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1. Introduction

The rapid development of computer technology
has encouraged the use of complex simulation techniques to
quantify the effect of the fundamental processes in engine.
The advances achieved by current automotive engines
would have been impossible without the simulation models
providing these insights. The models have evolved from the
ideal cycle calculations in the 1950s to simple component
matching models in the 1960s, full thermodynamic models
during the late 1970s and multi-zone and multidimensional
combustion models in the 1980s and early 1990s. The high-
resolution multidimensional models, such as KIVA 1l 3-D
[1], are often used for specific problem areas in design,
where details of fluid transport processes or those involving
subtle geometry changes dominate. These models are capa-
ble of simulating detailed airflow, spray and combustion
events in local geometries. The developed models in order
of increasing complexity are the quasi-steady, filling and
emptying and the wave dynamics models. The quasi-steady
simulations are dependent on empirical knowledge and do
not allow for mass accumulation between components. The
filling and emptying models are based on solving the mass
and energy conservation equations of a thermodynamic con-
trol volume. This method represents the unsteady flow phe-
nomena more realistically as it models the time varying
properties of flow and allows for mass accumulation be-
tween the engine components. The wave dynamics method
analyses even more detail as it tracks the pressure wave and
temperature discontinuity along manifolds. Such models are
more accurate in representing long pipes where pressure
wave effects are prevalent. A detailed manifold design re-
quires the use of a wave action model. The objective of this
work is to conduct a comparative study of simulation results
of the intake and the exhaust manifolds flow parameters of
a six-cylinder direct injection turbocharged compression ig-
nition engine based on steady-state simulation for different
mass fuel injected and engine speed. The results obtained
with the elaborate calculation code in FORTRAN language
and those with the GT-Power software.

2. Models approach

The turbocharged diesel engine is defined as a col-
lection of interacting elements that function together to pro-
duce a desired power output for a particular purpose. The
thermodynamic properties of gases in an element of the en-
gine will vary as it exchanges energy (in the form of work
or heat) or mass with another element. The engine approach
to modelling emphasizes the connections between the vari-
ous parts that constitute the whole. It is concerned with the

overall completeness of the model. The overall structure of
the engine model as illustrated in Fig. 1; shows the elements
of the engine, the corresponding governing laws: equations
and some possible sub-models applicable. The fundamental
element included in an engine is the cylinder, usually de-
scribed by the filling and emptying (zero-dimensional)
model. The inlet and exhaust manifolds can be represented
by either the filling and emptying or a gas dynamics model.
Junctions representing valves and orifices are described by
quasi-steady compressible flow models. The turbocharger
model uses tabulated performance maps which are interpo-
lated during the simulation to evaluate the mass flow rate
and isentropic efficiency. We have combined these elements
to study the evaluation of gas performance parameters of the
intake and the exhaust manifold.

3. Diesel engine model
3.1. Engine structure and model hypothesis

The turbocharged direct injection diesel engine is
studied in this work. A turbocharger is fitted to the engine
to improve its low power density; it consists of a compressor
powered by a fixed geometry turbine. Engine parts (cylin-
ders, intake and exhaust manifolds) are modelled as separate
thermodynamic systems containing gases at uniform state.
With respect to the filling and emptying method; mass, tem-
perature and pressure of gas are calculated using first law
and mass conservation. The main simplifying assumptions
for this model are:

v Ideal gases with constant specific heats;

v Effects of heat transfer through intake and exhaust
manifolds are neglected:;

v" The engine cylinder wall temperature Tuan iS sup-
posed to be steady and homogenous;

v' Compressor inlet and turbine outlet temperatures and
pressures are assumed to be equal to ambient pressure
pa and temperature Ta.

3.2. Turbocharger dynamics model

The rotational speed of the turbocharger assembly
o, Can be derived from Newton’s law:

doy, _ R-FR (1)
dt J.o,

where: Ji is turbocharger moment of inertia, P; and P are
turbine and compressor power. Here, the bearing frictions
are neglected.
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Fig. 1 Overall structure of an engine model [2]

3.3. Compressor model where: A is turbine area.

Second, the convectional approach to parameterize

Assuming the heat losses are neglected, the com- the turbine efficiency 7, is based on the blade speed ratio c,

pressor power P is derived from first law of thermodynam-

ics [3]: instead of turbocharger speed:
1 2]
: = CU CU
P,=mcc, 1 {;rcf —1} with 7 :(&], ) 1(Cy ) = e e | 2 - —{C J : @
77(: pa u,opt u,opt ]
. [yflw -05
me = fcm (a)tc,ﬂ'c ) (3) Wlth, Cu = rta)tc 2CpT2 [1_7Z't 7 ) ] . (8)

e = fc,;y (wtc ’ ”c)

