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Introduction 

 
Williams Gas Pipeline - Transco System operates 41 compressor stations, from South Texas to 
New Jersey.  By the end of 2006, 121 out of a total of 307 reciprocating engine-driven 
compressors in those stations will be monitored locally and remotely through an advanced 
continuous pressure monitoring (CPM) and diagnostic system.  This CPM system utilizes 
crankshaft-referenced dynamic pressure measurement and advanced automated software analysis 
of power cylinders and compressor cylinder ends to accurately and reliably detect malfunctions, 
provide easily understood diagnostic messaging, and enable unit-to-unit economic performance 
comparisons over the Williams Gas Pipeline wide area network (WAN). 
 
This technology was first reviewed in a paper presented at this conference in 2003.  The current 
paper will examine new developments in the applied CPM hardware and software technology.  
With this technology, on-engine analysis of engine/compressor data is required on an 
exception basis, or only as indicated from the systems automated diagnostics.   
 
Case studies will describe improvements in automated diagnostic technology, including use of 
the improved software capabilities to identify and quantify the severity of single or multiple 
component failures.  Other cases will include automated clearance pocket checks and reporting 
of unit and station cost performance.  Most importantly, the cases detail the learning process and 
integration of advanced technology into the organization’s operations. 

 
Background 
 
CPM systems at Transco were originally a secondary benefit of Enginuity’s high pressure fuel 
injection (HPFI) retrofits installed on reciprocating main units to reduce engine exhaust 
emissions.  In addition to supplying pressure data from each power cylinder to the HPFI 
controller, the Windrock manufactured monitoring modules communicated calculated 
parameters and phase referenced pressure data over MODBUS to local automation and over 
serial communication to the company WAN.   
 
Transco recognized the potential value that could be provided by the power cylinder and 
compressor cylinder continuous pressure monitoring capabilities.  This pressure monitoring 
combination took advantage of the capabilities made possible by the HPFI system installations 
and provided an opportunity to investigate the merits of the technology and its potential 
integration into operations and maintenance.  The subsequent development since the 2003 paper 
of online diagnostic and analysis software is currently providing that value.   
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Power and Compressor Cylinder Data Acquisition and Processing Hardware 
 
Hardware components of a CPM system utilizing Windrock’s On-Guard® family of continuous 
monitoring products include: 
 

�  Magnetic pickups for crankshaft phase reference and speed 
�  Power cylinder high temperature AC pressure transducers (Figure 1) 
�  Compressor cylinder-end DC pressure transducers (Figure 2) 
�  Power Cylinder Monitoring Module (E-Guard in Figure 3)  
�  Compressor Cylinder Monitoring Module (HP-Guard in Figure 4) 

 
 
 

                    
Figures 1 and 2 - Engine and Compressor Pressure Sensors in multi-ported pressure indicator valves 
  
 

                       
Figures 3 and 4 - Engine (E-Guard) and Compressor (HP-Guard) Modules installed in local engine panel 
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Pressure transducers mounted on power cylinders and compressor cylinder ends serve as the 
primary measurement sensors for CPM systems.  Multi-ported pressure indicator valves on both 
the power side and compressor side also allow for connection of portable analyzers as needed, 
and connection of a reference pressure sensor for online calibration of the CPM sensors.   
 
Class I, Division 2 rated engine and compressor pressure sensors are wired to the 24 VDC 
powered Windrock E-Guard and HP-Guard modules, which are housed locally in the unit control 
panel.  Two magnetic pickups detecting holes drilled in the flywheel provide once-per revolution 
and once-per-degree inputs to the On-Guard modules for phase referenced dynamic cylinder 
pressure measurement, machine speed and indication of the unit’s running status. 
 
Each E-Guard engine module can accommodate up to ten power cylinders and each HP-Guard 
compressor module can accommodate up to six double-acting compressor cylinders.  Larger 
engines or compressors simply require an additional module.   
 
