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Abstract

A mini-dilution tunnel was designed and built to measure particulate matter (PM)
emissions from a single-cylinder research engine (SCRE) based on the Cummins ISX
400 series. The SCRE relies on the high-pressure direct injection of natural gas, pilot
ignited with diesel fuel for combustion. Two methods were used for PM measurements:
pre-weighed filters and a tapered element oscillating microbalance (TEOM).

A repeatability study was conducted to determine the experimental error
associated with PM measurements and to compare results from pre-weighed filters with
those taken using a TEOM. The PM emission rate uncertainty was determined to be at
maximum 29%, with 10-12% due to measurement uncertainty and the remainder due to
poor engine repeatability. PM emission rates from the TEOM showed excellent
correlation with measurements using pre-weighed filters by applying a correction factor
of 1.43.

The second part of this work was to examine the effect of replacement exhaust
gas recirculation (EGR) on particulate emissions. EGR is primarily used in engines to
reduce the formation of oxides of nitrogen (NOy). The drawback of using high EGR
flow rates is a deterioration in combustion and an increase in the amount of unburned
species (HC, CO, PM) that are formed. The results show the PM penalty is negligible
for EGR rates up to 15% and that increasing the exhaust pressure significantly affects
PM and CO emissions. It was also found that increasing the amount of diesel pilot at

800 RPM 75% load with 17% EGR significantly increases PM and CO emissions.
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A/F = Overall air—to—fuel ratio

AVG = Average value (mean)
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DPW = Diesel (pilot) pulse width

EGR = Exhaust gas recirculation

GRIT = Gas relative injection timing (between

pilot and natural gas injection)
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NO, = Oxides of nitrogen (NO, NO,,...)
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Chapter 1: Introduction

The diesel engine is widely used in the power generation and transportation
industries. The advantages of this engine over its spark-ignited counterpart are mainly
greater efficiency and higher torque at low speeds. These benefits do not come without
cost; diesel engines emit significantly higher amounts of particulate matter (PM) aﬁd
oxides of nitrogen (NOy).

One system that preserves the performance benefits of the Diesel cycle while
reducing these harmful emissions is the high-pressure direct injection (HPDI) of natural
gas with a diesel pilot [1]. This injection process is being developed by Westport
Innovations. The HPDI system is a retrofit for a diesel engine that replaces the fuel
injection system. Instead of using entirely diesel, only a small amount (~5% of fuel
energy) is initially injected at high pressure into the cylinder. The pilot spray of diesel
autoignites and is followed by the injection of high-pressure natural gas, which
subsequently undergoes combustion and performs expansion work on the piston. The
natural gas uses the diesel pilot as an ignition source. Initial results [2] have shown a

significant reduction of NOy, CO,, and PM while maintaining high thermal efficiency.

1.1 Particulate Matter
Diesel exhaust particulate matter (PM) consists of: highly agglomerated solid
carbonaceous material, ash, volatile organic and sulphur compounds [3]. Solid carbon is

formed in locally fuel-rich regions inside the cylinder, but subsequently much of it is

oxidized. The remainder is exhausted in the form of particle agglomerates. These




particles vary in size, shape and chemical composition. The typical composition of PM

from a heavy-duty diesel engine is given in Figure 1-1. The HPDI system with natural
gas is expected to have a much lower sulphate fraction since the main source of sulphur
is diesel fuel. Fuel and oil contributions are likely to be different, as well as the variation

with speed and load.

Unburned Fuel
7%

Unburned Oil
25%

Carbon
41%

Sulphate and Ash and Other

Water
14%

13%

Figure 1-1: Typical composition of heavy-duty diesel engine PM
from Kittlelson [3]

Particle growth is a dynamic process [4], initiated by the formation of small
nuclei in the cylinder immediately after combustion has occurred. As these particles
travel out the exhaust line they grow as hydrocarbon molecules condense. This process
1s driven by the fact that the exhaust is being cooled by heat loss and mixing with
ambient air. Clearly, the measurement will be affected by the proximity to the exhaust
manifold, which motivates the use of a dilution system to simulate the process of

particles leaving the exhaust manifold and being emitted into the atmosphere.



1.2 Dilution Systems

In 1972 the US Environmental Protection Agency (EPA) defined a full-flow
constant volume sampling process required for PM measurements of heavy-duty diesel
engines. This apparatus dilutes the entire exhaust coming out of the vehicle engine, and
a portion of diluted exhaust is drawn through a paif of Teflon filters. The EPA defines
PM as the mass collected on a filter from exhaust that has been diluted and cooled to
52°C or below [5]. The systems necessary for these EPA tests are extremely large,
cumbersome, expensive and are limited to a range of engine sizes. This led to the use of
mini or micro dilution systems, which are more compact but sample only a small amount
of the total exhaust stream. A significant amount of work was done on their validation
in the 1980s. Of significant importance, MacDonald et al. [6] looked at the effects of
different dilution ratios and filter temperatures on PM measurements using a mini-
dilution tunnel. This effect was within their experimental error over relatively large
dilution ratio reinges, approXimately a 10% reduction in PM mass for a change in dilution
ratio from 10 to 30. This was also later confirmed by Lapuerta et al. [7] who reported a
decrease in PM mass of 25% when changing the dilution ratio from 5 to 25. Kayes and
Hochgreb [8] suggest using a di_lution ration between 13-18 to obtain the maximum PM
emission while minimizing variability.

The other important parameter is the temperature of the diluted exhaust as it
reaches the primary filter (“filter temperature”). Again, EPA test procedures require this
temperature not to exceed 52°C [5]. The sensitivity of mass measurements to

temperature was investigated initially by MacDonald ez al. [6] and subsequently by

Khalek er al. [9]. MacDonald et al. found a 35% decrease in filter mass when the filter




temperature was changed from 35°C to 100°C. Khalek et al. reported a similar decrease
in mass measurements.

Previous research at UBC/Westport by Baribeau [10] has already been performed
on a six-cylinder version of the same engine used in the present study. However, the
dilution tunnel was a commercial systemjbuilt by Sierra Instruments, which may
contribute to differences in measurements. A literature search on PM emissions from
natural gas engines was performed. Information was available on spark-ignited engines
with negligible PM emissions. There was no other data available on compression-

ignition natural gas engine particulate matter at the time of this study.

1.3 Exhaust-Gas Recirculation (EGR)

One method of reducing the NOy emissions from an internal combustion engine
1s to recirculate a portion of the exhaust gas into the inlet air charge. The most recent
comprehensive work involving EGR on diesel engines was completed by Ladommatos
et al. [11]. They determined the principal mechanism in NOy reduction was lowering
the flame temperature inside the cylinder by replacing O, with (primarily) CO, and H,O.
They clearly showed the effectiveness of EGR in reducing NO emissions from the
engine they tested.

They also showed that high amounts of EGR lead to a favourable environment
for the formation of unburned hydrocarbons and particulate matter. Since the overall
flame temperature is being lowered by the dilution of oxygen, there is less heat available
to oxidize hydrocarbon particles. This “NO, — PM tradeoff” for diesel engines is well

known [11] and similar behaviour is expected for the HPDI system with EGR. Previous

4



research at UBC by McTaggart-Cowan [12] has already investigated the capabilities of
EGR to reduce NOy emissions. The PM emission results described here complement the

earlier results on NO for the HPDI engine with EGR.

1.4 Project goals and objectives

The objectives of this work were:

1) To design and construct a mini-dilution tunnel to measure PM from the UBC
SCRE.

2) To determine the repeatability of PM measurements using TEOM and filter
sampling methods.

3) To perform a baseline study of the PM emission rate from the SCRE using a

“four corners” approach.

4) To examine the effects of EGR on PM emission rates from the SCRE.




Chapter 2: Experimental Apparatus

2.1 Dilution System

The mini-dilution tunnel in Figure 2.1 was the system used for all PM
measurements described in this document. Appendix A has detailed information for
each device (mass flow controller, pressure sensor, etc.) as well as dimensions for all
piping used. This system was developed since the SCRE required a dilution tunnel for
particulate measurements. The main design issues were filter loading, stable flow rates
and accurate flow control. An iterative process was used to optimize each of these
criteria. The sample flow rate was set to approximately 20 SLPM to keep the pressure
difference across the filters below 1 psid. In the experiments performed, dilution ratios
between 9-15 were used, which produced an appropriate mass of particulate on the
filters. If the mass deposition rate is very high, the pressure drop across the filters will
increase rapidly, changing the pressure within the dilution system. If the rate is very
low, sampling times have to be longer. Mass flow controllers were installed to
compensate for pressure fluctuations in the dilution tunnel. The sample tube was heated

keeping the filter temperature between 43-50°C but never exceeding the upper limit of

52°C. The sampling period varied, depending on whether or not pre-weighed Teflon

filters were used, but were typically 5 or 10 minutes in duration.
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Figure 2-1: Schematic of dilution system

The dilution system inlet is connected to the main exhaust line approximately 75
cm from the manifold. This inlet is also connected to the main exhaust duct, past the
back pressure valve, to maintain the sampled exhaust close to atmospheric pressure.
During sampling, the pump draws exhaust into the mixing region. It is then combined
with approximately 10-15 times (by mass) the amount of dilution air, controlled by a
mass flow controller. The exhaust and dilution air have one meter to travel with a

Reynold’s number of 2000. The resulting mixture either passes through the filter

holders or is drawn into the tapered element oscillating microbalance (TEOM). Proper




mixing was confirmed by taking CO, measurements at the TEOM and filter outlets. The
diluted exhaust (sampled air) is filtered and passes through a second mass flow
controller to measure the total sample flow. This air stream then passes through the
pump. On the pressure side of the pump, there is a line that leads to the CO, analyzer to
measure the diluted sample CO; concentration in order to calculate the dilution ratio.
The outlet of the pump is reconnected to the exhaust duct that expels the gases to the

outside of the building.

2.2 Single-Cylinder Research Engine (SCRE)

The engine used in these tests is a modified Cummins ISX 400 series heavy-duty
diesel engine. Figure 2-2 shows the engine and test cell before the emissions and
dilution system were installed. The engine was modified by Cummins Inc. to operate
with one cylinder. The alterations included installing dummy injectors, blocking the
intake and exhaust ports, and removing the piston rings from the non-firing pistons.
These pistons were also drilled through to reduce compression in the unused cylinders,
with the removed mass being replaced by lead in the wrist pin to maintain the engine
balance. The modifications did not include any other changes to the internal workings of
the engine — the fuel rails, internal air intake manifold, cam shafts and timing, firing

cylinder piston, etc. are all the same as for a production engine. The actual

specifications for the SCRE are given in Table 2-1.




Figure 2-2: SCRE and test cell

Engine Type four-stroke, inline,
supercharged, aftercooled

Displacement/cylinder 25 L

Compression ratio 19:1

Bore 137 mm

Stroke 169 mm

Connecting rod Length 261.5 mm

Rated power

300 kW @ 1800 RPM

Rated torque

1966 Nm @ 1200 RPM

Table 2-1: Cummins ISX SCRE specifications




2.2.1 HPDI Injector

The injector used in this work was designed by Westport Innovations. The
details of its operation and design are presented in the patents by Touchette [13] and
Ouellette [14]. Two internal fueling rails are used to supply the fuels (diesel and natural
gas) to the injector, while the hydraulic/mechanical control of the diesel injector is
replaced by electronic control for the HPDI system. A detailed schematic can not be
presented since it is proprietary information. The diagram in Figure 2-3 shows a cam
actuated injector, similar to the Westport HPDI injector. The HPDI injection is a two-
stage process through separate fuel ports. Diesel fuel is initially injected at high
pressure, followed by the injection of high-pressure natural gas. The absolute and
relative timing of the two injections affect the efficiency and emissions of the engine.
The injection timing is controlled via a proprietary controller with software developed

by Westport Innovations.

Figure 2-3: Schematic of Westport HPDI injector
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The injection of diesel begins precisely at the time specified by the pilot start of
injection (PSOI), relative to top dead center (TDC). However, the reservoir beneath the
lower intensifier is filled with diesel for the duration of the pilot pulse width (DPW)
prior to the PSOI. The DPW refers to the time the reservoir beneath the lower intensifier
has to fill with diesel. The timing specified by the PSOI corresponds to the lifting of the
pilot needle and thereby injecting diesel. Setting the gas relative injection timing
(GRIT) controls the delay until natural gas injection. The GRIT specifies the time lapse
after the PSOI to the beginning of natural gas injection. The duration of the natural gas
injection lasts for the time specified by the gas pulse width (GPW). Here the GPW
corresponds to the duration the gas needle is lifted and CNG is beiﬁg injected into the
cylinder. All of these parameters are set in values of milliseconds. The sequence of
events during injection is summarized in Figure 2-4. The timing used in the performed
experiments is given on page 26. The specifications of the injector used in this work are

given in Table 2-2.

GRIT

TDC

’—-DPW —] |

' ]
P3CI ~— GPW

All timings are in milliseconds

Figure 2-4: Summary of HPDI Injection Process
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Model Number J31

Body Number 053
Number of Gas holes 8

Gas hole size 0.72mm

Gas Injection Angle 18° from firedeck
Number of Pilot Holes 7

Pilot Hole Size 0.12mm
Pilot Injection Angle 18° from firedeck

Table 2-2: HPDI injector specifications

2.2.2 Engine Operation

Since the SCRE operates with only one cylinder firing the torque output can be
insufficient to overcome internal friction. A 30 kW electric motor was also connected
to provide additional power. This arrangement still doeé not enable operation over the
entire ISX 400 range. Figure 2-5 is an engine map that shows the test conditions the
SCRE can operate at compared to the six-cylinder version. At high speed and load, the
supercharger limits the operating time due to overheating. This limitation was the

reason for selecting 1400 RPM 85 % load as the high-speed high-load condition.
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Figure 2-5: Engine map of SCRE

The procedure for setting the engine at a given speed/load combination was
performed as follows. Before engine operation, the supply pressure of natural gas was
set at 19 MPa. After 30 minutes of warm-up, the specific injection timing was entered,
followed by ensuring enough torque is being supplied by the vector drive to overcome
friction. The gas pulse width (GPW) was then entered into the controller. The natural
gas flow rate is constantly measured and displayed on the data acquisition system. The
GPW was set to ensure the CNG flow rate is as close as possible to the target. The
diesel pressure was approximately 0.5 MPa greater than the CNG pressure. The airflow
rate was obtained by setting the speed of a motor attached to a Lysholm screw
compressor. Once a desired operating condition was set, a period of 7-10 minutes was
allowed for the engine to stabilize before sampling. McTaggart-Cowan [15] provides a

detailed discussion of the SCRE operation and instrumentation.
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2.2.3 EGR Operation

For EGR operation the exhaust pressure was set approximately 10-20 kPa greater
than the intake manifold pressure by closing the back pressure valve. Opening the EGR
valve allowed a portion of the exhaust gas to recirculate into the intake. Obtaining the
same back pressure and EGR combination proved to be challenging for the two
following reasons. The back pressure would begin to increase only when the back
pressure valve was approximately 80% closed, and also opening the EGR valve lowered
the exhaust back pressure. A detailed discussion of EGR operation is presented in
Appendix H.

In most cases, intake CO, measurements were taken before and after each EGR
sampling period to confirm a consistent EGR rate. The experiments performed were
based on replacement EGR only. A portion of the intake air was replaced with exhaust
gas, and thus lowering the oxygen concentration in the cylinder. The EGR flow rate was

calculated using the following relations:

- MW
[C02 L ik 0.030 . exhausigas x100 (2.1)
[COZ ]Exhausl —0030 MW

manifoldair

m
%EGR=——% %100 =
m Sfreshair + megr

Here [CO,] represents the CO, concentrations, MW is the molecular weight of
the intake and exhaust gases. The ambient air CO; concentration was assumed to be 300
ppm. The actual value is slightly higher (380 ppm), however the effect on the calculated
EGR rate is only slight decrease of 0.1-0.2%. Recalculating all EGR rates was not

performed for this reason.
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2.2.4 Diesel Flow Measurement

The diesel mass flow rate accounts for approximately 5% of the total fuel energy.
The method used for measuring the diesel flow rate was based on the “pail and scale”
technique, whereby a scale measures the mass of diesel in a small reservoir and the
decrease over time is recorded. A linear regression of the mass was used to calculate the
diesel fuel consumption. Appendix I gives a detailed description of the calculation
procedure and difficulties that arise when calculating the diesel mass flow rate.
Fluctuations occur when the diesel was warming up during engine start-up or when the
engine cell door was opened, which skewed the diesel mass data. Also, a period of at
least 7-8 minutes is required for sufficient accuracy. If the diesel mass data had high
variability for that p_eriod, additional test data was pooled. This provided data for a
longer time span, but the diesel flow rate was assumed constant over this period. The
uncertainty in diesel flow measurements is approximately 5-10% at 1400 and 1600
RPM. For tests performed at 800 RPM the error can be as high as 20%, but may be even

higher.
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2.3 Measurement Techniques

There were two methods used for measuring PM emitted from the SCRE. They
are both based on gravimetric analysis — i.e., measurement of the mass of PM deposited
on a filter. In either case the following formula was used to calculate the emission rate

of PM:

m
Opu :[ = FENGINE (2.2)
Mexgavst

Qpu is the emission rate of PM in g/hr, given by the concentration of PM in the
sampled air stream multiplied by the engine exhaust flow rate (Qevcive). The engine
exhaust flow rate is given by the sum of the natural gas, diesel and inlet air mass flows.
The mass of particulate is either taken from a linear regression from the TEOM output
data (see Appendix C) or the difference in Teflon filter weights before and after being
exposed to diluted exhaust.

The mass of exhaust being sampled, is given by:

\% t
M exraust = smg;;p_ (2.3)

The volumetric flow rate of diluted exhaust (Vsaypre) is set by a mass flow
controller. For measurements taken with the TEOM, this flow rate is constant at 3.0
SLPM. The dilution ratio was calculated by measuring the sample CO, concentration
and comparing it to the engine exhaust CO, level, as explained in section 2.3.1. The
density of air (p) used in the above calculation was 1.293g/L (air @ latm, 0°C) as
specified in the Omega operating manual for the mass flow controllers. Since the

exhaust is diluted by at least 10 times and is primarily composed of N, (~70%), no
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correction factor was deemed necessary since the mixture closely resembles air. The

sampling time (¢) was recorded with the TEOM and data acquisition computers.

2.3.1 Dilution Ratio Determination

The PM emission rate was measured from diluted exhaust. In order to calculate
the actual emission rate, the amount the exhaust was diluted needs to be determined.

The dilution ratio (DR) is defined as:

DR = Lsamerep. (2.4)

QEXHAUST

This is simply the mass flow rate of the sampled air through the filters/TEOM
(Qsamprep) divided by the mass flow rate of exhaust into the dilution tunnel (Qexravsr)-

There are two methods for performing this calculation. It is possible to measure
these flow rates and/or use conservation of mass to calculate the unknown quantities
directly. However, the flow rate of raw exhaust coming from the engine is generally
difficult to measure. This is due to the fact it is at high-temperature, contains
particulates and is pulsating since it is driven by a single-cylinder engine. To obtain the
exhaust flow rate one might simply subtract the dilution air flow rate from the sampled
flow rate, except these two values are typically 10 times greater than the exhaust flow.
Hence, this method would lead to an unacceptably high experimental error (~25%).
Obtaining the dilution ratio from mass flow rates was calculated but was used for

verification purposes only.
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It is shown in Appendix D that the dilution ratio can be related by measuring the
gas composition before and after dilution. The relationship in terms of wet CO,

concentrations is given by:

DR = ([ COZ ] EXHAUST ~— [ COz ] DILUTION ) (2'5)
([ COz ) SAMPLED — [ COz ) DILUTION )

Here, [CO;] exnavsr is the concentration of the raw engine exhaust, [CO] prurion
is the bottled air which is known (500 ppm), and [CO;] samprep is the diluted exhaust.
The CO, measurements were performed by non-dispersive infrared (NDIR) analyzers
which operate on a dry basis only. The calculation needs to be corrected for water loss
and this is presented in Appendix D. The use of exhaust gas analysis enables a direct
comparison between the raw exhaust and diluted exhaust streams, reducing the

uncertainty of the dilution ratio measurement.

2.3.2 Pre-Weighed Filters

This method involves the use of pre-weighed Teflon membrane filters of 47mm
diameter and 2pum mesh size to collect PM. The filters were pre-weighed using a
Sartorius M3P scale that measures the weight with an accuracy of 0.001 mg, although
actual weight measurements varied over approximately 0.010 mg. The PM weights that
were measured were at least 0.2 mg, implying the mass measurements should be
accurate within 5%. Filters were conditioned for at least 48 hours in the weighing room
to match the humidity conditions prior to being weighed. The weighing room is a
controlled environment at 20°C and 50% relative humidity. After the filters were

weighed they were numbered and placed in a clear case ready for use.
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The pre-weighed, numbered filters were then loaded into a Pall-Gelman stainless
steel filter holder and inserted into the diluted exhaust air stream for a known time
period. The complete sampling procedure is presented in Appendix E. Once the
sampling period was over, the filters were removed and placed in the same filter cases.
They were later brought to the weighing room to be conditioned again, prior to final
weighing. The filters were reweighed at least 48 hours after being left in the weighing
room. The difference of the initial and final mass gives the amount of PM deposited
over the sampling period. Steady state tests were performed to give average emission

rates.

233 TEOM

The other method to obtain PM measurements involved the use of a tapered
element oscillating microbalance (TEOM) built by Rupprecht and Patashnick, which
automates the weighing procedure. Figure 2-6 is a schematic is of the TEOM. A filter
cartridge is attached to the end of a mass transducer that outputs the total accumulated
PM mass in real time. The mass transducer operates on a slightly different principle
than most other weighing devices. The heart of the device consists of a hollow tapered
element that is clamped at one end and free to vibrate at the other end. For a more
detailed discussion of operation and optimization of use of this device for particulate

measurements see Okrent [16].

19



Diluted
Purge Air Inlet Exhaust
(10 psig) (< 7 psig)

W

<)

Solenoid Heated

Valve Chamber |
(50°C)
Filter Cartridge 2

Mass Flow Mass

Controller Transducer
External (3.0 SLPM)
Pump / \
%

B [ 1
] | [

Figure 2-6: Simplified schematic of the TEOM

An exchangeable filter cartridge is placed on the tip of the free end of the tapered
element. The sample stream of diluted exhaust is drawn through this filter and down the
tapered element. The chamber leading to the mass transducer is held at a constant
temperature of 50°C. The mass flow is held constant at 3.0 SLPM by a mass flow
controller. The tapered element vibrates precisely at its natural frequency. An electronic
control sensor detects this vibration and using a positive feedback loop adds electrical
energy to the system to overcome friction. A gain control circuit maintains the vibration
at constant amplitude, while a precision counter measures the frequency of oscillations

with 0.42 second sampling period. As more particulate is collected on the filter, the
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mass of the element increases, which in turn lowers the natural frequency of vibration.

This change in frequency can be related to the total mass of PM collected on the filter.
The tapered element is in essence a hollow cantilever beam with an associated

spring constant and mass. In a spring mass system it can be shown the frequency is

given by:

f= M (2.6)

Here f is the frequency of oscillations, K is the spring constant and M is the mass
of the cantilever. In actual operation, the TEOM monitor always measures the entire

mass of the system using:

LS

M=f2

2.7)

The output from the TEOM was loaded into a spreadsheet and a linear regression
was used to calculate the average emission rate. Appendix C presents actual data
obtained with the TEOM and the method used to calculate the accumulated PM mass.
Measurements were taken simultaneously using the TEOM and Teflon filters to compare
emission rates. When only the TEOM was used for measurements, blénk filters were
inserted into the filter holders. The same operating procedure was used with flows
adjusted to account for the additional TEOM flow. Appendix F presents the operating

procedure when the only the TEOM was used.
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2.3.4 Measurement Uncertainty

The error for these experiments is defined in terms of two separate effects. First,
there is the uncertainty related to the calculation and measurement of the PM emission
rate. The second source is the variability of the emission rate due to the engine itself.
Under proper operating conditions, McTaggart-Cowan [12] showed repeatability in
gaseous emissions to 5%, except CO and total hydrocarbons that were repeatable to
within 10%.

The calculation for the PM emission rate was given by:

0, = M ppt
M = ENGINE
M pxyavst

with
m _ [VSAMPLE )ﬂt
EXHAUST —
DR

and the DR given by:

_ ([ COZ ]EXHAUST — [COZ ]DILUTION )

DR =
([ COZ ] SAMPLE — [ C02 ] DILUTION )

The uncertainty for Qengive comes from the uncertainty of the flow meters used
to obtain the sum of the intake air, CNG and diesel flow rates. A turbine flow meter was
used to measure the airflow rate, which is accurate to 3%. The airflow is around 40 - 50
times the total inlet fuel flow rate. Hence, the CNG and diesel flow rates do not
significantly contribute to the measurement uncertainty, but they do affect the engine

repeatability.
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The mass of PM accumulated (mpy) was taken from either Teflon filter weights
Or a regression anallysis of the TEOM output. Both of these processes are assumed to
have a maximum uncertainty of 5%.

The mass of sampled exhaust (mgxpausr) has two components. The dilution ratio
(DR) contributes uncertainty from the CO, measurements. The analyzers are accurate to
1.5% of full-scale. In the experiments performed, this becomes at maximum 6% for the
sampled CO, concentration ([CO;]sampre) and 4% for the engine CO, concentration
([CO3] gxriaust). The dilution ratio is believed to be accurate within 10% since it is not
unlikely for bias to be present in both analyzers. The other parameters in the mexgausr
equation are the sampled volume flow rate (Vsamprr), the density (p) and the sampling
time (f). The data acquisition computer keeps track of the sampling time with high
accuracy and the density of the mixture is assumed to be the same as air; both of these
uncertainties are negligible. The mass flow controllers ensure sampled air (Vsampre) is
accurate within 3% of the set flow rate, according to the operating manual. All
uncertainties are sumfnarized in Table 2-3.

If the error is assumed to be random and all of these values are combined, the

experimental error due to measurement will be at maximum 12%. The actual

uncertainty was calculated based on experimental results presented in Section 3.3.
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VARIABLE DESCRIPTION METHOD OF MAX
MEASUREMENT ERROR
OEenGINE Total engine exhaust flow Intake air - turbine flow meter; 3%
rate CNG, Diesel negligible.
mpyy PM mass obtained from | Total error from balance 5%
TEOM/filters (filters) or linear regression
from TEOM data.
MExHAUST mass of exhaust sampled via parameters (V, p, t, DR) 11%
below
VsampLE volumetric flow rate at STP | Omega mass flow controller 3%
for sampled stream
p diluted exhaust density (air) Specified by Omega operating <1%
manual
t sample duration Computer / Stopwatch <1%
[CO3] gxnausr | exhaust CO, concentration Beckman NDIR CO, Analyzer 4%
(0-20%)
[CO2]sapre | diluted exhaust (sampled) air | California Analytical NDIR CO, 6%
Analyzer (0-2%)
[COs]piumion | dilution air CO, concentration | Praxair Medical Air, certified 500 < 1%

ppm

Table 2-3: Experimental uncertainties in PM calculations

24




Chapter 3: Results and Discussion

3.1 Overview

The results show four important features of this work. First, it was necessary to
validate the calculated emission rates by taking PM measurements simultaneously using
the TEOM and pre-weighed filters. The calculated emission rates from both methods
were then compared. Second, the repeatability of the PM emission rate of the SCRE at
various speed and load conditions was determined using a “four corners” approach.
Third, it was intended to identify sources of variability of the PM emission rate. The
final objective was to show the effects of EGR rates up to 20% on PM emissions.

A summary of all experiments performed is given in Table 3-1. The operating
conditions for these experiments are given in Table 3-2. The timing was selected based
on previous experiments done by McTaggart-Cowan [12] that were optimized for NOy
reduction. The same timing was used to obtain corresponding PM measurements. PM,
CO, CO,, NOy, O, and THC emissions are summarized in Appendix B for all
experiments. Significant variability existed in preliminary results, particularly with

EGR, which motivated the experiments performed in section 3.5.
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Test Description | Method of Analysis Operating Points

TEOM validation - | TEOM and Teflon 800RPM/25% Load -0, 10, 20 % EGR

HPDI with excess | filter at all operating 800RPM/75% Load -0, 10, 20 % EGR

pilot fuel points 1600RPM/40% Load — 0, 10, 20 % EGR

Repeatability and TEOM at all operating | 800RPM/25% Load - 0, 10, 20 % EGR

EGR Tests - points. Filter 800RPM/75% Load - 0, 10, 20 % EGR

HPDI with ~5% measurements taken at | 1600RPM/40% Load -0, 10, 20 % EGR

pilot fuel (vi) for verification. 1400RPM/85% Load -0, 10, 20 % EGR

Back pressure and | TEOM at all operating | 800RPM/25% Load ~ DPW = 0.7, 1.1, 0.6, 1.0

diesel pﬁlse width | points (0 and 15% EGR); BP =11, 31, 10, 39 kPa

tests — HPDI with 800RPM/75% Load — DPW = 0.7, 1.1, 0.6, 1.0

~5% pilot fuel (0 and 17% EGR); BP =11, 70, 10, 59 kPa
1600RPM/40% Load — DPW = 0.7, 1.1, 0.6, 1.0
(0 and 17% EGR); BP =12, 106, 12, 104 kPa
1400RPM/85% Load — DPW = 0.7, 1.1, 0.6, 1.0
(0 and 13% EGR); BP =11, 152, 14, 158 kPa

Table 3-1: Summary of experiments

Operating CNG CNG Pilot Air | PSOI | DPW | GRIT |IMEP | BP
Point Flow | Pressure | Flow Flow | (ms) | (ms) (ms) (bar) | (kPa)
(kg/hr) | (MPa) | (kg/hr) | (kg/hr)
800RPM 1.2 19.0 0.80 72 2.0 | 0.65 1.8 5.5 10
25% load
(excess pilot)
800RPM 2.9 19.0 0.60 90 2.0 | 0.65 1.8 11.4 10
75% load
(excess pilot)
1600RPM 3.6 19.0 0.60 215 22 | 0.65 1.8 8.5 10
40% load
{excess pilot)
800RPM 1.2 19.0 0.15 72 2.0 0.7 1.8 5.5 10
25% load
800RPM 2.9 19.0 0.15 90 2.0 0.7 1.8 | 114 10
75% load
1600RPM 3.6 19.0 0.31 215 2.2 0.7 1.8 8.5 10
40% load
1400RPM 6.3 19.0 0.30 275 2.7 0.7 1.8 14.8 10
85% load

Table 3-2: Engine parameters for operating conditions
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3.2 TEOM Validation

The first set of experiments was performed with leaking injector seals. This
caused excess diesel to be forced into the natural gas line, resulting in over-fueling the
engine. The measurements taken with excess diesel being injected were used only to
compare TEOM and pre—wéighed filter measurements. All emissions were constant

during each testing period.

