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Abstract. The project of engine intake systems involvesmipdition of parameters such as the pipe length and
diameter, junctions, accessories and the intake extthust valves opening and closing timings. Threecbsizing
leads to an increase of the air mass admitted leyaylinders at the desired engine operational ctods. In the
present work, pressure variations caused by the@evahovement were investigated numerical and expatatly
considering an intake system composed by two inggdes, a junction and a single duct connectingjtimetion to the
atmosphere. The objective was to study the flowacheristics at varying junction position in thetake system. For
this purpose, curves of mass flow rate and the mhyogressure at several locations of the intaketesgswere
presented. The results shown that the junctiontiooan the intake system affects the air mass fhite.

Keywords: Gas Dynamics, Intake System, Pressure Wave, Int€orabustion Engine.
1. INTRODUCTION

The elementary function of the intake system isrtprove breathing capacity of the engine, whilegieg pressure
losses to a minimum. The basic idea is that thesnflasv must be distributed equally to all the cgéms, which
imposes a fluid dynamic symmetry layout for theteys Since the flow is periodically interrupted tng valves, it is
clear that each portion of the engine cycle is agzanied by acoustical vibrations of the gas corexrm\ large
proportion of the total noise generated by the mags due to the pressure waves that propagate tlermtake and
exhaust systems.

Due to the piston and valve movements, the corargdde the intake system presents an oscillatreggure. The
transient pressure caused by the valves and piseambe used to improve cylinder charging, throagtimization of
the intake system. The geometry of the intake rodhifias an effect on the frequency and amplitudthefpressure
waves. The intake system components are often mgigp improve the volumetric efficiency and attteuthe
amplitude of the pressure waves on a specific #aqy. The challenge is to obtain the desired radiabise spectrum
without producing deleterious effects on the manzey@ of the waves which enhance the engine perfocenal uning
of the intake manifold is a difficult task due tieetperiodically pulsating gas flow and to the pcadtdifficulties
associated with the measurement of the unsteadyfidd in the intake system (Hanriot, 2006).

2. LITERATURE SURVEY

Developing an efficient powertrain and engine mamagnt can be very challenging task. The numbeaaofbles
and their inherent nonlinear and interactive progemakes the solution to the powertrain develagrpeoblem very
complex and nontrivial (Dvorak, 2003). Designersiéhdong been aware that the geometry of the intjstem
substantially affects reciprocating internal conttmrsengines performance.

This is because the air charge to the cylinder fsnation of the frequency of the pressure pulseshe intake
system. Intake systems can be ‘tuned’ to give imgdocylinder charging at a particular engine spaed variable
geometry manifolds exploit this phenomenon to enbahe engine volumetric efficiency across the whaperational
speed range. Considering the nature of the indugpimcess, the basic tuning mechanism harnesséisl spad
temporal variations in the manifold flow dynamiosiicrease the pressure at the inlet valve in titiead period around
bottom-dead-center of the induction stroke (Winberdy 1999, 2000). It is therefore essential thahrigjues that
capture unsteady flow effects be employed in thegiheof tuned intake systems.

Morse et al (1938) were one of the first to stubllg pulsating pressure in intake manifolds. Theylistil the
vibrations in the intake system of a four-stokeygte cylinder gasoline engine. They showed thatpbgodically
interruption from the gas flow by the valves sgisstanding waves in the intake manifold.



Winterbone (1990) showed a comparison between ledétliand measured pressure and air mass flowghrau
family of intake manifold geometries. A non-linearave action calculation technique based on the wodethf
characteristics was employed, to predict variabbpressure in the manifold over a broad rangengire speed. No
comparisons of mass flows were given, and two aiffe modes of tuning were presented: organ pipeguand
Helmholtz resonator effects. It was shown thatdéhesings occur during the periods when the inddves are closed
and open, respectively. Both tuning modes are itaptr but the Helmholtz resonator seemed to havsgger
influence on volumetric efficiency due to its effen cylinder pressure at the time of intake vallsing.