The locally housed modules each have their own internal microprocessor and memory to process 
the crank-angle referenced dynamic pressure measurements simultaneously for all pressure 
sensors.  Data processed for communication by the locally housed E-Guard and HP-Guard 
modules shown in Figures 3 and 4 are summarized respectively in Tables 1 and 2 below: 
 
 

Engine Inputs/Outputs (E-Guard Module) 
Analog Inputs (from sensors) Relay Outputs 

Dynamic Power Cylinder Pressures Pressure Sensor Fault (optional) 
Air Manifold Pressure  
Once-per revolution pulse (for speed and TDC)  
Once-per degree pulse (for crank angle reference)  

 Digital Outputs 
 Unit  
 RPM 

 Air Manifold Pressure 
  
 Power Cylinders 
 Digitized Pressure Waveforms 
 Compression Pressure 
 Peak Pressure 
 Standard Deviation of Peak Pressure 

 Peak Pressure Angle 
 Percent Good Combustion Cycles 
 Percent Poor Combustion Cycles 
 Percent Pre-Combustion Cycles 
 Percent Over-Pressure Combustion Cycles 
  
 Digital Alarm Outputs 
 Pressure Sensor Fault 
Table 1 - Engine (E-Guard) Module Inputs and Outputs 
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Compressor Inputs/Outputs (HP-Guard Module) 
Analog Inputs (from sensors) Analog Outputs 

Dynamic Cylinder-End Pressures  Total Horsepower (optional 4-20mA output) 
Once-per revolution pulse (for speed and TDC)  
Once-per degree pulse (for crank angle reference)  
  

Digital Inputs (from Automation) Digital Outputs 
Load step Unit  
Cylinder Suction Temperatures RPM 
Cylinder discharge Temperatures Total Horsepower (calculated) 
Horsepower Average Suction and Discharge Temperatures 
RPM Load Step 
Stage Suction and Discharge Pressures Automation Fuel Flow 
Engine Fuel Flow Automation Horsepower 

 Automation RPM 
 Automation Stage Suction and Discharge Pressures 
  
 Compressor Cylinders 
 Suction and Discharge Temperatures 
 Rod Load (Tension and Compression) 
 Rod Load Reversal (degrees rotation) 
  

 Compressor Cylinder Ends 
 Digitized Pressure Waveforms 

 Horsepower  
 Suction and Discharge Toe Pressures 
 Suction and Discharge Volumetric Efficiencies 
 Flow 
 Flow Balance 
 Theoretical Discharge Temperature 
 Calculated Clearance Volume 
  
 Digital Alarm Outputs 
 Sensor Fault 
 Cylinder End Horsepower above limit 
 Rod Load (Compression) above limit 
 Rod Load (Tension) above limit 
 Rod Load Reversal below limit 
Table 2 - Compressor (HP-Guard) Module Inputs and Outputs 
 
Each E-Guard and HP-Guard module has two communication ports; one port for bi-directional 
MODBUS communication for gas suction and discharge temperature inputs and calculated 
parameter outputs, the other port for local or remote configuration of the module and 
communication of static and dynamic data to Windrock’s On-Guard/DA data acquisition 
software.   
 
Hardware changes in the past three years have proved minimal.  Pressure transducers have 
demonstrated good reliability and online calibration functionality maintains required accuracy.  
Power and compressor monitoring modules have had firmware upgrades, allowing additional 
parameters to be communicated from MODBUS through the module, for use with On-Guard 
diagnostic software.  Unit fuel flow is an important parameter now available for use in unit cost 
comparisons across an entire station.  
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Continuous Pressure Monitoring (CPM) - Data Acquisition Software 
 
Data acquisition software, On-Guard/DA, currently runs on an industrial computer housed 
locally at each engine and connected to the local area network.   
 
The first function of On-Guard/DA is to locally or remotely configure the unit and program the 
setup on the E-Guard (Figure 5) and HP-Guard (Figure 6) hardware modules.  Once 
programmed, the unit geometry, gas properties, alarm values and pressure sensor calibration 
values are stored in non-volatile memory on the individual hardware modules.  Once 
programmed, the software is not required for the hardware modules to communicate calculated 
parameters independently over MODBUS.   
 

 
Figure 5 - On-Guard/DA Configuration of E-Guard module 
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Figure 6 - On-Guard/DA Configuration of HP-Guard module with online pressure sensor calibration feature 
 
The second function of On-Guard/DA software is to view real-time dynamic and calculated data 
on an as needed basis.  This includes online calibration of pressure sensors.   
 
