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1. SUMMARY

This report presents the results of prototype manufacturing, rig
testing, application, and engine testing of a small advanced
technology turbocharger. The turbocharger features variable
turbine nozzles, ball bearings supported rotor system, self
contained lube system and & broad operating range compressor.
The purpose of the work was to show the potential benefits of
the subject turbocharger in enhancing specific fuel consumption,
emissions, and transient response of a diesel engine. The work
was accomplished through laboratory testing of hardware and
subsequent mathematical duty cycle simulation using the acquired

data,

The proposed turbochargef was manufactured and successfully

run on a turbocharger test rig. Compressor maps were generated
for several compressor trims with vaned and vaneless diffusers.
A turbocharger was successfully run for 53 hours on a John Deere,
239 cubic inch, four cylinder, diesel engine. Fuel consumption
and emissions data were obtained for this engine as well as the

"as received" turbocharged engine and the engine with no turbocharger.

Best gpecific fuel consumption was equal to or better than the

"as received" turbocharged engine. In general, the fuel consumption

was improved at all conditions except medium speed, medium to high




load where the original turbocharger was apparently optimized.
Emissions were responsive to turbine nozzle position. Closed
nozzles (producing higher turbocharger speeds and intake manifold
pressures) produced greater NO2 and less CO, hydrocarbons and
smoke than the baseline "as received" turbdpharged engine. Open
nozzles produced the opposite results. Tra;sient testing was

inconclusive.

Test data showed that the compressor was not well matched to the
engine, Further, the exhaust temperatures were much lower than
the initially assumed (1190°F max. versus 1600°F) design point.

The turbocharger was therefore rather poorly matched to the engine.

Data reduction also showed that more heat was béing transfered
from the turbine to the compressor than was anticipated. This
resulted in reduced intake manifold densities (than theoretically
possible with no heat transfer) and therefore, reduced air mass

flow.

The extremes of nozzle travel (generally t 10 degrees) did not

seem to produce the extremes of potential improvement.

The general conclusion reached is that, in spite of the poor

aerodynamic match and the adverse heat transfer condition, an

g
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. advanced turbocharger with variable area turbine nozzles, a
broad operating range compressor and very low loss anti-friction
bearings can produce lower specific fuel consumption, can "flatten"
the sfc versus engine speed (at constant horsepower) characteristics

and can be an effective control variable for emissions. A fully

developed turbocharger, appropriately matched, will give the

eﬁgine designer a new tool, heretofore not available, for matching
a diesel powerplant to a specific requirement while optimizing

fuel consumption and emissions. A more exhaustive effort, utilizing
a better matched turbocharger, is required to better define the

potentials.
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II. PREFACE

This work was authorized by contract DAAK70-78-C0031 administered
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Representative was, Paul Arnold. Robert Ware contributed valuable
reviews and suggestions. The effort was funded through the U. S.
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considerable overall guidance to the effort.

Dr. Koneru Tataiah of Southwest Research Institute, San Antonio,
Texas managed and supervised the engine test portion of the effort
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work was conducted in the Department of Engine and Vehicle Research,
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specific suggestions.
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For those areas that were predominately Southwest Research Institute
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I1I. INTRODUCTION
A. Purpose

The purpose of this effort was to demonstrate the
technical feasibility of using an advanced design
turbocharger (featuring variable area turbine nozzles
(VATN), a ball bearing supported rotor system, a self
contained lubrication system and a broad operating
range compressor) to improve specific fuel consumption,

emissions, and transient response of a diesel engine.

B. Background

1. summary of turbocharger design -

Aerodyne recognized the need for an improvement
in the state~of-the-art of small turbochargers,
pgrticulatly in the following areas:

* mechanical efficiency

* control

* bpearing life

* operating range
A design concept evolved that held promise for
improvements in the targeted areas. The turbo-
charger design concept features variable area
turbine nozzles (VATN), ball bearing supported

rotor system, a self contained lubrication system

and a broad operating range compressor.
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The broad operating range compressor, used in
conjunction with the VATIN, allows exceptionally
broad ranges of efficiently controlled operation
with respect to engine speed and boost pressure.
The VATN also provides additional turbine power
output for improved. transient response. Additjionally,
the low friction ball bearings provide dramatic
improvements in mechanical efficiency - reducing
the steady state turbine power requirement as well
as enhancing transient response. The ball bearings
provide a relatively "stiff" rotor system which
allows reduced blade tip rumning clearances -

thereby improving compressor and turbine efficiency.

Additionally, the rotor system is overhung placing
the bearings in the cool environment of the compressor
inlet. This allows a self contained, wick fed
lubrication system with the following benefits:
* no seals are required - any excess oil
(which is minimal) is simply passed through

the engine

* any shaft orientation can be run (including
vertical)

* engine oil and associated plumbing is not
required - contaminated engine oil or the
lack of engine oil is the primary cause of
bearing and seal failures in present turbochargers




* the bearing system is considerably less
complex than journal/thrust bearing systems

A detailed design of a specific turbocharger was

completed for a spark ignition engine. The design
point was chosen for what Aerodyne judged to be
future typical automotive requirements. The aero-
dynamic design point of the turbocharger was: a
corrected flow of 200 CFM (Q/, 3%%—9 at a compressor
pressure ratio of 2.3 (Rc) (vaned diffuser) and a
turbine inlet temperature of 2060°R at a fuel/air
ratio of .067 with compressor inlet loss of 1 inch
of mercury and a turbine discﬁarge loss of 6 inches

of mercury.

A cross-section of this turbocharger is shown in

'.,

Figure 1.

2. simulated rotor test rig

1

In order to verify the rotor/bearing/lube system

-

design approach a simulated rotor rig was constructed
and run. The details of this effort are presented

in Appendix "A".
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C. Program Breakdown and Scope of Work

This report covers the program outlined below as well
as the conclusions drawn from the results and the

recommendations.

The program,was broken down into the following major areas:

1. manufacture turbochargers

2. conduct bench tests to characterize the
turbocharger's operation

3. develop a mathematical model to predict fuel
consumption and emissions for small turbocharged
diesel engines for a selected automotive driving
cycle

4. select a commercially available test engine and
apply the turbocharger to it

5. conduct engine tests to define operating
characteristics at various VATN settings

6. predict fuel consumption and emissions, using
the developed mathematical model and actual

engine test data
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* IV. INVESTIGATION
A. Manufacture Turbochargers
The objectives of this effort was to make provision for
the materials, tooling, processing, and assembly necessary

for the manufacture of turbochargers.

A brief description of the turbocharger follows:

The rotor consists of an overhung back-to-back compressor/
turbine arrangement with the bearings located in the
relatively cool compressor inlet. The bearing is a full
complement instrument ball bearing with the inner raceway
being an integral part of the shaft. Slinger ramps are
provided, adjacent to the inner raceways, on which wicks
contact the shaft. These wicks, which are immersed in

a reservoir of oil, continually "write" a film of oil

on the slinger ramps during shaft rotation. The oil
reservoir is integrally cast with the compressor housing.
Centrifugal force then causes the oil to be "slung" from

the sharp intersection of the slinger ramp with raceway

onto the balls and outer raceway. Thus, a miniscule

flow of very clean oil is provided to the bearings during

operation. At rest no flow exists. A compression spring

preloads the bearings. The compressor wheel is captured
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axially and driven by an interference fit sleeve with
driving lugs that engage the cohpressor wheel. No seals

are required or used in the bearing system design.

A constant velocity scroll with a single discharge is
used to collect and deliver compressor air. A similar
type scroll is used for the turbine to prepare the gases

for the turbine nozzles.

The VAIN actuating mechanism is located in the air space
between the compressor and turbine and consists of:

* stamped sheet metal levers with a "D" shaped
indexing hole for mounting on the turbine
nozzle vane trunnions and engagement means
for locating in the coordinating ring. One
of the levers extends radially outward, having
provision for attaching a rod leading to an

actuator.

*  the VAIN bearing, which is a large bore ball
bearing with the outer race being the coordinating

ring with slots for engagement of the levers.
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An asbestos heat shield is provided between the
turbine backwall and the VAIN mechanism. The heat
shield and air space provide the heat transfer barrier

between the turbine and compressor.

The four major structural members are clamped axially
by a single 'V' clamp and are piloted such that thermal

expansion causes increased radial interference.

Turbochargers were successfully manufactured. Casting
tooling was procured that produced very high quality
castings. Purchased parts were of good quality and
were functionally accep;able. Tooling and fixturing
were fabricated in-house for machining, balancing, and
assembly. Outside sources were developed for those
tasks requiring very specialized equipment or skills.
Figures 2 through 11 are photographs of the resulting

parts.

There are 24 items, consisting of piece parts and sub
assemblies, which make up the turbocharger. They are

shown in Figure 12.
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FIGURE 4-COMPRESSOR BACKWALL

FIGURE 5- TURBINE BACKWALL
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FIGURE 6 - TURBINE BACKWALL WITH HEAT
SHIELD AND CONTROL LEVERS

FIGURE 7- TURBINE BACKWALL AND NOZZLES
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FIGURE 10- TURBOCHARGER CLAMPS

| FIGURE 11-0IL WICKS
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B. Bench Testing

The bench testing consisted of conducting oil/wick/
wick-shaft interface tests and running of complete

turbochargers.

1. Oil/wick/wick-shaft interface tests

The purpose of these tests was to
determine the oil flow rate of the
lubrication system (comparing results
with the result found on the rotor rig
test ran earlier) and to evaluate the
flow characteristics of two different
candidate oils as well as the selected

wick material.

The flow rate found after 231.5 hours of
single rotor rig test was .0069 cubic inches
of oil (Mobil DTE medium) per hour for the
two wicks. In this case the shaft was run
vertically with no opportunity for recir-

culation of the oil.

For the present test a test rig, simulating
the slinger ramps on rthe turbocharger shaft,

was utilized. The surface speed of the siingers

19
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represented a rotational speed of 130,000 RPM
of the turbocharger rotor. Twelve ramps were
incorporated on the test rig rotor. Provision
for 12 wicks and 12 graduated cylinders was
made. A photograph of this rig is showm on

Figure 13,

For these tests the original spindle oil
(Mobil DTE medium) and a turbine oil (Humble

Turbo 0il #2380-MIL-L-23699B) were used.

Two test conditions were run - the first
allowed the oil that was ejected from the
ramp to collect around the wick and there-
fore had an opportunity to recirculate. The
second condition shielded and drained the
wick so there was no opportunity for recir-

culation cf the oil.

The average of the results are as follows

(flow for two wicks):




RECIRCULATION ALLOWED

NO RECIRCULATION ALLOWED

Mobil DTE medium

.00135 in 3/hour

Humble Turbo 0il # 2380

.00128 in 3/hour

Mobil DTE medium

.00739 in 3/hour

Humble Turbo 0il # 2380

.00669 in 3/hour

FIGURE 13- 0IL WICK TEST RIG

PN
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After preliminary running of the rig to
establish pulley ratios, rotor speed and
overall operating characteristics, the wicks,
(first soaked in the appropriate oil) were
placed in the rig and adjusted for the
appropriate contact. The graduated cylinders
were filled with the selected oil and mounted
in the rig. Readings were taken on all
cylinders and the test was run continuously
for 138.5 hours. Following this test five
wicks were replaced and the rig set up to
eliminate the possibility of recirculation.

This test was run continuously for 136 hours.

2. Complete turbocharger testing
The purpose of this testing was twofold:

* Mechanical - Determine the basic integrity
of the turbocharger components and develop
the bearing system to the point that the
engine testing could be attempted with

some degree of confidence.

* Aerodynamic - Generate compressor maps and
verify turbine performance and its ability

to control power output through the VATN,

22
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The results of turbocharger testing were:
* Mechanical ~ The basic integrity of the
turbocharger components, as designed, was
shown to be adequate. There were no

failures of component due to steady or

vibratory stresses (other than bearing
failures). The rotor has been run (cold)
to a speed of 205,000 RPM. Lubrication
of the bearings proved to be adequate.

The bearing geometry had to be accurate

and balance requirements were very
important (as expected).

* Aerodynamic - Data was obtained to
construct complete compressor maps of
the "as designed" compressor as well as
"high flow" and "low flow' trims of the
basic compressor. These compregsors

utilized a vaned diffuser. Additionally,

a vaneless version of the "high flow"
compressor was tested and a compressor
map constructed. These maps are shown

on Figures 14, 15, 16, and 17.
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VANED-HIGH FLOW
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VANED-LOW FLOW
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Turbine testing was accomplished to the point
of verifying design goal efficiencies and
demonstrating the ability of the VAIN to
control power output and therefore rotor

speed.

In order to conduct the mechanical and
aerodynamic tests a complete facility,
including a data acquisition system, had

to be designed and built. An outline of
the features of this facility are presented

in Appendix C.
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Develop Mathematical Models

The objective of this effort was to develop mathematical
modeling techniques whereby the effects of turbocharging
on diesel engine characteristics could be predicted - both
from a theoretical standpoint and using actual test data
from an empirical standpoint. A further objective was to
utilize these predicted characteristics to evaluate the
effects of engine displacement and drive ratios on fuel

economy and emissions for a typical duty cycle.

A computerized mathematical model was developed to
theoretically compute the fuel used over the 13 Mode
Federal Diesel Emission Cycle for diesel engines.
Another computerized mathematical model was developed
to calulate the fuel used over the Federal Urban and
Highway Driving Cycles using empirical relations
developed from the turbocharged engine test data.

The model is based on empirical formulae derived from
experimental data of various engines by C. F. Taylor
(Reference 1 of Appendix D). The duty cycle is dividgd
into many short "steady state' conditions and the fuel
consumed at each condition calculated. Total fuel

consumption is the summation of all conditioms.

29
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This work was conducted by Southwest Research Institute
and the details of the effort are included in their

report which is attached as Appendix D.

D. Select Engine

The objective of this effort was to select a commercially
available four stroke diesel engine that would have a

swept volume rate (displacement X RPM) that would closely
approximate the pressure flow characteristics of the
proposed turbocharger compressor. Secondary considerations
such as availability, being previously turbocharged, etec.

were included.

A John Deere, 4 cylinder, direct injected, turbocharged
engine was selected. It's displacement is 239 cubic inches

and maximum speed is 2500 RPM.

PCLEIEr S oy

This work was conducted, in large part, by Southwest

Research Institute and the details of the effort are

included in their report which is attached as Appendix D.

E. Engine Performance Tests

The objective here was to conduct engine performance tests,

collecting fuel consumption, CO, NOZ, HC and smoke emissions F

30
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l data for the baseline turbocharged engine, the engine
with no turbocharger and with the Aerodyne turbocharger
at various VATN settings. Additionally, transient

response characteristics were to be evaluated.

