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Abstract. The manifolds influence the engine performance and a model capable of estimating the wave action inside
them is fundamental. Unsteady three-dimensional models are very expensive and time consuming. However, an one-
dimensional approach has shown to be a fair approximation for the problem. There are several numerical methods of
different accuracy to conduct an one-dimensional unsteady compressible flow. The method of characteristics (MOC)
was one of the first methods to be applied in engine manifolds with reliable results. The method is based on the exact
solution and for this reason have good response in the presence of shock waves despite of having first order precision.
The volumetric efficiency and the wave behavior were analyzed for different runners length operating between 1500 RP M
and 4000RP M. Results showed that volumetric efficiency is heavily influenced by reflected compression waves on intake.
However, on exhaust the effect is less significant. For short runners, efficiency demonstrated to have fairly stable variation
across engine speed. Nevertheless, up to 30% change were detected between low and high speed for longer runners. The
0.800m intake runner and 1.000m exhaust presented better performance, with volumetric efficiency above 90% for all
engine speeds.
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1. INTRODUCTION

The gas exchange processes are responsible for removing the burned gases and to fill the cylinder with a new charge.
The intake and exhaust manifolds affect directly volumetric efficiency and residual gas fraction left inside the cylinder
after the exhaust process. Since these parameters influence the overall efficiency of the engine, a precise modeling of the
unsteady compressible flow inside the manifolds enables a more accurate analysis of the engine performance.

Nowadays, simulations of high resolution can already be done in various ways, which all of them are numerical
models. 3D analyses give theoretically the best results, describing the flow field more accurately. However, the complexity
of the processes requests a high computational power and time. These models are usually utilized to optimize structural
design of the manifolds (Li ef al., 2017).

Simpler, cheaper and more suitable solutions to model engine performance can be found. An analysis of compressible
one-dimensional flow allows faster simulations of the processes in the manifolds. Although theses simplifications result
in loss of information about the flow field, a large number of studies has shown good agreement with empirical data,
having average error below 10% (Winterbone and Pearson, 2000; Benson, 1982). An advantage is the low computational
time, allowing a simultaneous simulation of the engine. Due to being one-dimensional the models encounter limitations
in the presence of valves, junctions, curves and sudden area change inside the pipes, where multidimensional effects
become relevant to the flow field. However, correlations and models that take into account those occurrences can be used
in conjunction with 1D models (Nikita et al., 2015; Bassett et al., 2003; Winterbone and Pearson, 2000).

Among the one-dimensional models one can find different approaches to estimate the solution of an unsteady com-
pressible flow. One of the first methods applied to internal combustion engines was the method of characteristics (MOC),
which is based on the exact solution. Benson et al. (1964) developed a finite difference scheme that allowed the imple-
mentation of the method. A vast application and validation of the MOC in engines is described in details by Benson
(1982). Even though MOC can predict fairly accurately the wave effects, the first order precision of the method hinders
wave prediction as the information propagates through time.

Finite volume methods (FVM) have been extensively used to estimate the flow field behavior. A comparison among
several FVM methods based on Lax-Wendroff schemes and MOC is presented by (Liu et al., 1996). They showed
that the FVM schemes are overall easier to implement and less time-consuming than MOC. However, most of them
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presented overshooting of the properties when encountered by shock waves. The exact solution of Gonudov based on
the Riemann problem is shown in details by Toro (1999). However, this solution has shown to be very expensive, thus
more complex manifolds simulation can become unfeasible very fast. Winterbone and Pearson (2000) describe several
high order methods with second order precision in time and space applied to manifold systems. More recently, methods
to couple 1D flow with 3D cells have being studied and applied to simulate engine noise (Montenegro et al., 2011).

2. METHODOLOGY

The method of characteristics (MOC) was implemented to simulate the flow inside the manifolds. Although it is a first
order accuracy method, MOC is based on the exact solution. Then, it is expected to give an accurate numerical solution
when discontinuities in the properties are encountered, such as in shock waves (Smith, 1985). This method consists of
reducing first order partial differential equations (PDEs) to ordinary differential equations (ODEs) along specific lines
called characteristics.

