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ABSTRACT

The effect of intake runner geometry on the intake and exhaust flow
characteristics is studied with a single cylinder engine. Eight different tapered intake
runners (or stacks) were placed on this engine and pressure measurements were taken in
the intake and exhaust systems, and in the cylinder. The intake stacks maintain the same
length, transducer locations, bellmouth radius, and mounting configuration in an attempt
to identify the effect of tapered geometry only. The experiments were conducted under
both motoring and firing conditions at speeds ranging from 1000 to 5500 rpm at 250 rpm
increments. A laminar flow meter was placed in the exhaust system of the motoring
engine to measure the mass flow rate, thereby allowing for a comparison of volumetric
efficiencies. A finite-difference based engine simulation code was used for predictions,
which were compared to actual measurements to assess the ability of the program in

capturing the effect of tapered geometries on wave dynamics phenomena.
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CHAPTER 1

INTRODUCTION

The dynamic effects of gas motion on intake and exhaust systems have long been
known to influence the volumetric efficiency and therefore the performance of an internal
combustion engine. Optimizing engine components to take advantage of the pressure
waves is generally referred to as “tuning”. Historically, engines were tuned through
much experimental iteration with numerous intake and exhaust components in an attempt
to achieve peak torque at a specific speed, depending on the application of the engine. A
more efficient approach for tuning was needed as internal combustion engines became
more complex. Through the mid-1900’s, researchers developed a wide range of
mathematical approaches beginning with the fairly simple one-dimensional linear
frequency-domain approaches to the more complex nonlinear time domain approaches
used in current engine simulation codes. The additional variables involved in designing
today’s internal combustion engines such as multi-valve heads, variable valve events, and
variable length intake systems dramatically increase the number of experiments required
to optimize a system and quickly becomes both cost and labor prohibitive. Thus the use
of engine simulation codes to predict the influence of engine breathing system geometry
changes on the overall performance has become extremely important for today’s engine
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designer. With the ever increasing criteria for emissions, performance, noise and
drivability in internal combustion engines, there exists a need to further understand and
model the complex physics that governs the engine operation and to accurately
incorporate it into the engine simulation codes. This thesis concentrates specifically on
the impact of tapered intake ducts. A single cylinder engine is used to alleviate all multi-
cylinder effects and experiments are conducted over a wide range of operating
conditions. The experimental data are then compared to computational results acquired
from a finite-difference based engine simulation code to determine its ability to capture
the effect of tapered geometries on wave dynamics phenomena.
1.1 Literature Survey

The tuning of intake systems has been of interest to engine designers for many
years, with one of the first references to such tuning being made by Koester in 1904. The
basic idea of intake tuning is to ensure the return of the initial rarefaction wave in the
form of a compression wave before the intake valve closes at 2 given engine speed. This -
compression wave produces a small supercharge or ram effect as the valve closes and
forces additional air into the cylinder. The additional air that is trapped in the cylinder

during intake increases the volumetric efficiency of the engine, defined as

3 mass of air trapped in cylinder 11)
¥ mass of air contained in swept volume of cylinder at inlet air density =

Volumetric efficiency is an important performance measure since, if all other parameters

remain constant, the mean effective pressure and therefore torque are proportional to it.



Researchers have investigated and developed a wide range of mathematical
methods to calculate the effect of intake tuning on internal combustion engines. Initially,
simple one-dimensional linear frequency-domain approaches were used and found to
provide adequate information about resonance frequencies and the engine speed at which
maximum tuning would occur. Morse et al. (1938) employed an organ pipe analysis for
the intake duct, which was then modified by Engelman and his coworkers who coupled
the intake duct and the cylinder volume to resemble Helmholtz resonators. This approach
is based on an idealized lumped parameter system where the gas in the pipe is regarded as
a lumped mass with no compressibility, and the gas in the cylinder is regarded as a spring
with no inertia [Fig. 1.1 (a)]. They postulated that when the intake valve is open, tuning
occurs when the engine speed is such that the induction process is matched to the natural
frequency of the combined intake pipe and cylinder system. This approach has been
widely used since and does provide reasonable results for engine speeds. An engine
designer, knowing the target speed for an engine’s peak performance can use this
equation and vary the length dimensions of the intake runners to get the proper tuning
effect. The simplicity of this approach makes it useful for practicing engineers towards
rough estimates during the initial design stage. Driels (1975) extended the Helmholtz
approach in the frequency domain by incorporating a valve model between the cylinder
volume and the intake pipe to approximate a realistic engine breathing process. Selamet
et al. (1995) examined the effect of a distributed analysis on the resonance frequencies by
comparing with the classical lumped approach. Another simplistic approach based on
distributed parameters was described by Winterbone and Yoshitomi (1990). This
approach: (1) considers the system as two connected pipes of different geometric
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dimensions with the larger area pipe having a closed end, and (2) allows for the gas in
both the pipe and cylinder to have compressibility and inertia [Fig. 1.1 (c)]. Winterbone
and Pearson (1999) also describe a simplified version of this approach where only the

intake is regarded as a distributed element and the cylinder is considered a lumped

element [Fig. 1.1(b)].

(a) ®) ©

Figure 1.1: Methods of simulating a Helmholtz resonator:
(a) Engleman’s lumped model, (b) distributed mass-lumped spring method,

and (c¢) distributed parameter model

These methods were simple for the practicing engineer to use but did not provide
any information about the overall amount of performance improvement and had no way
of accounting for losses or being used in conjunction with combustion models. To
overcome this deficiency, while retaining some of the simplicity of the frequency domain
approach, Chapman et al. (1983) developed an innovative approach that is based on the

linearized conservation equations in the intake and exhaust ducts combined with in-
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cylinder thermodynamics. The method consisted of three sub-models: (1) a series of
coupled nonlinear Helmholtz resonators used to describe the flow in ducts; (2) an in-
cylinder thermodynamic model, and (3) valve port boundaries that drive the system of
Helmholtz resonators. Although the fluid compressibility in the ducts and the inertia in
the volumes were assumed negligible, a reasonable correlation was obtained between the
computational and experimental results for the single-cylinder and four-cylinder engines
analyzed. While this method simplifies the duct calculations in a manner similar to
linearized acoustics, it is capable of predicting the absolute magnitudes of performance
parameters such as volumetric efficiency, as well as the time resolution of pressure,
velocity, and density in the ducts.

More complex time-domain nonlinear approaches have been developed to allow
for more accurate predictions by taking into account nonlinearities, flow losses, and heat
transfer. This approach, to treat the unsteady conservation equations was first proposed
by Benson et al. (1964) who employed the method of characteristics. Laksminarayanan
et al. (1979) present a finite difference approach based on centered spatial differences and
a Runge-Kutta temporal integration. Takizawa et al. (1982) use a two-step Lax-
Wendroff finite differencing procedure to model the gas exchange process. The finite
difference approach of Chapman ef al. (1982) for engine simulation is based on a FRAM
algorithm. With the rapid improvement in computing times, these numerical techniques
are now widely used in the automotive industry for designing complex intake and exhaust

systems.



1.2 Objective

The objective of the present experimental and computational study is to examine
the effect of tapered geometry intake stacks on overall engine performance. This is
achieved by performing motoring experiments over a wide range of operating speeds on a
single cylinder engine with eight different tapered intake stacks. In order to isolate the
effects of the tapered geometry, the experiments are conducted with no throttle body,
identical bellmouthed and flanged openings and identical overall intake system lengths.
Comparing the volumetric efficiency and the crank-angle resolved pressure at 2 number
of locations in the intake, exhaust and in-cylinder reveals the effect of the geometry
change. The study provides the experimental findings for: (1) the crank-angle resolved
gas pressure at two locations in the intake system, one location in the exhaust manifold
and in cylinder at speeds ranging from 1000 to 5500 rpm at 250 rpm increments; and (2)
the volumetric efficiency of the engine at the same speeds for eight different intake
stacks.

In view of the cost, the need for hardware, and the time frame associated with
engine dynamometer experiments, a predictive tool is desirable to study the trends,
narrow the options, and thereby accelerate the development process of engines and
intake/exhaust systems. The ultimate objective of the work is to validate a finite
difference approach for the prediction flow performance based on the work of Chapman
et al. (1982) which solves the one-dimensional, variable cross-sectional area, nonlinear
balance equations of mass, momentum and internal energy coupled with the equation of

state for compressible flows. The model predictions for the volumetric efficiencies and



pressures at a number of locations in the intake and exhaust system are then compared to
the experimental results.

Following this introduction, Chapter 2 describes the dynamometer experimental
setup, time-domain pressure and mass flow rate data acquisition, and the computational
engine simulation code. Chapter 3 examines the results of the motoring single cylinder
engine experiments. The calibration of the engme simulation code is discussed in
Chapter 4, along with the comparison of predictions to experiments. The results from

two simple linear frequency domain approaches are also provided. The study concludes

with some final remarks in Chapter 5.



CHAPTER 2
EXPERIMENTAL SETUP AND COMPUTATIONAL APPROACH

The motoring dynamometer experiments are conducted on The Ohio State
Unversity single cylinder engine. Eight different tapered intake stacks are used on the
engine. The present study focuses on the motoring experiments and the computational
results from a finite difference engine simulation code described later in this chapter.

2.1 Intake Geometries and Manufacturing

The complete induction system consists of dual intake valves, oval intake port,
injector block, adapter section and the eight intake stacks (Figure 2.1). The eight intake -
stacks are connected to the engines using the same 12.05 c¢m long adapter section that
provides a smooth transition from the round opening of the stacks that has a cross-
sectional area of 13.8 cm” to the oval opening of the injector block and head face with a
cross-sectional area of 12.37 cm®. Once inside the head, the cross-sectional area of the
intake system remains 12.37 cm® for approximately 2 cm and then splits into the two
divided intake ports with cross-sectional areas of 5.95 cm®. All the intake stacks maintain
the same overall length of 26.45 c¢m and the same pressure transducer locations (Figure
2.1). The two intake pressure transducer locations, el 1 and €12, are the same distance
ffom the intake valves for each of the eight intake setups. Transducer locations el1 and
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el2 are 22.06 cm and 44.44 cm, respectively, from the intake valves. The overall length
of the intake from bellmouthed entrance to valves is 50.85 cm. The 1 cm bellmouth
radius at the intake opening is the same for each stack and smoothly transitions into a
large flanged termination to ensure a hemispherical acoustic pattern for the pressure
waves as they exit the bellmouthed entrance of each intake stack.

The physical dimensions of each intake stack are given in Table 2.1. The
diameter (D;) and area (A;) at the bellmouthed entrance of the stacks is measured at the
inner surface of the duct after the 1 cm_radius. Intake #1 is a constant cross-sectional area
or non-tapered piece and is used as a baseline for the rest of the comparisons [Figure 2.2
(a)]. Intakes #2 through #8 have different tapered geometries over different lengths of
the intake stacks (L.) as represented in Figure 2.2 (b). Intake #2 has a taper area ratio of
1.5 over 100% of the length of the intake stack. Intakes #3 and #4 also have a taper area

ratio of 1.5 but Ly is only 50% and 25% respectively. Intake #5 has a taper area ratio of

Intake | L, (cm) | Dy (em) | D» (cm) Taper Area Ratio (A4/Ap)
#1 No Taper| 4,19 |- 1
#2 26.45 -
#3 | 1323 | 513 1.5
#4 6.613 4.19
#5 26.45 5.93 2
#6 13.23
#7 26.45 6.62 2.5
#8 7.26 3

Table 2.1: Intake Stack Dimensions
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Figure 2.2: Intake Stack Schematic
(a) Intake #1 - Baseline (b) Intake #2 - #8 - Tapered
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2.0 over 100% of its length. Intake #6 has a taper area ratio of 2.0 over only 50% of its
length. Intake #7 has a taper area ratio of 2.5 over 100% of its length. Finally, Intake #8
has the largest taper area ratio of 3.0 and it is over 100% of'its length.