After a "break-in'" period a matrix (speed-load) of engine
data was obtained for the turbocharged engine "as-received"
and without the turbocharger. Then, with the Aerodyme
turbocharger installed, the same speed-load matrix testing
was accomplished for three different turbine nozzle settings
{ at each speed-load point. Transient tests were conducted.

A total of 53 hours of testing was accomplished with the
Aerodyne turbocharger. Figures 18, 19, and 20 graphically

summarize the results of the performance testing.

oere Nt

This work was conducted by Southwest Research Institute

porae

and all of the reduced test data and the details of the

effort are included in their report which is attached

as Appendix D.

1 F. Predict Fuel Consumption

The objective was to show the potential improvements

-

available through turbocharging with an advanced technology

turbocharger in a typical automotive duty cycle. Two

31
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primary sources of improvement would be utilized.

At any given engine operating point (load/
speed), optimize the VATN setting to produce
minimum fuel- constmption.

Through final drive ratio changes, cause

the engine to operate at various BMEP levels.
This will cause variations in internal engine
friction as well as basié overall thermodynamic
efficiency. As the engine is forced to run
slower and slower, performance would be made

up through higher levels of turbocharging.

This effort was conducted via the previously developed
computerized mathematical model for the Federal Urban
and Highway Driving Cycle using empirical relations
derived from the engine test data. The results of this
analysis are shown in Figure 21, which is a plot of fuel
consumption versus final drive ratio (expressed as engine

speed/vehicle velocity) at optimum turbine nozzle positionm.

This work was conducted by Southwest Research Institute.
The results of the analysis and the details of the effort

are included in their report which is attached as Appendix D.
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V. DISCUSSION

A. Manufacture Turbochargers

The assembly of the Aerodyne turbocharger is simple and
quick (particularly compared to normal turbochargers).
While the VATN adds to the complexity and assembly time,
this is outweighed by the simplicity of the bearing system
and lack of a bearing housing, thrust plates and washers,
piston rings and "0" rings. In-house studies indicate
that little or no cost difference exists between this

design and a typical wastegated turbocharger.

The Aerodyne turbocharger weighs about 10.5 pounds compared

to 16-17 pounds for similar flow size commercially available

ey

turbochargers. At this point, all parts in the turbocharger
can be produced on a prototype basis. The turbocharger
was designed with producibility as a keystone design

objective. All indications are that all parts can be

s

mass produced readily.

B. Bench Tests
The wick testing supported the basic lubrication system
design approach. Adequate consistency was demonstrated.

Allowing the oil to recirculate reduced the consumption

by a factor of perhaps five and may prove to be a means
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of minimizing oil consumption.

Mechanically, the turbocharger proved to be sound. Quite
often turbomachinery is beset with vibratory stress problems
leading to fatigue failures. To date no such problems have
been found. The demongtration of 205,000 RPM (about 80
percent overspeed) produced a permanent set of about .004
inch in the compressor wheel but showed the basic integrity
of the rotating components. The turbocharger was once
operated for about three hours at 110,000 RPM at the lowest

attainable flow (about 32 CFM) with no detrimental effects.

The compressor maps produced with the basic compressor
hardware are unique. While backward curved blading is
known to produce a less pronounced surge, the familiar
compressor map surge line still exists and operation to

the left of this line is not practical. The characteristics
of this compressor hardware are such that the surge line

is very difficult to define and, more importantly, operation
to its' left, on the map, produces no ill effects. The

air produced in this region of the map is very usable

by an engine (as practically demonstrated on the John

Deere engine). What this allowes is the turbocharging

of an engine at any speed so long as the turbine can

produce the required power.
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The compressor efficiencies demonstrated in these tests
(for the "as designed" and for flow trim modified
compressors) are as good or better than published data
for similar flow compressors. The design flow compressor
achieved a peak efficiency of 76 percent. The vaneless
configuration achieved about equal peak efficiency with

published data but showed a much broader operating range.

As a means of providing comparitive data, a compressor
map was constructed for the turbocharger received with
the test engine. The data was obtained on Aerodyne's
test rig using the same instrumentation as on all other

tests. This compressor map is shown on Figure 22.

Sufficient turbine performance data was obtained to

show that the design goal peak efficiency of 75

percent was met and that the VAIN produced radical
changes in power output while maintaining good efficiency.
Evaluation of the turbocharger, with VAIN, on an engine,

from bench test data was beyond the scope of this effort.

"First order" estimates of turbine performance were made
from the data taken at both Southwest Research Institute

and Aerodyne. The results of these estimates are shown

oA YA s WA ) O N T M
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on Figure 23, The SWRI results were calculated as

follows:
Using measured compressor pressure ratio and
corrected airflow in conjunction with the compressor
efficiency from the map generated at Aerodyne for
this compressor, the required work was calculated.
Measured turbine inlet temperature, turbine inlet
pressure and turbine exit static pressure were
then used to calculate ideal turbine work, corrected
turbine flow and V' (isentropic jet velocity).
Turbocharger speed was deduced from the compressor

map since many of the speed readings seemed suspect.

A similar method was used to calculate turbine efficiency
from the results of three different compressor component
tests. Figure 23 shows that the Aerodyne data was all at
conditions greater than the optimum U/V' (U=turbine

rotor tip speed) and all the SWRI data was taken at U/V'
values less than optimum (classically, this curve normally
shows a peak efficiency in the range of .65 to .70 values
for U/V'). Therefore, the maximum efficiency of the turbine
was not observed. It is felt that,from the data plotted

in Figure 23, the maximum total-to-static efficiency

might be in the 77 to 78 percent range. This would reflect

41

e ST W AR AT T




4+ © X

7zTS ~TOTAL-TO- STATIC EFFICIENCY~%

Closed Nozzles

Nominal Nozzles

Open

Nozzle Position Undefined

(SWRI Engine Tests)

Nozzles

(Aerodyne Compressor Mapping)

80[
+
X +0 Ao
70 —
+$ .o °
& * * [ ]
60 ﬂ)( . %o
. L
50
X
a0l ]
5 6 T .8 9

U/V~ROTOR TIP SPEED/ISENTROPIC JET VELOCITY

FIGURE 23 - MEASURED TURBINE EFFICIENCY o

42 '

AV TR ) AP Y0 T T




peak total-to-total efficiency of about 80 percent.

Engine Performance Tests

The turbocharger design was complete before the contract
was begun and the engine was selected to match the
anticipated flow characteristics. The aerodynamic
design point was: a corrected compressor flow of

200 CFM at a compressor pressure ratio of 2.3 and a
turbine inlet temperature of 2060°R at a fuel/air ratio
of .067 with compressor inlet loss of 1 inch of mercury

and a turbine discharge loss of 6 inches of mercury.

The engine testing produced compressor pressure ratios
that were generally much lower than design point and
the maximum turbine inlet temperature encountered was
only 1650°R. Secondary differences were that the
design point losses were not reached in the engine
testing. Therefore, while complete turbine maps are
not available, it must be assumed that the turbine

was operating far from peak efficiency. Review of
the actual engine pressure/flow characteristics
plotted on the actual compressor map (see Figure 24} reveal
that the compressor flow potential was greater than

optimum., The maximum engine speed line (2500RPM)




should have been further to the right such that the
2000 RPM line was in the peak efficiency area of the

compressor map.

Also, since the turbine data did not show a peak in
turbine efficiency (see earlier discussion of turbine
efficiency versus U/V'), it can be concluded that the
turbine and compressor aerodynamic matching can be

improved thereby producing higher turbine efficiencies.

The back~to~back compressor/turbine arrangement, of
necessity, brings the turbine and compressor flowpaths
in close proximity to each other, thereby producing the
opportunity for transfer of heat from the turbine to

the compressor. For turbocharging a diesel engine

this i{s an adverse condition since the added heat in
the compressor flow results in a density decrease
(opposite the desired result). The turbocharger, as

designed, incorporates an air gap and an asbestos heat

shield as a barrier to heat flow. However, there is
a rather direct metalic path for heat flow at the outer

diameter of the turbocharger where the piloting and

clamping of the compressor and turbine stationary parts -

takes place. Compressor discharge temperature data on '1




the test engine did not match the theoretical temperature
that would be calculated from the compressor map - showing
that heat transfer was taking place. This heat transfer
was of such a magnitude that a significantly adverse effect
on airflow resulted (see Figure 24). An analysis of the

engine performance penalties resulting from the heat trans-

fer is beyond the scope of this effort. A number of ways

exist to modify the heat transfer characteristics, including;

slots, additional barriers and material changes.

The "as designed turbocharger was capable of plus or
minus 11 degrees of turbine nozzle vane travel. Some of
the initial testing was conducted at plus and minus 8
degrees as well as nominal. Later testing was at plus
and minus 10 degrees (and nominal). The engine test

data reveal that the potential improvements (or penalties
for that matter) had not yet been reached, under most

operating conditions, at even the 10 degree extreme

of motion. In other words, additional turbine nozzle

travel would have produced an additional incremental

and direction of movement) in specific fuel consumption

and emissions.
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Taking the above into account (poor compressor and turbine
match, excessive heat transfer and the potential for
utilizing even more turbine nozzle travel) and the fact

that this was not a fully developed turbocharger - the

TR A

specific fuel consumption results were very encouraging.
The specific fuel consumption was improved over nearly

the entire load/speed range of the engine (except medium

ey

speed /medium to high load where fuel consumption was about
equaled) compared with the "as received" engine. Emissions,
which are primarily sensitive to fuel/air ratio at a given

speed/load condition, could be made better or worse through

s

nozzle position changes. It is estimated that an additional
four percent improvement in sfc can be achieved through a
rematch of compressor and turbine. Reducing the heat
transfer and providing additional nozzle travel should
produce an additional two to three percent improvement at

the extreme operating conditions.

D. Predict Fuel Consumption

The analysis shows clearly that very significant improve-
ments in fuel consumption are available through turbocharging -
particularly via drive ratio changes (causing the engine to

run slower and at higher BMEP). Performance is made.up

through turbocharging. A strong secondary influence that

e e
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is available using an advanced turbocharger, such as
the present one, is through the optimization of fuel/
air ratio, manifold pressures and the like by means
of the VATN. Unfortunately, the model did not predict
the degree of turbocharging Fequired to maintain per-
formance as drive ratios were changed. However an
advanced turbocharger can more readily achieve this
goal because of its ability to produce boost at very
low engine speeds. Additionally, in light of the
discussion in the previous section, adequate
opportunity exists for even further improvements

in fuel consumption via turbocharger performance

improvements.
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CONCLUSIONS

A, Manufacture Turbochargers

1.

Turbochargers of this design were built using present

day manufacturing techniques and were successfully opefated.
The manufacturing techniques used lend themselves to

mass production techniques and studies show that cost
would‘be comparable to present technology tu;bocbargers.

The Aerodyne turbocharger is inherently lighter in

weight than present technology turbochargers owing

largely to the lack of a separate bearing housing.

B. Bench Tests

1.

The bearing system allows stable rotor operation
throughout the operating range of the turbocharger.
Compressor blade tip clearance of .005 inch and
turbine blade tip clearance of .008 can be run with
no interference.

The lubrication system provides adequate lubrication
for the bearings with enough oil in the present
turbocharger reservoir for at least 680 hours of
high speed operation.

Compressor efficiencies equal or exceed present
equivilent flow turbocharger compressors, but,

with a broader operating range. No defined surge
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exists and operation to the left of stall is
practical.

4, Turbine efficiencies met design goals.

5. The VATN produced large changes in power output,
but effects could not be evaluated at this stage
of testing.

6. There are no inherent detrimental vibration
or stress problems with any component or assembly

of the turbocharger.

C. Mathematical Models

1. The present model gives a good representation of

the relative effects on fuel consumption of
turbocharging and final drive ratio changes.

2. The model does not address emissions.

3. The model does not predict maximum turbocharging

levels required to meet minimum performance requirements.

D. Engine Performance Tests

1. An advanced turbocharger with VATN can produce
significant improvements in specific fuel consumption
including a "flattening" effect on specific fuel

consumption versus load at a constant engine speed

or specific fuel consumption versus speed for a
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congtant power level.

2. The aerodynamic match of both the compressor and
turbine of the present turbocharger was poor.

3. The heat transfer from turbine to compressor
was excessive.

4, Plus and minus 10 degrees of VAIN vane excursions
was not adequate to show the extremes of potential
improvement.

5. A VATN system can significantly affect emissions
via A/F ratio control.

6. An extremely broad range of pressures and air

. flows can be run with this type turbocharger.

E. Predict Fuel Consumption

1. Turbocharging can be used to effect dramatic

improvements in fuel economy for a diesel engine

in an automotive application.
2. An advanced turbocharger with VATN can produce
very significant secondary improvements in fuel
economy.
3. Fuel economy improvements are almost proportional
to drive ratic changes. Performance must be regained

through a greater degree of turbocharging.
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F. General Conclusions

An advanced technology turbocharger can be developed that
will be considerably more effective than present technology
turbochargers for improving fuel consumption and optimizing
emissions for automotive diesel engines. The turbocharger
would weigh about 65 percent of present wastegate turbo-
chargers. It would not be dependent on engine oil for
lubrication. The cost 1is approximately equal to present

wastegate turbochargers.
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VII. RECOMMENDATIONS
The following areas need to be investigated to fully demonstrate
the concept and its potential as well as answer any questions con-

cerning mechanical integrity.

A. Conduct analytical studies and a design effort to define a
heat transfer barrier system that will minimize the transfer

of heat from the turbine to the compressor.

B. Conduct analytical studies and design efforts to aerodynamically
rematch (using present hardware) the turbocharger to the John

Deere diesel engine., This would include provision for additional

turbine nozzle travel.

[

C. Build a turbocharger with the defined components from A and

[T omy

B above, apply the turbocharger to the John Deere engine and

re-run all fuel consumption and emissions tests,

D. Extend the mathematical model to include emissions prediction.

E. Define and carry out a program to define the balancing tolerance

of the individual rotating components as well as the assembled rotor.
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Define and carry out a program that will result in a definition
of the tolerance range for the major variables within the bearing

system.

Develop a program aimed at utilizing the VATN to minimize adverse
transient response effects of a turbocharged engine. This would
include:
* A mathematical model to simulate the engine/turbocharger
system that would show the effects of the VATN, bearing
losses, intake and exhaust volumes, intake and exhaust

temperatures and rotor inertia.

* Verification of analytical modeling techniques via

dynamometer testing.

* Definition of an optimum engine/turbocharger system,

including turbine nozzle and fueling scheduling.

* Manufacture and testing of the defined engine/turbo-~

charger system.,
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APPENDIX A

SIMULATED ROTOR TESTING

The simulated rotor test rig is shown on Figure Al. The rotor
was machined from solid stock with the inner raceways being
identical to the turbocharger as designed. Shaft diameters
were the same as on the turbocharger. The two disks were
located at the calculated centers of gravity of the compressor
wheel and turbine wheel, and were of the same calculated

masses and moments of inertia.

