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ABSTRACT

The project of engine intake systems involves ojatition of

parameters such as the pipe length and diametetjgans, and
opening and closing times of the intake and exhaaistes. The
correct sizing leads to an increase of the air naassitted to
the cylinders at the desired engine operationaditioms. A

suitable design of the intake valves in internambastion

engines is one of the factors that maximize thewamof intake
air mass to the cylinder. The parameter that detexsnthe
maximization of the mass flow through the valvescaled

discharge coefficient. The mass flow through thdvevais

usually described by the compressible flow equatioough a
restriction, based on a dimensional analysis ofisamtropic

flow. In the present work, pressure variationsseauby the
valve movement were investigated experimentallysagring

an intake system. The objective was to study amdpewe the
dynamic response of the flow through the intakeeakor this
purpose, curves of mass flow rate and the dynamgsspire in
several locations of the intake system were obthirEhe

experimental data were obtained from the intaketesys
connected to a cylinder head. The cylinder headimsalled in

an air supply system consisted by a blower,
measurement device, and a reservoir chamber. Tihesvaere
driven by an electric motor with controlled rotat& speed.
The results showed that the correct design of riteke valve
affects positively the air mass flow rate.

INTRODUCTION

An appropriate intake manifold design should previd
satisfactory engine intake air charge while redgigmessure
losses along the intake system. The intake air rfl@asmust
be equally distributed through the engine cylindddsie to
piston and intake valve movements, the gas flovthi inlet
manifold oscillates. The pulsating gas motion canuged to
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improve cylinder charge, and the optimum desigaffiscted by
the natural frequencies of the intake system [3]2However,
taking the systems to optimum operation is ofteliffecult task
due to practical difficulties associated to measumet of intake
pipe unsteady flow field. Usually the discharge fioient is
obtained under steady state conditions and thdiah&ffects
aren't evaluated [4,5].

Other studies consider a filling and emptying asislyf an
internal combustion engine. The simulation of puessvaves
in inlet and exhaust manifolds of internal combarstengines
was presented by [6]. In this study the systermaysed using
a frequency approach, and the inlet system is tharacterized
by its geometrical characteristics as well as thHeidf
characteristics. Both numerical and
methodologies were used. The authors concludedatigod
agreement was obtained between the experimental tiaad
numerical results, and that this approach giveptssibility to
reduce the computational times.

In [7] a discussion is made on the discharge caiefit.
Sliding mode observer (SMO) scheme has been usemhfime
estimation of discharge coefficient of throttle pat the intake
manifold of gasoline engines.

The dynamic flow process through the intake madifof
an engine can be characterized by the instantareamlation
of the local pressure downstream the intake vaha dose to
the intake valve. In those locations, flow pressise a
consequence of both the discharging process anchaméold
dynamic response. In an intake system the dynambécaction
between the pressure pulses originated from trekénvalves
and the reflected pulses from the different bouiedais a
complex phenomenon.

In [8] it was showed that the study of a simpleepgpen to
the atmosphere is relevant for the developmentirles or
multi-cylinder engines with independent intake gipe

experimental



NOMENCLATURE

My e [kals] Real mass flow rate

CD [ Discharge coefficient
Migen [kals] Isentropic mass flow rate
Acet [m?] Reference area

k [1 Specific heat ratio

Pr [Pa] Pressure downstream of the intake valve
Po [Pa] Pressure upstream of the intake valve
R [J/kg.K]  Gas constant

T [K] Temperature

To K] Ambient temperature

Dv [m] Valve diameter

Ly [m] Valve lift

B [ Expansion ratio coefficient
p [kg/m®]  Air density

Patm [Pa] Atmospheric pressure

P [Pa] Pressure

m [kals] Mass flow rate

AP [Pa] Pressure difference

n [rpm] Engine frequency

c [m/s] Velocity of sound

f [Hz] Frequency

L [m] Pipe length

M [kg] Mass of fluid

a [m/s Acceleration

\% [m/s] Flow velocity
FUNDAMENTAL CONCEPTS

The mass flow through the valve is usually describg
the compressible flow equation through a restnictidhis
equation is derived from dimensional analysis ofisntropic
flow, using experimental data of the mass flow rateobtain
the discharge coefficient. The relationship betw#sn actual
and isentropic mass flow is given by [9]:

~ M

Cp=m
® Migen

(€]