The intake stacks and the adapter section are rapid prototype plastic pieces built
by the stereo-lithography method. They were created in a computer aided design
program and transferred to the stereo-lithography machine via a direct program
conversion interface. The stereo-lithography machine can then read the converted file,
which is made up -of many thin 2-D cross sections. The stereo-lithography machine is
made up of a laser, bin of photocurable liquid acrylate resin, and an elevator in the bin.
The laser traces the current 2-D cross section onto the surface of the liquid resin, which
solidifies when struck by the intense UV light. The elevator then lowers the hardened
cross section below the surface of the liquid resin and the next cross section is traced on
top with the laser. This cycle repeats until the part is completed and then the part is
removed from the bin for a final UV light post cure. This rapid prototyping process has .
provided quality pieces with good dimensional accuracy for all of the intake stacks.

2.2 OSU Single Cylinder Engine Description

The single cylinder engine located at The Ohio State University’s Center for
Automotive Research was used to conduct all motoring experiments and is setup with
components from a 2.5L Ford V-6 engine. This engine is solely used for the purpose of
research but maintains the overall engine specifications of the Ford 2.5L engine, which
are listed in Table 2.2. The engine has dual overhead cams with direct acting lobes and a
dry oil sump. Its only external accessory is a belt-driven Peterson racing oil pump to
provide the engine oil from the six-gallon external oil sump. The engine block and oil
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are cooled with water supplied from a large external cooling tower and circulated with
electric pumps. These two cooling systems are computer and thermostatically controlled
to maintain constant engine operating temperatures. For the experiments in the study, the

water and oil temperatures were maintained at 70°F.

Bore 8.153 cm
Stroke 7.95cm
Clearance Volume AMd4em®
Rod Length 13.81 cm
Compression Ratio 10.0:1
Maximum Valve Lift
Intake 0.8382 cm
Exhaust] 0.94234 cm
Valve Timing
intake Open| 45° BTDC
Intake Duration 320°
Exhaust Open| 105° BBDC
Exhaust Duration 335°

Table 2.2: OSU Single Cylinder Overall Engine Specifications

The engine exhausts through a 15.88 cm long adapter section similar to that of the
intake (Figure 2.1). It allows for a smooth transition from the oval port exit at the head
face to the round cross sectional area of the exhaust piping. The exhaust system consists
of several sections of straight pipe, three 90° mandrel bent elbows and one 45° mandrel
bent elbow as illustrated in Figure 2.3. A 24 cm long flexible coupling was installed in
‘the exhaust system to help reduce the vibrations. The exhaust system terminates
approximately 15 cm inside an 80-gallon expansion tank. The motoring dynamometer

power sweeps were initially conducted from 1000 to 5000 rpm. Some additional data
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was obtained at 5250 and 5500 rpm to ensure that the peak volumetric efficiency had
been reached for particular intake stacks showing higher rpm trends. The engine

is rotated by a General Electric direct current dynamometer Model #426403 AE with a
maximum motoring speed of 6300 rpm. The dynamometer is controlled by a
Dynesystems Dyn-Loc IV and a2 Horiba computer system.

2.3 Pressure and Volumetric Efficiency Measurements

The crank-angle resolved pressures are measured at both intake system locations
and in the exhaust system using Kistler 4045A2 piezoresistive pressure transducers. The
signal is amplified by Kistler model #4603 A piezoresistive amplifiers. All the amplified
signals are recorded using a Concurrent Masscomp model #7250 high-speed data
acquisition computer. This computer is coupled to a Concurrent CPU model #MC68040
running a RTU based operating system. This system is capable of acquiring data
simultaneously from 32 channels at a sampling rate of 2 MHz and has a 12 bit A/D
converter. The raw intake and exhaust pressure data are collected for 64 cycles, and
averaged per crank-angle degree (CAD) to determine an average time-dependent pressure
profile at every location for a given engine speed. The average intake and exhaust
pressure traces are then corrected to the ambient atmospheric conditions measured near
the intake during the experiments.

The intake pressure transducers are installed into the pressure tap locations (el1
and el2) ﬁsing a brass insert. The brass insert slides into the tap locations and is sealed
using vacuum grease. The center of the insert is drilled and tapped to the transducer
dimensioﬁs so that it may be securely threaded in. This installation ensures that the
transducer is sealed and that its height is always maintained flush with the inner intake
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stack wall. The bottom of the brass inserts for tap location e12 is machined to the same
radius as the inside of the intake stacks to provide a smooth transition from the rounded
inner surface of the intake stack to the flat surface of the transducer face. The exhaust
pressure transducer is installed in much the same way except that it is threaded directly
into a welded on bung in the first section of exhaust piping (Figures 2.1 and 2.4). During
initial installation, the transducer height was adjusted flush with the inner wall of the
exhaust piping and then used at this height for all experiments.

The in-cylinder pressure is measured using a PCB piezoelectric transducer model
#145A07 connected to a PCB model #462A charge amplifier. The crank-angle resotved
pressure is acquired for a total of 256 consecutive cycles. The voltage output from the
amplifier is sent to the higb-speec_i data acquisition system and is averaged per crank-
angle. The in-cylinder pressure transducer is installed through the cylinder head into the
top center section of the combustion chamber between the intake and exhaust valves and
next to the spark plug. The output of the piezoelectric transducer has a bias voltage.
Thus, the measured pressure is relative and needs to be corrected (pegged) to absolute.
Averaging the pressure measurements from the intake piezoresistive transducer at
location el1 at one degree before bdc, at bdc, and one degree after bdc after the intake
stroke is a reasonable approximation to the actual in-cylinder pressure. This averaged
intake pressure at el1 combined with the average of the same three CAD of the relative
in~cylinder pressure measurements gives the correction factor for pegging. The
correction factor is then added to all crank-angle resolved data to obtain the absolute in-

cylinder pressure trace for the entire cycle.
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To determine the volumetric efficiency of the motoring engine, a laminar flow
meter is placed in the exhaust system as shown in Figure 2.4 and the exhaust gas flow
rate is determined by measuring the pressure drop across a calibrated flow element. A
Meriam Laminar Flow Meter model #50MC2-4SF is used with a maximum flow capacity
of 400 cfim. The exhaust piping from the engine to the expansion tank is completely
sealed using flanged connections, gaskets, and silicone sealant to ensure the flow
measurement accuracy. The flexible coupling was sealed by wrapping it with a plastic

sheet and sealing the ends with an elastic tape.

A
Meriam
Laminar Flow
Meter
Laminar Flow —— [ [ [
Element \ )
Thermocouple / .
Meriam Water
Micro-
80-Gallon manometer
B ;
Exhaust xpansion Tank
Flow from
Engine |
e
L ]

Figure 2.4: Laminar Flow Meter Schematic
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The exhaust pipe is routed into a sealed opening at the bottom of the 80-gallon expansion
tank. The large expansion tank allows the exhaust gases to both expand and cool prior to
entering the flow meter and suppresses the pulses in the gas flow, thereby allowing a
more accurate flow measurement. The flow meter was calibrated at OSU using the Ford
Scientific Laboratories flowbench, which is capable of flowing 1150 cfm at up to 35 in
H,0 or 350 cfm at 90 in H,O across the test piece. The ambient pressure and temperature
was 29.92 in Hg and 70°F respectively during the flowlab calibrations. The flow meter
accuracy is dependent on both of these atmospheric conditions, thus any variation from
these conditions must be accounted for with correction factors. Tables were supplied
from the manufacturer of the flow meter with correction factors for both temperature and
pressure variations. To ensure accurate temperature measurements, a thermocouple is
inserted through the expansion tank and into the flow meter just upstream of the flow
element (Figure 2.4). The range of temperatures at the flow meter during the engine
experiments was only from 60°F to 80°F thus producing only minor corrections. The
ambient pressure is measured in the dynamometer cell and then the pressure drop across
the flow element is subtracted from ambient to get the exact pressure upstream of the
element. The pressures at the flow meter entrance ranged only from 29.5 in Hg to 29.7 in
Hg.

A pressure tap is located both upstream and downstream of the calibrated laminar
flow element and the pressure difference across it can be read directly from the connected
Meriam water micro-manometer (Figure 2.4). The water micro-manometer is manually
operated with a range of 0 to 6 in H;O and an accuracy of 0.001 in H;O. This pressure
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difference is then converted to a volumetric flow rate (in cfm) by using the flowbench

calibration graph. The volumetric flow rate is corrected, if needed, for both temperature

and pressure as described earlier using the supplied tables. The corrected volumetric

flow rate is then converted to the metric units of m*/s and used to get the mass flow rate:
m,=pV, 2.2)

where 71, is the mass flow rate (kg/s), ¥ the volumetric flow rate (m’/s), and p,; the air

inlet density. A value of p,,=1.20 kg/m’ was used based on atmospheric conditions of

70° F and 29.92 in Hg. The volumetric efficiency can then be directly determined using

the mass flow rate, the engine speed and the engine specifications as

2m
n, = —, (2.3)
pa,inN

where 7, is the volumetric efficiency, ¥, the volume displaced by cylinder (m®), and N
the engine speed (rev/s).
2.4 Computational Approach - Formulation

Ford Motor Company’s MANDY (MANifold flow DYnamics) engine
intake/exhaust flow dynamics simulation program used in this study is an extension of
the nonlinear, one-dimensional finite difference scheme presented by Chapman et al.
(1982). The code was originally developed to aid in the design of intake and exhaust
manifolds and cam/lift profiles of automobile engines to obtain improved wide open
throttle torque and horsepower. This finite difference scheme is based on a FRAM
algorithm that allows for the use of a higher order finite difference scheme in regions

where the flow is smooth and introduces a minimal amount of dissipation only in those
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regions where a higher order algorithm would produce non-physical oscillations. Itis a
seéond order accurate technique where the truncation error is third order in the spatial
discretization of cell sizes. It is a pumerical technique that solves the mass, momentum,
and energy balance equations for compressible, unsteady, gasflow throughout the intake
and exhaust flow passages. For one-dimensional flow in ducts of variable cross sectioh

with neglected axial conduction, the governing equations may be expressed as,

g(pA)+§t—(pAU):0, @3)
8 O o2y, O
E(pAU)-!—-é-t-(pAU )+-éx-(pA)—- 7,P =0, 2.4)
8 d d
~a-t-(pAe)+§(pAUe) +p-é-;(UA) -7, PU+gP =0, (2.5)

where p is the density, A the cross-sectional area, U the velocity, p the pressure, 7,,
the wall shear stress, P the perimeter, e the internal energy, and g the wall heat transfer

per unit area. The ideal gas equation of state,

p=(r-1)pe, (2.6)

is used to relate the thermodynamic variables and close the system of equations with y
being the ratio of specific heats. Atmospheric pressure and temperature provide the
boundary conditions at the air inlet and the exhaust pipe outlets. The staggered mesh
used in the discretization of the balance equations divides a duct into cells with vector
quantities located at node points, denoted by spatial index j, and scalar quantities at cell

midpoints, denoted by j +/-1/2 (Fig. 2.5).
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Figure 2.5: Duct Discretization and Variable Centering in Numerical Scheme.

The key sub-models within the code include: (1) The in-cylinder thermodynamic
variation of pressure, specific internal energy, and temperature as functions of the piston
motion, heat transfer to and from the cylinder walls, and combustion energy release
schedule; (2) The mass flow rate of air and exhaust gases across the valves as functions
of the valve lift profiles; (3) The rate of heat transfer to the port and manifold walls; (4)
The thermodynamic properties of the gases within the cylinder and flow passages; and
(5) Flow losses due to bends, junctions, abrupt area changes, and other transition
geometries such as throttle orifices. For further details, the reader is referred to earlier

publications by Chapman ef al. (1982) and Selamet et al. (1994).
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CHAPTER 3
MOTORING ENGINE: EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Introduction

To improve the understanding of tapered intake runners on engine performance,
dynamometer experiments are conducted with eight different tapered intake stacks (Table
2.1) on a single cylinder engine. This chapter focuses on the results obtained from the
motored single cylinder engine at OSU. Experiments are conducted with each stack at
speeds ranging from 1000 to 5500 rpm at 250 rpm increments. The geometry, setup, and
data acquisition for all eight intake stacks are described in Chapter 2 (Refer to Figures 2.1
and 2.2 for the measurement locations and intake dimensions.) Pressufes are acquired at
two locations (e11 and e12) in the intake, in the cylinder, and at one location in the
exhaust (¢3). The mass flow rate is also measured to determine the volumetric efficiency
as described in Section 2.4, All other variables such as overall intake length, mounting
configuration and measurement locations are maintained for each experiment to isolate
the effect of the tapered geometry.

