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Summary

Under a previous contract (DAAK70-78-C-0031) a small turbocharger was
fabricated and tested on a four cylinder diesel engine. This turbocharger
features variable area turhine nozzles, a ball bearing supported rotor and
a self-contained lubrication system. Using results from this previous
effort, the current contract (DAAK70-80-C-0146) addressed turbocharger
improvements, engine testing of the improved turbocharger, bench testing
to learn more about the ball bearings and limited bearing durability
demonstration, and development of a math model to predict turbocharger

and engine operating condition and engine performance.

Turbocharger modification included new compressor and turbine trims which 1
better matched the engine flow requirements. The VATN system was redesigned

to give a broader range of turbine flow capacity variation. Additional mods 4
were considered to reduce the heat transfer from turbine to compressor. ]

The improved turbocharger was instrumented and installed on a diesel engine.
Engine dynamometer test data shows a 2 to 9 percent improvement at every
operating condition from 40 to 100 percent speed and 25 to 100 percent

load at each speed.

Bench testing to define the optimium set of bearing parameters was not
completed. A turbocharger was operated 1011 hours at speeds between
70000 and 78000 rpm without incident; this exceeded the contract goal
bv 300 hours.

A computer math model was created. The model was used to determine improved
match between the turbocharger and engine. The model was also used to
estimate emissions and BSFC for the "!3 Mode Federal Emission Diesel Cycle'.
Fuel consumption for three diesel engines operating in a VW Rabbit automobile
over the LA4 driving cvele was calculated. Fuel consumption improvements of
50 to 64 percent were estimated. A simple VATN control strategy was assessed.
Application of the VATN turbocharger to a DED gencrator set was analyzed.

The VATN eliminates turbocharger lag thereby allowing the engine to meet
military gen set response requirements. A recommendation was made to replace
a six cylinder, N/A diesel with a four cylinder diesel employing a VATN
turbocharger. Fuel savings of 8 to 10% were estimated.
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PREFACE

This report was prepared by Aerodyne Dallas under U.S. Army Contract
DAAK70-80-C-0146, issued by the Electro-Mechanical Division of the U.S.
Army Mobility Equipment Research and Development Command, Fort Belvoir,
and was under the technical direction of Mr. John R. Arvin.

This report covers the results of the work performed from October 1980
to February 1982, at which time the program was completed.
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I. INTRODUCTION

Rising fuel costs have put a premium on improving engine fuel efficiency.
Turbocharging of internal combustion engines can be used to effect an
improvement in fuel economy. This is accomplished largely by down-sizing
and/or reducing the rotational speed and turbocharging back to the original,
normally aspirated, engine power level. For diesel engines, additional
benefits may be realized due to improvements in engine air fuel ratio. As
engine size is reduced, turbocharging becomes increasingly difficult. The
adverse effects of bearing losses and reduced component efficiencies are
magnified in the smaller turbocharger.

Under a previous Army contract, DAAK70-78-C-0031, a turbocharger with several
advanced features was built and successfully tested on a John Deere 4239T
diesel engine. Engine fuel consumption and emissions were improved over a
majority of the operating speed and load range. Even though the previous
program was a success, several areas of improvement and further investigation
were identified.
These areas included:

- Improved matching of compressor and turbine to engine

- Reduced heat transfer from turbine to compressor

- Improvement to VATN system including airfoil shapes

+ Further information about optimum bearing operational parameters

+ Substantial extensijion of engine-turbocharger mathematical model

- Application of mathematical model to estimate |3 mode federal diesel
engine cycle. the LAY cvele, and turbocharyoer control strategy

The work presented in this final report has been directed toward the above
items.




I1I. DESIGN MODIFICATIONS AND
REMATCH ING

Results of previous work had identified several areas where the turbocharger
could be improved. A crossection and associated nomenclature are shown in
figure 1.

COMPRESSOR
Design Modification

An analysis of the previous test data showed that the compressor was operating
at 607 efficiency at rated load and speed and at a pressure ratio of 2.0.
Therefore, it was decided to increase the compressor flow size 16% and make

a vaneless diffuser. A vaneless diffuser will reflect a reduction in peak
efficiency but give a broader operating range. There was ample room to provide
a vaneless diffuser by machining the vanes from the compressor backwall casting.
The diffuser is formed by a converging section followed by a parallel wall
section, (see figure 2). The converging section has a radius ratio of 1.432
which provides for substantial reduction in the tangential component of
velocity leaving the rotor wheel. The parallel wall portion then diffuses
through an area ratio of 1.320. The constant velocity scroll used to collect
the flow from the diffuser discharge is unchanged from the original design.

The compressor wheel and diffuser design modifications were made in conjunction
with one another. The compressor wheel tip shroud profile was altered to (1)
increase the flow capacity 16% above the original design value and (2) reduce
the diffusion in the rotor wheel. Also, these changes had to be geometrically
consistent with the diffuser inlet. The iterative design process resulted in
the aforementioned vaneless diffuser and a new wheel tip shroud contour. The
tip shroud profile is 8.6° from normal at the rotor exit - diffuser inlet. The
rotor area ratio was reduced from 1.56 to 1.11.