Parameters ¢, ., and 7, .. may be taken as con-

u,opt

The compressor power is related to the mass flow  stant values [5].

rate through the compressor mc, the isentropic efficiency
77, and the inlet and outlet temperatures and pressures. Effi-
ciency and mass flow are usually mapped according to pres- Since heat transfer on manifold wall is neglected,
sure ratio z, and turbocharger speed w, . Temperature of the equations for mass and pressure inside the intake mani-

the air downstream to the compressor is given by: fold are written as follows [6]:

3.5. Inlet and exhaust manifolds model

dml . eyt o ey
! —==Mc+ Meyi;n — Musey; (9)
T, =T, 14 % z” —1||. (4) dt JZ; ’ JZ; ’
7.
dp j/R . Nyl . Moyl
3.4. Turbine model d_t1 Ak Met 2Ty, Moty 1 =T, 2 Moo, |, (10)
1 =t j=1

Turbine power is derived in the similar way as

equation (2) for the compressor: State equations for the exhaust manifold are de-

rived in the same way and give:

Ly
* - R p eyt Nyt .
P =mc,nT, {1—;;l v :l with 7, :[_ZJ (5) am, _ > Motz = Mooy, — M, (11)
a dt j=1 j=1
However, mass flow rﬁt and efficiency 7, are not )
oyl W

. . . . d R Neyl . .
mapped. First, the turbine mass flow is modeled in the same % - 7\//_2 JZ;,T% Mopi2 =T, Moy, ~Tyme | (12)

way as a flow across valve or throttle [4-5]: t i

me = Aco(p,. p,.T..T,) (6) The manifold temperatures T, and T, are calculated
from the ideal gas law, T, =V, p,/(Rm,).



3.6. Intake and exhaust valves model

Flows across the intake and the exhaust valves are
modelled by the standard orifice flow Eq. [6]:

mivJ = Av |:Iiv (HJ ):|¢)( pcylJ ’ pl7TcyIJ 7T1)

. (13)

mevJ = '%v |:Iev (91 ):|(0< p21 pcylJ ’TZ’TcyIJ )

The effective orifice areas A, and A, (including

the discharge coefficient) depend on the intake and the ex-

haust valve lift maps I, and I, provided by the manufac-

turer. Since subscripts uand d refer to upstream and down-

stream variables, thus, function ¢ may be written as fol-
lows, [7]:

pu + pd H
— = if <
RT, 4 [ D, j Py = Py
= (14)
pd + pu H
— - if -
RTd %4 ( pd ] pu pd

The flow can be in the forward or reverse direction
(backflow). Moreover, we must distinguish subsonic and su-
personic flows. The flow is assumed to be subsonic when
the pressure ratio is lower than the critical ratio c, and su-

personic otherwise. Thus, function ¢* (x) takes two differ-
ent forms, [7]:

1 2(7-1)
;/2(2—7/) ’ if  x<c
. y+1
¢ (x)= . (15)
22y r1
X —(l—x’} if  x»>c
y-=1

2

e
y-1
7+lj '
For the proposed engine model, we assume that
backflow may occur through the intake and exhaust valves.
As a result, the valve flows are separated in two distinct

terms, one representing the direct flow and the other the
backflow, thus, equation (14) can be rewritten as:

with the critical ratio: c, :(

My, = Mycyl; — Meyl; 1
J (16)

mevj = m2/cylj - mcyli/z
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|:RT1 My, — RTy, (mcyljll'i‘ Meyi; 12 j} +

dm,,
dt
dpcyu, _ 7
at v,
+L(RT2 ri']ZlcylJ - pcy|j \}CYH j
cyl;

The total temperature T, at any point in the flow at

the intake or the exhaust valves is given by Eqgs. (17) and
(18):

V.
Cthint = CpTint + I;t ’ (17)
Vv 2
Cthexh = CpTexh + 2 . (18)

The mach number M, at intake or exhaust valves
is determined using equation (19) and (20):

v, v,
My = 0= L, (19)
o Cim 7RTim
v v
aexh — = - = ’ (20)
exh yRTexh
Where: Ci o Vinexn - VElOCity of sound and gas velocity at

intake and exhaust valves.

