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ABSTRACT

This report describes an investigation of energy counsumpltion and
efficiency of oil pipelines in the U.S. in 1978. 1t is based on a simu-
lation of the actual movement of oil on a very detailed representation
of the pipeline network, and it uses englneering equations to calculate
the energy that pipeline pumps mist have exerted on the oil to move it
in this manoer. The efficiencies of pumps and drivers are estimatad so
as to arrive at the amount of energy consumed at pumping stations. The
throughput in each pipeline segment is estimated by distributing each
pipeline company's reported oll wovements over its segments in proporw
tions predicted by regression equations that show typical throughput and
throughput capacity as functions of pipe diameter., The form of the
equaticns is justified by a generalized cost~enginesring study of
pipelining, and their parameters are estimated using new techniques
developed for the purpose. A simplified model of flow scheduling is
chosen on the hasis of actual energy use data obtained from a few
companies. The study yields energy coasumpitioo and intensiveness esti~
mates for crude oil trunk lines,; crude oil gathering lines and oil prod-
vcts lines, for the nation as well as by state and by pipe diameter. It
characterizes the sfficiency of typleal pipelines of various diameters
operating at capacity. Ancillary results include estimates of oil move-
ments by state and by diameter and approximate pipeline capacity utili~
zation uationwide.
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SUMMARY

Purpose

The objective of this study is to learn bow much energy oil pipe~
lines used in the Unilted States in 1978 and how efficiently they used it.

e
The study was undertakeo because existing estimates of these quantiti
differ by as mauch as a facrtor of 10 {Chap. 3),* It was hoped thal by
conducting an investigation more thoroughgoing than its predecessors,
more rveliable estimates could be hads  The year 1978 was chosen bhecause
it is the wost veceult year for which all the relevant data are available.

es

The difficulty of the problem does vot stem from any mystery about
how oil pipelines use energy. Given the diameter, flow rate, aad other
relevant parameters, an engineer can calculate the energy consumption of
a specific pipeline with ample accuracy. The difficulty lies in the fact
that these pavameters vary along the 250,000 km (150,000 miles) of trunk
pipelive in the United States., To make matters worse, energy efficiency
is highly seunsitive to some of them 1o particular it is very sensitive
to the rates of flow, which are not made public by pipeline operators and
are difficult to ascertaio. If pipeline companies reporied their energy
use to the govermment ov te some other organization, there would be no
problem. But they do not.

The pipelines covered in this study Include essentially all U. 8. oil
products pipelines, all crude oil trunk lines, and all crude oil
gatheving lines, both regulated and unvegulated. Baparate energy use
estimates are developed for these classes of pipelines. The products
lines covered included not only carriers of such traditional pipeline
liquids as gasoline, jet fuel and fuel oil but carviers of liquefied
petroleum gases (LPG) and liquefied ammonia as well.

It was anticipated that several soris of information that had not
been forthooming from earlier studies vould be developed. They are as
follows.

1.  Approximate oll pipeline energy use and efficieocy in each state
in 1978,

2. Approximate plpeline enevgy use and efficiency for each pipe
diameter, 1t is well known that large~diameter pipelines operate much
nore efficlently than smaller pipelines. The vate at which efficiency
improves with increasing diameter 1s easily calculable when the rates of
flow for each diameter are specified. The difficulty, of course, is

&
Chapter and sesctlon references indlcate where in the hody of this
e can find morve detalled discussion,

el
g
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o
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kriowing how the rate of flow depends on diameter. An aim of this study
has beeun to calculate the average efficiency for vach diameter in 1978,
based in pait on estimated rates of flow that actually obhained across
the pipeline network in 1978.

3. The counection between throughput capacity aod diameter for
existing pipelines, The aim here has been fo perform a regression ana-
lysis that would yield a simple formula predicting the typical throughput
capacity for a pipeline of a given diameter, based on actual capacity
data, Such a formula would tell one roughly how much oil he could expect
a pipaline of a given diawmeter to be able to traunsport.

4, The rate at which efficiency improves as diameter increases for
typical pipelines operating at capaciity. This would be based on the
typical throughput capacities resulting from the regression analysis just
mentioned. It would permit one fo estimats roughly the minimum effi-
ciency at which a pipeline of a given diameter would operate. (A pipe-~
line is less efficient when running at a capacity than when running
under capacity.)

5. A machine-readable data set showing for nearly every trunk pipe-
line in the United States those aspects relevant for energy calculations.
The preparation of this and other data sets coasumed the bulk of the
labor devoted to the project, but now they are available for other stud-
ies as well.

6. Sundty technical results and statistical wmethods developed in
the course of estimating energy use.

Method

There are basically three ways to ascertain how much energy oil
pipelines use.

. . . : %
1. Ask the pipeline companies (there are about 220 of them).
2. Use reported fuel expenditures as a basis for estimating the amount

of tuel purchased.

3. Try to determine the manner in which oil actually flowed through the
network and use engineering principles to estimate energy consumption
on that basis.

The flrst method was rejected for three veasons. First, it was thought
best to carvy out this project in a way that adds as little as possible
to the governmental burden imposed on the pipeline business. Second, the

*
Some companies do not kinow how auch energy they use for puanping

oil.



method adopted should be able to produce annual updates with only a
little extra effort. Obtaining energy data from 220 companies, some of
whom would be reluctant te cooperate, would be laboricus agd time-
consuming. Third, 1f energy data wers obtained directly from the
companies, the system that consumed that energy would remain a black box
No understanding would be gained about what is happening in the system
and how it affects energy use.

A variation on the first method 1s to contact a few "representative”
pipeline companies, and this has been tried (Sect. 3% 1). But companies
differ so greatly io their energy characteristics that it 1s impossible
to know which are representative withcut in effect carrying out the third
method.

The second method has also been tried (Sect. 3 3). It is severely
limited by the lack of rveliable estimates of the average price paid for
pipeline fuel, and it was rejected for that reason

That leaves the third methoed, the one adopted here., Tt is a com
bination of statistics and engineering. It involves (1) simulating the
active movement of oil over the network, as nearly as data and statisti~
cal technigues permit, and (2) using engineering equations to calculate
the energy that pipeline pumps wisi have exerted on the oil to umwove it
in this manner. The efficiencies of pumps and drivers can then be esti-
mated so as to arrive at the amount of energy consumed by pumping
stations.

The method for estimating the energy use of crude and products trunk
lines is depicted schematically n Fig. & L. It consists of the following

four stages {(Chap. 5.

I. Estimate throughput in each pipe (Boxes 1 and 2 in Fig S 1)

Divide each company’'s pipeline network into homogenous segments, or
lengths of pipe over which there are no diameter changes or connections,
and estimate the annual throughput in each of these segments (Sect. 7.4).
Do this by allocating each company's reported oil wmovements (in w3-km or
bbl~mile) to its segments in a way that takes into account the diameter
and throughput capacity of each segment. Specifically, the ratios by
which oil flow is distributed among the segments should be those pre-
dicted by a regression formula that expresses throughput as a function
of diameter and reported or estimated capacity. The functional form
should be justified independently by a generalized cost-engineering study
(Sect. 6.1-6,2). The estimation of its coefficients will require that
unorthodox statistical procedures be developed for the purpose (Sects,
6. 3 through & 5).

IT. Model flow scheduling (Box 4)

Note that even oace the annual throughput in a pipeline segment {is
known, It caonot be assumed that the oil flows at the same rate all year
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Contact aboult a dozen pipeline cowpanies so as to obain actual enocgy
consumpition data, and use these data to choose the most realistic of
several simplified models of flow scheduling (Chap. 8).

I1L, Calculate pumping energy (Boxes 3, 5, and 6)

Use the flow rate in each segment, along with its diameter and
length (Sect, 7.1) and the density and viscosity of the o1l (Sec. 7.3),
to calculate the pumping energy reguired to overcome friction generated
by the flowing oll (Chap. 2; Sects. .6 and 7.8), Pumping energy is
defined here (o be the wechanical energy actually deliveved to the oil
by the punps. Adjust the resultiog energy figure by taking into account
how mich oil must be pomped uphill and how much downhill (Sect. 7.7).

1V, Estimate efficiencies (Bozes 7 and 8 )

Estimate the afficiency with which electric power plaats, pump sta-
tion engines, electric moters, and pumps convert primary energy Lo
pumping energy (sect. % 1). Use the company data obtained for Stage ITIL
to help calibrate this efficiency. Divide the calculated pumplog energy
by this efficlency to arrive at pipeline energy consumption (Bect. %.2).

It rewains to estimate the energy consumption of crude oll gathering
lines, Since oill movements (m3~km or bbl~wmile) io gathering lines are
not reported and are extremely difficult to infer, only rough estimates
of energy use are possible. The wethod is as follows (Sect. 7.9). let
the throughput for each size line be 807 of the predicted capacity of a
line of that diameter, as given by a regression forwula. Compute the
resulting avevage length of haul, in each state, which sometimes is
unreasonably long due to the presence of idle lines. To compensate,
reduce any state's average length of haul that is over the national
average to the national average. Cowmpute energy consumptioa on the basis
of the resulting movements. '

Results

Table S 1 provides an overall ploture of oil pipeline energy use,
as it is estimated by this study. Note that rather thao showing energy
efficiency, the table shows its inverse, energy intensiveness. A pipe~
line that 1s moce energy Inteonsive thao another uses more energy per anlt
of transportation and is therefore less efficient (see Bect. L 2)  The
rtesults of this study are compared with those of earlier studies in
Table 3 1 of Chap. 3

All results of this study assume, uoless stated otherwise, that the
efficiency of electrical genevation and transmission 1s 32, 3%, This
figure is higher than the move customary 307 (sometimes 22%) because it
correctly counts hydroelectric geseration as 100% efficient, shereas the
other figures seem to ignove hydroelecitricity (Secte % 1), 1t is



Table S 1. 01l pipeline energy consumption

and intensiveness in 19782

Assuming 32. 37 efficiency of
electric generation and
transmission

£

Assuming 307 efficiency of
electric generation and
transmission

Energy intensiveness

Energy intensiveness

Energy Energy
consumption 3y mass By volume consumption By mass By volume
Crude oil 86 x 1015 g 180 J/kg-km 150 J/mb 91 x 1015 3 190 J/kg=xn 160 J/m*
trunk lines {0.082 quad) {25) Btu/ton-mile) (37 Stu/bbi-mile) (0. 087 quad) {270 Btu/ton—mile) {40 Btu/bpbl-mile)
Crude ollb 1ox 105 g 350 J/kg-km 300 J/mé 11 x o3 g 380 J/kg-km 320 J/mb
gathecing lines (0.9095 quad) {490 %tu/ton-mile) (73 Btu/bbl-mile) {0,010 guad) (520 Btu/ton-nile? {78 Btu/bbl-mile)
U1i oroducts 54 x 1015 220 J/kg—km 150 3/m 68 x 1015 3 230 J/kg-km 180 J/m”
pipelines (0. 061 quad; (300 Btu/ton-mile) (40 Bru/bbl-miie) (0, 064 quad; (320 Btu/ton-mile) (42 Btu/bbi-mile)
Tozal 160 x 1045 3 200 J/kg~km 160 J/m# 170 x i0id 3 210 J/kg-km 170 J/nb
{0.15 quaé) {280 Btu/ton mile) (40 Btu/bbl-mile) (0. 15 quad) (290 Btu/ton-mile) (42 Btu/:ton-mile)

a,.. PP R
All estimates rounded to two significant digits.

b . . . ;
Gazhering lines figures are less relianle than the others,
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important to be aware of which efficlency is assumed, since roughly 80%
of 0il pipeline pumping power is supplied by electric motors, and esti-
mates of epergy consumpbion must account for the energy that is consumed
to generate the electricity. Table S.1 shows energy figures predicated
on both the 32. 5% and 307 efficiencies, to permit compariscon with figures
derived elsewhere that assume the more popular 30% efficiency. But all
subsequent tables presuppose 32. 3% efficiency. Secte %1 tells how to
convert from one efficiency to another

Tahle 5.2 shows estimates of the total o1l movements both in pipe-
Tines regulated by the fadeval government and those not regulated. The
table is discussed in wore detail in Sects. 7.4 and 9.3, The Coonclusions
section explains its =ignificance.

Table S.3 compares the energy consumption and i{atensiveness of oil
pipelines with those of other modes of energy transport.

Other tables and graphs in this veport provide the additional sorts
of informatiocn szought as part of this study and enumerated 1 through 6
in the Purpose. Most of these tables and graphs need interpretation, and
it iz provided as part of the Conclusions section.

1. 1978 energy use and intensiveness by state appears in Tables 9.3
and 9.4 in Chap. % Tables 7.5 aud 7.6 of Chap. 7 show more detail con-
cerning gravity head and gathering lines in each state, respectively.
Appendix B provides energy and throughput estimates broken down by pipe
diameter in each state.

2. 1978 energy use aand intensiveness by pipe diameter appear in
Tables 9.5 and 9.6. The little circles in Figs. 8.2 and S.3 plot 1978
energy intensiveness againsi diameter

3. The general connection between throughput capacity and diameter
is evinced by Tables 9.7 through 9 9. Chapter 6 presents in detail the
results of the regression study that investigated this relationship.

4, Tables 97 through % 9 and the lines plotted on Figs. S.2 and
5.3 show the way that enpergy Intensiveness varies with diameter for
pipelines operating at capacity flow rates typical for their size,
Figure 5.4 shows what happens to energy intensiveness when the rate of
flow is made to vary about the typical capacity rate for each diameter.
Table 9 10 shows how fully U.5. pipelines appear to be utilized and what
would happen if they weve all to run at capacity. This table requires
careful interpretation, which is provided in the Conclusions section.

5  The pipeline network and other data sets are described in appen—
dices to this report. The network representation, as well as the list
of capacity versus diameter observations, appear to be the most complete
that are publicly available.

6. A few of the results of the project that were garnered along the
way are interesting in their own right. Among them arve



Table S.2. Estimazed oll oipeliine movements by type of carrier, 1978

Movements

Type of carrier Crude o0il pipelires O11 products pipelines
109 «l-kn 169 pbl-nmiie Parcent 109« 3=km 169 bbl-mile Parcent
All carriers saccounted for in 347.2 2184 100 241, 2 i517 i0C
this study
Regulated carriers for which Jli. 4 1959 90 224, 5 1413 93

movements were reported

Reguiated carriers for which 3.7 3 L Ll 7 0
movements were estimated

Unregulated carriersC® 32, 1 202 9 12,1 76 5
Pipelines of unknown ownership G. O 0 J 3.3 21 1
Sum of excess of reported movements 8.7 55 35 2.5 15 1o

over sstimated carrier capacity
for carriers showlng an excesg®

Regulated carriers not accounted 16. 3 55 35 2.7 17 1b
for in this sutdy?

& C s
Explaired in Sect. 7.4
b . ; , v
Percent of total movements of carrlers accounted for in this study.

c . . 1 ; ;
Coverage may be incomplete; see Sect. 7.4, %3 and the Couclusions section of the Summary.
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Table 5.3, Comparisoo of epergy intensiveness for several wmodes
of energy transport#

5-9

Mode

Energy intensiveness

By mass

Percent of the energy

traasported

R P, ponses -3 U
Aegdm o Btuftonsmile 1600wy Per 1000 wiles

0il by pipeline:®©

Crude oil 190 270 0.4 0.7

Cil products 230 320 0. 5 0,8
Natural gas by plpelined 1440 2000 2.5 4
Dil by water:

Coastal tanker or barge? 350 480 0.8 1.2

Lakewise tankerf AT70 650 1.0 1.7

Lakewise bargef 220 300 0.5 0, 8

River bargefl 8 350 480 0.8 1.2
Coal by water:

Lakewise frelghterf 390 540 L3 2.1

Lakewise bargel 220 300

River hargef,g 350 480 1.1 1.8
011 by railf 470 £50 1.0 1.7
Coal by railf 250 340 0. 8 1.3
0il by truckf® 1430 1580 3,2 5.1
Coal by truckf 1630 2260 5, 4 8.7

A . -
The energy intensiveness of a
speed, size of vehicle, ete.

rougi,

Passumes 45.3 x 106 kg (39 x
Btu/ton) for coal, 54,6 x 108

“As estimated by this study.

As estimated by Banks (1977, p.

mde of transport is highly sensitive to the route,

These figures are rough avervages, in some cases very

As estimated by Rose In Hooker et

As estimated by Rose (1979).

gIgnores circulity of 1.9

al.

2=2)s

(1980, p. 11D,

108 Btu/ton) for all oils, 30.2 x 106 J/kg (26 x 100
I/kg (47 % 100 Btu/ton) for natural gas.
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1.  The methed and conclusion of the englineerviogeconomic analysis of
pipeline dimensions vs. capacity that ls carrvied out in Sect. 6. 1.
2.  The statistical metfhods developad in Sects. 6. 3 and 6.4,

3. The veview of past work in Chap., 3

Bnaergy consumpticn data obtained fvowm a few pipeline cowmpanies
suggest that the national energy consumption estimates arve probably
accurate to within 2107 for crude lines and 2157 for preducts lines
(Sect. A& 3). The orude gathering lines estimate is much lass veliable
The numbers provided for individual states and pips diawersrs are less
reliable than the satienal figures.  Siuce a 934 coofidence interval for
any gilven pipeline company®s energy estimate is *35 to 407 (Sect. A 3),
estimates for {o which only one or a operate could
show errors of Other states can be expected to recelve more
accurate estimates. The estimates for thess other states and the natlon
as a whole arve accorded morve credence becaunse a cervtaln amount of inde-
pendence among the errors that occur in company estimates Is assumed.

If the ervors are more sysbtematic than expected, the national ceonfidence
intervals should be widensd, The Conclusiong section and Sect. 4.3
discass the wvulnerability of the estimates ro misceporting of data

compani

Concluzions

1. 01l truok pipelines are the wost efficient carriers of energy
matevials, in fwo ways., Thev use the smallest fraction of the energy
content of the material carcied, and they move more of this matevial per
unit of energy consumed (Table 5.3},  To be sure, other modes of trans-
port can in cextain ipstaoces operate more efficieontly than ofll pipe-
lines, but oil pipelines excel when one entive Craneporl asystem 1is
compared with another.

2. i1 pipelines consumed only about 5% of the 3. 23 x 1018 g (3. 06
quads) consumed in 1978 for freight transpert {see Table 5 1 and Kulp st
al. , 1980, p 1~28). Their consumptinon was the equivalent of 12,000 w
(75,000 bbl) of crude oll per day, or about 0. 2% of the natfonal energy
diet of the equivaleab of 5% 9 million mo (37 willion bbl}) of crude oil
per day (Kulp =t al. 1980, p 1~8),

L3

3. The energy intensiveness of oil pipelines is legs than may have
been expected (Table 8.1), certainly less than most previous estimates
(Table %1 in Chap. 3). The high officiency owes mainly to the fact that
many pipeline companies do not run their lines at capacity. This
apparent slack in many pipelines results in lower energy intensivensess
because it permits the oil to be pumped move slowly on the avevage. (A
10Z reduction in the rate of flow in a given pipeline vesults in a 17%
reduction In energy intensiveness; see Chap. & )} Table 9 10 shows that
energy lotensiveness would rigse about 28% for crude lines and 41%Z for
product lines if all pipelines were run at capacity. Tt is explained
below, however, that these estimates of energy use at capacity are upper
bounds that vety probably would oever be achieved in practice.



4y The eners; sivenass of pipeline eperations varies con—
siderably frow oas ate to anotherw {(Tables % 3 and % 4). It is mainly
a function of which staies contain the efficient large-diameter pipe-
lines, ami in a few mountainous states a function of the effect of
gravity.

) \N

5. Figures S.2 and S 3 show e
incireases with diameter, there is O)d deal of scatter in t
(see also Tahles 9 5 artc This scatter results frow the
efficiencies are nearly as nmch affected by variations in flow
by diamster, even when national averages are taken

that although efficiency ge
i

—
m

The crude pipeline scatter in Fig. 5.2 appears irly random  Yet
all hbut one of the points lie near or below ihe diagonal line, which is
to be expected because this line depicts the energy intensiveness typi-
cal of lines vunning at capacity. The one exception is the value for
22-imn ljnas,* vhich is high because a certain 22-in. Texas Pipe Line
Company line in Texas and Louisiana is reported to have a surprisingly
high throughput capacity.

(@]

1t shuld be understood that even if all pipelines opsrated at
capacity, a fair amount of scatter would rvemain. This is because =2
pipeline generally begins operating with a2 capacity somewhat below the
capacity that cano ultimately be achieved by adding more pumping power.,
The fact thatr different pipelines ave in different stages of this devel-
opment of capacity weould result in an uneven relationship between energy
intensiveness and diameter even if all lines ran at capacity. For
example, the 1978 capacity of the ful ly~uiilized Trans-—Alaska Pipeline
(represented by the 48-in. value in Fig. S 2) was less than its ultimate
design capacity, and the pipeline's energy intensiveness consequently
falls helow the linsa.

The products pipeline scatter in Fig. S.3 is less random.  Pipeline
sizes up to 28 in. show a fairly regular descent in energy inteusiveness.
This may reflect declining utilization as well as increasing diameter.
The high intensiveness for 30 and 32-in. lines is due to the high capac-
ities reported for the straitegic Colonial lines in Virginia, Maryland,
and New Jersey, a matter discussed in Sect. 9.3, The 32-in. Colonial
line is currently being looped to relieve the bottleneck (Pipeline
Industry 1980, p. 31).

It is clear that the pattern of points in Figs, S.2 and S.3 is as
mucls a funciion of the logistics of pipeline movement in 1978 as the
inherent efficiencies of the different diameters, This was fully
expected, and it is precisely the reason the study of pipeline energy use

is as difficult as it is.

+

kS

This repoert uses those Sl uniis of measurement recommended by the
011 Companies Materials Association for use in the petroleum indusity
(Hobson and Pohl, 1973, p 961). This body recommeads that inches be
retained as the measure of pipeline diametern.
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5. One who wants a measure of the "ivhereot” efficiencies of
various pipe diameters can get it by expressing the capacity flow rate
of a given diameter as ao appropriate function of the diameter. The flow
rate predicted by this function can then serve as a hasis of calculating
the energy intensiveness at capacity for sach diametern. A cost-
engineering stady (Sect. & 1) found that the function can reasonably be
taken to have the form of a simple power function. The coefficients in
this function which provide the best fit to observed capacities were
estimated using a regression technique that had to be developed for the
purpose (Bect. 6. 2).  The results are reflected in Tables 9 7 through 9 9
and by the diagonal lines plotted in Figs. S.2 and & 3.  They imply that
the teadency of efficiency to ilocrease with diawmeter Is somewhat tempered
by the fact that oil usually flows move rvapidly in larvger pipes (see
Fig. 3.1 io Chap. 3). It should be borne in mind, however, that the
predicted velocity in lavge products lines would be less if the Colonial
lines mentioned above had had capacities wmore typlcal of their diameters.

A plancer who wants a rough indication of the energy intensiveness
and oil thevoughput of a proposed pipeline operating at capscity can con-
sult Tables 9% 7 through 9 9 and Figs. 5.2 and 8. 3. If the throughput is
expectad to be other than the predicted valuss shown in the tables, he
can use Fig. S.4 to make adjustments. For instaonce, suppose a proposed
36-in. crude oil pipeline iz to carry 80,000 w3/d4 (500,000 btl/dde  The
energy intensiveness of a 36—~in crude line carrying 112,000 w/d is
estimated in Table 9% 7 to be 139 J/kg-km (193 Btu/ton-mile). Since the
proposed throughput is 71% of 112,000 m3/dg Fig. S.4 indicates that the
resulting energy intensiveness should be about 537 of 139 J/kg~km, or 74
J/kg=km (1062 Bru/ton-mile).

7. Although the subject of this investigation is eanergy use and not
pipeline utilization, the remarkably low utilizatioa Ffigures in Table
9. 10 deserve attention. They put oil pipeline capacity utilization at
73% for crude lines and 57% for prvoducts lines. These figures clearly
indicate that there is considerable slack ia the I, 8. pipeline system
Nonetheless they are highly misleading, because they induce one to
overestimate the ease with which pipelines can meet demand for transport,
This is true for twoe reasons. First, although parts of the system are
slack, many of the principal links ruo at capacity. Hotable examples are
the Capline erude oil pipeline and the Colonial products system  There
arve also a ounber of strategically located lines, both large and small,
that cannot satisfy demand, such as the Platte pipeline from Kansas to
North Dakota. The existence of slack in the system, then, is compatible
with capacity shortages ion many areas.

Ancther veason the utilization factors in Table 2.10 are wisleading
is that they are ratios of actual to capacity wovemeats (in mr-km or
bbl-mile), mnot actual to capacity Eyﬁgggggggg‘(mg or bbl), To see what
this meacs recall that a pipeline (particularily a products pipeline) may
have several terminals or connections along it, ocue or more for receiving
oil and several for delivering ir. The throughput of such a pipeline is
the tortal amount of oil that is turned out of the line at delivecy
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Energy Regulatory Commissicn. The fact that many compaoy systems appear
to be underutilized may lead one to suspect that the companies have
underestimated o1l movements. A 107 average underestimate would cause
roughly a 10% underestimate of energy intensiveness and a 20% uvoderesti~
mate of energy use. There is in fact rveason to believe that pipeline
companies usually misestimate thelr oil movements (Sect. %.3). Yet this
is not to say that the misestimates are systematice. The energy use data
obtained from a few companies (Sect. 5.3) are reasonable in relation Lo
raported movements, and they provide no teason to believe the wovements
arve undevstated. 1In general there is no evidence that systematic ervors
in reported wovemenis invalidate the wvesalts of this study.

Another type of error that could prejudice the results, if it were
systematic, is evrvor in the reported capacity of particular lines. These
capacity estimates were got from pipeline companies by the National
Petroleum Council as part of a recent study {see Chap. 4). Although it
has been suggested that companies have an incentlve to underrepert
capacity, no evidence of such has been uncovered in this study. Sowe of
the capacity figures are suspicious, buat due to the wide vange of design
pressures under which a pipeline can cperate, none are so extreme as Lo
be clearly false. Nor does there seem to be anything systematic about
the apparent errors. Errors in reported capacities for individual lines
way bias thes eonergy intensiveness estimates for particular states or plpe
diameters (particularly the larger diameters), bat it is unlikely that
the national estimates are significantly affected.







L. INTRODUCTION

This report describes an investigation of oil pipeline energy con-
sumption and efficiency in the United States in 1978  The investigation
was carried oub at Oak Ridge National Taboratovy in 1979 and 1980. 1Its
purpose and scope are set out in the preceding Summary.

1.1 Organizatioan of the Report

The report is prefaced with a falvly cowprehensive summary designed
to familiarize the nontechnical reader with the purpose, method, results,
and conclusions of the investigation  The Method section of the Summary
is redundant of the body of the ceport, but the Puvpose, Results, and
Conclusions sections contain material that can be found oaly in the
Summa 1y

The body of the report begins with a short discussion of the physi-
cal detecminants of pipeline energy use and efficiency (Chap. 2). 1t
then surveys previous work on the problem and singles out four studies
for eriticism (Chap. 3). After describing the sources of data that are
available (Chap. 4), it provides an overview in Chap. 5 of the methods
used to estimate energy consumplbion. The overview attewmpits to explain
how the variocus stages of the method, described in Chaps. 6 through 9,
fit together. Chapter 9 ends with a discussion of the results that
supplements the conclusions drawn in the Summary.

The following section attewmpts to sort out the many ways in which
the energy intensiveness of transportatlion can be measured. Lt should
be helpful in interpretiag the different kinds of energy intensiveness
estimates that appear in this report.

1.2 The Notion of Eaergy lnteossiveness

An energy Inteunsive operation Is one that consumes a relatively
large amount of energy 1o exchange for a reduction in the consumption of
other resources. The term "energy latensive” seems to derive from
economics, which has long spoken of "labor ictensive” agriculture, or
agriculture that reduces land and capital requirements by employing a
large labor force. fEnergy intensiveness (often termed energy intensity”)
is measured by taking the ratio of the energy consumed to rhe quantity of
goods produced as a result of its consumption

Tnn transportation, the "quantity of goeds produced” must be inter~
preted as some measuve of the amount of trausportation provided. There
are at least three ways to do this. The most prevalent is to measure
traasportation as the product of the mass of the cargo and the distance
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covered. The ‘aculting uiiit of energy intensiveness is the joule per
kilogram-neter (J/kg-w), or more commoiiiy tiie joule pev RKilogram—kilometex
(J/kg~km = kJ/t-km), or in the English systea the Btu per ton-mile.

Since the cargo is measurs:d by its mass, this unit wight be desciibed as
a unit of hylimetric encrgy intensivensss (from the Greek for "matier™),
to distinguish it from the other uanits to be discussed shorily. 'The
J/kg=kin is equivalent to a unit of acceleration, nm/sz, and it in fact
represents ithe constant acceleratioan that would be delivered to the car
if all the energy were devoted to its acceleration. (In veality, most
energy consumed is lost in its conversion to mechanical energy or is used
to overcome friction.) 1000 Btu/ton-mile is similarly equivalent to

2.37 ft/s?.

‘éu

Another way of reckoning the quantity of Lraﬁsportarion has the
advantage that it results in a dimensionless weasure of energy intensive
ness. [t takes this quantity to be the produ ct of cargo weight and

distance rather than of cargo wmass and distance. Tae tes ulLinu sort of
energy intensiveness, measured as joules per newton-metsr (J/\wm), or 1in
the English system as Btu per ton-mile {weight tons rather than mass
tons), might be called barimetric energy inteasivenes lt is dimen~
sionless because J/N-m = N-m/N-w. The harimetric 1ntensiven ss can be
got by dividing the hyleevrlc intensiveness in J/kg-m by gravitational
acceleration, 9.8067 m/s?. ‘The same result can be got by dividing
Btu/ton-mile by 13.58.

Barimetric energ ven2ss also bhas the advantage that it perv-
mits more than one 1 ation, depending on the trauasport mode in
question. Since barimetric intensiveness can be expressed as N-mw/N-m,
the distance unit can be cancelled to obtain a ratio of a kind of gen-
eralized resistance to the weight of the cavgo. Iu other nmrd@, if all
the energy consumed were devoted to overcominy the foice of resistance,
enn the ratio of this force to the cargo weight would be the barimetric
nergy intensivecess. 'This interpretation is especially appropriate to
ter transport, where overcoming gravity is of no concern and over

ce 1s paramecunt, and somewhait appropriate to land vehicles.
tation, very useful for pipelines, can be had by can-
units in the fraction N-wi/N-w to obtain a ratio i1epre-
senting the total head in meters or feet per uanit distance (assuwing all
the energy consumed goes to maintaining head, and done is lost in drivers
aind pumps). The "head” in a pipsline is simpiv a way of measuring the
pressure exerted to overcoune friction and gravity. To say that the
total head in a given oil pipeline is 3 wm/km, for instance, is to say
that a vertical column of o0il 3 w high would provide the right pressure
to move the oil at its present speed through 1 kw of pipe. Since there
are losses in the drivers and punps, however, the overall energy inten-—
siveness of the pipeline, expressed as head per km, would be greater than
3 m/km, perhaps about 10 m/km (10 w/km is of course equivalent to the
dimensionless ratio of 0.01, which is a sowcwhai less convenient scaling
for pipelins work).

e}
ot
o]

Though dimensionless, barimet

ar ric energy inteinsivensss is hardly an
absolute quantity, since it is inve 1

sely proportional to gravitational

L B

4



1--3

accelervatilon. Most forms of tranqporf (except perhaps slevators) would
test at a QmeLJFT131]V higher intensiveness on Mars than oo earth,

T

simply because the cargo would be lighter on Mavs. Yet since fhe s=sovt
of trapsportation of councern bere is exclusively tecvrestrial, this
dependence on gravitational accelacvation 1s of no coasequence.

A third and final way to measure the energy iuteosiveness of transpovt is
to divide enevrgy consumplion by the product of carge volume and distance
coverad. The corrvespoading unit is kilojoules per cubic meter—kilometer
(xJ/m3~%km = J/m*), or Bru per barrel-mile in the English system It
represents the force that would be applied to each anit of carge volume
if all the energy consumed were devoted to exerting a force on the cargo,
and it can be expressed accordingly as N/m3 ocr 1b/bbl.  This volumetric
measure of energy dntenslveness is highly useful in pipeline work for two
reasons. Oune obvious reason is that pipeline movements ave popularly
measurad in bbl-ai oc m3wkm, so that 1t is coavenienl to e¥press ecoergy
intensivensss in Btu/bbl-mile or kJ/m -, A less obvious reason is that
volumetvic energy inbensiveness can be interpreted as pressure drop per
unit dizstance, assumiag all the  energy in question is devotsad to main-
taining pressure drop. Oue I/ corvesponds to a prassure drop of 0.1
N/em? per km, aad one Btu/bbl-mile to a pressure drop of 0. 9618 psi/aile.
This is useful for pipelining dbecauss cxpressious iovolving psi/mile are
ubiquitous in pipeline caleulatioons.







2,  DETER INANTS OF PIPELINE ENFERGY USE

A liquid deoes not flow effortlessly through a pipe. Not only must
pressure be applied to overcome any net increase in elevation, but addi-
tional pressave i& veguived to overcome friction between the fluid and
the walls of the pipe. Friction losses are In fact the dominant consumer
of energy in most oil pipelines, and oearly all the effort described in
the following pages is spsnt on the estimation of friction.

8

Friction losses occur because the pipe walls create a drag along the
civeumference of the moving column of liquid, and the viscosity of the
filuid itself transmits part of this drag to the center of the column.
Overcoming this drag requires that some, and in most cases nearly all of
the mechanical energy provided by the pumps be converted to heat. The
amount of energy lost to heat depends in part on the properties of the
pipe wall and the viscosity of the Tiquid

The relation betewen a pipeline’s energy intensiveness and these and
other of its determinants can best be seen in a mathematical formmla. A
handful of eangineering formulas have been developed empirically for pre-
dicting friction losses in pipe, such as the Fanning formula (Gulf 1978,
p. 132) and the Service Pipeline Co. formula (Hale 1975, p. 161). ‘These
formilas are all derived by evaluating experimentally the friction factor
f In rhe theoretical D'~Arcy-Weigbach formula for the friction head hg:

hg = fLv2/2Dg , (2.1)

where L. = length of the pipe, (ft),
v = average velocity of flow, m/s (ft/s),
D = ingide pipe diameter, in. ,
g = gravitational acceleration, 9 8067 m/s? (32.17 ft/s?).

The frictlon head hg, measured in meters (feet), is conceived as the
amount of work in newton-mefers, i.e., joules, required to move a quan-
ity of oil wedighing one newtron {or the amount of work in foot-pounds
required to move a pound of oil) through a pipe of length L. The fric-
tion head is thervefore a measure of the energy intensiveovess of a pipe-
line, at least as far as friction losses are concerned

It is instructive to veplace the velocity of flow v in formula (2.1)
with the volume rate of flow V = YimeDZ in m3/s (ft3/s). This yields,

hy = BfLVZ/m2pg | (2.2)

Formula (2.2) reveals the startling fact that, at a fixed throughput V,
the energy intensiveness of & pipe varies inversely with the fifth power
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of the pipe diameteyr. 1f arteriocsclerosis, for example, halves the
diametrer of a caftaln artery, ihen voughly 32 tiwmes as much energy is
requirved _ rare of flow. Formula (2-2) also
implies thaf, when the pipe diameter is fixed, the energy intensiveness
varies with the square of the throughput. Tt is ftrue that f also varies
with the diawmeter and throughput in such a way as to altey these velation—
ships, but it will be seen that the alteraiion is relatively slight. It
can be concluded, then, that pipeline energy inteansiveness is highly
sensitive to both diameter and rate of flow,
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The remaining determinants of plnG] ne energy intensiveness require
an analysis of the friction factor f, The value of f increases with the
turbulence and viscosity of the flowing liquid. 1iigh viscosity obviously
increases friction because it serves beiter to tramsmit the drag against
the pipe wall to interior of the pipe. High furbulance also iincreases
friction because swirls and eddies characteristic of turbulent flow
increase the coup y het he slower flow near the pipe wall and the
flow neav the center, thus dissipating the kinetic energy of the
more rapid

- or
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The viscosity of oil, measured in poises (= dyne-s/cm?) or lb-s/ft?,
reflacts the rate at which one layer of oil flows over another when a
specific pressure is applied. Due to the design of viscosimelers, it is
customary in the ofil business to speak of kinematic viscosity, which is
the ratio of a liquid's viscesity to its mass depsity. Kinematic visco-
sity is measursd in sftokes (= Cm?/s), ft2/s, universal Saybolt seconds,
Saybolt furol seconds, Engler degrees and SAE viscosity wnumbers. Crude
0il can be quitre viscous, while the viscosities of residual oil, diesel
0il, kerosine and gasoline are progressively smaller. The v1qcosi*"
also depends on temperatuve, quite ecritically so in ithe case of crude
o1l that is cooled to 2 rtemperature near its pour point.

4

o

The degree turHuleq“e depends on the roughness of the pips wall
and on a dimensionless quantity called the Reyuolds number. The Reynolds
number R i fined,

R = vbp/u , (2.3)

where p 1s the mass density of the liquid ia kg/w3 (lun/fr3) and u the
viscosity in N- -s/m? (1b-3/ft?). R can also be written

R = Vd/\) ’ (25’:‘)

where v 1s the kinematic viscosity in @m%/s (f£2/s). The Reynolds number
can be conceived as the ratio of inertial forces created by the swirling
eddies, which are proportinal to the aumerator of formula (2.3), to
viscous forces in the liquid, proportional to the denominator. A high
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Re cates that tha lguid is wmoving fast enough,
th arge anough, and the density of the fluid

gre ennngh to sustain ul hui ence ivcited by irvegulavities in the pipe
wa A wall ob - yvelative to the pilpe diameter teods to
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to turbulence.  The relative roughness of
the vatio of the average asperity height
)
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maber and

tive roughne :
iine ﬂﬁi\ is LL knmwn and widely published in the form of graphs
m 429; Merript 1976, pp. 21--30; Gulf 1978, po 131).

approximates this dependence 1 pre-

(o
ph 1973
fan thatr

Although “t. 7.2 is used throughout this study to
calculate the - better feeliag for the nature of the

L
fir o
dependence of £ on diameter, tmfougnputw length and wviscesity can be had

by examining the approximation on which the Standavd Pipeline Co. formuia
{(ment inned is
f = constant » (w0/v)0: 252 . (2.5)

Subatitution of this into formuls {2.2) yields that:

be = constent ¢ Lyl 74800 252/p4. 748 (2. 6)

Thae head 11 varies voughly with the square of the throughput and
roughly with the lovevsze fifth power of the diameter. Heve 1t iz also
seen to vary voughly with the fourth roct of the kinematic viscosity of
the ofil.
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A summary of the determinants of pipeline evergy consumption, io
order of importance, wmight go as follows.

1.  The ipeside pipe diameter is most important. At a fixed thrvoughput,
a pipeline's energy Iintensiveness varles inversely with its fifth
power. Fortunately, oominsl diameters of W 8. pipelines can be
obtained and the iluside Jdiameters estimated accurately on that basis.

2.  Next in importance 1s the volume vate of flow, whose square is pro—
partional to the energy Intensiveness. Note that it does not suffiece
to koow a pipeline's awverage dally or average throughput, since its

nergy intensiveness 1s oot directly proportional to the volume vate
of flow. Rather, daily and even hourly fluctuations must somehow be
taken into account. Regrettably it is Jifficult or {mpossible to
ascertaln even the average theoughput of iadividual pipelines. The
difficulty of estimatiog throuvghput aod its fluctuations, to which
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energy use is so sensitive, stands as the principal obstacle to
estimating pipeline energy use. The bulk of this repoirt is devoted
to overcoming this obstacle.

A pipeline's energy consuvaption is of course direcily proportional to
its length, other things being equal. The length of practically any
pipeline in the United States can be read with sufficient accuracy
from maps, as described in Sect. 7, 1.

0f less importance is the viscosity of the oil, which is affected by
its temperature as well as its composition. Energy intensivensss is
proportional to the fourth root of kinematic viscosity. Viscosities
of crude oil, however, vary considerably, and this mattevr is taken up
in Sect. 7.3.

When a pipeline loses or gains substantial elevation from one end to
the other, gravity head is an important component of its energy
intensiveness, Tt is estimated in Sect. 7.7.

The roughuess of the pipe wall has some effect on the fricition factor
and hence on the energy intensiveness. A pipe's roughness depends on
its degree of corrosion and the presence of any coatings that have
been applied. The relatively slight importance of this parameter is
egtablished in Sect. 7,2.



3.  YREVIOQUS WORE

vange in the literature frem 217 to 1880 Jfkg~km (300 to 2600 .
mile) for prodects pipelines and from 149 to 1880 J/kg-km (207 to 2600
Btu/ton-mile) for crude oll pipelines. The estimates vary greatly in
splte of the fact that one can calculate readily the energy lotensivensss
of a pipeline when the diameter, tervain, flow rate, and orher parameters
are specified. The Jdifficulty, of course, is that thase specificati
vary enovmously from one pipeline to another, and a profile of “rhe
average pipeling” is pot sasy fo congtruct. Reasonably accurabe esti-
mates of the total movewent of oil through pipelines io t-—km (ton-miles)
ave available, but a detevuination of egnergy intensivensss requlices that
this figure be divided fote tetal plpelioe energy use, which iz uanknown
(see Chap. 4). Cousequently most salimates of pipeline energy use arve
made on the basis of sanple data from a few pipeline cowpacnies or on
assumptions as to the physical properties of a typical or representative
pipeline.

The sitaation is complicated by the fact that an epergy intensive-
ness mwher of questionable decivation is sometimes copied from one
publication to another until its ignoble ovigin is forgotten. The mere
appearance of a number in so wany references may itself be taken ag a
signal that it is authoritative  For instance; a Pace Company study of
future pipeline transport (Fenten et al. 1976, p. 14) adopts an snargy
intensiveness figure of 300 Bru/ton-mile for crude oll plipelines, and
cites as its source a raport for the governor of Texas (Holden 1975, op
5, 26). The latter rveport in fact uses the figure 500 ton-wmile/gal,
which 1s about 260 Bru/ton-mile not 300 (a@%nmang 130,000 Beu/gald. The
Texas report credits a paper in Science magazine (Lincoln 1973, po 157)
as the source of the 5300 ton-wile/gal figure. The Science arti le, in
turn, clites an unpublished Awnervican Society of Mechanical Pnquewaa paper
{Rice 1970, p 6). But the ASIE paper puts plpeline efficiency not at
500 but at 300 tonm-mile/gal (about 430 Btu/ton~-mile). Tt mentions, as
the mource of its energy intensiveness figures, the Transportation
Association of America’s Transportation Facts and Figures {sic), which
15 presumably a reference Lo Transportatlion Facts and Trends {Transpor~-
tation Association of America 1969)., This last pablication provides
estimates of fuel consumption by aircraft, traios, astomobiles, tvucks
and ships, but not by pipelines. (This is understandable in view of ihe
fact that pipeline energy use was unknown. )} Ir appears, then, that the
energy lntensivensss figure in question has not only undergons Lwo
alterations but is of untraceable origin

A table prepared by Jack Faucett Assoclates (Jack Faucett 1978, pn
151) summarizes well sowe recent estimates of oil pipeline energy inten-
siveness. Parts of 1t are incorporated in Table 3 1, to which the esti-~
mates of this report are added at the bottom Te permit compavison of
the different estimates, each is cooverted to a figure based on the as-
sumption that electricity {s generated and transmitted with an effiniency
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Table 3. 1. Recent estimates of oil

pipeline

energy intensiveness@

Estimate adjusted to 32,3%

Electrical Egtimate electrical efficiency
effictencyd  (Bru/ton-mile)
Source Hethod {J/kg~km} {B8tu/ton-mtle)
(63} Crude products
Crude products  Crude products

1. Rand Corporation Based on data tor a small California 3Joc 1200~2600f §17~1770f 1131=2451F
{Mooz 1971) residuai oil pipeline and rough cross-

checks agalnst ICC data on transporta-—
tion expenses.

2, ORHL (Hirst 1973) Reference to a 450 Btu/ton-mile estimate 30 450 450 307 305 425 423

of Ra A Rice (1970, 1972) and comparison
with sample calculations for different
diameters and flow rates.

3. Jack Faucett Associates Data oun actual fuel consumption of five 22 550 550 300 292 415 404
(Federal Energy large pipeline companies, adjusted to
Adminlstration 1974) rveflect the fact that larger companies

are more efficient In general.

4. Pace Company Takea from a report from tha Governor 30 309 300 205 204 284 282
{fenton et al. 1976) of Texas (Holden 1975},

5. hAerospace Corporation, Based on installed horsepower data in 3.3 1150 621 320 443 1136 813
1976 estimates Stationary Internal Combustion Engines
{4erospace 1976) {cGowin 1973) and estimated Btu's per

hp~hr. Ton-miles from Jack Faucert
report (FEA 1974},

6, Aerospace Corporation, Based on caleulation of energy required 3L8 5864 261d 4814 1854 5794 258d
1977 estimates to move oil through a pipeline of 782€ 349 553e z49e 773 344
{Aerospace 1977) "average” diameter at an "average” [low

rate. .

7. Peat, Marwick & Mitchell Engineering calculations based on pipe- 30 207 379 141 257 196 356
(Leilich et al. 1977) line stock by diameter and estimated

flow rates for each diameter..

8, Systems, Science § Baged on fuel expenditures of companies 22 300 4G0O 164 212 226 294
Software (Banks 1977) accounting for 88% of regulated bbl-mile

and a rough estimate of fuel costs.
.
9. ORNL (this report) Calculation of energy required in each 32.3 250 300 180 220 250 300

plpeline, segment in the U.S., where flow
rate ts based on regression‘analysis and
the resulting distribution of each
company's reported bbl-mile to its sez-
ments. Gravicty head (s considered, and
duty cycle {s {nferred by calibrating
results against actual energy use of a
few companies.

Bparts of this table are taken from a table prepared by Jack Faucett Assoclates (1978, p 151).

DEfficiency of electrical generation and transmission

c'r:fficienii:es were set by the reporting companies.

4

100% duty cycle.

2553 duty cycle,

fSmue rarge of estimates for both crude and products iines.
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of 36, 5%,  (When the efficiency wnderlylog an estimate is not spesifiszd
by the source, it is assumed to be 30%Z, since this is the most popular
figure. ) ‘The fourth esitimate ia the table, that of the Pace Company, is
the 500 ton-mile/gal figure dlssuvrnd abovie.  Three of the mors recent

e

estimates are considerad separately below,

Jark Fauceti Fstlmates

As part of 2 for Project Indepenence (¥Federal

Administration 1974), Jack Faucett Associates estimated oll pi

energy intensiveness to he roughly 400 J/kg-km (550 ﬁ(u/rwn i1 ). This
. .

figure is basaed on energy use data obtained from five oo ag
"relatively large diameater pipes” during the period 1970
The average energy Intensivenesss of these panies, waighi

Oy
ments (mgw&m), is 313 Jkg~km (433 ﬁTTftOﬁm(i]£>9 and this fig
adjusted upward to 400 J/ke-lm to aliow for the fact thar lar
are wove sfficient.
[t is disturbiog that the Jack Faucett estimale is abeut 50% higher
than the estimates offaered in this ceport, especially since it g
directly on cowmpany data. 1t is easily of course, that a Tan—
dom sampling of pipeline cowpanies will qua an energy intensivensss as
high as 400 J/kg~km  The four products and five crude systems studied
in Chap. 8, for ewample, showed 430 and Jkeg-km vespectively
(assuming an electric geueratwt inn efficiency of 227, as
does fhe Faveetlt study),  Yeb onoe
syatems and of the obther syshemsg in i}e naf*mn are taken into acoount,
crude and products estimates of 240 and 320 Jke-km for the nation vesult
(agaio assmwming 227 efficienc

=

ristics of these nine

A possible explanation for the discrepancy is that pipeline com-
panies operate move efficiently now than in pre-ewbavgoe years. Chapter 8
explaing how cperating practice can suhstantially affect enescgy consump~
tion,  But it I» difficult o believe that Improvements in opsrating
efficiency can account entirely for the discrepancy. Ancther possible
mxpldn&tinp has to do with the fact that the Jack Faucett figure is

"ad justed to exclude Tuel used on non~-trunk OQQratimns since ton-miles
were avallable coly for trunk line wovements™ (p. 153}, The adjustment
coannld have been incorrect.  But in view of ihe relatively small energy
coaosumnption of gathering lines, this could account only for a small part
of the discrepancy.

2

The most plausible explanation is that the cowpanies rveporting to
Jack ¥Faucett Associates not ooly operated less efficiently in those years
but alse happen to be companies that fully utilized thelr pipelioe
capacity. As pointed out in Bect. %% 3, there appear bo be a fairly large
numbar of cowpanise whose pipelines vun substantially under capacity, and
Lhese tpnd to improve the overall efficiency of the pipsline network.
Tables 9 7-9. 9 shows that fairlv large-diameter lines, while rumning at

S



capaciry, could easily operate at an energy Ilintensiveness near that
ascribed to the five companies polled by JFA. Since the Faucett method
cannot Aaccount for any underutilized pipelines that may exist, a poll of
five companies ruunning neatv capacity could be expected to vesult in a
substantial overestimate of cnergy intensiveness nationwide. This tepre-
sents a serious deficiency in the Faucett maethod, as well as the others
discussed helow, since energy intensiveness falls off drastically when
the throughpui falls soaeswhat below capacity.

3.2 Aerospace Estimates

The Aercspace Corporation, in a study for the Hnergy Research and
Development Administration (Aerospace 1976), originally estimated crude
and products pipeline energy intensiveness to be 830 and 448 J/kg-km,
respectively (1150 and 621 Btu/ton-wile). [However, these estimates have
been superceded by those in a later vevsion of the Aerospace rveport
(Aerospace 1977), and the later estimates will be discussed here. They
are 423 to 565 J/kg-km for crude lines (depending om the duty factor) and
188 to 252 J/kg-km for products Lines (586 to 782 Biu/ton-mile and 26!
to 349 Btu/ton-mile), vespectively.

The estimates are obtained by calculating the energy required to
move o0il thtrough a pipeline of average diameter at an average flow rate.
The viscosities used ave 30 ¢St for crude c¢il (Sect. 7.3 estimates 7.5
cSt) and 1.7 ¢St for products (a reasonable figure). The average
diameter used is "D? averaged,” given as 13,75 in. for crude pipes and
1.6 in for products pipes. This average is presumably

2
Daye = £13D3 /7LDy (3.1)
i i

where Li is the length of pipe having diameter Dy, No justificarion is
given for using this average, but a justification would presumably go as
follows. On the assumption that the flow velocity v is the sauwe in pipes
of all sizes, formula (2.2) in Chap. 2 implies that the energy intensive-
ness of a pipe of any diameter Dy can be written

EIy = ka/Di , (3.2)

where f is a friction factor and k an appropriate coustant. The friction
factor £ actually varies somewhat with the diameter D, but it can be
presumed constant for present purposes. Since the volume rate of flow
Vi in a pipe of diameter Dy 1s given by

2
Vi = v(w/4)Dy , (3.3)
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the average enecgy Intensiveness, welghted by the oil movements UV in
pipes of each diameter Dy, is

?‘ [(kf\)/Di) “ T_.ivi] ?l}-il)i
Bl = = R = kfw g = kf\)/l)av» . (3. 4)
TLiVy o2
i b LsDy
i

This would justify the use of eq. (3. 1) for D, if the flow velocity v
were In fact coastant with respect to diameter.

The average flow rate used is 9347 w3/d for crude lines and 7074
w3/d for products lines (58,000 and 44,500 bbl/d). There is no word of
explanation as to the origin of this crucial number. One way 1t might
be develsped is to write, using eq. (3.3),

N

M o= RLgVy o= v(n/4)ILgDyg (3.9)
i i

where M 1s the total rveported pipeline movement in m3-km or bbl-mile
Solving eq. (3.5) for v,

2
[V (Q/WE‘I/XLiDi s (3. 8)
i

and the average volume rate of [low is that tvesulting from oil moving at
velocity v in a pipeline of average diameter:

L2
5 LDiLi
- i .
Vay = V('ﬂ'/ﬁ)i)av = M A (3.7
()":Diz‘i)
i

The average velocity v would then presumably be given by

2
v o= Uy /106051 . (3. 8)

This method suffers obviously from the false assumption that v is
constant with respect to diameter. 0Ll velocity varies nolb only among



pipes of diffzrent diaseter, but varies among pipes of like diameter and
varies over time in any giveus pipe. To smooth out these fluctuations by
using a single average figuie results iun a substantial undevestimate of
energy use, due to the nonlinear relarion between energy use an

(lh" uudere tinmiai

e 1is even

worse than that of Method O,

Sect. 8, 2, siice that wethod smooths oufr only the fluctuaiious over time.)
Curiously, the Aerospace timates are high, nor low. Unfortunately
the study is too poorly dOCHmPﬁ ei to permit an explanation as to why
the estimates are as high as they are
3.3 TLeilich Estimates
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diameter is to draw a straight line on a graph of oill velocity vs. energy
intensivensss.  The graph is on linear paper and shows a curve for each
pipe diameter. On the products pipeline graph the straight line i3 made
to intersect the Z-in curve at I&H wph and the 48~in. curve at 6. % mph
(on tips from people in the pipeline industry), asd the velocity at which
the (Oﬂﬁvstiﬂ line Intersects any curve in between is taken to be the
velacity of 0il in a pipe of corvesponding diameter. On the crude pips-
line graph the line intersects the 2-in curve at L wph and the 48~

-

curve at 5 mph. The curves on these graphs represent the relatlonship

BT = ky vl 852/l 165 , (3 9)

Bl = energy intensiveness (J/kg-km),
v = flow velocity (m/s),

D = inside dianeter {(in }, and
ki = an appropriate constant

The stralght line expresses the agsumption thatb enecrgy iantsasiveness is
Eed I i
in practice a linear function of flow veleclity:

for appropriata coostants kp, k3. Fquating the expressions for EL in
(3.9) and (3.10) and solving for d:

1% (]ng)/\ 0. 85?

