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This book is dedicated to pipeliners, from the early entrepreneurs in
Pennsylvania and Baku to the modern-day technicians. The efforts of these
people have supplied us with crude oil, natural gas, gasoline, jet, diesel,
and home-heating fuels virtually continuously for more than 100 years.







Contents

Acknowledgments. .. .......cciiiiiiiiiiiiiiiiieenns xvii
I  How PipelinesDiffer..............cciiiiiiiiiiinn.. |
Crude Oil Pipelines .. ... 3
Refined Products Pipelines .......... ... ... oo i 4
Natural Gas Pipelines. ............... ... o i, 5
Pipeline Customers . ........ .t 6

2 TheFirstLeg. ...t iiiiiiiiiiiiiieeennnnns 9
Creating Nostalgia .............o i 9

Enter Competition . ... 12

Oily Beginnings . ... ..o 12
Gaseous Progress. .. ..o 14
Endeavor and Technology . .......... ... ... i it 6
Disturbed Interests. .. ... |8

The RUSSIANS . .o 19
Separate Ways. ... ... 21
EXPansion. ... 22

The Great Offshore . ........ ..o o i 23
DIVEISITY. « oot 26
Shifting Sands. ... ... 27
References. . ... .o 28

3 HowPipelinesWork.........ciiiiiiiiiiiieeeenns 29
The Physics of Fluid Flow. ... ... oo 29
Municipal Water Systems. . ... oo 31
Friction Losses, Pipe Lengths, and Flow Rates................. 32

Splitting flows. ... oo 34



viii  Oil and Gas Pipelines in Nontechnical Language

Hydraulic Properties of Hydrocarbon Fluids. . ................ 35
Measures and dimensions. ... ..o 35
DENSItY « oo 37
VISCOSITY © oo 39
Pour point. . ... 41
Vapor pressure and evaporation. . ..., 41
Pressure .. ..o 44
Compressibility. .. ..o 44
Why gases behave that way. ........................ ... 45

Hydraulics ... .o 47

Basic Flow Principles and Equations...................... ... 47
The First Law of Thermodynamics ...................... 47
Bernoulli's equation. ......... ... 48
Flow characteristics. . ... 49
Friction 10SS. . oo 50
Elevation loss (orgain) ... 51
Flow rates and capacities . ........... ..., 54

Conclusion. ..o 55

4 OilPipelineOperations........ccoiiiiiiiieennnnns 57

Crude Oll Lines—a Brief Review . ....................... ... 57

Refined Products Lines—a Brief Review..................... 58

Field Operations to Central Control Room .................. 59
Crude oil receipt and delivery field operations............ 59
Refined products receipt and delivery field operations . . . .. 62

Central Control Room Operations .. ..., 63
Planning and scheduling operations. ..................... 65
The scheduler'srole ............. ... i 66
The controllersrole ... 68
Hydraulic concepts—practical applications

in Mainline operations . .............cooviiiiiii..s 72

The Control Room. .. ..o 79
Routine operations . ... 80
Abnormal operations . ........ . o oo o 84

OperatorTraining . . . ..o 85

References. ... ..o 86

5 Natural Gas Pipeline Operations ................... 87

Natural Gas Lines—a Brief Review ...................... ... 88
Gathering lines. ... ... 89
Gas processing plants .. ... oo o 90
Receipts from LNG facilities. .. ..., 92

Pipeline hubs . ... ... 93



Contents IX

From Field Operations to Central Control Room Operations. ... 94

Natural gas field operations. . ......... ... ... ..., 94
Natural gas delivery operations. . ....................... 99
Central Control RoOms. ... ..o 100
Planning and scheduling operations. .................... 101
Monitoring and controlling the pipeline ................. 103
Hydraulic concepts—optimizing line operation........... |04
Routine operations ... ... |05
Quality control. . ... 106
Abnormal operations .. ... 106
Operator Training . ..o oo 107
References. . ... 107
6 Petrochemical and LPG Pipeline Operations ........ 109
Definitions . .. oo 109
Product Characteristics ............ ... ... ..o L 10
CAproducts. ..o 10
C3productsS. ..o 11
C2products. ..o 11
Compressibility . ..o 12
Leak Detection .. ... 12
MEASUNEMENT . ..ottt 13
Quality ..o 13
Commissioning and Decommissioning. .. ... I 14
Freezing temperatures . ..., [ 14
SOragE. [15
Hydraulics .. ... 17
Addendum—Supercritical Fluids. . ...........oo oo oo 118
7 Offshore Pipelines. ........... ..o, 121
Line Design ..o 122
Installing Subsea Pipelines ......... ... ... 124
The boon and bane of buoyancy. . ..................... |24
Laying PIPE .+« v vttt 125
S-lay. 125
Jlay 126
Reelbarge ... ... 128
TOW-IN. Lo 130

Bottom Conditions. . ..o oot [3]



X Oil and Gas Pipelines in Nontechnical Language

RISErS 131
Attached risers. .. ..o 131
Pulltubes ... .. 132
Steel catenary riser..... ... 132
Top-tensioned risers . ... |34
Risertower. ... 135
Flexible risers . ... 136

ROV 136

8 SCADA, Controls, and Leak Detection.............. 139

SCADA L 140

Design and Control .. ... 141
Human versus computer decision making . .. ............ [41
Local or central control ............ ... ... oo 142
Manual orautomated . .......... ... 143
Communications . . ... 143
Human machine interface. .............. .o |46
Real-time operatingdata ............................. 147
Configurationtool............. ... ..o oo 150
Application interface . ... o o o 150
Historic database. . ... 150
Amount of datato gather ........... ... ..o oo [51
Update frequency .. ... 51
Update process . ... 152
Corrupteddata. ... 152
Indicators, alarms, and alarm filttering. . . ........... .. .. .. 153
SCADA performance. . ... I55
Datasharing. . ... 156
Reportsand logs . ... 156
SECUMLY . o o |57
SCADA IN SUMMANY . oo |57
Local SCADA. .o 158

Leak Detection .. ... 158
Leaksand releases. ... 159
Leak detection systems. .. ... 160
Leak detection methods. ............... ...l 162
Internal systems. . ... .. 163
External systems ... ... |67

CoNClUSION. oo |68



Contents  Xi

9 Maintenance . .......iiiiiiiiiiiiiiiitiiieeennnn 169
What Causes Releases? ... 170
Equipmentdamage . ........ ... 171
COMTOSION . |73
Mechanical failures. . ... |74
Natural hazards . ... o |76
Other causes of failures .. .................oo L 180
How to Prevent Damage. .. ..., 180
Equipmentdamage . ........ ... 180
COMTOSION . e |84
Mechanical failures. . ... 186
Natural hazards . ... . o 186
Other causes of failure .. ... |87
Finding Potential Problems before They Become Failures. . . . .. |87
Internal inspection devices .. ... 187
Hydrostatic testing. . ... ..o 190
Electrical surveys . ... 192
Direct assessment . ... 196
Risk and Pipeline Safety . ....... ... .. i 197
CONSEQUENCES . o oo 198
Probabilities ... 198
Framework for considering risk. . ............... ... ..., 198
Data. 202
Integrity Management Plan .......... ... ... . 203
REPaIrs . . oo 204
Replacingthe pipe. . ... 204
Reinforcingthe pipe .. ... 206
Grinding to reduce stress concentrations. . .............. 207
Depositedweld metal. ... 208
Coating repairs. . ... ooo v 208
Other Maintenance Activities . ..., 209
Linelowering .. ... 209
ROW maintenance . ... 209
Cathodic maintenance .. ... 210
Maintenance pigging .. ..o v oo 210

References. . ... 212



xii  Oil and Gas Pipelines in Nontechnical Language

10 InvestmentDecisions...............ccivviiinn., 213
Why Are They Built?. . ... 213
Who Decidesto Build? ......... . 214
How Is the Decision Made?. . ... ... i, 216

Demand and supply ........ ... o 216
ECOnOmICS .o 218
Ownership Changes. .. ... 224
Master Limited Partnerships . ........ ... 225
Determining the Purchase and Sales Price .................. 226
Economicvalue . ... 226
Comparablesales ... 227
Highestand bestuse............... ... . ... ... ... ... 227
Reconstruction costnew ... 227
Bookvalue . ... 228

Il Major Components and How TheyWork............ 229

PIpe. 229
Manufacturing methods . ........ ... 230
Properties of pipe .. ... 231
Nonferrous pipe . ..o 232

CoatINGS . vt 232
Fusion bond epoxy . ... 233
Coaltar. ... 234
Plastics. . .o 234
TaPES. oot 234
Shrinksleeves. .. ... 235
Concrete coating. . ... 236

Fittings and Flanges. ... ... 236
Frttings. . oo 236
Flanges. . .. 238

ValVes . .o 238
Gatevalves. . ... 239
Ballvalves ... ... 240
Plugvalves. .. ... 240
Checkvalves. . ... 243
Globe valves. .. ... 244
Pressure reliefvalves. . ... ... .. 245

ACtUALOrS. . oo 246

Pumps and Compressors. . ......oouiiiii i 247
Positive displacement pumps and compressors. . ......... 247

Centrifugal compressors and pumps. ... ... 252



Contents  Xiii

Prime Movers ... ... 257
Engines ... 258
Electric motors. . ... 259
TUMDINES oo 259

Variable Speed Devices . ... ..o 260
Mechanical VSDs ... ..o 260
Electrical variable frequency drives . .................... 260

METErs « oo 26|
Positive displacement meters. ................ ... 26|
Turbine Meters. . ... 262
Orifice meters. ... ..o 263
Ultrasonic meters ... ... 264
Coriolismeters ... 265

Provers. ... 265
Pipe Provers. . ... 265
Master Meters . ... ... 266

Other Components. ... 267

References. . ... o 267

12 EngineeringandDesign.............cciviiiiinnn. 269

Safety Considerations. . ... 270

Route Selection. . ... 270

Line Size, Wall Thickness, and Looping . .. ..., 271
Engineering aspects of friction loss .. ................... 271

SystemMs CUMVES. . oo 275

Fittings, Flanges,andValves. ... ....... ... .o 276

Wall Thickness and Grade of Pipe . ..............oo it 276

LOOPING oo 278

Pump, Compressor, and Prime Mover Selection. ............. 279
Pump selection. .. ... 279
Compressor selection. . ... 282
Prime mover selection . ........ ... 283

Flow and Pressure Control ... ... 284
Natural gas. ... ... 285
Ol 285

Number of Stations ... ... 286

Station Location . ... 287

SOragE. . 289
Location of oil storage ............... ... .o 289
Number and size of oil tanks. . ..., 290
Location of natural gas storage . ...................o.... 291

Natural gas storage management ...................... 291



xiv  Oil and Gas Pipelines in Nontechnical Language

Operating storage . .. ... .o 292
Seasonal storage .. ... 292
Station Design and Layout. . ... 293
Compressor and pump stations . ... 293
Delivery stations . .. ... 295
Storage fields and tank farms.................. .o 295
Ancillary station equipment......... oo o o oo 296
Additional Design Considerations ............... ... ..., 297
CrOSSINGS. oo oo 297
Blockvalves ... .. 298
CONCIUSION. vttt 298
I3 Construction..........cciieiiiiiiieeeeeeennnnnns 299
Permitting. . .. ..o 300
Contracting and Procurement ....................... .. ... 300
ROW and Land Acquisition. . .. ... 301
INSPECHION. « o oot 302
Stakingthe Line. . ... 302
Pipeline Construction Spreads . ......... ... ..., 303
Preparingthe ROW .. ... 303
SHINGING . 304
Welding . . oo 305
Weld Inspection . ... 308
Trenching . ..o 309
Lowering In . ..o 310
Backfilling . ... .o 312
Bends, Crossings,and Tie-Ins . ... ... 312
Bends. ... 313
CrOSSINGS. oo 314
TImiNS 315
Quality Control. . ... 316
Cleaning and Sizing. .. ..ot 316
HydrostaticTesting ... ... 317
CoMMISSIONING . oo 317
Station Construction .. ...t 317
Cleanup and Restoration. ... 318
Handoff for Operations. ........ ... . i, 318
Documentation. . ... 319
14 Satisfying Stakeholders ............ .. oot 321
Introduction. . ... .o 322
Stakeholders . ... .. 322



Contents XV

CUStOMErS 324
Landowners and neighbors . ......... ... 324
GovernmMEeNtS. . ..ot 325
Nongovernmental organizations . ...................... 326
Interested citizens .......... ... 326
INdUStry. . 327
Suppliers and contractors. . ... 327
CoOMPELItOrS. . o oo 327
Employees. . ... 327
Media .. 328
Balancing Needs andWants .............................. 329
Safety. ... 329
SUPPIY 332
Otherwants. ... 332
CONCIUSION. vt 333
References. ... ..o 333
Appendix: Abbreviations and Acronyms................. 335






Acknowledgments

Many people contributed to this book by sharing their knowledge, either
teaching us or allowing us to learn by observation. Others took a keen interest
in this project, and freely lent their expertise. It is impossible to thank each
one by name, but there are some groups and specific people that deserve
individual mention.

