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DISCLAIMER

This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government
nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use
would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of
the United States Government or any agency thereof.
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EXECUTIVE SUMMARY

Three methods were utilized to analyze key components of slow-speed, large-bore,
natural gas integral engines. These three methods included the application of
computational fluid dynamics (CFD), dynamic modal analysis using finite element
analysis (FEA), and a stress analysis method also using FEA. The CFD analysis focuses
primarily on the fuel mixing in the combustion chamber of a TLA engine. Results
indicate a significant increase in the homogeneity of the air and fuel using high-pressure
fuel injection (HPFI) instead of standard low-pressure mechanical gas admission valve
(MGAV). A modal analysis of three engine crankshafts (TLA-6, HBA-6, and GMV-10)
is developed and presented. Results indicate that each crankshaft has a natural frequency
and corresponding speed that is well away from the typical engine operating speed. A
frame stress analysis method is also developed and presented. Two different crankcases
are examined. A TLA-6 crankcase is modeled and a stress analysis is performed. The
method of dynamic load determination, model setup, and the results from the stress
analysis are discussed. Preliminary results indicate a 10%-15% maximum increase in
frame stress due to a 20% increase in HP. However, the high stress regions were
localized. A new hydraulically actuated mechanical fuel valve is also developed and
presented. This valve provides equivalent high-energy (supersonic) fuel injection
comparable to a HPFI system, at 1/5th of the natural gas fuel pressure. This valve was
developed in cooperation with the Dresser-Rand Corporation.
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ABBREVIATIONS AND SYMBOLS

ATDC After Top Dead Center
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BMEP Brake Mean Effective Pressure
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DOE Department of Energy
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1.0 Progress and Approach
1.1 Optical Engine Evaluations

It was concluded that performing testing on the current optical engine (GMV combustion
chamber design, 14” bore and stroke) would not provide results applicable to the TLA-6
(17 bore, 19” stroke). The costs associated with refitting the optical engine to match the
bore and stroke of the TLA were prohibitive. Originally the optical engine evaluations
were to examine the fuel and air mixing processes in the cylinder. Due to the
incompatibility of the optical engine, this was accomplished using computational fluid
dynamics (CFD). The CFD analysis software used was Star CD and the geometry
imported into Star CD for mesh generation was created within PTC’s Pro Engineer 3D
solid modeling computer-aided engineering (CAE) software. The CFD modeling process
for in-cylinder mixing has been validated by comparing modeling results with
experiments for similar EECL mixing studies.

In cylinder mixing was evaluated for three different configurations, all based upon a TLA
engine. The first case analyzed was for the stock condition, which uses a low-pressure
mechanical gas admission valve, and a standard head and piston. The second case is the
same as the first except that the enhanced mixing technology is added. The enhanced
mixing technology is the high-pressure fuel injection (HPFI) system, which replaces the
original MGAYV system. The final configuration analyzed consisted of the HPFI system,
a modified piston, and a standard head.

1.2 Component Procurement and Fabrication

Verbal donation commitments for high-pressure fuel injection (HPFI) systems from two
different vendors, Hoerbiger Corporation of America and Enginuity, LLC have been
secured. Altronic Corporation has offered to donate the Hoerbiger HPFI control system,
a CPU-2000 spark ignition system, and an engine speed governing system. Additionally,
if requested they have indicated that they will provide an add-on module to their CPU-
2000 ignition system that will control diesel pilot injectors. Diesel pilot injectors and
other required components for the pilot injection system are available from other and on-
going research projects.

The EECL, in close collaboration with Dresser-Rand, developed a new hydraulically
actuated, inwardly opening, mechanical fuel injection system design. Dresser-Rand has
expressed strong interest in commercial development of this system.
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1.3 Uprate Systems Test Plan

The uprate systems test plan documents a process for quantifying the engine benefits due
to the installation of uprate technologies. In this plan the Clark TLA engine is
quantitatively characterized by varying the equivalence ratio and the engine speed in its
stock configuration. The stock configuration test measurements include standard
temperatures, pressures, and emissions; from this data, combustion statistics are
determined. These same measurements are also collected for a similar equivalence ratio
and speed map with the implementation of the enhanced mixing technology (HPFI),
HPFI and enhanced ignition, and an optimal control methodology. The final set of data
measured is with the engine in its uprated condition. This is accomplished with all of the
identified uprate technologies acting together while varying the load and speed of the
engine up to 20% over rated power. The same measurements that are collected for the
other cases are collected for this final configuration. See Table 1 for a chart of the uprate
systems test plan. The test plan document was submitted to DOE previously.

Stock
Enhanced Mixing Equivalence
— Standard
Enhgnlceqt_M'X'”g Ratio Map and | temperature,
. gnition Speed Map Pressure
Optimal Control Combusti(;n
Methodology Statistics, HAPS,
Variation of Load| and Criteria
and Speed (up to Pollutants
Uprated 20% increase
BHP)

Table 1 Uprate systems test plan

1.4  Testing of Uprate Systems

This is to be performed after the baseline testing is complete and the uprate hardware has
been installed.
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2.0 Results and Discussion
2.1  Optical Engine Evaluations

The CFD results, in lieu of the optical engine evaluations, investigated three
configurations for a TLA-6. A summary of the three configurations is as follows:
e OEM TLA with mechanical gas admission valve (MGAYV), standard piston, and
standard head
e Enhanced mixing (HPFI), standard piston, and standard head
e Enhanced mixing (HPFI), modified crown piston, and standard head

The CFD analysis evaluated the combustion chamber gas velocity during mixing, gas
distribution, flame propagation, fuel consumption, temperature distribution, NOy
generation, and a comparison of fuel gas mixing with three different configurations. The
gas velocity within the cylinder at ignition can be seen in Figure 1. The velocity flow
pattern is set up as a result of the scavenging system design. The flow field present at
ignition is residual from the scavenging process. The flow field contains both swirl and
tumble characteristics. A representation of fuel distribution at ignition can be seen in
Figure 2. Clearly the fuel distribution is highly stratified. See Figure 3 and Figure 4 for
images representing flame propagation and fuel gas consumption in the combustion
chamber from —6° ATDC to 22° ATDC. Representations of temperature distribution and
NOx generation from TDC to 70° ATDC can be seen in Figure 5 and Figure 6. The fuel
gas mixing comparison of the stock configuration vs. HPFI with the stock piston vs.
HPFI with a modified piston from 120° BTDC to 10° BTDC can be seen in Figure 7
through Figure 9.

YELOCITY MAGNITUDE
bl

TIME = 0.134444
LOCAL Mx= 11.65
LOCAL W= 0.2925

10,00
5333
G.EET

3333
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0.23E0E-06
Figure 1 Gas velocity flow field for TLA
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Figure 2 Fuel distribution at ignition for TLA (fuel mole fraction)
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Figure 3 Flame propagation and fuel consumption from -6° to 6° (ATDC) for TLA
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Figure 4 Flame propagation and fuel consumption from 10° to 22° (ATDC) for TLA
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Figure 6 Temperature and NO, 40° to 70° (ATDC) for TLA

Systematic Engine Uprate Technology 13 DE-FC26-04NT42270
Final Report — October, 2005



/1200 BTDC 110° BTDC /100 BTDC 90° BTDC

28
HPFI w/ modified pisto

60° BTDC
2P
72 ‘

Figure 8 Fuel gas flow comparisons 80° to 50° (BTDC) for TLA
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Figure 9 Fuel gas flow comparisons 40° to 10° (BTDC) for TLA
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There are a number of important conclusions that can be drawn from the mixing
evaluations of the three different cylinder configurations. In Figure 9 at 10°BTDC the
HPFI case with the stock piston (center) is better mixed. There is still some level of
stratification, but it is clearly a significant improvement over the Nominal TLA case. The
modified piston (bottom case) does not improve mixing in the cylinder when compared
with the HPFI case with the stock piston.

2.2 Component Procurement and Fabrication

Analysis was performed related to crankshaft speed sensitivities and crankcase stresses.
Crankshaft modal analysis was performed on several crankshafts to evaluate operational
speed conditions and crankcase stresses were analyzed based upon a nominal operating
condition and an uprated condition.

2.2.1 Crankshaft Modal Analysis

2.2.1.1 Background

The need to get more work out of large-bore natural gas integral compressor engines is
becoming more prevalent. One method previously used has been to increase the speed of
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the engine. This method has been successful, but it is also well documented that there
have been many premature crankshaft failures due to the increase in crankshaft stresses.
It has been noted by several of the OEM’s that if the engine’s speed is increased there can
be, on some engines, a very real potential of approaching a critical speed where
resonance issues become of significant concern. Appendix A contains several OEM
memos and report summaries that are in response to this concern.

It is well known and well understood that as a rotating mass approaches its natural
frequency, the amplitude of the deflections can become so large that it can cause
premature failure, even when below the static critical stress'. This is due to an increase of
the fatigue effects since the crankshaft begins to deflect more than what would normally
be acceptable. If an engine is allowed to run at, or even near a critical speed, these larger
deflections can cause locally higher stresses, at stress concentration points, which then
amplify fatigue effects, severely cutting short the life of a crankshaft.

The crankshaft is probably one of the most studied components of any internal
combustion engine and as such there have been many different methods developed to try
to efficiently analyze the crankshaft’. Of the many different methods, there have been
analytical models, computer simulation models, a combination of analytical and
computer simulation models, and there have been entire computer programs developed
just to analyze crankshafts™". Although most of the models are for determining the
crankshaft stresses for automotive size engines, the fundamental engineering principles
translate to slow-speed, large-bore natural gas engines. Of the varying methods
developed, modal analysis methods are thought to be of most interest and benefit for this
project. Although there are fewer overall studies relating directly to modal analysis of
crankshafts, it is still thought that the engineering fundamentals can still translate to this
application.

Solid models of crankshafts for a Clark TLA-6, Clark HBA-6, and Cooper-Bessemer
GMV10 were created and studied to see if, through a modal analysis using Pro
Mechanica, any insight could be gained regarding their natural frequencies.

2.2.1.2 Clark TLA-6 Crankshaft Analysis

Modal analysis was performed using Pro Engineer’s Pro Mechanica Finite Element
Analysis (FEA) module. A model of the TLA-6 crankshaft was created and assigned
material properties for ductile steel. To account for the attached mass of the connecting
rods and piston assemblies, a simplified mass assumption was created to simulate these
components, see Figure 10. This ‘lumped-mass’ however, does not include equivalent
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moment of inertia details. The flywheel was modeled and used in the final analyses, but
in some of the analyses a point mass assumption was used. This point mass was assigned
to the very end of the crankshaft. The crankshaft in a TLA-6 engine is constrained by the
crankshaft bearings and the captive ends of the crankcase and upper block. To simulate
these constraints, each crankshaft journal bearing was identified and defined as a specific
surface on the crankshaft. These defined surfaces then had their respective degrees of
freedom constrained. The journal bearing surface associated with the non-flywheel end
of the crankshaft was allowed to rotate about the axis of the crankshaft, but was not
allowed to translate in the direction of the crankshaft axis. The remaining journal bearing
surfaces were allowed to rotate about the crankshaft axis and translate in the direction of
the crankshaft axis. All other remaining degrees of freedom were constrained to prevent
rotation or translation in the two directions normal to the crankshaft axis. An example of
the flywheel and constraints setup can be seen in Figure 11.

The modal analysis results indicated that the first natural frequency of the crankshaft was
59 Hz with the flywheel geometry. This result correlates to an engine speed of
approximately 3,540 rpm. Figure 12 provides a graphical representation of the distortion
(exaggerated by 10%) due to the resonant condition of the crankshaft. When examining
the different critical speeds, the 10™ order critical is 354 rpm and would in general be an
indication that the crankshaft is not in jeopardy of sustaining any damaging stresses while
operating at 300 rpm. At this speed, all i order critical speeds (where i = 1,2,3, etc.) are
considered to be insignificant. Comparison of these results to actual measured modal
data is recommended.

Although this modal analysis is approximate, the results are within the expected range
when considering what historically are common resonant frequencies of these large-bore
natural gas engine crankshafts. Appendix A has OEM communications and report
summaries that support this historical perspective.

Systematic Engine Uprate Technology 17 DE-FC26-04NT42270
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Figure 10 TLA-6 crankshaft lumped mass approximation example

Figure 11 TLA-6 crankshaft modal analysis simulation setup
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Figure 12 TLA-6 crankshaft modal analysis fringe plot

2.2.1.3 Clark HBA-6 Crankshaft Analysis

Nearly the exact same modal analysis process, as outlined in section 2.2.1.2, was applied
to the Clark HBA-6 crankshaft. HBA-6 crankshaft modal analysis models included the
flywheel and were compared to modal analysis results using the point mass assumption
for the flywheel. The results were similar, in both modeling cases, to those of the TLA-6
analyses. HBA-6 crankshaft modal analysis results indicate that it could have a first
harmonic of approximately 54 Hz, or 3,240 rpm. This result indicates that only the 10"
order critical, of 324 rpm, would be near the normal operation speed of 300 rpm. At this
speed, all i order critical speeds (where i = 1,2,3, etc.) are considered to be insignificant.
Comparison of these results to actual measured modal data is recommended.