Benajes (1997) presented a pre-design model fakéntanifolds in internal combustion engines. Theeh was
based on the acoustic-wave theory, and was capmdbalculating the overall dimensions of an optimimtake
manifold, with the aim of improving the gas excharmgocess in the engine. It was shown that theeplguere the
pressure pulses are reflected is important to ésggd of the intake systems.

Curves and junctions are placed where the refleoidskes can exist. The reflected pulses are inguanérposed by
the primitive pulses, and the resultant pressufsepis a combination of these two pulses. The pressside the pipe
can be divided into two components: one called piimpulse and another called reflected pulse. Siha of these two
pulses produces the instantaneous pressure tleatiedly exists in the intake pipe. One of the dastthat affect the
mass flow through the cylinder is the junctionssgred at the inlet manifolds. This means thatragine cylinder is
very susceptible to interference from other cylisgdevhich can disrupt the gas flow through thensulting in poor
scavenge and backflow into the inlet and causingrfg.

In all flows in junctions there is a pressure Id8emetimes that loss is very small and may be otsgle while at
other times it can affect the calculated resultsciBing whether there will be a large effect isfidiflt in marginal
cases, but, as a guideline, pressure losses sheulitluded in high-speed engines where the gaxitiels are high.
The designer hampered by a lack of generalized aladait is often necessary to test the flow at esingle junction,
sometimes cutting the manifold into sections towlthe problem to be discretized, but it is necgsgaobserve that
the effects from other branches can be importantadt, the engine designer has three possibleessup obtain the
data:

e  Steady flow tests can be performed on the junction;

. Previous experimental results from literature;

An empirical or analytical expression can be usegstimate the loss coefficients.

The steady flow pressure loss coefficients for rciion are usually established experimentally. Tikig time-
consuming process, which requires the junction @omanufactured before its loss characteristics bmmeasured.
Unfortunately there is scant junction pressure ldag available in the literature, and some ofdhdata are only
applicable to junctions of certain types and gdhecaver only four of the six possible flow typ@&/interbone, 2000).
It is convenient to classify junctions into two tifist types: ‘T’ junctions and 'Y’ junctions. ‘T’ynctions consist of a
straight duct of uniform cross-sectional area,rseeted by a lateral branch, inclined at an argléné¢ main duct. The
9(° equal area ‘T’ junction is a sub-test of the gahéF’ junction. Y’ junctions are formed by a maiduct, which
bifurcates into two side ducts that intersect thEmduct at the same angle. Winterbone (2000) teschow the
measurement of the junction pressure loss coefficibas to be made.

In this paper, the effects produced by 8 X0 junction between branches were studied. Thénnubjective was to
verify the influence of the location of the juncti®in the intake manifold at oscillating pressund the mass curve rate
versus the engine rotational speed. The experimeagrs conducted in a flow rig, as described inrthet section.

3. PULSATING PHENOMENA IN INTAKE MANIFOLD

The dynamic flow process along the intake manifcdeh be characterizes by the instantaneous evolofidhe
pressure at a point downstream from and closegovdive. In this point, the pressure is a consecpi@f the proper
emptying process and the dynamic response of th@folh In a intake system the dynamic interactiogtween
originated pressure pulses from the intake valwelsraflected pulses from the different boundarsesoimplex.

Benajes (1997) showed that the case of a simpke qgen to the atmosphere is relevant for singlawti-cylinder
engines with independent intake pipes, either baethey induce air from the atmosphere or fromrg lagge plenum,
where pressure is unaffected by the engine operalio this case, the solution in terms of frequewncythe first
harmonic is:

f=— 1)

wheref=w/2mandwis the angular frequency, L is the effective léngt the pipe and is the speed of sound.
Benajes (1997, 1998) showed a model for the cadeuwfintake manifold (four primary pipes, an intexdiate
chamber and one secondary pipe). The system focthmifiguration can be reduced to a single impéqitiation:
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wherew is the angular frequencg, is thespeed of sound,,lis the primary length, 4is the secondary length, ; &
the cross section area from primary pipg,ié\the cross section area from secondary pipe\aigl the volume of
intermediate chamber between primary and secorgipeg.

