid fuel) within each
mesh point, could display the results more
readably in terms of the mesh-point mass fraction
x of burnt gases. To this end, a simplified
version of our multi-zone example in Section 5
could be wused within each mesh point. The
results of such an improved multi-dimensional
numerical simulation could be more readily
compared with detailed analyses of experimental
results on the structure of turbulent flames
(like, e.g., the analysis in Reference 36).

7. CONCLUSIONS
We presented a general analytical treatment

of the energy and entropy balance equations in an
arbitrary control volume. The results can be

applied to any kind of typical internal
combustion engine (homogeneous—charge,
stratified-charge, direct-injection, Diesel,
adiabatie, ...) and any level of combustion
modeling detail (zero-dimensional, quasi-~

dimensional, and multi-dimensional). The general
treatment involves no major assumptions and is
valid for arbitrary distributions of temperature
and composition within the burnt and unburnt
mixtures.

The equations presented here may also be
useful to estimate the relative importance of the
different physical effects occurring during the
combustion process (such as combustion,
compression and expansion, heat losses, mass
losses, temperature dependence of the specific
heats, liquid fuel injection and vaporization,
crevice volumes, ...).

Equations 54 and 64 give explicitly the
entropy generation by irreversibility inside the
control volume. These equations are important
tools for any internal combustion engine
analysis, whether it be for modeling or
diagnostic purposes.

The second-law nonnegativity requirement on
the local and global rate of entropy production
by irreversibility constitutes an important,
seldom exploited, independent check of the
consistency of any set of additional modeling
assumptions selected to close the problem.
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