Compressor Rig Test

The compressor was tested on the Aerodyne turbocharger test rig. The test
equipment is the same as that reported in detail for the previous contract.
Basically, The turbine is driven by exhaust gases from a diesel engine which
have passed through a settling tank. Diesel engine air flow is measured along
with four turbine inlet temperatures, nine turbine exit temperatures, two turbine
inlet stagnation pressures (static pressure in settling tank), and three exit
static pressures. Compressor measurements include four inlet temperatures,

nine exit temperatures, four inlet stagnation pressures, and eight exit stagna-
tion pressures. This data along with turbocharger rotational speed allow
detailed component performance to be determined. The compressor operating

point is set by adjusting a compressor discharge throttle valve and turbine vane
position or diesel engine speed (mass flow to turbine).
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FIGURE 3-
COMPRESSOR MAP
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A compressor map was penerated trom the rig test data which shows compressor
efficiency as a tunction of corrected volumetric flow rate, pressure ratio,
and corrected speed, (sce figure 3). A peak efficiency of slightly over 727
was measured which is 3 points lower than the original vaned diffuser design.
Stable compressor operation was observed even at very low flow rates. At
100000 rpm the lowest corrected flow rate tested was 37 cfm at 1.78 pressure
ratio. At the same speed and pressure ratio, the maximum flow was 275 cfm.

At flow rates between 37 and 130 cfm, at 100000 rpm, the compressor is in a
"soft surge'; but can operate at these conditions indefinitely without damage.
Also, the resulting pressurized air is stable.

Heat_Transfer

From figure 1 it can be seen that the general arrangement of the turbocharger
places the turbine close to the compressor. This leads to heat transfer from

the turbine to the compressor. In order to quantify the amount of heat transfer,
the process was assumed to be characterized by an "overall heat transfer coefficient"
(OAHT) which was defined as the amount of heat transfer (energy per unit time)
divided by the difference in temperature between turbine inlet and compressor
discharge. To deduce this coefficient, compressor test rig data and turbocharger
data from the engine test performed during the previous contract were used. A
value tor OAHT was determined which resulted in the compressor efficiency cal-
culated from engine data equal to the component test rig value i.e. the compressor
map. The compressor riy data was generated with a low turbine inlet temperature,
2509F to 3509F; therefore, the overall heat transfer is minimal. Steps were

taken tuv reduce the heat transfer even before the beginning of the current
contract. These mainly included minimizing the area normal to the flow of

heat across the outer diameter of the turbine backwall. Figure 4 presents the
OAHT as a function of compressor pressure ratio for the original turbocharger

test in the previous contract and for the turbocharger as modified since that
point in time. The e¢ngine tests were conducted at Southwest Research Institute,
San Antonio, for the previous contract. The OAHT was reduced frem ,0013 Btu/sec®F,
Wall temperature measurements were made at various locations on the turbine and
compressor housings. This data along with material conductivities, and estimated
heat transfer coefficient were used to calculate the heat flow through several
paths via a heat balance.

Four paths were identified as follows:

—
|

path From turbine housing to compressor housing through "V'" clamp

o
|

path From turbine backwall at outer diameter to compressor backwall
path 3 - Across the air gap between backwalls

path 4

Along shaft from turbine wheel to compressor
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The contribution ot each of these four paths was estimated to be in the
tollowing proportion atfter the initial heat transfer mods were made.

path 1 = 272 of total
path 2 - 497 ot total
path 3 - 167 of total
path 4 - 8 7 of total
Further modifications were considered. These included:

a - Adding another insulator next to the compressor backwall between
the VATN bearing and the outer diameter of the compressor backwall.

b - Make a ceramic turbine backwall with the ceramic material properties
biased toward low thermal conductivity.

¢ - Thermal barrier coating the turbine backwall

d - Insulate "V" clamp from housings

¢ - Additional reductions in area normal to heat flow path 2.
The cust and lead-time for item b were not within the constraints of the
current program. ltem ¢ was discontinued because of the risk of the thermal
barrier coming loose from the backwall. TItem d was tried; but the insulating

material would not allow the "V" clamp to remain tight thereby allowing leakage.

Items a and e were employed. Item e took on the form of a heat dam (groove)
which was machined in the outer ring of the turbine backwall.

TURBINE
VATN Design Modification

The original design allowed for the turbine vanes to be moved + 10 degrees

from a nominal position. The VATN bearing, which serves as a unison ring,

was modified in order that the turbine nozzle vanes could be moved + 14 degrees
from nominal. The vane air foil shape was redefined. The airfoil chord was
reduced from 0.94 to 0.84 inches, (see figure 5). The new airfoil shape not
only provides additional clearance between the vane trailing edge and the rotor
blade leading edges (at full open vane position); but, also the vane channel
convergence wds improved. It is aerodynamically desirable to have the channel
formed by two adjacent vanes to converage as the gas passes from the inlet to
the throat. Figure 6 presents the channel width as a function of distance along
the channel for the original vane shape in both the full open and closed positions.

Three new shapes were considered. Figure 7 shows the new vance shape selected.
Figure 8 presents the channel convergence of the new design which is much
improved as compared to that shown in figure 6 for the original design.
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FIGURE 7-

NEW TURBINE VANE SHAPE IN CLOSED POSITION
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Turbine Size Reduction

The engine to turbocharger matching was assessed via a computerized math-
ematical model of the turbocharger and engine system. This model was used

to determine the change in turbine and compressor trim (flow size) to better
match the engine requirements. The new compressor trim was reported in a
previous section of this report. The new turbine trim was estimated to be 0.250
rather than 0.370. These numbers are the vane height (and rotor blade inlet
height) in inches. Consideration was given to 0.200 turbine but rig tests
showed that an efficiency loss of 3 to 13 percent may offset the reduced

size benefits. Therefore, the 0.250 turbine was selected.