The TEOM gives an online, real time measurement of PM mass. This device
requires less sampling time and is more convenient to use than weighing filters. TEOM
measurements were compared with the results from pre-weighed filters taken at the same

time. The results are shown in Figure 3-1. All emission data for the excess diesel tests

is presented in Appendix B starting on page 76.

Comparison of Filter and TEOM Measurements
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Figure 3-1: Correlation of TEOM Data with Filters

The comparison shows a significant offset between filter and TEOM
measurements. This gives excellent agreement, with a R? value of 0.94, but the 43%

correction is relatively high for measurements that are supposed to be the same quantity.
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This is not unexpected since Green et al. [17] showed TEOM measurements
underestimated PM;o measurements by 15-30% versus other gravimetric techniques.
Ayers et al. [18] also found their TEOM under measured PM, s results by at least 30%.
In both cases the authors reported the cause of this bias due to the volatilization of PM in

the heated sampling environment of the TEOM.

3.3 Repeatability Study

A preliminary repeatébility study was conducted to obtain baseline
measurements from the SCRE. All results show noticeable day to day variation but
provide a reasonable estimate of the emission rate at each test point. In most cases the
emission rate was repeatable within 15% on the same day. The results are shown in
Figure 3-2 through Figure 3-5. The emission rates have been normalized by the total
fuel flow rate to account for variations in fuel flow. At higher load conditions (Figure
3-3 and Figure 3-5) there is higher day to day variability in PM. The error bars are
calculated using the uncertainty from section 2.3.4, with an additional 10% for engine
variation.

All results at 1400 RPM 85% load have insufficient airflow. A pressure relief
valve located after the supercharger was set at a value lower than the boost pressure the
engine required. Hence, approximately 20% of the airflow was diverted and did not
enter the intake manifold. This was the only condition where the boost préssure
exceeded the pressure relief valve setting, all other operating conditions were not

affected.
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Figure 3-2: Repetability Results at low-speed low-load
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Figure 3-3: Repetability Results at low-speed high-load

The normalized emission rate at 1400 RPM 85% load is approximately three
times the emission rate at 1600 RPM 40% load. This is due to the fact that only 80% of

the intended airflow was being supplied to the engine as described earlier.
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Figure 3-4: Repeatability Results at high-speed low-load
PM Emission Rate at 1400RPM 85% Load
1.50
1.25
[ ]
2 1 1
& _ 100 1 ]_
£ 3 I .
w ‘o 075
a 2 I ¥
e i I I
= 0.50 A=
o ® Mar 7
0.25 A Mar8
+ Apr 10
0.00 . T . : T .
0 1 2 3 4 5 6 7
Trial no.

Figure 3-5: Repeatability Results at mid-speed high-load

One factor that may affect the PM emission rate is the variation in the relative
humidity (RH) that changes the water content of the intake air. Table 3-3 summarizes

the RH for the various test days. RH was not recorded prior to March 6.

Date: Mar6 | Mar7 | Mar8 | Apr8 | Apr9 | Apr10
RH (%): 32% 33% 35% 45% 50% 55%

Table 3-3: Summary of relative humidity
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PM and all gaseous emissions are summarized in Table 3-4 with the average
(AVG) and coefficient of variation (COV). The COV represents a measure of
experimental error since it is the standard deviation normalized by the mean. These
values are considered the actual experimental error associated with PM measurements
from the SCRE. Results were included from tests were included under operating

conditions specified in Table 3-2, without EGR.

800 RPM 800 RPM 1600 RPM 1400 RPM

25% Load 75% Load 40% Load 85% Load
AVG | COV | AVG | COV | AVG | COV | AVG | COV
Diesel Flow(kg/hr) 0.16 | 0.051 | 0.17 | 0.060 | 0.30 | 0.080 0.3 0.048
CNG Flow(kg/hr) 1.20 | 0.041 | 2.92 | 0.005 | 3.77 | 0.024 | 6.24 | 0.015
Air Flow(kg/hr) 72.6 | 0.010 | 91.6 | 0.017 | 2132 | 0.012 | 275.9 | 0.007
Exhaust Flow(kg/hr) 74.0 | 0.010 | 947 | 0.017 | 217.3 | 0.012 | 282.5 | 0.007
CO (g/hr) 4.9 0359 | 72.8 | 0.104 | 264 | 0.082 | 187.4 | 0.156
CO, (kg/hr) 3.7 0.039 8.8 0.014 ] 11.3 | 0.032 | 233 | 0.015
NOx (g/hr) 140.1 | 0.076 | 199.5 | 0.042 | 120.0 | 0.044 | 264.7 | 0.031
O, (kg/hr) 11.6 | 0.026 8.9 0.033 | 33.6 | 0.030 | 32.1 | 0.021
tHC (g/hr,C1) 147 | 0.084 | 140 | 0.131 | 67.7 | 0.070 | 57.2 | 0.056
PM (g/hr) - TEOM 0.24 | 0202 | 0.35 | 0.294 0.8 0.205 5.2 0.252
CO (g/kg fuel) 3.6 0.361 | 235 | 0.103 6.4 0.077 | 29.1 | 0.164
CO;, (kg/kg fuel) 2.7 0.052 2.8 0.011 2.7 0.025 3.6 0.018
NO, (g/kg fuel) 103.5 | 0.083 | 64.4 | 0.039 | 29.0 | 0.040 | 41.0 | 0.023
O, (g’kg fuel) 8.6 0.042 29 0.034 8.1 0.033 5.0 0.026
tHC (g/kg fuel,C1) 10.8 | 0.065 4.5 0.133 | 164 | 0.072 8.9 0.060
PM (g/kg fuel) - TEOM | 0.18 | 0.208 | 0.11 | 0.290 | 0.20 | 0.207 0.8 0.253

Table 3-4: PM and gaseous baseline emissions of the SCRE '

3.4 Comparison with Six Cylinder ISX 400

The following data is presented with results by Baribeau [10] from the six
cylinder ISX 400. The conditions are slightly different but all results have been

normalized by total fuel flow. This comparison is intended to be an order of magnitude
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analysis only. The results from both engines are presented in Table 3-5. The operating
conditions are slightly different, but there is reasonable agreement with the PM emission
rate at low-speed high-load (SCRE 800 RPM 75% load / ISX 984 RPM 84%) and high-
speed low-load (SCRE 1600 RPM 40% load / ISX 1800 RPM 18%), which are the most
similar conditions. The only large discrepancy is the NOy emissions from the SCRE,

which are significantly higher at all points.

Engine Parameters SCRE ISX 400

Speed 800 800 1600 | 1400 600 984 | 1800 | 1668
Load (%) 25 75 40 85 0 84 18 95
PSOI(ms) -2 -2 2.2 2.7 -0.55 -1 -2.1 -1.7
Diesel Flow (kg/hr) 0.16 0.17 | 030 | 0.29 0.47 1.09 | 1.82 | 1.88
CNG Flow (kg/hr) 1.20 291 3.77 | 6.24 1.56 | 28.7 [ 12.65 ] 60.26
Air Flow (kg/hr) 72.6 916 |2132] 2759 | NA | NNA [ NJA | NA
CO (g/kg fuel) 3.6 23.5 6.4 29.1 14.4 9.0 11.3 4.0
CO; (kg/kg fuel) 2.7 2.8 2.7 3.6 3.1 2.7 2.7 2.7
NO, (g/kg fuel) 103.5 | 644 | 29.0 | 410 442 | 21.1 | 193 8.9
O, (g/kg fuel) 8.6 2.9 8.1 5.0 30.0 3.0 13.9 3.3
tHC (g/kg fuel) 10.8 4.5 16.4 8.9 22.4 2.3 17.1 2.6
PM (g/kg fuel) 0.18 0.11 0.20 | 0.80 0.81 | 0.12 | 0.60 | 0.09

Table 3-5: Comparison of SCRE and six-cylinder ISX 400

3.5 Sources of Variability

Tests were performed in order to account for some of the variability in the
measured PM emissions. The effects of changing the diesel pulse width (with and
without EGR) and the exhaust back pressure were investigated. The tests are

summarized in Table 3-6.
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Operating DPW - no EGR Back Pressure DPW with EGR EGR for
Point BP =10kPa DPW = 0.7ms BP = variable DPW test
(speed/load) (ms [kg/hr]) (kPa) (ms [kg/hr]) (%)
800RPM 0.7 [0.15], 1.1 {0.22], | 11,31,10,39 | 0.7[0.15], 1.1 [0.22], 15
25% load 0.6 [0.14], 1.0 [0.18] 0.6 [0.14], 1.0 [0.18]
800RPM 0.7 [0.16], 1.1 [0.20], | 11,70,10,59 | 0.7[0.16], 1.1 [0.20], 17
75% load 0.6 [0.15],1.0[0.18] 0.6 [0.15], 1.0 [0.18]
1600RPM | 0.7 [0.28], 1.1 [0.37], | 12, 106, 12,104 | 0.7 [0.28], 1.1 [0.37], 17
40% load 0.6 [0.25],1.0 [0.33] 0.6 [0.25],1.0 [0.33]
1400RPM | 0.7 [0.29], 1.1 [0.34], | 11, 152, 14,158 | 0.7 [0.29], 1.1 [0.34], 13
85% load 0.6 [0.28],1.0 [0.32] 0.6 [0.28],1.0 [0.32]

Table 3-6: Summary of variability test parameters

In order to confirm if back pressure effects were due to the dilution system, as
opposed to changing engine conditions, the normalized CO emission rates have been
plotted as well since both emissions are products of incomplete combustion. The
correlation between PM and CO emissions is high only at 800 RPM 75% load as shown
in Figure 3-7. In some cases, the correlation depends on which day the data was
collected. The correlations between CO and PM along with the correlation coefficients
are given in Figure 3-6 through Figure 3-9. It should be noted the CO analyzer used has

arange of 0 to 1% (0-10000 ppm) and CO levels at low load were under 200 ppm.

PM and CO correlation at 800 RPM 25%Load
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Figure 3-6: PM/CO correlation at low-speed low-load
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PM and CO correlation at 800 RPM 75%Load
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Figure 3-7: PM/CO correlation at low-speed high-load
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Figure 3-8 : PM/CO correlation at high-speed low-load
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Correlation Coefficient = 0.38
50.0
= 40.0 A 4
2]
.
2 30.0 ® o
< 00’ 4 0’ ¢
> 20.0 L *
8 .
10.0 r3 r
0.0 T T T T T T T
0.00 0.25 050 0.75 1.00 1.25 1.50 175 2.00
PM (g/kg fuel)

Figure 3-9: PM/CO correlation at mid-speed high-load




The tests at 800 RPM 25% load were performed with excessive engine cooling
causing the engine oil to be 40°C lower than usual. The absolute values of these tests
were not considered, they are only used for relative comparison. Tests performed at
other conditions were not significantly affected and were included in other sections. The
location of all corresponding emission data can be found in Table 3-7. The relationship
between diesel flow and pulse width is presented in Appendix I. Since significant error
is associated with the diesel flow rate measurement itself, the results are presented with

the corresponding diesel pulse width setting.

Speed/ Load Table Page No.
- 800 RPM/25% | Table 4-3 . 60
800 RPM/75% | Table 4-8 65
1600 RPM/40% | Table 4-12 69
1400 RPM/85% | Table 4-16 73

Table 3-7: Location of variability emissions
Data in Appendix B

3.5.1 Diesel Pulse Width Tests (no EGR)

The following tests were performed by starting at a typical DPW setting (0.7),
then changing to a high value (1.1), then changing doWn to a low value (0.6) and finally
to a high value (1.0). The emission rates are plotted in the order they were measured in.

At 800 RPM 25% load, there is a lower total exhaust flow at a lower temperature
than the other test points. This means there is less flow past the sample tube. Also, the
CO, emission rate is the lowest concentration compared to other operating conditions,

which means the uncertainty in the dilution ratio will be higher. Both of these factors
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make it difficult to determine any significant effects at low-speed low-load. Figure 3-10
shows a slight decrease with increasing DPW, although this is may be due to fluctuations

in the CO analyzer.

DPW Tests at 800RPM 25% Load (BP = 11kPa)
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Figure 3-10: The effect of diesel pulse width at low-speed low-load

Slight effects of DPW on PM and CO are found at 800 RPM high load as shown
in Figure 3-11. However, the change in emission rates is within experimental error so no

conclusion can be drawn.

DPW Tests at 800RPM 75% Load (BP =11kPa)
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Figure 3-11: The effect of diesel pulse width at low-speed high-load

The tests performed at 1600 RPM 40% load were biased due to water found in

the sampling tube upstream of the TEOM. This is believed to be the cause of the
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decaying trend in the PM emission rate shown in Figure 3-12. The emission rate at trial
S corresponds to the mean value obtained in previous experiments. Since the CO

remains constant it is likely there was little change in the PM emission rate.

DPW Tests at 1600RPM 40% Load (BP =12kPa)
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Figure 3-12: The effect of diesel pulse width at high-speed low-load

Figure 3-13 shows an increase in PM and CO when the DPW was changed from
0.7 to 1.1 ms at 1400 RPM 85% load. However, the emissions remain constant
afterwards. The DPW may affect both PM and CO as shown at 800 RPM high load but

it is not definite since the variation is around the same magnitude as the uncertainty.

DPW Tests at 1400RPM 85% Load (BP =12kPa)
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Figure 3-13: The effect of diesel pulse width at mid-speed high-load
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3.5.2 Diesel Pulse Width Tests (with EGR)
Tests were performed in the same manner as described in the previous section,
except with approximately 15% EGR. Slight fluctuations in CO and PM are shown at

800 RPM 25% load in Figure 3-14, but are within experimental uncertainty.

DPW Tests with 14%EGR at 800RPM 25% Load
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Figure 3-14: The effect of diesel pulse width at low-speed low-load with EGR

At higher load, increasing the DPW produces higher amounts of CO and PM.
The diesel flow rate changes from 0.15 to 0.20 kg/hr, which is a difference of 30% of the
pilot fuel flow rate. The CO and PM emission rates are increased by approximately the

same amount.

DPW Tests with 17%EGR at 800RPM 75% Load
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Figure 3-15: The effect of diesel pulse width at low-speed high-load with EGR
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No significant change can be found at either 1600 RPM 40% load or 1400 RPM

85% load with EGR, as shown in Figure 3-16 and Figure 3-17.

DPW Tests with 17%EGR at 1600RPM 40% Load
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Figure 3-16: The effect of diesel pulse width at high-speed low-load with EGR

DPW Tests with 13%EGR at 1400RPM 85% Load

1.2 30

1.0 ] f T 3 25
~ ¢ t ! 1 -
® 0.8 DPW =1.0 20
o DPW =07  ppw=1.1 DPW=0s e
go06 159
=) )
. o]
=04 108

0.2 ®PM | 5

oCO
0.0 } . . . 0
0 1 2 3 4 5
Trial No.

Figure 3-17: The effect of diesel pulse width at mid-speed high-load with EGR
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3.5.3 Back Pressure Tests (no EGR)

The effect of back pressure was examined since a significant back pressure is
required for EGR operation. It is imperative to differentiate between the effects of back
pressure alone versus EGR. At low-speed low-load there is an increase in PM and CO

emissions with increasing back pressure as shown in Figure 3-18.

BP Tests at 800RPM 25% Load (DPW = 0.7ms)
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Figure 3-18: The effect of back pressure at low-speed low-load

At 800 RPM 75% load and 1600 RPM 40% load the CO and PM emission rates
diverge with increasing back pressure, as shown in Figure 3-19 and Figure 3-20. The
normalized CO rates are reduced by approximately half when the engine is operating
with a higher back pressure. These figures also clearly show an increase in PM with
back pressure. At 800 RPM 75% load it appears there may be a transition region that the

back pressure must exceed (~65kPa) to affect the PM emission rate.
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BP Tests at 800RPM 75% Load (DPW = 0.7ms)
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Figure 3-19: The effect of back pressure at low-speed high-load
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Figure 3-20: The effect of back pressure at high-speed low-load

Figure 3-21 shows at 1400 RPM 85% load the opposite trend in PM occurs
compared to the previous two cases. Increasing back pressure tends to suppress the
formation of CO and PM at this operating condition. It is possible the reversal in the PM
trend is due to higher exhaust temperatures caused by increasing the exhaust pressure.
Appendix B shows the exhaust temperatures for all experiments. It is possible that
having the exhaust temperature higher allows more hydrocarbons to oxidize or inhibits

condensation reactions from occurring. For example, at 1400 RPM 85% load the
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temperature increased from 380°C (10 kPa) up to a value of approximately 470°C at

(150 kPa).
0.9 BP Tests at 1400RPM 85% Load (DPW =0.7ms) 35
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Figure 3-21: The effect of back pressure at mid-speed high-load

Heywood [4] states the oxidation rate of CO can be considered negligible below
600°C, which implies the engine conditions must have been changing since the CO

concentration will be constant after the gas passes the exhaust valve.

3.5.4 Effects on In-Cylinder Pressure

The diesel pulse width or exhaust back pressure did not significantly (at least
10% change) affect the IMEP, heat release rate, peak cylinder pressure or peak cylinder
pressure location. All high speed data is presented in Appendix J. There are small
differences in the heat release curves but it is difficult to discern if these are due to noise
in the high speed data or actual changes in combustion. Increasing the back pressure

caused an increase in the work required during the exhaust stroke (pumping loop).




3.5.5 Exclusion of Data Points (Outliers)

From the previous results it was determined that the exhaust back pressure
definitely affects the PM emission rate and the amount of diesel injected has more subtle
effects. It was also found that moisture in the sampling apparatus can lead to an
overestimate of the PM emission rate. Data was excluded from the baseline and EGR
results if it was significantly different than the expected value due to any of the

following reasons:

» The back pressure for non-EGR tests was outside of 8-15kPa.

» The diesel pulse width was set outside of 0.6 - 0.7 ms.

» The tests performed were within 30 sampling minutes since the first
test on that day and the emission rate was exaggerated due to
condensation in the dilution system piping.

» The emission rate recorded by the TEOM was not constant within
5%.

Data points that were excluded were shaded in light gray in Appendix B to show

they were deemed outliers.
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3.6 The Effect of Exhaust Gas Recirculation

Experiments were performed to show the change in PM emissions when using
exhaust gas recirculation to reduce NOy levels from the engine. The same operating
points were tested as in section 3.3, with EGR rates up to approximately 22%. The

emission summaries are located in Appendix B.

3.6.1 Particulate and NO, Emissions

Results were compared over different sampling days to show the effect of EGR
on NOy and PM emissions. The emission rates (normalized by total fuel flow) for NOy
and PM are plotted in Figure 3-22 through Figure 3-25. In all cases a linear decrease in
NO, was observed as previously shown by McTaggart-Cowan [12]. NOy emissions were
not affected by higher back pressure, but as shown in section 3.5.3, PM emissions
showed a large sensitivity to changes in back pressure.

At 800 RPM 25% load thére is little effect of EGR on particulate emissions, as
shown in Figure 3-22. However, a slight increase in PM is observed at 10% EGR,

followed by a slight decrease at EGR levels of 20%.
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PM and NOx Emissions at 800RPM 25% Load
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Figure 3-22: The effect of EGR at low-speed low-load

At 800 RPM 75% load the PM emission rate increases with higher EGR rates as
shown in Figure 3-23. This is partly due to the fact that the back pressure has increased
from approximately 10 kPa to 50 kPa, which increases the particulate emission (0.13
g/kg fuel) without EGR as shown in Figure 3-19 from the previous section. Hence, it is
believed the PM emission rate is not significantly increasing due to EGR itself until

operating at rates greater than 15%.
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Figure 3-23: The effect of EGR at low-speed high-load
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At 1600 RPM 40% load and 1400 RPM 85% load an increase in PM with EGR is
visible, but again a major portion is due to applying back pressure. Emission rates of
0.5 g/kg fuel were found at 1600 RPM 40% load with 105 kPa of back pressure without

EGR. This implies only a slight increase even at EGR rates of 20%.

PM and NOx Emissions at 1600RPM 40% Load
1.00 35
ePM-Mar7 APM-Mar8
0.90
H XPM-Apr8 e NOx - 30
0.80 °
° —
5 0.70 1255
= _ T < =
§3 060 X 205 3
e A! ) A - Iy N
& o 050 F xJ_ 2o
= 4 ® - 15 <
E3 040 T . !
T - x
z 0.30 S " 109
0.20 %
15
0.10
0.00 ‘ . : . ; 0
-5.0 0.0 5.0 10.0 15.0 20.0 25.0
EGR rate (%)

Figure 3-24: The effect of EGR at high-speed low-load

At 1400 RPM 85% load there appears to be a more pronounced increase in PM
emissions with increasing EGR. There is insufficient air in the cylinder due to the
pressure relief valve opening. This explains the high CO emissions were measured at
this condition. The increase in PM with EGR is visible but is not excessive as shown in

Figure 3-25.
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Figure 3-25: The effect of EGR at mid-speed high-load

3.6.2 In-Cylinder Pressure

One of the concerns when operating at higher EGR rates is reducing engine
performance. Figure 3-26 through Figure 3-28 show no significant changes in IMEP,
peak cylinder pressure and peak cylinder pressure location. The results were taken from
the same day but similar trends exist in other trials. A summary of high-speed data is

presented in Appendix J, for each sampling period.

The Effect of EGR on IMEP
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Figure 3-26: IMEP variation with EGR
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The Effect of EGR on Maximum Cylinder Pressure
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Figure 3-27: Peak cylinder pressure variation with EGR
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Figure 3-28: Peak cylinder pressure location variation with EGR

The only measurement that showed a significant change due to EGR was the rate
of heat release. Increasing the amount of EGR delays the heat release within the
cylinder, which results in later burning with less time to oxidize particulates.

At 800 RPM 25% load the heat release occurs later and within a shorter time
interval as shown in Figure 3-29. It should be pointed out that the integrated heat release
is lower for 22% EGR, but the maximum rate is higher. This may explain the decrease

in PM at EGR rates of 20%.
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Comparison of Net Heat Release Rate at 800RPM 25% Load
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Figure 3-29: The effect of EGR on heat release at low-speed low-load

At 800 RPM 75% load a two-stage process is observed without EGR, as shown
in Figure 3-30. EGR delays the heat release rate and occurs at a higher rate in a shorter

time, but the effect is not as pronounced as at 25% load.
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Figure 3-30: The effect of EGR on heat release at low-speed high-load
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At 1600 RPM 40% load and 1400 85% load there is only a slight effect of EGR,

the heat release rate is only slightly delayed as shown in Figure 3-31 and Figure 3-32.
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Figure 3-31: The effect of EGR on heat release at high-speed low-load
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Figure 3-32: The effect of EGR on heat release at mid-speed high-load

50




Chapter 4: Conclusions and Future Work

4.1 Conclusions

The primary goal of this work was to design and construct a suitable mini-dilution
system capable of measuring particulate emissions. This was successfully completed
and it was shown the overall accuracy of PM emission rates is between 20 and 29%,
depending on the operating condition. The measurement uncertainty was calculated to
be at maximum 12%, implying the remainder of variability is attributed to the engine
itself.

The TEOM can be used to reduce sampling time and provide a real-time PM
measurement. The PM emission rate from the TEOM can be corrected by multiplying
values by 1.43 to correspond with those taken using pre-weighed Teflon filters.

At 800 RPM 75% load with EGR it was shown that there was a definite correlation
between DPW and CO/PM emissions. These effects of the DPW are likely present,
although to a much lesser extent, when operating at other conditions. Increasing the
back pressure alone tends to increase PM emissions, except at 1400 RPM high load.
More experiments are needed to quantify these effects. However, the HPDI system with
EGR does not show a large increase in PM emissions, even at EGR rates of 15% if the

back pressure effects are considered.
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4.2 Recommendations for Future Work

The addition of the mini-dilution tunnel was the first stage for further PM research
endeavours. The most important recommendation is to determine an appropriate exhaust
back pressure for all test points. The values from the turbocharger inlet (of the ISX 400)
need to be measured and recorded. The back pressure needs to be specified precisely, so
it can be set at a given value during operation of the SCRE.

There are still numerous other parameters that can be tested with the current
equipment. For example, the PM emission rate at various timings could be explored,
especially at different EGR rates. The other interesting parameter to investigate is
changing the duration of the diesel pulse width, at different conditions. For optimizing
an EGR engine it would be desirable to know when the PM penalty appears. In section
3.6, PM emission rates increased with EGR at every condition except low-speed low-
load. There is likely a transition region where these effects change from negligible to
fairly significant. Knowing where this transition occurs would be invaluable to
minimize emissions.

To improve the accuracy of measurements there are several improvements that
would be worthwhile. A more accurate measurement of the diesel flow rate would be
valuable, particularly for lower speeds. - The correlation between the TEOM data and
pre-weighed filters should be verified. This may be important since the comparison tests
were performed with excess diesel leaking into the engine. The correction factor may be
different if running at normal HPDI conditions.

Finally, there are some more technical additions that would be worthwhile. One is

the addition of a Scanning Mobility Particle Sizer. There has been a lot of concern that
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the PM emitted from the natural gas engine may be significantly higher in the ultra-fine
size range. These ultra-fine particles are believed to be more hazardous to human health
due to their ability to penetrate the lungs and enter the pulmonary system. Knowing the
particle size distribution would be interesting from an academic standpoint but may be a

genuine concern should the emission rate of ultra-fine particles be relatively high.
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Appendix A: Description of Apparatus

Device Manufacturer Description / Comments/Other
Model
Thermocouple | Omega Inc. K- type KMQSS-125-U-6
(0-1000K)
Mass Flow Omega Inc. FMA-1928 0 - 50SLPM
Controller (£1.5% full scale)
Pressure Autotran Inc 601D - 015 0-1psid
Sensor (D = differential) | 0-5VDC output
Filter Holder | Pall-Gelman 2220 Stainless steel 47mm
filter holder
Teflon Filters | Pall Teflo 47mm, 2um | 99.99% Aerosol
mesh - RJP2047 | retention
(ASTM D2986-71)
TEOM Rupprecht and 1105
Patashnick
TEOM filters | Rupprecht and exchangeable Pallflex TX40 TEOM
Patashnick filter cartridges filters
Scale Sartorius GmbH Model no. M3P range = 0 — 3000mg
Pump Thomas Industries | Diaphragm Pump: | rated flow: 180LPM
2737BM370
Air Supply Praxair Inc. Medical Air Balance N; and
0, =19.5-23.5% | certified:
CO, = 500ppm HC (condensed): none
CO < 10ppm H,O (condensed): none
NOx < 2.5 ppm
SO, < Sppm

Table 4-1: Detailed description of dilution tunnel components
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Figure 4-1: Detailed Schematic of Dilution System
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Appendix B: Experimental Results

Note: (i) Negative nmHC indicates malfunction of the CHy analyzer.