The relationship between the total and static tem-
perature in the diesel engine intake and exhaust valves are
giving by Egs. (21) and (22):

2
Maint

T (-,

int

(21)

2
aexh

T (-p e

exh

(22)

3.7. Cylinder model
3.7.1. Zero dimensional model

The cylinder is the fundamental part of the system.
In the basic modeling approach developed by Borman [8],
energy balance gives the rate of change of cylinder gas tem-

perature -I.—cyl . This approach leads to an ordinary differential
equation for T ,including some partial derivative terms

evaluated from the gas property relationship [9]. In order to
simplify the mathematical formulation and to reduce the
computing time, the number of derivative operations is lim-
ited. Thus, pressure inside the cylinder j, p,, , is obtained

by differentiating the first law of thermodynamics for an
ideal gas with constant specific heat and the mass m,, is

derived from the mass continuity equation:

]
=Mt + Myey; + Maseyt; — Moyt 1 — Meyi; 2,

(23)

-1
L=l
cyl;

|:rhbf1 Qi _th, ]



where; mi, Q,,, : rate of heat release, Q, : rate of heat

transfer to the engine block. After each integration step, the
cylinder gas temperature is deduced from the ideal gas law.

3.7.2. Fuel mass burning rate model

The combustion process in direct injection diesel
engine involves two distinct stages. The first stage is a quick
combustion process named premixed which occurs in few
crank angle degrees. The second stage called diffusion ends
the combustion. Diesel combustion is modelled by Watson

and Marzouk [10]. The amount of heat release Q_,, is as-
sumed proportional to the burned fuel mass:
d dm
Qcomb — fb . (24)
dt e

The fuel burning rate according to injected mass
per cycle, the combustion duration and the mass fuel burn-
ing rate may be written as, for more information see [11]:

dmm dm;b mf
dt  dt At -

comb

(25)

3.7.3. Heat transfer model

Typically, the 20 to 35% of the fuel energy is
passed on by the heat transfer to the engine coolant [12],
[13]. The primary heat transfer mechanism from the cylin-
der gases to the surrounding areas is the convection through
cylinder wall. The heat loss to the wall is generally given

by:

dQy
dt

= Acym (Tcyl _Twall )' (26)

where: A, is corresponds to the convention area derived

from the cylinder geometry, T,,, is average temperature of
surrounding area. The convection heat transfer coefficient
ht can be estimated by the empirical approach of Hohenberg

[14]:

ht (t) — 130 x pgyIS\/ —O.OGT -0.4

cyl cyl (V pis "-1'4)(18 (27)

4. Simulation and validation

All the equations of the model were coded in
FORTRAN language. After compilation, the program is ex-
ecuted. The evolution of the state variables of the model is
obtained by numerical integration of differential equations
described in the previous sections [15]. There are several
methods for the integration of differential systems (Runge-
Kutta, Adams, etc.). In this work, the choice of the integra-
tion method is focused on the fixed step algorithm of Runge-
Kutta (ode5 function) [16], [17]. For the closed cycle period,
Watson recommended the following engine calculation
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crank angle steps: 10 °CA before ignition, 1 °CA at fuel in-
jection timing, 2 °CA between ignition and combustion end,
and finally 10 °CA for expansion, see Fig. 2.

Cycle simulation

: I I I
I <l } Intake [

I I I
: ' I * 1
1 | Combustion : : Overlap :
TR

I I I
: Expansion L|_|->{ Exhaust |

Fig. 2 Sequence of processes followed by cycle-related en-
gine simulations

4.1. How GT-Power generates a solution

GT-Power is based on one-dimensional gas dy-
namics which account for fluid flows and heat transfer. Each
component in a GT-Power model is discretized in many
smaller components. These subcomponents have very small
volumes and the fluid’s scalar properties in these volumes
are assumed to be constant. The scalar properties of a fluid
include pressure, temperature, density and internal energy.
Each volume also has vector properties that can be trans-
ferred across its boundaries. These properties include mass
flux and fluid velocity. GT-Power determines the change in
the scalar properties by solving simultaneous one-dimen-
sional equation. Fig. 3 shows the model of a turbocharged
diesel engine with 6 cylinders and intercooler made with
GT-Power. In the intake manifold, the variation of the mass
depends on the compressor mass flow and the flow through
of valves when they are open. In the modeling view, the line
of exhaust manifold of the engine is composed in three vol-
umes; the cylinders are grouped by three and emerge on two
independent manifold, component two thermodynamic sys-
tems opened of identical volumes, and a third volume
smaller assures the junction with the wheel of the turbine. In
the turbocharger; the compressor is powered by the turbine
which is driven by exhaust gas. In the heat exchanger, it
comes to solve a system of differential equations supple-
mentary identical to the manifold. For the validation, we
compared the model output (FORTRAN program) with
their analogues obtained through an industry code of calcu-
lations; GT-Power.The main parameters of the chosen di-
rect-injection diesel engine [10] are: Bore: 120.0 [mm],
Stroke: 175.0 [mm], Connecting rod length: 300.0 [mm], In-
let valve diameter: 60 [mm], Exhaust valve diameter: 38
[mm], Inlet Valve Open: 314 [°CA], Inlet Valve Close: -118
[°CA], Exhaust Valve Open: 100 [°CA], Exhaust Valve
Close: 400 [°CA].
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Fig. 3 Six-cylinders turbocharged direct injection diesel engine model using the GT-Power software [4]

5. Results and interpretation

5.1.