This rotor was housed in a bore identical to the turbocharger

design with the same outer races and preload spring. It was

| S

driven by a small turbine on the end opposite the bearings.

Sammprtamid

The rotor was operated up to 125,000 RPM for a total of
1,000,000,000 revolutions (231.5 hours at average speed of

72651 RPM). A plot of the speed history is shown on Figure A2,
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FIGURE Al - SIMULATED ROTOR TEST RIG
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APPENDIX B

OIL/WICK/WICK-SHAFT INTERFACE TESTS

Recirculation Allowed

Mobil DTE medium Humble Turbo 0il #2380
Wick # 011 Consumed Wick # 0il Consumed

1 2.1 ml 7 1.7 ml

2 1.5 ml 8 2.8 ml

3 1.6 ml 9 .6 ml

4 2.1 ml 10 1.4 ml

S .7 ml 11 .7 ml

6 1.2 ml 12 1.5 ml

No Recirculation Allowed

Mobil DTE medium Humble Turbo 0il #2380
Wick # 0il Consumed Wick # 0il Consumed
6.8 ml 1 6.5 ml
8.6 ml 2 6.2 ml
5 7.4 ml 7 8.6 ml
11 9.6 ml 9 9.8 ml
12 8.8 ml 10 6.2 ml
58
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APPENDIX C
TEST FACILITY

Hot gas, to drive the turbine, is provided by Cummins NH 250
diesel engine illustrated in Figure Cl. A G-Power water brake
dynamometer is utilized to load the engine and to control the
exhaust temperature. The exhaust is discharged from the exhaust
manifold into a 80 gallon tank to minimize pulsation as shown

in Figure C2. From this tank the gases are directed through

a six inch dfameter pipe to a transition duct. This transition
duct forms the passage from six inches diameter to the size

and shape of the turbine inlet and provides for turbine inlet
condition instrumentation and mounting of the turbocharger.

The engine is in one room and the turbochargerAis mounted in

an adjacent room, A duct is provided at the turbine discharge
to direct the gases from the turbocharger to a much larger vent
duct, that is evacuated with a blower, leading to the roof. The
turbine discharge duct incorporates manually operateé butterfly
valves (to control backpressure for Reynolds Number investigations)
and provisions for turbine discharge condition instrumentation.
The vent duct draws air from the test room (as well as turbine
discharge gases) allowing fresh air from another vent to enter

the room. A Meriam "laminar flow meter'" is used to measure engine




FIGURE CI - CUMMINS NH250 DIESEL ENGINE
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airflow (and therefore turbine airflow).

The compressor inlet ducting consists of a Meriam "laminar flow
meter” followed by an eight inch diameter plenum (settling station)
followed by a bellmouth entrance to the turbocharger and is

shown in Figure C3. Compressor inlet condition instrumentation

is incorporated in the plenum. The compressor exit ducting is

illustrated in Figure C4 and consists of a short section of

square tubing (with one end matching the compressor discharge

size and shape) branching into three square tubes of different
sizes. Each of these tubes contains a manually operated butterfly
valve for controlling the pressure/airflow characteristics of the

compressor.

A manually operated spur gear and lever system controls the

position of the VATN.

The instrumentation used to measure overall performance is as
follows:

* One Meriam model 50 MC2-4F laminar flowmeter including
three thermocouples and two static pressure taps, to
measure diesel engine airflow.

* Two static taps in the 80 gallon plenum to measure

turbine inlet total pressure.
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* Four total thermocouples at the turbine inlet to
measure turbine inlet total temperature.
* Nine rotal temperature thermocouples at the turbine

exit to measure turbine discharge total temperature.

T AP AL o

* One Meriam model 50 MC2-4F laminar flowmeter, including
three thermocouples and two static pressure taps to
measure compressor airflow.

* Four static pressure taps in the compressor inlet
plenum to measure compressor inlet total pressure.

* Four thermocouples in the compressor inlet plenum
to measure compressor inlet total temperature.

* Nine total pressure probes in the compressor discharge
duct to measure compressor discharge total pressure.

* Four static pressure taps in the compressor discharge
duct to measure compressor discharge static pressure.

* Nine total temperature thermocouples in the compressor
discharge duct to measure compressor discharge total

temperature.

A Hewlett-Packard 3052-A data acquisition system in conjunction
with a 96 channel scanivalve is used to acquire the raw data and
subsequently to perform calculations on the acquired data. The

entire data acquisition system consists of:




HP 9825A desktop computer

HP 3495A scanner

HP 3455A highspeed digital voltmeter

HP 5301A counter

HP 9871A printer

. Scanivalve-MSS2-48C9 multiple scanivale system

Calibration is conducted via the data acquisition system. All
thermocouples were manufactured from the same lot of thermo-

couple wire for which calibration data was obtained (from 0° F

through 600° F) from the supplier. This calibration data is
programmed in the computer to correct the standard Bewlett-Packard
subroutine for calculating temperature from thermocouple voltage.
Additionally, a thermocouple calibration check program was written
and is used prior to and following each test. This procedure
entails obtaining a listing of all thermocouple calculated
temperatures with the thermocouples immersed in both ice water

and boiling water. Similarly, a compressor discharge total
pressure probe check program was)written and 1is used prior to

and following each test. For this check the pressure rake is

removed and placed in a special fixture., After a rapid increase

in pressure (applied with a variator) each probe is '"looked at"

via the scanivalve and a listing of the pressure is obtained.
The objective here is to ensure that all probes are responsive

to pressure changes and no plugging exists. The pressure
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transducers (a low pressure C-10 psi and a high pressure 0-100
psi) are calibrated via the data acquisition system, mercury
manometers and a barometer. Manometer and barometer corrections
for ambient temperature (both mercury and scale expansion) and
latitude are included in the computer calibrations. Three
reference pressures establish the slope of the pressure versus
voltage line (ambient pressure and two manometer settings).
Before these are established a zero voltage output is carefully
set for ambient pressure. The accuracy of this system is well
within:

* pressure readings accurate to less than .00l psi

* pressure sensitivity less than .0003 psi

* temperature reading accurate to less than .25°%F

* temperature sensitivity less than .1°F
A program was written to monitor compressor performance
(based on a small sampling of data), acquire data from all
instrumentation when the desired stability had been achieved,
and to calculate and print overall performance characteristics
(including corrected and actual conditions). The data is
collected in approximately 11 seconds and the results are

printed in about 25 seconds from the initiation point.

A schematic of the test facility is shown on Figure CS5.
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SUMMARY

The objective of this program was to evaluate the performance

characteristics of a variable nozzle area turbocharger developed by

Aerodyne Dallas. This turbocharger was tested on a small diesel engine
(John Deere Model 4239T) in a test cell at Southwest Research Institute.
This engine was originally equipped with a conventional turbocharger
manufactured by AiResearch. The baseline tests were performed with
this conventional turbocharger under several steady state conditions.
The tests with the variable nozzle area turbocharger included steady
state as well as transient operation. The emphasis was placed on power
output, fuel economy and exhaust emissions.
The regulated exhaust emissions were determined over the
Federal 13-mode Diesel Emission cycle. The measurements of smoke in
percent opacity were made at eight different steady state conditions.
A mathematical model was developed in order to predict the
; fuel economy benefits of a variable nozzle area turbocharger in vehicular
‘. applications.
As expected, the turbocharger increased the maximum power

Pas——.
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output and significantly improved the fuel economy at full load conditioms.
However, at low speeds, the variable nozzle turbocharger did not
consistently produce relatively high boost pressures; but the fuel

economy with this turbocharger was significantly higher than that with

the conventional turbocharger. This lack of consistency was probably

due to difficulty in reproducing the same nozzle position under repeated
conditions. The higher fuel economy (or lower BSFC) might be a result

of the lower backpressure produced by the turbocharger.

The transient response of the engine did not significantly

vary with changes in the nozzle area. However, the nozzles had enough
control over the peak boost pressures so as to eliminate the need for
a "waste gate" in the exhaust system.

As to the emissions, both turbochargers decreased hydrocarbons




and carbon monoxide and increased oxides of nitrogen. Also, smoke was
reduced over the entire range of the engine. The variable nozzle
turbocharger operating at one of its extreme ends (+ 10° nozzle position),
was somewhat better in improving the fuel economy of the engine. This
was attributed to the higher air-fuel ratios it maintained.

In general, the compressor efficiency of the variable area
turbocharger was lower than that of the conventional turbocharger,

indicating that this first generation turbocharger has room for further

design improvements.
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I. INTRODUCTION

g

The advantages of a turbocharger (TC) to an internal combustion
l engine are well known. It increases the maximum mean effective pressure
and resultant maximum power output. It improves the specific fuel
, consumption by raising the mechanical efficiency under full load conditions.
The fuel economy under part-load conditions can also be improved with a

turbocharger by increasing the mean effective pressure and decreasing

the engine speed without decreasing the desired power output. 1In spite
of these benefits, the present-day turbocharger has limited pressure boost

capabilities under low speed conditions. To overcome this difficulty,

a turbine nozzle can be designed to improve the low speed pressure boost
characteristics. If this route is taken a 'waste gate", which wastes

the exhaust and its energy, has to be provided at higher speeds and loads.

0w e T i

In other words, one nozzle design is not adequate for optimum performance
throughout the engine range. Therefore, a variable area nozzle was
conceived to eliminate these problems. This type of TC can produce
higher boost pressures at low speeds by changing the nozzle area and does

not require a waste gate at high speeds. Aerodyne Dallas, as the prime

o ey

contractor, developed such a turbocharger for use on small intermal

combustion engines. Southwest Research Institute, as a subcontractor,

¢_.-'

tested this turbocharger on an engine and determined its influence on

fuel economy and emissions in a diesel engine under various loads and

speeds. Also, the transient response with two different nozzle areas

(positions) were examined. The results of this study are presented in
this report.

The scope of this program was limited to testing the engine

and turbocharger system in a test cell. In order to make predictions

l with respect to fuel economy in vehicular applications, some mathematical
models were developed in this study and their results are also discussed
l here.

In the beginning of this program a diesel engine had to be

et g
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selected to match the variable area nozzle turbocharger which was being
developed by Aerodyne Dallas. An engine equipped with a conventional
turbocharger was chosen with the intention of comparing the performance

of this conventional TC with that of the test TC. The procedure followed

for choosing this engine is described in Appendix A.




s

II. BASELINE TESTS

Before any testing was commenced, the engine was subjected
to a systematic break-~in. This consisted of operating the engine
initially on a stepwise schedule from idle to full load and speed, and
later running it at only steady conditions of rated load and speed.
During the break-in, the operating variables were recorded at four
hour intervals. In order to determine whether the break-in process was
complete or not, the BSFC and high idle fuel consumption were plotted
with respect to time, and this plot is shown in Figure 1. Although
there is some scatter of results on these plots, it appeared that both
BSFC and high idle fuel consumption reached a plateau at about 100 hours
time after which the break-in was discontinued.

The baseline tests were performed under steady-state conditions
with and without the production turbocharger at 1000, 1500, 2000, and
2500 rpm. The maximum load at each of these speeds was determined either
by the upper limit of the fuel pump rack travel or by a chosen minimum

air-fuel ratio of 20. The part loads at any one speed were set at 75,

50, and 25% of the full (maximum) load. The engine was operated at each

of these speed-load combinations until the conditions were stabilized

and various measurements were made to determine the performance

characteristics of both the engine and the turbocharger. The recorded

data and computed results of these tests are shown in Appendix B. The

properties of the fuel supplied to the engine are also included in this

appendix. .
Also the conventional emission tests were performed with and

without the production turbocharger and these will be discussed in a

following section on emissions tests.

Performance Characteristics

The important results of these baseline tests were extracted
from tables in Appendix B and are shown in Figures 2 through 5. The

variation of power output and fuel economy is depicted in Figures 2 and
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FIGURE 1 - VARIATION OF HIGH IDLE FUEL CONSUMPTION AND BSFC
WITH RESPECT TO BREAK-IN TIME
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3. These two figures indicate that at higher speeds, the turbocharger
increased the power output of the engine quite significantly (almost
100%Z) and lowered the brake specific fuel consumption. The decrease
in brake specific fuel consumption is mainly due to improvement in
mechanical efficiency which is defined by

ng = ——DPB__
Bhp + Fhp

where Bhp
Fhp

brake horsepower

friction horsepower

Under turbocharged conditions, the friction horsepower also
increases, but not at fast as brake horsepower. If the friction

horsepower increases as a lower rate than brake horsepower, the

mechanical efficiency increases and thereby reduces the fuel consumption.

Another factor which also contributed to the lower specific

fuel consumption was the decrease in fuel-air ratio with the turbocharger

in operation. This decrease in fuel-air ratio improves the indicated

thermal efficiency. At the engine conditions of interest, the increase

in fuel economy is on the order of 2~5%. However, at lower speeds and

lower loads, the turbocharger increased the brake specific fuel

consumption, although the power output is slightly higher. This is

probably due to relatively high exhaust backpressures at low load

conditions. The slow rise in the maximum power output curve around

1500 rpm with the turbocharger is due to the limit set on air-fuel

ratio (20).
As expected, the volumetric efficiency of the engine (Figure 4)

decreased with increasing speed. However, the turbocharger reversed

this trend above 1500 rpm.
Figure 5 indicates that the compressor isentropic efficiency

and the pressure boost increased with speed and load, and the compressor

efficiency was very low at low speed (1000 rpm) and low load (30 psi

‘ BMEP). These results and Figure 2 clearly indicate the limitations of

the fixed geometry turbocharger.

Y S
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IIT. TESTS WITH VARIABLE NOZZLE

Turbocharger

The primary objective of these tests was to evaluate the
performance characteristics of the Aerodyne turbocharger. This
turbocharger was expected to yield higher boost pressures at low speeds,
improve transient response, and produce more efficient control of
peak boost pressures. In order to examine these features, a number of
tests were conducted under steady state and transient conditions with
different turbine nozzle positions (or areas). The steady state tests
were further classified into maximum power output (full load) and part

load tests. The maximum power output tests are discussed here first.

1. Maximum Power Output

The tests in this series were run between 750 and 2500
rpm with fuel rack position at maximum fuel delivery and turbine
nozzle position at 0 and +10 degrees. The latter position set the
nozzle area to a minimum. Altogether, a total of 12 tests were run, and
the results are shown in Appendix C. The performance of the system was
measured by the power output, brake specific fuel consumption, exhaust
to intake pressure ratio, boost pressure, air flow rate, and air-fuel
ratio. The foregoing variables, BMEP and turbine speed, are graphically
shown in Figures 6 and 7.