The angular frequency solution of this equatiomas explicit and it can be obtained by an iteratbadculation
introducing the values of the manifold dimensiofiBe numerical value oiV represents the natural frequency of the
whole intake manifold, from the valves to the ometreme of the manifold. A similar interpretatiormsvgiven by
Ohata and Ishita (1982). In the more general chsenmanifold withZ, primary pipes and, secondary pipes, equation
(2) is written as:

)

A

z tanWh = 7, P pole WY
a

a aA

where Z is the number of primary pipes (before junctionyl &, is the number of secondary pipes (after junction);

®3)

Aside from the dynamic response of the whole mdahifa pressure reflection phenomenon at the jundiides
place similar to that described for the singletoyéir engine. This means that in such engines twearalarequencies
can be exploited for tuning purposes: the natusgjdency of the complete intake system, obtainech fequation (2),
and the higher natural frequency of the primarepiaven by the equation (1).

Theoretical studies made by Morse (1938) develapgdrameter called “Frequency Parame€@r'which relates
the natural frequency of the intake system to thguiency of the engine:

fS stem
Q:fyt (4)

engine

Morse (1938) showed that optimum system manifolasikl feature a dynamic response equivalent toymiod a
Q value in the range between 3 and 5. Resultsghddi by Ohata and Ishita (1982) allowed derivitigear expression

for the optimum value of Q in terms of the engipeed,N (in rpm):

N
333¢

Qoptimum = 2’7 + (5)

Which yields values between 3 and 4.5, if N vafiesn 1000 to 6000 rpm.
4. ANALITICAL METODOLOGY AND NUMERCAL SIMULATION

The equations used to evaluate the unsteady floga®fin engine manifolds are showed in this itehe @nalytical
methodology concentrates on techniques that amdbas the equations of one-dimensional inviscidfilow, multi-
dimensional viscous models.

The problem of calculating unsteady compressildergl in the manifolds and pipes of engines can edstided
into two parts: the flow in the pipes themselves] the flow interactions at the boundaries.

The governing equations, which relate to the conotume, for the one-dimensional flow of compréssifiuid in

a pipe with area variatioR, wall friction f, and heat transfeg are (Winterbone, 1999, 2000):

N A ic=0 (6)
ot 0X
where:
p u »p 0 pu
V={u|, A=|0 u 1 c=| o |19, G 7)
p aa|m ¥ | (k-1)p(g+uc)
p 0 a’p u ou ola

whereX is the distance, t the time, p the pressure, dlthe velocity, p the density and the speed of souné. is the
cross section and d the pipe diameter and q teeofdteat transfer per unit mass.



The termG presented into eq. (7) is defined as:

G=4f,uul/2d 8)

where §{, is the wall friction coefficient and the term|u| is used to ensure that the pipe wall friction alsvapposes
the fluid motion.

Rearranging the equations to Method of CharactesigtVinterbone, 1999), the equations (7) can hestfiormed
from partial differential equations with respect gpace and time, into ordinary differential equagian time by
considering lines in the space-time plane defined b

dx/dt=uta (9)
and
dx/dt=u. (10)

4.1 — Numerical Simulation

Aside the analysis and description of the pulsafirgssure interactions in the manifold, the nuna¢rstudy has
been based by a calculation code. This prograrblesta describe numerically the gas flow at intakenifold under a
pressure fluctuation. The model needs the inpueexntal conditions, such as the number of cyliedmd valves,
speed of the engine and camshaft, the ambient ramope and pressure, geometric lengths of the énggktem and the
difference of pressure between atmosphere and#sevoir.

The numerical simulation to study pressure fluétuest and unsteady flow uses the Method of Charatites,
which is a mathematical technique to solve hypécbphrtial differential equations. The equation® aolved
numerically using a rectangular mesh in time aratsp

The gas pressure, density, temperature and flowdspan be determined from the conservation, coityirand
momentum equations, conjugated with the ideal gasitéon. The initial and boundary conditions webtained from
the experimental data. The intake system was dividi® individual tube sections that are connettedugh junctions.
The mesh is specified for each tube section betjwgetions.

