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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 an 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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ABSTRACT 
 
 
This report documents work performed in the fifth quarter of the project entitled:  

Technologies to Enhance Operation of the Existing Natural Gas Compression 

Infrastructure.  The project objective is to develop and substantiate methods for operating 

integral engine/compressors in gas pipeline service, which reduce fuel consumption, 

increase capacity, and enhance mechanical integrity.  The report describes the following 

work:  completion of analysis of data from first visit to second site; preparation for 

follow-up testing.   
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1. INTRODUCTION 
 
This report documents work performed in the fifth quarter (October 1, 2003 through 

December 31, 2003) of the project entitled:  Technologies to Enhance Operation of the 

Existing Natural Gas Compression Infrastructure.   

 

The project objective is to develop and substantiate methods for operating integral 

engine/compressors in gas pipeline service, which reduce fuel consumption, increase 

capacity, and enhance mechanical integrity.   

 

The project has been structured in three phases – the first to last eighteen (18) months, 

with nine (9) tasks.  These tasks, with their objectives, are as follows:   

 

1. Research Management Plan:  To define a work breakdown structure and 

supporting narrative that addresses the overall project objectives.   

 

2. Technology Status Assessment:  To describe current and competing 

technologies for pipeline compression, with strengths and weaknesses.   

 

3. Industry Advisory Committee (IAC):  To interact with industry advisors and 

their suppliers and, thereby, focus the work and help transfer knowledge into 

practice.   

 

4. Test Plan:  To develop a test plan which addresses project objectives, and which 

will serve as a basis for tests to be performed at various industry sites.   

 

5. Data Acquisition System (DAS):  To develop a data system which will support 

project objectives and acquire all needed data with appropriate format, data rates, 

and display.   
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6. Test Program:  To perform tests on a representative series of 

engine/compressors; gather data to develop required relationships for efficiency, 

capacity, and mechanical integrity.   

 

7. Data Analysis:  To relate power cylinder standard deviation, balancing process, 

and compressor cylinder operation to fuel flow, compression efficiency, and 

crankshaft strain through models.   

 

8. Methods for Optimized Operation:  To apply the models and develop 

optimized methods for balancing and operating engine/compressors.   

 

9. Program Management:  To perform planning, administrative, and technical 

direction functions to achieve project objectives; to communicate with and report 

to the DOE and other co-funding organizations.   

 

So far, progress has been made under all of Tasks 1 through 9, and is discussed in the 

subsequent sections of this quarterly report.   

 

In the first quarter, Task 1 was completed, and progress was made on Tasks 2, 3, 4, 5, and 

9.   

 

In the second quarter, Tasks 2, 4, and 5 were completed; further progress was made on 

Tasks 3 and 9, and initial progress was made on Task 6 (calibration and site visit for first 

test site).   

 

In the third quarter, the initial test at the first site was completed (Task 6) and data 

analysis was started (Task 7).   
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In the fourth quarter, the initial test at the second site was completed (Task 6), and data 

analysis was started on this data (Task 7).  Analysis of data from the first site was 

completed (Task 7).  Operational optimization plans (Task 8) were prepared for the return 

to site 1.   

 

In the fifth quarter, a presentation of results was made at the DOE-NETL Research 

Review session held during the Gas Machinery Conference (October 6-8, 2003).  

Analysis of data for the second site was completed.  Plans were prepared and distributed 

to the Industry Advisory Committee (IAC) for follow-up testing on two test series 

initiated at two industry hosted sites.  Preparation was made for these follow-up tests.   
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2. EXECUTIVE SUMMARY 
 

Tasks 1, 2, 4, and 5 were completed prior to this quarter.   

 

An Industry Advisory Committee (IAC) was formed in the first quarter.  A first IAC 

meeting was held January 14, 2003, and provided valuable project direction.  A second 

IAC meeting was held June 24, 2003, and provided further focus to the direction of the 

project.  An informal IAC meeting was held following the DOE Research Review session 

at the Gas Machinery Conference (October, 5, 2003).  This activity falls under project 

Task 3.   