The flow through the valve is given by [10]:

(k-1)/ k 12
e

The value of @ and the reference area are related; their
product G.Aref is the effective flow area of the gas. The
choice of the reference area is arbitrary [11]. Titerature
recognizes the following parameters: the area efviive, the
minor area of the valve seat, and the area ofdh@ia, defined
as the product of the valve lifi,land the diameter\p

The discharge coefficient is generally obtained
experimentally by coupling the head to a tank ofdavolume
(Fig. 1). The test essentially consists in fording air through a
flow bench that reproduces the values of valves,lifthe
geometry of the conduits in the cylinder and the@unding of
the valve.
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Figure 1 - Equipment for steady state flow measergm

Typically it is imposed a constant value for the&xsion
ratio (3), defined as the ratio between the atmospherisspre
and the pressure inside the tank. This coefficisntkept
constant for all elevations of the valve by adjugtine pressure
in the equalization tank.

When the pressure differences between the envirohme
and the equalization tank is 5 to 10 kPa, genethbyair flow
compressibility can be neglected, and equation @) be
expressed by [12]:

Mreal = Cp At v 20(Patm —P)

In steady state flow only viscous forces affectdeéermination
of Cp. In a real situation, the periodic opening of ‘eslv
requires a restart of the movement of the gas éntlié intake
pipe. Therefore, inertia forces caused by the gdsafion must
be considered.

It is observed that inertia forces tends to deeretie
discharge coefficient (corresponding to an increéasthe total
resistance), and so reducing the mass flow [3,13].

When these forces exist, a dynamic discharge ooefii is
usually defined, different from the stationary ofiae dynamic
coefficient is defined exactly as the stationage(&quation 1).
The difference is that the real mass flow rateesrwith time.
Several authors [14, 15] have shown that the dyoaisicharge
coefficient is smaller than the stationary coeéfiti

The average dynamic coefficient is obtained comside
the mean value over a complete cycle of the cragked16]:

®)

1
2

Cp = J'CD(H).de

-

(4)

Under normal working conditions of the engine, btk
valve lift and the pressure difference are affedtgdengine
speed. In a first analysis, it is desirable to &afe" the effects
of variation of rotation from the effects of vara@t of pressure.
This can be accomplished by keeping the pressiiferetice
constant while maintain the valve movement, for igerny
engine speed.



RELATION BETWEEN THE DYNAMIC AND THE
STATIONARY DISCHARGE COEFFICIENT

In this work a dimensional analysis was performedrder
to minimize the number of variables to be analysed.

In a steady state flow bench usually the discharge
coefficient and the head losses are determineda thansient
flow bench, the speed of the engine and the val@atement
are also considered.

In the case of stationary flow, dimensional analysads to
the following relationship between the flow and thessure
difference [16]:

P P

T _ (4P
e
The discharge coefficient is independent of theaesjpn
ratio, B, defined as [9,16]:
B=1/[1-(4rP/P)] 7

Under transient conditions, dimensional analyséi$eto a
relation as [16]:

£-(39

The term in the left in the equation 8 is relateithvithe
Mach number (Ma):

®

m mRT
Ma v ,oL2 _ pL2 _m.\/ﬁ.ﬁur‘h\/?

ol o =TT

_n
T
exciting frequency of the source (in this caseftleguency of
the valve) and the frequency of the duct, givefildy:

The term that appears in eq. (8) is the ratio of the

f=_C _VKRT (10)
4L 4L

The division of n by eq. (10) leads to:

MFET } - M = } - {F} -

The pressure forces are related to:

[Fo= lAP.LZJ (12)

The inertia forces are:
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F =ma (13)
Dimensionally "a" is related to:

[a] 0 [L.nzj (14)
The relationship between the mass and the volume is
m=pL3 (15)

This leads to the dimensional relationship:

[m]= [,o.LS] = [R_}?I' .Lﬂ (16)

The inertial force is given by the dimensional tielaship:
P
[F]= {E.G.L .nz} 17)

The ratio between pressure forces and inertia $oggiven

by the dimensional relationship:

2

Fp|_| 4PL :{AP.ZR.'I;}D{API}:X (18)
Fi L.LS.L.nZ P.nc.L P.n

RT

The square of the ratio between the inertial foraes

pressure forces is:

Fi n.x/E
F—PDLWPJ 9)

The discharge coefficient is proportional to:

_m T
col= AV pmrm/m =Y (20)

where the isentropic velocity is :

/ZAP
= | 21
Vis 0 (21)

The resistive force,d; is related to:

v? n? RT
[FR]D{’OZ 'LZ}D{mP.LZ } (22)

The ratio between the forces of resistance andianfarces

is given by the dimensional relationship:



(23)

() (8 ol

When the pulsating phenomena are not considered,

Fp=F +Fg (24)

or.