1 -
d = T . (3.11)

3

{ han 16 i diam&ter and ky = 2460 fm” largeyr linss;
and kg = 195 For gasolis ‘ = G 740)
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kg = 2013 for 4 rs less than 16 in &ud ki = i?i? ipr lavger
diameters; kp =110 and k3 = 538

The resulting relations between valocity and diawmeter are comparsad
in Fig. 31 with those predicted by the regression equations dwrived in
Chap & The latier ave hased on a statistical treatment of s«
hundred observed capacities aod throughouts. For purpuse of di “erbutvna

p

flow among pipe diameters only the slopes of the linss are ilmporlant,
Note that the MM curves are significantly ste r than the 11 : derived

! epe
from ﬁhﬂp. G, exzcept for the products capacity line,
estimate 0f the relative efficliens y of 1i¥0L”& am eter li

lder hly lese than that of this s MM estimates a
line to be, on the average, only L 3 times wore ensvgy latenslve than g
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40~in. line (164 vs. 123 J/kg~kn),* while this study puts the ratio at
3.1 (414 vs. 133 J/kg~km, Table 3 5). P says that the ratio is L 9 for
products lines (307 vs. 161 J/kg-km for gasoline, 428 wvs. 225 J/kg-km for
fuel o0il), while this study says it is 37 (414 vs. 113 J/kg-km, Table
9.6). It should be noted that the results of this study are based not
only ou the regressions of Chap. 6 but also on the reported oil movements
of individual pipeline cowmpanies, some of which own predomicately small
lines and others predominately large-~diameter lines.

Assumption (2), that the flow is more or less evenly distributed
among pipes of a glven diameter, is significantly false. It is pointed
out fn Sect. 9.3 that, while some pipelines are pushed to capacity,
others are undervutilized. This would tend to make the MM figures
underestimates.

Assumption (3), that there are uo significant fluctuations over
time, is likewise false, and a considerable uaderestimate can result from
a failure to recogonize this. The discussion of Chap. 8 makes it clear
that different assumptions regarding the nature of the duty cycle can
result in very differeat estimates, all of them higher than the result
of assuming a constant flow velocity.

The falsehood of assumption (1), no less than that of assumptions
(2) and (3), would tend to make the MMM estimates lower than those of
this study. This can be seen as follows. It is not hard to show, using
elementary calculus, that the distribution of flow amoug different (level)
pipes that minimizes total energy use is one which produces the same head
in each pipe (Mooker, Rose, Bertram 1980, pp. 30~31). From this and eq.
(2.6) it follows that, when energy use is minimized, the flow velocity
varies with about the 0. 57 power of the Inside diameter. This is very
close to the relationship posited by MM (Fig. 3.1). It is also the
relationship that actually obtains when pipes are looped, and this may
partially explain the origin of ®M's assumptions. Since the relation-
ship derived in this study depavts significantly from the minimum-energy
ideal, the resulting energy use should be greater than that resultiag
from MM's assumptions.

As expected, MM's energy intensiveness estimate for crude lines is
lower, 22% lower, than that of this study (Table 3.1). The difference
would be even greater 1f the relatively efficient Alaska Pipeline had not
come into operation between 1972 and 1978. MM 's products estimate,
however, is ome 197 higher than that of this study. This is due in part
to MM 's assumption that pumps have an efficiency of 75-80%, which results
in a coosumption estimate about 12%Z higher than would result from the 867%
efficiency assumed in this study. But the principal explanation is that
when BM 's il products movements estimate for 1972 (310 x 109 m3“km) is

*

MM figures are adjusted, as described in Sect. 9.1, to reflect an
efficiency of electric generation and transmission of 32.5% rather than
30%.



applied to the 1972 products pipeline network, higher flow wvelocities
result than when this study's estimate for 1978 (388 w3-km) is applied

to the 1978 netwerk. For instance, ®M puts the average oil velocity io
8~in. pipes at 1.1 w/s, while this study puts it at 0,94 m/s. For 36—in.
the corresponding figures are 2.2 and L9 w's. Since energy
iveness varies with about the 1. 75 power of oil velocity, this
alone would nmake PIM's energy estimate about 307 higher than it would he
if the velocities derived in this study had been used. This is compounded
by the fact that relatively less oil moved through (more efficient) large-
diameter pipelines in 1972 than in 1278, Ii is to be cupected that these
factors would more than offset errors in the opposite direction that
result from the falsehood of assumptions (1) through (3).

In summary, BM's crude pipeline energy intensiveness estimate is
lower than that of this study because of oversimplifying assumptions
regarding the flow of oil. The products pipeline estimate is higher
because MM used oil movements data that imply a higher o0il velocity and
hience a higher utilization of products pipelines in 1972 than in 1978,

3.4 Banks Estimates

A study done by Systems, Science and Software (Banks 1977) for the
Energy Department puts oil pipeline energy intensiveness at 220 J/kg~km
(300 Btu/ton-mile) for crude oil pipelines and at 290 J/kg-km (400
Btu/ton-mile) for oil products pipelines. Banks, who uses Kaglish units,
declines to provide more than one significant digit.

Bank's procedure is to estimate, on the basis of their reported
fuel cost, the total pumping energy consumpition of pipeline cowmpaiies
~that move primarily crude oil or primarily oil products. To get energzy
intensiveness he divides total consumption by the total bbl-miile shipped
by these companies. He chooses 21 crude and 14 products companies whose
0il movements (bbl-mile) comprise 88% of the regulated crude and products
pipeline shipments in the nation. Since these companies cariy near
crude or nearly all products (usually 95% or wor s
tative of crude and producits operations respectively, He divides
fuel cost of each company, reported on Form (Federal Energy Regul
Commission 1978), by a rough estimate of the average price paid by pipe-
line companies for electricity. He focuses on electricity because oil
pipeline pumps are primarily driven by electric motors.

it

a

e}, they are repi

@

The obvious weakness in this wethod is the difficulty of arriving at
an average price of electricity. FElectric powsr rates depend not only on
the level of consumption at each pump station but on a contracted peak

er demand, which is not easily inferred from the average power demarid
In fact, the ratio of peak to average power demand is lower for pipelines
than for most indusirial operations. Consequently neither an examinatiou
of electric rate schedules nor of a sampling of industrial power bills is
very helpful (this watter is taken up again in Chap. 4). Banks asked



several pipeline companies ro divulge the avevage price paid for elec-
tricity in 1976, but amanaged to get the inforwation from onuly two crude
pipeline companies (2.25 and 2 3 ¢#/kWh) and three products companies
(1.25, 235, and 3 5 €/kWh). Well aware of the suhztantial rvegional
variaticon in eslectric cates, Banks took into account the locations of
these companies to arrive judgmentally at a national avevage of 2.8 ¢/kWh
for crude lines and 2 925 #/kWh for products lines. The resulting energy
intensiveness values ace 207 J/kg~km (286 Btu/tor-aile) for crude lines
and 280 J/kg-km (388 8ru/too-wmile) for products lines, which Banks rounds
to 300 and 400 Btu/ton-mile, respectively.

It is possible to dispate at length about the accuracy of Banks'
rate estimates. The Jack Faucett study mentiocved earlier states that
L.75 to 200 #/kWh 18 a berter gusss of pipeline electric ratss in 1974,
The relevaob guestion here, however, 1s whether Baok's estimate 1is
accurate even in its one significant digit. Note that an average rate
of 207 #/kWh, ratherv than % 8, would have resulcn in a calculated
energy intensiveness of 386 Btufton-mile for crude lines, rather than
286. An average rate of 2 33 ¢#/kWh, rather than 2 925, would have
resulted in an energy intensiveness of 488 Btu/ton-mile for products
lines wather than 388, Consequently it is difficult to have wuch confi-
dence, on the basis of Banks® evidence, that his one-digit figures are
accurate even in their one digit. In fairness to Banks, howevetr, it
should be uoted that probably ano greater degree of confidence could be
obtained without either a nationwide zolicitation of pipaline companies
for data or a study requiring substantially wmore time and lahor

1t can be sean in Table 3 1 that Banks’ estimates are quite close
to those of the present study. This suggests that either (1) Banks'
electvic rate estimates are rvight or (2) they are too small, but this
ervor is offset by the fact that the five cowmpanies respondiog to Banks
were less efficlent than the average, perhaps because thelir capacity
utilizatinon was greater than average.






4, DATA SGURCES

It is impossible to leavn pipeline energy consumption directly.
Although most pipeline companies annually file a S4-page form, Form P,
with the Federal Fnergy Regulatory Commission, the form contains wmostly
financial data and nowhere calls for an indication of fusl consumption.
No other agency or organization collects fuel or energy use data from
pipeline cowpanies, and pipaline companies seldom publish such infor-
mation in corporvate annual reports or other brochures. Some companies
have beeo found guite willing fo turn over the information if contacted
persmmally, but this has been the ezception vather than the male (Banks
19773, Indeed, some pipelioe companies seem not even to keep accurate
records of fuel consumption

The wost straightforward alternative is to infer each pipeline
company's fuel consumption from its total fuel costs, a figure that is
repovted in Form P (line 4, irem 320, p 40). This strategy was followed
by Ranks (zee Sect, 3.4). But the rates paild vary considerably from one
company to another and from one year to the gext, and it is as difficult
to learn the average tate paid by a company as it is to learn its fuel
congumption., Pipeline companies do not publish such information, and
many companies have been fouund wnwilling to divulge it. 1t is true that
most. oil pipeline pumps use electricity and that rate schedules for every
U. 8 utility are published in the National Electric Rate Book (1973).
These rate schedules are cowmplex, but it would seem that one could write
computer programs for the calculation of power bills at a given level of
consunption and find, with the help of a computer, the consumption level
that results in each company’s reported power bill. But this requires
that one sowehow divide a company's power bill among its individual
pumping stations, since it is consumption at pump station meters that
determines the rate. Also, the power bhills of companies that patronize
more than one utility must bhe divided among the several utilities.

Worse, a major component of an iodustrial power bill is the power demand
charge, which iz pegged to a contracted peak power demand that cannot be
reliably inferved from the average level of consumption. The auther has
dealt with these difficulties in ovder to estimate the energy counsumption
of two all~electric pipeline companies (Hooker, Rose, Bertrvam 1980), but
on a national scale their resclutioa appears not to be possible within
the resources of this study.

Since there are no direct reports of pipeline energy use, and since
fuel cost data permit nce more than an order—of-magnitude estimate, the
available information sources must be surveyed to determine whether a
less direct method of estimation can be devised. Such a survey comprises
the rest of this section

1. The American Petrvoleum Institute publishes biennially a series
of six large~scale 3~ ¥ 9-ft maps depicting the U. S. crude oil and oil
products pipeline network (American Petroleum Institute 1977 and 1979).
These maps show sach pipeline's nominal diameter and company ownership.

l-1
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The length of each segment of pipe can be weasured on the map within two
or three miles. The crude and product lines are shown on separate maps,
and lines dedicated to LPG are so designated. The information on these
maps was reduced to machine-readable form for this study (see Appendix D).

2. Interstate commoii-carrier oil pipelines annually submit Form P
to the Federal FEnergy Regulatory Commission (Federal Fnergy Regulatory
Commission 1978), a form that as mentioned earlier shows total fuel
expeases in Item 320, 1In addition Ttem 400 tabulates the quantity of
crude o0il and of oil products (itemized by product) received from con-
necting carriers, originated on gaihering and on trunk lines, delivered
to connecting carriers, and tevminated on gathering and oa trunk lines,
The form asks for a breakdown by state. There is also a blank in which
the respondent is asked to enter the total barrel-miles of trunk line
movement for crude and for products. Unfortunately theve is litile coun-
sistency in the way different companies respond to this item, and nearly
every vesponse 1s incomplete in one way or another. It is seldom pos-
sible to infer the average throughput of any one segment of pipeline.
Tiie responses are useful, however, for learning the relative volumes of
different products carried and thereby permitting an inference of their
viscosities and densities. Respouses to Form P are uot published. Some
tabulations are made by the Faergy Inforwmation Administration (EIA), but
most are not published, veportedly because EIA officials are unsure of
their validity (Dawson 1979). Employees at the Federal FEnergy Regulatotry
Commission have been very cooperative in providing information from
Form ¥, but due to the magnitude of the task the above information was
obtained by sending someocne to the appropriate office to photocopy the
forms at his expense.

3. The National Petroleum Council has prepared an accournting of
U. S. o0il and gas transportation capacities (National Petroleum Council
1979), the first such accounting since 1967, Design capacities and
actual operating capacities in barrels per day (as estimated by the pipe-
line companies) are shown for most trunk lines, although what is treated
as a single pipeline may consist of several lines vuaning parallel. Also
a pipeline assigned a single capacity figure may consist of segments
having several different diameters, probably indicating changes in
capacity. Finally, a good many pipelines, some of them important, are
not covered. Actual throughput is not indicated- The report was
obtained on the day it was released by the printers, January 17, 1980.

4. The Congressional Research Service and U. S. Geological Survey
Energy Tramsportation, written for the Senate committees on %ﬁg¥gy and
Natural Rescurces and on Commerce, Science and Transportation (U.S.
Congressional Research Service 1975). One of these maps show major oil
product pipelines overlaid with colored bands whose width indicates 1974
throughput. The flow in individual lines is not shown; generally only
the combined flow in two or three or perhaps two dozen roughly parallel
lines is shown. It is often unclear which lines are represented by a
given band. The magnitude ¢f the flow can be inferred only by measuring
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the band width a scale in the legend, A similar map depicts
crude oll pipelines ghpouts.  These maps are not withoul errors;
most noticeable is the appesarauce of what can only be the large Lakehead
crude oll pipeline on the map of products pipelines. af thess maps are
the best availahle source of irformation on pipeline throughput. By
priov agresment with the eline companies, the data on which the maps
are based were destvoyed once the maps ware drawn. Pipeline companies
regard release of & on as harmfol to thalr cowpetd
advantage oy ag ap invitation fo 1nurmaqwd and excessive government
regulation BSeveral companizs supply detatlled throughput information to
the government, but with the sti pu1at1un that 1t be used only for the
purpose of national defeuse (Ellevbrake 1979).
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5 The 011 and Gas Journal annually publishes a 1ist of pipelioe
compani and their reported delivevies In barrels and ifru line ship-
menta in bﬂrr@immiles {011 and Gas Journal 1979)., These figures are
compiled from Forw B It should be carefully neoted that the figuzus For
deliveries are far teoo large due to double counting. The delivevies
reperted on Form P by each pipeline compauy incluwde deliveries to Con
necting carriers, and the 0il and Cas Journal does not take cognizance
of this, (Also, the 1979 repnri covering 1978 movements, overstates
the Lake Tharles Pipeline {ompany bbl-wiles by a factor of 1000,
resulting in a products bbl-mile figure that is 187 too large. )
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6.  The Bnergy Informerion Administration (EIA) has published
triennially an inventory of % pipeline mileage broken down into crude
oil trunk lines, crude oil gatheriag Ilines, and oil product lines (HIA
1978).  The mileages are also broken dowa by state and by pipe diamster.
Unfortunately the 1378 edition, accurate as of January 1, 1977, is the
last one that ig fo be nunh‘bhed

/. he BIA also tabulates movements of oil products bhetween
Petroleum Administration for Defense (PAD) districts in the Energy
Reports publicatica "Crude Petroleum, Petrroleum Products, aund Natu
Cas Ligquids”™ (BTA 1979), The came bulletin shows bhoths intrastate
interstate pipeline deliveries of domestic crude oil to velineries, by
state, as well as production of crude oill by state. From this infor-
mation one can, with sufficient care, deduce the throughput of a good
many pipelines or groups of pipelines, and the asuther had developed
elsewhera 2 wethed for doing so systematically (Hocker 1980)., Such a
deduction was not attempted for this study because a goed deal of labor
is necessary to set up the problem for cowputer solution. Since there
was no guavantae that enough throughputs would be deducible to make the
effort worthwhile for present purposes, it was thought hest to invest the
limited time and resources available to this study Iin surer efforts. On
another cccasion, howaver, this approach to the problem of detemining
oil pipeline flows would be well worth tyying for its own =ake,

8, I 1980 the FIA administerad a survey form, EILA-184, which
vequests falvly derailed bhistorical information regarding ﬂip eline
throughputs in the years 1968-79, At present there are no plans to
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extend the form's use beyond this one-time survey. The detailed data
have not been published but have been recorded on computer tapes. These
data would permit a much more accurate deduction of throughputs,
according to the method mentioned in the previous paragraph, than would
otherwige be possible. Unfortunately the data were not available early
enough for use in this study.

9. The trade journal Pipeline (often called "Pipeline News™)
publishes aniually an issue containing a directory of pipeline companies
and their officers and managers (Pipeline 1979). Some of the companies
offer statistics concerning pipeline mileage or installed horsepower or
even thrvoughput, but to no consistent extent. The directory is useful,
however, for unraveling the ownership relations among pipeline companies,
an essential part of matching the company names on pipeline mwaps with the
often different names in the 0il1 and Gas Journal's tabulation of barrel-
miles shipped.

10.  Such industry magazines as 0il and Gas Journal, Pipeline,
Pipeline and Gas Journal, and Pipeline Industry can be valuable sources
of information on pipeline technology and operations.

1l  The list of references at the end of this report cites numerous
other helpful sources of information about pipelines (e. g TInternational
Pipeline Contractors Association, 1979; Jones 1973; TLewis and Hangs 1963;
Petroleum Extension Serwvice 1973).



5. OVERVIEW OF THE METHOD

The data sources described in the previoug chapter perait one to

pipeline in the United States and to perform engineering calculations
that result in an estimate of the energy required to pump the oil. This
chapter contains a synopsis of how this is done. Chapters & through ¢
provide a more detailed accounting.

Figure $.1 in the Summary depicts schematically bow enerpy use hy
truok lines is estimated. The process can be divided into four main
stages, as follows.

1. Estimate the 1978 throughput (avevage flow rate) in each pipeline
seguent (boxes 12 in Fig. 5.1).

2. Use actual evergy consumption data from a few companiss to determine
how the flow rate in a given segoent can be assumed to fluctuvats
(box 4.

3. Perform engineering calculations, based on pipe roughoess, oil den-—
sity and viscosity and flow in each segment, to estimabe the “pumping
energy” for that segment - i.e., the mechanical energy that must be
deliveved by the pumps to punp the oil (box 3, 5, and 6).

4. Estimate the fuel-to-oil efficiency, which {s the efficlency with
which energy released from the cowbustion of primary fuel is converted
to pumping energy, and divided the result inte the pumping energy ta
get actual energy consumption (boxes 7 aand 38).

Bach stage is discussed sepavately in the four sections of this chapter.

The above calculations omit the energy used by crude oil gatheving
lines. Ttz estimation is a thorny problem, insoluble with any kind of
accuracy. Here, the energy required to run each state’'s gathering lines
at their predicted capacity is computed. Since this often Implies an
unreasonably long average length of haunl {due to idle lines), any average
length of haul above the national average is shortened to the national
average. Pipe mileages for each diameter in each state are published by
the federal govermment (Energy Information Administration 1978).

5.1 ZEstimation of Throughputs

As rewmarked in Chap. 2, this first stage is the most difficult one,
because energy use 1s highly sensitive to rate of flow and because
throughputs are not reported. The strategy used here is to apportion
each pipeline company's reportad oil movements in P among the pipe~
line segments in its system. (A pipeline segment, as the term is used
here, is a single length of pipe over which there are no diameter changes,
no connections with other lines, and no state line crossings.) The
apportionment is made by determining the normal throughput of a pipeline

5~1



having a given diameter and throughput capacity, and by placing on the
segments belonging to a given company those titroughputs that have the

same ratios as normal ihroughputs for those segments and that add up to
the company's total mevements. The normal throughput (average m3/d) in

a pipeline of given diameter aund capacity is determined via a regression
described in Chap., 6. [f the throughput capacity of a segment is not
repoy ed; it 1s estimated on the basis of its diameter using another
regression formala derived in Chap- 6, If the capacity of an individual
segment 1is not reported but the total capacity of a group of parallel
segments of which it is a me: reparted, then that segment's capacity
is assumed to bear the ratios to the capacities of the other segments that
e predicted by the capacity regression formula just mentionsd  Finally,
a compauny does not veport its total movemants at all, they are assumed
tuv ke those would result from the throughputs predicted by the two
regivession formilas just mentioned. This is made more precise in Sect,

“

The derivation of regression formulas in Chap. 6 begins with an
independent justification of the functional forms used. A generalized
cost-engineering study of pipeline construction is carvied out, and it
concludes that throughput capacity C is reasonably taken to be a power

a
function of pipe diameter D, C = xDY¥Y. Actual throughput V is represented
as a product of capacity and a power function of diametev, V = z2CD%

Estimation of the parameters x, y, z, w proves difficult because of the
nature of the data, which are provided by a study of pipeline capacities
by the Natiomal Petroleum Council (1979) and by a map showing throughpuls

that was prepared by the Congressional Research Service (1975). ‘The
difficulty is that the capacity or throughput of an individual line is
often not provided, bhut only the capacity or throughput of a group of
parallel lines of which it is a member, Furthermors, the Uhroughputs map
indicates only ranges within which the throughput magnitudes lie, vanges
that are often too broad to collapse to a single representative numbbn
Sections 6 3 and 6.4 develop a method of estimating x, y, 2z, w simulta-
neously with the parameters of a2 hetervscedasticity functlon while over-
comlng these difficulties. The parameter values are obtained by numerical
solution of 2 system of nonlinear equations.

It should be understood that the regression formulas are not gener-
ally used to predict directly the capacity or throughput of a given
pipeline segment. They are used to prescribe the ratios by which the
total capacity or throughput of a group of pipes is allocated to the

individual pipes. (In other words, in most cases the values of the
miltipliers x and z do not matter; only the exponents y and w {igure in
the calculations. ) Total movements are got fo nearly all federally

regulated companies by consulting the 0il and Gas Journal (19279), which
tabulates figures submitted by the omp&nles on Form P (Federal Energy
egulatory Commission 1979). Companies whose (hroughputs must be esti-
mated solely by regression formilas are the unregulated ones. It is seen
in Chap. 9 that they are responsible for less than 10% of pipeline oil
movements nationwide. Thie capacities of most of the imporcant pipelines,
or groups of parallel pipelines; have been published by the National



Petroleum Council (1980). Quite a few pipelines are not covered, and
their capacities mst be estimated solely by the regressico foruala. But
since capacity is used only as one term in the throughpul regression
formula, which is in most cases used only to allocate a company’s veported

total movements among its pipes, the resulting errors should be small.
5 2 Fluctuations in Rate of Flow

Infortunately it is not enough to konow the throughpat (i.e., avevage
flow rate} of a pipeline segment. Every pipeline shuts down for main-
tenance or vepairs now and then, and the average velocity of oil while
the pipeline {s runniag depends on how long the line is inoperative.
Since the energy intensiveness varies almest with the square of the
velocity, longer sbutdown pericds result in a substantially higher total
energy coansumpbion, even if the total annual throughput is constant,
Worse, pipeline companies which carry less than capacilty must adopt some
strategy for reducing throughput below rhe maximum  They do not reduce
the speed of the motors, since most of their woters do not permit this.
They wight shut off some of the pumps, vun all of them part of the time,
throttle the flow by closing walves partway, or perform some combinabion
of these actions. The procedure followed can make a bhig difference in
the total energy consumption that results.

Chapter 8 attempts to determine which generalized strategy of
redocing flow and providiog for maintenance shutdown vesults in energy
use estimates that best fir the actual energy use figures provided by a
handful of pilipeline companies. The calibration provided by these company
data also serves to confirm the wire-to-oil efficiency adopted in Sect.
9.1. In addition it provides an opportunity to make cough estimates as
to the potential errors that rvesult from the methed employed here.

5 3 Estimation of Pumping Energy

As noted earlier, “pumping evergy” refers to the mechanical energy
actually delivered to the oil by the pumps. It is the sum of the energy
required to overcome friction and that requivred to overcome the net ele-
vation change. The latter is of course negative If the downstream end
of the pipe 1is lower than the upstream end

Formulas (2. 2), (2.4), and (7.1) are the basis for calculating the
energy required to overcome friction, as explained in Chap. 2.  The
information required for the use of these formulas is developed as
described below.

1. The length of each pipeline segment. This is taken directly from a
computer data set coded from the American Petroleum Institute maps
(ARL 1977).
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2, The inside diameter of each segmeat. The nominal diameters are read
from this same data set and converted, as detailed in Sect. 7,1, to
inside diameters.

3. The pipe roughness. See Sect. 7.2.

4, The density of the oil. The density of oil products is based on the

mix of products delivered by each pipeline company, got from Form P

(Federal Energy Regulatory Commissicn 1978), and the density of crude

01l is givea a single average value. See Sect. 7. 3.

The viscosity of the oil. Viscosity receives a treatment similar to

that given density. Section 7.3 discusses the effect of temperature

on the viscosity of pipeline oil.

6. The rate of flow. The estimation of this most important quantity is
the task of stages 1 and 2, already discussed.

3
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The effect of gravity on energy use, significant in some states, is
estimated simply by compuiing the rafte of elevation gain in wm/km for the
larger pipelines, and taking an average 4 of these rates for each state,
weighted by the movements in m3-km caried by each line (Seec. 7.7). If g
is gravitational acceleration in N/kg, then gH represents the average
energy raguired to pump one kg of oil one km against gravity. Conse-
quently, if M is a state's total oil movements in kg-km, MgH is the
total pumping energy (possibly negative) used in that state to overcome
gravity.

5.4 Estimation of Fuel-to—-0il Efficiency

Pumping energy is converted to actual energy consuniption by dividing
it by fuel-to-oil efficiency, which is the efficiency with which energy
in the primary fuel is delivered to the pipeline oil., 1If the pumps are
driven by electric motors, fthe fuel-to-cil efficiency is the product of
the efficiencies of electric generation and transmission, motors and
pumps. If the pumps are driven directly by prime movers (diesel or gas
engines, for instance), it is the prodiict of the efficiency of the prime
mover and that of the pumps. An average efficiency 1is then computed for
crude and for products pipelines, weighted by the fractions of pumping
power supplied by electric and other drivers. The difficulty of defining
what one means by the efficiency of slectric generation and transmission
is discussed in Sect. 9. 1.

These fuel~to—o0il efficiencies cannot he calibrated entirely by
reference to the companies from whom actual energy consumption figures
are availiable (see Chap. 8). This is because the efficiency must be
known at least to lie in a certain raange before the company data can be
used to choose the best model of the duty cycle. The method adopkted here
is to consult engineering handbooks and utility data (Sect. 91.) so as
to place fuel-to-0il efficiency iin a range narrow enough to permit a
choice of a flow scheduling wodel in Chap. 8 It turns out that under
any reasonable choice of a scheduling model, the efficiency must be at
the upper end of this range. As a result the fuel-to-oil efficiency is



determined in pavt by the calibrating data and in part by engineering
handbooks and atility statistics.






6. REGRES5L0Y FORMULAS

The object of this chapter is fo find a veascnable regression of
pipeline capacity on dlameterv, and of average daily throughput on ca-
pacity aod diameteyr, Functional focms for these regressions arve chosen
regpectively in Sects. &1 and 6,2, and estimation procedures for thaiv
parametecs are devived in Sects, 63 and & 4. Section &5 describes the

nunerical results of these sstimaticn procedures.

&, 1 Functional Forw of the Regression of Throughput Capacity
on Uliameter

Since the cross-sectional avea of a pipeline varies with the square
of ifts diameter, it mway ses a reasonahle guess that 1its capacity likewise
varies with the square of the diameter. But thils presupposes that the
vaelocity with which the pipeline is designed to move the oil does not
vary with diameter, when as a watter of fact % pipelines tend to be
designed for faster movement. Another guess might be that the pressure
drop per bm in a pipeline varies liistie with diameter aod that the
throughput capacity would thevefore exhibit the dependsnce on diameter
jmplied by the D'Arcy~Wedsbach equation, ¥g, (2.2). That is, ecapacity
would vary more ov less with the 2.5 power of the diametsv.  But the
pressure drop {(and coasequently the friction head) tends to be coo-
siderably less in lacger plpellnes, Rather, the correct exponent lies
somewhera between 2 and L 5

The difficulty is that neither the typical desigoe velocity of flow
nor the resultant pressure drop bears any obvious rvelatinn to the pipe
diameter. This is because their cheice 1s influenced by a oumber of
econcmic factors. Generally wheo one proposes the construction of a
pipelina, he has 1n wmind an estimated desirved throughput and wishes to
choose the optimal canfigurftiun of equipment to %LcﬂmmaddLe this
throughput. This vequires balancing Hm advantages of a large pips
against those of a swall pipe. A lavge pipe costs more, but it is less
energy Inteosive and so veduces power bills and the cost of installiag
pumping howvsepower. A smaller pipe cuts materlals and plpelaying costs

&

but {is more expensive Lo operate. Another variable is the strength of
the pipe wall A strong wall cost wore but permits a higher pumping
pressure to move the oill through a smaller—diameter pipe. A weaker plpe

iz less expensive per diameter inch, but it must have a largs diameter
to accommodate the desired throughput.

5,1 illustrates the relation betwesn cost

throughput, and

3
diameter. Zzamination of this figuvre reveals a seeming paradox 1n pipe
line econcmics. HNote that the optimal throughput fur a 12~ip. pipeline
i

is about 85410 ©/d, while the optimal cholce of pips eter for an 8500
t/4 throughput is not 12 but 16 in  Tn general, if D iﬁ the optimal
diameter for a given throughput capacity €, then the optimal capacity for

"~
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diameter D is larger than G Partly for this reasoun a pipelioe is com~
monly built to withstand higher pressures than those initially used.
This allows future installations of additional horsepower to respeund to
demands for increased throughput while lowering unit transportation
costs.

It is difficult to say whether it is bhest to assume that diameter is
typically optimal with respect to capacity or vice-versa. Although the
initial design probably optimizes diawete¢ with vespect to a given
desired capacity, older pipelines that have undergone ilacreases in pumping
power should tend wore to optimize capacity with respect to a given
diameter. It turns out, however, that either approach yields the same
functional form for the regression of capacity on diametev. Some evidence
for this can be gleaned from Fig. 6.1, which suggests on either assuap-
tion that the regression has the form of a power function. Tor, if D is
the optimal diameter for capacity C, fhen ¥Fig. 6.1 is compatible with
the regression function

¢ o= xDY (6. 1)

where the exponeat y is of the ovder of 28 and x is an approprlate
constant of proportionality. The t2 statistic for the regression is
0.98.% Likewise if ¢ is the optimal capacity for diameter D, then the
same function describes their relatiounship, where v is of the order of
2.1, and rZ is 0.99. This suggests that a power function could be
appropriate for regressing pipe capacity on diameter, albeit a fair
amount of scatter of points about the regressgion line can be expected,
since different pipelines of a given diameter are likely to be in 4if~
ferent stages of development and hence to have different capacities. 1Tt
also suggests that the resulting exponent would lie between 21 and 2. 8.

It is unwise, however, to choose a functional form for a regression,
such as Eq. (6.1), solely on the ground that it fits some available data
fairly closely. It is preferable to be able to justify the choice of
function by appealing to a model or theory that purports to exzxplain the
phenomenon in question. In fact, a simple cost model for pipelines, to
be presented below, suggests that Fq. (6.1) probably dees not mirror the
actual relationship between C and I  Nonetheless this sawme model shows
that Bq. (6. 1) is correct if one makes some simplifying assumptions,
These assumptions will be seen to be inmocuous enough to justify the use
of Eq. (6.1) for the purpose of this study.

¥
The capacities for which the three diameters 10, 12, aond 16 in

were taken to be optimal are the midpoints of the raanges of capacities
for which these diameters, among those represented, are optimal: respec~
tively, L 00, L 95, and 3,82 x 106 t/yr (metric tons par year). The
exponent was estlmated using a log-~linear regression model,



A highly simplified analysis of pipeline costs would go

c(total.D,C) = c(operation,D,C) + c(pumps,D,C)

(6.2)
+ c(pipelaying,D,C),
where c(total,D,C) = total cost of buildiug and operating a pipe-

n

line with diameter D and capacity C;

total operating costs over ihe lifetime of the

equipment, approupriately discounted, whewn the

diameter is D and the capacity C;

c(pumps,D,C) = labor and materials cost of installing the

pumping equipment, whes the diameter is D and
the capacity C;

c(pipelaying,D,C) = labor and materials cost of installing the pipe,
holding tanks and related facilities when the

diameter is D and the capacity C

i

c(operation,D,C)

The pipeliner's aim is to minimize the cost per unit traasported,
c(total,D,C)/C. This can be done by finding the optimal diamster D once
the desired capacity is fixed, ov by finding the optimal capacity C once
the diameter is fixed. The remainder of this section wil attempt, through
an analysis of the three terms in Eq. (5.2), to establish that in either
case the resulting relationship between C and D is expressed accurately
enough by the simple power function (6.1).

One assumption that wast be made ia the analysis to follow is that
economy of scale generally behaves according to a power function. That
is, if Q measures the quantity or size of an opervation and ¢ its cost,
then

c = knt

<

I

where the exponent © is less than one. ('k', here and elsewhere, is a
dunimy symbol that stands for whatever constant of proportionality is
appropriate in a particular contexi. When twe k's occur in the sawme
formula, they need not be ths same quaintity.) This sort of relationship
has besn borne cut by cost-engineerving studies in many contexts, particu-
larly in the transport of energy (Marchetti 1975, p 3). Therefore, the
use of a power function to describe ecconoiy of scale will be presumed to
have, at least to some extent, the kind of indepeundent justification
endorsed above.

6. 1.1 Operating expense
2 ;

First to be considered is the cperatiag expense c(operation,D,C).
The dependence of a pipeline company's operating expense on the physical
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characteristics of the pipeline itsell is of course very complex and
gsengltive to extraneous factors. Yet a relationship can bhe discecnad,
if sowmewhat dinly, between fuel expense and total operating expense, and
fuel expense can be velated to the dimensions of the pipeline itself, A
log~linear regression of the total operating expease c(operation,D,;C) of
78 crude oil pipelines on their fuel ewpeanse clfuel,D,C), based on data
from Form P (Federal Bnergy Regulatory Commission, item 320, lines 4 and
21), results in the forumula

c(operation,D,0) * 171 c(fuel,n,c)0 752 |

The points are widely scattered, and the r2 statistic is only 0. 78, A
similar treatment of 60 products pipelines glves

coperation,D,C) = 430 c(fuel,n,c)0- 63 |
Here r?2 = .71, A working value for the exponent might im general be O 7:
c{operation,d,C) = k c(fuﬁl,ﬂ,C)tl , where t; * 0.7 , (6. 3)
Economy of =zcale (if any) in the purchase of fuel implies that
c(fuel,n,C) = it 2 , (6.4)

where ¥ is the fuel consumption and t) is less than one. Some 79% of
oil-pumping horsepower is supplied by electricity McGowin 1973, p. 32),
so that the value of ty depends on the nature of electric rate schedules
A computer prograun developed for ancther stady (Hooker 1979) was used to
calculate the average power bill charged by 14 eleceric utilities serviag
the Colonial and Plantation pipelines along the Eastern Seabeard, ar
consumpticn levels typical of pumping stations belonging to these
pipelines. The calculations were made usiag the actual rate schedules

in effect on July 1, 1977, Based on the results of this prior study, the
ratio of the average vate of consumption to the contracted peak power
demand was taken to be O 385, and the power demand charge was computed
accordingly. A log-linesr vcegression yielded that there is little econ-
owmy of scale in these industrial electric rates; typ was fouad to be 0. 94
(x? = 0.998).

Finally, a level pipeline's fuel consumpioca F is its friction head
hig, estimated by formula (2.7), times the weight w of its throughput.
Since the design throughput weight is proportional to the capacity C,
the fuel consumption is
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ty+l

F = hew = kheC = k(Lc"3/D%4)c = kc™3/pt | (6. 5)

where 1. is the length of the pipeline and where tg = 2.75 and ty4 = 4 75,
as in formula (2.7). When (6.5) is substituted into (6.4), and (6.4)
into (6.3), the result is
tq+1
c At

c(operation,D,C) = k(L-——:— .
nta

where tyto = (0.7) (0.94) = 0.66. Since the length L is not a variable
of intevest here, it can be fixed and incorporated in the constant k

t3+l

c(operation,D,C) = k(c r/_)tltZ . (6.6)
DL4

It should be noted that if the above regression of operating cost on
total cost were performed on pipelines all having the same length L, the
estimate t] = 0.7 might change.

6. 1.2 Cost of pumping equipment

The cost c(pumps,D,C) of installing equipment should be roughly
proportional to the cost of the equipment itself. A rule of thumb in the
pipeline business is that the cost of pumping equipment varies roughly
with the 0.7 power of the power rating P, so that

c(pumps,D,C) = thS » where ty = 0.7 . (6.7)

-~

A regression based on 0il and Gas Journal cost data (1978, p. 567) puts
ts at 0.69 The power requirement P is the product of the design fric-
tion head hg, given approximately by formula (3.4), with the weight rate
of flow in N/s. Since the weight rate of flow is proportional to the
design volume rate of flow C,

ta+l

P = khpC = ke 3 ypth (6.8)

where tg = L 75 and t4 = 4.75. Substitution of Eq. (6.8) into (6.7)
yields

ta+l
c(pumps ,D,C) = k(gmm-]t5 . (

.

DL4

O

[«
.
o
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6. 1.3 Cost of pipelaying

The final terwm in the cost formula (6.2) is the cost of layiang pipe,
the most difficult cost element to characrterize. A breakdown of the cost
of pipeline constvuction (inciuding pumping stations) based on reports
submitted to the Faderal Enevgy Regulatory Commission in 1978 goes as
follows {(0il and Gas Journal 1978, p. 67):

Percent of total cost

Ltem Crude Product

Pipelines Pipelines
Tand 0. 4 0.5
Right of way 2.5 2, 8
Line pipe 3.0 25. 5
Line pipe fittings 39 35
Pipeline construction 38. 4 41,6
Rigl ldings 2. 8 2.2
Pumping equipmeof 3.5 3,6
Machine tools and machinecy 0.0 0.0
Other station equipnent 6. 8 8. 6
01l tanks 5.5 7,0
Delivery facilities 1.5 3.0
Communications systems 1.0 0.1
Of fice furniture and equipment 0.1 0.6
Vehicles and other work equipment 0.6 0,6
Uther 0.0 0. 8

(These data ave gathered froam responses to item 320 of Form P. ) These
costs can be divided into three groups:

Crude Products

1. «f{pipe,D,C) = cost of line pipe and fittings 35% 29%
2.  e(pumps, D,C) = cost of pumping power (i.e., 15% 14%
pumping equipment, buildings, other station
equipment)
3. c(other,D,C) = cost of everything else 50% 57%

(mainly pipeline construction)

The pumping costs have already been considered. The remaining division
is convenient because as will be seen shortly, the cost of line pipe is
sensitive to both diameter and capacity, while the cost of installing

the pipe can probably be rvepresented as dependent on diameter ounly,
Therefore, since c{pipe,P,C) is cearly all line pipe cost, it caa veason-
ably be represented as a function of 0 and C, whereas c(other,D,C), which
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is dominated by the cost of Jjayiag the pipe, can be represented as a
function of D alone. It should be understood, of course, that these
costs can depend on a oumber of other factors as well, such as the dif-
ficulty of terrain, weather, ease of access, and so on. But it will be
assumed that these factors are not corralated with pipeline diameter ov
capacity, so that they can be ignored in the present analysis.

The cost of line pipe depends on its diameter and its pressure
rating, and the latter is a function of the wall thickness and the grade
of steel used. A representaibive price schedule listing 557 varieties of
line pipe (American Steel Pipe 1979) suggests the regression

c(pipe,D,c) = ky opt7 | (6.10)

where Y is the pressure yield point in N/cmz, D the inside diamster in
inches, and where k = 0,036, tg = 0. 75, t7; = L 72 (£? for the regression
was 0. 87, The pipe diameters ranged from 8 to 20 in. , the wall thickness
from 0. 156 to 0.375 in. and the grades from B to X-565). The maximum
expected working pressure can be considersd proportional to the pressure
yield point chosen; generally, maximum working pressure is about 607 of
yield pressure. The margin of safety chosen depends on the circumstances,
but these civcumstances can be presumed iudependent of the pipe's diame— '
ter and capacity. Working pressure is the sum of pressure due to fric~
tion and rhat due to gravity. The maximum pressure Yf due to friction

is proportional to the friction head at the pump discharge, which is
given by formula (2.6) where L is the distance tuv the next pumping sta—
tion or to the end of the pipe. (Discharge pressure ab the downstream
end caun be ignored.) So we have,

Ye = khe = kLct3/pth

Since the spacing of pumping stations depends on many factors unrelated
to diameter and capacity (such as terrain and availability of land), L
can be assumed dependent of D and C and incorporated into the constant k.
As for the pressure due to gravity Y,, it will for the sake of simplicity
be assumed to comprise a fixed fraction of Yz, This means that

~ o t
Y o= Ye o+ Y, = k¥e = KC 3/D74 . (6.11)

Substituting Eq. (6.11) into (6.10),

c(pipe,n,c) = k(at3/pt4)t6pt7 « y(ct3te ptatertyy (6. 12)
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where it has been estimated that tq = L75, t4 = 475, tg = QW75 and

ty = 1. 72, Heote that since tytg — £y = L 84 is positive, the cost of
buying pipe for a given capacity decreases monotonlcally as the diameter
inereases (within the of values coversed by the data). This suggests
that if pipe cost were the only consideration, one ought to chueose rhe
largest pipe and smallest pressure vating that are Jointly available and
appropriate for the desired throughput,

The cost of burying the pipe changes the picture, bowever. Ceaeral
econnmy of scale snggests that

clother,b,C) = k8, (6.13)

it is reasonable to make clother,D,C) depend on diameter alone because
the expense of burying a pipe depends primarily on the size of the pipe
and not on 1ts sirength.  The cost of holding tanks may depead on the
pipe’s capacity as well as lts dlameter, but their cost comprises only
about 104 of clother,D,C). Soeme years ago the 0il and Cas Journal (1958
and 1952) condocted surveys ti

hat provide construction cost data suffi-
clently broken down that the relation between diameter and cl{other,D,C)
can be discernad. Regressing the cost of stringing and burying pipe
plus the cost of vight of way zzainst diameter, these data suggest rhat
tg = 0. 920 (r? = 0, 999), Comhining Bq. (6. 13) with (6.12),

i

c{pipelaying,D,C) = c{pipe,D,c) + clother,i,C)

‘ ! (6.14)
k(B3 ptate 7y 4ot |

Nore that the cost no longer decreases wonotonically, for a fizxed capac—
ity, as the diawmerer increases.

6. 1.4 Relation between capacity and diameter at minimum cost

Substitution of Egs. (6.6), (A.9), and (6. 14) into the cost formula
(6.2) yields the following expression for the cost per unit capacity:

(tq+1)tyeor~-1 (tq+1)tc-1
c 3 1c2 C 3 5

~{total ,D,0)/C = k + k[ e,
cltotal,B,e)/ [ ptatlt) ) N ( ptsts )

_tatg—l tg (6. 15)

(G L ou(P
* k(Dtgtﬁwty) + K C )

wher= the approximats values of the exponents are glven by
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ty = Q. 94,
tq = L 75,
ty = 475,
tg = o7,

tg = 0. 75,
t7 = L 72,
tg = 0. 90,

No pretense is made that Eq. (6.15) is adequate to compute costs for any
particular pipeline. very situation has a unique set of circumstances
that mist be reflected in cost calculations. Yet FEq. (6.15) appears to
capture the basic jinterrelations among the components of cost, those
interrelations that can be expected to operate in any application. For
this reason Eg. (6.15) should be adequate for the derivation of a general
relationship between the capacity C and the diameter D when optimality is
achieved. On the assumpiion that the choice of capacity an diameter is
made in something approaching an optimal way, this relatioanship should

be adequate to describe reality.

a
I

To find the optimal relationship between C and D, first fix the
capacity C and find the diameter D that minimizes c(total,D,C)/C. To do
this set,

§5>c(total,D,C)/C =0,

which, rearranging terms, yields

(ty+l) ety c(t3+1)t5 Ct3t6

() e (G Do ow(—C R
k(Dt4t1t2+t8 ) k‘Dt4t5+t8 )+ r((thg%—rq-}—tg] ' (6. 16)

Solution of Eq. (6.16) for D would give the optimal diameter in terms of

e capacitvy & Now find an optimal capacity C when the diameter D is
fixed. Set

3
£ c(total,d,C)/C = 0 ,

which, after rearranging terws, yields an equation identical to Eq.
(6.16) except for the values of the constants. Solution for C in terns
of D would give the optimal capacity. Unfortunately, Eq. (6.16) has a
closed form solution neither for D in terms of C nor vice-versa. Solu-
tion can be achieved by numevical methods only. Strictly speaking, then,
the dependence of C on D is not described by a power function having the
form of Eq. (6.1), nor for that matter by any effable algebraic function.



Note, however, that if t|ty = t5 = £ the equation reduces to

4 I s e n nmmmaam st - 6. 17
“ptatottg Dt/+t76”t'7"}"t8) ( )

Previous estimates that tyty = (0.7) (0.94) = 0. 66 and tg = 0.7 suggest
that £ty and tg are in fact nearly equal. Equation (6.17) has no
explicit solution, but an observation regarding the estimated walues of

the exponents reveals how a solution can be approximated. Hote that the
ratios

(tq+t)ey . bglg .
D Al L 46 and-wmmmiwﬁm~“<* 0. 48 (5. 18)
ettty bptg-tytty

are nearly equal (setting tg = 0.7)., This means that Hg. (4,17) can be
approximated with the equation

MEL R iaii L (6.19)

for appropriate expoonents a and b (In this instance a % 4 1 and b *
2.8 ) Equation (6.19) can be solved {numerically) for the ratio CQ'AZ/D,
where the solutioo value 1s a coustant with respect to C and D

At optimally, then, € and D bear the approximate relationship

p = ke0. 47
or

¢ o= ks 13,

The outcome Is the same (up to a constant k) whether D is optimized for
a fixed C or vice versa,

The above derivation indicates that if reascnable esztimates of the
parameters are made, and if the simplifying assumptions are made that
tito = t3 and that the ratios in Bq. (6.18) are equal, then the dependence
of C on D is described approximately by a power functiou. The resulting
value 2. 13 of the exponent serves as a check on the validity of the
derivation. It implies that oil moves slightly faster in larger pipes,
which is corrvect, and it is ouly a little swmaller than the estimates got
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in Sect. 6,5 frowm capacity and diameter data: 2.339 for crude lines, and
2. 383 for products lines.

A difficulty that arises in the estimation of the parameters x and
y has already been entioned in Sect. 5. 1. It is that the National
Petroleum Council's pipeline capacity data {described in Chap. 4) some-
times do not show capacities of individnal pipelines, but only the total
capacity of a gioup of parallel pipelines of different diameters. The
estimation procedure muist be designed to accommodate this fact, and this

is done in Sect. 6.3

6.2 Funtional Form of the Regression of Throughput on
Capacity and iHameterv

It would he very difficult to perfovm an analysis, economic or
otherwise, f{rom which one could infer the likely functional form of the
de dence of a pipeline's throughput on its other properties. Certainly,
pi es with wore capacity can be expecied to have, on the average,
g throughput. Buf the fraction of 1its capa01ty a pipeline uses

I

(i.e., its nitilization) is not in any obvious way a function of its phym
sical oharactcristics= Whether a pipeline vius at capacity depend

e market for oil movenent along its route, the tavriffs its owners charge,
on other factors difficult to assimilate into a generalized analysis.

Nonetheless it would be unwise to assume that utilization of a
pipeline's capacity is independent of its diameter and other physical
properties. 1t 1s possible, for instance, thaf larger-diaweter pipelines
tend to be wore highly utilized that smallev ones, perhaps due to their
superior =fficiency. It 1is necessary to be aware of any such dependence,
since the method used in this study requires that a pipeline company's
oil movements be allocated among its pipeline segments in some fashion
that ceflects reality (s ect. 5 1). If throughpit is not generally
proportional to capacity,

ea

S
the allocation mist take this into account.

In the absence of any a

analysis of the dependen
question, it seems best to re t

it using a func

simple as possible while prov1ding for one or more parameters that
reflect the degree to which a pipeline's utilization depends on its
capacity and diamelter. The following functional form suffices:

v = ac(cbpc) (6. 20)

where V is the given pipelire segnent's throughput, C its capacity, and
D its (inside) diameter. This function shows throughput to be propor-
tional to the product of cap c1ty and a correckion factor CbDC that is
proportional to utilization, Since it is Je irable to minimi the
number of parametfers to be estimated, veplace € with its regr

formula estimate (6.]) Lo get

(0
4]
[N
@]
=
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V os oaxbonbYRe = L0opg (6. 21)

z is the parameter of intevest. TIf =z is zero, throughput is
propertional to capacilty. If z is pos: larger~diameter
are more fully vtilised than smaller ones, and vice-versa {f
tive. Since ao heavy depeadence of utilizaf ameter is expeocied,
the abscolute value of conside sv to zevo than to

one. That is,

be the princt

deterninant of ; although its dia T
some Influence.

Two problems in the esztimation of u and 2z should be mentioned. One
is the problew that avisss in connection with the sstimation of capacity

£

throughputs of individoal 111?? are often oot
total throughput ¢ rallel linasz.
This is a more se:iowg problem for the throughput auge the
Congressional Resear Servvice wap, frowm which thrwughgut ohaarvations
aras taken, often covers thiee, five, or
single h?(ﬂi?aqﬂlL Fi;n

for which throughputs

regression ps
raported, bul

=
[

ragrassion be

an ten parallel lines with a2
n;-!,df "J(yp]y fov-r 111’&3\3111!7} 1]1”)@5;
ap- 4 for a description of the

;h

data sources. ) The estimai crcribad in Becr, 6. 4 accom-

modates this weak

estimation of u and =z is that
throughputs ave given on the Lkﬁ map in maltiples of 5 x 107 bhl/year.
The result is that many If not mest of tha observed throughputs ave

5 « 106 bhl/vear, even though the (groups of) pipes haviag this through-
put may differ in diameter. Tt would be a distortion to vequire that an
estimation procedurs try to it a2 curve to data showing that so many
pipes of different diameter have the same throughput. Since the data
simply do not distinguish threoughpute in this range, it seews batter To
design an estimation procedure that assumes only that the thUUghﬁUﬁS sel

I

at 5 % 106 bbl/year are somewhere between L % and 7,5 x 108 bbl/year,

Ancther problem that be

.-\

and similarly for other throughputs This substitution of ranges for
single wvalues has little etffect when the throuvghput is, say, 100 miilion
bhi/year, but it is impertant when the throughput is 10 million bhl/yeac

or lezs. It permits the estimation provedure to take inito account only
30 mich knowledge about fypical throughputs as actually exists, rather
than forcing a fitted curve o accommodate a fictitious equation of
throughputs of lines having different diametevrs. Such a procedure is
presented in Sect. &4,  The consequances of using single values vather
than intervals are quantified in Bect. 6. 5

6.3 Estimation of Capaclty Regression Parameters

We have seen that the average daily capacity € of a
1ikely to be a functicn of the diameter D haviog the for
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C = xDY¥ . (6., 22)

his section procedures for estimating the parameters x and will be
1% i

—
jo]
ot

Recall that in many cases it is only the sum of several capacities,
rather than individual capacities, that can be observed. Tet us say that
the ith peasured capacity C; is known to be fhe sum of the capacities in
a certain gvoup of one or more pipes having diameters

Tf Cij is the unknown capacity of the jth pipe in group i, then
i
C; = ¥ Cij .
j=1

There are 391 capacity observations C; for crude oil lines and 395
observations for products lines.

The parameters x and y cannot be estimated, on the basis of this or
any other sort of data, unless some assumption is wade about the manner
in which observed capacities deviate from the values predicted by the
regression formula. Genervally one of two basic error processes is pre-—
sumed Eto occur. One is an additive process, in which each deviation is
regarded as a sum of many small independent deviations, each representing
one of the many influences that perturb an observed value. Whatever be
the distributions of these individual disturbances, their sum is likely
to have a distribution that is nearly normal, since it is a mathematical
property of a normal distribution that it is asymptotically the result
of summing a large number of random variables having distributions that
commonly occur in nature. The additive model results in the regression
equation,

i o (6.23)

where the errvor term €13 is normally distributed.

The multiplicative errvor model presumes an observed deviation to be
the product of many small, independent deviatiouns. Each deviation is
represented by a multiplier; a multiplier of one represents no deviation,
and a multiplier greater than or less than one represents an increase or
decrease, regpectively, An instance would be a transcontinental tele-
phone signal, which can be seen as passing through a number of wires and
amplifiers that decrease or increase the signal strength according to
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certain maltipliers. The altevation in the received signal would be
reprasented hy the product of trhese multivliers. This can be conbtrasted
with the case in which the received signal is a mixing of several
signals, identical except f{or strength, travelling over parallel lines
from the same source. Altevations in the received signal weuld bhe the
algebraic sum of alterations made by the several lines. An additive
error model would fit the latter case, and a multiplicative model the
former.

The multiplicative regression equation is
j 14 (6. 24)

It is wsually coovenient to suppose that the logarithms of the individual
deviations that contribute to £33 are so distribured that their suw has

a distribution that is asymptotically normal. This allows one to take
the logarithm of both sides of Hq. (6.24),

In Ciy = 1n x+yloDjj+ In €45, (6.25)

to get a linear vegression formula with normally distributed ervor Lerm
lng45 Ovdinary least~squares estimation will yield values for ln x and
y in %q. (6. 25), but it of course cannot be used here, since the indivi-
dual capacities Cyj are unkoown.