The boost pressure, air flow rate, air-fuel ratio and
turbine speed varied with nozzle position and were generally higher
with +10 degrees setting at all speeds. However, in the cases of
maximum power output, exhaust to intake pressure ratio and brake
specific fuel consumption, the results were mixed. The power output
and specific fuel consumption were better only at low speed with +10°
setting. Also, the specific fuel consumption with both settings increased
rapidly below 1000 rpm.

At higher speeds (above 1700 rpm) the decrease in

© Y TN R W L N Ay e
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power output and fuel economy with +10° setting was probably due to
two factors: 1) increase in exhaust to intake pressure ratio (Figure 6),
which affects the frictional power loss, and 2) the constancy of the

amount of fuel supplied to the engine in both nozzle positions.

2. Part Load Tests

Next, tests were performed under essentially the same
load and speed conditions at which the baseline tests with the
conventional turbocharger were conducted. These load-speed combinations

are given below:

Speed Beam Load Torque
RPM Lb. Lb-ft
1000 31.0 40.7
1000 61.0 88.0
1000 93.0 122.0
1000 ' 124.0 162.8
1500 26.5 34.8
1500 53.0 69.6
1500 79.5 104.4
1500 106.0 139.2
2000 35.0 50.0
2000 70.5 92.6
2000 105.0 137.9
2000 140.0 183.8
2500 37.0 48.6
2500 73.5 96.5
2500 111.0 145.7
2500 148.0 194.3

3. Influence of Nozzle Position

The effect of nozzle position for each load-speed
combination 1is graphically shown in a figure following each table.
Shown in these figures (D-1 through D-16) are BSFC, air-fuel ratio,




rate of fuel flow, air flow, compressor pressure boost, exhaust-intake
pressure ratio, turbocharger rotor speed, and compressor isentropic
efficiency. The results obtained in baseline tests with the AiResearch
turbocharger are also indicated in these figures as bars originating
from the ordinates. The isentropic efficiency was calculated using the

following definition taken from Reference 1:

.285
Ez )
© T, =T
where N, = compression isentropic efficiency

Ty = compressor inlet absolute temperature
Ty = compressor ocutlet absolute temperature
Py = absolute pressure at compressor inlet

P> = absolute pressure at compressor outlet

In all tests, air flow rate, A/F, compressor efficiency, rotor speed,
and compressor pressure boost varied with the nozzle position, and size
of the variation depended on speed-load condition. The ratio of exhaust
to intake pressure also varied slightly. A summary of brake specific
fuel consumption results for all speeds and loads is shown in the

following table:

Summary of Brake Specific Fuel
Consumption Results

Nozzle Position

Speed Load BMEP
RPM Lb psi -8 and -10 0 +8 and +10
1000 31 25.7 571 .574 .576
61 50.6 .450 .448 .437
93 77.1 .433 .430 424
124 102.8 L4628 .422 . .420
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1500 26.5 22.0 .616 .632 .650
53 44 473 .471 473

79 65.5 .409 412 L4111

106 87.9 .398 .397 .390

2000 35 29 .611 .615 .629
70.5 58.5 .453 .449 .456

105 87 .405 .404 .398

140 116 .393 .375 .372

2500 37 30.7 .654 .653 .697
73.5 61 .487 : .491 .499

111 92 L4111 .404 .408

148 122.7 .394 .395 . 382

4, Comparison with Fixed Nozzle TC Results

The fuel economy (BSFC) and air flow rates determined
for these two turbochargers under part-load conditions are summarized in
Figures 8 and 9. These figures show that at low speeds the fuel economy
with the Aerodyne turbocharger set at C° nozzle position was significantly
higher than that with the AiResearch turbocharger, and at higher speeds
the differences were not significant. Similarly, one could compare the
results of +10° nozzle position to those of AiResearch turbocharger.

Also, it was expected that the Aerodyne turbocharger would
produce significantly higher boost pressure at lower speeds. But it did
not produce this higher boost consistently with +10° nozzle positon.
This lack of consistency was probably due to difficulty in reproducing
the same nozzle position. A related parameter, air flow rate, was also
compared. At higher speeds (2000 rpm and above) the Aerodyne turbocharger,
set at +10° nozzle position, had a higher flow rate than the conventional
turbocharger, but at other conditions the flow rate was lower.

In view of the early development status of the Aerodyne
turbocharger, it is best to judge its performance by comparing its
overall performance against its own performance derived with a fixed
nozzle position. The object of the foregoing comparison with the
conventional (AiResearch) turbocharger was to explore whether there is
any room for further improvement in the basic design of the Aerodyne
turbocharger. It appears from the low speed test vresults discussed

earlier that there is some room for further improvement since compressor
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efficiency of the Aerodyne turbocharger was lower than the conventional.
However, at 2500 rpm, and full load, the boost pressure ratio of the
Aerodyne device could be controlled between 1.5 and 2.29 by varying

the nozzle position. This range is probably adequate to eliminate the

use of a "waste gate' under these conditionms.

S. Transient Tests

In these tests, load, speed, and fuel flow were recorded
using the instrumentation described in our previous report. Two
different sets of tests were performed with nozzle settings at zero and
10°. In the first set, load was kept constant at 25 lbs. and fuel was
supplied as a step function. The engine's speed response was recorded
and is shown in Figure 10 for both settings. The response seems to be
the same in both cases although one notices some delay for the fuel
flow instrument to react.

In the second set of transient tests, the locad was
placed as step function and the response of fuel flow was recorded
(Figure 11). Again, the differences in fuel flow response between zero

and 10° nozzle settings were insignificant.

-20-
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FIGURE 10 - SPEED RESPONSE OF THE ENGINE FOR A STEP INCREASE
IN FUEL INPUT WITH THE AERODYNE TURBOCHARGER
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FIGURE 11 - FUEL CONSUMPTION OF THE ENGINE FOR A STEP INCREASE i
IN LOAD WITH THE AERODYNE TURBOCHARGER ‘
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Iv. EMISSIONS TESTS

The Emission tests are divided into two classes: 1) conventional
and 2) smoke tests. The conventional emissions include hydrocarbons (HC),
carbon monoxide (CO), and oxides of nitrogen (NOx). These results will

be presented first.

A) Conventional Emissions

The baseline tests were conducted with and without the
production turbocharger. In each case, the emissions were determined by
the standard 13-mode Federal Diesel Emissions Test procedure. A speed-
torque schedule of this procedure is shown in Appendix E. The speeds,
loads, air-fuel ratios, and emissions recorded in these tests are also
shown in this appendix. These results (averages) are shown in a bar
plot in Figure 12. The influence of the turbochargers is quite vivid
in this figure.

The oxides of nitrogen and the other two emissions
(hydrocarbons and carbon monoxide) varied in opposite directions with
and without the turbocharger. The hydrocarbon and carbon monoxide
emissions were about 4 times higher without the turbocharger while the
oxides of nitrogen decreased by twofold. The benefit of the turbocharger
on fuel economy is about 16%. This trend appears to hold also with the
variable nozzle turbocharger while the same differences are more
pronounced with 10° nozzle position. However, difference in fuel economies

between zero and 10° positions is negligibly small.
B) Smoke Tests

These tests were performed at full load and previous
baseline test conditions. However, the lowest loads in the baseline

tests were not considered for these tests because the air-fuel ratios

. under these conditions would be certainly higher than 50 and no smoke

can be measured. Therefore, altogether a set of 16 different load-

speed combinations were chosen and 44 tests were performed under steady

-23~
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FIGURE 12 - EMISSIONS AND FUEL ECONOMY OVER 13-MODE
FEDERAL DIESEL EMISSION CYCLE
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conditions. These test conditions and the smoke results (in percent
opacity) obtained are also shown in Appendix E. Along with the smoke,
the air-fuel ratio is also listed. For comparison purposes among the
turbochargers, the smoke results are shown in a bar plot in Figure 13.
It appears that the smoke was lower with 10° position for which the air-
fuel ratlo was higher. To confirm this influence, the smoke in terms
of percent opacity is plotted against the air-fuel ratio in Figure 14.
The scatter in these results was probably due to repeatability which
was about 1% at low levels and higher around 307 opacity. In general,
the smoke decreased very rapidly up to an air-fuel ratio of about 25,
and diminished slowly at higher air-fuel ratios. On the basis of
these results, it can be concluded that the smoke is rigidly related
to the air-fuel ratio regardless of load-speed condition and hardware.
This is the reason why the fuel pump rack travel in baseline full load
tests was controlled such that the air-fuel ratio would not fall below
20.
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V. DEVELOPMENT OF A MATHEMATICAL MODEL

In order to be able to predict the fuel ecomomy and other

AT

operating characteristics of a diesel engine under steady state as well
as transient conditions in vehicular applications, a mathematical model
was developed for use with a computer. This model had provisions for
incorporating the performance characteristics of a variable nozzle
turbocharger. The model consisted primarily of a number of empirical
formulae, which were derived from experimental data of various types of
engines from Reference 1. Before this model was applied to the engines
in vehicular applications, it was tested on naturally aspirated and turbo-
charged engines operated under steady state conditions representing the
13-Mode Federal Heavy Duty Engine Cycle. A computer flow chart of this
model for the case of a naturally aspirated engine operated over the 13-

Mode Federal Diesel Emission Cycle is shown in Appendix F.

A. Model for Naturally Aspirated Engines

Two different naturally aspirated, direct injection type
engines, for which experimental data was available, were chosen to
verify the model. These were the Caterpillar Model 3208 and the Hino
Model EH700E. The engine specification data, atmospheric conditions,
and lower heating value of the fuel were supplied to the computer as ,
input. The calculated results are shown in Tables F-1 and F-2. The
actual experimental results obtained at Southwest Research Institute for
these engines are shown in Tables F-3 and F-4.

In addition to the fuel consumption, the mathematical
model also computed brake horsepower (Bhp), air flow rate, fuel-air
ratio, specific exhaust energy and cylinder pressure just before the

exhaust valve opens. The tabulated fuel consumption results are also

plotted in Figures 15 and 16 for comparison purposes. The model results

| differed from those of experiments by only an average of about 5%. The
maximum difference is about 11% at high load (Mode 8) for the Hino engine.
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FUEL CONSUMPTION RATE, LB/MIN
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FIGURE 15 - COMPARISON OF ESTIMATED AND EXPERIMENTALLY
DETERMINED FUEL CONSUMPTION RATES FOR
CAT 3208 ENGINE - HEAVY DUTY 13 MODE TEST CYCLE
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An examination of Tables F-1 through F-4 shows that the
computed and experimental fuel-air ratios are also very close to each
other. Experimental results were not available to verify the specific

exhaust energy and cylinder pressure (P4) shown in Tables F-1 and F-2.

B. Vehicular Application

With the agreement verified between the mathematical
model and experimental results, the model was next applied to a small
naturally aspirated diesel engine in vehicular use as a further check.
The vehicle was a 1978 Volkswagen Rabbit. The measured fuel economy of
this vehicle was available over the Light Duty Vehicle EPA cycle. The
model was modified to include transmission gear ratios and drive shaft
horsepower. The fuel consumed was estimated for each second of the
cycle and the total consumption was determined by summing up over the
entire cycle. A sample of the computer output is shown in Table F-5.

The gear ratios and shift points used in this model are:

Gear Ratio Speed Range
lst Gear 3.45 0-15 mph
2nd Gear 1.94 15-25 mph
3rd Gear 1.37 25-40 mph
4th Gear (final) 1.10 40- mph
Rear End (or Axle) Ratio 3.90
Wheel Revolutions/Mile 918

Several equations for the drive shaft horsepower were
tried, including the one experimentally determined on a chassis
dynamometer for a 2250 1b. compact car at Southwest Research Institute.
These equations are given below along with fuel economies obtained on

the computer.

~31-




T " _.__w—m

Computed
Fuel Economy

City Highway

Equation mpg mpg

v 12w 1.24AV?
(1) P=335 1600 * 1000 69 63

- 1.1235v3
(2) P =4.182 - .267V + =255 57 59
- 4.417v3/10%

(3) P=4+ ?ﬁ- (8W + 1.1 AV®) 48 55
(4) P =5+ 3—38‘%@ (8W + 1.1AV?) 45 53

where V = speed, mph
W = weight, 1b.
A = frontal area, fe?

P = power, hp

Equation (1) from Reference 2

Equation (2) from unpublished Southwest Research Institute

experimental results

Equation (3) from Wood, C.D., and Hambright, R.N.,
"Assessment of Supercharging Systems for
Gasoline Engines’, Final Report prepared for
IHI Industries, Tokyo, Japan, August 14, 1977

Equation (4)

Modified equation (3)

The corresponding fuel economies obtained by EPA in their
actual tests were 40 and 53 mpg for City and Highway cycles, respectively.

Our computed fuel economy for the City cycle is somewhat higher than that
determined by EPA.
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VI. MATHEMATICAL MODEL PREDICTIONS

The mathematical model which was employed earlier was further
modified to accept the Aerodyne variable nozzle turbocharger. 1In this
model, the intake manifold conditions were estimated by using the

characteristics of the Aerodyne turbocharger, which were derived from

the iarge number of tests we have conducted in this program. These
characteristics were transformed into empirical equations and incorporated
|

into the model.

A. Development of Empirical Equations

The important characteristics required for the model
were those which could determine the conditions in the intake and exhaust
manifolds. These were exhaust backpressure, compressor pressure boost,
and temperature rise across the compressor. In order to evolve these
characteristics in the form of empirical equations, the variables were
plotted on several graphs in generalized form. These plots are shown in
Appendix F (Figures F-2 through F-10). The variables were chosen such

that these characteristics can be applied to any size engine.

Figures F-2 through F-4 depict the relationship between
the pressure boost (Pi/Pn) and a function of BMEP and engine speed for
all the nozzle positions. Similarly, the temperature rise across the i
compressor was plotted with respect to pressure boost in Figures F-5 ]

and F-7. We attempted to develop the relations for temperature rise

using the compressor efficiency and generalized engine variables. These

. efforts were not successful. Therefore, this temperature rise was plotted
with respect to pressure boost. As can be seen from these figures, a

X fairly close relationship existed between these two variables.

]
| The relationship between exhaust backpressure (Pe), ) |

intake manifold pressure (Pi) and BMEP is shown in Figures F-8 through
F-10. Unlike in previous plots, a fairly linear relationship was found
between Pe/Pi and BMEP. For all these plots empirical equations were

l developed with the help of a computer and shown on each plot. These
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equations were later incorporated in the math model to determine the

intake and exhaust manifold conditicns. The complete model was again
tested against the results obtained in the 13-mode Federal Heavy Duty
Engine Emission Cycle for the John Deere engine with the Aerodyne

turbocharger.