Intake manifold pressure [bar]

Intake and exhaust manifolds parameters

Figs. 4, 5 and 6 represents the evolution of pres-
sure, temperature and mass flow rate in the intake manifolds
versus engine speed and load. For a given load, the three
parameters increase linearly with the engine speed. There is
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Fig. 4 Intake manifold pressure

good concordance between the elaborate model in
FORTRAN and the GT-Power software.

The evolution of pressure, temperature and mass
flow rate in the exhaust manifolds versus engine speed and
load are showed in Figs. 7, 8 and 9. For a given load, the
pressure and mass flow rate increases, but the temperature
decreases linearly with engine speed. There is also a good
agreement between the results for the two software;
FORTRN and GT-Power.
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Fig. 5 Intake manifold temperature



124

90’_ —=— Fort 100 % -
= go| | —°—GTP 100 % * o
3 || —e—Forts0% /u
@ 70 | —o—GTP50 % '/

8 || —*—Fort25% /n -
Z 60| —4&—GTP25% ./ o 5
= | &) / S
» / O
@ 50 / ./
= ) E .?O ‘k'/*
T 40 / /O T £
e l/./ //* e
& 204 /D/Q/*/»‘ﬁ
£ e
R
= miév/

F/

T T

T T T T

) T

T T T
1200 1400 1600 1800 2000 2200

Engine speed [rpm]

Fig. 6 Intake manifold mass flow rate

1050
] —=—Fort 100 %

— 1000_\ —0o— GTP 100 %

X, | . —e—Fort 50 %

g 950 -} —0—GTP 50 %

® T \. —#—Fort 25 %

é: 900 {\D\l\ —4— GTP 25 %

[}

S 800~ \. -

ke r (i}

3 o] \\2\ \ \

c R ® u

£ 1 - Dx T—a

+ 750 —{"‘-*—--{z b i Ex TT—m—nm

£ e Y i gt Do

s 1 Yo \\O =g o

£ 700 s y i S e

w | gt ST Og
650 h*“&?}iig

T T T T
1400 1600 1800 2000

Engine speed [rpm]

T T
800 1000 1200 2200

Fig. 8 Exhaust manifold temperature

5.2. Intake and exhaust valves parameters

Figs. 10 and 11 shows the variation of the pressure
at the inlet and exhaust valves with respect to crank angle,
for different engine speeds. It is observed that the graphs
exhibit almost similar characteristics in different magni-
tudes as engine speed changes. This clearly illustratesthe un-
steady nature of the flow in the intake and exhaust valves of
the engine. It is also observed that there is a sudden increase
in the pressure at the first just after IVO; this is because the
pressure inside the cylinder is slightly higher than the intake
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Fig. 10 Pressure variations in the intake valve during gas
exchange period
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pressure and also the intake valve opens before (TDC) caus-
ing a compression wave to propagate towards the valve and
results in a pressure rise at that point. After piston movement
changes direction, a depression will promptly develop in the

cylinder.

Figs. 12 and 13 show the instantaneous tempera-
ture through the inlet and the exhaust valves with respect to
crank angle, for different engine speeds. It has a similar
trend as the pressure since temperature is pressure depend-

ent.
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Fig. 11 Pressure variations in the exhaust valve during gas

exchange period
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Fig. 12 Temperature variations in the intake valve during
gas exchange period

The mass flow rate performance of the intake valve
and exhaust valve showed in Figs. 14 and 15. For the both
valves the mass flow rate increase with the engine speed. In
figure 14 the engine models the exhaust valve open start
from 100 on crank angle degree and close in 400 on crank
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Fig. 14 Mass flow rate in exhaust valve
5.3. Cylinder parameters
Fig. 16 show the cylinder mass of gases versus

crank angle for different engine speed; 1100, 1200, 1300
and 1400 rpm, the cylinder mass increase with engine speed.
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Fig. 16 Mass gases in the cylinder versus crank angle for
different engine speed
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Fig. 13 Temperature variations in the exhaust valve during
gas exchange period

angle degree. The maximum exhaust valve lift of the model
is 12.286 mm. in Fig. 15, the intake valve open start from
314 on crank angle degree and close in -118 on crank angle
degree. The maximum intake valve lift of the model is the
same with exhaust valve lift 11.103 mm.
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Fig. 15 Mass flow rate in intake valve