Following a brief Introduction, Section 3.2 discusses the impact of different tapers
on the volumetric efficiency of the engine. Section 3.3 examines the measured pressure
traces from the intake system at locations e11 and el2 for the eight intake stacks and
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relates them to the measured volumetric efficiericy. Section 3.4 discusses the in-cylinder
pressure results using the pumping loop section from the log p-log V diagram. Finally
Section 3.5 reports and evaluates the exhaust pressure traces.

3.2 Volumetric Efficiency

Volumetric efficiency is an overall measure of the effectiveness of an internal
combustion engine and its breathing system as an air pumping device. If all other
variables remain the same, volumetric efficiency is proportional to the mean effective
pressure and torque and thus provides valuable information about an engine’s
performance capabilities. The volumetric efficiency of the motoring engine is
determined in this study by measuring the exhaust flow rate using a laminar flow meter
(Fig. 2.4) and then converting it to volumetric efficiency using Egs. (2.2) and (2.3) as
described in Section 2.4.

The measured volumetric efficiency is shown in Figs. 3.1 - 3.10. Figures 3.1 -3.7
retains the straight Intake #1 as a baseline in comparison with each of the seven tapered -
intakes. Figure 3.8 compares the three 50% tapered intake stacks (Intake #2, #3 and #4)
and Fig. 3.9 compares the two 100% tapered intake stacks (Intake #5 and #6). These
groupings isolate the effect of the different length of tapers on the volumetric efficiency.
Figure 3.10 compares the four full length tapered intakes (Intake #2, #5, #7, and #8) to
show the effect of increasing taper size only. All curves cover a range of 1500 rpm to
5500 rpm, where the repeatability was satisfactory and estimated error was less than 2%.
Speeds lower than 1500 rpm were excluded due to the magnitude of error introduced by

the laminar flow meter, as discussed in Section 2.4.
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Figure 3.1 shows the volumetric efficiency comparison of Intake #1 and #2. Most
notable is the shift of the two high speed peaks at 3750 and 4750 rpm for Intake #1 to
4250 and 5000 rpm, respectively, for Intake #2. From 2500 rpm and higher, the
volumetric efficiency for the two intakes is similar in magnitude, including the high
speed peaks. An rpm shift for the peak locations of volumetric efficiency is expected as
the tapered intakes are going to have a larger cross-sectional area, 4,. A simple method
to explain this trend would be to use the classical lumped parameter approach which
models the intake system as a Helmholtz resonator first proposed by Thompson and

Engleman (1969). This approach gives the resonance frequency of the system, fz, as

c, |4,
s , 3.1
7 G

where ¢, is the speed of sound, /, the length of intake pipe, and ¥ is ' the swept volume
of cylinder plus clearance volume. This equation shows directly that an increase in area
leads to an increase in the system natural frequency. Thus, as the cross-sectional areas
increase, a higher engine speed will be expected before the system hits resonance and
provides the peak beneficial ramming effect. This behavior of high speed peak shifting is
evident in the experimental results as the percentage of taper increases for Intake #5, #7,
and #8.

Figure 3.2 compares Intake #1 and #3 and shows a smaller shift in the two high-
speed peaks. Intake #3 has its two dominant peaks at 4000 and 4750 rpm and maintains
nearly the same volumetric efficiency magnitudes as Intake #1. Figure 3.3 compares
Intake #1 and #4, which shows basically the same shift in high-speed peaks as Intake #3.
Intake #4 does, however, show the highest peak volumetric efficiency of all the intakes at
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4750 rpm and shows a reasonable improvement at 3250 rpm as well as maintaining
nearly the same magnitudes or better at most other speeds.

Figure 3.4 compares Intake #1 with #5, which is the second full length taper at
100%. This figure shows the two high speed peaks for Intake #1 at 3750 and 4750 rpm
have now shifted up to 4500 and 5250 rpm for Intake #5. As discussed earlier, this trend
is expected, showing an increase of an additional 250 rpm at both peaks over Intake #2.
The tapered geometry negatively affects the magnitude of the volumetric efficiency for
the most part, particularly at the peak locations. As the taper area ratio gets larger and the
diameter increases at the intake inlet, the inertia effect at the natural frequency is less
because the reflection coefficient at the ambient junction is reduced (Selamet et al. 2001).
This reduces the tuning effect because the compression wave coming back to the intake
valve is weaker. This trend continues as the tapers get larger (Figs. 3.6 and 3.7) and is
also seen as an amplitude loss in the intake pressures for the larger tapered intakes
(Figs.3.14 - 3.17). Figure 3.5 compares Intake #1 and #6 and shows the high speed peak
shift from 3750 and 4750 rpm to 4250 and 5000 rpm, respectively. The peak volumetric
efficiency and the overall magnitude throughout the speed range are similar to those of
Intake #1. Figure 3.6 corhpares Intake #1 and #7 and shows the shift in high speed peak
and reduction in both peak and overall volumetric efficiency. Intake #7 shows its first
high speed peak at 4500 rpm with a second peak expected at 5500 rpm based on earlier
intake experiments and the code predictions to be discussed in Chapter 4 (Fig. 4.11).
From approximately 3000 rpm and above the overall volumetric efficiency is also lower
when compared to Intake #5 (Fig 3.4) confirming the trend thz'u larger taper diminishes
the inertia effect. Figure 3.7 compares Intake #1 to #8 which is the largest tapered duct at

25



200%. The visible high speed peak has now moved from 3750 rpm for Intake #1 to 4750
rpm for #8 and a second high speed peak is expected near 5500 rpm. This is confirmed
by the engine simulation code in the next chapter (Fig. 4.12). Intake #8 shows the lowest
peak and most overall loss of volumetric efficiency following the discussed trends.

Figure 3.8 compares the three 50% tapered intake stacks #2, #3, and #4. The full
length tapered stack (Intake #2) shows a 250 rpm increase in both high speed peaks over
the other two partial length tapered stacks (Note even the shift at the 3500 rpm peak..).
Intake #4, tapered for only 25% of its length, shows the highest peak magnitude of the
three at 4750 rpm. Figure 3.9 compares the two 100% tapered intake stacks #5 and #6.
This figure displays similar trends as the 50% tapered stacks (Fig 3.8) with the full length
tapered stack (Intake #5) having peaks 250 rpm higher and having a lower peak
magnitude than the partial length stack (Intake #6). Intake #6 shows identical engine
speeds for both high speed peaks at 4250 and 5000 rpm and very similar volumetric
efficiency magnitudes as Intake #2. As intake #6 has twice as much taper but only half
the tapered length of Intake #2, this appears to show that similar volumetric efficiency
trends can be obtained by either one size taper over the full length of the stack or
doubling the taper size over only half of the length. Figure 3.10 shows the four full
length tapered intakes #2, #5, #7 and #8. This figure clearly shows both trends of the
high speed peak shifts and the volumetric efficiency reduction as the taper is increased
over the full length of the stack.
3.3 Intake Pressure Traces

The crank-angle resolved pressure in the intake is measured at two locations (el1

and e12) as shown in Fig. 2.1 and described in Section 2,3. Location el1 is significantly
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closer to the intake valve and thus shows greater magnitude variations for all speeds.
The significant trends for phasing of major peaks and valleys and relative magnitudes are
however captured well at e12. For brevity, the following discussion for the comparison
of intake pressures is limited to pressures at el1 corresponding to the peak volumetric
efficiency speeds of a representative set of intake stacks (Intake #1, #2, #5, and #7).
This set of intakes was chosen due to its wide range of tapers and the fact that
experimental data were acquired at or near both high speed volumetric peaks. The
highest speed peak for Intake #7 is actually expected between 5250 ax(x'd 5500 rpm based
on Chapter 4 computational results. The discussion will also focus on the portion of the
cycle between intake valve opening (IVO) and intake valve closing (IVC). Table 3.1
lists the engine speeds discussed in this section for each of the four intakes involved. All
experimental data acquired at both e11 and 12 with each of the eight intake stacks at

every engine speed can be found in Figs. A.1 — A.74 of Appendix A.

intake |High Speed Volumetric Efficiency Peaks
#1 3750 rpm 4750 rpm
#2 4250 rpm 5000 rpm
#5 4500 mpm 5250 rpm
#7 4500 rpm 5250 rpm

Table 3.1: Engine Speeds for High Speed Volumetric Efficiency Peaks

Figure 3.11 shows pressure traces only for Intake #1 in the vicinity of both high
speed volumetric peaks of 3750 and 4750 rpm. This figure attempts to demonstrate the

pressure trends in the intake leading up to and just after the volumetric peaks. Figure
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3.11 shows that the pressure peak in the intake just before IVC is highest at the
volumetric efficiency peak speeds of 3750 rpm and 4750 rpm. This trend is seen in all
other intake stack pressures for the first high speed peak. For the second high speed
volumetric peak, several of the intakes (Intake #2, #3, #4, and #6) have larger magnitude
pressure peaks before IVC at higher engine speeds. These higher pressure peaks are
shifted later in the cycle and occur to close to IVC and thus do not provide any additional
positive tuning effect. Thus, the results support the idea discussed in the Introduction
that tuning would occur if the initial rarefaction wave returns to the valve in the form of
a compression wave before the intake valve closes.

Figures 3.12 — 3.17 compare the intake pressures for Intake #1 to those of Intake
#2,# 5 and #7 at the ehgine speeds listed in Table 3.1. These figures show how the
pressure traces for different intake stacks vary, sometimes significantly, at the same
engine speeds. Figure 3.12 compares Intake #1 and #2 at the first high speed volumetric
peak for each intake. Figure 3.12 (a) (3750 rpm) shows that the pressure peak before
IVC is much greater for Intake #1. At 4250 rpm [Fig.3.12 (b)], howgver, the pressure
peak before IVC for Intake #2 has increased and becomes larger than Intake #1 thus
improving the volumetric efficiency. Note that Fig. 3.1 clearly shows an approximately
8% higher efficiency for Intake #1 at 3750 rpm and a 1% higher efficiency for Intake #2
at 4250 rpm.

Figure 3.13 also compares Intake #1 and #2 but at the second high speed peak for
each intake. Again, the peak pressure for Intake #1 is significantly greater than Intake #2
in Fig. 3.13 (a) (4750 rpm). Figure 3.13 (b) (5000 rpm) shows noticeable increase in the
peak pressure for Intake #2 but it is still lower than Intake #1. The pressure peak for
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Intake #1 is, however, 10 CAD later, which appears to be sufficient to negate any
additional tuning effect. This result illustrates that the magnitude of the pressure peak
before IVC is not the only factor influencing the volumetric efficiency. Other factors
such as in-cylinder pressure and the phasing of the pressure peak in relation to IVC are
also important for determining volumetric efficiency magnitudes. Intake #1, with its
higher peak intake pressure before IVC, has approximately 8% lower volumetric
efficiency than Intake #2 at 5000 rpm (Fig. 3.1).

Figure 3.14 compares Intake #1 and #5 at the first high speed peak for each
intake. Figure 3.14 (a) (3750 rpm) shows that Intake #1 has a greater pressure peak
" before IVC. The pressure pe;ak occurs approximately 25 CAD closer to IVC but not so
close to reduce the tuning effect as seen in Fig. 3.13 (b) for Intake #1. At 4500 rpm, the
pressure peak for Intake #5 has increased and shifted toward IVC to match the phasing
of Intake #1. The magnitude of the pressure peak for Intake #1 is still larger. The
volumetric efficiency curve comparing these two intakes (Fig. 3.4) shows that even
though 4500 rpm is a peak for Intake #5, it actually has a lower efficiency by about 4%
than Intake #1.