Larry Clynch, Richard Tennille, and Nick Mavris were early teachers and
mentors for one of us at Continental Pipe Line Company. Over a career, field
operators and technicians, control room operators, senior operators,schedulers,
and directors provided protection from making mistakes that came during
our learning years, or they allowed “safe” mistakes that helped the knowledge
process. Our experience has been that almost everyone we encountered in
the pipeline industry willingly shared their successes and failures, providing us
turther opportunities to learn.

When we started this book, we did not intend to have a chapter on
chemical pipeline operations, but Paul Davis volunteered to write the chapter
for us. He helped us understand the critical nature of the lighter hydrocarbons,
and deserves early mention among those helping with the book.

We wrote chapter 3 first because it established the basic knowledge for
the rest of the book. David Vanderpool provided extensive help during several
revisions of that chapter, suggesting analogies and better ways to explain the
topic. John Anderson and Wayne Swafford checked chapter 3 from a natural
gas perspective.

We originally contemplated only one chapter on operations, but we
quickly discovered natural gas and oil each deserved individual chapters.
Their unique properties make operations quite different, a theme repeated
throughout the book. Butch Kincaid, Ross Sinclair, Larry Hoelscher, Dwayne
Burton, Ron Hales, Tim Roehrick, and Albert Horelica, Jr. each took the
time to patiently explain to persons with mostly oily experience the mysteries
of natural gas operations. That included several control room visits and a tour



xviii  Oil and Gas Pipelines in Nontechnical Language

through Albert’s spotlessly clean compressor station, where his father had
worked before him. John Bartos and Rick Ykema added in-depth knowledge
to compressors and compressor operations for chapter 11.

Being involved with a complete replacement of SCADA and leak
detection systems is something no one should have to do more than once in
a career. Despite that, as we wrote the book, Galen Stanley took extra time
to help us better conceptualize leak detection and its relationship to SCADA
as we tried to put knowledge into words. Luis Gamboa assisted with local
SCADA, and Richard Parker and Kevin Rittie reviewed the entire chapter.

John Keifner lent his knowledge and experience to chapter 9, providing
valuable critique. Peter Nicholson provided insight regarding corrosion and
cathodic issues, helping keep that section of chapter 9 consistent with current
practices.

David Vanderpool returned to review chapter 12, as did Dave Dean,
who also reviewed chapter 13. They both suggested valuable additions and
clarifications for the chapters they reviewed.

Denise Hamshere and Marty Matheson spent extensive time improving
our notion of stakeholders and the subtle and effective impact they have on
project permitting processes. George Tenley reviewed the chapter, providing
analogies to make better points, and Michele Joy and Peter Lidiack provided
comments and clarifications for chapter 14.

To all these people, we express our thanks. Nonetheless, and as always, we

had the last word, so we carry the burden of interpreting correctly what they
offered.

Finally, we thank our families, particularly our wives, for the patience,
understanding, encouragement, and love they provided during this effort. As
any well-married author will attest, those four gifts are the prerequisites of
timely book completion.

T.O.M.
W.L.L.



How Pipelines Differ

The difference between a violin and a viola is that a viola burns longer.
—Victor Borge (1909-2000)

This is quite a three-pipe problem.
— Sir Arthur Conan Doyle (1859-1930)

If some veteran natural gas pipeline operators moved
over to an oil pipeline, they would scratch their heads in
wonderment about the different variables, controls, customer
requirements, and alarm bells.

But aside from operations, oil and natural gas pipelines
look essentially the same, perform the same service, and obey
the same laws of physics. They are installed in largely the same
manner and face the same regulatory and social dilemmas.
But that does not mean they all use the same nomenclature.

Such differences in nomenclatures can occur concerning
natural gas pipelines versus oil pipelines, and crude oil
pipelines versus refined products pipelines. Making life
easier, operations of some types of pipelines are more or less
indistinguishable from oil pipelines operations. These include
chemical liquids pipelines, natural gas liquids (NGL) pipelines,
and liquefied petroleum gas (LPG) pipelines. On the other
side, pipelines that move anhydrous ammonia, carbon dioxide,
and gaseous chemicals like ethylene operate much like natural
gas pipelines.
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The pipeline industry further subdivides crude oil pipelines into the
following categories:
*  Crude oil gathering lines

e Crude oil main lines

Somewhat parallel, natural gas pipelines fall into these categories:

*  Natural gas gathering lines
*  Natural gas transmission lines

e Local distribution lines

Both the liquid and natural gas pipeline value chains begin in the oil patch,
where oil and gas are extracted from underground reservoirs, sometimes as
mixed streams, sometimes separately. If the stream at the wellhead is a mixture,
field separators at the well sites segregate it into oil and gas, and the two
commodities are treated separately from that point (fig. 1-1).

Local distribution
company lines,

Natural gas transmission or main line
Underground storage

/]

Underground
& steel storage
Gas

plant
LPG
distribution

Oil and gas
athering lines

Industrial users

stations

Products
terminals

3

Oil products line,

Crude oil trunk or main line
Refining center

Fig. I-1. Oil and natural gas value chain
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Crude QOil Pipelines

Crude oil gathering lines are normally made from 2-inch (in.) to 12-in.
pipe. They originate at the production field tank battery (fig. 1-2), a collection
of smaller tanks, for transport by truck or pipeline to a gathering station
(a collection of larger storage tanks).

Fig. 1-2. Crude oil tank battery at a well site (Courtesy Miesner, LLC)

The gathering station aggregates crude from many sources, including
deliveries by tank truck. It is normally adjacent to a crude oil mainline and has
a pump station to inject the crude oil into the main line. Gathering stations
may be located at the beginning of a main line or along the route. Main lines
are generally 8-in. or more in diameter.

‘When a gathering station is located along a main line, often called a trunk
line, the crude oil can be injected into the continuous flow of crude oil as it
goes past. If the crude oil is sufficiently different from that flow, the pipeline
can be stopped upstream of the gathering station. A volume of crude can be
pumped in as a separate batch. The batch is then tracked as it moves down
the pipeline and is delivered to separate customers or into segregated tanks at
the destination.
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Besides gathering stations, main lines receive crude oil from other main
lines, regional storage facilities, and marine off-loading facilities. Conversely,
main lines deliver to the same list of facilities plus, most importantly, refineries.

Refined Products Pipelines

The refined products pipeline value chain begins at refineries and ends at
petroleum products terminals. This is a collections of large tanks located along
the pipeline near consumers (fig. 1-3).

Fig. 1-3. Oil product tanks at a pipeline terminal (Courtesy Explorer Pipeline Company)

Products move down the pipeline in batches. Sometimes the entire flow
of the pipeline is diverted into a terminal tank, while at other times only a
slipstream moves into the tank.

From the terminal, the petroleum products move to retail outlets or
commercial and industrial consumers in tank trucks or in tank cars.

The network at either end of a product pipeline can vary. The Yellowstone
Pipeline originates in Billings, Montana, where it receives batches of product
from only three refineries. The pipeline moves the product to terminals across
Montana. Yellowstone is the single source for those terminals.

Explorer Pipeline begins on the U.S. Gulf Coast, where it receives batches
of product from a dozen or more refineries and other pipelines. When it reaches
Dallas, Tulsa, St. Louis, and Chicago, Explorer competes with other pipelines
coming into the area. It also competes with other refineries in the area.
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Natural Gas Pipelines

Gathering lines receive natural gas at well sites, often moving it to gas
plants for further processing (fig. 1-4). Sometimes, depending on gas quality
and contaminants, the natural gas is injected directly into gas transmission lines
without processing. The contents of the natural gas, particularly contaminants,
determine whether the natural gas stream needs extensive processing at
gas plants.

Fig. I—4. Natural gas processing plant (Courtesy ConocoPhillips)

Facilities at gas plants usually remove acid gases and the NGLs. The acid
gases include hydrogen sulfide and carbon dioxide, gases having the potential
to corrode the facilities of both the pipeline and the consumer. Hydrogen
sulfide is also toxic and is a pollutant. The NGL could include natural gasoline,
butanes, propane, and sometimes ethane.

If a natural gas stream has a heavy content of NGLs, at least the natural
gasoline and some of the butane has to be removed to avoid condensation
in the gas transmission lines. Condensation causes operational challenges, as
turther discussed in chapter 5. Upon removal, the NGLs have various markets
and moves from the gas plant in tank cars, trucks, or their own pipelines.

Compressor stations at gas plants or gathering systems boost the pressure
of the natural gas to move or inject the gas into the main line. Sometimes
compression is not needed because the natural gas is already at a high enough
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pressure coming out of the ground to force it into the main line or transmission
line. Natural gas is always injected into transmission lines as other gas goes
by. Since the gas is more or less fungible (interchangeable), batching is not
required. As natural gas enters the main line, commercial adjustments can be
made for the energy content of the injected natural gas. This might be done if
it is higher or lower than the typical 1,000—1,050 British thermal units (BT Us)
per standard cubic foot (scf).

Natural gas transmission lines transport natural gas to the local distribution
companies (LDCs) for further movement to homes and businesses. Increasingly,
natural gas transmission lines deliver directly to large end users like industrial
plants, businesses, commercial sites, and power generation plants, bypassing
LDCs. Sometimes, instead of going directly to consumers, natural gas is stored
for future use. The storage can consist of aboveground steel tanks, underground
caverns, aquifers, or old, depleted oil or gas fields.

The management of daily and seasonal storage is an essential service
provided by the main lines to the producers, the shippers, and the LDCs.

Pipeline Customers

Crude oil pipelines sell transportation to shippers, which could be refiners,
crude oil producers and traders, or other intermediaries. The customers for
refined products pipelines include refiners, traders, and commercial and
industrial consumers such as airlines, power companies, government agencies,
and railroads.

Natural gas transmission companies have the same generic customers as
crude oil pipelines, such as producers and traders. Instead of refiners, however,
they have LDCs and large-volume consumers.

In the United States, LDCs normally have an exclusive right to serve a
particular area. They purchase natural gas and then provide transportation of
the natural gas to residential, commercial, and industrial consumers, charging
one fee for the service and the natural gas. In some markets, the resellers
have a corporate affiliation with the LDC. In most cases in the United States,
the natural gas transmission lines never actually own the natural gas. They
simply transport the natural gas for a fee, just like railroads transport other
commodities without owning them.
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So natural gas is transported “as is” from the wellhead all the way to
consumers, with the exception of some minor processing at gas plants. In
contrast, oil goes through major transformation at refineries before it is
suitable for consumption by its various customers. Because of that, oil
products pipelines carry multiple products. This adds even more contrast to
the operating complexities of the two types of pipelines, oil and gas, as will
become abundantly clear in coming chapters.






The First Leg

All I really need to know [ learned in kindergarten.
—Robert Fulghum (1937-)

Some historians would start a review of pipeline progress by
citing the Chinese experience. A few thousand years ago, they
and

used hollowed bamboo with mud seals to move water
some say natural gas—for short but unspecified distances. And
there might be allusions to the fresh water and toilet facilities
of Crete’s King Minas in the second century B.c. But all that
ancient lore is more about plumbing than pipelining, and while
it may be interesting, it is not all that useful.

The real history of oil and gas pipelining begins two
centuries ago, and relevant remnants of the experience still
abound in today’s commerce.

Creating Nostalgia

In 1806 in London, the London and Westminster Gas
Light and Coke Company (LWGL&C) began laying the first
gas mains ever placed under a public street. LWGL&C had
commercialized the process that transformed coal into gas that
would burn with enough incandescence to light the streets
from lamp posts every 50 feet (ft) or so. The city government
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gave permission to dig from Haymarket to St. James Street, lay pipes made of
sheet lead, and charge the city for municipal lighting. Thus the legal protocol
for future municipal franchises was established.

This unnatural gas (not the methane eventually tapped in underground
reservoirs) assumed the name manufactured gas and sometimes fown gas.
Manufactured gas consisted of a mixture of mostly methane, ethylene, carbon
monoxide, and carbon dioxide. The ethylene gave it sufficient luminescence
that the lamp lights needed no mantle to burn brightly, an advantage over
natural gas, which contains almost no ethylene.

Only a few years later, the Baltimore City Council received a petition
from some entrepreneurial Marylanders for a similar franchise. In 1817 they
granted the Gas Light Company of Baltimore a contract. Its goal was “to open
a street or streets for the purpose of laying pipes for trying the experiment
and estimating the expense at which he could contract with the Council for
lighting the city.”!

Gaslights captured the imagination of cities around America in succeeding
decades, arriving in subsequent years in the following cities:

1825 New York City
1829 DBoston

1832 Louisville
1835 New Orleans
1836 Philadelphia
1843 Cincinnati
1846 St. Louis
1854 San Francisco
1867 Los Angeles
1872 Minneapolis
1873 Seattle

Evidence of gaslight districts survives in many of these cities (fig. 2—1).

The gaslight companies built plants that gasified coal and sometimes oil,
wood, and even cottonseed and corn cobs. They located these plants close to
their target customers, the street lamp districts, followed quickly by residential
and commercial lighting customers. For the distribution systems, some
fashioned pipelines initially of hollowed, wooden log segments (fig. 2-2), with
inside diameters as large as 8 in. Lengths ran from 2 ft to 8 ft. By the 1820s,
British-designed cast-iron pipe arrived to replace logs.