 

Following an initial site visit, the first field test was held at El Paso Corporation’s Station 

823 in Kinder, Louisiana on a Clark HBA-6T, April 15-17, 2003.  This was the first 

major activity under Task 6, and the data was reported in the previous quarterly report.  A 

separate data report was delivered.   

 

Since the initial field test, significant analysis of data obtained during the test has been 

performed, as part of Task 7, and has been presented in the previous quarterly report.   

 

Following an initial site visit, the second field test was held at Williams (Transco) 

Station 40 at Sour Lake, near Beaumont, Texas (August 26-28, 2003).  This is the second 

major activity under Task 6.  The majority of data analysis from this test was completed 

in the preceding quarter and is summarized in this quarterly report.  Additional analysis 

of rod load monitor results and load step effects are presented in this report.   

 

Work has continued on plans to implement follow-up tests, which will evaluate 

operational optimization methods based on previous tests at two industry hosted sites.  

The following plans have been prepared and distributed to the Industry Advisory 

Committee (IAC):   
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1. Plan for second test series at El Paso Station 823 (Kinder, Louisiana).   

2. Plan for follow-up before and after testing for high-pressure fuel injection.   
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3. EXPERIMENTAL 
 
According to the Test Plan, the following data channels were to be acquired 

simultaneously and processed as part of the testing: 

 
• Compressor Cylinder Dynamic Pressure - used for compressor horsepower and flow 

determination (Sensotec piezo-restrictive transducer).   

• Engine Dynamic Cylinder Pressure - used for engine horsepower determination, 

engine balance, and engine statistics (Kistler quartz piezoelectric transducer).   

• Engine Intake and Exhaust Dynamic Pressure Measurements - used to correlate 

acoustic dynamic effects to engine statistics (Kistler piezo-resistive transducer (water-

cooled)).   

• Torsional Vibrations (IRV) - used as a surrogate for mechanical integrity (BEI 512 

pulse encoder).   

• Bearing Centerline Vibration Measurements - used as a surrogate for mechanical 

integrity (PCB velocimeters).   

• Crankshaft Dynamic Strain - acquired using SwRI’s Strain Data Capture Module 

(SDCM).  Used as a direct measurement of shaft loading, and used to provide link 

between engine statistical quantities (PFP), and crankshaft fatigue damage [1].   

• Engine Fuel Flow - used to document overall engine efficiency (AGA3 method using 

Emerson Flobas 103).   

• Suction Header and Discharge Header Pressures and Temperatures - used for 

installation efficiency determination (Sensotec piezo-restrictive transducer).   

• Engine Exhaust NOX and O2 Levels - used for input into an engine performance model 

(NGK fast-response transducer).   

• Compressor Rod Load - used for both mechanical integrity and loading optimization 

(strain gage-based; bridged to cancel bending).   

 



 

Quarterly Technical Progress Report  Page 7 
(Reporting Period 10/01/03 - 12/31/03)  January 2004 
DOE Award No. DE-FC26-02NT41646 - SwRI Project 18.06223  

For the first test at TGP’s Kinder, Louisiana station (April 15-17, 2003), the majority of 

these channels were successfully acquired as a coherent data set for every test condition.  

All channels were calibrated prior to the tests.  In addition to the channels listed above, a 

portable emissions analyzer (an ECOM A+) was used to measure concentration of NO, 

NO2, NOx, O2, and CO in the exhaust.   

 

A few of the channels listed above gave problems at the first site.  The engine fuel flow 

meter was calibrated prior to the test, but it was discovered during the test that it was set 

for a much higher flow rate than was needed and did not give useful data.  The rod load 

monitor RF transmitter drifted too much.  This is a development device and the 

underlying problem has now been corrected.  The power cylinder #1 pressure transducer 

gave suspect data.   