2.1 Governing equations

The governing equations are the non-conservation laws, taking into account area change, heat transfer and sheer stress
on the walls. The equations are; continuity Eq.(1), momentum Eq.(2) and energy Eq.(3).
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where [ is the area, ¢ is the heat transfer rate through walls, f is the wall friction factor, p is density, u is flow
velocity, p is pressure, a is the speed of sound and Dy, is the hydraulic diameter. Equation (1) to (3) can be interpreted as
a set of non-linear hyperbolic partial differential equations. These expressions accept solution along specific lines in the
space-time plane called characteristic curves. Equation (4) represents the lines in which the solution is valid.
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Along these line the total differential of the properties is valid, thus the system of equations can be reduced to Eq.(5)
and Eq.(6). Benson (1982) and Winterbone and Pearson (2000) give a detailed explanation on how to obtain this solution.
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Benson (1982) introduces a variable named entropy level, a4, which represents the sound speed of the fluid if it
suffered a isentropic expansion until the reference pressure, Eq.(7).

W (P \GVE o
aA B Pref

It is convenient to write all equations in a non-dimensional form, where the properties are expressed by Eq.(8). The
set of equations can then be expressed by Eq.(9) and Eq.(10).
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It is possible to decouple Eq.(9), facilitating the solution, by making a variable substitution Eq.(11). Integrating such
equation, it is defined two new properties called Riemann variables, Eq.(12).
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A represents the propagation of the wave from the left to the right of a pipe and /5 on the opposite direction. All the
properties and the slope of the characteristics can be written as a function of A, 8 and A 4, Eq(13) and Eq.(14), respectively.
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where a = (3 —k)/(2k —2) and b = (k + 1)/(2k — 2). Substituting the properties as functions of Riemann variables
on Eq.(9) and Eq.(10) creates a new set of equations depending only on A, 5 and A 4. Those equations can be solved
numerically by a mesh method.

In laminar flow regime, Reynolds number below 2000, the friction factor is given by f = 64/Re. For turbulent flow
the Colebrook equation, Eq.(15), was considered and solved by iterative manner, where Re is the Reynolds number and e
the pipe’s roughness. The heat transfer was calculated by Reynold’s analogy, Eq.(16) (Winterbone and Pearson, 2000).
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2.2 Numerical procedure

The mesh is assumed rectangular with AX constant and predefined. Since the Courant stability criterion must be
satisfied for every mesh point, a single time step AZ is adjusted in every new iteration using Eq.(17) in a manner that this
criterion is always fulfilled for the whole mesh.

AX

max

Figure 1 illustrates the logic with both characteristics arriving at 7 at time n + 1 for subsonic flow and v > 0. For
small time steps, A and /3 curves can be assumed as straight lines. The Courant stability criterion guarantees that L, R
and K are always between 7 — 1 and 7 + 1. The properties values at those points are interpolated between the adjacent
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Figure 1. Mesh Grid

nodes. Equation (18) demonstrates a interpolation for a point on the left of ¢, if it was to be on the right ¢;; should be
used instead of ¢;_1.

0X
dp = ¢; — <M>P(¢i—¢i—1) (18)

Where ¢ represents any property, P one of the points L, R or K, dx is the distance between the mesh point ¢ and the
point to be interpolated. 6 X/A X can be determined by the slope dX/dZ, resulting in Eq.(19) to (21)

(5X> _ bA; — afi )
AX )y AE b\ — Nim1) —a(Bi — Bio1)

<5X) _ aXi — bB; o0
AX ) g S+ a(Ni—Xip1) = b(Bi — Bit1)

(5X> _ Ai — Bi o
AX )0 22 (k—1)+ (N —Aic1) — (Bi — Bic1)

The solution can be obtained in the form of Eq.(22), where the derivatives are given by Eq.(9) and Eq.(10). The
entropy level equation must be solved first since Eq.(9) needs the value of A’}Jl in order to be resolved.
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The described procedure for calculating the new Riemann variables and the entropy level at the nodes, and conse-

quently the properties at each node, was done from ¢ = 1to¢ = N + 1 for A and from ¢ = 0 to ¢ = N for 8. The entropy

level is estimated at the boundaries when possible, if not the value from previous iteration is considered. The boundary
conditions estimate the correct values of A\;—g, 5;=n+1 and A4 when needed.