4&n example illustrated in Fig. 6.1 suggests that a multiplicative
errvor model better sults pipeline capacities. Here there are six pipes,
and (for simplicity) individual capacities are known for each. Nonlinear
least—squares estimation ylelds the regression feormula

C = 767 pl- 397

+

for the additive wodel (curve A), and log~linear least-squaras estimation
yields the substantially different formula

¢ = 114 pl- 880

for the multiplicative wodel (curve B)., The additive wodel appears to
err in that 1t presumes there is no heteroscedasticity in the deviations
about the regression curve. That is, it assumes that the cange of
observed capacities for swall pipes 1s as grsat as that for lacge pipes,
whereas small pipes are likely to show a smaller vange of capacirties.
since the wmultiplicative model gives equal percentage deviations equal



weipghi, it correctly expscts a smaller absolute cange at the lower eand
of the cuvve. Curve B therefore lies ¢loser to the tiiree smaller capac—
ity observations than cucve A, since a givea deviation at the lower end
of the curve is presumed much less probable than an equal deviation at
the upper end. Tt appears, thes, that the wultiplicative wodel ought to

437

be used, since it wejghts deviations {i a wore reasonable fashion.

Yet it is possivle to allow for hetcroscedasticity independently of
the choice 4f error wmodel. One need only suppose frhat ihe standard
deviation 04 of each ervor variable €ij Is a specified function of
capacity or some other variable, a funcfion whose paramsters can he esti-—

nated along with x and y. ‘The egsential difference between an additive
and multiplicative wmodel has to do with the shape of the error distribu-
tion, noit with any dependence of its variance oa other variables. In
fa(t, were 1t not for a change in distribution shape, the results of a

wiltiplicative estimation could be got by way of an additive estimation
nd vice-versa). The multiplicative equation

can be written, after Greene and Barnbrock (1978), as an additive
equation
N ’y £z 1Y - \y
Cij = xbyy+ (e45- 1) xDyj5 ,
. y . ,
whose ercor term is (Eii — 1) xDij. It is true that the variance of this

error term depends on other variables, but as just mentioansd additive
estimation can accommodate this. The ealy bar to estiwmation is the fact
that the error term is not normally distributed. So, it 1is only hecause
additive estimation ordinarily presupposes a normal distribution of

errors that it caanot veplace waltiplicative estimatioo. Indeed one
could in thec sryycarey oui an additive estimation using the distribution
of (g3 3D xlj 3, althiough there is no visible intuitive justification
for d01ug so.  The distribution fails evesn to have a wean of zero, as

can be seen as followe., The random variable E, is e~, where 7 is nor-

1]
aormally distributed with mean zero and variance o?.  ‘The mean of €ij is
E(e?).  bBut E(et?) is just the momeut geaerating function of %, given by

E(et?) = exp(L?JZ/Z).

. i y
Conseguently the mean of {g{; - 1) xDij is
] .
y o
[CX‘)(OZ,/)) - '] Al,’ij Gl Y I
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The choice between ecvror models, then is tantaaount fo a choice
between two error distvibutions: 7 and &4, It is difficult to adduce
argus iori in favor of one or the other. Alsc it is not unlikaly
that the data would fail to favor one over the other, once heterosce-
daglicity {s accommodated in both cases. Filnally, the derivation of
estimates under a multiplicative model is mathewatically awkward, Since
cach observed capacity Cq is (potentially) a sum of capacities, the
regression Bq. (A 24) must be written

(Jote that logavithms are oo longer useful. ) Ordinarily one would com
pute maximun likelihood estimates of the parameters % and y {(i.e., values
of % and y that maximize the probability of wmaking the observations that
were in fact made). But there is no closed-form expression for the pro-
e
bability density function of the randum variable % Dyj €454, which is a
=1
weighted sum of random variables e’, Derivation of magimizing values of
x and y would rveguive heavy use of numerical methnds. Sioce there is no
reason to choose a multiplicative model a priori, and since the data may
well fail to favor either model definitively, the amount of computation
required to laplement it seeas uniustified.

It vemaing, then, to derive maximum likelihond estimates of x and y
under an additive model adjusted to allow for heteroscedasticity. The

regression equation is

g 1
i iy
C{ = 2 ('lJ S Dij + E£5 , (5. 26)
3=l 31
i
where €5 = 7L gy 13 If the evvor variables € 1j are presuned to he inde-
=1 9
pendent and noermally distributed with wean zero and variance Ti3» £1 is
= o
i

normally distributed with variance 7 dq35  As discussed earlier it is
j=1

by to suppose that the variance of observed capacities for pipes

ivan diameter depends somechow on the typical capacity of pipes of

ameter, sincs %Wd]]’f"dlamﬁfﬁt pipes are likely to show less
ian in ih@lt capacitie The wvariance cannot be made a d

wn of a plpe's Pdpafltv, however, since individual cap

zenteral nol Jamown.,  RBather, it must be made a function o e
theugh it is difficult o koow in advance whal Functional fotm is

apprwurlﬁrn it is reazonable Lo {wpose twe regquivements: that it allow

3
for the possibllity that the standavd deviation of £454 is coastant for
all diameters, aond that it allow for the possibility that the standard

"‘ﬂ“ﬂ
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deviation is proportional to the predicted capacity (as is assumed by
the multiplicative error model). A siwple power function

k
i3 = hDij (6.27)

5

satsifies tliese requirements. ¢ is constant when k = 0, and it is pro-
portional to the predicted capacity when k's value is the maximum likeli-
hood estimate of the exponent y in Eq. {(6.26). Tet us adopt Eq. (6.27),
then, and observe that if the errvor Lerms €53 are independent, the
variance of € is

a4 ny

2 o
0i3 = hzgik , where g = 7 (Dij)z
j=1 j=1

«
I

Jlet L(x,y,h,k) be the proability density function representing the
probability that a set of observed capacities Cy, ..., C,; will deviate
from their regression formulas respectively by €1, ..., €4  Since the
error terms €; are independent, T(x,y,h,k) is the product of the density
funcrions of n normal distributions having variance h<gji and mean zerac.
That is,

i i N

For any given h and k the values of x and y that maximize L(x,y,h,k) can
be found. The resulting regression formula C = DY describes the curve
that best fits the data on the assumption that h and k correctly charac-
terize the error variance. The aim is to choose h and k so that the
resulting maximum~likelihood regression curve creates residuals whose
distribution is most nearly normal. This will be made wmore precise
shortly.

It tauins out that the maximum likelihood estimates of x and y depend
only on k and are independent of h. If the parameter k is fixed, the
values of x and y that maximize L(x,y,h,k), which we can denote xy and
Yk, can be found by setting the partial derivatives of In L(x,y,h,k)
with respect to x and y equal to zero and solving simultaneously for x
and y.

P 1 s i} R4
F7in LG, y,h,k) = ;m-z[§Uij][ci ~ %23 3} /gik = 0 ; (6.28)
]

3 : .
§~1n L(x,y,h,k) = ﬁf%[%uij 1la Dij][ci-w X%Dij]/gik =0, (6. 29)
i j ]
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Solving (6.28) for x,

y
g[ﬁDij]Ci/gik
Xk’; = y 2 -

i ] /g
i3 1ij ik

The solution value for y can be found by substituting the above expres—
sion for xy into Eq. (6.29) and solving (6. 29) numerically for y. Note
that the outcome is indeed independent of the value of h

Once xp and yi are found, it remains to test the normality of the
resulting ervor distribution. Since the variance of the distribution is
assumed to depend on the diameter, the size of each error £ wmust he
divided by the predicted staondard deviation Wgiy of €1 and the distri-
bution of the quotient tested to determine whether it is standard unormal
{(i.e., normal with mean zero and variance 1). Since h is unknown, it
must be estimated. This can be done by noting that h is the standard
deviation of the variable €;Ygi) [since Wgir is the predicted standard
deviation of €] and by estimating this standard deviation. Since part
of the hypothesis to be tested is that €y/(b/gjyx)and hence /g have
a mean of zero, the estimate ty of h is computed on this assuaption

y
hZ = ..l.,ygg/ yeL = i}j[c. % )‘I}).%]Z/r , (6. 30)
LS CF 8 L Tt St ik - » b
i i j

There are a number of wethods for testing the normality of
e;/(hgix), a matrer discussed in Sect. 6.5. The object here is to fiad
the value of k that results in a random variable si/(h/gig) that is most
nearly standard normal, by whatever measure proves appropriate. The
resulting % and ykg are the desired estimates of the regression parvame-
ters. The hypothesis that £{/(h/gjy) in fact achieves standard uovmality
can then be tested. If the hypothesis is not rejected, then the normality
assumption on which the above derivation is grounded cao be presuwmed true.

6.4 Estimation of Throughput Regression Parameters

Recall that the average daily flow V (f.e., throughput) in a pipe-
line is likely to be a function of its capacity € and diameter D having
the form

Vo= uCD? , (6. 31)



In this section procedures for estimating the paramneters u and z will be
derived. 'There are 418 crude oil throughput observations and 542 products
throughput observations on which to base the estimation.

This ragression is doubly complicated by the fact that both flows
and capacities are often not observable individually, but it is often
only the total flow or capacity in a group of parallel pipes that 1is
known. Furthermore, the groups whose total flows are kinown do not ne

sarily correspond to the groups whose total capacities are known. Le
us say that the ith weasured flow Vi is actually the sum of flows
Vil, +++ 5 Vipn, in pipes having diameters D;y, ..., Djy. respectively.
Let us also say that the pth mesured capacity C is the sum of capaci-
ties Cpl: ey Cpm - Note that the capacity of tire pipe with flow
Viy and diameter Djj is not necessarily Cjj, since the C's are likely to
be” grouped differently and hence to be indéxed differently.

A further complication is introduced by the fact that the observed
flows are known only to lie in intervals, intervals that ia the case of
the smaller flows are too broad to collapse to a point. We can take each
observed flow to be an interval [V;,Wj] within which the actual flow is
known to lie. This additional wicertainty will eventually be taken into
account, but it is convenieni first to develop the regression on fthe
assumption that the observed flow is known exactly; thait is, on the
assumption that Vi = Wj.

For reasons very similar to those adduced in irhe previous section,
an additive rather than a multiplicative error model will be used  On
this model each individual flow V; ij is written as a sum of the regression
formula and an error term

z
Vij = uwCpq(ij)Dij + €ij

where q(1 ) is the capacity of the pipe whose flow is Vi 5e (The nota~
tion pQ(lJ) is merely meant to indicate that p and q are to take valuss
such that bpq is the capacity of the pipe whose flow is V;j:. ) Now,

cn

v

[
M’

P2
Vi = vy i3 = U¥Cpq(ij)Dij TEL (
j J

where &5 = Zeij. We will again suppose that each £33 is normally distri-
] k

buted with mean zero and staandard deviation iy = hDij, >
are parameters to be estimated nloﬁg with i and y. If the €44's are
o




6-21

Au obvious difficulty with Bq. (6. 32) is that the CDq'E are not

known individually. It is known only that chq = Gy for p =
4q

One vesolution of this difficulty would be to use the regression formula
(6.31) to predict the capacity Cuq(ij) siven the koown diameter of the
pipe Dij But to do this is o waste a valuable piece of Information:
that each Cpq lies in a particulay group of pipes whose total capacity
Cp is known,  Once it is koown that a group of Cpq's sum to C,, detetr-
mining the values of the Cp>'s iz equivalent to deternining tﬁeir ratios
with each other. 1t is reasonable, then, to requive their ratios to be
those that would be predicted by the capacity regression Fformula (6. 22).
What we vequire, then, is that

I, oo, m

ZCpq = Cp

q

C Cogy?y

Fﬂﬂﬂx (MEQJ for q =1, cov, my ,
Cpl Dpl ;

where y is the maximum likelihocd estimate of the exponent derived in the
pravicus section Solution for each Cpq vields

Now that values for the individual capacities Cp have heen found,
it is pouseible to find maximun likelihood estimates o% the paramsters u,
z, and h for a given k. let the density functioo L{u,z,h,k) represent
the probability that a set of observed flows Vi, ..., V, will deviate
from thelr vespective regression formula estimates Lo the extent they in
fact did. L{u,z,h,k) is again the product of the density functions of n
normal distributions haviag variaace hfgjg. If we set

3 1 , < z .
gl Llu,z,h,k) *'ﬁg?[?ﬁpq(ij)Dij][Vi'w U?Cpq(ij)Dij]/gik (6. 343
i N
= 0

and

;] s . u . Z Z
gzin {u,z,h,k) = ;ﬁz[ztpq(ij)vijlnDij][Vi W'uchq(ij)nij]/gik (6. 35)
i j
= ()

; ®.
we can solve simultanecusly for maximum likelihood estimate w, and z, of
u and z for a fized value of k. Solution of (6.34) for u yields
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E[gcpq(ij)Dij]Vi/gik
2}2 ’
ey

[

Uy =

(6. 36)

sfee . .\D. .
i3 pg(ij) i

and subsitution of (6.36) into (6.35) permits nunerical solution of
(6. 35) for zp. The resulting values of up and zp are again independent
of h

As in previous section, an estimate Ml of the parameter h can be
equated with an estimate of the standard deviation of €;/Ygir, so that

2 1.2 1 N 4 .
e = 7Lei/gip = EX{Vi ””Uk§cpq(ij)Dijk]2/gik . (6.37)

i i j

If the value of k that results in a most nearly standard normal error
distribution is found, then u and 2z, are the desired estimates of u and

Za

Our next task is to replace the observed flows V; with observed
intervals [V4,W;] within which the actual flows are known to lie. Since
nothing is known about where in the internal [V;,W;] the actual flow
lies, a given observation should not be considered a deviation from the
regression formula prediction

Py = wlpq(ifdPij >

J

unless rj lies outside the interval [V;,W;]. The magnitude of a nonzere
deviation €5 can be taken to be the difference between r; and the closest
boundary of the interval. That is, the errov term £; is given by

J— . T . O,

ry Wi if ri > Wi

€y =1y — V3 if 1r; < Vi .
0 otherwise

The density function TL(u,z,h,k) is

e 2
L(u,z,h,k) = (bW/2n) (g ) Y2expl (~1/202)0e1/51]
i i
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For fixed k, maximum likelihood estimates up and zp can be found by
solving simultaneonsly the equations

Foln Tlu,z,h,k) = —l-?f?_j(ﬁi/gik)%jfi =0 (6. 38)
and
3 1 . 3
ggiﬂ Tlu,z,h,k) = Eié(gi/gik)igei =0 . (6. 39)
Since £y only piecewise differentlable, the chain~rule differventiation

13
in Eqs. (6.38) and (6.39) is not valid at all points. In particular, €4
is not differentiable when vy = Vy or v; = W;, and Bgs. (6.38) and (6. 39)
are false when r; = V; or r{ = Wj for at least one i If we stipulate,
however, that

i

Qei/au =0 1if vy = Vi or 1y Wi

and

il

de /az = 0 if vy = V4 or ry Wi

then Bqs. (6. 38) and (6.392) hold without exception. It is not possible

to solve explicitly for u, in terms of z as before, but Lgs. (6.38) and
(6, 39) can be solved simultaneously for ug and zp using numerical methods,
again independently of the value of h. (Newton's method or some similar
method will usually extract a solution. It is true that the functions
whose zeros are soughl are only plecewise differentiable. But if they
are chain-rule differentiated in the normal fashion, and if the terms
Qﬁi/au and 351/32 are evaluated as above, Newton's method will usually
converge to a solution )

Once u, and 2z, are found, h? can again be estimated as the variance
of the distribution of deviations from the regression curve. Deviations
g4 from the nearest boundary of the observation intervals are
inappropriate for this purpose, however, since they underestimate the
true variance of deviations when the diameter is small. This is
because, for small diameters, the observation intervals (V4,W;) are as
wide as the spread of observations, so that the predicted values will
lie completely outside of only a minority of the intervals, with the
result that only a minority of the €;'s will be nonzero. A better
course is to measure deviations, for the purpose of estimating hz, as
the difference between predicted values and the midpoints of the obser—
vation intervals. So if we set

m~

ei = rq ~ 1/2(v4 + Wi »
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then

2
Z

1 o~
h2 - - (,‘,Ei/gik) *

~ JOP

The value of k that reults in a distribution of €;/(h/gii) that is most
nzarly standard normal is found, and the resulring ug and 7z, are the

desired estimates of u and z.

[t should be noted that if €4 vanishes for each 1 when Eqs. (6.38)
and (6.39) are solved simultanecusly, the sclution can be a regiou of
points (uy,zy) rather than a single point. In other words, when a
regression curve passes through all the observation intervals for some
value of u and z, there may be a family of regressicon curves that pass
through all the intervals. These regression curves would he equally
good, since nothing is known about where in the observed intervals the
actual values lie. The region of parameter values (Uk;2k> that defines
this family of curves is the solution of the system of nonlinear ine-
qualities

ri € Wi
ry 2 Vi, i=1, ..., n.
When there exist values for u and z that make each €5 = 0, it is unneces-

sary to estimate the heteroscedasticity parameters h and k%,  This is
because the same family of solutions would result for any assumption
regarding the values cof h and k (h > 0).

6.5 Numerical Results

This section describes the numerical procedures by which estimates
of the capacity and throughput regression parameters were obtained and
displays the results. The capacity regression is dealt with first, and
the throughput regression afterwards.

6. 5.1 Capacity regression

mated as follows. As in Sects. 6.3 and 6.4, let ¥, yg be maximum like-
lihood estimates of X and y that result for a fixed value of k in the
heteroscedasticity function (6.27), where h in (6.27) is given by Eq.
(6.30). A bisection search of values of k was performed to determine
which values makes the distribution of e;/(hgjr) most nearly standard
normal. For each k, x; and yg were computed by solviung Eqs. (6.28) and

The capacity regression parameters x, y in Eq. (6.22) were esti-
L
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6,293 numerically. The solution ktechoigne was Newton's method, which
provided vapid and sare convergen in every case.

ach value of k for which the estimation procedure was run,

o} 2. , observed capacities deviating an unusual anount from
predicted walues) were acted. None of the observed capacities were
altered or removed simply because they were outliers, but all cutliers
were check cd against the data sources., Several trauscription errors
were discovered In this way. Once corrections were made, the remainiog
outlisexrs wers nob extvems,

There waszs some difficulty in finding an acceptable measure of
normality. The chl-squave test was tried first. Tf % = e4/(Wgq) is
the vandom vaviable whose dlqralbul ion is to be tested, let of be the
numbetr of quervvi values of %y for which J 1 % 2y < L (for conveniently
chosen points Ly, oo, Ly)  Let g be the expected value of o3 on the
assumption Zy has the standard normal disteibution. Then the random
variable

has a chi~sgquare distribotion with v — 2 degrees of freedom (since the
scaling factor h is estimated from sample data). It can be reasonably
supposed that smaller wvalues of % indicate distributions that are
neaver standard vormality.

Tt was fonad that were it net for oumerous small wiggles, X would
he a unimedal functiou of k (or at worst bimodal), which would permit a
simple bisection {or Fibonnaci) search for the minimum value of e But
as k increases, observed values of Zyi move in and out of the intervals
[ijl’Lj] in such a way that Xy fluctuates up and down irregularly. The
bottom part of X 'e¢ convex curve was flat enough and the wiggles large
eniough rhat the wminimum was difficult to find. And once found, the
rminimum was a chance dip in the curve some distance from what, due to
the general shape of the curve, struck the eye as the "true” minimum.
The size of these spurious wiggles could be diminished by increasing the
numbet of intervals, but onob mignificantly mnless the intecvals were so
gumerons as to destroy the power of the chi~square test (Kendall and
Stuart 1979, p 4865).

The Shapiro~-Wilk "W" test for normality (Shapiro and Wilk 1965) was
then considered, because of ibs superior power (Shapiro, Wilk, and Chen
1968} and heaau&@ it does not require the data be grouped as the chi-
square fLesi does. Yet this test was rejected as too difficult to imple-
ment because 1t requires the tabulation of a large number of normal
order statistics.
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The next best test seemed to be the classical Kolmogorov-Smirnov
test, which is easy to implement and does not require the grouping of
data., If F(z) is the standard unormal distribution function and
Z%1s +++» Zkp are the observations of Zy, the Kolmogorov-3mirnov sta—
tistic 1is

K = max | i/n - F(Zyq)
I<i<n

A smaller Ky indicates a more nearly normal distribution. Ky was found
to be a well-behaved fuaction of k, and the k that minimizes X, was found
without difficulty.

The results of the capacity regression appear in Table 6.1. The
upper third of the table shows the results of the simultaneous estimation
of the parameters %, y, h, k. Note that pipeline capacity C in m3/day
is predicted by the formuia

26. 95 p2- 339 for crude lines
C = s (6. 40)
26. 48 D2. 383 for products lines

where D is the inside diameter iun inches. This vepresents capacity for
No. 2 fuel oil; formula (7.6) in Sect. 7.4 provides a correction for oils
having other viscosities. The standard deviation ¢ of the distribution
of residuals is estimated to vary with D as described by the formula

3. 937 p2. 75 for crude lines
o . (6. 41)
3.228 D2+ 95 for products lines

It is evident that as the diameter increases the spread of residuals
increases somewhat more rapidly than the capacity. This suggests that
percentage variations in capacity among pipes of a given diameter are
somewhat greater when the diameter is large than when it is small. These
results are illustrated in Figs. 6.2 and 6. 3.

The two lower thirds of the table attest to the importance of esti-
mating heteroscedasticity parameters. When the residual variance is
presumed constant (k = 0),as is normally done in an additive error model,
the resulting parameter estimates are significantly different. This is
also true, if to a lesser extent, when the standard deviation of the
residuals 1is presumed proportional to the dependent variable, as is
usually the case in a multiplicative model. This proportionality is
obtained here by choosing k so that it equals the resulting estimate of y.



Table & 1. Results of capacity and throughput regression parameters
(C = capacity in m3/d, V = throughput in m3/d, D = inside diameter in in. )

Capacity regression Throughput regression
C = xD¥ YV = aCDZ
Crude Products Crude Products

pipelines pipeliines pipelines pipelines

Residual variance o2 Heteroscedasticity  exponent, k 2,750 295 0. 4956 1o 31
fitted to data parameters
{o = hDK) multiplier, 3. 937 3. 228 1564 209, 2
h
Regression exponent, 2, 339 2. 383 3. 291 —{. 185
parameters y or z
multiplier, 26, 95 264 45 L. 89 1. 280
X or u
Kolmeogorov statistic G, 33553 3, 865517 0. 09175 G, 37765
9
r” statistic 0. 811 0,977 0, 934 0. 954
52 Heterescedasticity & 0 O 0 0
constant parameters h 15595 7763 5371 5893
Regression ¥ or z 2. 184 2, 504 ~C. 2669 -G, 155
parameters X 0¥ u 46, 34 HEAEH i, 562 i, 191
Kolmogorov 0, 20218 0. 2139 0. 12963 0. 164496
t” 0. 817 0. 977 0, 934 0. 954
¢ proporticnats to Heteroscedasticity e 2,394 20413
dependent variable parameters h 3, 900 10,52
Regression y or = 2. 394 413
parameters ®x or h 23, 3¢ 24,59
Rolmogoroy 0, 04853 3, 05675
ri G, 808 0. 577

LZ-9
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The Kolmogorov-Smirnov statistics, also shown in Table 6.2, can be
used to test whether 7) in fact has a standard normal distribution.  This
is equivalent to tesiing £; for normality while taking the standard devi-
ation of €4 to be h/élk, a quantity estimated from the sample data.
Consequently standard tables of the Kolmogorov-Smirnov statistic, which
assume that ihe mean and variance are fixed in advance, cannot be used
here. Tilliefors, however, has published a Kolmogorov-Smirnov table for
testing normality (generated by a Monte Cavlo method) that is based on
the assumption that both the mean and variance are estimated from sample
data (Lilliefors 1976). The Lilliefors table, then, is designed for
cases in which there is one less degree of freedom than in the present
case. Yet since the size of critical values increases with the number
of degrees of freedom, a Kolmogorov-Smirnov statistic that does not per-
mit rejection of normality using the Lilliefors table certainly would not
permit rejection of normality using a table designed for the present
case, ian which only the variance is estimated from sample data. Tt would
suffice to show, then, that the Kolmogrov statistics of Table 6,2 do not
permit tvejection of normality using the Lilliefors table,

The critical values that pertain to the present problem are shown in
Table 6.2. Note that normality cannot be rejected in the case of crude
01l capacities even at the 0.05 significance level. The products capac—
ity Kolmogorov statistic, 0.05517, is slightly higher than the Lilliefors
critical value at the 0.0l significance level, but normality almost cevr—
tainly canunot be rejectad at the (L 01 significance level when only the
variance is estimated from sample data. The distribution of residuals,

then, can be presumed normal for the capacity regression.

6. 5.2 Throughput regression

The throughput regression parameters u, z in Eq. (6. 31) were esti-
mated by finding the value of the heteroscedasticity parameter k for
which maximum likelihood estimates of up and zp resulted in a distribu-
tion of 7y = Ei/(h/gik) that was wmosi nearly sitandard normal. Qutliers
were again checked for errors, and normality was again guaged by the
Kolmogorov-Smirnov statistic. Maximum ilikelihood estimates of up and 2y
were got by way of a simultaneous solution of Kgs. (6.38) and (6. 39).
These equations were solved numerically using Newton's method, despite
ithe fact that the functions whose zeros were sought were only piecewise
differentiable with respect to u and z. The wvalues of derivatives at
nondifferentiable points were stipulated as described in Sect. 6.4, It
was found that test problems involving only three or four observations
occasionally regquired that the starting point be chosen very carefully
before convergence could be achieved. But when applied to the actual
pipeline problems, which had close to 500 observations, Newton's method
was robust and rapidly convergent. It is in fact not hard to see that
convergence should be more easily achieved in problewms involving a large
nuiiber of observations,
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Table 6 2, Kolmogorov-Smirnov critical values

Significance level

0. 05 0. 01
Parameters estimated Mean Mean .
- X None . None
from sample data variance variance
Capacity regression
Crude lines 0. 045 0, 069 0,052 0. 082
Product lines 0. 045 0. 068 0. 052 0. D82
Throughput regression
Crude lines 0. 043 0. 067 0. 050 0, 080
Products lines 0. 038 0. 058 0, 044 0. 070

The results of the throughput regressions appear in Table 6. 2. Note
that pipeline throughput V in m?/d is predicted by the formula

.69 cp~0 291  for crude lines

vV = , (6. 42)
1. 280 ¢cp~ 185 for products lines

where C is the capacity in m3/d and D the inside diameter in inches. The
negative expounent implies that smaller~diameter lines generally arve more
fully utilized than larger lines. This i3 odd, in view of the fact that
the largest lines are alwost always run abt capacity. Perhaps usage of
the next-to~largest lines is sufficiently slack to resull in a negative
exponent. In any case, it is not clear how this phenomenon is to be
explained, The standacd deviation of the distribution of residuals is
estimated to vary with D as described by the formula

1564 D% 496 for crude lines
¢ = . (6. 43)
209, 2 ple 31 for products linesg

Note that as the diameter iocreases, the spread of residuals increases
more slowly than the throughput increases, unlike Che state of affaircs
in the capacity regression. This means that pevcentage variations in
throughput ameng pipes of a gilven diameter are greater when the diameter
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is small than when it is large. This is especially so for crude lines,
and it wmay be explained by the fact that the smaller crude lines often
serve particular oil fields, some of which are new and use pipelines to
capacity, and others of which are declining in production and no longer
fill the pipelines. The larger crude lines would presumably serve
several oil fields, whese aggregate production would perhaps show smaller
percentage variations.

A prediction of throughput as a function of diameter alone can be
had by substituting (6. 40) into (6.42), resulting in the formula

45,6 D2 048  for crude lines

33.9 p2-198  £5¢ products lines

i

This formula is plotted on Figs. & 2 and 6.3 along with the capacity
regression curves.

The test for the normality of the distribution of residuals does not
proceed as smoothly as in the capacity regression. Examinatioa of
Tables 6.1 and 6.2 vaveals that normality can be rejected at the 0,01
siginificance level for crude liues, and at the 0.05 significance level
(and probably at the O 01 level) for products lines. These rejectiouns
are not entirely definitive, since in either case the Kolmogorov sta~
tistic is near the cvitical value, but they are rejections nonetheless.
A regression that assumed a L“S].ual distribution that better fit the
data could be expected to deliver more accurate estimates of u and =z

It is likely, however, that the ervors generated by the normality
assumption are noft large. One rezason is that the magnitude of the
Kolmogorov statistics suggests tnat the residual distribution does not
stray far from normality. Another is that the vesulting estimates of u
and z are only moderately sensitive to assumptions regarding the distri-
bution of residuals. For instance, variatious in k that result in
substantially differeat assumptions as to the shape of the distribution
of residuals have only a moderate effect on the parameter estimates:

Estimated
k e

N 1 z
0 0. 805 -0, 267
0. 496 0. 820 —0. 291
1 0. 822 ~0. 293
2 0. 793 -0. 206

1.

sion problem should he regardﬂd as less

So, although the throughput regres
egression problewm, the parameter estimates

ractable than the capacity r
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probably do not suffer from large errors due to a false normality
assumption. It is arguable, however, that the falsehood of this assump-
tion makes it pointless to estimate the heteroscedasticity parameters h
and k, since the errors introduced by using a constant k may be of the
same magnitude as the errvors caused by assuming normality. This argu-
ment applies only to the throughput regression, of course, since nor-
mality could not be rejected in the capacity regression.

It is interesting to note the parameter estimates that ensue when
one regards observed throughputs as poiant values rather than as intervals
within which the actual throughput lies. The regression formula that
results from a point-value estimation is

‘0,798 cn—0e 254 for crude lines

l0.767 cp~0- 313 for products lines

The resulting heteroscedasticity formula has the exponent k = 0. %263 for
crude lines and 2. 49 for products lines. These results differ substan-—
tially from the interval-value estimation results in Hqs. (6.42) and
(6.43), especially in the case of products lines. They suggest that a
specious equation of throughput values that are really known only to lie
within the same interval can significantly falsify the results of a
regression study.



7. CALCULATION OF PIMPING ENERGY

This chapter details the method by which pumping energy is calcu-
lated, where pumpiog energy is the mechanical energy actually delivered
to the oil by the pumps. It draws on the regression results of Chap, 6
and the flow schedule investigation of Chap. 8, which itself depends on
parts of this chapter. Pumping energy is converted into tobal enevgy
consumption in Chap. 9, which estimates fuel~to—-oil efficiency. These
interrelationships are described more fully in Chap. 5, of which Sesct.
5.3 is a summary of the procedures documented in this chapter.

7.1 Pipe Diameters and Lengths

Nominal pipe diameters for nearly all 8. trunk lines are available
from the American Petroleum Tastitute maps, as noted in Chap. 4 (American
Petroleun Tnstitute 1979), Only inside diameters are relevant to energy
calculations, however, and a pipe's inside diameter is seldom the szame as
its nominal diameter. If the outside diameter of a pipe is known, the
probable inside diameter can be computed on the basis of the typical wall
thicknesses listed in Table 7.1, Even when a pipe has a wall thickness
other than the one listed, the discrepancy is likely to be small.

The outside diameter of standard pipe over 12 in. in diameter is
the nominal diameter, but the outside diametev of smaller pipes is
another matter. The standard cutside diameters can be learned by coon~
sulting the Pipeline News Line Pipe Size Charts (Pipeline 1978)., They
are indicated in Table 7. 1. The resuliting inside diameters for all
nominal sizes, 6 to 48 in., are also shown. These inside diameters are
used throughout this study,

Table 7.1. Outside diameters and typical wall thickonesses for
line pipe of wvarious nominal diameters

Nominal diameter Wall thickness Outside diameter Tosdide diameter

(in. ) (in. ) {im ) (io.)

6, 8 0. 25 6., 625, 8.625 6. 125, 8125
10, 12 G, 25 10,75, 12,75 10, 25, 12.25
14—24 0. 312 1424 13. 37623, 376
2634 0,375 2634 25,2533, 25
3642 0. 406 3642 35, 185-41, 188
48 0. 462 48 47,076

7-1



The pipeline lengths used in calculation are segment lengihs. The
pipeline network was represented as a collection of interconnected pipe
segments for purposes of coding (see Appendix F). Each segment consists
of a single pipe having no connections with other lines and no changes
in diameter, ownership or state of location along its length. The
lengths of the segments were measured directly by rvunning a measuring
wheel over the links on the APIT maps (American Petrcleum Iustitute 1977).
Since this sort of measurement can result in errors, each regulated
company's total measured pipe mileage was compared with its reported
pipe mileage (0il and Gas Jourmal 1979). The reported figures were
usually about 10-15% larger, as reflected in the national figures
displayed in Table 7. 2.

Table 7.2. Comparison of reported and measured pipe
mileage nationwide

Regulated carriers oaly

- - Discrepanc
Total measured Total reported P y

length length (%)

(kw) (km)
Crude pipelines 86,093 100,233 14
Products pipelines 88,504 101,093 12

The discrepancies are due partly to the tendency of map umeasurement
to straighten out bends, and perhaps partly to the omission of some
pipelines on the maps. To correct for such errors, each segueat ian each
company was lengthened by a fixed proportion so as to make the total
length match the reported total for that company. The segments belonging
to unregulated companies, which do not report pipeline wileages, were not
lengthened. This may result in a 10 to 15% underestimation of pipe
mileage and hence o0il movewents and energy use among uiregulated
companies. But since unregulated companies account for only 9% (crude)
or 5% (products) of oil movements, any resuliing ervor is likely to be
1% or lese (see Table S.2).

/.2 Pipe Roughness

As explained in Chap. 2 the friction factor £ in the D'Arcy-Weisbach

formila (2.2) for frictiorn head depends not only on the Reynolds number
but on the roughness of the pipe wall as well., This section presents a
formula that closely approximates this dependence and briefly assesses
the importance of pipe roughness to energy calculations.
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Empirical work has shown that a £ilm of laminar flow clings to the
wall of a pipe even when the flow is very turbulent eslsewhere in the
pipe (Wolfe 1956). When the film thickness is greater than the height
of the protuberances oo the pipe wall, toughness bas no effect oan flow
resistance, and the friction factor depends oo the Revacolds aumber only.
When the film thickpness is less than the average asperity height, the
friction factor depends only on roughness and is oearly independent of
the Reynolds oumber. 1o typical pipeline flow regimes, however, the
laminar film thickness is of the same magnitude as the asperity height,
so that both the Reynolds number and roughness affect the friction factor.

The dependence of the friction factor on the Reynolds number R and
the relative roughness (i.e., the ratio of average asperity height ¢ to
inside pipe diameter D) was originally established by coating the inte-
rior of smooth pipes with sand gralns of known size. Graphs depicting
the depeadence are well known and widely published (e.g. , Merrcict 1976,
pp. 21-30; Gulf 1978, p. 131). For purposes of computer computation it
is convenient to have aon algebraic equation that approximates this
regression, The following logarithmic~quintic equation provides an
excellent least-squares fit in the racge of values at issue in this study.

5 i
logipf = % ajjelei™i (7.1)
i=o j=o

where ¢ = logipR, e = logio(e/D),

and app = 1. 29717905,
ajo = 0,
ajp = 0,
ayp = 0,
apy = —0. 17592600,
azz = 0,
asyg = 0. 13828152,
a3y = 0. 27214050,
a3y = 0, 27704850,
a3y = 0.03979336,
agp = 0.02515647,
ag] = 0.02264316,
agy = -0, 01653602,
agy = ~0. 03852152,
afgy = —0. 00623620,
asp = 0. 00088359,
agy; = —0,00176603,
agg = ~0. 00505742,
agy = ~0, 00326456,
agy = 0, 00026943,
asg = 0, 00005803,
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This regression was based on 20 observed values, with R ranging from 104
to 107 and £/D ranging from 1073 to 1070,  The resulting r2 statistic was
0. 999946, and the discrepancy between predicted and observed values of f
ranged from 0.05% to 1.92%, well within the accuracy required by this
study. The solution values of the parameters aj; were calculated by the
statistical program SAS (Barr et al. 1976). SAS found the watrix whose
inversion is required for solving the normal equations to be singular,
and the solutions are therefore based on the generalized inverse of the
matrix.

On the recommendation of F¥F. L. Moody, the average capacity asperity
height € is generally taken to be 00,0018 in. for oil pipeline calcula-
tions (Moody 1944), and that convention is followed here. Table 7,3
shows that only a rough approximation of € is necessary. Even a con-
sistent error of a factor of 3 or 5 in either direction results in fric-
tion head errors within the tolerances of this study.

Table 7.3. FEffect of pipe roughness on friction head
(friction head in m/km)

Crude o1l pipeline Products pipeline
Average B e -
asperity Sp gravity = 0, 85 Sp gravity = 0. 77
height Viscosity = 7.5 ¢S Viscosity = 1.5 ¢S
e : -
(in.*) 8 in. 36 in. 8 in. 36 in.
(3,620 m3/d) (111,590 m3/d) (4,309 w3/d) (141,690 w3/d)
0. 0005 8.73 3.59 8. 63 4,39
0. 001 8.83 3.61 8. 96 4o 52
0. 0018 9. 00 3. 66 9. 40 b 73
0. 003 9.22 3.75 9, 93 4. 98
0. 005 9. 51 3. 89 10. 61 5. 33

0,01 10. 07 4. 16 11. 86 5 %6

7.3 Densities and Viscosities

This section details the methods by which the density and viscosity
of 0il in each pipeline segment are calculated.

7.3.1 Densities of oil products

Since the pressure drop in a pipeline is direcrkly proportional to
the density of the oil, other variables held comstant, it is iImportant
to estimate the density of the oil in each pipeline segment so far as is



possible. This estimation Is straightforward in the case of products
pipelines if the wmix of products delivered is known, since the density
of a given product is velatively constant. Density variations resulting
from variatiens in the refining process are slight. The dependence of
density on tempevature fs likewise slight, relative to the tolerances of
this study. In the range of specific gravities of concern (from 0,51
for liquefied propase to O, 84 for ao. 2 fuel oil), specific gravirty
varies less than 0.2% per °C as temperature rises from 0 ro 100°C (Gulf
1978, p. 174).  An 011 and Gas Journal survey of crude oil Lemperatures
in 28 pipeline segwents found a range of temperatures from 8 to 41°C
over the four seasons, with the majovrity between 10 aud 27°C (Kennedy
19356, po 433, Sioce oil products are likely to show less temperature
variation than crude oil, which comes out of the ground hot, temperatures
of 2 glven o1l product should lie in a range at most 25°C wide. The
variation in specific gravity over this range is less than 5%,

The densities of the various oil products and ammonia were taken to
be thosa given in Table 7 4. The mix of these products flowing in each
pipeline link was takeo te be the wiz delivered by the operatiag pipeline
company as a whole. These data are veported by rvegulated common carrier
pipelines on Form P (Federal Eoergy Regulatory Commission 1973, item 400),
The product density used in calculations is the average of the densities
of the products shipped, weighted by the fraction of total deliveries
each product comprises. Companies for which data are not available are
assumed to pipe a product having specific gravity 0,80 (49.9 1b/ft3),

Table 7. 4. Densities and viscosities of petroleum
products and ammonia

. . .. .b
Product 5P gravity?d 1b/ft3 Kinematic viscosity

(cstokes)
Gasoline 0.73 45, 6 0. 64
Kerosene 0. 81 50, 5 2. 2
Fuel oil 0. 83 51. 8 3.0
Jet fuel 0.78 48, 7 1. 2
LPG 0. 54 33.7 0. 3¢
Ammonia 0. 66 40, 9 1.0

At 60°F relative to H70 at 60°F. From Lewis and
Hangs 1963, p 1-8&

bAt 70°F. From lLewls and Hangs 1963, p 1-8,

“At 30°F,

dAt 10°F velative to Hy0 at 60°F. From Gulf 1978,

e 175,
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7.3.2 Density of crude oil

The density of crude oil flowing in a particular 1link is difficult
to ascertain, since pipeline companies do not report the characteristics
of the crude oil they transport. It is true that oil from a given field
has characteristic properties and that it 1is possible ian principle to
trace oil through the pipeline system to determine the density of oil
flowing through each link. But it is not readily known how oil is routed,
and to infer its routing would iu itself require a sizeable research
project. Fortunately, crude oil densities do not vary encrmcusly.
Specific gravities rvaange from 0.73 to L 02 at 100°F, and most crudes fall
in the range frow 0. 80 to 0.95 (Hobson 1973, p. 6). For the purposes of
this study it is permissible Lo use an average value, and that used by
the Association of 0il Pipelines, 0.85 (35° API, or 53.04 15/£t3) at
normal piping temperatures, is accepltable (Asscciation of 0il Pipelines

1980).

7.3.3 Viscosity of 0il products

The viscosity as well as the density of oil flowing in a givea pro—
ducts pipeline link can be based on the product mix delivered by the
operating company as a whole. The product viscosities used in this study
are displayed in Table 7.4. The energy use of a pipeline is only mildly
sensitive to viscosity, since the friction head varies only with the
0. 252 power of the oil viscosity [see formula (2.6)]. Viscosity does
vary with temperature, but the resulting variation in friction head for
0il products is small enough that temperature can be reglected for pre-
sent purposes (Fig. 7.1).

Since fricition head is not proportinal to kinematic viscosity, the
viscosity figure for a given link cannot be a simple weighted avearge of
the viscosities of the products transported by the operating company.
The viscosity used in energy calculations must be that which results in
the average friction head hg for that link, 1If wy is the fraction of
company deliveries comprised by product i, then formula (2.6) implies
that the average friction head in a given link is

h

Tl
L

= k¥ WiV iO. 252
i

for an appropriate constant k, where v; is the kinematic viscosity of
product i. The single viscosity value v, that would result in a friction
head hg is therefore

Vo = (he/k)1/ 00252 = (5y;v,0. 252)1/0. 252 (7. 2)
i
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Formula (7.2), then, is used for averaging the viscosities of products
transported by the company operating a given link.

7.3.4 Viscosity of crude oil

Determining the viscosity of crude oil presents a difficult problem,
since it can be very sensitive to temperature. Figure 7,1 illustrates
the dependence of friction head on temperature in a pipeline for two
representative crude oils. If crude oil pipeline tewperatures range from
8 to 41°C, as stated earlier, then friction head at the lower end of the
range 1s 277% higher than at the upper end for the lighter crude, and 50%
higher for the heavier crude. Since it is possible to estimate the
average pipeline viscosity directly, based on data to be discussed
shortly, temperature variations could be ignored if they did not corre-
late with any other important variable. But they do, because oil is
likely to be warmer, on the avearge, iun large pipes than in small ones.
Use of a single average viscosity figure, then, is likely to result in
an overestimate of ecnergy use by large—-diameter pipelines, since warm oil
is less viscous than cool oil. In the end it will be possible neither to
compensate for this error nor to assess whether it is significant.
Nenetheless a brief investigation of the problem will suggest that the
error is almost certainly not large and may well be insignificant.

0il in large—diameter pipelines is likely to be warmer because oil
is pumped hot from the giround and because 1its temperature drops more
slowly while flowing through large—diameter lines than through small-
diameter lines. This can be seen as follows. Temperature drop due to
heat dissipation over a length of pipeline is given by the equation
Myers 1971)

T4 T

log]g Tli—;—i = 0.0346 oo (7.3)
where T = oil temperature at upstream end of pipe;

T;, = oil temperature at downstream end;
T4 = air temperature;

D = outside pipe diameter, in.;

k = heat transfer coefficient for outside of pipe, kJ/h-m2-°C;

L = length of pipe, km;

V = rate of flow, m3/h;

s = gpecific gravity of oil

¢ = specific heat of o0il, kJ/kg-°C

The drop in temperature due to heat dissipation is counteracted to a
small extent by friction heating of the oil. Since the friction heating
depends on the 0il viscosity, which in turn depends on the temperature,
the change in temperature is best calculated by dividing the pipe into
small segments having length Al. The temperature drop ATj,gg due to
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heat dissipation 1o one segment of pipe (ignoring friction heating) is
given by a rvearvangement of Tq. (7.3):

ATloss = (T — T (1 — 1070- 0346DKAL/Vsc)y

where T; is the temperature at the upstream end of the segment. The
temperature gain ATgain due to friction heating (ignoring heat
dissipation) is

AToain = hre/e

where g is the gravitational acceleration (w/s2) and hy is gilven by for-
mula (2. 6). The resulting temperature al the downstream end of the
segment 1is

Ti+ar, = T + ATga:nq — AT1ggs -

The calculation is repeated for each segment of pipe, letting the
downstream end temperature of one segment serve as the initial tem~
perature of the next segment, until the end of the pipe is rveached.

The value of the heat transfer coefficient k depends on the medium
through which the pipeline passes. One source lists the following
values, determined empirically (Lewis and hangs 1963, p. 1-23):

Medium kI/n’-h-oC

Sandy soil, dry, 24-in. cover 5 1—8. 2
Sandy soil, moist, 24~in, cover 10~12
Sandy soil, soaked, 24-in. cover 2327
River bed, 530~in. water, 60-in. cover 431~51
Sandy soil, dry, 8-in. cover 1214
Sandy soil, moist to wet, 8~in. cover 25—29
Clay soil, dry, 24~in. cover 4, 16, 1
Clay soil, moist to wet, 24-in. cover 1218
Open air 4.1

The results of a sample set of calculaticns, based on heat traunsfer
coefficients of 5, 10, and 15 kI/w’~h-°C, appear in Fig. 7.2. The crude
0il chosen for these calculations is the lighter crude whose viscosity
properties are depicted in Fig. 7.1, The rate of flow is set at the
capacity flow predicted by the regression equation (6. 40) derived in
Sect. & 3.
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of heat loss to soil conditions, nenerhelezs permits the
that whereas oil in semaller pipes quickly cools to aquilibrium tem-
perature unear that of the surroundings, oil ia large pipes can cvequire
hundreds of ko o cool.  If a significant femperature difference is
taken to be one that resolis in at le a 107 difference in friction
head, then comparison with Filg. 7.2 veveals that, for thig particular
crude oil and for an Initial temperature of 60°C, the temperature Jif-—
farence betwesn 8- and 40-in. plpes is significant at distances hetween
20 and 160 Im downstream in wet soil, between 40 and 260 km in moist soil
and batween 100 and 510 lm in dry soll. If oll sobers pipelines at aear
607C, rthen, it is likely that tempevaturve differeuces betwesn 8« and

40~in. plipes are eignificant over an appreciable portion of rhe

The choice of a 60°C initial temparature is largely arbltvacy,
however, because it is onclear vhat the initial tewperature genevally
is. Althceugh it is koown that oil leas the wall at tewpertuyes on the
order of 80 to 100°C (Tevepaugh 19722, an undetermined amount of heat
digsipates fvom gathering lioes and holding tanks before rthe ol eantacs
trunk linses. The fach that the 011 and Gas Journal survey, mentioned
earlier, sampled ao tempervature higher than 41°C may suggest that the
initial temperature is generally less than 30°C.  But to make this
inference would be tvash, sioce all of the lines surveyed weve 24 in. or
lesg in diameter {except for coe 31-in. line), and the temperature in
lines of this =size would e expected fto approach ambient Lemperatures
rather vapidly sven if the inltial temperature were near 60°C  To any
case, it is instructive bto compute the tewperature differences betweaen
lines of different diameters that wonld rvesult from an initial tem-
perature of , say, 40 or 50°C¢,  The differences can be rvead from Fig
7.2 simply by taking an appropriate fraction of the plotted differences
(1/2 for 40°C and 3/4 for S0°C), since temperature differences down the
line vary almost proportionately with the difference betwesn the initial
temperature and 20°C. (This propertionality fails to hold as the
equilibrium ftewperature Is approachad, but by this tima temperature dif-
ferences ave clearly insignificant anvwav. ) The temperaturse difference
between 8~ and 40-in. lines, it turns oot, are sgignificant at uo point
along the line when the iolrial temperature is £20°C, and anly over a 30~
to 70~km stretch {depending on spil conditions) neav the upstream end of
the line when the initial tewmperature iz S0°(.

It is clear that if jipitial temperatures are in the 40 ro 50°C
range, temperature differences betweern lines of different diameters
should in peneral be insignificant. To be sure, initial tempertures are
higher than 50°C in at lest some lines.  Therve are evidently ne heated
truok lines in the United States, bub some heavier crudes are turned
into lines at elevated temperatures. VNorth Slope crude oll enters the
48~in, Alyeska Pipeline at 637C. It has also been reported that fast-
moving crude in very large~diameter pipelines can rise in temperature,
due to friction heating, over long distances (Petroleum Extension
Service 1973 p. 13). Yet ihis should oot occur at flow rates and for
viscosities found fo this stody to he typical




The upshct is that the use of a single viscosity figure for pipe-
lines of all sizes should result in no significant error if initial tem-
peratures typically are not much higher than 50°C, which may well be the
case. But there is no reason to be sure that initial tempertures are
not often H0°C or higher, and this could result in something on the
order of a 107 overestimate of energy intensiveness for the largest
pipelines and a 10% underestimate for the smallest pipelines. Currently
available data do not permit a resolution of this difficulty, but in
either case the errors are not large.

AT

Tt remains Lo estimate an average pipeline crude oil viscosity. e
0il and Gas Journal survey (Kennedy 1956, p. 42) obtained 42 viscosity
readings from 28 crude oil pipeline segments in the United States and
Canada (except for one line in Saudi Arabia). Diamecters ranged from 12
to 31 in., and the pipes carried crude in fields from Wyoming, Califotrnia,
the mid~continent, west and south Texas as well as the panhandle, Canada
and Arabia. (Viscosities must be deduced from tabulated flow rates and
Reynolds numbers for each segment. ) The average reading, weighted hy
volume of flow, is 8 59 cSt. But since friction head varies with the

0, 252 powexr of viscosity, it is preferable to compute an average
according to formula (7.2). The vesult is 7.55 cSt. Consequently the
figure 7.5 ¢St can be taken as an average viscosity for pipeline crude.

A nagging worry is that crudse oil piped in 1978 may have tended to
be more viscous than the average crude of the 1950s, when the above sur-
vey was made. Buf in the absence of data to the contrary, the 7.5 ¢St
estimate is the best to be had.

/.4  Throughputs

The average daily throughput in each pipeline segment is estimated
as described generally in Sect. 5. 1. This section presents a wmore pre—
cise description of how the estimation works. Tt ends with a discussion
of soeme of the difficulties encountered in using the company reports of
total oil movement.

Let
P, q = arbitrary pipeline segnents;
Vp = the estimated throughput of segment p (m3/d);
Cp = the estimated capacity of segment p (m3/d);
Lp = the length of segment p (km);
D, = the inside diameter of segment p (in. );
co(pg = the collection of segments belonging to the company to

which p belongs;

M(p) = the total oil movements (m3-km) reported by the company to
which segment p belongs, if that company is federally
regulated;
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the collection of segments coantaining p whose total capac-
ity is reported. If the capacity of p in particular is
reported, cap(p) contaias just p If p belongs to no such
group of segments, let cap(p) = ¢ (i.e., cap(p) be empty);
C(p) = the reported total capacity of segments in cap{(p) (m3/d);
Vo = the kinematic viscosity of the oll in sgegment p, cowmputed
as described in Sect. 7.3 (cSt);
X, ¥ = capacity regression pavameters in Eq. (8.22), given by
Fg. (6.40);
u, z = throughput tegression parameters in Eg. (6.31), given by
Eg. (b 41).

cap(p)

An initial estimate C of the capacity CP of segment p 1s golt by

making the ratfo of Cj to C(p) the same as the ratio of the predicted

y
capacity of p, xDp, to the total predicted capacity of the segments in
cap(p). The predictions are those made by the regression formulas
(6. 40). More precisely,

C(p)xD,
pxUy,
et {1 cap(p) # O
b ng pp
C; = { qecap(p) . (7. 4)
xDY if cap(p) = 4
P

C; is only an initial estimate because it does not take into account the
viscasity of the oil carried by segment p. All crude oil is assumed to
have a kinematic viscosity of 7.5 ¢St (sect. 7.3), but the viscosity of
oil in a products pipeline depends on the reported mix of products it
carries. The reported capacity data (National Petroleum Council 1979)
show products line capacities for no. 2 fuel oil, which has a viscosity
of about 3 «¢St. To approximate p's capacity for carrying oil having
viscosity vy, first arrange €q¢ (2. 6):

V = constant » hg0 572p2 716/10. 572,0. 144 (7.5)

This shows that 1f the friction head hf is held constant, a line's
throughput is inversely proportional te the O 144 power of the oil
viscosity. So, the capacity Cp of p for carrying o1l of viscosity Vp is
about

-~

Cp if p ecarvies crude oil
Cy = { , R (7. 6)
C.p(.'i/\)l.)_)‘:’w1**4 if p cacries oil products

-

where Cp is given by Eq. (7.4).



An initial estimate Vé of the throughput Vp of segment p is got by
allocatring the total movements of p's company among that company's
segments ia ratios prescaribed by the regression formula (6.41). That is,
the tatio of Vp o the total throaghput of the segments ion co(p) is made
to be the same as the ratio of the predicted throughput of p, uCprz, to
the total predicted throughput of co(p). Siuce the companias report
total movem=nts (m3-km), rather than total throughput, the throughput of
Vq of each segment in co(p) must be multiplied by its length Lq before
ratios are taken. Then the desived equation of ratios is

pVp ““CPDP
M(p) 5 z "
p z Lqubq)
geco(p) q

if p belongs to a regulated company

PR A , (7.7)

Dp otherwisge

where Cp is glven by fq. (7.6). Note that if p's company is unregulated,
V, is estimated simply by the regression formula (6.41), This is because
unregnlated companies do not report total movements M(p).

QOccasionally Vp, so computed, turis out larger than p's capacity C..