B. Model Prediction of Fuel Consumption in 13-Mode

Federal Emission Cycles

The experimental results for the 13-mode cycle obtained
with the John Deere engine with the Aerodyne TC are shown in Tables E-4
through E-5. These were discussed in an earlier section. However, for
comparison purposes, the results of fuel consumption were extracted from
these tables and are shown along with the math model predictions in
Figures 17 through 19. The model predictions for the naturally aspirated
engine (Figure 17) differed by less than 8.1% from those of the
experimental results except in Mode 12. 1In the case of turbocharged
engine with +10° nozzle position (Figure 18) the maximum difference was
about 8.7% in Mode 8. With zero degrees nozzle position (Figure 19) the
agreement between the model predictions and experimental results was
even better. Consequently, the empirical equations developed were
considered to be satisfactory and were incorporated in the model to
predict the fuel economy in vehicular applications. The results of this

phase are discussed below.

c. Model Predictions of the Fuel Economy in Vehicular
Applications
Earlier, the fuel economy of a 1978 VW Rabbit equipped

with a naturally aspirated diesel engine was determined over both the

Urban and Highway cycles. The same vehicle and engine combination was

chosen again, and the fuel economy was estimated for various combinations
of transmission gear ratios and nozzle positions. Because the engine

with a turbocharger can produce higher power output, the gear ratios were
reduced from those of the naturally aspirated case. The following table 1
shows the effective ratios of engine speed (N) to vehicle speed (V) in

different gears.




FUEL FLOW, LB/MIN

MODE NO.

FIGURE 17 - COMPARISON OF MODEL PREDICTIONS WITH THOSE OF
EXPERIMENTALLY OBTAINED FUEL FLOW RATES
NATURALLY ASPIRATED JOHN DEERE ENGINE, MODEL 4239T
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FIGURE 18 - COMPARISON OF MODEL PREDICTIONS WITH THOSE OF
EXPERIMENTALLY OBTAINED FUEL FLOW RATES.
JOHN DEEPE, MCDEL 4239T, WITH AERODYNE
TURBOCHARGER, +10° NOZZLE LEVER POSITION
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FIGURE 19 - COMPARISON OF MODEL PREDICTIONS WITH THOSE OF
EXPERIMENTALLY OBTAINED FUEL FLOW RATES.
JOHN DEERE, MODEL 4239T, WITH AERODYNE
TURBOCHARGER, -10° NOZZLE LEVER POSITION
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N/V RATIOS AND IDLE SPEEDS
EMPLOYED IN THE MODEL

Gear Case 1* Case 2 Case 3 Case & Case 5
1l 205.86 172.48 141.13 109.77 78.405
2 115.76 97.0 76.36 61.72 44.09
3 81.75 68.5 56.0 43.59 31.14
4 65.65 55.0 45.0 35.0 25.0
IDLE
SPEED, RPM 975 875 775 675 575

The fuel economy was first estimated over both the cycles
for different nozzle positions at a fixed N/V of 35. The results are

given below:

MODEL ESTIMATES OF FUEL ECONOMY FOR VARIOQUS NOZZLE POSITIONS
N/V in final gear = 35

Urban Highway
Nozzle Cycle Cycle
Position mpg mpg
-10 59 70
0 60 72
+10 61 73
-10°, 0° and 10° 60 72
Best of Three 61 73

In the fourth case of the nozzle position, the following

schedule was used to select one of the three nozzle positions.

+10

— —— —— — ——

:50 80

I BMEP, psi -
|

|

[

Nozzle Position
o

-10
Schedule of Nozzle Position with BMEP
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In the fifth case, called "best of three'", the computer
estimated the fuel consumption for all the three positions at every
second of the cycle (Urban and Highway cycles are respectively 1369 and
764 seconds long) and chose the smallest of the three for estimating the
final fuel economy. A counter employed in the program indicates that
the fuel consumption with +10° position was the lowest all the time.
Therefore, identical results were obtained for both +10° position and
"best of three' positioms.

The fuel economy for various N/V ratios and the best
nozzle position (+10°) were estimated in the same manner and shown
below. These results are also plotted with respect to N/V ratio in
Figure 20. The fuel economy very nearly increased linearly with decrease

in N/V in the range tested.

MODEL ESTIMATES OF FUEL ECONOMY FOR VARIOUS N/V RATIOS
Nozzle Position +10°

N/V in Urban Highway
Final Cycle Cycle
Gear mpg mpg
65.64 45 54

55 50 60

45 56 66

35 61 73

25 65 77

These figures are impressive for a vehicle of 2250 1bs.

However, the model was not programmed to check out whether the engine

~ =4 PN} o Sm om em o N EE NS R e o

had enough reserve power to accelerate the vehicle over the cycles.

The model only predicts the maximum fuel economy theoretically possible

by extrapolating the engine and turbocharger characteristics to lower

speed operation. Therefore, caution has to be exercised in using these
figures. Nevertheless, it is possible to design a low speed engine and
produce enough power to drive a 2250 1b. vehicle over these two cycles

without difficulty.

Reference 3 (referring to VW test results) indicates é
l that the limit for final N/V is about 38 below which the performance
1
~39-
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FIGURE 20 - MODEL ESTIMATION OF FUEL FOR VARIOUS N/V RATIOS
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(i.e., acceleration) of the turbocharged VW engine in the Rabbit vehicle
is not acceptable.

Also note that our model gave higher fuel economy for
the naturally aspirated VW engine/vehicle than that experimentally
obtained by EPA for the naturally aspirated engine over the EPA Urban

cycle. Therefore, all the estimates for the Urban cycle are somewhat

high.

41~
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VII. CONCLUSIONS

The following conclusions can be drawn from this initial

study on a variable nozzle turbocharger:

1. The higher power output obtained from turbocharging
allows the engine to operate at lower speeds and obtain higher fuel

economy in vehicular applications.

2. Under some steady-state conditions the turbocharger
yielded better fuel economy than that obtained with a fixed nozzle

turbocharger.

3. At low speeds and part loads, the fuel economy with
variable nozzle area turbocharger, set at zero degrees nozzle position,
was significantly higher than that with conventional turbocharger, and
at higher speeds the diffe%ences were not significant. This was probably
due to different boost and exhaust pressure characteristics generated by

the variable area turbocharger.

4, The variable nozzle area turbocharger did not consistently
produce boost pressures higher than the conventional turbocharger at low
speeds as expected, probably due to difficulty in reproducing the same

nozzle position from test to test.

5. At 2500 rpm and full load conditions, the nozzle position
regulated the boost pressure ratio between 1.5 and 2.29. This range of
control is probably adequate to eliminate the need for a '"waste gate' in

the system.

6. On theoretical grounds, it was expected that an engine
equipped with a variable nozzle area turbocharger would produce different
power outputs with different turbonozzle areas. However, when tested
under transient conditions, there was no change in transient response of

the engine between zero and +10° nozzle lever positions.

7. The mathematical model predicts that a vehicle similar
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to the VW Rabbit equipped with an Aerodyne type variable nozzle turbo-
charger yields highest fuel economy over EPA driving cycles with +10°

nozzle position.

8. The model estimates that the fuel economy increases almost

linearly with decreases in final N/V ratio.

9. Either turbocharger used over the standard 13-mode
Federal Heavy Duty Engine Emission cycle decreased hydrocarbon and carbon
monoxide emissions by about four fold and increased the oxides of

nitrogen about two :-imes.

10. Either turbocharger decreased the smoke emission in the
entire operating range of the engine, The Aerodyne turbocharger operating
at the 10° position was somewhat better in smoke emissions than the

production turbocharger at almost all speed-load conditions.

11. In general, the air delivery and compressor efficiencies
of the variable nozzle turbocharger were lower than those of the

production turbocharger.
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CHOICE OF THE ENGINE

The first task in this program was to select a diesel engine
to match the turbocharger being developed at Aerodyne Dallas. A map
of the compressor characteristics was furnished by Aerodyne for selecting
a suitable engine. This map is shown in Figure A-1. The characteristics .

portrayed in this map were estimates and intended only for guidance.

Engine Size Determination

Normally, a turbocharger is selected from the performance
characteristics of an engine. In this case, owing to the special nature
of this project, an engine was selected from the characteristics of the
turbocharger. The following procedure was followed:

According to Figure A-1, the compressor has a maximum flow
capacity of about 320 cubic feet per minute (CFM). When this flow is
compressed, the temperaturs and specific volume of the air in the intake
system change. These thermodynamic quantities were determined and are
shown in dimensionless form for various pressure boosts and compressor
efficiencies in Figure A-2. Note that the plots indicated by n, = 1.0
are for reversible adiabatic (isentroﬁic) compression. Also computed
and shown in Figure A-3 is the volume rate of air consumption for a
4-stroke engine. For the purpose of selecting the size Sf the engine,
it was assumed that compressor and volumetric efficiencies would be 70%
and 80%, respectively. A point shown by a circle on the high side of the
compressor map (Figure A-1) was chosen as a design point. This circle
marks the point at which the compressor is capable of delivering 285 CFM
with 707 efficiency at a pressure boost ratio of 2.9. When the air is
compressed to a 2.9 pressure ratio, the specific volume at the outlet
decreases to 52% of inlet specific volume (Figure A-2). Hence, the
volume rate of flow to the engine would be 148.2 CFM. To achieve this
flow rate, the engine, which has a volumetric efficiency of 807, should
have a maximum NVy (speed x CID) of about 6.4 x 105 (Figure A-3). Diesel

engines, however, vary in their maximum speed. Therefore, another plot
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(Figure A-4) for determining the displacement of the engine from NV4 was
written. For the case of NVq = 6.4 x 10°, if the maximum speed is

3500 rpm, the displacement would be about 190 cubic inches. On the other
hand, if the maximum speed is only 2500 rpm, the displacement would be
about 250 cubic inches.

Additional Considerations

The other factors which were considered include availability
of parts, combustion chamber design, and type of intake system. For
the purposes of this program in which the characteristics of the variable
nozzle turbocharger are to be determined, the design of the combustion
chamber (open or precombustion chamber) would not make a great deal of
difference. Since it was intended as a part of the testing plan to
compare the performance of the variable nozzle turbocharger with that
of the fixed nozzle type of turbocharger, an engine already equipped
with a turbocharger would be preferable.

A list of available diesel engines in the size range of 175
to 250 cubic inches is included in Table 1. 1In this size range, there
is only one engine which is equipped with a turbocharger. This is
the John Deere Model 4239T. Therefore, this engine was chosen. If a
higher speed engine was to be selected, the Perkins Model 6-247 would
have been a logical choice. The specifications of the Deere Model 4239T

are shown in Table 2.
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TABLE A-1

List of 4-Stroke Diesel Engines
175 to 250 Cubic Inches

Number of
Cylinders and Intake Maximum Intermittent

Make Model Displacement System HP @ RPM
Case 188D 4-188 NA* 55 @ 2200
Chrysler IN633 6~198 NA 73 @ 3200
Chrysler Cl641 6~243 NA 103 @ 3500
Deere 4219D 4-219 NA 70 @ 2500
Deere 42397 4~239 Tx* 89 @ 2500
Ford 201D 3~-201 NA 56 @ 2200
Ford 233D ' 4-233 NA 63 @ 2100
Ford 192DF 4-192 NA 52 @ 2400
Ford 254DF 4-254 NA 70 @ 2500
Perkins 4-203 4-203 NA - 54 @ 2400
Perkins 4-236 4-236 NA 77 @ 2500
Perkins 6-247 6-247 NA -- 3500
Waukesha VRD232 6-232 NA - 2200
White D 2000 4-198 NA 60 @ 2600
White Farm 2-60 4-211 N mmmme—e—-
*NA - naturally-aspirated

*% ~ turbocharged
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TABLE A-2

Test Engine Specifications

Engine Make and Model Deere, 4239T
Number of Cylinders 4

Bore, in. - 4.19

Stroke, in. 4.33
Displacement, cu. in. 239
Compression Ratio 16.3

Rated Speed, rpm 2500

HP (Intermittent) @ RS/w/o Fan "~ 89

HP (Continuous) w/o Fan 70 @ 2200
Normal Speed Range, rpm 1500-2500 .
Low Idle, rpm 800

Torque @ rpm (Max) w/o Fan, ft * 1b 208 @ 1700
Basic Weight, 1b 950
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APPENDIX B
BASELINE TEST DATA AND RESULTS
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TABLE 8-1
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A — —— — — ——— " T ————— —— )

EHSIME: DEERE 42397

ERRD FRe IN HS 29.11 c?.11 ea.11 c22.11
pRY EBULE TEMPs F 20 S0 29 59
WET BULEs F 4 7 74 Ie)
EHSINE IPEEDs RFM 1000 10300 10040 1000
'vrid LOSDs LE 93,00 a3, 00 45,00 23.00 -
FOWER OUTFUTs HF 23.295 17.35 11.50 S.79
EMEFPs FII rr.11 sr.el 2.14 13,07

AIR FLOW

LFE DIFF FRs IM HZO .42 .41 .30 .40
LFE FEs IN HZ0 .10 .10 .10 .10
LFE TEMPy F a2 o 29 24
FiF ‘ > L3732 .73 " Y]
TCF .3511 . 3542 . 9542 . I9432
AIR FRTEs LE-HR ga2.02 201,93 197.05 137. 05
FLEL FLOW
TIME FOR &t LEs ZEC 15,0 421.8 edd. 0 S44,4
FIIEL FATEs LE~HF 11,33 re &= 5.59 2.81
BEFCsLB/HF HK . 420 .33 . 435 . 663
TEMFERRTLIRES
COOLARMT IMs F 20 3 7 79
COOLARMT OUTs F 172 17n 0 175
OIL SUMPs F 135 135 135 1320
AME RIRs F . =2 =4 o4 4
INTHEE MAMIs F =17 o1 a0 an
ExH Marls F S 31 S0 338
FREIZURES
IMTAKE MAMIs IM HBG -. &0 —-. 20 -.40 -.41
E¥H MAMIs IH HG .05 .03 .03 L9
RIR-FUEL REATIO aa.89 7. 00 35.289 S1.5%9
EMSIME wOL EFFs % | S32.5 .3 3.7 &2, 7 ) -
EMSINE BR TH EFFs % 23.8 1.9 e2.9 20.3 |

ZTOF
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TABLE B-2

TEST DATH AND FESLLTE

-t e ———— - ———————

EHSIHE: DEERE 42237

T e e - ey — - — ——

NATURALLY-ASPIRATED, 1500 RPM  -WIL%¥ 2is 1372
EAFD FRs IN H e 11 2.ttt @3.11 29.11
DRY EULE TEMPs F 23 g3 25 &3
WET BULEs F 75 75 7S 7S
EMNGIMNE ZFEEDs FEFM 1500 1500 1500 1500
pYHO LOADs LE S7.00  74.00 49.00 2400
FOMER OUTFUTs HP 36.32  27.75  18.3% 9. 00
EMEFs PSI 20.42  61.35  40.82 19.90