2.3 Boundary conditions

Benson (1982) and Winterbone and Pearson (2000) describe how to conduct a proper analysis of the boundaries using
MOC. The flow is assumed to be quasi-steady when applied to an infinitesimal small region. This suggests that the size
of the boundary is too small compared to the size of the pipe and that d/dx > d/dt. Since the process is considered
quasi-steady, flow direction is defined by difference in pressure.

At the boundaries the Riemann variables are redefined as \;,, for the waves approaching a boundary and A, for the
ones leaving it. This way, A, represents the estimated solution for A or 8 at time n + 1, depending on which pipe
end is the boundary. The entropy level and \;,, must be corrected in case of inflow since the gas mixture of different
temperatures changes entropy. This correction is done by including Eq.(23) to the set of equations. \;y,,, and A 4, are the
arriving characteristics calculated by the normal procedure. Notice that Eq.(23) is implicit and therefore needs iterative
solution.
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The used boundaries in this work were only valve and open end. However, flow going into and out of the pipe must
be treated differently.

2.3.1 Valve - flow going into the pipe

The expressions are derived from the continuity and energy equations between the cylinder, throat and pipe. It is
assumed that the gas leaves a cylinder with stagnation pressure P, and expands isotropically. After, in the throat, it expands
but changing its entropy level. From continuity and energy equations, it can be shown that Eq.(24), to (27) represents the
solution for flow going into the pipe, where Eq.(26) must be used for subsonic flow and Eq.(27) for chocked flow instead.
The subscript ¢’ represents the cylinder. Equation (23) completes the set of equations which is solved numerically by
Benson (1982)’s approach.
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2.3.2 Valve - flow going out the pipe

Similar analysis is made for flow leaving the pipe. From continuity and energy equations, the solution for subsonic
flow corresponds to Eq.(28), where A is calculated numerically from Eq.(29) and Eq.(30).
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If chocked flow is encountered, the solution may be written as Eq.(31) and Eq.(32), where A, is estimated by numer-
ically solving Eq.(33).
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2.3.3 Valve - closed

When the valve is closed the incident wave is completely reflected and flow velocity must be zero. This corresponds
0 Aout = Ain.

2.3.4 Open End - flow going out the pipe

The solution for a flow going out to an environment of pressure P, is expressed in Eq.(34). This equation is derived
from the fact that the pressure in the pipe must be the same as the outside pressure, P = P,

p. o\ (k=1)/2k
Aout = 244 ( ’ ) — Ain (34)
Pref

2.3.5 Open End - flow going into the pipe

Since inflow, \;,, must be corrected by Eq.(23). From energy equation it can be shown that the reflected characteristic
is given by Eq.(35) for subsonic flow and Eq.(36) in case of chocked flow.
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2.4 Simulations

Figure 3 shows the simulated scheme. It was considered non-homeotropic flow in the pipes. Where, in one end there
is a valve and in the opposite end is opened to atmosphere. The diameter of the runners are 0.508m and the ports are
0.0300m. It was considered that the length of the ports are too small compared to the length of the runners. Therefore, the
ports only affect the curtain area of the valves. The properties of the gases inside the runners were considered constant.

The simulations were conducted varying one of the runners length from 0.300m to 1.300m in 0.020m steps and
engine speeds from 1500RPM to 4000RPM in 500RPM steps, while the other runner stayed fixed at 0.600m. The
discretization length for both runners was 0.010m.