Figure 3.15 compares Intake #1 and #5 at the second high speed peak for each
intake. At 4750 rpm, Fig. 3.15 (a) shows that Intake #1 once again has a higher peak
pressure before IVC. At 5250 rpm [Fig. 3.15(b)], Intake #1 still has a higher peak
pressure but the peak occurs 8 CAD later in the cycle and, similar to the comparison
involving Intake #2, does not provide any additional positive tuning effect.

Figure 3.16 compares Intake #1 and #7 at the first high speed peak for each
intake. Fig 3.16 (a) shows that Mtake #1 has significantly higher pressure peak before
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IVC at nearly the same CAD. 'fhe magnitude difference and the phasing are similar to
those in Fig 3.12 (a) for Intake #2. The volumetric efficiency curves for Intake #7 (Fig.
3.6) and Intake #2 (Fig. 3.1) support this magnitude difference by showing that both
intakes have substantially less (8 - 9%) volumetric efficiency at 3750 rpm. Figure 3.16
(b) (4500 rpm) shows that the peak pressure for Intake #7 increased but is still lower
than Intake #1, while maintaining the same phase. The volumetric efficiency curve for
Intake #7 (Fig. 3.6) reveals that the efficiency has increased for Intake #7, when
compared to Intake #1, but is still approximately 5% lower.

Figure 3.17 compares Intake #1 and #7 at or near the second high speed peak for
each intake. At 4750 rpm [Fig 3.17(a)), Intake #1 shows the greatest magnitude
difference in peak pressure before IVC. This correlates with Fig. 3.6, which also shows
the greatest efficiency difference of approximately 7% at this speed for the foregoing
intakes. Figure 3,17 (b) (5250 rpm) shows that the pressure peak has increased for
Intake #7 but remains well below the peak for Intake #1. Due to the 8 CAD shift of the -
pressure peak for Intake #1 and the extra area under curve for Intake #7 leading up to the
peak, the volumetric efficiency for these two intakes is nearly identical at this engine
speed.

3.4 In-Cylinder Pressure Traces

The crank-angle resolved pressure in the cylinder is acquired with one
piezoelectric transducer as described in Section 2.3. Due to the overall range of this
pressure transducer, its accuracy is significantly less than the intake and exhaust
transducers used in the study. With motoring experiments, the pumping loop portion of
the engine cycle (the exhaust and intake strokes) is of most interest. The pressure in the
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cylinder during this during the pumping loop remains near 1 bar [Fig. 3.18(a)]. With the
error range of the transducer and careful analysis of the experimental data, it was
determined that the in-cylinder pressure data was not of sufficient quality for extensive
comparisons. All experimental data acquired from the in-cylinder transducer are
presented in Figs. A.75 — A.98 of Appendix A. The reader is cautioned that the accuracy
is significantly reduced from the intake and exhaust data. Figure 3.18 is presented as the
only typical example. Figure 3.18 (a) shows the Intake #1 p-v loop for three engine
speeds and does show a low pressure period just before top dead center of the intake
stroke for the engine speed where peak volumetric efficiency occurs. This trend of
lowest pressure in the cylinder during the intake stroke at the highest speed volumetric
efficiency peak is noted in Intake #1 - #6. Experimental data was not acquired at high
enough engine speeds to determine the highest speed volumetric efficiency peak for
Intake #7 and #8. Figure 3.18 (a), also, illustrates some of the inconsistencies discovered
in the data including the small loop seen near top dead center before the exhaust stroke
most notably for 2000 rpm and the narrowing of the pumping loop near bottom dead
center for the higher speeds. Figure 3.18 (b) shows how the in-cylinder and intake
préssure at e11 differ in both amplitude and phasing during the intake portion of the cycle
and how jagged the in-cylinder trace is even though it is averaged over 256 cycles from a
motoring engine.
3.5 Exhaust Pressure Traces
The crank-angle resolved pressure in the exhaust is acquired as described in
Section 2.3 at one location identified as e3 (Fig. 2.1). The geometry changes in the
intake system with the eight intake stacks had only a minimal effect on the exhaust
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pressures. The discussion in this section is therefore limited to comparisons of the
exhaust traces for Intake #1 and #8 at engine speeds ranging from 1500 rpm to 5000 rpm |
at 500 rpm increments. These two intakes have the largest geometric difference and
produce the largest variation in pressure traces. The variation is also not significantly
different at each engine speed so 500 rpm increments are used for brevity. All
experimental data acquired at e3 with each of the eight intake stacks at every engine
speed can be found in Figs. A.99 — A.122 of Appendix A.

Figures 3.19 - 3.22 show the comparison of experimental exhaust pressure results
for Intake #1 and #8. The general shape of the pressure traces changes significantly for
every engine speed, yet the results in the exhaust are quite similar even for these two
largely geometrically different intakes. One noticeable difference in the results is that
Intake #8 leads Intake #1 for all engine speeds from 1500 rpm to 4500 rpm by
approximately 10 CAD at most locations. The lead becomes smaller as the engine speed
increases with the traces becoming basically identical at 5000 rpm. Intake #8 also shows
slightly smaller amplitudes at the peaks and valleys, along with some peak smoothing at
lower engine speeds. By 3500 rpm, the amplitudes become very similar and remain so

throughout the rest of the speed range.
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CHAPTER 4
COMPUTATIONAL RESULTS AND DISCUSSION

The predictions from two simple one-ciimcnsional linear frequency-domain
approaches and a finite difference engine simulation code are compared with
experimental data from engine dynamometer m this chapter. The motoring results from
the OSU single cylinder engine with the eight different tapered intakes are used in these
comparisons. Section 4.1 compares results from two simple approaches, Engelman’s
Helmholtz analogy and the distributed parameters, in estimating the speed of the peak
volumetric efficiency. Section 4.2 describes the results obtained from the finite
difference engine simulation code, MANDY. Section 4.2.1 discusses the calibration of
the code through several variables that can be modified to improve the prediction.
Sections 4.2.2 and 4.2.3 compare the predictions from the calibrated engine simulation
code to the motored experimental results, including volumetric efficiency and crank-
angle resolved pressures in both intake and exhaust systems.

4.1 One-dimensional Linear Frequency-Domain Approaches

Thompson and Engleman (1969) at the Ohio State University developed one of
the first linear empirical approaches for intake tuning that could be used to help evaluate
the effects of different intake geometries on engine performance. This approach is based
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on a Helmholtz resonator analogy as introduced earlier in Section 1.1. The natural

| frequency of this type of single degree of freedom system is given by Eq. (3.1). They
have postulated that the tuning occurs at an engine speed where the induction process is
matched to the natural frequency of the combined intake pipe and cylinder system during
the intake valve open period. Thompson and Engleman (1969) proposed a simple

relationship based on Eq. (3.1) to determine the engine speed, N [rpm], for the intake

A (R
N1, (4 [R-T @1
k VLV, VR+1

where £ is the valve timing correction factor, ¥}, the piston displacement and R the

tuning peak

compression ratio. They also proposed that the exact relationship between the engine
speed and the natural frequency of the resonating system was dependent on the engine
valve timing, leading to k that varied from 2 to 2.5 to account for different engine valve
open periods. Since the exact value of this factor has to be generally verified with actual
engine test data, the overall usefulness of this approach is limited.

In this study, Eq (4.1) is calculated using an average value of 2.25 for the
correction factor. Comparisons are made by using all applicable geometric dimensions
from the OSU single cylinder intake system with the straight and the four full length
tapered intake stacks (Intake #1, #2, #5, #7, and #8). However, due to the changing cross
sectional area of the experimental intake systems an approximation must be made for the
value of 4,. The method proposed by Engelman (1973), which uses a ratio of léngth, b,

to cross-sectional area, 4,, is used. The composite pipe is treated on the basis that
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Apeﬁ'

! L1 l
(J_J =t 424 L+, (4.2)
where the subscripts refer to the individual sections. To calculate Eq. (4.2), an average
cross-sectional area is used here as an approximation for the tapered section. The tapered
section average area is determined based on the known volume of each intake stack and

the constant length of each piece. This method with an average A4, for the entire intake

system provided excellent results as listed in Table 4.1.

Experiment or
Intake Stack | Helmhoitz Approach | Computational Results
#1 4730 rpm 4750 rpm
#2 4942 rpm 5000 rpm
#5 5156 rpm 5250 rpm
#7 5318 rpm 5500 rpm
#8 5454 rpm 5500 rpm

Table 4.1: Helmholtz Resonator Approach Predictions for Engine Speed for Peak Tuning

Engleman’s small amplitude frequency-domain approach was later improved by
other studies. One such approach, described by Winterbone and Yoshitomi (1990), is
based on distributed parameters, and considers the system as two connected pipes of
different geometric dimensions with the larger area pipe having a closed end. The natural

frequency of this system is given by

Acm[d)’lcjtm[a)'lp]zl, (4.3)

Ap c c

/] [:3

where @ is the system angular frequency, 4. the cross-sectional area of the cylinder, and

1. is ¥ the length of the cylinder. This approach uses distributed analysis to represent the
57



column of air moving in the runner and cylinder and thus gives an infinite series of
natural frequencies, while Eq. (4.1) provides only the fundamental frequency. Equation
(4.3) is solved for the resonance frequency with the same dimensions used for Eq. (4.1),

including the averaged 4, determined from Eq. (4.2), and the results are listed in Table

4.2,
Experiment or
Intake Stack | Distributed Parameters | Computational Resuits
#1 3930 rpm 4750 rpm
#2 3960 rpm 5000 rpm
#5 4050 rpom 5250 rpm
#7 4095 rpm 5500 rpm
#8 4110 rpm 5500 mm

Table 4.2: Distributed Parameters Approach Predictions for Frequency of Tuning Peak

The results from this approach do not compare well with the experimental results. This
approach does capture the trend of increased engine speed for increased taper, but the
engine speed for peak tuning is consistently loﬁr and does not show the 250 rpm increase
with each intake stack.
4.2 Engine Simulation Code

The engine simulation code, MANDY, used in this study is based on the finite
difference approximation of the balance equations in the time domain for mass,
momentum, and internal energy. The numerical technique is an extension of the work
first presented by Chapman, Novak and Stein (1982) as briefly discussed in Section 2.5.
4.1 Engine Simulation Code Calibration |

All physical dimensions and measurable quantities were verified and entered into

a simulation file to best represent the actual single cylinder engine at OSU. The engine
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was taken apart and all dimensions such as piston bore, stroke, clearance volume and
valve size were measured. The cylinder head was flow tested usfng the Ford Scientific
Laboratories flowbench discussed in Section 2.4. Both intake and exhaust camshaft lifts
were measured and the dynamic profile is used to determine the valve position at any
crank-angle. A parametric study was also conducted to determine the effect of various
code parameters on the predictions. The most influential of these variables for motoring
conditions include the cylinder wall heat transfer constant, HFACT, the temperature
range for the cylinder wall, TWCYL, and the duct wall friction multiplier, WF. A
reference range was given as HFACT = 2-3, TWCYL = 300 to 400 K and WF = 0,07 to-
0.12. Simulation runs were conducted to determine the effect of changes to these values
in order to help calibrate the engine input file. All runs for the parametric study were
conducted with the physical dimensions of the reference stack, Intake #1, where the most
accurate predictions would be expected from this simplest intake design.

Figure 4.1 shows the effect of HFACT ranging from 1.0 to 3.0. This variable
controls the amount of heat transfer from the cylinder to the cooling water. Figure 4.1
clearly shows a fairly linear downward trend across the entire engine speed range as the
value of HFACT is increased. The magnitude of the decrease is also quite similar across
the speed range with an average decrease of about 2% and a maximum of about 4%. In
view of the fairly even effect that it has on the volumetric efficiency over the speed
range, HFACT = 2.5 (midpoint) was chosen in this study.