 

At the second test site (Transco Station 40, Sour Lake, Texas, August 26-28, 2003), the 

fuel flow was successfully measured throughout the test series.  The rod load monitor 

worked successfully.  Exhaust manifold dynamic pressure was acquired, as well as air 

manifold pressure.  Station records were used for suction and discharge pressure and 

temperature for the compressor.  All cylinder pressure transducers functioned 

satisfactorily.   

 

For the follow-up on the first site tests, it is planned to obtain the fuel flow and rod load 

data not obtained at the first tests in April 2003.  Figure 3-1 shows the self-powered rod 

load monitor (RLM) configured specifically for the HBA-6T crosshead, which has been 

assembled for this follow-up test.  (RLMs for the preceding tests have been battery 

powered.)   
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Figure 3-1.  Self-Powered Rod Load Monitor (RLM) 
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4. RESULTS AND DISCUSSION 
 

4.1 INDUSTRY ADVISORY COMMITTEE (IAC) TASK 
 

An informal meeting of most IAC members was held following the DOE Research 

Review at the Gas Machinery Conference.  There has been subsequent interaction with 

IAC members regarding plans for follow-up testing.   

 

4.2 TEST PROGRAM (TASK 6) 
 

The first test at the second site (Williams Transco’s Station 40 at Sour Lake, Texas) was 

completed in August 2003.  Data was acquired as described in the experimental section 

of this report.  Tests were performed to investigate how compressor operation and engine 

balancing affect integrity and performance of the engine.   

 

The test unit was a GMW10 with three compressor cylinders - one of six similar units at 

the station.  It has a nominal power of 2500 HP (1865 MW) and a nominal speed of 250 

RPM.  Figure 4-1 shows the test unit and its three compressor cylinders.  Figure 4-2 

shows five power cylinders, the left bank.   

 

This engine has recently been retrofitted with high-pressure fuel injection (Enginuity’s 

HPFI System) and a turbocharger, which replaces the previous scavenging system.   

 

The last quarterly report provided further photographic records and descriptive details of 

the instrument installations, test results, and data analysis.  Table 4-1 summarizes the 

results of this data analysis.   
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Table 4-1.  Summary of Sour Lake Data Analysis Results 

Dynamic Variation Range for Air Manifold Pressure 17 to 22% of Average
Dynamic Variation Range for Exhaust Manifold 
Pressure 48 to 70% 

Rod Load Range -47,000 lb. to +55,000 lb.

Typical Compression Power during Tests 2375 HP

Compressor Thermal Efficiency 85% to 86%

Engine Heat Rate 7200 to 7300 BTU/HP-Hr.
Increase in Ratio of Compressor to Engine Power 
during 5 Hours of Tests - As an Apparent Increase in 
System Mechanical Efficiency as Oil Heats Up 2 to 2.5%

Corresponding Decrease in Fuel Flow 1.5%

Corresponding Decrease in Heat Rate 1.25%
 Heat Rate Reduction by Advancing Timing from 8.5 
to 11 Degrees BTDC Reduction from 7250 to 6950 BTU/HP-Hr.

System Thermal Efficiency with "As Found" Timing 29.8%

System Thermal Efficiency with 11 Degrees Timing 31%
Typical Range of Peak-Firing Pressure in 20 
Successive Cycles 362 Minimum to 594 Maximum (PC7)

Range of Crankshaft Dynamic Strain during Tests Between 50 and  60 Microstrain Peak-to-Peak

Typical Spread in Power Cylinder Compression 
Pressure Over 10 Cylinders From 244 to 275 PSI
Typical Spread in Average Peak-Firing Pressure 
Across 10 Power Cylinders 35 PSI

Typical Instantaneous Spread 175 PSI  
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Figure 4-1.  Williams Sour Lake Station, Unit 6 

 
 

 
Figure 4-2.  Power Cylinder, Left Bank 
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5. DATA ANALYSIS 
 

The following addresses some items of data analysis from the tests at Sour Lake (Transco 

Station 40) not addressed in the previous quarter.   