(i1) Air to fuel ratio = Air Flow | (CNG Flow + Diesel Flow)

Label: AS A8 Al10 A25 A28 |
Date: 6-Mar-02| 6-Mar- | 6-Mar- | 7-Mar- | 7-Mar- [;

02 02 02 02
Time: 12:24:34[15:16:05]15:59:31]14:06:02]14:47:30 Ccov
Engine Parameters
Speed(RPM) 799.4 790.8 797.5 805.0 799.7 0.006
Load(%) 25 25 25 25 25 0.000
Indicated Power (kW) 8.4 8.0 8.4 8.8 8.0 0.041
IMEP (bar) 5.1 4.8 5.1 5.2 4.8 0.036
Pmax(bar) 96.1 96.0 97.1 96.4 94.2 0.011
Pmax location (degrees) 365.9 365.5 365.7 365.8 365.9 0.000
Diesel Flow(kg/hr) 0.16 0.17 0.17 0.15 0.15 0.051
CNG Flow(kg/hr) 1.24 1.16 1.22 1.23 1.13 0.041
Air Flow(kg/hr) 71.8 71.9 72.7 73.4 73.3 0.010
Exhaust Flow(kg/hr) 732 73.2 74.1 74.8 74.6 0.010
Exhaust Back Pressure (kPa) 143 142 10.2 9.6 10.7 0.192
EGR Fraction(%) 0.0 0.0 0.0 0.0 . 0.0 N/A
Exhaust Emission Flows '
CO (g/hr) 4,54 3.36 3.17 6.51 6.98 0.359
CO, (kg/hr) 3.78 3.59 3.73 3.78 3.45 0.039
NO, (g/hr) 147.8 142.4 148.9 138.9 122.4 0.076
O, (kg/hr) 11.2 11.6 11.6 11.6 12.1 0.026
CH, (g/hr) 5.97 6.75 6.51 54.50 41.90 1.008
nmHC (g/hr,C1) 10.23 7.06 6.86 -40.25 | -26.15 -2.743
tHC (g/hr,C1) 16.20 13.82 13.37 14.25 15.74 0.084
PM (g/hr) - TEOM 0.27 0.23 0.31 0.19 0.20 0.202
Exhaust Emission Flows/Fuel
CO (g/kg fuel) 3.24 2.46 2.41 4.92 5.11 0.361
CO, (kg/kg fuel) 2.69 2.63 2.83 2.86 2.52 0.052
NO, (g/kg fuel) 105.4 104.3 113.2 105.0 89.6 0.083
0, (g/kg fuel) 8.00 8.49 8.83 8.80 8.83 0.042
CH, (g/kg fuel) 4.26 4.94 495 41.18 30.65 1.017
nmHC (g/kg fuel,C1) 7.30 5.17 5.21 -30.41 | -19.13 -2.712
tHC (g/kg fuel,C1) 11.55 10.11 10.16 10.77 11.52 0.065
PM (g/kg fuel) - TEOM 0.19 0.17 0.23 0.15 0.15 0.18 | 0.208

Table 4-2: 800 RPM 25% load baseline emissions
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Label: El E2 E3 E4 E5 E6
Date: 10-Apr- | 10-Apr- | 10-Apr- | 10-Apr- | 10-Apr- | 10-Apr-
02 02 02 02 02 02
Time: 12:29:19]12:35:0212:42:23[12:49:00(12:56:29|13:04:01
Engine Parameters
Speed(RPM) 809.0 | 808.3 | 805.2 | 805.3 | 8029 | 7975
Load(%) 25.0 25.0 25.0 25.0 25.0 25.0
_ |Indicated Power (kW) 8.8 8.7 8.1 8.4 8.2 8.4
IMEP (bar) 5.25 5.20 4.80 4.98 4.88 5.04
Pmax(bar) 97.11 96.90 | 9530 | 9572 | 9534 | 97.12
Pmax location (degrees) 366.0 365.9 365.7 3659 366.0 365.8
Diesel Flow(kg/hr) 0.155 | 0.241 0.136 | 0.170 | 0.146 | 0.147
CNG Flow(kg/hr) 1.23 1.21 1.20 1.19 1.17 1.16
Air Flow(kg/hr) 73.4 73.5 73.5 73.7 73.8 73.2
Exhaust Flow(kg/hr) 74.7 74.9 749 75.1 75.1 74.5
Exhaust Back Pressure (kPa) 119 11.3 11.5 11.2 11.1 31.1
EGR Fraction(%) 0.0 0.0 0.0 0.0 0.0 0.0
Exhaust Emission Flows
CO (g/hr) 6.1 5.5 5.6 4.8 5.3 7.0
CO, (kg/hr) 3.9 4.0 3.7 3.8 3.6 34
NO, (g/hr) 139.7 142.0 129.1 132.7 125.2 118.3
0O, (kg/hr) 11.5 11.5 11.8 11.7 12.0 12.1
CH, (g/hr) 4.7 4.5 4.8 4.4 4.7 7.6
nmHC (g/hr,C1) 8.5 8.1 8.4 7.7 8.4 135
tHC (g/hr,C1) 13.2 12.6 13.2 12.0 13.1 21.1
PM (g/hr) - TEOM [corrected] | 0.818 1.093 | 0.658 | 0.626 | 0.499 | 0.539
Exhaust Emission Flows/Fuel
CO (g/kg fuel) 4.42 3.77 4.17 3.54 3.99 5.35
CO, (kg/kg fuel) 2.78 2.74 2.75 2.83 2.76 2.61
NO, (g/kg fuel) 100.80 | 97.65 | 96.44 | 97.78 { 95.14 | 9052
0O, (g/kg fuel) 8.32 7.90 8.82 8.63 9.09 9.27
CH, (g/kg fuel) 3.40 3.08 3.58 3.20 3.58 5.84
nmHC (g/kg fuel,C1) 6.10 5.57 6.30 5.66 6.38 10.30
tHC (g/kg fuel,C1) 9.50 8.65 9.88 8.87 9.96 16.13
PM (g/kg fuel) - TEOM 0.59 0.75 0.49 0.46 0.38 0.41
[corrected]
Dilution System Parameters
Exhaust Temp - manifold (C) 2283 | 230.0 | 2195 220.6 | 2129 | 2273
Exhaust Temp - sample inlet 167.5 162.4 | 1585 155.0 153.2 168.0
©
Dilution Air Temp (C) 14.6 16.2 16.2 16.3 16.6 16.4
Filter Temp (C) 439 42.5 413 40.4 39.8 39.2
Sample CO, (%) 0.33 0.33 0.29 0.29 0.28 0.27
Dilution Ratio - CO, 11.7 12.3 13.0 13.4 135 13.4

Table 4-3: 800 RPM 25% load - BP/DPW data summaries (I)
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Label: E7 ES8 E9 El10 Ell E12 E13
Date: 10-Apr-02 | 10-Apr-02 | 10-Apr-02 | 10-Apr-02 | 10-Apr-02 | 10-Apr-02 | 10-Apr-02
Time: 13:11:28 | 13:18:54 | 13:33:57 | 13:41:19 | 13:48:22 | 13:55:41 | 14:08:14
Engine Parameters

Speed(RPM) 797.0 793.4 800.1 798.9 798.6 799.7 801.4
Load(%) 25.0 25.0 25.0 25.0 25.0 25.0 25.0
Indicated Power (kW) 83 7.8 10.0 10.2 9.8 10.2 10.0
IMEP (bar) 4,99 4.75 5.99 6.11 591 6.13 6.00
Pmax(bar) 96.47 95.29 99.98 100.52 99.83 100.07 99.41
Pmax location (degrees) 365.8 365.9 366.2 366.4 366.3 366.4 366.2
Diesel Flow(kg/hr) 0.158 0.142 0.129 0.205 0.145 0.178 0.137
CNG Flow(kg/hr) 1.15 1.13 1.40 1.41 1.42 1.42 1.43
Air Flow(kg/hr) 73.7 73.1 60.4 60.0 59.9 59.8 72.8
Exhaust Flow(kg/hr) 75.0 74.4 61.9 61.6 61.4 61.4 74.4
Exhaust Back Pressure 10.1 38.8 26.9 27.2 273 27.4 12.3
(kPa)

EGR Fraction(%) 0.0 0.0 149 14.2 149 14.3 0.0
Exhaust Emission Flows

CO (g/hr) 5.4 6.9 15 7.0 7.4 7.2 4.9
CO; (kg/hr) 3.6 32 43 4.5 42 44 4.4
NO, (g/hr) 124.4 108.2 84.1 86.9 80.5 78.9 151.2
0, (kg/hr) 12.1 12.3 8.2 7.9 8.1 7.9 10.8
CH, (g/hr) 52 8.0 9.5 9.3 9.9 11.0 4.0
nmHC (g/hr,C1) 9.2 13.5 15.6 14.8 15.9 17.2 7.1
tHC (g/hr,C1) 14.4 215 25.1 24.1 25.8 28.3 11.1
PM (g/hr) - TEOM 0.484 0.610 0.631 0.625 0.600 0.612 0.633
[corrected]

Exhaust Emission

Flows/Fuel

CO (g/kg fuel) 4.15 5.40 4.90 4.35 4.76 4.47 3.11
CO, (kg/kg fuel) 2.73 2.53 2.79 2.77 2.72 2.76 2.82
NO, (g/kg fuel) 95.05 84.74 54.96 53.95 51.60 49.26 96.51
O, (g/kg fuel) 9.22 9.66 5.35 491 5.19 4.94 691
CH, (g/kg fuel) 3.95 6.24 6.19 5.74 6.37 6.89 2.57
nmHC (g/kg fuel,C1) 7.04 10.59 10.20 9.21 10.19 10.76 4.50
tHC (g/kg fuel,C1) 10.99 16.84 16.40 14.95 16.56 17.65 7.07
PM (g/kg fuel) - TEOM 0.37 0.48 0.41 0.39 0.38 0.38 0.40
[corrected]

Dilution System

Parameters

Exhaust Temp - manifold 212.4 229.5 258.9 265.6 259.0 266.6 250.9
©

Exhaust Temp - sample 159.8 168.9 183.9 194.5 196.6 197.0 178.2
inlet (C)

Dilution Air Temp (C) 16.5 16.6 16.8 17.5 17.5 17.4 17.2
Filter Temp (C) 38.9 38.6 38.1 38.4 38.7 39.0 393
Sample CO, (%) 0.27 0.25 0.40 0.41 0.38 0.40 0.34
Dilution Ratio - CO, 13.6 14.1 12.7 13.1 13.3 13.1 13.2

Table 4-4: 800 RPM 25% load — BP/DPW data summaries (II)
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Label: AS A6 A7 A8 A9
Date: 6-Mar-02 | 6-Mar-02 | 6-Mar-02 | 6-Mar-02 | 6-Mar-02
Time: 12:24:34 | 12:47:31 | 15:07:01 | 15:16:05 | 15:45:07
Engine Parameters

Speed(RPM) 799.4 795.5 785.3 790.8 791.7
Load(%) 25.0 25.0 25.0 25.0 25.0
Indicated Power (kW) 8.4 8.3 8.0 8.0 8.4
IMEP (bar) 5.1 5.0 4.9 4.8 5.1
Pmax(bar) 96.1 95.4 95.2 96.0 96.8
Pmax location (degrees) 365.9 365.6 3659 365.5 365.7
Diesel Flow(kg/hr) 0.158 0.158 0.165 0.165 0.165
CNG Flow(kg/hr) 1.24 1.21 1.15 1.16 1.20
Air Flow(kg/hr) 71.8 64.1 56.4 71.9 63.1
Exhaust Flow(kg/hr) 73.2 65.5 57.7 73.2 64.5
Exhaust Back Pressure 14.3 23.1 27.2 14.2 23.2
(kPa)

EGR Fraction(%) 0.0 9.2 23.8 0.0 11.3
Exhaust Emission Flows

CO (g/hr) 4.54 5.56 6.11 3.36 4.48
CO; (kg/hr) 3.8 3.6 35 3.6 3.7
NO, (g/hr) 14777 | 100.79 68.61 142.41 105.32
0O, (kg/hr) 11.21 9.72 8.19 11.59 9.50
CH, (g/hr) 5.97 8.96 13.13 6.75 9.19
nmHC (g/hr,C1) 10.23 15.02 8.69 7.06 10.79
tHC (g/hr,C1) 16.20 23.98 21.82 13.82 19.98
PM (g/hr) - TEOM 0.27 0.35 0.14 0.23 0.29
[corrected]

Exhaust Emission

Flows/Fuel

CO (g/kg fuel) 3.24 4.07 4.64 2.54 3.28
CO, (kg/kg fuel) 2.69 2.64 2.67 2.71 2.69
NO, (g/kg fuel) 105.37 73.79 52.14 107.59 77.04
0O, (g/kg fuel) 8.00 7.11 6.22 8.76 6.95
CH, (g/kg fuel) 4.26 6.56 9.98 5.10 6.72
nmHC (g/kg fuel,C1) 7.30 11.00 6.60 5.34 7.89
tHC (g/kg fuel,C1) 11.55 17.55 16.58 10.44 14.62
PM (g/kg fuel) - TEOM 0.19 0.25 0.11 0.17 0.21
[corrected]

Dilution System

Parameters

Exhaust Temp - manifold 239.5 245.6 243.4 231.6 246.4
(C

Ex)haust Temp - sample 194.2 182.2 182.0 166.2 181.2
inlet (C)

Dilution Air Temp (C) 10.3 12.7 13.4 13.0 12.7
Filter Temp (C) 378 37.0 43.1 413 37.0
Sample CO; (%) 0.31 0.32 0.39 0.31 0.35
Dilution Ratio - CO, 12.9 12.9 11.4 12.0 12.2

Table 4-5: Data summaries for 800 RPM 25% load tests (I)

62




Label: Al0 A25 A26 A27 A28 A29
Date: 6-Mar-02 | 7-Mar-02 | 7-Mar-02 | 7-Mar-02 | 7-Mar-02 | 7-Mar-02
Time: 15:59:31 | 14:06:02 | 14:23:31 | 14:35:00 | 14:47:30 | 14:55:26
Engine Parameters

Speed(RPM) 797.5 805.0 797.1 795.2 799.7 800.2
Load(%) 25.0 25.0 25.0 25.0 25.0 25.0
Indicated Power (kW) 8.4 8.8 8.3 34.1 8.0 8.6
IMEP (bar) 5.1 5.2 4.99 20.6 4.8 5.2
Pmax(bar) 97.1 96.4 96.33 95.5 94.2 96.2
Pmax location (degrees) 365.7 365.8 366.0 390.5 365.9 365.9
Diesel Flow(kg/hr) 0.165 0.149 0.166 0.149 0.149 0.208
CNG Flow(kg/hr) 1.22 1.23 1.15 1.14 1.13 1.11
Air Flow(kg/hr) 72.7 73.4 57.1 65.5 733 73.4
Exhaust Flow(kg/hr) 74.1 74.8 58.4 66.8 74.6 74.7
Exhaust Back Pressure (kPa) 10.2 9.6 27.0 36.1 10.7 10.8
EGR Fraction(%) 0.0 0.0 22.1 9.8 0.0 0.0
Exhaust Emission Flows

CO (g/hr) 3.17 6.51 9.3 8.91 6.98 6.74
CO, (kg/hr) 3.7 3.8 35 34 34 37
NO, (g/hr) 14894 | 138.91 60.2 93.07 122.44 | 137.76
O, (kg/hr) 11.62 11.65 8.3 10.40 12.07 11.82
CH, (g/hr) 6.51 54.50 5.4 24.80 41.90 53.69
nmHC (g/hr,C1) 6.86 -40.25 26.2 1.14 -26.15 -38.98
tHC (g/hr,C1) 13.37 14.25 31.6 25.94 15.74 14.71
PM (g/hr) - TEOM [corrected] 0.31 0.19 0.164 0.22 0.20 0.15
Exhaust Emission Flows/Fuel

CO (g/kg fuel) 2.29 4.72 7.03 6.89 5.45 5.11
CO, (kg/kg fuel) 2.69 2.74 2.68 2.60 2.69 2.83
NO, (g/kg fuel) 107.44 | 100.66 45.71 71.97 95.49 104.55
0O, (g/kg fuel) 8.38 8.44 6.29 8.04 9.41 8.97
CH, (g/kg fuel) 4.70 39.49 4.10 19.18 32.67 40.75
nmHC (g/kg fuel,C1) 4.95 -29.16 19.93 0.88 -20.40 -29.59
tHC (g/kg fuel,C1) 9.64 10.33 24.03 20.06 12.28 11.16
PM (g/kg fuel) - TEOM 0.22 0.14 0.12 0.17 0.16 0.12
[corrected]

Dilution System Parameters

Exhaust Temp - manifold (C) 236.7 2333 230.7 239.5 219.0 225.0
Exhaust Temp - sample inlet (C) { 163.2 193.1 181.0 182.5 165.9 158.8
Dilution Air Temp (C) 13.1 12.4 13.7 14.2 14.6 14.2
Filter Temp (C) 37.1 38.5 36.8 36.8 37.0 36.9
Sample CO, (%) 0.31 0.33 0.57 0.33 0.30 0.31
Dilution Ratio — CO, 12.2 11.7 7.5 11.6 11.7 12.2

Table 4-6;: Data summaries for 800 RPM 25% load tests (II)
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A20 A24 C3 Cl13
Date: 7-Mar- | 7-Mar- | 9-Apr- | 9-Apr- |:
‘ 02 02 02 02
Time: 11:18:477(12:10:02(12:53:49]13:51:00(10:23:5 }12:02:1 AVG | COV
1 8
Engine Parameters
Speed(RPM) 810.5 | 810.1 { 805.9 | 805.4 806.7 |0.005
Load(%) 508 75.0 75.0 75.0 75.0 75.0 10.000
Indicated Power (kW) S248H 19.0 19.0 19.2 19.1 18.9 19.1 |0.006
IMEP (bar) A 114 11.3 11.4 11.4 11.3 11.4 [0.006
Pmax(bar) I35 1308 129.9 131.1 129.6 | 129.7 130.2 |{0.005
Pmax location (degrees) 368.4 | 368.7 | 368.5 368.5 | 368.5 368.5 |0.000
Diesel Flow(kg/hr) 0.17 0.18 0.18 0.16 0.16 0.17 {0.060
CNG Flow(kg/hr) 2.91 2.89 2.92 2.92 2.93 2.9 10.005
Air Flow(kg/hr) 91.0 92.1 93.4 89.2 92.3 91.6 (0.017
Exhaust Flow(kg/hr) 94.1 95.2 96.6 92.3 95.3 94,7 10.017
Exhaust Back Pressure (kPa) 11.5 11.3 12.7 10.4 13.1 11.8 ]0.092
EGR Fraction(%) 0.0 0.0 0.0 0.0 0.0 0.0 N/A
Exhaust Emission Flows
CO (g/hr) 77.4 70.2 76.7 67.0 62.3 72.8 10.104
CO, (kg/hr) 8.75 8.84 8.91 8.57 8.75 8.8 {0.014
NO, (g/hr) 203.89 | 205.82 | 200.72 | 191.13 | 187.24 |:19 199.5 }0.042
O, (kg/hr) 8.65 9.00 9.16 8.88 9.37 [£9:09° 8.9 10.033
CH, (g/hr) 5.90 92.95 | 88.25 3.80 432 |E86%555] 335 |1.321
nmHC (g/hr,C1) 10.83 | -81.46 | -73.81 9.35 8.71 709425 -19.5 [-2.312
tHC (g/hr,C1) 16.73 11.49 14.44 | 13.15 | 13.03 [Ei61 140 (0.131
PM (g/hr) - TEOM 0.46 0.47 0.30 0.26 0.27 0.35 10.294
Exhaust Emission Flows/Fuel
CO (g/kg fuel) 2508 | 22.49 | 2486 | 21.84 | 20.11 23.5 [0.103
CO, (kg/kg fuel) 2.84 2.83 2.89 2.79 2.82 2.8 10.011
NO, (g/kg fuel) 66.08 | 6588 | 65.04 | 62.26 | 60.41 64.4 10.039
0, (g/kg fuel) 2.80 2.88 2.97 2.89 3.02 2.9 10.034
CH, (g/kg fuel) 1.91 29.75 | 28.60 1.24 1.39 10.8 11.320
nmHC (g/kg fuel,C1) 3.51 -26.07 | -23.92 | 3.05 2.81 -6.3 [-2.316
tHC (g/kg fuel,Cl) 5.42 3.68 4.68 4,28 4.20 4.5 ]0.133
PM (g/kg fuel) - TEOM 0.15 0.15 0.10 0.08 0.09 0.11 [0.290

Table 4-7: 800 RPM 75% load baseline emissions
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Label: Cl C2 C3 C4 C5 Cé6 Cc7
Date: 9-Apr- | 9-Apr- | 9-Apr- | 9-Apr- | 9-Apr- | 9-Apr- | 9-Apr-
02 02 02 02 02 02 02
Time: 10:23:51{10:34:31{10:42:28|10:49:30|10:55:53|11:03:18{11:10:07
Engine Parameters
Speed(RPM) 805.9 805.1 804.5 804.9 804.7 | 800.8 | 806.5
Load(%) 75.0 75.0 75.0 75.0 75.0 75.0 75.0
Indicated Power (kW) 19.1 19.2 18.9 19.2 19.1 19.1 19.1
IMEP (bar) 114 11.4 11.3 11.4 11.4 11.4 11.4
Pmax(bar) 129.6 129.9 129.0 129.7 129.4 130.6 129.6
Pmax location (degrees) 368.5 368.5 368.5 368.3 368.5 368.5 368.5
Diesel Flow(kg/hr) 0.164 | 0.176 | 0.150 | 0.157 | 0.163 | 0.158 | 0.176
CNG Flow(kg/hr) 2.92 2.92 2.93 2.91 2.93 291 2.93
Air Flow(kg/hr) 89.2 89.5 89.4 89.5 89.4 87.9 89.4
Exhaust Flow(kg/hr) 923 92.5 92.5 92.6 925 91.0 92.5
Exhaust Back Pressure 10.4 10.7 10.7 10.8 10.8 69.9 10.1
(kPa)
EGR Fraction(%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Exhaust Emission Flows
CO (g/hr) 67.04 | 7466 | 63.98 80.80 | 76.43 33,74 | 79.23
CO; (kg/hr) 8.57 8.62 8.53 8.62 8.62 8.46 8.65
NO, (g/hr) . 191.13 | 190.64 | 191.31 | 188.29 | 187.34 | 185.35 | 188.47
0O, (kg/hr) 8.88 8.89 8.99 8.92 8.87 8.81 8.84
CH, (g/hr) 3.80 3.99 3.87 3.95 398 6.06 391
nmHC (g/hr,C1) 9.35 9.91 9.45 9.68 9.00 11.88 8.46
tHC (g/hr,C1) 13.15 13.90 13.32 13.63 12.98 17.94 12.37
PM (g/hr) - TEOM 0.26 0.28 0.24 0.23 0.22 0.40 0.19
[corrected]
Exhaust Emission
Flows/Fuel
CO (g/kg fuel) 21.76 | 24.15 2075 | 2634 | 24.71 11.0t 25.47
CO, (kg/kg fuel) 2.78 2.79 2.77 2.81 2.79 2.76 2.78
NO, (g/kg fuel) 62.02 | 61.65 62.06 | 61.38 60.57 | 60.47 | 60.58
O, (g/kg fuel) 2.88 2.88 2.92 291 2.87 2.87 2.84
CH, (g/kg fuel) 1.23 1.29 1.26 1.29 1.29 1.98 1.26
nmHC (g/kg fuel,C1) 3.03 321 3.06 3.15 291 3.88 2.72
tHC (g/kg fuel,C1) 4,27 4.50 4.32 4.44 4.20 5.85 3.98
PM (g/kg fuel) - TEOM 0.08 0.09 0.08 0.07 0.07 0.13 0.06
[corrected]
Dilution System
Parameters
Exhaust Temp - manifold | 372.7 3752 | 371.2 | 3745 3744 | 4202 | 376.2
C
gix)haust Temp - sample 181.8 226.8 236.2 | 2389 [ 241.0 | 3043 | 278.2
inlet (C)
Dilution Air Temp (C) 215 20.6 192 17.5 16.0 15.1 13.6
Filter Temp (C) 46.0 443 42.1 40.6 393 38.0 375
Sample CO, (%) 0.51 0.47 0.43 0.49 0.47 0.30 0.52
Dilution Ratio - CO, 12.9 14.1 15.3 13.5 14.0 23.6 12.8

Table 4-8: 800 RPM 75% load — BP/DPW emissions (I)
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Label: C8 C9 C10 Cl1 C12 C13
Date: 9-Apr-02 | 9-Apr-02 | 9-Apr-02 | 9-Apr-02 | 9-Apr-02 | 9-Apr-02
Time: 11:18:58 | 11:33:09 | 11:39:35 | 11:46:33 | 11:53:43 | 12:02:18
Engine Parameters

Speed(RPM) 804.2 802.1 802.2 800.8 800.8 805.4
Load(%) 75.0 75.0 75.0 75.0 75.0 75.0
Indicated Power (kW) 19.1 18.8 18.7 18.6 18.8 18.9
IMEP (bar) 114 11.3 11.2 11.1 11.2 11.3
Pmax(bar) 130.0 128.4 127.8 128.7 128.4 129.7
Pmax location (degrees) 368.6 368.5 368.5 368.4 368.4 368.5
Diesel Flow(kg/hr) 0.170 0.181 0.210 0.172 0.189 0.157
CNG Flow(kg/hr) 2.92 291 2.89 2.92 291 2.93
Air Flow(kg/hr) 88.3 73.6 73.4 73.5 73.6 923
Exhaust Flow(kg/hr) 91.4 76.6 76.5 76.6 76.7 953
Exhaust Back Pressure (kPa) 58.5 72.0 72.7 72.5 72.6 13.1
EGR Fraction(%) 0.0 16.9 16.7 16.9 16.8 0.0
Exhaust Emission Flows

CO (g/hr) 38.45 116.12 154.91 113.94 127.07 62.35
CO; (kg/hr) 8.56 8.29 8.38 8.26 8.32 8.75
NO, (g/hr) 186.30 59.01 54.75 55.40 56.79 187.24
0, (kg/hr) 8.78 5.63 5.47 5.64 5.59 9.37
CH;, (g/hr) 5.40 9.76 10.22 9.95 9.77 4.32
nmHC (g/hr,C1) 10.42 15.77 17.03 16.47 16.00 8.71
tHC (g/hr,C1) 15.82 25.53 27.25 26.42 25.77 13.03
PM (g/hr) - TEOM [corrected] 0.21 0.53 0.84 0.56 0.68 0.27
Exhaust Emission Flows/Fuel

CO (g/kg fuel) 12.42 37.62 49.92 36.90 41.04 20.21
CO, (kg/kg fuel) 2.77 2.68 2.70 2.68 2.69 2.83
NO, (g/kg fuel) 60.20 19.12 17.64 17.94 18.34 60.69
0O, (g/kg fuel) 2.84 1.82 1.76 1.83 1.80 3.04
CH, (g/kg fuel) 1.75 3.16 3.29 3.22 3.16 1.40
nmHC (g/kg fuel,C1) 3.37 5.11 5.49 5.33 5.17 2.82
tHC (g/kg fuel,C1) 5.11 8.27 8.78 8.56 8.32 4.22
PM (g/kg fuel) - TEOM 0.07 0.17 0.27 0.18 0.22 0.09
{corrected]

Dilution System Parameters

Exhaust Temp - manifold (C) 414.2 423.0 427.8 423.0 425.7 370.5
Exhaust Temp - sample inlet (C) [ 302.8 328.7 3343 3344 334.2 281.4
Dilution Air Temp (C) 12.7 11.2 12.1 12.5 12.5 11.9
Filter Temp (C) 373 372 38.1 39.0 40.1 40.6
Sample CO; (%) 0.51 0.62 0.62 0.62 0.63 0.55
Dilution Ratio - CO, 13.1 12.2 12.2 12.0 11.9 11.7

Table 4-9: 800 RPM 75% load — BP/DPW emissions (II)
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Label: Al A2 A3 A4 A20 A2l A22 A23 A24
Date: 6-Mar- | 6-Mar- | 6-Mar- | 6-Mar- | 7-Mar- | 7-Mar- | 7-Mar- | 7-Mar- | 7-Mar-
02 02 02 02 02 02 02 02 02
Time: 11:18:17]11:36:30{11:52:09{12:10:02(12:53:49|13:16:59{13:30:30|13:42:00{13:51:00
Engine Parameters
Speed(RPM) 802.5 798.7 798.8 801.5 810.5 806.6 806.4 | 808.1 810.1
Load(%) 75.0 75.0 75.0 75.0 75.0 75.0 75.0 75.0 75.0
Indicated Power (kW) 24.1 18.5 18.8 19.0 19.0 18.7 18.9 19.1 19.2
IMEP (bar) 14.4 11.1 11.3 11.4 11.3 11.1 11.3 11.4 11.4
Pmax(bar) 131.7 127.2 128.3 130.8 129.9 128.8 131.1 130.8 131.1
Pmax location (degrees) | 371.5 368.4 368.4 368.4 368.7 368.5 368.4 368.5 368.5
Diesel Flow(kg/hr) 0.17 0.17 0.17 0.17 0.21 0.21 0.21 0.21 0.21
CNG Flow(kg/hr) 2.94 291 2.95 2.91 2.89 2.88 2.90 2.90 2.92
Air Flow(kg/hr) 91.3 74.0 80.3 91.0 92.1 82.0 76.7 92.8 93.4
Exhaust Flow(kg/hr) 94.4 77.1 83.4 94.1 95.2 85.1 79.8 95.9 96.6
Exhaust Back Pressure 10.9 53.6 51.5 11.5 11.3 71.6 66.9 48.2 12.7
(kPa)
EGR Fraction(%) 0.0 16.5 8.8 0.0 0.0 8.7 17.5 0.0 0.0
Exhaust Emission
Flows
CO (g/hr) 82.94 | 187.10 | 92.44 | 77.38 70.25 62.48 | 112,70 | 40.28 76.71
CO, (kg/hr) 8.83 8.59 8.59 8.75 8.84 8.57 8.60 8.90 8.91
NO, (g/hr) 208.06 | 59.97 | 117.49 | 203.89 | 205.82 | 118.10 | 59.57 | 198.21 | 200.72
0O, (kg/hr) 8.59 4.80 6.36 8.65 9.00 7.01 5.67 9.09 9.16
CH, (g/hr) 5.78 10.70 8.62 5.90 92.95 31.84 | -10.25 { 86.55 88.25
nmHC (g/hr,C1) 9.34 16.66 14.29 10.83 | -81.46 | -7.91 37.50 | -70.42 | -73.81
tHC (g/hr,C1) 15.12 27.36 2291 16.73 11.49 23.93 27.25 16.13 14.44
PM (g/hr) - TEOM 0.76 1.97 1.34 0.46 0.47 0.40 0.74 0.34 0.30
[corrected]
Exhaust Emission
Flows/Fuel
CO (g/kg fuel) 26.62 60.64 | 29.59 | 25.07 22.65 20.19 36.19 12.93 24.50
CO, (kg/kg fuel) 2.83 2.78 2.75 2.84 2.85 2.77 2.76 2.86 2.85
NO, (grkg fuel) 66.77 19.44 | 37.61 66.07 66.37 38.17 19.13 63.64 | 64.12
0O, (g/kg fuel) 2.76 1.55 2.04 2.80 2.90 2.27 1.82 2.92 2.93
CH;, (g/kg fuel) 1.86 3.47 2.76 191 29.97 10.29 -3.29 27.79 28.19
nmHC (g/kg fuel,C1) 3.00 5.40 4.57 3.51 -26.27 | -2.56 12.04 | -22.61 | -23.58
tHC (g/kg fuel,C1) 4.85 8.87 7.33 5.42 371 7.73 8.75 5.18 4.61
PM (g/kg fuel) - TEOM | 0.24 0.64 0.43 0.15 0.15 0.13 0.24 0.11 0.10
[corrected]
Dilution System
Parameters
Exhaust Temp - 388.7 431.1 431.0 | 388.3 381.7 4404 | 4175 411.0 384.2
manifold (C)
Exhaust Temp - sample | 266.8 328.5 3289 270.3 223.5 345.3 3335 322.0 | 2819
inlet (C)
Dilution Air Temp (C) 11.8 9.3 9.4 9.9 11.7 9.8 10.3 10.5 11.1
Filter Temp (C) 375 358 36.2 37.7 40.5 36.9 36.4 37.0 38.2
Sample CO, (%) 0.57 0.64 0.58 0.53 0.46 0.53 0.57 0.50 0.57
Dilution Ratio - CO, 11.4 12.1 12.4 12.5 14.6 13.3 13.3 13.3 11.4

Table 4-10: Data Summaries for 800 RPM 75% load tests
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Label: All Al4 Al127 Al133 B5 B7
Date: 7-Mar- | 7-Mar- | 8-Mar- | 8-Mar- | 8-Apr- | 8-Apr-

02 02 02 02 02 02
Time: 10:17:27111:03:0114:16:44]15:14:31]14:03:47|14:23:24 COV
Engine Parameters
Speed(RPM) 1613.7 | 1610.3 | 1611.0 | 1599.7 | 1611.8 | 1613.5 [ I 0.003
Load(%) 40.0 40.0 40.0 40.0 40.0 40.0 0.000
Indicated Power (kW) 28.2 28.4 28.7 28.4 274 27.2 0.021
IMEP (bar) 8.4 8.5 8.6 8.5 8.17 8.10 0.023
Pmax(bar) 106.6 105.7 109.8 108.6 | 106.48 | 106.26 0.015
Pmax location (degrees)| 368.3 368.1 368.4 368.7 367.9 367.6 0.001
Diesel Flow(kg/hr) 0.32 0.32 0.26 0.32 0.30 0.31 0.080
CNG Flow(kg/hr) 3.83 3.84 3.84 3.82 3.67 3.64 0.024
Air Flow(kg/hr) 212.1 210.0 217.5 214.9 212.4 | 212.4 0.012
Exhaust Flow(kg/hr) 216.3 214.2 221.6 219.1 216.4 | 216.4 0.012
Exhaust Back Pressure 11.1 11.3 10.9 11.7 11.8 11.8 0.035
(kPa)
EGR Fraction(%) 0.0 0.0 0.0 0.0 0.0 0.0 N/A
Exhaust Emission
Flows
CO (g/hr) 26.98 26.52 25.40 30.33 24.8 24.4 0.082
CO, (kg/hr) 11.32 11.72 11.43 11.60 10.9 10.9 0.032
NO, (g/hr) 129.20 | 123.00 | 118.78 | 117.29 | 115.7 115.9 0.044
O, (kg/hr) 32.83 32.01 34.79 34.26 338 33.9 0.030
CH, (g/hr) 18.34 | -56.02 | 29.98 30.34 20.2 19.6 3.169
nmHC (g/hr,C1) 47.07 | 11691 | 40.17 44.56 48.8 46.4 0.512
tHC (g/hr,C1) 65.41 60.89 70.15 74.90 68.9 66.0 0.070
PM (g/hr) - TEOM 0.82 0.82 1.11 0.57 0.891 0.876 0.205
Exhaust Emission
Flows/Fuel
CO (g/kg fuel) 6.49 6.36 6.13 7.29 6.06 5.93 0.077
CO, (kgrkg fuel) 2.72 2.81 2.76 2.79 2.65 2.65 0.025
NO, (g/kg fuel) 31.09 29.49 28.66 28.20 28.25 28.17 0.040
0O, (g/kg fuel) 7.90 7.68 8.40 8.24 8.26 8.23 0.033
CH, (g/kg fuel) 4.41 -13.43 7.24 7.30 4,93 4.77 3.127
nmHC (g/kg fuel,C1) 11.33 28.04 9.69 10.71 11.91 11.28 0.506
tHC (g/kg fuel,C1) 15.74 14.60 16.93 18.01 16.83 16.04 0.072
PM (g/kg fuel) - TEOM| 0.20 0.20 0.27 0.14 0.22 0.21 0.207

