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Abstract: The paper presents a Direct Method Approach in estimating the
performances of the irreversible Diesel cycle with finite speed. The
irreversibilities generated by the finite speed of the processes, throttling and
friction were taken into account. The efficiency and the power output of the
Diesel cycle were compared for several working gases, while studying the
influence of the piston speed and volume increase ratio at combustion.
Optimum values, as well as limit values of these variables resulted.
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1. Introduction

Equilibrium processes can be studied
using the Classical Reversible
Thermodynamics. However, the
equilibrium conditions restrain the study to
the reversible approach, which means to
processes that occur either in infinite time,
or with the speed tending to zero.

In reality, thermal processes are
developing in finite time [1-3] or very fast,
their speed (w) determining the gap
between reversible and real irreversible
processes [4-16].

The objective of this paper is to study the
performances (Efficiency and Power) of
the Irreversible Diesel Cycle, in the
framework of the Irreversible
Thermodynamics with Finite Speed. The
ireversibility factors taken into account
were:

- The Finite Speed of the Piston (FSIT)
during compression and expansion strokes;
- The Mechanical Friction between the
piston and the cylinder, generating piston
friction pressure losses (PFPL) all around
the cycle;

- The Fluid Friction due to Throttling of

the Gases during intake and exhaust
strokes, generating throttling pressure
losses (THPL).

2. Irreversible Processes Approach by
the Direct Method in
Thermodynamics with Finite Speed

Several models for determining the
mathematical expression of the
Irreversible Mechanical Work in Finite
Speed Processes were developed, starting
with the kinetic-molecular explanation
model introduced by W. Macke [17] and
A. Sommerfeld [18], and also using the
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Linear Irreversible
Thermodynamics

Onsager-Prigogine
Phenomenological
(LIPT) [19,20].

a) S. Petrescu and L. Stoicescu [9,11]
have got the first expression of the
pressure on a moving piston (p,) with finite
speed (w):

2
aw bw
ppzpm,i[li_-i-_zi“] (1)
c c
where:
DPmi - the instantaneous mean pressure in
the gas;

a and b - coefficients, a =2, b=5;
c = ./3RT

m,i
the molecules computed at
instantaneous mean temperature, T, ;.

The sign (+) is for compression and the
sign (-) is for expansion processes. R is the
constant of the gas.

By substituting equation (1) in the
expression of the elementary work (p,-dV)
the following relationship for irreversible
finite speed work has been obtained:

m/s] - the average speed of
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Equation (2) was the first mathematical
expression obtained for Irreversible Work
in Processes with Finite Speed, for simple
closed systems (piston machines - like
internal combustion engines and piston
COMpressors).

b) The Advanced Kinetic-Molecular
Model [9,11,21] based on the Maxwell-
Boltzmann distribution of the molecules
speed and the finite relaxation time in the
system, led to the expression:
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This was the second mathematical
expression for the Irreversible Work in
Processes with Finite Speed

¢) The Phenomenological Model of the
interaction between piston and gas [9, 19,
20, 22] based on the hypothesis of pressure
wave propagation and their relaxation
generated by the Finite Speed of the piston
and the speed of the sound in the gas
[12,23], led to:
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where: a=,/3Y and y is the specific heat

ratio.

Equation (4) can also be written as a
function of the speed of sound,

cs=4/YRT,, , instead of the average speed
of the molecules, c, leading to:

W, = p, i{liv(lHdV
, .

d) The Onsager-Prigogine [19,20] Linear
Irreversible Phenomenological Thermo-
dynamics (LIPT) model [15], applied to
finite speed interactions between the gas
and piston, led to the expression [9,10]:

®)

SW/[”, = pm,i (liKl W)dV (6)

Here K, is a constant (called the
Phenomenological Coefficient) depending
on the properties of the gas and the
instantaneous mean temperature of the
gas, T,. Comparing equation (6) with
equation (2), K; can be expresses as a
function of R and 7, ;:
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By consequence, when the expression of
the irreversible mechanical work eq. (2) is
replaced in the First Law of
Thermodynamics (dU =8Q—-98W,, ), the
obtained mathematical expression becomes
a combination of the First and Second
Laws of Thermodynamics for Finite Speed
Processes in closed systems [9-12]:

2
dU=8Q—pm,i(liﬂ}+b—M;i...J~dV (8)
C C

In this expression (8) there are different
signs for compression (+) and expansion
(-) as a consequence of the primarily cause
of irreversibility in the processes with
finite speed.

e) The other two causes of irrevesibilities
(friction and throttling), as manifestations
of the Second law of Thermodynamics in
real irreversible processes, specific to
piston machines, were similarly expressed
in a Generalized Equation for Irreversible
Work [12,13]:
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with Apy, - the pressure drop due to gas
throttling at intake and exhaust

Apy - the effect of mechanical friction
between piston and cylinder walls.

With equation (9) introduced in the First
Law we get a General Equation for
Irreversible Processes in closed systems
generated by Finite Speed, Friction and
Throttling:

dU=8Q—pmi[lir—aW+b—Ap’h J_rf—Apr~dV
’ c 2p P
(10)

where f is the fraction of heat generated by
friction that remains in the working gas.

The last mathematical expression
combines the First and Second Laws of
Thermodynamics. It contains the main 3
causes of internal irreversibility (Finite
Speed, Friction and Throttling) for any
piston-cylinder real machine [12,13]. So,
we call equation (10) The Fundamental
Equation of Thermodynamics with Finite
Speed.

3. Irreversible Processes Approach by
Finite Speed Thermodynamics

To study the finite speed process, both
kinds of pressure are necessary (instead of
one for the classical reversible process).

Pressure

Volume

Fig. 1. Irreversible Work at Compression

Pressure

Volume

Fig. 2. Irreversible Work at Expansion
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Their evolution during compression and
expansion are described in p-V coordinates
by the curves [19,20] shown in Figure 1
and 2.

During compression, the pressure on the
piston will be higher than the pressure at
any other point in the system (reaching its
minimum on the cylinder head). During
expansion, the opposite happens, namely
the pressure on the piston will be less than
in any other point of the system (reaching
its maximum on the cylinder head).

In the irreversible thermodynamics, the
process work is equal with the area under
the pressure on the piston (p,) curve, in
p-V diagram.

4. Adiabatic Processes with Finite Speed

The equations of the irreversible
adiabatic (6Q=0) finite speed compression
(+) and expansion (-) processes were

obtained  [5,9,14-16] by  analytical
integration of equation (8):
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With these equations the Direct Method
is used in order to obtain the performances
(Efficiency and Power) of Diesel
irreversible cycle with Finite Speed.

5. Work Loss due to FSIT

The work loss due to FSIT is given by
the difference between the work for the
reversible cycle (W, ,) and that for the
irreversible one (Wycre ir):

W/C‘\'Cl,il"l" [J] (14)

W/C)'Cle, loss, FSIT cycler -

6. Work Loss due to the Throttling

Throttling occurs when a fluid passes
through small orifices like valves. The
corresponding loss of pressure during
intake and exhaust reduces the actual cycle
work. The total throttling pressure loss per
cycle is estimated from [13]:

w
100- St

2
ApTHPL, cycle = 0.45- ( J [bar] (15)
where St is the piston stroke.
The irreversible work loss due to throttling
is determined multiplying equation (15) by
the displacement volume (Vs):

WTHPL, cycle — Ap THPL cycle * Vs [J] (16)

7. Work Loss due to the Friction

The friction generated heat during the
relative motion of the piston inside the
cylinder is another important source of
irreversibility. It increases gas temperature
and pressure, as compared to the reversible
process. The total friction pressure loss per
cycle is estimated from [23]:

APprpr. eyete =(0.97+0.045-w) [bar] (17)

which multiplied by the displacement
volume (Vs), gives the irreversible friction
work loss:

WPFPL, cycle — ApPFPL, cycle Vs ] (18)
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8. Cycle Efficiency

The Diesel cycle efficiencies could be
determined taking into account, step by
step, different kinds of irreversibilities.
The following relations have been used:

- Reversible Cycle Efficiency (no
irreversibility)
1] _ ‘/chcle, r (19)
r Qi
- FSIT Irreversible Cycle
Efficiency
‘/chcle, irr
Nirr, 1T = 0 (20)
- FSIT & THPL [Irreversible Cycle
Efficiency
W]C cle, irr _‘/‘]L‘ icle, loss, THPL
Nirr, FsirarrpL = : : (21)
o,
- Actual Irreversible Cycle (FSIT &
THPL & PFPL) Efficiency:
cycle, irr, ac
Mo, psir = ) ’ (22)

where the Irreversible Cycle Effective
Work is:

W,

cycle, irr, act —

_‘/chcle, loss, THPL _‘/chcle, loss, PFPL [J ] (2 3)

W,

cycle, r _‘/chcle, loss, FSIT —

9. Results and Conclusions

In this work the engine is considered as
adiabatically insulated, in accordance with
the conditions offered by the ceramic
engine, a high efficiency energetic solution
under intensive research at present.
Using the equations for irreversibile
processes previously deduced within the

framework of the Finite Speed
Thermodynamics, the processes
composing the Diesel cycle are covered
successively, determining the work (W)
and the heat exchange (Q) for each one,
finally getting to the performances: the

Efficiency () and the produced Power (P).
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Fig. 3. Power versus volume increase ratio
at combustion, for air, at different mean
piston speeds
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Fig.4. Efficiency versus volume increase
ratio at combustion, at different mean
piston speeds (air).

Figures 3 and 4 are showing the
influence of the volume increase ratio at
combustion (1) on the power output and,
respectively, on the efficiency of the
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irreversible Diesel cycle, taking into
account the work loss due to the finite
speed of the piston alone.

While the power grows with the volume
increase ratio (1), the influence of the mean
piston speed is opposite (see Figure 3).

The efficiency (1) - volume increase
ratio (4) curve (Figure 4) has a different
shape: for the studied piston speeds > 0, it
shows a maximum point, with a sudden
decrease towards lower values of 4.

Another important observation is that
there is a certain value of 4 under which

decreasing, as well as the value of the
corresponding optimum speed.

This diagram (Figure 6) reveals also that
there is a higher limit corresponding to the
maximum affordable speed over which the
engine couldn’t cover anymore the work
loss due to irreversibility.

A similar influence of the piston speed
on the power and the efficiency of the
Diesel engine have been obtained for He,
CO, and H; (see Figures 7 and 8).

the produced work cannot cover the 0.8
irreversibility losses (A, = 1.3 for air at 0.7
w = 30 m/s, for instance).
Taking into account step by step, 06 /’ E\S\“\\;\‘\ebgta
different kinds of irreversibility (Figure 5), E 0.5
the maximum of the efficiency migrates £ 04 / ] e
towards higher values of A, as well as the 2 d /
“extinction” point (4,;,). = 03 / —— Reversible process
In the irreversible approach, the power- 0.2 -5— Speed influence
piston speed curve (Figure 6) is a parabola, 01 —&— Speed and friction influence |
too. By consequence, the same power can ] > Speed, friction and throttlin
be reached at 2 different piston speeds ‘ ‘ ‘ ‘
. . : . 1 2 3 4 5
(with lower efficiency at the higher piston Volume increase ratio at combustion, .
speed).
Taking into account progressively Fig. 5. Efficiency versus volume increase

different kinds of irreversibility (Figure 6),
the maximum of the power curve, is

ratio at combustion for air at w = 20 m/s
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Fig. 6. Piston speeds’ influence on power & efficiency of a Diesel (air, A = 1.8)
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Fig. 7. Power output versus mean piston
speed for different working gases (all
three irreversibility causes)
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Fig. 8. Efficiency versus mean piston speed
for different working gases (all three
irreversibility causes)

The same behavior has been observed at
different values of 4 = 1.1+ 4.

For the same /, each working gas has its
own optimum speed, corresponding to the
maximum of the power output (Figure 7),
as well as a maximum (unsurpassable)
working speed.

This kind of analysis gives to the
designer the means to improve the engine
performances by insisting on the reduction
of its most significant work losses. It
opens, also, the way towards sensitivity
studies revealing the influence of different

parameters (temperatures, speed,
compression ratio, dimensions, etc.) on the
engine performances and giving the
opportunity for optimizing the working
cycle with respect to these parameters [1-
16]. It has also the “power” to compute the
Internal Source of Entropy and correlate it
with the Performance Parameters of the
Cycle.
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