IT1. ENGINE TESTING

The new design changes were incorporated and two model 2.661/D turbochargers
were built for testing on the John Deere 4239T diesel engine. One turbocharger
was used for bench testing the other for the engine tests.

The purpose of the engine testing was to demonstrate the improved engine fuel
consumpt ion with the VATN turbocharger as compared to the original, bill of
miterials turbocharger, an Airesearch TO4.

TEST FACTLITY AND INSTRUMENTATION

All testing was conducted at Aerodyne Dallas, Dallas, Texas. The engine tests
were performed on a Midwest type MW101l4A eddy current, engine dynamometer.

The dvnamometer is controlled with a Digalog electronic controller. The Hewlett
Packard 3052A Automatic Data Acquisition System, which services the turbocharger
test rig and was described in the DAAK70-78-C-0031 final report, is also used

to record and analyze data from the engine dynamometer test facility. Up to

48 pressures can be measured via a Multiple Scanivalve System which sends
transducer signals to the data acquisition system. Engine torque and speed
signals are taken directly from the dynamometer controller into the Hewlett
Packard 3052A. A Hewlett Packard 5300B counter sends turbocharger rotational
speed directly to the 3052A data acquisition system.

Engine instrumentation included four compressor inlet and four compressor

exit temperatures and static pressures. The turbine also had four temperatures
and static pressures at the inlet and exit. Iron constantine thermocouples

were used at all locations. Compressor inlet and turbine inlet stagnation
pressures were calculated from measured static pressure, temperature, mass

flow, and the known area. Engine air flow is measured using a Meriam model
SOMC2-4F Laminar Flow Element placed some 35 feet upstream of the compressor
inlet. This 35 foot length also contains a 55 gallon drum used to dampen

the pulses emitted from the engine. Fuel flow was measured using a balance and
weights. The time required to consume a known mass of fuel was measured thereby
siving fuel mass flow rate. The relative humidity, fuel weight, and time are
entered into the data acquisition computer manually. Fuel temperature (entering
the fuel pump) and crankcase oil temperature were measured for documenation
purposes.

TEST PROCEDURE

The John Deere 4239T diesel engine with the Aerodyne Dallas VATN turbocharger
was mounted on the engine dynamometer and instrumented. The data acquisition
aad analysis computer program which was previously generated was used for this
test. This proyram was used to acquire and analyze engine dynamometer data
taken for the same engine operating with the bill of materials turbocharger,

an Airesearch TO4. This baseline test was run previous to the current contract
and will be compared to the VATN turbocharger results in the next report section.

14




The test was conducted by operating the engine at speeds of 1000, 1500, 2000,
and 2200 rpm, and loads ot 0O, 25, 50, 75, and 1007 at each speed. At each

point in this matrix two or three data points were taken at different turbine
vane throat dimensions. At 1000, 1500, 2000, and 2500 rpm, 100% torque values
were 197,50 2le05, 2090, and 194.3 ft-1b respectively. In addition, data was
also taken at the maximum tucl ing which the fuel pump would deliver at 1000,
Lroo, 2000, and 2H00 rpnic An attempt was made to toke data at idle speed and
various toads but cnine over heating was expericoced and this portion of the
test plan was deletod. One data point was taken at 747 rpm and 178 ft-1b

(100 load).

FEST RESULES

Copies of the computer output sheets are shown in the Appendix.  Reading
numbers (Rdg “) 1, 2, 3, 19, and 46 were for checkout purposes; fuel
consumpt fon measurements were not taken at these points.  Therefore, of

the 67 readings taken, 63 are valid fuel consumption points. The BSFC

(brake specific fuel consumption) results are shown in [igures 9, 10, 11,

and 12 tor 1000, 1500, 2000, and 2500 rpm respectively. Also shown in these
Pigures are the BSFC values for the bill of materials, fixed area, turbocharger
(T4 at the same operating conditions. This data was taken on the same engine,
same dvnamometer, and using the same measurement techinques and data analysis
program. The effect of the VATN turbocharger, as compared to the fixed area
turbocharger, on engine fuel consumption can be stated succinctly as follows.
At every point in the speed/ivad operating envelope of the engine there is a
VATN turbocharger vane position at which the engine fuel consumption is improved
as compared to that with the fixed area turbocharger. The improvement was 2 to
97 tor all data points except one wvhich was 317,

The data shown in the Appendix includes two compressor cfficiency values.  The
fivrst value is calculated based on measured compressor pressure ratio, inlet
temperature and exit temperaturce.  The sccond efficiency corrected the compressor
exit temperature by the 0.0008 Btu/CPF/scece constant discussed earlier.  Recall
that this constant approximately accounts for heat transtoer between turbine

and compressor.  This data was plotted as a function ot compressor pressure
ratio for cach of the four cengine speeds.  Also ioncluded in these figures, 13
through 16, is the compressor efficicncy from the compressor map. 1t can be
seen trom figures 13 through 16 that the 0.0003 overall heat transfer constant
corrects the compressor efficiencics measured on the engine back to the compressor
map valoes.  The data gt 1000 rpm, ticare U3, shows the most divergence between
correctoed and map ctticicncies.  This is most Likelv doe to the effect of low
Revnolds nambers at fow tlow rates,
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FIGURE 10~
SPECIFIC FUEL CONSUMPTION
AS A FUNCTION OF VANE THROAT POSITION
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FIGURE 12-
SPECIFIC FUEL CONSUMPTION