FR_F_4 (25)
i Fi

Substituting eq. (25) and (20) in eq. (27) the ¢éiguacan be
written as:

. 2
{m.T} —K, APT “K,
Pn P.n?

Equation 26 relates to the ratio between resistaarg
inertia forces e to the ratio between pressureiaexdia forces.
In this situation, the phenomena of wave (presswiag) are
not considered. At low rotational speeds and shioket
conduits, the pulsating phenomenon is small intieiato the
other forces. Thus, it is expected that the retetigp between
parameters obtained from eq. (26) is linear. Wienpulsating
phenomenon significantly affects the flow, the tielaship
between the parameters deviates from a straight lin

(26)

EXPERIMENTAL SETUP

The experimental data were obtained in a flow bench

designed specially to perform non stationary téstg. 2). The
apparatus allows flow rate measurements througlntake or
exhaust pipe, with the valve in movement, at a t@ons
pressure drop throughout the system [T3le major advantage
of the flow test bench is that it enables the tgrfrequencies of
manifold designs and the rotation speed of therengi

Figure 2 - Experimental rig
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The constant pressure drop is obtained connectitjga
reservoir to the intake system. Thereby, the presss
equalized at that point. At the other side, theemesr is
connected to a blower that works at constant kati speed.
The reservoir has a volume of around 350 litresd &n
eliminates pressure pulsation originated from thalves
movement. The valves are moved through an eleototor,
which rotational speed is adjusted through a fraque
converter. The electric motor used a maximum paf&0 kW
and a maximum speed of 3500 rpm.

One laminar flow meter is used to determine thesnfiasv
rate. In this sensor, the fluid is forced througha#f passages
that keep the flow laminar. Thus, the mass flowe rid
proportional to the pressure difference through rtteter. The
instantaneous pressures were measured by piezwesis
pressure transducers, with a working range frono A tbar.
Platinum RTD sensors were used to measure the tatope,
with a working range between 0 and%D A four-cylinder, 1.0
liter engine head was fixed to the dumping tanklyCthe
intake valve of the first cylinder was operatindjile the other
valves remained closed. Initial tests were perfafmwih three
intake pipes with the same diameter (35 mm) anterdift
lengths: 15 mm (named tube 0), 1000 mm (tube 1, 2000

mm (tube 2). The tubes were used under the samte tes

conditions, however alternately. (see figure 3).

PRESSURE
TRANSDUCER —

! ! !

PLENUM
< CHABER

Figure 3 - Schematics of flow bench and the infaike

Camshaft rotational speed was varied from 600 t6024
rev/min, in steps of 100 rev/min. The maximum riotatof
2400 rpm was chosen to not compromise the integifitthe
test head. The pressure transducer was instaltesgrcto the
intake port (153 mm from the valve port) to measuressure
fluctuations. Pressure data acquisition was 10 é&btained for
two engine cycles. Pressure difference betweenctt@nmber
and the ambient was kept constant at 230 mmHg §hag).

RESULTS

The effects of inertia and resistance forces casdan in
Fig.4 (900 rpm) and Fig. 5 (2200 rpm) for the tubeThe
inertia forces are related with the pulses of pressThe intake
valve opens at 183%nd closes at 301No pulse is observed in
this range; the pressure decreases during thergpperiod and
increases during the closing period of the valveheW the
valve is closed, the pressure waves indicate aapots flow.