Table 4-11: 1600 RPM 40% load baseline emissions
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Label: Bl B2 B3 B4 BS B6
Date: 4/8/02 | 4/8/02 | 4/8/02 | 4/8/02 | 4/8/02 | 4/8/02
Time: 13:27:23113:31:39|13:41:56|13:53:09(14:03:47|14:15:04
Engine Parameters
Speed(RPM) 1608.6 | 1618.1 | 1620.0 | 1614.8 | 1611.8 | 1562.1
Load(%) 40.0 40.0 40.0 40.0 40.0
Indicated Power (kW) 28.1 27.6 27.6 27.7 274 34.8
IMEP (bar) 8.39 8.18 8.18 8.22 8.17 10.68
Pmax(bar) 107.19 | 106.62 | 106.62 | 107.10 | 106.48 | 110.77
Pmax location (degrees) 368.0 368.0 368.0 367.9 367.9 370.1
Diesel Flow(kg/hr) 0.27 0.32 0.25 0.36 0.30 0.28
CNG Flow(kg/hr) 3.67 3.67 3.65 3.64 3.67 3.57
Air Flow(kg/hr) 213.1 212.7 212.8 212.5 212.4 | 210.6
Exhaust Flow(kg/hr) 217.0 216.7 216.7 216.5 216.4 214.4
Exhaust Back Pressure 119 11.7 11.8 11.8 11.8 106.3
(kPa)
EGR Fraction(%) 0.0 0.0 0.0 0.0 0.0 0.0
Exhaust Emission Flows
CO (g/hr) 25.7 26.5 26.3 24.8 24.8 20.3
CO,; (kg/hr) 10.8 109 10.7 11.0 109 10.7
NO, (g/hr) 114.8 115.6 112.0 118.0 115.7 125.8
0O, (kg/hr) 339 338 34.1 337 33.8 33.7
CH, (g/hr) 21.3 21.5 21.3 20.1 20.2 13.1
nmHC (g/hr,C1) 47.1 48.6 50.8 49.0 48.8 36.4
tHC (g/hr,C1) 68.3 70.0 72.1 69.1 68.9 49.5
PM (g/hr) - TEOM 2.161 1.510 1.093 1.032 | 0.891 1.800
[corrected]
Exhaust Emission
Flows/Fuel
CO (g/kg fuel) 6.53 6.66 6.76 6.19 6.26 5.27
CO,; (kg/kg fuel) 2.74 2.73 2.74 2.76 2.74 2.78
NO, (g/kg fuel) 29.15 29.01 28.72 | 29.51 29.17 32.69
0, (g/kg fuel) 8.62 8.49 8.73 8.42 8.54 8.75
CH, (g/kg fuel) 5.39 5.39 5.46 5.03 5.09 3.42
nmHC (g/kg fuel,C1) 11.95 12.19 13.03 12.24 12.30 9.45
tHC (g/kg fuel,C1) 17.34 17.58 18.49 17.27 17.39 12.87
PM (g/kg fuel) - TEOM 0.55 0.38 0.28 0.26 0.22 0.47
[corrected]
Dilution System
Parameters
Exhaust Temp - manifold | 275.0 277.5 273.6 | 277.6 | 274.1 315.4
C
fix)haust Temp - sample 178.5 194.8 200.4 201.2 201.9 260.4
inlet (C)
Dilution Air Temp (C) 15.5 16.2 14.9 12.2 11.2 9.0
Filter Temp (C) 422 40.8 39.7 39.2 39.1 38.5
Sample CO, (%) 0.43 0.31 0.28 0.32 0.31 0.29
Dilution Ratio - CO, 8.5 12.3 13.4 12.0 12.2 13.3

Table 4-12: 1600 RPM 40% load — BP/DPW test emissions (I)

69




Label: B7 B8 B9 B10 B11 B12 B13
Date: 4/8/02 4/8/02 4/8/02 4/8/02 4/8/02 4/8/02 4/8/02
Time: 14:23:24 | 14:32:56 | 15:06:44 | 15:17:18 | 15:25:42 | 15:34:43 | 15:51:09
Engine Parameters
Speed(RPM) 1613.5 1578.9 1573.5 1595.3 1597.2 1595.9 1606.8
Load(%) 40.0 40.0 40.0 40.0 40.0 40.0 40.0
Indicated Power (kW) 27.2 27.1 26.6 27.5 27.6 27.6 29.5
IMEP (bar) 8.10 8.23 8.11 8.26 8.29 8.29 8.80
Pmax(bar) 106.26 109.92 107.34 108.33 106.49 106.75 95.64
Pmax location (degrees) 367.6 367.8 369.4 368.1 369.1 368.8 370.0
Diesel Flow(kg/hr) 0.31 0.27 0.27 0.38 0.32 0.36 0.30
CNG Flow(kg/hr) 3.64 3.63 3.58 3.64 3.70 3.65 3.61
Air Flow(kg/hr) 212.4 210.9 166.7 166.3 166.2 166.2 185.3
Exhaust Flow(kg/hr) 216.4 214.8 170.5 170.4 170.3 170.2 189.2
Exhaust Back Pressure 11.8 103.9 131.7 132.7 133.1 133.1 11.0
(kPa)
EGR Fraction(%) 0.0 0.0 17.7 16.7 16.9 16.6 0.0
Exhaust Emission Flows
CO (g/hr) 24.4 20.2 293 25.6 27.8 25.7 22.1
CO, (kg/hr) 10.9 109 10.4 11.0 109 11.0 11.0
NO, (g/hr) 1159 126.3 54.0 53.3 512 52.1 119.4
0, (kg/hr) 33.9 335 243 23.6 23.7 23.6 28.0
CH, (g/hr) 19.6 13.2 377 36.5 38.6 37.1 14.4
nmHC (g/hr,C1) 46.4 37.6 73.6 70.7 75.4 71.9 377
tHC (g/hr,C1) 66.0 50.9 111.4 107.2 114.0 109.1 52.1
PM (g/hr) - TEOM 0.876 1.524 2.163 2.385 2.022 1.970 0.852
[corrected]
Exhaust Emission
Flows/Fuel .
CO (g/kg fuel) 6.18 5.20 7.62 6.37 6.91 6.40 5.63
CO, (kg/kg fuel) 2.75 2.81 2.70 2.74 2.70 2.74 2.80
NO, (g/kg fuel) 29.33 32.45 14.04 13.27 12.71 13.00 30.50
0O, (g/kg fuel) 8.57 8.62 6.33 5.89 5.89 5.90 7.14
CH, (g/kg fuel) 4,96 3.40 9.82 9.08 9.58 9.27 3.68
nmHC (g/kg fuel,C1) 11.74 9.66 19.16 17.60 18.74 17.94 9.62
tHC (g/kg fuel,C1) 16.70 13.07 28.98 26.67 28.32 27.21 13.31
PM (g/kg fuel) - TEOM 0.22 0.39 0.56 0.59 0.50 0.49 0.22
[corrected]
Dilution System
Parameters
Exhaust Temp - manifold 273.4 320.0 331.1 342.4 341.2 341.4 305.3
C
gix)haust Temp - sample 232.0 267.1 283.5 291.6 293.5 293.7 240.4
inlet (C)
Dilution Air Temp (C) 10.4 8.2 4.2 4.9 49 4.4 5.2
Filter Temp (C) 38.9 38.8 358 36.9 37.6 38.2 39.3
Sample CO; (%) 0.31 0.30 0.35 0.36 0.36 0.36 0.34
Dilution Ratio - CO, 12.1 12.9 13.2 13.1 13.3 13.2 12.7

Table 4-13: 1600 RPM 40% load — BP/DPW test emissions (II)
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Label: All Al2 Al3 Al4 Al127 Al129 Al131 Al133
Date: 7-Mar-02 | 7-Mar-02 | 7-Mar-02 | 7-Mar-02 | 8-Mar-02 | 8-Mar-02 | 8-Mar-02 |8-Mar-02
Time; 10:17:27 | 10:33:02 | 10:47:06 | 11:03:01 | 14:16:44 | 14:33:59 | 14:56:22 | 15:14:31
Engine Parameters

Speed(RPM) 1613.7 | 1598.6 | 1602.6 | 16103 | 1611.0 | 1599.4 | 1600.8 | 1599.7
Load(%) 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0
Indicated Power (kW) 282 28.4 28.1 28.4 28.7 28.2 27.7 28.4
IMEP (bar) 8.4 8.5 8.4 8.5 8.6 8.5 8.3 8.5
Pmax(bar) 106.6 107.4 105.6 105.7 109.8 111.0 105.9 108.6
Pmax location (degrees) 368.3 369.2 369.5 368.1 368.4 368.7 367.8 368.7
Diesel Flow(kg/hr) 0.32 0.32 0.32 0.32 0.26 0.31 0.31 0.32
CNG Flow(kg/hr) 3.83 3.85 3.82 3.84 3.84 3.80 3.79 3.82
Air Flow(kg/hr) 212.1 178.8 157.4 210.0 217.5 189.3 157.9 2149
Exhaust Flow(kg/hr) 216.3 182.9 161.5 214.2 221.6 193.4 162.0 219.1
Exhaust Back Pressure (kPa) 11.1 119.5 124.7 11.3 109 125.2 130.5 11.7
EGR Fraction(%) 0.0 12.8 22.6 0.0 0.0 10.1 227 0.0
Exhaust Emission Flows

CO (g/hr) 26.98 29.29 42.65 26.52 25.40 25.01 50.51 30.33
CO, (kg/hr) 11.32 11.17 11.22 11.72 11.43 11.17 11.11 11.60
NO, (g/hr) 129.20 70.01 37.24 123.00 | 118.78 77.26 34.75 117.29
0O, (kg/hr) 32.83 25.54 20.68 32.01 34.79 28.81 22.07 34.26
CH, (g/hr) 18.34 15.69 -81.26 -56.02 29.98 26.33 22.58 30.34
nmHC (g/hr,C1) 47.07 78.93 235.59 | 11691 40.17 59.49 171.83 4456
tHC (g/hr,C1) 65.41 94.62 154.32 60.89 70.15 85.82 19440 | 7490
PM (g/hr) - TEOM [corrected] 0.82 1.80 2.72 0.82 1.11 2.19 1.11 0.57
Exhaust Emission Flows/Fuel

CO (g/kg fuel) 6.49 7.02 10.29 6.38 6.20 6.08 12.33 7.33
NO, (g/kg fuel) 31.09 16.79 8.99 29.58 29.01 18.78 8.48 28.35
0O, (g/kg fuel) 7.90 6.12 4.99 7.70 8.50 7.01 5.39 8.28
CH, (g/kg fuel) 4.41 3.76 -19.61 -13.47 7.32 6.40 5.51 7.33
nmHC (g/kg fuel,C1) 11.33 18.93 56.85 28.11 9.81 14.46 41.94 10.77
tHC (g/kg fuel,C1) 15.74 22.69 37.24 14.64 17.13 20.86 47.45 18.10
PM (g/kg fuel) - TEOM 0.20 0.43 0.66 0.20 0.27 0.53 0.27 0.14
[corrected]

Dilution System Parameters

Exhaust Temp - manifold (C) 292.4 355.1 355.1 299.5 285.2 344.9 3472 286.2
Exhaust Temp - sample inlet (C)| 224.9 302.4 303.5 247.8 220.5 295.5 297.9 239.5
Dilution Air Temp (C) 15.6 12.0 11.3 11.4 144 115 7.8 104
Filter Temp (C) 458 415 39.6 39.8 43.7 41.5 39.6 39.9
Sample CO, (%) 0.44 0.44 0.48 0.42 0.42 0.36 0.40 0.34
Dilution Ratio - CO, 8.6 10.0 10.5 9.4 9.0 119 12.4 11.5

Table 4-14: Data Summaries for 1600 RPM 40% load tests
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Label: AlS Al9 Al36 Al139 D3
Date: 7-Mar- | 7-Mar- | 8-Mar- | 8-Mar- | 10-Apr-
02 02 02 02 02
Time: 11:41:03]12:30:31]15:46:38|16:28:29]10:25:15 37| AVG | COV
Engine Parameters !
Speed(RPM) 1406.3 | 1433.3 | 1397.7 | 1409.4 | 1405.7 | 1407.6 1410.0( 0.009
Load(%) 85.0 85.0 85.0 85.0 85.0 85.0 8 85.0 | 0.000
Indicated Power (kW) 423 430 | 423 42.6 42.0 424 | 42.4 10.008
" [IMEP (bar) 14.4 14.4 14.5 14.5 1433 | 1446 [ 14 14.4 | 0.005
Pmax(bar) 146.5 145.0 148.4 147.6 | 147.19 | 144.44 146.5 | 0.010
Pmax location 366.9 367.1 367.6 366.8 367.2 367.2 367.1 | 0.001
(degrees)
Diesel Flow(kg/hr) 0.28 0.28 0.30 0.31 0.29 0.30 0.3 | 0.048
CNG Flow(kg/hr) 6.26 6.39 6.11 6.19 6.21 6.30 6.2 | 0.015
Air Flow(kg/hr) 273.4 | 278.8 275.4 | 275.1 275.8 | 277.1 275.9 | 0.007
Exhaust Flow(kg/hr) 279.9 | 285.4 | 281.8 281.6 | 282.3 | 2837 282.5 | 0.007
Exhaust Back Pressure 10.6 11.7 11.0 12.4 11.4 5.2 10.4 | 0.254
(kPa)
Exhaust Emission
Flows -
CO (g/hr) 172.66 | 198.73 | 155.88 | 208.17 | 159.8 | 229.3 .| 187.4] 0.156
CO, (kg/hr) 23.05 23.78 23.02 | 23.64 23.2 23.0 23.3 | 0.015
NO, (g/hr) 261.24 | 267.49 | 259.89 | 255.36 | 279.3 | 265.1 264.7 | 0.031
O, (kg/hr) 31.41 31.73 3324 | 3236 31.6 321 32.1 | 0.021
CHj, (g/hr) 5.34 6.31 39.76 | 41.37 21.3 23.7 23.0 | 0.678
nmHC (g/hr,C1) 5499 | 52.52 18.81 17.44 30.8 309 342 | 0.472
tHC (g/hr,C1) 60.32 | 58.83 58.57 | 58.81 52.0 54.6 57.2 | 0.056
PM (g/hr) - TEOM 6.55 6.60 3.93 5.76 3.700 | 4.479 5.2 |0.252
Exhaust Emission
Flows/Fuel
CO (g/kg fuel) 26.76 | 30.54 | 24.14 | 32.67 | 2439 | 35.87 29.1 | 0.164
CO, (kg/kg fuel) 3.57 3.66 3.57 371 3.53 3.60 3.6 |0.018
NO, (g/kg fuel) 40.48 41.11 40.25 40.08 42.63 | 41.46 41.0 | 0.023
O, (g/kg fuel) 4.87 4.88 5.15 5.08 4.82 5.02 5.0 |0.026
CH, (g/kg fuel) 0.83 0.97 6.16 6.49 3.25 3.70 3.6 | 0.683
nmHC (g/kg fuel,C1) 8.52 8.07 291 2.74 4.69 4.83 5.3 | 0470
tHC (g/kg fuel,C1) 9.35 9.04 9.07 9.23 7.94 8.54 8.9 | 0.060
PM (g/kg fuel) - TEOM| 1.02 1.01 0.61 0.90 0.56 0.70 0.8 | 0.253

Table 4-15: 1400 RPM 85% load baseline emissions
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Label: DI D2 D3 D4 D5 D6
Date: 4/10/02 | 4/10/02 | 4/10/02 | 4/10/02 | 4/10/02 | 4/10/02
Time: 10:06:30 1 10:19:52 | 10:25:15 | 10:32:11 | 10:41:12 | 10:47:38
Engine Parameters
Speed(RPM) 1408.5 1406.1 1405.7 1404.5 1386.9 1405.1
Load(%) 85.0 85.0 85.0 85.0 85.0 85.0
Indicated Power (kW) 42.2 41.9 42.0 41.9 41.0 42.3
IMEP (bar) 14.39 14.31 14.33 1431 14.20 14.44
Pmax(bar) 147.62 146.80 147.19 147.03 147.33 146.80
Pmax location (degrees) 367.0 367.0 367.2 366.9 366.9 367.1
Diesel Flow(kg/hr) 0.28 0.34 0.29 0.33 0.30 0.30
CNG Flow(kg/hr) 6.18 6.18 6.21 6.13 6.07 6.25
Air Flow(kg/hr) 276.2 275.9 275.8 277.8 277.8 278.1
Exhaust Flow(kg/hr) 282.6 282.5 282.3 284.3 284.2 284.7
Exhaust Back Pressure 11.1 11.4 11.4 114 151.6 13.7
(kPa)
EGR Fraction(%) 0.0 0.0 0.0 0.0 0.0 0.0
Exhaust Emission Flows
CO (g/hr) 140.8 166.1 159.8 156.7 49.5 183.4
CO, (kg/hr) 22.6 23.2 232 234 24.3 23.8
NO, (g/hr) 255.9 276.0 279.3 284.0 303.2 285.8
O, (kg/hr) 324 31.7 31.6 31.8 30.9 312
CH, (g/hr) 23.7 22.0 21.3 20.9 13.6 18.8
nmHC (g/hr,C1) 38.8 33.2 30.8 30.1 217 26.7
tHC (g/hr,C1) 62.5 552 52.0 51.0 354 45.5
PM (g/hr) - TEOM 2.930 3.991 3.700 3.773 2.155 4.401
[corrected]
Exhaust Emission
Flows/Fuel
CO (g/kg fuel) 21.83 25.49 24.56 2427 7.78 27.99
CO, (kg/kg fuel) 3.50 3.56 3.56 3.63 3.82 3.64
NO, (g/kg fuel) 39.66 42.34 42.93 43.98 47.59 43.61
0O, (g/kg fuel) 5.03 4.86 4.86 493 4.85 4.76
CH, (g/kg fuel) 3.67 3.38 3.27 3.24 2.14 2.87
nmHC (g/kg fuel,C1) 6.02 5.09 4.73 4.66 3.41 4.08
tHC (g/kg fuel,C1) 9.69 8.47 8.00 7.90 5.55 6.94
PM (g/kg fuel) - TEOM 0.45 0.61 0.57 0.58 0.34 0.67
[corrected]
Dilution System
Parameters
Exhaust Temp - manifold 376.0 388.1 387.8 388.2 468.2 398.6
C
fix)haust Temp - sample 241.5 270.1 274.7 2759 383.1 3433
inlet (C)
Dilution Air Temp (C) 17.4 14.5 13.5 12.4 10.4 9.2
Filter Temp (C) 454 42.5 41.8 41.3 393 393
Diff Pressure - filters 0.9 0.9 0.9 0.9 1.0 1.0
(psid)
Sample CO, (%) 0.45 0.43 0.41 0.40 0.36 0.38
Dilution Ratio - CO, 12.9 14.0 14.6 14.9 18.0 16.4

Table 4-16: 1400 RPM 85% load — BP/DPW test emissions (I)
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Label: D7 D8 D9 D10 D11 Di2 D13
Date: 4/10/02 | 4/10/02 | 4/10/02 | 4/10/02 | 4/10/02 | 4/10/02 | 4/10/02
Time: 10:54:57 | 11:03:00 | 11:23:31 | 11:28:43 | 11:34:34 | 11:41:08 | 11:53:41
Engine Parameters
Speed(RPM) 1393.3 1404.2 1386.2 1387.3 1387.0 | 1388.2 1407.6
Load(%) 85.0 85.0 85.0 85.0 85.0 85.0 85.0
Indicated Power (kW) 41.2 2.1 40.5 40.5 40.4 40.8 424
IMEP (bar) 14.21 14.37 14.04 14.00 13.98 14.10 14.46
Pmax(bar) 146.77 146.21 143.26 143.89 143.13 143.02 144.44
Pmax location (degrees) 366.6 367.2 367.2 366.9 367.2 367.2 367.2
Diesel Flow(kg/hr) 0.28 0.31 0.28 0.34 0.27 0.32 0.30
CNG Flow(kg/hr) 6.11 6.21 6.09 6.06 6.11 6.10 6.30
Air Flow(kg/hr) 278.0 278.0 2319 232.0 232.2 232.6 277.1
Exhaust Flow(kg/hr) 284.3 284.5 238.3 238.4 238.6 239.0 283.7
Exhaust Back Pressure (kPa) 127.8 12.4 143.0 142.5 142.2 141.6 5.2
EGR Fraction(%) 0.0 0.0 13.2 13.0 13.1 13.0 0.0
Exhaust Emission Flows
CO (g/hr) 53.6 177.1 146.7 158.6 153.4 160.9 229.3
CO; (kg/hr) 24.7 23.8 24.1 24.3 24.2 24.4 23.0
NO, (g/hr) 303.1 285.0 116.2 115.0 113.6 113.3 265.1
0, (kg/hr) 304 31.3 20.7 20.4 20.6 20.5 32.1
CH, (g/hr) 12.2 19.5 19.7 19.7 19.9 19.7 23.7
nmHC (g/hr,C1) 18.4 28.4 29.1 279 29.0 28.2 30.9
tHC (g/hr,C1) 30.5 479 48.8 47.5 489 479 54.6
PM (g/hr) - TEOM [corrected]) 2.265 4.958 6.487 6.612 6.070 6.429 4.479
Exhaust Emission Flows/Fuel
CO (g/kg fuel) 8.38 27.19 23.00 24.79 24.04 25.09 34.77
CO; (kg/kg fuel) 3.86 3.66 3.78 3.80 3.80 3.80 3.49
NO, (g/kg fuel) 47.41 43.74 18.23 17.97 17.81 17.66 40.19
O, (g/kg fuel) 4.76 4.80 3.24 3.20 322 3.19 4.86
CH, (g/kg fuel) 1.90 2.99 3.09 3.08 3.11 3.07 3.59
nmHC (g/kg fuel,C1) 2.87 4.36 4.56 4.36 4.55 4.40 4.69
tHC (g/kg fuel,C1) 4,78 7.36 7.65 7.43 7.66 7.47 8.27
PM (g/kg fuel) - TEOM 0.35 0.76 1.02 1.03 0.95 1.00 0.68
[corrected]
Dilution System Parameters
Exhaust Temp - manifold (C) 457.0 395.5 473.6 476.4 474.0 476.6 399.4
Exhaust Temp - sample inlet 376.6 331.7 401.2 403.8 403.2 404.1 318.2
C
i)gution Air Temp (C) 8.7 8.4 79 6.6 6.0 6.2 7.0
Filter Temp (C) 39.1 40.5 44.2 43.2 423 41.7 46.7
Diff Pressure - filters (psid) 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Sample CO, (%) 0.47 0.50 0.54 0.54 0.54 0.54 0.56
Dilution Ratio - CO, 13.2 12.1 134 13.4 13.5 13.4 10.3

Table 4-17: 1400 RPM 85% load — BP/DPW test emissions (II)
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Label: AlS Al6 Al7 Al8 Al9 A136 | A137 Al138 A139 A140
Date: 7-Mar-02| 7-Mar- | 7-Mar- | 7-Mar- | 7-Mar- | 8-Mar- | 8-Mar- | 8-Mar- | 8-Mar- | 8-Mar-
' 02 02 02 02 02 02 02 02 02
Time: 11:41:03 |11:57:57{12:14:00]12:24:01[12:30:31(15:46:38|16:05:51|16:18:01 | 16:28:29|16:34:37
Engine Parameters
Speed(RPM) 1406.3 | 1409.0 | 14079 | 1415.6 | 14333 | 1397.7 | 1390.5 | 1390.5 | 1409.4 | 1407.3
Load(%) 85.0 85.0 85.0 850 85.0 85.0 85.0 85.0 85.0 85.0
Indicated Power (kW) | 42.3 41.7 41.4 42.1 43.0 423 40.8 41.1 42.6 423
IMEP (bar) 14.4 14.2 14.1 14.3 14.4 14.5 14.1 14.2 14.5 14.4
Pmax(bar) 146.5 144.6 142.9 145.0 145.0 148.4 141.9 144.5 147.6 147.7
Pmax location 366.9 366.9 367.0 | 366.9 367.1 367.6 | 367.0 | 367.4 | 366.8 | 367.2
(degrees)
Diesel Flow(kg/hr) 0.28 0.28 0.28 0.28 0.28 0.30 0.32 0.31 0.31 0.41
CNG Flow(kg/hr) 6.26 6.19 6.23 6.08 6.39 6.11 6.16 6.11 6.19 6.06
Air Flow(kg/hr) 273.4 258.0 | 229.3 | 278.7 | 278.8 | 2754 | 2132 | 2489 | 275.1 275.1
Exhaust Flow(kg/hr) 279.9 264.5 2358 | 285.0 | 285.4 | 281.8 | 219.7 | 2553 | 281.6 | 281.6
Exhaust Back Pressure| 10.6 144.2 142.5 123.2 11.7 11.0 142.2 145.6 12.4 12.3
kPa
éGR)Fraction(%) 0.0 8.5 16.5 0.0 0.0 0.0 14.5 11.5 0.0 0.0
Exhaust Emission
Flows
CO (g/hr) 172.66 | 92.88 | 258.89 | 48.00 | 198.73 | 155.88 | 183.33 | 140.30 | 208.17 | 187.90
CO, (kg/hr) 23.05 25.16 | 24.95 2429 | 23.78 | 23.02 | 2254 | 2541 23.64 | 23.64
NO, (g/hr) 261.24 | 168.62 | 82.95 | 290.79 | 267.49 | 259.89 | 88.22 | 121.43 | 255.36 | 265.38
0O, (kg/hr) 31.41 25.39 18.77 | 31.39 | 31.73 | 33.24 1926 | 24.08 | 32.36 | 3251
CH, (g/hr) 5.34 -55.29 | -101.78 | 24.76 6.31 39.76 | 31.80 | 37.17 | 41.37 | 4156
nmHC (g/hr,C1) 5499 | 103.26 | 171.56 | 8.96 52.52 18.81 30.51 22.19 17.44 15.14
tHC (g/hr,C1) 60.32 4797 | 69.78 | 33.73 58.83 | 58.57 | 62.30 | 59.36 | 58.81 56.70
PM (g/hr) - TEOM 6.55 6.45 12.13 7.81 6.60 3.93 8.56 8.87 5.76 5.03
[corrected]
Exhaust Emission
Flows/Fuel
CO (g/kg fuel) 26.42 14.35 39.79 7.55 29.80 | 24.30 | 28.27 | 21.87 | 31.99 | 29.04
CO, (kg/kg fuel) 3.53 3.89 3.83 3.82 3.57 3.59 3.48 3.96 3.63 3.65
NO, (g/kg fuel) 39.98 26.06 12.75 45.71 40.11 40.51 13.61 18.93 39.24 | 41.01
0O, (g/kg fuel) 4.81 3.92 2.89 4.93 4.76 5.18 2.97 3.75 4.97 5.02
CH, (g/kg fuel) 0.82 -8.55 | -15.64 3.89 0.95 6.20 4.90 5.79 6.36 6.42
nmHC (g/kg fuel,C1) 8.42 1596 | 26.37 1.41 7.88 2.93 4.70 3.46 2.68 2.34
tHC (g/kg fuel,C1) 9.23 7.41 10.73 5.30 8.82 9.13 9.61 9.25 9.04 8.76
PM (g/kg fuel) - 1.00 1.00 1.86 1.23 0.99 0.61 1.32 1.38 0.88 0.78
TEOM [corrected]
Dilution System
Parameters
Exhaust Temp - 3974 481.6 | 4879 | 463.9 406.3 385.7 | 483.1 480.3 4004 | 397.1
manifold (C)
Exhaust Temp - 267.4 405.5 416.5 400.0 | 3384 | 243.2 | 409.9 408.6 | 3415 306.5
sample inlet (C)
Dilution Air Temp (C)| 14.8 9.7 8.1 8.1 9.0 9.7 5.8 6.1 6.5 7.1
Filter Temp (C) 429 41.8 36.9 36.7 38.8 44.0 38.0 36.0 39.2 41.5
Sample CO, (%) 0.67 0.42 0.57 0.49 0.51 0.61 0.67 0.65 0.61 0.61
Dilution Ratio - CO, 8.6 16.4 13.2 12.5 11.6 9.4 10.7 10.8 9.7 9.7

Table 4-18: Data summaries for 1400 RPM 85% load tests
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Label: 071 073 075 077 079 081 083 087
Date: 16-Jan- | 16-Jan- | 16-Jan- | 16-Jan- | 18-Jan- | 18-Jan- | 18-Jan- | 18-Jan-
02 02 02 02 02 02 02 02
Time: 9:37:25 110:03:19{10:19:51 |10:39:10| 13:57:38 | 14:30:36|14:51:15]15:07:59
Engine Parameters
Speed(RPM) 1607.5 | 15989 | 1601.7 | 1603.4 | 821.0 815.1 813.3 822.6
Load(%) 40.0 40.0 40.0 40.0 75.0 75.0 75.0 75.0
Indicated Power (kW) 26.9 272 26.8 27.5 19.6 18.7 18.1 19.1
IMEP (bar) 8.0 8.2 8.0 8.2 11.5 11.0 10.7 11.1
Pmax(bar) 107.4 106.0 102.1 106.3 130.0 126.9 125.9 129.4
Pmax location 368.4 | 368.7 366.0 368.2 368.7 368.1 368.3 368.4
(degrees)
Diesel Flow(kg/hr) 0.54 0.61 0.62 0.63 0.58 0.63 0.62 0.61
CNG Flow(kg/hr) 3.60 3.65 3.68 3.69 2.84 2.74 2.69 2.74
Air Flow(kg/hr) 209.8 176.9 149.4 | 210.8 91.6 78.0 67.5 91.7
Exhaust Flow(kg/hr) 214.0 181.2 153.7 215.1 95.0 81.4 70.8 95.1
Exhaust Back Pressure | 11.8 115.0 123.8 10.3 11.7 51.6 55.7 109
(kPa)
EGR Fraction{(%) 0.0 11.6 24.8 0.0 0.0 12.2 23.3 0.0
Exhaust Emission
Flows
CO (g/hr) 34.57 41.04 74.93 38.41 | 147.05 | 153.98 | 310.94 | 106.47
CO, (kg/hr) 11.59 11.28 11.15 11.89 9.78 9.37 8.92 9.63
NO, (g/hr) 112.18 | 66.77 26.62 | 108.96 | 195.71 | 84.62 24.08 | 198.43
0O, (kg/hr) 34,13 26.49 19.96 33.80 8.59 5.72 3.49 8.79
CH, (g/hr) -150.6 | -128.0 | -108.9 | -151.5 4.10 7.77 12.50 3.87
nmHC (g/hr,C1) 215.66 | 214.31 | 288.10 | 217.03 | 15.00 17.93 21.99 13.35
tHC (g/hr,C1) 64.97 86.28 | 179.17 | 65.44 19.10 2570 | 34.50 17.21
PM (g/hr) - TEOM 2.31 3.51 2.74 1.57 0.41 0.96 2.74 0.23
PM(g/hr) - filters 391 5.43 3.32 2.69 0.49 1.00 3.46 0.44
PM mass(mg) - filters | 0.52 0.86 0.61 0.36 0.15 0.24 0.39 0.15
Dilution System
Parameters
Exhaust Temp - 2944 1 359.5 3573 296.3 406.7 440.9 427.1 398.0
manifold (C)
Exhaust Temp - 213.0 | 3044 304.9 226.2 245.5 337.3 333.1 258.1
sample inlet (C)
Dilution Air Temp (C) | 16.5 13.1 13.7 14.4 18.9 14.4 13.6 13.8
Filter Temp (C) 44.3 47.2 46.9 47.6 474 31.7 36.7 39.8
Dilution Flow Rate 18.3 18.3 18.3 18.3 17.8 17.8 17.8 17.6
(SLPM)
Total Flow Rate 17.8 17.9 17.8 17.8 17.8 17.8 17.8 17.9
(SLPM)
Diff Pressure — filters 0.5 0.4 0.4 0.4 0.4 0.5 0.7 0.4
(psid) :
Sample CO; (%) 0.39 0.44 0.50 0.40 0.72 0.80 0.72 0.78
Dilution Ratio — CO, 10.2 10.2 10.2 10.1 9.9 9.9 12.1 9.0
Dilution Ratio — MFC 8.3 8.0 8.2 8.3 6.9 7.0 6.9 6.4
Duration (mins) 15 15 15 15 15 10 5 15