AS A FUNCTION OF VANE THROAT POSITION
AT 2500 RPM FOR A JOHN DEERE
3.9 LITER, D.I. DIESEL
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FIGURE 13-
APPARENT EFFECT OF HEAT TRANSFER
ON COMPRESSOR EFFICIENCY
DATA FROM JOHN DEERE 3.9 LITER DIESEL
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FIGURE 14~
APPARENT EFFECT OF HEAT TRANSFER
ON COMPRESSOR EFFICIENCY
DATA FROM JOHN DEERE 3.9 LITER DIESEL
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FIGURE 16-
APPARENT EFFECT OF HEAT TRANSFER

_ON COMPRESSOR EFFICIENCY
DATA FROM JOHN DEERE 3.9 LITER DIESEL
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FIGURE 17-
COMPRESSOR MAP WITH 4239T ENGINE SPEED LINES
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IV. ROTOR BEARING SYSTEM ANALYSIS AND TEST

The purpose of this portion of the contract was to make a limited demonstration
of durability and gain more experience with respect to the ball bearing system
which supports the rotor. This phase was to conclude by running a turbocharger
fur 700 hours. As illustrated in rigure 1, both wheels are overhung from the
bearings, both of which are full complement (10 balls each) angular contact
bearings with a preload spring between them.

ANALYSTS

The original program was to have an analysis made of bearing life by an "outside”
consultant or bearing mauntacture. This analysis was to consider the influence

of speed, radial clearance, inner and outer race curvature, preload, and material
hardness. The results of this analvsis was to be used as 1 guide in defining

a test program. No sourcve could be found to make the analysis in a timely fashion
within the cost constraints of the contract. Therefore, the analysis phase was
cancelled.

TEST PLAN

The test plan was defined based on past experience with small instrument bearings
in lieu of the "outside'" analysis. The objective was to define a series of
configurations which would allow speed, radial clearance, preload, number of
balls, balance, and type of lubricant to be investigated. Table T lists the

test configuration idenification and the associated value of the various parameters.
TEST FACILITY

In order to test these various configurations, a bearing shaft test rig facility
was fabricated. This facility was a 35 CID, 6 cylinder, diesel engine the
exhaust of which was used to drive an Aerodyne turbocharger. The compressor
discharge was fed into a plenum which inturn supplied the compressed air to each
of 24 bearing shaft test rigs. Each test rig was composced of a bearing and shaft
arrangement the same as the turbocharger. On the end of the shaft, where the
turbine rotor would be, an air turbine was machined. TFigure 18 is a photograph
showing the various parts which make up a test rig. A valve was placed between
cach test rig and the plenun in order to control the {low, and therefore speed,
of each rig. The turbochiarger, which supplied the pressurized air, was cantrolled
bv moving the turbine vanes and bleeding air to ambicat at locations where no

rigs were installed.

TEST RESULTS

The test rig configurations listed in Table [ were built, installed, and run,
Bearing tailures began to occur after onlv 10 hours of rumning. At first it
was felt that the failed configurations incorporated parameter combinations
which caused the failures. After 30-50 hours all but a4 few rigs had failed.
At this point a detailed investigation of the grinding process rovealed that
the inner bearving races, which are ground on the shaft, were not accurate.
This was actually traced to the dressing of the grinding wheel . The diamond
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did not travel in a plane intersecting the axis of rotation of the grinding
wheel. This resulted in a non-circular dress of the wheel. The local curvature
at the point of contact with the balls was almost the same as the ball curvature.
This gave a very large contact area which caused frictional wear. The problem
was corrected. Also a different grit grinding wheel was procured which gave

an improved surface finish. At this point in time, there were only four test

rig shafts remaining and it was not feasible to make an additional 24 new shafts
in the remaining contract time. These four shafts were ground to a larger radius
of curvature than the original rigs; 0.070 as opposed to .067 inch. This increase
in radius of curvature reduced the sensitivity of the race being an arc of a
"perfect" circle.

The four rigs were built to the following configuration and run for the time
indicated. (See Table | for configuration definition).

Config. Hours run
N2A 312
N8A 456
N1A 408
N/2A 672

At this point 1011 hours had been accumulated on the Aerodyne turbocharger
which was suppling the compressed air to the plenum. It was felt that,
although the original testing was not complete, the turbocharger had run for
well over the 700 hour goal, namely for 1011 hours, without incident. During
this time the turbocharger operated at speeds between 70000 and 78000 rpm.
The turbocharger was disassembled and inspected. The VATN system was still
functional and the bearings were in excellent condition. The turbocharger
was subsequently installed on a diesel powered automobile and continued to
perform.




... TABLE 1 - Bearing test configuration .__ .

AcerodyneDallas
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FIGURE I8a- BEARING SHAFT TEST FACILITY

FIGURE 18b-TEST RIG (ONE OF 24)
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V. MATH MODEL

A math model more elaborate than that included in the previous contract was
penerated. Correlations used in the current math model were deduced from
data token on the John Deere 4239T diesel engine.

MODEL. GENERATION

First order principles augmented by correlations are used to model the engine.
The turbocharger modelling is composed of a compressor map non-dimensionalized
in terms of parameters which allow the map to be scaled to different compressor
trims, Turbine performance is characterized by a series of maps at each of five
turbine vane positions. Heat transfer from turbine to compressor and leakage
from turbine to compressor and turbine to ambient can be accounted for in the
calculation.