The third function of On-Guard/DA is to continuously scan hardware modules, acquire data and 
store it on the computer hard drive at the unit.  After data acquisition and storage, calculated and 
dynamic data is accessible with Windrock’s On-Guard diagnostic and monitoring software from 
any location on the WAN. 
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Continuous Pressure Monitoring (CPM) - Diagnostic Software 
 
On-Guard software running on any remote PC with connection to the WAN provides real-time 
monitoring and alarming, intelligent automated diagnostics, viewing of trend plots, viewing and 
analysis of phase-referenced dynamic pressure curves, and viewing of performance and 
economic reports. 
 
Figure 7 shows the “Station Monitor”, which displays critical information on all CPM units at a 
station.  A local or remote user easily sees unit running status, RPM, Load Step and a Unit 
Economic Cost.  Color changes indicate the presence of alert and danger alarms, and the 
“DIAGNOSTIC” box indicates the presence of any automatically generated diagnostic 
messages. 
 

 
Figure 7 - On-Guard Station Monitor displays all Units alarm status, diagnostic messages and economic cost  

 
The most significant developments in CPM system technology have been in the area of the 
evolution of software for automated diagnostics, detection of horsepower discrepancies and 
assessment of station and unit economic performance and excess cost analysis.  On-Guard 
software originally had advanced diagnostic capabilities available only through human interface.   
Currently, the online diagnostic software can automatically scan for the problems in Table 3. 
 
Condition problems  Performance problems  
Pressure sensor validation problems  Temperature sensor validation problems 
Rod load exceeded  “Leak index” is used to check for 
Lack of rod load reversal  �  Leaking valves 
 �  Leaking rings 
 �  Leaking packing 
 Compressor clearance volume problems  

(possible unloader or liquid buildup problems) 
Table 3 - Condition and Performance problems automatically scanned for and indicated as “Diagnostics” 
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Figure 8 details the configuration of the diagnostic checks now available.   
 

 
Figure 8 - Configuration of Sensor Validation, Condition, Performance, and Power Cylinder Balance Checks  
 
On the compressor side, leaking valves, piston rings and packing leaks are now automatically 
detected and a severity is assigned and indicated.  Of critical importance is the ability to identify 
discrepancies between automation clearance volume values and clearance values calculated by 
the CPM system as shown in Figure 9.  This has proven valuable in performing clearance pocket 
checks to detect unloader problems resulting in a mismatch in horsepower. 
 

 
Figure 9 - Automatically generated diagnostic message indicates leaking valve and clearance discrepancy 
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Once a problem is automatically diagnosed, pressure waveform analysis (Figure 10) and review 
of available reports (Figure 11) are used to confirm diagnosis and prioritize further actions. 

 

 
Figure 10 - Waveform analysis of P-V curves compared to theoretical and Leak Index show good condition 
 
 

 
Figure 11 - Compressor Report details cylinder IHP, Capacity, Losses, Rod Loading and Flow Balance 
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A real-time engine balance report provides continuous checking and graphical indication of 
power cylinder balance, Coefficient of Variance and standard deviations as shown in Figure 12.  
Power cylinder peak pressure and peak pressure angle statistics are represented in Figure 13. 
 

 
Figure 12 - Engine Balance Screen updates continuously, displaying COV and Standard Deviation 
 
 

 
Figure 13 - Phase-referenced Power Cylinder Pressure curves with graphics of combustion statistics  
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The Unit Economic Reports shown below in Figures 14 and 15 allow personnel to quantify the 
cost of anomalies, make economic based operations and maintenance decisions. 
 

 
Figure 14 - Unit Economic Report identifies Fuel, Compressor, Bypass and “Excessive” Costs 
 

 
Figure 15 - Compressor cost details include gas recirculation costs for each compressor cylinder end 
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Organizational Developments 
 
The Condition Based Maintenance (CBM) program at Transco requires engine and compressor 
analysis to be performed at various operating hour intervals for compliance.  In the past, these 
activities were carried out by maintenance personnel exclusively through on-engine analysis with 
portable analyzers.   
 
Integration of the CPM system now allows review of applicable measures and data locally or 
remotely, eliminating manpower and expense simply for data collection.   Table 4 below 
summarizes the analysis activities required for compliance, with the highlighted activities now 
conducted by CPM. 
 

