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Abstract. This paper introduces a general computational model for compression ignition engines (ICE) fueled by diesel,
biodiesel and/or natural gas. A simplified mathematical model for the transient and steady state operation, which
combines principles of classical thermodynamics and heat transfer, was developed for the working space of the engine
(engine cylinder) in order to provide quick responses during system design. The model is based on geometric and
operating parameters (e.g., rpm, piston and cylinder diameter, stroke, engine operating temperature, engine
compression ratio, air-to-fuel ratio), and is capable of calculating the engine mean indicated pressure, indicated power
and indicated torque with respect to crank speed. Friction losses are quantified based on existing empirical
correlations for ICE engines with direct injection of fuel, so that engine net power and torque are also assessed. The
model was adjusted and validated by direct comparison of the obtained results with previously published experimental
data and characteristic curves in engine catalogs. The obtained numerical results demonstrate that the model is
expected to be an important and simple tool for design, control and optimization of ICE engines driven by diesel,
biodiesel and natural gas fuel mixtures, combining accuracy with low computational time.
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1. INTRODUCTION

Today there is a global search for bettert use of energy sources, like the cogeneration and trigeneration energy
systems, including that based in diesel engines. In Abusoglu et al. (2006), Katri et al. (2010) and Temir at al. (2004), it
may be felt this trend. In the other hand, in Bueno et al. (2011), Jimenez et al. (2012), Lebedevas et al. (2011) and
Papagiannakis et al. (2010), there is much interest in new and alternative sources of energy in combustion machine
prime movers, where diesel engines are included and in this context the biodiesel and natural gas are inside the most
promising alternatives, There is too, research/development of componentes, like combustion chambers, or fuel injectors,
to became the traditional diesel engines, more efficient, through the developement of new models, what can be seen in
Gogoi et al. (2010), Giakomis et al. (2007) and Rakopoulos et al. (2004). Accoding to that references it is some
characteristics may be cited:

« The models developed for upgrade in the project and design of traditional diesel engines, are complex, not
easily handled, requiring complex aparatus and high computional time;

* There is a low number of computacional programs that shows the four strokes of diesel engines, including the
combustion, in a easy form but full with low consumption of computacional time and giving satisfactory
precision responses, and

* There is a low number of computacional programs for alternative fuels that spents low computacional time.

Keeping in mind the items above, this paper proposes a simplified mathematical model for diesel engines, wich
considers the transient operational conditions of the engine, using diesel, biodiesel and natural gas as alternative fuels.
In adittion, the model permits parametric analysis to be made, such as valve diameter or connecting rod length variation.
1. THEORY
2.1. Introdution

The working space for modeling is formed by the head of the piston and the head and walls of the cylinder.

The model was developed with the following assumptions: the gas moisture inside the cylinder, in all the engine

cycles, is formed of ideal gases; the pressure and temperature inside the cylinder is considered levelized in al the
working space; inercial forces of gases or engine parts, as well potential and kinetic energies, is not considered; the
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pressure, temperature and elevation from sea level, are as follpwst01,300.00 N fi(po = Pam), To = 298.15 K
and z = 0, where“0” refers to standard conditiopgs is atmospheric pressure anis the elevation from sea level.

Figure 1 below, decpits the working space:

Fuel injector
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Figure 1. Working space, in the “in cylinder” approach
AV — admission valveBDC — bottom dead cente€S — crankshaft diameter, [nEV — exhaust valveH., —
cylinder height, [m];p.,; — gas moisture pressure, [N?mROD - connecting-rod length, [mPy — piston diameter,
[m]; Tey — gas moisture temperature, [K];— crankshaft angle, [rad],DC — top dead centek/, — cylinder volume,
[m?]; V4— displaced cylinder volume, fin
2.2. Mathematical equations

The height of the piston, relative to the top of the cylinder and the instantaneous volume of the cylinder:

H., = ROD+ CS( 1-cos(d) )-ROD? - (CS) sin*(6) @)

v, = [ MR @

2.2.1. Admission and exaustion strokes

The mass flow rate to or from the cylinder:

fTAir = Cd Anin \/210ajr ( Patm - pcyl ) (3)

Anin— valve area [f); Cy— discharge coefficientin,, — air flow rate, [kg S]; p.i, — air density, [kg ff].