HIF FLOW

LFE DIFF FREs IM H20 .54 .54 X ) .66
LFE FRy IM HZD .10 .10 .10 =3
LFE TEMFs F as oS a9 39
FLF LAITS = Y I T ] .ave
TCF =K Yl 329 . P3T3D « 235
AIR FERTEs LE~HR 311,22 =11.23 10,23 213.54
FUEL FLOW
TI: FOR 1 LEs SEC STE.D 00,9 493, 0 S33.2
FIlEL FATEs LE~“HR 15.25 11.92 g.=22 &. 01
BRIFCsLEB/HF.HF <413 4322 <3329 LRES
TEMFERSTURES
COOoULANT IMs F 24 23 a3 S1
CanLAMT OUTs F 173 173 175 175
gIL ZUMPs F il 214a a3 205
HME ARIR, F 22 a8 a3 33
INTAKE MAMIs F 23 e %2 92
E“H MAMIs F 200 res S73 323
PRESSURES
INTAKE MAMNI> IM HG - B -.50 —~.40 -.40
E¥XH MAMIs IM Hiz .10 .10 .10 .10
ARIR-FLEL RATIO =0.40 &5.97 25.16 53.24
EMSIME wOL EFFs % rT2.2 2.2 2.4 s P~
EMGIME ER TH EFFs 32.9 2.0 22,8 20.7

sT0F




TABLE 8.3
TEST DATA AHD RESULTS

——————— —r — o~ —_ oy T W " T

—— e — — o T o o, —— " — =

NATURALLY-ASPIRATED, 2000 RPM  -JULY 24» 1972
ERRD] FFRs IN HS 23,19 E9.195 &9.15 e3.15
PRY BULE TEMP. F an a0 ' =11 91
MET EBEULE: F 7S 73 ra=} 7S
EMSINE SFEED, RFM aaaq O iy 2000
DYND LORDY LE 23, 00 a9, 00 45,00 £3.00
POLIER OUTPUT, HP 4. 00 34,50 23.00 11.99
EMEFs PZ1 7Hh.22 Sv.2l 3. 14 13.07
AIR FLDOW
LFE DIFF FRs> IN H2D L2 .33 .24 .39
LFE FR» INM HZO .20 .20 .&0 .20
LFE TEMPy F @2 2z 22 a2
FCF .37 . 974 L9774 . 974
TCF . P20T 9209 L FI0ND L2305
ARIF FATEs LE-HR 324,11 2T, 92 403,72 103,93
FLIEL FLOW
TIME FOR 1 LEs 3SEC 124.4 ces.g anz.4 $11.8
FIUEL FRTEs LE/HR 12,52 15.73 11.94 2.75
BSFCsLE/HP, HRE . . 424 L4548 .512 . 751
TEMFERATURES
COQUAMT IM, F =4 s2 33 21
COQLAMT auTs F 172 172 177 175
nIL ZUMPs F o o139 216 211
AME RIRy F P a2 22 a2
IMTAKEE MAMI. F 95 99 a5 a5 )
ExH MAMIy F ool ra={)] a2a S01
FREZIURES
IMNTRKE MAMIs IMN Hi -, 0 —. 210 —-. 50 -.40
ExH MAMIs IM HE .20 .20 .20 .20
RIR-FUEL RATIO N 19 29.39 2. 45,68
EMGIME wOL EFFy % 53,7 N3 1.2 1.2
EHNGIME BR TH EFFs % 2.6 20,3 cR. 7 13.1




TABLE B-4

———— — —— — —— —— o~ —— — — — ——

——— — —— — —— ——— — T ——————— -

NATURALLY-ASPIRATED, 2500 RPM  JULY 21s

1373

BAFRO FRy IMN HG 22.15 23.15 23.1%5 22.15
DEY EULE TEMFs F 91 a1 21 * 93
WET ELILE, F . =} =) g 78
EMSINE SFEED. RFM 2500 csna 2500 2300
DvHO LORDs LE 5.00 S7.00 22,00 13,00
FOLER QUTPUT, HF $7.50 25,63 22.75 11.32
EMEFs P31 &32.01 47.286 31.51 15.795

AIR FLOW

LFE DIFF PRs IN HZD .32 1.0 1.00 1.00
LFE FEs IMN HZO .30 .30 RPRCi! .30
LFE TEMP, F 93 23 94 95
FLCF 979 974 .974 . 974
TCF «IS7S S ) . 224n . 3216
RIF RATEs LE~HR 43,32 47,92 477 .44 475,92

FUEL FLOW

TIME FOR 1 LEs SEC 155, 4 153. 4 225, 3 e53.4
FLEL FRTEs LE-HR . &3.n2 19.11 15.20 13,923
EZFCsLE/HP . HE . 335 L D25 7l 1.173

TEMFERRTURES
COOLAMT IMs F . 37 =5 =9 24
COOLANT OUTs F : 130 172 177 177
gIL =UMPs F &30 2es o223 223
AME AIRs F a2 25 a4 29
IMTRKE MAMI, F / Q7 35 an 95
ExH MAMIs F I agra -1 a7 0

PREZZURES .
INTAKE MANI, IN HG -.70 - 50 -.50 —.40 )
EXH MAMIs IM H 0. 00 0. 00 0.00 0. 00

AIR-FUEL RATIOD 20.39 24.31 30,03 - 3416
ENSIME %OL EFF» % 65,9 &7.9 67.93 67.0
EMSIME BR TH EFFs X £23.95 25.3 20.¢ 11.3
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TABLE B-5
YEST DATA AND RESULTS

o e e T A S

e - e > = e o T e e 5

WITH TURBOCHARGER, 1000 RPM

EARO FRs IH HB 29.19 29.15
pRY EULE TEMPs F o4 a4
WET EBULEs F 25 %5
EH3IHE SFEEDs FFM 1000 1090
pvYHO LOADs LE 124,00 oz, 0g
FOMER DUTPUTs HF 31.90 232.29
EMEFs P3I 102.21 7c. 1l
A1R FLOW .
LFE DIFF FRs IH HZ0 .21 B2
LFE FRs IM H2O .20 .20
LFE TEMPs F 2% 95
FCF . 974 <979
TCF . 337 .3187
"IF RATEs LE-HR 254,37 224.21
FUEL FLOW
TIME FOR 1 LEs SEC 125.4 £230.0
FUEL RATEs LE~HR 12,31 12.41
ESFCsLBAHP . HE L BSE .53
TEMFERATURES
CooLAnT IMs F =13 =L 3
COOLAMT OUTs F 179 172
gIL zZUMPs F 222 cin
AME RIRs F s a5 .
cOomMe IHLETs F 97 a7
COMF OUTLET, F 153 33
TUREDQ IMLETs F 239 r&es
TURED OUTLET. F 2a0 rd )}
FRESSURES
COMP IMLETs IM HZD 2.15 1.70
CaMP OUTLETs IN Hi .40 4.10
TURED IMLETs IM HG cil 2. 70
TURED OUTLETs IM HB .10 .09
ARIR-FUEL RATIO 19.90 23.70
EMGIME YOL EFFs % 117.9 5.3
EMSIME ER TH EFF» % 22.8 5.9
CcoMe PR EBOOST 1.320 1.15
WwALLIE OF YC ) rars . 033
cOMP TEMP DIFF F 1 4
coMP 1ZENTROPIC EFFs % &0, 0 S2.4
re /oo L9y 568

JULY 12

=
[ =

¥\

<
3
s

1009
&8, 00
15.50
S1.40

1
3
]

1973

22.15
' 25
85
1000
21.00
7.73
£5.70

i

.45
.10

97

. 974

. 3158
217.83
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o o v -t
- G e A0 AD D N
o T N D T

3

.
2

X
N

1.70

£
=
u

o =N T

e

N~ l-.
TR R I




&)
]
1

TABLE B-6

TEST DATA AMD RESULTE

- s — — . - — ——— —— -

EMSINE: DEERE 42397

—— —— s —— - — Y —— - — -

WITH TURBOCHARGER, 1500 RPM LY 12, 1372

EARRO PRy IMH HS : &2.10 2.1 c%.10 e®.10
DREY EULE TEMP, F 2z 52 82 99
WET ELILEs F 73 3 73 ’3
EHSIMNE SPEEDs EFM 1500 1500 1509 1509
OvYHO LOSDs LE 100,00 73.50 S&2.00 25,50
FOWER DUTPUT, HF 39.73 29,21 12.582 .94
EMEF»> F3I V.28 £5.91 2.24 c1.97
RIE FLOW
LFE DLIFF FEs IN HZO .TE e e .63
LFE FRs IN HZO .20 .20 .20 .20
LFE TEMFs F 101 101 99 93
FLCF . o972 Lava L97e .o7E
TCF 2043 <3043 3100 9100
AIFR FRTE, LE<HR 354,33 245,03 I2E.46 219,03

FUEL FLOW

TIME FOR 1 LEs SEC cen. 2 270, 4 Ila. 4 603, &
' FLEL FATEs LE~HF 15,30 1.2 11.32 S.95
: BESFCsLEAHP . HF L4110 . 447 .S7e < &00
TEMFERRTLIFES
COOLANT IMs F 24 a2 =1 sa
COOLANT QUTs F 173 | = 177 176
OIL =UMFs F =2 c13 S0 aaz
AME RIRs F im 101 299 a9
COMF INLETSs F 103 101 100 100
COMF OUTLETs F 153 145 132 1ze
TURED INMLETs F S20 752 95 425
TURED OUTLET. F 732 &35 535 399
FREZILURES
COMF IMLETs IH H20 c.10 2.00 1.20 1.25
COMF DUTLETs IH Hi &.40 4,210 2.90 1.0
TURED IMLETs IM HG S.49 4,20 3.95 2.20
TUREQ QUTLETs IH Hi5 .05 . 05 . 02 .02
HIF-FUEL RATIO 21.74 g5.9¢ az.87 53.20
EMGIMNE YOUL EFF, = 5.0 4.5 73.7 3.4
EHSIME ERF TH EFFy % 33,7 0,9 24.1 23.0
COMF FR EBOOST 1.23 1.17 1.10 1.08
YALLE OF YC . 05N . 047 . E2 .7
cOMF TEMP DIFFs F 56 44 3 s 2e
ComMFP IZEMTROFIC EFFs 2 &0, 2 S9.7 30.5 42. 8

ZTOF
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TABLE 8-7 l
{

——— ——— — —— T —— — ——— ————

——— — — — —— — — ———— —— - ————

EARFO FRs IH HG 29.15 ol

DRY EULE TEMF, F a2 2

MET EULEs F ) 7 76 ré-
EMGIMNE SFEEDs RFM cang = 2000 2000
Dv¥HO LOADs LE _ ’ 140,09 105, 0y 70.50 35.25

FOLER GUTPUT, HF 70.00 S2. %5 °9.85 17.63
EMEF,s F3I . 115,047 ST 06 S2.45 29.23
ARIFR FLOW
LFE DIFF FREs IN H20D 1.13 1. 02 1.02 .94
LFE FEs IM HZO o3 .30 20 .20
LFE TEMPs F 25 =S =5 1
FCF .97 ) .74 . 374
TCF =0 g s L9517 L9517
AIR FATE:. LE-HE Sy S30.7% S01.30 42,10
FLIEL FLOW
TIME FOR 1 LEs ZEC 12,2 151 .2 2z20.8 233,828
FUEL FRTEs LE-HE 22.3% S2.33 15. 60 10.53
BESFCsLE/HF  HEF 1) -425 342 LB02
TEMFERATURES
i COOLANMT IHs F 2= 25 o4 o4
i COOLAMT OuUTs F 130 175 172 177
GIL SUMPs F &34 21 g2l c1é
1 AME RIRs F 25 29 25 =5
U COMF IMLET, F 25 A =1 o8
COMP QUTLETs F e 122 152 133
TURED IMLET, F 1001 Sid 77 S47
TUREO OUTLET, F S92 Fati) €923 Sa7
FREXIURES
COMP IHLETs IM HEN 3.60 2.29 2.30 .65
COMF DUTLET, IM HG 12,70 12.20 a.20 4.30
TURED IMLETs IM H3 12.21 10,50 2.70 .00
TURED OUTLETs IN HG .15 .13 .10 ]
AIF-FLEL FATID on.a2 c2.77 az.14 43.49
EMSIME “OL EFFs 2 -1 73.n rd-Ya ) 7.9
EMIME ER TH EFFy % 24.1 3E.S 1.2 ge.9
CgMP PR EBOOST 1.5% 1.3 1.29 1.17
YARLUE OF Yo . 141 .10 L 0TS T
CcarF TEMF DIFFs F 1232 S 7TE 47
] CcOMP ISENTRORPIC EFFy % 2.4 123 I | a4.2 s2.9
YaILLUE OF YT . 032 AT . 0Eg NS
l TURE EFFs = 21,32 LU g2.9 a2
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TABLE B-8
TEST DATA ANHD REIULTE

—— —_—— - — A o — -~

—— . " ———— —— — Y - — - -

WITH TURBOCHARGER, 2500 RPM JULY 19, 1273

EARD FR> IN HS 23.15 29.15 e2.15 23.15
DRY EULE TEMPs F , g3 23 83 g3
WET EULEs F 75 7S 75 75
ENGINE IFEED, RFM 2500 2500 2500 2500
0vHO LORDs LE 143.00 111.00 72.50 37.00
FOMER OUTFUTs HP 92.50 53,33 45,94 23.13
EMERs P31 122.71 22,03 CORCE 30.63
RIF FLOW
LFE DIFF FRs IN H20 1.569 1.54 1.44 1.20
LFE FRs IM HZD . .BD L0 .40 .40
LFE TEMPs F as a7 a5 52
FCF 972 973 N L 973
TCF L9457 . 94568 . 3425 L5425
ARIF RATEs LE~HR gz7.27 7S1.41 700,70  632.58

FUEL FLOW

TIME FOR 1 LE» ZEC .2 115.% 145.4 202,32
FUEL RATE, LE/HF 33,47 =1.14 £4.%2 17.79
BEZFCsLE~HFP HR .27 o333 « 529 . TED
TEMFERATURES
Coo_AnT IMs F 34 22 a2 25
4 COOLAMT OUT, F 122 120 173 179
| DIL SUMPe F 233 c42 232 g3
{ AME RIR, F 25 57 23 23
! COMF IMLETs F 82 2% L] 22
COMF QUTLET. F =) 248 21é 1732
TUFRED IMLETs F 11095 923 e7s B35
TUSED DUTLETs F 933 247 TE4 515
FRESILRES
CcgMPe IHLETs IN HED .20 5.30 S.20 4.29
COMF QUTLETs IM HE 30.40 23,00 17.90 11.320
TUREG IMLETs IN Hi 232.30 19.540 158,70 12.20
TUFED QUTLETs IN HG .40 .29 .20 .15
AlF-FUEL RATIO 2a.94 24.12 22.50 25.64
EHSIMNE wOL EFF» % 9.4 3.1 72.9 ve.l
EMSIME ER TH EFFs X% 2.4 I, 8 5.2 12,0
come PR OEDOST 2.0 1.:22 1.68 1.49
YHILUE OF YC .23 . 1395 -163 ..101
cgre TEMP DIFFs F 123 153 127 85
COME 1SEMTROPIC EFFs % 4.2 4.3 w33 25,3
YARLDE OF T <127 L1210 . 103 . 133
TURE EFFs * 2.6 7.z S.7 73.1