      Analysis                 O&M Procedure   MMS Activity    Frequency 
Engine Balance 15.58.01.03 0112 1075 Hours 
Ignition Analysis 
Power Cylinder Vibration 
Power Cylinder 
Pressure 

15.59.01.03 1115 2150 Hours 

Compressor Valve 
Analysis 1152 2150 Hours 

Compressor Pocket 
Checks 

15.61.01.04 
1622 8600 Hours 

Turbocharger Vibration 15.72.01.03 1140 8600 Hours 
Dynamic Rod Runout 15.56.01.03 1873 8600 Hours 

Table 4 - Compliance Activities and Intervals.  Highlighted activities now accomplished with CPM system 
 
In actuality, a large number of the units tested as required have no mechanical or performance 
issues.  CPM allows concentration of efforts on higher level analysis and concentrates available 
resources on those units that actually need it, not wasted on perfectly healthy machines that do 
not. 
 
Station personnel are now able to play a larger role in monitoring and trending critical 
parameters such as combustion statistics, horsepower, compressor rod loading, compressor 
clearances, compressor valve condition and compressor P-V’s without connecting up the first 
test lead.  Support personnel responsible for multiple locations have the capability to review data 
over the WAN, without traveling to the station.  This results in better use of their time. 
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Case Study 1 - Remote Automated Diagnosis - Discharge Valve Failure  
 
In January 2006, during a weekly CPM condition analysis by a compressor support engineer in 
Houston, an automated diagnostic indicator was noted on the On-Guard “Station Panel” for Main 
Unit 11, 10V-250 at Station 120 in Stockbridge, Georgia.  This is one of fifteen reciprocating 
compressor units at that station, all equipped with HPFI/CPM. 
 
Clicking on the automated diagnostic indicator in the On-Guard “Station Monitor” displayed the 
diagnostic message shown in Figure 16, which called a compressor discharge valve leak on the 
Cylinder 2 Crank End.  Severity was noted as slight along with a difference between actual and 
theoretical discharge temperature, and a difference in temperatures between head and crank ends. 
 

 
Figures 16 - Automatically generated Diagnostic Message indicates leaking discharge valve 
 
The crank-end discharge leak call was confirmed by a review of calculated parameters, report 
values and waveform analysis of Pressure-Volume and theoretical curves shown in Figure 17.  
The individual leaking valve on that end was identified by station maintenance personnel using 
on-engine analysis with a portable maintenance analyzer and ultrasonic sensor. 
 
When the unit was shut down for repair, inspection of the identified discharge valve revealed a 
missing poppet as shown in Figure 19.  The valve was replaced and the unit returned to service 
quickly with no further diagnostic messages indicated as shown in Figure 18. 
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Figure 17 - P-V / Theoretical, “Leak Index” and Calculations all indicate a leaking discharge valve 

 
 

 
Figure 18 - P-V, “Leak Index” and Calculations indicate good condition after discharge valve replacement  
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Figure 19 - Failed discharge valve with poppet missing 
 
 
This simple case study of a classic discharge valve leak demonstrates the capability of the CPM 
system to remotely and reliably detect problems and assign severity automatically. 
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Case Study 2 - Remote Diagnosis of Multiple Problems - Failed Clearance Unloader Pocket 
and Discharge Valve Failure 

 
Also in January 2006, a second more complicated set of failures were identified at Station 120 
with the CPM system, preventing subsequent damage and a possible safety issue.  During a 
weekly CPM condition analysis on the main units at Station 120 by the compressor support 
engineer in Houston, multiple problems were observed to suddenly appear on Cylinder 3 Crank 
End of Main Unit 6, GMW-10.  No automated diagnostic indicator was generated.   
 
Continued waveform analysis with the CPM system did not indicate a classical valve problem 
only, but the combination of a discharge valve leak and an unloader pocket failed in the open 
position as shown in Figure 20.  Instructions to pursue both potential failures were 
communicated to the Station. 
 

 
Figure 20 - Expansion deviates significantly from theoretical curve due to unloader failure, with little effect 
noted on Compression line due to second problem, a leaking discharge valve 
 
The individual leaking valve on that end was identified by station maintenance personnel using 
on-engine analysis through use of a portable maintenance analyzer with an ultrasonic sensor.  
When the unit was shut down, station personnel replaced the discharge valve, and inspection of 
the failed valve showed metal in the sealing elements.  Finding an obvious physical problem, the 
unit was returned to service without investigation of the clearance volume discrepancy as 
recommended.   
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During CPM analysis, the compressor support engineer in Houston noted that the clearance 
volume discrepancy was still present as shown in Figure 21.  It was not until a reminder was 
issued by Houston to investigate the unloader pocket failure that the more serious failure was 
detected, which had actually caused the discharge leak.    
 