Moreover the resistance forces work reducing thessirre
amplitude. The number of pulses is related withtthee length.
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Figure 4 — Relative pressure vs. camshaft angle
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When comparing Fig.4 and Fig.5 it can be noticed the
camshaft rotational speed influences the flow bihay The
number of pulses decreases and the amplitude seseaith

the speed.
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Figure 5 — Relative pressure vs. camshaft angle2260
rpm

Figure 6 shows the pulsating pressure for the @lder
900 rpm. Basically there is no friction loss in tiube, and no
pressure wave is observed during the intake valesing
period. In this case, the difference between thesient and the
tank pressures is the largest among all tube corstipns for
the opening valve period. This difference is mamaiated with
the mass flow rate; the greater the pressure diffar, the
greater the mass flow rate (Fig. 7).
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Figure 7 shows the influence of the camshaft roteati
speed on the mass flow rate, from 400 to 2400 rpmttHe
tubes 0, 1, and 2. The general behaviour of thesrflaw rate
can be associated with the pulsating flow and ifnciosses.
The greater mass flow rate is observed for the toxaéues of
speed rotation, due to the lower friction losse3,16]. One
interest aspect regards to the tube 0, with thellsshantake
pipe. Since the length is very small, there is @ friction
loss. The curve is practically a straight line.afsrementioned,
the peaks and valleys of the curves are relatelu thié pressure
wave inside the pipe.
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Figure 7 - Mass flow rate vs. camshaft speed,

Figure 8 shows the variation of the average dynamic

discharge coefficient of tube 1 as a function o ttamshaft
rotational speed. Since there is a direct relatigmbetween the
dynamic discharge coefficient and the mass flowe,rdhe
behaviour of the discharge coefficient presentsstrae trends
observed for the mass flow rate (Figure 7).

0,14

Dynamic Discharge Coefficient
o ° Y S
> Y S ° =
2 8 8 2 s

‘.
N
4
‘

(4
S
54

0

0 500 1000 1500 2000

Camshaft Speed [rpm]
Figure 8 - Variation of the dynamic discharge ciméfht
as a function of camshatft rotation
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The ratio between the pressure and inertia forees i
inversely proportional to the square of the cantslspked
(Eq.18). The stationary discharge coefficient otdies into
account the resistance forces. Considering themsysperating
with zero rotation, the dynamic discharge coeffitievould
tend to infinity. Thus, a comparison between stetfy and



dynamic discharge coefficients can be made witbva dpeed
camshaft condition.

Figure 9 shows the behaviour of a direct relatidgtih whe
dynamic discharge coefficient (Y, defined in Eq.) 20hd a
direct relation with the ratio between pressure iaettia forces
(X, defined in EQ.18). The results were obtained an
experiment conducted in the flow bench using theekt
possible camshaft rotation, equal to 180 rpm. Iimportant to
notice that the abscissa is shown on a logarittsnée. It can
be seen that the dynamic coefficient is always fothan the
stationary coefficient. The difference is assodat® the
pressure oscillations representing the pulsatireppmena.

1 10 100 1000

X (x10°)
Figure 9 - Relationship between the stationary and
dynamic discharge coefficient with the inertial aptessure
forces

Figure 10 presents the behaviour of the ratio betwe
resistance and inertia forces (K * Fp / Fi) and ridigo between
pressure and inertia forces (C * Fr / Fi), for thkes 0, 1 and 2.
It can be seen that for low rotational speeds dmuttstube
lengths, the relationship between the forces ratidmear, as
predicted by Eq. 26.

The influence of the pulsating phenomenon is steong
when there is a greater linearity between the ®rmios
previously described. In this case, the tube 0 thasgreater
linearity, indicating smaller effects of pressurawes.

025

‘ ©Tube ©
0 OTubel ©

C*Fr/Fi

X Tube 2
o——o—=0

0.15 02 0.25
K*Fp/Fi
Figure 10 - Relation between forces ratios
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CONCLUSIONS

In this paper the influence of transient phenomienthe
discharge coefficient through the intake valve m iaternal
combustion engine was experimentally evaluated. fri@n
conclusions are stated:

- From the data obtained, it was possible to idigritie
occurrence of pressure waves inside the intakespipith
different lengths;

- A pulsating flow was observed when the intakeveabk
closed . Resistance forces work reducing the pressuplitude
during the valve closing period;

- The camshaft speed influences the pressure waves
the mass flow rate. The number of pulses decreasdsthe
amplitude increases with the speed. Also, greatassnflow
rates are observed for the lower values of spedioa, due to
the lower friction losses;

- The discharge coefficient presents the same $rend
observed for the mass flow rate;

- For short tube lengths, the influence of the atithg
phenomenon is lower;

- There is a greater linearity between the ratibwben
resistance and inertia forces and the ratio betveessure and
inertia forces for small camshaft speeds.
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