3TOR
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TABLE B-9
Diesel Fuel Properties

Gravity, API No. 35.4
Specific Gravity 0.8478 @ 60°F
Percent Weight of Carbon 86.11
Percent Weight of Hydrogen 13.16
Higher Heating Value, BTU/1b 18422
Lower Heating Value, BTU/1lb 17622
Hydrocarbon Composition
Saturates, 4 V 70.2
Aromatics, % V 28.6
Olefins, 7% V 1.2




APPENDIX C

MAXIMUM POWER OUTPUT TEST RESULTS
VARIABLE NOZZLE AREA TC

B O om e e i o) N P -

Ce T USRS g U P A Y T T



]

-l

TABLE C-1

TEZT DARTA RNHT FES “LT

-t —— ———— — — — — —— -~ >

Aerodyne Turbocharger htd 4 T3
Ere0) &R TH HIS SHL s 2L B 3 T
e RILE TEMPY F & =1 =854 2
L7 ELLEs F 55 % 5% S5

ZrinIHE SFEED. RFM § oG 1060 a0 25an
MO LGATs LE 171,00 158, 0 !
FOWER QUTFLUT. HF 12,75 w2, ED 3
EMzR, FEI 141.7= 1S4,.30 15 =
TURERL MOZZLE FOZ. DEG g, 1 0.0 a1 0.0
TiRED ROTHOR ZFEEDs RFM w1400 FRan HIEG) 10704

ALR FLOW

LFE DIFF FRs IH HZD EE .74 1.15 1.4%
LLFE FEs I HED 2N . o1 LS0 L0
LFE TEWMF, F T 5 B AT
FOF L9291 T3 0 1
TioF 1. 00030 1,602 1.0101
IR FATEs LE<HF ZS2, &8 A0, 13 TG, 0s

FUEI_ FLLOw

TIME FOR 1 LE. ZEC 124,93 Q1.8
FILEL ERTEs LE-HE 19.47 ZR.0E0
EEZFCsLE~HF . RS -G5S CH0E
TEMFERATUSES
COOLRANT IHe F a4 a9
COGLAMT DUTs F 132 120 =
OiL ZUMFs F 20 225 a
RAME RIR, F Tl 3 s >
COMP INLET. F EY G5 AT 5
COMF DUTLEY. F 120 154 oer oms
TURED IMLETs F 1135 1m0 1112 1114
TURED DULTLET. F 1127 1100 TS ang
FRETTURES .
COMF THLET, I HEY 30 .10 3,50 .50
COMP OUTLETs I HG .00 1=.34 S2.E0 SELSN
TURED IMLETs IH HiE " 4.1n0 FTLIN 14.540 =g,

TileBd CUTLET. IM K3 .09 o0 R AL

RiIRE-FUEL BERTID HEX
METHE YOL EFF v

£

Erizlre BR TH EFF.
ExH-IMTREE FR RETIO
L

P P& BROITET
WELLIE GF Y

= TEMF DIFF, F
SEG TEMF DIFF. F s
£ OJIEMTROFIC EFF. % 2L® <

Ca o veaS PUOTPIp WRR ST0 T
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TABLE C-2

TEZT DATH RHD RETLLTE

.t ) - ————————— — -

LEET FRG LM R 9.6k SFLER 2365
IRV LULE TEME. F & £ £
MET BULE. F 55 S5 55

ErHaIHE AFEED. FN 1000
YR 1LORGB. LE 172,00 1
FOMER DRTFLTs HF 44.5n0
EMiERF. PRI 147.53 15
T e KOZZLE FPOZs DEG 1o, 0
TUER] ROTOR LZFSETs FFM Ti1an =)

0.0 1.0
&0 115590

FIR FLON

LFE TIFF FRy IH HZD L3 X 1.4% 1,68
LFE PRy IMH HZ0 .3 - 41 &0 -on
LFE TEMF: F g T4 T3 71
FLF .3 330 - 520 - 330
1CF LI e SRR «FIET
HIF RATE. LE<HR ZTS.TL 4E7.E5 TSE.S4 2S48

FLUEL FLOW

TIME FOR 1 LE« SEC 133.8 140.1 11 -4
FUEL RATEs LE-HR 19,65 25,70 2 S
BIFT s LE-HF . HF Rt L 3ST . X

TEMFERERTLIFRES
COCBLANT I F
COBLAMNT OUTs F
OIL ZUMF. F
AME AIR. F -
CiaMe INLET. F
COMP OQUTLET. F

) —

O I T BN B (Y O Y |

1

=
b
Py
o
=
e
-
¥

Ty »—

DOCRE SR ¥ B ¥ BN X XX

O oo o o v o N}

[

T )y o D
(I QY u I Y

OIS IR A R Y]

SO I ORI ¥ I i 4

& le o i E
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TABLE E-1

Speed~Load Schedule of 13-Mode Federal
Diesel Emission Cycle

Mode  Speed
1 IDLE
2 S
3 S
4 S
5 S
6 S
7 IDLE
8 Sm
9 Sm

10 Sm

11 Sm

12 Sm

13 IDLE

NOTES:

Tm

Sm

t

Rated Torque
Rated Speed
Highest Torque at Rated Speed

Highest Speed at Rated Torque

Torque

0.02
0.25
c.50
0.75

Tm

0.75
0.50
0.25
0.02

L -

WX oK N

Tm
Ta
Tm
Tm

S H 9 3




TABLE E-2 | (o
13-MODE FEDERAL DIESEL EMISSION CYCLE

AN DEERE %2397 ENGINE NATURALLY ASPIRATED 25 JULY 1978
#ROJECT 11-%21%-001 13-MUDE MATURAL ASPIRATION TEST
___________________________________________________________ .
; HODE ENGINE TORQUE POWER  FUEL AIR EXHAUST FUEL
3 SPEED © FLOW FLOW FLOW AIR
RPM L8-FT BHP  LB/MIN L8/MIN LB/MIN  RATIO.

; 1 8349 0.0 0.0 .03 2.70 2.?3 -013
; 2 1700 2.b .8 .08 5.88 5.96 .013
: 3 179U 33.5 0.8 .12  5.8b 5.98 .021
b % 1700 b?.0 21.7 17 5.8% 6.0L .030
i 5 1700 100.% 32,5 .23 S.7% 5.9? 0%}
3 b 1700 133.9 %3.3 30 S.b? 5.9? .052
{ ? 848 0.0 0.0 0% 2.75 2.74 .013
4 8 2500 98.5 %6.9 . .38 7.86 g.2% = .048
9 2500 “?3.5 35,0 .31 2.91 g.22 .04
10 2500 - 9,2 23.% .26  ?.89 8_15 .03%
11 2S00  2%.? 11.? .23 ?2.97 8.20 .029
; 12 2500 2.b 1.3 .22 ?.97? 8.19 .027?
4 13 82e s.0 0.0 .03 2.71 2.%% .013
3
; MODE  HC CO+ NO++ WEIGHTED BSHC BSCO+ BSN02++ HUM.
' PPM PPM PPH BHP G/HP HR G/HP HR G/HP HR GR/LB
1 780 615 83 0.00 R R R 118,.9
2 780 589 82 .07? ?2.16 108,63 2%.95 118.19
. 3 680 585 166 .87 %,95 8,49 3,95 118.9:
N % 620 470 343 - 1,73 2,27 3,43 $,11 118.9
: 5 600 345 588 2.b0 1.46 1,67 .67 118,.9 .
6 600 388 848 3.%7 - 1.0% 1.%) 5.,0% 111,11
? 806G 615 ‘58 0.00 R R R 1ll.}
8 Y40 %62 536 3.75 1.02 2.1% $.0? 111.1
q 560 681 379 2.80 . 1.,7% .21 3.8% 111,11
10 800 12%% 201 1.88 3.67 11.38 3,02 11l.)
11 2680 2193 "% oI - 2%.70 $0.26 2,25 111,11
12 S680 2450 . 83 .10 %¥91.06  %22,0% 1$.,93 110,0
13 780 483 b6 0.00 R R R 1l10.0
CYCLE COMPQSITE ~ BSHC = b.282 GRAM/BHP HR

BSCO+ = 8,757 GRAM/BHP HR

BSNO2++= 4,336 . GRAM/BHP HR
BSHC ¢+ BSNO2++= 10.618 GRAM/BHP HR

BSFC = «b33 L8/BHP HR

+ CONVERTED TO WET BASIS

++ CONVERTED TO WET BASIS,
CORRECTED YO ?5 GRAINS OF WATER PER LB. OF DRY AIR
AND CORRECTED TO 85 DEG, F INLET TEMP. PER
FEDERAL REGISTER PARA., 85.97?4-~]8

e e e SRR IR WP PR L T e



TABLE E-3 ,
13-HUODE FEDERAL DIESEL ENISSiUNH CYCLE

JOHN DEERE %2397 ENGIKE WITH TUQuOCNARbtR
PROJECT L1-S521%-Ub)

MUODE

ENGINE
SPEED
RPM

TORQUE

LB~-FY

25 JULY 1976
13-MUDE BASELINE TEST

Dt e o P i P - T P Gy T L A AP Y W s e T g S P e W B D Dy O D R WS e D B B D WP SV A ST SS e e o S

FUEL
AIR
RATIO

G

oy B T e T S o B e Tk 2 0 o R G S P T G Sk P N P D W S P Y B e Sy = e S P e T Sy D e G P G L D Y G T - Y T WD D D e e W ams

#“ODE

e

PP

ca+
PPH

BSnNO2++

G/HP HR G/HP HR GR/L

B P e By S am T P e S S G T gep e G WD P TS Gen Sy S s By 4t Bp S P P Gy W Yy VB et Vg S P et P G Gy S S S P e P ) By P SE Pt 2 s G i Nl e s b W e At

HDWVVNTNFWN W

0
12
12
13

520
520
%0
360
360
200
580
160
100
520
320
%40
560

+27?
Y40
358
198
1bb
272
50%
27%
141}
182
278
529
450

CYCLE COMPOSITE

R
16,72
%.b1
5,56
7.78
14,72

R
11.2%
8.3%
5,49
S, 52
19.98

R

PUWER  FUEL alR EXHAUST
FLOW FLOW FLOW
8HP  LB/MIN LB/MIN LB/MIN
0.0 .03 2.62 2.65
1.3 .08 .08 b.1b
16,8 -15 6.38 .53
33,7 .25 6.77 7.a02
So0.b 3% 7.2% 7.58
62,1 «5b 10.77 11.33
0.u -a% 2.b8 .72
88,8 .65 . 13.%8  1%.13
bb.% .56 }2.55 13,0S
H, Y .39 11.38 11,77
2.5 .27 10.27 -10.5%
1.9 17 q.3% 9.51
0.0 -03 2.7% 2.27?
NOt++ WEIGHTED BSHC BSCU+
PPN BHP G/HP HR-
103 Q.00 K R
8O .10 33,17 55,96
275 1,38 2.25 - 3.b6
b18 2.70 .99 1,09
1202 4,05 .71 .bS
2020 5,37 J45 1.21
108 .00 R . R
1635 ?.10 3% 1.15
988 5.32 .2b .73
" 4279 3,85 1.82 1.27
263 1.80 1,98 3.%3
b3 .15 29,44 70.5b6
105 0.00 R R
BSHC = 1,1bl} GRAM/BHP HR
BSCO+ = 1.995 GRAM/BHP HR
" BSNO2++= Q.281 GRAN/BHP HR

BSHC + BSNO2++= l0.%4%2

B8SFC =

4+ CONVERTED TO WET BASIS
++ CONVERTED TO WET BASIS,
CORRECYED TO 75 GRAINS OF WATER PER LB. OF DRY AIR
AND CORRECTED TO 85 DEG. F INLEY TEMP. PER
FEDERAL REGISTER PARA.

-526

85.97%~18

GRAM/BHP HR
LB/BHP HR

AN

1g¢%,7?
104,7
109.,7
10%,7
114.7
119,7?
119.7
114.,7?
11,7
19,7
119.7




TABLE E-4 ,
15-M0J0E FEGLERAL DIETEL EMISITON CVOLE

— . — ——— — —— " — i S R = - - —— — e —— o - —— -

W3HN DEERE 47397 ENGINRE WITH REROTYHE TUSED JHI 19, 1979
FROECT 11-S214-001  NOZZLE FOSITION - ZER0 DEGFEES
MOLE  ENGINE  TORGUE  FOMER  FUEL ALR EMHAUET  FUEL
SPEED FLOW FLOW FLOW AIR
RFH LE-FT EHE  LE-MIH  LE-1IN  LE/MIN  RATIO
1 35S 0.0 6.0 .02 2.77 2,80 .012
2 1700 2.9 1.3 .09 5. %1 S.40 . 016
2 1700 sz, 15.9 16 5.57 5.72 . 022
4 1700 104.4 23.8 .24 S.97 6,21 . 041
S 1700 1S&.5 S0.7 .34 £.55 5. 59 . 05
& 1790 2080 67.3 .44 7.23 7.67 . 051
? £54 0.0 0.0 .04 2.561 2.55 . 015
Z 2500 196,82 22,9 .63 11.5%  1z.&2 . 054
o 2500 140.1 €6.7 L5000 10,55 11,05 . 047
10 2500 93.4 44.4 .38 9,45 9.84 . 040
11 2500 47.4 22.6 .26 £.21 8.47 - .032
12 2500 2.9 1.9 .19 7.62 7.21 . 025
1z 8329 0.0 0.0 .03 2.61 2,564 L0132
MODE  HC co+ HNO++  ESHC TEICO+  BSHROS++ HUM
FREM PRI FEPM G/HP HR  Gs/HF HR  G/HP HR  GR/LE
1 (1] 502 71 R (&4 . R 95.9
2 752 715 94 42.01 79.71 17. 25 95.9
3 544 7e? a2 2.44 6.43 4,72 95,9
4 424 206 GES 1.03 1.00 5,89 95,9
s 440 167 1347 .79 JED 7.9z 95.9
3 260 416 1515 .39 1.25 7.45 95.9
7 S75 443 . 155 R R R 95.9
8 175 370 1520 .32 1.24 9.3% 95.9
9 124 1s7  to21 .29 L5 7.31 95.9
10 215 206 S11 -T2 1.20 .39 95.9
11 440 423 229 2.18 4.23 4.70 95.9
12 2zre  1=3% 45 124.30 201,49 2,17 95.9
13 736 445 59 R S R 9.9
CYCLE COMPDSITE  ESHC = 1.590 GRAM/BHP HR
BICO+ = 2.2374 GRAMZERF HR
BSHOZ++= 7.283  GRAM/EHP HR
. BSHC + ESHOZ++= 8.273 GRAM-EHP HR
; ‘ ESFC = .S503 LE/EHP HR