The integration of Eqg. (1) in time, gives the mass ofraiy ), trapped in cylinder. The mass of fuel injected:

m,
m. = air 4
‘T AFR (4)

AFR- air to fuel ratiomy, —mass of air trapped in the cylinder, [kg} — mass of fuel injected, [kg].

The total mass of gas moisture inside the cylinder:
mgm = mf + mair (5)

m,,, — total gas moisture mass inside the cylinder, [kg].
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The instantaneous pressure inside the cylinder:
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(6)

(7)

®)

R,m— universal constant of gas moisture inside the cgtinfl kgt K™ cji(Tcy,)— gas specific heat at constant
pressure or volume, [J RgK™]; ngm(Tcyl)_ gas moisture specific heat at constant pressure or volume® K fgM; —

molecular mass of gas component, [kg Mol — molar fraction of gas component, [%].

The mass of fuel injected is considered in the present stroke and the energy released by combustion, in next item.
Applying the conservation of the energy in the working space the instantaneous temperature attained is:

. dv, ) ; .
dTyI Qp ) pcyl dtyl + nn m+ Q’q‘n rgirvin - Q.air -Ir—:yl mair -CV.f
== 9)
dt gair rT!ir + q:Vf mf
h,, ¢, —air and fuel enthalpy in the engine cylinder, [Jlkg
Qp — Heat transfer from or to the engine cylinder walls, [W]
The enthalpies of the air and fuel:
h:\ir (Tcyl ): Cpair (Tcyl) (10)
hy (Tcyl )= Cp, (Tcyl) (11)
Cy., :Cp, —air and fuel specific heats at constant pressure; KKy h,.(T.), h (T,) —air and fuel enthalpies,
[J kg* K™].

2.2.2. Heat transfer from or to cylinder walls

The heat transfer from or to the cylinder walls, is attained using Dittus and Boelter correlation, in the equation’s set:

Qp = '(Qconv + Qrad )
Qonv = I’l:onv A:il (Tcyl _TW)

K

= 0023(Re} °(Pr)"*—==

Ron = 0023(Ref*(Pr) P
S,P
(Re),, = ——
gas
5 - (CS)N

P 60

4182

12)

(13)

(14)

(15)

(16)



ISSN 2176-5480

Graciano, V.; Vargas, J. V. C.
Modeling of diesel engines

2
TT.P, (17)

A\:yl = (H cyl )”Pd +

Qrad =&y A:il g (Tc;‘/l - Tw4 ) (18)

A, — cylinder heat transfer area, Imh,, — convection heat transfer coefficient, [W?rK"]; N — crankshaft

conv

rotations per minute, [rpmPr — Prandtl number of gas moistw(eRe)Pd — piston diameter Reynolds numbé@’wm, ,

Qra ,Qp — cylinder walls heat transfer by convection, radiation and total, SQ/—]— mean piston speed, [rif]sT,, —
wall cylinder temperature, [K];¢,— cylinder walls emissivity, [%];«,,— gas moisture thermal conductivity,

[W m™* KY; v, gas moisture cinematic viscosity, {8t ]; o — Stefan-Boltzmann constant, [WH].

2.2.3. Compression and expansion strokes.

In the compression and expansion strokes, the pressure may be attained using Eq. (6) up to (8). The instantaneous
temperature is attained applying the conservation of energy principle and the resulting equation is:
dT,

. dw,
e Tw

dt m_.c

mg ~Vmg

(19)

W, — piston engine work, [J].
2.2.4. Combustion

The combustion reaction, considering the existence of diesel, biodiesel and natural gas in the fuel mixture, is as
follows:

YCH®( -1 y)(3C H+( 1 )xCH+A (ap+ 376N) - bCQ+ cH O+ 3764aN, + (1 - 1)a0, (20)

J, & ¢ — respectively, carbon, oxygen and hydrogen number of atoms in the biodiesel meleg€ulesarbon and
hydrogen number of atoms in the diesel molecugb, c— stoichiometric coeficients in the combustion reaction, [%];
X, y— percentual of diesel and biodiesel in fuel mixture, [%0].