The frictional loss of the engine is expressed in terms of mean effective
pressure by the following equation:

(SK#NE/6)%(1.555X10 2% Tmep + 0.011818) + 0.01183xImep + 8.797

"

Fmep

where:
Fmep = friction mean effective pressure — psi
SK = stroke — inches
NE = engine speed — rpm
Imep = indicated mean effective pressure — psi

The difference in pressure between intake and exhaust manifolds (Pim -~ Pem)
is not included in this definition of Fmep. Brake mean cffective pressure,
BMEP (psi). is expressed as:

BMEP = Imep - Fmep + (Pim - Pem)

Imep is expressed as:

mep = 1.1225X100%CE/EFFith/ (DSNE)

where:
CE = chemical energy available, fuel flowxlower heating value - Btu/scc
EFFith = indicated thermal efficiency
DS = engine displacement - cubic inches
Pim = intake manifold pressure - psia
Pem = exhaust manitold pressure - psia




Indicated thermal efficiency is determined from a correlation which expresses
EFFith as a function of air/fuel ratio and engine speed, (see figure 19). This
correlation was derived trom 42397 engine test data taken at Aerodyne with the
TO4 turbocharger,

The exhaust manifold temperature is determined by calculating an ideal combustion
temperature and an ideal temperature after expansion to either the full piston
stroke change in volume or exhaust manifold pressure, which ever is greater.

Two energy losses are assumed to occur which reduces the exhaust manifold
temperature below the calculated ideal value. An adjustment is first made to

the ideal combustion temperature to account for combustion inefficiency. This

is done by arbitarly assuming a 98% combustion efficiency at the air/fuel ratio
where maximum indicated thermal efficiency occurs for a given engine speed,

(see figure 19). Then the combustion efficiency is further reduced by assuming
that it is proportional to the change in indicated thermal efficiency which
occurred due to the air/fuel ratio not being equal to the "max EFFith' value.

The other heat loss term is calculated from heat transfer to the coolant. With
these two adjustments, a gas temperature '"at the exhaust port" can be calculated.
Heat loss via convection and radiation from the exhaust manifold is estimated
from basic heat transfer concepts. This adjustment is made to calculate turbine
inlet temperature. If heat transfer is assumed to take place between turbo-
charger turbine and compressor, the loss is taken prior to the turbine expansion
process.

Air mass flow rate through the engine is calculated using a volumetric efficiency
which is corrected for the pressure difference across the engine (Pim - Pem).
This parameter has been named base volumetric efficiency. For a four cycle
engine, volumetric efficiency is defined as:

EFFVOL = 3456#uchg/ (Pchg=DS*NE)
where:
EFFVOL = volumetric efficiency

mchg = charge mass flow rate - lbm/min

Pchg = charge density at intake value - lbm/ft3
DS = displacement - cubic inches
NE = engine speed - rpm

By assuming that there is verv little valve overlap and by knowing intake and
exhaust manifold pressurce the following "first order"” correction is made to
volumetric efficiency to get base volumetric efficiency:

EFFVOL base = EFFVOL/()]-(Pem/Pim-1)/(CR-1))

where:

EFFVOL base = basc volumetric efficiency




Pem = exhaust manifold pressure - psia
Pim = intake manifold pressure - psia
CR = compression ratio

This relation also does not take into account anv tuning effects of the intake
or exhaust manifold. Base volumetric efficiency was calculated for the John
Deere 4239T engine tested with the TO4 turbocharger at Acrodyne. These data
were correlated against the square root of intake manifold temperature is
proportional to acoustic velocity at the intake valve, (see figure 20).

smoke and emissions data taken during the previous contract at Southwest

Research Institute were correlated. Carbon monoxide (€0) and unburned
hydrocarbons (HC) were expressed as volumetric ratio to fuel i.e. parts of
CO or HC per million parts of fuel (in a gaseous state). The independent

variable for both correlations was chosen as the average temperature of
combustion where combustion was assumed to be the ideal constant pressure
process. Figures 21 and 22 show linear least square fits of the log of the
dependent parameter with the independent parameter. Oxides of nitrogen (NOy)
were also correlated against the average combustion temperature. In this case,
the amount of polutant was expressed as the volumetric ratio to unburned air
(parts of NO» per million parts of unburned air). A linear least squares
function was fitted to the log of the NOg parameter versus the average combustion
temperature, (see figure 23). The Bosch smoke number was obtained from the percent
opacity data taken by Southwest Research Institute using the SAE handbook
correlated for a 4 inch stack outlet diameter. The independent correlation
parameter was chosen to be the ratio of unburned fuel/air. Unburned fuel was
estimated in the same manmer as combustion inefficiencv wias accounted for in
determining exhaust manifold temperature discribed previously. Figure 24

shows this correlation.

The entire model involved a multitude of iteration and subiteration loops.

