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LEAK DETECTION ON PETROLEUM PIPELINES

INTRODUCTION
Pipelines are the safest method for transporting hydrocarbon fluids compared to trucking, rail or marine transportation. Nevertheless, current North American statistics indicate that fluid petroleum pipeline leaks occur at the rate of about one (1) leak per year per thousand miles of line. Unlike leaks that occur in above ground transportation modes such as trucks, rail cars or ocean tankers, pipeline leaks are typically below ground level and are not readily visible.

The costs of leaks fall into four main categories:

a.) Loss of life and property.

b.) Direct cost of lost product and line downtime.

c.) Environmental cleanup costs.

d.) Fines and law suits.

The pipeline industry recognizes the need for leak detection and most pipeline operators have installed or are planning to install real-time systems. The intent is to detect leaks as soon as possible to enable the operator to shut down the pipeline and minimize the amount of product loss and potential hazard to the public.

This paper covers the various methods in use today to detect leakage in fluid pipelines with emphasis on volume balance and model-based systems.

PIPELINE LEAK PHENOMENA

There are several physical phenomena associated with a leak in a pipeline.  Each of these phenomena is utilized by one or more available leak detection systems.

a.) Pressure at the leak site drops suddenly, sending a transient rarefaction pressure wave traveling at sonic velocity both upstream and downstream.

b.) The flow rate (and hydraulic gradient) increases on the upstream side of the leak and decreases on the downstream side.

c.) Inlet measured pressure decreases (only temporarily when the upstream pumping station is operating under discharge pressure control).

d.) Outlet measured pressure decreases.

e.) Ultrasonic sound waves generated by the escaping fluid travel upstream and downstream in the walls of the pipeline and in the fluid.

f.) Hydrocarbon fluid escapes and accumulates or dissipates outside the pipeline at the leak site. 

LEAK DETECTION SYSTEMS

Pressure and Flow Variation

In the 1940's and 1950's leak detection systems based on monitoring inlet pressure and inlet flow were introduced.

The principle behind these systems is that a leak causes inlet pressure to decrease and inlet flow to increase simultaneously. The detectors are sometimes used to close line valves automatically. 

The thresholds have to be set high enough to eliminate false alarms or shutdowns due to normal pipeline operations. Consequently this system can detect only large leaks.

Pressure and Velocity Perturbation Detection Manual Volume Balance (VB) System

Following a leak and the accompanying local reduction in pressure energy, the pipeline achieves a new balance with the measured pressures changing more rapidly than during normal operating conditions. 

The pressure change is accompanied by a transient change in average velocity. The pressure and velocity patterns vary with leak size and location, pipeline characteristics and operation. Statistical methods and digital signal processing are used by one system to identify patterns of change in pressure or flow (or both) that are indicative of a leak.

This is a low-cost system that can use existing pressure or flow transducers and since the process occurs rapidly, detection times can be quite short.

Hydraulic noise generated by operation of valves on laterals or pump starts and stops can generate false leak alarms and long pipelines can reduce the sensitivity, but the application of statistics and state of the art signal processing technology permits the rapid detection of leaks over substantial distances.

Crossover Flow 

Where there are looped lines, a leak in one of the lines changes the pressure gradient above and below the leak site. This causes the pressure in the leaking line to be lower than the pressure at corresponding points in the parallel line (except at the ends). A flowmeter in a small crossover pipe connecting the looped lines near the mid-point of the segment will show a flow into the leaking line within a few seconds after a leak develops.

This method provides fast and sensitive leak detection but is very costly to retrofit. It is mainly applicable to existing looped lines.

The prevalence of accurate flow meters has promoted the extensive use of volume-balance (VB) leak detection systems in the pipeline industry. These systems range in sophistication from manual calculations of volume imbalances (carried out hourly or daily from phoned-in data) to computer models that are integrated into the pipeline SCADA (Supervisory Control and Data Acquisition) systems.