2.2.1.4 Cooper-Bessemer GMV-10 Crankshaft Analysis

A Cooper-Bessemer GMV-10 crankshaft was modeled and the same modal analysis
process, as outlined in section 2.2.1.2, was applied to this crankshaft was well. Analysis
performed on this crankshaft included a point mass assumption for the flywheel as well
as a simplified model of a GMV-10 flywheel. The GMV-10 modal analysis results were
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similar to analysis results for the TLA and HBA. Results from these modal analyses
indicated that the first harmonic was approximately 56 Hz, or 3,360 rpm. This result
indicates that the 10" order critical speed would be 336 rpm. This is significantly above
the normal operation speed of 300 rpm. All i order critical speeds (where i = 1,2,3, etc.)
above 10 are considered to be insignificant. This suggests the engine could be operated
at higher speeds. For this model engine some industry data was available for comparison.
From this data (February 14, 2003 Cooper Energy Services Memo in Appendix A), the
first harmonic was determined to be at approximately 30 Hz, or 1,785 rpm. This is
significantly different than our results. As a point of comparison the Holzer method", a
well accepted closed form crank shaft analysis technique, predicts 61 Hz for the first
harmonic. The Holzer method result supports the Pro Mechanica analysis method.
Additionally, the memo states that the 6" order critical speed is 297 rpm. This is
surprising since the nominal operating speed is 300 rpm. In our opinion the analysis
results given in the February 14™ 2003 memo are inconsistent.

2.2.1.5 Analysis Results and Model Comparison

A summary of engine parameters and modal analysis results can be seen in Table 2. The
fundamental frequency determined for each crankshaft is listed as well as the flywheel
weights, spacing between crankshaft journal bearings and the total lumped mass weights
per cylinder. In the case of the TLA-6, cylinders 2, 4, and 6 have a simplified lumped
component weight of 1,900 Ibs. and 3,300 Ibs. for cylinders 1, 3, 5. In the case of the
HBA-6 engine, cylinders 1 and 3 have a simplified lumped component weight of 3,084
Ibs., cylinders 2 and 5 have a weight of 2,288 Ibs., and cylinders 4 and 6 have a weight of
3,332 Ibs. The percent difference between the manufacturer’s published weights and
modeled weights are compared. The GMV-10 assembly was approximately 6%
underweight, the TLA-6 assembly was less than 1% overweight, and the HBA-6 was
approximately 2% underweight.

% Dift. for
Flywheel | Bearing Ass'y Weight
Weight | Spacing | Total Lumped Mass| (Model vs.
f, (Hz) (Ib) (in) Weight per Cyl. (Ib) Actual)
GMV-10| 56 5,380 25.5 2,473 -5.96
TLA-6 52 5,400 31.0 1,900/3,300 0.67
HBA-6 54 5,400 30.0 | 3,084/2,288/3,332 -2.05

Table 2 Engine parameter and modal analysis results comparison
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2.2.2 Crankcase Stress Analysis

2.2.2.1 Background Information

One of the significant concerns regarding uprating many older two-stroke natural gas
integral engines is the potential for an increase in component failures. This concern is
generally larger for the target engines of this project since they tend have some of the
lowest BMEP ratings compared to the rest of the engines in the field today.
Traditionally, low BMEP engines also have lighter crankcases compared to later
generation engines of similar families (e.g. GMV vs. GMVH). Because of this concern,
the internal frame stresses were analyzed to explore the level of internal stresses at
nominal conditions compared to that of an uprated condition. This analysis looked at the
magnitude, distribution, and location of the stresses within the crankcase. This process is
outlined in the following sections. The general process and an accompanying flowchart
(see Figure 13) are given below:

e ldentify a target engine of interest

e Determine power piston and compressor piston forces, usually from pressure trace
data (either from industry input or other engine modeling software)

e Perform dynamic force analysis using the input force data

e Create a solid model of the target engine crankcase

e Input load results from dynamic force analysis into an FEA program (e.g. Pro
Mechanica)

e Perform stress analysis

e Analyze results

Systematic Engine Uprate Technology 21 DE-FC26-04NT42270
Final Report — October, 2005



Select Candidate Test Engine > Select Candidate Engine

= Y =

Dynamic Force Analysis Dynamic Force Analysis
— =

Model Engine Crankcase Model Engine Crankcase
— Y Examine Solid —

Finite Element Stress Analysis Model Geometry Finite Element Stress Analysis
andfor Dynamic
Forces

=~

On-Engine Testing

.

Analyze Results

—

Analyze Results

Figure 13 Frame stress analysis process flow chart

The process outlined above is for the crankcase stress measurements; it will be validated
with on-engine strain measurements and then correlated to the modeling predictions. The
validation process will be performed using the EECL’s GMV-4TF and is addressed in the
following section.

2.2.2.2 Cooper-Bessemer GMV-4TF Crankcase Analysis

Dynamic Model Analysis

A dynamic analysis of a modeled GMV-4TF engine without compressors, but under a
dynamometer load, was performed so that the main bearing forces on the crankcase could
be determined. This modeling was performed using MSC Working Model 2D version
5.0 software. The input power piston forces were determined from actual GMV pressure
traces that were collected at the EECL during engine testing. The GMV was run with
MGAV fuel injection at a nominal, sea level conditions simulated with a boost of 7.5” Hg
gage (3.7 psig) from a supercharger and an exhaust backpressure valve. The pressure
traces were converted to input force traces and the locations of peak-pressure (peak force)
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were maintained at 18° ATDC for each cylinder. The input force profile can be seen in
Figure 14. The Working Model simulation takes into account the weights of the
components that move and rotate, but all of the geometries are simplified. The
pin/bearing diameters of the connecting rods and crank pins were entered and coefficients
of friction were also added. The values for the coefficients of friction were set to 0.05.
For full hydrodynamic bearings, with the given engine speed, the coefficient of friction
probably could have been set to as high as 0.10"'. The Working Model GMV simulation
setup can be seen in Figure 15. Although the EECL GMYV engine does not have the
compressors attached to the engine, the crosshead is still attached to the crankshaft and is
included in the Working Model simulation setup.
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Figure 14 GMV-4TF power piston input forces for Working Model simulation
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Figure 15 Working Model GMV-4TF simulation setup with results

Finite Element Stress Analysis

A solid model of the GMV-4TF crankcase was created using Pro Engineer Wildfire 3-D
solid modeling CAE software. Although no engineering drawings were available
initially, the model of the GMV crankcase was approximated according to on-engine
measurements and assumptions. Dimensions were then verified or updated once the
engineering drawings were received (see left image in Figure 16). The external covers
and crankcase end caps were modeled (not shown) and put in place as if they were rigidly
connected (bolted) so as to create a more accurate model for stress analysis.
Simplification efforts that went into the GMV crankcase model attempted to maintain a
majority of the geometric detail, but some superfluous details were removed. This
simplification is to assist the meshing process, but not at a cost of stress analysis
accuracy. This was achieved by modifying some of the more complex features,
specifically related to the crankcase outer structure and some detail of the internal web
strengtheners and ribs. See Figure 17 for an example of the meshed crankcase.
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Figure 17 Example of GMV-4TF meshed simplified crankcase

The crankcase material properties that were entered into the FEA software were based
upon gray cast iron. Table 3 lists the forces applied to the power pistons at a moment
when each of the pistons was at peak pressure (peak force). These were initially the
moments in time of primary interest for investigating the internal crankcase stress
distributions. Figure 18 illustrates the resulting dynamic forces on the crankshaft journal
bearings, where the results are in terms of the forces in the x and y directions. The results
are the combined effects of cylinders 1 and 2 together and cylinders 3 and 4 together.
The orientation of the +x and +y directions correlates to the model setup in Working
Model. These directions are then correlated to the +x and +y directions in Pro Engineer
and modified accordingly, if necessary.

Systematic Engine Uprate Technology 25 DE-FC26-04NT42270
Final Report — October, 2005



The moments in time that were of primary interest for FEA, as stated earlier, occur when
each of the power pistons is at peak pressure. After analyzing the graphical results, this
was expanded to include four more points of interest that may provide additional insight
as to the magnitude and location of critical stresses within the GMV crankcase. The x
and y components of these forces for all of the points of interest can be seen in Table 4.
These forces listed have had their direction reversed from the data in Figure 18, since
they are reaction forces on the crankcase not the crankshaft. The results provided from
Working Model are only the reaction forces on the crankshaft, so a transformation is
necessary to setup the stress analysis model properly in Pro Mechanica.

Cylinder Forces (Ib)
Location
Run (CAD) #1 #2 #3 #4 Notes
1 18.0 77,630 12,410 2,459 2,082 |Cylinder 1 @ P.P.
2 85.5 14,020 73,590 3,417 2,558 |Cylinder2 @ P.P.
3 198.0 2,463 3,931 74,780 14,140 |Cylinder 3 @ P.P.
4 260.5 2,971 2,463 15,030 80,100 |Cylinder 4 @ P.P.

Table 3 Input force data at individual cylinder peak force locations for the GMV-4TF
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Figure 18 Working Model simulation results of GMV crankshaft bearing forces
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Crankcase Bearing Saddle Forces (Ib)

#1 (Cyl's 1&2) # 2 (Cyl's 3&4) Notes
Location
Run (CAD) x-dir y-dir x-dir y-dir
1 18.0 14,420 | -33,430 | 15,300 | -45,090 |Cylinder 1 @ P.P.
2 85.5 17,280 | -48,700 | -38,120 | -42,720 |Cylinder 2 @ P.P.
3 198.0 14,590 | -46,840 | 11,670 | -32,760 |Cylinder 3 @ P.P.
4 260.5 -35,580 | -44,770 | 10,170 | -52,030 |Cylinder 4 @ P.P.

Table 4 Working Model dynamic force results at selected points for the GMV-4TF

Cylinder 3 & 4 Loads

Cylinders 1 & 2 Loads

The crankcase stress analysis was performed using Pro Engineer’s FEA module, Pro
Mechanica. For each moment in time to be investigated, the bearing loads on the
crankcase were entered into the model. Constraints for the overall crankcase were also
applied. This allowed for accounting for the grouting and anchoring of the engine to an
engine skid. It should be noted that, although the engine is constrained based upon near-
real world engine support schemes, the software treats this as an idealized case and does
not account for the degradation of grout pads and other anchoring systems. Other
preliminary loads were added to the crankcase model as well, such as the weights of the
cylinder/head assembly for each power piston.

On-Engine Testing
The crankcase FEA results are to be used as a guide for locating the strain gages on the
crankcase for the on-engine model verification measurements. Rosette style strain gages
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(see Figure 19) and a signal-conditioning unit (see Figure 20) were purchased for the on-
engine testing, which will interface with the data acquisition unit (see Figure 21). Prior
to the on-engine testing, a test device was fabricated to verify operation and to provide
insight to any calibration needs that may arise from the use of the strain gages (i.e.
temperature compensation, voltage offsets, etc.). A simple cantilevered tube with a
predetermined torque and bending moment was used to verify system operation and
identify any calibration issues, shown in Figure 22 and Figure 23.

GMV-4 FEA results were analyzed and then higher stress locations that were determined
by FEA were compared to actual engine geometry and access. It was determined that due
to limited access, the strain gages would be located on the thin-walled, vertically oriented
portion of the crankcase webs either above or below the crankshaft journal bearing,
identified in Figure 24. This allowed for two rosettes per journal bearing to be installed,
for a total of eight rosettes. Two rosettes, or one journal bearing location, can be
measured at a time during data collection.

Figure 20 Omega strain gage signal
conditioner

Figure 21 Hi-Techniques data acquisition unit
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Figure 23 Strain gage mounted to test shaft
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Strain gage installation locations

Figure 24 Strain gage installation locations example

Finite Element Stress Analysis Results vs. On-Engine Testing Results

FEA results indicated that the stresses within the crankcase are significant but only in
localized regions. These locations of high stress are also worth evaluating since modeled
geometry does not always represent actual geometry exactly. Table 5 summarizes the
results from the four cases that were examined. The values of stress are the von Mises
stress and the maximum principle stress. The maximum stress was a principal stress of -
39,285 psi and is predicted to occur when cylinder 2 is at peak pressure. The negative
sign indicates a direction relative to the world coordinate system within Pro Engineer.
Crankcase stress results can be seen graphically in Figure 25. This figure represents the
stress distributions within the crankcase when cylinder 2 is at peak pressure. The stress
range has been reduced (0 to 4,000 psi) to provide a graphical representation that
provides better resolution for the lower stress regions.

Stress | Cylinder 1 | Cylinder 2 | Cylinder 3 | Cylinder 4
(psi) @ P.P @ P.P @ P.P @ P.P
V.M. 21,742 28,649 24,109 24,122
Max.

Principal -27,822 -39,285 -33,110 -27,508

Table 5 FEA results for a GMV-4 crankcase

Systematic Engine Uprate Technology
Final Report — October, 2005

30

DE-FC26-04NT42270



Stress von Mises (WCS)
(Ibf 7/ in™2})

.PPP=+B3
Loadset:LoadSetl

L7lde+0@3
.425%e+@3
. 143e+@3
.BS7e+@3
. 571e+@3
. 2Bbe+@3
. B0Pe+B@3
,714e+83
.42%9e+83
. 143e+03
,S7le+@2
. 714e+82
.B57e+B02
. BBRe+RA

MMM WWW .