Fig. 2—1. Gas light, circa 1892.The light fixture hanging in the W. J. Murphy Grocery Store in
Rawlings Cross, Newfoundland, used locally manufactured gas, undoubtedly supplied through a
town gas distribution system. (Courtesy Centre for Newfoundland Studies)

Fig. 2—2. Segment of hollowed log used as a gas pipeline joint (Courtesy Midwest Energy
Association; photo by Tom Miesner)
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Enter Competition

In 1821, a Fredonia, New York blacksmith, William Aaron Hart, created
a new industry. He pounded a few lengths of pipe into the ground in the
vicinity of some strangely ignitable gas bubbling from a running creek bed.
He then fashioned a floating, open-bottomed box next to his well and
captured the gas as it surfaced. Finally, he ran hollowed log pipes to a Lake Erie
lighthouse a half mile away and then to the nearby town. With the lighthouse
beacon and chandeliers of the theater in town thus lit up, Hart had created
the natural gas pipeline industry. The quiet competition between natural gas
and manufactured gas continued in America for another 130 years.

Oily Beginnings

While the Fredonia smithy may have drilled the first natural gas well,
Americans usually give all the credit to Col. Edwin Drake for drilling the first
so-called well. He found oil in Titusville, Pennsylvania in 1859 and single-
handedly instigated the petroleum industry’s own version of the cosmic Big
Bang. After that it expanded inexorably at remarkable speed, with no seeming
bounds. In only a few decades, the “Big Bang” of oil and gas operations
swirled across the oceans, creating new orbits of activity as markets sucked up
this new energy source for heating and lighting.

Of modest proportions at the beginning, oil producers like Drake first
loaded their product, crude oil, into barrels. Whatever barrels were handy—wine,
whiskey, fish, nails, or salt pork barrels—were pressed into service. Shortly, a
phalanx of coopers arrived at the oilfields to manufacture a new supply.

Along with them came teamsters with horse-drawn rigs to haul the
loaded barrels to the nearest railhead or river landing, as the oil made its way
to refineries and markets. The roads they traveled were generally poor, if they
existed at all. Weather sometimes made the shortest passage from the wellhead
impossible. A dilemma arose concerning what to do with the blessedly
continuous production of oil when the roads became hopelessly mired.

The conceptual leap in the oil business from piping to pipelining, from
plumbing to transportation, started haphazardly in 1862. J. L. Hutchings
attempted to demonstrate his newly patented rotary pump. He began by laying
a 2-in. cast-iron pipe over the hill from the historic Tarr Farm oil field near Oil
Creek, Pennsylvania, to a nearby refinery. His pump performed well, but the
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pipeline was a disaster. He had soldered the pipe joints with lead, but at the first
increase in pressure, the connections leaked so badly none of the pumped oil
reached the refinery. Disillusioned and broke, he exited the scene.

Not long after, the next step took place in nearby Pithole, a town that
must have been named by someone with an interesting sense of humor. A
consortium of oilmen and venturers led by Samuel Van Syckel, called the
Oil Transportation Association (OTA), placed a 2-in. wrought iron pipeline
over a 6-mile (mi) track from an oil field to the railroad station at Oil Creek
(fig. 2-3). The pipe had threaded joints to deter leaks. Borrowing from the
railroads, the OTA built a telegraph line along the right-of-way (ROW) to
communicate the complicated bookkeeping of multiple shippers.

Fig. 2-3. Early Pennsylvania pipeline (Courtesy Drake Well Museum)
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Three steam-driven pumps provided the power to deliver a remarkable
1,900 barrels per day (bpd), for whichVan Syckel charged $1 per barrel (bbl). He
undercut the teamsters by $4—$5/bbl. Riding on his success, Van Syckel built a
parallel line and dropped the charge on both to 50¢/bbl and still made money.

Van Syckel’s achievement did not go unnoticed. Pipelines sprouted like
kudzu along the hills of Pennsylvania.

Gaseous Progress

Oilmen muttered in frustration when the first fluids from their wells were
gas. They were only mildly annoyed if an oil/gas mixture appeared. For the most
part, they considered natural gas a waste product. What they did not use to raise
steam for their steam engines they typically burned on-site in a flare (fig. 2—4).

However, not everyone rejected as valueless the energy content of
natural gas. The Rochester Gas Light Company (RGLC) saw an opportunity
to displace the manufactured gas in its distribution system with natural gas
from a well 25 mi away. The company laid a wooden pipeline to tap it but
struggled for some time with the conversion from one type of gas to another.
The lower luminescence of natural gas was bad for the lighting business, and
its higher heating content meant replacing burner tips throughout the system.
Still, shutting down the gasification works justified the switch.
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With RGLC as their role model, producers began to market gas from gas
wells and even the so-called associated gas that arrived at the surface mixed
with the crude oil. Natural gas had to be separated anyway from crude oil
at the wellhead before the crude oil was transportable and marketable. By
the 1880s, Pittsburgh, by then a city with heavy industry, became the central
focus for natural gas marketing and pipeline construction. Five hundred
miles of pipelines brought natural gas from the oil and gas fields of western
Pennsylvania. They fed 200 thousand cubic feet per day (Mcfd) of gas to
various industries. These included 10 iron and steel mills, six glass-making
factories [including the original Pittsburgh Plate Glass (now PPG) facility],
and every brewery in town, including the legendary Pittsburgh Brewing
Company. (The latter made Iron City beer.) In addition, producers supplied
gas to the Simpson Natural Gas Crematory.

Meanwhile in 1879, the Tidewater Pipeline Company completed the first
crude oil trunk line from western Pennsylvania. This was a 115-mi run to the
Philadelphia and R eading Railroad depot at Williamsport (fig.2—5). From there
the crude oil moved by tank car to New York and other tidewater refineries
along the Atlantic. This heroic effort represented no small achievement of civil
engineering and human output. Compared to anything previous, as it crossed
the Allegheny Mountains, it covered longer distances and higher altitudes by
a factor of 10. Eight years later, Tidewater extended the line to Bayonne, New
Jersey, eliminating the railroad haul altogether.
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Endeavor and Technology

Ingenuity and sweaty human endeavor are better words than technology
to describe pipeline development in the early years. Cast-iron pipes replaced
the wooden logs soon enough, allowing experimentation with threaded joints.
And as so often is the case, sometimes the simplest idea proved a bonanza.
In 1880, Solomon Dresser, an unsuccessful oil driller, developed a threaded
coupling with a rubber O-ring that effectively and cheaply sealed oil and gas
pipeline connections and made installation easier. (Dresser went on to found
the company that became at its peak Dresser Industries, before Halliburton
absorbed and broke it up.) For the next 40 years, Dresser’s design remained
the pipeline industry’s favorite coupling.

Most Pennsylvania crude oils have high wax contents. In the winter, the
wax could accumulate on pipeline walls and plug the flow, especially in small-
diameter lines. Shorter lines could be dissembled and swabbed to remove the

wax, but some of the longer lines were just shut
down until summer. Shade-tree mechanics tried

Pi gsz numerous devices to keep the lines clear, such
as pushing wood or leather balls through the
How did the devices lines. Usually they disintegrated before getting
used to clean pipelines to the end of the line.
(and now detect mechani-
cal flaws of the lines) get One anonymous and unheralded pipeline
the name pig? An expert builder, or pipeliner, fashioned a scraper from a

in the field, Andrew
Marwood of the Pipeline
Engineering Company,
offers two possibilities:

long bolt, with sheet metal and leather washers
the size of the inner diameter. The pumper
inserted the assembly in the line and pushed it
through with a column of oil behind it. Thus

* PIG, a pipeline the first successful pig was put in play.
injected gadget.
Pipeline designers, and certainly the

¢ In the early days of ) ) )
installers, always looked for lighter weight but

pipelining, as the

leather balls used to stronger pipeline materials. Iron and steel plate
swab pipelines moved could be formed into cylindrical shapes and
down the line, they welded along the seam, but the process was
squealed—Iike a pig. expensive and often unreliable.

Marwood suggests
that both undocumented
possibilities may be may

In 1885, the Mannesman brothers, Rein-
hard and Max, of Germany devised a machine
that could make pipe with no seams at all.
They took a red hot billet (cylinder of steel)
and pushed it around a mandrel using a set of

be more a myth of mirth
than a matter of fact.
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rollers that simultaneously turned it and shoved it. The mandrel acted like a
piston, hollowing out the cylinder. Then they pushed it through another mill
and mandrel combination to thin down the walls and create a long tube that
they could polish up a little and sell as 40-ft pipe.

With little design change, the Mannesman brothers’ brilliant insight has
lasted 130 years as a method for producing medium-diameter pipe with thin
walls and high strength—three good ideas in a row.

Still, screwing together joints of threaded pipe required intensive physical
labor (fig. 2—6), even after large machines were developed to handle the chore.
After three or four decades watching its crews manhandle threaded joints, in
1911 the Philadelphia and Suburban Gas Company finally allowed them to
weld the joints together using oxyacetylene torches.

v Y V| o

-

Fig. 2—6.A pipeline gang installing threaded pipe, circa 1890.The crews used long tongs to grip and
turn the pipe. (Courtesy APl and the Behring Center of the Smithsonian Institute)
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There were other instances of empirical discovery. Pipeline owners and
operators quickly learned by observation what the extremes of Pennsylvania
weather could do to heavy, screwed-together cast-iron pipe laid out on the
ground in more or less a straight line. In the cold of winter, the cast-iron
pipe contracted, pulling threaded joints apart or otherwise cracking. Oil
poured out.

In the heat of the summer, the lines expanded and bent themselves into
serpentine shapes, knocking over mailboxes, telegraph poles, and small trees,
and spilling out oil. By the 1880s, burying pipelines a few feet below the
surface became standard practice, with expansion loops along the way.

Two modest inventions outside the pipeline business helped move it
along more briskly. In 1885 Robert Bunsen devised a burner that could
effectively mix air and natural gas to produce an efficient flame. For this he
achieved the same type of immortality later enjoyed by Roy Jacuzzi. Not
so lucky in this regard, but just as innovative, Carl Auer von Welsbach in
Germany developed a practical gas mantle, which he patented in 1885. It
enabled effective substitution of natural gas for manufactured gas lighting.

Disturbed Interests

With any innovation, some people champion it, some ignore it, and
others treat it as a threat. The teamsters were only the first to find pipeliners a
threat. From the beginning, they had performed the essential duty of hauling
the loaded barrels of oil to market. But the Brotherhood of Pennsylvania Oil
Haulers, a notoriously tight clique, earned five times the average wage of other
union workers. They quickly saw the reality of a 5-mi pipeline that could
pump 1,000 bpd—it would replace 300 teamsters working 10-hour days.

With that prospect, from the beginning the teamsters vandalized
one installation after another as the pipeline industry emerged. After
J. L. Hutchings’ first pipeline failed mechanically, he had no chance to modify
it. The teamsters smashed his pumps and tore up his line with chains and
pickaxes. Soon after, they dragged the Oil Transportation Association’s line
out of the ground as soon as it was laid. Armed confrontations with killings
of cinematic proportions ensued. Eventually the rule of law prevailed, and the
3,000 teamsters left Pennsylvania or gained employment hauling pipe joints
for new lines.
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As confidence in the integrity and efficiency of pipelines grew, in
the 1870s they spread beyond the railroad depots towards the population
centers along the Atlantic Coast. The long-haul business of the railroads was
threatened. Most railroads tried to stop the expansion by refusing to allow
oil pipelines to cross their tracks. In one instance, the Pennsylvania Railroad
refused to give ROW under its rail bed to the Columbia Conduit Company.
The pipeline company then finessed the railroad company by building a
terminal on either side of a railroad street crossing. They loaded tank wagons
with the temporarily interrupted crude oil, hauled it across the tracks, and
unloaded it to resume its pipeline journey.

In some cases, the railroad conflicts became as physical as those with the
teamsters. Railroad crews ripped up pipelines adjacent to their tracks with
chains attached to locomotives. Armed guards hired by the pipeline companies
knocked heads with gangs of railroad thugs.

Resolution eventually came from the top. John D. Rockefeller’s Standard
Oil Company played one railroad against another and against rival oil
companies while he built and acquired a network of pipelines and refineries.
By 1880 he had bullied his way into a monopolistic position downstream of
the oil-producing sector, which by then spread from Pennsylvania to Ohio
and West Virginia. He dictated both oil prices and railroad tariffs, but he did
effect an end to violence in the local communities.

In 1906 the U.S. government undermined Rocketeller’s control through
pipeline and refinery ownership. It enacted the Hepburn Act, which deemed
all interstate oil pipelines to be regulated common carriers. That mandated
open access to the lines by all shippers and regulated the tariffs. Shortly after,
Rockefeller’s grip on the oil business was totally loosened by a historic 1911
U.S. Supreme Court decision that broke the Standard Oil Company into 33
autonomous companies, including 13 pipeline companies.

The Russians

Not all the excitement of pipelining in the 19th century happened in
Pennsylvania. The Azerbaijanis claim that their first oil well preceded Colonel
Drake’s by 13 years. Even more preemptive is a description of a hand-dug oil
well 35 meters (m) deep that was drilled in 1594 in Balakan in the district
of Baku.2 Whatever the truth, by 1885 oil production was gushing from a
mother lode in Balakhan, not the easiest place in the world to get to or
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from. Some 10,000 peasants were hauling oil from the oil fields to Baku
on the Caspian Sea for refining and transport up the rivers to the Russian
heartland. They used whatever containers they could find, which mostly
consisted of wineskins, but also included wooden barrels, which were in
scarce supply because of the lack of trees. In this parallel world, they too built
a 10-km pipeline with pipe imported from America, fighting off coopers and
oil transportation companies the whole time, and began deliveries to Baku
in 1879.

