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Abstract

Computer modeling and experimental results on a single cylinder,
four-stroke cycle engine for best air flow characteristic 1is
discussed. The modeling analysis is based on hometropic fluid
flow with constant specific heats. The modeling results 1is
included to validate the simulation program against experimental
results with widely varying manifold lengths and engine speeds.

Experimental results are obtained by measuring air flow rates to
the inlet valve during steady state speed of the engine. Manifold
tuned lengths are obtained for a range of speeds by experiment and
by computer simulation, whose results are compared with those
obtained using Helmholtz resonator theory of manifold tuning.

1.0 Introduction

Since the modern first engine was introduced in 1876, efforts
have been invested in the design of proper manifolds, especially
so, for the four-stroke cycle engines. The gas exchange during
the inlet and exhaust processes contributes towards the
performance of the reciprocating engines. The non steady gas flow
in the piping system results in the propagation of pressure waves
in the manifolds which may considerably improve (ramming effect)
or seriously distort (poor scavenging) the gas exchange process.

A number of mathematical models have emerged to analyze the
formation and propagation of these waves aiming at predicting

engine peg?ormance. Before the introduction of computers, a
graphical method was used for the solution of the
characteristic equations. With the introduction of digital

computers, algorithms have replaced the graphical method.

Ramming effect to improve engine performance has long been
studied™ . Engine design for this effect has largely depended on
empirical relationship for the determination of proper manifold
lengths. Since four stroke cycle engines are known to be more
sensitive to intake conditions than exhaust conditions, an attempt
to improve volumetric efficiency is approached by inlet manifold
tuning.
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The mathematical modeling used in this analysis assumes
hometropic, unsteady one-dimensional flow without area change in
the duct. The modeling algorithm is written in Fortran 77 for

computer application. A single cylinder four-stroke cycle engine
is used to demonstrate the application of the modeling. The
simulation results are validated against the experimental

findings.

In the efforts to utilize the "ramming" effect for better cylinder
filling, the tuned lengths are obtained by applying acoustic
theory based on Helmholtz resonator model. All the results are
compared and analyzed aiming at improving air flow characteristics
in the engine. - .

2.0 Engine Gas Exchange

2.1 Volumetric Efficiency of Four-Stroke Cycle Engine

The ramming effect in engine has long been recognized though has
not yet been accurately incorporated in engine at wide range of
speeds. The ramming effect is considered in conjunction with
the basic theory of sound and its energy in relation with what
occurs in the engine piping system so as to utilize this effect for
better cylinder filling. There are two models found in literature
so far which explain the resonance effect; namely organ pipe
theory and Helmholtz resonance theory.

2.1.1 Organ Pipe Theory

This type of resonance (closed pipe end) is utilized by having a
multiple integer of organ pipe oscillations within the complete
engine cycle.

2.2.2 Helmholtz Resonator

Helmholtz pipe resonance theory relies entirely on a different
principle from the organ pipe theory. For Helmholtz resonance
every oscillation is initiated and utilized during that particular
inlet stroke and thus there is no dependence of one inlet stroke

over the result of the previous one. This phenomenon gives rise
to a distinct difference in the type of manifold tuning obtained
from the two categories. The resonant frequency is given by

_a A ; " . :
fa = 2 va;' When applied to the engine cylinder, the cylinder

volume is that at the mid stroke i.e one half displacement plus
the clearance volume.

v

Thus Vo= ?E %%%—;—%; where ¥ above is replaced by Ve

When the engine is in operation, the Helmholtz oscillation 1is
initiated by the movement of the piston on the gas intake stroke
since the vacuum in the cylinder accelerates the mass of air in
the pipe to cylinder. After the pressure falls below atmospheric
(Fig 2.1) which in practice occurs approximately at the mid
stroke, the pressure rises sinusoidally to a peak at a time
determined by Helmholtz frequency.
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Fig 2.1 Pressure-time history at four engine speed§4}

Now if the intake valve closes at any time while the pressure in
the cylinder is above atmospheric, then supercharge will occur.
From this process it is clear that the phenomenon which
potentially gives the largest increase in breathing capacity of an
engine is the Helmholtz type of resonance.