BN O- = =R

GMV crankcase w/ cyl. 2 @ peck press

Figure 25 FEA stress results for a GMV-4 crankcase when cylinder 2 is at peak pressure

Since the high stress regions are localized and modeled geometry closely, but not exactly,
represents actual geometry, FEA results can help provide a method for a more
conservative, worst case, analysis. In order to determine the accuracy of the method,
strain gages will be used to capture actual stress data. As presented earlier, the strain
gages were mounted above and below each main crankshaft bearing, on the vertical
portion of the crankcase webs. Figure 26 and Figure 27 show stress analysis results of
the corresponding modeled regions where the strain gages are installed (approximately)
on the GMV crankcase. The strain gage testing was not able to be completed on this
project because of funding constraints. However, it was completed as part of a student
Masters Thesis by Schmitt. The results are presented in detail in that work. The testing
showed that for 13 out of 16 measurements above the bearings and 12 out of 16
measurements below the bearings the finite element model under predicted stress when
compared with the measured values. The average percent difference between measured
and modeled stress values for the upper and lower bearings was 58% and 33%,
respectively. Although the differences are considerable, the crank case FEA is still
extremely valuable in identifying key regions where reinforcement is needed. Caution is
advised, however, when using the results to arrive at operational safety factors.
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Figure 26 GMV-4 stress analysis results for crankshaft bearing #3 (upper web portion) with
approximate strain gage location indicated

Strain Gage Mounting [
for Bearing 3 Lower

Figure 27 GMV-4 stress analysis results for crankshaft bearing #3 (lower web portion) with
approximate strain gage location indicated
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2.2.2.3 Clark TLA-6 Frame Stress Analysis

Dynamic Model Analysis

A dynamic analysis of a modeled Clark TLA-6 engine with three compressors was
performed so that the extent of the increase in main bearing forces due to increased load
(via torque) could be better understood. Two modeling scenarios were run and compared
to each other, one with the pressure trace at nominal conditions and the second with the
pressure trace at an uprated condition. This modeling was performed using MSC
Working Model 2D version 5.0 software and the Ricardo Wave Model. The Wave
Model software provided a pressure trace based upon the engine’s parameters and
operating conditions.  The pressure trace data maintained the location of the peak
pressure at 18° ATDC. The pressure trace data was determined at a standard boost
pressure of 20 psi and at an increased (uprated) boost pressure of 24 psi, a 20%
increase”". The Working Model software then was provided power piston force data,
calculated from the pressure trace data; the input force profiles can be seen in Figure 28
and Figure 30. The Working Model software was also provided the compressor piston
force data, which was calculated from industry data for inlet and suction gas pressures
and assumed pressure transition profiles. The compressor input force data can be seen in
Figure 29 and Figure 31"". The Working Model simulation takes into account the
weights of the components that move and rotate, but all of the geometries are simplified.
The pin/bearing diameters of the connecting rods and crank pins were entered and
coefficients of friction were also added. The values of the coefficients of friction for the
wrist pin and crank journal bearings were set to 0.05. The value of the coefficient of
friction for the piston rings on the cylinder wall was set to 0.15. For full hydrodynamic
bearings, at the given engine speed, the coefficient of friction probably could have been
set to as high as 0.10". The TLA model also included the piston ring frictional effects by
approximating this with a slot friction element. The Working Model TLA-6 simulation
setup can be seen in Figure 32 and Figure 33. The results from this modeling indicate
that, as expected, the forces would increase with an increase in load, which would result
from higher peak cylinder pressures.
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Figure 28 TLA-6 Power piston input forces (nominal) for Working Model simulation
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Figure 29 TLA-6 Compressor piston input forces (nominal) for Working Model simulation
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Figure 30 TLA-6 Power piston input forces (uprated) for Working Model simulation
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Figure 31 TLA-6 Compressor piston input forces (uprated) for Working Model simulation
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Finite Element Stress Analysis

A solid model of the entire Clark TLA-6 engine, with three compressors, was created
using Pro Engineer Wildfire 3-D solid modeling CAE software (see Figure 34). The
crankcase that was created from engineering drawings was too complicated for Pro
Mechanica to create a successful mesh, so a simplified model was created (see Figure 35
and Figure 36). A significant amount of effort went into the simplified model such that it
was not so oversimplified that potentially critical stresses would be neglected during the
stress analysis. This was achieved by modifying some of the complex internal features,
specifically related to the crankcase web strengtheners or ribs. The overall thickness of
the crankcase webs was modified such that the total volume of material was essentially
the same without the ribs as compared to the original volume of the webs with the ribs. It
IS recognized that these simplifications could be critical and the crankcase model may
need to be refined to replace some detail, however, depending upon the results, this may
not be necessary. The crankcase material properties that were entered into the software
were based upon gray cast iron. Pro Mechanica treats the solid model as if it were made
from an ideal, isotropic material. Table 6 lists the forces applied to each of the power
pistons, for the nominal condition, at a moment when a piston of interest (e.g. cylinder
#1) is at peak pressure (peak force). Figure 37 illustrates the resulting nominal condition
dynamic forces on the crankshaft journal bearings, where the results are in terms of the
forces in the x and y directions. This result includes the effects of the compressor forces.
Figure 38 illustrates the resulting dynamic forces on the crankshaft journal bearings, but
without the effects of the compressors. Table 7 summarizes the results from the dynamic
analysis for the nominal condition. These forces listed in Table 7 are the forces that will
be used to create the load-set for the crankcase stress FEA. The orientation of the +x and
+y directions correlates to the model setup in Working Model. These directions are then
correlated to the +x and +y directions in Pro Engineer and the signs are modified
accordingly, if necessary.
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Figure 34 TLA-6 with compressors modeled in Pro Engineer - Wildfire

X

Detailed TLA Crankcase Model Simplified TLA Crankease Model
Figure 35 TLA-6 Crankcase modeling comparison
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Figure 36 Mesh of the simplified TLA-6 crankcase

Cylinder Forces (Ib) - Nominal

u #1 #2 #3 #4 #5 #6 Notes

1 152,440 4,712 3,752 25,308 5,829 30,506 [Cylinder 1 @ P.P.
2 4,712 152,440 | 25,308 3,752 30,506 5,829 |Cylinder2 @ P.P.
3 5,829 30,506 | 152,440 4,712 3,752 25,308 |Cylinder 3 @ P.P.
4 30,506 5,829 4,712 152,440 | 25,308 3,752 |[Cylinder 4 @ P.P.
5 3,752 25,308 5,829 30,506 | 152,440 4,712 |Cylinder5 @ P.P.
6 25,308 3,752 30,506 5,829 4,712 152,440 |Cylinder 6 @ P.P.

Table 6 Force data at individual cylinder peak force locations for the nominal TLA-6
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Figure 37 Simulation results of nominal TLA (with compressor) crankshaft bearing forces
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Figure 38 Simulation results of nominal TLA crankshaft bearing forces
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Crankcase Bearing Saddle Forces (Ib) - Nominal

Cylinder 1 w/ Comp. Cylinder 2 Cylinder 3 w/ Comp. Notes
Run x-dir y-dir x-dir y-dir x-dir y-dir
1 -2,000 | -75,500 | 11,700 | -69,180 | -101,200| -89,410 [Cylinder 1 @ P.P.
2 -33,600 | -93,820 | -13,800 | -82,350 | 74,600 | 30,900 [Cylinder2 @ P.P.
3 33,580 | -34,530 | -34,185 | -27,960 | -2,000 | -75,500 [Cylinder 3 @ P.P.
4 -40,600 | -27,120 | 33,140 | -31,470 | -33,600 | -93,820 [Cylinder 4 @ P.P.
5 |-101,200| -89,410 | 19,250 | 25,280 | 33,580 | -34,530 |Cylinder 5 @ P.P.
6 74,600 | 30,900 | -23,700 | -59,100 | -40,600 | -27,120 [Cylinder 6 @ P.P.
Crankcase Bearing Saddle Forces (Ib) - Nominal
Cylinder 4 Cylinder 5 w/ Comp. Cylinder 6 Notes
Run x-dir y-dir x-dir y-dir x-dir y-dir
1 19,250 | 25,280 | 33,580 | -34,530 | -34,185 | -27,960 |Cylinder 1 @ P.P.
2 -23,700 | -59,100 | -40,600 | -27,120 | 33,140 | -31,470 [Cylinder 2 @ P.P.
3 11,700 | -69,180 | -101,200| -89,410 | 19,250 | 25,280 |Cylinder 3 @ P.P.
4 -13,800 | -82,350 | 74,600 | 30,900 | -23,700 | -59,100 [Cylinder 4 @ P.P.
5 -34,185 | -27,960 | -2,000 | -75,500 | 11,700 | -69,180 [Cylinder5 @ P.P.
6 33,140 | -31,470 | -33,600 | -93,820 | -13,800 | -82,350 |Cylinder 6 @ P.P.

Table 7 Working Model dynamic force results for the nominal TLA-6 with compressors

Table 8 lists the forces applied to each of the power pistons, for the uprated condition, at
a moment when a piston of interest (e.g. cylinder #1) is at peak pressure (peak force).
Figure 39 illustrates the resulting uprated dynamic forces on the crankshaft journal
bearings, where these results are also in terms of the forces in the x and y directions. This
result includes the effects due to the uprated compressor forces. Figure 40 illustrates the
resulting uprated dynamic forces but without the effects due to the compressor forces.
Table 9 summarizes the results from the dynamic analysis for the uprated condition.
These forces listed in Table 9 are the forces that will be used as the loads for the uprated

crankcase stress FEA.

Cylinder Forces (Ib) - Uprated

Run #1 #2 #3 #4 #5 #6 Notes
1 165,786 | 4,444 4,201 21,645 4,826 32,980 |Cylinder 1 @ P.P.
2 4,444 165,786 | 21,645 4,201 32,980 4,826 [Cylinder 2 @ P.P.
3 4,826 32,980 | 165,786 | 4,444 4,201 21,645 |Cylinder 3 @ P.P.
4 32,980 4,826 4,444 | 165,786 | 21,645 4,201 [Cylinder 4 @ P.P.
5 4,201 21,645 4,826 32,980 | 165,786 | 4,444 [Cylinder5 @ P.P.
6 21,645 4,201 32,980 4,826 4,444 | 165,786 [Cylinder 6 @ P.P.

Table 8 Force Data at individual cylinder peak force locations for the uprated TLA-6
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Figure 39 Simulation results of uprated TLA (with compressor) crankshaft bearing forces
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Figure 40 Simulation results of uprated TLA crankshaft bearing forces
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Crankcase Bearing Saddle Forces (Ib) - Uprated
Cylinder 1 w/ Comp. Cylinder 2 Cylinder 3 w/ Comp. Notes
Run x-dir y-dir x-dir y-dir x-dir y-dir
1 2,800 -90,000 | 11,480 | -69,050 | -107,500| -92,190 |Cylinder 1 @ P.P.
2 -39,900 | -96,300 | -15,600 [ -96,380 | 79,000 | 34,000 [Cylinder2 @ P.P.
3 27,300 | -35,180 | -34,900 | -29,460 2,800 -90,000 [Cylinder 3 @ P.P.
4 -35,550 | -27,930 | 32,860 [ -30,590 | -39,900 | -96,300 [Cylinder4 @ P.P.
5 |-107,500] -92,190 [ 18,650 | 27,680 | 27,300 [ -35,180 |Cylinder5 @ P.P.
6 79,000 | 34,000 | -23,920 | -59,540 | -35,550 | -27,930 [Cylinder 6 @ P.P.
Crankcase Bearing Saddle Forces (Ib) - Uprated
Cylinder 4 Cylinder 5 w/ Comp. Cylinder 6 Notes
Run x-dir y-dir x-dir y-dir x-dir y-dir
1 18,650 | 27,680 | 27,300 [ -35,180 | -34,900 | -29,460 [Cylinder1 @ P.P.
2 -23,920 | -59,540 | -35,550 | -27,930 | 32,860 | -30,590 [Cylinder2 @ P.P.
3 11,480 | -69,050 | -107,500 -92,190 | 18,650 | 27,680 [Cylinder3 @ P.P.
4 -15,600 | -96,380 | 79,000 [ 34,000 | -23,920 | -59,540 [Cylinder 4 @ P.P.
5) -34,900 | -29,460 2,800 -90,000 | 11,480 | -69,050 [Cylinder5 @ P.P.
6 32,860 [ -30,590 | -39,900 | -96,300 | -15,600 | -96,380 |Cylinder 6 @ P.P.

Table 9 Working Model dynamic force results for the uprated TLA-6 with compressors

As stated previously, the results listed in Table 7 and Table 9 will be used as the
crankcase load-sets for the stress analysis. For each power cylinder and compressor,
there are two bearing saddles in the crankcase where the load is applied. Since the
sections of the crankshaft corresponding to cylinders 2, 4, and 6 only have a power
piston, the loads applied to the corresponding bearing saddles have been determined from
the results illustrated in Figure 38 and Figure 40, which were listed in Table 7 and Table
9, for the nominal and uprated condition, respectively. Similarly, the sections of the
crankshaft corresponding to cylinders 1, 3, and 5 have the power piston and the
compressor loading considerations. The loads applied to the corresponding bearing
saddles for these cylinders have been determined from the results illustrated in Figure 37
and Figure 39, which were also listed in Table 7 and Table 9. Figure 41 indicates the
locations of each of the crankshaft bearings and their location within the crankcase with
respect to the power and compressor cylinders. Again, there are two loading conditions,
nominal and uprated. One of the limitations to this method of determining the dynamic
loading is that the Working Model software is limited to two-dimensional analysis as
opposed to a three-dimensional analysis. Because of this limitation, the dynamic effects
due to potential influences of neighboring cylinders and the flywheel have been ignored
for this analysis. An example illustrating the crankcase loading can be seen in Figure 42.
The loads applied to the crankcase can now be seen as the application of loads from a
simply supported section of the crankshaft. It was recognized that from cylinder to
cylinder there could be potential dynamic loading effects that were ignored with this
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method, especially if crankshaft deflections due to vibrations were to become significant.
It should be noted that, although the engine is constrained based upon near-real world
engine support schemes, the software treats this as an idealized case and does not account
for the degradation of grout pads and other anchoring systems. Other preliminary loads
were added to the crankcase model as well, such as the weight of the upper block and the
many upper block-anchoring studs that are pre-stressed.