Table 4-19: Excess diesel tests with filter emission rates (I)
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Label: 089 091 093 095 099 101 103 105 107
Date: 21-Jan- | 21-Jan- | 21-Jan- | 21-Jan- | 22-Jan- | 22-Jan- | 22-Jan- | 22-Jan- | 22-Jan-
02 02 02 02 02 02 02 02 02
Time: 13:20:32(13:42:34|14:09:28{14:28:04 9:42:08 |10:17:44|10:38:32(10:54:16(11:09:04
Engine Parameters
Speed(RPM) 803.8 803.2 805.2 810.1 | 1594.7 | 1595.8 | 16149 | 1609.9 | 1600.6
Load(%) 25.0 25.0 25.0 25.0 75.0 40.0 40.0 40.0 40.0
Indicated Power 10.9 11.0 11.0 11.0 40.9 27.2 273 27.7 273
kW)
IMEP (bar) 6.5 6.6 6.6 6.5 12.3 8.2 8.1 8.3 8.2
Pmax(bar) 101.8 100.4 97.0 101.5 124.0 110.1 104.9 107.8 109.2
Pmax location 366.3 366.2 366.4 366.4 | 367.2 368.2 | 369.4 | 368.4 | 368.2
(degrees)
Diesel Flow(kg/hr) 0.73 0.78 0.85 0.87 0.36 1.15 0.85 0.76 0.77
CNG Flow(kg/hr) 1.22 1.18 1.21 1.20 5.92 3.54 3.59 3.66 3.56
Air Flow(kg/hr) 72.1 61.3 53.6 73.1 298.6 2144 156.0 181.1 214.1
Exhaust Flow(kg/hr) 74.0 63.3 55.7 75.1 304.9 219.1 160.5 185.5 2184
Exhaust Back 12.6 25.8 237 10.5 12.6 11.3 116.6 114.2 11.2
Pressure (kPa)
EGR Fraction(%) 0.0 12.6 19.8 0.0 0.0 0.0 19.6 10.1 0.0
Exhaust Emission
Flows
CO (g/hr) 6.07 7.52 10.45 5.77 120.48 | 28.14 | 42.65 29.46 | 28.45
CO, (kg/hr) 5.62 5.44 5.51 5.65 25.06 12.32 12.05 12.36 12.50
NO, (g/hr) 17534 | 94.40 | 4439 | 168.38 | 187.68 | 126.07 | 42.74 | 79.7] 125.21
0O, (kg/hr) 10.33 7.97 5.99 10.69 38.68 35.61 21.74 | 27.50 | 35.37
CH, (g/hr) 4.20 7.57 10.59 4,16 2591 21.29 44.56 27.40 | 20.32
nmHC (g/hr,C1) 9.71 14.98 19.49 10.08 59.21 45.40 82.51 54.32 42.77
tHC (g/hr,C1) 13.91 22.55 30.08 14.25 85.12 66.69 | 127.07 | 81.72 63.09
PM (g/hr) - TEOM 0.80 0.89 0.56 0.72 5.54 1.37 1.75 1.26 0.77
PM(g/hr) - filters 1.30 1.23 0.81 1.10 7.46 2.31 2.78 2.28 231
PM mass(mg) - filters| 0.52 0.58 0.44 0.43 0.43 0.28 0.27 0.21 0.27
Dilution System
Parameters
Exhaust Temp - 293.1 303.6 315.7 290.4 | 401.8 285.3 364.0 3652 | 288.3
manifold (C)
Exhaust Temp - 184.3 224.7 228.2 199.8 282.5 210.7 308.2 | 309.7 | 236.0
sample inlet (C)
Dilution Air Temp 19.9 18.5 18.3 18.2 17.0 13.7 13.1 12.4 12.0
(C
Fil)ter Temp (C) 41.1 41.7 41.6 4.5 47.0 29.4 40.4 44.0 473
Dilution Flow Rate 17.6 17.6 17.6 17.6 18.2 18.2 18.3 18.3 18.2
(SLPM)
Total Flow Rate 17.8 17.8 17.8 17.8 17.8 17.8 179 17.9 17.8
(SLPM)
Diff Pressure - filters 0.3 0.3 0.4 0.4 0.5 0.4 0.4 0.4 0.4
(psid)
Sample CO, (%) 0.55 0.62 0.71 0.54 0.53 0.38 0.46 0.42 0.37
Dilution Ratio - CO, 9.8 9.8 9.7 10.0 11.0 11.0 11.7 11.6 11.6
Dilution Ratio - MFC| 6.5 6.5 6.5 6.5 8.0 8.0 8.2 8.0 8.0
Duration (mins) 15 15 15 15 10 15 9.5 10 15

Table 4-20: Excess diesel tests with filter emission rates (II)
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Label: 109 111 113 115 119 121 123 125
Date: 23-Jan-02 [23-Jan-02|23-Jan-02{23-Jan-02 {24-Jan-02 |24-Jan-02 | 24-Jan-02 (24-Jan-02
Time: 10:22:31 | 10:49:50 | 11:15:46 | 11:32:34 | 10:03:58 | 10:25:05 | 10:42:57 | 10:54:05
Engine Parameters
Speed(RPM) 809.9 807.0 806.1 809.4 810.0 805.5 804.0 808.9
Load(%) 25.0 25.0 25.0 25.0 75.0 75.0 75.0 75.0
Indicated Power 11.0 11.3 11.3 11.2 20.1 19.4 19.0 20.1
(kW)
IMEP (bar) 6.5 6.7 6.7 6.6 11.9 11.6 11.3 11.9
Pmax(bar) 101.5 99.1 100.9 102.6 136.8 131.7 132.1 134.9
Pmax location 366.3 366.4 366.7 366.8 368.1 368.0 367.9 368.0
(degrees)
Diesel Flow(kg/hr) 0.75 0.85 0.89 0.89 0.60 0.59 0.61 0.63
CNG Flow(kg/hr) 1.19 1.21 1.20 1.19 2.91 2.89 2.87 291
Air Flow(kg/hr) 72.1 53.6 61.1 72.4 93.9 76.4 69.1 92.8
Exhaust Flow(kg/hr) 74.1 55.6 63.2 74.5 97.4 79.9 72.6 96.3
Exhaust Back 10.5 240 25.5 10.5 11.8 55.6 59.1 9.7
Pressure (kPa)
EGR Fraction(%) 0.0 20.4 12.8 0.0 0.0 12.7 22.0 0.0
Exhaust Emission
Flows
CO (g/hr) 7.89 12.06 9.67 8.69 17270 | 273.18 | 489.52 | 209.42
CO; (kg/hr) 5.61 5.53 5.50 5.55 10.09 9.57 9.23 10.13
NO, (g/hr) 172.46 46.55 87.57 172.05 | 205.87 69.87 24.21 190.40
O, (kg/hr) 10.21 5.71 7.54 10.20 8.74 4.93 3.26 8.32
CH,4 (g/hr) 3.81 10.47 7.21 393 6.06 10.04 15.53 5.31
nmHC (g/hr,C1) 11.23 20.01 15.67 11.48 12.14 17.97 24.15 11.77
tHC (g/hr,C1) 15.03 30.48 22.88 15.41 18.21 28.01 39.68 17.07
PM (g/hr) - TEOM 0.91 0.62 0.50 0.75 0.52 1.58 7.03 0.85
PM(g/hr) - filters 1.24 0.84 0.78 0.98 0.67 2.18 6.60 0.78
PM mass(mg) - filters| 0.41 0.38 0.30 0.36 0.15 0.45 0.41 0.23
Dilution System
Parameters
Exhaust Temp - 292.0 317.1 309.4 291.6 406.2 452.1 437.3 409.8
manifold (C)
Exhaust Temp - 187.7 229.5 228.9 198.9 262.0 348.2 3424 273.9
sample inlet (C)
Dilution Air Temp 20.1 19.4 18.9 18.8 15.5 13.2 13.4 14.8
C
;il)ter Temp (C) 45.2 45.1 45.5 457 44.6 45.7 42.4 48.0
Dilution Flow Rate 18.2 18.2 18.2 18.1 19.0 18.9 19.0 18.1
(SLPM)
Total Flow Rate 17.8 17.8 17.8 17.8 17.8 179 17.9 17.8
(SLPM)
Diff Pressure - filters 0.4 0.3 0.3 0.4 0.4 0.6 0.4 0.5
(psid)
Sample CO; (%) 0.46 0.59 0.53 0.50 0.79 0.87 0.47 0.70
Dilution Ratio - CO, 11.9 11.8 11.8 10.7 9.0 9.4 19.5 10.4
Dilution Ratio - MFC 8.0 8.0 8.0 7.6 11.2 10.5 14.0 7.7
Duration (mins) 15 15 15 15 10 8 4.5 15

Table 4-21: Excess diesel tests with filter emission rates (III)
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Appendix C: Analysis of TEOM Output

A typical TEOM plot is shown below, showing the total mass and mass rate. A

constant emission rate and increasing total mass line is expected.

TEOM Data Plotted with Time
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Figure 4-2: Sample TEOM Output

In all cases a linear regression was performed on the total mass data series.
There is an initial period of approximately 60 seconds, where the output is unsteady, due
to the adjustment of the TEOM to the different pressure source and the filter face to the
exhaust humidity. This part of the data is omitted from the regression calculation. Once
the regression is performed, the R* value is verified and expected to be greater than 0.98.
This average rate is compared to the PM rate as measured on the graph for verification
purposes. Once the PM emission rate is known, it can be multiplied by the duration of

the sampling period to give the total mass collected.
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Appendix D: Derivation of Dilution Ratio Calculation

The flow of CO; through the dilution system is shown below:

[CONeNexy | Dilution = ] /€O iuVr
System :

]

[CO2] 4N it

Here, ex denotes exhaust (from engine), dil denotes dilution air and tot denotes
the total sampled diluted exhaust. [CO;] is the CO, concentration in molar percent and
N represents the specified molar flow. By conservation of mass, the CO, into the system
must equal the CO; out:

[COexNex + [CO2]qilNait = [CO2] 10N 1or (D-1)

If we assume no chemical reactions are taking place the number of moles into the
dilution system must be equal to the number out:

Nex + Nyt = Niot (D-2)
We define the dilution ratio as the total exhaust flow divided by the raw exhaust
flow into the dilution system: DR = NNy (D-3)

Combining equations D-1 and D-2 into D-3 yield the following:

R — [C02 ]ex,wet - [COZ ]dil,wet

= (D-4)
[COZ ]l()l,wet - [COZ ]dil,wet
Since the CO, concentrations are measured on a dry basis, the water loss must be

accounted for, which is accomplished by using the following relations.

[C02]ex,wet = [C02] ex,dry(]'[HZO]) (D'S)
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[COz] jitwer = [CO2]dirary (D-6)

(there is no water in the dilution air)
Water in the diluted exhaust originates from the engine exhaust only. Since the
dilution air contains no water the CO, concentration in the sampled air stream can be

corrected by using the following apprOximation:

D-7)

[ H 0] ex
[COZ ]lot,wet = [COZ ]tol,dry [1 - —DZ—R;—_]

dry
Note equation D-7 is essentially the same as D-5, however the water content has
been diluted by an amount close to the dry dilution ratio (D-4 using dry values). The

actual dilution ratio is found by substituting D-5, D-6, D-7 into D-4.

_ [Coz]ex,d"y (‘I - [Hzo]ex )— [COZ ]dil,dry

DR =
H,O
[ C02 ] totdry (1 - M]_ [ COz ] dildry

dry

(D-8)
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Appendix E: Sampling Procedure - Filters with TEOM

1. Before engine operation:

TEOM is turned on (with computer) to allow heating element to reach 50°C
at least an hour before sampling. Ensure to start “teom-1105" program so
warm-up procedure is initiated.

Purge air supply (TEOM) should be connected and set to 10 psig at bottle
regulator.

Plug in mass flow controllers at least 30 minutes prior to operation.

Turn on heating tape at Variac to a value of 20 to heat up sample tube.

2. After engine has reached desired operating point:

Insert pre-weighed filters into filter holder, record number and engine
conditions in logbook

Open TEOM purge air valve and plug in TEOM sample pump. Ensure flow
rate is 3.0SLPM.

Open dilution air flow valve at sample line, ensure pressure is set to 10 psig

at regulator

3. Rename low speed label field in data acquisition program to match the primary filter

number with EGR rate if applicable. Begin low speed data collection, ensure

sampling rate has been adjusted to record every 5-15 seconds.

4. Start TEOM sampling mode (ensure dilution air is on first), this should be sampling

clean air with very little exhaust. TEOM pump must be plugged in.

5. Connect filter holder to bottom quick-connect joint only (to pump).

6. Turn on sample flow by opening large ball valve to exhaust duct and switching on

sample pump. The filter holder should be drawing ambient air through the filters.

Wait until mass flow controller connected to pump approaches setpoint value.
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7. Open small ball valve (from dilution region) and allow any moisture to blow out

(hold your breath). Connect other quick connect region and begin timing

experiment at this point. This commences the sampling period for both the TEOM

and filters.

8. Change CO, line source to PM (vs intake) and ensure CO, analyzer is receiving

sufficient flow (check valves, pump, etc). Ensure dilution ratio is between 10 and

15, if it is not adjust dilution air mass flow controller, record adjustment in logbook.

9. At mid-point of sampling time

Make note of all data in logbook (“PM Tunnel Data™):

Capture high-speed data, change name to “Fast-xxx” where xxx is filter no.
Record any comments or concerns in lab book

Ensure low-speed data acquisition continues for remainder of sampling

period

10. As soon as the sampling period expires:

Turn off sample pump

Close ball valve to exhaust duct

Close ball valve to filter holders

Remove filters

Return TEOM to “Initialization Mode”

Make note of stop time (TEOM and DAQ PCs)

Turn off dilution air

Place filters in appropriate cases and replace filters with unused pre-weighed

filters for next point, return to step 2 when ready to begin sampling.

11. Otherwise shut down TEOM, unplug mass flow controller, proceed to engine shut

down procedure.
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Appendix F: Operating Procedure - TEOM

1. Before engine operation:

TEOM is turned on (with computer) to allow heating element to reach 50°C
at least an hour before sampling. Ensure to start “teom-1105" program so
warm-up procedure is initiated.

Purge air supply (TEOM) should be connected and set to 10 psig at bottle
regulator.

Plug in mass flow controllers at least 30 minutes prior to operation.

Turn on heating tape at Variac to a value of 20 to heat up sample tube.

Insert glass fiber filters into filter holder, these may need to be changed if
heavy particulate emission are measured or used for an extended period.

Insert filter holder into quick connect joint at both ends

2. After engine has reached desired operating point:

Open TEOM purge air valve and plug in TEOM sample pump. Ensure flow
rate is 3.0SLPM on TEOM data screen.
Open dilution air flow valve at sample line, ensure pressure is set to 10 psig

at regulator

3. Rename low speed label field in data acquisition program to match the primary filter

number with EGR rate if applicable. Begin low speed data collection, ensure

sampling rate has been adjusted to record every 5-15 s.econds.

4. Turn on sample flow by opening large ball valve to exhaust duct and switching on

sample pump.

5. Change CO; line source to PM (vs intake) and ensure CO, analyzer is receiving

sufficient flow (check valves, pump, etc). Ensure dilution ratio is between 10 and
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15, if it is not adjust dilution air mass flow controller, note dilution ratio will be

affected by TEOM flow as well (test run can be performed).

6.  Start TEOM sampling mode (ensure dilution air is on first) by pressing F1 and
entering a filename. A solenoid valve will click open, this starts the sampling

period. |

7. At mid-point of sampling time
e Make note of all data in logbook (“PM Tunnel Data”):
e Take high-speed data file
e Record any comments or concerns in lab book
o Ensure low-speed data acquisition continues for remainder of sampling

period

8. As soon as the sampling period expires:
e Stop TEOM sampling by pressing F2.
e Press F3 and enter ‘y’ to return to initialization mode, this is necessary before
starting to sample again.

¢ Sample pump and dilution air can be left on if continuing to collect data
9. Set next operating point and return to step 2

10. Otherwise shut down TEOM, unplug mass flow controller, proceed to engine shut

down procedure.
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Appendix G: List of Electronic Files

Location/Filename(s)

Description

/Data/fastout.xls

template file required by high speed data
processing routine

/Data/filter_weights.xls

data file containing filter weights, mass flow
rates and experiment duration data.

/Data/High Speed Data Processing
Routine.xls

self explanatory — author: G. McTaggart-
Cowan

/Data/SCRE Emissions Spreadsheet.xls

self explanatory — author: S. Munshi

/Data/summary.xls

Excel file used to generate report from
multiple data files.

/Data/template.xls

template file incorporating “SCRE Emission
Sheet.xls” and “High Speed Data Processing
Routine”’used to calculate all PM emission
rates.

/Data// Analyzed/071 — 125.xls

Results from experiments performed after

Jan 1, 2002 until Feb 1, 2002 with excess

diesel. Results used for TEOM vs Filters
comparison

/Data//Analyzed/A1 — A30.x1s

Baseline with TEOM and 5% diesel flow
Mar 6-8

/Data// Analyzed/B1 — B13.xls

BP and DPW study 1600RPM 40% load

/Data// Analyzed/C1 — C13.x1s

BP and DPW study 800RPM 75% load

/Data//Analyzed/E1 — E13.x1s

BP and DPW study 1400RPM 85% load

/Data//Analyzed/E1 — E13.xls

BP and DPW study 800RPM 25% load

/Data//Analyzed/A131 — A139.xls

Baseline points performed with TEOM and
filters, Mar 8 (1600RPM 40% load)

/Data/raw/TEOM/”1abel”.prn

TEOM output data fields

/Data/raw/ Files “label”-fast.csv

unprocessed high-speed data

/Data/raw/ Files “label”-slow.csv

unprocessed low-speed data (emissions,
temperatures, pressures, etc.)

/Data/raw/015-125/

all old raw data files for all experiments with
corresponding label

/Data// Analyzed/Reports

reports/summaries generated on dates as

labeled.
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Appendix H: Engine Warm-up and Operating Procedure

The following list outlines the procedures used to achieve stable, repeatable
operation of the SCRE with EGR over a range of operating conditions and EGR
fractions. The following list refers to replacement EGR operation at fixed intake
manifold temperature. Testing of other parameters will require some changes to these
operating instructions. For non-EGR conditions the same procedure was used with low-

range CO, connected to PM sampling outlet.

1) Let the engine reach full temperature by running at moderate speed and load (at least

95°C).

2) Set up the low-range CO, sensor for EGR operation. Turn the low-range selector
valve (on the North outside wall of the test cell) to ‘EGR’. Turn both handles on the
CO, selec’tor valves (inside the emissions bench, Cabinet 1, LHS) to ‘low range’.
Ensure that sample flow rate is 1 Ipm (flow meter on RHS at back of cabinet) and

that the drier flow rate (flow meter attached to back door of cabinet) is 2 Ipm.
3) Determine the desired air and fuel flow rates and injection timing for the test point.

4) Adjust the supercharger speed, engine speed, engine load, and fuelling so that the

engine is running under the desired conditions.

5) Adjust the back-pressure valve (using the control knob on the CP) until the BP reads

5-10 kPa above the intake manifold pressure.

6) Let the engine run for 5-10 minutes or until all the temperatures stop changing.

Carefully monitor the intake air temperature.
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7)

8)

9)

Open the manual EGR valve (black handle, above the supercharger) so that EGR can
flow to either the supercharger exhaust (handle to the left) or to the supercharger

intake (handle to the right).

Open the remote EGR valve slowly. Watch the low-range CO, analyser output to
detect when EGR flow starts. Adjust the EGR valve, supercharger speed and
back-pressure valve to hold the manifold air pressure constant while adjusting the
EGR fraction (displayed on the DAQ screen). Adjustments need to be made slowly,

as the intake CO; sensor has a time delay of approximately 30 seconds.

During all adjustments, monitor the pressure trace and THC emissions.

10) Fine-tuning of the EGR flow rate is best achieved through stepwise adjustments of

the supercharger (50 RPM) and the BP valve.

11) Once at the operating condition, let the engine run for about 5 minutes to allow all

the readings to stabilise. Once low and high speed readings are taken, repeat steps 9-

11 to get to the next desired operating condition.

12) To shut off the EGR system, reduce the opening of the EGR valve to 15-20%.

Simultaneously (in stages) increase the supercharger speed and open the back-
pressure valve so that the intake and exhaust manifold pressures are held
approximately constant. Close the EGR valve the rest of the way, increase
supercharger speed to reach the desired intake pressure, and adjust the back-pressure

valve for the desired pressure.

13) Follow the standard procedures for adjusting the engine speed and load to reach the

next desired operating condition. It is strongly recommended that the engine be run
at a fixed (repeatability) point for at least 10 minutes between EGR test runs to purge
all exhaust gases from the intake system and to ensure that the engine is operating in

the expected manner.
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Appendix I: Diesel Flow Measurement

The mass of diesel in a reservoir was recorded with time to calculate diesel
consumption. A linear regression was used to give the rate of decrease of fuel. Notice
for even in the best case there is a large amount of noise in the data as shown in Figure
4-3. A regression analysis gives a range of 0.28 — 0.31 kg/hr for the slope at 95%

confidence. The uncertainty of the diesel flow rate in this case would be within 10%.

Sample Diesel Row Data (high accuracy)

y=-7.18x + 19.37
R?=0.90

Diesel Mass (kg)
>
>
o

16.155
16.150
16.145
L K 4
16.140 - . T
10:40:48 10:42:14 10:43:41 10:45:07 10:46:34 10:48:00

Time (hour/min/sec)

Figure 4-3: Sample Diesel flow data - high accuracy

A less ideal case is presented in Figure 4-4. The variability in this data is

obviously higher.
Sample Diesel Aow Data (low accuracy)
23.735
23.730 * y=-1.73x + 24.61
'3 R*=0.46
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23.715
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Figure 4-4: Sample diesel flow data - low accuracy
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A regression analysis gives a range of 0.062 — 0.081 kg/hr for the slope at 95%
confidence. The uncertainty of the diesel flow rate in this case would be 24%, however
the true value should be around 0.15 kg/hr. In this situation, data from other sampling
periods would be pooled and the diesel flow rate would be assumed constant over the
entire interval. The error for this data set is likely to be 25% but could be even larger.

Figure 4-5 and Figure 4-6 the difficulty in discerning whether the actual diesel
flow rate changes with pulse width or if it is purely excessive error in the calculation. At
800 RPM the diesel flow rate is unreliable with high variability. Hence, there is high

scatter at various DPW values.

Diesel How Variation at 800 RPM 25%Load
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Figure 4-5: Diesel Flow Measurements 800 RPM 25% Load

Diesel Flow Variation at 800 RPM 75% Load
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Figure 4-6: Diesel Flow Measurements 800 RPM 75% Load
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At higher speeds, the same amount of scatter is present but represents less as a
percentage of the total diesel flow rate, as shown in Figure 4-7 and Figure 4-8. For the

following cases there is more confidence in the calculated diesel flow rate.

Diesel Flow Variation at 1600 RPM 40% Load
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Figure 4-7: Diesel Flow Measurements 1600 RPM 40% Load

Diesel Flow Variation at 1400 RPM 85% Load
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Figure 4-8: Diesel Flow Measurements 1400 RPM 85% Load

It is concluded the error in diesel flow measurements is around 20% at 800 RPM

and 10% at the higher speeds.
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Appendix J: High-Speed Data Summaries

Attached is the high-speed data calculations for all samples. The pressure vs
volume diagrams have been presented in log p vs V to emphasize the pumping loop.
Graphs of the following in-cylinder pressure measurements are presented:

> pressure vs crank angle
» pressure vs volume
» heat release rate vs crank angle

All data is available with electronic submission on CD.
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Data Summary for filter: W07
Date: 1/16/02
Time: 9:37:256
Speed(RPM) 1607.5
Load-approx. (%) 40.0
Power (kW) 26.9
IMEP (bar) 8.03
5 Pmax(bar) 107.40
50% MFB:[de A . Pmax location (degrees) 368.4
90% MFBi[degwir. : X Diesel Flow(kg/hr) 0.54237
Assumed: poly-n during comprn: . CNG Flow(kg/hr) 3.60
zero-level:ipr.ioffseti[bar] Air Flow(kg/hr) 209.8
poly-nicompressioniiincorrecte i . Exhaust Flow(kg/hr) 214.0
Exhaust Back Pressure (kPa) 11.8
EGR Fraction(%) 0.0

In-Cylinder Pressure Trace
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b . Commentsid |
Data Summary for filter: 073
10532.12 Date: 1/16/02
Time: 10:03:19
EndineParametérs™ > 71
Speed(RPM) 1598.9
[HHRmax [KJ/m#3/deq] " Load - approx(%) 40.0
HR imax [KJ/m 3] Power (kW) 27.2
5% MEB[deg w.r.t:TDC] IMEP (bar) 8.17
10% MFEB:[dée TDC) Pmax(bar) 106.03
50% MFB [deg Wir.t-TDC] " ¥ K Pmax location (degrees) 368.7
90%:MFB:[deg w.r.tTDCJ: 25.5 Diesel Flow(kg/hr) 0.61279
Assumed poly-n:during comprn 1.37 CNG Flow(kg/hr) 3.65
zero-leveliipr.offseti[bar] i 0.000 Air Flow(kg/hr) 176.9
poly:nt 1.36 Exhaust Flow(kg/hr) 181.2
Exhaust Back Pressure (kPa) 115.0
EGR Fraction(%) 11.6
In-Cylinder Pressure Trace
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mailto:CA@dP.dCA

Speed: [RPM]
Torqtie [N-m]:
Data Summary for filter: © 075
10108.53 Date: 1/16/02
1.5 Time: 10:19:51
379.112
CA'@ dP/dCA” maxi[de -11.5
IMEP [bar] == 801.04 Speed(RPM) 1601.7
HHR_max [kJ/m73/deg] 9202.0 Load - approx(%} 40.0
IHR: max ' [kJ/m"3] dii 146236.4 Power (kW) 26.8
5% MFB [deg:w.r.t TDC] IMEP (bar) 8.02
10% MFB/[deg w.r.t TDC} Pmax(bar) 102.08
50% MFB:[deg:w.r.t TDC . Pmax location (degrees) 366.0
90% MFB [deg w.r.tTDC] 28.0 Diesel Flow(kg/hr) 0.61991
Assumed poly-n.during.comprn: 1.37 CNG Flow(kg/hr) - 3.68
zero:level. pr.offseti[bar] 0.000 Air Flow(kg/hr) 149.4
poly-n. compression:uncorrected: Exhaust Flow(kg/hr) 163.7
oly-n compressioi correcte Exhaust Back Pressure (kPa) 123.8
poly-n.expansiotiiiiicorrected EGR Fraction(%) 24.8
poly-niexpansion corrected
In-Cylinder Pressure Trace
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Speed:[RPM]
Torqiie‘[N-m]:
Load [%]. " Data Summary for filter:
P max [deg] - 10553.73 Date: 1/16/02
CA:@ P.max:[de 8.0 Time: 10:39:10
dP/dCAimaxi[bar/deg]
CA@idP/dCA: maxi[deg] . Endine'Parameters’ Averagei:
IMEP [bar] : 821.63 Speed(RPM) 1603.4
HHR_max [kJ/m”"3/deq] ::: Load(%) 40.0
{HR. max [kJ/m~3] : Power (kW) 275
5% MEB [deg w.r.t.TDC].: IMEP (bar) 8.23
10%MFEBi[dég w.r.t:TDC] i Pmax(bar) 106.31
50% MFB [deg wir:tTDC] 0| Pmax location (degrees) 368.2
90% MFB [deg W.I.t:TDC] . Diesel Flow(kg/hr) 0.63
Assumed poly-niduring:comprn 1.37 CNG Flow(kg/hr) 3.69
zero-level:prioffseti[bar] 0.000 Air Flow(kg/hr) 210.8
poly-nicompression:uncorrecte 1.33 Exhaust Flow(kg/hr) 2151
poly:-nicompression;correctel 1.33 Exhaust Back Pressure (kPa) 10.3
po on uncorrecte - EGR Fraction{%) 0.0
) exparision.corrected 1.28
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Data Summary for filter: 2207948
12931.37 Date: 1/18/02
Time: 13:57:38
Speed(RPM) — 8210
Load(%) 75.0
Power (kW) 19.6
IMEP (bar) 11.45
Pmax(bar) 129.99
Pmax location (degrees) 368.7
Diesel Flow(kg/hr) 0.58
CNG Flowikg/hr) 2.84
Air Flow(kg/hr) 91.6
poly-nicompressioniuncorrecte Exhaust Flow(kg/hr) 95.0
oly-nicompressionicorrected - Exhaust Back Pressure (kPa) 11.7
O ly-nie nsioniuncorrecte: 1.35] EGR Fraction(%) 0.0
1.35|
In-Cylinder Pressure Trace
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Speed:[RPM] Comments'
Torque’[N-m
L'oadi[%] Data Summary for filter:
: 12642.40 Date: 118/02
Time: 14:30:36
Speed(RPM)} 815.1
Load(%) 75.0
Power (kW) 18.7
IMEP (bar) 11.01
10%:MFB/[deg Pmax(bar) 126.85
50% MFB![deg . Pmax location (degrees) 368.1
90% MFBi[deg W: 22.5 Diesel Flow{kg/hr) 0.63
1.37, CNG Flow(kg/hr) 274
zero:leveliiprioffseti[bar] & 0.000 Air Flow(kg/hr) 78.0
poly-nicompressioniuncorrected 1.35 Exhaust Flow(kg/hr} 814
poly-nicompressionicorrecte: 1.35] Exhaust Back Pressure (kPa) 51.6
oly-néxpansiohu i 1.35 EGR Fraction(%) 12.2
poly-niéxpansion corréctéd 1.35
In-Cylinder Pressure Trace
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Comments: e ik