Figs. 17 and 18 shows the pressure and the temper-
ature variations in the cylinder with respect to crank angle
during the gas exchange period for different engine speeds.
The cylinder calculations were carried out for complete
open period, from the exhaust valve open to the intake valve
close (EVO to IVC). Fig. 17 reveals that a significant differ-
ence in the timing of the wave is observed as engine speed
changes. However, it is noticed that the transient pressure is
sharply reduced during EVO in the blow down period and
before IVO the wave pattern is basically made up of pres-
sure pulses; these pulses combine to give a single pulse as
engine speed increases, this is because the number of pulses
for a given engine is a function of piston movement (piston
position), valve opening and engine speed. The pressure at
IVO is generally higher than the atmospheric pressure and
its value is a function of engine speed, this is because the
intake valve is opened before (TDC). By the time the ex-
haust valve closes, the pressure has dropped to a value less
than atmospheric pressure, which is again a function of en-
gine speed. The pressure increases again after reaching its
minimum and appositive pressure in the cylinder gradually
builds up.



Fig. 18 show also the variation in the temperature
in cylinder during the exhaust period. It is observed that the
sequence of events for the temperature variation in the cyl-
inder coincides with that of the pressure variations. It also
shows that after EVO the released temperature decreases
rapidly and because of the wave action, the temperature will
be sustained or slightly raised until VO, when fresh charge
flows in and heat transfer takes place between the fresh
charge and the residual gas. This will make the temperature
in the cylinder decrease even more rapidly during the blow
down period until after EVC, after this the temperature will
gradually increase until IVC.
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Fig. 17 Pressure variations inside the cylinder during gas
xchange period at different speed
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Fig. 18 Temperature variations inside the cylinder during
gas exchange period at different speeds

6. Conclusion

The intake and exhaust valves temperature and
pressure versus crank angle and engine speed can be used to
obtain quantitative information to predict the characteristics
of the intake and exhaust manifolds gas flow of the turbo-
charged diesel engine. The simulation results are shown that
the highest intake and exhaust valves total pressure and tem-
perature of the turbocharged diesel engine are in 1400 rpm.
The mass flow rate, temperature and pressure of the intake
manifold are increase with the increase of engine speed and
mass fuel injected. The mass flow rate, and pressure of the
exhaust manifold are increase with the increase of engine
speed, but the temperature decrease. Based on this simula-
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tion it means that the turbocharged diesel engine can be in-
crease the gas flow parameters in intake and exhaust mani-
folds if the engine speed and the mass fuel injected in-
creases. The results the gas flow characteristics in the intake
and the exhaust manifolds of the turbocharged diesel engine
performance are compared for the tow software; FORTRAN
and GT-POWER. There is a good concordance between re-
sults. For the future work, the effect of heat transfers in the
intake and the exhaust manifolds would be interesting for
the further investigation of the engine parameters. For mak-
ing the model including heat transfer, the wall temperature
of the intake and the exhaust manifolds has to be found by
using a model for it. Also the accuracy of the heat transfer
coefficient should be modeled.
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INVESTIGATION OF INTAKE AND EXHAUST
MANIFOLDS PARAMETERS OF A TURBOCHARGED
DIESEL ENGINE BASED ON STEADY-STATE
SIMULATION

Summary

In the present work an approach to simulate and
predict the flow characteristic in the intake and the exhaust
manifolds of a six-cylinder four-stroke turbocharged diesel
engine using GT-POWER and FORTRAN, for steady-state
simulation. The simulation model covers the full engine cy-
cle consisting of intake, compression, power and exhaust.
The simulation and the prediction shown the diesel engine
intake and exhaust manifolds parameters based on the crank
angle degree. The results of the engine performances as well
as pressure, temperature and mas flow rate in the intake and
exhaust manifolds obtained by the developed program in
language FORTRAN using the method of filling and emp-
tying are presented. The commercial GT-Power software is
used to the results validation. The range of variation of the
rotational speed of the diesel engine chosen extends from
800 rpm to 2100 rpm.

Keywords: Diesel engine performances, intake and exhaust
manifolds, method of characteristic, filling and emptying
method, quasi-steady method, computational simulation,
turbocharger, thermodynamics.

Received November 01, 2018
Accepted April 25, 2019