Cylinder #6

Cylinder #1

EBearing #9

\ Bearing #3
T
Bearing #7

EBearing #6

e

o :
Bearing #4 Bearing #5

EBearing #3

EBearing #2

Bearing #1

Figure 41 TLA-6 Journal bearing locations to cylinder locations
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Cylinder 5 wf
Comp. Load

Cylinder 3 wf
Comp. Load

Cylinder 1 wf

Cylinder 6 Load
Comp. Load

Il

‘ Cylinder 4 Load

Cylinder 2 Load

Figure 42 Application of loads to crankcase journal bearings

Finite Element Stress Analysis Results

The results from the stress analysis indicated the stresses did increase in some of the
cases analyzed. Table 10 summarizes the results from all twelve cases that were
examined. The values of stress indicated are the von Mises stress and the maximum
principal stress for the standard condition and uprated condition analyses. The results
have considerable variability from one cylinder at peak pressure to another. The
maximum stress was a principal stress of -28,543 psi, when cylinder 2 was at peak
pressure. The negative sign indicates a direction relative to the world coordinate system
within Pro Engineer. Table 11 summarizes the percent difference between the results
from the standard condition and the uprated condition. It is interesting to note that due to
the dynamic loading condition for cylinders 3 and 4 the overall crankcase stresses
actually decreased slightly. The differences between the von Mises stress and the
maximum principal stress were negligible for all cases except for cylinder 4 where there
was just over a 4% difference between the two types of stresses. The largest difference in
stress was associated with cylinders 1 and 2 at almost 14% and just over 11%,
respectively. These results can also be seen visually with the fringe plot of the crankcase
stresses (see Figure 43 and Figure 44). These two figures were used to illustrate the
stress distribution within the crankcase since they illustrated the highest stresses (location
and magnitudes) for all cases analyzed. Although these two figures represent stress
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results found in the tables for the case when cylinder 2 was at peak pressure, it becomes
readily apparent that the increase in the stress distribution is actually quite limited. Since
the standard condition stresses ranged from around 6 ksi to almost 26 ksi for the analyzed
cases and these engines have been generally operated at the standard condition for
decades, it is most probable that any fatigue effects at this stress level are negligible.
This is supported by examining most fatigue data for metals where the infinite life point
is assumed to be around 10° to 10° cycles, as can be seen in Figure 45. An engine
operating at 300 rpm will exceed the infinite life point if it is run for only 7 continuous
months.

The uprated condition that was analyzed indicated a stress range of around 6 ksi to almost
29 ksi. According to the ASM (American Society for Metals) Metals Handbook, gray
cast iron has a tensile strength range of 20 ksi to 60 ksi and a compressive strength range
of 83 ksi to 188 ksi®. After discussions with an industry expert’, the mechanical
properties of class 30 gray cast iron was used since it is considered to be the most
common material for the older generation crankcases. Class 30 gray cast iron also
provides a damping effect, which is beneficial for engine applications. Class 30 gray cast
iron has an ultimate tensile strength of 31 ksi and an ultimate compressive strength of 109
ksi. For this current modeling, the highest stresses were in compression. Figure 46
illustrates a modified-Mohr failure theory diagram. This diagram can be used for
graphically determining an approximate safety factor. For the given ultimate
compressive strength of cast iron and the maximum stress for the uprated condition, the
safety factor is still (best case) around 3.8 (4.3 for the nominal condition). If endurance
limit reduction factors are considered, then the safety factor would be reduced, but the
safety factor should still remain greater than 2. Another approach that could be pursued
would be to strengthen structural components where high localized stresses occur.

Cylinder 1 @ P.P | Cylinder 2 @ P.P | Cylinder 3 @ P.P
Std. | Uprated| Std. |Uprated| Std. | Uprated

von Mises | 16,108 | 18,322 | 20,155 | 22,420 | 9,718 9,687
Max.
-20,055 | -22,827 | -25,645| -28,543 | -10,907 | -10,863

Principal
Cylinder 4 @ P.P.| Cylinder 5 @ P.P.| Cylinder 6 @ P.P.
Std. |Uprated| Std. |Uprated| Std. | Uprated

von Mises | 6,143 6,358 | 15,457 | 16,321 | 9,765 | 10,737

Stress (psi)

Max.
Principal -7,546 | -7,501 | -20,034| -21,161| -12,781 | -14,037
Table 10 FEA Results for a TLA crankcase
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Percent Increase/Decrease of Stresses
Cyl. 1 Cyl. 2 Cyl. 3 Cyl. 4 Cyl. 5 Cyl. 6
von Mises] 13.7% 11.2% -0.3% 3.5% 5.6% 10.0%
Max.
Principal 13.8% 11.3% -0.4% -0.6% 5.6% 9.8%
Table 11 Percent difference between results from the FEA analyses

Press.

Cylinder 2 @ Peok St Std. Condss
3 with cylinder 2 at peak pressure and standard conditions

| Li—l ':;::l orar
Figure 43 FEA results for bearings 2/
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Figure 44 FEA Results for bearings 2/3 with cylinder 2 at peak pressure and uprated conditions
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Figure 45 Reversed bending fatigue life of gray cast iron™
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Figure 46 Goodman diagram for indicating safe and unsafe fatigue zones™

2.3  Hydraulically Actuated Mechanical Fuel Injection System

A hydraulically actuated, inwardly opening, mechanical fuel injection valve system was
designed for a Clark TLA engine. This design however has potential to be applied to
many different engine models. High pressure fuel injection (HPFI) is a technology that is
proven to improve efficiency and decrease emissions by enhancing the mixing of fuel and
air. HPFI systems currently employed in the field are poppet valves, and contain
significant fluid losses due to the flow path created. These systems typically required
500 psi fuel pressure to achieve adequate fuel and air mixing. This new design allows for
the introduction of natural gas with jet energy equivalent to commercially available HPFI
systems, but with a 80% fuel pressure reduction. The required fuel pressure for the new
design is 100 psi. By creating a fuel injection event with equivalent jet energy, the
benefits of enhanced mixing are achieved, promoting the extension of the lean limit and
associated emissions reductions.

The hydraulically actuated mechanical fuel injection valve body is the OEM fuel
injection valve body, with minor modifications. These modifications consist primarily of
relatively simple machining operations, most significant of which is the modification of
the lower portion of the body to allow for the mounting of a fuel convergent-divergent
nozzle body. This nozzle body allows for a much more efficient fuel flow path and
provides the seating area for the new fuel valve, which acts more like the typical fuel
injection needle (inwardly opening). Images of the original valve design vs. the new
valve design can be seen in Figure 47 and Figure 48. Note that the inwardly opening
design eliminates regions that can trap fuel, which are present in other converging-
diverging nozzles designed to interface with the standard poppet valves.
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Figure 47 Cross-section view of typical TLA Figure 48 Cross-section view of new fuel
fuel injection valve injection valve

Fuel injection on a typical TLA is initiated by a fuel cam and rocker arm assembly. Fuel
injection with the new hydraulic-mechanical system is initiated by a fuel cam translating
a hydraulic cylinder rod, hydraulically coupled to another hydraulic cylinder which opens
the fuel valve. Figure 49 and Figure 50 illustrate the concept of the new design. The new
system utilizes the engine oil as the hydraulic fluid such that no new fluid needs to be
introduced. A pressure relief valve was designed into the new system to allow for
removal of air that may be entrained or trapped within the oil. This also facilitates oil
circulation for cooling. With each stroke of the fuel injector, a portion of the cam lift
profile will over-stroke the hydraulic cylinder attached to the fuel injector. This will
cause the pressure relief valve to open, allowing hot oil to pass into the primary engine
oil flow to be cooled through the engine oil heat exchanger. New oil is introduced into
the fuel injector hydraulic circuit from an engine oil reservoir during non-actuating
periods. A circuit schematic of this concept can be seen in Figure 51.

This new design was developed at the CSU EECL in collaboration with Dresser-Rand.
Dresser-Rand has expressed interest in developing this technology as a commercially
available fuel injection system. An engineering drawing package for this system is
provided in Appendix B.
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Figure 49 Hydraulically actuated Figure 50 Hydraulically actuated mechanical fuel injection
mechanical fuel injection valve valve system
assembly
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Figure 51 Hydraulic schematic for new fuel valve design

2.4  Uprate Systems Test Plan

7N

Oil Reservoir

Parker 1.5" Bore _,_,_7-—-”""{_”

1" Rod in cam
down paosition

The uprate systems test plan has been created and submitted to DOE. This document
provides a path for a logical testing procedure. The testing procedures are developed to
quantify the engine performance parameters with respect to emissions and power output.
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3.0 Conclusions

From the investigations for this project, several key conclusions have been determined.
The CFD analysis has indicated significant benefits from high-pressure fuel injection
(HPFI). The fuel mixing with the standard mechanical gas admission valve (MGAV) of
low-pressure fuel indicates that the fuel gas has a propensity to attach to the surface of the
head producing a “curtain’ effect. This does not promote rapid and homogeneous mixing
with the air in the combustion chamber. Conversely, the HPFI method injects a high-
energy flow of fuel into the combustion chamber and the mixing is significantly
improved. Comparing the MGAYV results to the HPFI results, there is a high level of
mixedness by 60° BTDC with the HPFI system as compared to the MGAV system,
which never really achieves the same level of mixing. Additionally, the investigation
also provided evidence that modifying the piston crown with a ‘sombrero’ style surface
does not improve mixing compared to the standard TLA combustion chamber piston
surface (with HPFI).

A modal analysis of three engine crankshafts was performed using FEA. All three
crankshafts had a similar range of results. For a TLA-6 crankshaft the first harmonic
was found to be at 59 Hz. An HBA-6 crankshaft was analyzed and its first harmonic was
found to be 54 Hz. The third crankshaft analyzed was for a GMV-10 and its first
harmonic was found to be at 56 Hz. All of these modal analyses utilized the lumped
mass assumption, to account for all of the attached slider crank components, and
flywheels were also included. The results from all three analyses were slightly higher
than expected, but this method was evaluated for its potential use as a method to give an
estimate for a crankshafts natural frequency. Crankshafts are desired to be operated at
speeds far away from the natural frequency and the results from these analyses support
this goal. The TLA-6, HBA-6, and GMV-10 crankshaft natural frequency speeds were
3,540 rpm, 3,240 rpm, and 3,360 rpm, respectively. Given consideration of their typical
operating speed, none of these crankshafts are near a critical order speed when operated
at 300 rpm.

FEA results for the TLA crankcase indicate that the strength will be adequate to support
the additional stresses due to uprating the engine. The analysis results predict a new
maximum stress of less than 23ksi, in compression, which will still provide for a large
safety factor of nearly 5. These predicted new stresses are also still within acceptable
limits with respect to the fatigue life of gray cast iron. The modeling process developed
could be valuable in the investigation of other candidate engines for uprating.
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A new hydraulically actuated, inwardly opening, mechanical fuel injection system was
designed in cooperation with Dresser-Rand. This new valve design takes advantage of an
improved fuel flow path which reduces fluid losses. By reducing fluid losses the natural
gas need only be compressed to approximately 100 psi instead of approximately 500 psi
necessary for current HPFI systems. This proposed system provides essentially the same
high-energy flow as current 500 psi HPFI systems but with an 80% reduction of required
natural gas fuel pressure.
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4.0

4.1

Summary

Summary of Accomplishments

During this period of research, the following key accomplishments were achieved:

CFD analysis has shown HPFI significantly improves in-cylinder gas mixing
Improved in-cylinder gas mixing extends the lean limit of operation, reducing
maximum in-cylinder temperatures and hence assists in lowering NOy generation
during combustion

Modal analysis of three crankshafts completed

Results for TLA, HBA, and GMV crankshafts indicate sufficient separation
between typical operation speed of 300 rpm and a 10" order critical speed range
of 320 rpm to 354 rpm

FEA stress analysis has indicated that an uprated TLA will have a maximum
increase in frame stress of approximately 14% for a 20% increase in torque

FEA stress analysis has also indicated that an uprated TLA will have a maximum
stress, in compression, of approximately 23ksi, which maintains a safety factor of
almost 5

FEA stress modeling could be a very effective prediction tool for evaluating
potential structural issues for uprate other candidate engines
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Appendix A — OEM Communications

CLARK BnOS. CO.

DIVISION OF DRESSER OPERATIONS, INC

OLEAN - NEW YOREK

ADURESS REPLY TQ

BOO CENTRAL AVEMUE
NEW ORLEANS 21. LOUISIANA
FHONME VEuMGN 1.7277

August 12, 1959

Texaco, Inc.
P.0. Box 7
Harvey, Louisiana

Attention: Mr. J. S. Weatherly

Gentlemen; Re: RA-6 Unit
Serial # A-21114
Ct. 4181-B
Lafitte Plant

As a result of the recent erankshaft breakage on the Clark,
600 BHP, RA-6, serial no. A-21114, a torsiograph test was run
on this engine. This test was to determine if a torsional
critical was present in any portion of your operating speed
range,

The test results showed that the torsional critical frequency

of this crankshaft i1s 2000 to 2100 cycles per minute, Since

the sixth order of running speed 1s perfect excitation for thils
engine, the critical frequency will be exclted at an engine

speed of 340 to 350 RPM. Amplitudes of vibration of 79, peak

to peak, were recorded at 350 RPM. A stress calculation indicated
that this is enough to fatigue this shaft at or near the first
degree node, This, incidently, 1s where all three of your crank-
shafts failled,

This engine has run approximately seven years and did not have any
erankshaft failures until approximately three years agoc. This
colncides exactly with an increase in operating speed which we
believe was increased from 300 RPM to approximately 330 RPM. The
torsional test showed that the hand tachometer used to set the
engine speed consistently set the engine speed 15 to 20 RPM higher
We feel that between the 10% engine speed increase and the tacho-
meter inaccuracy, this engine has been running at 340 to 350 RpM,
which as indicated before, 1s at its torsional critical frequency.

cea/2
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: 8, FaBc < o~ —
=i Texaco, Inc. f

v RA-6 Unit

R Lafitte Field

We would like to offer three possibilities in order to prevent
g any recurrance of this crankshaft breakage. All three possibili-
ties are not necessarily recommended.