__AFR

~ AFR, (21)

AFR,,, AFR — air to fuel ratios, stoichiometric and real:- the inverse of equivalence ratio.
The heat released in the combustion in molar basis, is the diference in the entalpies of products and reagents:

6<:omb = Hprod b ﬁreag (22)

Q..my— Combustion released heat, molar basis, [Jl]nd1\proul , Neay— Products and reagents molar enthalpies,
[J mor.

(jcumb (23)

mol; = ymOIOiodieseI + (1- y)ermldiesel + (1- X)m0|natgas) (24)

Q.. — COmbustion released heat, mass basis, ] kgol; — diesel, biodiesel, nat. gas molecular mass, [kgmol
The heat released in the combustion, time basis is:
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Q= 2o (25)
tcomb
6Qy
t = 26
comb 27N ( )

Q...— combustion released heat, time basis [¥f};, — combustion time, [}z — combustion angle, [rad].

During combustion, the instantaneous pressure inside the cylinder is given by:

%m[ Qomb + Qp ) pcy‘ d;/;y\ _ pcVICvgm d;/;;yl ]
dpcy\ = ng (27)
dt ch,cvgm

2.2.5. Mean indicated pressure, mean friction pressure, mean effective pressure, power developed by engine
piston, power and torque developed by engine and net output of the engine.

The mean indicated pressure in the head of the engine piston is:

_Vvindp
pmeqnd - V (28)

d

Preq,, — Mean indicated pressure in piston engine, ) rWindp — indicated work developed by engine piston, [J].

The mean friction pressure may be attained using empirical correlations for ICE engines with direct injection of fuel
according to Heywood (1988), which expresses the losses (e.g., friction, pumping) in form of a pressure drop:

48N _
=C, + +04S?2 29
pmed fr 1 100( pist ( )

pmedef = pmedind - pmedfr (30)

Pmeq, — Mean friction pressure, [Nfh C, — constant, 75.000 N p, ., — mean effective pressure, [N“m

The net power developed by engine piston and the power, torque and net output developed by the engine, are:

y _ pmedefvd

W, = T (31)

W, =W, NP (32)
60W.,,

T, = 33

ef 272N ( )
W

Ny == (34)
Qcomb

W, VVef — net power developed by engine piston, and by engine AWy} time spent in every engine cycle, [g]; —

efy 1
engine torque, [N iHi; 7., — engine net output, [%NP — number of engine pistons.

3. RESULTS AND DISCUSSION

3.1. Results
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The tolerence for model validation was established as 10% in modulus for the value of model parameters. The fuel
consumption gaves results inside the tolerance range, but the model must be adjusted, for power, torque and effective
output. The adjustament was made over the Eq. (12) and over the Eq.(29), through constant coeficients as multipliers:

Q =-(Qu + O ) 145

1.45 - adjustament constant of Eq. (12).

pmed fr = [Cl

+—+
0

48N 0452

pist

Jos

0.8 - adustament constant of Eq. (29).

(35)

(36)

The model was tested with Lintec 3LD 1500 and 4LD 2500, Agrale M790 and MWW 229.6 diesel engines. The
simulations with alternative fuels proposed, were made with the Lintec 4LD 2500 and MWM 229.6 diesel engines.
Tables 1 and 2 presents, respectively, the values of fuel consump@inrmppwer, torque and effective output for
Agrale M 790 and Lintec 4LD 2500 engines, using diesel as fuel and showing the errors between the values attained by
the model i) and the realr] values from catalogs, demonstrating the model effectiveness adjustments. (The parameter
Dya is the nominal valve diameter, which the engine was simulated for model validation).