The model was programmed in BASIC on a TRS80 computer. Conditions from the
previous engine testing with TO4 turbocharger were calculated using the math
model. Calculations were also made for some of the data points taken from
current contract with the Acrodvne turbocharger. Table 11 lists the comparison
between calculated and measured brake specific fuel consumption values for the
4239T engine operating with the TO4, fixed arca, turbocharger. Table 111 lists
similar data for the Acrodvine turbocharger.
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FIGURE 19-
i INDICATED THERMAL EFFICIENCY CORRELATION

(FROM ENGINE TEST AT AERODYNE WITH TO4 ON 4239T)
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BASE VOLUMETRIC EFFICIENCY

FIGURE 20-
BASE VOLUMETRIC EFFICIENCY CORRELATION

(FROM ENGINE TEST AT AERODYNE WITH TO4 ON 4239T)

VINTAKE MANIFOLD TEMPERATURE , °R / 518.7

1.2
RPM
O 2500
i1 0 2000
: O 1500
A 1000
1.0
s e e -
| —77] B
-~
80
98 1O 102 104 106 108 LIO Li2 L4 116 118 1.2 1.22




. FIGURE 2i- CO CORRELATION
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FIGURE 22- HC CORRELATION
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FIGURE 23- NOp CORRELATION
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BOSCH SMOKE NUMBER

37

FIGURE 24- _BOSCH SMOKE NUMBER CORRELATION
BASED ON
SOUTHWEST RESEARCH INST DATA
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TABLE |1 - Calculated and measured BSFC values for fixed area turbocharger

Engine Speed Load BSFC (1b/hp-hr)

(rpm) (ft 1b) meas cale error
2500 197 414 L4153 +0.3%
2500 99 .504 .5034 -0.1%
1500 232 .401 L4250 +6.0%
1500 173 .393 .4059 +3.3%
1500 122 .409 L4104 +0.3%
1500 61 .509 .5079 -0.2%

avg. = +1.6%

TABLE 111 - Calculated and measured BSFC values for VATN turbocharger

Engine Speed Load BSFC (1b/hp-hr)

(rpm) (ft 1b) meas calc error
2500 194 .400 L4303 +7.6%
2500 195 400 .4093 +2.3%
2500 98 479 .4981 +4.0%
2500 97 .500 .5105 +2.1%
1500 216 .379 .4181 +10.37%
1500 216 .377 .3870 +2.6%
1500 108 412 L4151 +0.7%
1500 108 407 .4198 +3.1%
1500 108 409 .4168 +1.9%

avg. = 4+3.8%

The model predicts the BSFC to be 3.87 too high for the VATN unit and 1.67

high for the fixed area unit. The additional error for the VATN turbocharger
may be due to the volumetric efficiency algorithm not properly accounting

for the difference between intake and exhaust manifold pressure. This, inturn,
causes the calculated air/fuel ratio to be in error. Many of the calcuiation
procedures depend on air/fuel ratio, including the indicated thermal efficiency
calculation.
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FIGURE 25-

CALCULATED 4239T DEERE _ENGINE
FUEL FLOW FOR |13 MODE FEDERAL
DIESEL EMISSIONS CYCLE
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HC ~HYDROCARBON EMISSIONS ~ GM/ HR

FIGURE 26-

CALCULATED 4239T DEERE ENGINE

HYDROCARBON EMISSIONS FOR 13 MODE FEDERAL

DIESEL EMISSIONS CYCLE
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CO~ CARBON MONOXIDE EMISSIONS ~ GM / HR

FIGURE 27-
CALCULATED 42397 DEERE ENGINE

CARBON MONOXIDE EMISSIONS FOR 13 MODE FEDERAL

DIESEL EMISSIONS CYCLE
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FIGURE 28- CALCULATED 42397 DEERE ENGINE
OXIDES OF NITROGEN FOR 13 MODE FEDERAL
DIESEL EMISSIONS CYCLE
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FIGURE 29- CALCULATED 42397 DEERE ENGINE
SMOKE BOSCH NUMBER FOR I3 MODE FEDERAL
DIESEL EMISSIONS CYCLE
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MODEL APPLICATION

13 Mode Federal Diescl Umissions Cvele

The math model described above was used to generate John Deere 4239T engine
fuel consumption, smoke, and emissions data for the 13 operating modes of the

federal diesel emissions cycle. The mode definitions and calculation procedures

were taken from the 1981 SAE Handbook, pages 25.20 and 25.21 (SAE J1003). At
each of the 13 modes the model was executed at various vane throat values. The

maximum firing pressure limit was approximated by constraining the intake manifold
pressure to values less than 16 psig. Figure 25 presents the calculated fuel flow

rates for each of the modes as a function of vane throat. The power output and
engine speed are also called out in figure 25 for each mode. Figures 26, 27,
and 28 show unburned hvdrocarbons, carbon monoxide, and oxides of nitrogen in

a similar fashion to figure 25. Bosch smoke number is shown in figure 29.

Control Strategy

A control strategy was defined for the 4239T engine operating over the 13 mode
federal diesel cycle. To define the control operation, it was assumed that fuel
flow per revolution is proportional to throttle position. A control schedule
was derived which would define the desired vane throat as a function of engine
speed and throttle position.

VT = PLS (0.3125 (NE/NEmax) - 0.4125) +0.300
where:
VT = vane throat - inches
PLS = throttle position as a fraction of full travel
NE = engine speed - rpm
NEmax = maximum rated engine speed - rpm

This control schedule was thought to be relatively simple, involving only two
independent variables: engine speed and throttle position. The mathematical
function was derived so as to pass the control schedule through, or near., the
minimum fuel flow rate points for each mode. The resulting operating lines

are shown in ligures 25 through 29. Weighted average values of brake specific
fucl consumption and emissions were calculated using the aforementioned SAEJ1003
procedure.

e




The mode operating conditions are shewn in Table TV below.