1. Clark englne 1s to be operated at an actual speed of no
higher than 320 RPM, and a reasonably accurate tachometer
should be used to set the engine speed, This 1s the
simplest solution to this problem.

2. Increase the mass of the flywheel to ralse the critical
speed. This 1s not recommended as the flywheel may be
heavy enough to break the shaft in bending.

3. Decrease the size of the flywheel to,lower the eritical
speed below operating range. The WR® of the existing

E flywheel would have to be reduced 30 to 40% to accomplish

s this reduction in critical.

B In summary it would appear that the simplest or the easiest

‘ method would be to-see that the engine would operate no higher
& than 320 actual RPM in order to keep the engine out of its
fd critical speed. If there are any questions, or if we can give
i you further information, please let us know.

Very truly yours,
CLARK BROS. CO.

%}ﬂw T

ohn N. Cooper
Branch Manager

JNC/bh
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COOPER 10810 Northwest Freeway

ENERGY SERVICES Houston, TX 77092
Phone: 713-354-1900
Fax: 713-354-1923

February 4, 2003

Dominion Transmission, Inc.
445 West Main Street
Clarksburg, WV 26301

Attention: Mr. Ken Gilbert
Reference: GMV Crankshafts / Safe Speeds
Dear Ken,

We recently discussed the over speed shutdown setting on some of your GMV-10 engines with
respect to a letter you had that was authored by CES’ Jim Caldwell in 1973. I understand that you
generally operate the engines at 315 rpm and that with an over speed shutdown setting of 330
rpm you are experiencing some nuisance shutdowns of the engine(s). I have reviewed this
situation with our Applied Mechanics engineer who provided the following information:

For these GMV-10 engines the 7™ order critical is right about 255 rpm, the 6® order
critical is right about 297 rpm and the 5™ order at 357 rpm. The 5® order critical is much
stronger and has the potential to do more serious damage than the 6 or 7* and therefore
it is desirable to stay much further away from that critical speed.

CES standard practice is to recommend the over speed limit at 10% above the rated speed.
Throughout the further evolution of engine designs CES went to great lengths to assure the
engines were torsionally safe all the way through that rated times 1.1 point. Unfortunately there
were some issues with the early GMV-10s. Due to the placement of the 6® order critical these
engines are operated at ~ 315 rpm and while that is satisfactory, adding the traditional 10% to
this speed puts the setting at 347 rpm and frankly we are just not comfortable with that speed
when compared against the 357 rpm of the 5™ order critical speed.

The conclusion drawn here was that our recommendation is really to hold the over speed
shutdown point at 330 rpm but that stretching that a little will likely provide satisfactory results as
well. How much is “a little” is the obvious question and what we can say here is that we certainly
would not want to see more than 5 rpm. Is the problem with nuisance trips one of governing
capability?
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Ken Gilbert
February 4, 2003
Page 2

While it would require some expense the safe solution to this problem may well lie with the
employment of a more accurate means of governing the engines.

I hope this helps you out and provides some insight as to our concerns for the well being of your
equipment. If you would like to discuss this further or need more information please do not
hesitate to contact me.

Sincerely,

CAL4AL

Chuck Melcher
Manager, Engineered Solutions

Cc: A. Schubert — CES Mount Vernon
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e | COOPER-BESSEMER COMPANY . \/\Q/Q/‘{M
SO
CLA&AO

July 5, 1973 o

Consolidated Gas Supply Corporation
445 West Main Street
Clarksburg, West Virginia 26301

ATTENTION: Mr. E. S. Schwartz, Mechanical Engineer
SUBJECT: GMV-10 Cracked Crankshafts
Dear Ed: ‘

Sorry that I have not answered your May 25th letter before this but
it did take some research and I have been out of town recently. As

I explained to you in Morgantown, the problem applies only to the
GMV-10 cylinder units. In checking your records, I find that you

have ten (10) cylinder units with the following cylinder numbers:
41159 listed at McHorter, 41598-9-600-601, 41836-7-8 and 42770 at
Clendenon. In order to give you assistance on repair and a mode of
operation, I think it would be well to first describe the location

of the crack. Please refer to the attached sketch and note that

I have Tocated an example in the journal to the left in the elevated
view. The corresponding crack in View "RR" starts at Point "X"

which is the oil hole in the main bearing journal and travels in a
horizontal direction to Point "Y". Referring to the view in elevation
the crack then proceeds from Point "Y' down to "Z" where it breaks

out into the oil hole. Note by the red mark in the elevated view

that there is a triangular plane and as the crack progresses, the plane
vould propagate to the web to the right. The same phenomenon can
happen in the connecting rod bearing journal.

Now as to the reason for the problem. After many years of service,
those cracks showed up and it was determined that they were caused

by Tow stress critical speeds. Furthermore, the 0il hole was drilled
on a diagonal as shown in the elevated view and was drilled from the
connecting rod journal down to the main left bearing journal. The

same hole was drilled from the connecting rod journal down to the right
main bearing journal. Because the 1-1/8" hole was drilled on a
diagonal when it breaks out into the journal, it becomes a much larger
oblong hole as shown in View “"RR". Furthermore, the section of metal
at Point "X" is quite thin and when the shaft was first designed, they
did not radius them enough at that point. This problem certainly was

a low stress proposition because not all shafts broke and the problem did
show up after many years of operation.

MOUNT VERNON, OHIO 423050 «» PHONE 814/337-0121
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COOPER-BESSEMER COMPANY

Page 2

Consolidated Gas Supply Corporation
Attention: Mr. E. S. Schwartz

July 5, 1973 ?

There were several approaches to correction. To begin with, the oil
drilling was redesigned and made as shown in Sketch 2. As a matter
of fact, if you were to replace one of your shafts by ordering the
old part number, you would get the shaft drilled as in Sketch 2.
Those shafts that had not broken in the field were radiused at the
critical point that I mentioned. Another correction that was made
involved operation. Torsional studies were made on all units in
the field and they applied no operating bands to the units. In
other words, for the subject units, you were told not to run them
Tn_Lhe ranges between 25% to 260 RPM and 285 to 310.  Maximum RPM
snould be 320. Of course, that information was based On The Fact that
the units nhad ten (D) counterweignts, part number GMV-3-20.  There

was one exception to the above and that is for Serial Number 42770 \ 1
s  Lhey had ten (]0) counterweights, GMV=3-12N. It was_not to.be..

o\L _operated in the range of 265 to 285 hor above 310 RPH. T would

Y ———-% check all the above units to determine that they still have the

c:¥;3L; counterweights on as mentioned above and if they are of that configura-
tion, then I would reissue the above information to the stations. The
other correction that we took was to install oscillating counterweights
that would allow the engine to be operated at all speeds but according
to our records, none of the above units have the oscillating counter-
weights. I am sorry that I may have confused you on this when dis-
cussing it in Morgantown as I thought for sure at that time you had
them, so disregard any comments I made about the oscillating counter-
weights.

Now as to the correction, please refer to Sketch 1 again and note that
if the crack has progressed from Point “X" into the radius of the web,

I would scrap the shaft. If it has progressed as shown, then you can
drill a 3/16" diameter hole as shown in the right side main bearing
journal in the elevated view. In other words, that 3/16" hole is
drilled at the end of the crack as shown at Point "Y" in View "RR"

and is drilled until it breaks out into the qil hole as shown in the
elevated view. There were some shafts that were repaired by metalocking
and it was very successful., On the other hand, there are many engines
that were drilled at the time of initiation of this fix which was about

Systematic Engine Uprate Technology 6 DE-FC26-04NT42270
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COOPER-BESSEMER COMPANY

Page 3

Consolidated Gas Supply Corporation
Attention: Mr. E. S. Schwartz
July 5, 1973

1951 and they are operating today. On the other hand,_some cracks
have been known to progress past the 3/16" hole and it is_satisfactory
0 TEdri1l _or metalock Dm\ngmq that the crack has not gone into_the
web. I hope that this_information will be _of assistance.-to you and
if_you need any other Tnfomatmn, please let me know.

Very truly yours,

Iq : ﬁ NO""&. @r&wﬂ__g‘p
J/ il merla,
/3. H. Caldwell, Manager _g,«g,;p Va,

/_'Sér'viceaTrainir;g Cr& ‘,2‘)

\/' Customer Services

JHC:dp

Attachments

Systematic Engine Uprate Technology 7 DE-FC26-04NT42270
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. ENERGY SERVICES GROUP
COOPER
INDUGSTRIE S
May 16, 1989
RECy
My -
=
Nar '
Texaco U.S.A. LG oy,
P.O. Box 1560 WA LR oy,

Tulsa, OK 74102

Attention Mr. M. F. Iarkin

Subject: Speed Uprate on Cooper—-Bessemer GWNV-6
Dear Mike:

Cooper Industries/Energy Services Group is pleased to submit our proposal to pro-
vide Engineering Services. The scope of the proposed study is to perform a
torsional study of your Cocoper-Bessemer @IV-6 Integral Engine/Compressor to
evaluate the possikility of a speed increase.

The report generated as a result of this study will indicate those modifications

t need to be made to the engine in order to operate at the higher speed. If
no changes are required, Texaco will receive our approval to uprate the speed to
330 RPM and new nameplates to this effect will be issued.

If the report indicates that medifications are required, at your option, we will
quote you those items required to uprate the engine to 330 RPM. After the required
modifications have been made, new nameplates will be issued indicating the uprated
speed capability.

Please note that the study is much more than a "records search to verify camponents.”
The records search is the first step in the study. After the records are searched

to indicate coamponent part numbers, weights, sizes, and materials, the pertinent

data is provided to our Analytical Engineering Group. This group will ccmputer

model the system, calculating stress levels, critical speeds, etc. This data is

then analyzed to ensure that no dangerously high stress levels are encountered

in the propcsed operating speed range. If high stresses are indicated, reccmmendations
are made to reduce stress levels. Finally, a formal report is prepared and sulmitted.

4405 Scguth 74 East Avenue

P.O. Box 470383

Tulsa. Oklahoma 74147-0383
[918) 522-4670  Telex: 49-7528

AJAx®  TOBEIRA? TLOPER-BESSEMER®  EM-TROMIC* COMTRCOLS  PEMMIT  SLPERICR®

Systematic Engine Uprate Technology 8 DE-FC26-04NT42270
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Texaco U.S.A.

Attention of Mr. M. F. Iarkin
May 16, 1989

Page 2

We trust that you will find this information to be useful. Please do not hesitate
to call if you have questions or camments. We look forward to working with you on

this project.

Sincerelv,

Randy m:e?a%

Senior Sales Engineer
PRB:rc

Enclosure

cc: C. W. Melcher, Grove City
M. C. Viymore, Tulsa

1
ENERGY SERVICES GROUP
e

Systematic Engine Uprate Technology 9 DE-FC26-04NT42270
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COOPER-BESSEMER RECIPROCATING PRODUCTS
APPLIED MECHANICS REPORT

AM-3291-JK

TEXACO, INCORPORATED
GMV-6 SN-41827, 41833, and 42200
GMVL-6 SN-UU4T85

S0-1153 Balance Study

Inertia balance and torsional results
are presented for these engines.

SUBMITTED BY
R. W. HARVEY

NOVEMBER 7, 1989

Systematic Engine Uprate Technology 10 DE-FC26-04NT42270
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NGP&L DIVISION lq,[’b'?a
OKLAHOMA AREA

ENERGY SERVICES GROUP DECO1 '89
NOTE £QPY S4NDLE
JWa s gt
November 29, 1989 "3"'!_[— 2
T
Tacay
Texaco U.S.A. :1:3: :
Maysville Gas Plant aira
Post Office Box 846
Maysville, Oklahoma 73057 = :

Attention: Mr. C. D. Jackson

Subject: GMV-6 Torsional Study
Your P.0. #HL545191

Dear Chris:

Cooper Industries/Energy Services Group is pleased to submit our
completed report. We appreciate your order.

If you should have comments or questions, please do not hesitate
to call.