Transportation to Baku was only the small prize. The industry pressed
the Russian government to build a pipeline from there to the Black Sea,
some 530 mi away (fig. 2=7). That would give them access to a warm-water
port, and by ship to the rest of the world through the Bosphorus Strait. It
took the government 10 years of bureaucratic mulling—even without an
environmental assessment—and 10 years of construction to build it. The 8-in.
line, with its 16 pumping stations, started up in 1906. It featured a suspension
bridge crossing over the Kura River, threaded pipe imported from America,
and red lead paint for corrosion protection.The line delivered 10-15 Mbpd of
kerosene. This was enough to allow Marcus Samuels, the major supporter, to
break the stranglehold the Standard Oil Company had on the Asian kerosene
market. He thus jumpstarted his new company, Shell Transport and Trading.
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Separate Ways

By 1907, the pipeline industry had sorted itself into several distinct
business models:

*  Oil-producing companies, or consortiums of them, built or acquired
their own crude oil pipelines to assure physical access to the refining
sector, even though they were common carriers.

* Independent companies built and ran crude oil trunk lines, selling
transportation as common carriers.

* Independent companies built crude oil gathering lines and acted as
consolidators, or buyers and sellers of crude oil.

*  Most oil products pipelines were built and owned by oil companies or
consortiums to gain cheaper access to markets as common carriers.

*  Most natural gas pipelines were built and owned by natural gas
merchants, who purchased gas at the wellhead and sold it to LDCs.
Few natural gas lines were owned by producers.

e Natural gas distribution companies bought gas from the natural gas
pipeline companies. Many also merged at some point with the local
electricity generating and distributing companies.

These business models persisted in the United States through the century,
except for natural gas. In the period 1915-1935, the most important natural
gas distribution companies and some gas pipelines were consolidated into a
cozy cartel of holding companies. That ended abruptly with the enactment of
several pieces of federal legislation in the 1930s that forced disintegration.

The last of these laws, the Natural Gas Act of 1938, reinforced the
earlier model of merchant ownership of natural gas pipelines. The pipeline
companies bought from the producers, transported the natural gas, and sold it
to the LDCs, but now all at regulated prices. However, in the 1970s, a wave of
deregulation broke over the oil and gas industry. A new set of rules separated
participation in the transportation function and the merchant function into
arm’s length corporate control.
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New business models resulted that included:

* Pipeline companies that only sold natural gas transportation (plus
storage and other related services)

* A myriad of buyers and sellers of natural gas and its transportation,
which included producers, LDCs, and traders

*  Oil products pipelines that catered to a large sector of buyers, sellers,
and traders

Large integrated oil companies reassessed their strategic priorities toward
the end of the 20th century, especially in the context of environmental
exposure. As a result, they have been steadily divesting themselves of oil pipeline
assets. Coincidentally, at the same time in the United States, certain tax-favored
structures, including master limited partnerships, have emerged as ready buyers.

Expansion

In the first one-third of the 20th century, U.S. pipelines expanded
exponentially during a golden age (fig. 2-8) in which a happy confluence
took place. While electricity replaced kerosene for lighting, gasoline demand
for automobiles kept refineries gainfully occupied. At the same time, the
glant natural gas fields in the Southwest, including the Panhandle Field in
North Texas and the Hugoton Field in Kansas, Oklahoma, and Texas, came
on stream. These fields required access to markets in the Northeast. Later, the
giant oil fields of the Middle East, Venezuela, Africa, and Russia called for
connections to the sea, or in the case of Siberia, access to markets 2,000 mi—
3,000 mi away.
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Fig. 2-8. Growth of U. S. pipeline mileage.At the end of the 20th
century, there were about 160,000 mi of oil piplines, 300,000 mi of
natural gas main lines, and 1,900,000 mi of natural gas distribution
lines in place.
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Meanwhile technological advances bloomed in the pipeline sector:

*  Seamless pipe replaced other forms.
*  Electric welded seams replaced threaded joints.

*  Pipeline lengths and diameters doubled and tripled, and line pressures
increased.

*  Steam-driven pumps and compressors gave way to gasoline- or
diesel-driven pumps, or compressors powered by natural gas.

*  Tractors and trucks replaced mules and horses.

*  Ditching machines replaced picks and shovels.

*  Coated steel extended pipeline life.

*  The causes of cathodic corrosion were identified and remedied.

*  Electric control boards monitored throughput, pressures, and leak
detection.

*  Telephone lines provided communications.

This litany of gadgets, devices, and technologies underpinned the growth
of pipelines for 50 years, until Kerr McGee found oil underneath its platform
in the Gulf of Mexico in 1947. Then a new set of techniques had to be
developed to connect offshore oil and gas to onshore transportation.

The Great Offshore

Already pipelines had spanned rivers, clinging to railroad bridges or their
own structures. As early as 1887, the Benson Pipeline crossed under New
York Harbor from the mainland, a total of 5 mi, to deliver oil to Staten Island
from western Pennsylvania. (Ruptures from dragging anchors made opera-
tions an incessant headache, but the development of diving techniques kept
the line functional.)

In 1900 a gas main was laid under the Mississippi River by “pulling” a pipeline
across the 2,100-ft span and sinking it. At its deepest point it reached 120 ft.

In the same way, some offshore pipelines could be pulled by tow boats to
their destinations and lowered. But as distances increased beyond 10 mi and
depths exceeded 500 ft, new ideas and equipment were needed. At first the
oftshore drilling companies and the construction companies like Santa Fe and
McDermott built large barges with long extensions oft their sterns. These
would let the pipeline slip off as it was welded, joint by joint. Surprisingly
enough, the welded pipe could bend sufficiently to extend down to the
seabed without buckling as the barge made its way to the offshore platform.
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The real proving ground for laying offshore pipelines was the North Sea,
hardly ever as calm as an average Gulf of Mexico day. The discovery of the
world-class Forties Field and the Brent Field begged for pipeline connections
to the huge oil and gas reserves. Starting in the 1970s, new pipe-laying
vessels began to appear. Some mimicked drilling vessels by adopting semi-
submersible hulls with flooded, submerged pontoons that gave them stability
even in a rolling sea (fig. 2-9).
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Fig. 2-9. Pipe-laying vessel.Vessels like this one can lay pipe in water depths as great as 10,000 ft.
(Courtesy Heerema Marine Contractors)
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In the 1970s, Algeria had accumulated enormous natural gas reserves,
while Italy had a burgeoning demand for fuel. Connecting the two required
one of two things:

»  Converting the gas to liquid in multibillion dollar plants and shipping
it to market in special LNG tankers

*  Building a pipeline connecting the two countries

While the Mediterranean Sea may normally be placid, the crossing from
Tunisia to Italy via Sicily (fig. 2—10) was unprecedented in scope in 1974.
The contract winning company, Saipem, built a special vessel, the Castoro 5.
This pipe-laying vessel laid the first leg, a 10-in. line, across the 900-ft deep
Messina Straits between Sicily and the Italian coast. On the other side of
Sicily, they laid a 16-in. line in the 1,400-ft deep Sicily Channel to Tunisia
(with connections to Algeria). That changed the state of the art, and improved
the pipeline industry’s depth capabilities by an order of magnitude.
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Fig. 2—10. The Sicilian connection. In 1974, the subsea pipeline
had to cross a 900-ft trench to connect Sicily to the Italian
mainland and a 1,400-ft channel to North Africa.

For 20 years, design improvements reduced weather-related downtime,
catastrophic buckling of the pipe, and other hazards. By the 1990s, giant vessels
were laying oil and gas pipelines, plus electrical and hydraulic umbilicals

to communicate between wellheads and production platforms in almost
10,000 ft of water.
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Diversity

Pipeliners learned to extend their crude oil and natural gas transportation
technology to other commodities. In 1893, Lewis Emery and the flamboyant
Captain Jacob Jay Vandergrift built a refined products line from their refinery
to a railhead in Wilkes-Barre, Pennsylvania. Cynics predicted that the various
fuels moving in batches down the line would be hopelessly mixed. As the first
consignment arrived at the depot, they found about 50 ft of the liquid column
had commingled. That meant that only about 12 bbl out of a batch of 15,000
bbl-20,000 bbl had to be downgraded at a loss of less than 1¢/gallon (gal).

Some pipelines have seen service in both crude oil and natural gas
service. During World War II, Nazi submarines devastated the seaborne oil
traffic between the U.S. Gulf Coast and the East Coast. To circumvent this
hazard, the government’s Petroleum Administration for War, in cooperation
with the largest U.S. oil companies, built a 24-in. crude oil line from Texas to
Philadelphia. This line, called the Big Inch Line, was built in 13 months. A few
months later, they completed a parallel 20-in. products line to Linden, New
Jersey, called the Little Big Inch Line. The saga of the efforts to put these lines
in place required a triumph over bureaucracy during wartime allocation of
materials, as well as project execution described in superlatives.

Ironically, after the war, Texas Eastern Transmission Company purchased
the lines and converted them to natural gas service. Then seeking another
more lucrative opportunity in 1955, they converted the Little Big Inch Line
to use in petroleum products service.

In 1958, Texas Eastern began sending test shipments of propane through the
Little Big Inch. Regular shipments of large batches of propane started by the
end of the year. In 1960 Willbros Corporation, a premier pipeline construction
company, finished the Mid-America Pipeline. This was the first long-distance
(2,175-mi) LPG pipeline, running from Houston to Selkirk, New York.

Broadening the diversity of oil and gas pipeline technology even more,
by the end of the 1960s, pipelines from West Texas to the U.S. Gulf Coast
carried raw make. These mixtures of the natural gas liquids (ethane, propane,
butanes, and natural gasoline) moved to separation facilities near the markets.
There they were fractionated into the four individual hydrocarbon products
and sold as chemical feedstocks. In 1953, Gulf Oil started the first ethylene
pipeline system, a hydrant operation that distributed the petrochemical to
plants along the U.S. Gulf Coast. In 1983, Willbros completed a 550-mi
carbon dioxide (CO,) line for Shell Oil Company. This line extended from
Cortez, New Mexico, where large volumes of CO, were found in natural
reservoirs, to oilfield enhancement projects in Midland, Texas.
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Shifting Sands

The 20th century saw step-change advances in pipeline technology as
the industry moved from small-diameter pipes largely screwed together to
large-diameter, high-pressure welded pipelines. Now pipelines are ubiquitous
in economically developed countries, carrying a large share of the energy
needed to fuel their citizen’s life styles.

However, both public and national oil companies still struggle, as they have
since the Baku pipeline, with access to ports and markets across international
borders. Notorious examples of political disasters have weighed heavily in
planning and negotiations.

*  The pipeline system through the Levant was built in 1932, 1942, and
1952 from western Iraq through Syria, Palestine, and Israel to the
Mediterranean. It was held hostage from time to time by the transit
countries, sometimes for decades or longer for complex political and
€conomic reasons.

e The Tapline was built in 1950 from Saudi Arabia through Jordan,
Lebanon, and Syria. It was closed down numerous times for political
disagreements and because of armed conflict.

*  The Transneft pipeline system was built by the USSR’s central
government from central Russia to consumers in its satellite countries.
The USSR’s breakup has resulted in an uneven privatization of this
pipeline system. Transneft has been unable to separate badly needed
pipeline debottlenecking incentives from government-mandated oil-
production incentives.

*  TheTransMed pipeline experienced protracted negotiations between
two national companies and three governments in the run up to
construction. The conflict was not about the pipeline but over the
price of the gas in it.

*  The Alyeska Pipeline, though not international, had as its alternative
a route through Canada.Ten years of negotiations between the North
Slope oil producers (BP, Exxon, and Arco) and the U.S. government
over environmental, security, and economic interests were ended only
by an international oil crisis in 1973.

*  The owners of huge natural gas reserves on the Alaskan North Slope
have wrangled with regulators and legislators for more than two
decades about the route of a proposed natural gas pipeline through
Canada to the lower 48 states.
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Energy forecasts continue to predict growing needs for oil and natural gas
and therefore new and expanded pipelines to carry them. However, even with
technological advances, significant challenges remain. The Alyeska Pipeline
experience reflects the more urgent and pervasive issue that presented itself to
the pipeline industry: the pipeline industry’s relationship with society. All over
the world, pipeline executives now spend a majority of their days ensuring
that their companies deliver not just molecules of oil and gas, but safety,
environmental protection, and general well-being.

The franchise that pipelines have had that gives them certain rights of
property use and revenue collection is now framed in terms of the numerous
stakeholders involved. It does not just concern the pipeline owners, shippers,
and landowners, but also involves interest groups concerned with the collective
welfare of individuals. To qualify for the right to lay a new line, or indeed to
continue to use an existing one, pipeline companies now have to demonstrate
the balance of benefits against the inevitable costs to society. The benefits
weighed are both economic and noneconomic in nature.
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How Pipelines Work

Order and simplification are the first steps toward the mastery
of a subject—the actual enemy is the unknown.
—Thomas Mann (1875-1955)

The operation of a pipeline seems simple enough: pump
fluid in one end and take it out the other. While the principles
dictating the behavior of fluids in pipelines are rather intuitive,
the calculations involved can be fairly complex. The general
physical principles governing natural gas and oil pipelines are
the same, but natural gas is many times more compressible
than oil. This is an important factor when it comes to under-
standing the differences between oil and natural gas pipelines.
The first part of this chapter demonstrates these laws of
physics using water line examples. The second part moves to
hydrocarbons—their properties and measurement, and the
laws associated with them. The chapter concludes with an
introduction to hydraulics.