 

5.1 INFLUENCE OF TIMING AND AIR MANIFOLD PRESSURE 
 

Figures 5-1 and 5-2 show how timing and air manifold pressure (AMP) influence heat 

rate and system thermal efficiency.  The points at 8.5° before top dead center (BTDC) for 

timing and at 12.5 inches of Mercury (Hg) for AMP represent the nominal condition 

(resulting in 7250 BTU/HP-hr. and 29.8% efficiency).  The points at higher and lower 

timing (6° BTDC, 11° BTDC) and at higher and lower AMP (10 inches, 14 inches Hg) 

represent independent perturbations in timing and AMP about this nominal condition.  

They quantify how heat rate falls as timing is increased and how heat rate rises as AMP is 

increased (making the combustion leaner).  Figures 5-3 and 5-4 quantify how NOx 

follows opposite trends to the heat rate.  This opposing trend is sometimes referred to as 

the NOx-heat rate trade-off.  Figure 5-5 presents a plot of heat rate as a function of NOx 

with all the data from Figures 5-1 through 5-4 on it.  Figure 5-5 shows, for example, that 

heat rate can be substantially reduced from 7250 to 6950, with a 20% NOx increase, by 

an increase in timing to 11° BTDC.   
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System Performance as a Function of Timing
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Figure 5-1.  Heat Rate and System Efficiency as a Function of Timing 

 
Effect of AMP on System Performance
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Figure 5-2.  Heat Rate and System Efficiency as a Function of Air Manifold Pressure 
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Effect of timing on NOx
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Figure 5-3.  Change in NOx as a Function of Timing 

 
Effect of AMP on NOx
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Figure 5-4.  Change in NOx as a Function of Air Manifold Pressure 
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Engine Heat Rate vs NOx during Timing & AMP Changes
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Figure 5-5.  Trade-off between Head Rate and NOx 

 

5.2 ROD LOAD MONITOR EVALUATION 
 
During the Sour Lake tests, data was obtained on compressor cylinder #3 with cylinder 

pressure and with the rod load monitor (RLM).  However, when compared, the ratio 

between cylinder pressure indicated horsepower and the horsepower determined from the 

RLM varied strongly during the day.  The sensitivity of the RLM appeared to be 

changing during the day, and since it has already been observed that there is an increase 

in oil temperature over the day, a temperature effect was suspected.  Tests in the 

laboratory following the Sour Lake tests confirmed a distinct increase in the ratio of volts 

per 1000 microstrain, as shown in Figure 5-6.  Based on this, an effort was made to 

correct the data.  Figure 5-7 presents the variation of oil inlet and outlet temperature 

during the test day, and the increase in outlet temperature is clear.  As the best 

information available on temperature variation, the outlet temperature data of Figure 5-7 

has been combined with the sensitivity correction of Figure 5-6, as expressed in the 

equation on the chart (y = 0.0016x + 0.8571, where y is volts/1000 microstrain and x is 

temperature), to come up with a corrected horsepower based on the RLM.  The correction 

is not perfect, because the oil temperature would not be expected to provide a precise 

measurement of rod temperature.   
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The result is shown two ways.  Figure 5-8 presents the horsepower determined from 

cylinder pressure (compressor IHP) and from the RLM (corrected), as they varied during 

the day.  Figure 5-9 presents the ratio of the two horsepowers.  Clearly, the correction is 

imperfect, and is not a long term satisfactory way to determine horsepower from the rod 

load measurement.  Based on these results, the component in question in the RLM has 

been replaced and the sensitivity now does not vary with temperature.  We plan to test the 

refined RLM on the return to El Paso Station 823.   