3.0 Modeling Theory

3.1 Unsteady Flow Modeling

The propagation of pressure waves along the engine pipe system 1in
response to events inside the cylinder as the valves close and
open is the basic process which determines the engine breathing
behavior. In hometropic flow, this process can be modeled
mathematically by the three conservation equations which govern
the one dimensional, unsteady compressible fluid flow:

Continuity ég% + g g% + gg = 0 (312
N 18p du du _
Momentum =i #ae ¥ M e 0 (2.2)
Constant entropy P = [ % ]zyﬂ?_“ (3.3)
praf raf

Since there is no analytical method of solution for the above

conservation equations so far, they are then rearranged and
transformed into a set of ordinary differential equations and
solved by numerical technique based on the method of
characteristics. This method relies upon finding certain

characteristic directions in the flow field along which the
discontinuities in the derivatives of the fluid properties may
propagate.

The procedure for the solution in question is that the pipe 1is
segmented into a number of equal lengths and the calculations are

advanced in a series of time steps. At each mesh point, if
required, the thermodynamic parameters of interest can be
evaluated in the time-space grid. Through this way the motion

resulting from the superposition of left moving and right moving
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pressure waves can be calculated over the cylinder and manifold
system. Thus, along curve of slopes of wave characteristic

%%:uia (3.4)

with compatibility equation (see eqgn 3.5)

_g}é_) = & pa_g_z (3-::_)}

Similarly along a curve of slope of the particle

dx o . "

dt

with compatibility equation (see egn 3.7)

dp _ ,2dp 1479

dt dt

In order to obtain a wave pattern solution with time, ‘boundary
conditions are required which relate the conditions outside the
pipe with those inside (subroutines are derived in Ref 6). For
this method of solution, it 1s convenient to convert the
thermodynamic variables p and p to a and a

af "

3.2 The Non Dimensional Characteristic and Riemqpn”Variables

In the previous paragraphs, the physical interpretation of results
has been in terms of pressure and velocities. A direct
representation of pressure can be obtained for homel: ' {

the velocities are divided by reference speed of sound , & o
Similarly non dimensiolization is extended to distance x and time

t by introducing a reference length, e o

Thus, A =

R
a
"
wis
S
[

The original characteristic equations (sect 3.1) were

g% = u * a (3.8)
) da _ -1 .
and s = F o (3.9)
In non dimensional form these become
g% - U+ A (3.10)
g;% szl (3.11)
and A = 2 - [E ]“"'""’"’ (3.12)
raf prnf
. . da _ _ ry-1
Consider the expression F i = |
Integrating with A =X at U = 0 we get i/
% = n + Lly \

2
\
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Thus for » characteristic

dx _
_.JZ = J + A
da _ _ r-1
du 2
and A=A % ?%1[1
Similarly for /3 characteristic
dA _ ¢-1
du 2 < =
dX
e ] = .
a7 U A
du }—*f_l
dA 2
and R = A - ?zlu

Note that A is constant along A characteristic; the

From equations (3.15) and (3.18) we get
For convenience let a o
2iy=1)
= - )

Thus from equations (2.19) and (2.20) we have for A

characteristic

AX) 1o _an
[ﬁj}\_b"‘ ass

Similarly for /3 characteristic

dxy _
[H)Zg]ﬁ—ax bf3
Let & = & for positive x-axis from left to right
s R for positive x-axis from right to left
h: = II
il.e O = g
A+ A
I II
B = _.r—
For the A slope, X = X and 3 = )"n
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Thus [alz(]xl N 2(}'-1):\1 2(y-1 )lll (3.25)
Similarly for l:: slope we have l:klx and ﬁ:}\I

. [d B 3=y »+1
L [}%];&n 2G-D)'n T 2p-D R

where hr and hir are commonly known as Riemann Variables.

Equations (3.25) and (3.26) are the basis for the main program for
the engine simulation.

1.7 Numerical Solution of the Characteristic Eguations

The numerical solution of the characteristic equations 1S
performed wholly in the position diagram, i.e X-Z field using
rectangular mesh which gives time history of variable at a fixed
location.

The procedure is that the grid pattern is fixed in the X-direction
but the Z-coordinate of the grid lines are adjusted according to
the stability criterion (sect 3.3.1) for the numerical solution of

quasi-linear hyperbolic partial differential equations. The
reqular pattern of rectangles are fixed by the fact that the grad
proportions AZ:AX are fixed at each time interval, A4Z. At any
time Z=%1, Riemann's variables lI and KU are evaluated at each
mesh point. The time interval 4Z for the nexl time sltep 1s
evaluated from M and kn at time Z. The next time Z=Z1+AZ 1s

then determined and the procedure repeated.