The Physics of Fluid Flow

Pipelines move fluids and for now, one can think of
fluids as either oil or natural gas. Though it seems obvious,
fluids contained in pipelines and storage vessels conform
to the shape of those vessels, which i1s one of the principle
characteristics of fluids.

In the next paragraph are five statements that may seem
increasingly outlandish, but by reading the rest of the chapter,
one might get completely comfortable with them.
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Pressure makes fluids move. Pressure is a reflection of energy added to
pipelines by pumps, compressors, or gravity. The pressure in a shutdown
(nonflowing) pipeline along a level route is the same along its entire length.
For a shutdown line along a route with elevation changes, the pressure is
higher in the valleys and lower at the hilltops. But start this line flowing, and
the pressure is almost always lower as the fluid moves along.

Fluids always move from a point of higher energy (in pipelines energy is
normally measured as pressure) to one of lower energy, unless something like
a closed valve stops them. When energy is added to a pipeline by a pump or a
compressor, pressure builds. If one opens any point, flow starts.

A fluid would seem to be slippery by its nature, and yet friction must still be
considered. Friction between the inside wall of the pipe and the moving fluid,
as well as internal friction between the molecules of the fluid, resist flow and
must be overcome with energy. Gravity adds or subtracts pressure depending
on elevation difterences. Friction generates heat, which is another way of saying
it converts pressure energy to heat energy. This heat energy is transferred to the
fluid or the surrounding environment. Figure 3—1 shows a simple example of
a level pipeline. The compressor station at the origin adds pressure that is then
consumed by friction and lost as a motive force (fig. 3—1).

Energy Energy
|
Compressor Level Pipeline
Station

— Direction of Flow ——»

Fig. 3—1. Fluid flow along a level line

The equation for the pressure at any point along this level line is:

Pressure at any point = Pressure at origin — Pressure loss due to friction

Add in the element of elevation and the equation becomes:

Pressure at any point = Pressure at origin — Pressure loss due to friction
+ Pressure due to elevation differences

Figure 3—2 shows a line with elevation changes.
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Fig. 3—2. Fluid flow along a line with elevation changes

Municipal Water Systems

Municipal water systems illustrate the forces of gravity and pressure. The
water tower, a huge water tank on a hill or on a standpipe, is a familiar sight
in most towns. Water moves from the tank, through the mains, and around
town by energy from gravity, sometimes assisted by pumps located in carefully
selected locations. Of course, the built-up energy of the water in the tank
came from the pump that initially pushed the water up there.

At any faucet, the pressure from the elevated tank or pump is higher inside
the faucet than the atmospheric pressure outside the faucet. When the faucet
opens, water gushes out as the fluid seeks the lower pressure in the sink.

A water system is sometimes called a hydrant system. Water can come in
from several receiving inputs and can leave the system from several thousand
output points. That is okay because water is water, and the source of the
water does not make any difference to the consumer. Natural gas pipelines
normally operate as hydrant systems. Natural gas enters and leaves the systems
at multiple points. It is all the same and consumers do not care where it
originates.

The water system in a house also provides another example—the batch
system. When someone turns on a hot water faucet, chances are, if they are
not in South Texas in the summertime, cool water comes from the faucet for
a while. The water in the piping between the hot water heater and the faucet
had previously reached temperature equilibrium with its cool surroundings.
But in a short while, hot water from the heater moves down the line, pushing
out the cool water.The flow from the faucet turns warm, then hot. In this case,
the characteristic of the fluid does make a difference to the user. A batch of
cold water precedes a batch of hot water, with just a little mixture of (warm)
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interface between them. The pipeline industry’s batch system is a pipeline
system in which different products (gasoline, diesel, and jet fuel) move in
batches within the same pipe.

Friction Losses, Pipe Lengths, and Flow Rates

Pushing the domestic water system analogy along, one could consider the
lowly garden hose. A 50-ft length of hose attached to a spigot delivers a certain
amount of water through the nozzle. A 100-ft length delivers less. The reason
is due to friction loss. As water flows along, water molecules rub against the
walls of hose and each other, generating friction and dissipating energy, thus
losing pressure. The longer the hose, the more friction and the more pressure
drop. This might not call for a booster pump to reach a backyard sprinkler,
but it certainly does for the Alaska Pipeline as it moves crude oil 1,000 mi
from the North Slope to Valdez. Friction is one of the two main reasons for
compressor and pump stations. (The other is gravity.)

Most people have a spray nozzle (valve) at the end of their garden hose.
It allows them to stop the flow without turning off the spigot. With the
nozzle shut, the pressure at the spigot is the same as the pressure at the nozzle.
Since the hose is not flowing, all the pressure in the hose is static pressure
(versus dynamic pressure). There is no friction loss since there is no flow.
Each molecule is pushing against both its upstream and downstream neighbor
equally hard, and the one at the very end is pushing against the spray nozzle.
None move. When the nozzle opens, the molecule right next to the nozzle
suddenly has only the air outside the hose to push against it. It leaps out,
setting up a chain reaction and allowing flow. Since there is now flow, there is
also friction loss. (If the nozzle is lying on the ground, there is a slight offset to
the pressure loss due to friction, as the water runs downbhill.)

As the nozzle opens, a number of things happen:

*  The plastic garden hose had already expanded as the pressure built
when the nozzle was shut. When the nozzle reopens, the pressure
drops, the hose contracts, and with less space in the hose, extra water
surges out of the nozzle.

* A pressure wave moves quickly from the nozzle back though the hose.
Molecules in the hose go successively from stationary to moving in a
short time, demanding energy and causing friction.

*  Eventually (within a few tenths of a second) the flow settles down to
a constant rate.
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As the nozzle is closed:

e The flow decreases and the friction losses decrease.

* A pressure wave moves from the nozzle back. If one closes the nozzle
quickly, the pressure wave may be large enough to make the hose
surge or “jump.”

*  The pressure equalizes (increases) in the hose, which expands.

With this simple garden hose example, steady state occurs quickly. In
complex liquids lines, moving thousands of tons of liquid, pressure surges can
be powerful.

The air compressor and air tank are useful in demonstrating an important
difference between gas and liquids. An empty air tank in a garage is the same
temperature as the garage. It one turns on the air compressor and pumps
up the air tank, there will be more air in the tank, and it will feel hotter.
The compressor forced air molecules closer together, and they cannot move
around as much. The energy that used to cause them to bump around had
to go somewhere. It turned into heat—an important concept in natural gas
compressor operations. By the way, the opposite is also true. Reducing the
pressure absorbs heat (see the First Law of Thermodynamics, explained later
in this chapter).

Another familiar example, the balloon, demonstrates the power of
compressibility. Consider what occurs if a person fills a balloon with water,
holds the end closed, lays it on a table, and lets go of the end. The water
gushes out. If the person fills an identical balloon with air, lays it on the table,
and releases the end, the balloon will fly oft the table and around the room.
The escaping air releases more energy than the escaping water because the air
had been compressed.

In terms of the garden hose analogies, a nozzle usually has a number of
settings, allowing different amounts of water to escape in different patterns.
(Of course, some people use their thumbs instead.) If a pattern allows more
water to come out, the flow rate, and consequently the pressure loss as
the water moves to the nozzle, is higher. Combined with the much larger
Bernoulli effect (discussed later in this chapter), that causes the water not to
shoot out very far.

Conversely, closing down the opening causes a pinch point and significant
friction loss. This reduces the flow rate upstream of the pinch point and
increases the velocity downstream of the pinch point. The higher speed stream
squirts much farther.
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Thus:

»  Friction causes resistance to flow.
»  Faster flow rates produce more friction than slower rates.
*  Changing pressures causes the conduit to expand or contract.

*  The size and pattern of the opening determine the pressure loss and
therefore the velocity through the opening.

* As the flow starts or stops, the pressure is different than at steady
state.

»  Starting or stopping suddenly causes pressure surges.

*  Changing one variable, pressure or flow rate, can change the other,
and changing the length changes both.

Splitting flows

An additional analogy may be found inside the house. When someone
takes a shower and another person in the house unconscionably flushes a toilet,
some of the water previously going to the shower goes to the toilet (fig. 3-3).
A sudden reduction in water flow in the shower occurs.To the chagrin of the
person in the shower, sometimes the cold water flow drops more than the hot
water flow, and the shower changes momentarily to scalding.

When valves are open in more than one location, various laws of physics
redistribute flow in a way that balances pressures and flow rates. Where the
water flows split, the following equations apply:

Pressure at split = Pressure at shower
+ Pressure loss between shower and split

Pressure at split = Pressure at toilet
+ Pressure loss between toilet and split

That is the basic lesson in the physics of flow, but it only covers half the fun
of hydraulics. The second part consists of the laws of fluid mechanics, most
of which were developed by the great minds of the 17th, 18th, and 19th
centuries. But before that comes the properties of fluids. Water has been used
as an example thus far, and oil and natural gas follow the same laws of physics.
But the difference in properties will dictate the dissimilarity of their flow
behavior.
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Atmospheric
pressure

Fig. 3—3. Shower and toilet example. Pressures are equal at the split.

Hydraulic Properties of Hydrocarbon Fluids

Many different types of molecules make up fluids transported in oil
pipelines. Natural gas pipelines carry relatively few different types. The
properties of these fluids, especially oil because it is composed of more
different types of molecules, vary enormously. Some of the more important
concerning pipeline operators include:

e Density

e Viscosity

e  Vapor pressure
*  Compressibility

To make life unnecessarily complicated, these properties are measured by
more than one set of standards.

Measures and dimensions

Two basic ways of measuring have evolved over the years: the metric
system and the English system. Both are used in hydraulics. Length and time
are easy enough to understand. In the English system, lengths come in inches,
feet, yards, and miles. The more logical metric system uses the meter as the
basic measure, and divides it into centimeters and millimeters, as well as the
larger kilometers. Time is blessedly expressed in both systems in the familiar
seconds, minutes, and hours.
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The third important set of dimensions in hydraulics, force and mass, is a
bit more difficult. In general people tend to confuse the terms weight and mass
or force and pressure, and it usually does not matter...unless they happen to be
working on pipeline hydraulics.

A short explanation of Newton’s Second Law may be useful at this point.
Back in 1666, Sir Isaac Newton (1642—1727) said, in somewhat more eftusive
prose, of course:

F = Ma
where

F 1s force,
M is mass, and
a 1is acceleration.

One important force is gravity, which acts on the mass of every body. Any
body, of course, has some mass, independent of whether it is on Earth or is
floating in a space craft. Mass is a measurement of any amount of matter.

Mass times the acceleration due to gravity gives weight, a downward
force. The acceleration is 32 ft/sec?, which is due to the Earth’s gravity. That
is, given a free fall drop with no wind resistance, an object will increase its
speed by 32 ft/sec for every second it drops. That applies at or near the Earth’s
surface where pipeline work is done, so the acceleration due to gravity is
essentially a constant for pipeline work. (A hundred miles up or down, it

would be different.)

The dimensions of force, mass, and acceleration annoyingly come in
several standards. Two are most popular: the U.S. Customary System (USC),
which was formerly the British Gravitational System, and the International
System of Units (SI).

In the USC, the common dimension of weight is the pound (Ib). Mass is
normally expressed in slugs, which is 1 1b divided by the acceleration due to
gravity. (This should not be confused with the use of s/ug later in this book to
mean a small accumulation of liquid in a gas pipeline.)

Using SI units, the measure of mass is the gram (g) or kilogram (kg), and
the unit of force is appropriately called the newton (N).
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Density

Strictly speaking, density is the quantity of a fluid expressed in terms of mass
per unit volume. [ronically, after all the tedious development of nomenclature,
engineers almost always use the terms pound and kilogram when they refer
to mass. So the density of water, for example, is universally referred to as about
62 Ib/cubic toot (cf) in USC units. In ST units, it is 1 kg/liter (L), which gives
a clue how the size of the liter was originally picked.

Density can be expressed as pounds per cubic foot, as in the water
example, but more commonly, especially for pipeline work, relative density,
or specific gravity, is used:

Specific gravity = Density of fluid/Density of reference material

For liquids the reference material is water; for gases the reference material
is air. As examples:

*  Gasoline that has a specific gravity of 0.69 has 69% of the mass of the
same volume of water.

*  Natural gas that has a specific gravity of 0.67 has 67% of the mass of
the same volume of air.

Temperature and pressure both affect density. If one raises the temperature,
molecules move faster. They jump around a little more and push against each
other harder, taking up more space, decreasing density. Compressing gas forces
more gas into the same space, increasing its density.