The simulated engine follows the description displayed in the Tab.1 and the valves lift profiles in Fig.2. The simulation
ran with gasoline as fuel working at stoichiometric relation. The combustion model is based on a single Wiebe function.
The volumetric efficiency is defined as the actual mass of mixture consumed by the engine divided by the ideal mass of
mixture that could be drawn in based on displacement volume Eq.(37).
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N = e 37)

atm Vdisp
RTatm

Table 1. Engine characteristics

Engine type 4 stroke
Bore and Stroke 80.0 x 80.0mm
Displacement 400cc
Valve Timing
iv.o | 700°
ive | 210°
e.v.o | 490°
e.v.c | 15°

Compression Ratio 12.5
Intake Valve Diam 30.93mm
Exhaust Valve Diam | 28.27mm
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Figure 2. Valves lift profile
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Figure 3. Manifold-Cylinder system used in the simulations

3. RESULTS

3.1 Describing the phenomenon
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Figure 4. Intake pressure at valve end in 0.300m runner

For the system in Fig.3, two types of wave are encountered: compression wave and rarefaction wave. In the intake
manifold, a rarefaction wave appears at the inlet valve when the cylinder pressure drops as the piston moves downward.
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This wave propagates to the open end of the pipe and is reflected back to the valve as a compression wave (Heywood,
1989). The arrival of this wave, while the valve is still open, allows an increase in mass flow. Adjusting the length to
maximize this phenomena is called tunning and is vastly used in runner design. If timed correctly the compression wave
may work as a compressor, "pushing" additional air capable of increasing volumetric efficiency above 100%. When the
valve is closed, the waves are reflected without any change. Thus, during the closed phase the waves travel back and forth
purely reflecting at the closed valve and inverting at the open end. For the exhaust runner similar behavior is faced, after
the valve is opened a compression wave propagates outward and is inverted as a rarefaction wave traveling back to the
valve. The arrival of such wave helps the cylinder clearance and consequently increases volumetric efficiency.

Figures 4 and 5 describe the pressure, normalized by atmospheric pressure, at the inlet valve at 2000RPM and
4000RP M for a runner of 0.300m and 1.000m, respectively. The shorter runner has volumetric efficiency of 93.8% and
91.7% at 2000RP M and 4000 RP M, respectively, while the longer has 100.6% and 88.1%. On one hand, it can be seen
that the shorter runner presents more reflected waves than the longer pipe and its pressure peaks are much lower. This is
due to the wave having more time to expand in the longer runner, increasing its intensity. On the other hand, rising speed
reduces the reflection frequency due to less time for the waves to propagate. It also significantly increases the pressure
peaks.
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Figure 5. Intake pressure at valve end in 1.000m runner

During the opened valve period, there was time for the arrival of four pressure waves in the 0.300m runner at
2000RP M and three at 4000 R P M while the longer runner showed only two at 2000 R PM and barely one at 4000RP M .
The pressure peaks for the 1.000m are overall about 10% greater compared to the shorter runner at the same speeds. The
first pressure peak occurs in the early stages of the open valve, then not having a huge influence in the mass flow. In both
runners, the compression waves diminish in strength with each reflection due to friction losses. As expected, the longer
runner has greater pressure peak drop. In addition, the increase in speed also results in a higher pressure peak drop. This
is caused by the increase in flow friction associated with the high flow speed at the runners at 4000RP M.

The determinant factor for the volumetric efficiency is the mass flow, which is heavily influenced by pressure ratio
between the cylinder and the port. A higher number of the compression waves arriving at the opened valve does not
necessarily mean greater efficiency. After a "charge" due to a compression wave, the cylinder pressure also increases,
hindering the mass flow afterwards. This can be observed comparing the shorter runner with the longer one both at
2000RPM. Although there are more compression waves arriving at the valve in the 0.300m runner at 2000RP M, it
presented lower volumetric efficiency. For the 1.000m, there is only one high pressure wave arriving during the valve
open phase. Therefore, promoting a higher mass flow inwards the cylinder reflected in a greater volumetric efficiency.
On the other hand, the longer runner at 4000 RPM showed the lowest volumetric efficiency. This fact is attributed to the
compression wave arriving when the valve is almost closed, then not contributing to increase mass flow.