Speed [RPM]

m

12524.71

Data Summary for filter:
Date:
Time:

Tnossim
1/18/02
14:51:15

Speed(RPM)
Load(%) 75.0
Power (kW) 18.1
IMEP (bar) 10.66
10%'MFEB! Pmax{bar) 125.92
50% MFB .t X Pmax location (degrees) 368.3
90% MFB:[degw.r.tTDC] : 23.5 Diesel Flow(kg/hr) 0.62
Assumed poly:n:duringicomprn 1.37 CNG Flow(kg/hr) 2.69
zero-level:proftset:[bar] 0.000 Air Flow{kg/hr) 67.5
poly-nicompression.uncorrecte Exhaust Flow(kg/hr) 70.8
Exhaust Back Pressure (kPa) 55.7
EGR Fraction(%) 23.3
poly-niéxpansioni¢orrected
in-Cylinder Pressure Trace
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Speed: [RPM]

Torque [N-m]

volume [m3]

Load [%, Data Summary for filter: 1087,
i Date: 1/18/02
Time: 15:07:59
Load(%) 75.0
Power (kW) 18.1
IMEP (bar) 11.14
Pmax(bar) 129.45
Pmax location (degrees) 368.4
Diesel Flow{kg/hr) 0.61
Assumed poly- CNG Flow(kg/hr) = - 2.74
zero-level. priiotfseti[bar] i Air Flow(kg/hr) 91.7
poly-nicompression:uncorrected Exhaust Flow(kg/hr) 95.1
‘compressionicorrected: Exhaust Back Pressure (kPa) 10.9
expansion uncorrected. - EGR Fraction(%) 0.0
niexpanslonicorrécted:
In-Cylinder Pressure Trace
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Speed:[RPM]i: ]
T i
Ko Data Summary for filter: 895
10130.87 Date: 1/21/02
Time: 13:20:32
Efgine Parameters
Speed(RPM) 803.8
i Load(%)
\HREmaxi [KJ/mA3) Power (kW) 10.9
5% MEB[deg w.r.t-TDC IMEP (bar) 6.53
10%MFB[d&g Pmax(bar) 101.81
50% MFB![dé .' | X Pmax location (degrees) 366.3
90% MFB|[deg w.r.t TDC] | 11.5 Diesel Flow(kg/hr) 0.73
Assumed:poly-niduring:comprn..: B 1.37 CNG Flow(kg/hr) 1.22
zero-level:pr.ioffset. [bar] i | 0.000 Air Flow(kg/hr) 721
poly-nicompression:uncorrecte Bl 1.32 Exhaust Flow(kg/hr) 74.0
ol ompression;coiréctéd: Exhaust Back Pressure (kPa) 12.6
01y pansion uncorrected . EGR Fraction{%) 0.0
po! xpansion‘corrected 1.37
In-Cylinder Pressure Trace
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R
Data Summary for filter:
9971.47 Date:
Time:
Speed(RPM) ] 803.2
Load(%) 25.0
Power (kW) 11.0
IMEP (bar) 6.57
Pmax(bar) 100.42
Pmax location {(degrees) 366.2
Dieset Flow(kg/hr) 0.78
CNG Flow(kg/hr} T 1.18
Air Flow(kg/hr) 61.3
Exhaust Flow(kg/hr) 63.3
Exhaust Back Pressure (kPa) 25.8
EGR Fraction(%}) 12.6
In-Cylinder Pressure Trace
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omments:

Speed [RPM]:

Torque:{N-m]
Load:[%] i Data Summary for filter: 1093y
{max 9627.79 Date: 1/21/02
Time: 14:09:28
Speed(RPM) 805.2
Load(%) 25.0
Power (kW) 11.0
IMEP (bar) 6.57
Pmax(bar) 97.02
Pmax location (degrees) 366.4
90% MEB [deg] 3 . Diese! Flow(kg/hr) 0.85
Assumed poly-niduringicomprn; 1.37 CNG Flow{kg/hr) 1.21
zero-level:iprioffset[bar] 0.000 Air Flow(kg/hr) 53.6
poly-n‘compression:uncorrected:: 1.34 Exhaust Flow(kg/hr) 55.7
‘compressionicorrected 1.34) Exhaust Back Pressure (kPa) 237
[ ficorrected 1.32] EGR Fraction(%) 19.8

In-Cylinder Pressure Trace
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Speed [RPM]

Data Summary for filter: 2095: i
10092.62 Date: 1/21/02
Time: 14:28:04
Engdine Parameters
Speed(RPM) 810.1
Load(%) 25.0
Power (kW) 11.0
IMEP (bar) 6.49
10% Pmax(bar) 101.49
50% it Pmax location (degrees) 366.4
90%:MFB[deg:w:r.tTD Diese! Flow({kg/hr} 0.87
AsSume CNG Flow(kg/hr) . 1.20
Air Flow(kg/hr) 731
Exhaust Flow(kg/hr) 751
Exhaust Back Pressure (kPa) 10.5
EGR Fraction(%) 0.0

y-niexpanslonicorrected

In-Cylinder Pressure Trace
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Speed [RPM] e L
Torquie [N-m
Data Summary for filter: [N
10930.08, Date: 1/22/02
L@ : 8.0 Time: 10:17:44
dP/dCAEmax:[bar/deg]: 418.746
CA @ dP/dCA: max [deq): -11.5, Engine Parameters’ = ““Averagel
816.47 Speed(RPM) 1595.8
|HHR :max:[kJ/m3/deg] 8244.7 Load(%o) 40.0
IHRimax: [kJ/miA3] 147306.1 Power (kW) 27.2
5% MFB[deg W.r.t.TDC -8.0) IMEP (bar) 8.18
10% MFBi[deg w.r.t TDC]: 2.0 Pmax(bar) 110.11
50%:MFB:[deg w:r:.t TDC]: 10.0 Pmax location (degrees) 368.2
90% MFB:{deg wir-t:TD 24.0 Diese! Flow(kg/hr) 1.15
Assumed poly-n:during: 1.37 CNG Flow{kg/hr) 3.54
zero:levetipriotiset:[bar] 0.000 Air Flow(kg/hr) 2144
poly-nicompression:uncorrecte 1.31 Exhaust Flow(kg/hr) 219.1
poly-nicompression.corrécted 1.31 Exhaust Back Pressure (kPa) 11.3
poly-niexpansion Uncorreécted 1.28 EGR Fraction{%) 0.0
poly-niexpansion corrected | 1.28
In-Cylinder Pressure Trace
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file:///jT/I

T

Data Summary for filter:
Date:

Time: 10:

Speed(RPM)
Load(%)
Power (kW)
IMEP (bar)
Pmax(bar)
Pmax location (degrees) 369.4
90%:MFB : X Diese! Flow(kg/hr) 0.85
Assurned poly-n:during’comprni 1.37 CNG Fiow(kg/hr) 3.59
zero-level:ipr.ioffset:[bar] i 0.000 Air Flow(kg/hr) 156.0
poly-nicompression:lincorrecte: 1.33 Exhaust Flow{kg/hr} 160.5
poly-nicompressionicorrecte 1.33 Exhaust Back Pressure (kPa) 116.6
poly-nexpansion:uncorrecte: 1.29 EGR Fraction(%) 19.6
poly-niexpansion.corrected & 1.29
In-Cylinder Pressure Trace
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Speed: [RPM]
Torque IN-m
{[%) Data Summary for filter:
ax| 10688.65 Date:
Time: 10:54:16
Engine:Parameters
Speed(RPM) 1609.9
Load(%) 40.0
IHRimax [kJ/mA3] i Power (kW) 27.7
5% MFB [deg - w.r.t TDC] IMEP (bar) 8.27
10%:MFBi[deg w.r.t-TD Pmax(bar) 107.78
50% MFB![deq wir.t:TD Pmax location (degrees) 368.4
90%:MFB:[deg wir:t-TD Diese! Flow(kg/hr) 0.76
Assumed poly-niduring.comprn CNG Flow(kg/hr) 3.66
zero-level:ipr:offset [bar] 0.000 Air Flow(kg/hr) 181.1
poly-n‘compression uncorrected 1.27 Exhaust Flow(kg/hr) 185.5
poly-nicompresslonicorrécted:i 1.27 Exhaust Back Pressure (kPa) 114.2
oly:n;expansion tincorrécte: 1.19 EGR Fraction(%) 10.1
poly-riiexpansion ¢orrected 1.19
In-Cylinder Pressure Trace
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Speed: [RPM] L
Torquie [N:-mj:ii
: Data Summary for fitter:
Date: 1/22/02
Time: 11:09:04
Speed(RPM) 1600.6
Load(%) 40.0
Power (kW) 27.3
IMEP (bar} 8.20
: Pmax(bar) 109.22
50%: MFB Pmax location (degrees) 368.2
90% MFB Diesel Flow(kg/hr) 077
su CNG Flow(kg/hr) - © 3.56
zero-level pr: offset [bar] i i Air Flow(kg/hr) 2141
oI ompression: uncorrected i 133 Exhaust Flow(kg/hr) 218.4
ompréssionicorrected i - 1.33 Exhaust Back Pressure (kPa) 11.2
132 EGR Fraction(%) 0.0
1.32
In-Cylinder Pressure Trace
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Data Summary for filter: fe ]
10116.31 Date: 1/23/02
Time: 10:22:31
Speed(RPM) 809.9
Load(%) 25.0
Power (kW) 11.0
IMEP (bar) 6.50
Pmax(bar) 101.47
Pmax location (degrees) 366.3
Diesel Flow(kg/hr) 0.75
Assumed poly-niduring'comprn. 1.37 CNG Flow(kg/hr) o119
zeroslevel:ipr.ioffseti[bar] i : 0.000 Air Flow(kg/hr) 721
oly:nicompressioniuncorrected: 1.32 Exhaust Flow(kg/hr) 74.1
oly-nicompressionicorrected A | 1.32 Exhaust Back Pressure (kPa) 10.5
y-filéxpansion uncoirecteéd 1.33 EGR Fraction(%) 0.0
poly-niexpansion:correctéed 1.33
In-Cylinder Pressure Trace
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Z Comments

Speed [RPM]i Haai

Torque [N-m]iii

Data Summary for filter: L. hEB

9896.74 Date: 1/23/02

Time: 10:49:50

Speed(RPM) 807.0

Load(%) 25.0

Power (kW) 11.3

5% MEB [dégw IMEP (bar) 6.70
10% MFBi[dég Pmax(bar) 99.09
50% MFB. A . Pmax location (degrees) 366.4
90% MFB![degwir.t: : i X Diesel Flow(kg/hr} 0.85
Assumed poly-niduring com, i 1. CNG Flow(kg/hr) 1.21
zero:level.ipriiofiseti[bar]: 0.000 Air Flow(kg/hr) 53.6
poly-n.compression:uncorrecte 1.33 Exhaust Flow(kg/hr) 55.6
poly-n.compresstonicorrected . Exhaust Back Pressure (kPa) 24.0
poly-h:éxpanslon unicoirécted; EGR Fraction(%) 20.4

poly-n expansionicorrected

in-Cylinder Pressure Trace
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Data Summary for filter: I
10078.11 Date: 1/23/02
: i 6.0 Time: 11:15:46
dP/dCAimax [bar/deg]i 758.223
CA@/dP/dCA maxi[deg)’ 0.0 .
] Speed(RPM) 806.1
Load(%) 25.0
Power (kW) 1.3
IMEP (bar) 6.70
Pmax(bar} 100.90
Pmax location (degrees) 366.7
Diesel Flow(kg/hr) 0.89
CNG Flow{kg/hr) 1.20
zero-levelipr.offseti{bar]i i . Air Flow(kg/hr} 61.1
poly-nicompressioniuncorrected 1.34 Exhaust Flow(kg/hr) 63.2
oly- mpressionicorrécted::: 1.34 Exhaust Back Pressure (kPa) 25.5
po Xpanslonilincorrect 1.33 EGR Fraction(%) 12.8
poly-niexpansionicorrected 1.33
In-Cylinder Pressure Trace
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Data Summary for filter:
10230.76 Date:
Time:
Endi arameter: :
Speed(RPM) 809.4
Load(%)
Power (kW) 11.2
IMEP (bar) 6.64
Pmax(bar) 102.64
50% MFEB 3 . Pmax location (degrees) 366.8
90% MFB ) ¢ . Diesel Flow(kg/hr) 0.89
Assumed poly-n: g . CNG Flow(kg/hr) 1.18
zero:leveliiprioffseti[bar] A Air Flow(kg/hr) 72.4
poly-nicompressioniuncorrecte - Exhaust Flow(kg/hr) 745
Exhaust Back Pressure (kPa) 10.5
EGR Fraction(%) 0.0
In-Cylinder Pressure Trace
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e | Comments..[
Data Summary for filter: 1195
13638.64 Date: 1/24/02
Time: 10:03:58
Engdine Parameters:. | ~Aver
i Speed{RPM) 810.0
[HHR: maxi[kJ/m? Load(%) 75.0
IHR: max [KJ/im*: Power (kW) 20.1
5% MFB [degw.r . IMEP (bar) 11.92
10% 'MFB![de: -1.0 Pmax(bar) 136.80
50% MFEB:[deg 4.5 Pmax location (degrees) 368.1
90% MFB:[de 23.0 Diesel Flow(kg/hr) 0.60
Assumed poly-n‘during:comprr 1.37 CNG Flow(kg/hr) 2,91
zero-level:prioffseti[bar] Air Flow(kg/hr) 93.9
Exhaust Flow{kg/hr) 97.4
Exhaust Back Pressure (kPa) 11.8
EGR Fraction(%) 0.0
in-Cylinder Pressure Trace
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[Speed [RPM]

Data Summary for filter:
Date:
Time:
i Speed(RPM)
|HHR . max [kJ/m? ; X Load(%)
! : Power (kW)
5% MFB [deg.W.rt: IMEP (bar)
10%:MFB[de Pmax(bar} |
50% MFBi[deg Pmax location (degrees) 368.0
90% MFBi[deg:w:r.t: TDC] . Diesel Flow(kg/hr) 0.59
Assumed.poly-n:during:.comprn 1.37 CNG Flow(kg/hr) 2.89
zero-leveliipriofiset[bar] i 0.000 Air Flow(kg/hr} 76.4
poly-nicompression:uncorrecte Exhaust Flow{kg/hr) 79.9
poly-ri compression;correcte Exhaust Back Pressure (kPa) 55.6
poly-niexpansi récte . EGR Fraction(%) 12.7
poly-niexpansidn:cérrected 1.31
In-Cylinder Pressure Trace
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Data Summary for filter: w2
13122.32 Date: 1/24/02
7.5 Time: 10:42:57
dP/dCA” max [barideq] 1132.165
CA @ dP/dCA:imax [deg] Engine Parameters’
Speed(RPM)
Load(%)
Power (kW)
IMEP (bar)
10% MFB Pmax(bar)
50% :MFB X Pmax location (degrees) 367.9
90% MFB 25.0 Diesel Flow(kg/hr) 0.61
1.37 CNG Flow(kg/hr) 2.87
0.000 Air Flow(kg/hr) 69.1
poly-nicompressioniuncorrected Exhaust Flow(kg/hr) 72.6
poly=nicompressionicorrecte: | Exhaust Back Pressure (kPa) 59.1
1.32 EGR Fraction(%) 22.0
1.32
In-Cylinder Pressure Trace
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Data Summary for filter:
13438.79 Date:
Time: 10:54:05
Enginé Parameters i
Speed(RPM) 808.9
Load(%} 75.0
Power (kW) 20.1
IMEP (bar) 11.90
Pmax(bar) 134.89
¢ Pmax location {degrees) 368.0
90%:MFB [deg w:r.t-TDC] Diesel Flow(kg/hr) 0.63
Assumed'poly-n:during'comprn. 1.37 CNG Flow(kg/hr) - 2.91
zero:lewel::pr. offseti[bar] i 0.000 Air Flow(kg/hr) 92.8
poly-n:compression:uncorrected .- if 1.40 Exhaust Flow(kg/hr) 96.3
i 1.40 Exhaust Back Pressure (kPa) 8.7
1.33 EGR Fraction(%) 0.0
1.33
In-Cylinder Pressure Trace
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Speed [RPM]:i i Comments;
Torglié [N-m .
Loadi[%, Data Summary for filter: AL
. 13143.63 Date: 3/6/02
Time: 11:18:17
Speed(RPM) 802.5
Load(%) 75.0
Power (kW) 241
IMEP (bar) 14.41
10%! [dég Pmax(bar) 131.68
50%:MEB [deg w:r:t-TDC] . Pmax location (degrees) 371.5
90% MEB: [deg wir.t:TDC] 17.5 Diesel Flow(kg/hr) 0.17
Assumed poly-n:during compri 1.37 CNG Flow(kg/hr) 2.94
zero-level:proftsetbar] 0.000 Air Flow(kg/hr) 91.3
poly-nicompressioniuncorrected 1.26, Exhaust Flow{kg/hr) 94.4
] 1.26 Exhaust Back Pressure (kPa) 10.9
1.37 EGR Fraction(%) 0.0
poly-riéxpansion corrected
In-Cylinder Pressure Trace
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Speed [RPM]

12707.67

dPIACA. max [barideg]
CA® dP/dCA max [deg]

|IMEP.[bar]:

{HHR_maxi[kJ/

Data Summary for filter: A2

Date: 3/6/02
Time: 11:36:30
Ending’Parameters i Average ™
Speed(RPM) 798.7
Load(%) 75.0
Power (kW) 18.5
IMEP (bar) 11.14
Pmax(bar) 127.20

net heat release rate

50%'MFEB [deg'w:r.t:TDC] Pmax location (degrees) 368.4
90% MFB.[deg wir.t! . Diesel Flow(kg/hr) 017
Assumed poly- 1.37 CNG Flow(kg/hr) 2.91
zero-levelipriioffseti[bar] 0.000 Air Flow(kg/hr) 74.0
oly:nicompressioniuncorrected: 1.34 Exhaust Flow(kg/hr} 771
oly-nicompressionicorrectet 1.34 Exhaust Back Pressure (kPa) 53.6
Xpansioniuncorrecte 1.31 EGR Fraction(%) 16.5
1.31
In-Cylinder Pressure Trace
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Data Summary for tilter: LUABELY
12823.35 Date: 3/6/02
Time: 11:52:09
Speed(RPM) 798.8
Load(%) 75.0
Power (kW) 18.8
IMEP (bar) 11.29
Pmax(bar) 128.32
50%: Pmax location {degrees) 368.4
90%: X Diesel Flow(kg/hr) 0.17
Assumed:poly:n! 1.37 CNG Flow{kg/hr} 2.95
zero-level:prioffseti[bar] 0.000 Air Flow(kg/hr) 80.3
poly-nicompressioniuncorrected: 1.36 Exhaust Flow(kg/hr) 83.4
1.36 Exhaust Back Pressure (kPa) 51.5
""" 1.33 EGR Fraction(%) 8.8
poly-n:expansionicorrected
in-Cylinder Pressure Trace
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T Commentsiii
Data Summary for filter:
13051.66 Date:
Time: 12:10:02
Speed(RPM) ’ 8015
Load(%) 75.0
Power (kW) 19.0
IMEP (bar) 11.40
Pmax(bar) 130.79
Pmax location (degrees) 368.4
. Dieset Flow{(kg/hr) 0.17
iduring'compri . CNG Flow(kg/hr) 291
set{bar] Air Flow(kg/hr) 91.0
: Exhaust Flow{kg/hr) 94.1
Exhaust Back Pressure (kPa) 11.5
EGR Fraction(%) 0.0
poly-n'éxpansion;corrected
In-Cylinder Pressure Trace
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Speed:[RPM]ii
A Data Summary for filter: AR
Piimax:[deg]i i 9571.13 Date: 3/6/02
CA @ P:maxi[deg] 5.5 Time: 12:24:34
dP/dCA:max [bar/deg]
CA'@dP/dCA 1.5 qin LAVe
IMEP[bar]: 505.24 Speed(RPM) 799.4
[HHREmax[kJ/m~3/deg] 18160.8 Load(%) 25.0
1H ax:[Kd/ 89835.8 Power (kW) 8.4
5% MEBi[dag -5.0 IMEP (bar) 5.06
10%MFBi[dé -1.0 Pmax(bar) 96.14
50% MFB.[deg Wi 1.5 Pmax location (degrees) 365.9
90% MFB [deg W.r.t: 7.5 Diesel Flow(kg/hr) 0.16
Assumed poly-n:during comprn. &5 & 1.37 CNG Flow(kg/hr) 1.24
zero:level..pr.iotfseti[bar] 0.000 Air Flow(kg/hr} 71.8
poly-nicompressioniuncorrected:: 1.29 Exhaust Flow(kg/hr) 73.2
1.29 Exhaust Back Pressure (kPa) 14.3
1.34 EGR Fraction{%) 0.0
1.34 :
In-Cylinder Pressure Trace
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Data Summary for filter:
9619.50 Date: 3/6/02
5.0 Time: 12:47:31

932.270
CA @!dP/dCA: maxi[deg)] i i 1.0
IMEP [bar] i : 497.88)
; s : 17972.4 Load - approx(%) 25.0
88180.6 Power (kW) 8.3

5% MFB [dég:w IMEP (bar) 4.99
10%MFBi[dé: Pmax(bar) 95.40
50%:MEB:[de Pmax location (degrees) 365.6
90% MFBi[deq wir:it: TDC] g Diesel Flow{kg/hr} 0.16
Assumed poly-niduringco 1.37 CNG Flow(kg/hr) ' 1.21
2ero-level. priioffseti[bar] = 0.000 Air Flow(kg/hr) 64.1
poly:nicompressioniuncorrected.. .. Exhaust Flow(kg/hr) 65.5

Exhaust Back Pressure (kPa) 23.1

EGR Fraction(%) 9.2

In-Cylinder Pressure Trace
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JComments:

Speed [RPM] i

Torque[N:fi]
Data Summary for fifter: A7
9480.36, Date: 3/6/02
5.5 Time: 15:07:01
863.341
1.5]
488.97| Speed(RPM) 785.3
17094.7 Load - approx(%) 25.0
IHR_max[KJ/m~3] 87227.9 Power (kW) 8.0
5% MEB [dég w.r.t TDC] : -5.0] IMEP (bar) 4.90
10%MFB:[deg w.r.t TDC].: -1.0] Pmax(bar) 95.18
50% MFB [deg.w.r.t. TDC) Pmax location (degrees) 365.9
90% MFB.[deg wir.t TDC} Diesel Flow(kg/hr} 0.17
Assumed. poly-niduring c . CNG Flow(kg/hr) 1.15
zero:level. prioffset{bar] 0.000 Air Flow(kg/hr) 56.4
poly:n:compression uncorrected 1.28 Exhaust Flow(kg/hr) 57.7
oly-n:compression corfected 1.28 Exhaust Back Pressure (kPa) 27.2
EGR Fraction(%) 238
In-Cylinder Pressure Trace
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Data Summary for filter:

Date: 3/6/02
Time: 15:16:05
Speed(RPM) 730.8
Load - approx(%) 25.0
Power (kW) 8.0
{MFE X IMEP (bar) 4.84
MEB [dég w.r.tTDC): 1.5 Pmax{bar) 95.95
50% MFBi[deq wirtTDC]' 1.0 Pmax location (degrees) 365.5
90% MFEBi[deq w:r.1 TDC): i 7.0 Diesel Flow(kg/hr) 017
Assumed poly-niduring con 1.37 CNG Flow(kg/hr) - 1.16
zero-level.ipr.iotfset[bar] 0.000 Air Flow(kg/hr} 71.9
nicompressionuncorrecte: 1.29 Exhaust Flow(kg/hr) 732
compressionicorrected: Exhaust Back Pressure (kPa) 14.2
-niexpansionricorrected . EGR Fraction(%) 0.0
1.36
In-Cylinder Pressure Trace
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Speed [RPM]

Torqgue [N-m] i
Load:[%) : Data Summary for filter: BEEAQL
P:max: 9667.43 Date: 3/6/02
CAI@:Pimaxi[de: 5.0 Time: 15:45:07
dP/dCA:max [bar/deg]
CAi@ dP/dCAmax [deg] 1.0 Engine Parameters’ -
: L 510.66 Speed(RPM) 791.7
[HHRZmax:[kJ/m~3/deg) 17773.4 Load - approx(%) 25.0
IHREmax: [KJ/imngd]: + 90191.6 Power (kW) 8.4
5% MEB [dégiw.r.t.TDC -4.5 IMEP (bar} 5.1
10%MFB:[dég wir.t TD: -1.0 Pmax(bar) 96.81
50% MFB:[deg w.r.t TDC]: 1.5 Pmax location (degrees) 365.7
90% MFB 7.5 Diesel Flow(kg/hr) 0.17
A d:poly-n during:comprn . CNG Flow(kg/hr) 1.20
zero=levelipriioftseti[bar] 0.000 Air Flow(kg/hr) 63.1
oly-nicompression:uncorrecte 1.28 Exhaust Flow(kg/hr) 64.5
- mpression:correcte Exhaust Back Pressure (kPa) 23.2
EGR Fraction(%) 11.3
In-Cylinder Pressure Trace
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Data Summary for filter: [ L
9692.32 Date: 3/6/02
Time: 15:59:31
Speed(RPM) 797.5
Load - approx(%) 25.0
b3 H f Power (kW) 8.4
5% MEB'[de: i . IMEP (bar) 5.07
10% MFEB;[d¢ K Pmax(bar) 97.15
50%MFB![de i . Pmax location (degrees) 365.7
90%MFB wirt; Diesel Flow(kg/hr) 0.17
Assumed poly-n:duringicomprn . CNG Flow(kg/hr) 1.22
zero-level: priiotfseti[bar] % 0.000 Air Flow(kg/hr) 72.7
poly-nicompressioniuncorrecte 1.28 Exhaust Flow(kg/hr) 741
poly-nicompressionicorrected i 1.28 Exhaust Back Pressure (kPa) 10.2
poly-niexpansion‘uni¢orrectéd I 1.34 EGR Fraction(%) 0.0
poly-nieéxpansionicorrected 1.34,
In-Cylinder Pressure Trace
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Speed [RPM] Commemts’
Data Summary for filter: SRR
10596.23 Date: 3/7/02
Time: 10:17:27
Speed(RPM) 1613.7
Load - approx(%) 40.0
Power (kW) 28.2
IMEP (bar) 8.40
: Hdég Pmax(bar) 106.57
50% MFB [deg_w & t TDC] . Pmax location (degrees) 368.3
90%:MFBi{deg wir.1 TDi 23.5 Diesel Flow(kg/hr) 0.32
Assumed:poly-niduring comprn . CNG Flow(kg/hr) 3.83
zero-level:pr. offseti[bar] i 0.000 Air Flow(kg/hr) 21241
mpressioniuncorrecte 1.36 Exhaust Flow(kg/hr) 216.3
mpressionicorrecte Exhaust Back Pressure (kPa) 1.1
Kpansioniuncorrect EGR Fraction(%) 0.0
-niexpansion.corrected
in-Cylinder Pressure Trace
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Speed: [RPM]

Torqlie [N-m

CA'@ dP/dCA maxi[deq]

IMEP [bar]

|HHRmax:[kJ/m 23/det

50% MEB.[ded

90% MFB [deg;

Assumed poly:=n:

zero-level:ipriioffset:[bar] i

poly=n:compression:uncorrecte:

poly-nicompression correcte:
oly-n'éxpansi €ct
poly-niexpansionicorrécted

Data Summary for filter:
10701.11 Date:

Time:

Engine Paraimeters' §

850.45 Speed(RPM)

Load - approx(%)

Power (kW)

IMEP (bar}

Pmax(bar}

.. Pmax location (degrees) 369.2
24.0 Diesel Flow{kg/hr) 0.32
1.37 ' CNG Flow(kg/hr) 3.85

0.000] Air Flow(kg/hr) 178.8
1.36 Exhaust Flow{kg/hr) 182.9
1.36 Exhaust Back Pressure (kPa) 119.5
1.30 EGR Fraction(%) 12.8

In-Cylinder Pressure Trace
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Data Summary for filter:
10509.33 Date: 3/7/02
Time: 10:47:06
Enginé Paraméters
E B Speed(RPM) 1602.6
[HHR::max:[kJ/Im3/deg| Load - approx(%) 40.0
IHR iimax [KJ/mA3] : Power (kW) 28.1
5% MFB [deg.w.r.t TDC]: IMEP (bar) oggg
10%:MFB [dég w.r.t-TDC] Pmax(bar} 105.
50%:MFB [deg wirtTDC Pmax location (degrees) 369.5
90% MFB [deg wir.t TDC] 25.0 Diesel Flow(kg/hr) 0.32
Assumed poly-n:during.compr 2NSI Flo(\:(v(;?/)hr) . 1;82
zero-level:pr.offseti[bar] 0.000 ir Flow(kg/hr) E
poly-n:compressioniuncorre: Exhaust Flow(kg/hr) 161.5
] Exhaust Back Pressure (kPa) 124.7
EGR Fraction(%) 22.6
In-Cylinder Pressure Trace
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Data Summary for filter: &
10676.23 Date: 4/8/02
CA @ Piimax[deg] * 6.5 Time: 13:27:23
dP/dCA}maxi[bar/deg] 415.300
CA'@.dP/dCA max [de -10.5 EngineParamétersi & - - &7 Average i
IMEP[ba 838.05 Speed(RPM) 1608.6
HHR:Zmax:[kJ/m23/deg; 8566.2 Load - approx(%) 40.0
IHR: maxi [kJ/mA3] i i 151603.4 Power (kW) 28.1
5% MFBi[deg.w.r.t TDCl: IMEP (bar) 8.39
10% MFEB![dég wir.t TD Pmax(bar) 107.19
50% MFB [deg wir.t:TD Pmax location (degrees) 368.0
90% MFEB:[deg.w.r.t-TD ) Diesel Flow(kg/hr) 0.27
Assumed poly:niduring/comp 1.37 CNG Flow(kg/hr) 3.67
zero-leveliprioffseti[bar] 0.000 Air Flow(kg/hr) 213.1
poly-n‘compression’ilincorrecte 1.31 Exhaust Flow{kg/hr) 217.0
1.31 Exhaust Back Pressure (kPa) 119
‘ 1.30 EGR Fraction(%) 0.0
poly-n-expansion:corrected 1.30]
In-Cylinder Pressure Trace
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Speed [RPM] |
Torque[N-m] |
Load:[%] Data Summary for filter:
P:imax‘{de 10632.76 Date:
Time:
Speed(RPM)
Load - approx(%) i
Power (kW) ‘
IMEP (bar) ‘
Pmax(bar)
Pmax focation (degrees) ‘
Diesel Flow(kg/hr)
CNG Flow{kg/hn}
zero-level:ipr:ioffset [bar] 0.000 Air Flow(kg/hr)
poly-nicompressioniuncorrected 1.33 Exhaust Flow(kg/hr)
poly-nicompressionicorrected 1.33 Exhaust Back Pressure (kPa)
poly-n:expanslon:uncorrecte: 1.30 EGR Fraction(%)
poly-n expansionicorrected 1.30
|
In-Cylinder Pressure Trace !
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Speed:[RPM] . Commentsi i |
Torque:[N-m |
Data Summary for filter:
10632.80! Date:
Time: 13:41:56
Endine Parameters Average:
Speed(RPM) 1620.0
Load - approx(%) 40.0
f: ; A Power (kW) 27.6
5% MFEB [deg w.i.t:TDC IMEP (bar} 8.18
10% MFB [deg W.rt.1D . Pmax(bar) 106.62
50% MFBi[déeg. w: 10.5 Pmax location (degrees) 368.0
90% MFB | 24.0 Diesel Flow(kg/hr) 0.25
Assuined: poly-niduring comprn 1.37 CNG Flow{kg/hr) 3.65
zero-level. pr..oftseti[bar] Air Flow(kg/hr) 212.8
Exhaust Flow(kg/hr) 216.7
Exhaust Back Pressure (kPa) 118
EGR Fraction(%) 0.0

in-Cylinder Pressure Trace
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omments’iii
| Data Summary for filter: B4
‘ 10691.37 Date: 4/8/02
‘ Time: 13:53:09
Engine‘Parameters . i
Speed(RPM) 1614.8
Load - approx(%) 40.0
Power (kW) 27.7
IMEP (bar) 8.22
Pmax(bar) 107.10
Pmax location {degrees) 367.9
Diesel Flow(kg/hr} 0.36
CNG Flow(kg/hr) 3.64
Air Flow(kg/hr) 2125
Exhaust Flow{kg/hr) 216.5
Exhaust Back Pressure (kPa) 11.8
| EGR Fraction(%) 0.0
| -niexpansion.corrected
In-Cylinder Pressure Trace
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Speed:[RPM] mmentsi.
i€ :[N:m]
Data Summary for filter: ! i
10615.56 Date: 4/8/02
1.5 Time: 14:03:47
........ 395067
-11.0 M i JiAvera
815.60 Speed(RPM) 1611.8
7650.8 Load - approx(%) 40.0
: 149512.2 Power (kW) 274
5% MFB [dég IMEP (bar) 8.17
10%:MEB[dé Pmax(bar) 106.48
50% MFB:[deg Wir: Pmax location (degrees) 367.9
90% MFB [deg wir.t.TD Diesel Flow(kg/hr) 0.30
Assumed poly-n:iduring’comprn: K CNG Flow{kg/hr) 3.67 -
zero-level.:pr..offseti[bar] i 0.000 Air Flow(kg/hr) 2124
poly-nicompressioniuncorrecte 1.33 Exhaust Flow(kg/hr) 216.4
poly-nicompressionicorrected i 1.33 Exhaust Back Pressure (kPa) 11.8
poly-fi'expaisioniiincorrected: 1.30 EGR Fraction(%) 0.0
poly-ri‘expanslonicor 1.30
In-Cylinder Pressure Trace
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Data Summary for filter: B6E
11044.34 Date: 4/8/02
Time: 14:15:.04
Speed(RPM) 1562.1
Load - approx(%)
Power (kW) 348
IMEP (bar) 10.68
Pmax(bar) 110.77
Pmax location (degrees) 3701
Diesel Flow(kg/hr) 0.28
y-niduring compr . CNG Flow({kg/hr) 3.57
zero-level. prioffseti[bar] i & Air Flow(kg/hr} 210.6
poly-nicompressioniuncorrecte . Exhaust Flow(kg/hr) 2144
Exhaust Back Pressure (kPa) 106.3
EGR Fraction(%) 0.0
In-Cylinder Pressure Trace
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Speed [RPM]: Comments
Torque [N-m]
%] Data Summary for filter: FBT

10575.64 Date: 4/8/02

6.5 Time: 14:23:24

404.960

-10.5 Engdine Parameters: g age ..