Figure 4.2 shows the effect of TWCYL. This variable is input as one wall
temperature for the lowest engine speed and another for the highest speed. The engine
simulation code uses linear interpolation to determine values for all other speeds. The
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parametric experiments are conducted with values ranging from 300 to 350 K for 1500
rpm and 325 to 375 K for 6000 rpm at 25 K increments. During the motoring
experiments on the dynamometer the exhaust gas temperaturé was measured near
pressure transducer location e3 and varied approximately 25 K from 290 to 315 K. Thus
temperature variations across the entire engine speed range of 25 K are used for all
parametric runs. Figure 4.2 shows an overall downward trend as the TWCYL values are
increased. The air entering the cylinder will warm up as a result of heat transfer from the
cylinder walls, resulting in a decrease in mass flow rate, therefore volumetric efficiency.
The magnitude of the reduction for increasing TWCYL does, however, vary with engine
speed. The low speed end is more affectéd by temperature variations showing about 5%
reduction, while the high-speed end above 4750 rpm has 1% or less reduction with the
same temperature increase. This effect can be explained by the fact that the air will
spend more time in the cylinder at low speeds and thus will have more time to warm up
and cause a greater decrease in volumetric efficiency. During the motoring experiments,
both the oil and cooling water were maintained at temperatures near 293 K. This
combined with the measured exhaust gas temperatures led approximately to TWCYL =
325 and 350 K.

F igure 4.3 compares the predictions for values of WF ranging from 0.07 to 0.11.
This variable is a multiplier of the Blasius formula for the turbulent wall friction factor.
WF is used to account for flow losses not specified and any differences between
unsteady flow losses and those assuming steady fully developed flow. This variable is
input as one value for the intake system and another for the exhaust. The exhaust system
piping is generally considered to be smooth, thus WF is set to 0.04 for all experiments.
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The intake system, however, involves in general more flow development and -
component-to-component interactions leading to a higher value for WF. Figure 4.3
shows that increasing WF results in loss of volumetric efficiency at higher engine
speeds. As the engine speed increases so does the flow rate in the intake system and
with higher wall friction the resulting losses are higher and causing a reduction in
efficiency. -A maximum loss of approximately 2% is seen at the volumetric efficiency
peaks. A value of 0.09 was chosen for WF | based on these results and the Ford
engineer’s recommendation.

Another important parameter that must be accounted for is the inertia end
correction for the intake systemn at the ambient junction. This correction is needed
because a segment of the ambient air at the mouth of the intake stack has a significant
velocity and therefore acts as though it were a part of the intake system length. The
rarefaction wave coming from the cylinder will actually travel outside the bellmouthed
entrance of the intake for a short distance before reflecting back as a compression wave.
Depending on the overall intake length and the size of the intake piping this additional
length can have a significant impact on the speed at which the volumetric peaks occur.
Extensive work has been conducted to determine end corrections for various duct
terminations. One such computational study by Selamet ef al. (2001) investigated
numerous duct termination.s, including a bellmouthed inlet with an attached large flange,
which is similar to those on the intake stacks in this study. From figures provided in
Selamet’s study end correction estimations can be made, with the measured dimensions

of the bellmouthed radius and inside duct diameter at the ambient junction (Fig. 2.2 - Dy
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and r). Based on the dimensions of the intake Stacks, end corrections should range from
2 cm for Intake #1 to 3 cm for Intake #8.

Figure 4.4 compares the predictions with the end correction ranging from 0 to
2.5cm for Intake #1. Unlike the other variables discussed where only magnitudes are
changed, variations in end correction actually affect the shape of the curve. The figure
shows that a 2.5 cm addition of length effectively shifts the high speed peaks back 250
rpm, while overall magnitude remains relatively similar across the engine speed range.
This trend can be explained by once again using a classical lumped parameter analysis as
discussed in Sectioﬁ 3.2. The length of the intake system, /,, is in the denominator of Eq.
(3.1) thus an increase in intake length will directly reduce the system frequency and
engine speed for the peak inertia tuning. As the end correction is based on the size of the
pipe at the ambient interface, its value in this study changes for different tapered intake
stacks. Several parametric experiments were conducted for each intake stack dimensions
until satisfactory results wére achieved for the high speed peaks when compared to the -

experiments. The final end corrections used for this study are listed in Table 4.3.

Intake Stack|End Correction (cm)
#1 1.28
#2 2.0
#3 1.5
#4 1.5
#5 2.5
#6 2.0
#7 3.0
#8 3.5

Table 4.3: MANDY Prediction End Corrections
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Once values were determined for all of these variables, they were implemented
into the engine input files and maintained for the remaining runs to ensure as much
accuracy and consistency as possible in order to provide a fair comparison base for all -
eight intake stacks. -

4.2.2 Volumetric Efficiency Predictions

The volumetric efficiency is measured by using a laminar flow element in the
exhaust system as described in Section 2.4, with the results being fully described in
Section 3.2. The predictions from MANDY for volumetric efficiency for all eight intake
stacks are compared with the experimental results as shown in Figs. 4.5 - 4.12, revealing
a good agreement. The predictions generally show less than 2% deviation from the
experiments for all intakes above 3000 rpm. The code accurately predicts the engine
speed for peak volumetric efficiency for every intake and is generally within 1% of the
magnitude. This is exceptional when considering the error encountered with the laminar
flow meter of approximately 1% at these speeds. Nearly all of the other peaks above
3000 rpm are also accurately predicted both in phasing and magnitude. Below 3000 rpm
the predictions show a higher overall trend for Figs. 4.5 and 4.9 - 4.12. The maximum
deviation of approximately 7% is seen at 1500 rpm but with the increasing error from the
laminar flow meter at these slower speeds even these predictions would still be useable
as the overall shape of the curve is still fairly accurate.

4.2.3 Intake Pressure Predictions

The following discussion for the comparison of crank-angle resolved pressure in
the intake system is limited to the first high speed volumetric efficiency peak for each
intake stack. This ensures that experimental data is available for comparison for all of
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the stacks at a specific point. The second volumetric peak cannot be used, as
experimental data was not obtained at engine speeds high enough to produce a second
peak for Intake #7 and #8.

The intake pressure is measured at two locations (e11 and e12) as shown in Fig.
2.1 and discussed in Section 2.4, Figures 4.13 — 4.16 show the predictions for el1 and
Figs. 4.17 - 4.20 show the predictions for e12. Figure 4.13 (a) is for Intake #1 and
shows a good agreement for both phasing and magnitude. Slight over-prediction is seen
at the peak (540 CAD) and valley (410 CAD) during the intake portion of the cyclé. |
Nearly identical trends for phasing and magnitudes can be seen in both predictions for
Intake #3 and #4 [Fig 4.14 (a) and (b)]. The predictions for the other five stacks (Intake
#2, #5, #6, #7, and #8) also provide reasonable agreement with the experiments. These
five intake predictions do show a noticeable phase shift of about 5 to 10 CAD from the
experimental results. Some additional over-prediction in the magnitudes can also be
seen in the peaks and valleys for Intake #2, #7, and #8 [Fig. 4.13 (b), 4.16 (a) and (b)].
When comparing the three 50% tapered intakes (Intake #2, #3, and #4), the phase shift
seen in the Intake #2 prediction completely disappears in the predictions for Intake #3
and #4. An improvement can also be seen when comparing the two 100% taper intakes
#5 and #6 [Fig. 4.15 (a) to (b)] with the only difference being that the shift does not
completely disappear. This shows that the engine simulation code performs slightly
better in predicting the intake pressures when the tapered length is minimized. Although
minor, the foregoing discrepancies may possibly be attributed to the additional multi-
dimensional effects in the full length tapers that are nof accounted for in the inherently

one-dimensional simulation code.



4.2.4 Exhaust Pressure Predictions
The following comparisons of crank-angle resolved pressures in the exhaust

system are limited to three engine speeds from only two intake stacks. The
distinguishable differences between the exhaust pressures for the different intake stacks
are minimal, thus comparisons are made only for Intake #1 and Intake #8 at 2000 rpm,
3750 rpm, and 4750 rpm.

The exhaust pressure is measured at one location (e3) in the exhaust manifold
(Fig 2.1). Figures 4.21 —4.23 compare the predictions and experimental results for (a)
Intake #1 and (b) Intake #8 at three engine speeds. The experimenfal results for even
these two intakes with the greatest dimensional difference are very similar as can be
observed in the comparison of (a) to (b) for each engine speed. The engine simulation
code predicts this similarity as well and shows nearly identical traces for both intakes.
The predictions for 2000 rpm (Figure 4.21 (a) and (b)) compare reasonably well with the
experiments for both intakes. The most noticeable trend for the phasing of the major
peak and valley is captured well, however, the amplitudes are over-predicted at botix
points. Figure 4.22 shows that the predictions for 37‘50 rpm compare reasonably well
with the experiments for both intakes. The predictions for phasing of the sigﬁﬁcant
peaks and valleys compare well with the experiments and the magnitudes are reasonable.
Some over-prediction of amplitude is observed for Intake #1, while Intake #8 is more
accurate. The smaller amplitude wave oscillations, however, are not captured well. The
major peaks and vaileys are noticeable in the predictions for 4750 rpm, however, the
phasing appears to lead the experiment and the amplitudes are under-predicted. Again, |
the smaller oscillations are not captured. Due to the size and length of the exhaust
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system, additional issues such as numerical dissipation at higher frequencies or multi-
dimensional effects may influence these predictions, as discussed by Dickey ef al.

(2003).
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CHAPTER §

CONCLUDING REMARKS

The effects of tapered intake stacks on overall engine performance are examined
in this study. The experiments are performed on a motoring single cylinder engine over
a wide range of operating speeds with eight different tapered intake configurations. The
eight intake stacks evaluated have cross-sectional area changes with taper area ratios
ranging from 1 (no taper) to 3 (200% increase in area at the entrance). Crank-angle
resolved intake, exhaust, and in-cylinder pressure data and the exhaust mass flow rate are
acquired from the motoring engine to quantify the impact on overall engine performance.
A time-domain flow dynamics computer code is used to simulate the breathing system
behavior. The predicted results are compared with the experimental data for model
validation. The present chapter summarizes the results of this study.

5.1 Experimental Results

In order to isolate the effects of the tapered geometry, the experiments are
conducted while retaining all other geometric features the same, including the bellmouth
entry, large flanged openings, and overall intake system lengths. The influence of the
tapered geometry in the induction system is demonstrated by using time-domain pressure
measured in the intake and exhaust at key locations and volumetric efficiency inferred
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from exhaust mass flow rates at speeds ranging from 1000 ~ 5500 rpm at 250 rpm
increments.

The experimental volumetric efficiency results show that the tapered geometry
produces significant variations in the engine performance. Engine speeds for peak -
volumetric efficiency show a regular increase of approximately 250 rpm for each
increase of taper area ratio. The length of the taper also produces a noticeable trend, in
that the engine speed for peak efficiency was reduced by 250 rpm when compared to the
same taper area ratio intake stack with full length taper. These trends in engine speed
shifts are shown to be qualitatively captured by the classical lumped parameter approach
for intake tuning proposed earlier by Engelman and his coworkers. The experimental
data also illustrated that, as the taper size gets larger than 50%, the peak magnitude of
volumetric efficiency drops with each succeeding taper area ratio increase. Conversely,
reducing the length of the taper increases the peak volumetric efficiency magnitude
similar to the level of a one-step smaller taper area ratio intake stack.

The crank-angle resolved data acquired in the intake system demonstrated that the
tapered geometry also had a significant impact on the pressures at both locations in the
intake duct. At the same engine speed and transducer location, the magnitude and
phasing of the pressure are significantly different for even two intakes just one-step
different in taper area ratio. The pressure peak before IVC, is in general, an indicator of
the trend for the magnitude of volumetric efficiency. Volumetric efficiency peaks
usually correlate with the intake pressure trace that displays the highest peak pressure
~ before intake valve closing. This correlation is, however, very sensitive to the CAD
where it occurs. With only a relatively small shift of approximately 10 CAD, a higher
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peak pressure shows no additional benefit on the volumetric efficiency. This is noted for
several intakes with significantly less peak pressure but similar or better volumetric
efficiency. The in-cylinder pressure traces showed substantial variations for each intake
at different engine speeds during the pumping loop portion of the engine cycle. Based
on the percentage of error for this type of transducers and a comparison of results with
the engine simulation code predictions, these experimental results were not emphasized
or fully evaluated in this study.