Initially, a conduit containing a gas at atmosphemiessure and temperature is considered. Thalisiite of the
gas is considered the reference state, and repsebenstationary condition in which the fluid peltation propagates
inside the pipe.

Numerical simulations were done to verify the fleWaracteristics under a junction presence. Thevaodt was
developed at Fiat Research Center, in Italy. Ththaumlogy considered the valves shifted from°.80

The most important input conditions for the softevare the atmospheric pressure, temperature, padide, intake
system geometry, number of valves per cylinderjrengptational speed and wall friction factor.

The numerical data used for the software inpushmved in Table 1.

Table 1 - Input data for the software

Input data for the software

Atmospheric Pressure (bar) 0.920
Atmospheric Temperature (K) 294
Pressure Difference between atmosphere|and
0.32
the plenum (bar)
Pipe diameter before the junction / after 25/25

junction (mm)
Wall friction factor 0.01
Intake head loss 1
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5. EXPERIMENTAL SET-UP AND PROCEDURES

The flow bench (Fig. 1) is an apparatus used far fiav studies in the intake and exhaust systemmtefnal
combustion engines, under steady or unsteady ¢onslitThe apparatus allows for flow rate measuresngmough the
intake or exhaust pipe, with the valve in movemanhg constant pressure drop throughout the sydtamriot, 2001).

Figure 1 - View of the experimental set-up.

The constant pressure drop is obtained throughgardservoir to which the intake system is connecfed
equalization of the pressure at that point. At ¢tieer end, the reservoir is connected to a blowkich produces a
constant pressure difference between the atmospiner¢he reservoir. The blower works at constatatiamal speed,
and the pressure drop is obtained through the sdleéween the blower and the reservoir. The regenas a volume
of around 350 liters, and it eliminates pressurlsgiion originated from the valve movement. Thevealare moved
through an electric motor, which rotational speeddjusted through a frequency converter. The ridetiotor used a
maximum power of 30 kW and a maximum speed of 3pat

Two laminar flow meters are used to determine ttassrflow rate. The instantaneous pressure is neadyr
piezoresistive pressure transducers, with a workamgge oft 1 bar. The temperature sensors are of the platinum
resistance type, for use between 0 and@QA four-cylinder, 1.0 liter engine cylinder heaas fixed to the dumping
tank. Only the intake valves of the second andltbylinders were operating, while the other valkasained closed. A
22.30 mm internal diameter straight tube contairarjgnction was connected to the valve ports. Thel sube plays
the role of the intake system.

Six pressure transducers were used, distributadydlee intake pipe. Transducers named P1 and R2laeated at
the nearest position to the valves of cylinders amadl three, respectively. The others transducers sennected as

shown in Fig. 2. Five junction’s positions weretées The configurations were called™,'B*,"C",’H" and "J The
configurations were divided into L1, L2 and L3 Iémg Table 2 shows the lengths of the configuratiested.

P2 e P

| @& |

Figure 2 - Schematic drawing of the transducersthadntake system.



Table 2 — Configurations Tested (mm)

(*)Natural |[(**)Natural | Natural
Total frequency | frequency| frequency
Configuration L1 L2 L3 Length | (Eq.1) (Hz) |(Eq.1) (H2)|(Eq. 3) (Hz2)
A 468 315 331 1114 76 142 59.8
B 468 315 830 1613 52.6 142 41.9
C 468 315 1332 2115 40 142 32.6
H 1010 315 830 2155 40 74.6 32.9
J 1509 315 331 2155 40 51.9 29.4

(*) Total length; (**) Primary length

The schematic drawing of the configurations testeishowed in Fig. 3. One of the set of the comfigons tested
(A, B and C) has the same junction position, batghimary pipe intake system changes. In the seserids (C, H and
J) the intake system has the same total lengttthbijtinction position changes.

Configuration C

ey

T
S

} Configuration &

Configuration B

)7 Configuration ]

Configuration H

T
A

Configuration &

T
-

Figure 3— Schematic drawing of the configurations tested

The tests carried out allowed for the data acqarsitf the following parameters:
* pressure wave data throughout time, including dlation at the valve ports; and
* mass flow rate through the camshaft revolution.
The acquired data was recorded for each single @fch four-stroke engine, corresponding to 720steaft degrees.
An inductive rotational speed sensor was connettidtie camshaft, allowing the acquisition of presstata per
cycle. The experiments were carried out for camstaftional speeds in the range from 200 to 3q08, rwith 200
rpm steps.