Table 1. Fuel consumption, power, torque and net output with erros for Agrale M 790 engine simulation using

diesel.
Ir Nm] [E]\ﬁ]l] Fanl FCr_l E[(I;;?r V\./efm V\./efr Let,, Lo, ety et E[[)/I’C])I’
P kghT | kg b | 17 W] W] [ [Nm]|[Nm]| [%] | [%] °
1600 | 170,0 2,91 2,97 -2, 12091,1 120637 722 720 3,2 37,1 D,2
2000 | 170,0 3,71 3,88 -44 161494 16126|]8 771 77,0 39,1 39,0 D,1
2400 | 170,0 4,47 4,49 -04 19317,83 19352)2 769 770 38,7 388 0,2
3000 | 170,0 5,42 5,93 -8,§ 21949,0 21991]1 699 700 35 36,6 0,2
Table 2. Fuel consumption, power, torque and net output with erros for Lintec 4LD 2500 engine simulation using
diesel.
N Dya FC, FC, Error Wef \,\'/ef Ty Ty Ne,, Ne, Error
- - 0, m r m r 0
pml | Imm] | kg ] | kg iy | 101 | Wl | N [Nl | e | e | P
1600 | 175,0 6,11 6,46 -5,9 26211]9 26473,2 157,8 158,0 [36,5 36,4 0,1
2000 | 175,0 7,58 7,63 -0,7 31768|8 314159 158,7 152,0 |358 354 1,12
2400 | 175,0 9,37 9,06 3.4 37192|9  37213,8 1480 148,1 |351 350 0,06
2800 | 175,0 10,8 9,82 9,9 40310/4  39877,3 137,5 186,0 |34,2 33,8 1,09

In tables 1 and 2, the efficacy of the adjustment can be seen, considering that the errors attained comparing the
model values and the real ones, are less than 10.0%, in modulus.
Table 3, presents a exemple of parametric analysis, showing the effects of valve diameter variation in the power
developed by Lintec 4LD 2500 engine and Fig. 2 presents the corresponding graphic:

Table 3. Power attained with valve diameter variation, for Lintec 4LD 2500 engine simulation using diesel.

N[rpml | W, [W]; Dya = 150 mm| W, [W]; Dya =175 mm | W, [W]; Dys = 185 mm| W, [W]; Dya = 230 mm
1600 23538,3 26211,9 29558,6 29955,2
2000 28966,4 31768,8 34281,8 34955,3
2400 32675,9 37192,9 40364,2 41184,2
2800 37662,7 40310,4 45468,5 46576,6
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Figure 2. Power simulation, Lintec 4LD 2500 engine, with valve diameter variation

Based on the graphic of the Fig. 2, it may be concluded that for a lower valve diameter, less air flows to cylinder and
how AFR at each simulation is constant, less fuel is injected in the cylinder, resulting less power produced. When valve
diameter rises, the power rises too, but not proportionally, in such a way that for bigger values of valve diameter the
increasing in power is not significant. This may be seen directly from the graphic of Fig. 2.

Table 4, shows the values of fuel consumption, power and effective output for Lintec 4LD 2500 diesel engine,
simulated with the model, using mixtures of diesel and biodiesel as fuel:

Table 4. Fuel consumption, power and net output for Lintec 4LD 2500 engine simulation using diesel and biodiesel.

N 100% biodiesel 50% biodiesel + 50% diesel 100% diesel
[rem] | i, (W] | #ell%] | FCLkg W] | vig, (W] | nell%] | FCLkg b | vig, [W] | #el[%] | FClkg h]
1600 | 25884,3 35,7 7,37 26044,8 36,8 7,28 26211,9 36,5 6,11
2000 | 31346,2 35,3 8,88 315534 35,6 8,70 31768,8 35,8 7,58
2400 | 36587,3 34,6 10,1 36897,4 34,9 9,91 37192,9 35,1 9,37
2800 | 39655,6 33,7 11,1 39945,3 33,9 10,9 40310,4 34,2 10,8

Figure 3 shows graphics of fuel consumption and power versus rotation of model simulations for Lintec 4LD 2500
engine, using mixtures of biodiesel and diesel as fuel, based on data of table 4:

12 451d
——100% biodiesel
11 5 -=—50% biodiesel + 50% diegel
ke —-— 0, I
10 /Jg/j/ 41¢ 100% diesel g
e - /0/ o
9
S //
FCkgh™] s // el W,_[W]3,51d A
7 z -
6l o7 310 /
——100% biodiesel
5 - 50% biodiesel + 50% diegel _,
4 -—100% diesel 2514
1500 2000 2500 3000 ’ 1500 2000 2500 3000
N [rpm] N [rpm]

Figure 3. Fuel consumption and power simulation, Lintec 4LD 2500 engine, using biodiesel and diesel
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In the graphics of Fig. 3, the biodiesel released less power then diesel and its fuel consumption is sensitively greater
then using diesel. In the other hand, this elevation in fuel consumption compensates the loss in power supplied by the
engine, which in such cases is about 1.0% lower compared with the power supplied using only diesel.

Table 5, shows the values of fuel consumption, power and net output for Lintec 4LD 2500 diesel engine, simulated
with the model, using mixtures of natural gas and diesel as fuel:

Table 5. Fuel consumption, power and net output for Lintec 4LD 2500 engine simulation using natural gas and

diesel.
N 100% natural gas 50% natural gas + 50% diesgl 100% diesel
[rpm] | vig, (W] | #er[%] | FCLkg b | wig, (W] | 7erl%] | FCkg W] | wi, [W] | #el[%] | FClkg h7]
1600 | 25776,0 35,7 5,19 259835 36,p 5,56 26211,9 36,5 6,11
2000 | 31278,8 35,1 6,55 314644 354 7,12 31768,8 35,8 7,58
2400 | 36296,2 34,4 7,76 367924 34,7 8,68 37192,9 35,1 9,37
2800 | 39241,7 33,5 8,48 398322 33,8 9,69 40310,4 34,2 10,8

Figure 4 shows grafics of fuel consumption and power versus rotation of model simulations for Lintec 4LD 2500
ergine, using mixtures of natural gas and diesel, based on data of table 5:

11 — 45104
e ——100% nat. gas
10 o +-50% nat. gas + 50% diesel
v - = 9 i
9 - 410 100% diesel 1o
- =
8 s ' /%{
FClkgh™] ; s W_[W]3,51d P ’//
<. / //
o/ re // Y
6 37/ 31d . //)
——100% nat. gas #
5 +=—50% nat. gas + 50% diegel 4
~—100% diesel d
4 2,510
1500 2000 2500 3000 1500 2000 2500 3000
N [rpm] N [rpm]

Figure 4. Fuel consumption and power simulation, Lintec 4LD 2500 engine, using natural gas and diesel

In the graphics of Fig 4, it may be seen that natural gas released more power then diesel and consequently its fuel
consumption is lower then the diesel. With the power occurs that, in spite of the high energy released in combustion and
the lower fuel consumption, the value of power supplied by the engine about 1.5 % lower compared with the power
supplied using only diesel.

Table 6, shows the values of fuel consumption, power, torque and net output for Lintec 4LD 2500 diesel engine,
simulated with the model using mixtures of natural gas and biodiesel as fuel:

Table 6. Fuel consumption, power, torque and net output for Lintec 4LD 2500 engine simulation using natural gas

and biodiesel.
N 100% natural gas 50% natural gas + 50% biodiese]| 100% biodiesel
[rem] | wig, (W] | 7e[%] | FCIkgh™ | vi, (W] | 7er[%] | FC [kgh™ | vi, [W] | 7er[%] | FC [kgh™]
1600 | 25776,0] 35,7 5,19 25884,3 35,7 7,36 25884,3 35,7 7,37
2000 | 31278,8| 35,1 6,55 31346,2 358 8,87 31346,2 35,3 8,88
2400 | 36296,2| 34,4 7,76 36587,3 34,6 10,09 36587,3 34,6 10}1
2800 | 39241,7] 335 8,48 39655,6 33,7 11,09 39655,6 33,7 1111

Figure 5 shows grafics of fuel consumption and power versus rotation of model simulations for Lintec 4LD 2500
engine, using mixtures of natural gas, biodiesel, and diesel based on data of table 6:
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Figure 5. Fuel consumption and power simulation, Lintec 4LD 2500 engine, using natural gas and biodiesel

It may be seen in the graphics of Fig. 5, that natural gas and fuel mixtures of natural gas with biodiesel releases
almost the same power and have almost the same fuel consumption. With the power, occurs something similar with the
others fuel mixtures where the power produced difers one from each other about 1.0% in value.