Table 1V -~ Speed-load Schedule of 13-Mode Federal

Dievsel Emission Cycle

Mode Speed Torque

1 IDLE -

2 S 0.02 x Tm

3 S 0.25 x Tm

4 5 0.50 x Tm

5 S 0.75 x Tm

6 S Tm

7 IDLE -

8 Sm T

9 Sm 0.75 x T

10 Sm 0.50 x T

11 Sm 0.5 x T

12 Sm 0,02 x 1

13 {DLE -
where:

Tm - Rated Torque

Sm - Rated Speed

T - Highest Torque at Rated Spocd

192
1

Hight‘:—(t S[M‘\‘\f at Rated lerau
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Table V - lists the emissions and fuel consumption data calculated for

the Aerodyne turbocharger controlled to the schedule shown in figures 25
through 28.

Table V - 13 Mode Emissions Calculated For Aerodyne Turbocharger With

Controller

For 1dle Modes (1, 7 & 13) Mass Flows are:
HC = 28.7 GM/HR CO = 42.73 GM/HR NO2 = 12.04 GM/HR
Fuel = 1,76 LB/HR

Brake Specific Emissions And Fuel Consumption For Non-Idle Modes

Mode BSHC BSCO BSNO2 BSFC
GM/HP-HR CM/HP-HR  GM/HP-HR LB/HP-HR
2 23.74 36.40 15.04 2.071
3 3.38 5.46 4.96 0.558
4 1.40 2,37 5.54 0.428
5 0.80 1.42 7.24 0.389
6 0.53 0.96 9.99 0.375
8 0.47 0.87 12.84 0.415
9 0.80 1.42 9.88 0.448
10 1.50 2.57 7.64 0.508
11 3.27 5.39 7.52 0.690
12 18.58 29.29 18.67 2.281

Weighted Avg Values:

1.60 2.65 9.47 0.510
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Tablie Vo= 13 Mode tmisions valealated Por 700 Jarbocharaer
For Idle Modes (I, 7 8 13) Mass Flows Are:
HO = 28., GM/HR OO = L2073 GRS 02 = 12004 GM/BR
Fuel = 1./ 6 L3/ HR
Brake Specitic Emissions And buel Consumption For Non-l1dle Modes
Mode RSO BSCO BSNOY BskC
GM/HP-HR - oM/HP-HR GMZHP-HR LB/HP-HR
2 24,82 36.80 1y, 04 2,091
3 3.50 5.08 4.79 0.561
4 1.35 2. 31 5.29 0.432
5 0.70 125 7.16 0.403
6 0.41 0.77 To.11 0.407
8 0.48 0.89 12,66 0.418
9 0.80 0.80 9.85 0.451
10 1.46 2.51 8§.08 0.515
11 3.35 5.51 7.76 0.696
12 13.74 29.55 20,15 2.323
Weighted Avy Vidlnes:
1.57 2.50 G (0.520




Table VIT-13 Mode Emissions Measured For TO4 Turbocharger

For Idle Modes (1, 7 & 13) Mass Flows Are:
HC = 19.65 GM/HR CO = 33.73 CM/HR NO2 = 12.12 GM/HR
Fuel = 1.76 LE/HR

Brake Specific Emissions And Fuel Consumption For Non-Idle Modes

Mode BSHC BSCO BSNO2 BSFC
GM/HP-HR GM/HP-HR  GM/HP-HR LB/HP-HR

2 33.17 55.96 16.72 4.054
3 2.25 3.66 4.61 0.562
4 0.99 1.09 5.56 0.431
5 0.71 0.65 7.78 0.396
6 0.45 1.21 14.72 0.393
8 0.34 1.15 11.24 0.418
9 0.26 0.73 8.34 0.449
10 1.82 1.27 5.49 0.515
1t 1.98 3.43 5.32 0.717
12 29 .44 70.56 19.98 5.526

Weighted Avg Values:

1.16 2.00 9.28 0.522

By comparing corresponding values in Table VI & VIl an assessment of how
well the math model compares to measured values can be made for the fixed
area turbocharger. The worst agreement was between calculated and measured
BSHC values; the best was BSFC. Also, the trends of all the parameters
agree rather well with the measured data. A relative comparison between
the Aerodyne turbocharger, operating to the previously discussed control
schedule, and the T0O4 can be made from Tables V and VI. As shown in
section 111, the engine test data indicated an average improvement of 4%
in BSFC of the Aerodyne turbocharger as compared to the TO4. On the other
hand, the math model overestimates fuel flow by 2% for the VATN unit as
compared to the TO4. Therefore, the calculated "13 mode" BSFC values
only show a 27 improvement rather than the expected 47%. The BSHC is
higher for the VATN turbocharger while BSCO and BSNOp are reduced. An
overall emissions comparison is sometimes made using the sum of BSHC and
BSNO». This value is essentially the same for both turbochargers. By
compar ing calculated results it can be concluded that the simple control
schedule used for the VATN turbocharger will give improved fuel economy
as compared to the fixed area TO4.

Much more complicated control strategies could be develnped which would
take into consideration the engines coolant temperature and barometric




conditions, This approach is beyvond the scope of this contract, but could
aive additional improvements,

A control system was built that sensed throttic position and engine speed.  The
analog circuit output was a "desired" position to a stepping motor which

was connected to the VATN control rod. Bench tests of the unit showed that

the stepping motor could not respond fast enough. TFull travel required 3.0
seconds which was too long a time to justify anv further development expenscs.
Thercefore, the hardware phase was stopped. 1t is relt that the best way to
control the VATN system is through a pneumatic driver (piston and spring)

with the difference in pressure across the piston being a "leak" to one

side of the piston. The piston would be sized to give the proper foree to

the VATN control rod.