Sincerely,

Randy Bissey
Senior Sales Engineer

PRB:cd] _ % -

CC: Mr. Mike Larkin - Texaco, U.S.A.
P.0. Box 1650

Tulsa, OK 74102 @ /
Mike Wymore - Tulsa Ve /d’.zlzh )

Chuck Melcher - G.C.

mWé V-G Lo

g 27, n/fg
4405 Scuth 74 East Avenue .,A A l‘ﬂ 9 3” gt

P.Q. Box 470383

Tulsa, Oklahoma 74147-0383 (f
(918) 622-4670  Telex: 43-7528 Wl e

AJAX® COBERAA®* COOPER-BESSEMER® EN-TRONIC® CONTROLS PENN™ SUPERIQR®
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Cooper submits the following Engineering Study to Texace
based on the assumption the units in question are in
excellent physical condition, have received proper
maintenance, have naot been modified in any way without
Cooper's approval, and have not been operated in a manner
for which they were not designed. The results which follow
are only an opinion, presented as an advisory nature, the
use of which is done at the sole discretion of Texaco. Due
to the fact that the units being studied are in unknown
condition, may not have received proper maintenance, may
have been used for purposes other than those for which they
were originally designed, and may have been medified in some
way without the knowledge of Cooper-Bessemer, Cooper can not
take any responsibility for the structural soundness of, or
ultimate suitability for, the units' ability to operate
satisfactcri1j at the proposed higher speed. Texaco must
make that judgment and accept that responsibility. This
study does not carry with it any guarantee as to the
specific units' ability to perform at the higher speed in an
acceptable manner. Cooper will not accept any liability for
loss or damages, consequential, incidental, loss of
anticipated profits, loss of use of equipment, installation,
system, or facility arising out of the failure of a unit te
operate at a level for which it was not originally

designed.

Systematic Engine Uprate Technology 12 DE-FC26-04NT42270
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AM-3291-JK
11-07-89 I

ez -

The custamer wishes to increase the operating speed of a group of older GMV-6
engines frem 300 to 330 RPM. Representative engines are: |

CASE ENGINE LOCATION

S GMV-6 SN-U42200 Eunice, II |
B GMV-6 SN-41833 Criner #4

C GMVL-6 SN-U44785 Criner #3 ]
D GMV-6 SN-41827 Antioch #8

These engines are believed to have the cecmpressor cylinders and balance
equipment listed in Tables 1 to 4. Please report any discrepancies between
these Tables and the engines.

The predicted inertia unbalance at 330 RPM is:
Fovmiiz B Conee™ L % £ ntin A7

CASE CASE CASE CASE

A B C D
Horizontal primary force, kip 2.6 0.9 0.8 10.9
Vertical primary force, kip 0.0 0.0 0.4 0.0
Horizontal primary couple, kip-ft 194 203 164 205
Vertical primary couple, kip-ft 39 39 28 39
Horizontal secondary force, Kip 0.5 0.2 0.2 2.3
Vertical secondary force, kip 0.0 0.0 0.0 0.0
Horizontal secondary couple, kip-ft 43 ny 39 uy
Vertical secondary couple, kip-ft 8 8 8 8

The inertia balance of Cases A, B and C is satisfactory for a GMV-6 engine
mounted on a good, firm earth foundation. The 10.9 kip of horizontal primary
force unbalance of Case D should be reduced by adding reciprocating weight to
Throw 2. The reccmmended Modified Case D equipment is listed in Table 5, and
the predicted inertia unbalance at 330 RPM is:

MODIFIED

CASE D
Horizontal primary force, kip 2.6
Vertical primary force, kip 0.0
Horizontal primary couple, kip-ft 205
Vertical primary couple, kip-ft 39
Horizontal secondary force, kip 0.5
Vertical secondary force, kip 0.0
Horizontal secondary couple, kip-ft Ly
Vertical secondary couple, kip-ft 8

Systematic Engine Uprate Technology 13 DE-FC26-04NT42270
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AM=3291-JK

’ 11-07-89
.

The calculated first mode torsional natural frequencies are:
CASE FREQUENCY, CPM CRITICALS NEAR 330 RPM

A 2744 8th at 343 RPM & 9th at 305 RPM

B 2739 8th at 342 RPM & 9th at 304 RPM

c 3128 9th at 348 RPM & 10th at 313 RPM

D 2757 8th at 344 RPM & 9th at 306 RPM
Modified

D 274u 8th at 343 RPM & 9th at 305 RPM

At 330 RPM and speeds below 330 RPM the torsional responses will be acceptable.
Therefore, the Case A, B, C & Modified D engines appear to be satisfactory for
330 RPM operation.

Submitted by,

K. W. Honotan
R. W. Harvey =
Analytical Engineer

Approved by,

W 7, P

Jonn M. Horne, Manager
Analytical and Compressor Engineering

Attachments

CC w/att: C. W. Melcher (4)
AM-3291, Packet #35

:jld

11/07/89

Systematic Engine Uprate Technology 14 DE-FC26-04NT42270
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AM-3291-J%
11-07-8¢

Table 1, Case A Engine
Texaco, Eunice II

GMV-6 SN-42200 S0-1153 Study

1. Cecmpressor Cylinders

Throw Cylinder Piston Material
1 14-1/2" C5B=14 CI
2 21-1/2" CE-14 AT
21=1/2" CE-14 AT

3
Flywheel End

2. Crankshaft Counterweights and Flywheel

Web Counterweight
1 forward GMV-3-9D
1 aft GMV-3-9D
2 forward GMV-3-9D
2 aft GMV-3-0D
3 forward GMV-3-9D
3 aft GMV-3-9D

GMV-6-26A Flywheel

3. Reciprocating Parts

Crosshead Scavenging
Throw Crosshead Shoe Pisten
1 GMV-38-2C GMV-38-2B GMV-38-1F
2 GMV-38-2C GMvV-38-2B GMV-38-1F
3 GMV-38-2C GMV-38-2B GMV=38-1F

NOTE: The GMV-6, SN-42337 engine at Eunice II has GMV-38-UA scavenging pistons
instead of the listed GMV-38-1F. The effect on inertia balance and
torsional results will be very small.

Systematic Engine Uprate Technology 15 DE-FC26-04NT42270
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Table 2, Case B Engine

Texaco, Criner #4

GMV-6 SN-41833 S0-1153 Study

1. Compressor Cylinders

Throw

Cylinder

AM-3291-JK
11-07-89

Piston Material

1
2

3
Flywheel End

14=3/4m" C5B=14
20" CE-14
20" CE-14

2. Crankshaft Counterweights and Flywheel

Web Counterweight
1 forward GMV-3-2D
1 aft GMV-3-2D
2 forward GMV-3-2D
2 aft GMV-3-2D
3 forward GMV-3-2D
3 aft GMV-3-9D

CMV-6-26A Flywheel

3. Reciprocating Parts

CI
CcI
CI

Crosshead Scavenging
Throw Crosshead Shoe Piston
1 GMV-38-2C GMV-38-28B GMV-38-1F
2 GMV-38-2C GMV-38-2B GMV-38-1F
3 GMV-38-2C GMV-38-2B GMV-38-1F
Systematic Engine Uprate Technology 16 DE-FC26-04NT42270
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Table 3, Case C Engine

Texaco, Criner #3

GMVL-6 SN-U44785 S0-1153 Study

1. Compressor Cylinders

Throw Cylinder Piston Material
1 14-3/4" C5B-14 CT
2 20" CE-14 CI
20" CE-14 cI

3
Flywheel End

2. Crankshaft Counterweights and Flywheel

Web

Counterweight

forward
aft
forward
aft
forward
aft

WM N — —

GMVA-3-L
GMVA-3-L
GMVA-3-P

GMVA-3-L
GMVA-3-L

GMVA-6-A Flywheel

3. Reciprocating Parts

Crosshead
Throw Crosshead Shoes
1 GMVA-38-1A GMVA-38-1C
2 GMVA-38-1A GMVA-38-1C
3 GMVA-38-14 GMVA-38-1C
Systematic Engine Uprate Technology 17
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Table 4, Case D Engine

Texaco, Anticch #8

B=

GMV-6 SN-U41827 S0-1153 Study

1. Compressor Cylinders

AM-3291-JK
11-07-89

Throw Cylinder Piston Material
1 4™ C5B-14 cI
2 Blank =
3 25" CE-14 CI
Flywheel End
2. Crankshaft Counterweights and Flywheel
Web Counterweight
1 forward GMV-3-2D
1 aft GMV-3-2D
2 forward GMV-3-2D
2 aft GMV-3-2D
3 forward GMV-3-2D
3 aft GMV-3-9D
GMV-6-26A Flywheel
3. Reciprocating Parts
Crosshead Scavenging
Throw Crosshead Shoe Piston
1 GMV-38-2C GHV-38-2B GMV-38-1F
2 GMV-38-2C GMV-38-2B GMV-38-1F
3 GMV-38-2C GMV-38-2B GMV-38-1F
Systematic Engine Uprate Technology 18 DE-FC26-04NT42270
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AM-3291-JK

11-07-89
L, o
Table 5, Modified Case D Engine
Texaco, Antioch #8
GMV-6 SN-L41827 8S0-1153 Study
1. Compressor Cylinders
Throw Cylinder Piston Material
1 14" C5B-14 CI
2 Blanlk T
5 25" CE-14 cI
Flywheel End
2. Crankshaft Counterweights and Flywheel
Web Counterweight
1 forward GMV-3-2D
1 aft GHMV=-3-2D
2 forward GMV-3-2D
2 aft GMV-3-2D
3 forward GMV-3-2D
3 aft GMV-3-9D
GMV-6-26A Flywheel
3. Reciprocating Parts
Crosshead Scavenging
Throw Crosshead Shoe Piston
1 GMV-38-2C GMV-38-2B GMV-38-1F
2 GMV-38-2C GMV-38-2B GMV-38-6A* with two
GMV-38-6C#2 balancing weights
3 Giv-38-2C GMV-38-2B GMV-38-1F
* Replaces existing GMV-38-1F scavenging piston.
4. Needed Parts, Ref: GMV-38-6
Part Description Quantity
GMV-38-6A Scavenging pisten 1
GMV-33-6Ci2 Balancing weight 2
1-03F-001-048-073  3/U-10 stud y
CSA-343-048 3/4-10 Drake nut it
Systematic Engine Uprate Technology 19 DE-FC26-04NT42270
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Appendix B — Hydraulically Actuated Mechanical Fuel

Injection Valve

Original Valve Design

Original Valve Design

Systematic Engine Uprate Technology
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New Valve Design

New Valve Design
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Mach # Cd At (in2) Dseat (in) | Aexit (in2) [ Dexit (in2)
1.66 0.75 0445 0.755 0.593 0869
1.74 0.85 0.393 0.667 0.558 0.843
1.81 0.95 0.351 0.596 0.529 0.8621
Lift (in) 0.375
Cam Duration (deg) 34
FVO ATDC (deg) 245
Systematic Engine Uprate Technology 26 DE-FC26-04NT42270
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TLA Fuel Valve Lift Profiles

04
—TL4 Stock L 140
0.35 4 ']y Valve Lift IFC
’ — Cvlinder Pressure
- 120
0.3 1 _
3 100 @
£ I =1
g 025 4 =
: o 3
3 0.2 &
g o
o] 1
= . -60 &
3 0.15 £
=
T 01 -0 ©
0.05 // - 20
|:| T T T T T G
180 200 220 240 260 230 300 320
Crank Angle Degrees (ATDC)
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Valve Calculations for Hydraulic Cylinders
Injector Side
5

lel:li'f.‘:= 11 Dli'l.'.'ld = Elﬂ

[ Dlpore \| [ Dlyog |
Alpyoge= :"._ 3 | = |

[

Al= Al - Al 4

Al=0479in"
Needed A2 Al edeq = JAl
.
A2 deq = 0.957in
Camshaft Side
D2 ore = 1.5i.1 |I:r2md = 1i|:1
-,. [ Dlpore \|4 - | D2poq |
Alppge = T 5 | Serod T T TS
.U = Eb{?‘fﬁ' - .—"Qi.ﬂd
A2 =0982in" Lift Ratio
A2 .
= o= 2031
Oy Al oy g

Based on a desired lift ratio=2 a
Parker Series 3L 1" and 1.5" bore
cylinders were selected, each with 1
stroke

Spring Calculations

Estimated Pressures and Safety Factor

Peytinder max = 1900Ps] [Py pine = 30ps{ SF =2
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Paesion = SF{Ppyd tine * Pc}-']iuder_max]

Fdesigl = Atmax'Pdesig:u

ESeTSESEN] [FSEFOEE injector Hydraulic Pressure

Fdesign
Al

Preload Distance

Plujecmr =

Spring Data From Century Springs

Sprlng.Stock N.umber: D-1478 Rate - EEIGE Lift = 375 o Fdesigu

Hole size: 2.00in n PL™ pate

Red size: 1.00In Gpp = 0.364in

Wire dia: 450in Valve Cover Interference Total Deflection
Syc=08lin Ly =Sin *Total = SpL = Lift

= & = 0.7391n

L]Jl = Ld\ﬂll_ l’.'l';prc
Liee =Ly + pL
Lee = 4.354in

Service Life for Springs

Smax = 25 Lgee alnug_life =15 Lge.

Prmax = 113810 [Bi55, ise = 06831

LifterPL = Lfee — 9pL

Liftespr = 4-19in
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0=Cg+ Cy(l) + cz-(n] + 1:'3-[1}3 + c4-(1)4+ 1:'5-{1)5 + cﬁ-(l}f‘+ CT-{IJ?

h=Cp+ Cp(3) + Cp(5)7 + €55 + Cp( 9 + €505 + (97 + ¢
0= Cl

2 3 3
0=Cy+2Cy(1) + 3-Ca()” + 4Cy (1) + 5-::3-[1}4 +6Ca(D) + ?-c_,—.(ljﬁ
0= CE

2
0=2Cy+6Cy(1)+ 12-Cy ()" + zu-cj-(lf + 30-{:6-(1)4 4201

0=6Cy+24Cy(l) + 60-C5 (1) + 120-Cx (1) + 21.;}.{;?_(1)4

i 0 '-l

Find(C{,C;.C5,C3.C4.C5.C4.C) =

Cp=0 Cy=0 Cy3=0 C3:=128h C4=-312h C5:=768h Cg:=-512h Cq:=128h
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Tie Rod and Series 3L

Rectangular Flange Mountings

1" to 6" Bore Sizes Medium Duty Hydraulic Cylinders

Tie Rods Extended ! ~ 78+ STROKE

Style TB — v — fidicons

(NFPA Style MX3) E— .