The exhaust pressures were found to be relatively insensitive to the presence of the
tapered geometry intake stacks, as expected. While these pressures showed dramatically
different magnitude and phasing with engine speed, they were nearly identical for all
eight intake stacks. A trend evident from the exhaust pressures is that at 4000 rpm the
trace shows nearly no magnitude variation across the entire cycle. Simple calculations
based on the classical lumped approach using temperatures measured in the exhaust
system combined with the length of the exhaust pipe support the idea that this is the
natural frequency of the system.

5.2 Time-Domain Computational Model

Although the simple lumped parameter approach produced reasonable results in
determining the engine speed for peak efficiency, it has no means for predicting the
magnitude of engine parameters such as power, torque or volumetric efficiency. Sucha
prediction needs a more complex time-domain nonlinear approach that has been
developed and widely used over the last three decades. The predictions from one such
finite difference engine simulation code are compared with the experimental data from a
single cylinder engine for volumetric efficiency, and intake and exhaust pressures. The
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nonlinear fluid dynamic model predictions compared, in general, well with the
experiments. The agreement between the model and experiment for volumetric
efficiency is excellent for all eight intake stacks, capturing both the engine speed shift for
peak efficiency and the magnitude reduction as taper increased. The predictions for both
transducer locations in the intake are also found to match well for amplitude and
phasing. The pressure wave forms in the exhaust are found to match reasonably with the
experiments by predicting the phasing of the major peaks and the overall shape of
extremely diverse traces. However, additional exhaust system modeling changes should
be considered to possibly improve these predictions.

The completed parametric study for model input file calibration shows that the
predictions are sensitive to several variables that are not readily attainable. Such
variables as wall heat transfer, temperature of the cylinder wall, and the duct wall
friction could not be measured during the course of this study. Knowledge of these
variables and care must be used when setting their values in the input files of the model
as predictions can be significantly influenced.

The time-domain computational model based on the finite difference approach is
thus, a useful tool to study both the overall engine performance parameters and the
pressure variation in the intake and exhaust in terms of amplitudes and phasing. With the
level of agreement attained in this study, this computational model would reduce the
number of alternatives and accelerate the development process of intake/exhaust systems
at the design stage. While the present work considered tapered intake stacks, further
work is being conducted on other intake geometries including, different radius
bellmouths at the stack opening, 135° bends, and 135° S-shaped bends. Firing engine
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data will also become available for all intakes to investigate the nature of variations from

the motored engine data.
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Appendix A — Experimental Data
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for Intake Pressure Transducers at (a) 5000 rpm and (b) 5250 rpm

Figure A.9: OSU Dynamometer Experiment: Intake #1 — Pressure versus CAD
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Figure A 11: OSU Dynamometer Experiment: Intake #2 — Pressure versus CAD

for Intake Pressure Transducers at (a) 1500 rpm and (b) 1750 rpm
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Figure A.35: OSU Dynamometer Experiment: Intake #4 — Pressure versus CAD
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for Intake Pressure Transducers at (a) 4500 rpm and (b) 4750 rpm
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Figure A.63; OSU Dynamometer Experiment: Intake #7 - Pressure versus CAD

for Intake Pressure Transducers at (a) 4000 rpm and (b) 4250 rpm
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Figure A.64: OSU Dynamometer Experiment: Intake #7 — Pressure versus CAD

for Intake Pressure Transducers at (2) 4500 rpm and (b) 4750 rpm

159



w o S TR
s B I ! ' M
[T r i [ 1 =
L ' 1 1 & ]
H I 1 1 ' ]
1 I 1
M = = al h C m
[ 1 ] l - 1%
t ' T ]
1 ' q
_ | __ :
1 I r I ~
] i r t 4
1 [ 1 T
- R e LT T Y U S 1§
P \ v 1
4 | t ]
' ' | ]
1 ] ]
] 1 t
+ ' 1 le
| 1 '
it T TE T DA PRSP PR | S, W P
] b 1 ] m.
| & 1
] 1 ' @
t 1 t =
1 i 1
nnnnnn U B |
3 1 [ .m vw
1 1 b
) 1 b M
L 1 i
I r i
W 1 b ] M
1 1 ' A
lllll A m s s d e 4 mc
1 i
i ]
r 1 1
t 1
1 \
1 1
] t 1
= - e dtd it R i Pl g B il m
t 1 ~
\ 1
1 1
1 1 3
1 ] 1
1 ) @
1 '
Sy R e A e m
! il 1 124
| ] ' E,
1 ' i L
' 1 1
) | . ]
i | ' ]
. i .l t o
bt 0 o = =
— - - QD S

™ LN B et T
t 1 . . f
=l t i "t T ' 1
S| _ ; _ L5 ]
I i t 1 | 1 =~ ]
l ' 1 Il ‘ '
1 1 i 'Y 1 i
E aln " = 2 D SR Uy . m
1 ] t 1 ", ' [ i
1 t L e 1 1
' ' \ 1 !
1 1 | '
1 | ' 1 t
1 1 ¥ ' 1 m
' ' 1 1 1
|||||| Ame s me - e —— It s Bl
1 1 1 1 vy
| ' ' '
L} I 1 I
r I 1 !
! il 1 .
t i 1 1
! ] + ' b=
llllllllllllllllllll ol
i i T
] t 1
r 1
x L
t [ 1
ﬁl 1 1 ]
1 ]
lllll S, 2
1 1 A
L 1 B
1 ' 1
1 [
' |
t |
A ' -m
llllll [ O
' 1 L]
1 |
1 i
' t
] 1
t 1
1 1 w
b e m e e Am o ———
t i 1
1 1
] 1
1 1
1 '
r 13 B
Tlllllt.0||||..:_ ||||||| m
1 i i : i
1 1 ] v ' 1 1%
1 1 t ' i [
' 1 1 i | ' w
| 1 1 ' ] ¢
1 ' i 3 ' 1 1
i ] e 1 1 1
1 L I3 ). il b 1 o
s “ o - e & *® ~
- - -~ - — < < <
(svq} arnssory

Crank Angle (degree)
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160



N ey &
1 ' 1 ' '
bl Y i ' | .
.ﬂin.v ' 1 ' i ' = 1
i 1 i 1 1 ~— 1
il 1 ' ' \ ]
H 1 b r r ]
H = e o o) Py L PP . iy 2
[ I t ] 1 = &
r 1 1 1 1 4
1 ) ] ] ! 1
[ ' 1 t t '
1 1 i 1 1 1
' 1 | 1 A 1 4
' 1 i ] 1 1
it e T -  altadialintin of Jintekabd Fo=—-- o= h Bt 4@
1 ' ' T 1 T T
' 1 I i 1 1 ]
b 1 1 | i t
i 1 ] ] ' 1
| ' ' ' t t M
' ' ] | ' !
[ YL [ 1 “‘ “. i ..w
L} 1 |.||.\'|l| o e llllll-‘ IIIII
1 1 t 1 ) 1 <+ 5
1 1 ' t ] ] o)
z L I ! Iy i
i [ 1 t 1 [ m
1 r 1 1 1 ! 1 -~
' 1 { 1 1
IIIII O R RO ||n|_.u|1||._||--n¢m .w
T 1 ' ] ' '
' ' 1 1 1 1 b M
t ] 1 1 1 1 0O 1
—t L y i 1 4 53
1 1 I ' b ] =
1 ' 1 t | 1 1
' 1 1 ) 1 1 )
e i I- - - = b - m-— it |
j 1 3 1 1 1 L) .ﬂ
1 T [} 1 1 v
' i I ' 1 ' ]
' 1 ' t + t ]
1 ' ' ] 1 1 ]
1 1 1 1 1 1 4
' | 3 1 t 1 =
i B = - r re——- o= T ms
1 ¥ ¥ ’ ] t AIA
! ’ 1 t 1 ' ]
1 P 1 t 1 1
1 ] 1 | [ 1
1 ] 1 1 ] 1
1 r r ] ] ] 1
S U, o | A R B
1 1 r-- P i i m
1 1 i { i A o
B I ¥ 1 1 1
1 ' ' ) 1 ] ] ﬂq
1 i ] ' s 1
1 1 ' ' 1 1 b
1 1 b 1 1 1 1
I I : ) 1 i o
- -
g 8 8§ =8 &8 & & ¥
-t - — - [=] = o =]

(req) arnssasg

T T T
1 1 '
“m t 1 1
o oW 1 1
1 ] 1
H 1 v 1
PP 1 '
LI S P =, b
1 | 1
1 1 t
1 1 1
1 | '
' 1 '
| 1 '
| i 1
lllll I i et o
i 1 1
1 4 1 1
t 1 r
1 1 1
1 ' t
s 1 1
| _l I {5 N
T (i T TT T FETTTREL T
1 1 1
1 ] 1
2 1 s
1 1 ]
1 1 '
] | t
R S, L
[l ' 1
i i 1
1 1 )
1 - L
t 1 i
t ' \
1 1 1
-~ —m - — - - ———— -
t ' t
] ' 1
1 ' l
1 1 |
' 1 '
' ' T
t ] 1
lllll I inaindte ekt o -
1 1 1
1 1 '
] ] '
1 1 t
t ] 1
' ' 1 : b
. e o [ -4 ropn N I RN DU 4
' 1 v t 1 3
I ' 1 | 1 o
T 1 | 1 | ]
| ' 1 i 1 i
1 ; ] ' 1 1
1 1 ' ' 1 1
¥ 1 1 1 1
] 1 1 d i
— o g
&g 8 § 3 g & &
- — - — =1 =] (=]

720

270 360 450 540
Cmnk Angle (degree)

180

630

Figure A.66: OSU Dynamometer Experiment: Intake #8 - Pressure versus CAD

for Intake Pressure Transducers at (a) 1000 rpm and (b) 1250 rpm

161



e - 1.m
agy | 3
ey B

i C
i '
Pl o 1S
; L
i \ ]
m P
||||| wll|'l|
hl M @m
: ]
1 -
‘ uo
o ]
T EL N
N )
1 far 1 hm
i @oim
J NP
: u%m
103 .m
i) -
i ]
i o U
..... R § 5
! ]
i N
t
]
i ]
||||| ﬁnlnl\Jm
7 1=
r
! ]
1 4
! 1
LI
H : S A
£
; H ' @ 1
" ! S
' a
i H ! Mo
3 B 3 5 -1
— — - o =}

180

™ T T T =
t l t
catl .
G Q| | g ]
1 1 1 =~ y
‘ ' ' t B
1 1
L) ol z ... D
t t ] = 4
1 t ' M
i ) 1 1
t 1 1
i ' ' b
] 1 [}
\ ' ' 1
Tlllln_ llllll " o
) ' 1 ]
I i . M
L} 1 1
t ) 1 4
1 1 - 9
1 ' l 1
: ] i
el b = ToTmmmgom e b
i ) t
T r ] u
h H ; 1%
] ' ] m
1 r \ #
1 1 B b
lllll [ S N domenn
1 ] H @
1 1 b
) t 1 1
: L . g
] J ) =]
r b [}
. | : b
S b o P
t 1 ' A
) 1 i
b ' ' 1
1 1 I}
1 1 t
1} ) 1
1 i L
L J=m— - 4
' ' :
£ I
1 '
t 1
i '
' t
R S ' -
o R
1 i .l
T 1 1
L) 1 3
] ¥
| 3 L
1 1 B
I L A
3 g g g
: : . <
- - - ~

720

630

0 360 450

27

Crank Angle (degree)