This happens when a company's reported wmuvements is siuply too large for
its system (a matier to be discussed shortly). To avoid placing a ridic~

ulously high throughput on a line, the throughput V is not permitted to
be more than 10% above capacity vhen the capacity 1@ based on reported
data, or more than 20% above capacity when the capacity is based on the
regression foraula alone.  The 10 and 207 wargins allow for misestimation
or misreporting of capacities. So,

‘max(v;; 1.1 Cp) if cap(p)

Vp 5 . s (7.8)
lmax(vp, 1.2 Cp) if caplp) = ¢

-

where Vi is given by fq. (7.7

It is clear that the accuracy of veported wovemenis 1s crucial to
the estimation of snergy use and intensiveness. Yet with one exception
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there is no practical way to criticize or verify these data. This
exception, however, is an fwmpoirtant one. Tt arisges from the fact that
two imporiant crude oil pipelines, Capline and the Traoss-—Alaska (Alveska)
Fipeline, do wnot veport movements under these two names. For instance,
Capline movewments are uotb reported as Capline movements, nor are they
raported (entirely) as movements of Shell Pipeline Coupany, which operates
Capline. Rather, they are reported by the seven joint owners of Capline
ia proportion to the fraction of Capline's throughput alletted to sach
owner. Since each company’s waximum allotted usage is pro-rated
accovding to its fraction of ownership, and since Capline is used at
capacity, each company veports a fraction of Capline movements vacy
close to its fraction of ownership. Tt is on this basis that the seven
owners of Capline have been allotted Capline movewmsals in this study.
The difference between each company’s repovted movements and {ts Capline
allotment is then placed on the remainder of that company’s network.
The eight owners of the Alyeska Pipeline have been accorded similar
treatmeont (see discussion in Appendix B).

The ownership fractions used in this study ave as follows:

Capline Fraction Alyeska Fraction
Ashland 20. 26% Sohio 33. 34%
Marathon 10, 39 British Petvoleum 15. 84
Shell 13. 4 Atlantic Richfield 21
Amnocao b 2 Exzon Pipeline 20
Mid~Valley 10, 0 Mobil Alaska 5
Southcap 18. 7 Union Alaska 1. 66
Exxon, Tuc. 21. 05 Phillips Alaska 1. 66

Amerada Hess 1.5

The saources loclude Standavd and Poor's (1979), Moody's Transportation
Manual (1979), and direct contacts with company officials. Since Exxon's
share of Capline is, according to these souvces, held by Hzxon, Tnc. ,
ratheir than by Exxon Pipeline Company, thig share is not subt dxt*d from
Exxon Pipeline’'s reported asovemeats. Also, when this study had been
completad an Energy Depariment accounting of pipelins ownership (1. S.
Department of Energy 1980) was obtained, and it differed somewhat on the
ownerghip of Capline; in pavticular, Fxxon was not listed as a part
owner. Yet the differences are not large enough to result in signifi-
cant eUrors.

*

In no oth iastances were company figures adjusted in this way,
since aside f) 1 a few apparent and unimportant exceptions, every other
pipeline system's movements 13 reported under the name of that pipeline
syslbem

A few appavent exceptions are indicated by ithe fact that occasion-
ally, a coupany’s repartad novements exceseded the capacity of its slem,
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where capacity 1is gauged as described above. The crude pipeline com—
panies reporting excess movements were Pure Transportation Company, Texas
Pipeline Company, and Williams Pipeline Company. The total excess of
crude movements over capacity, where excess is defined as in (7.8), is
shown in Table 8.2 of the Suminary to be 3% of crude movements nationwide.
These excess movements are entirely omitted from energy calculations,
but presumably they result from the fact that these three companies
reported movements in pipelines that are marked on maps as belonging to
other companies. If so, at least part of the overage may be recovered
in the movements assigned companies for which reported movements were
not available. The excessive reported products wovements were those of
Cities Service Pipeline Company and Hydrocarbon Transportation Company.
The total overage was 1% of products movements nationwide. 1In the cases
of both crude and products pipeline the overages were too small to
result in significant errors.

Another problem encountered in the movements data is that a few
regulated companies who reported movements were found on none of the
pipeline maps and consequently were omitted from calculations. The
omitted crude pipeline companies wre Acorn, Cook Inlet, Osage,
Owensboro-Ashland, Seway, Tamahawk, Wascana, and White Shoal Pipeline
Companies. These are small companies whose total reported wovements add
to 3% of crude movements nationwide (Table S.2). Products companies
omitted were Air Force, Crown Central, Kanch, Okan, and Pinto Pipeline
Companies. Their movements add to 17 of total products movements.
Omission of these small cowpanies causes the estimates of energy use to
be slightly small (1 to 3%), but it has no discernible effect on calcu-
lated eunergy intensiveness.

7.5 Rates of Flow

The rate of flow (m3/d) in a pipeline segment is determined
according to flow schedule 4, described in Sect. & 2. This schedule
results in the following formulas for rate of flow. First, let

V = average daily throughput in the segment of interest (m3/4d),
determined as described in Sect. 7.4;

V = instantaneous rate of flow (m3/d);

Vo = flow rate (m3/d) when the segment is operating at capacity,
determined as described in Sect. 7.4, This is the flow rate
produced by two pumps, in the simplified model of pump station
operation presented in Sect. 8. 2;

Vi = flow rate (m3/d) when the segment is using half the pumping
power rtrsquired to produce capacity flow, where pumping power
is calculated as described in Sect. 7.6. This is the flow
rate produced by one pump, in the simplified model.



Then, if V > Vy,

1 ! f th
Vo during oz of the time
vV = V2 - V1 , (7. 9)

Vi dariog the rest of the time

or, if V< ¥V,

during-%~‘of the time
v = 1 . (7. 10)

0  duriag the rest of the time

»
<
s

7.6 Friction Head

Friction head in a pipeline segment is calculated according to the

D'Arcy-Welsbach formula, already stated in Chap. 2,
he = 8fLVZ/n2pog | (2.2)
where hy = friction head (m);
f = friction factor (dimensionless), glven by Eq. (7.1) int

Sect. 7.2

L = segment length {(m), determined as described in Sect. 7.1;

V = instantaneous rate of flow (m3/d), given by Eqs. (7.9) and
(7.10) in Sect. 7.5;

D = inside diameter (converted to m), determined as described in
Sect. 7.1;

g = gravitational acceleration, 9. 8067 m/s?.

il

7.7 Gravity Head

No attempt is made to estimate the gravity head in each pipeline
segment. As Tables 8.3 and 5.4 ian the Summary shows, gravity head
accounts for only a small portion of pipeline energy use in the nation
and in most states. Tts calculation for each segment, which is a
laborious and time-consuing task, is therefore not worth the effort.

& better course is to estimate the average capacity head per km of
pipeline in each state, based on a sampling of the state'’s more iwportant
pipelines. This average can later be used to derive an estimate of the
energy used to overcome gravity in that state (Sect., 7.8). The average
gravity head per km was got by computing, for each state, a flow~weighted



average gravity head per km among the pipelines represented in the NPC
study of pipeline capacities (National Petroleum Council 1980). For
ecach state s this average is

rg = ([ 0 cpHp) /0 7 cpLy) (7.11)
pEs pEs

where rg = average graivty head per km in state s (uw/ku);
Cp = capacity of pipeline segmeat (or group of parallel segments)
p (m3/d), as given on NPC maps;
Hp = elevation change over segment p (m);
Lp = length of segment p (km), determined as described in Sect.

7. 13
pes indicates that pipeline segment p lies in state s.

Note that the pipeline capacitiess are here taken as surrvogates for flow
rates. Also the pipeline segments used here are not those used else-
where in this study. Rather, they are simply lengths of pipe (or
parallel pipes) that do not cross state lines and over which there are
no capacity changes. The elevation change over a segmeat is got by
looking up the elevations of towns at its termini in a large atlas (Rand
McNally 1980).

The calculation of rg is carried out separately for crude and for
products pipelines. 'The results appear in Table 7. 5.

7.8 Pumping Fnergy

Pumping energy, defined in Chap. 5 to be the mechanical ensrgy
actually delivered o the oil by the pumps, is the sum of two couponents:
energy PEf used to overcome friction and energy PEg used to overcome
gravity. PEg is calculated for each pipeline segment, while PEy is
calculated for a state as a whole.

The pumping energy used to overcome friction is proportional to the
product of friction head, flow rate and oil density. Since, as Sect. /.5
explains, pipeline segments were assumed to operate on a splii rate
schedule, energy calculations must be carried out for two different flow
rates in each segment. But Sect. & 2 explains that calculations can be
simplified by assuming that if the total throughput is greater than that
provided by half the capacity pumping energy, then the pumping snergy
required to overcome friction can be approximated by that required to
provide an even and continuous flow that results in the correct through-
put. This leads to the formula,
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Table 7.5  Pumping energy consumed Lo overcome gravity, by state
Crude oll lines 0il products lines
G;i:(ﬁty Moyf:.mg:uts Emle;gy f:i:;f{llty Specific Mogem%nts fanff;gy
(m/km) (10% m3-km) (1012 1) (k) gravily (106 wi~km) (1012 .7)
United States -0, 152 558,750 ~706, 72 0, 02 0, 7497 389,844 49.82
Alabama 0. 14 3673 L 01 1. 23 0. 751 29,547 267,65
Alaska 0, 00 68,450 0. 00 0
Arizona -0, 21 452 ~0. 79 -~y 50 0. 753 2,386 58, 09
Arkansas 0. 09 3,191 2 39 0, 05 0, 783 5,863 2. 25
California 0,21 10,068 17,62 013 0.703 6,805 6. 62
Colorado i, 22 3,060 ~31. 12 0. 60 0. 774 2,336 10. 64
Connecticut 0 0, 48 0, 802 201 0. 76
Delaware 0 ¢}
Florida -0, 06 433 —0. 22 0,12 G, 791 532 Q4. 50
Georgia ~0. 67 0, 755 27,268 -~135. 26
Hawall 0 0
Idaho 0 -1, 10 0,771 1,218 =10, 13
Tllinois 0,02 47,512 —~7. 92 0. 15 0,741 16,274 18. 92
Indiana 0. 36 8,218 24, 66 0. 19 0,759 8,972 12. 69
Towa 1. 27 483 5 11 ~0. 15 0. 729 8,920 =9, 56
Kansas -0, 20 19,701 ~32. 84 -0, 07 0,725 17,843 ~%, 38
¥entucky 0. 62 12,722 —2. 12 .23 0, 791 261 249
Louisiana 0,17 42,490 60. 21 . 28 0. 756 35,162 /2. 99
Maine 1. 2% 1,126 12,11 -0, 01 o791 160 -0, 01
Maryland 0 ~0. 75 0, 762 6,346 -35. 67
Masgsachusetis 0 0.78 0.773 190 L 12
Michigan -0. 12 31,082 —31. 0% =0, 22 0, 748 5,234 ~8. 46
Minnesota ~0. 16 34,127 —45. 51 ~0, 76 0. 708 2,462 —12, 99
Mississippl 0. 05 31,048 12. 24 -0, 17 0. 739 40,235 —49, 37
Missouri 0.23 22,764 43, 64 =0, 13 0. 739 12,660 ~11.93
Montana -0, 09 2,541 ~1. 91 ~0. 07 0. 762 2,690 —~1 41
Nebraska —1. 43 4,485 ~53. 46 ~0. 19 0,753 3,267 4. 58
Nevada 0 -1, 69 770 319 —4, 07
New Hampshire 0,45 555 2, 08 0
New Jersey 0 0. 07 0. 766 6,832 3. 59
New Mexico 0. 00 3,139 0. GO 0.75 0.771 2,579 14.62
New York 0. 10 234 0. 20 -0, 58 0. 758 2,716 -11. 71
Novth Carolina 0 -0, 08 G. 761 20,297 12,12
North Dakota -0. 35 4,068 ~11. 87 ~0. 65 0, 739 958 —~4. 51
Chio 0. 15 6,567 8 21 0. 05 0. 762 7,973 2. 98
Ok lahoua 0. 15 30,220 -37.78 0. 20 0. 731 11,945 17.13
Oregon 0 ~0. 83 0. 761 569 —3. 69
Pennsylvanila —1.02 B7 ~0.74 0,25 0.757 11,372 21,10
Rhode Island 0 ¢} 2 44 0. 791 50 0. 95
South Carolina 0 G ~0.32 0. 757 18,111 ~43, 02
Seuth Dakota 0 0 0. 51 0.735 760 2.79
Tennessee 0.03 29,512 7. 38 Q09 Q. 762 1,475 029
Texas -0, 70 112,379 -~655, 70 0. 14 0. 739 41,177 41.78
Utah ~2. 0% 2,197 -37. 36 -2, 27 0. 770 686 -11. 76
Vermont 0. 60 991 —~4, 96 0
Virginla 4] 0. 00 0. 762 16,808 o 00
Washington ~1. 42 228 —2.70 0. 15 0. 757 3,889 4. 33
West Virginia 0. 24 1,816 363 —0. 02 0.791 54 -0, 01
Wisconsin 0.22 19,185 35 18 -, 14 0. 755 1,992 -2. 06
Wyoming 0. 17 10,583 15,00 0. 68 0765 2,437 12,43
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he(p,V) = V(p) * pgT if V> vy
\Tlhf(p,vl) « Vi(p) * pgl if V< Vy

#

where PEg(p) pumping energy used to overcome friction in pipeline

segment p (J);

hg(p,V) = friction head in segment p at flow rate V(p) (m), given
by Eq. (2.2) in Sect. 7.6;
V(p) = average throughput in segment p (w3/s), determined as
described in Sect. 7.4;
Vi{p) = flow rate (m3/s) resulting from half the pumping power

required to produce capacity flow in segment p (see
Sect. 7.5);

p = average mass density of oil carried by the company
owning segment p (kg/m3), determined as described in
Sect. 7.3

g = gravitational acceleration, 9. 8067 m/sz;

T = period of operation (s).

The total pumping energy consumed in state s is given by

PE(s) = T PEg(p) +Mgrgpg » (7.13)
pEs

}

where PE(s) pumping energy consumed in state s (J);

s total (crude or products) pipeline movements in state s
(m3-km);

rg = average gravity head per km in state s (w/km), given by
Eqe (7.9) in Sect. 7.7;

pe€s indicates that pipeline segment p is in state s.

B
=
i

Calculation of the second terwm in Eq. (7.13) is documented in Table 7.5

7.9 Crude 0il Gathering Lines

Crude oil gathering lines must be treated separately because there
are no available barrel-mile statistics for gathering lines as fthere are
for trunk lines. 1In fact, the lack of this piece of information thwarts
any attempt to estimate gathering line energy use accurately, and only
very rough estimates can be had within the resources of this stndy.

The mileage of crude oil gathering lines by diameter in each state,
as of January 1, 1977, is known (Energy Information Administration 1978).
Likewise the production of crude oil by state is known (Energy Information
Administration 1979), so that one can ascertain with fair accuracy how
much oil is pumped through gathering lines in each state. The difficulty
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is that the average length of haul, and therefore the total movements in
m3~km3 is wvnknown and unknowable within the resources of this project.
It could be approximated reasonably well by measuring the distance from
well to terminal along each gathering line in the nation. But no
complete map or accounting of gathering lines exigts, and if it d4id the
task of reducing the information to usable form would bhe a sizeable one.

The following method of roughly approximating gathering lioe enevgy
use was adopted for this study. Tirst, calculate annual capacity
throughput (m?) for each size gathering line, using the regression for-
mula (6.42) in Sect, 6.5  Then multiply the throughput in each size line
by the number of km of that size line in each state, to get annual move-
ments in mo-km. Take 80% of this figure to reflect an assumption that
gathering lines operate al capacity 80% of the time. The results appear
in column 2 of Table 7.6. Now divide each state's movements by its 1976
crude cil production to get the average length of haul in 1976, shown in
column 5 To estimate movements in 1978, multiply the 1976 average
length of haul by the 1978 crude oil production. The results are in
column 6. It is assumed that the average length of haul does not change
between 1976 and 1978,

These figures sorely need adjustment because the estimated average
length of haul is ridiculously long in some states. Tt is 627 km in
Pennsylvania, for instance, despite the fact Pennsylvania is only 480 km
long. Geoperally the states in which oil has been produced longest show
the longest average length of haul, which suggests that a goodly amount
of unused gathering pipe remains in the ground and on the hooks. Efforts
to design a simple accounting model that would predict what fraction of
gathering lines are unused failed, for two reasons. One is that it is
unclear in what manner pipeline companies maintain and report statistics
for wused line. Conversations with three or four oil men on this point
were unhelpful. The other reason is that although data on the amount of
gathering line laid (new and used) and taken up has recently been
available triennially (Energy Information Administration 1978), such
data could not be obtained for the long historical period over which
much of the presently unused pipe may have been laid.

This insuperadble difficulty was skirted simply by reducing any
average length of haul exceeding the national average of 96 km to the
national average, resulting in a new national average of 67 km. The
adjusted lengths of haul were multiplied by the 1978 production to arrive
at the adjusted movements in column 7. The energy cousumption, shown in
the last column, was then computed as follows. The pumping energy
required for the 807 capacity movements in column 2 was computed for each
pipe diameter according to Eq. (2.2) in Sect. 7.6, on the assumption that
0il moves at its capacity flow rate 80Z of the time and not at all the
rest of the time. Gravity head was ignored.- The result was wmultiplied
by the rtatio of the 1978 adjusted movements (column 7) to the 1976 80%
capacity movements (column 2) to get the adjusted pumping energy in the
last colunmo.



Table

Caiculation of pumping energy consumption by crude oil gathering lines, 1978

Pipeline 80% capacity Crude oil production® Av length 807% capacity Ad justed Pumping energy
inventory movements (103 m3) of haul movements movemen:ts consumption
1, 19774 1976b 1976—78b 19789 1978b 19738
{km) (108 m3-km) 1976 1978 {km) (10% n-km) (10% m3-kn) (1012 1y

United States 109,119 45,290 473,123 505,241 95 48,365 33,645 2,622
Alabama 54 25 2,338 3,152 i1 34 34 3
Alaska 37 29 10,078 71,317 4 275 275 2
Arkansas 1,754 293 2,877 3,323 102 329 310 33
Califorania 4,331 2,456 51,528 55,191 47 2,615 2,615 203
Colorado 789 387 6,199 5,580 62 365 365 33
Florida 31 41 7,068 7,557 6 b 44 2
Iliinois 4,664 1,299 4,176 3,714 31 1,155 357 33
Indiana 871 147 736 745 200 149 72 7
Kansas 190,300 3,895 8,334 8,995 417 3,755 864 81
Kentucky 2,723 583 1,199 910 574 522 87 9
Louigiana 4,458 5,232 96,415 84,690 54 4,596 4,596 279
Michigan 1,701 712 4,836 5,240 147 771 503 40
Missisgsippi 673 336 7,324 6,681 46 307 307 22
Montana 1,362 660 5,216 4,843 127 613 465 36
Nebraska 563 37% 983 932 385 356 89 )
New Mexico 5,818 1,921 14,546 13,253 131 1,738 1,272 137
New York 531 30 135 135 221 30 13 2
North Dakota 816 230 3,454 3,944 67 263 263 24
Ohio 2,432 565 1,589 1,773 356 630 170 14
Ok lahona 14,848 4,954 25,562 23,918 193 4,617 2,296 226
Pennsyivania 4,330 301 489 459 627 288 44 7
Texas 38,664 18,240 189,098 170,742 96 16,469 16,459 1,282
Utah 222 193 5,453 4,987 35 77 177 12
West Virginia 4,318 396 400 379 899 375 35 5
Wyoming 2,998 1,878 21,3249 21,840 58 1,923 1,923 124

&From Energy Information Administration (1978).

bAs calcuiated by this study (Sect. 7.8).

“From Energy Information Administration (1979).

i
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It should be wsoted that, since the gathering line inventory figures are
for the end of 1976, Alaska's 1978 gathering line energy consumption is
doubtless undevestimated. Tnguiries with Federal and Alaskan authori-
ties failed to tesult in any motre accurate figure for the 1378 gathering
line inventory.






8,  FLOW SCHEDULES

The purpose of this chapter 1s calibration. It uses eoargy con-
sumption data obtained directly from a few pipeline companies to choose
the best genaral model of flow rate fluctuations in a pipeline. It is
noted ia Sect. 2% 2 that the choice of flow schedule can have a con-
siderable effect on energy coonsumption, The first section of this
chapter describes several schedules that might occur, and the second
section picks the one that seems best to reflect reality. A third sec~
tion uses the data developed in the second section te arrive at a
reckoning of potential error in the epergy use estimates.

8.1 Possible Flow Schedules

This section describes a few simplified flow scheduling policies
under which pipelines might be assumed to cperate. In the next section
an attempt is made to pick the scheduling policy most veflective of
reality.

Some pipelines run at or near capacity and some do nct. Those that
do can be expected to operate almost continunusly at a constant flow
rate, sxcept when the pipeline is shut down for repair, cleaning, ovr
other maintenance. TIn fact, estimates of pipeline capacity generally
take into account the necessity of maintenance shutdowns, From fq. (2.6)
we have that if p is the fraction of the time a pipeline is inoperative,
its epergy use is increased by a factor of

1 ] 1. 748

(== .
When p is 5, 10, and 15%, this factor is L 09, 1. 20, and L 33 — clearly
a significant increase.

Pipelines that run under capacity present a further complication.
It is wrong to assume that a pipeline simply reduces its pump speed to
accommodate reduced throughput, since most pump drivers do not permit
speed adjustment. Rather, only the three following methods of reducing
throughput are generally available:

I. throttle the flow using a valve at the pump nozzle,
2. run the pumps only part of the time, and
3. turn off part of the pumps so as to reduce pressure.

These methods may of course be used in combination.

The least efficient method of reducing flow is of course simply to
throttle it, since the pump continues to consume nearly as much energy



as when the valve is open. A better merhod is to run all the pumps (with
valve open) long encugh to move the desired quantity of oil and to shut
them down the rest of the time. But when there are i{wo or more pumps in
a pumping station, as is the rule, the best method is to shut down part
of the pumps. This reduces the discharge pressure and thereby the flow
rate.

Figure 8. 1 illustrates the situation in a puuping station having
two pump-driver combinaitions comnnected in series. When both pumps are
1 Lo

running they operate at maximum efficiency and pump about 50,000 w3/ d.
When one pump is shut of the flow drops to about 38,000 m3/d: or about

two~thirds of the maximum flon rate (this 1is typical). The remalning
pump operates scuewhat under its peak efficiency, but not much under 1it.
When two puimps are connected in parallel, as in Fig. 8.2, the strategy
of cutiing off one pump is les «orkable because the othaw mist operate
at an efficiency coasiderably bb ow its maximum - ai least when the
pipeline is level, as assumed for Fig. 8 2. However, arall 1 hookups
are less comimon than series hookups, and when they occur it is usually
in mountainous countiy where the gravity head is likely to be high rela-
tive to the friction head. Under such conditions the remaining pump
operates against a higher pressure and lience more efficiently.

When a flow rate between that provided by two pumps and that pro-
vided by one pump is desired, weihod 3 above may be combiuned with method
1 or 2 or both. Clearly the better course is to combine methods 2 and 3
so as to result in a split-rate schedule. That 1is, it is better Lo run
two pumps part of the time and one pump part of the time (without waste-
ful throttling) in such a way as to deliver the de %1fgd quantity of oil.
If a single pump vunning full time already provides too much throughput,
the best method is to vun just one pump part of the time, amd no pumps
the rest of the time. Figure & 3 shows that the energy use for a split-
rate schedule is only slightly higher than the ideal level of energy
consuuption that would vesult from adjusting the driver to precisely the
right speed to deliver the desived throughput in an evenr flow. The
results of using method 1 alone and method 2 alons are also showi
Figure 8.4 illustrates the same things for parallel pumps (assuming level
pipe). Here split-vrate scheduling, though less efficient than for series
pumps, is still the best option. ‘The pump charactervistics on which
Figs. 8 3 and 8.4 are based ars those depicted in Figs. 8.1 and & 2
(Kerassik et al. 1976).

It stands to reason that pipeline companies would employ split-rate
schedul ing whenever possible, due to its superior efficiency. Yet it is
possible that constraints on dispatching force a significant departure
from optimal scheduling, and this possibility must be weasured against
actual data. Alsc, a typical duty factor {fraction of time during which
a pipeline is operational) remains to be estimated. These matiters were
resolved by identifying ten generalized scheduling strategies and com-—
paring the results of assuming each in energy calculations against the
actual ensrgy consumpiion of nine pipeline systems. [t is true that
different pumping stations operate according to different scheduling
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policies and that no one policy can reflect conditions everywhere. But
a single peneralized scheduling policy can be taken as representative of
all pumping stations in the sense that it leads to reasonably accurate
energy calculations, more accurate than those resulting from other
generalized policies. The 10 scheduling policiis considered are as
follaows.

Schedule 0, Let the flow be uninterrupted and sven at ewactly the
flow rate required to provide the desired throoghput., This schedule is
not generally an option, due to the lack of a speed contrel on most
notors, but it is entered into the caleculations for purposes of
comparisom

Schedule 1.  Let the oil flow at the capacity rate for the fraction
of tiwe necessary to provide the desired throughput.

Schedule 2. Let the flow be unintevrupted and throtile it to result
in the desired throughpat. Assume rhat there ave two series puaps ia
gach station but that only one runs if it is enough to provide the
desired throughput.

Schedule 3 Same as schadule 2, except that there are thyes servies
pumps per station. The number of pumps rewaining is the miniwmum
necessary to provide the desired throughput.

Sehedule 4. Let the oil be pumpaed according to a split~rate sched~
dule that results in the desirved throughput. Assume two servies pumps
per station. Use only one pump parvit~time if it suffices, and otherwisze
use two pumps part of the time and one pump parit of the time.

Schedule 5 Same as schedule 4, except that there are three sevies
punips per station. lUse only one punp part~time, or a split between one
pump and fwo pumps, ov befween two puups and three pumps.

Schedule 6. Uze a split—-rate schedule, except with a 90% duty
factor. That is, for 10%Z of the time during which one oy more pumps
would operate undev schedule 4, all pumps are shut down, and the flow
rate is increased acceordingly in the wvemaining 907 of the time. Assume
two series pumps per statiowm

Schedale 7. Same as schedule 6, except that there are three sevries
pumps per statloum

Scheduls 8  Split-rate schedule with 95% duty factor; two series
PUmP S

Schedule %  Same as schedule 8, but with three series pumps.
These do not represent all available options. Many pump stations; for

instance, have a pump rated at half the power of the others so as to
provide more fiexibiiity. HNonetheless these 10 schedules rvepressnt the
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options in broad strokes, and in view of the fact that policies differ
among pumping stations it seems pointless to differentiate policies aany
more finely,

Two simplifications are made in the calculation of energy use under
these schedules. One is that closing the valve partially at the pump
discharge is assumed not to affect the energy consumption of the pump.
The effect is in fact small, as shown in Fig. 8.3, The other simplifi-
cation is that the energy use for a split-rate schedule, when more than
one pump 1s used at least part of the time, is asumed to be the same as
the ideal energy usage that would result from adjusting the driver to
optimal speed. Figure 8.3 shows, as remarked earlier, that the discrep~
ancy is small. This simplification is made because it obviates calcu-
lating the throughput provided by one pump (or that provided by two
pumps, when three pumps are used part of the time). This latter calcu—
lation is time—consuming because the throughput provided by a pump of a
given power rating cannot be calculated directly. Rather, various flow
rates must be tried (as part of a computer bisection search) until one
is found that requires the quantity of power produced by one pump. (The
power produced by one pump is known because it is 1/2 or 1/3 the power
required for capacity flow, depending on whether there are two or three
pumps. ) If the desired throughput is so low that all pumps are shuat down
part of the time, then it is necessary to compute the throughput supplied
by one pump, despite the inconvenience of doing so.

8.2 Case Studies

Requests for 1978 epergy consumption data were addressed to twelve
pipeline coampanies. The aumber of companies contacted was deliberately
kept small so as to wminimize the inconvenience imposed on the pipeline
business. A study basing its energy estimates entirely on company energy
use data would doubtless need a much larger sample. But since this study
derives energy estimates primarily from reported oil movements and the
physical characteristics of the oil, pipeline network and pumping
equipment, a small sample is acceptable. It is not to be denied,
however, that a larger sample would permit a more reliable choice of a
flow scheduling model, and it will be seea that this choice has a signi-
ficant effect on the resulting energy use estimates.

The companies were chosen according to six criteria:

1.  Both crude and products pipeline companies should be included.

2. Each should operate exclusively crude lines or exclusively products
lines, so that the two can be studied separately.

3.  They should represent a cross section of sizes and geographical
locatioans.

4. An LPG line should be included.

5.  They should operate no crude gathering lines, so that no problem of
separating gathering and truuk line energy use arises.
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6. They should be federally regulated companies, in case bbl-mi figures
are not obtained from the company and must be obtained from Form P,

The companies were promised that neither their identities nor their
locations would be revealed in this report.

Seven companies eventually responded with usable data, one refused
to cooperate, and one confessed ignorance of its energy coonsumption, and
three did not respond at all. The statistics concerning these companies
appear ia Table 8.1. One crude pipeline company, company G, offered
detailed throughput and energy consumption data for three separate por-
tions of its system, bringing the number of observed data to nine.

The companies reported energy consumption data in terms of kwh of
electricity and gallons of diesel fuel or propane. Since nearly all the
energy accounted for was electrical, the energy content of the reported
fuel was converted to an electrical equivalent by multiplying it by an
estimated 30% efficiency of electrical generation and transmission. The
energy content of diesel fuel was taken to be 38,7 x 106 J/1, and that
of propane to be 23.8 x 106 J/L (company G performed the conversion
itself), The electrical equivalent of each company's energy consumption
appears in Table 8, 1. The specific gravity was estimated as described
in Sect. 7.3, and the gravity head as described in Sect. 7.7.

Table 8.1 also shows the total pumping energy that should be con-
sumed by each company under each of the ten flow schedules outlined in
the previous section, as calculated by the method described in this
report. The object is to pick the schedule that results in a calculated
pumping energy closest to the actual in the case of these nine systems.
Since the reported energy use figures reflect losses in the pumps and
electric motors, the calculated pumping energy must be divided by an
estimated wire-to~-oil efficiency before the comparison is made. Section
9.1 estimates this efficiency to be in the range of 0.74 to 0. 80,

It is important to make the comparison in a way that makes the best
use of the reported informationmn. Simply to compare the tctal calculated
with the total actual electrical consumption would be to overlook
possible discrepancies that offset each other 1o the total. A better
course is to attempt to minimize the root mean square (rms) relative
discrepancy, defined as follows. If the observed electrical consumption
figures are denoted Ej and the calculated pumping energies Py, then

rms relative error = X(M4WMTT-~)2 . (8 1)

where e is the efficiency of the pump and motor. Relative errors, rather
than absolute errvors, are of interest here because the relative (or
percent) error best reveals the reliability of the calculation method in
question.



Table 8. 1.

pipeiine compaunies

Comparison of actual and calculated energy consumption for certain

Actual . o
", i ory RS
Company Type Specific  Gravity head Hovemgn[s electrical Calculated pumping energy (It ED)
fey 106 m3- ‘ansum
gravicy (m/km) (10% m2-km) umsuT;;thm Sehedule 0 . 5 3 4 5 Y 7 4
(ole
A Products 0,752 -0, 078 5,012 440. 9 341 4 517, 4 574, 6 412.7 37407 506. 1 459, 1 455. 8
E] ?roducts 0. 540 0. 100 2,977 225. 2 1h0. 0 220, 8 268, 0 189. 6 166, 3 2007 2037 209, 4
< Crude 0. &5 —0. 383 2,292 2621 132.3 302, 4 197.7 259. 8 197, 4 317.5 26107 286, 5
D Products o 736 0. 102 1,448 310.8 3L 178.1 228.1 159. 9 i3L0 195. 2 159. 6 176.2
E Crude 0. 85 =0, 750 4,593 257, 6 12,3 308. 1 190. 0 157, 6 P9 200.5 143%.9 177.5
F Products 0. 760 0. 189 17,742 1,628.13 461, 4 1963, 3 355, 6 1015 2 797.5 12335 954. 6 11159
Gl Crude 0. 85 0. 125 2,763 350, 8 275.5 298, 0 298.0 298, 6 275.5 354 S 333, 2 318, 7
G2 Crude 0. 85 0. 138 9,197 1,194, 6 946, 3 973. 1 9731 966, 3 946. 3 1176.9 1176.9 1067, 3
G3 Crude 0, 85 0. 366 3,820 720 602 2 580. 5 580. 5 62,2 602, 2 700. 7 700, 7 fh35. 8
Totals  Crude 22,665 2,837.1 national 17,654 28,9006 23,061 20,933 27,950 25,436 25,323
?roducts 27,179 2,605 2 totals 16,691 23,937 23,208 0 37,972 6,121 13,610 19,725 16,646 17,784
Crude efticiency, 0670 1. 286 1. 047 1. 125 . 822 0. 725 G964 0. BR7 907
rms erroc {0.379) (e 622) (0, 321)  (GL4&72) (0. 163) {0, 236)  (0.263)  (0.244) () 210)
Products efficiency, 726 1. 130 0. 939 773 <, ) 0. 737 0. 977 (. 891 . 883
ros error (0. 427) (0 468)  (0.217) (0. 100) (0, 1A0Y  (00240) (0, 263) (4, 236) (0, 183)
ALl efficiency, 0. 735 1194 3, 982 i, 932 0. 839 i, 733 0,972 0, 890 0. 892
rms errur (0. 610) Cns3i)  (O0260)  (O.300) (0. :hl)  (9.237) (0.267)  (NL240) (0. 2873)
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302,
167,
635, 8
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23,048
15,011

0. 797
(. 217)
0. 807
(3 2:7)

0. 503
(N, 217)
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For reasons to be explained shortly, it is most instructive to
minimize the rwms relative error io the following way. UWrite the actual
electrical consumption E as the calculated pumping energy P divided by
the efficiency e

and regard £ as a dependent variable to be regressed on the independent
variable P. Then find the 1/e that minimizes the rms relative discrep-
ancy between E; and Pj/e. Finally, choose as the best schedule the one
for which the rms relative error is smallest among those schedules for
which the resulting efficiency e has a reasonable value, viz. 0.74 to
0. 80,

This procedure seewms superlor to that of simply fixing the value of
e at some reasonable value and picking the schedule that minimizes the
resulting rms error. For, at this point all that one can say about e is
that it lies within a range of reasonsble values; it is difficult to
justify choosing one value in this range over another. This is importaant
because 1t is possible that for one value of e in this range, schedule X
is best, but for another reasonable value of e schedule ¥ is best and
moreover results in a much lower rms error., This would suggest that Y
is the best choice of a schedule and that the second value of ¢ is nearer
the truth. If e had been fixed at the first value, the better value of
e would have been overlooked and the schedule wrongly chosen. On the
other hand, 1f the error-minimizing value of e for each schedule had
been computed, as proposed above, then the fact that schedule Y provides
a better fit to the data for a reasonable value of e would have been
discovered.

It is easy to derive that the value of 1/e that minimizes the rms
relative error is

1/e = =py/5(Pp;2/84) . (8.2)
1

Calculated values of e and the resulting rms relative error are displayed
at the bottom of Table 8 1 for crude lines, for products lines, and for
all the lines together. The small aumber of observations suggests that
the individual results for crude and products lines should nct be given
much credence, but they are nonetheless provided for comparison. The
figures that matter are those at the bottom, which encompass both crude
and products lines.

It is evident that cowpany E presents a problem, in that the calcu-
lated pumping energy runs substantially low even under some schedules
that overestimate the energy use of other companies. Conversation with
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officials of company E revealed that a single very long 8-in. trunk line
was being pushed to the limit to relieve an acute regional shortage of
crude o0il, while the remainder of the coupany's lines were operating
with relative slack. Since the energy penalty for such heavy use of a
single line is high, it probably explains most of the discrepancy between
the actual and predicted energy use. Due to the exceptional nature of
this company's operations it was thought best to omit it from the
regression described above, since otherwise the calibration of e could
be biased downwards. Yet company E is not omitted in the estimation of
potential error in the next section, since it is better to overestimate
potential error than to underestimate it.

Returning to Table 8.1, it is evident that all schedules except O,

4, 5, and 9 can be eliminated at once because e is too large, meaning
that these schedules calculate a pumping energy that is too large. This
is to be expected with schedules 1, 2, and 3, since they represent very
inefficient ways of running a pipeline. The large e's resulting from
schedules 6 and 7 show that an assumed 90% duty factor is too small.
Schedule 8 overestimates energy use presumably because a 957 duty factor
is too small in conjunction with the assumption that there are two pumps
per station. This matter of duty factor will be taken up again shortly.

Of the remaining four schedules only schedule 0 results in a pumping
energy estimate that is clearly too low. That schedule 0 results in an
underestimate is to be expected, since it assumes an impossibly even and
continuous flow of o0il. Schedules 4, 5, and 9 all result in reasonable
efficiencies, if slightly high in the case of schedules 4 and 9.

If the value of e were the only criterion of choice, schedule 5
would seem to be the best, since schedules 4 and 9 require pump and motor
efficiencies very near optimal textbook values. But note that schedule
4 better fits the data, in that its rms relative error is less. That is,
it better accounts for the factors that make one company more efficient
than another. In fact, schedule 4 provides the best fit of all the
schedules, not just those that result in reasonable efficiencies. 1In
view of this it seems best to adopt schedule 4 as closest to reality and
to accept that equipment efficiencies are higher than might be expected.
Since (. 815 is a bit too high, it can be reduced to 0. 80, the upper end
of the range of 0.74 to 0.80. When e = 0,80,the rus relative error for
schedule 4 is 0,172 — still the best,

As noted in Sect. 91, a wire-to-oil efficiency of 0,80 is con~
sistent with a pump efficiency of 0.86 and a motor efficiency of 0, 93.
The latter figure is entirely reasonable. 1If the former seems too high
for actual practice, one can consider that company G, the only company
to remark upon such matters as pump efficiencies, reported that its pumps
were operating at efficiencies "better than 86%." Also if one is con-
cerned that an 80% wire—to—-oil efficiency will result in an underestimate
of mwational oil pipeline energy use, he should consider that schedule 5,
which corresponds to the lower (. 73 efficiency, results in a national
energy estimate that is lower than schedule 4's estimate for products
lines and only 1% higher for crude lines.
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A final matter that should be considered is the fact that schedule
4 calls for a 100% duty factor. It is counterintuitive that a model of
pipeline operation can neglect the necessity of shutting down occa-
sionally for maintenance and repairs. But ‘recall that duty factor is
defined in the description of these schedules so as to refer to how much
shutdown time occurs during the period in which at least one pump would
be operating under schedule 4. Since it is common under schedule 4 for
all pumps to shut down for a short period (so as to result in the desired
throughput), schedule 4 is compatible with a pipeline's undergoing main-
tenance and repair while shut down. It is even more common for only one
of two pumps to be opetrating under schedule 4, allowing time for main-
tenance of the other pump. The rejection of schedules 6 through 9
signifies only that one need not provide for any shutdown time beyond
this to account for energy use.

8.3 Error Ketimation

The actual and the estimated energy consumption, in terms of their
electrical equivalents, appear in Table 8.2 for each of the nine pipeline
systems for which energy consumption data were obtained. Clearly the
estimates, although close in some instances, are in other instances sub-
ject to considerable error. In view of this it is important that the
error in these nine cases be used as a basis for estimating roughly what
may be the errors in the national energy estimates. To do so is the aim
of this section. The estimates can only be rough because nine obser—
vations are too few for a statistically reliable estimate of errors.

Let £y be a random variable representing the error in an estimate
Ey + €4 of the energy Ej used by company i. The variance 012 of the
distribution of £ may be the same for all i or may depend on certain
characteristics of company i.

n
The total energy cousumption of n companies nationwide is E = 7 Eji
and its estimate is i=1

If the variables €; are assumed to be independently distributed with like
variance 62, then the variance 62 of €'s distribution is simply

Since to estimate energy use with the method in question, without
correcting for bias, is to suppose that each €; has a mean of zero, this



Table 8. 2.

Anzlysis of errors in estimated energy use of certain pipeline companies

Estimated Actual
Company Type ;%ggefgffs‘ Num?er of ?1ecfric?l fle;?rii?' Relatfye error
(1 m-=km) segments consumption consumption {%)
(iotz 3 (1012 1
A Products 5,012 51 516 441 17. 0
B Products 2,977 19 237 225 5. 3
c Crude 2,292 H 325 282 15.2
D Products 1,448 19 200 311 —35.7
E Crude 4,593 20 197 288 —31.6
F Products 17,742 60 1,320 1,628 —18, 9
Gl Crude 2,763 1 373 351 5 3
G2 Crude 9,197 1 1,216 1,195 1.8
G3 Crude 3,820 3 726 722 C. 6
Total 49,844 175 5,115 5,442 —6. 1
Average absolute error 14, 7%

rms absolute ervor

rms relative ervor

117.4 x 1012 3

18. 9%

y1-8
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supposition must be maintained when the errors resulting from the method
are estimated on the hasis of =sample data like those in Table & 2.
Consequently if £y,...,65 are the errors ian a sample of m observations,
the error variance o0¢ is estimated by N

13
X Eiz . (Sv’(})

Ooe divides by m, net by w - 1, since the mean is not estimted from
sample data but is presumed to be zero.

1t is arguable, however, that one cannol assume an equal variance
for each ervor variable £4. Conszider; for example, two pipeline
companies, each consisting of a single pipeline segment. If one segment
carries twice as much o0il as the othet, then one would expect its esti-
mated energy consumption to show more error than that of the other.
Since each segment's evergy estimate involves the same nuaber of esti-
mates of physical parameters (flow rate, viscosity, ete. ), one would
expect the percentage or relative error in its estimate, not the absolute
error, to be about the sawe for the two estimates. The standard
deviation o5, then, can plausibility be viewed as proporticnal to FE;.

Yet there is a further complication. While some pipeline companies
consist of a single segment, others consist of many segments, each
recelving a separate energy estimate. To be sure, the error distribu-
tions corresponding to the individual segments cannot be presumed
independent, since segments are often segments of the same pipeline, so
that an errvor in one segment's estimate {s likely to be highly correlated
with errors {o the other segments' estimates. lonetheless one may expect
ervors in some of the segment estimates partially to offset ervors in
other segments, so that the relative or percentage ervor for the entire
company should be smaller than the relative errors for the individual
segments. If this is true, then energy estimates for companies having
many segments should show smaller relative errors than those for com—
panies having few segments. In other words, o4 is not proportional to
Fi but depends somehow on both Ei and the number of segments in company
i.

Despite the plausibility of the above argument, Table 8.2 does not
conform its conclusion, 1f anything, these data saggest that companies
with fewer segments receive energy estimates with smaller relative
grrors. One must also consider that errors derive not only from mistakes
associated with the individual segments, but also from any error that
ray exist in a company's reported total movements, on which segment flow
rates are based. An error in the company flow rate would not be miti-
gated by the fact that a company has many segments, since each segment
would suffer the same systematic error. Moreover, a company owning many
segments may have greater difficulty arriving at an accurate rveckoning
of its total movements. Tt is easily possible that the accuracy of
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reporied movements decreases rapidly enocugh as the number of segments
increases so as to offset the tendency of numerous segments to result in
a smaller relative error, with the consequence that the relative error
in a company's energy estimate is more or less independent of the number
of its segments.

In view of these considerations it seems best to assume that the
standard deviation of the relative error Ei/Ei has a constant value
T for all companies i. The relative error of the estimate of national
energy use (for n companies) is given by

L. El)/(z Ei) . (8.5)

If the distributions of ei/Ei are independent, which seems a reasonable
assumption, then (8,5) implies that the variance T2 of the distribution
of e/E is

T2 - 282l (8.6)

(). (8.7)

Again one divides by m rather than m — 1, because the mean is not esti~
mated from sample data but is presumed to be zero.

The results of calculating the standard deviation T of the national
error distribution for crude and products lines according to Eqs. (8.6)
and (8.7) appear in Table 8.3, The table also shows 957 confidence
bands, on the assumption that errors are normally distributed. Numbers
in parentheses show the confidence bands that result when FEgs. (8.3) and
(8.4) are used instead. That is, the confidence bands in parentheses

. . . 2,
are based on the assumption that the absolute error variance oji is the
same for all companies 1, which is to say that equal absolute errors are
given equal weight. The other confidence bands (not in parentheses)
assume the relative eror variance Tiz is the same for all companies,
which is to say that equal relative errors are given equal weight. The
latter assumption is the one recommended here, and it is the one made in
the previous section



Table 8. 3. Estimated errors in national pipeline energy use estimates?

Crude Products
Number of companiesb 121 108
Standard deviation T of the distribution of relative 18. 9% 18, 9%
errors in company energy use estimates
Standard deviation T of the distribution of relative 1. 13% 2. 34%
errors in national energy use estimates
Error range for company estimates at 95% confidence level® £37% £37%
Error range for national estimates at 95% confidence level®C  *2, 27 th, 6%
{4, 5% (*6. 1%)
Conservative error range for national estimates £10% 157

8Calculated on the assumptions that errors for different companies are
independent and that the distribution of relative (percent) errors in company
energy use estimates has a variance independent of company characterigtics.
Numbers in parentheses assume independence of company errors and that the distri-
bution of absolute errors has a variance independent of company.

b . .
A crude pipeline company that owns portions of the Alveska Pipeline or
Capline, as well as other pipelines, is counted as two companies.

c , .
Assumes normality of error distributioas.
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There are two reasons why these confidence bands may be ovevop-—
timistic.

l. The nine observed errors from which the confidence bands are
derived hare are, in a sense, noi randomly chosen. Tt is true that the
companies are randomly chosen, at least in a sensa relevant here. But
the observed evrors are deliberately taken to be those resulting from a
choice of the flow schedule that best fits the observed energy use data
(best among the three schedules 4, 5, and % that result in reasonable
wire—to-oil efficiencies). These observed ervors, then, can be expected
to be less than those that would be observed if nine more companies were
investigated and schedule 4 were used, without regard to which schedule
best fits the data for those nime. This is not o say that one should
use all 27 observed errvors corresponding to schedules 4, 5, and 9 as a
basis for error estimation, since schedule 4 was picksd precisely because
therz is reason to believe it accounts for the ensrgy use of all com~
panies better than the other schedules do. Nenetheless an estimate of
error based ou the nine observed errors produced by schedule 4 should be
increased somewhat to reflect the manner in which thege wnine were
chosen. An investigaftion that would guantify the appropriate increase
is heyond the scope of this project.

2. The company errors may nof be entirely independent, as assumed.
It is likely, for instance, that the method in question produces esti-~
mates that are biased somewhat in one directioa or the other.

To offset possible overoptimism, Table 8 3 enlarges the 95% confidence
bands to produce more coinservative estimates of the range in which the
true energy consumption of oil pipelinss probably lies.

Tt should bhe understood that lhe error estimates in Table 8.3 do
not account for potential ervors in the estimate of fuel-to-wire effi-
ciency. But this is not of great concern, since fuel-to-wire efficiency
is not properly a part of a pipeline energy investigation and is best
treated as exogenous.

It should also be understood that energy estimates for individual
states or individual pipe diameters are less reliable than the national
estimates. Since deriving a confidence band for a state requires deter-
miniog the movements of each company within the borders of that state,
such a derivation does not seem worth the labor, especially since the
confidence band would probably have to be enalarged anyway. Suffice it
to say that since the 95% confidence band for individual companies is
£37%, one can expect to see errors on the order of *20 or 307 in the
states in which only one or a few companies operate. States containing
lines belonging to many companies can be expected to receive more
accurate estimates.



9, FINAL CALCULATTON OF ENERGY CONSIMPTION AND INTENSIVENESS

9,1 Fyel~to-0il Efficiencies

Pipeline pumping epergy, which has been defived as the mechanical
energy actually delivered to the oil by the pumps, yilelds the total
pipeline evergy cousumption when it is divided by the fuel-to-oil
efficiency. This efficiency is that with which the evergy derived from
primary socurces, such as coal or diesel fuel, is converted to the machaa-
ical evergy exerted on pipeline oil. Tts estimation fs the object of
this section

The energy path from primacy sources to pipeline oil has either two

or three segments, depending on whether the pumps are driven by electric
motors or otherwlise. In the latter case the path 1is

primary - - ghaft ~——mo- oil .
gsource driver pump

For electrically driven pumps the path is

primaxry ~emmemm e G e v -~ ghaft ~=w=--— oil ,
source elactrical motor pump
generalion
and

transmission

Thus there are four component efficiencies to be considered: direct
fuel~to~shaft, shaft-to—oil, wire-to-shatt, and fuel-to-wivre. These are
estimated below and then combined to yield a composite fusl-to-oill effi-~
ciency for crude and for praducts pipalines.

9.1.1 ©Direct fuel-to~shaft efficiency

The direct fuel~to~shaft efficiency is the efficiency of fuel-
burning engines in pipeline pump stations. One accounting of the frac-
tion of installed pumping power provdad by each type of engine is shown
in Table 2% 1 McGowin 1973, p 323. These figures cannot be wvery
accurate, since they are reportedly based on the Annual Directorvy of
Pipelines (Pipeline 1972)., Only a portion of the company descriptions
in this directory specify installed puaping horsepower in a way that
indicates the type of driver. Also the digstribution of power sources
may have changed somewhat since 1972, MNonetheless these figures are
probably adequate for present purposes, since the equipment efficieuncles



Tabie 9 1. Sources of pipeline pumping power and their efficienices

Crude lines Products 1lines

Fraction of installed Approximate Fraction of installed Approximate

pumping power efficiency pumping power efficiency
Electric motors 0. 7694 0. 63 0. 815G 0. 93 -
Other sources, total 0. 2306 0. 303 0. 1850 0. 268 o
Gas turbine 0. 06125 G 18 G. 0594 0. £8
Reciprocating engine 0. 2179 0. 31 0. 1256 0. 31

Steam turbine 0. 0002 G. 36 d
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can only be approximated. The driver efficiencies appeariaog in Table 91
are extracted from an engineering handbook (American Gas Association,
1966, p. 12/359), The weighted fuel-to-shaft efficiency for all non-
electric drivers is 0.303 for crude lines and (. 268 for products lines.

9,1.2 Shaft-to-oil efficiencies

The great majority of trunk pipeline pumps are centrifugal pumps.
Thelr efficiencies are somewhat difficult to estimate, since they vary
with the type and condition of pump, the properties of the oil, and the
load under which the pump is operating. Peak efficiencies for pipeline
pumps are generally in the neighborhood of 0.86 to 0.89 (Kerassik et al.
1976, p. 10-100). A rule-of~thumb operating efficiency one hears men=~
tioned is 0.80 (e.g. , Leilich et al. 19797, p. E-15). This suggests
that the average pump efficency probably lies in the range of 0. 80 to
0. 86, The results of Sect. & 3 imply that pumps can be assumed to
operate near the upper end of this range, and this matter will be taken
up shortly.

9 1.3 Wire-~to-shaft efficiency

Estimates of the efficiency of industrial electric motors generally
are close to 0. 93 (Baumeister et al. 1966, p. 15-46).

9. 1. 4 Fuel-to~wire efficiency

Probably the best way to estimate the efficiency with which primary
energy 1is converted to delivered electricity is to appeal to the
operating statistics of the electric utilities (Edison Electric Institute
1977). The relevant figures for 1977 (the most recent in the library)
appear in Table 9. 2. The efficiency of conventional steam~generation 1s
estimated by the Edison Electric Institute to be 32 7%, The thermal
efficiency of a boiling water nuclear reactor has been put at 33%, and
that of a pressurized water reactor at 347 (McRae, Dudas, and Rowland
1977, » 346). But due to serious definitional difficulties toc be
discussed shortly, the efficiency of nuclear generation is equated with
that of other steam generation. The efficiency with which a hydro~
electric plant converts the potential energy in a head of water to
electricity is probably about 80% (Hooker 1979), but siance the plant
consumes no energy resources that nature would not consume otherwise,
its efficiency 1is put at 100Z. The resulting overall efficiency of
electrical generation is 35.2%  Since 92,07 of this electricity reaches
the customer, it is reasonable to infer that the transmission loss is
8.0%  The resultant efficiency of both generation and transmission is
32. 3%

The difficulties that arise in the very definition of such a measure
of efficiency are manifold and infamous. To begin with, popular estimates



Table 9. 2. Efficiency of electrical generation and
transmission, 1978

Productiond Efficiency
(100 kwh) (72>
All sources 2,124,026 35. 2
Hydroelectric 220,436 100
Nuclear 250,882 32,7
Other 1,652,708 32, 7b
Total sales? = 1,953,535 x 100 kwh
Efficiency of transmission = sales/production = 22.0%

Efficiency of generation and transmission = (36.2) (92.0) = 32.37%

ffrom Edison Electric Institute (1978, pp. 18, 31).

1.
“10,449 Btu/kwh, estimated by Edison Electric Institue.

of genevation and transmission efficiency seem to consider only genera-
tion from fossil fuels and consequently arrive at a number uear 307%.
But this practice is inexplicable, iu rhat part of our electricity is,
after all, derived from water power. Since no energy is wasted in the
production of hydroelectricity that nature would not be waste just as
quickly if the power were not harnessed, the efficiency of this process
is 100% and serves Lo improve the overall efficiency of electrical
generation from 32.7 to 35 27.

Other definitional problems are wore baffling. It is unclear why
the energy cost of mining and tranpsorting ccal to the power plant should
not be counted. If it is not counted, then it is unclear what portions
of the complex nuclear fuel cycle should figure into the calculation of
efficiency. 1In particular, it is difficult to kaow how to account [or
the electricity consumed in refining nuclear fuel. Tt seems unfair to
coal to omit this energy cost, since it is quite large, but if it is all
included then the mine~to-plant energy efficiency of coal production
should be taken into account. On ithe other hand, perhaps it is unfair
to nuclear energy to count the waste heat in the plant as a loss, since
whereas at least some of the coal's waste heat could have been used by
burning the coal in household stoves, there is little one could do with
nuclear waste heat —— at least until nuclear household furnaces are
developed. Finally, the practice of counting electrical transmission
loss seems odd in view of the fact that the energy cost of transporting
diesel fuel to an engine is seldom taken into account in computing fuel-
to-shaft efficiency. Presumably the transport of fuel to the engine
parallels the transport of coal to the plant, but the former requires
more energy aid this should be acknowledged.