All commercial oil transactions are corrected for changing temperatures.
This is accomplished by first measuring volume under ambient conditions,
then recalculating the volume that would exist under standard conditions.
While oil may be essentially noncompressible at the same temperature,
1 gallon (gal) of gasoline at 1°F is denser and has more contained energy
than 1 gal of gasoline at 100°E Consequently, it is worth more. One cubic
foot of natural gas at 1,000 pounds per square inch (psi) pressure has more
mass and energy than 1 cf of natural gas at 10 psi. Commercial transactions
always have corrections for temperatures for oil and temperatures and
pressures for gas. For buying and selling, each party uses the same pressure and
temperature for the transaction. Common practice is to convert to 60°F and
atmospheric pressure.

Natural gas sales are also adjusted for energy content, measured in British
thermal units (BTUs) or therms. One BTU is the quantity of heat necessary
to raise the temperature of 1 1b of water 1°F (from 58.5°F to 59.5°F) under
standard pressure of 30 in. of mercury at or near its point of maximum density.
One therm is equal to 100,000 BT Us.
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Some organizations involved with these conventions include the
American Petroleum Institute (API), American Gas Association (AGA),
and the American Society for Testing and Materials (ASTM), now ASTM
International. They have developed extensive tables for the conversion
of natural gas and petroleum liquids to standard conditions in support of
commercial transactions.

Engineering calculations, in contrast to commercial adjustments, must
account for actual operating conditions, not the accountant’s standardized
measures. The crude oil in the Interprovincial Pipeline from Canada to
Minnesota is denser than the crude in the Cafio Limoén pipeline in the tropics
of Columbia. This is true even though both crudes have nearly the same
(standard) density.

API gravity. In the early part of the 20th century, the petroleum industry,
through the API, developed its own measure of density for liquids, a measure
called API gravity. It is a function of specific gravity and is calculated as:

- 141.5
API = - 1315
gravity Specific gravity

API gravity was developed as an aid to laboratory workers. It increased
the scale on the hygrometers used to measure fluid density, allowing those
reading gauges in the field (gaugers) to better see their measurements. Nobody
remembers anymore where the 141.5 and 131.5 came from (not even the
API!). Furthermore, the advance of instrumentation makes this old trick no
longer necessary. But using API gravity has become a tradition in the oil
industry.

API gravity is expressed in degrees APl ("API). Gasoline with a specific
gravity of 0.69 has an API gravity of 73.6°API. Diesel fuel, a heavier liquid,
has a gravity of about 32.0°API (fig. 3—4).

There are several important things to remember about API gravity:

*  The higher the API gravity, the lighter the material.

e Natural gas measurements generally use specific gravity, not API
gravity.

*  Water has a gravity of 10°API.

*  API gravity is just another measure of fluid density and is used only
in the oil and gas industry. It has no other special meaning.
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The density of a fluid has a direct impact on the amount of energy
required to move the fluid to a higher elevation, and therefore the pressures
in a pipeline. Denser (heavier) fluids require higher pressures to push them
uphill; they gain more pressure as they go downhill.

74° API

| GASOLINE

32 AP ‘ ~

| DIESEL

Fig. 3—4. Density differences.The lower the °API, the heavier the material.

Viscosity

Physicists attest that molecules tend to attract each other. It is what
keeps the world together. Big, complicated molecules, the kind that make up
petroleum fluids, tend to get tangled up with each other. This attraction and
tangling combine to cause internal resistance to flow called viscosity. Imagine
pouring spaghetti from a pot of hot water into a strainer. The long pieces
tangle as they plop in the strainer. Now think about that spaghetti if it were
cut up into %-in. pieces. It would flow better.

As another culinary analogy, one could knock over a glass of milk and a jar
of honey on the same table. The milk would run oft the table onto the floor.
The honey would hardly flow at all. This is because the honey molecules—
complicated, branched organics—intertwine so much they stick to each other
(and anything around them). Milk has a lower viscosity than honey.

The higher the viscosity, the more energy it takes to move the fluid
because of the internal resistance resulting from molecular action.
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Viscosity is expressed in one of two ways by names that are easy to
misuse:

* Absolute viscosity. This is sometimes confusingly called dynamic
viscosity, and it 1s a measure of the force to move a liquid at a constant
velocity through a tube or pipe.

* Kinematic viscosity. This is the ratio of absolute viscosity to fluid
density. (Kinematics is the branch of mechanics that deals with
motion.)

Kinematic viscosity = Absolute velocity/Specific gravity

Absolute viscosity is measured in centipoises, named after Jean Louis
Poiseuille (1797-1869), who developed the concept. Centipoise is pronounced
“centi pwaz.” (Poiseuille, however, is essentially unpronounceable.)

Kinematic viscosity is measured in centistokes, after the much more
sensibly named George Stokes (1819-1903). His law of viscosity became the
basis for modern hydrodynamics.

Measuring absolute viscosity in a laboratory involves timing how long it
takes for a given volume of fluid, at one of various specified temperatures, to
pass through the capillary tube in a viscometer.

The amount of energy required to move fluids depends to a large extent
on their viscosity. Higher viscosity fluids have more resistance to flow, requiring
more energy to push them along. In general, lower API gravity fluids (the
heavier ones) are more viscous; higher API gravity fluids (the lighter ones) are
less viscous and flow more easily (fig. 3-5).

This relationship between viscosity and gravity is only a chemical
idiosyncrasy of petroleum. Viscosity does not depend on density. Water, for
example, is denser than nearly all crude oils but it is much less viscous.

Viscosity could be calculated for each type of molecule in a mixture
and the blend viscosity predicted through a complex equation. It is usually
much easier and more accurate to simply get a sample of the material, test it
at several temperatures, and then draw graphs of viscosity versus temperature.
From charts like these, engineers read viscosities as needed to accommodate
design temperatures.
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Fig. 3—5.Viscosities of various fluids

Pour point

As temperatures drop, liquids can reach their pour point and cease to flow.
Some highly viscous liquids have to be heated or have a pour point depressant
added to allow them to move at ambient temperatures. People in Bemidji,
Minnesota speak about diesel engines that will not start in the winter unless
they have diesel fuel spiked with kerosene or with a pour point depressant.
(Alternatively, they heat their cars using the electric circuit conveniently
provided by the city fathers at the parking meter!)

Pour point is related to viscosity, but it is a different concept. Clearly,
engineers must consider pour point when designing pipelines and storage
facilities in cold climates. It would be embarrassing to put a high pour point
crude oil into a large storage tank in the fall and not be able to remove it until
the summer.

Vapor pressure and evaporation

Most liquids eventually evaporate if left standing in an open container.
Some evaporate faster than others, and pressures and temperatures can affect
the rate.

One can consider a can of soda as an example. It is a fluid that is liquid
(mostly water) with gas (carbon dioxide) dissolved in it. The gas gives the soda
its fizz; the liquid, its body and taste.
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As long as the can is sealed, the pressure inside keeps most of the carbon
dioxide dissolved in the liquid. When someone pops the top, the dissolved
gas is exposed to lower pressures and begins to escape the can. Left on the
counter for a few hours, all the gas leaves the soda can and dissipates into the
atmosphere. An imperceptible amount of the liquid also leaves the can in the
same period as it evaporates. If the temperature of the liquid in the can is
raised, it evaporates faster.

As a fluid, the soda conforms to the shape of the can. Without a container,
the gas takes no discernible shape. If the container of liquid is kept closed, the
space above the liquid, if any, remains filled with the vapors of that liquid. The
pressure in that container of vapor/liquid is called the saturated vapor pressure
of the mixture and is higher than the atmospheric pressure. Another way
to grasp the concept is to consider vapor pressure a measure of how much
pressure is needed to keep any more liquid (or dissolved gas in the case of
soda) from vaporizing.

The fizzy can of soda with the carbon dioxide has a saturated vapor
pressure about equal to the vapor pressure of carbon dioxide. (The true vapor
pressure can be calculated through a set of equations combining the vapor
pressure of each ingredient in its proportionate amount, but carbon dioxide
has, by far, the largest eftect.) After the carbon dioxide leaves, the vapor
pressure of the flat soda is lower, reflecting primarily the vapor pressure of the
water left in the mixture.

Saturation vapor pressure is also dependent on temperature. If one raises a
liquid’s temperature, the saturation vapor pressure increases.

The propane tank under an outdoor grill contains both vapor and liquid.
As gas (vapor) is fed to the grill, more of the liquid vaporizes and maintains
the pressure in the tank. When the last of the liquid evaporates, the pressure in
the tank begins to drop. The amount of gas going to the burners declines to
nothing as the vapor pressure approaches atmospheric pressure.

Thus:

*  Fluids, both gases and liquids, conform to the shape of their
containers.

*  The rate at which fluids leave an open container depends on

temperature, the surrounding pressure, and the vapor pressure of
the fluid.

*  Temperature and pressure help determine if a fluid stays as a liquid
or turns to gas.

*  Higher vapor pressure means more volatility.
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Evaporation is different from boiling. As mentioned before, molecules of
a liquid have a sticky affinity for each other. But the molecules at the surface
are in less contact with other molecules than molecules further down. So they
have fewer molecules with which to adhere. Molecules in a liquid state have
their own energy, and some at the surface have enough to escape to the vapor
torm, albeit slowly. Of course difterent liquids have molecules of difterent
energy levels, and that is why they evaporate at different rates. Every type of
liquid has a unique vapor pressure and evaporation rate.

The higher the temperature, the more energy molecules have, and the
faster the liquids evaporate. When temperature reaches the boiling point,
something different happens. Molecules anywhere in the liquid can vaporize,
rise to the surface, and leave the liquid. Bubbles always seem to form at the
bottom of a pot of boiling water. This is because it is where the heat enters
the pot.

Vapor pressure is an important consideration in both natural gas and
oil pipelines for different reasons. Natural gas pipelines transport primarily
one type of molecule—methane. However, other molecules such as ethane,
butane, propane, and water are often present in small percentages. When the
combination of natural gas pipeline operating temperatures and pressures
exceeds the vapor pressure of these heavier molecules, they turn to liquid.
This blocks the flow and damages compressors and other equipment.

For oil lines, when line pressure drops below the vapor pressure of the
fluid, bubbles form. As the liquid/bubble mixture passes through pumps,
pressure increases, and the bubbles suddenly collapse back into liquids. The
sudden collapse, called cavitation, can damage the pump. If the line pressure
drops below the liquid’s vapor pressure, some vaporizes, leaving a combination
of liquid and vapor. The vapor can expand as it passes through meters and
other equipment, causing them to operate faster than design speed and
damaging them.

Another phenomenon in an oil pipeline, called pulling apart the pipe,
happens when the pressure in the pipeline drops below the vapor pressure of
the oil in the line. (That could happen where a pipeline goes over the top of a
tall hill, as the fluids begin to rush down the other side due to gravity.) When
a pipeline pulls apart, it is slack. While nothing bad happens physically to the
pipeline, the measurement process is all messed up. More volume comes out
the end than goes in the beginning. Traditional oil pipeline leak detection
systems compare volume input versus volume output. The characteristics of
an oil line operating in a slack condition looks much the same as a leak to
the operator.
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Pressure

Pressures are measured in pounds per square inch, psi, in USC units, and
in pascals, Pa, in SI units. This book uses pounds per square inch for pressure
measurements.

Pressure can be shown as absolute pressure (psia) or gauge pressure (psig).
Since pressure gauges are calibrated to atmospheric pressures:

Absolute pressure = Gauge pressure + Atmospheric pressure

The standard atmospheric pressure is 14.7 psi at sea level, but ambient
pressures change with the weather, and pressures difter from valleys to
mountaintops.

In the petroleum industry, the vapor pressure of a liquid is measured in
pounds Reid Vapor Pressure, abbreviated Ibs RVP, or sometimes just RVP. The
apparatus to measure RVP was designed by a fellow named (naturally) Reid. It
calibrates the RVP to 100°F and an ambient pressure of 760 millimeters (mm)
of mercury. The ASTM publishes a rigorous procedure using the apparatus
to determine the vapor pressure. One should keep in mind that RVP is not
equal to gauge pressure or absolute pressure.

Compressibility

Density, viscosity, and vapor pressure are each important components for
oil pipelines, but compressibility is less important (until the subject of leak
detection comes up). As before, gas pipelines contain a limited number of
different kinds of simpler, smaller molecules. Density and viscosity vary with
pressure, and compressibility is an important consideration for gas.

All materials, whether solid, liquid, or gas, compress or expand. Steel
beams in skyscrapers actually compress a small amount because of the weight
they carry, and engineers design accordingly. Steel pipelines stretch (this
is called strain by engineers) and get slightly larger in diameter as pipeline
pressures increase. They return to their original diameter when the line is
depressurized—as long as they are not stretched too much, thus exceeding
their elastic limit.

Liquid molecules are always in contact with their neighbors. Compress-
ing them requires effort since it involves molecular forces. In contrast, gas
molecules at normal pressures have relatively large spaces between them and
their neighbors. The gas molecules literally fly around knocking into each
other. Compressing them only requires reducing the space between them.
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Compressibility is the measure of how much work it takes to force a
given mass into a smaller space. Every material has a specific bulk modulus,
which is defined as:

Bulk modulus = Change in pressure/Change in volume/Volume

When calculating bulk modulus, pressure is expressed in terms of pounds
per square inch, while volume is in terms of barrels or cubic feet. The
volume dimensions cancel each other out in the calculation, so the units
of bulk modulus become psi. The bulk modulus of water is about 312,000
psi, gasoline is about 190,000 psi, and steel is about 29,000,000 psi. Without
going into any more details, these values show, not surprisingly, that more
force is required to compress steel than water. Gasoline compresses more than
water at the same pressure.

