
 
 
 

Systematic Engine Uprate Technology Development and Deployment 
for Pipeline Compressor Engines through Increased Torque 

 
 

FINAL REPORT  

 
(November 2004 - October 2005) 

 
 

Prepared by: 
 

Dennis Schmitt 
Daniel Olsen 

 
 

Engines and Energy Conversion Laboratory 
Department of Mechanical Engineering 

Colorado State University 
Fort Collins, Colorado 80523-1374 

CSU Project # 533822 
 
 

Prepared for: 
 

Department of Energy 
Contract No. DE-FC26-04NT42270 

 
DOE Project Manager 

Richard Baker 
 
 

September, 2005



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. 
 
 

 

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

1



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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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 MGAV 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. 
 

Configuration Operating 
Condition Measures

Stock
Enhanced Mixing
Enhanced Mixing 

& Ignition
Optimal Control 

Methodology

Uprated

Variation of Load 
and Speed (up to 

20% increase 
BHP)

Equivalence 
Ratio Map and 

Speed Map

Standard 
Temperature, 

Pressure, 
Combustion 

Statistics, HAPS, 
and Criteria 
Pollutants

 
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: 

• OEM TLA with mechanical gas admission valve (MGAV), standard piston, and 
standard head 

• Enhanced mixing (HPFI), standard piston, and standard head 
• 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, NOx 
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 –6º ATDC to 22º ATDC.  Representations of temperature distribution and 
NOx generation from TDC to 70º 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 120º BTDC to 10º BTDC can be seen in Figure 7 
through Figure 9. 
 

 
Figure 1 Gas velocity flow field for TLA 
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Figure 2 Fuel distribution at ignition for TLA (fuel mole fraction) 

 

 
Figure 3 Flame propagation and fuel consumption from -6º to 6º (ATDC) for TLA 

 

 
Figure 4 Flame propagation and fuel consumption from 10º to 22º (ATDC) for TLA 
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Figure 5 Temperature and NOx 0º to 30º (ATDC) for TLA 

 

 
Figure 6 Temperature and NOx 40º to 70º (ATDC) for TLA 
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Figure 7 Fuel gas flow comparisons 120º to 90º (BTDC) for TLA 

 

 
Figure 8 Fuel gas flow comparisons 80º to 50º (BTDC) for TLA 
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Figure 9 Fuel gas flow comparisons 40º to 10º (BTDC) for TLA 

 
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 stressi.  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 crankshaftii.  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 crankshaftsiii,iv.  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 10th 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 ith 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. 
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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 10th 
order critical, of 324 rpm, would be near the normal operation speed of 300 rpm.  At this 
speed, all ith 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 10th order critical speed would be 336 rpm.  This is significantly above  
the normal operation speed of 300 rpm.  All ith 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 methodv, 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 6th 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 14th 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 lbs. and 3,300 lbs. 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 
lbs., cylinders 2 and 5 have a weight of 2,288 lbs., and cylinders 4 and 6 have a weight of 
3,332 lbs.  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. 
 

f n (Hz)

Flywheel 
Weight 

(lb)

Bearing 
Spacing 

(in)
Total Lumped Mass 
Weight per Cyl. (lb)

% Diff. for 
Ass'y Weight 

(Model vs. 
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: 
 

• Identify a target engine of interest 
• Determine power piston and compressor piston forces, usually from pressure trace 

data (either from industry input or other engine modeling software) 
• Perform dynamic force analysis using the input force data 
• Create a solid model of the target engine crankcase 
• Input load results from dynamic force analysis into an FEA program (e.g. Pro 

Mechanica) 
• Perform stress analysis 
• Analyze results 
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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 0.10vi.  The Working Model GMV simulation 
setup can be seen in Figure 15.  Although the EECL GMV 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. 
 

 
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 16 GMV-4TF crankcase comparison of ‘accurate’ vs. ‘simplified’ models 

 

 
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. 
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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. 
 

Run
Location 

(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 Cylinder 2 @ 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.

Cylinder Forces (lb)

 
Table 3 Input force data at individual cylinder peak force locations for the GMV-4TF 

 

 
Figure 18 Working Model simulation results of GMV crankshaft bearing forces 
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Notes

Run
Location 

(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.