 

Sourlake RLM sensitivity versus temperature
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Figure 5-6.  Post Test RLM Temperature Sensitivity Measurements 
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Lube Oil Temperatures

100

110

120

130

140

150

160

170

7:
12

:0
0 

A
M

8:
24

:0
0 

A
M

9:
36

:0
0 

A
M

10
:4

8:
00

A
M

12
:0

0:
00

P
M

1:
12

:0
0 

P
M

2:
24

:0
0 

P
M

time

D
eg

re
es

 F
LO TEMP IN

LO TEMP OUT

 
Figure 5-7.  Variation of Oil Inlet and Outlet Temperatures 

 

 
Figure 5-8.  Compressor IHP and RLM HP 
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Figure 5-9.  Residual Ratio Compressor IHP to RLM HP 

 

5.3 INFLUENCE OF LOAD AND LOAD STEP 
 

During a second day’s testing, the influence of load step was investigated.  The first 

objective was to investigate how load step might influence brake thermal efficiency or 

heat rate when the unit was otherwise operating at the same horsepower.  Some test 

results on a preceding GMRC/PRCI project had suggested that the way the compressor 

cylinder load is distributed along the shaft might influence the power cylinder behavior to 

a small extent under part load.  A second objective was to investigate how load on the 

engine might influence compression pressure and rod load data.   

 

These objectives encountered mixed success.  By combining a change in load step with 

pinching the suction line to increase ratio, it should in principle be possible to achieve the 

same horsepower with a different load step.  However, the efforts to readjust the 
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horsepower back to the value before the load step change were not successful – a series 

of operational problems and unit trips showed that this was not readily attainable – at 

least under the prevailing pipeline conditions.  Thus, the first objective could not be met 

during these tests.   

 

The change in load step prior to efforts to change suction pressure did however 

accomplish a change in horsepower, as would be expected, and data was obtained on how 

compressor load influences compression pressure in the power cylinder and the 

relationship of rod load monitor to indicated horsepower.  Figure 5-10 shows the 

variation of horsepower during the tests.  Approximately 20% increase in compressor 

power was obtained over the test range.  Figure 5-11 shows the corresponding variation 

in compression pressure in the ten power cylinders.  They all track each other and appear 

to maintain a similar separation.  Figure 5-12 confirms this by plotting the difference 

from cylinder #1 compression pressure for all the other cylinders.  In spite of substantial 

absolute variation in compression pressure (over 30 PSI) the difference of all cylinders 

from cylinder #1 shows at most a 5 to 6 PSI variation.  This is further indication of a 

consistent cylinder-to-cylinder variation in the trapped mass of air, which is a basis for a 

separately proposed air balance investigation.   

 

Figure 5-13 shows the change in indicated cylinder #3 horsepower and the corresponding 

ratio of indicated horsepower to RLM horsepower (this time without temperature 

correction).  The need for temperature correction is re-emphasized by this data.  The 

uncorrected data in Figure 5-13 shows much wider variation of the horsepower ratio than 

the corrected data for the previous day in Figure 5-9.   
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Figure 5-10.  Variation in Power during Second Day’s Testing 
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Figure 5-11.  Compression Pressure for Ten Power Cylinders during Second Day’s Testing 
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Figure 5-12.  Compression Pressure Relative to Cylinder #1 for Second Day’s Testing 
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Figure 5-13.  Cylinder Indicated HP and Ratio of IHP to Rod Load HP 

(without Temperature Correction) 

 

 



 

Quarterly Technical Progress Report  Page 24 
(Reporting Period 10/01/03 - 12/31/03)  January 2004 
DOE Award No. DE-FC26-02NT41646 - SwRI Project 18.06223  

6. OPERATIONAL OPTIMIZATION 
 

Based on the preceding analysis of data from the first and second test sites, the following 

potential methods for optimizing operation have been identified:   

 

• Combustion Balancing to Equalize Combustion Pressure Ratio (CPR Balancing) 