O — ]

: HE—= ]

: 4

e
.-',\’- —_— — F
Q@ : I — )

StdaTB IFIFF‘."\ K2} Haad Tie Aods Extanded, [lustratad: S _I!IIETG MNP WIXE), Cap Tle Acds Extanded ; and Style TD (MFPA
Al

1), Both Ends Tie Aods Extandad are ako svaliatie, styles can be dIManzionsd from Styls TS diasing at nght.
Bzl Mouriting (T) — NFPA MO — nio tis fads extanded can b sUpiled Upon rsquest.
For Style *J* Mount
Head Rectangular L ERaTr o
Flange Bore Rodl Coike ZE + STROHE:
Style J Swe [T T 7 T o E—AL - J—
[ T e — LB + ETROKE
(NFPA Style MF1) TiE e se] - | - o | £
2 |wsd|as0|[ew| - — ¢ _
_.-F"“ R = T Al | i P! [} 1=
~ EREE N EI00] N NENK KD T R = =1
CI B0 T K20 B0 : :
T R I 0 o : : - & L
{ | T LU0 IS0 A : o — .$.
-~ Botesize] 5 | 6 ] 7 ] & i !
7 = = | _,J H — =
KE o e T i = jl_
=1 =1=1 - 3 b—a—l bea—l
T | = [ =[] = - £ _.| B —lrj—a ! "
ERIE e - 4HOLER ket
] - [ - [#9] =
I 0 K 0
£ Josofem] i) - 1 emMaximum pressurs rating — push application,
Cap RectangularFlange
Style H T p——
I:N FPA Style MFE] ——Y¥ ——————F - aTROKE ———]

U p——
e b
EE=: o

n—_fr_h ] —in ILI—:J_ Pass

w_L

i
|

el

:

m.

Reod End Dimensions—see table 2

Thread Styled | Thread Style 8 Thread Style 9 Straight Thread
(NFPA Style SM) F A—etew=  (MFPA Style IM) (NFPAStyle S 75T Port Adapters
KK

Small Male GV Intermediate Male Small Femnale

CWREMCH h
FLATS A
[

b I
ol

A high slrengm rod and stud 1= supplied on thread shyda 4 through 2° diam- n:-t gmuuer\gq IeA rmernsar\erecon'rnended 1hrugh 2* piston rod Used on 174" bore
eter rods and on thread style § through 13" diameer rods. Larger sizes or matars and sty & ra recommendad on langer diamatars. Use cap end. Also usad
spacial md ends are cut threads. Styfe 4 rmd andz are r@ommeEnded whers stylagmra pi RIS TS Tl E o ore e & Tequirad. If rod and T -

the workplace |5 sacured aganst the od shoukder. When the workplece ks Is ot spcifiad, style 4 will ba suppliad. on 1'/z* bore with

Code 2 rod head end.
"Specials” Thread Style 3 mae = S
To order, specify “Style 3" and give desired dimensions for CC or KK, A and LA. If othemwise special, furnish dimensional sketch.

For additional information — call your local Parker Cylinder Distributor.
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Series 3L

Medium Duty Hydraulic Cylinders

Tie Rod and
Rectangular Flange Mountings
1" to 6" Bore Sizes

Table 1—Envelope and Mounting Dimensions

EE Add Stroke|
Bore| AA| BB | DD | E [NPTFySAEY F |FB | G J K R |TF |UF| LB | P
1% [1.53] =4 [10-24) B 1yt B* | 3 | 14 |1k 1 e [1.0B] 8 | 21| 3TH | 215
1 (202 1 w28 2 et | B [ W [mae [0 1 Ty |1.43] 234 | 334 21
2 | 26 | 11 [re2d 21n | 3t B | % | 3 | 1] 1 Sa [ 1.B4] 335 | 415 214
21 | 31 | 1% a4 2 B B | % | 3% | 1] 1 S [2.10] 375 | 4Bk | 4V | B34
Ay | 3.0 | 105 |36-24] 234 | 10 | %6 | The | 134 | 1V | 3 | 276 [414a| 516 | 474 | 254
4 |47 [ 1% |2-24| 41| 1k 10 | = | TAe [ 1% | 1% | Y [3.32)|5The | Bl | 474 | 254
5 | 5.8 [113)16-20| 5% | & 10 | % [ %Ae [ 130 [ TV | The | 410 624 | T8 | 5 | 27
6 | B.O [1124)1%-20| 616 | 34 12 | 3 | 2Ae | 2 | 10V | Tha [4.BB| 755 | 8% | 5% | 3%
& MPTF ports will ba furnished as standard unkss SAE 10n17, 14", 2" and 24 bere stzes, the haad and {only) # shialant thread portz on 11/ bore cap end, and haad end
o bt B e o Stk e A

+ ZAE Straignt thread ports am naizated by port numper.
1 Cushion adpsting reedle valva for 17 bors projacts
beyond skdes of head and cap.

W 1" bore 3L heads are ractangular — ses page 0.

are furnishied as standard.

Table2—Rod Dimensions

Table 3—Envelope and
Mounting Dimensions

Thread Rod Extensions and Pilot Dimensions Add Stroke
Rod | D | 8 |348 | |00z
Bore No. MM cC KK A B [+ D LA |NA | V W | WF Y XF ZB | ZF
1Std)| & | Tne-20|%e-24| e | 000 | 3% B [ 1la | Tae | S 1 [1mhe | 41 [£114s | 475
2 Ua Vo-20 |7he-20 | 24 (1124 | 3% e | 13 | Bia | Va4 Ua 1 [1%4e | &% |4Ma | 475
11l 1(5td)| % Y020 |7he-20 | 34 (1124 | 3% | e | 1% | ®4a | 4 U 1 [11%4a | 4% | 47/ 5
2 1 Tie-14 | 216 | 1 [1.4808 | Ve T | 2Vs | WAa | a2 1 13 |2%4a 5 5Vy | 53
US| % | Vz-20 |The-20| % |1.924 | 9 | 1z | 13 | SAa | Wa | o | 1 |[11%1g | 2%s |21848| 5
2 2 1% (1112 1-14 | 1% [1.800 | % | 1V | 2%a |1%s| %6 | 114 | 1% |2%4e | 5V | 5% | 5%
E] 1 714 | 216 | Ve [1.400 | Ve | T | 21 | 15he | e 1 M43 (2546 5 [ 5% | 5%
1(5td.) 1 The-14 | 2416 | 11 [1.400 | 1z T | 215 | 108 | & 1 13 | 254 | 5 |57Ma | 5l%
214 2 13 (112 [ 10e-12] 2 [2.374 | agy | 1 | 3 [10ae| 24 | 11 176 [2184, | 5% [S519e| 6
N 3 13 (11412 | 1-14 | 12 [1.000 | = | 10 | 27 [150e | 56 | 114 [ 156 | 294 | 53 [511Ma | 594
7 S | 1o-20 [TMa-20| 24 (1124 W | Ve [13% | B4a | Va | W | 1 [104a[ 43 |Slhe | 5l
1Std) [ 1 The-14 [ 2496 | 11 [1.400 [ vz | T [ 17 [1eme | e | o [ 19 [27e | 555 | 6 Bisy
ay, 2 2 13412 | 1172-12 | 2144 [2.624 | 70 [1M4a] 30 [1180e] Vo [ 13 | 2 [ 314 [ 61 | Gag | 6
3 13 [ 11412 | 1-14 [ 155 [1.000 | a6 | 1 | 25 [160e | 28 1 156 [214a| 576 | 81 | Bl
4 T2 11612 [1ve-12 | 2 (2,374 34 [ 10 | 20 (1] Mo [ 1% [ 176 [214a [ 61 | 812 | B2a
S| 13 [ 11412 | 1-14 | 1% (1,800 | 5 | 1V | 294 |16 | 24 1 156 [2MHa | 576 | 8 | B1%
2 21z [21-12 (17612 3 |3124 | 1 2140 | 4908 | 2% | T 1% | 21 | 3%e | B2 | 87 | Tl
4 3 13 | 1012 [1e-12 | 2 | 2374 3 | 1V | 3Va [1Mhe| Vo | 10 [ 176 |2%94a | B8Va | B8V | B34
4 2 (13412 (1112 | 21y [2.624 | e [11Ag| B [1180s] 1a | 19 3lhg | Bl | 6% | B
7 1 Tie-14 | 216 | 1 [1.4808 | Ve T | 17a | 14 | Va B 136 | 27Ha | 5% 6 B4y
1Std) | 194 (11512 (1112 2 | 2374 | a4 | 1 | 3y (10he| e | 114 § 176 (2154 | 630 |B134s| 7
2 Al (31412 |2172-12 | 3 (4240 A 3 Slig | 3% | Sk | 15k |20y |3t | B3 | ToMe | T4
3 2 134-12 [1172-12 | 214y |2.624 | 7fg [11Aa| 35 [118hs] 12 | 136 | 2 | 3Wqa | B |B154a| Tk
5 4 i (21412 [17-12 [ 3 (3124 | 1 | 21ma | dus | 29 | se | 15 [ 210 | 3% | B3 | ToMe | T
5 EESHEEEHE TN EAEEAEE Y N ENEN D
T 1 7ie-14 | 2416 | 117 [1.400 | vz Tie | 17 [ 18Me | 14 ¥y B3k |274s | 575 | B5ha | Bl
3 135 [114-12] 1-14 | 1855 (19009 | 56 | 1% | 2946 (18| 2& 1 156 [2MAa| BV | B%4a | B3
1Std.) | 1% [11e-12|1Va-12 | 2 (2,374 3 | 1% | 3% [1MAe| 26 | 1% J 176 |3Ha | 67 | T8e | T3
2 4 334-12| 312 4 (4740 A1 B [ SVe | e | Va | 1 | 2% | 3THe | TVWe |T1a| 8
E] 2 12412 [1Ve-12 | 2Va [2.624 | Tra [111Ae] BV [1104e] 26 | 1Ta | 2 [3sie| 7 | 7THe| T34
-] 4 20 | 2%e12 | 17e-12 | 3 |324 | 1 [2V4a | 4V | 236 | Vo | 1T |2V | 3THe | TVa [TMAe| 8
5 3 23312 [20g-12| 3o (2740 | 1 2% | 5 2rg | Ve | 1 |2 | AThe | TV |TTAL| 8
[ A | 31412 | 2112 | 214 (4240 1 3 5 | Ve | 1 | 214 | 3The | Tl |T1As| 8
7 13 (11412 1-14 | 186 [1.000 | 58 | 1% | 218 [154s| T |15k [2134e] 695 | T1Aa| T34
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Series 3L

Medium Duty Hydraulic Cylinders

Model Numbers

Parker Sares 3L cylinders can be completely and accurataly described
by a model number consisting of coded symbals. To develop a modal

number, select only those symbals that represent the cylinder required,

Page No.

Symbol

Feature

Description

Bore*

Spadly I Inches |
&

[
a2

Ukad anly I cushion rsquirad

Cuzhlon-Head
Double-Rod
Mounting*
style

et only IT dauble-Tod cylnger [& required |
Haad Ths Rods Exkrded
Cap Tie Fods EXlendsd 8822
Bolh End Tis Rods Extsndsed 8402
Hasd Rectarguiar Fargs 9
Cap Rectangular Flangs a
Haad Squars Fange 104 22
Cap SqUare Flangs 108 22
aida Lugs 126 24
12624

cantsiine Lugs
14824
14528

and place them in the sequance indicated balaw.

section C of this catalog.

-

&"

A
A

C K FPTB
A A 1T

H

—
T

—
—
—
——
—

Sidk Tapped
ids End Lugs
Hasd TR
Cap Trunnian
Intermediate Fcad Trunnions
Cap Floed Clavis
Cap Delachabls Clevls
spherical Bsaring
Hasd Rectanguiar

16 & 23
16 & 23
16& 23

184 28
1a EC |
ELE R sB / { /"
20 S |
e B -=:_'—4lll X /
{

M !

Moumln% LA only for TRIUST ey [Sy1ee ©, F & G)
Modfleallons | Usad anly for Manifold Port O-Ring Ssal

oo
listad .:_]_f

Ak

(Style )
Combinatlon | any Practical Mountng Style
Maounting Listed above

Style

Serles® Lisad In all 2L Modsl Humbsrs

Ring packad pEion 12 standard.

Plston
Lisa only for Lipseal® Plgion.
Port

Pore* SaE Siralght Thread C-Rirg
Lisad onily for BSP (Paralial Thrasd 150 224)

Usad anly for EESPT (Taper Thrasd)

Lisad only for NETF (Dry S=al Pips Thissd)

Lisad only for Matric Thrsad
Lisad only for Matric Thread per 120 6149

High Water Content Fluid
Mut Retalned Piston
Fluoracamon Seals
Watber Sarvice

EPR Sealks
Lsad anly If special Modilizations ara

Crearalze Ports

Port Position Changs
Rod End Bsliows
Spedal Seals

Sop Tube®

Siroke adpstar

Tia Ao BUpports

Comman
Mol catlons

ﬁ)eclal
odificatlons | raquired:

xE-;-rn_-:mm:UC—n—n'é

. Usa Symbal & to deslgnate any spsclal
“Haaneaton exCApt piaton od end. |

For Singk Aod Cylnodars, select ore ory.
Rafar to Red numbsr listing, Tabke 2,
Cabalog Pages  thraugh 27,

Zea chart In Ssction ©, page &3 for
mirimurn plston rod dismeter

Plstoen Rod*
Humber

a2

SR - A

Salect:
Styke 4 Small Malka

Siyke 7 Femala Thread for Spherical Red Eye
Styks & Intsrmediats Mala

Styke @ Short Famals
ks 55 Fod End far Flange Coupling

Sy |
Style 3 Special (Spanify]

Plston®
Rod End

B2, 3
cee
ceg
cia
ceg

cee

Shyles 4, B, and 9 are calalo] standards

-
Spacily Syl 2 for any spaclal Hslon 1od end.