Figure A.67: OSU Dynamometer Experiment: Intake #8 - Pressure versus CAD

for Intake Pressure Transducers at (a) 1500 rpm and (b) 1750 rpm

162



Q
—TT — — T T o
AnaS TR
- 1 1 ' i 1 &
o BT b t ' ' 1
[ | t ] 1 P~
[ H 1 1 ! ) )
[ i 1 1 t 1 +
= m e P . o= - =l C M
- 1 1 ] 1 1 —iw
r ] 1 1 1 1 1
r ] ] 1 1 ] 1
y b ' ] ) 1 ]
- ' ' ) ] ) 1
3 1 ' ] ' ) 1
E t t t 1 ¥ i
it Elalialiods el ¢ el e e Bl m
- 1 I ' I ' | vy
[ ' | 1 ' I 1
s ] ) 1 i 1 1
[ ] ' 1 1 ] v
b 1 1 ' ) 1 '

I ' 1) ] 1 F
A B ' 1 ' r <
b i T RS R s 5 Sl el [ 1T [
L 1 1 t ' ¥ 1 ] 1 “v\,.
b | | i 1 1 ] ] 1

1 i L L 1 1 L 1 mV\

- ] 1 1 ] 1 ] 1 [}
N ' 1 1 ] 1 1 1 1 T

1 1 1 ’ 1 1 1 1
S Y S T [PPSR PPN FIRIPI w..m_
3 1 i 1 b 1 1 1 1 "
3 1 ' 1 t i 1 1 1 M
- I 1 i T 1 1 ' ] o)

o i vl 1 A i 1 | I S -4

N [ 1 0 1 t ) \ [ =

B 1 1 r 1 I ) ] I

b ] 1 1 1 1 i 1 t [
i e ek ey =l —fm = =~ = = o =
- ' ] ! ] i 1 1 1 ﬂ
B b r 1 1 1 I 1 1

4 L | | \ 1 1 1 1

| 1 1 1 1 1 1 1 1

- 1 1 ] 1 1 1 ] )

- 1 1 1 1 1 ' 1 4

B 3 1 1 | 1 ] 1 ] j=]
il Edheladhals Al e il ok i [t SR (e w0
N 1 1 1 1 ] ) ' T —
{ 1 1 1 | ] ' ’ |

" ) ] 1 I b t t 1

F ] 1 1 1 ] 3 r 1

b 1 ' ' 1 1 t 1 1

b 1 1 ) 1 ' I 1 1

] 1 ' ' 1 1 | 1
i e i Al Sl 3 b T T 17T 1 ||A||_|||nw|m

) ) - ) i 1 1 1
9 ] ' I | [ [ \ 1
- 1 l t i ' 1 1 ] i
3 I 1 1 1 1 1 1 ]

H I i 1 1 1 ] 1 I
N 1 1 1 1 ) ' ) 1
1 L H Fi 1 1 L 1 [=]
~— >
= 8 8% & 49 & &8 ¥ 8 3
- — - - < =] o o -

(v arvssarg

boenea]

T
]
)
b
]
+
|

"
i
1
1
'
3
P
I

T
1
1
1
1
1
1
!

L T

T T Tt Uuupps) SApEpRIy SR PR SR

Llprerrr

Logf---—---

106
LO#F- -+ oo|--

720

360

Crank Angle (degree)

270

Figure A.68: OSU Dynamometer Experiment: Intake #8 — Pressure versus CAD
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Figure A.71: OSU Dynamometer Experiment: Intake #8 — Pressure versus CAD

for Intake Pressure Transducers at (a) 3500 rpm and (b) 3750 rpm
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Figure A.73: OSU Dynamometer Experiment: Intake #8 — Pressure versus CAD

for Intake Pressure Transducers at (a) 4500 rpm and (b) 4750 rpm
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for Intake Pressure Transducers at (a) 5000 rpm and (b) 5250 rpm
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— L T O Sy T
[ 1 L
m.m.m v 1 B m.m P
R e ¥ edm =
B [ 1 B Tk “
-~ R Y & 1 o [ ']
omm ‘o IR 1 %m LR
mwl 3 S L 1 [ R
NN ® "% it Rk shalls Rt Rty m o FaTToT
. H P I B R 1 P L L
“ H F - IR t H e e o
1 i IR v 1 [
[ < LI T B | 1 1 [ [ 1
L d t —— L L
Tt TTrT T T T A ITroyTTYeTT,ST Y, [Tl Tt l_..
1 1 I T T | | [ F
1 ] LY N | 1 1 I | ....
1 ' By oy i vy oy
1 1 By oo ' [
1 ] g 1 1 L
1 ] ni + 1 1 LI
1 ' [EAE [} 1 v
——a - = B L e e - L
' ] oo 1 v £
1 | 1 o r 1 s
1 ) ] [ 1
1 1 ' LI T 1 @
' ' ' [ ]
' ] ¥ [ " ] W
' ] B [ ) ~
1 ' H b 1
| 1 [ [ m
1 I [ ]
3 1 B 1 | m
[} L i il 1
| ' [ 1 >
[ S T TS DT R I SR Abedoodo oo o] m R TR T I I
_I 1 1 1 1 1 -—
[RUSUUU RR AT 4 T D . R R . | £ S UL N o N S - . R S WU N, B
T T I R i 0 i R iy R (Sl s
1 ' 1 Fooa 1 E
- - + - L R
1 1 1 [l LU I S 1 3 .
1 [ ' 1 1 oLk % ' A
il A Bl i r=---=n 2 e diie Bl et Y S iy At & S e R e ﬂ‘.rﬂ nnnnnnnnn
1 r b 1 ] SN 3 ] o
' ' ' ' 1 [ T t [
-t - - 5 - e e | Fob = —ie - - -
' 1 ' 1 LI | ' [P
' ! ] 1 Cono 1 b e
] 1 t 1 H ] | 1 A f
i ATTTTT T Fo s 3 LI N e et [ it s rr it it ' "~ i B Sl yT°T
' [ t 1 Vo b 1 [
1 [ 1 rREY Y 1 I [
I o ' [ - RO 1 ' Vi 1o
[ il R, 4.1 L o N I R (VU T . Lo oo (TP BT S B R R Lokodo o]
1 e ' [ | t 1 R 1 [
1 [ 1 [ I T ' i ' R 1 [
1 1Tt 1 [ O S T 1 1 ] IR ' [
1 I T T 1 [ I T S T 4 1 v [ 1 v
1 [ I T B 1 TEUL 4 1 1 v P 1 i
1 kW ] L 'l A i Lrax ¢ 4 I3 I3 | . 1 L I ] L 1 L
- ° - - -
[=] [=] (=] o o
- - - - —
{seq) sunssery {(1eq) ainesaig

Volume (em®)
171

100
and (b) 3250, 3500, and 3750 rpm

Figure A.76: OSU Dynamometer Experiment: Intake #1 — Pressure versus CAD
for In-Cylinder Pressure Transducer at (a) 2500, 2750, and 3000 rpm



r.
|

1
J

'

t

I

il

1

t

P

]
.

—— 4000 pm ||
=~~~ 425Q rpm

™
.

Ll T

T
1
[}

i |

—

R e e
e

-
v
i
-
'
t
i
'

=y

%

Volume (cm

— 4750 rpm
=~=- 5000 rpm
- 5260 pm

Vi el
2

eme

=

S

00

1

%)

Volume (cm

172

\ 1
S g

1

= Vi N A

A

t

R ¥k

————
i

Lo

{1eq) eanssely

R L L R [
1

U TIPSR JU

[N

v
t
1

e —ma— =

Lo beman-

{1eq) etnsseiy

Figure A.77. OSU Dynamometer Experiment: Intake #1 — Pressure versus CAD

for In-Cylinder Pressure Transducer at (a) 4000, 4250, and 4500 rpm

and (b) 4750, 5000, and 5250 rpm



—r——T—T— —— — T HE R T
TArTy i 0 P mivyv b1 1 [ . T '
I R N T 1 [ I N 1w\ a
EE RN T 1 R T [ EE ' [ __ ]
EE [ P U A S [ (I g8 P P, |.”|”.|._.|x1.|||t
[ T R T T ' O T T T T S 1 [} P '
[ oR=] ' 1 (Y P 1 je R el ot s oot
W L2 B I I | ) 1y roo ' sms 1 1 . A __
mzw Trre o b it Y TR L ~ H o S
bl il el i i S il e Bk Bl el o b r-1- o - o TS TorT1 !
. Trbed o | i 1 | - i ._ _w ' '
“ H irdn 4o ] 1 3 [N 1 1 H 1 Vo . :
[ 'R N I | t 1 ¥ (R O | [} 1 i o ! '
F 3 triry o 3 1 ¥ : [ ] 1 1 1
RN 3 Vo4 bt ] — Vo JL S S ;
I i S Ui i e T B il g ATCTTrTAT T T A il T ¥ vorea !
' 1 ' ¢ t [ ' v s o *
' 1 1 + t [ ] | v | i
| | ] i 1 [ T T Y 1 ] 1 ¥ L ¢ N
t i b 1 1 [ I R ] i 1 L '
1 1 1 1 1 1 1 3 i 1 [ '
1 i i 1 1 LI I | 1 1 1 + v ' v
) 1 1 1 ' I N S i 1 1 [ [
B L . ] B L ok Lk [ -~ - +, dmh et m - o
1 ' 1 1 [ IR S '} i 1 . i !
1 1 L ' | I T | [} ] 1 ! i
1 ] [ 14 [ ] 1 1 o~ ] (] u ﬂ __ “
1 | | ' 3 [ T 1 \ '
[} ' 1 y | T N B 1 b’ 1 [ L !
i ] 1 & [ I 1 1 m 1 r [ ' 1
1 ' 1 [ T r k =y i I & [ “
[} 1 ] [ ] 1 [ Lo
1 ) 1 [T A t m ' 5 | ! 1
1 ] ] L T | 1 ¥ 1 4 [ ! !
1 r 1 i 1 | Iu.. ' il [ ! !
I ' ) G F o g 1 =] ' i [ !
1 ] ' [ B ' 1 > 1 1 ER| ' 1
SRS T U [ SUIEF (S S P U R T G m S QP R P —— doLodo Lo
J 1 1 [ | 1 1 -— 3 ’ =t ' 1
[ I R - S SN S S TR | o v o1 |.C Y JE R TS M L 1.1 S T S S S
=T 1 E [ - i (F - I 1 I i 17T ' i ' [ 1
' ] [ ' X XL ' I 1 [ 1 ] [ 1
—-——t - Ak - [SPSpEE . S R R T — e e Rl el SR D b m - = -
] 1 t [ 1 [ X ] i ' [ ' I 4 [ '
' 1 ' [N ' [NE S i ' ' Youa 1 1 [ I
el - i [ alie It St Indindil sl b | - 4 far'adh il sl Bl Sfilihindy e i ATTT TS T T T gl TTTTAT S Tm T o
t 1 (N o 1 Nl X 1 ' ] 1 1 3 [ 1
' 1 1 [ I t [ 1 1 [ 1 1 [ I 1
BRI R R e e S ek R A e e -t B e TR B R s |
L 12 INEN [ I ' [T | T T 1 1 e [l v v v
' 13 BRI Yy 1 [NE K I ] I i ] [ |
' 1l [ 1 Vi e i 1 Ik ' ' [ '
R Y B e [ e s iy A it i F 1l il Bl sl Bl Ielindhaladids - ATTTTT TR TTETIT T oA
1 ; INEN! [ 1 viflle oot ) | [ ' 1E I 1
1 | IREN [ 1 2R N ' | [ 1 1 [ 1
1 RN [ 1 IR SRR BT ! i Yoo + 1 [ 1
SN Tl N T B e e N S, [ S T R R PO | U U ) PO
' 1 TR 4 ' [N 1 ] [ i 1 [ 1
v 1 I N R R t [ I T 1 ' it I t [ T 1
1 ] [ I I R 1 LI T S T 1 ] (| i ' [ t
i ' [ N R t T I T N 1 | [ ' v [ '
' ' [T N T T ' LI I T I I | 1 [ ' 1 o b
1 L TP I T N S 1 IV I T DU S T | P P . 1 PR L
- o - - o -
[= [=] [~} Qo [=) (=3
- - - — - -
{1eq) emesaug (teq) sinsseld