3.3.1 Stability Criterion

The mesh proportions are selected such that ?% = Tﬁ%Tﬁ

This means that the mesh proportions will vary throughout the flow
field in the Z-X diagram. In practice the procedure 1is to fix the

length AX and allow AZ to vary in each time step. Under this
condition the values of A and U are determined at each mesh point
and AZ is selected for the minimum value of AX/(|U|+A). At any

time step Z, the values of X and 3 at each mesh point are
evaluated from the previous values of A and 3.

Thermodynamic quantities are then evaluated from kI and Rn using

the relationship:

A s
[pp ]cy—nxzy _ 1 ; II (3.27)
raf
}LI = )\.I
and = = _?__.:1_" (3.28)

3.4 Program Organization

The computer solution of the previous section is organized in such
a way that it caters for the subroutines which deal with the
boundary conditions. The calculations in these routines determine
conditions at all interval mesh points of the duct section. ALt
the duct ends, the boundary equations are used in conjunction with
the wave equations to establish the values of A and {3. Depending
upon a particular engine, the form of the boundary conditions will
vary widely. The program structure has therefore arranged so that
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the calculation of the quantities A and [ 1is carried out at
separate boundary operations. In this way, only boundary
conditions of particular interest to the problem at hand need be
included in the program.

The master program portion 1is principally concerned with the

organization of the data describing a particular engine under
investigation and with printing information about the solution.

3.4.1 Program Input Data

Data read into this segment (Appendix A) describe the engine_under
investigation in terms of engine geometry, valve area, cylinder
HresSsir and  temperature when the inlet wvalve opens. The
thermodynamic gquantities p and T are converted into A and (3 values
and stored in mesh arrays. For each boundary calculations the
known values of » and /3 at the boundary mesh points of each duct
section are then used to transfer the collected information to the
boundary routines for subsequent calculation of X and 3 values.

4 0 Air Flow Measurements

4.1 Air Flow Rate

Air flow measurement at particular steady state speed of the
engine is achieved by using a perplex orifice whose discharge

coefficient is known in advance (Cd = 0.95). Air pulsations
during induction process is suppressed by passing the air through
a box containing baffles. Inclined manometer is connected to the
air box to indicate the intake pressure. The experiment was done

under three different engine speeds (1300, 1580 and 2090rpm).
Thus the experimental mass flow rate is given by:

m = Cd A {2 e 9 Hp, (4.1)
where Cd = nozzle discharge coefficient
A = nozzle cross section area (= pipe diameter)
© = air density
g = gravitational acceleration
H = manometric reading height

P, = water density

4.1.1 Experimental Volumetric Efficiency

Evaluation of experimental efficiency is based on the ideal mass

of air consumed per engine cycle. The ideal mass flow rate 1is
given by:

. _N
mo= 5 V; e, (s 2}
:&:' 3
where P R alr density
p = ambient pressure
T = ambient temperature
Ve = cylinder volume

N = engine speed
The experimental volumetric efficiency 1is then calculated from

QE'

equations (4.1) and (4.2). Thus #n _ =

=0
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4.1.2 Predicted Volumetric Efficiency

Since the evaluation of the improved cylinder filling is expressed
in terms of volumetric efficiency, the predicted air flow rate is

obtained for the validation of the simulation program. The
predicted volumetric efficiency is based on the theoretical
(ideal) mass of air consumed per engine cycle. The rate of change
of mass, dm/dt in the cylinder at any crank angle position during
the inlet valve open is given by;
. _dm .
n o= g (4.3)
= 2 u A
'wiu_.‘ el SR b
u = gas velocity
A = pipe cross section area
The amount of air in the c¢ylinder at any crank position 1is
obtained by integrating the rate of change of mass from the time
the inlet valve opens.
=]
B r dm dt .
m J 6 ds (4.4)
AVO
. de
But w = It
Thus bl BB g (4.5)
us Illq = m J 'EE i .
AVO
The amount of air in the cylinder when the inlet valve closes 1is
obtained by integrating equation (4.3).
1 MY am
— —-— d& .
m g J It d (4.6)
AVO
Hence"Fhe predicted theoretical efficiency is given by
s — (4.7)
vi m
(=8
where m = mass of air that would fill the cylinder swept volume
h pa.v.:
_anc.-
“RT
c
4.2 Manifold Tuning
In the discussion, the manifold tuning is based on the Helmholtz
resonator theory since it plays ﬂgpajor role in cylinder filing.