Obviously, such coansiderations could go ou at some length. Since
there seems to be no definitive resclution of the problem, the efficiency
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of conventional steam~generated electricity has been computed accocding
to the usual definition, and the efficiency of nuclear-generated
electricity has been equated with it so0 as to avoid the thorny question
of how to view the muclear fuel cycle.

9. 1.5 Overall efficiency

The four efficiencies just developed ave depicted in Fig. % 1. It
is evident that the overall fuel~to~oll efficiency may be estimated,

efp = (aeefwews'+ aneefs)eso s (9. 1)

where a, = fraction of installed pumping powr supplied by electric
motors, given in Table 9. 1;

ape = fraction of installed pumping power otherwise supplied, or
1 — ag; and

exy = x-to-y efficiency, where £ = fuel, w = wire, s = shaft, and
o = oil.

The results are

0. 259 for crude lines
efo = . (9.2)
0. 253 for products lines

If a given energy use figure assuming an electrical generation and
transmission efficierncy of egy, is to be converted to one assuming efy,
then (9.1) implies that the figure must be multiplied by a factor k,
given by

k = (acefyeys + aneers)/(acetueus + aneets) - (9.3)
When egy = O 323, as recommended above, this coonversioan factor evaluates,

(2. 377 efy + 0.232)71 for crude liaes
K = . (9. 4)
(2. 575 efy + 0.168)~1  for products lines

Equation (2.4) is used throughout this report to convert from one fuel-
to~wire efficiency to another.

Recall that the pump efficiency ey, was estimated earlier to lie in
the range of 0. 80 to G 86, This means that the wire—to—oil efficiency
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lies in the range of 0. 74 to 0,80. Since the evidence adduced in Sect.
8. 3 suggests that wire-to-oil efficiency is at the upper end of this
range, pump efficiency has been set above at 0. 86.

9. 2 lHpnergy Consumption

The calculation of pumping energy coasumnption is described in Chap.
7. When divided by fuel~to-oil efficiency it becomes total energy
consumption:

Ly = PEg/efq (9. 5)

where Eg = pipeline energy consumption in state s (or the nation) io
1978 (crude oil trunk lines, crude oil gathering lines, or
products lines);

PEg = pipeline pumping energy consumption in state s (or the
nation), given by (7.13) in Sect. 7.8 for crude and products
trunk lines and by Table 7.6 in Sect. 7.9 for crude gathering
lines; and

ey = fuel-to-oil efficiency for crude lines for products lines, as
givea by (9.2) in Sect. 9 1.

Tables and graphs showing the results of these calculations appear
in this chapter and in the Summary. Table 5.1 presents an energy over-
view, while Tables 9.3 through 9 6 show o0il movements and energy con-
sumption and intensiveness by state and by pipe diameter. Appendix B
contains a computer printout showing oil movemeants and pumping energy
consumed to overcome friction for each pipe size in each state. Figures
3.2 and 8.3 depict the relationship between pipe diameter and energy
intengiveness. Table S.2 shows estimated oil movements by type of
carrier, and Table S.3 compares pipeline energy intensiveness with that
of other carriers of energy materials. Table 9% 10 shows the oil move~
ments and energy consumption aand intensiveness that would result if all
U, S. pipelines ran at capacity. Finally, Tables 9.7 through 9.9 show
not actual energy intensiveness but the energy intensiveness that results
when pipelines carry a capacity throughput of crude oil, gascline or fuel
oil that is predicted by the regression study of Chap. 6 to be typical of
each pipe diameter. These tables and figures are interpreted in the
next section.

9.3 Discussion of Results

The Conclusions section of the Summary interprets the results of
this study in general and sometimes in specific terms. This section is
intended to supplement the Summary and should not be read in isolation
from it. What follows is a discussion of each table showing results.



Table 9.3. Crude oil pipeline energy consumption and intensiveness in i%78, by state

Gathering lines

a J . g b { b )
Pipe miles Estimated movements Energy consumption Gravity Energy intensiveness energy consumptiont
ipC ——
kn mite 109 md-km 109 bbi-mite 10125 109 pew  TREPO Jlkg-km  w/km  J/wb Bru/ton-mile  Bru/bbl-mile 12 ;09 gy
1 1 ¢
United States 116,776 72,561 558. 8 2184 86,190 81,690 0. 97 i8l 18.5 154 251 37.4 10,120 9,600
Alabama 282 175 0. 86 3.4 160 160 1. 02 230 23 190 310 46 i2 il
Alaska 1,081 672 63. 5 268 4,590 4,360 1. 00 79 8 67 110 i6 8t 7t
Arizona® 506 501 0. 45 1.8 3 3 0.48 9 0.9 7 12 2 0 0
Arkansas 1,102 685 19 12.5 410 390 .02 150 i5 130 210 3i 130 120
California 4,587 3,018 10. 1 39.3 1,720 1,630 1. 04 200 20 170 280 41 780 740
Colorado 2,052 1,275 3,01 i11.8 530 500 .04 210 21 180 290 42 130 120
Florida 342 215 0.43 L7 120 110 0. 99 330 34 280 460 68 8 7
Illinois 6,061 3,766 45,2 176 7,730 7,330 1. 00 200 21 t70 280 42 130 120
Indiana 1,312 815 8,21 32.1 1,650 1,560 1. 06 240 24 200 330 49 27 26
lowa 105 65 0. 48 L9 78 74 1. 34 190 20 160 260 39 0 0
Kansas 7,998 4,970 19.2 75 1 2,480 2,350 0. 95 150 16 130 210 3. 3i0 300
Kentucky 1,127 700 12.7 49.7 2,280 2,160 L 00 210 22 180 290 44 35 33
Louisiana 7,851 4,878 42,1 165 10,200 9,470 .02 290 29 240 400 59 1,080 1,020
Maine 348 216 i3 4,40 100 95 i, 88 100 11 38 140 21 0 0
Michigan 2,700 1,673 3t i 121 4,360 4,140 0. 97 i70 17 140 230 34 150 150
Minnesota 2,421 1,504 34,1 133 4,910 4,550 0. 97 170 17 140 240 35 0 0
Mississippi 2,073 1,288 3.0 123 4,240 4,020 1.0l 150 16 140 220 33 90 80
Missouri 4,912 3,052 22,8 89.0 3,960 3,750 .04 200 21 170 280 42 0 0
Montana 3,071 1,908 2. 54 9. 93 440 420 0,98 200 21 179 280 42 140 130
Nebrasxa 1,136 706 4,69 17,5 260 250 0. 56 70 7 59 95 L4 20 20
New rampshire 172 107 0. 56 217 64 50 2,41 130 L 110 190 28 0 B}
New Mexico 2,647 1,645 3. 14 12.3 490 470 1, 00 190 i9 160 260 38 530 500
tlew York 186 116 0. 23 0.9: 46 44 .02 240 24 200 300 49 8 7
torch Dakota 1,529 959 4,07 5.9 370 350 7. 89 110 11 32 150 22 0 0

Ohio 1,457 906 6. 57 25.7 1,610 1,530 1. 02 290 29 240 400 60 54 51

86



Table 9. 3. {(Continued)

Gathering lines

Pipe uillesd Estimated movenents Energy consumpr ionb . . Enecgy intensiveness? N L
Gravity ensrgy consumption
ka aile 10% m3-km 109 bbl-mile 1012 g 109 Bru ratio® Jfg-km  mw/km  J/w®  Btu/ton—mile  Bru/bvdl-mile . 10% Beu
3 H
Uxilahoma 15,284 6,930 30,1 118 5,750 5,450 3 98 230 23 190 310 46 370 8335
Pannsylvania 53 33 0. 09 G, 24 i4 t4 5083 190 9 160 260 3¢ 27 26
Tennesses 738 458 2%.5 il5 3,860 3,660 L 01 150 H) 13¢ 210 3z a C
Texas 38,014 23,621 F3Y) 428 15,450 18,440 G &% 219 Zi 183 230 43 4,950 4,690
Ucah 1,265 788 L7 6, 62 200 180 Go 64 14 14 i) 130 28 4t 4a
Vermont 308 130 0. 99 3. 87 27 z 3% 59 33 3.3 28 45 0. 7 a G
Washiagton 130 81 G, 23 0. 89 1z 11 0. 55 82 6e 3 52 45 13 ¢ G
West Virginia 893 555 O 64 %, 50 270 260 1. 82 506 51 430 700 100 19 i3
Wisconsin 778 483 1%.2 75.0 2,240 2,32 1. Ub 140 15 120 199 28 0] Q
Wyowing 6,686 4,155 .6 41,3 1,800 £,170 L. 03 200 20 e 280 41 480 450

a . . = . . ; . fee
As determined by the present study {Seet. 7.1). Mileages published by the EFnergy Department (¥nergy Information Adminiscration 1978) differ somewhat.
o . . o

Assumes an efficiency of 32 3% for the generation and transmission of elesctricity.

< . : . . N : + - a P ; . .
Ratio of total energy cousumption to energy that would be used if pipes were level, Ratios less than one indicate that more oil flows downhill than uphiil, so that
the net effect of gravity is to reduce energy consumption.

d ce: . . 44 A g
Gathering line energy is diffjcult to estimate, and cthe state figures could show errors as large as 30-50%,

S 3 N 5 < v < . . . . - c - PO . N
The Arizons e€nergy cousumpiion and intensiveness aumbers ace unnatuvalily low because the major crude oil pipeline in the state, a four Cormers 15-in iine, is
reperced to have surprisingly low 28,000 bbi/3d capaclty and because the Four Corners Company reports a surprisingly low 3792 x ;00 bbi-mile for 1978  Since cthe
fractios of this Four Corners movement chat occurs in Arizonz is not known even approximately, the above Arizona estimates should not be given much credeace.

Alaska's gathering line encrgy use estimate, iike those for the other states, is based on pipeline srock at the end of 1976, It is therefore a substantial under—
estimate of energy use in 1978, due to the rapid growth of oil driiiing in Alaska.
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Table % 4. 0il products pipeline energy consumption and inteansiveness in 1378, by state

i 1agd { {ond . H { b
Pipe miles Estimated movements Energy consumption Gravity Energy intensiveness
10C
km mile 109 w3-km 109 bbl-mile 1012 g 109 Beu ratio J/kg-xm m/km  J/a® Btu/ton—mile Btu/bbl-mile
United States 132,954 82,614 388. 2 1517 63,850 60,520 1. 00 219 22,4 164 304 39.9
Alabama 2,235 1,389 29. 5 115 4,020 3,819 i. 36 180 19 140 250 33
Arizona 1,351 840 2. 39 9. 33 450 430 0.93 250 26 190 350 46
Arkansas 1,709 1,062 5 87 23.0 930 880 0. 91 200 21 160 280 33
California 3,581 2,232 6. 81 26. & 1,510 1,430 1. 0z 290 30 220 400 54
Colorado 1,667 1,036 2. 34 9.13 500 470 1. 09 280 28 210 380 52
Connecticut 192 119 o 20 0. 78 32 30 Lo 10 200 20 160 280 39
Florida 256 159 0.53 2. 08 105 100 . 02 250 26 200 350 48
Georgia 3,059 1,901 37.3 107 3,080 2,920 Q0. 85 150 15 110 210 27
Idaho 97 563 .22 4. 76 250 230 0. 86 260 26 200 360 48
Iilinois 7,083 4,401 16,0 62. 4 2,830 2,690 .03 240 24 189 330 43
Indiana 4,696 2,918 8, 97 35. 1 1,440 1,360 1. 04 210 22 150 290 39
Towa 6,156 3,825 8.23 32.2 2,040 1,930 0. 98 340 35 250 470 60
Kansas 10,179 6,325 17.3 67,7 4,420 4,190 0. 99 350 36 260 490 62
Kentucky 227 141 0. 26 .02 72 68 .16 350 36 280 480 67
Louisiana 3,912 2,431 35,2 137 5,160 4,890 1. 04 190 20 150 270 36
Maine 217 135 O i6 0.62 45 43 L. 00 360 37 280 500 69
Maryland 340 211 6. 35 24,8 1,270 1,210 0. 80 260 27 200 360 49
Massachusetts 350 2i8 0.19 0. 74 73 69 1. 06 500 51 380 690 93
Michigan 2,575 1,600 . 23 20. 5 1,180 1,120 0. 97 300 3i 230 420 55
M innesota 2,908 1,807 2. 46 9.62 350 340 0. 87 200 21 140 280 35
Mississippi 5,470 3,399 40, 2 157 4,250 4,030 0. 96 140 15 110 200 26
Missouri 6,170 3,834 12.7 49, 5 1,730 1,640 0. 97 180 19 {40 260 33
Montana 1,602 995 2. 69 10.5 580 550 0. 99 280 29 210 390 52
Nebraska 2,920 1,815 3.27 i2. 8 840 800 0. 98 340 35 260 470 62
Nevada 286 178 0. 32 L. 25 48 45 6. 75 190 20 150 270 36
New Jersey 1,055 655 5. 78 26. 5 1,130 1,070 L. 01 220 22 170 300 40
New Mexico 2,584 1,605 2. 58 10. 1 540 610 I. 10 320 33 250 450 60
New York 2,426 1,508 2,72 . 10. 6 730 690 0. 94 350 36 270 490 65
Morth Carolina 1,794 1,115 20,3 79.3 2,930 1,920 0. 84 130 i 100 180 24
North Dakota 797 495 0. 96 375 200 190 0. 92 280 29 210 390 50
Oaio 6,320 3,927 7.97 3i01 1,380 1,310 L. 01 230 23 170 320 42
Oklanoma 6,114 3,799 1L 9 45,5 2,320 2,200 .03 270 27 209 370 47
Oregon 724 450 0 57 223 85 81 0. 85 2090 20 150 270 36
Pennsyivania 6,592 4,282 11. 4 44, 4 2,170 2,060 L. 04 259 26 190 350 46

Rhode Island 77 48 0. 05 0. 20 35 34 12 930 91 710 1,240 170
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Table 9 4. (Continued)

Pipe miles® Estimated movements Energy consumpt iond Gravity Energy Intensivenass®
- Cc ;

km mile 109 m3-km 109 bbl-mile 1012 109 Btu ratio J/kg~km w/km J/m% Btu/toa-mile  Btu/bbl-mile
South Carolina 1,422 883 18,1 70. 8 1,580 1,500 0. 8¢ 120 12 37 160 21
South Dakota 1,242 77z 0. 76 2.97 170 160 i. 07 300 30 220 410 53
Tennessee 662 412 1. 48 5. 77 380 360 1. 01 330 34 250 460 52
Texas 23,616 14,674 41,2 161 7,250 6,870 1. 02 240 24 180 330 43
Utah 532 330 0. 69 2, 68 130 130 e 75 64 6. 6 50 89 12
Virginia 1,379 857 16, 8 65,7 3,740 3,550 1. 00 290 30 220 410 54
Washington 1,208 751 3. 89 15,2 750 710 1. G2 260 2 190 350 47
West Virginia 97 60 0, 05 0. 21 17 16 1. 00 420 43 330 58Q 81
Wisconsin 1,073 667 1. 99 77.9 5490 510 G. 99 360 37 270 50C 66
Wyoming 2,882 1,791 2 44 9.53 1,160 1,100 L. 04 620 64 430 860G 120

8As deternined by the present study (Sect. 7.1). Mileages published by the Energy Department (Energy Information Administration 1378) differ
somewhat.

bAssumes an efficiency of 32, 3% for the generation and transmission of electricity.

“Ratic of total energy consumption to energy that would be used if pipes were level. Ratios less than one indicate more oil fiows downhill than
uphill, so that the net effect of gravity 1s to reduce energy consumption.
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Table 9 5. Crude oil trunk pipeline emergy consumption and intensiveness in 197§,
by pipe diameter

Pipe milesd Estimated movements Average throughput Energy consumption® Energy intensivenessb
km mile 109 w3-km 109 bbl-mile 103 m3/d 103 sbl/d 1012 g 109 Bty  S/kg-km  m/km  J/m®  Bru/ton-mile  Btu/bbi-mile
All diameters 116,776 72,551 558. 8 2,184 13 82 84,:90 81,690 18 i85 154 251 7.4
2" 29 18 0. 002 0. 008 0. 19 12 1.9 i. 8 1,120 114 946 1,550 229
4" 944 587 0. 25 U. 97 0. 73 4, 6 128 122 6508 62, 1 518 842 126
0" 8,657 5,379 5. 05 19,7 L6 10 1,780 1,680 bib 42,2 352 573 85 4
8" 28,689 17,827 28.3 110 2.7 17 7,530 7,140 313 3L9 266 434 64,6
1o 19,564 12,156 35.9 140 5.0 32 9,950 9,430 326 33,2 277 451 67,2
12" 18,79% 11,676 42, 1 165 6.1 39 7,430 7,050 208 2.2 177 288 42,9 \F
14" 847 526 2. 60 19, 2 8.4 53 382 62 173 7.6 147 239 35 6 =
6" 10,851 6,742 6. 3 141 9.1 57 5,930 5,620 193 9.7 164 268 39.9 D
18" 3,594 2,233 1% 4 71. 8 14 58 2,630 2,490 168 17,2 143 233 34,7
20" 3,930 5,549 58,1 227 ig iia 9,990 9,190 200 200 4 170 27% 41,4
22" 4,687 2,912 58. 8 230 34 220 13,060 12,380 261 26, 6 222 362 53. 9
24" 2,806 1,743 24,2 94, 5 24 150 2,260 2,140 10 1,2 93 132 22,7
26" 1,805 i,121 25. 6 100 39 240 3,890 3,690 179 18,2 152 248 36. 9
30" 2,353 1,458 44, 4 374 51 320 5,220 4,950 i38 14,1 118 192 8,5
34" 1,298 836 34,9 136 74 460 3,700 3,500 125 12,7 106 172 25. 7
40" 1,319 818 70. 4 275 i50 a29 7,940 7,530 133 13.5 113 184 27,4
48" 1,081 672 08. 5 268 170 1,100 4,250 4,033 73 7.5 62 101 15. 1

%As determined by the present study (Sect. 7.1). Miieages published by the Znergy Department (Energy information Administrarion :978) differ somewhat.

Assumes an efficiency of 32.3% for the generation and transmission of electricity. Also takes the national average gravity head of —0.152 m/km as the
average gravity head for each diameter.



Table 9 6. 0il products pipeline energy consumption and {ntensivenass in 1978 ,
by pipe diameter
Pipe miles?d Gstimated movements Average throughput Enaergy consumptionb Energy intensivenass®
km mile 193 m3-xm 109 pbi-mile 103 m3/d 1% bbl/d w0l g 109 Btu J/kg-km  w/km  J/m*  Btu/ton-mile  Btu/bbl-mile
All diameters 132,954 82,614 388, 2 1,517 8.0 50 53,850 50,520 219 2.4 164 304 39.9
2" 51 32 0. 004 G. 215 .21 L4 23 24 920 3.8 599 1,279 7
4" 3,199 1,388 G 87 3, 40 G 75 47 431 408 660 57.3 495 5113 120
6" 27,494 17,084 15.7 61,5 Lot 9 8 4,87C 4,620 414 42,2 310 573 V5.
§" 44,496 27,648 47,1 184 2.9 18 11,680 11,080 331 37 248 458 60, 2
0" 19,558 12,153 37. 4 146 5.2 43 7,596 7,290 274 28,0 206 380 49, 9
12" 15,417 9,579 4G, ¢ 160 7. 46 7,660 7,47 257 16,2 193 356 45, 8
14" 3,797 2,359 5. 87 38,6 7. 45 730 1,640 233 3.8 47 323 a2 4
16" 3,620 2,249 18, ¢ 70. 2 14 36 3,030 2,870 225 22,9 168 311 40, 9
3" 1,405 §73 7.C 27,4 14 86 1,519 355 192 19.6 144 26% 34, 9
20" 5,843 3,693 27.7 108 13 it 3,480 3,290 1a7 i7.r 125 232 30, 4
22" 14 9 O 16 0. 64 200 15 7 148 1501 11t 204 26. 9
24" 1,46GC 570 10, 3 40, 4 20 130 1,i20 1,060 145 P45 109 260 26. 3
26" 599 372 6. 88 26,9 31 200 671 636 130 133 97 180 23,7
28" 941 585 8 75 34,2 25 160 655 549 104 1, 6 78 145 19,0
30" 818 508 18. 0 79, 4 60 380 2,630 2,500 195 19,9 146 270 35. 5
32" 447 278 189 L 72 110 710 4,310 4,080 310 3.7 233 430 56. 5
35" 2,635 1,638 87.5 381 91 579 10,660 16,050 162 i6,5 121 224 28. 4
49" 540 336 23,3 9L.0 120 749 1,970 1,870 113 {5 25 156 26.5

a : . . . ) A -3 : ; ses ot
As determined by the present study (Sect. 7.1). Mileages published by the Energy Deparzment {Energy Information Admnistratioa 1978) differ somewhat.

Assumes an efficiency of 32.3% for the generation and transmission of electricitv. Also takes the national average gravity head of 0.017 m/km as the
average gravity head for each diameter.
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Table 9, 7. Typical crude oil pipeline energy intensiveness at capacity, by pipe diameter?®

Typical capacity rate

Nominal diameter of flowP Energy intensiveness

(il‘l.) T/ ko—-k T 4 =1 -3
103 w3/a 103 bbi/d J/kg-km m/km J/m Btu/ton-mile  Btu/bbl-mile

4 0. 16 0. 99 529 53,9 449 732 109

6 1. 87 1i. 8 409 41,7 348 566 84. 4
8 3. 62 22. 8 341 34. 8 290 472 70. 3
i0 6. 23 39,2 294 30. 0 25C 407 6C. 6
12 9, 46 595 262 26,7 223 363 544 %
14 11.6 73.1 248 25.3 211 343 51. 1
1% 16,1 101 228 23.3 194 316 47.0
18 21. 4 135 212 2i. 6 180 293 3.7
29 27.6 17 167 20. 1 158 273 40.7
22 34. 8 218 186 19. 0 158 258 38. 5
24 42,9 270 177 18,0 150 244 36. 4
26 51 4 323 169 i7.2 144 234 34. 8
28 6i. 4 386 161 16. 4 137 223 33,2
30 72. 4 456 155 15. 8 131 214 3.9
34 97.7 615 144 4.6 122 199 28. 6
36 112 702 139 14,2 118 193 28.7
40 144 903 130 13.3 111 181 26. 9
48 220 1,387 117 12,0 1606 162 24,2

2011 specific gravity = (. 85, viscosity = 7.5 cSt, pipe roughness = G 0C18 im , wail
thickness as in Sect. 7.1, zero gravity head,

bAs predicted by regression formula {(6.40) in Sect. 6.5, assuming no interruptions of flow.
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Table 9.8, Typical gasoline pipeline energy intensiveness at capacity, by pipe diameter?

Typical capacity rate
Nominal diameter of flowP
(i )

Energy intensiveness

o " b m i 1 e F i
103 w374 103 bbl/d Jikg=km w/km  J/m Btu/ton=-mile  Btu/bbl-mile

4 0. 97 6. 09 587 59,8 429 812 104

6 2. 48 15. 6 483 49, 2 353 568 85, 6
8 4, 87 30. 6 422 43.0 308 584 74. 8
10 8. 47 53.3 378 38,6 277 524 67.1
12 13.0 8l.5 349 35.5 255 483 61. 8
14 16.0 101 331 33.7 242 458 58. 7
16 22. 3 140 311 3.7 227 431 55.2
18 29. 8 188 294 36,0 215 408 52, 2
20 38.7 243 280 28,6 205 388 49,7
22 48, 8 307 268 27,3 196 371 47.5
24 60. 4 380 258 3 188 357 45.7
26 72,6 457 249 25. 4 182 342 44,2
28 87. 1 548 241 24,6 176 334 42. 8
30 103 649 234 23. 8 171 323 41, 4
32 121 759 227 23. 1 166 314 40. 2
34 140 880 220 22. 5 161 305 39. 1
36 160 1,007 216 22. 0 158 299 38. 3
40 207 1,302 205 20. 9 150 284 36.3
42 233 1,466 200 20, 4 4 277 35%.5
48 289 1,818 155 15. 8 113 215 27.5

a 3 I I3 v -7 3 ) o 2
Gasoline specific gravity = § 731, kinematic viscosity = 0, 64 oSt, pipe roughoess = §, 0018
in. , wall thickness as in Sect. 7.1, zero gravity head.

bAs predicted by formulas (6.40) in Sect. 6.5 and (7.6) in Sect. 7.4, assuming no inter-—
ruptions of flow.
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Table 9 9. Typical fuel oil pipeline ener intensiveness at capacit b ine diameterd
Pk & ’ -

Typical capacity rate
Nominal diameter of flow®

Energy intensiveness

tx]

I
Vine ) 103 w3/ 103 bbi/d J/kg=km m/kr J/ Bru/ton-mile Bru/bbl-mile

4 0.78 4, 83 486 £9, 5 403 573 57. 9
) 1. 89 12.5 391 39, 8 324 541 78.7
8 3. 90 24,5 335 34,2 278 464 6745
10 5, 78 42,7 297 30. 2 246 411 59, 7
12 10, & 65, 3 270 27.5 224 374 S54. 4
14 12. 8 80, 5 259 26, 4 215 359 52.2
16 17. 8 1i2 241 24, 5 200 334 48, 6
18 23. 9 150 227 23, 1 153 314 45,7
20 30. 9 195 215 21,9 178 257 43, 2
22 39. 1 246 205 20, 9 170 284 41,2
24 L8, 4 304 196 20, 0 163 271 39,5
2 58. 2 366 189 19. 3 157 262 38,1
23 69. 7 439 183 i8. 6 152 253 36. 3
30 82.6 516 177 18. 1 147 245 35. 7
32 96. b 608 172 17.5 142 238 34, 5
34 ii2 705 166 16. 9 138 230 33, 4
36 128 807 163 16. 6 135 225 32. 8
4G 165 1,043 i55 5.8 128 215 31,2
472 187 1,174 152 15. 5 126 210 3C. 5
43 231 1,458 117 12. ¢ 97 162 23. 6

“011 specific gravity = (.83, kinematic viscosity = 3 c¢St, pipe roughness = 0.0018 in., wall
thickness as in Sec:t. 7.1, zero gravity hnead.
b L . , . . ,
As predicted by formulas (6.4C) in Sect. 6.5 aand {7.6) in Sect. 7.4, assuming no interrup-
tions of flow.
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Table % 10, Energy consumption and inteusiveness of oil pipelines 1f they had been
running at capacity in 1978
- . Capacity Energy consumption Power Energv intensiveness
vapacity movements g e ) L s N N
utilization at capacity utilization at capacity
5 q . ]
107 mo-km 107 Sbl-mile . 1 T o _ ]
{33 1613 g iGie Bry %3 Jikg=km  Bru/ton-mile
Crude ofil 762 2,380 73 150 142 57 233 322
011 products 579 2,650 57 158 148 41 309 427

Li6
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Table S. 1. 0il pipeline energy consumption and intensiveness in
1978. This table prescnts an overview of oil pipeline energy use. Two
significant digits only are shown, since there is no point in showing
more when errors could be *10-15% (Sect. 8.3), more for crude oil
gathering lines. As stated in the Summary, this table contains a
separate set of figures predicated on an electrical generation and
transmission efficiency of 30% to permit comparison with studies that
use the more popular 307 figure. All subsequent tables, however, Assume
a 32.3% efficiency, as do the figures in the left half of Table S.2.

Note that crude and products trunk lines require about the same
amount of energy to move a giveao volume of o0il over a given distance.
Crude lines move a ton of o0il with less energy than products lines
because a ton of crude 0il has less volume than a ton of the typical mix
of products. One might expect crude lines to be less efficient hy
volume, due to the greater viscosity of crude oil, but this is offset by
the fact that oil products are generally pumped at higher velocities
than crude oil (see Fig. 3.1).

Table S. 2. FEstimated oil pipeline movements by type of carrier,
1978, This is an accounting table intended to help assess the complete~
ness with which this study covers the pipeline industry. This study
includes all and only pipeline carriers represented on API maps (see
Chap. 4). The table provides twe indications of how much oil movement
is missed in this way. One indication is that a few regulated carriers
do not appear on the maps (Sect. 7.4 lists them), and their oil movements
are about 3% of the total for crude o0il and 1% for oil products.

Another, less reliable indication is that only 9% of crude oil and
5% of o1l products movements accounted for in this study were those of
unregulated pipelines. (Recall that since unregulated companies do not
report movements, thorughput in their lines is estimated as described in
Sect. 7.4 and total movements computed on that basis. It turns out that
throughputs assigned pipes in unregulated companies are generally very
near capacity.) Sect. 7.1 notes that inaccuracy in the measurement of
unregulated pipeline lengths wmay result in a 10—15% underestimate of
unregulated movements. But even once a correction is made for this, the
share of movements allotted here to unregulated carriers of both crude
and products (8.6%) is considerably less than the 16% figure tradi-
tionally used by the Department of Transportation (e.g. , . S. Department
of Transportation 1977), 1t is possible, then, that as much as 7 or 8%
of oil movements, all unregulated, have been overlooked in this study.

It can be argued, however, that the 16% figure is too large. To
begin with, it is only a guess that had been used without alteration
over the last several years. No one knows the true fraction. Moreover,
pipe inventory figuves suggest that the coverage of this study is too
nearly complete to allow a 7 or 8% omission of oil movements. This study
accounts for 116,776 km of crude oil trunk lines and 132,954 km of pro-
ducts lines (Tables 9.3, 9 4). If the pipe inventory of the omittad
regulated carriers (mentioned above) is added to this, the result is
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118,794 km of crude lines and 136,192 km of products lines for 1978.
The Department of Energy accounting, which purports to cover both regu-
lated and unregulated carriers, sees 125,484 km of crude lines and
130,833 km of products lines as of Jan. 1, 1977 (Energy Information
Administration 1%78)., Coverage of unregulated products lines in this
study therefore appears complete, since it is highly unlikely that more
than 5,359 km of untregulated products lines would have been construcrted
during 1977 and 1978,

Coverage of unregulated crude lines, however, appears incomplete,
since this study's inventory of crude lines comes up several thousand
kilometers short. It may be suggested that vagueness in the distinction
of trunk and gathering lines could explain the discrepancy, since nearly
all the discrepancy occurs in diameters raunging from 2 to 8 in. That
is, it could be that when the API maps were treduced to code, a few trunk
lines (both regulated and unregulated) were counted as gathering lines
and thereby missed (see Appendix F). But if the crude trunk line inven-~
tory used here were increased to match the Department of Energy figures
(by 14,195 km in diawmeters rvanging from 2 to 8 im ), and if the added
pipes were given capacity throughput [as defined by Fq. (6.40)], the
resulting increase in oll movements (9 x 106 m3-km) would raise the
total in Table 8.2 by only 1.5%, not by 7 or 8%

All this suggests that the Department of Transportation's 16%
figure is an overestimate. The issue must be considered unresolved, and
it is likely that crude oil trunk line movements are somewhat underesti-
mated here, but there is certainly no warrant for invoking the govern-
ment's 167 guess as grounds for claiming a 7 or 8% omission in this
study.

In the weantime, it is clear that this study omits at least 3% of
crude movements and 1% of products movements by omitting a few regulated
companies. It should be understood that such omissions discernibly
affect only the estimates of eunergy couasumption (by a roughly propor—
tional amount) and have no discernible effect on estimates of energy
intensiveness.

Table S.3. Comparison of energy intensiveness for several modes of
energy transport. The superiority of o¢il pipelining, in point of energy
efficiency, is evident in this table. The caveat at the bottom, however,
should be taken seriously: “The energy intensiveness of a mode of
transport is highly sensitive to the route, speed, size of vehicle, etc.
These figures are rough averages, in some cases very rough.”

Tables 9.3, 9. 4. Crude oil and o0il products pipeline energy con-
sumption and intensiveness in 1978, by state. As noted in Sect. 8 3,

the state figures are not nearly as reliable as the rcational figures.
States in which one or a few pipeline companies operate may show errors
as large as +¥2040Z, while errors should be less in other states. A
rule of thumb is that states containing fewer pipeline segments, as
indicated in Appendix F, should be subject to greater error, since the
number of segments' is a rough indication of the number of companies
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operating in the state. States such as Texas and Oklahoma should
receive estimates nearly as reliable as the national figures.

Tables 9.5, 9. 6. Crude oil and oil products pipeline energy con-
sumption and intensiveness in 1978, by'pipe diameter. The energy inten-
siveness figures in these tables are plotted in Figs. S.2 and S.3, which
are discussed in the summary. Tt should be noted that all pipe sizes
are assumed to experience the same average gravity head per kilometer,

A anomaly obvious in Fig. S.3 is the high energy intensiveness
calculated for 32-in. products lines. In 1978 there was only one 32-in
products line, the Colonial line extending from Greensboro, North
Carolina, to the outskirts of Baltimore, Maryland. This study calcu-
lates an avetrage throughput of 139,200 wm3/d (875,500 bbl/d) for most of
this line. The high figure results from a highly reported capacity of
152,600 m3/d (960,000 bbl/d) for the line. Given this throughput, energy
intensiveness for the line should in fact bhe about 310 J/kg-km (530
Btu/ton-mile) if if carries the same mix of products as does the Colonial
system generally, If it carried relatively more gasoline at this rate,
the energy intensiveness would be less. The stretch from Greenshoro to
Mitchell Junction, Virginia (angar Richmond), has been looped with a
36~in. line since 1978, and the stretch from Mitchell Junctioa to
Baltimore is now being looped with 36~in, line (Pipeline Industry 1980,
pe 31). These additions should substantially iwmprove energy efficiency.

Tables 9.7, 9.8, 9.9, Typical crude oil, gasoline, and fuel oil
pipeline energy inteusiveness at capacity, by pipe diameter. These
tables represent an attempt to determine the "inhereunt” efficiencies
associated with the various pipe diameters. Each pipe is given capacity
flow, as predicted by regression formula (6.40) and corrected for vis-
cosity by Eq. (7.6). The resulting friction head is calculated according
to formula (2.2) in Sect. 7.6. Pumping energy is calculated according to
Egs. (7.12) and (7.13), where the throughpui V(p) is set at capacity f{low
and the gravity head is presumed zero. The result is divided by fuel-
to-oil efficiency, as per Eq. (9.5), to obtain the figures in these
tables.

Table 9,10, TFEnergy consumption and inteusiveness of oil pipelines
if they had been running at uapacity'inv}978u The figures in this table
are obtained by supposing that each pipeline continuously carries
capacity flow, as estimated by Eq. (7.6). The table requires careful
intepretation, since it suggests a misleadingly low utilization of
capacity. It is discussed at length in the Summacy.

The tresults displayed in this table are useful for gauging the sen~
sitivity of energy use estimates to errors in reported oil movements.
Equation (2.6) implies that, in a given pipeline running continuously,
energy intensiveness varies with the 1.748 power of the flow rate, which
means that energy consumption varies with the 2 748 power of the flow
ratce. But a given increase in oil movmeents (m3mkm) nationwide does not
correapond to an equal increase in flow rate in each pipe. The relation
betwaen flow rate and movements is determined by the flow scheduling
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model chosen in Chap. 8 as described in Sects 7.5 One implication of
this model is that when oil movements increase, pipelines run longer
hours, so that the increase in flow rate is less than proportional to
the increase in movements.

This is reflected in the energy figures. 1f crude oil movemeats
were to ilncrease from the actual to the capacity volume, an inccease of
35%, a proportional iacrease in flow rate in all lines would result in a
72% dioncrease ia energy intensiveness. The ensrgy intensiveness increase
shown 1n Table 2 10, however, is only 294, If oil products movements
increased 754 to achieve capacity flow, a proportional increase in flow
rate would bring a 166% increase in energy intensiveness, whereas the
increase actually predicted is 41%. Tt can be safely inferred, then,
that each 107 error in reported oil movements results in no more than a
(proportional) 10% ercor in energy intensiveness, and consequently no
more than a 20% errvor in total energy consumption.

It is likely that reported oll movements figures do in fact coatain
errors. Oue indication 1s that one of the companies contacted for the
purposes of Chap. 8 supplied a 1978 barrel-mile figure that differs by
247 from the 1978 figure subnitted by the same company to the Department
of Energy. Another indication is that oil movements is not the sort of
statistic a pipeline company must maintala fo carry out irs business.
Only throughput statistics need be kepi, and barrel-miles wmust then be
computed by multiplying the recorded throughput {ino each segment of pipe
by the pipe's length and adding the tvesults. There is no guarantee that
every company carries out these calculations carefully or has the
necessary information at the time the government forms are due.

Yet there is no evidence that there is systematic errcor in the
reporting of oil movements. The errors in the estimates of energy con-
sumed by the nine pipelines discussed in Chap. 8, which probably derive
io part from inaccurate barrel-wmile figures, are onegative as often as
positive. Also there is no obvicus reason why inadvertent ervors should
tend in oune directiocn mere than the other, nor is there any clear incen~
tive for a pipeline company delibevately to adjust figures in one direc~
tion or the other.






Appendix A. CONVERSION TABLES

Table A.1l. Selected conversion factors

Multiply by the first factor given to convert from the unit on
the left to the one on the right. Use the other faector to
convert in the opposite direction

Length meter (m) 3. 281 0. 3058 feet (ft)
kilometer (km) 0. 6214 1. 609 - mile
Volume cublc meter (m3) 6. 291 0. 1590 barrel (bbhl)®
cubic meter (m3) 264. 2 0. 003785 gallon (gal)
Mass kilogram (kg) 2. 205 0. 4536 pound (1b)
metric ton (t) 2. 205 0. 4536 short ton (ton)
Energy kilojoule (kJ)& 0. 9478 1. 055 British thermal
unit (Btu)
kilowatt-hour (kwh) 3412 293.1 x 10670 Btu
Density kilograms per cubic 0. 06243 16, 02 pounds per cubic
meter (kg/m3)b foot (1b/ft3)
; 141, 5
. ° C o= -
degrees API (°API) P 607607 T 131.5
Kinematic centistoke (eSt)d 10. 76 = 1075 92,900 square foot per
viscosity second (fte/sec)
Measures of transportation
metric ton— 0. 6849 1. 460 short ton—mile
xilometer (t~km)f (ton-mile)
cubic meter- 3. 909 0. 2558 barrel-mile
kilometer (m3-km) (bbl~mile)

Multiply by 1000 to get joules (J).

bDivide by 1000 to get a figure very close to specific gravity (sp. gr ) relative
to water at 60°F,

“Note that API gravity of an oil does not vary with its temperature.
dDivide by 100 to get stokes (St) = sgquare centimeters per second (cml/sec).
eForty”two gallous per barrel.

%%ultiply by 1000 to get kilogram-kilometers (kg-km).



Table A. 2. Counversicon chart for units of energy intensivenass

To Hylimetcic Barimetric Voiumetric
From (J/xg~km = m/sec?) {Btu/ton-mile) (J/N-km = m/km) (ft/mile) (3/m® = W/md) {Btu/ton-mile) (psi/mile)
J/kg—km 1 1. 3847 0, 10197 0. 53843 sd 0. 242685 0.23342s
Hylimetric,
Ztu/ton-mile 0. 72217 1 0. 073641 0. 38882 0.722:17s 0. 175258 0. 16857s
J/N-km 9. 8067 13.57¢% 1 5. 28090 Q, 8067s 2.3798s 2. 2890s
Barimetric,
ft/mile 1. 8572 2.5719 0. 18939 i 1. 8572s 0. 45073s 0. 43353s
J/ m® 1/s 1. 3847 /s 0.10197/s 0. 53841/ 1 0. 24268 0. 23342
Voiumetric, Btu/bdl-mile 4.1207/s 5. 7060/ s 0.42020/s 2.2186/s 4 1207 1 G. 96184
psi/mite 4,2842/s 5.9324/s 0. 43687/s 2 3057 /s 4. 2842 1. 0397
a

s = specific gravity with respect to Hp0 at X 98°C



Appendix B. PIPELINE FLOW AND P{MPING ENERGY BY STATE BY
PIPE DIAMETER

The following computetr printout shows the calculated pumping energy
used to overcome friction, as well as other data, in each state and for
each pipe diameter in 1978, Pumpiog energy is mechanical energy actually
delivered to the oil. WNo account is taken of gravity head or losses in
pumps drivers and electrical generation and trausmission. Gravity head
is ignored because average elevation gain was not estimated for par-
ticular diameters. If one wishes to assume equal gravity head for all
diameters, he may perform the calculation:

£=fpe « (3.6 x 10%) + nyvp,l/e

where E = total energy consumed by pipes of a given diameter in a given
state (J),
PE = pumping energy consumed to overcome friction (mwh), given in
the following printout,
h, = gravity head per km (m/kw), given in Table 7.5,
% = throughput for the diameter in question (m3-km), giveun io
the printout,
p = average oll density for the state in question (kg/m3), given
in the printout,
g = gravitational acceleration, 9 8067 m/secZ, aud
e = fuel-to-oil efficiency, L 259 for crude oil and 0,253 for
oll products.

The columns of the printouift are as follows:

diam nominal pipe diameter in inches. A zero
represents a sum over all diameters.

km on map total length of pipes of each size as measured

miles on map oun APL maps.

adjusted km, mi total length after adjustment (Sect. 7.1).

kw, hp average pumping powetr consumption in kilowatts,
horsepoweat.

mwh total 1978 puanping energy consumption in

megawatt~hours.

cu m-km/yr 1978 o1l movements in millions of cubic meter—
bbl-mi/yr kilometers or millions of barrel-miles.
ton—-km/yr 1978 o1l movewments in millions of metric ton—
ton-mi/yr kilometers or millions of ton~miles.



kJ/ton-km pumping energy inteunsiveness {(ignoring gravity)
Btu/ton-mi in kilojoules per metric ton-kilometer (= J/
kg—km) or British Thermal Units per ton-mile.

The number of pipes at the upper right corner refers to the number of
pipeline segments in that state (see Sect. 7.1).



Table B. 1.
DERSITY - -
DIAM k4 OF KILES ADJUSTED
9.4 OX MAP Kx MY
Q 270. 168, 282, 17 5.
12 162, 101. 169. 105.
14 3. 33. 55. 3%,
16 35. 3a. 58a 36.
HERSITY - -
DXAn K2 ¢% MILES ADJUSTED
. 9.3:4 oM 2AP 1.%:1 Y
Qo 1081, £72. 1681, 672,

CIKY

12
16

KT C¥
2LP

529,

550,

DENSITY - -

XILES
ON Map

36€.
24,
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K% L3
8C6. 531,
53, 33.
753. 4n8.

889.62 KG/C

W
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B
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1
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3
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Crude pipeline flow and pumping energy by state by pipe diameter
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Table B.l. {Continued)

4
AIXANSAS
DEXSITY ~ -  BY9.62 KG/I0-1 53.04 iB/CT-P. 16 21225
CIaM  KY ON  RHIL®S ADJUSTED K HP MWH CU.M-KX/[? 38L-%I/TR T0-K1/T3 TOU=BI/TR  KJI/TON-K®  S70/T)N-vY
NAP oy AR Xu T (MXLLINNS) {3ILLIDYS) {MILLIONS) (4ILLINNS)

0 979, 609.  1102.  695. 3299. ua2u, 28993, 3191. 12472, 2747, 1857, 19.9 53.1

6 127, 79, 143, a9, ERRN 444, 2999, 103. [ EEN 60. 113.7 160, 2

a 331, 206. 373, 232, 974, 1306. 8531, 458, 1791, 390. 267, 15,9 19,1
10 26. 16, 29, 18. g5, 114, 787, 56. 218, 43. 33, 59,6 73.3
20 495, 303, 557, JuE. 19¢9. 25490, 16723, 2574, 10058, 2191, a9, 27.5 331

5
CALIFPORNIA
DENSITY - - 839,62 F5/CU-4 53,04 1B/CU-FT 66 PIPDS
n1aM KM ON  MILES ADJUSTED K¥ Ap MWR  CU.N-FY/¥2 3L-MI/YR TIN-KN/YP TON-YL/YR  KJ/TNN-K4  3D0/T00
uap OF MAP  Xn 11 [ATLLIONS) [¥ILLIONS) (*ILLINNS) (1I1LL10%5)

o 4363, 2713 4857, "3018. 13630, 18293, 119478, 10068, 39349, 3573, 5350, 50.3 69.6
5 252, 157, 231, 175, 597, 301, 5232, 130, 749, 14 . 119, 117, 151.9
a 1087, 676. 1210, 752, 2697, 1617, 23527, 1376, 52R9. 1170, 799 72.9 109. 8
30 1023, €35, 3139, 7103, a1a9, 5619, 16697, 2315, ELEPR 971, 1347, 67,1 92.9
12 270, 180, 323, 200. 986, 1323, 9639, 903, A AREN 684 487, uS. 6 63.1
14 163. 101, 131, 112, 886. 1133, 7759, fhu. 2594 565. 186, 43,5 63.5
16 962, 598, 1071, 665, 2166, 2878, 1373, 2a11, 9422, 2051, IEDEN 33.5 45.7
29 299, 186. 333, 267 1787. 2396, 1565 1. 1395, 7404, 1613, 1193 35. 0 43,4
0 252. 156, 260. 174, 72, 97, 631, 32, 319, 72. 43, 32,7 45,3
22 35. 22. 39. 24, 279. 374, 2444, I35, 1392, 236, 195. 57.9 42,7

s



CIay

TIny

X% OR
¥AD

1919.
27.
135,
563,
273,

X% O#
BaP

DEASLTY - -

aLLES ADJUSTED A% I3y
o5 #3p (4.1 XL
1191, 2052, 1275, #1549, 5578,

17, FAN 3. RN 21,

Aa, 145, 90, 221, 296,

350. £32. 374, 1332, 15513,

1790, 29z, 181, 502. 874,

320, 576, 321, 997, 1329,

77 1324 824 150, 188,

98, 165, 352 312. 439,

99. 373, 0. 5%6. 739,

3
PLORTION
DERSITY - - B69.62 RG/CU-1a 33.08 L3/CU-F2
ALLes ADJYSTED K H? LEE) CO.8-K¥/Y7 BDL-41/12
OR BAP Ra 81 {3LTLIOVS) {ZILLIDYS)
2140, 3424 213, 1037. 1391, 9583, 432, 1674,
2. 5% 33, 836, 5852, 432545, 221. 852,
i3
TLLIFIIS
DERSITY -~ - 849.62 KG/CT-H 53,08 L3/CU-TT

AILES ADJUVETED K% #e LAS
OF #AP K3 I
3537. 6961. 3765, 52e40. 5613, 55336, 1763452,
4. 0. 43, 27. 16, 233, 44,

1. 19, 12. 63, 24, PLEN 2.
37%2. 517. 321, 2350 1749 173640, 2633
592, 0. 830, 4287, 5743, 37554, 5136.
98y, 26, 047, 6020, 3072, 32731%. 1%539,

12. 20. 124 794 1064 591, 96,
6 2. 106, 66. Ly7, 5939, 3315, 1636.
239, 409, 254, 2935. 3926, 25709, S 38
462, T899, B3, 160493, 21522, 140533, 3223,
335, 660. 413, 9637, 12923 6418, 23560,
22 %, 379, 235, 10379, 13913, 25927, 25773
26a 45, 28, 366, CEAN 3230, 2379.
3 59. 49, 1472, 4655, 30413. 152224
Y07, 183, 138, 8030, 13759, 79305, 35739,

359,62 Ra/CH-2

£OLO2ADO

33.98 L3/CU-PT

[y e Ve El
{9XLLI0NS) {ALLL

2552,
2.
5.
349,
233,
359,
119,
139,
9% 3.

TOR-R4/

(ITLLIDNS) (RILLIJNY)

3599,
133,

TaE= EJ/TON=KY

v

5 PIreEs

TON-AI /R S/TIN-KY

252, 33.3
324, 3,8

ARL IS

7{2 K2/Tnh=-gv

52.5
33.0
IEE- T4
112.7

TU/TOH-ST

(R SR R R ]

31U/ 204- 3% f;d
w
122.9
1201

BTH/LON-MD

11401

77.8

55,1



CIAY

o
12
20

2
30

DYAM

0

16
bl

D1an

K% 0%
L1Y4

1153,
124,
392.
323.
229,

85.

KM ON
MAP

101,
43.
18,
39.

KM ON
aAP

7693,

1279.
22849,
1214,
1007.
72.
3us,
762.
212,
469.

DERSTTY ~ -
MILES ADJIETED
ON MAY X al
717, 13124 A15.

77 161, 33,
a8, BL6. 277.
201, 367, 228,
83, 261, 162,
51, 97. R0.

DENSITY ~ -
HILES ADJOSTED
ON MAP K3 ni

63 105, 65.
3. 50. 3.
q. 15. 9.
24. 40. 25.

DEXSITY - - Bu
MILES ADJUSTED
0N MAP Ky L}
4732, 7933.  a970.

213 39. 24,
7385, 1330. a27.
1421, 2280, 1479,
755. 1263, 785,
626, 1048, 651.

45, 75. 47,
217, 362, 225.
474, 793, 493,
132, 221, 137.
291, ng7. 303.

Table B. i.

349.62 XG/CU-Y

X

12702.
205,
468,

2755.
3113,
1161,

H49.62 RG/CM-%

X

476,
180.

7.
228,

9.62 KG/CU-N

KW

21394,
813,
1343,
5553.
2800,
2549,
T,
1942,

INDIAN

HP

17034,
275,
628,

3694,

10879,

1557.

I0dA

HE

638,
224

300.

EANSAS

29632,
63,
1300,
Tu54.
3755,
3417,
497.
2604,
6176.
10713,
TREE,

A

(Continued)

53.04 LB/CU~FT

hEE!

131272,
1799,
4104,

24134,
71058,
10159,

53.04

BaH

5163,
1589,

A26.
1962,

16

53.04

MWH

187425,
447,
11761,
49690,
26534,
22313,
3247,
17012,
4367,
6750,
12321,

Cy.A-Ku/Y¥R BBL-MI/YR

{AILLYONS} (MILLIONS)

8214, 32102.

. 277,

717, 3036.

1554, 6074,

4127, 16129,

1685. 6597.
LB/CU~FT

CU.A-Ka8/12 BBL-SMI/YR

{SILLIONS) (HTLLTONS)

4m3, 1886,

137. 5135.

65. 2564

280, 095,
LB/CU-F7T

CO.M-KN/1R B3L-1(/1"

(NILLIONS) (NILLIONS)
19227, 75145,
12, 45,
SRE. 2299,
2154, 8429,
138¢, 7347,
2104, 8223,
342. 1348,
2059, 8CUR.
5336, 20957
1864, 5723.
3229. 12854,

I0ON-KM/{? TON-MI/YR

10 PIPES

RJ/TON-K%

(MILLINN3) {MLILLIONS)

6994.
60.

661,

1323.
354,
1435,

TIN-K¥/¥1

{MILLIONS) {MILLIONS)

311,
17,

56.
239.

TON-KM/T™

MILL1OAS) (1ILLIDNS)

16371,
10,
“99.
1334,
160 1.
1791,
292,
1753,
4564,
1247,
28390,

4780. 5T.4
4t. 107.5
852, 22,4
304. 65.8
2402. 73.0
981. 25.6

5 PIPTS
TOM-31/%0 RJ/TixN=KY
231, 34.6
80. 43,1
38. 40.5
163, 29.7

145 PIPES
TON-XI/YR RI/TON-KH
11190, 41,3
7. 163.7
LS Y 35.7
1254, 35.7
109 55.3
12240 4u.3
199, 40.2
1173, 35.0
317, 32,90
852. 19.5
1944, 1503

BTU/ION-NI

ATU/ AN NI

50.%
67.6
55.0
411

ETTI/TIN=MT

w
~
B

N}
~
St

04



TIAY

CIAN

DAY

12
24

x4 ow
HAP

907.
56.
186.
113,
873,
T4,

K% O%
2AP

5993.
288,
393,
420.

€1 ON

2P

362.
121,
121,
121,

Table B, L.
v
KENTUCKY
DEASITY - -  249.62 XG/TU-Y
ATLES LDITSTED k¥ He LEE
OGN %3P KX »T
S64. 1127.  700. 18827, 25249, 164927,
35. 79. al. 177, FREN 1554,
116, 231, tus. 9585, 12853, 83961,
7L 141, a7, 3333, 4869, 29195,
297, 533.  369. 865, 1160, 7576,
4k 92. 57. 4863. §523. 42642,
18
LoursIANA
BENSIPY - -  BU9,62 KE/CH-H 53,04
BILES ADJVUSTED X% H? MR
oF AP &YW 34
3726, 7831, 4873, 81965, 103917, 713017,
152, 321, 200, 592, T9u. 5123,
555,  1170. 727, 3796, 5377, 33164
261, 550. 42, 2013, 2700, 17637
1973, 2260. s0a.  11sS5T. 15365, 100367
95. 199, 124, 738, 390, 6457,
452, 953, 592, 7284, 9758, £330%.
138, 292, 181. 1448, 1941, 12689,
527, ftyr. 890, 11751, 15758, 162737,
421, 389, §52. 37260,  49966. 326395,
59, 108, 66. 5636, 7559, 49375,
13
HAINE
DENSITY — - 849,62 KG/CU-H 53.04
¥ILES AJ0STED KH up LETS
CEIETY I E R ar
225, 349, 275. EEEN 537. 3333
Pl 116. 72. 105, w2, 925.
15, Y16, 3. Tau. 193, 1262,
75. 116, 72. 189, 252. 1545,

(Continued)

53,04 LB/CI-¥T

TULX-X8/Y3 BDRL-MI/TR
{3ILLIGNS) (H#ILLYO¥S)

12722, 49722,
83, 7.,
3432, 13414,
2030. 7335.
2229, 8753,
4957, 19374,
LB/CO~FT

CU.3—-RA/YR BBL-¥1/7%
{MILLTOSS) (MILLIONS}

42167, o472,
203, 7384,
tu17. 5540,
1357, 51313,
6573, 254135,
€51 2535,
81, 163020,
1526. 5963.
3670, 31549,
12794, 53091,
5749. 22433,

L8/CU-FT

CU. ¥-X8/73 BIL-"I/YIR

{AILLIONS) {AILLIONS)

1125, a4Q1t.
165. 647,
329, 1324,
522, 2633,

TOY~KN/YR TON-NI/YR

7 PIPES

EJI/TON-&M

{MILLIOYS) (RALLLIONS)

10833,
Sh.
2922,
1729,
1907,
8221,

TON-K4/YR 1OV~
{CILLIONS) {YILL

35896,
173,
1207,
303,
5547,
563.
3551,
1299,
$37 1.
10393,
48387,

TONKN/ YR TDN-NI T

7406, 54.9

37. 10801
1997, 103.5
1182, $0.3
313G3. 3.3
2835, 35,4

24529, 2.2
113, I
a25. 33.1
815, 73,7

1737, 65,2
335. 41.4

2927, bu.3
898, 35.2

497, 54.0

T446. 193.1

3340, 38.4

3 pIPES

{1ILLIOS3) {(MILLTI0US)

957,
FL R
283,
529,

KJ/20N=K™

555. 19,4
95 . 23,7

197, 15.8
62, 11.2

BTU/T0Y-8T

76.0
6.9
143.4

84.13

15.8

53.4

BLTU/TON-NT

99.2
149.5
137.2
91,8
$0.4
57.1
29,7
48.7
74.8
149.5
50.¢

BT/ 2OV~ 1T

L-d



CIAY

oIAM

g
19

1
2

L1

Ky 0N
nap

2639,
ac.
339,
462,
152.
269.
1227,

463,

K% OF
HAP

1973,
209.
by,
487,

20.
105.
J06.
037,

.62 KG/CU-%

BUI.E62 KRG/

Tabie B.1l. {Contirued)

KW

15904,
5.
€27,
256.
850.
892.
38314,

KN

41872,
R515.
7565.