• Advancing Timing Subject to Knock Detection and Avoidance 

• Closed-Loop Control of Global Equivalence Ratio 

• Starting the Engine with Preheated Oil 

• Running with Hotter Oil 

• Manifold Redesign and Retrofit to Reduce Air Imbalance 

• High-Pressure Fuel Injection on Turbocharged Engines 

• Maintaining Unit Load by Monitoring Compressor Rod Load 

 

Plans for follow-up tests to further evaluate these have been prepared and transmitted to 

the IAC for review.  These plans are attached as appendices to this report.   
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7. CONCLUSIONS 
 

7.1 Based on initial GMW10 tests, high-pressure fuel injection is a promising 

technology for enhancing operation of two-stroke reciprocating compressors.   

 

7.2 A “before and “after test on a unit to be retrofitted with high-pressure fuel 

injection would provide more conclusive quantitative evidence of the value of this 

retrofit technology.   

 
7.3 Additional tests of CPR balancing; timing advance subject to knock detection and 

avoidance; equivalence ratio control; running with hotter oil will provide 

evaluation of other technologies to enhance operation (planned for the El Paso 

Kinder station test site).   

 

7.4 The heat rate-NOx trade-off line for the Sour Lake tests clarifies benefits and 

penalties associated with timing and air manifold pressure changes.   

 

7.5 The rod load monitor (RLM) requires temperature-stabilized components.  The 

stabilized RLM should be tested on the return visit to El Paso’s Kinder station.   
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9. LIST OF ACRONYMS AND ABBREVIATIONS 
 

AGA American Gas Association 
AMP Air Manifold Pressure 
BEI Manufacturer’s Trade Name 
BTDC Before Top Dead Center 
BTU British Thermal Unit 
CO Carbon Monoxide 
CPR Compression Pressure Ratio 
DAS Data Acquisition System 
DOE U.S. Department of Energy 
ECOM A+ An Emissions Analyzer Model 
EQ Equivalence Ratio 
FY Fiscal Year 
GMC Gas Machinery Conference 
GMRC Gas Machinery Research Council 
GMW10 Pipeline Engine Model 
HBA-6 Clark Engine Model 
HBA-6T Clark Engine Model 
Hg Mercury 
HP Horsepower 
HPFITM Enginuity’s High Pressure Fuel Injection System 
IAC Industry Advisory Committee 
IHP Indicated Horsepower 
IP Intellectual Property 
IRV Instantaneous Rotational Velocity 
KVG Dresser-Rand (Originally Ingersoll-Rand) Model 
MW Megawatts 
NGK Manufacturer’s Trade Name 
NETL National Energy Technology Laboratory 
NO Nitric Oxide 
NO2 Nitrous Oxide 
NOx Oxides of Nitrogen 
O2 Oxygen Molecule 
OEM Original Equipment Manufacturer 
PRCI Pipeline Research Council International 
PFP Peak-Firing Pressure 
PID Proportional-Integral-Differential 
PPM Parts Per Million 
PSI Pounds Per Square Inch 
RLM Rod Load Monitor 
RPM Revolutions Per Minute 
SDCM Strain Data Capture Module 
SwRI® Southwest Research Institute® 
TGP Tennessee Gas Pipeline 
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10. APPENDIX A:  TECHNOLOGIES TO ENHANCE OPERATION 
OF THE EXISTING NATURAL GAS INFRASTRUCTURE 
(PLAN FOR SECOND TEST SERIES AT EL PASO STATION 
823 – KINDER, LOUISIANA) 
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11. APPENDIX B:  TECHNOLOGIES TO ENHANCE OPERATION 
OF THE EXISTING NATURAL GAS INFRASTRUCTURE 
(PLAN FOR FOLLOW-UP TESTING ON AN ENGINE WITH 
HIGH-PRESSURE FUEL INJECTION) 
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