Why gases behave that way

About the time Newton made his intellectual breakthroughs in motion
and gravity, Robert Boyle (1627-1691) earned the title of “Father of Modern
Chemistry.” In 1662 he discovered rules of gas behavior that came to be
known as Boyle’s Law. A century later, Jacques Charles (1746—1823) added to
the knowledge about gases in 1787 with his own gas laws.

Joseph Louis Gay-Lussac (1778—1850) added a third law around 1801 to
complete the picture. These three remarkable and universal relationships apply
not just to some gases, but to all gases. They do, however, have a caveat: the gas
must be an ideal gas. (Definitions of an ideal gas are somewhat pedantic. For
example: an ideal gas is one that obeys the Ideal Gas Law and the Ideal Gas Law
describes the pressure, temperature, and volumes of an ideal gas.) Since no gas
is ideal, a correction factor is needed, which is called the Z factor. (Physicists
denote it as n.) It accounts for the attraction and repulsion occurring between
the gas atoms, causing them not to always obey the Ideal Gas Law. Since
attraction and repulsion partly depend upon how close the atoms are packed
together, the Z factor varies according to the pressure.

Where P, V,and T are the absolute pressure, volume, and temperature of
a gas, Boyle’s Law says:

V,/V, = P,/P,

That is, the change in the volume of a gas is inversely proportional to the
change in its pressure, and vice versa. For the same amount of gas, raising the
pressure deceases the volume as long as the temperature stays constant.



46 Oil and Gas Pipelines in Nontechnical Language

Then along came Charles’ Law, which says:
V1/V2 = Tl/TZ

That is, the change in volume of a gas is proportional to the change in its
temperature. For the same amount of gas, raising the temperature raises the
volume, as long as the pressure remains constant.

Finally, Gay-Lussac’s Law says:
P/P, =T /T,

That is, for a given volume of gas, the temperature will vary in proportion to
the pressure. For the same amount of gas, raising the temperature raises the
pressure as long as the volume remains constant.

The important thing to remember about these laws is that pressures,
temperatures, and volumes of any gas are intimately and rigorously related
to each other. These three equations, along with the Z factor, are combined
to produce equations of state. Equations of state are aimed at modeling and
predicting how the three factors interrelate in specific applications. They are
important during pipeline design and engineering, and for pipeline operations
and leak detection modeling.

There is a practical operating point to remember about compressibility.
As fluids are compressed, they absorb potential (pressure) energy. Their
temperatures rise, and they can lose heat to their environment. As they
decompress, they release this potential energy in the form of kinetic energy,
and absorb heat. Oil, being practically noncompressible, cannot absorb very
much potential energy (and does not release much heat energy). When a
molecule of oil bumps against its neighbor, the neighbor quickly bumps
against its neighbor, sending a pressure wave down the line. This phenomenon
causes “water hammer” in home water systems. Gas, being fairly compressible,
readily absorbs and dampens pressure waves.

The compressibility of gas makes it more forgiving of pressure surges.
However, as in the balloon example, when gas lines leak, they can release
a tremendous amount of potential energy very quickly. Such leaks can tear
pipes and throw soil and debris, and they create a distinctive roar. Again,
compressibility is one of the key differences between gas and liquids. (This is
a statement that will be repeated frequently throughout this text.)

So, these four hydraulic properties—density, viscosity, vapor pressure, and
compressibility—are fundamental to the design and operations of natural gas
and oil pipelines. Equations of state, mentioned earlier, use these properties
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to predict fluid behavior. Literally thousands of charts and graphs have been
developed through calculations and experimentation to represent fluid behavior
over the range of conditions pipelines encounter. The next section discusses how
these properties are used to analyze, predict, and control pipeline operations.

Hydraulics

Hydraulics is the engineering approach to fluid mechanics. In the 1860s,
practical entrepreneurs built small and short pipelines. The hydraulic principles
had been discovered well before the beginning of the gas and oil pipeline
era, but early pipeline builders and operators were generally technologically
challenged. Much of their engineering acumen came from trial and error
rather than formal technical training. In the early part of the 20th century,
practical experimentation merged with theory and empirical research.
Nowadays, pipeline hydraulics mixes theory, experimentation, and practical
experience.

Basic Flow Principles and Equations

Most of what needs to be known about hydraulics comes from the laws
of thermodynamics and Bernoulli’s Principle.

The First Law of Thermodynamics

This principle is also commonly called the Law of Conservation of Mass
and Energy. It states that matter or its energy equivalent cannot be created or
destroyed. It can only remain as it is or change from one form to another. This
notion had been around for some time when, in mid-1800s, James Prescott
Joule (1818-1889) demonstrated the law through a series of experiments.
(Thus the unit of energy in the metric system is called the joule.)

The First Law is fundamental to pipeline hydraulics. The force of
compressors and pumps puts energy into fluids, pushing them along or uphill
against the force of gravity. Friction converts part of that energy to heat energy
as the fluids move through the pipe. When fluids run from the top of the hill
to the bottom, the force of gravity helps pull them down. Keeping track of
these energy flows allows pipeline engineers to design and operate pipelines.
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Bernoulli’s equation

Another critical law regarding the behavior of fluids is Bernoulli’s
Principle. In the 18th century, while trying to determine how to measure
blood pressure, Daniel Bernoulli (1700-1782) inserted a straw into a pipe. He
noted that the height to which the liquid in the straw rose was directly related
to the speed of the fluid in the pipe. With faster flow, the liquid level in the
straw dropped; with slower flow, it rose. The principle has broad application,
especially to pipelines. After more experimentation and analysis, Bernoulli
hatched the relationships thereafter known as the Bernoulli Principle. In its
purest form, it states:

Static pressure + Dynamic pressure = Constant

Static pressure is the potential energy (pressure) exerted at the bottom of a
standing column of fluid. Dynamic pressure is the kinetic energy of the fluid,
or the energy it has because it is moving. The amount of this energy depends
on the velocity and density of the fluid.

Figure 3—6 demonstrates Bernoulli’s Principle. The lower velocity of flow
in sections A and C results in lower dynamic pressure than in section B. Thus
the static pressure (as measured by the liquid in the vertical section of pipe)
is higher in sections A and C than section B. Note the velocities are different,
but the flow rates in mass per unit time are the same in each section.

Higher pressure

Lower pressure

L_ Velocity 2
Section A Section B Section C

Fig. 3—6. Bernoulli’s Principle. Velocity | = velocity 3; velocity 2 > velocity 1.

Based on this principle, Bernoulli developed several equations to explain
the behavior and flow of ideal fluids in ideal situations. These equations
became the basis of more practical equations developed over time and through
experience. Curiously, as experience accumulated over the last 100 years,
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engineers found some equations are more convenient for predicting results
for larger diameter pipe. Others are more convenient for smaller diameter
pipe, while some are unique to the fluids. Not much space in this book is
devoted to flow equations, but it is important to know a bit about:

*  Flow characteristics
*  Friction loss
*  Elevation loss (or gain)

e Flow rates

Flow characteristics

Fluid flow through pipelines is either laminar, transitional turbulent, or
fully turbulent. Knowing which of these is happening is important, because it
affects pressure loss calculations.

Laminar flow is pleasantly smooth, streamlined flow. Each molecule moves
along in a straight line. It is pushed by the molecule behind and pushes the
molecule ahead, never bothering its neighbor to the left, right, top, or bottom.
It is called laminar because the molecules move in layers over each other.
Imagine a small brook with the water peacefully babbling along. When the
water looks smooth and clear over the rocks it is in laminar flow. In laminar
flow, the layers move at different speeds. Those near the center of the pipe
moving the fastest, and those at the wall (theoretically) are not moving at all

(fig. 3-7).

Flow Direction ==———p-
Fig. 3—7. Laminar flow profile
Ironically, the benignly sounding laminar flow also causes much more

mixing at the interface between fluids with different properties, a critical
consideration for oil pipelines.

In turbulent flow, the molecules bounce around, moving laterally (per-
pendicular to the flow) as well as longitudinally along the pipe (fig. 3-8).
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Fig. 3—8.Turbulent flow profile

The lateral movement is caused by the molecules colliding with the sides
of the pipe and with each other. The inside of steel pipe may look smooth,
but to molecules, even a little unevenness makes a big difference. If shoved
against the side by their neighbors, they bounce off the wall. Look at a flag
flapping in the wind. On a windy day, the velocity of the air moving over the
two sides of the flag is fast enough that it is in turbulent flow, causing eddy
currents and consequently flapping.

Sir Osborne Reynolds (1842-1912) 1s widely credited with discovering
laminar flow around 1880. He injected dye into a stream of fluid and found
that at lower flow rates, the flow remained streamlined. At higher velocities
the flow went from streamlined to turbulent. In 1882 he published a paper
regarding this topic and introduced a number called, not surprisingly, the
Reynolds number. The size of the Reynolds number predicts whether flow is
laminar or fully turbulent. Reynolds numbers appear prominently in pressure
loss equations.

Friction loss

For long-distance pipelines, friction loss is the major factor requiring
pump or compressor stations. Friction loss is caused by the molecules rubbing
against each other and against the pipe wall. It is dictated by several factors:

e Viscosity

e Density

*  Velocity (a function of pipe diameter and flow rate)
*  Pipe length

*  Roughness of the inside of the pipe

Most pipelines operate with turbulent flow. The unpredictable nature
of the molecules bouncing around in turbulent flow makes modeling the
behavior of individual molecules difficult. But modeling the aggregate
behavior of all the molecules is easier. Over the years, hydraulic engineers
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have devised short cuts to calculate friction and pressure loss. (As in the garden
hose examples, friction loss is energy loss and that translates to pressure loss.)
Charts and graphs, based on fine-tuned experimentation, have given practical
and acceptable results. All have used the factors mentioned. Computer models,
using the same information as the charts and graphs, also have improved
modeling speed and accuracy.

There is an important difference between natural gas and liquids when it
comes to friction loss, which depends on viscosity, density, and velocity. For a
liquid, each of these properties is essentially constant in the same pipeline at
the same temperature with the same fluid. So pressure friction loss per mile is
the same for each mile.

This is not the case for natural gas. As the natural gas moves along the
line, pressure 1s eaten up by friction. The natural gas farther downstream of the
compressor is at a lower pressure than the gas near the compressor (assuming
the same elevation). Since natural gas is compressible, this loss of pressure allows
the natural gas to expand. This in turn decreases density, increases velocity, and
therefore increases friction loss. Natural gas pipeline modelers take care to
include this phenomenon as they calculate pressure loss due to friction.

Elevation loss (or gain)

As mentioned earlier, pressure declines as fluids move uphill and increases
as they flow downbhill. But how much will they decline or increase? That
depends on the weight of the fluid and the height of the hill. The heavier
the fluid, the more pressure it takes to push it up the hill. Higher hills require
more pressure than lower ones.

Another water example is a cube of water with dimensions of 1 ft on all
sides, which weighs 62.4 1b (fig. 3-9).

12 inches

62.4 12 inches
pounds

MAA

12 inches

1 cubic foot of water = 62.4 pounds
Base = 12 inches x 12 inches = 144 square inches
Pressure at base = 62.4 pounds / 144 square inches

Fig. 3—9. Pressure from a cube of water
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The entire 62.4 1b, as a column, is pushing down on a 12-in. X 12-in.
square (144 in.2).
The pressure at the bottom of the cube is:
62.41b/144 in.2 = 0.433 Ib/in.2
If the 12-in. square column of water is 100 ft tall, the pressure at the bottom
1s:
0.433 psi/ft X 100 ft = 43.3 psi

The pressure at the bottom of the column is 43.3 psi greater than the pressure
at the top of the column.

This is where expressing density as specific gravity really comes in handy.
As mentioned, gasoline has a specific gravity of 0.69. The pressure at the
bottom of a column (or pipeline) of gasoline 100 ft high is:

43.3 psi X 0.69 = 29.88 psi

Diesel fuel is more dense than gasoline (it has a higher specific gravity
and a lower API gravity). It requires more pressure to pump it up the same
hill. Both gasoline and diesel are less dense than water (fig. 3-10).

- —
i
o
e
| | ——
Water Gasoline Diesel Fuel
Sg=1 Sg =0.69 Sg =0.84
43.3 psi 29.9 psi 36.4 psi

Fig. 3—10. Pressures at the bottom of columns of fluids. More dense fluids
exert more pressure.



How Pipelines Work 53

Gas works the same way but with an important difference. Remember,
liquids are essentially not compressible, so their density does not depend (very
much) on pressure. Each successive cubic foot of water up the column weights
the same as the one under it. Again, not so for gas. Since gas is compressible,
each successive cubic foot of gas up the column is less dense than the one
below. It weighs less than the one underneath. How this situation is handled
is covered in chapter 5.

Pressure caused by gravity depends on the height of the column of fluid,
not the geometry of the column (fig. 3-11).

Fig. 3—1 1. Pressure at the bottom of two pipes. Pressure due to gravity at the bottom of both pipes
is the same.Total force at the bottom (pressure x area) is greater for the larger diameter pipe
because of greater area of the base.