Volume (om®)
173

100
Figure A.78: OSU Dynamometer Experiment: Intake #2 — Pressure versus CAD
for In-Cylinder Pressure Transducer at (a) 1000, 1250, and 1500 rpm
and (b) 1750, 2000, and 2250 rpm



- ——
—— |IRER R T Ty T 1 7 ¥ i o [
[ T T ) i [IETR T T T S T | [ t LA oA
E ST R T B 3 i B A T | 1 = ' L ! ! .*
B B I T I Ty P R A G T P N T S S PR 4 O U [,
iy b oy 1 [EE T T T ' | [ |
mo ' R T | ' [ I | ] [+ NeR=] 1 [ 1
m [ S T 1 i | wy ms ' [ 1
~ IR 1 U ) o ™~ ' L S S
NN -~~~ ra- ===~ -r [l s St Rt L2l Il il e el T ToF-3 1
. LI I I B 1 ] 1] r 1 1 ' 1 . 1 1 1 ] r
“ m LU S U T 1} ) i 1 ) k) i 1 m ] I 1 r 3
i 7 (S B R} ] ¥, [N B | i ] L} LI 3 1
[ [ I S [ 1 [ 1 [ 1
LAk ey [ ) t A o]
i ik o (i ler il i B M il i 3 I | 2 g T-r-—I~--=-~----—-1 - [ el i i T [N T t
1 ] 1 [ | L} 1 r 1 E 1 L} 1 :
1 ] ] i 1 1 ) k] 1 1 r 1 1 t r 1
) r 1 [ ] [ i i 1 1 1 [ ! !
E b 3 LI | 3 1 ) r 1 ' ] ) 1 1 1 1
1 1 | [ [ ’ 1 I ] L |
t 1 ' Voo [ ] 1 ] [ [ '
1 ' 1 [ | P ! 1 1 ! i Bk ! 1
I i i i o S B . S R e o = oY / R e e
] ] [ 1 P I 1 i I !
1 1] [} I 1 ] ] ] ' 1 Ll 1 I 1
] 1 1 by 1 i L ) ) o~ 1 1 L] 1 1 i
L 1 LI i ] b 1 ] 3 ] b L) 1 €
1 il 1 t ] i 1 ] o t T 2 1 ]
] 1 T4 [} b 1 4 1 m 1 1 E b I
] 1 I r ] 1 1 L ' 1 t 1 1
] 1 I i ] 1 1 ] L] 1 1 I
r i 1 1 ] ) 1 m 1 ) 1 1 ]
L L] i 1 b r ] I ¥ L] H '
1 1 1 [ 1 T m i | 1 ] !
1 J ] (I L 4 Q 1 \ [ 1
i b L 3 [ 1 > I 1 [ 1
SR MY I (SR D R . | H 0% P Ry PR Y P m 0 R R/ (R TRURY - 4 N N R N, r:._'yhnpnxu.;
T 1 1 3 Lo v — [ ' PR 1
DU SR RO L S 4 S S Lo llhl‘_l L. ) 1 1 1 1 )
4 [ i ] [ By 1 T TTTe e T
1 ) 1 i ' t 1 1 1 i 1 1
et ] _———m——— L . ——lm - = I L
1 1o ' 1 o 1 ' ¥/ 1 '
] L ] ' i b ] L) 1 ¥ J v 1
-~ [ oin Tl Sl el ro--- T-r=1- "=y -~~~ el g e i el
’ i roroa 1 ] [ 1 | 1 M 1 1
1 o [ ] 1 r b ] 1 1 ) 1 1
= B - R R e o L R R R —-—l= I e i
1 trre ] ] 1 + F ] ] b ! L
I LI I ) 1 r 1 I 1 ] ' b r
llgl ! L L ] F ] ] r r 1 | 1
Ty e It e 2 i Bl iy Rl o l_vln_ll!wlllllnA =T e B Rt AA
1 A | ) o 1 i F 1 :
i rew oy ] ] L ¥ 1 1 -“ H i
1 LI I A B I | 1 ] I F L] 1 13 g 1] 1
el Do Lol S NN O D S TS T P L e (Sl S I -
1 IR 1 [ 1 ' [ [
3 L I B 1 ] 1 i 1 r 1 1 ]
1 rar e L] [l L 1 1 1 ' 1 '
1 LI I T B ] 1 1 r ] 1 b r )
' LI I R A | ¥ ] I 3 ] 1 I b 1
1 | I ] L J S— 1 L | SE— ] A 1 i
‘o ° P
— — m
{ieq} eunseary

100

Volume (cm®)

Figure A.79; OSU Dynamometer Experiment: Intake #2 — Pressure versus CAD

for In-Cylinder Pressure Transducer at (a) 2500, 2750, and 3000 rpm

and (b) 3250, 3500, and 3750 rpm

174



- 4500 mpm

==== 4256Q rpm (

——— 4000 mpm

+

VU

R s L s Tt

R A [ —

..... — T
Pl i
L ] i 1
[ ] C
[ P R
tor '
LI I 1
A} 1 1 1
[ i
T-r-r" "o
1 ] r ]
[ '
[ | ]
[ b
LoE '
L M S I
I 1
I +
[ '
[ 1
[ 1
1 ]
' 1
- e
1 1
1 '
! 1 ]
i T 1
¥ ' '
& 3 1
i I I
1 1
M. 1 I
¥ 1 1
1 I |
s, 1 1
[H 1 1
K [ P T, m
B 1 —
]

(req) m.:ﬁmm_n_1

10"

Volume (cm®)

—= 4750 rpm
==== G000 rpm

e 5260 rpm

b= m e W

bmm e b m e ad oL

10°

{+eq) aunsseaiy

0

Volume (cm®)

Figure A.80: OSU Dynamometer Experiment: Intake #2 — Pressure versus CAD

for In-Cylinder Pressure Transducer at (a) 4000, 4250, and 4500 rpm

and (b) 4750, 5000, and 5250 rpm

175



r - ; ————r 7 B
LI ' P10 o4 10 T ¥ —
[} t [ R [ ' 1 _w “ “ Iy
EE [ 1 LT T B T t ' . R
m.m- AP R B B e e R L L dmdemmh - LTyt
b 1 1 [ T i _. L , '
[ ' Lo Vo ]
28 I A2 Lo ; 2
2& ' ' H i 1 ' U N S ——
- rr T-=1~--r- finds el St T ' !
' i PR 1 r oy H
! ' | [ ¢ ' A X
H ) | [ t ! [ '
’ 1 1 [} i 1 _— [ ! '
" ' [ S [ suna—— b U I U N N SR SR JUUNU ¢ LA R R B ;
‘“ ||||||||||| .wlnutlulll. llllll T~ TTTF TTTTT ¥
t [T | ! ! oo '
\ Voo 1 | 1 [ r
' T h 1 ' [ '
q oo 1 1 ! L !
1 PO 1 ' ' [ '
1 ot ] ] ' [ 1
| [ ' [l g Ve '
+ P R Rk L EUFSENE + 1 e e e e
] ' 1 ’ I !
- [ 1 F ] [ ' 1
1 1 I r ] LI | 1 1 1
! — 1 A R 1
AR é _ IR
[ 1 1 m 1 .u. [ 1 1
[ T 1 -~ 1 HAR R B t
F | | u—" e 1
o r 1 m F1: I B 1 1
Lot ' [} EHAT V1 1 r
Pl 1 = ..“# ' T 1
IR ' 3 |15 [ !
14 | b = o [ ] 1
PR, R Y IO SR D w _._.I._.ILV\I.IIIIIJ
[ R t - [ roeo B
N UL | | 1 AL AL S LD R R U
||||||||| [l - S E e [ ] 1 T
1 R T 1 [ [ t
||||| k- 1 el R I P —-—+ Rl R e |
1 2 L 1 1o [ 1
' 5 T 1 ] [ Vo i
||||| r=--="RpI- - TTr-as -t - T TOUT T
( ] Mo 4o ] [ [t ]
| ] Fr 1 ] [ i | .
t R i R e Bk 2 e R 4=+ B e IR R
b [ ! Nk E 1 [ [ ]
1 t (I 4 s IBE BEERR 1 ¥ [ P 1 b
1 1 [ t LAY 1 Vo Lo '
i e Bl il o [ T e el B Rl Sttt A 1 Bl Sl ol il et aTT TTTTATTT T
1 R [ 1 INE R 1 [ [ |
1 [ IRRN [ 1 INE I ' [ [ 1
1 Vi [ 1 KR SR T 1 [ [ 1
S DU |0 TR Ry S YU Y IS Y S S T I TR J-1 dobodoodo o o
' t et oo ' [ 1 [ [ '
t 1 [ R T T ' [ I I S S T ] [ Bt 1
1 1 [ T T 1 L I N 1 [ o '
1 i [ T N ' [ T T T S ' [ [ 1
1 i [ N S T S ' [ B T T S ' [ I 1
PR MR T S R A | N T R » PR i L
- © - o
Qo (=] o Q
- ~ -— - -
{req) sunssaig {req) smssaiy

Volume (cm®)
176

100
and (b) 1750, 2000, and 2250 rpm

Figure A.81: OSU Dynamometer Experiment: Intake #3 — Pressure versus CAD
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Figure A.82: OSU Dynamometer Experiment: Intake #3 — Pressure versus CAD
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Figure A.90: OSU Dynamometer Experiment: Intake #6 — Pressure versus CAD

for In-Cylinder Pressure Transducer at (a) 1000, 1250, and 1500 rpm

and (b) 1750, 2000, and 2250 rpm
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Figure A.76: OSU Dynamometer Experiment: Intake #6 — Pressure versus CAD

for In-Cylinder Pressure Transducer at (a) 2500, 2750, and 3000 rpm
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Figure A.96: OSU Dynamometer Experiment: Intake #8 — Pressure versus CAD
for In-Cylinder Pressure Transducer at (a) 1000, 1250, and 1500 rpm
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Figure A.97. OSU Dynamometer Experiment: Intake #8 — Pressure versus CAD
for In-Cylinder Pressure Transducer at (a) 2500, 2750, and 3000 rpm
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Figure A.98: OSU Dynamometer Experiment: Intake #8 — Pressure versus CAD

for In-Cylinder Pressure Transducer at (a) 4000, 4250, and 4500 rpm

and (b) 4750, 5000, and 5250 rpm
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Figure A.99: OSU Dynamometer Experiment: Intake #1 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 1000, 1250, and 1500 rpm

and (b) 1750, 2000, and 2250 rpm
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Figure A.101; OSU Dynamometer Experiment: Intake #1 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 4000, 4250, and 4500 rpm

and (b) 4750, 5000, and 5250 rpm
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Figure A.102: OSU Dynamometer Experiment: Intake #2 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 1000, 1250, and 1500 rpm

and (b) 1750, 2000, and 2250 rpm
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Figure A.103: OSU Dynamometer Experiment: Intake #2 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 2500, 2750, and 3000 rpm

and (b) 3250, 3500, and 3750 rpm
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Figure A.104: OSU Dynamometer Experiment: Intake #2 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 4000, 4250, 4500, and 4750 rpm
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Figure A.106: OSU Dynamometer Experiment: Intake #3 — Pressure versus CAD
for Exhaust Pressure Transducer at (a) 2500, 2750, and 3000 rpm
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Figure A.107: OSU Dynamometer Experiment: Intake #3 — Pressure versus CAD
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Figure A.119: OSU Dynamometer Experiment: Intake #7 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 4000, 4250, and 4500 rpm
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Figure A.120: OSU Dynamometer Experiment: Intake #8 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 1000, 1250, and 1500 rpm
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Figure A.121: OSU Dynamometer Experiment; Intake #8 — Pressure versus CAD

for Exhaust Pressure Transducer at (a) 2500, 2750, and 3000 rpm

and (b) 3250, 3500, and 3750 rpm
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