+ COMYERTED TD WET EBRZIS

++ COMYERTED TO MET EBRSIS
CORFECTED TO 75 GRAINS UF WATER FER LE OF TRY AIR
AMD CORFECTED TO £5 DES F INLET TEMF FEFR
FEDERAL REGISTER FARA 25.%74-1%

L 1S TR NP g W A Y e




£-3
~ TABLE E-5
13-MGNE FERERAL DIESEL ZM1SS10M (yClE
s 1P ERE QO5GT ERGINE WITH AERDLYHE TURLG A&y 35, 1979
FRIE YT 11-9214~=10] MHIZZLE FPOSITION — +310 DESREES
MOnDE EHGINE TORRQUE FPOMER FisL ALK EXHALSY FUEL
SPEED FLOW LG FLOW AHIF
RF LE-FT RH& LE-/MIN LE-HMINM LEAMIN FEATIO
1 883 9.0 0.0 .02 2.91 2.94 U011
e 17040 2.9 1.3 . O3 S5.99 &. 03 .014
] 1700 32,1 16.9 .16 £.41 %.S7 . nz4
4 1700 ing.4 3.8 .ol ‘.15 .40 . 039
S 12340 195.5 S0.7 .33 3.1%5 8.4% . G4l
B 1700 203.0 657.3 .43 a.17 .60 . 045
7 850 0.0 0.0 . 04 .07 3.11 012
e 2500 125.8 28,9 -3 14.21 14.34 . 044
] 2500 140,13 €5.7 .50 13.495 12.95 . 037
10 2500 a3.4 44.4 .39 12.40 12.79 .32
11 cann 47.4 o2.6 . 25 10.25 11.14 . 0S5
1e =San 2.9 1.9 .17 9.27 Q.49 LGOS
12 245 0.9 0.0 . N3 2.5 e.7e .N1e
MODE HC CD+ HO++ ESHC BSCO+ BEoHOS++ HilM
RN FFHM PFM 6G-HP HR G.-HP HR G-/HP HR GR-LE
1 5S40 417 c R 134 R S4.8
e aes 400 102 22,214 S0.13 2.4 3.8
3 432 301 =13 2.2c .02 S.28 a4,.2
4 %4 01 1673 &85 .93 . 3% &, 20 94.3
b &9z 1146 1184 .55 .51 &.57 94.3
- 170 115 1543 . 3 .42 10,15 Q4,2
7 540 415 a5 (54 R [ 94,2
e 115 1973 1929 .2H .25 12.91 9g.8
9 20 104 1127 B2 Lo 10,19 4.8
10 120 150 529 .72 1.14 a. 94 Q4,9
11 312 PR ce9 2.03 &.11 5.74 ag.&
12 435 459 14 22.97 &2, 20 e, 6o 94,5
13 526 416 a4 R R R 94.8
CYCLE COMPOZITE ESHC 1.007 GRAMAEHP HR

B3O+ GRAMSERF HR

ESHOZ++= 9,757 GRAM/EHF HR
ETHC + BSHOZ++= {0.773 OGRAMSEHF HR

BSFLC = L3022 LE/EHF HRE

PN
P
.
DX
b
)

+ COMYERTED TO WET BAYNIS

+4+ COHYERTED TO WET EARSIS .
CORRECTED TO 75 GRAINZ OF WATER FER LE OF DRY RIR
AMD CORRECTED TD &5 DEG F INHLET TEWP FER
FEDERAL REGISTER FARA 25.974-1%

PO




—wo o ] e 6'92 19°62 | v 22t seee | 89%62 's20Et eLzet v T aly :
S N N T T T B % axous £
S'€L  S€L  GEL SOL  S0L SO | g5 g £ 29 29 .29 q1 peo £
Sv°S2 20702 69°€2) 20°¢2 S8°lZ v€°02 | £1°82 8692 &/ [2 v0'€2 LMz 90%€z | vt ap W
- O N T L0L b oL 02 st | sz 0w sz % *ayous A
Lt WL WL SoL S0L SOL | S'6L Sz S'6L | €6 g6 6 q1 peot m
Wile @il Loz seez se'sL evoz | ovvz szlz evzz | Lo'el - stol ewrit| Y Cul F
L sz sl s 02§ | oL 02 sl | s'9 06 g9 % *ayous w
8L 8L 8L | 0oL opL oL | 90l  soL  sou | b2t b2l pal ‘q7 peo ,
_ €1z 6Ll 6L°Ll2  68°9L ] s8taL zevsl 62cl 8Ll | N
s'1 §2 g 0'¢ $2 0% 0'sz 095 - % ‘oxyous
L 951 €L 18l 261 8L 8L bl "q1 peol
Ot o0 === |0l o0 = | 0L+ 0 == | o0l o0 ---
TUAPOITY  TPIS SUAPOISY  ~PIS SUAPGISY  “PIS T 9UApPTIIY P :
~0052 0002 0051 T 0001 WY *paads

autbul 16e2py aasag uyop

S033dS ONV SQY01 SNOIYYA 1V S¥IONYHIOSYNL 3NAQOY3Y QNY
(HOYV3SIYIV) QUVANVLS HLIM S1S3L DIOWS 40 SLINS3Y

9-3 374v1




" APPENDIX F
MATH MODEL DEVELOPMENT
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TABLE F-3 - Experimentally Determined Fuel and Air Flow Rates

13-MOPE FEDERAL DIESEL EMISSION CYCLE ;
_ | |
ngJEcr: 11-4908-00¢2 TEST DATE 4-7-78 TEST NO.3 9% HRS;
chGINE‘ CATERPILLAR 3208 DI NA SERIAL NO.1A638S
nODE ENGINE TYORQUE PUNER FUEL AlIR EXHAUST FUEL ;
SPEED FLONW FLOW FLOW AIR
RPH LB~FT BHP LEZMIN LLB/MIN LB/MIN RATIO

. S ey S Y WDy VO AP my T s B W S D T G e G T R G P PN B B AL e AP S NP S B R ) ) e e A D Gy B T Se @ ST AR SR SS W an S am Se 4 ) W0 WO

1 b4 S 3,5 o4 L0% 7.08 7.12 .006
2 1680 10.5  3.% J1%  19.%% 19,58 007
3 1680 119,0 38,1 .27  19.%2 19,69 Luly -
4 158U 238.1 7b.? L4%  18.30 19,74 .023 ?
5 1680 352,1 21%,2 .b3 18.88 18,51 LU33
b 1680 $7b,2 152.3 .91  1£.3% 19,28 JO%9
? b4S g.8 1.1 .04 7.0% ?.U8 L0086 .
8 2800 367.6 18b,0 1.3% 28.19 28.53 .04%7
q 2800 273.1 1%S.b .47  28.%49  2%.%b L03Y
10 2300 183.8 98,0 .?5 28.51 29.2b .026
11 2500 91.0 %8.§ .50  28.22 28,72 LOL8
12 28u0 7.0 3.7 .31  28.10 28,%2 L0111
13 65U 3,5 oY . 0% 7.12 7.17 .00b

TABLE F-4 - Experimentally Determined Fuel and Air -Flow Rates ~,

13-#0DE FEDERAL OIESEL EMISSION CYCLE
PROJECT: 11-%%78-nU2 TEST DATE %=b~78 TEST NO.2 130 HRS!
ENGINE: HINO MODEL EH?WOE SERIAL NO,323%7 i

- e 8 o 0 o4 O e B 0 B9 0 e O B R T e 0 O S = 00 S

MODE ENGINE TORQUE POWER FUEL AIR EXHAUST FUEL {' . -

SPEEV ) FLon FLO® FLO¥® . AIR :
| RPH LB=F1 8HP  LB/NIN Li/nIN LB/MIN  RATIO :
- - > P T WP P TS = P W e 50 A 88 G 8 D G P e PR L T Tl Lok o dad ol o R hadad ‘
B | 1171 0.0 ©.n «D3 3.97 %.00 <007 :
2 gaaa 2.0 2.7 e 15,861 15,71 006 H
3 2000 ?7.0 29,3 e23  15.%1  15.b% .15 :
Y 2nuuy 150,6 57.3 +37  15.2%  15.h1 .024 )
s 20nu 225.8 85,0 .62 15.0%  15.5S NEL] .
b 2unn 2%7.5 113,3 .71  1%.81  15.52 .0%8 N
? sS40 Bl QoD 02 3.85 4,00 «00b
] 3000 250.3 14%3.4d 1.00 21,21 22.22 LU0%7
q 3uou 187,3 102,40 o?b  21.b) 22,37 .03%
10 30gv 127.8 73,0 «Sb  21.b%  22.2) 026
1t 3000 2.3 35.0 .38  21.b% 22,02 LULR
12 3000 7.0 4,0 «2% 21.58 21,83 .011

13 534 0.0 0,0 ' 03 3.%2 3,9% «007?




TABLE F-5
MODEL ESTIMATION OF HIGHWAY FUEL

ECONOMY

Erp3IME MAKE AT MODEL
HUMEES DF CYLINLERS
EORE DIRMETER (IM»
LEMSTH OF LTROME
DIZPLACEMENT “Ch
COMEREZLION RATIO
INTAEE “YALLYE DIAMETER
INTAKE YWALVE LIFT CIhn
STHOTFHERIC PREIIVIRE (PIZIAY
ATHOZFHERTC TEMRERATURE R
CODLARNT TEMFPERRTURE <R3
FUEL HERTING YWALUE (ETL-LED
LRECIFIC GRAVITY OF FLUEL
STOCHIOMETRIC FrA RRATIO
FROHTARL RRER (20 FTo
WEIGHT OF THE WEHTCLE LE
FUSL COMIUMED 5
FUUEL eCOHDmy
TOLE RERIGD CEECH
BRAR IMN= FERIGD %
-4, 74 MFH FERIQD ¢
$,74-15.0 MFH FERIOL
15-25 MEH FERIOD (IECH
S-4 0 MPFH RERIDOD X2
SEOVYE 40 MRH FERIOD oX

IMs

SUY

CHPEY

FT0F

— T s s e 13

(e e
= e 1L
e
1)

([ L T T B I T

s
TR { xS

To = o1 = o ¢

3 N
<.




o

\INPUT/

OPEN,READ
AND CLOSE
SPEED-TQORQUE
FILE

|

=
COMPUTE:

BHP BMEP
IHP  FMEP

ASSUME FUEL-
AIR RATIO, FR=0.02

ESTIMATE INDICATED
THERMAL EFFICIENCY

CALCULATE FUEL
CONSUMED

EFFICIENCY AND

|’EST|MATE VOLUMETRIC
AIR INTAKE

CALCULATE ACTUAL
FUEL-AIR RATIO,
FR2

[ FR=FR+0.0! IF (FR2-FR) 0.0l

!

ESTIMATE EXHAUST
ENERGY

\OUTPUT (SEE TABLE 2)/I

3 TIMES

4

FIGURE F-1 - MATH MODEL FLOW CHART FOR A NATURALLY ASPIRATED
DIESEL ENGINE CVER THE 13 MOODE FEDERAL DIESEL
EMISSION CYCLE

U GNE N oms Swms sme  e—=d  pad )

m}t. :




AD=ADB1 &42

WILASSITIED

3

AERODYNE DALLAS F/6 21/4
TURBOCHARGING OF SMALL INTERNAL COMBUSTION ENG!!!S AS A MEANS O==ETC(U)

1979

AK70-7B-C-00!1




g 3

||||| TR =
= e

[E T

’ .
¢ ¢
[ ]

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963—71




NOZZLE LEVER POSITION —10°
e 1000 RPM
O 1500 RPM
& 2000 RPM
© 2500 RPM
7 .ﬂ
1.6
< 15[
£ . o
= Y = 0.877 + 5.80E~5X + 5.69E—0X2 P
14 ~1.856—13x3
WHERE Y = PI/PA
13 X = BMEPY/SPEED
/0
1.2
1.1 —
1.0 0
@© /.o/
ol —
8
1000 2000 3000 4000 5000 6000
BMEP X+/SPEED

- FIGURE F-2 - PRESSURE BOOST AS A FUNCTION OF BMEP AND ENGINE
SPEED - 10° NOZZLE POSITION

e e WS RO TR~ R Y
PR R S



1 IO

— e Sume g OGN

b

he

-

1

PI/PA

NOZZLE LEVER POSITION 0P
® 1000 RPM
O 1500 RPM
® 2000 RPM
© 2500 RPM
°
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1.9 |-
1.8
/
°
1.7 b—
1.6
1.5 |-
14 5
V3= * Y = 0.9676 + 1.414E-3X
+4.537E-6X2-1.0826—-9x3
1.2 Y4 . WHERE Y = PI/PA
o ° X = BMEP ® SPEED/1000
1.1 - f
1.0
9
8
100 200 300 400

BMEP X SPEED
1000

FIGURE F-3 - PRESSURE BOOST AS A FUNCTION OF BMEP AND ENGINE
SPEED - 0° NOZZLE POSITION
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PI/PA

23

2.2

21

20

1.9
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1.1

1.0

NOZZLE LEVER POSITION +10

® 1000 RPM

0 1500 RPM

& 2000 RPM

° o 2500 RPM

. o
°
)
'S
Y = 1.0098+1.421E—3X
+7.2896E—-6X2+1.478E—-8X3
WHERE Y = PI/PA
X = BMEP @ SPEED/1000
.
'S
A °
o
®
. ’,
100 200 300 400
BMEP X SPEED
1000

FIGURE F-4 - PRESSURE BOOST AS A FUNCTION OF BMEP AND
ENGINE SPEED - + 10° NOZZLE POSITION

F-8




I 150}—
: 140 /
] .
130 |—
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- 120
10—
100
90— . -10° NOZZLE LEVER POSITION
80
b
- 70— p *
.
- 60 Q
Y = -368.86+593.6X
° -231.75%2+37.04%3
50— ° WHERE Y = AT
X=f>/
PA
40 :
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30}— @ 1000 RPM ;
-] O 1500 RPM |
20 & 2000 RPM |
O 2500 RPM 3
10—
0 ] | 1 | | 1
10 11 12 13 14 15 16 1.7 1.8 19 20 21 ,

PI
PA

FIGURE F-5 - TEMPERATURE RISE ACROSS THE COMPRESSOR AS A
FUNCTION OF BOOST PRESSURE - -10° NOZZLE POSITION
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FIGURE F-6 - TEMPERATURE RISE ACROSS THE COMPRESS0R AS A FUNCTION
OF BOOST PRESSURE - 0° NOZZLE POSITION
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