It may seem the pressure should be higher at the bottom of the slanted
pipe on the left because there is a longer column, but it is the same at the
bottom of both pipes. The force exerted is greater for the pipe on the left
because the pressure is exerted over a greater area at the bottom. However the
force per square inch, the pressure, remains the same in both pipes.

Another way to measure pressure is feet of head, or the height in feet of a
column of fluid that produces the amount of pressure. In figure 3—10, 43.3 psi
is equal to 100 ft of head of water, and 29.9 psi is equal to 100 ft of head of
gasoline. This measure is used for oil lines but not for gas lines and is covered
more in chapter 4.
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Flow rates and capacities

The flow rate of a pipeline is simply the volume that can or does flow
past a given point in a set amount of time. The generic flow rate equation is:

Mass = Density X Area X Velocity X Time

The amount of mass going past a point in a given amount of time is equal to
the density of the material times the cross-sectional area, times the velocity
the material is traveling, times the amount of time. There are many different
ways flow is measured, but each is a form of this equation. Mass is often
converted to volume.

Oil flow rates are normally measured in barrels per hour (bbl/hr, or bph),
cubic meters per hour (m3/hr), or tonnes per hour (t/hr). The flow rates in
gas lines are measured in cubic feet or cubic meters per hour.

Since liquids are essentially incompressible over a reasonable time, the
flow into an oil line should equal the flow out; if not, there is a problem.
Again, this is not true for gas. A gas line can be filled with gas at low pressure,
and more can be forced into it all day long, up to its maximum operating
pressure, with no gas coming out. The amount it takes to “fill up” a gas line is
called line pack.

Flow rates come in two varieties: the current flow rate and the ultimate
capacity. Natural gas lines serving cities must have sufficient capacity to serve
the town on the coldest day of winter, as well as the local gas-fired power
plants on the hottest day of summer. They normally flow well below their
ultimate capacity in the oft-season.

The input into gas lines is more uniform than the output. Gas wells produce
into gas lines at a relatively constant rate. At the other end, consumers generally
use more gas during the day than at night. Over a 24-hr period, demand on
gas pipelines can go from trough to peak. Gas storage and line pack are used to
help level oft this imbalance. Weekly and seasonal demands can vary 50%, and
storage and compression capacity usually handle these variations.

Oil lines operate at more constant flow rates, since oil is relatively easy to
store in inventory in tanks at each end and along the way.
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Conclusion

This chapter discussed physics of fluid flow and the hydraulic properties
of hydrocarbon fluids, and introduced how these concepts are used. The
next three chapters, on oil pipeline operations, gas pipeline operations, and
chemical pipeline operations, apply this knowledge. Oil and gas are similar
in many ways, but the differences are important enough to warrant covering
them in two different chapters. Chemical pipeline operations fall somewhere
in between. This will cover some engaging stuff!






Oil Pipeline Operations

Energy and persistence conquer all things.
—Benjamin Franklin (1706-1790)

Oil pipelines move millions of barrels of crude oil and
refined products each day all over the world. In the United
States, they move 17% of all freight, dry or wet, at 2% of the
total freight bill.! But oil pipelines differ from gas pipelines,
as established in the last two chapters, in ways profoundly
important to operations. This chapter deals only with oil pipeline
operations—both crude oil and refined products lines. It covers
local field operations and central control room operations. It
extends the hydraulic concepts to oil operations and finishes
with the sometimes distasteful subject of abnormal operations.

Crude Oil Pipelines—a Brief Review

Crude oil pipelines gather the crude from wells and move
it to refineries, trade centers, or export ports, and from trade
centers and import ports to refineries. The ultimate destination
is always a refinery. Crude oil pipelines are comprised of
gathering lines and main lines. The names do not always
indicate the size. Some gathering lines in high-production
areas are larger than some main lines in smaller and older
production areas. But one crude oil pipeline operates more or
less the same as the next.
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Many pipelines receive crude oils of diftering qualities along their routes.
These crude oils are either commingled in the line or segregated and batched.
This will depend on the costs of segregation and the specific crude oil’s value
in the refining business. Some refineries are designed to process only specific
qualities of crude oil. Inadvertently running other types can severely disrupt
operations or damage the equipment.Those refineries may demand specifically
segregated crude oil be delivered to them. Other refineries can tolerate a
mixture of various quality crude oils. In those cases, pipelines may track
the qualities of the various crude oils mixed in the line and delivered using
quality banks. This complex accounting procedure allows the pipelines to give
shippers monetary adjustments for quality disparities between receipts and
deliveries. Quality banks are discussed in more detail later in this chapter.

Refined Products Lines—a Brief Review

Products lines move refined products such as gasoline, jet fuel, and diesel
fuel from refineries, trade centers, or seaport to markets. Such end points could
be truck-loading facilities, trade centers, and export facilities. Most operate as
batched systems, but some are dedicated to a specific product. Dedicated lines
move only one product, such as jet fuel going to airports or fuel going to
power plants. Most of them are just a few miles long and originate from tanks
at an oil products terminal or seaport. They simply complete the journey that
started on a multiproduct system.

The quality of products, even those with similar names, adds a level of
complexity to products pipelines. For example, gasoline generally comes in at
least three grades: regular, midgrade, and premium. In some locales, for each
of the three grades, environmental regulations require different specifications
at points along the route of the line. This forces the pipeline to manage six,
nine, or even more grades, each with its own specifications. On the one hand,
these regulations require more tanks to handle the different products and
increase the complexity and cost of operations. On the other hand, batches
of any single grade with the same quality specifications from different refiners
are often commingled into a single batch of fungible products. This simplifies
operations and improves efficiency.



Qil Pipeline Operations

59

Field Operations to Central Control Room

Pipeline operations and maintenance were once performed exclusively
in the field. Accounting and record keeping may have been conducted at a
central administrative office. However, almost everything else, such as starting
and stopping pumps, opening and closing valves, reading meters, servicing
equipment, and completing repairs had to be performed manually along the
line. The operations and maintenance functions largely blurred. Many times
the same people did both. As communication technology and automation
evolved, so did the concept of remote operations. Remote operations allow
workers to perform operating functions from a location removed from the
physical location of the equipment.

Some operations are still carried out in field locations, but in recent
decades, control operations have been largely concentrated in a central control
room. Maintenance functions, out of necessity, continue to be carried out in
the field at the equipment’s location. This has led to the present distinction
between operations and maintenance:

*  Operations keep the fluids flowing in the line.

*  Maintenance keeps the line and equipment in good operating
condition.

This book covers operations and maintenance in separate chapters. They are
different functions, even if performed by the same person or organization.
Today operations and maintenance activities mostly vary by the level of
automation, not by the physical activity. Starting a compressor in Russia is the
same as starting a compressor in Indonesia. This chapter and the next three
chapters are concerned with operations. Chapter 9 covers maintenance.

Crude oil receipt and delivery field operations

Crude oil, when it comes from the ground, brings with it some trash,
such as sand, as well as water and gases. Production streams are generally
routed through processing equipment, removing most of the solid materials
and the water, and separating the oil and natural gas. This chapter deals with
oil’s subsequent journey.

After leaving the processing equipment, crude oil enters lease tanks.
Receiving pipelines publish shipper guidelines listing crude oil quality specifi-
cations. The processing equipment should ensure the crude oil is of sufficient
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quality to be merchantable. Often the crude oil waits in the tank until a gauger
checks its quality. Other times it enters the pipeline through automated
equipment.

In manual operations, gaugers measure and test the oil to determine if it
meets or exceeds the pipeline’s specifications. The measurement procedure
works a lot like using a dipstick to check the oil in an engine. The gauger
climbs to the top of the tank, opens a hatch, and drops the end of a special
tape measure to the bottom (fig. 4—1).

Fig. 4—1. Gauging a crude oil tank.The gauger reads
the tape, much like reading the dipstick in a car.

The gauger withdraws the tape and reads the height of the liquid. Every
tank has been previously strapped. When it was built, careful measurements
were taken to determine the volume corresponding to the heights. This
measurement was codified in a table or, these days, stored in a computer.
The gauger either looks up the measured height in a book or keys it into
the computer to find the volume in the tank. This determines gross volume
(uncorrected) and is only the first step.
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The gauger then checks the temperature of the crude oil and takes a sample.
This sample is ground out using a centrifuge to force the heavier sediment and
water to the bottom. This test determines the amount of basic sediment and
water (BS&W) present in the oil—one of the pipeline’s specifications. The
gauger corrects the volume to 60°F using tables in the manual. The amount
of BS&W is subtracted, yielding the total corrected amount of merchantable
oil in the tank. If the tank has too much BS&W/, the gauger may reject the
tank, requiring the crude oil owner to clean the tank or run the crude oil
through the processing equipment again.

If the quality is acceptable, the gauger runs the tank, either by opening
valves, allowing gravity flow, or by starting a pump to move the oil. The pump
is connected to a timer, flow switch, or float switch that will stop the flow
at the appropriate point. The gauger then goes on to another tank or tank
battery while the oil drains.

Later the gauger returns to measure the crude oil remaining in the tank.
The difterence between the opening and closing gauges (both adjusted for
BS&W and corrected to 60°F) is the amount of crude oil that went into the
line. The gauger uses all this information to write a receipt ticket. Copies will
go to the producer, the pipeline, and sometimes other interested parties, such as
a government agency or other royalty owners. (One party’s delivery is another’s
receipt. In this case, the producer is the deliverer and the pipeline is the recipient.
So the gauger writes out a receipt ticket on behalf of the pipeline.)

For automatic operations, the oil is measured and tested by lease automatic
custody transfer (LACT, or sometimes ACT) units. ACTs are skid mounted and
built to be easily installed and later moved to a new location as production

falls (fig. 4-2).

The ACT measures the crude and takes small samples on a set schedule. It
also adjusts for temperature or has a chart that records the temperature for later
calculations. From time to time a gauger comes by, takes the sample, and grinds
it out to determine BS&W. The gauger uses the temperature and BS&W
information to write a receipt ticket, just as in the case of manual operations.

Sometimes the amount of crude being produced at a location does not
justify the capital costs of building a pipeline to the lease. In these cases, the
crude is picked up by trucks and hauled to a central area connected to a
pipeline, where it is delivered into tanks and held until the pipeline is ready to
move it out. The measurement process of the truck movement at both ends
works the same.
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Fig. 4—2. Automatic custody transfer unit

Crude oil delivery operations work the same way as receipt operations.
The crude oil is delivered to a refinery or another pipeline or tank farm.The
same measurements, sampling, and ticketing apply. Typically, the volumes are
larger, and a mainline pipeline meter is used rather than manual measure-
ments or ACTs.

Refined products receipt and delivery field operations

Refined products start their journey at refineries and move to other
pipelines or to truck-loading terminals or bulk plants for further distribution
by truck, rail, or dedicated pipeline. The mechanics of receipt and delivery
operations for products are similar to crude oil (except for correcting for
BS&W). In addition, products pipelines establish and closely monitor numer-
ous other quality specifications for the products, including:

*  Gravity

e Octane number
*  Cetane number
e Vapor pressure
*  Flash point

* Color

e Sulfur content

e Particulates content
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If any batches do not meet specifications, the shipper must correct the
situation before the pipeline accepts the products. Sometimes testing is done as
the product is received by the pipeline. At other times, especially for sensitive
products such as jet fuel, the pipeline may insist on testing the contents of an
entire tank before accepting any of the product from that tank.

At their destination, products are delivered from the pipeline into a
delivery facility. As they leave the pipeline, they are tested again to insure
the pipeline has maintained product quality while in its custody. Depending
on the level of automation at the delivery facility, either operators at the site
or central control room operators position valves to direct the products to
the correct tanks. They will switch between meters and sample and test the
quality of material delivered. Receipt and delivery tickets are written at the
receiving and delivering locations to account for the products.

Central Control Room Operations

In the 1860s, the OTA provided the first real-time, end-to-end communi-
cations system along a pipeline. It built a telegraph along the route of a 2-in.
wrought iron pipeline over a 6-mi track from an oil field to the railroad station
at O1il Creek, Pennsylvania. The telegraph line was used to communicate the
complex bookkeeping of multiple shippers. This innovation began the trend
toward central control room operations.

As technology developed, the telephone complemented the telegraph,
and motors replaced the manual handles on valves. Dispatchers sat in central
control rooms and communicated by phone (or telegraph). Still, operations
continued to be people-intensive. Operators located in the field told the
dispatchers what was happening. The dispatchers then told the operators
when to open or close valves, start and stop pumps and engines, read meters,
and perform other operations. Dispatchers were like orchestra conductors,
telling the operators what to do but depending on the operators to do it.

As automation took over, central control rooms became the nerve centers
of the pipelines, and the roles of dispatchers and operators merged into the
controller’s job. Now controllers read conditions from displays, decide what
to do, and send out digital commands to remote pumps, valves, and the like
(fig. 4-3).They depend heavily on communications technology and electronic
controls to do the work formerly done manually by operators and over the
telephone by dispatchers. And from down the hall, the schedulers feed them
the plans to implement.
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Fig. 4=3. Oil pipeline controller at work. Each display shows different aspects of pipeline operation.
(Courtesy Explorer Pipeline Company)

The functions of the central control room include:

*  Planning and scheduling o