6. RESULTS AND DISCUSSION

In the experiments, the room temperature was 2%hd the pressure drop between the room and duntpiig
(plenum) was 0.32 bar. The tank pressure was beHevatmospheric pressure and virtually constarinduhe tests.

Figure 4 shows the mass flow rate through the ent®kstem versus camshaft revolution for the cordiions A
and J. Both experimental and numerical resultshosvn. These configurations were chosen to anagdevalidate the
numerical simulation and because they representldbations were the junction is closer to the valpert
(configuration A as example) and longest with d@r{figuration J).
It is apparent that the simulated curve reprodweeg closely the shape of the measured data almgvhole range of
speeds.
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Figure 4 — Mass Flow Rate versus Camshaft Revaiutio

Figure 5 shows the experimental mass flow rateugecamshaft revolution for all the configuratioasted. In Fig.
5 (@), the junction has the same position closghé¢ovalve port (according Fig. 3 and Table 2), with the primary
intake pipe with different lengths. In fig. 5 (lhe intake pipe has the same total length, bujuhetion has different
positions. It can be seen that the junction pasigind the total length affect the mass flow rat wie camshaft speed.
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Figure 5 —Mass Flow Rate versus Camshaft Revolution

In Fig. 5 (a), it can be seen that the mass flae varsus camshaft speed of the tree configuratiomslifferent until
around 2400 rpm. After this speed, the configuretiare very similar and follow the same behaviar afd explanation
for this situation, it can be noticed that the m@ignintake length doesn’t changed for the treeigonftions. Thus, the
natural frequencies (according Eq.1) of the systeenthe same. On the other hand, for the camsbedtdslower than
2400 rpm, it can be observed how minimum mass flate has been shifted towards lower engine spdedsjaclearly
related with the different lengths of the intakpgsystem.

Figure 5 (b) shows the mass flow rate versus cafingbsaolution for the configurations C, H and J.i§h
configurations have the same total length, but wifferent positions where the junctions is. It daa seen that the
behavior of the tree configurations are very similatil 1400 rpm and the minimum mass flow rate tagesame for all
configurations (around 900 rpm). After this spe#ite configurations are different and can be obsktmbat the
maximum mass flow rate has been shifted tower itieel engine speeds values.



Figure 6 presents the experimental and numericalesuof pressure variation along camshaft angl#080 and
1600 rpm for configuration J at the valve port. Tesults exhibit a very similar behavior betweesnthand validate the
numerical simulation.
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Figure 6 —Mass Flow Rate versus Camshaft Revoldtiononfiguration J

A spectral analysis was made for the pressure watve80 and 1600 rpm for configuration J. Figurghdws the
spectrum analysis at the pressure waves at thaesmslsgdor configuration J. The geometry of configioraJ has the
primary length equal to 1639 mm and the secondangth, i.e., the distance between the junctiontiosand the pipe
end, 516 mm. The resonance frequency for the pyirpgre, considering an open-end aperture, is 62 Awile the
resonance frequency for the secondary pipe is 8iz.4The resonance frequency for the full pipe isHf1 An
interesting aspect for the 900 rpm camshatft istthafirst harmonic has an amplitude level higlhantthe fundamental
frequency. The reason for this is that the firstni@nic gets into resonance with the system frequeric29.4 Hz
(according Eqg. 3). The explanation for the highelefor the second harmonic is that its frequencyédarest to the
resonance frequency for the primary pipe.
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Figure 8 presents the experimental and numericalesuof pressure variation along camshaft angl#080 and

1600 rpm for configuration A at the valve port. Tiesults exhibit a similar behavior between therd walidate the
numerical simulation.
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Figure 8 —Mass Flow Rate versus Camshaft Revoliditipnonfiguration A

Figure 8 shows that the pressure waves are affdgtdde junction position and its oscillation cacriease or not
the mass flow rate at the intake system. Otherdteesan be seen in Hanriot (2006).