1046 3.

11775,

849.62 KG/~

DENSTITY -
sIL2s ADJTSTED
ON #AD K=
16ut, 2760, 1672,
S0. 2. 1.
27 3. au9. 279,
298, 473, 294,
9u. 155. 6.
167, 275, 17,
765. 12585, 186,
DENSITY - -
MILES ADJUSTED
O3 EAD K8 AI
1191, 2421, 1574,
435, 723, 489,
285, 501, 3st.
288, 507, 3 .
PLEN 509, ERR
UZRSITI - -
ALLES LDJIN 2
aN Eap L&} I
1227. 2073, 1229,
133, 219, 1J6.
274, B3, 200
234, a30. 299.
12. 21, 13.
65. 130. 63.
190, 21, 200.
271, 859, 2A5.

KR

3u4s9R,
366.
923,
%32,
97.
2310
7618,
24339,

RICHT ;AN

53.08 L3/CU-FT

3024 Wy
49439, 322239, 310%2.
100. 656, 39,
T06. BATG, 235,
344, 2208, 264,
1140, Ta50. 509.
1132, 7721, 1750.
46016 3191591, 29045,

23

MIKHZ307TA

53.J4 LB/CTI-PT

i1 AWK CULN-ZN/YR
(MILLIONS)

56151, 366738, 127,

11553, 15465, 3749,

30145, k6273, J6ua,

14299, 93401, 73u4,

184720 1203567, 13783.

24

BISSISSIP2I

53.74 LB/CU-FT

re T RR CU.4-XA/1%
(MILLIONS:
46274, 2372287, 3104°,
437, 3273, 1.
1237, 3fe1, 463,
1116, 7233, H70.
131, 153, 9.
LT 2921 30¢.
1215, A3 1. 1641,
32639, 21329, 28785,

33L-1I/TR
{NILLIONS)

121479,
75.
42,
952.
1990.
4172,
113518,

BRL-1I/YR
(MILLIONS)

133379,
THES3.
162680,
IVEST.
53863,

8BL-®1/12

(A7LLIONS)

121360,

TIN-K®/Y

LR e &

32

fAILLIONS) (MILLIDING)

26465,
56
53,
237.
430,
%4,
24731,

TON-KM/7 %

213549,
ERERN
3in7.
AT

TH735.

TIN-K4/Y1"

(MILLTINS) (A7 LLIN

29637,
123,
33u.
571,
4.
256.
33,
PARNE N

13233,
1.
125,
1ag.
29%6.
s11.
16974,

TON-

TAN-MIL/YS

1RLTFD.
32,
ZED
17,

"
o

PiPES

Kd/Ta%-1%

K20

id.
140,

ERI

Lo G o -

o
3
kY
Q
4

BTN

S
299.7
125.6

5401

35.3

4.1

w7

IV RRE RS ¢

g4



Table B, 1,

DEESITY - - 849,62 KG/Cu~-n
BILES ADIOETED XY
QN HAP £4-1 154
28273, 4912, 30%2. 31177

38. 87, 42, 194,
528, %18, 570, 33945,
AARE:N 1944, 1209, 5733

36a 624 38, 3849,
61e, 1075, 56 3. 4003,
352, £23. R8T, 10212
127, 222, 1334 2252,

DENSITY ~ -

B45.32 XG/CU-5

2ILES ADJUSTED g4
OH 2ap Xy I
§885, 3071, 1998, 3897,
N H3. 1369,
34 G 547, 11090.
480, (-1 973,
118, 1204 236,
5%7. 6oL, 10435,
5. 5. 255,

DERSITY - -

389,62 K&c/ca-n

AILPS ADIVETED Xy
Q5 D Kd ik

713, AR ELN G 3893,

2% L 21, 45,

53, w1, H2. b5,

3&. 58. i6. 87.

13, 204 12. S6.

3 64, 60, 181,

15%. 47z, 32¢1.,

190 s2. 359,

{Continued)

AIS50URT

53.04 L3/CU-77 TR FTPES

He ELTY (-X¥/V7 8AL-AT/TT TOY-KA1/TH T LR RS/ U-KS
OGNS} (BILLIOYS) AILLIZES) ¢
273192, 22764, 38970, 19233, 13243, 56,3
3702, 85, 331, 724 49, 45,3
79904, 2546. 4952, 2169, 1497, 12,9
56213, 3270, 17596 3721, 2543, 49,7
3162, 333, KECEN 101, 236 51,9
5537¢. 5445, 21280, 4638 3169, 21.3
53332, 7374, 299 18, 6273, 5291, 51,9
13724, 2591, G127, 2206, 1998, 52,7
26
AGRTANA
53,02 LBACU~PY
He 148 /Y% BBL-MI YR TOH-K2/7%

CU. 8=
In

j9 ¢
5) {MILLIDNS

e

mILLYICNS) (NI

4957, 32332, 258G, 54,0
48 54 3. H T%5.9
1675, 8558, RV 87,2
1355, 49z, 233, 7340
. 193, 45.8
4. 572, 33.%
2. 2iE. 25,77
27
AEBRASKA
3,08 (B/CU-FT WIDRS

e aan CR.A-KB/YR LBL-NI/7% Rl TIE~R K

THELLINNSY (AILLIONS;

34

5223, Jei21t, 4445, 17523, 3319,
50 391, i, 0. N
Bl 399, 2%, ER £l
18, 759, 38, 182, 31,
75, 492, 38. 189, 32,
139, €9, 167, 53, 3 ol
4293, 2304224 36635, 1453, 1uhd. naeT. i 6
470, 3967, BE6 ., 2801, 367, e, L]

BTU/TON- 2T

BTU/00H-%1

4.
201,
120,
134,
ba.
5 3.

EEN

[N A T

BYA/TON- 8T

P

o
wd b it b

&

CF W e o

6-d



DIAY K% oN

SAP

0 179.

12 60.
18 60.
24 §C.

TIaY K O

ZA?

] 1991,

[ 50.

8 686,

10 183.
12 100,
AL} 138.
8 7713,

criy XY ON

BAE
a 169.
6 51.
12 118,

DENSITT - -
MILES AJJUSTED
ON mpP Ky NI

ARR N 172. 107,
37. 57. 36.
7. 57. 36.
37. s57. 35.

DE¥3ITY - - 84
RILZS ADJUSTED
ON HA2 KX ®I
1182, 2647. 1645,

31. 70. 84,
427, 956. 594,
95. 213, 132,
82, 139. 896.
86. 193. 120.
481, 1077. 663,

DENSITY - -
AILES ADJUSTED
IN MAF N -39

186. 116.
56, 35.
%30, 31.

Table B, 1.

{Continued)

29

XET HANPSHIRE

B49.62 KG/CT-4

9.62 KG/CU-1

849.62 KG/CU-1

K¥ ip
3712, 500.
37. SN,
336, 450.

53.04 LB/CD-FT

MAH CJ.M-KX/Y2 BBL-NI/YR TOu-RN/¥R

K% AP
(MILLIONS)
216. 289, 1891, 5<5.
52. 70. 456. 82.
. 95. K22, 167,
93. 24, 212, 307.

31
¥EW HEXICH

53.04 LB/C3I-PT

{MILLIDNS)

2177,
319.
653,

1199,

411 CO.K-&4/¥R? BRL-“I/Y2

Xy 4P
(AILLISSS)
4075, 5464, 35595, 3139,
83. 1. 726. 34,
2066, 2770. 13395, 940.
292, 1196. 7315, 4EGL
17, 23, 152, 3.
789. 1059. 5315, 565,
227, 305. 1991, 1364,
32
NEW YORK

$3.04 L3/CH-FT

RN CU.¥-FR/1IR RIL-vI/YK

(BILLIONS)

3266, 234,
3244 20.
2942, 234,

{MILLIONS)}

{MILLIUVS)

KL
79.
935,

TO%-MI/YR

3 PIPES

KJ/TON-XY

{MILLIOASY {MILLICN3)

473,

T3,
42,
261.

TON-KM/Y2 TON-%T/YR

323,
aa,
97.

179,

4.8
23.7
15.8
1.2

29 PIDES

KJ/TON-X ¥

(MLLLINNSY (MILLTING)

2673.
29.
800.
395.
62.
431,
306.

TON-KM/¥R TON->
(P{LLIONS) (MTL

139.
17.
i82.

1827.

45,2
BS.3
2.5
EATE)

3.9
51.3

7.9

U/TAN-Y]

BLU/0ON-MT

Bh.A
124.2
112.9

93.8

12.3

7.7

1.0

HTU/T0N=-41

31.9
3429
33.7

ot-d



DXAM

LRY b b e
PRS-

cYan

K8 OH

XAP

1518,

58,
AL
291,
538,
62,
52,
&2,

K= 0o¥

1:33

1303,

104,
117.
o4,
825,
291.
113,

Table B.l. {Continued)

EL)

HORTH DAXOTA

DEWSITY - - 349.62 KG/CU-X 53.08 LB/CU~FT
MILE¥S ADJUSTED (1] 4 XWH CU.8-kM/Y3 BBL-MI/TR
LV ¥:4 XX L34 (MILLIONS} (MILLIONS}
ELE 1529, 959. 3433, 4611, 33119, 3068, 15897,
223. 360, 224, 553, T4, 4981, 211, B25.
39 tus, 30, 197, 264, 22, 150. 585.
18 1. 293, 182, 597. 801, 5233, 483, 1911,
334, S42. 337, 203, 279, 1825, 6064 2368.
35, 63. 39. 4a?, 599, 39713, 377, 1476,
39. 62, 39, 628, 842, 5499, 311, 31684
14, 63, 39, 899, 1085, TaT, 1424, 5566.
35
ORIG
DENSITY - - 849.62 KG/CU-Y 53.08 LB/CU-FT
MILES ADJTETED K9 ;84 uwy CO.%=-EW/ Y3 3IL-mIAR
ON 3P 1| 2T (MILLZORS) {(SILLIONS)
810, 1637, 95, 129773, 178¢3, 113718, 6567, 25666.
64, 116. 72. 140, 187, 1222, Ju. 131,
T2 139, "y, 222, 293, 1936, A%5. 3.
121, 217, 135. 535, 785. 5127, 266, 1034,
264, 476, 296, 130%. IRLEN 113%0. 374, 3u17.
181, 32%. 2024 7788, 10443, 632213, 1104, 12120,
107, 193, 120. 2645, 39st. 25309, 2208, 8615,

20 PrmIs

TON-XX/YR TON-XI/TR BEJ/TON-KS
{NILLIOHS) (ALLLYOSS)

3463, 2357, 3.6
190. 123, ER|
127. . 43,7
416, 275, £3.3
516. 393, 2.9
321, 219, LRI
837, LI 23,7

i213. 32%, 3.1

TON-KN/ 2?2 TON-RIsTR AISTON-<N
{9IZLTI2435) {ALLLIOY

5592. Ti.4

23, 154. 4

72. 972

2254 32.4

T44. 55.2

26413, 81,2

1381, 42,5

PTH/TON-NT

43,4
134.4

39.8

BET/TON-T

1J1.5
213.6
134.5
114,90

Th.4
129,90

53,5

1T-d



DINSTTY - -

Tabl

R49.62 KG/CU-%

oin X4 3% NILES 12JCSTED Kil
1AF OF AP K4 LR
1] 3329, 580C. 10284. 61320, 48467,
[ 57. 3s. 83. jo. 5.
6 T suz, 738, LRT. 1567,
A EL RIS 2345, 4228, 2627, 9819
390 1937, 1139, 2019.  1255. 12030.
32 982, €10, 1082, 673. 3682,
16 86813, s8¢, 974, 605. LAREN
18 a2, 2€. 47, 29. 290.
20 Y. 5. 134, 33. 997.
22 206. 128, 221. 1. 36502,
24 355. 2219, 392, 243, 65033,
30 kL' 189, 335. 209. 2329,
DENSITY - ~  849.62 XKG/CU-X
SXAR XM ON MIL?S ADJOETED KW
HAP 0d HA® XM S
0 53. EER 53. 33. 137,
12 53. 33. S3. 33, 137.
DENSITT - =  849.82 XG/Ciu-%
DIAX KM ON  HYLES 4DJUSTED X¥
L1¥ 03 #xP KM ‘1
Q 727, 4512, 138, 454, J146R,
22 257, 159. 261, 16 2. 6189,
a0 376, 292, 476. 296. 25274,

.
e B.l.
36
OK LAROMY
53.04
R4 LAk
64495, 424577,
21, 135.
2075. 13556A.
13166, 36106,
15133, 305383,
4937, 32252,
10886, 71113,
338, 25313,
1337, B7J3.
4830, 315508,
80%3. $2900.
3324, 26404,
39

PENNSYLVANTA

53.04

-84 MWH

184, 1199.
184, 1199,
42

TENNESSER

53.04

i 54 LA L
421993, 275857,
330, Su 219,
32899, 227434,

(Continued)

L3/CO-F" 157 PIPES
C7.M-K4/¥2 BOL-YI/Y3 TON-KM/(R TO¥-RI/IH  KJ/TOE-KY
(BILLION3) {(MILLTONS) (1ILLI0Y5) (41LLION3)
30083, 317574, 25615, 17504, 53.4
6. 22. 5. 3. 103.7
465, 1817, 396. 271, 1231.5
6121, 15107, 3509. 2399, 33,4
4304. 14322, 3665, 2505, 103.7
2742, 10716, 2135, 1596 4.8
52319. 20473, 4460, 3049, 57.5
293, 1186, 250 171, 5.6
1050, 4102, 394, 611, 35.2
2677 10190, 2220, 1517, 51.3
5158, 29159, 4392, 3002, 4L
4099, 19021, 3590, 2380, 21,
L3/CU-FT T PiPES
CU.BE=KR/ (Y BEL-MT/YR ION-R4/¥37 TON-KI/Y3  KJ/TON-KX
(HILLYONS) ({MILLION3; (MILLIONS) (MILLICNS)
87, 140. T4, 51, 5%. 4
a7, 340, T4, 51, 58. 4
LB/CU-FT 2 PIPES
CU,M-XM/YR BRL-I/YB TON-KM/YR TIN-MI/YR  KJ/TO¥-KY
[NILLTIONS) <¢MILLTONS) (4ILLIDNS) (4ILLTONS)
29512, 119383, 25129. 17176, 39,6
3771, 1476, 3217, 2194, 63.9
25742, 106637, 21919, 14ea1, 35.4

BTU/T3IN-4T

BIG/7TIN-N1

A3.8
37.3

BTHsID N1

¢1-4



£X4s

15
20
25

o oo

bREY

139,

1.
18,

K& 0%
Kap

9913,
a3,
430,

KR Ox
HAE

GERSITY = -

BILES hDJUSTED
OB #a? KR 81
1. 130, Bi.
25, 39, 4.
b8, 7. ¥8.
9. 18, 3.

PEASITY - -

Table B. 1. {(Continued)

a7

FASHINGTOHN 3TaN2

B49,62 Xo/CU-3

Y

184,
T,
5.

327,

252.
22,
-3t

7.

YEST

BY9.B2 RGACU-Y

AILES ADJUSTED

TH HAP j 4

555. 893,
3%, 83,
515, 830.

DENSITY - ~

b

655,
3%.
516.

859,62 RG/CU-X

HILES ADIDSTED

(9 4 84 KA

483, 7?18,
48, 29.
¥8. 29,
90. 145

357, 575.

21

LLEN

18.

9

¥

7296,
295,
290,

3045,

13753,

£3.04 L3/CU-87T

LELH CL.A-KA/T2 3BL-NIAYR TO¥-KI/YY TOY¥-HI/IR

{ATLLIORSY {¥TLLYGYS; (MILLIONS)
1689, 228, 492, 194.
RERS 6. B2, 13,
393, 5i. 199. 43.
1134, 162. 631, 138,
38
FIRSLNLA

53.040 LB/CU-PT

ANR CU.H-KU/YR BBL-NTI/YR TON-KN/T3
(BILLIONS} (2ILLIONS) (ALLLIJNS)

19365, 833, 2u54, 583,

932 290. B30, 17.

18853, 618, FERL N 526.
49

{ISCOASLY

53,38 LB/CU-FPT

ELE: fodz PR
{ITLLIONS) (MILLIOES) ({1ILLIOY3)

13185, TE3I82. 12335,
1744 640, [
379, 14e2. 319,

3097, Glbe 2514

15598, 60804, 132470,

{ALLLIONS)

133.
9.
30.
3.

TUU-EI /YR

1LLLTONS)

37i.
12.
154,

RA/Y¥Y 2 BSL-NI/T2 TOA-KN/TR TOH-RI YR

(ILLLYINS)

11166,
Int.
219,

1742,
905%.

p328s

K3/208-84

KJ/20R-8 3%

Pi?es

EJ/TON-KK
33,5

R
29,7
7

3TY/TOE-NT

BTU/TON-9T

177.9
252.3
175,

BIU/TOH-NT




DIAY

X% OF
HAP

53.04 LB/CUY-®T

Table B. 1.
50
RWYOMING
DENSITY - - BU9.62 KG/CU-NM
MILES ADJUSTZD Xi He MHH
ON 2AP XX "I

3789, 66936, 41755. 14303, 19180, 125293,
137, 232. 189, 275. 368, 2406.
538, 950. 590. 1138, 1526. 997 1.
1464, 2584, 1605, 40922, 660C1. 43121,
252. a4y, 276. 1C08. 1352, 9434,
€54, 1753. M7, 3196, 4286. 27996.
50. 89. 55. 247, 33%. 2165,
808, T21. 848, 1662, 2228, 14555,
291, 514, 319, 1954, 2487, 16244,

{Cont

inued)

137 PIPES

CT.M~XN/¥3 BBL-MI/TR TON=K%/Y? TON-MI/YR
{8{LLIOFS} {HMILLIONS)

10577

62,
463,
2331,
726,
2343,
198,
1978.
2478,

47337,
244,
18017,
9109.
2837,
3157,
774,
7730,
9685.

{9ILLINAS) {MLLLINNS}

9005.
53.
392,
1934,
619,
1935,
1693,
1684,
2110,

6155,
36.
268.
1356.
423,
13684,
115.
1353,
tuu2.

KJ/TON-KY

BTI/TON-®I

69.4
226.1
126.8
108.5

7123

73.6
54,1

33.n

71-d



Table

pIay

cIav

-
[N -

DIAY

B.2.

K% ox
HAP

2239,

13s5.

55.
627,
468,
305.
588,

KN oN
#ap

1235,
297,
503,
435,

£1 O®
RAP

1375,
27.

418,
Jaz.
519,

Products pipeline flow and pumping energy by state by pipe diameter

1
ALABANA
DENSITY - ~ 751,35 K3/CU-" 46,91 L3/CO-FT 23 PIPES

%ILES ADJUSTED K4 [i3:4 E-LF €. 1-K3/¥Q BAL-1I/YR TON-&YW/YR TOW-AI/YR KJ/TON-K™

OR PAD Kx A1 fAILLIONS) (MILLIONS) (BILLIONS) (MILLIOWS)

1392, 2235, 1389, 23738, 31833. 207945, 29537, 115479, 22249, 15207. 33.7
41, 65. LR 93. 113. 770 54, 210. 40. 23. 53,7
33, 135, B84, 249, 33n. 2183. 142, 553. 127. 73. 73.9
RN 54, 34, 150. 201, 1316, 121, 4ty 91, 62, 52.3

3940. 626, 389, 2420, 3251. 21235, 1923, 1517 ALEE N 290, 52.9

289, 463. 283, 2506, 31361, 11956, 2333, J08u . ARLT-N 1194, 4544
189, 304, 149, 3500, 3693, 30556, 49825, 1Res6, 36313, 2433, 33.4

365. 587, 365. 14821, 198275, 1294923, 20168, 78808, 15133, 10373, 0.8

3
AZIZONA
DRESITY ~ - 752.76 KG/CU-M #6.99 1B/CU-FT 13 PI»3is

MILES ADJOSTED Lt HP L) CH.3-KX/TR B3L-MI/TR TOIN=-Xu/Y& TON-MI/YR KJ/TON-K¥

Of #23? Xx ax {MILLIONS} {TILLIONS) (¥ILLION3} {MTLLTONS
76 9. 1351, 840 3978, 5239, 339a1. 2386, 9326. 1330. 1230, 63.1
186, 324, 202 32, 513. 3351, 212, 329. 160. 139. 75.6
313, 551, 32, 6§03, 504, 5255, 525. 2353. 396. 271, 47,8
271. 476, 296. 2895, 3383, 25363, 1649, £445. 1244, 830, 73,5

4
ARRKANSAS
DENSITY - - 73,20 EG/CU~-% 43,39 L3/CT-PT

ATLES ADJYSTED g% gp Rad CHUH-KX/YR BRL-XI/TR A0N-KK/Y¥2 TOM-%I K3/T0O4-KY

ag BL? K2 .3+ (4ILLIONS) {MILLIONS) (MILLTJNS) (¥ILLIGNS)

855. 1799, 1062, B15%. 129313, 71403, 2373, 22953, 4510, 3151, 55.9
17, 34, 21, 29. 33. 257, T €6, 13, 3. 63.9
83, 35, 53. Su. 75. 432, $oa 213, 44, 30. 43.5

26¢. 520. 323, 331, 843, 2333, 4er, 3904, 332, 261, 27.13

213. 425. 2fu. 763, 1323, 6582, 935, 3l05. 656. bz, 35,3

323, 845, 401, 6°72. 2359. 6107R, 4577, 17499, 3574, 2402, 62,7

BTU/TON- %1

46.7
35.1
102.2
72.3
73.2
52,5
42,1
42.7

BTH/TOU-MT

¢1-d

94,2
106u. 8
66,2
101.8

BIO/TON-YT

77.
EEN
3
37.
50.
36.7

n
o
PN SR



Tabie 3.2. (Continued;

5
CALIPORNTY
DENSITY - - 763.32 K5/CU-N 47.65 LB/CU-7T 56 PIPES
TiA% K4 ON YILES ADJUELTED RW HP SWH Cn.¥~Ka/ ¥R 3BL-MI/YR TON-K4/YR TON-MI/YR KJ/TaN-KY 3T9/T0N~%1
qA? o EA? K KL (SILLIONS) ({®=TLLIONS) {4ILLIONS) {MILLINNS)
0 3s40. 2139, 3591. 2232, 11874, 15924. 104719, £835. 26594, 5205, 3553, 72.1 39,7
g 207, 12¢. 210. 130. 127. 170. 1109, 33, 150. 29. 20. 136.6 193.0
6 399, 8, %17, 259. 667. 89S. EELEN 233. 9337. 193. 132, 19.0 i51.0
9 12069. 752, 1262. 1N 1951, 2617, 17095, 1378, 5335. 1054. 729. 53.5 8).3
10 677, a2, 707. 439. LR 6023. 39345, 1853, 7242, 1R, 369. 13001 133.5
12 456. 293, 475, 296. 849, 5161. 337124 1960. 7699. 1499, 1025. 23,3 122.2
1 383, 23R, 400. 248, 615, 824, 5384, 9as. 3849. 753. 515, 25.8 5.7
16 66. 41, 69. 43. 185, 194, 1267, 259, 1012, 198. 1135, 231 31.¢
8 20. 13. 2. 13, 5. 7. 45. Ty, 288. 56. 3. 2.9 4.n
3
COLORADO
DENSITY - - 773.95% KG/CU-N 48,32 LR/CN-FT 10 pPIPIS
CIA™ K% ON 4ILES ADJUSTED KW HD HaH CO.M-XM/YR BRL-MT/YR TON-Ki/Y2 TON-¥I/ /YD KJ/ 22—k BTO/IIN-MT
KESd OH RAP X1 L5¢ (ETLLIOHS) {RBILLIONS3) (MILLIING) (F1LLINNS)
9 15449, 96 0. 1667. 1036, 1660, 4908, 32964, 2326h. 9131, 1312, 12133, 63.3 32,3
6 134, 83. 145. 390. 253. 339. 2216, 108, EEN 57. 9.3 131.9
q 692, 43¢, T47. LT 568, TR2. 8973 336, 33 2734, 23, 61.0 F4.4
19 718, 446, 775. 481, 2839, 3807. 206963, 1849, 7225. 143 333. 52,6 36,4
7
CORNECTICIT
DENSITY =~ - 802.88 KG/CU-Y 50.10 LB/CU-FT 2 ?lews
DIAA KM OB XILT®S ADJOSTED X Ho WY CU,A=KY/T3 3NL-91/Y¥2 T)N-KM/Y2 TON-nmI/zY® KJ/2048-K™% BT/TAN=N1
3.3 0N FrAPD K& 3¢ (MILLIONS; (NMILLIDNS) MILLINYS) (YILLINNG}

4 135, 84, 192. 119. 2390. 309, 2018, 201, 734, TR1. 110, +5.1 52.4
6 24, 18. 3a. 21, 16. 21, 117, 6. 62. 13, 9. 34,9 5.6
12 113, 69. 158. 98, 215. 288, 18917, 185, 722. 9. 102, 45.7 63.2

9T-4d



Table B, 2. {Continued)

9
FLGRIDA
DEXSITY - ~ T91.3% fG/CE-N 39,40 LB/CU-FT 3 PIPES
DIAX KM OR MILES LADJTSTED K i¥4 LY L CSU3-KA/TR BSL-NI/IR 'TON-KY/YR TON-%4I/¥2 KJ/TO¥-KY BTO/TIN-4I
Xap O¥ MAP L$:} .24 {EILLIONS) (AILLION3) (XILLINNS) (XILLIODSS)
0 256. 159. 256, t59. 826, 1107, 7232, 532, 2079, 822, 238, 6i.3 5.6
6 19, 26. 39, 28, 67 99. 591, 29. 193, 23. 12 3.2 123.9
10 217, 135. 217. 135. 755 1617, 6681, 503, 1967, 399, 273, 50.0 d3.1
10
SEQRG LA
DENSITY - - 755,26 KG/CT-4 %7.15 LB/CU-PT 35 pIPEs
DIAK KX O HYLES ADIUSTED K% He 3. CH. 8-KNS¥S E8L-YI/TR TOX-X¥/¥2 TON-XI/fR KO/TDN-K ETU/TON=-%1
.9.5:2 ON XAP KX 134 (BYLLIONS} ({R2ILLIQES} {MITLIOS3) {“ILLIOVS)
[d 1078, 1914, 3059, 1901, 29000, 38890, 238943. 27268, 106571, 20639, 14137, 6.4
& 29. T o18. 29, 18. 30. 40, 282, S. 35. e 5. 12005
¢ 331, 206, 229, 04, 4346, 582, 3805, 260, 1016, 197, ¥ 3a. 36.5
g 083, 6§52, HI M 847, 2615, 3597, 22911. 1376, 5380. 1042, T2, 109.3
1 3us, 28, 391, 212, 974, 1307, 8536. €50, 254, 492, 336, 95.6
12 286, 184, 234, 183, £Tue 3051, 59123, 14746, 5745, 113, Ter. 265.2
4 233. 1a5, 232, T4h, 506. 1218, Y937, £65, 2615, 537, LT Td.2
18 24, 15. 25, 15. ALED 190, 1240, 24, 484, 34. Bl 66,1
26 233, 185, 232. 1ag, 2185, 2931, 19145, 2785, 12572, 348, 1399, 46,7
30 28. 15. 28, 19. 292, 33%2. 25640. 389. 1539, 2346. 2514, 43.4
36 328, 204. 326. 203. U255, 12417, EARR SN 11587, 45235, 87790, 52940 45,2
20 187, 117 135, 116, Suf2. 72584 47412, 8n28. 31377, 6077, 3153, 38.9
12
IDXH0
DENSITY - - 771.30 rG/CH-8 43,15 LB/CU-PT 9 PIIES
SYaz K3 OR AILES RDJDSTED X% 12 2)2] CO.4~KN/72 EBL-1I/YR TO¥-K4/Y3 TIN-UI/¥% FIfTON=FY BTU/TIN-8T
e QN #3? % BY {BILLIDNS: (XILLIONS) ({AILLINYS) {S{LLIONS)
€] 897, 558, 907, 563, 2256. 3026, 137% 6. 1218, 4762, S42. 644 75.7 104,98
’8 836. 520. 385. ' 5%5. 1984, 265 1. 17333, 19048, 5176, 436, 585, 75.7% 105.1
10 ¥l E2-N 62 8. 272, 355, 2384, 150 SA6. 16, REN T2 152.7

L1-4



CIAN

DAY

2IaM

K% ON
HAP

6174,
440.
2110,
31200.
1173.
556,
181,
251.
364,

K% oN
BAP

3249,
q.
196.
1593.
1047,
809,
397.
260.
183,

Table B. 2.

DENSITY =~ = 740.82 KG/CU~-Y
MILES ADJIDST®D g
ON MAP L& %

3839, 7083, 4491, 22201,
273, 505. 314, 997,
1312 2420. 1504, 5320.
Tu6. 3377. 856. 5466,
T29. 1346, 836. 5017,
284, 523. 325, 825,
112, 207. 129, 1085,
156. 287, 179. 1507,
226. w17, 259. 2993,

DENSITY ~ - 759.22 KG/CU-N
MILES ADJUETED Kd
ON Map K# 94
2642, 4696. 2918, 11373,

3. 5. 3. 2.

122, 217. 335, 3482,
930, 1760. 1094 2244,
651, 1157. 719. 317 5.
254, 851, 281, B42.
267, 433, 272, 1075,
149, 265. 165. 1543,
22€. uo2. 249, 1957,

DENSITT - - 728.35 KG/CU-Y
MYLES ADJUSTED Xy
0% map KN I
3552. 6156, 3825, 16645,

33, 55. 35. 16.
1079, 1873, 1163, 1826,
1201, 2082. 1294, 6897,

433, 750. 4€6. 4729,
730, $265. 186. 2776,
T6. 131, 2. 422,

13
ILLIX OIS
846,25
m? iwg
29772, 194481,
1336. R730.
ERELN 36601,
7327, 4786 2.
5287, 35191,
1307, 7229,
1655, 350 2.
2013, 13147,
4014. 26213,
14
INDIA YA
47.40
He avy
14392, 37931,
3. 19.
459, 2996.
30909, 13658,
4255. 27793.
1130, 7378,
1442, 9419,
2070. 13521,
2625. 17147,
15
IoWA
45.87
HP UWH
22322, 145313,
21, 137,
29066, 153748,
9227. £0274,
6342, 41429,
3723, 24102,
565. 3h94.,

(Cont

L3/CU-FT

CT,9-X&/Y2 BFL-NI/YR

{AILLIONS)

15759.
34,
2327.
2783.
3376.
709.
984,
1553.
3287.

LB/CN-FT

CU.B-KM/T] BRL-NI/TR
{EILLIONS)

3972.
1.
107.
t4ug.

L3/Cu-PT

CN. 2-K%/Y% BBL-MI/YR TON-X4/¥%

{9ILLIONS)

8226.
7.
919.
2718,
RERIVN
2269,
122

{ILLLIONS)

62374,
333,
31438,
10877.
13195,
2770,
ELL TN
6070.
12846.

(MILLTIGNS)

35066.
4.
438,
S660.
8691.
2722.
3739,
5510.
8271,

{¥ILLIONS)

Jz150.
28,
3594,
10624,
7385,
8868,
15651,

TON-KN/YR TON-MI/TR

30 PIDES

KJ/TON-F 4

(MILLIONS) (1LLLIONS)

11849,
253.
2173,
2066
2507,
526.
730,
1153,
2440,

TON-KN/YR TON-XI/YR

8093, 59. 2
173, 124.3
1u85. 7.8
1412, 831.%
1713, 53.6
360, 4,6
493, 46.9
783. 41,1
1663, 3.3
76 PIPES

FI/TON-K¥

(MILLIDN5) (4ILLIONS)

6327,
1.
31.
1152,
1532,
S35
734,
1971,
1610,

MILLIONS) {1ILLT)40)

€394,
S
671.
1984.
1371,
1£56.
$J3.

4666, 51.7
1. 84.90
54. 132.7
753, 64.3
115C. 53.3
3n2. 50.2
0%, 46,1
733, 45.9
1M 33.4
R3 PIPES
TIN-¥T/YR RISTON-KM
G104, 847.¢
4. Fu.2
451, 85.9
3356, 153.6
a43. 108.3
11132, 52.9
211, 43,2

ST/ T0N-4T

41.9
1721
107.0
115.6

7.0

53,6

64.9

56.9

53.6

BTH/TIN-MT

BTN/ LaN-21

121,
133.
RN
151,
148,

73,

59.13

OO B E W

81-d



DIAM

DINY

DIAN

KY OF
BAP

9467,

386,
20932,
3523,
20u4,
1155,

367.

Xn O®
HAP

237,
178,

K3 ON
2AQ

3701,
126,
398,
757.
456,
Jua,
476,
164,
3”8,
587.

DENSITY - -

HILES
on rs?

DENSITY - -

AILES
GN Map

141,
103,

DEMSITY - -

NILES

¥ MAD

2301,
79.
248,
87,
302,
216,
2936,
162,
222,
363,

725.43 XKG/CU-"

ADJMSTED
KM -84
10179, 6325,
435, 258.
225C. 1398,
3681, 2287,
2198, 1385,
1262, M2l

394, 245,

791,31 Kg/CU-1

ADJOSTZED

xa KX
227. I,
174, 103,

Table B, 2.

W

35744,
357,
53654,
11187,
81545,
9495,
14685,

X%

296,
423,

755.30 KG/CU-N

ADJISTED
K2 L4
3912, 2431.
134, 33.
azi. 261,
3Dg. 457,
S14. 313,
343, 229.
503, 313,
70, 03,
378. 235,
621, 3R6.

KW

39976.
59,
422,
T22.
1703,
1154,
33959,
1822,
35413,
26963,

1%
KA¥SYS
85. 29
ap MAH
47924, 313119,
493, 3219,
6777, 448270
15032, 95300.
10935, 71423,
12734, 33194
1993, 13917,
17
KESTTCRY
29,60
g a4y
656 4343,
567, 3787,
3
100T514%3
37.18
42 “uH
53809, 350199,
3. 513,
565. 1599,
1, 6320,
2281, 14303,
1551, 13130,
5203, 14605,
1903, 12461,
4886, 219%a,
36074, 235605,

{Continued)

1B/CU-PT
CU.8-KA/1d SRL-21/1R
{RILLIONS) (MILLIONS)
17328, 67723,
112, LEEN
1692, §617.
4961, 13900
4954, 18973,
8465, 17449,
1344, 5252,
18/CY-FT
CUL¥=KY/¥R BRL-$I/TR
(RTLLYONS) (4ILLIONS}
261, 1921,
2%, 916,
1B/CH=F7
CU. 3-KN/¥3 38L=11/CR
{SILLIONS) (TLLLLOYS)
15162 137423,
9. 75.
208, 804.
577, 2254,
1249, 6792,
864, 3377,
3024, 11393,
16U 5. 8070,
2507, 9797,
25577, 139355.

TOR-K%/YR TO¥-2%
{3LLLIDRS) (MY

12593,
81.
1233,
353y,
3529.
3246,
%77,

133 PIPES

Va &

RJ/TO¥-RY

LLIDNE)

8511,
36,
3ai.
2416,
2633,
2219,
&5,

TOH-KN/¥2 TON-®1I/7112
(ATLLISNS) (MLLLIDNS)

]3.7
42,5
129,13
1WA G

73.9
9z.9
49,1

3 PIPES

KJ/TON-%%

75.7
71.9

39 PIpES

KI/T0K-£%

e

TOX-RE/YR TON-HL/¥2
{¥ILLIODYS) {MILLINAS)
25631. 13234,

15. 3.
196, 137,
437. 233,
86, Hau7.
£54., 337,

2239, I340.

739, 519,
18% 3. 1273,
13449, I32%.

PR R AR N IV |

ERANGV T NS
NTO N LN E

STI/TIR-NT

124,
137.2

136.4
11,0
127.9

86.5

PTULLON

104, 7
99.5

61-4

BRTO/TIN-AT

55.6
175.2
14,4
72.2
TR 6

7.3
7945
73,3
RI.9
63.5



a0

DIAM

s
NS NRR O

DIAM

NG aEQ

K¥ OR
HAP

352,

513.
S3.
1%,
S58.

XX QN
.2-¥-4

347,
38,
297,
S.
7.

DENSITY - -  791.3%1 KG/CU-9
HILES ADJSTED KV
oy sae &1 34

Y35, 217, 25, 363,
338, 217, 135. 361,

DENSITY - -  762.22 KG/CU-4
WILES ApJusTED Xy
03 HAP K h34

218, 380, 219, 91281,
[E8 78, a6, 121,
33. 51. 32, 178.
3 5. 32. 214,
69, 107, 67. 6315,
36. 56. 3s. 3553,

DENSITY - -  772.84 KG/CU-1
BILZS ADJTETID KW
oN EA? K% BT

215, 350. 218, 554.
24, 39. 24, 8.
185. 299, 196, 5893,
3. 5. 3. 17.
Se 3. S. 9.

Table B, 2.

(Contianued)

19
BAINE
49.08¢ LB/CU-FT 1 PIPES
il:4 Wy CH."-KS/TR 3BL-NI/YQ TON-XX/TR TON-MI/TR KJ/TON-X¥
(RILLIONS) (“LLLIONS} (MILLIONS) {MILLIZUS)
ug7. 3181. 160. 624, 127. 37. 3J.5
487. 3131, i60. 624, 127. a7, 33.%
20
SARYLAND
47.58 Las/CU-FT 9 PIPES
ne MWH CU.4-KA/TR BBL-MI/TR TON-XM/Y¥R TON-MI/YZ KJ/Ton-¢v
{AILLIOAS) {MILLIONS) (MILLION3) {MILLIONS3)

1526 3. 9970 1. 6346, 2u808. 48u4n, I3te. 74,2
162, 1058, 56. 218, 43. 23. 837
239. 1559, 7. 29%. 59. 4J. 5.1
287, 1375. 176, €87, 134, 92. 50.46

ELT RN 55324, 3657, 14321, 2”01, 1374, .z

5106. 39485. 2372, 9269, 1812, 1234, 79,4

21
BASSACHUSETTS
49,25 LB/CO-¥T 12 PTPES
Kp i CT.M-T%/YR BIL-MI/TR TON-KT/YR TON-=I/¢% KJ/ToN-xv
{BILLTIOKRS) (MILLIONS) (MILLLONS) (XILLIQnS)
T43, 4R53. 19G. Tz, 147, 131, 119.¢2
54, 349, 124 47. 9. 6. 139.5
656. 4293, 162. 634, 126. %. 123,90
213, 149, 8. 29%. 6. 4. 2.5
1. 70. 9. 32. 6. 4, 41.5

BT/TON-MT

125.
125.

[

ETU/TON-2T

ATU/TON-9I

154,56
136.2
173.1
129.0

59,1

0z-4



SLAR

DIAN

oy
NOw;Me

DIy

kg 0%
AAD

2832,
634,
737,
$32.
166,
339.
3.

k¥ o¥
Bap

TN,
635,
1645,
231,
3G7.

K% QW
¥AP

2350,
264,
.
2248,
1470,
55,
232,

DENSXYTY ~ - T46.83 KG/CU-8
BILES AdJusraEn ¢
T BAP %] 24
15%2. 2575,  1€90G. 9749,
394, 671, 417, 1134,
858, 784, 485, 3761,
331, 364, 350, 718.
103. 176. 109. 493,
205. 349, 217, 5413,
20, 35. 23, 170
DERSITY - - 738.39 RG/CT-u
MILES apJyusren R
0¥ ¥AP 144 I
1692, 2953, 1867, 3293.
395, 679, R22. 83z,
9G 0. 1547, 962, 2017,
1ul, 247, 154, 32,
253 435, 270, 483,

DEISITY - -

XILES
ON #82

145 1.
228.

31,
142,
§746.

U t.
154,

Ta

739,00 KG/TT-2

ADJIUSTED Le
K= 24
5370, 3399, EELEEN
dun. 527, 3154,
115, 2. 439,
531 330, 13191,
3281, 2039, 10227,
154, 5. 1624,
549. 335, 1584,

ble B 2.

AICHIGAH

46475 LIB/CY-PT

#p 2ug
{BILLIONS;
2073, 35400, 5234,
1548, 10375, 395.
2361,  1542%. 334,
963, 62%9. £50.
853, 4383, au7.
266, #7461, 2685,
228, 1835, 173,
23
BINNZSOTE

44,22 L3/CU-FT

B? Hen
(XTLLIONS)

4415, 2mau3, 2662,
547 4227, 2288,
2707, 17584, 1263,
495, 2543, 237,
556 4286, 574,

24

81331351P21

46.13 L3/CU-¥T

3 g
(BILLIOYS)

47850, 332637, 40215,
42850 27730, 2376.
559. 3945, 473,
4543, 29707, 2350,
13715, 89583, 12379,
2178, 18229, 23R6.
22587.  t475u7. 19779,

{Continued)

{MILLIOKS)

20455.
1552,
3856,
2696,
1592,

10495,

674,

CU. 4-¥A/TR B3L-XI/TR

{YTILLICHS)

56213,

S, I~KE/TR BIL-RI TR

{BTLLIONS)

15725,
2251,
1843,
19937,
849379,

3325,
773014,

CULH=ER/TS BEL-AI/YR TOU=-RM/YE TOY-XI/¥2

A% PIPES

£JI/T35-K%

{BILLIONS) [JYLLYUSS

3528,
29%.
(1208
513,
306.

2015,
129.

G03-Y
L

2/
(MLLLIONS;

1747,
205.
826,
168.
578,

TIU=-HA/YY PO~ LAT2

24633,
13Ea
450,
254,
209,

£ W E W ke

31 p1egs

RI/TO5-45

17 2epES;

Ki/ToN-84

(AILLY0NS) {SCLLIANS;

29793,
1755,
155,
2310,
9364,
1787,
6473,

23357,

BTU/T04-3%31

BLO/229-31

BT/ T0N-"T

FL R ET SR
COWE & o
[N TR ]

1¢~d



Tablie B. 2.
25
BnISSQURY
DENSITY - - T739.25 KG/CU-4 35. 15
DIAN K& ON MILES ADJUSTED kW Hp BWH
%AP o RAD KA .54

0 5668.L 3524, 6170. 3834, 14258,

[ 152. 95. 166. 103, 114,
8 2169, 1348, 2361, 1467, 3295.
10 17806, 31307, 1938. 1204, 3576.
12 79S5. 497, 870. Su0. 260z,
16 93, 58. 101. 63 324,
20 145, 90. 158. 98. 825,
20 503. 313, 547, 340, 3514,
DEASITY - —  762.05 KG/CU~N
OIAM KM OK  HMILES ADJUSTED kY
L2Y ON rEAP KX M1
4 172, 915, 1602. 995. 4681,
5 204, 127. 222. 136. 307.
8 565. 352. 615, 332, 1010,
390 702, 837, 765. 475. 3364,
DENSITY - - 753.47 KG/CU-N
DIAR K% O%  HMILES ADJUSTED xd
KAP oY% EAP  KH L3

0 2893, 1793, 2920. 1815. 6924.
6 1268, 776, 1259. 733, 2639,
8 344, 835, 1356. 843, 3106.
10 72. 45, 72. 45, 501.
92 230. 183, 232. 16, 674,

13120. 124898,

152. 995,
4419, 23866,
4796. 31333,
3489, 227%4.

435, 2341,
1106, 7226.
§¥13. 30785.

2%

BONTANA

47.57
12 -3]:¢
6277. 41005,

412, 2691,

1355. 83413,

5511, 29465,

27
dEBRASKA
27.04
He HMWH

9285. 60454,
3539. 23120,
4165, 27208,
672, 4388,
909, 5938

Continued)

L3/Ccu-#7

CO.M-KM/YR B3L-MI/YR TON-KH/YR TON-MI/IR
(MILLIONS) {MILLTONS)

{NILLIONS}

12660.
73.
2084,
2908,
2262,
325.
858,
4354,

LB/CO-FT

CO.M-KA/TR BBL-MI/YR
{RTLLIONS)

2690.
155.
681,

1854.

L8/CU-FT

{ATLLIONS;

49478,
285.
814,
$1367.
5645,
3270,
3336.
16223,

{MILLIONS;

10513,
606.
2662,
7245,

CU.M-K¥/Y2 BRL-MI/YR

(BILLTONS)

3267.
02,
1656,
202.
S0,

(MILLINDNS)

12768.
3524,
6474,

789.
19879,

93373.
S54.
1544,
2155.
1676.
244,
632,
3075.

TOS-X4/fR TON-MI/YR

6411
37.
1055.
1473,
1146,
165.
432,
2192,

35 PIPES

KJ/TON-KX

43,0
6h. 14
67. 4
52,4
49,3
u2.46
51,2
3640

8 PIPES

KJ/TON-KN

(MLLLIONS) {$ILLIONS)

2054.
118,
520.

38964

1404,
31,
356.
963.

I0U-KY/YR TON-NI/YR

2.0
92,0
51.3
75.1

34 PIPES

KJ/TON-¥%

($ILLIONS) (MILLIONS)

2457,
631.
1251,
153,
333,

1636,
455,
855
104,
2h2.

2N/ TIN-8T

99.4
113.5
8345.9
103.°9

BTU/TON-¥1

122.7
163.5
103.6
143, 6
77.3

¢4



Table B 2. {Continued)

23
MEVADA
BEXSITY - = 770,35 KG/CH-1 43,09 LB/CH-oT 6 PIPES
0TAM K3 OB RILES ADJUSTED 1] #2 A¥H  CU.H=KM/72 BBL-21/YR TON-RY/1R TON-YI/¥YR  KJ/TON-RKY  STy/TON~AI
EEYS oN ma? K3 at {$TLLIONS) {#ILLIONS) {MILLIONS) (NILLIONS
] 275, 171 286, 178, S11. 696. 4480, 319, 1245, W6 163, 55.7 90.9
[ 136. LTS 141, a8, 338, 454, 2964, 115, 451, 249, 6. 126.0 156. 1
3 79. 43, 32, 51, 136. 192, 1133, 8. 336, 68, 41 73.9 33.2
i) 60. 38. €3, 39, 37. 50. 328, 125, 439, 97, €6, 12.3 17,0
30
NEW JERSEY
DENSITY - -  765.45 Ka/CU~ 3 27,79 LB/CU-FT 40 PIPES
BIAd #% ON  KILES Apdosten 1] #? AWH  COLA=-KM/YR BBL-RL/YB ICH-KA/TH TON-2T/YR  KJ/TON-KY  8T/1/T0K-4I
L3V3 OF WAP KX L34 {SILLICNS} (MILLIONS) (XILLINYS) (ALLLIOSS)
0 938, 583, 1055,  655. 9927, 11971 78187, 6779. 26093, 5200, 3554, 54,2 75.1
4 21. 13, 20, 15, 12, 16, 101, 5. 20, a. 3. 94.2 130, 4
13 384, 220. 399. 248, 532, 718, 9665, 164, su1. 126. 86. 133.8 185, 1
8 S4, 31, 61. 38, T4y, 193, 1256, 34, 323, 5. 4 7.2 97.2
12 30. 19. 3. 21, 155, 203. 1316, 116, 453, 31, 1. 51,4 73.9
1% 90, S6. 101 63, 592, 192, 517 1. 349, 1363, 267, 1R3, 59.7 96.5
15 193, 124, 2248, 133. 1873, 2512, 164056, 1265, 2946, 97t 663. 510 4,4
20 84, a1, 49, 31 213. 286. 1367, 279, 1093, 214, 146. 3.5 53.6
30 145, 30. 163.  107. 5412, 7258. &7413. 3517, 17656, 3465, 2365, P 63.3
31
829 MEXICO
DEXSITY = =  770.50 K3/CU-¥ 48,10 LB/CU-FT 13 PIPES
DIAY K5 OF  WILES ADJISTED 4] ae BYE  CULE-RM/73 BBL-MI/TR TON-K#/¥3 TON-AL/{%  KJ/TON-RN  BT9/T0N=4T
BAP ON MAP KX HL {JILLIONS) (SILLIONS) {(AILLIONS) (AILLIONS)
0 2393, 1488. 2584, 1405, 4676. §271. 30964, 2579, 10091, 1992, 1361. .2 102.7
3 9a, 53, 101, 83. 195. 149, 917, 12, 124, 25. 17. 134.9 135.7
[ 1162, 723 1255. 7M. 2413, 32356, 21181, 799, 3124, 617, 422, 123.5 170.9
[ 877, 545, 347, 588, 1867, 2503, 16353, 1163, wSuE. 89y, 614, 65,7 9.9
12 265, 162, 281, 174, 291. ELT 2553, 595. 2236, usz, ELLN 2.4 23.2

A



v o 4y 4
Table B 2. {(Continued)
32
B2¥ YORK
DINSITY - - 757.R% K5/CU-N 47.3%7 L3/CU-FP7
DIAY K4 ON "1L3ES ANJINSTZD KW Fi 84 .1 4:S CU.%-KM/Y2 BBL-NI/Y3
HAP DH MAP X" sT {8ILLIONS} (MILLIOYS)
[ 2076. 1291, 2826, 1863, £2113, B339, Sua7. 2715, 10614,
& 25. 5. 29. TR, 4. 55. 362, 10. 40
6 757, 477, 397, 557. 1830, 2521, 16471, 617. 213,
3 953, S:7. 1309, §27. 2547 16, 22111, 1006, 4049,
50 317, 197, 370, 230. 1194, 1602, 10464, 559, 2575,
42 3. 2. 1. 2. 14, 3. 1250 1. 43
i 104, 6 3. 119, Ta, 541, 725, 4733, 172, 1855,
23
NORTH CA2JLINA
DENSITY - - 769.55 RG/CU-N 47.48 LB/CO-FPT
CTIAS K% ON MILES A237STED KW HP MWH CO.M-KN/7T2 3S5L-MI/YR
%AP ON MaAP X1 A i (MILLIONS) {MILLIONS)
0 1824, 1134, 1794, 1115, 19401, 26017, 169949, 20297. 73326,
) 219. 136, 215. 134, 310. 476, 2716, 171, 669.
E) 390. 262, 394, 2338, aga, 1278, 7958, 522. 2033,
Md iB6. t16. 1313, i, 457, 613, 40013, 287, 1123,
148 270. 162, 266. T6S. 1123, 1505. 9334, 793, J123.
16 75, 109. 172. $07. 1912, 2564, 16748, 117G, 5571,
26 186 116, 183, 114, 15RA . 2127, 13396, 2085. 8149,
22 47, 29, 47, 29. 3794, 5088, 33231, 1976, TT24.
16 175. 109, 172. 107, 4304, 5771. 3T7C0. 59361, 22937,
ag AT 109. 172, 07, 5006. 6714, 43956. T426. 290213,
3a
NOITH DAKOTA
DENSITY ~ - T738.99 KG/CI-NM 46,13 Lg/Ccu-pP7
DIAN KM ON aIL?S ADJOSTED R¥ 1P LS L CH.M-X%/Y2 33L-%I/71
EAP ON BAP Xy "y {A{LLIONS) {MILLIONS)
4] 762, 474, 797, 495, 1751, 2161, 15424, 53, 3746,
[ 217, 713S. 227, 1, 571, 763, 50174, 1606, 61,
3 209, j29. 237, 135. 554. 43, 81355, 302, 1135,
10 137. 290, 352, 219. 634, 397, 5559, 432, 1924,

43 PIPES

TON-KN/Y? TON-MI/YR  KJ/TON-¥Y
(4ILLIDNS) (1TLLTONG)

2067, 412, 5.1
3. 5. 169, 2
469. 12t 1257
795. SG3. 101.3
500. a2, 75.4
a. 5. 53, %
2813, 131, 53.5
TON-KN/ TAX=NTAL? BJ/ L uN-EN
(PILLIONT) (MILTI9%53
15470, 15974, 13, ¢
139, 99, 75.14
198, 272, 72.2
219. 1523, £5. %
673, LR LN 5943
391, A0, 57,3
1589, 1645, 3.5
1506, 198, A
4u67. 3094, 3.4
5660, RLEA 27,4
5
TON-Kt/Y2 TON-MI/Y> TN
[MILLIONG) (MILLTINS;
RALS 435, 5
120, 33. 1492
2206, 197, ER DS
365. 2u7. quLn

FTNITON- YT

PN

4.2
173.7
ER
3.2
37.7
9131.9
83.6
(R
82,5

RTO/TON-NT

1035
26,2
1.4

7.0



Table B. 2. {Continued)

35
OHIO
DENSITY - - 751.85 KG/TU- 87.56 LB/CD-FT 112 press
DIAY X8 OR  MILES ap3gsTEd ke qp ¥R CU0.4-KR2/Y3 BBL-3I/TR TON-KI/YR TON-NI/IR  HILUON-X%  83C/704-11
aan oy mP KR 61 {BILLYORS) {MILLIONS) (BILLICHS) {MLLLIOHS:
b] 58784  3655.  6370. 3927, 19979, 14722, 96167, 7968, 31143, 5384, 4159, 51.0 73.9
4 71. a4, The 47, 29, 33. 249. 13 50. 10. . 3.1 1241
8 1271, 790. 1357, 349, 1777, 2333, 15569, 750, 2992, 545. 385, 39,9 132.5
3 2135, 1328, 2296.  1u26. 4451, 5932, 33079, 2562, 9777, 1310, 1306, 3.8 1621
10 1244, 7730 1337, @31 2611, 3502, 22875, 2160, 8443, 1649, 11270 5.0 89,2
12 TEh. 475, 22, 391, 1345, 1805, 117914, 1053, 5679, 1199, 759, 38,3 55,9
4 11S. 72, 124, 7. 125. 16 9. 1097, 157, 613, 120, 2. 33,6 85,7
13 119. Tde 128. 80. 259, 347, 2286, 381, 1439, 291, 199. 4¥. 13.9
20 127, 79. 137, a5, 324, 434, 2333, 546. 2132, 417, 295. 4.3 13,0
3%
OKLAAO%A
SERSITY - - T1.76 Ka3/C0-% 45,68 L3sCU-PT TS 2LIES
DIAY X% ON  4ILY®S ADJUSTED 1% 49 194 CULA-KB/YR BBL-XI/YR SE/TIA-KE BTU/TON
1 oN WaP %% ax {BTLLIONS} (ATLLIDVS)
0 5783, 3573, 5118, 3799, Y9104, 24278, 158597, 13894, 46436, 3722, 5962. 3 9.8
9 182, 113, 190, 1204 233, 3z4. 2088, 63, 243, 46, 32, 2 224,04
B 1408, 276, 1a9%, 832, 2156, 2891, 19985, 347, 3310, 520 425, K 151.9
2 1960. 1156, 7933, 1230 5671, 7879, 23755, 2262, 5847, 1659, 1134, 1 135,83
40 235, §12. icue. a5t 3071, 4119, 28905, 175C. £99¢, 1312, 897, S 19223
132 781, 386, 831, 517, 37%3. 2979, 32522, 257, 2975, 1535, 1351, 8 EE
6 a7, 20, 59, 31 162, 237, 421, 162, 635, 119, %1. b) 59.5
24 194, 321, 287, 124, 1315, 1763, 19517, 1563, £187. Y145, 783 2 59.2
28 286, 378 3as. 89, 1878, 2519. 15453, 24939, 11371, 2134, 1458, 3 33,5
37
OREGOS !
DEMSITY - - 760.55 R3/CU-¥ 87,49 L3/CO-pm (e
OIAY KT ON  HILES ADJUSYZD Ky @49 BHE CUL X-KE/¥2 230-%I1/Y0 DHU-KX/YR TOM HIU/TON-NT
nap o ®aP K% 21 (BILLIONS; ([STILLIONS) (4ILLIOHS} (4T
2 04, 434, 724, 830, 795, 1066. 5958, 559, 2225, 434, 297, 57.9 30.1
3 ¥5. a7, 7. EEN 27, 36. 232, 32, 126, 25. 7. 3 47,2
9 624, 388, (IR 399, T4, 997, 6514 518, 2G16. 333, 269, 537 32,7
19 Se 3. S 3. 25, 34, 220. 21, 22. 6. 14, ad.u 59,3

5¢-4



DIAN

QLA™

oo

DIAR

3 oM
A9

6586,

5.
2323,
2164,

439,
269,
572.
138,
3%2.
399.
t98,
62.