VB systems are based on GSV (gross standard volume). The system balance must be based on total fluid volumes entering and leaving the system, and those volumes must be corrected to standard conditions of 60°F (or 15°C) and one atmosphere of pressure. 

The volume balance calculations can detect small leaks over time but are carried out infrequently leading to a slow response to leaks.  VB systems based on manual calculations are not considered further in this paper.

Real-Time VB System

In the simplest real-time VB system the SCADA reported flow rates entering and leaving the pipeline are compared after correction to standard conditions using the SCADA reported values for meter pressures and temperatures. The calculation can be carried out after each SCADA scan of field data or less frequently.

A leak will be identified simply as the difference between the inlet flow rate and the outlet flow rate. Mathematically this is:

(1) ∆Q = Qin - Qout

where, ∆Q= leak flow rate

Qin= sum of all inlet flow rates

Qout= sum of all outlet flow rates

This method may identify that a leak is present but obviously cannot locate a leak. Line pressure measurements are needed in conjunction with the meters to establish that the pressure gradient has also changed from the no-leak situation and that a leak may exist.

A variation of this method uses a comparison of the corrected integrated flow rates (volumes) that entered and left the pipeline over various time periods. Time periods of five (5) minutes, one (1) hour and one (1) day are typical. This approach provides fast response to large leaks and has the potential to identify corrosion leaks as the inlet and outlet integrated flow rates will consistently diverge if line flow rate is constant. 

Mathematically this variation is described by:

(2) ∆V = Vin – Vout

(for a given time period) where, 

∆V = volume leaked

Vin = total volume into pipeline

Vout = total volume out of pipeline

If line flow rate varies with time, then imbalances are more difficult to detect since pipeline fluid inventory (linepack) will change due to pressure variations.

Linepack (LP) can be easily approximated in real time for simple volume balance with linepack compensation (VB + LP) systems.

To indicate a leak with any confidence, the difference between total volume in and total volume out over a time interval must be greater than can be accounted for by the usual sources of error and the change in pipeline linepack (inventory).

Another essential property of the VB system is that all meters should be read at the same time (i.e., no time "skew"). Since the RTU,s are scanned one at a time, there will always be a time "skew" in the volumes. To overcome "skew" some systems incorporate a "freeze" signal that causes all RTU's to read their associated meters and store the readings until the next regular data scan. In systems that scan fairly frequently (~15 seconds or less), time "skew" can be partially compensated for by linearly adjusting the meter readings to the time of the "oldest" fresh reading.

Pump startups at input locations cause a pressure increase and packing of fluid into the pipeline. During the time it takes for the pipeline to reach a new steady state, the flow into the line will exceed the outflow. This imbalance can lead to false leak alarms unless the alarm thresholds are permanently set high enough to compensate or a temporary adjustment is automatically made each time a pump starts. During pump stops the outflow exceeds the inflow during the transient which could mask a leak unless the thresholds are temporarily reduced.

Real-Time VB + LP System

VB + LP leak detection systems are often integrated as part of a SCADA (Supervisory Control and Data Acquisition System) which includes the field – located RTU's (Remote Terminal Units) that collect field measurements and transmit data to a central Master Station when commanded by a poll.

This system estimates the linepack in the pipeline from SCADA reported values of pressures and temperatures at the pipeline inlets and outlets and intermediate points where available.

The pressure and temperature used in the linepack calculation for each pipeline segment is a filtered value obtained from SCADA reported readings. The filter smoothes the values and provides some allowance for pressure transients generated by pipeline flowrate changes.

The average fluid density in each segment needed for the linepack calculation is usually available from the SCADA batch-tracking program for product pipelines or can be manually entered for single component pipelines. Pipe volume changes can be easily included in the linepack calculation.

A loss of product is simply the difference between the total compensated fluid volumes that entered and left the pipeline and the change in linepack (all taken over the same time period).