A spectral analysis was made for the pressure waiv&800 and 1600 rpm for configuration A. Figursh®ws the
spectrum analysis at the pressure waves at thessisgor configuration A. The geometry of configima A has the
primary length equal to 598 mm and the secondagtle i.e., the distance between the junction loocatnd the pipe
end, 516 mm. The resonance frequency for the pyimpare, considering an open-end aperture, is 76vile the
resonance frequency for the secondary pipe is 1B4.7The resonance frequency for the full pipe 42 Hz. An
interesting aspect for the 1000 rpm camshaft ig tha first harmonic has an amplitude level higliean the
fundamental frequency. The reason for this is thatfirst harmonic gets into resonance with thaesysfrequency of
59.8 Hz (Eq. 3). The explanation for the high lefal the second harmonic is that its frequency éarast to the
resonance frequency for the intake system.
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7. CONCLUSIONS

The phenomena of pressure pulse propagation atettieh at the presence of junction in the intakanifold
engines have been presented and discussed. Expt&iraed numerical results were obtained for défférjunction
locations. It was shown that the location wherejtimetion is connected at the intake system affdwsmass flow rate
along the rotational engine speed. There can bepéimum inlet pipe length at a given engine spédte junction
produces a damping effect on the pressure wavefiects the inlet air mass.

8. ACKNOWLEDGEMENTS
The authors wish to thank FAPEMIG, CAPES and FIAM-Bowertrain Ltda., for the financial support tastproject.
9. REFERENCES

Benajes, Jet al, 1997, “Predesign Model for Intake Manifolds mdrnal Combustion EnginesEngine Modeling -
SAE Paper n.970055.

Benajes, J., et al, 1998, “Pre-design Criteria Eahaust Manifolds in I. C. Automotive Engines”, SAEaper No
980783.

Benson, R. S., 1986 he Thermodynamics and Gas Dynamics of Internalomlilistion Engingsv.2, New York,
Oxford University Press.

Dvorak, T; Malone, L., Hoekstra, R, Statistical &ss Control and Design of Experiment Process lwgment
Methods for the Powertrain Laboratory, SAE Pap&P0D3-01-3208.

Hanriot, S. M, Huebner, R, Coutinho, I. A, Analde Escoamento em Condutos de Admissédo na Preserimddes,
11th Brazilian Congresso of Thermal Sciences agiheering, ENCIT 2006, Curitiba, Pr, CIT 06-0768.

Hanriot, S. M., 2001Estudo dos Fendmenos Pulsantes do Escoamentories &ondutos de Admissdo em Motores de
Combustédo InternaJese de Doutorado, Departamento de Engenharia MecadFMG, Belo Horizonte, MG,
Brasil.

Kong, H., and Woods, R. L., 1992, “Tuning of Intakéanifold of an Internal Combustion Engine Usinguibl
Transmission Line Dynamics3park-Ignition Engines - SAPaper N 920685.

Morse, P. H, Boden, R. H and Schecter, H, “acottications and Internal Combustion Engine Perfanogd, Journal
of Applied Physics, Vol. 9, January, 1938.

Ohata, A, Ishida, Y, 1982, “Dynamic Inlet Pressarel Volumetric Efficiency of Four Cycle Four CyldEngine”,
SAE Paper 820407.

Sung, N.W., and Song, J. W., 1996, “Flow Analysis & Chamber Type Intake Manifold Engin&park-Ignition
Engines - SAERaper n.961824.

Winterbone, D. E., and Pearson, R. J., 13®8sign Techniques for Engine Manifolds — Wave acti@thods for IC
enginesUSA, SAE International.

Winterbone, D. E., and Pearson, R. J., 2000, Thebrigngine Manifolds Design — Wave action methods IC
engines, USA, SAE International.

Winterbone, D. E., and Yoshitomi, M, 1990, “The a@xy of calculating wave action in engine intakenifolds”,
SAE Paper No 900677.

10. RESPONSIBILITY NOTICE

The authors are the only responsible for the pdimaterial included in this paper.