Driving Cyele Simulation (Lad)

In order to use tie new math model to estimate results of an automobile
operating over the federal driving cyele, it was necessary to generate a
math model which would caleulate the engine load and specd.  Also, an
abreviation of the full 1320 scconds was ncecessary in order to make the
problem manageable.  Southwest Research Institute provided an approximation
to the LASG driving cvele. The approximation was made up of nine modes. A
VW dicesel Rabbitt was chosen as the automobile. Phvsical characteristics
of the automobile and drive line were taken tfrom "Reoad and Track” magazine
and are as follows:

-frontal areca = ]6.575{(2

‘we ight = 2200 1bm

‘max engine sgpeed = 3200 rpm

.gear ratios were 3.76, 1.94, 1.29, and .76 for Ist through 5th gear

-engine speed/car velocity ratio (rpm/mph) of 4¢

The N/V value in the open literature is 46. A valuce of 30 was used for this
analysis., [t was felt that this respresents the lowest value reasonable.
Lven this value requires a very responsive turbocharped cogine. A descrip-
tion of the nine modes and associated engine operating conditions is given in
Ttable VILE.

The performance of three engines was estimated using the new math model and
the speed and power requirements shown in Table VIIL.  Pngine A represents
the current 1.47 liter engine turbocharped to a maximam intake manifold
pressure of 1,82 atmosphere absolute pressure, a value assumed to represent
contemporary automotive diesel cuapine.  FEogine B is a normally aspivated,
2.62 liter engine. FEngine ¢ has a displacement of 1.08 liters., The dis-
placement for engines B and C were determined by requirving the power output,
at mode 9 conditions, to be cqual to that of cngine Ao For this determination
all three engines were assumed to have an air/fuoel ratio of 200 Fogine €
reflects future dicsel engine intake manifold pressure ltevely a value of
3.18 atmosphere (abs) was sclected.  The turbine vane position controller
wis assumed to be the same as the one previously used for the "1V mode”




analysis. VFigure 30 shows the brake specific fuel consumption (BSFC) as

a function of vane throat for each of the nine modes approximating the LA4
driving cycle. Similar data for engine C is shown in figure 31. The "X"
symbol indicates the vane position to which the controller moves for
each mode., Recall this vane position (throat) is dependent on throttle
position and engine speed. Table IX, X and XI list the vane position (VG),
BSFC, horsepower, engine speed, and fraction of total fuel usage (Zfuel)
for cach of the nine modes for engine A, B, and C respectively. These
tables also show the overall miles per gallon, mpg. T+ can be seen that
the economy is improved 51 percent bv replacing a normally aspirated, 2.62
liter engine with a turbocharged engine of equivalent performance. An
additional 14 percent improvement can be realized by further reducing the
engine size and appropriatelyv increasing the boost level. This estimated
performance for engine € also included the effect on indicated thermal -
eff iciency of reducing the compression ratio from 23 to 12, This was

done to maintain a reasonable peak firing pressure. This factor was
determined from Taylor's "The Internal Combustion Engine in Theory and
Practice".

Generator Set Application

In the past, turbocharged diesel engines have not been used to drive Army
generator sets because of the requirement that the gen set be able to go
from zero to full load while maintaining frequency. Turbocharger "lag"

was the source of the problem. The VATN feature can eliminate this problem.
This allows smaller, turbocharged diesel engines to replace normally aspirated
engines which, inturn, will result in reduced fuel consumption. Using
electrical generator e¢fficiency data and fuel consumption data supplied by
the Army, the math model was usced to estimate potential fuel savings which
could be realized by replacing the six cylinder, normally aspirated, 298
CID, diesel engine used to drive a 30KW generator set with a four cylinder,
turbocharged, 226 CID, cngine. A 0.99 multiplying factor on the indicated
thermal efficiency and a 1.10 factor on friction loss enabled the model to
predict the current 15KW and 30KW fuel consumption values as measured during
the Mil. std. 705 test cycle. Mil. std. 705 duty cvele is as follows:

4 hours at zero load

24 hours at 25% load (15.5hp)

24 hours at 507 load (27.2hp)

24 hours at 75% load (38.2hp)

24 hours at 1007 1load (49.1lhp)
Ambient conditions were 600F and 29.92 "Hg". The engine speed is a constant
1800 rpm. The calculated and measured fuel usage values were 126.2 gal and
130.0 gal for the 15KW unit and 227.4 gal and 222.9 gal for the 30KW unit.

In terms of error, the 15KW error was -2.9%7 and the 30KW error was +2.0%.

A 226 CID, 4 cylinder cnginc was selected to replace the 6 cylinder engine
because the engine has been designed to be turbocharged. An air/fuel ratio




of 28 was assumed at full power. 1t was felt that this is a conservative
value which would give good BSFC and no smoke. The resulting compressor
pressure ratio was 1.36. Three control strategies were assumed. Control
strategy A assumed that the turbocharger pressure ratio, and therefore
speed, would be held constant at 1.36. Strategy B held the pressure ratio
at 1.36 down to the 25 percent load point. At loads below 25 percen