Mathematically this is:

(3)  ∆V =Vin - Vout - ∆Vlp

(for a given time period) where, 

∆V = volume leaked

Vin = total volume into pipeline

Vout = total volume out of pipeline

∆Vlp = change in pipeline linepack

Several time periods (windows) are used with large leaks being detected quickly by the shorter windows and smaller leaks by the longer windows.

This low-cost system can provide adequate leak detection for short, simple pipelines. It does not include leak location capability and because transient linepack changes are crudely approximated, leak alarm thresholds have to be set higher than for model-based systems.

Clamp-On Flowmeter System

Some pipelines needing leak detection can't justify the installation of additional flowmeters. One available leak detection system is supplied as a complete package that includes clamp on ultrasonic flowmeters complete with flow computers, clamp-on pipe temperature detectors, communications modules, modems and a Master Station for the leak calculations. The ability of the ultrasonic flowmeters to measure density permits an estimate to be made of fluid viscosity. The Reynolds' number can then be calculated leading to a correction factor for velocity profile. This correction factor is applied to the velocity measured by the ultrasonic flowmeter to obtain an area-weighted ("true") velocity for the pipe. The "true" velocity allows the volumetric flow to be calculated. 

This is a relatively low - cost, innovative system that has been used successfully on transfer and other relatively short pipelines where flowmeters are not usually available.

Transient Model

Transient Models consist of a precise mathematical model of a specific pipeline. The model is typically run on a computer in parallel with the SCADA system that supply the model with current pipeline measurements. This data establishes boundary conditions for the model.

The model must be accurately constructed to match the pipeline. This requires that the elevation profile, pipe material, pipe length, diameter and wall thickness, external thermal conductivity, heat capacities of the pipe, fluid and surrounding environment, fluid rheology and the hydraulic and thermal characteristics of pipeline equipment, must all be properly represented in the model. Changes in any of these must be reported to the model.

The model provides data on the flow conditions at several points within the line at time intervals between seconds and minutes, depending on field data update frequency.

The flow conditions of pressure, temperature and flowrate at each point are found as the solution to a set of equations that describe the behavior of the pipeline system. These basic equations are the Continuity equation, the Momentum equation, the Energy equation and an Equation of state. The equations are solved using measured values of pressure, temperature and flowrate.

The solution method uses finite differences in length ("slice length") and time ("time step").

Transient models can be used for leak detection in at least two (2) non-exclusive ways:

a.) Accurately calculate transient linepack changes for VB + LP systems.

b.) Infer leaks from discrepancies between measured pressures and flowrates and model-calculated values.

A transient model includes leak detection and location routines in the context of integrity monitoring.

Leak Detection

In systems where the model is used to calculate linepack changes (∆Vlp), the loss of product over (∆V) over time is calculated using equation (3).

In systems where leaks are inferred from discrepancies, the leak detection module functions by computing the difference between the modeled flows and pressures and the measured values at all points where measurements are not used as boundary conditions. Because the model accounts for normal transient operations, these differences will be small under normal conditions. When a leak is present, the differences become larger since the model system does not account for leakage. When these differences exceed pre - selected values, a leak alarm is declared.

Once the leak detection module declares a leak, the location routine is activated. The location is calculated from the magnitude and distribution of the leak indicators. As an example, in a straight pipeline with an upstream flow discrepancy and a downstream pressure discrepancy, it is relatively easy to calculate where the leak must be so that the leak flow when added to the modeled flow produces the additional pressure drop observed at the downstream end.

Solutions for pipeline networks are more complicated and unique locations do not always exist. In these cases all calculated locations should be checked.

Advantages

A transient model supplied with accurate and timely field data can accurately determine the operating state of a pipeline and quickly detect and locate leaks even during transient conditions.

Disadvantages

The non-linear differential equation solutions can oscillate if the wrong slice size and time step are used. For maximum accuracy the slice size should be small requiring a corresponding small time step that may require faster scanning of the field RTU's by the SCADA Master.