The tuning frequency relationship

E . a }EAZCR—Ij
o 2m LchCR+1i

At this frequency (eqn 4.8), the

amplitude

of the

is shown below (egn 4.8).

(4.8)

velocity

fluctuation is the maximum producing large pressure pulsations

the cylinder. The tuned length is
above equation,i.e.
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. a 2A (CR-1)
LSS T (eRiD S
4n o
where L* = tuned length
Ve = cylinder volume
a = acoustic speed
CR = compression ratio
f = engine speed

5.0 Discussion of Results

5.1 Experimental and Predicted Volumetric Efficiency

The results are best evaluated if they are interpreted in terms of
volumetric efficiency basis. The predicted efficiencies are
evaluated against the corresponding experimental results. Figures
5.1 and 5.2 depict results at various engine speeds. From the

figures it is seen that the best results are achieved at engine
speed of 1580rpm which is closer to the engine designed speed of
1500rpm. From the experimental point of view it should be pointed
out that the most less accurate data within the experiment is
probably that concerning the air flow measurement using inclined
manometer in conjunction with visual observation.

5.2 Tuned Length

Experimental and predicted tuned lengths are interpolated from

Figs 5.1 and 5.2 respectively. The interpolated results,

including the Helmholtz resonator model on tuned lengths at
various engine speeds are shown in Fig 5.3. The results seem to
follow the same pattern of decreasing tuned length with increasing
engine speed. The experimental and predicted results agree
reasonably well while the Helmholtz resonator model throughout

gives higher values of tuned lengths than either of the two.
Effects of diameter of the intake pipe on the volumetric
efficiency was carried out on computer. The results are expressed

as a function of tuned lengths and engine speeds (Fig 5.4).

6.0 Conclusion

6.1 Application of Simulation Program

With the simulation program in the present form, the engine
parameters such as the inlet manifold, and air flow
characteristics can be studied systematically by "running" the

engine on the computer by varying engine parameters of interest.

Validation of the program has been demonstrated by comparing
experimental and predicted volumetric efficiencies which show
guite a good agreement especially so at the speed closer to the
engine designed speed of 1500rpm.

6.2 Inlet Manifold Tuning

It has been shown theoretically and experimentally that it 1is
possible to achieve a very substantial supercharge in four-stroke
cycle engine by proper proportioning of the intake pipes. Tuned
lengths obtained by acoustic theory (Helmholtz resonator model)
seem to be slightly higher than those obtained either from
experiment or computer simulation. On the other hand, effects of
pipe length and diameter were observed that: )

1)For a given pipe diameter, the higher the engine speed, the
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shorter the tuned length.
2)For a given pipe length, the larger the pipe diameter, the
higher the engine speed at which the maximum efficiency occurs.

Nomenclature
Symbol Definition Units
a Speed of sound ms
A Non dimensional speed of sound -
CR Compression ratio =
N Engine speed s
P Pressure Nm
U Non dimensional velocity -
X Distance ; T oom
: Non dimensional time =
¥ Ratio of speciflic heals :
i3 Riemann variable of characteristic moving LHS
A Riemann variable of characteristic moving RHS

T Volunmetric efficiency -
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APPENDIX A
Input Data to the Engine Simulation Program

Group I: Input Data

Initial pressure in the inlet pipe 1.013bar
Cylinder pressure 1in the inlet valve open 1.1Ear
Cylinder temperature at inlet valve open 473K

Reference pressure 1.013bar
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Number of meshes

Ratio of specific heats
Ambient pressure
Ambient temperature
Engine speed

Group II: Input Data (Specific to the Engine)
Air valve open after TDC power stroke

Cycle of operation

Cylinder diameter

Stroke length

Connecting rod length

Inlet pipe diameter -

Inlet pipe length _
Nominal compressicn ratic ,

Number of points on th area curve
Angle from opening including zero degree
Valve area

"

Group III: Output Data

Number of output locations

Location expressed in mesh points
Duration of run in degrees crank angle
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1.4
1.013bar
295°

(variable)

355.5°

4 (stroke)
0.08m
0.11m
0.22m
0.03m
0.745m
245

220"
{(variable)

Ry
b
o

C.
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Fig 5.2 Predicted volumetric efficiency at varnous engine speeds
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Fig 5.4 Predicted tuned manfold length at various intake pipe diameters
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