809.37 Speed(RPM) 1613.5

il et 8006.1 Load - approx(%) 40.0

{HRimax: [kJ/m 23] . 146670.0 Power (kW) 27.2
5% MEB [deg w.r. tTDC] -9.0 IMEP (bar) 8.10
10% Pmax(bar) 106.26
50% Pmax location (degrees) 367.6
90%: Diesel Flow(kg/hr) 0.31
Assumed poly-n'during comprn | CNG Fiow(kg/hr) 3.64
zero-leveliipr..offset[bar} 0.000 Air Flow(kg/hr) 2124
poly—n compresslon uncorrected 1.33 Exhaust Flow{kg/hr) 216.4
Exhaust Back Pressure (kPa) 11.8

EGR Fraction(%) 0.0

-niéxpansioncorréctéd

In-Cylinder Pressure Trace
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Speed [RPMY:iidu - i B omments;
Torque [N-m] i
‘oad [%] Data Summary for filter: B8
ax [deq] 10960.93 Date: 4/8/02
CA'@ P_max [ded] 7.5 Time: 14:32:56
dP/dCA::max:[bar/deg] 418.746|
CA'@ dP/dCA' max [deg] -11.0 Engdine Parameters:
IMEP [bar]iiiig = 821.69] Speed(RPM) 1578.9
|HHR: max[kJ/mA3/deg] 8234.3! Load - approx(%) 40.0
IHR - max:[kJ/m?3] : 147950.0 Power (kW) 27.1
5% MFBI[dég w.rit:TDC) -6.0 IMEP (bar) 8.23
10%:MEB [deg wir.t TDC] 1.5 Pmax(bar) 109.92
50% MFB [deg tTDC) 10.5 Pmax location (degrees) 367.8
90% MFEB [deg TDCJi 23.5 Diesel Flow(kg/hr) 0.27
Assumed poly-niduring comprn: 1.37 CNG Flow{kg/hr) - 3.63
zero-level::prioffset [bar] 0.000 Air Flow(kg/hr) 210.9
poly-n compression’uncorrecte 1.32; Exhaust Flow(kg/hr) 214.8
poly-nicompression corrécte 1.32 Exhaust Back Pressure (kPa) 103.9
poly-niéxpansion uncoirecté: 1.30 EGR Fraction{%) 0.0
poly-fiiéxpansion correctéd 1.30
In-Cylinder Pressure Trace
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-Comments

Speed [RPM] ]

""""" Data Summary for filter:
10689.62 Date: 4/8/02
Time: 15:06:44
Speed(RPM) 1573.5
9002 7 Load - approx(%) 40.0
147222.2 Power (kW) 26.6
IMEP (bar) 8.11
Pmax(bar) 107.34
50%! MFB [deg wirt TDC] Pmax location (degrees) 369.4
90% MFB [deq W.r-tTDC Diesel Flow(kg/hr) 0.27
Assumed poly-niduring’compr CNG Flow(kg/hr} 3.58
zero-level::pr.ioffseti[bar] 0.000 Air Flow(kg/hr) 166.7
poly:=nicompressioniuncorrected Exhaust Flow({kg/hr) 170.5
oly -n compréssion correcte Exhaust Back Pressure (kPa) 131.7
Oly=n éxpansion uncorre 1.30 EGR Fraction(%) 17.7

poly-iiiexpanslonicorrecte:

In-Cylinder Pressure Trace
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Data Summary for filter:
Date:
Time:
Engine Paraméters
Speed(RPM)
Load - approx(%)
Power (kW)
IMEP (bar)
K Pmax(bar)
50% MFEB: [de . Pmax location (degrees) 368.1
90% MFB Wir. . Diesel Flow(kg/hr) 0.38
Assumed poly-nidurin DI R CNG Flow(kg/hr)® : 3.64
zero:levelipr.: i 3 . Air Flow(kg/hr) 166.3
3 Exhaust Flow(kg/hr) 170.4
Exhaust Back Pressure (kPa) 132.7
EGR Fraction(%) 16.7
In-Cylinder Pressure Trace
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Gt

Data Summary for filter: ? o
D ] : 10602.66 Date: 4/8/02
CA:@ P imax [deg]: Time: 15:25:42
dP/dCA: max [bar/de:
Speed(RPM) 1597.2
Load - approx(%) 40.0
Power (kW) 27.6
IMEP (bar) 8.29
Pmax(bar) 106.49
Pmax location {degrees) 369.1
Diesel Flow(kg/hr) 0.32
CNG Flow({kg/hr) 3.70
zero:leveliprioffset [bar] Air Flow(kg/hr) 166.2
poly-n.compression uncorrecte: 1.33 Exhaust Flow{kg/hr) 170.3
poly-n.compression‘corrected 1.33 Exhaust Back Pressure (kPa) 133.1
poly-niiexpanslon uncorrécted: EGR Fraction(%)} 16.9
poly-niexpanslon‘corrécted I | 1.31
In-Cylinder Pressure Trace
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Speed:[RPM]

Torque]
Data Summary for filter: WB12..,
""" 10635.56 Date: 4/8/02
Time: 15:34:43
Endine Parameters™ jel
Speed(RPM) 1595.9
Load - approx(%) 40.0
: : Power (kW) 27.6
5% MEB [ded IMEP (bar) 8.29
10%MFBi[dé Pmax(bar) 106.75
50%MFB Pmax location {degrees) 368.8
90%MFB Diesel Flow(kg/hr) 0.36
Assumed:poly-niduring/c CNG Flow{kg/hr} 3.65
zero:level:priotiset'[bar} Air Flow(kg/hr) 166.2
Exhaust Flow(kg/hr) 170.2
Exhaust Back Pressure (kPa) 133.1
EGR Fraction(%) 16.6
In-Cylinder Pressure Trace
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Speed:[RPI
Torgiie[N-m]
Load Data Summary for filter: 0B13 i
9531.03 Date: 4/8/02
CA' @ P.imax 9.5 Time: 15:51:08
dP/dCA!imaxi[bar/deg] .
CA @dP/dCA’ -9.5 :
878.76 Speed(RPM) 1606.8
9031.4 Load - approx(%} 40.0
161135.0 Power (kW) 29.5
-9.5 IMEP (bar) 8.80
HAY ; -2.5 Pmax(bar) 95.64
[deg wir.tTDC) 10.0] Pmax location (degrees) 370.0
[dég w.r.t TDC] 22.5 Diesel Flow(kg/hr) 0.30
1.37 CNG Flow(kg/hr) 3.61
0.000 Air Flow(kg/hr) 185.3
1.33 Exhaust Flow{kg/hr} 189.2
1.33 ! |Exhaust Back Pressure (kPa) 11.0
1.31 EGR Fraction(%) 0.0
poly-ii éxpansion corrécted 1.31
In-Cylinder Pressure Trace
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i Ccomments

Data Summary for filter: wct,
12947.39 Date: 4/9/02
Time: 10:23:51

Engine Parameters i« - Average
Speed(RPM) 805.9
HHRimax:[KJ/m?3/de Load - approx(%) 75.0
IHR:Emax:[KJ/m 23] Power (kW) 18.1
A IMEP (bar) 11.39
Pmax(bar) 129.63
Pmax location (degrees) 368.5
Diesel Flow(kg/hr) 0.16
Assumed. poly-niduring:comprn CNG Flow(kg/hr) © 292
zero-level:priotfseti[bar] 0.000 Air Flow(kg/hr) 88.2
poly:nicompression:uncorrecte: 1.34 Exhaust Flow(kg/hr) 92.3
. mpressionicorrected 1.34 Exhaust Back Pressure (kPa) 104
éxpansioniuncorrected 1.31 EGR Fraction(%) 0.0

1.31
In-Cylinder Pressure Trace
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Speed [RPM]

volume [m3]

Torque [N-mi]:i
Load:[%] Data Summary for filter: { %
Pimax [deg] 12962.57 Date: 4/9/02
CA @P_max [de: 8.0 Time: 10:34:31
dP/dCA’:max [barldeg] 904.698
CA@ dPIdCA max [deg] 1.0, #Averagetd
IMEP[bar]iiiiiiii 1140.73, Speed(RPM) 805.1
|HHR¥max [kJIm"aldeg] 17621.2 Load - approx(%) 75.0
IHR: ‘max [kJ/m 3] i 200728.6) Power (kW) 19.2
5% MEB [deg w.r.t TDC] 1.0 IMEP (bar) 11.42
10% MFB [deg wirt TDC]: Pmax(bar) 129.90
50%:MFBi[deg w.rt TDC]iii: Pmax location (degrees) 368.5
90% MFB [deg w.r.t TDC] Diesel Flow(kg/hr) 0.18
" |Assumed poly-niduringcol R |CNG Flow(kg/hr) 2.92
zero-level: pr.'offset [bar] i 0.000 Air Flow(kg/hr) 89.5
poly-nicompression:uncorrecte Exhaust Flow(kg/hr) 92.5
poly=n‘compression:correctet Exhaust Back Pressure (kPa) 10.7
poly-n.expansion iinicorrecte: EGR Fraction(%) 0.0
poly-n:expansion ¢orrected::
In-Cylinder Pressure Trace
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Data Summary for filter:
12886.52 Date:
Time:
Speed(RPM) 804.5
Load - approx{%) 75.0
Power (kW) 18.9
IMEP (bar) 11.27
Pmax(bar) 129.04
Pmax location (degrees) 368.5
Diesel Flow(kg/hr) 0.15
CNG Flow{kg/hr) 2,93
zero-level:pr:: Air Flow(kg/hr) 89.4
poly:n‘compression:uncorrecte 1.33 Exhaust Flow{kg/hr} 92.5
poly:inicompression correcte: 1.33 Exhaust Back Pressure (kPa) 10.7
poly-n expanslonuncorrécted R EGR Fraction(%) 0.0
poly-n:expansion corrected": 1.32
in-Cylinder Pressure Trace
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Speed:[RPM]"_ i : I & ““IComments:
Torque [N-m e - : :
Load [%] Data Summary for filter: 4
Piimax [deg] 12939.99 Date: 4/9/02
CA @ P_max [deg] 8.0 Time: 10:49:30
dP/dCA: max [bar/deg] 796.135
CA @ dP/dCA -maxi[deg] 1.0 i “Averadeid
1141.04 Speed(RPM) 804.9
HHRmax:[kJ/m~3/deg] " Load - approx(%) 75.0
Power (kW) 192
q IMEP (bar) 11.43
10% MFEB:[de Pmax(bar) 129.66
50% MFB:[de X Pmax location (degrees) 368.3
90% MFBi[deg w.r.t TDC] 20.0 Diesel Flow(kg/hr) 0.16
Assumed: poly-n during:comprn. 3 1,37 CNG Flow(kg/hr) 201
zero-leveli‘pr. offset[bar]. =i : 0.000 Air Flow(kg/hr) 89.5
i 1.34 Exhaust Flow(kg/hr) 92.6
1.34 . Exhaust Back Pressure (kPa) 10.8
1.35 EGR Fraction(%) 0.0
1.35
In-Cylinder Pressure Trace
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Data Summary for filter:
12910.55 Date: 4/9/02
Time: 10:55:53
Engine Paraieters
Speed(RPM)
Load - approx(%)
200893.2 Power (kW)
‘ME -1.5 {MEP (bar)
10% MEB -0.5 Pmax(bar)
50%:MFB:[deg wWir.t TDC) 5.0 Pmax location (degrees) 368.5
90% MFB:[dég w.r.t.TDC] 21.0 Diesel Flow(kg/hr) 0.16
Assumed. poly-niduring'comprn, 1.37, CNG Flow(kg/hr) : 2.93
zero:-leve!l:pr:offseti[bar] S 0.000 Air Flow(kg/hr) 89.4
poly-nicompression:uncorrected 1.32 Exhaust Flow(kg/hr) 92.5
oly-fiicompression; coriected 1.32 Exhaust Back Pressure (kPa) 10.8
oly=n €xpansion lincoirecte 1.31 EGR Fraction{%) 0.0

poly-niéxpansionicorrected

In-Cylinder Pressure Trace
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Data Summary for filter: [ i
13031.34 Date: 4/9/02
Time: 11:03:18
Enginé Parametérs
Speed(RPM) 800.8
Load - approx(%} 75.0
Power (kW) 19.1
IMEP (bar) 11.44
Pmax(bar) 130.64
X Pmax location {degrees) 368.5
Lt TD . Diesel Flow(kg/hr) 0.16
Assumed: poly-niduring . CNG Flow(kg/hr) 291
zero:-levelipr.offsetibar] Air Flow(kg/hr) 87.9
{ H Exhaust Flow(kg/hr) 91.0
Exhaust Back Pressure (kPa) 69.9
-niexpansioniuncorrected i . EGR Fraction(%) 0.0
poly-niéxpansionicorrecte
In-Cylinder Pressure Trace
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12941.43

Data Summary for filter:
Date:
Time:

4/9/02
11:10:07

Engine:Paraimeters - -

IMEP![bar]: Speed(RPM)
HHR'max:[kd/mA3/deg) Load - approx(%)
IHR: max:[kd/m73 Power (kW)
IMEP (bar)
Pmax(bar) .
""" Pmax location (degrees) 368.5
Diesel Flow(kg/hr) 0.18
CNG Flow(kg/hr) 2.93
Air Flow(kg/hr) 89.4
Exhaust Flow{kg/hr) 92.5
icompressionicorrected Exhaust Back Pressure (kPa) 10.1
oly:néxpansioniincorrecte . EGR Fraction(%) 0.0
oly-n‘expansionicorrected 1.29
In-Cylinder Pressure Trace
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Speed:[RPM] omments?
Torgue [N-m]
Data Summary for filter:
12967.01 Date:
8.0 Time:
1009.816
1139.51 Speed(RPM) 804.2
19572.1 Load - approx(%) 75.0
198843.6 Power (kW) 19.1
5% MEB [deqg.w.r IMEP (bar) 11.41
10% MFBi[dé Pmax(bar) 130.05
50% MEB Pmax location (degrees) 368.6
90% MFB Diese! Flow(kg/hr) 017
1.37 CNG Flow(kg/hr} 2.92
0.000 Air Flow(kg/hr) 88.3
1.35 Exhaust Flow(kg/hr) 91.4
1.35 Exhaust Back Pressure (kPa) 58.5
expansioniiincorrectéd EGR Fraction(%) 0.0
expansionicorrected:
In-Cylinder Pressure Trace
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Data Summary for filter: ke
12820.58 Date: 4/9/02
Time: 11:33:09
Engine Paranieterst
IMEP:[ba i Speed(RPM)
{HHR: max:[kJ/mA3/deg] i Load - approx(%)
{IHRmaX: [KJ/m A3] & 4 Power (kW)
5% MEBi[deg w.rtTDC] | IMEP (bar)
10%MFB [dég.w.r.t TDC] Pmax(bar)
50% MFB:[deg w.r.t-TDC]. . Pmax location (degrees) 368.5
90%:MFB:[deg.w.r.t:TDC] Diesel Flow(kg/hr) 0.18
Assumed. poly-niduring comprn . CNG Flow(kg/hr) 291
zero-level.pr.offset.[bar] .. 0.000 Air Flow(kg/hr) 73.6
poly-n.compression:uncorrected:: 1.33 Exhaust Flow(kg/hr) 76.6
0ly-n;compressionicorrecte: 1.33 Exhaust Back Pressure (kPa) 72.0
Y0ly-n 'éxpansion unicorrecteéd . EGR Fraction{%) 16.9
oly-n-eéxpansionicorrécted:: 1.32
In-Cylinder Pressure Trace
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Speed:[RPM]:. . | 25 Comments’i
;m]
: Data Summary for filter: 1 LC1078
12758.70 Date: 4/9/02
8.0 Time: 11:39:35
744.438
2.5 Engine Parameters o
1117.28 Speed(RPM) 802.2
17150.5 Load - approx{%) 75.0
197220.6 Power (kW) 18.7
IMEP (bar) 11.19
Pmax(bar) 127.76
Pmax location (degrees) 368.5
Dieset Flow(kg/hr) 0.21
CNG Flow(kg/hr) 2.89
Air Flow(kg/hr) 73.4
Exhaust Flow(kg/hr) 76.5
‘compression corrected . Exhaust Back Pressure (kPa) 72.7
iexpansigniuncoirected 1.29 EGR Fraction(%) 16.7
1.29;
In-Cylinder Pressure Trace
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Speed [RPM]:
Torquei[N=m])
Load:[%) Data Summary for filter:
] 12846.54 Date:
Time:
Endine Paranieters?’
Speed(RPM)
Load - approx(%)
Power (kW)
IMEP (bar)
Pmax(bar)
" {Pmax location (degrees) 368.4
Diesel Flow(kg/hr) 0.17
CNG Flow(kg/hr} 2.92
zero-level:ipriioffseti[bar] Air Flow(kg/hr) 73.5
poly-n‘compression:uncorrected: 1.31 Exhaust Flow(kg/hr) 76.6
ol compressionicorrecte 1.31 Exhaust Back Pressure (kPa) 725
1.31 EGR Fraction(%) 16.8
poly-n'expansionicorrected
In-Cylinder Pressure Trace
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Speed:[RPM]
Torque’[N-m
Data Summary for filter:
12825.77 Date:
deg] i . Time:
dP/dCA. max [bar/deg] 901.252
CA @:dP/dCA max [deq] 2.5 Engine Parameters
e E e 1122.46 Speed(RPM)
19436.4 Load - approx(%)
198361.7 Power (kW)
5% MEBi[ded IMEP (bar)
10% MFB[dég Wir.tTD! Pmax(bar)
50% MFB! Pmax location (degrees) 368.4
90% MFB : . Diesel Flow(kg/hr} 0.19
Assumed poly-n:during 1.37 CNG Flow{kg/hr) 291
zero-level:ipr:offseti[bar] 0.000 Air Flow(kg/hr) 73.6
poly:-nicompressioniuncorrecte 1.31 Exhaust Flow(kg/hr} 76.7
] Hipression:correcte Exhaust Back Pressure (kPa} 72.6
Siexpansioniu t . EGR Fraction(%) 16.8
poly-niexpansion:corrécted 1.29
In-Cylinder Pressure Trace
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Data Summary for filter: FCI13
12961.26 Date: 4/9/02
Time: 12:02:18
Engine Parameéters’ § e
Speed(RPM) 805.4
Load - approx(%) 75.0
Power (kW) 189
IMEP (bar) 11.29
. Pmax(bar) 129.73
50% MFB:[deg Wit TDC] 5.0 Pmax location (degrees}) 368.5
902 MEB:[deg w.r.t TDC) 20.0 Diesel Flow(kg/hr) 0.16
Assumed poly:niduring compr : 1.37 CNG Flow(kg/hr) 2.93
zero-level:pr.iotfset [bar] i 0.000 Air Flow(kg/hr) 92.3
poly-nicompression:uncorrecte 1.32 Exhaust Flow(kg/hr) 95.3
pody-nicompression;correcte 1.32 Exhaust Back Pressure (kPa) 13.1
oly-n'éxpainslon uncorrected 1.31 EGR Fraction{%) 0.0
poly-nexpanslonicorrected: i 1.31
In-Cylinder Pressure Trace
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Speed [RPM]
Data Summary for filter: [ [P}
14746.47 Date: 4/10/02
Time: 10:06:30
Speed(RPM) 1408.5
Load - approx(%) 85.0
Power (kW) 422
IMEP (bar) 14.39
Pmax(bar) 147.62
Pmax location {degrees) 367.0
90% MFBi[deg w.r.t TDC] Diesel Flow(kg/hr) 0.28
Assumed:poly-niduring'cc . CNG Flow(kg/hr) 6.18
zero-level:priiotfset [bar] : 0.000 Air Flow(kg/hr) 276.2
poly-n‘compression‘uncorrected B 1.37 Exhaust Flow(kg/hr) 282.6
poly-nicompression:corrected | 1.37 Exhaust Back Pressure (kPa) 11.1
poly-iiéxpansion uncorrécted 2| 1.28 EGR Fraction(%) 0.0
poly-n expansioncorrécted I 1.28
In-Cylinder Pressure Trace
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teia

Data Summary for filter: 5 .D2
14657.64 Date: 4/10/02
Time: 10:19:52

Engine'Pa

Speed(RPM) -+ 1406.1
9402.5 Load - approx(%) 85.0
262041.9 Power (kW) 419
IMEP (bar) 14.31
Pmax(bar} 146.80
Pmax location (degrees) 367.0
. Diesel Flow(kg/hr) 0.34
Assumed. poly-n during’comp . CNG Flow{kg/hr) 6.18
zero-level:prioffset[bar] Air Flow(kg/hr) 275.9
Exhaust Flow{kg/hr) 2825
Exhaust Back Pressure (kPa) 1.4
EGR Fraction(%) 0.0

In-Cylinder Pressure Trace
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Data Summary for filter: D3t
14691.74 Date: 4/10/02
Time: 10:25:15
Endiné Parameters
Speed(RPM)
Load - approx(%)
] Power (kW) 42.0
5% MEB [deg w.rt.TDC]: IMEP (bar) 14.33
10% MFB[deg w.r.t TDC] 3 Pmax(bar) 147.19
50% MFBi[deg wir:it:TDC] Pmax location (degrees) 367.2
90%:MFB:[deg w.r.t TDC] Diesel Flow(kg/hr) 0.29
Asgsumed poly-niduring:comprn | 1.37 CNG Flow(kg/hr) 6.21
zero-level:pr..offseti[bar] i [ 0.000 Air Flow(kg/hr) 275.8
poly-nicompressioniuncorrected: 1.35 Exhaust Flow(kg/hr) 282.3
poly:-nicompressionicorrecte 1.35 Exhaust Back Pressure (kPa) 1.4
poly: panslon:uncorrectes 1.28 EGR Fraction(%) 0.0
poly-

tn-Cylinder Pressure Trace
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Data Summary for filter:
14682.71 Date: 4/10/02
Time: 10:32:11
Engine,Parametefs
LT . Speed(RPM)
HHR:maxi[kJ/mA3/deq] : 9214.5 Load - approx(%)
HR 'max [k/m23] Power (kW) 41.9
5% MFEB [degiw.r:t TDC] IMEP (bar) 14.31
10%:MFB![deg wir.tTDC) Pmax(bar) 147.03
50% MFB![d 1TDC) Pmax location (degrees) 366.9
90% MFBi[deg wir.t-TDC] . Diesel Flow{kg/hr) 0.33
Assumed poly-niduring'comprn, 1.37 CNG Flow(kg/hr) 6.13
zero-level.pr::offseti[bar] 0.000 Air Flow(kg/hr) 2778
oly-nicompression:uncorrected * 1.37 Exhaust Flow(kg/hr) 284.3
compression;corrected i 1.37 Exhaust Back Pressure (kPa) 114
""" :exparisioniuncorrectéd 1.29] EGR Fraction(%) 0.0
"""" expansion:¢orrécted 1.29
In-Cylinder Pressure Trace
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Data Summary for filter: D5
P ‘max [deg] 14712.44 Date: 4/10/02
CA @ P_ma 7.0 Time: 10:41:12
Enging Parameters ' "\l /AVerage
Speed(RPM) 1386.9
Load - approx(%)
Power (kW) 410
: IMEP (bar} 14.20
10% MFB Pmax(bar) 147.33
50% MFB! Pmax location (degrees) 366.9
90% MFB Diese! Flow(kg/hr) 0.30
Assumed poly-n'duringicomprn . CNG Flow(kg/hr) 6.07
zero-level:priiotfseti[bar]iii: 0.000 Air Flow(kg/hr) 277.8
poly-nicompressioniuncorrected 1.35 Exhaust Flow(kg/hr} 284.2
poly-iicompresslonicorrected 1.35 Exhaust Back Pressure (kPa) 151.6
poly-n'expanslon tincorrected 1.27 EGR Fraction{%) 0.0
poly-hiexpaiision corrected 1.27
In-Cylinder Pressure Trace
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T Comments. . .
Data Summary for filter: FDe T
14652.51 Date: 4/10/02
Time: 10:47:38
Endine Paraméters’ o 3
Speed(RPM) 1405.1
Load - approx(%) 85.0
Power (kW) 42.3
IMEP (bar) 14.44
Pmax(bar) 146.80
Pmax focation (degrees) 367.1
Diesel Flow(kg/hr) 0.30
CNG Flow(kg/hr) 6.25
Air Flow(kg/hr) 278.1
Exhaust Flow(kg/hr) 284.7
Exhaust Back Pressure (kPa} 13.7
EGR Fraction(%) 0.0
In-Cylinder Pressure Trace
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Data Summary for filter: D7
14665.01 Date: 4/10/02
6.0 Time: 10:54:57
508.354
-2.0] Engine Paraméters - TAverade
: 1418.88 Speed(RPM) 1393.3
HHR imax:[kJ/m 23/deq} 9822.6 Load - approx(%) 85.0
IHRmax; [kJ/m: 258117.8 Power (kW) 41.2
5% MFB'[di -4.0 IMEP (bar) 14.21
10%-MEB -2.0 Pmax(bar) 146.77
50%:MFB 11.0 Pmax location (degrees) 366.6
90% MFB 32.0 Diesel Flow(kg/hr) 0.28
Assumed poly-n‘durin 1.37 CNG Flow(kg/hr) 6.11
zero-level.ipr.ioffseti[ba 0.000 Air Flow(kg/hr) 278.0
poly-n:compressioniuncorrecte 1.35 Exhaust Flow(kg/hr) 284.3
oly-n compression’corrected 1.35 Exhaust Back Pressure (kPa) 127.8
oly-nexpansion uncorrected 1.26 EGR Fraction(%) 0.0
: 1.26
In-Cylinder Pressure Trace
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Speed:[RPM] i Comments
Torque[N-m} 3
L'6ad [%) i Data Summary for filter: e
14596.87 Date: 4/10/02
Time: 11:03:00
Enginé Parameters™ = - li/Average &
IMEP [bar] Speed(RPM) 1404.2
[HHR:max [l 9533.6 Load - approx(%) 85.0
: 263881.6 Power (kW) 421
5% MFB [deg IMEP (bar) 14,37
10% MFEBi[deg wir.t! -2.0 Pmax(bar) 146.21
50% MFBi[deg w.rtTDC] . Pmax location (degrees) 367.2
90% MFB:[deg: w.r.t TDC] 31.5 Diesel Flow(kg/hr) 0.31
Assumed poly-nduring’comprn. 1.37 CNG Flow(kg/hr) 6.21
zero-level::prioffseti[bar].. ... 0.000 Air Flow(kg/hr) 278.0
poly-n:compressioniuncorrected 1.36 Exhaust Flow({kg/hr) 284.5
poly-nicompressionicorrected Exhaust Back Pressure (kPa) 124
] expansionincorrecte B EGR Fraction(%) 0.0
héxpansion:corréctéd 1,26
In-Cylinder Pressure Trace
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Speed: [RPM] I
Data Summary for filter: 1 |
14308.29 Date: an 0/02
Time: 11:23:31
Speed(RPM) 1386.2
Load - approx(%) 85.0
Power (kW) 40.5
3 IMEP (bar) 14.04
10%:MFBI[{ Pmax(bar) 143.26
50% MEB:[deg w.r.t: TDC] Pmax location {degrees) 367.2
90%:MFEB: [deg wir-t:TDC] . Diesel Flow(kg/hr} 0.28
Assumed poly-n during compr| 1.37 CNG Flow(kg/hr) 6.09
zero:level: priioffset[bar] 0.000 Air Flow(kg/hr} 231.9
poly-nicompressioniuncorrected 1.35 Exhaust Flow(kg/hr) 238.3
oly-n ‘compresslon corrected: Exhaust Back Pressure (kPa) 143.0
ision uncorrecte . EGR Fraction(%) 13.5
poly-niéxpansion corrécted” 1.27
in-Cylinder Pressure Trace
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Data Summary for filter: L.s01080
14366.46 Date: 4/10/02
Time: 11:28:43
" Average i
Speed(RPM) 1387.3
Load - approx(%) 85.0
Power (kW) 40.5
IMEP (bar) 14.00
Pmax(bar) 143.89
I Pmax location (degrees) 366.9
90%MFB:[deg w.r:t:-TDC] Diesel Flow(kg/hr) 0.34
Assumed poly-n:during:comprn: 1.37 CNG Flow(kg/hr) - - 6.06
zero-level:priotfseti[bar] ; 0.000 Air Flow(kg/hr) 232.0
oly-nicompressioniuncorrected: 1.34] Exhaust Flow(kg/hr) 2384
oly-nicomipression:corrécted 1.34 Exhaust Back Pressure (kPa) 142.5
C ‘expansion;uncorrected: 1.26 EGR Fraction{%) 13.4
nexpansionicorrected i 1.26
In-Cylinder Pressure Trace
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|
Data Summary for filter: DM
14304.18 Date: 4/10/02
Time: 11:34:34
CA @dP/dCA max:[de T
IMEP;[bar] i Speed(RPM) 1387.0
HHRimaXx:[KJ/m?3/deg Load - approx(%) 85.0
i Power (kW) 40.4
IMEP (bar) 13.98
Pmax(bar} 143.13
50% MFB: Pmax location (degrees) 367.2
90% MFB 5 Diesel Flow(kg/hr) 0.27
Assumed poly-niduring compri 1.37 CNG Flow(kg/hr) 6.11
zero-level:: pr:offseti[bar] i 0.000 Air Flow(kg/hr) 232.2
poly-nicompressioniuncorrected 1.34) Exhaust Flow(kg/hr) 238.6
poly-n.compression correcte: 1.34] Exhaust Back Pressure (kPa} 142.2
poly:n expansio e 1.26 EGR Fraction(%) 13.4
pol xpansionicorrected 1.26
In-Cylinder Pressure Trace
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“Comments:

Data Summary for filter: CEDI2gs
14281.23 Date: 4/10/02
Time: 11:41:08
Enaine’Parametersi g ¢ ¢ sycAverage v
Speed(RPM) 1388.2
Load - approx(%) 85.0
Power (kW) 40.8
FB| IMEP (bar) 14.10
10%MEB:[dég Wir.t! . Pmax(bar) 143.02
50% MFBi[deg wir.t: 1.5 Pmax location (degrees) 367.2
90% MEB[deg wir.t: 34.0 Diesel Flow(kg/hr) 0.32
Assumed poly-niduring:¢ 1.37 CNG Flow(kg/hr) 6.10
zero-level:ipr.ioffset[bar] 0.000 Air Flow(kg/hr) 2326
oly-nicompressioniuncorrectec 1.34 Exhaust Flow(kg/hr) 239.0
oly-nicompression corrected: 1.34 Exhaust Back Pressure (kPa) 141.6
oly-ri:éxXparision tincorrécted 1.256 EGR Fraction(%) 13.3
poly-niexpansion corrected::
In-Cylinder Pressure Trace
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Speedi[RPM]
Torquie [N:i
Load Data Summary for filter:
max 14431.90 Date:
Time: 11:53:41
Speed(RPM) 1407.6
Load - approx(%) 85.0
Power (kW) 424
IMEP (bar) 14.46
Pmax(bar) 144.44
Pmax location (degrees) 367.2
Diesel Flow(kg/hr) 0.30
CNG Fiow(kg/hr) 6.30
Air Flow(kg/hr) 27741
poly-nicompression:uncorrect . Exhaust Flow(kg/hr) 283.7
nicompressionicorrecte 1.35 Exhaust Back Pressure (kPa) 5.2
expanslon:uncorrect 1.25 EGR Fraction(%) 0.0
{ 0l 1.25
In-Cylinder Pressure Trace
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Speed [RPM] Comments... e
Torgue [N-m]ii
Load [Ya] il Data Summary for filter: EN
P 9695.77 Date: 4/10/02
Time: 12:29:19
Engine Paranéters
Speed(RPM)
Load - approx(%)
Power (kW)
IMEP (bar)
10%:MFB:[deg Pmax(bar)
50% MFBi[de: Pmax location (degrees) 366.0
90%'MFBi[de X Diesel Flow(kg/hr) 0.15
Assumed poly-n:during'comprn: 1.37 CNG Flow(kg/hr) 1.23
zero:levelpr.ioffsetbar] ! 0.000 Air Flow(kg/hr) 73.4
Exhaust Flow{kg/hr} 74.7
Exhaust Back Pressure (kPa) 11.9
EGR Fraction(%) 0.0
In-Cylinder Pressure Trace
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Comments’

Speed [RPM]

In-Cylinder Pressure Trace
12000

|
|
|
)
Data Summary for filter: B
9656.02 Date: 4/10/02
Time: 12:35:02
! ' Endine'Parameters i -

IMEP:[bal Speed(RPM) 808.3

[HHREmax 16104.3 Load - approx(%) 25.0

IHR imax [kJ/mA3] 90390.0 Power (kW) 8.7

5% MFB [deg:w.i.t:TDC -4.0 IMEP {bar) 5.20

10% MFB [deg w.r.t TDi Pmax(bar) 96.90

50%MFBi[deg w.r.t TDC] Pmax location (degrees) 365.9

90% MFBi[de i . Diesel Flowikg/hr) 0.24

Assumed:po 1.37, CNG Flow(kg/hr) 1.21

zero-level.ipr:ioffseti[bar] 0.000 Air Flow(kg/hr} 73.5

poly-nicompressioniuncorrected 1.33 Exhaust Flow{kg/hr} 74.9

) Exhaust Back Pressure (kPa) 11.3

‘ EGR Fraction(%) 0.0
|
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Data Summary for filter:
9504.36 Date:

Time: 12:42:23
Speed(RPM) 805.2
Load - approx(%) 25.0
Power (kW) 8.1
IMEP (bar) 4.80
Pmax(bar) 95.30
50% MEB: Pmax location (degrees) 365.7
90% MFB! ] s g Diesel Flow(kg/hr) 0.14
uring'comprn: 1.37, CNG Flow(kg/hr) 1.20
zero:level:prroffset[bar] i : Air Flow(kg/hr) 735
Exhaust Flow{kg/hr) 749
Exhaust Back Pressure (kPa) 1.5
EGR Fraction(%) 0.0

In-Cylinder Pressure Trace
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|Speed [RPM] B #Comments
Torque [N-m]
Load:[%] " Data Summary for filter: “HEd
9545.69 Date: 4/10/02
Time: 12:48:00
Engine Parameters® - Averagei
Speed(RPM) 805.3
Load - approx(%) 25.0
Power (kW) 8.4
5% MFB [ded IMEP (bar) 4.98
10%:MFB [de \TD Pmax(bar) 95.72
50%MFB[deg w.r.t:TD: . Pmax location (degrees) 365.9
90% MFB![de i 8.0 Diesel Flow(kg/hr) 0.17
Assumed po CNG Flow(kg/hr) 1.19
Air Flow(kg/hr) 73.7
Exhaust Flow(kg/hr} 75.1
Exhaust Back Pressure (kPa) 11.2
EGR Fraction{%) 0.0
poly-niexpansiénicorrected

in-Cylinder Pressure Trace
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Comments::
Data Summary for filter: SARUESE,
5 9525.04 Date: 4/10/02
: i 5.5 Time: 12:56:29
dP/dCAimax:[bar/deg] ’ 882.296
CA @idP/dCA: max [deg] 1.5 Engine:Parameters ;|
IMEP:[bar] 487.07 Speed(RPM) 802.9
[HHR :max [kJ/m~3/deg] 17478.5 Load - approx(%) 25.0
IHR max [kd/m*A3] Power (kW) 8.2
5% MEB [deg w.r.t TDC] IMEP (bar) 4.88
10% MFB![dég wit.t TDC]. Pmax(bar) 95.34
50% MFB [deg wir.t TDC]: Pmax location (degrees) 366.0
90% MFB[deg wir.t TDC] Diesel Flow(kg/hr) 0.15
Assumed poly-n:during:comprn 1.37] CNG Flow(kg/hr) 1.17
zero-level: pr. offset:[bar} i 0.000 Air Flow(kg/hr} 73.8
poly-nicompression:uncorrecte 1.34 Exhaust Flow(kg/hr) 751
orrected 1.34 Exhaust Back Pressure (kPa) 1.1
orrected 1.31 EGR Fraction(%) 0.0
poly-n éxpansion‘corrected: 1.31
In-Cylinder Pressure Trace
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Data Summary for filter:
9687.47 Date:
5.0 Time: 13:04:01
890.912
CA @;dPIdC max; [deg] 1.0 ngine Par SldniirAVerage
IMER:[bar]:: 503.20 Speed(RPM) 797.5
HHR:max [kJIm "3lde Load - approx(%) 25.0
{HR: max: [kd/m 3] Power (kW) 8.4
5% MEB[degw.i.t.TDC}iH -3.5 IMEP (bar) 5.04
10%MFB/[dég W.F.t TDC) Pmax(bar) 97.12
50% MFBi[deg.w.r.t TDC]: Pmax location {degrees) 365.8
90% MFB:[deg w.r.t TDC]: 8.0 Diesel Flow(kg/hr) 0.15
, Assumed poly-n:during omprn 1.37 CNG Flow(kg/hn) 1.16
zero-level..pr..oftset:[bar]:: 0.000, Air Flow(kg/hr) 73.2
poly-n compression uncorrecte Exhaust Flow{kg/hr) 745
i Exhaust Back Pressure (kPa} 31.1
EGR Fraction(%) 0.0

In-Cylinder Pressure Trace
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Speed:[RPM]

CA @ dP/dCA max{de

Torgiie:[Nm]:
Load [%] 5 Data Summary for filter: BReET
9621.54 Date: 4/10/02
Time: 13:11:28

IMEP [bar)s ..

498.56 Speed(RPM) 797.0

[HHR_max:[kJim"3/deg

Load - approx(%) 25.0

IHR - max:[kJ/mA3] = Power (kW) 8.3
5% MEB’[dég w.r.t TDC IMEP (bar) 4.99
10% . Pmax(bar) 96.47
50% Pmax location (degrees) 365.8
90% Diesel Flow(kg/hr) 0.16
CNG Flow(kg/hr) 1.15
zero-level. pr:offseti[bar) Air Flow(kg/hr) 737
poly-nicompressioniuncorrected 1.35 Exhaust Flow(kg/hr) 75.0
poly-nicompression correcte 1.35 Exhaust Back Pressure (kPa) 10.1
oly-ri expansioniungorrecte: 1.34 EGR Fraction(%) 0.0
1.34
In-Cylinder Pressure Trace
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Speed [RPM]

Torqlie' [N-m

9517.12

“Comments. i

Data Summary for filter:
Date:
Time:

13:18:54

Enging Parameters 3

Speed(RPM)
Load - approx(%)
Power (kW)
5% MEB![dég w.r.t TDC IMEP (bar)
10%:MFB{[deg w.r.t TD Pmax(bar) .
50%:MFBi[deg w.r.t TD Pmax location (degrees) 365.9
90%:MFB:[deg w.r.t-TD Diesel Rlow{kg/hr) 0.14
Assumed poly-n:duringic R CNG Flow(kg/hr} 1.13
zero:levelipr.ioffseti[bar] 0.000 Air Flow(kg/hr) 73.1
pol ‘compression:uncorrected 1.33] Exhaust Flow(kg/hr} 74.4
po ‘compression‘corrected Exhaust Back Pressure (kPa) 38.8
po nslon.uncorrécte EGR Fraction(%) 0.0
poly-niexpansion corrected
In-Cylinder Pressure Trace
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Speed [RPWI] : commentsiiii i
Data Summary for filter: sEQY.
""" 9958.69 Date: 4/10/02
Time: 13:33:57
Endirnié:Parammetérs Average:
Speed(RPM) 800.1
Load - approx(%) 25.0
Power (kW) 10.0
. IMEP (bar) 5.99
10% MFB [deg wir.t: Pmax(bar) 99.98
50% MFB:[deqg wir. Pmax location (degrees) 366.2
90%:MFB:[de £ Diesel Flow(kg/hr} 0.13
Assumed poly-n: durlng C CNG Flow{kg/hr) 1.40
zerozlevelZprioffseti[bar} Air Flow(kg/hr) 60.4
- Exhaust Flow(kg/hr) 61.9
Exhaust Back Pressure (kPa) 26.9
""" EGR Fraction(%) 14.9
poly-niexpansionicorrected
tn-Cylinder Pressure Trace
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Data Summary for filter: i E1055
10029.73, Date: 4/ 10/02
Time: 13:41:19
1 ; Speed(RPM) 798.9
|HHR max: [kJ/m'\Sldeg] 17483.8 Load - approx(%) 25.0
IHR imaxi[kJd/m 3] 106150.1 Power (kW) 10.2
5% MEB [deg W.r. tTDC): IMEP (bar) 6.11
10%:MEB v Pmax(bar) 100.52
50%:MEB: Pmax location (degrees) 366.4
90%:MFB;[dé i Diesel Flow{(kg/hr) 0.20
Assumed poly-n durlng ‘comp! . CNG Flow(kg/hn) 1.41
zero:level: pr.oftseti[bar] 0.000 Air Flow(kg/hr) 60.0
poly-n:compressioniuncorrecte 1.35 Exhaust Flow(kg/hr) 61.6
pol -n'c mgressnon correcte 1.356 Exhaust Back Pressure (kPa) 27.2
pol pansion:uncorrected . EGR Fraction(%) 14.2
poly: ansion'corrected 1.34
In-Cylinder Pressure Trace
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Speed.[RPM] comments
Torgqiie [N
Data Summary for filter: BN
Date: 4/10/02
Time: 13:48:22
dP/dCA ‘max:[bar/deg] .
CA @:dP/dCA: maxi[deg] & 2.5 Engine Parameters .- :
IMEP.[ba 589.99 Speed(RPM) 798.6
HHR: max:[kJ/m*3/deg) 19493.5 Load - approx(%) 25.0
IHRimaxi[KJ/mA3 102549.7 Power (kW) 9.8
5%:MEB [deg w.r.t TDC] -2.0 IMEP (bar) 5.91
10%'MFBi{dég Wit TDC 0.0 Pmax(bar) 99.83
50% MFB [deg.w.r:tTDC] Pmax location (degrees) 366.3
90% MFB [deg wir-t TDC] Diesel Flow(kg/hr) 0.15
Assumed poly-n during comprn. . * |CNG Flow(kg/hr) - 1.42
zero-level:pr:ioffseti[bar] # 0.000 Air Flow(kg/hr) 59.9
oly-n:.compression:uncorrected 1.33 Exhaust Flow(kg/hr} 61.4
|poly-n.compression; corrected 1.33 Exhaust Back Pressure (kPa) 27.3
oly-i'éxpansioniuncorrected 1.33 EGR Fraction(%) 14.9
1.33
In-Cylinder Pressure Trace
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Data Summary for filter:
9983.36 Date:
Time:
CA'@ dP/dCA! max [deg] . ' Patar i
IMEP:{bar] 612.55 Speed(RPM) 799.7
|HHR :max: [lem"SIde Load - approx{%) 25.0
Power (kW) 10.2
IMEP (bar) 6.13
Pmax(bar) 100.07
Pmax location (degrees) 366.4
90% MEB [deg W t-?l' DC} . Diesel Flow(kg/hr) 0.18
Assumed. poly-n:during:c 1.37 CNG Flow{kg/hr) 1.42
zero:-level:priioffset[bar] 0.000 Air Flow(kg/hr) 59.8
poly-n compressioniuncorrecte Exhaust Flow(kg/hr) 61.4
Exhaust Back Pressure (kPa) 27.4
EGR Fraction(%) 14.3

poly-iiexpansionicorrected:

In-Cylinder Pressure Trace
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Comments;: ¢
Data Summary for filter: ©R134
9911.32 Date: 4/10/02
Time: 14:08:14
Engine Paramgters’ Averagei
Speed(RPM) 801.4
Load - approx{%) 25.0
Power (kW) 10.0
IMEP (bar) 6.00-
Pmax(bar) 99.41
Pmax location (degrees) 366.2
Diesel Flow(kg/hr) 0.14
CNG Flow(kg/hr) 1.43
Air Flow(kg/hr) 72.8
Exhaust Flow(kg/hr) 74.4
Exhaust Back Pressure (kPa) 12.3
EGR Fraction(%) 0.0
In-Cylinder Pressure Trace
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Data Summary for filter:
10536.77 Date:
Time:
Speed(RPM)
Load - approx{%)
Power (kW)
IMEP (bar)
Pmax(bar) 3
Pmax location {degrees) 368.1
Diesel Flow(kg/hr) 0.32
Assumed poly-niduring:compri CNG Flow(kg/hr) 0 3.84
zero-levelipriioftset{bar] Air Flow(kg/hr) 210.0
Exhaust Flow(kg/hr) 2142
Exhaust Back Pressure (kPa) 1.3
EGR Fraction(%) 0.0
In-Cylinder Pressure Trace
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Speed [RPM]
Torque [N:m]
10 : Data Summary for filter:
14630.38 Date:
Time:
Engine Parameter:
Speed{RPM)
Load - approx(%)
: it Power (kW)
5%:MFEB [deq . W.i:t TDC] . IMEP (bar)
10% MFB [dég wir.t.TDC] 2.0 Pmax(bar) .
50% MEB [degw.r.t TDC] 11.0 Pmax location (degrees) 366.9
90% MFB! IDC] 31.5 Diese! Flow(kg/hr) 0.28
Assumed poly:n:during:c 1.37 CNG Flow(kg/hr) 6.26
zero-levelipr:offset:{bar] 0.000 Air Flow(kg/hr) 273.4
poly-nicompression‘uncorrected 1.34 Exhaust Flow(kg/hr) 279.9
oly-nicompression;correcte 1.34 Exhaust Back Pressure (kPa) 10.6
poly-nexpansion tincorrecte 1.28 EGR Fraction(%) 0.0
poly-n.eéxpansion corrected 1.28
In-Cylinder Pressure Trace
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14445.84

IHR _max:[KJ/mAJ] i

5% MEB [deg W.r.t TDC
10% MEB[déq

50% MFB.[d8q \

90% MFB:[de TD

Assumed:poly-niduringic
zero-level: pr.ioffseti[bar] 0.000
poly-n.compression;uncorrecte: 1.34

poly-n:compression correcte:

ol

-n expansioniuncofrécted

Data Summary for filter:

Date:

Time: 11:57:57
Engdine Parameters Averaqe
Speed(RPM) 1408.0
Load - approx{%) 85.0
Power (kW) 1.7
IMEP (bar) 14.20
Pmax(bar) 144.63
Pmax location (degrees) 366.9
Diesel Flow(kg/hr) 0.28
CNG Flow(kg/hr) - 6.19
Air Flow(kg/hr) 258.0
Exhaust Flow({kg/hr) 264.5
Exhaust Back Pressure (kPa) 144.2
EGR Fraction(%) 8.5

poly-n expansion;corrected:i
In-Cylinder Pressure Trace
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Data Summary for filter:
14269.67 Date:

Time: 12:14:00

|Englne Parameters Gt Average®
Speed(RPM) 1407.9
Load - approx{%} 85.0
Power (kW) 41.4
IMEP (bar) 14.12
Pmax(bar) 142.90
50% MEB:[dé Pmax location (degrees) 367.0
90% MFB X Diesel Flow(kg/hr) 0.28
Assumed poly-n: durlng [ 1.37 CNG Flow(kg/hr) 6.23
zero-level: pr..oftset[bar] 0.000 Air Flow(kg/hr} 229.3
poly-nicompressioniuncorrected 1.34 Exhaust Flow(kg/hr} 235.8
y-n ompression ‘corrected: Exhaust Back Pressure {(kPa) 142.5
EGR Fraction(%) 16.5

In-Cylinder Pressure Trace
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Comirents!

Data Summary for filter:
14482.80 Date:
Time:

[l Load - approx{%) 85.0
IHR:Zmax:[KJ/m Power (kW) 421
5% MFB [deg w C IMEP (bar) 14,27
10%'MEB:[déq W.F.t TDC]: Pmax(bar) 145.02
50% MFB [deg! 4 Pmax location (degrees) 366.9
90% MEB [deq w.r:.t:TDC] Diese! Flow{kg/hr) 0.28
Assumed poly-n during comprn; CNG Flow{kg/hn) 6.08
zero-devel.iprioffsati[bar] i 0.000 Air Flow(kg/hr) 278.7
poly-nicompressioniuncorrected: Exhaust Flow(kg/hr) 285.0

Exhaust Back Pressure (kPa) 123.2
EGR Fraction(%) 0.0

In-Cylinder Pressure Trace
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Speed:[RPM]
Torqiie'[N-m]
Loadi[%]: Data Summary for fitter:
i 14490.41
: ; 6.5
dP/dCA_max:[bar/deg) .
CA'@ dPIdCA: max:[déeg] -14.0
IMEP. [bar]i ] 1437.03
|HHR#max [kJ/mA3/deg Load - approx(%)
IHR: max;:[KJ/mi#, Power (kW)
5% MFBi[deg w: . IMEP (bar)
10% MFEB Pmax(bar)
50% MFB: Pmax location {degrees) 367.1
90% MEB Diesel Flow(kg/hr) 0.28
Assumed: poly-n:during/¢omj R CNG Flow(kg/hr) 6.39
zero-level:pr.ioffset[bar] 0.000 Air Flow(kg/hr) 278.8
poly-n‘compressioniuncorrected 1.33 Exhaust Flow(kg/hr) 2854
poly-n‘compression correcte 1.33] Exhaust Back Pressure (kPa) 11.7
poly-n.expansion uncorrecte 1.26] EGR Fraction(%) 0.0
poly-niexparision;correct 1.26
In-Cylinder Pressure Trace
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Speed [RPM]

&

s Comments

Data Summary for filter: v
12973.86 Date: 3/7/02
Time: 12:53:49
Engine:Parameters’ | /Averageis
Speed(RPM) 810.5
Load - approx(%) 75.0
196610.4] Power (kW) 19.0
-2.0 IMEP (bar) 11.27
Pmax(bar) 129.91
Pmax location (degrees}) 368.7
Diesel Flow(kg/hr) 0.21
Assumed poly-n:during comprn K CNG Flow({kg/hr) 2.89
zero-level:ipr..offset.[bar] 0.000 Air Flow(kg/hr) 92.1
oly-nicompressioniuncorrected: 1.38) Exhaust Fiow(kg/hr) 95.2
oly-nicompression:icorrected: 1.38) Exhaust Back Pressure (kPa) 11.3
oly-nlexpainsion|iin EGR Fraction(%) 0.0
oly:n
In-Cylinder Pressure Trace
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Speed [RPM]: e .
Data Summary for filter:
12879.13 Date:
: 8.0 Time:
dP/dCAimaxi[bar/deg]i
CA'@dP/dCA_max [deg] 1.0 Engine'Parametersiis:
IMEP[bar] 1113.13 Speed(RPM)
HHRimaxi[kd/m?3/deg] 16308.3 Load - approx{%)
IHR max: [kd/m A3) ik 195292.2 Power (kW)
5% MEB{deg w.r.t TDC]:! -1.5 IMEP (bar)
: 0.0 Pmax(bar)
50% MFBi[deg wir. 5.0 Pmax location (degrees) 368.5
90%MFB;[de 20.0 Diesel Flow(kg/hr) 0.21
Assumed: poly-niduring comprr 1.37 CNG Flow(kg/hr) 2.88
zero:levelipr. offset:[bar] i 0.000 Air Flow(kg/hr) 82.0
poly-nicompressioniuncorrected 1.34 Exhaust Flow(kg/hr) 85.1
poly-tiicompressionicorrecte 1.34 Exhaust Back Pressure (kPa) 776
poly-niexpansioniuncorrecte 1.3 EGR Fraction(%) 8.7
poly-riéxpansioncorrected 1.31
In-Cylinder Pressure Trace
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Data Summary for filter: A22:
13092.36| Date: 3/7/02
Time: 13:30:30
Engine Parametersii
Speed(RPM) 806.4
Load - approx{%) 75.0
Power (kW) 18.9
IMEP (bar) 11.26
Pmax(bar) 131.10
Pmax location (degrees) 3684
Diesel Flow(kg/hr) 0.21
CNG Flow(kg/hr) 2.90
Air Flow(kg/hr) 76.7
Exhaust Flow(kg/hr} 79.8
Exhaust Back Pressure (kPa) 66.9
EGR Fraction(%) 17.5
In-Cylinder Pressure Trace
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commentst

Data Summary for filter: VK] o

13051.33 Date: 3/7/02

Time: 13:42:00

Speed(RPM) 808.1

Load - approx{%) 75.0

Power (kW) 19.1

IMEP (bar) 11.36

Pmax(bar) 130.75

Pmax location {degrees) 368.5

Diese! Flow(kg/hr) 0.21

CNG Flow(kg/hr) 290

zero-level. pr.offseti[bar] i Air Flow(kg/hr} 92.8
poly-n compressioniuncorrected- i 1.37 Exhaust Flow(kg/hr) 95.9
poly:nicompressionicorrected L 1.37 Exhaust Back Pressure (kPa) 48.2
] ] EGR Fraction{%) 0.0

In-Cylinder Pressure Trace
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Data Summary for filter:

13086.51

Load - approx(%)

IHR:Zmax:[KJ/m 73] i Power (kW)

5% MFB [dég:W.r:t TDC IMEP (bar)

10%:MEB: [dé Pmax(bar) K

50% MEB: Pmax location (degrees) 368.5
Diesel Flow(kg/hr) 021
CNG Flow{kg/hn) 1 2.92

zero-level:prioffseti[bar] Air Flow(kg/hr) 93.4

poly-nicompressicniuncorrecte 1.36 Exhaust Flow(kg/hr) 96.6

poly-| mpression; correcte 1.36 Exhaust Back Pressure (kPa) 12.7

0 EGR Fraction(%) 0.0

In-Cylinder Pressure Trace
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Data Summary for filter:

9624.92)

[
dP/dCA: max [baride
CA'® dP/dCA: max [deg]

Load - approx(%}
Power (kW)
IMEP (bar)
Pmax(bar)

Pmax location (degrees)
Diesel Flow(kg/hr)

. CNG Flow{kg/hr)

: X Air Flow(kg/hr)

Exhaust Flow(kg/hr)

Exhaust Back Pressure (kPa)
EGR Fraction(%)

In-Cylinder Pressure Trace
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A

Data Summaty for filter:
9598.05 Date:
5.5 Time:

G [ o
dP/dCA_maxi[bar/deg]

940.886
CA @ dP/dCA} 2.0 Engine Parameters
498.55 Speed(RPM)
18964.2 Load - approx(%)
88420.2] Power (kW)

5% MFEB [deg W.r.t:-TDC] i IMEP (bar)

10% MEB{[ded Wir.t" X Pmax(bar) k
: Pmax location (degrees) 366.0
90% MFB:[deg wir.t Diesel Flow(kg/hr) 0.17
Assumed poly-n:during: comprn: . CNG Flow(kg/hr) 1.15
zero=level. pr. offset[bar] i i 0.000 Air Fiow(kg/hr} 571
oly:nicompressioniuincorrected 1.30 Exhaust Flow({kg/hr) 58.4
I Exhaust Back Pressure (kPa) 270
EGR Fraction(%) 22.1

In-Cylinder Pressure Trace
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Speed [RPM] o
Data Summary for filter:
9545.47 Date:
Time:
Engine‘Paraméters
Speed(RPM)
Load - approx(%}
Power (kW)
IMEP (bar)
Pmax(bar)
ity Pmax location (degrees) 390.5
MEB: [deg w.r.t! Diesel Flow(kg/hr) 0.15
Assumed poly-n:dut CNG Flow(kg/hr) 1.14
Air Flow{kg/hr) 65.5
Exhaust Flow(kg/hr} 66.8
Exhaust Back Pressure (kPa) 36.1
EGR Fraction(%} 9.8
poly-iiiéxpanslonicorrected ™
In-Cylinder Pressure Trace
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Speed:[RPM] ~Comments”
Torquei[N-m]
L'oad![% ! Data Summary for fitter: UA28)
) 9388.38 Date: 3/7/02
Time: 14:47:30
Engine Parameéters ge
Speed(RPM) 799.7
Load - approx(%) 25.0
Power (kW) 8.0
IMEP (bar) 4.78
Pmax(bar) 94.23
; { Pmax location (degrees) 365.9
90%:MFBi[deg wir.t TDC) L Diesel Flow{kg/hr) 0.15
Assumed poly=n‘during ¢ 1.37| CNG Flow(kg/hr) 1.13
zero-level:ipriioftset{bar]: 0.000 Air Flow(kg/hr) 733
1.28| Exhaust Flow(kg/hr) 74.6
compression corrected i Exhaust Back Pressure (kPa) 10.7
sloniuncorrécted EGR Fraction(%) 0.0
In-Cylinder Pressure Trace
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Speed:[RPM] T
Torque[N-m]
Loadi[%] % Data Summary for filter:
i[de 9605.48 Date:
Time: 14:55:26
Engirié Paratieters 1 Average
Speed(RPM) 800.2
Load - approx(%) 25.0
Power (kW) 8.6
IMEP (bar) 5.16
Pmax(bar) 96.24
B! Pmax location (degrees) 365.9
90% MFBi[degwir:t-TDC]: B . Diesel Flow(kg/hr) 0.21
Assumed poly-niduring:comprn 1.37) CNG Flow(kg/hn} 1.11
zero-level: prioftset [bar] it 0.000 Air Flow(kg/hr) 734
poly-nicompression:uncorrecte 1.29 Exhaust Flow(kg/hr) 74.7
oly<nicompression.corrected 1.29 Exhaust Back Pressure (kPa) 10.8
oly-n‘éxpansioniiin¢orrected 1.39 EGR Fraction(%) 0.0
éxpansion:corrected 1.39
In-Cylinder Pressure Trace
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