Table 7, shows the values of fuel consumption, power, torque and net output for Lintec 4LD 2500 diesel engine,
simulated with the model using mixtures of natural gas, biodiesel and diesel as fuel:

Table 7. Fuel consumption, power, torque and net output for Lintec 4LD 2500 engine simulation using natural gas,
biodiesel and diesel.

30% natural gas + 50% biodiesel50% natural gas + 30% biodiesel 100% diesel
N + 20% diesel + 20% diesel
W, W] | nel%] | FClkgh™] | w, [W] | 7e[%] | FC [kgh] | i, [W] | nerl%] | FC[kgh™]
1600 | 25815,1 36,1 577 26004,8 36,8 5,19 26211,9 36,5 6,11
2000 | 314542 354 7,18 31642,1 35,6 6,55 31768,8 36,8 7,58
2400 | 363544 34,7 8,91 367754 34,9 7,96 37192,9 36,1 9,37
2800 | 39479,9 33,7 10,3 39865,3 33,9 9,28 40310,4 34,2 10;8

Figure 6 shows the grafics of fuel consumption and power versus rotation of model simulations for Lintec 4LD 2500
engine, using mixtures of natural gas, biodiesel, and diesel based on data of table 7:

11 . 4,510
10 -
. P ) 410 ——
- // - Z
8 - /; P 3,510 //g/
FClkgh] 7 Ry W_[W] 316 e
- A
) ESest e /
- 2,514
5 H
—*—30% nat. gas + 50% biod + 20% digsg! 2 1¢* || —=—30% nat. gas + 50% biod + 20% di¢sel
4 | -=—50% nat. gas + 30% biod + 20% digsel -=— 500 nat. gas + 30% biod + 20% diesel
—=100% diesel -—100% diesel
3 1,51d
1500 2000 2500 3000 1500 2000 2500 3000
N [rpm] N [rpm]

Figure 6. Fuel consumption and power simulation, Lintec 4LD 2500 engine, using natural gas, biodiesel and diesel
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In the graphics of Fig. 6, once biodiesel releases less power and natural gas releases more power then diesel, the fuel
consumption undergo a compensation, depending on the percentage of biodiesel and natural gas in the fuel mixture: less
natural gas, greater fuel consumption, and vice versa. The greater fuel consumption compensates the loss in power
supplied by the engine, what in such case is less than 2% compared with the power supplied using only diesel.

3.2. Discussion

The model was tested, adjusted and experimentaly validated in diesel engines using diesel as fuel. Then, simulations
were made using fuel mixtures of natural gas, biodiesel and diesel proving that the model is ready to be used as a
computational tool for simulation, control design and optimization of diesel engines working with alternative fuels.

4. CONCLUSIONS
The main conclusions this paper presents, are as follows:

. Using only biodiesel as fuel in diesel engines, the power reduces about 1.0 % and the fuel consumption rises
about 12.0% compared to using diesel as fuel;

. Using only natural gas as fuel in diesel engines, the power reduces about 2,0% and the fuel consumption
reduces about 13.0% compared to using diesel as fuel;

. Fuel mixtures using 50% of biodiesel and/or 50.0% of natural gas produces power values wich diference is less
then 1.0% compared one to each other, and

e Variation in valve diameter causes proportional variation in the power developed by the engine, if the value of
the valve diameter is near the nominal value for engine operation. Greater values then the nominal for valve diameter
don’t produce senstive variation in the power developed by the engine, increasing only a few Watts in engine power.
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