XN QR
HAP

.
9.

K4 04
AP

{Continued}

CU.9-X%/TR BBL-MI/IR

(BILLIONS)

44337,
28.
3296.
8797,
3317,
2692,
5159.
2658.
1705,
36918,
4304,
9757,

CU.5-KM/YR BBL-Mi/YR

{MILLIONS;

197.
172,

TON-KM/YR TO
(YILLIONS) {41

IIN-XN/YR T
{YILLINNS) (&<

40.
35.

CU.Y-X¥/72 BIL-MI/YR TO%-KM/I7 TOVN-

Table B. 2.

38

PERNSYLYAILA
PRYSITY - - 757,20 KG/CU-% a7.27 L3/CH-FT

¥ILES ADJUSTED KW H? BRH
0¥ BAT KM 11 {BILLIONS}
4095, 6832, u4282. 16735, 22442, 186598, 11357,
28, kN 29. T4 19, 126, 7.
tagy, 2431, 1510. 1459, 1957 12733, 8473,
1333, 2243, 139, 8747, 6365. 41589, 2248,
273. 459. 285, 1311, 175%, 11487, 939,
LR 259, 178, 997, 1337, 8732. 699,
356. 569, 372. 1594. 2137, 12962, 1320.
S14. 193, 120, 545. 865. 565 1. 630,
94, 159. 99, 350. 479, 3076. 435,
124, 208. 129. 597. 801, 5233. 790,
123, 207, 129. 1119, 1509, 9799. 1255,
39. 65. 61, 3902. 5232. 3ut77. 2247,

39

RRODE ISLAND
DENSITY ~ - 791,31 KG/CU-N 49,480 LB/CT-PT

4IL%S 4DJISTED KW He LEE:]
0¥ EAP XA "I {RILLIING)
88, 1. 48, 253. 139, 2215. 50.
24, 39. 24, 225. 302. 1972. .

40

SOOTE CARNLINA

DENSITT - - 756.83 KG/CU-1A 47,25 LB/CI=¥T

EXLES ADJGSTED R¥ He AEE]
ay 2a? R4 nx (RILLIO¥S}
39 1. 1422, 983. 14056, 183849, 123127, 13111,
2046, 396. 246, 8aq, 1139, 7439, 585.
115, 181, 14, us7. 613. 8003, 287,
118, 393 t14, 658. 892, 5764, 516,
1. 132, 6a, 692, 924. 6059, 632.
195. 383, 14, 1536, 2327, 13897, 2085.
176, 182, 13, 4536, 6081. 39738, €178,
136, 382. 113, 5277. 7077, 66227, 3427,

(HYLLIONS)Y

70732,
2296,
1723,
2017,
2673,
8149,

24563,

33592,

(MILLIDASY (4LL

13737.
LR
217,
39t.,
u79.

153 1.
IELLE
5937.

105 PIPES

wrpee

\ V4 5

gJ/T0

171 pipTl

EJ/TO

LL%E)

1
2

15 PIPES

-k

N-KY

9.5
Q4. u

BJ/TOx- BN

LINsi,

933ea.

2.

P20 5.
whaE,

LTI/TIN-NT

PTU/TIN-MT

276.2
232.8

BTU/TIN-"I

9¢-d



DIAZ xx 0N
94

1158,
16¢7.
75.
75.

DIAM Xa O

AAP
0 $80.
3 Jub.
\b] 230.
12 105.

BIAY K% OR

BAP
0 21815,
2 45,
% 1558,
8 5636,
3 735%,
10 25544
12 2523.
14 176,
16 154,
is 17%.
20 176.
28 561,

15 132,

Table B 2.

a1

50978 DAKQOTA

VENSITY - - 134,566 KG/CU-%
AILES ADJUSTED L&'}
OM HAP &Y LA
729. 1242, 772. 1278,
626. 1380, 871, 1169,
17, 81, 50. 42,
47. 31 SQ. Ty,
DE¥SITY - - 761,87 XKG/C3~%
XILES ADJISTED X¥
0% AP Xg L3
823, 662, 412. 1915,
215, 336. 209, tes7.
143, 223. 139. 1598,
£5, 102, 64, 350,
DENSITY = - 735,17 KG/CU-%
SLLES ADJUSTED L.t
os ZxP K1 :34
12942, 23616, 18674. 563877,
23, 51, 32. 22.
$69. 1757, 1098, 2298,
2882, 5260. 326A. 7275,
495 E, 902%.  H611. 1454,
1534, 2897, 1390, 7565
1570, 235n, 11264,
19, 2290, 454,
6. 175, 223,
10, 13, 53.
169 200, 754,
329, §37. G 3584.
114, 208. 129, 8067

45,36
He 1y
I3 1119
1557, 1937u.
57. 3713
39. 508,
52
TERNESSER
47,56
&P awe
40B4. 26415,
1031, 93485,
2143, 13993,
470, 3373,
a3
TEXAS
86, 1%
ae W
76275, 438285,
15, 1,
jeat.  za127,
3756. 63724,
19499, 127373,
19145, 86274,
15995, 33674,
509, 3583,
1112, 7267,
72. 4635,
1012, 5509,
4897, 31330,
10819, T0566.

{Continued)

L3/CH-FT 18 PIPES
CU.2=XY/YR B3L-"I/T3 JON-KW/YR TON-NE/Y¥2  KJ/TON-TH
{BILLYONS) (SILLIONS) (YILLIONS) {YILLIO%3)
760, 2971, 569. 393, 72,4
621 2429, 453, 313, 8.2
&3, 156. 29. 20. us.z
93, 336. 73 50, 32,1
18/CU-27 12 prpES
O, 2-KB/¥R BEL-MI/YR TON-KN/YR TON-MI/Yi  KJ/Tnu-¥Y
{RILLIONS) (ATLLIONS) (MILLIONS) (MILLIONS
1475, 5755. 773, 8.6
367, 3824, 245 %4, 5
£3G. 2656. 355, 97.3
225, 1285, 172, [
13/Cn-FT 173 PIvES
CT.3-K5/Y2 BRL-¥I/YR INN-KY/YR 7ON-MIfT3  KJ/TON-K1
(MILLIONS) (2TLLIDYS) (HILLIDNS) (1ILLIDN3)
41177, 160932, 39503, 20933, 53.9
i, 15, 3. 2. 252,z
518, 2024, 334, 262. 39. 2
FESEN 11216, 2383, 1527, 1
3155, 31873, 6361, 4129, ¢
5153, 29159, EEFAN 2612, 6
3243, 32247, §110. 2
3360 1637, 322, 5
£52. 2548, 433, 3
56. 221, 42, 3
93¢, 3332, 726, a
5835, 2285, 4323, 2
3269, 32313, 6126. 5

BTU/TON-NT

99.8
1%4.0
52, %
84.5

8T1/TON-41

LT~4



CIAN

DIAYM

10
%
18

TiAN

K® ON
LR ¥4

1018.

22,

K& ON
LIS

118,
10%.
196,
o5,

4

53.04 LB/CU-FT

{RTLLIONS)

109505,
703,
126971,
17631,
13732,
13100,
4767,
12970,
831o.
@256,
9708,
5951.

53.04 L3/C0-7T

IMILLIONS)

1695,
415,
1220,
3C.
30.

53.04 LB/CU-FT

Tabie B. 2.
43
T2ANS
DENSITY -~ - 989,52 Xs/ClU-m
MILES ADIUSTED KW HP HWH
ON MAP XY .1
19414, 39014, 23621, 180302, 281789, 1579449,
505. 939, a4, 256 2. 34375, 22440,
6422, 121574, 813, 26437, 35452, 231584,
4974, 750, 6€352. 44096, 5911314, 336284,
293%6. 5856, 36545, 2308A. 309573, 202235
1608, JT49. 1355, ¥8315. 24561, 16044 1.
558. 32932, 673, 5059. 6785, 48321,
9517, 1873, 1161, 18934, 25391, 165953,
297, S82. 362, 18767. 25167, 16449 1.
420. 422. 511, qu12. 11289, 73686.
W2€. B34, 513. 11193, 14903, 97350.
243, 475, 296. 3516 4715, 30903 .
93
UTAH
DEXSITY - - B43.62 XG/Cl-u
¥ILES ADJUETED K¥ He nwy
ON 2AD L] "T
$31. 1268, 788, 2532, 3335. 22573,
15 3. 307. 191, 1075. H T RN Ay 4.
y3c. 880. sa7 1450. 1944, 226313,
26. 53. 3. 3 4. 27.
14, 27, 17, 5. 5. 30,
.5
VERMONT
DENSITE ~ - 38%.62 XG/CN-H
MILZS ADITETED KW Hp q4Y
O¥ ZAP K9 LA
198. 226. 190, 385. 516. 3373,
66, 192, 63, 93, 125. 314,
66, 162, 63. 127. 170. 1110,
66. 112. 63. 165. 222, 1449,

(MTLLIONS)

1.
LN
2392,
587,

{Continued)

\,

CO.4-%%/7R BBL-8I/IR
{JILLIONS)

429370,
2766,
48818.
58517,
53591,
51979.
18632,
Suz09.
32503,
36167,
37943,
23259.

CU.®~KFR/YR BDL-HI/YR
(SILLIONS;

6526,
1622,
4753,
1.
17,

CU.¥~KM4/YR BBL~%I/YR
(TILLIONS)

3872,

569.
1165,
2139,

412

TP¥-K4¥/YR TOY-MI/YR
{RL{LLIONS3) (YILLIONS)

93325.
574.
10615,
18927,
11675,
113240
4057,
113810,
7231,
7379,
B266.
5367,

63788.
409.
7269.
10203,
798G.
7740,
2774,
A072.
4340.
51386,
5650,
3u6u.

TON=KI/YR TON-M[/YZ
FTLLIONS) (®ILLIJNG)

EETER
357,
1933,
2€.
265,

TO%-K1/1R

934,
242,
710.
17,
7.

3

TON-VI/TR

[(AILLIONS) {ATLLTONS)

44,
124.
254,
466,

577,

5.
173,
118,

PIPES

KJ/TOR-K%

21.9

KJ/Ta%-4%

s ow
=

[ NWIDERRA
JEC- RN

PIPES

KJ/TDu-Ky

14.4
23.7
15.8
1.2

BTH/TON-XI

39.1

BTN/ZIN-"I

5TU/TON- 4T

8¢—4



BILT

® 0o

DIsk

Lixx

xx o¥
RAP

523,
43,
a7y,

Ky 0%
XA?

1409,
a9,
57,
292,
330.
A6,
33,
3s2.

3182,

QTAl
DENSITY - - T72.85 RE/CU-H
BILES AD30STED i ap
Ox 13ip [ 84 ¥x
324, 532, 339, a7, 1973,
28, LEM 27, 694 33,
298, 3384 303. 1402, 18330,
A4
DEXSITT - - 762.06 KG/CU-X
BIilLes ADJUSTED X9 i34
0K ¥aAp X% 23
87 8. 1379, 257, 33014, 40249,
5%5. ar. 54, Q5. 128,
160. 251%. 156. 310. 415,
175, 278, 1714, 1447, 1540,
205, 322. 20¢. 1382, 1853,
33. 54%. 52 696,
5. 14, Yo ' i34,
219. 3a5, 2iu. 26118, 388025,
DERSITY - - 757.808 RG/CU-Y
AILES LD5USTED %5 a»
Of 2a? X3 B84
F29. 1206, 75%. 5895, 7807,
1€ %5, 273, 17¢. 151, 2024
129, 286, 153. R4, 220,
e, 22. 4. 99, 133,
1. 29, 13, 112 1513,
134, 2z, 133, 3897, 5226,
131, 217, 135, G4, 917,
135, 193, a3, 133, 1054,

Table

B 2.

&k

{Continued)

48,43 L8/CU-FT

ARy

12836.
535,
12231,

846

87457

4%9

2629224

Z732.
1267 3.
12107,

3565,

1264,

228797,

47

[ETLLIONS)

CH.1-KE/1% BBL-21/12 TON-KH/TR TOV-BI/IR

{BTLLICKS) ({BILLICNYS}

636. 2681,

3. 122,

555, 2558,
LB/CO-FT

CUL4-EX/T3 BBL-MY T3
{¥TLLYONS)

16802,
g

¥ASHINGTOA STATE

37,29 L3/CU-PT

nay

81509,
1321,
1423,

BEE.
993,

39138,
599 2.
6918,

(BILLIONS:

CU. A-X3/¢¥3 33L-4i/11
{AXLLIONSS

3389,
134.
196,
%5.
S,
1331,
B45.
1218,

T @RS

BT IR-K 8
{SILLINKS) {MILLIGHS)

530. 362. 871.7
24, 6. 33.5
505, 346. 87,5

LCEEESVASIE SEELS F2 £
EYLLIONS) INLLLIORS

BTN~ LY

12337. 8774, 3
33, 26, 3
157, 137, u
324. 3153, 2
350, 581, a
352, 247, 3
i26. 845, ?
19732, 1363, 5

108-%N/YY 70

IILLIDNG) |
2952. 2218,
0. $9.
149, 1524
41, 28,

59, 47
1210, 590.
541, 438,
940 €43

RTG/T0d-"

BIG/TIN-NT

674



cCENE O

K4 OR
MAP

97.
10.

KM ON
Map

968.
347,
277.
175.

60.
116,

K% ON
BAP

2674.
67.
ALEAN
1106.
26.

Table B.2. {Continued)

48

¥EST JIAGIMIA

DENSITY - - 793.37 KG/CU-Y 47.40 La/cO-7T7 2 PIPES
¥ILES ADJUSTED KW HP MWR CT.M-X4/12 BBL-MI/YTR TOV-KN/ Y} TON-MI/T7z2 RJ/TON-K™
ON MAP KX I (RILLIONS) (KILLIONS) (WILLIONS) (RILLINY3)

60. 97, 60, 135. 182, 1186. 54. 213, 43, 32. 33.0
6. 10. 6. 16. 21, 137. 1. 81, 8. 6. 53.9%
a9
RISCONSIN

DENSITY - - 755.42 KG/CU-M 87.16 L3/CU-FT 10 PIPES
MILES ADJUSTED KW HP WK CU.H-RE/YR BBL-TL/YR TON-KM/YR TON-MI/T2 KJ/TON-K¥
ON map KX M {(ATLLYINES) (AILLLIONS) (MILLIONWS) {(MILLIDNS)

602, 1073, 667, 4858, 5978. 39050. 1992. 7787. 15248, 1031, 93.4
212, 378, 235. 661, 896. 5787, 282, 11943, 1%, 145, 97.6
172, 307. 190. 281, 376. 2459. 230, €93, 174, 17, 51.9
109, 194, 120. 1094, 1667, 958 1. 556, 1733, 346, 2335, 193.0
37, 66. 4. 5224 700. 4571, 235. 917. 178. i21. 32.8
T2. 128. B80. 1901. 2549, 16452. 789. 3034. 597. LAEN 132.6
50
WYONING

DENSITY - - 764.91 XG/CU-N 47.75 L3/CT-FT 15 PIPES
MILES ADJUSTED KW HP H¥H CUO.M-KM/YR 3BL-MI/YX ION-KY/YY TON-MI/12 KI/TON-KY
ON HAP K% hES {MILLIOKS) (MILLIONS) (MTILLION3) (4ILLIUN3
1660. 2832, Y791. 8890. 19922, 77877, 2437, 9526. 1863, 1277, 159.3

2. 32, 45, 75. 100. 555, 23. 83. 17. 12. 135.9
915. 1589, 987, 1618, 2170. 14173, BAO. 3362, 659, 491. 77.5
637, 1193, Ty2. 7149, 95%7, 625629, 1517, 5935, 1163, 735. 191.2

16. 28. 17. 43, 64. 421, 37. L6, 23, 23. 53.0

BTU/T3N-MI

37.9
81.3

BrN/Z0H-MI

120.2
135.1

73.5
138.4
128.4
1339.1

BIN/IOM-MI

208.0
183,19
107.3
265.19

73.4



Appendix G COMPUTER PROGRAIS

Listings of the Fortran computer programs developed for the project
described herein follow. They were written for a DEC-10 computer using
the Digitral Equipnent Corporation's versiocn of Fortran, Fortran-10.
Conversion to other Fortran dialects should be straightforward. The
programs should be self-documenting.



L DROGEBAR 70k CREATING PIPELINE CAPACITY OBSER74TION ¥ILE
.

~=-BY J.

nNnanNonNOOONNo

11

12

Nenee

*sONANNONO0nN

PROGHAN DRVOBS

% HACOKER, EWZRGY DIVISION, OAK RIDGEZ RATIONAL LA3, TH.
UEZVZLOPED ON THE DEC-SY3TPEH 16 COIPOTER, 1980,

€HIS PROGRAM YORMS OBSERVATION GROUPS FOR THE
2EGR2SSTON OP PIPELINZ CAPACTTY CN DIARETSR, OR 792
fZGRASSTON OP FIPELINE PLOW O8 DIAMETER 870 CAPACITY

SOUBLE PRECISION FILE

14T 2GER WHICH, DIGITS

92 10

JCRYAT {* PICK ONE:*

A 7 -~ FORN CAPACITY OBSERVATICN GROUPS'
Al 2 - PORN ?LOW OBSERYATICH GROJPS')
ACCERT ¢, WHICA

b -

FORINT {* BITWORX FILZ BAMY = ',§)
ACCzZ?T 12, FILE

FORMAT (A1G)

CPEN(ORIT=1,DEVICE="0SK', FILY=FILE)
DIGITS = 6 - WHICH

€AL. OBS!DIGITS,Y,1,WHICH)

102

4D

SUB3IOUTIRE O3S (DIGITS,UILT,AGE,WRICH)

RAIX 509RCOTINE TO BF OSED WITH OBS PROGRAK
BY J.%, EOOKEB,EINYRG? DIVISION,0AK RIDGE

ID¥AL LAB, 1980

TRIS PROSRAM PORMS O8SERVATICN GROIPS ?0» 7THR
REGRZSSICN OF PIPZLINE CADPACITY CN DIAXETS?, OR THE
BEGR25S704 CP DPIP2LINZ PLOVW ON DIAZETER AND Ca?2aCITY

4XTE2NAL PIRSTA

INTEGZ? RANDCY,3GZ, NCDE{2Y) ,NT¥,L¥NGTH, PTIN2S [2),COMRNY,
CONNTY (35, NeIPES,DIAT (9}, NFLOS, 4042, ENODTT{2,9) , 280022 (2, 9),
2AD, PTR, ¥G 300D, IR T¥K,DLIZK, SLIKKS (3000}, DLINKT (3303),
YADET{2GSL) ,DIRAS [55) ,U¥IT,S8%,40XFPLE, DIGITS, PIRST4, FHICH,

AR RN I A )

&
w
N
~

® SPAD TNDPFY PILE
*  WOITTPEY IP DCING

P

9IGITS - WUNBSE OP DIGITS HAD RY RCDE NUMBERS
URIT - UNYT WIABZE PCR RERILIG
ACEZ - COD® SHOVING THE AGEZ GF 1
9RICH - =

DLIKK? {Y)

START BEADING T
a3

®DX {50) ,RASH {9999)
BEAL CaAP,PLCW,CAZS{3ICCY

LCGICAL SAVE
DCUBLE PRECISION PILF

THE 2ZXTYNSICN

PYZLD OP THE FZUWCEK LDATR S5E7.
12 WETWDRK DATA,
"K< DESIRED.

9 WAEN DQI®G CAPACITY GRCD2S

2 WHEN peIuS PLOF 39CTPS.

- LOCATICN 2F BEAD GF LINKEID LIST CP DIAMETERS IX
GROIP I,

®¥LINKY [f) - LOCATION CF #7hd CF LIN¥XZ) LIST OF NODE PRIRS

CORPESTOYDING T3 32032 I.

S¥T UP CONSTANYTS BTZOE AYD GET DATR FILE ETADY.

IREC = € ' PECCPDS READ.
TTPP 4322

PCRMAT (' *)

RANDOX = 28 ' \92F FOX KANDON ACCESS ¥ILT
SEQ = 29 ' 70P O1POT PILZ

WOXFLE = 3C ' FCP INDZX FILE

PTR =

WGROTP = toue :RYATION GR0S PORYED.

TLZ) G0 10 9
{T4F FILT WILL BEZ

TP (MNIT,L 2 RANDNSN N2, T

TE{RHT
I¥PE 23
PORTAT (!
* 70 BT I
CEET{UNI
DO 22 1

RIAD(WDXFLE,2(85,€%3=23) J, INDIX(J:
CONTINIE

SATACITT SRl IRDER IS BXPECTID'

JFILZ='CAPS.90X")

CCNTIRIT
CPER[INT
5128=45,01¢

NETVC2Y DaTi, PCRMING FLOCW OF CARPACIVY SROIES

TOU GO ALGTS,

IREC = 173 + 1%

CALL READ{THIT,%NDE,NI¥,1
N?T232S, DIA, NFLOW,PLO7,%0°
17LCH)

T?(E¥D.G=. 1) 60 70 25iC
IF(¥IDII78C, 40J}.22.2) TYZE




8321 PORIAT(* RECORD?,Y5,%, COMPLEIITY =*,15

*  SRE ADIISTHEY
IP{TEICR. EQe ) GO TO B9
RCE? = KPLOW
CAF = ¥rog

51 IF{CAP. GT.G) G0 7O 52

% XF CAEACITY RE3D IS ZERQ, T2 DIANETERS O¥ THAT RICOQD <Ay

®  BECONY PART OF MU GRGID,
IP{EHICH 20, 1) INDEX(IREC) = 3

50 10 5%
52 CONTZIRGF
»
*  USE TEIS RIUORD IP
* AGE=1 OF AGE=2 R4D ¥EY >= 9, o
* ABE=3 ARD REIFEZS-NZ¥ > ¢
IP({RGE.EQ. 3} APIPES = WPYPES - Nyrw
IF(. 307, [{AGE. B0, 1) LOR.
- {{MGE, BQ. 2} . AKD, {NE¥.GB,Q}} .01,
- € (AGT. 22, 3}, auD, (¥PIPES.ST.6))}) GO %0 50
IT{XGROOF,£Q, 0} 80 TO 331G
*
* CHBECK THSOUGH BEISTING 5R0UDS TO S22 IPF PYP® LY4%
® ALREALY IS IR & GRCUF. 8XD OP A O0R0OD IS
* SIGNALLED BY & 228C LISSPIILD.
*
IP[DIGITS, BC, 41 GO TO 310
*
® CODE FOR FIVE-BIGIT YERSION OF PROGEAN PCLLOYS,
»
B = PISSDA (ROLE{%}}
J ® BASH{u1)
ki IPEY.B3.C) GC TO 300
€ 2 ALINNY L)
i=3
EE) 171K, BQ.C) GG %O M
JIENP = -1
READ (BRBLOREK, 60 INODEY, INODEL, INLINK, JI§
IP(TIRST (ISODEL) . EQ, #3) JIERP = JTg
LOOKS =  LOCKS + 9
8¢ FORRAT (B 15X,15))

IP(INGDET. BC, KODE I3} 4 AND. INOLR2LRQ.H0DR (2}

K = INLIRE
IF{STENF. EQu =% GO TO 15
IP(IT2MP2, 20,3} L TO 7S
2 s JTEXR

BTG 7Y

* YOD $ILL 3ROP TEEOIGH TRE LCOP XP IIAK I35 HOT IV ap &xese

* GROUP. GO START & XEW GROUP,
82 TO 330
»
°
®* CTODE ¥OR THY ¥YOUR~DIGIT YEZRSION PLLLOYS,
£

110 IF{ASROUD. 22,4} GO TO 30Uy
Y = PIRESTG(¥CDIIY)}

S RRE WECESSARY IP Y00 ARE DOING PLOY GROUPS.

J = RASHIEY)
157 IF{J.20.0) GO 70 300
K = BLINKI{Y)
I =g
125 IP{R. BG4} GO TO 3G9
JSTERE = -y
READIRSNDOHEK, 80} INOL2Y, INODE2, (HLINK, 1R
II’{I.‘!O[[!‘..SQ.N?}‘ JEERE = Jry
LOOKS = LVoKs + 7
IP{INCODEL. B BYL D,
- IRODELSQ.!’IPS'L‘“{HODE{ZJ }} G2 TO 200
R = IRLINK
IF(JI2ERY, 20,1} GO 70 125
IF{ITEMP.EQ.5} GO To 125
3 = ITEAP
GO 10 127
* IP? EXISTING GROVP Nov POBND, GO STIRT % WER GROUD,
BY T0 3G

Q
“
3
-
et
v
a
=
3
23
ol
<Q
Q
3
o
g
wi

20¢ IF{ARACH, 8. 1 ZXLIRTCY) = I

r2zc

PiR =

DLINRA

WRITE

25G
6C 70 50

STRPT U9 A N¥Y GROUF, UDDATE ¥IL: POINTERS
XZET IN ASHGnT.

LI - )

304 ESRQUE = ¥Gacop
CAPS (RO ROTT) =
BLIKYT [N3R0TPR) =
80 35¢ J =

n<
2 &

YHITE (FhES ©) DIAWLl), DLINK, IWDER{IRzC)

350 CCRIX:

LSSOCIATE EITN THD
IP NCAP OX WFLOW =
SEXT LCOP.

RODE PAISS REBA
XTRA NCDE PAIRS

L3R BN Y

IFIRCAF.EQ. 1) ¢O TO u%g

H3ROUPY

HICK CURREYT SECORD IS & HIABER.

TR, BE) @Iaxyry, DLIWK, INDEX{IREC)

£~0



ALINK 1 (KGROTP) = 27TR
X = ERODEY{3-9BICH J}
I¥ (%, 5Q.0) TIPE 9998, IREC

9998 PORAAT I K = { AT REZCORD ', 1I5)
SP[WHICHLEQ. 1) X = PIRSTH X}
YRITZ{RANDCH¥DTR,8C; 2ZNDO23 (3-VHICH,J),

- ZNODE2{3-WHICH,J), BLINK, AASHIK)
BASH(R) = ¥GROOU?
806 COHTIHOE
L]
* IF USING A 8-DIGIT CODE THEK RECORT THE FI2ST & DIGITS OF THE
* CURPENT NODES TK THZ LIST OF ZXTRA KODE PAIRS TO B2 SZARCHZD.
>
asc 1P {DIGIYS, 2Q.5) GO 7O SGO
LIRE = BLIPKY(KGROD?)
PIR = PR v 1

pLINAY (EGROND) = PTR
F118T = PIRSTH (YODT {1))
2238% = rIRSTS[AODE{2))
WRITE [RAYDOM¥2T®,80) 311ST, §21ST, RLINK, AASAINIIST)
BASH{H11ST) = §GROU?
56C I¥{WEICH, €. 1) INDEXJIREC) = HGROUP
1006 GO 70 50
L[]

* CRIHTZ A SBQUENTIAL OITPUT ¥ILE PRCM THZ RANDOY ACCESS FILZ
* COJATALNIAG THZ LIAXED LISTS.

L]

2006 1F:BEND. GT. 1) GO T0 5330
TY92 234

1238 FORIAT(* NANE OF OUTPOT FILE = *,8)
ACCERT 1235, FILE

1235 POEAAY (2410}

022N (DN IT=SEQ,DEVICE="DSK', ¥ I1E=PILE
IP(RAICK, 8Q. 2) GO TO 1237
TI2E 123%

1236 SORMAT (¢ WAMEZ O7 INDEX FILE = %,3)
ACCEDT 1235, ¥iLE
DPEM (OALP=EDYPLE,DEVICE=* DSK*,

*
*
9237 PG 2300 I = 1,MGROUP
DLINK = DLINK! (I)
401t = §
» READ ALL THE DTANETERS IN GROUP I[.
201C IP[DLIEX.EE,0) GO TO 205C
HOTA = ROIN + 1
2EAD (RARDORYDLINK,8C) DIAMS (NDIH), DLINK, NDYX {NDIR)
G0 10 2010
» WiX?2 CAPZCITY GROUP AZRE.
2050 ¢ (WHICH,EQ.2) GO TO 2687
#RI%% (3EQ,207%5) I, RDIA, CAPSil), (DIAMS(J),J=1,HDIA
2675 798447 (15,13, 78.1,3%,2813
60 T0 2130
2680 YRTTE (520,2175) I, NOIA, CAZS{I}, [(DLANS(J),¥ox(J).
J=4,4214)
21758 FORSAT(15,13,P8.7,3%,23 {13, 14}

2100 COREIBTE

IPIRUICH. EQ.2) R2TOAX
.
* YXP DCING CAPACITY GROIPS, HECOR?D IFITEX OF A FILZ.
D 2200 I = Y,iPEC-1
WBITE {¥DXPLE,2085; T, TADEX {I}

2685 POPMAT [2%,15,3%,15)
2200 CONTINTE
RETOES
*
*
5090 17162 5010, WODE
S01C PORMAT (' ABUCPNAL TEEHISATIOY DOE 1O BAD DATA ON LINER®,

12,35,'-',1I9)
STO® * ZXBCUTTOX ABORTED XX STEROOTINE ©33"

IND
*
*
(e m = m e e e e ot = = e mn e
-
-
IRTBGER PUNCTION FLRSTS (N0¥;
C
C
[ FUACTION TC BE MSFD ¥ITI C35 EEOGEAXN
c ar J. HOCKEF,BYZRGY DIVISICT,O0AK RIDGE NATIONAL LAR, 1930
c
C
-
* LYTRACT THE PIRST 4 DIGITS OF FuM.
L]
INTEGER §U%
FIRSTY = NUY
FIRSTA = FIRSTU/1C
BETO2N
WD
»
-
e o A e e e e e
*
.

SUBRODTIE S RIAD{INIT,¥OBE, ¥3W,L ,FUMES,CYPANY,COUNTY,
iNPIPES,DIAM, STLUW,FIOW, SCAT,CAZ 2%,ERCDE2,8M0,
2700%,ICA2,IPLOW)

(o4

[

[ SCBROUTINE TC 8= IS

c BY J,N, HOCKEE,2d

C

[of

Cmme e oo 2IPELINE PILT FZADEP

C

c

Cmmmomm s EACH SUIECTUTIN® CRLL CATSLS CHE FICOYD TO B3 2EAD
Cmmmmmmmmmm COWE RICOAD AT COVER 2 G %

C

Cmmmm o mn 607 IS THE QHIT TOING 3¥ THE

7-2



CRLLING PROGRAM
ICOT MRY BE USZD PCH IRROR BESSAGYS TN ST3R,
IS ALPHRMCRERIC COEY OFf CURREST CAED 38ING
READ I¥ CASE OF ZR2C:
“-OIT IINTEGER) 4 PILE 2NIT 20, PRON $HICR DATA ARE RE4D
------- SODE{2} {IRTEGYR} ¢ R02E(Y) IS NEAT XCOT ¥0.,C0L 1-3
Cmwmemceman NOLE(2) IS TRIL NODE ¥0., COLT-14
WZ¥ IIATIGER} S G IF BIANK,-1 IF ZERO, ODHEEALSE ¥
CREY IS EEAD RLPNRAULPRIC, COL §
----LERGTH 1XNTESER} 4 LEWGTY CF SEGAZNT,COL13~13
Co—w==-——--DyMPS12) [INTEGER)  PORDS{I} IS §0. PUHPINS STATIONS
—-—— AT HZAD WOOE,U0L26
PUAPSI2; TS FO. DONPING STATIONS
AT TAIL HODE,COLS 28-2%
CAPANY IINTEGER} # COATANY CODEZ, COL 21-33
-=-COUR Y (3} [INTEGER} ~COYTAINS COURTT ¥ave
5 CHARACTIRS PER KOUD I35 ALPHANIISRIC PORKAT
- COL 35-39
-~APIFSS JIFTEGER) / 90. OF PAXALLEL PIFES
Crmm=me--=-3T48 {9} ({INTEGERY / DIAN{T} IS GIRZETIE OF I-T% PIDE
COL. 17-1%8, GTHIRS GPTIONALLY
SRFLOR (THCEGEE) WO, ©7 LTINS T FLON 030U, IF ART
Eommmos--BCR (INTRGER) ¢ RO, 0P LINKS IS CAPACITY GROUP,IP 4Ny
PLOY {RZALY} / PLOVW IR GR073,C0L 20-20
——-=CAF IMEAL) SCAPATITT OF 5ROY 5156, ATLLIO% 23L FER Yn
Comm=-=w-=~UNXODET 2,9} [IWTEGER] ¢ SNCOEY(Y,I) IS 8283 %032
c OF I-TH BXTHA LINK I3 FLOW GROUD
EHODRY (2,1} SAEEZ FCR CADACITY ZROUP
ICAP=RECORD ¥O, P08 CATACITI G800
IPLC¥=RECCED X0, PCR FLCR GAOUP
WOLE2{Z,9) {IRTEITR) < TAIL Y100ES

[ oL R e ————

ol

e m———

Cmememceeen

Commemanann

c

[T

[,

B {IATEGERY , S¥D=1 FHEZR Z¥D OF PILE IS RZACHED
Cammm mmem e E¥D=2 FGR BRROZ, ZND=0 CTEZRRISS
c
<
DIAZASIGHE 20D (2y,I0D {14
COMEOR ID (73,6}
INTIGIR ONYT,LUPS (2) ,CAPAYY,COUNTY (3),DIAR (9},
W!ﬁcszl(2,9),Excua:f:,q;,zwu,zut,Bﬁz
DATL IBLANK/T 'y, LLBROSIGY/
c
<
2AD=0
Ico=g

T=--=SECTION §
C-INICIALIZE GIANTITIES WHICH %%E T0 52 POUND 0PII0SMLLY
ROYPES=]
RPICH=1
Wrp=1

IC 28 I=1,%
2I384Y) =0
ZHODZY 1%, I} =5

EACOEY €1, Xj=C
25 ENCDE2(2,1)x0
C—---S3CTICK &
C-READ A CARD CR TARDS(CONT) POR A PIRILI¥Z

KERD(?YIT,S,FND=2CJC.EES=1CDG)SCDE(T),HZ?,ﬂODE(Z),LZNSTE,
ipIait; , PLow,
2PUBZS (1;,27825 {2) , CHPARY,COTNTY,
JTAE,ICEP, IPLON, IC
B FORMATIIN,AT,T15,%%,1
TIX, A5, 9X,06, 5,138, 2
Q. IBLA¥KY GO
IPIREALEQLIZERD GO TO 55
TACODE(T, 1995, 489 ¥2Y
1999 PORELT (1)
8¢ 10 %9
5% §zw=)
GO O 5%
55 ¥TW = -1
59 IP{IC.LT, ) RETTER

-

?’(3?5.1,1!,11,1{,12,1K,I3,
X3,

GE,7) GO 7O 1nGo
12,79, BM0=2035, 202=13550) {2011, 1C0}, ¢
Ty
IZ(IC, CE 1) GO TC 4¢
—————— SPCTICR ©
START CHECR QF RITINSTON PIELD
ICL=NRARER C
ITL=CYRREYT C

)

Y3635 I¥ THIS 3ZCORD
Z BEZING PUCCISSID

CEOV Y

AR D

CONTIHTATIORS CONFLICTS 9108 o yaLirzey,

T F OAND ByTAY}

HEXT & vaigE, -

J=I1LIICRLR,
ICRAR=ICHARS !
579 IP(I,EQ, 1.0E.J. 5T, 3)G0 TO 1505
GC YC 3237
Cmmmmm SELIICR 8

C-Cas2 J=7 0% J=3.3ET PLOW aND CAPACITY 421D 4¥D TAYL X0DES.

2) IDIG = 3
DIICHAR, ¥CD)
HPLO¥=ALIRTSHT



anconn

nNnaaan

680

BETU3N
2¥D

SUBROUTINE ERJ {NCD,ICHRAR,2IN1,IDIG)

SOBROOTIFZ 7O B2 USED WITR OBS £RCGRAN
BY J,N. HOCFZ2,2f8BGY DITISICY,O4K R{DGE ¥ATIOVAL L33, 171980

conmoy ip{79,6)

TE1ZGER ZNI

EX1=1D [ICHAR+2, %CD)

DO 840 1=3,IDIGe]
ENY=2F121C ¢ ID{ICHEAR+I,FCD)
ICHAR=ICTAP4IDIGH

RETORA

24z

635

6806

TP (J. 22,3} NCAP=NLINKS+1

x=J-1
ILE=C
I1Kk=IL

€+t

YFPYILKLGTONLINES) GO 70 735

TLAST=
(s

T2 (ILAST~ ICHAD
CALL BNJIWCD, I

78

» B0

ICD)TLAST
;

IDIGE2))GP TO 650
AR, EN1,IDIC

ERODE1 K, ILK)=ERT
CALL EYJ/NCD,ICHAR,EN2, (DIG)
%8CDT2 (K, ILK)=EN2

GO TO
TENI=

17 (ILAST-TCHA
CALL EHJ{¥CD,
29002 Y {%, TLK] =Ed

rzHl=1

€35

IP{MCD. 62,
b 1

C-CEREC

780

GeN)) GO TO 680
11,1DI6)

ICD)GO T2 24

TF{YE%1,LE,0)GO TO 603

GC TO
S2CTIC

€45
¥ F

X ¢ STE IF ¥ AAVE JUST bO¥2 1=13

T 24

TP (HCD, £2.ICD) ILATT-76

TP {ICHAR, GT.ILAST)GO TO 74¢
TCHARTICHARD
J=XD{ICHAR, 1CD)
TCAAR=ICHAR+1

6C TO
IF (NCD

741
«G2,

ICD)30 TO 24

761

-

TF{J.20.1,0R.,J,20.2)50 70 1560

GeC 10

520

~SECTICYH G

C-ERRQR SISSAGES

1660
1210
1020
1030
104G
150G
1530
1800
1812

2000

FRITS
PCEMAT
28D=2
REIEAD

RETURT
IRITE (
POEHAT
28522

?2TOAN
4RITE (I0TT, 1410)

03T
GC %0
END=1

ionT
e

193

1007
e

I
1626

,1676)
SPPCR I® READ SXECITION')
0, {I0DI1),X=1,16)

1€}

L1970
J YALAT SOT ALLOWED')

RMH¥BER DF CONTINOATICNS BYCZEDS 6')

9-0



hd PROZBAY POR CALCOLSMING PIPELIAS {¥3PRRATHLR D002
-

PROGRAR ALOSS

-~CRLOUSLAYY BEAT LUSS PROR B PIPILINE.

YOO

IRPLYICIT RTAL tA-%)

RESL TEHP {5}

INTBGER kK, X, LY

SOUBLE FRACISTOH PILE

TYRE 50

ACCERT 60, ¥ILE

OPEBIUNIT=1,029ICK=1DSRY, P {LE=VIL )
10 IIPT TG

ACCLPT ¥, OD

YV 8¢
10C2PT ¥, (D
TPy 99
WCEEE 4,
TIFE 130
ACTERT ®, @90
TTEE 10
ACCRRY %, €
TYPR 120
BCCRRT 2, L
TTPS 130
ACCERT *, 11
100K 150

ACCE2T 5, TA

TR 153

XCCERT %,

TYPE 150

ACCEET *, B

®BITZ(1,1703 ©D, 1o, ¥, RAG, €, L, 71, T8,
RRYYE (1,180

1¥2¥ 180
G = 3,8G67 ! B/SEC2
o= 1, ! LERGTR IXNCRERENT
LSEYE = 1,
£0 206 1 = 1,5
24 TEAR{I} = 7Y
<
<
3o CCRTINTE

C=—---=-IRIRT SOMETHIRS EYERY 1) KA.
€w===v==DO TRE CALCTLATIGN ZYEEY DL K&,
LI = 10, DL
DO 38 & 2 1,LIA

&,

-~BY J,8, BOOXER, EKERGY DIYISIOH, 0K 8IDGE BATYOYAL LaR
DRVELOPRD ON PHE DPC-SYSTEN 14 conroTEE, 1939,

a

T,

? TRACR CF YHE DISTANCE 188 YELED.

5 DIFPSIENY BEKT TF2AXSPER CORPPICIENTS.

G ¥ = 1,5

Y THZ BIAT TEANSPRE COEPFICIXAT, KI/H3I-RR-D85,
X = 5, ¥ yLOAT(Iy

mmeeeces=CRLCULATE RBAT LOSS 2oz oTe BEAT FLOW.
LOSSE = (TERP DY - Ta) » 1 -

0. % §~39.5‘OC”'§°’D‘L/(1/2‘4.)/REO/‘C))

T¥E:

.
Commmrmmmen s CRICTLADE K1 ¥E ISCOSITY, C570832s
3G = 92G53. S¥DI432, 188
Comemtm e £ L CILAME 73
BERO 2 5.GER * THe1,743) s DL
3 K
Com—meveca— o 2RLU0LAYE KT PRICTION HIATIMG,

SAIN = REGD
Cmmmecean e C4LCTLLTR K2
TEAPII) = TIAPII; C55 v SAIN
3C cou
Gm—m—m=—-=s-PRIRY GATA4 POHE THIS 15-X1 STREDCH.
LY = LSRYE - 1
FEITE(Y,190)
TERE 49y, Li,
IPIL.GT.5.) o
TR 2ig
ACCEET 213, ARS

TPIARS, B2, TYRSY 5O Y0 1¢
5702

5% YORRATL® YE§T 108 .
AR i 3+h

$45 FCRBAL (AT

70 PCRYATYY QUTSIDE

36 PORXAT [ T¥SY

30 EGRMAT ¢

100 TCRAATIS

313 FORRAT ¢

126 FCRBAT ("

135 FORRAT (Y

138 FORAAT (Y

156 PoORYAT A
A SR 3

1856 FCRAATLY 8= v, %

170 FCRYAT ("1REAT L0SS CALCHL&TIOY,?
Y 22 DUTSIDE DIAMETEP,
2 /' IR3IDE DIavETER, IN
3 /Y PLOY RATE, KISDAY =
4 /' DEYSITY, KG/M3 =0, ¥
5 % SEXCIPIC REAT C¥F COI

6 /% TOTAL LEAGTY, XX
7/ INITIAL TEAEERR
8 /Y rI Tos2egstoRe
8 /7 FINZMATIC 71Is
L A=t P11, 7,0
188 PORRAT {77 LBYSTE, X¥
H * RJSM3-RR-D2G?
2 Y 5 5
3 ' e 25 /3
130 POEXAT (P15, 0,00, 5710, 13
206 IGRMLY (! BORE?Y *, 4
2% PORYRT A3}

XD



hd NETHORK PILE REFORWATTING PPOGRAM
*

2R0GRAN SCCIT

C

c

€--3r J.¥. HOOKER, PNERGY DIVISIOH, C4K BRIDGEZ RATIONAL lAaB, T3,
c DIVELOPED CN THZT DBEC-SYSTZM 7( COHPUTZER, 1985,

4

c

C---2A1% IS 1 PROGRAM TO RBORGANIZZ THE PIPELIRE DATA

< S0 TAAT EXTEZNSICMS ARE OX SERIES CP CARDS AFTER THE PRIMARY
C CARD.
C
c
IWTEGER DATA{10),EXT{42J) ,PTE (823),LIATT,SIE, ?12ST,
1 L1AS%,CORT,PORN,PORMT [4), MAXNUN,OHE
<
REAL&3  IX204,0NTR0T
2aTs FORNT (1} /' (*/, POENT{3) /"41,18"/,
ki FCRET (B} /0, A1)/, CuE/t Y
.
.
TIPE V8¢
3CCTPT 170, 18207
TYPE 190
L]
ACCZEPT 170,007920T
CPRY (ON{T=1,02VICE=*DSK' ,FILZ=INPUT)
NEEE {JR{7=2,DEVICB=*DSK" ,PILE=QUTPUT}
19 %8AD {1,200,END=16G) DATA,{E2XT!(I), 1=1,29;,CONT
I¥ 12LT{Y) M2, * ') GO 7O 20
RRITZ {2,20Q) DATRA
&0 T0 10
20 WRITE 12,215} DATA,ONFE
LI®I1=29
39 i¥ {CORT .#%. *'1') GO IO 40
2eAD (1,22C,ZdD=%60) {2XT{I}, I=LINIT+1,LT017479) ,Con2
TINITSLINLTTY
50 70 29
L 14 Do 5§ 1=1,LINIT
STR{T)=T+1
56 CON1TIECE
T=2
%0 17 (3 .67, 1TMIT) GO TO 990
1¥ (EATIY) LNB, 7 ') GO TO 39
I [BEXT{I+%) W2, * 'y GC TC 80
Jal
70 I=Ye?
1P {{E2T!T) 20. ' *) JAND. (I JLT. LIALTY) GO 71O 70
ETB (J3=1
30 1=1+s
60 T0 80
90 213 {J) =0

160 1=1

1170

133

180

150

160

170
180

200
210
229
230

X=27TR(J)

GC TO 113

LAST=T79
*IRST=1
IP(LAST-T79 .62 SIZ®) 0 0 W

J=LAsS?

IF O{EAT ) LBQ. ' Y1 GO0 OTO %0

IAST=8INCG (J,S7
IP {LAST 4 LT. SILE)
T .GEB. SI2E

17
FOoR
2RCOOE
¥RITE

s

{2,P0B¥T) (EXT{I}.

z®)

T-FIRST+1
15,236, P0RAT (2)) FORT

PIPST=LAST+?
LAST=LAST+79
138

80 TO
CLOSE
CLCsd
sIC3P

FCREAT
TORAAT

FCEMAT

PCPHAT
FORNAT
PORMAT
POEMAT
EL ]

{NiT=1,
0MiT=2,0E7ICE

¢

DBYICE=*D3F ', FILT=1KDPUT)

{310y
{* P2L%ASE ENTEE T
T ESEORMATID.
{° PLZASE THE %
*EZORGANITED
11025, 2985, 4 )
{16A45,29%,A%)
[7921,11)
[12)

8-D



»

I TSR 0T 5 )

4

11
El
9
3
¥

¥ETROEX PILE IADIXIVG PROGRAK

FROGRAM TNDEX

-BY J. B, ACOHER, BNERGT DITISICH, OKX PIDGE ZXRTIOMAL Lag, Ta,
DXISLOPED OF THE DEC-STSTEA G CCHPOTER, 198J.

~=TPLNSFER CAPACITY $R0UP WIUNERTS Pa¢a (SDEX PILT 10
FETH0RK ?ILE

IXTEGEBR 00%AY, GROUUE, TEYTYI{18:, TEAP2{8Yy, TTITII8])
DOUBLE PRESCISIOY FYLR

TIFE 50

accEey €0, rILE
OPEN {UNIT=1,DEVICE=T0SKY, PILE=FILY)
TIFT TO

ACCeRY 80, PILT
GRRR(UNIT=2,DEVICP=TDSXY

S PILE=PILE)
OPEN {UNIT=3, 08V (CE=20SK? , PILT=) 45T, T92Y;
16 READ {1, %, BND=2G) DORRY, GRCUE
ITaie 3
¥EAD (2, 80,B¥D=35) TEXTY, UUNIT, TLIXTZ
¥UITEI3,80) T2ITI, SROUP, TER1Z
50 70 1L
5 READ (2, BY, EXD=40) DULxY
TIPE 33, I
310P
4 TIFE 166, I
3T0p
6 1Y 416,
$T0F
34 YCERAZ(Y MOVE CA2ATIVY GROOP SUNBERS PROA [SDEY PILEY,
§ Y %O BBTUSRE PILy, i
% v T¥DEY SILE = f,5)
o FORTAT {39
G FCREAD (Y ROEX PILE = ', 5)
0 FORBAT LTIRS A0, T8, $345)
G YORZAY (' OPNATIRE ZFD DF IHDER PILE; RECORDY,15)
50 YORRAT (' DPREMATIRE END OF FETYCSK FPILE; RECORD' ,15)
1% FCRASY (I6,' AZCOALS REBAD, '
1 /Y CUTPOT IN PILE ¥20,TAR, %)

IND

!