 
Figure 21 - Following replacement of leaking discharge valve, classical clearance discrepancy shows clearly 
 
Inspection of the crank end unloader pocket revealed that the ball had come loose from the shaft 
in the pocket. The center section of the unloader ball was completely gone as shown in Figure 22 
and because it had not made any noise, it had eluded analysis by other methods.   
 

 
Figure 22 - Failed unloader ball with center portion of ball missing 
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The unloader pocket was repaired and all indications returned to normal as shown in Figure 23. 
 

 
Figure 23 - Normal waveform following completion of all repairs to discharge valve and unloader pocket 
 
Station maintenance personnel agree that this problem would have existed until completion of 
the required 2150 Hour mechanical check was performed and presented a potential for 
significant damage.   This could also create a safety issue if pieces were to fall into the cylinder 
between the piston and head.    They also agree that metal pieces from the unloader ball caused 
the valve failure. 
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Case Study 3 - Unit Economic Cost Comparison with CPM  
 
Firmware development and upgrades have enabled On-Guard data acquisition and processing 
hardware to receive automation fuel flow values for each unit and pass it on to the On-Guard 
diagnostic software.  This new capability allows calculation of the dollar operating cost to 
compress gas per million cubic feet.  Continuous monitoring of this “normalized” parameter 
allows immediate cost comparisons between units at all times, independent of changes in station 
operating conditions. 
 
Main Units 6 & 7, GMW-10 at Station 60 in Jackson, Louisiana are essentially identical units, 
with the only known exception being the model of the compressor valves installed.  Main Unit 6 
had previously been the subject of a detailed valve evaluation study and has a newer design of 
high efficiency valves than the older style valves installed in Main Unit 7.   
 
At the time of the valve study that was conducted from early 2004 to mid-2005, CPM could not 
measure economic performance as it does now and therefore no cost data is available on Unit 6 
before the installation of the valves.   
 
Figure 24 shows the station panel for all units at Station 60 with a continuously updated unit cost 
performance for each unit. 
 

 
Figure 24 - “Station Monitor” indicates Economic Condition of all Station Main Units,  in addition to 
Performance and Mechanical Condition 



 20 

The “Station Economics” screen shown below in Figure 25 indicates a $1.20/MMSCF lower cost 
of operation for Main Unit 6 over Main Unit 7, both graphically and in a report available for 
printing. 
 

 
Figure 25 - “Station Economics Monitor” details economic performance of all units and cost differential 
between the almost identical Main Units 6 & 7 
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Future Directions  
 
Greater use will be made of the economic cost comparison capabilities to quantify costs of 
malfunctions and help prioritize maintenance activities and operate the most cost efficient units. 
 
Vibration monitoring modules are being added to CPM systems to enhance mechanical condition 
monitoring and wireless transmitters are being installed to transmit power cylinder combustion 
data to standard portable analyzers to monitor effects of balance adjustments on non-HPFI units, 
without the need to manually collect pressure data with a portable analyzer. 
 
Developments in data acquisition include improved connectivity to the monitoring modules 
using Ethernet and the possible elimination of local HMI’s through use of multi-unit data 
acquisition software that can run on a PC on the local network instead, reducing a maintenance 
item. 
 
While automated diagnostics is a significant technical advancement, the limitations shown in 
Case Study 2 illustrates the importance of well trained human interface at the station level.   To 
ensure the continued success of the CPM program, Windrock will provide further in-depth data 
acquisition and diagnostic software training.  Transco is conducting procedural training on the 
use of CPM in support of maintenance activities and is developing a CPM manual and in-house 
training module to increase the level of analysis capabilities of station personnel. 
 
 
Conclusions 
 
Continuous Pressure Monitoring (CPM) systems have advanced to the point where it is no longer 
“enabling technology” for evaluation and experimentation, but a system that can be integrated 
into existing organizational structures and practices on a broad scale.  In addition to return on 
investment in detecting and diagnosing problems, CPM systems present a positive return on 
redeployment of human resources on higher value-added activities. 
 
It is anticipated that the ongoing review of the HPFI based CPM systems will provide the 
economic justification for monitoring the engine balance, mechanical condition, performance 
and economic parameters on units without HPFI systems.   