EEER RS

XY

(5]

Pl=ton Rod Lisad only for stud beo Hmes
Alternats Konger than standand.
Thread

ceg
cee

Series 3L Model Numbers — How to Develop Them — How to “Decode” Them
Note: Page numbers with a letter prefix, ie: C77, are located in

I}

A
|
I|
f
|

Piston Fod* | UNF Stardard
BSF (Briizh Fing

Threads

ceg

-]

&

W

M
[*]

1"

=0

Double Red Cylinders

For doubis rod
CHlingars, spadily o
numbsr and rad end
symbols for beth plstan
o, & typical double
o oo numbsr
woul ba:

8" KoL dan a2

| cylindar ssrial rumbsrs ars
| factory production record
numbsrs and are assigned o
sach cylinder, In addiicn o

CEG

Katic
Cushlon-Cap | Lksad only T eushion raguired
Stroke™ Spadly N Inches

+CyIndere with tess mounting styks shoud have a

Hurnber
FSpecity X dimarsion

*Required for Baske Cylinder Modal Humber
*In casa of Skop Tubs, cal out Gross Siroks

Length

MINMLM 2iroks IEngtn squal 16 of greatsr than thelr bars
slza.

Dvark amows Indicats Besic Mnmum Mods

the model number,

Parker

Cylinder

Systematic Engine Uprate Technology

Final Report — October, 2005

43

For Cylinder Division Plant Locations — See Page Il.

DE-FC26-04NT42270



- 1-800-237-5225
Fax (213) 743-3802
W centuryspring. com

DIE SPRINGS

Century Spring offers a complete line of die springs  however, well-suited for many applications where high-
in both oi-tempered and chrome-alloy materials. Die  static or shock-load stresses are required, or when
springs are used primarily in die machinery. They are,  maximum cycle-life is important.

= Free ;I
Length |
v | Loy T e
T L R R A R L R A
LT R A ] [T
B O WAl avAY AV AV Al
Il |‘J i "rl IL IJJ ] " rI Il |‘J i \rl II. '
L T T S
475"&!1{':;“ ——ple— 1 7::19 - Prefoad |
" Total -
- Deflectan |
+ If the application is for a die set, always use as many RATE-POUNDS PER INCH OF DEFLE N
springs as the die will accommodate to produce the -POUNDS INCH O CTI0
required load and cause the least amount of Hale Rod Frisé LD MD HD ¥HO
deflection. This will increase the service-life and Size Size Length (Blug) (Resd) {Giokd) {Grean)
reduce the chances of early failure.
g e -y 180 0 ] 85
+ Decide if the springs will be used for short or long v i 3 0 5 74 %0
runs, average or high-frequency cycling, or high
stress in order to selact the duty-level capability found " 2" r E 100 144 180
in the following pages of inventory.
kIS am" k3 a5 144 32 405
* The higher the rate of cycling, the higher the rate of 1 B = = o B4 o
fatigue-causaed failures. In slow-oscillating dies or
fixtures, it is possible to get good performance with 1144 58" 3 20 512 952 1184
springs operating near maximum deflection. As the -
working speed increases, the life expectancy of the Lol 4 ¥ B 624 1224 2
spring at that deflection decreases. g0 o . 768 a0 1856 3130
The following figure indicates how the load-carrying High Cycle Life Range 2::‘ 1&* 1:,5"- 15%
capability of the die spring increases by scanning through the % of Length 35% 1 0%
color code range of the 3-inch long spring's increasing duty R ]
capability. i”:m’:im"’"m""' Deflectian si% ETCY 0% 25%

MNote the suggested maximum deflections expressed as
percentages of free length. These guideling limits are
important for extended service-life.

Systematic Engine Uprate Technology 44 DE-FC26-04NT42270
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1-800-237-5225 :
Fax (213) T40-3302
wwaw.centuryspring. com

Spring Characteristics

Holes and Rod Diameter

The die-spring-containment-hole diameter sizes
tabulated in the following pages of inventory must
be considered to eliminate possible spring-to-wall
friction-caused heat, wear due to fabrication
folerances, and interference from the spring-
diameter growth due to compression. If the spring is
long for its diameter, an internal supporting rod may
be required to eliminate spring buckling.

Heat

Thermal effects are frequently ignored in spring-
failure or lpad-loss analysis. The maximum rated
service temperature for chrome-alloy steel is about
440° F. The following table reflects the approximate
load losses due to heat that can be expected with
die springs.

Stress Determination
The die wire siress can be estimated with the
rectangular wire equation:
PD
§=—
ht\I It A
Load, Lbs.
Mean coil diameter, (2.0.-d)

(ps.i)

Where:

P
D
inches

Wire widih {radially), inches

‘Wire thickness, inches
Stress-comection factor, see below

=R

LOAD LOSS DUE TO TEMPERATURE
u::g: ns;gﬂ' CHROME ALLOY STEEL
STRESSE Approximale Peresnt Approximale Percent
P, Logs of Load Logs of Load
Degrees Fahrenhai Degrees Fahrenheil
2560 oo 360 400 250 300 350 400 450
120,000 10 12 13 18 i 7 L] 1o 13
110,000 7 9 12 " 4 B ) B 12
100,000 5 7 10 n 3 4 5 ] 1
40,000 i ] ] L] 2 3 L] 5 10
b0,000 i 5 ] § 2 z 3 4 |
70,000 3 1 ] 7 2 2 3 4 ]
60,000 3 4 5 ] 1 1 3 4 7
50,000 2 3 1 5 1 1 3 3 ]
40,000 2 3 4 5 1 1 2 3 5

Stress Factor £ for rectangular wire (b and € as shown)

Material

All of our die springs are fabricated from the
most efficient wire cross section, which is
rectangular with rounded corners. The oil-
tempered die springs are offered for die sets
and general use at a reduced cost. A very long
service life may be expected from oil-
tempered springs if their maximum deflection
is held to about 25 percent of their length. The

Wound an edge
Index=C=I¥b

3
T
¥ |4_ —"I Tr D2 _4
b b -
fuxls of spring
Wiound an 1fas
Index=C=Dyr

highest grade of electrically-furnaced, shot-
peened and preset chrome-alloy steel die
springs are offerad for unsurpassed quality.

Material cerfification available only with custom-
made die springs manufactured to print or
specifications.

Finish
Die springs of oil-tempered material are
p available as unfinished only. A color-coding
system is employed for our chrome-alloy line for
instant visual identification of the spring's work
range and to prevent errors in spring selection
and installation. The color coding is a light
coating of water-based paint.

COLOR RANGE

GO 405632 28 24 LO181E 14 1.2

Rarle = b/ Ka

Systematic Engine Uprate Technology
Final Report — October, 2005
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14 12 14161820 24 L8 3.2 L6480

45

Blue
Red
Gold
Green

(1

Light duty
Medium duty
Heavy duty

Extra heavy duty

313
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- 1-800-237-5225
Fax (213) 749-3802

W, centuryspring.com
DIE SPRINGS cxrrs veavv-puty cHROME ALLOY (GREEN)
GENTURY HOLE SCE ROD SIZE WIRE DIA FREE LEHETH RETE BFPROO. MEX, DEFLECTION* CEFLECTION FOR AVERAGE LIFE DEFLECTION FOR LONG LIFE
WMIGER (inchee) (Incheg) Inches) [ W | poaceios - BERL N, L ) FORCELBS, T DERL N
O-1401 100 720 56 25 44 20 33 15
D-1402 125 170 53 EY 43 25 32 18
D-1403 i r 150 125 54 3z 44 30 a3 23
D-1404 2 e '"Eu 175 115 50 44 40 35 a0 28
D-1405 e B o 2.00 100 50 50 40 A0 an a0
D-1406 2.50 il 50 82 40 50 a0 28
D-1407 3.00 5 40 5 30 20 0 45
D-1408 12.00 15 45 300 38 2.4D 7 120
O-1408 100 320 B0 25 64 20 rE: 5
D-1410 125 240 75 a1 a0 25 45 18
D-1411 150 200 75 38 a0 a0 45 23
D-1412 12 eR2 a7 175 170 74 44 80 28 45 26
D-1413 X 2.00 140 70 50 58 A0 42 a0
D-1414 =00 231 a4 250 115 72 82 58 50 42 kL)
D-1415 3.00 o0 88 5 54 B0 41 A5
D-1416 350 £l 70 EE 58 70 42 53
D-1417 12.00 25 75 300 A0 2.4D 45 120
O-1418 100 830 158 25 12 20 o5 5
D-1418 125 470 147 EY 118 25 a8 18
D-1420 150 EEN] 143 38 114 a0 a8 23
D-1421 175 az 140 44 112 35 84 28
D-1422 58 11132 128 2.00 200 145 50 118 A0 a7 a0
D-1423 X 2.50 220 138 83 110 50 22 kL
D-1424 aon a4z 110 3.00 180 135 5 108 B0 81 45
D-1425 3.50 160 14D L] 112 70 84 53
D-1426 4.00 135 135 1.00 102 A0 81 B0
D-1427 12.00 45 135 300 108 2.4D 81 120
O-1428 100 1400 30 a5 780 20 710 15
D-1420 125 1100 344 EY 275 25 07 18
D-1430 150 as0 334 38 267 30 200 23
D-1431 175 750 320 44 263 5 197 28
D-1432 ) ’ 2.00 825 38 50 254 A0 101 a0
D-1433 34 £ 183 250 500 213 82 250 50 1828 28
D-1424 X 3.00 405 304 5 243 B0 182 A5
D-1435 750 373 133 350 45 302 22 242 0 181 53
D-1436 400 a0 300 1.00 240 B0 180 80
D-1437 450 285 288 113 238 20 178 88
D-1438 5.00 235 204 125 235 1.00 178 75
D-1430 5.50 215 205 1.38 237 1.10 177 a3
D-1440 8.00 185 203 150 234 120 178 80
D-1441 12.00 85 285 2.00 228 2.40 171 120
-1, 150 4T ] I 554 0 ES 1] i
D-1443 2.00 1180 580 50 464 A0 243 a0
D-1444 2.50 808 580 8 443 50 238 kL
D-1445 1 1" 295 .00 738 552 5 442 B0 331 45
D-1446 X 3.50 824 548 a8 437 70 328 53
D-1447 1.000 500 183 400 552 52 100 442 20 331 B0
D-1448 4.50 488 540 113 430 20 328 BB
D-1440 5.00 432 54D 125 432 1.00 324 5
D-1450 8.00 380 54D 1.50 432 120 324 20
D-1451 12.00 176 528 .00 423 2.40 17 120
D-1452 2.00 020 a0 50 e A0 578 a0
D-1453 2.50 1440 o0D 8 720 50 540 kL
D-1454 3.00 1184 BAB 5 710 B0 533 45
D-1455 3.50 1008 BE2 a8 708 70 528 53
D-1456 1-104 58 205 400 840 B4D 100 872 20 504 B0
D-1457 X 4.50 784 BE2 113 708 20 528 BB
D-1458 250 825 225 5.00 880 850 125 880 1.00 510 5
D-1450 8.00 560 84D 1.50 a72 120 504 20
D-1480 £.00 418 532 200 il 180 4o 120
D-1481 10.00 338 54D 250 872 2.00 504 150
D-1462 12.00 284 702 2.00 B34 240 475 120
D-1463 200 3780 1880 50 1504 a0 1128 30
D-1484 250 2044 1840 B3 1472 50 1104 38
D-1485 .00 1312 1734 I35 1387 B0 1040 45
D-1486 .50 1880 1715 8 1372 70 1028 53
D-1487 1m a4 50 4.00 1712 1712 1.00 1370 20 1027 B0
D-1428 P 4.50 1480 1665 112 1332 a0 o 28
D-1480 1500 720 200 5.00 1380 1700 125 1360 1.00 1020 75
D-1470 : : 8.00 104 1656 150 1325 120 034 20
D-1471 8.00 208 1618 200 1203 1.60 070 120
D-1472 10.00 872 1680 250 1345 200 1008 150
D-1473 12.00 544 1632 300 1308 2.40 g78 1.80
O-1474 TED |G K1 ¥ k) 008 =0 43 g}
D-1475 .00 320 2340 5 1872 B0 1404 45
D-1476 .50 2544 2208 8 1781 70 1338 53
D-1477 4.00 2200 2200 1.00 1760 20 1320 B0
D-1478 2 1 480 4.50 1882 7124 113 1609 a0 1274 28
D-1470 X 5.00 1728 2160 135 1723 1.00 1288 75
D-1420 2000 1.000 385 8.00 1418 2124 1.50 1609 120 1274 80
D-1481 8.00 1000 2000 200 1600 160 1200 120
D-1482 10.00 840 2100 250 1680 200 1280 150
D-1483 12.00 712 2138 300 1702 240 1282 120
320 * Leads near solid lengths for reference anly; oversiressed condition.
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