Crankcase Bearing Saddle Forces (lb)
 # 1 (Cyl's 1&2) # 2 (Cyl's 3&4)

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

 

 
 
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 19 Rosette strain gages 

 
Figure 20 Omega strain gage signal 
conditioner 

 

 
Figure 21 Hi-Techniques data acquisition unit 
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Figure 22 Strain gage hardware demonstration apparatus 

 

 
Figure 23 Strain gage mounted to test shaft 
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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 
(psi)

Cylinder 1 
@ P.P

Cylinder 2 
@ P.P

Cylinder 3 
@ P.P

Cylinder 4 
@ 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 
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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

 

 
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% 
increasevii.  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 31viii.  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 0.10vi.  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 

 

 
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 

 

 
Figure 31 TLA-6 Compressor piston input forces (uprated) for Working Model simulation 
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Figure 32 Working Model TLA-6 power piston simulation setup with results 

 

 
Figure 33 Working Model TLA-6 power piston and compressor simulation setup with results 
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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 

 

 
Figure 35 TLA-6 Crankcase modeling comparison 
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Figure 36 Mesh of the simplified TLA-6 crankcase 

 

Run  # 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 Cylinder 2 @ 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 Cylinder 5 @ P.P.
6 25,308 3,752 30,506 5,829 4,712 152,440 Cylinder 6 @ P.P.

Cylinder Forces (lb) - Nominal

 
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 

 

 
Figure 38 Simulation results of nominal TLA crankshaft bearing forces 
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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 Cylinder 2 @ 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.

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 Cylinder 5 @ P.P.
6 33,140 -31,470 -33,600 -93,820 -13,800 -82,350 Cylinder 6 @ P.P.

Crankcase Bearing Saddle Forces (lb) - Nominal
Cylinder 4 Cylinder 5 w/ Comp. Cylinder 6

Crankcase Bearing Saddle Forces (lb) - Nominal
Cylinder 1 w/ Comp. Cylinder 2 Cylinder 3 w/ Comp.

 
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. 
 

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 Cylinder 5 @ P.P.
6 21,645 4,201 32,980 4,826 4,444 165,786 Cylinder 6 @ P.P.

Cylinder Forces (lb) - Uprated

 
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 

 

 
Figure 40 Simulation results of uprated TLA crankshaft bearing forces 
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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 Cylinder 2 @ 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 Cylinder 4 @ P.P.
5 -107,500 -92,190 18,650 27,680 27,300 -35,180 Cylinder 5 @ P.P.
6 79,000 34,000 -23,920 -59,540 -35,550 -27,930 Cylinder 6 @ P.P.

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 Cylinder 1 @ P.P.
2 -23,920 -59,540 -35,550 -27,930 32,860 -30,590 Cylinder 2 @ P.P.
3 11,480 -69,050 -107,500 -92,190 18,650 27,680 Cylinder 3 @ 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 Cylinder 5 @ P.P.
6 32,860 -30,590 -39,900 -96,300 -15,600 -96,380 Cylinder 6 @ P.P.

Crankcase Bearing Saddle Forces (lb) - Uprated
Cylinder 4 Cylinder 5 w/ Comp. Cylinder 6

Crankcase Bearing Saddle Forces (lb) - Uprated
Cylinder 1 w/ Comp. Cylinder 2 Cylinder 3 w/ Comp.

 
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. 
 

 
Figure 41 TLA-6 Journal bearing locations to cylinder locations 
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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 108 to 109 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 ksiix.  After discussions with an industry expertx, 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.   
 

Std. Uprated Std. Uprated Std. Uprated
von Mises 16,108 18,322 20,155 22,420 9,718 9,687

Max. 
Principal -20,055 -22,827 -25,645 -28,543 -10,907 -10,863

Std. Uprated Std. Uprated Std. Uprated
von Mises 6,143 6,358 15,457 16,321 9,765 10,737

Max. 
Principal -7,546 -7,501 -20,034 -21,161 -12,781 -14,037

Cylinder 4 @ P.P. Cylinder 5 @ P.P. Cylinder 6 @ P.P.

Stress (psi) Cylinder 1 @ P.P Cylinder 2 @ P.P Cylinder 3 @ P.P

 
Table 10 FEA Results for a TLA crankcase 

 
 

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

46



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%

Percent Increase/Decrease of Stresses

 
Table 11 Percent difference between results from the FEA analyses 

 

 
Figure 43 FEA results for bearings 2/3 with cylinder 2 at peak pressure and standard conditions 
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Figure 44 FEA Results for bearings 2/3 with cylinder 2 at peak pressure and uprated conditions 

 

 
Figure 45 Reversed bending fatigue life of gray cast ironix 
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Figure 46 Goodman diagram for indicating safe and unsafe fatigue zonesix 

 

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 

fuel injection valve 

 
Figure 48 Cross-section view of new fuel 

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 

mechanical fuel injection valve 
assembly 

 

 
Figure 50 Hydraulically actuated mechanical fuel injection 

valve system 
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Figure 51 Hydraulic schematic for new fuel valve design 

 

2.4 Uprate Systems Test Plan 

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 MGAV 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 Summary 

4.1 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 NOx 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 10th 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 B – Hydraulically Actuated Mechanical Fuel 
Injection Valve 
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