Transient models tend to be expensive because of the relatively small market and the high cost of development. Commissioning transient models can be time consuming and continuing technical support and management commitment are required to keep the systems operating satisfactorily. Pressure, temperature and flow transducers must be accurate and well maintained. Fluid density must be measured or known. Fluid viscosity may need to be measured.

A Lumped-Parameter Model

A lumped-parameter pipeline model (LINEGUARD™), developed in the early 1990’s, accurately calculates transient linepack changes ((Vlp). This model forms the basis for an improved VB + LP leak detection system and includes leak location capability.

LINEGUARD™ divides the pipeline into slices between pressure measurement points and is essentially an electrical transmission line RLC (Resistor, Inductor, Capacitor) analog of a pipeline.

The series resistance depends on the friction factor and is proportional to the flowrate (to obtain the square relationship between pressure drop and flowrate). The series inductance represents the inertia of the fluid mass within the slice and the parallel capacitance stores the pressure-induced fluid linepack. A tracking program is included which updates density and temperature vectors to match the movement of fluid down the pipeline. The vectors are a series string of "elements" each containing the pertinent characteristics of the fluid in a corresponding (typically) 100 meter long volume.

The density vector is used with the temperature vector to calculate the flowing density in each slice.

The temperature vector includes a relaxation function that models the heating or cooling of the fluid toward ground temperature, taking into account specific heat, velocity and frictional heating. The average slice temperature is used to determine flowing viscosity, Reynolds' number, friction factor, flowing density and effective fluid compressibility.

Line Pack Calculation

LINEGUARD™ calculates changes in linepack (Vlp) from measured pressures and temperatures, calculated node pressures (between slices) and the calculated temperature profile using the effective compressibility and temperature coefficient. The expansion of the pipeline is included in the linepack determination.

Leak Detection

The calculated linepack value (Vlp) is used with Equation (3) above and the procedure described for VB+LP systems to provide a leak detection system. The model runs continuously and detects leaks even when the pipeline is stopped.

Leak Location

The calculated slice flows and measured segment pressures are used to locate a leak in two stages.

In the first stage the leaking segment (defined as the continuous length of pipe between pressure measurement points) is identified by examining the calculated (or measured) flow rates entering and leaving each segment.

In the next stage the slice (or measured) flow rates just outside the leaking segment are used to calculate the pressure drop for each 100 meter (typically) element in the leaking segment. The element pressure drops are used with the measured pressures to geometrically locate the leak.

Where a lateral is involved, the flow rate into (or out of) the lateral from the main line is obtained by summing the slice flow rates in the main line adjacent to the lateral junction.

Advantages

· LINEGUARD™ is about one-half as expensive as a transient model.

· The flow and pressure calculations always converge. 

· The model runs continuously providing information even during pipeline stoppages.

· The design precludes the need for "tuning" adjustments.

Disadvantages

· Accurate, well-maintained pressure, temperature and flow transducers are needed for best results.

· Fluid density must be measured or known. Fluid viscosity may need to be measured.

CONCLUSION

There are many types of leak detection systems available from a variety of vendors.  Selection of an appropriate leak detection system for a pipeline is influenced by many factors including: 

a.) Regulatory requirements which may specify the minimum required sensitivity and speed of response

b.) Environmental sensitivity of the pipeline route

c.) Proximity of the pipeline route to populated areas

d.) Pipeline complexity

e.) Fluids transported

f.) Degree of automation of the pipeline control system

g.) Type, accuracy and location of pressure, temperature, density and flow transducers

h.) Need for leak location capability to facilitate timely repairs

i.) Capital and maintenance cost

Acknowledgements:

Adapted from a paper delivered at the 2000 ISHM in Tulsa, OK.

The author gratefully acknowledges the contribution of information from the 1997 and 1999 ISHM papers on this subject by J. H. (Harry) James and Wesley G. Poynter, Ph.D. respectively.
Author: John A. Luopa, P.Eng., Colt Technologies,  120, 5008 - 86 Street, Edmonton, Alberta T6E 5S2