In the exhaust system, Fig.(6), the wave behavior is analogous regarding wave propagation and reflection. However,
rarefaction waves arrive at the valve instead of compression waves. The high flow speed promotes more reflections and
higher flow friction compared to intake’s. Rising engine speed and extending runner length also reduced the number of
reflections for the same reasons explained before. A higher pressure difference provokes better clearance, which improves
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volumetric efficiency.
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Figure 6. Exhaust pressure at valve end at 4000RP M

3.2 Variable Runners

Figure 7 illustrates the volumetric efficiency for intake runners varying from 0.300 to 1.300 meters and engine speed
varying from 1500 to 4000RP M. The highest observed efficiency was 106.2% for runner of 1.260m at 2000RPM and
the lowest was 74.6% for 1.300m at 4000 RP M. Engine speeds from 2000R P M to 3000RP M showed efficiency above
100% at some point, meaning that the arriving of a compression wave worked as a compressor. Every runner with length
below 0.800m demonstrated volumetric efficiency above 90% for all engine speeds.
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3

80 —

75 —J
03

08 09 Speed (RPM)
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Figure 7. Volumetric efficiency for variable intake runner

Between 0.300m and 0.600m, the efficiency had small variation, around only 2.5% for each speed, with 3500 RP M
being the one with the highest change, 91.7% to 94.9%. Overall the efficiency varied between around 91% and 96% among
all speeds. Subsequent 0.6m sharper changes were shown by 3000 RPM and above. The lower speeds encountered more
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significant changes with longer runners, except for 1500 RPM that remained fairly stable for all lengths. As described
before, this is due to the compression waves having small intensity at low speeds. However, longer runners have greater
pressure peaks and consequently having bigger impact on volumetric efficiency. In addition, these runners showed a wider
range, in which the 1.300m runner showed a difference in efficiency over 30% across 1500 RP M and 4000RPM. All of
the smallest efficiencies were perceived at 4000 R P M, being the only speed to present efficiency below 85%. Its efficiency
rapidly drops after 0.800m runner due to no compression wave arriving during the valve open phase, as illustrated in Fig
5 for 4000RPM. The 0.800m runner showed to have the best overall performance, with all speeds having volumetric
efficiency above 90% and even above 100% for 3000RP M.

Figure 8 provides the volumetric efficiency for exhaust runners. The greatest peak was detected for 1.240m runner
at 2000RPM, 97.0%, while the smallest efficiency happened for 1.300m at 1500RPM. The exhaust runner length
showed a much lower influence on the volumetric efficiency than the intake’s. This is due to the high compression ratio
of the engine. When the exhaust valve opens, the cylinder pressure is high enough to already guarantee a good clearance.
Therefore, the rarefaction waves arriving at the open valve do not have a huge contribution. In general, changing runners
length caused smooth variations on volumetric efficiency. However, every speed, except 3000RPM and 3500RP M,
showed a sudden increase between 0.840m and 1.220m. Opposite to intake, the slowest speed presented the largest
change, from 89.2% to 95.9%, and all of the smallest values in volumetric efficiency. However, regarding engine speed
the behavior was very similar to intake’s. Runners until 0.800m demonstrated uniform changes across different speeds,
while the longer pipes showed larger volumetric efficiency variation. The 1.300m runner had the widest range, from
89.2% to 96.6%. Overall, the best performing runner was 1.000m, with volumetric efficiency above 92% for all speeds
and encountering two efficiency peaks, for 1500RPM and 2500RP M.
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Figure 8. Volumetric efficiency for variable exhaust runner

4. CONCLUSIONS

The extension of runner’s length resulted in a growth of intensity pressure peak and reduction on reflected wave
despite of increasing flow friction. Moreover, higher speeds showed the same trends. This behavior appeared for intake
and exhaust runners. Volumetric efficiency was way affected by intake runner length than exhaust, varying over 20%
for high engine speeds. For both systems, the volumetric efficiency for shorter runners presented more uniform variation
along the speed range. However, longer runners showed significant differences between low and high speeds, up to 30%
for intake’s. At 1500RPM the change on intake runner length has the least impact on volumetric efficiency of all speeds,
around 2%. Nevertheless, varying the exhaust runner showed the opposite behavior having the highest change among
all speeds, around 6%. The overall better performing runners were 0.8m for intake and 1.0m for exhaust. Both runners
presented volumetric efficiency above 90% for every speed and even above 100% for 3000RP M.
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