O



* PRCG AR 707 CALCTLARTING PYPZL3IXZ FUMPING ENERGT CON5DN2TION

PROGRAM DRYVECW

[of
2--pA0G3AYM POR THZ CALCTLATION QOF POWEB USZ
[of AMD OTBIR QUANTITIES 70R OIL FIPELIM
[ COMPANIZS, PIE 22 CRUDE CIL PIPEL
o 94 PR0DTICTS  PIPBLINES,
[of
C--BY J. ¥ HOOXER, ENTRGY DIYISICR, OAK RIDGE MATIONAL La8, T1.
T QBYELOPED CY "TA? DZC-SYSTEM 1C CCMPUTZR, 1980,
C
c
Ca- PROGRAN REZFO3TS SUNYARIZS BY EIPE DIaAMETIR,
< COMPANIZS, ST AYD NATION.
>4 FA038A2 JSES < AND PLOW ZQUATIONS
[of ¥iT# PARAMETEYS POUYD 3BY TAZ REBGRUESSICY PROGRAT, BEGINH.
c
[ PROGRAMMING ASSISTANCE BY ROTH B, HCPST2A, 7, OF TENN.
o
c
INT20ER CR
10 TY?Z 20
ACCEFT *,CH,1,7,2,V
YT I6,CH, X, T,2,¥
Oy CALL BXIT
ER(CH,Y,Y,2,H)
20 Y23 IN CiH,X%,Y,2,R'/
d CH = G SIGUALS bJ)P ?RCGHAH‘
36 CH,Y,Y,2,3=v/73,08812, 4
t4. b
[
<
Comcmmcmemmecammmmmmmmm e e e et maammm e m——
C
[
SUBROUTIKE PORZRICH,Y,%,Z,¥)
[of
C H4L 8 SOTBROUTIYE TO BE JSZD ¥WITH RPO0WER PROGRAN
[ 3Y J,¥, EOCK®R,BYERGY DIVISION, 04K :TDGE JATTONAL L[i8, 980
[+
C
C--//CCHEUTE PORER OSE FOR Z2ACR CCAPARY//
C--POLLCAIRS TTPRS ART INTEGER:
c-- CH//1-TRODE,2-ERODICTS//
C-- CONC//CORPANY CND2//
C-- §PIP2S//N0. OF PARALLEL PIPEZS//
c-- K3DE [2) //8COR WIA3IER//
Ce- 3//STATE NONBZIR//
c
C--rOLLO3ING YTPES 43g SEAL:
C-- %8/ /DBRSIT I, LB/CD.PTL /Y

c-- 97/ /%INZHATIC YISCOSITY,CSTORES//
[ehid RATIO// {ADJISTED MILES)/ (AP 17S) ,POR CO™PANY//

c-- SONL{0: 98} //SNNL (I} =PI22 ALLZS FOR DIAL I,COMPANY TOTAL//
c

c

c-- SUNR2(0:08) //ST"AP (I)=F I,”113\WY TOTAL//
c-- SUAYL (4 :48) //5TTL{T) =D "

: T0TL S,0148) /4TOTL (T,

c-- TOTH? (3:50,0¢ uq)'/"offz

c-- 10T7.10:50,0:88) #//TO0VL

c-- TRATI0(0: 50 //TNATI0

c-= TERO {C: 507 2/ TRHC )zwe

c-- TOTIL{4z59) /TOTIL (D

c-- ZATION: I sTarz

c-- ROTIL (C1%95) //90TIL{T) =PIL 7

c-- TYUTIL (3:55) //7VITIL (T} =01k

c-- AY BATE OF 7LOW

c-- TYLOTL[L:5C) //TVLOT

Ce- 3y BEL-¥I

c-- TEILES (6:5C, 25 2) /041l

T

J TrRILES

PPLOW (G150, -2:2) //7
ZXCELT THAT
c-- 1,1,7,9//REGIISSICH 2ALAYE
c CAr=T*{DIAY®*Y)
PION=ZACADS (DIANY *R) //
D(3) //DISMETERS OF PARALIFL PI
Ti9)//TLNES CF FAT
1//L2K4TH CF SEGMTNT,
PES//ASEPRITY HEINHT
B//REINGLD'S NIADIF//
P//PRICLTON PACTOR//
E//9RESSTRE
HF//PRIC. IC AD,PI. /7
HP/ /MCP SEPCHIT//
PINC//PRACSFRAC
Is In 27

--LCGTCAL TYPI:LAST//BND OF CO%FANT ELAG,/

--POLLOWING QIAMTITIES AFD €
RCOIT SLESTHT,PI™ES
HFLCW'I,FLOWT, FCAPT,CA
PRCY READ 5033

nanaoonuoN

—-PCLLNWING ARE 5CNZ WORAINS VATIAML TR, DITHIES,
USED IN “HE BODY CF THE FRCSTAY AND OTHE?
102376, IPRINT, IZTOR, PYI TRIX, AFIX
NTRCO(257) , IDATA {96}, 1L

--PCLIOTYNG ARE EANDCOM ACCESS FILZ- S3%*5 AN0D URITS:
CAP,TNP 22}, CHPANY.TYR(22)

nonNnna

0T-D



acgaaun

(s Xt}

€3 Y

LY e

- ¢

(2]

Ao N

10

-~POLLOVIEG AREZ SEGUESTIAL F1L5-N¥ANES X%D USTTS:
£4p, 0BS {20) ,CAPRANY, IR (21} , ¥2ZTHURK (1) , RTNEK2. THP {2},
SIPES, TAP (3} ,STAIES.IH{8) ,FORLT, 04T {17

LATEGER CH,CON0,S,PUEPST [2) ,CORCT,CONTTT(H) ,0TART (9,
1 ZNpEiT2,9),ENDE 2T (2,9}, FLOVY, CADY, POL,
2 CONAME{S},PLTTPS, REGULA
BOUBLE PRECISION TITLE(S,2),ITTRRK,SETE0G
XEML ®0,L,I%SIDE
LOGICAL LAST, PRINT {~1:3GG)
DIMESSION SCDEI2) ,SUNL{CINS),STANDIG188) ,SIRVL IO 48],
1 TOTL{2:50,0:08), TOTAE (G2SG,0208) ,X0TYL (G253,0148), TRATIO (01 50)
2 D19),919),TREO 5G],
3 SEWSO0 {250} ,IDATA{1E} ,RODET (2},
8 BS(9},PS19),HPS{Y} ,PSIY ,2F319),PITILIG253) , RITILLO:SD),
5 TYUTIL{CI50) ,PVLUTLG: 5G) , OTLIL (9) TMILES {035G,~2:2),
£ TPLON(8:50,-2:2) ,TRATR (G250}
COMSON/TEAPRYNODED, REWT , LRGTHT ,OU¥PST, CONOT, COSTET, BPIPST,
4 DIANT,HFLOST,FLOWT,NCAPT,CAPT, EYDRIT, BXORZT, ICASE,
2 IPLORT,ISTCP, ILEASG
COMADE ACAPS, SAVCAD(GCGO)}
CORACE FACC, TAILES,TFLOR
BATA TITLE,'CRODE OIL °,DIPELINES:?,* PUARING 2°,%42RCE v,
3 T0IL PRODEC?, TS DIPELIKY,TES: P142IR7, 10 BATRCYT/
SATA PRINT,/30 2%, FALSE.,
DAYR PEINT (32) 4, TRUZ, /, PEINT {4E) fu TRUE, ¢, PRINY (72} /. TRUEL/,
PRINT {73} £ TROE. 2, PRINWE (88} /. TRUX. #,PEINT (59} Jo TROUE. /
TATA SETBIGC,’IRHCED.CCY/
———————mman ~-THSTRUCTIONS STAEY BERE=ve—-ommescccvmanomeoos
$5T0R 0
IDRECE=]
0 2YZE 270
ACCEPTS A 2R REY
TP (RBMBET, L7, 1.0R, SEEAXY.6T,2) 30 70 10
$YFE 280, HERWIT
CALL STARS (NESYET,NEWCO)
RUHEET=T TO USE POWER TN FEGULAY WAY
NEEEET=2 TG NEVISE REBTSCHE PLLE POR CONDANY
NZ¥RET WILL BE SUPPLIED BY OSER PROW TZRAINAL
KERCO{COND) IS5 REZYISESS COEPANY COBE COXO
TYPE 296

BUCERY LT, ABTERK

SO 0H G

ORI aare O

o
&

O=NMita
@

I3}

TEXPORARY STATEAR RERCYE LATER

FEX¥AR=ASYEIS

TIPE 319,?‘ 2K

OPEE (UHIT=1,DEVICE=9DSK Y, PLLE=HETARX)

IP {¥EIHET.LE. 7)G0 TO 7¢
TOLLOSLNG SECTLOR OF TOLE IS ¥OR
REYISES WETHORR SFULE BT EEPLACIVG
3HEY ZYDICRATED BY CADRNY, I¥ TILZ,
PILE IS MRMED THIRINKIZLTNPY AND S
CR COEPANT CUDX CO8Q, USE IRIS FILI A5 NITWOKR
IR RAOTHER RGN OF TAIS PROGIAN FYLTH HEIYUNET SaT

USE YREXM YIWEIT=2
CO¥0 ®ITR

GRRN (ONIT=2  DEVICE2oOSN Y, PALE=TNTHRE2, YD}

2710‘.,
963,10

e
ir
irs
FE
iC
kS 4
2E
¥z
33
L

20,E20=50,280=5{} {(ITATA{L),8=1,6),1C0, {IDATALI) ,I=7

(£347R17),1=7,14) , 7

¢
4
!
3
T

kg
I
R
I
o
T

3
3 e £ kDR Y ED ()

IS E<]
P

TEOE 385, TCATD
RETURY

TEFE 356,

®ETCES

ICARD

[1-9

THSTROTTY U5 OF 2093R STARY HERE

CORYINNE

1192 3640
ACCE2T X, PCL
TIPR 3T, PCL

1L, CR) D=1, 4} 00L&, 0,2, 4
5K, SaNT, T

TE(S, 330, {TX
.

gwcg.




aonan wannoonan
a

i)

ann

k1]
166

A

“ao0nnaon

~
=4

noo

PIPES,THS FILZ Will 9% WFITTEZN BY SOBROJITINZ INIZ
SI1VING LINKS JATY YOR BACH CCu2any;
17 4LLlL 38 LA 3Y LHP0T SUBRCUTINE IN PLOY 5U3R,

GZT PIRST COMPANY FROR NETWORK FPILZ 7O B2 PROCESSED

T WPLOWT,VLOWY ,NCAZT,CAaPT,BNLBIT, BN
IP[CO40T. 22,03 GO 7O 89

T,88D,%,ICART, iPLCHT)

3EAD2 SUBR, IS 4 SPECYAL VERSION CP THE ISOAL RExD
SUBR, 52D TO IEAD A NETWORK FILE.
BIADZ SUIR, GITES CAP AND PLCW CCNVERTZD TO 9BL/)ATY

IP(ERD.GT.CIGO TO 240
0 RO=CORDY

IP [IDEBOUG.GT.0)CALL TRYS03
TAITIALIZZ TO 2RO 50ME TOTALS; OTHER INITIALIZING ALSO

DO 100 J=0,88
00 30 I=(,SC
POTL (T,J)=0.0
20782 {1,3) 0.6
TOTIL {140} =040
CONTINTE
20 116 I=0,50
TRYO {2} =C, ¢
TRATIO(I)*0. 0

228=0.005 95
I4ULT=T,
ZFPIX=2

LA

//3TART LOOP THRUO COMPANIRS//
LOOP WILL BE ACCOMNFLISAED BY READING
¥LTWORK ?ILT IN SUBROUTINE INIT.
NZTWQAK PILE IS SORTZC BT CONPRANT COJZ,

CCNTINIE
IP{CO%0.,20.6}GO TO 180
A=321Z

X=XPIX

TY2Z 390,C90%0

INITIALIZE SUMS TO ZEBRO POR ZACH 28R CONSARY

90 330 1=0,88

130

COEOQT ,COYTYT, HPIRST,DIANT,

A naaga

(2]

anNnnaan -
=
=

o
o

anan

ann

TP (2RINT{CORC)) WRITI(I?sIY

504aP 12Y=0.0
STHL {T) 0.3
SUNVL {11 =0, 0

HCUTIL=0
CRATE=C.

//G3T E3XT COMPANY CCDE,DENSITY,VISCOSITY,NILES RATID,Z,
TIP® SIL25;2ASS IW X, Y A¥D W//

IP (PRINTICORC)) WRITZ(IPRINT,8GL}CCHO,EPS
TR{PRL

7,815
423;

7,838

{cn¥c)) WRITE(IPRI
TlCOJIN)) SRITE!IZRT

k)

,SOXL,X,1,¥,2,000%8,

CALL THTT{CR,CO40,RHD, KT, A%
1 ITTPR, FLTYPE, RESTILA)

]

MITYPE, PLTYPE ARZ CATEGO?IES J FOR TMILES(i,J), TFLOY(I,J), ETC.

i8COSITY,

//GET VIYT CO®PANY CODF, DENSITY,V
255 TN 1%, AND W//

AILZS RPaTiO,2,? MILES; 2R3

35

LF(ISTO?,GT.0)PETNAY
//732J0ST LENGTHS//
Lo 149 J=9,88,2
SOML (J} =SUYL {J) $PATIO
TP {IDE3UG.GT.C) WRITE(6,83L)CH,CCYT, REC, U,RATLO, 5%, 5,¥,4,2

TH2G COTPANY LINFS//
D,L,7,5,LAST, PPAC;
W,EATIC//

//START LOC?
//GET WPIPE:
2485 IN

e
1=0 v o
CALL FLOR!2CL E .
1 NODE,D,L1,¥ £ AST)
S/2A5S 1 POl
3BT 92

0,%10,M7,225, NPIPES,N¥ODE

TP {LAST)GO TO 17¢

IN LTNR//

//M03K THRCUGH FAERALIEYL 2

0 16G T=1,%219ES
= RS [I)
= ?S(1)

4P = HPSII)

2 = 2S(I

92 = HPS (I}

)
3
¥

[of
C MIRILEXXICTCH:
c P

L = MAP MIIES



Qaa

€1

L = RDJUSTID RILEY

¥ = DALY TRROUCHPIT WHILE PL IS RONNIEG

RY = AVEPAGE BRILY TREOGGEDUT CYTR THE TSaR.
F/FLIGURE ATJICST 2D MYLEASE,

RL = L & BLYIC

AYCLD 3I¥IDISG 37 IBRC POR ZZRO-LENGTH LISKS,

BL=AL
I¥{8L,%Q,9,) BL=1.
WguuuouomRJTJ.) TYPE 960, WOBE,L,R
BPRRIEPELT
TLTY (L) 2AL
L¥=Y (1) oFRAT
=RTRRL
ILEILL=FLST, G B=8

SRITCHE HP TO £Y,
HRRL=U. 563548 RD /8L
IPEB{I} LB 12, 5} ID=1RT (D (1))
IRID(ILOT 12,5 TD=ENT(D(3) » 1,8}
1w

T¥ (I} 46, 5)
1IN {AFsG, S
ID=IET{P+Oa 5}
SRITCH RP T0 K¥,
IBE=IRT IMEFG, 78540, 95y
AP {PRINT {CONGCT
- SRYTEIS 4T WODR,FRRC, ID, 1L,2%,YLIILL, TuG, RBQ, X7,
118,251, 12, 8507, TAP

SUMEP (ID} =STAEP{I D) +8?
SONEP (33 =SURHD (G} ¥ D
TQYHP IS, 10} =20THY (S, 10} +BP
YOTRP [S,C}=TOTHELS, U) +HP
Tﬁfﬂ?;G,;D}ETGTFP{G 1Dy 482

TOTRR (0,4} =0 u"‘K"(Q,u)*.u
soavy [19 UXYL{ED) $AYL
SUBYL (L) =SURTL {5 nvr

?Ci?b{S,ISu:“CT?L{S,XDt*A?’
TOTYL (S,6)=T0TYL (5,0} +hYL
TOIVL T, T D,~TO”“'L G LD} 4RYL
TOTVL (4,0 =T0T¥L {0, 06} ¢AYL
TRATTG (S} ={RATIO!S) oL
THATIO (O3 =TRATIC IO} +L
LE{S,FDISTOTL IS, 10442
TOTL{G, Iy =TOTL {G,ID) 45k
TOTLES,C=40TL IS, 3 AL
POTL{G,S OTL L, D +&L
TREO {0} = TRAC {0} + AYL #F HD
25} P ATLARKEO
BITL{S) »ITIL I
L(Gyvdkllgti

aGOnn

o
[=]

AN O -

2}

2}

v
3

TYLUTLLG) = TTLOTY ({) #ITLL {T) #4 75
CONTL=COTIL ITIL (T,
RTUTIL=HCATILS
CPUTILaTYOTILATT YL
CYLOTL=CYLET: 207IL {
TRATRES)=TTALYLS) ehY
YRETE{3)=TRATE1G) #RT
CRATZ=CRBTES AT

TRILESYS, XITTPR) =TAILES (€, 307 13
TEYLES (U, AITYPEY =TAILES ¢ ,AITYETY o4
TPLOWES , PLI YT 81 2 05LOY (S, PLTTSE] » 477,
TYLOR (G, PLTYPE) = TFL OV (G, FLITOE) 44T

CoNTLNTE
GO 20 13¢
Last = ,FRYSE,

2ED CF LoOF ITRT COMPANY LIUSS,STGNIFIZD BT
LSY=, TRIL.

IF(IDE"W" K E 2{1,CCN3,080, 0, S SML,ARTIO, SUP,S5TNTY)

< TI0, 33442, S7AVL,CoNA Rz,
ICD‘T TIL, ”""‘L C‘A.
CC‘N\FCCHC"
68 IO 12¢
CORTIRY®

B¥D OF LOOT THAGUGH COXPANYY S, SIGHIPITD BY
Ceye = ¢

¥OTZ THAT ¥¥ ¥ILL ISP SUAL, STHHP,EXD SUNYL PON
TENPORARY LOCATIORS IF L3EST ~Re S5, STRCz
THEY AEZ AC LONGER ¥2EDED A uH 3% DF PROIRAG.

DU 3¢ 8=1,5¢
TP {TOTL {S,C3.18,5.5560 TO 250
DO 1%L =7,

STAL N
STYED (T

CO¥TINIL
TRATIC{SI=TUTL LS, 6} /TRALICS
3 =TRED (3} STCTVL S, 0}

T2UTIST,U,0, 5T, TRAYIOIST),  SUma2,

115y, raaTz s,

€T~



36C
11¢
320
336

380

3480
170
38¢

393
500

820

530

SIAEP (J3=TOTHT G, Ty
STHTL {3 =7CTIL 0, )
CCATINT?
YUATIO{C)=TOTL (3,5} /TRATIO0)
2aE3 {0) =T8O (C} /TCTYL {G,C)

LP[IDERJYG.GT.0)CalL REPRT2(2,0,0,0,508L, TRATIOD) ,SINRF,SINTL)

TALL RER2RTI3,0,7R%0(0: ,G,SNML,TRATIOS) ,SFNA2, 508VL
b CCHAME,HITILIL)Y,TOTIL {0),TVOTIL {3}, TRATE(C)
2 WYLDTL{3);

RETTRY
“RCUALE XESSAGES

TYRR 80
E2%URR
7122 490
R2TORN
T {END. AT, 1)GO TO 250
=32 S3C
T2z 510,COR0
TSTOP ="
RETURE
YRITI (5,869)1,R

R2TORS

E OF POWIR PROGRAN'/
10 OF COM2RANT CODE5S

POZHAT (' TYPZ 1 POR RFGOLAR
1 ¢ TIPE 2 POR FRELIMLNANL RS
2 ;¢ 08 THE N2T9ORY PILZ'3)

PORMAT!' CHOICE 15:°I3)

PORRAT(® <YPZ NA%Z OP NETWCEK PILE',/
4 ¢ {SDRTED BY COMFART CODZ):'}

POREAT {310)
PORMA' (" MANE C® NETWORK PYLE IS *A30)
PORMAY (635,13,945,h1,11)

POBREAT{ISR5,A4,11)
PON4RTIY  COMPANY CODZS RZ7TIS2D 03 BETHORE PILZ('/
' WAMZ C¥ NEW NETWORF F IS N7 LTHRYY
2 v JU73In CP CAID-IMLGES RTAD WAS * I7)
PORMATIY  TROTUBLY $ITH REVISING NETWORK ¥ILE'/
7 ' AURMBER OF CARD-IZAGES RIAD WAS'I7;
PORXAT (* WHICH CALCILATION HEITHOD?'Y)
PORHATIY POL='IW)
»01 A AS (/0 %) 29,00, /.30, ', 810,
1 3 TEY,/,30L,0 0,
2 * CALCTLATION EZTROD %0. *,T2/3GX,'*',5(/,*% ') ,32%,
3
L]

L?7.0,/7,331,%17 = ,P9.5,/,33¢,%2 =',P7.3,/,31%,
'R o=v,7E,0)
POREAT [’ START PAOCESSING POR COHPARY CODZ ', L4}
FORYAT {*1  TIPELINZ CONPANY - *IG&/
1 ROMGHNESS - ',PB.5,%(/," ')
PORMAT (* XODZ(3) NCDE{2) IRATTIONY,2X,
1 *DIAN L¥ FLOW BRL~MT GBAY DERS ',
2% ¥ISC EEYBOLDS PEICTION PERIC PRIC PEESS PR

30016 )

FOREAT(30X, X3 A1  BBL/ /LAY  HE&D LB/ c-
3+ PACTOR  WEAD AEAD DROP DROP  POWER 20I2R?)
PCAHAT (36X, DAT WILL. PT  CIPT STORZS', 19%,°

16 »r pSI Mz BST O KN/KR KV L,2(/,0 M)

.

.

AVG ¢,

nons 28

[ 394: B4

LL3e PORKAT(* INIT OITPTIT-*235/{82%3.5))

BSG PORIAT(' PLOW DITPUT- *I8/377€.8/3218.8/
i 316/ (3216.8)1
$50 YOEMAT (* CALCULATIOR TenT2LB:  XOpP257,2i8,%3 L =4,
1 ¥5.0,%; R =",r8.0)
4 r ‘?OR‘IA'IQIX,Ii,QV,IS,?TC.I,U!,I?,ZI,IB,PL?,KS,!’6.‘:,?7.3,[11.3,

1P9.4,#7,2,16,F6,2,16,P6. 1,18}

uog FORMAT{' TROTILE O %G C32.772 FILZ TN POWREIR')
320 PORMAT {' TROUSLE CHPASY. NP FILE I POWEZR';
565 pORNATI?  AC JRDS R2TTAR CX STIHORK FILS' /)
L3TA FORNAT(" ¥ $ITE ATTUCET FILZ,T080='IT)
2HI
c
¢
PSS PR
c
¢
SUBROUL INE READY !UNIT,FCDE,B2¥,LEUGTH,PON2S,CMPANTY,CONNTY,
1P £PES ,DINK, RFLOW, FLOW, %A, TAZ, EN0DET, BN0IE2, 38D,
2100T  I1CAR, TFLOW:
c
T SOBROUT IWE 'Th BT OSED WLTE POEIP FROGRAN
z By J.N, HOCYZE,TNZRGY DITISICY,C1T #IOGE WATIOWAL L3%,7195¢
c
DINTASION KODE({2},IDD (16}
COMRCE [2979,6)
INTEGER INIT,3UMPS(2),CRIANY,CC 13) ,DIARLYY,
1ENODET (2,9), 2MCDS2 (2,9} o END, EN1,EN2
JATA IBLANE/Y '/, IZIL0A0L0/
c
CossssrxSPRCIAL VEYSION OP BEAD ST3POTITINT DSED FOP NETWORX FULE
< TEIS VERSION GIVES CAP 3¥D Ix BBL/DAY,
3 CONVERI £0 PRC% THE OKITS POIND 2¥ THE FYLE

--PIPELINY FPILE RTADE®

—- §ACH SUUONUTINET CALL CAJSTS CNE RECORD TO BE READ
--ONE BTCCED MAY CCVER 2 C2 "JHT CARDS

--I0O0T I8 THE INIT BII%~ USZD FCP OITPUT RY THE
- CALLING TROGRR™

I07T mAT BT T
ALPIANT

TN RESSAGSES IN SUBP.
C?% CURRENT CRRU BIINS

*o. PROM WHICH DATA ARE READ
IS WEAD NODI WO, ,COL -9

L TODE wn., COL7-1Y

(¥ ,-1 IF ZEPO, OTHZ2FISE ¥

cotL £

‘P, COL13-15

NC. FUU¥PING STATICOKS

LEZRGYT {INTECER:

2yNPS {2 (IN7EGE

AT BEAD NODE,C

FUMPS 12y IS *C.

T TAIL N¥CDZ,TO0LT 28-
CYPANY ({INTE3E?) / C2TEANY CTUE, COL 31-33
CCUNTY (7} (IMNTEGZIF) TATAS CCUNTY ¥AMZ

S CRARACTZRS % ALPHANTYERIC FORMAT

LW O8TETINNS




- - oL 3%5-09
Cmmmmmemeee¥PIPES {INTEGER) / ¥O, OF FARALLEL PIPES

--DIAN Iy (IWTRGER} # DIRAIT) IS DIIZMIER CF X-Td PIPE
— CIL, 17~%8, OTHEES OPTIONALLY
9eLOY  PINTEGRS} 4 30. OF LIRKS XX PLOS GROUD,X? 2Y
~<--RCAY {INTEGRR) / NO. OP LIBRS 1% CAPACITY GROUD,T? ARY
Commeemeeee LY (REAL) ,/ PLO¥ I8 SKOUP,COL 20-2%,4ILLIOR BBL/TR
o ChP {KERL} /CA?ACITY OF GECUP,COL 5%-56, THOUSANDS SBL/OAY
-
Cessoxe89B0TH CAP AED PLOVW ABEZ COXNYERISED YO 8BLSDAY BY AZAD2 SUsR
=

“

[wemem=m===BR0URY {2,5) (ISTRCFZ} , SHCOET{3,I) IS BEAD %0DE
Comemmmenme % L= BRTEA LIAR IN PLCE GROUP
Commmmmmen £RADEIL2, I3 SARE PR CRPACITY 3ROUP
Ca=vmsm=s==ICHO=RECOD M0, PDR CAPACITY GROTD

RECORD RO, POR
12,5} (INTEGE

L XD {INTRZORER; 4 OBED 15 REACHED
Cemwmmmme=e  ERZaI POR ERROE,
€
c

EHD=(

ICD =G

C--—-SEC‘EIQ‘{ i
RIVIZLIE Y QOANTITIES WHICH 3EE TO BE POUNHD OPTIJNALLY
SPI{'HSt‘i

56 1% z.a‘ 3
pIa% Ly =
EXODBT{Y,K%*G
SHODZT(L,I) /
£RODRZ (1

14 BHODE2 (2, T} =0

C”-*’SECZZ\O.. B

~READ X CEWG O CTARDS{CONT) POR 2 PIPTLINE

READ(ORIT,26C,ERD=25L ,ER

TPLUR, RONPS (1), PURPS DY , STONNTY, MR, I0RD, IPLOW, IC

-

T CCETERT CATACITY Y0 BSL/DAT
CAR=CAP¥ICGND,

< CURTLRY PLCY 1O BEL/DAY
FLOR=FLOY®105500G, /385,

c
IT{¥BY, XD, TBLARX)SA T 20
1P (S8R, TR, IZER0)GD TO 30
BECGDE{1,27G, NET) NEY
s8¢ T 40

245 XEN Y
GO pC 49

3% Ly = 4

5y THLRC.L LN V) RETYRY

8¢ *
e (ICH. 7Y GO 70 285

IELL {DEIT,280,280=250,29=210) {20{1,ICD} ,T=1,79), IC
12612, 6% 1) 80 10 30

1v}*09“(7),ﬁ’¥ A0DE(2) ,LENGTH, DIAN LT,

Coem—=FECTI08 £
C=STAeT CHECK OF ZRTEASIQA PLILD

c
o AKX TD{TY,6) COKTALNS CARD IBAGES, 14K 6
c ICRSE Y5 A PLACE-RARXER R THE CARD-I84GE
c 3=1,2,%, I® THEAT CRDER, ARE YEE CHLY PERALSSIBLE YALURS
c
c ICTH=RYIHEY COXYINQATYON CAED IXAGES I8 TRIS KECORD
e RCHSCURREAT ©AAD T24GZ BEISG PROCESSED

§CD=1

F2ID (3, 1

10K RK=2

1P {5557, 3. 0% Jo 258150 T0 2
60 1P1I-15 15 29
75 IPYHCO. TD. IO} RETYRY

¥AITILOTT, 295

£AD=2

EYTHRR

Cwe===3PCTICK D
C-CASE J=7. GET D2I&% TALOLS AXD WEXT J VALUR,.
20 HRPIPES=IDIZ, 1321

=1
33 ICRAR=ICHAR-2

I=I+1

ICEI=ICHARS

DYRY (3) =10%YD {TCHKR, 1) ¢ID{ICP 1,1}

PCHAu=T T2

IF{YL,LD.RPIPESIGO TO 9%
IcHATE2
; .

Coomme SBCTICY
L-TUAS2 =2 COF
g CRETYR

3.GE’1‘ TLOS A%D CTAPACITY HEAD 2¥D TAIL #003S,

$T-D

-

b PCR ¥10%

< NODZA (R,

o ILK TESCXS THAOUGH ’S'! 41 A0

<

135 LIR=ILE+T
YP{TLK, 5T, FLINKS) GO TO 18D
$LAST=78

12 {¥CL, EQ, 1CD) ILAST=79

I (ILEST-TCHAP, 1T, TOIG2
196 CRLL EBJIHCD, ICHAR, 3%

THODET {8, TLK} =EHT

c 0 169
1591)

)3
+ID




150 CiLL ENJ(NCD,ICH3R,2K2,TD152}
ZNODZI (K, ILK: =EN?
G T 130
165 Tan=n
{ILAST-ICHAF.LT, I0IGP1} GQ0 T¢ 170

476

AE=-
#1281, LE. 0} GO 7O 140
9 TO 153

TrIcR ¥

IF VE BAYVY JUST DCYE J=1
NGO TO Y

I773CD, BQL ICDY ILAST=T6
7ICHAR,GT.ILASTIGO TC 150U
ICHAR=ITHARSD
=% D {ICALE, RCD)
ICAAR=TCAARS:
GO TO 240
590 IP{HTD, GB. ICD)GO TO 70
WCD=RCD &
J=TD {1, HCD:
ITHAR=Z
200 I?{J.EQ. 1. CR,J.EQ.2)GO TC 23¢
GO OTO 60

qRIT 211077, 300)

220 THD=2
az3EAD 310, [100(1),I=1,16)
42572 (1007 ,320) 110D (I; ,1=1,%6)
gERU R

230 WRITE {1077, 33C)
P9D=Z
280

280 WRITH (LOTT, 340}
60 T0 220

2545 ND= "
RTTORR

250 FORMAL {15,4%,15,9%, 13, 1%, 12 ?5.1,11,11,1%,§2,7%,33,

11,345, 5%, $5,0,73%,2 (13, 1X), 11}
270 FORYAT [
280 JCRMAT(BCL1)

298¢ YCANAT (¢ NUMBER OY COSTIXUATIONS CONFPLICTS WITH J VALUOEY,
1 ' AWD DATAY,

300 BBROR 1IN RZAD EXZCITION':

316 16453

320 FPORRAT (5T, 15AS)

330 POSRSTLY J VALUE AOT ALLOWED?)

383 POREAT(" ROUKBER OF COXTINUATIOHS ETICZEDS §';

SUBAOL{NZ ENJ [NCD, ICHAF, 81, 5D1GPT
c 30B20UTISE TC BE USED WITA PCY22 FRCGRAR
< %Y J. Y. HOCXET, SNERGY DIVISIOW,0AK RIDGE YATIOVaL LAB,193(
c
CORBCY ID!T9, 8}
TUTEGEP BB
2X1=ID{ICHAT#2,%CD)
o 10 ¥=3,IDIGP"
50 PEI=3RT %10+ TDITHARSI, NCD)
ICEAR=ICHAR+IDIG?:
FLTURE
45
c
c
 mm o e = e
c
SOBROOTIME PUMF2 (D! ,V,%,HG,80C, K", 2RS,R,F, 47,2
1URITY, IDBEYGS
¢
c SUBROUTINZ TC BT USED WITH 20 ROGRAN
< BY J,NH. HOOY:D3,=WERGY DIYISICS,02K YDGE NATIOVAL LAR, 1570
<
¢
Costesdvsnesspnyo) 15 2 SFECIAL VIDSICT CF SUBRODTING
< OSED IN PIPLINT PROGEAYM, fUMPZ E VES INSINE
c DIAYETEZRS IN INCHES SATHZE THAK YORINAL DIAMITIRS (IN.
-
¢

INTEGER UNITT

REAL L,87,LC,%7C

DATA G/I2. 20
C---/CALCULATE 20WEE CONSUMPTION %D §PALD
C--- SECTION OF SIFELINT/
C---VAFTABL?S PAISED IN TO STAR:
YOLYMZ ®1"® OP FLOW, BBL/DA}
NOMTSRL DIANETER, [N,

P A PARTICYLAR

PACTOF
PRICTICT HEAD,FT.
DRESSTRI DROP,LB/S]
B3 - POWZ2 CHYSTINPTION
VRITABLES e
TP {IDEBU5.GT,5) RRIT2(INITZ,20)0!
YP{9L..%.0.C, SR, §U, LELO.C)GC TC W
YC = 5, 615%7/96429. 0
C---¥C IS ¥ CONVIRTZZ 70 CU.FI./SZ

12PL = 5,615 CULPTL



£C = pI L0
C-=-d¢ I35 D CONTERIRD TO 27,
1T o= Le57BLLD
C---1< I5 L COEYERTED TO FT.
wIC = ¥G/92903.9

C---FUC IS %5 CONVEETED TO 3Q.9T. /SEC {15Q.2T./SEC=92903 CSTOKES)

FI=R20S (=1,
C---CCOVEBTED GUASTITIRS BILD BE
IF(IEESDS.GZ‘Q;WRITi‘ IRIT
ReR, 39T,/ (DIRDCANTC
IF{IDEBUG, GT. U) NETTE{UNIT2,90) 0
¥EPS=R2S /DT
Com-eewse-§EFS I3 ROUGHNESS RILATIVE 10 COAVERTED DIAHBTIRR
PEPRIC{R,REPS)
PR LG 6) GG 7O 10
RPaPS (6,08TCIYCELE, [GBDC $5PY€DTY ]
T = {EP4RG) SEEOA156,6
BPe 4T3, 0%YC/275.0
¥ {1028 UG, GT,0) WITE {(UNIT2,50 4R, F,HF,P, 82
RETURE
19 =156, &
IF{IDEBUS. O, G} FRITRIUNIT2, 50} R, ¥,15,9,80
C---8 = -10C RE:NS DRCBLEX IS SUBH.

G3EY IN CALCULATIONS
2,383 901,70,0C,LC,80C, P

HRLORK
20 PCENAT LY DI = *8315,8}
3G PORTAY {* BI,*C ,D\.,LC,NC’\_,’It Y/ ETS. 8
g YCENAT (¥ E= YEIS,
k14 PORYAT(® !(,!’,R!',P,BP: v/ (42195, 8%,
L3 44)
c
<
fod - B T
<
<
PORCTIGH PRIT (Y, EFS)
C
< POVCYION TC BY DUSED WITR POWZH PROGIAX
C BY J.%. ROCKER,2NERGY DIVISYOH®,08% E12GE MATIONAL LA3,
<
c
<

Cm=m~=—--=/02F REGRESSION FORKOLX TO COAPITEZ PRICTION FACTOR/
C-—¥® = RETNCLD'S 2O.

EPS - ROUGERISS 10 CCRYESIED DLAYETES
C--=b (1,3} IS COTrFIC Re# Lo} 2Ew (Y-} TERA LY 2 {R,¥)
C-v=-P R, E} IS QUINTIC REGR IC¥ TORWBLIA ?CR ’om
c-- FROGEA® CALUULATES YALOS ©F JCLOACHIAL
-~
<
DIREESICY A E8,H},C060,D16}
DAPA{A (2,13 ,I51,61/-3.297917905,0.9,9.5,0.529731335,
7 -¢.B052362G,.0040 8031
DATALA:Y,2) ,22%,6) /G -5, 1753280GC, 5, 27764850,

9 -0.05852152,0,02026943, 6.5/

DRTK {5 {T,35 ,3%%,8) /0,0,0. 2725 605G ,-0. 01653602,

1 =0.63326458,0.,0./

DATA 1 (5,8 ;1m1,5) /0, 13928152 ,0, 02268315, ~6,955057872,

1986

T 3IRULG/, A LT,L5Y ,I=1,5) /L LGS TSERT, -U.00176802, 00,0/,
2 UAI1,6).T=1,8) /0. 60098359, 5%0u iy

IF(B.LE.L.OE. SO TO 1@

BR=ALOGIE
EEPE=RL0310 |
5163 =4 {6,
L {5y=a1Y,
C{3y=2'%,3;
\2?'5'“11-,
(Ty=R{8, T
D{H)=P’3,C,REPS)
(81=2a13,9;
Cl33=5{3,33
CfI}=213,2;
C{v3=813,%)
L{3y=Pib,C,REDS)
CERy=2{2,5)
Ci9y= xL:U
Ci=2 i, 3
C23=212,2;
Ne‘ns"' B
5i2i=p15,C,R235)
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Ak
Com—==-e=FRIC=~15) SIGRIYIZS PRODLEAS IW (TILIULATIOV
BEETIRY
an
<
c
Cmmm e et e e ———
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C
PUACTION P{%,L,X)
<
o
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$4T1=x-1
90 29 I=1,N11

20 PP=pPeXX+CC (R-1)
?=SAGL {PP)
FETORN
2uD

<

c

L

C

C

REAL PONCTICE INSIDE(D,JINIT2, IDEBUS)

FONCTION TO PE DSED WIiTR POWZIR PRCGRANM
qY J.¥4. BOOKZ2R,ENFRGY DIVISICN,OAK RIDGE RATTONAL LABR, 1980

---/CCNYERT NOMINAL DIAMETER TO INSILE DIAMETER/
D(52Al) /EOAINAL DIAY,IN./
C---WALL (48) {AEAL) /YIPICAL WALl THICKNESS/
DYMENSIOY WALL(48)
T4TEGES UNIT2
DATA (WALL(I),T=1,48) /12%0.25,12¢GC. 312,
110#0,375,895,8G6,6%C,625/
1D=INT (D40, )
c T® (IDEBUG.GT. C) WHITE(INIT2, 222) 1D
IP(10,L% 1,08,1D.57.98)GC 70 40
IF(I0. LB 12) 50 90 10

nanmafNonAN

op=D
S0 Te 3
1c YF{ID.i%, 8)GO TO 20
0D=04d, 75
G0 10 30
20 €D = De0.625
3z ¥ = -Wall (ID)
X? (IDBEOS, GT4 Gy FRITE(GNIT2,60)00,3
THSTOE=0I+B ¥
I¥ (IDEEUG, 5T.0) YRITZ {JAIT2,70) 135102
276
e T8STD2 = - 190,
t~=145TD2=~130 SIGN{FIES TROUBLE I¥ CALCULATIONS
RETIEE
50 FORNMAT{* ID= 'I30)
50 PORYAT:*  ©OD,¥ = '2E15.8)
76 FORMATI?  IRSIDE = 'E£15.9)
28D
4
c
€ o e e e
c
c
53U4R0UTING START (MZHHET,HEWCO
c
c SN3500TINE TO B2 OSSD WITA PONEX ERCGRAN
¢ 0¥ J.f. HOOKZ2Z,BNERGI DIVISINN,DAK BIDGZ KATLORAL LAB, 193y
c
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0

ano

SUBROCTINE OSED BY POWER SJIJRCITISZ
PHEPARES PILE5 FOR INIT SUBR, I¥ ECWER

MEWNET=1 POR RESCIAR FUX CF POWER SIUPOTITING
NEWRET=2 TO MAXZ REVW XNETWCRK TAPE OWLY
PC 4 REGTLAR RUA OF PCEPR:

WRITES EBACH RPCORD OF CA?.035 IN T42 RANDOM ACCESS
FILY CAP.TYP
EACH R2ZCORD’S DPOSITIOX = CAPACITY NUNBER{IC)

RRITES ZACH PYCORD OF CAPANY.IXN IX THE RANDIDY ACCE3S
PILE CHM2ANY,TX?
BACH RECORD'S POSITTINY =CCMPARY CCDE

CA2,085 = CAFACTTY GR0JF FILZ, NAYZ SUPPLIED 3Y USZR
IC=CH2PACITY GPFOT3 NTW0IR
NIMIC=KT9I3ZR OF 21IT2S IN GI0IP
CIC=TOTAL CAPACITY OF GRCU?,25 2PL, /7EAF
DIC(I)=DIANZUNZ OF PTER J,RONINAL, iN,

CAPARY, IN=COMTANT IN7C
RAME (5)=914F OF
CNIC=COIPANT NIVRT
CRPIOW (1)=CRIDE F
CRPLOW (2)=SA%T {211
PRFLOW (1)=7200T
PRFLOW{2)=SA¥E [0 i)
REPPNC-ANOTHTR CO®PANY WINBER FOZ DATA
MIX{7)=C3JDE,GASNIINI,RT2CSINE, FIIL 0IL,

JI7 PTIL,1PG, AMYCNIA FEPCINTASIS
NEWCO {CONT) F CnD2 ASSIGYED TN 0D

BY RIPESO0, 1P ANY

MILES (1) =MILFS GP CANULZ 2IPELINZ ©0R CO,

WILES (2;=9ILTS OF PRODTICTS PIPELIYE POR CO

-MT,{FOPR P)
UBHAL)
%I, EORY P)

INTEGER CORC,REP2SD,

4EZRSINK
WO (250,

DATA XDREPIS/C/

D0 3G I=1,250
NITHCO (1) =6

I7{HZ¥NZET.GE. 2350 TC 4C
FIRST, CAPACITY DATA

E=-
Y27 1450
ACCEPT 120,CAECRS
OPBR {UNIT=23,DEY (CP="y0K*,?ILE=CAPOBS, “7R=175)



an

240

30

“ 0

[<]

e vy

OPEN (OHIT=22,0EYICE= D5X  FPILE=7CAR, 4P,

1 RCCESS='RAYION [MCDEIYASCII', RECCRD SIIE=By,
2 ESSOCTATE VARIABLE=IC,ER¥=20}
8=0
COUYIROE
RRAD{20,%,EaR=T7C, 2N D=30 ) 1C, SUNIC, CIC, (DIC L) ,J=1,408IC)
X7 {IDEBYGL 6T 0} ¥RITE (S, 130,BRR=86) 1C, RUKIC,CIC, {DIC ), I=1,
T¥ENLIC)
R=¥»1

IFIC,%E, 8, OR, NURIC,GT. 9)G0 TO %0

WRITE (228IC, %30, 338583} IC, R UHIC,CIC, (DIC(H) ,4=1,3021IC)
68 0 20

CLOSE (ANIT=21Y

CLOSS {TXIT=20)

TYDR T5D,K

NCAPGD=X

TCETINOY
A~y
mEgt, COXPARY DATA

OFRR{UNIT=21, DEVICE=*DS XY, PII = CAPAKY INY, ZRR=T(]
IP(HSFRET.LE, f}OCEN{GHI =23 ,DEVYICE="DSR!, FILE='CAPARY.TEP',

4  ACCESS=*EAXDI0X?, KCDE='ASCTII', RECORD S12%=92,

2 ASSCCIATE ¥ARIRBLE=COYC,ERR=8G)
B=Q
CONTIRGE
BEAD{21,150,ERR=7D, BED=60) NANE, COXO,CRFLOR, PRFLO¥, BEPRRO,3IX,

YEILES, HAGCLA

A=ty

1E{CGN0, LR, G, OF CO¥C.GR. 250360 %0 76
TR ICOND. G2, 191,380, COND. LT 200) GO 0 70
IF{EEPRRD.L L. 0} NEUCO {TONHT) =CCKT
IF(REPRNG,GT. G} REECC (O RO} =822410

XP (KB YRS, GE, 2)G0 TC S0

FRIYTE (234C0H0, 150 (FRE=8G) NASE, CCNO, CRPLOY,PRPLOW, REPRRO, EIX,
t8ILES,REGOLA

TP{IDESDG. G G}IRRITE(S, 156, ¥RE=£0) X222, CORD ,CRYLOY, PRPLOW,
4 REPRNG NIL,AILES, REGULR

sC 10 50

CLOSE {UNIT=21)

IT(¥E¥NZT.LE, 1}CLOSEIUNIT=2Y)
TYPR 1EG,H

BOUAD =R

EYIORR

TYPE 70,8

BXTBEN

TYPR 180 .8

BZTORN

TYPE 19¢,1C

RETURN
100 TYPE 200,C0%0
RETURN .
118 FORSRT(* T1PY BA&E OF CAPACITY CBSERVATIOES FILRY)
120 FPORMAT (310}
130 FORNAT{IN,I1,P12.7,9F7.3)
185 POBNAT(® HUMBER OF CABACITY RECORDS IS5 *I5)
150 FORNAT {AAS, k54,13, 2¥,816,813,3%,215,1
159 POBNAT(Y KUMBER OF COREANY BECORDS IS 'I9)
170 PORAAT(* THOTBLE IW IRFUT PILES',IS
1890 FORRAT(® TROUBLE TN OCTPUT FILES?,IS)
190 PORSATI® THEOGBLE WITH CAPACITY WOMBER ' IS
280 YORAAT(Y TROUBLE ®ITK TOMPARY CODE *,I5
ERD
c
c
c ——— - T " - T
¢
SUBRODTIXE INIT(CR,COMO,RHC,NU, RATIO, STYL,EPIX,T,¥, 7,00
1 BITYP2,PLTYFE, BEGTLY)

AOOGOANNOaGaGANAONaOGaRNINOORGHaONNNA00

-~POLLCRIKS QUANT

SUBLOCTINEG TO B2 USED IT® POWER PROGRAX
BY J.R, BOCKZR,ENERGY DIFISICY,08K RIOGZ ¥xTIO4AL L4B,1980

JJCCRPENT PROLET,RATIONPITE LERGLIHS R¥D PRRANBIER 2//
J/Eh5S I XFIX,7FPIX,Y,¥ (PARANETERS) //

its am 1 TEGER

4 b

coyo - CoX
CR - ALy
r0p2IY) -
LENGTH =~ PIiFE
FONES (2]
CCHWIT ()
XPIPES - ¥C. COF FARALLEL PIDES

DIR% {9} - DIAMETERS OF PARALLEL PIPES
¥PLOR - SITZZ OF FLOW GROGE

BCAR - SITF OF CaSACITY GRIUD

BNO DAY (2,9} ,ENCEEZ{2, $) - MOT USED HRERE

ERD

ICGY ~ OUTFUT udlt POR KESQILTS FRINTED

ICA? - CRU ¥N, ¥AF CAFACITY GRCUP

IPLCH = Cond ¥o. Pou PLOW GROU2

5 =« STARATE CCDE

BIX[?) - ¥ OF PI0OLICY I DELIYVERED BY CONPANY

I PRGY.

1 CEILI OIL
2 GRS UL TAT
3 KEROSZEE
@ PHEIL OIL

5 JET PITL

& 183

7 ANNORTA

D

6T~



ONANANACANIANNAANANNNANOADA0

—--F?0LLOW

—-POLLCIING QDATT]

COR’LO? ~ CCAPART YLOW AILYICY BBL-MILZS/YR IV

5 0F CRJDE PIPBLINT PCR COR?ANY
0 PRODOCTE PIFE
S APE TYPE RZAL
§ - PLOW I¥ PLOW SRODP,32AL

- CA?ACITY 97 GROJP,READZ PBA_/BAY BY READ2

BYY - DESITE, LB/CO.FT.

N7 - MINIHATIC VISCOS

DEE {7: - DEINSITT OF 20D

J(91 - DIAMETER OF PIR
APLT - SIVEN VALIZ oF

TY, CS3ICKES
/MAP-NILES

ADITSTRD-MIL:
-~ WIpZ

ZTER IN B2GPESSTCH PCREULA

f LE/CTL P,

- JISCOSITY OF PROD I, CSICKES

ZGATRT LERSGTR

Al

RZSSIOR PARANBTER

£C32G) = DIARTTERS IN CADACITY GROCP

JJ - PILPE COUBTIR
SAYTAP [J3) = CA2AC:

€20} - CAPACITY

K THE O3DER THEY 4PPZAR In
Y OF FI2Z JJ: ¥EGATIVZ IV
SOLBLY FaOM RIAGPISSION PORATLa.

s IX gyone

i¥G QUAYTITIZES AEE ONLT TENPCRARY LOC&’“IONS'
¥CD27,% 2RI ,LNGTHT,PUMPST, CN

LCONT Y]

LINE POE CONMPANY

SU3x .

CHPANT

25 OF DIANM{I);aAD TOTAL #0OR CO,

¥z

E¥LOWT, *LOWT ,RCAPT, CAPYT, ZRILTT, BADE 2T, ;\.A?T IF;.DUT

INTEGER COHO,CH,REPRNO CSP'LCH[Z) PRPLOW(2) ,3BLMI(Z,2

0425 {2),CODNTY 3),D

LECTIE I

204PST {2),CONOY, CONTYT [3), DIE‘I’! ’3, +ENDEIT{Z,9;,

1) ey

JCRPLOWI2y),

TONTYIT
ICAPT,

3 gudE2912,9),E40D21(2,9),B12DE2{2,9),COTANE
4 MIEILE
®%al #0,%,I8500%
YYRZNSION HANE{S) ,DENW(T),YIS{T) , MIX(Y;,NODE (2},
1 BOGBET(2Y ,SUAL{0:883,D{9),DCI20),C(29} ,NILES (2
2QULY 4 1,9 ,€2FLCR 1)), BI(2,Y)
1 {BBLMI{(1,2},PRFLOVW ()5, (3BLAL (2, 2} ,PRFLOW{2) "
c
CCHRDNTERPRY /NOD YT, HETY ,LEGTHT, PUAPST, COND T,
| DIAAI,NPLONT ,?Loa:,aun CAFT, ZRUZIY, BED 22T,
% TPLOWT,ISTCP, {DEBN
COMBOR / CAPS/ SATUAD 1500w
-
DAYA DEN/S53.08,85.6,5(.5,51.8,88.7,33.7,60.9/,
HIS/7.5,0. 68,212,340, 1.2,6.3,%.5 .-
¢
c //CORPTIE BHO,NU/ 7
c IRITIALIZE PIPY COMHT
J e ¢
25 = ¢
50 COPLO=~",C
LITI2 B=C
LT ¥R E=(
2(C0E0.LT. 01 G0 TC TG

13

27
I35, 83G0L:

BEL,/DAY BY RBAD2 35737,

o I% 2IL%

fNPIPST,

TWORK PILE
IMATED

1) .

23¥CONC,309, ERR=27D; CCEANE,CONO,CRPLOV, PRF LOW, TEFLRO,

L EsNe

NAafinan oo

«

56

70

8IX, 8¢

FIIDEBIG.SHL T
T MIX,MILES,9ENGDLA
OF FAFPIABLES 2ZAD PACY SMTRET,TH?
23, A2 GIVEN IN COMNENTS OP START SUBE.

VPITE (5, I03)

IP{REPPNC.E3,0:G60 1C 20
T¥ (CONO, RZ. REP2¥0)GC 10 25C

PCR® D PIGURE FCE TOWPAIY
OKLY WHAZR IT IS P20S8%T
TL 4ND G5 JOODRUAL FIGIFY IS ZE20

CONTINNY
TP (SBLRI(2,CH}.LZ.3)50 10 35
COTLOT=Y2LAILL,CH)
GO TO 43
19 [3BLY .3
COPLOV=AT NI {4,

H
CIsTINT2

CTETEBMINE CRTEGGPRY CF COMPARY {SEZ DICTIONARY ENTRY
POR TOTIL, BiIC., IN STRROUTINE PGWES).

FLTYPE=
TF{COFLOV¥.1 <}
P{PIGILALEL. 0}

WIXT07=%T 1T07eNIX [
TRP{MISTOT#NIX (). K2,
Iv(ﬁumo LZ3.06) 6o T

36

A

PRUDICTS MIX PEACTIONS ™UST BE NORMALIZZED,

FACTTOR=100. AFLOAT INILTCT)

00 6C !

1 PLOAT [MIX (L)) *TACTCR

RRO=RHO+ZMIX*DENIT)

NT=RO +Z5IX*VIS (T) 85,292

CCNTIN
B80= RH’l/vC...
JO.]“H.V/.‘SZ)

EE,CONO, CEZLO#,PRELCN, 2

F2n



'3

TOETINTR

BETHORY PILE IS ¢EZ-S0RTED BT REYISED CTCHPAWY COUDES

ONIY 3 15 PIPRS.TAP FILE WHICH WI
Y 3DBR. INIT FOR THE CORTFARY

LL BZ ¥RITTEZR

CBOGRA GG

TEIVIND 3
3uR=0. 3

LASTCO=COUG

0. 70 110

LOETIAOR

TALL RERD2Y7,¥ODET, REWT, L‘!u;H.;,»‘C’K?S’I,CC‘?OA,«. 17T, APIEST ,,DIANY,
T OXYLOWT, FLOAT  NCATT,CADY,ZRL2T1% . BROEIT, 2YD, 5, ICAPY, IPLOAT)

196

&

IPLBND, GT.060 TO 23p
IR CIDBERTGL BT O3 CALL TRISYD

1#1L0¥0T. 2Q. 550 TO 169
1P{COHOT, FE. COVO) GO TO 2GD
CERTTATE

CORTINGS PROGEAAM

RO 120 I=1,8
RIANIT
. a0 3310 3
T35 LOUNTYI{L = CO!"?“{I
Lo ten r=y,y
‘CDB{I):#UD’"(ﬁ
08P S (T ab
QVi‘HZWT
LERGTR=LYGTAY
EPIPRS=HPIPSY
APLOW=YPLONT
YLOCY=FLORY
ACRP=RTAPT
TRAFP=C AT
ICaP=ICR0Y
TFLOR=IPLOYT

L=¥LOAT (LEUGTR)

PO 356 I=1,PIPES
SCOFYXIISTOE(PLOAT (DN {1}), 8,10¥0T0
IT2IDCORY, L=} TIPE 310, §COETT,0IAN{D)
IPICCORY,LE. =%, §  DCONT=3,
=5 $18)=bCORY

ZROCESS I¥ Tag COx22AT CORAPANY
=3¥IL
S=RCDELY} /1400

£1(5,23.%9) 5=23

(£ 331

S22 IF THERE IS A CAPACITY GRCUP P0R RIS LINK

< #R5
¢
?,809IC,CAD, (IC (J) ,J=1, A0NIC)
¢
c
IP{CAPLNELRCAP)GO TO 289
c CORDUTE 2ARALZTIR T

DEROR=], &

)8, ID’BJG /?
¥PE 330, ¥

o
«

w3 AN Oa

; A TAZACTITY INFO ¥AS AvATLaAlLE

ive
o

TRITE {3,356, =255 )82IPES, 5,8008,L, {001 ,C{T) ,I=1,421P55) H
19
bod TOTAL PCE CORDUTATION CF 2 =
199
200
c TCHICTE RATIO
C

CH) ) /307

043
'H I0=

%": CaLTe0495)
SUAXEATIO



n

[SXaNsKe]

c 993

266

270

300
31¢

320
3:¢

380
356
360
370

380
396
300
a1

420

ZPCOPLOW.Lz.~1.0)RETORN
2={CO?LOR* 10CC0C0./365,} /57"

BEYORY

REZHAINING INSTPOCTICNS ARE ERRCE AND TROOUBLE® RESSAGES

TTPE 370 ,CCA0,COROT
Is102="
RETU3N

TIP? 335,%0027,1D,COMO,ICAP

FOFSAT{* TROWBLZ WITR INSIDE CIARMETER; KODES,ID,CONO,ICAP,

=*,215,18, 18,15
15708=1
eTORa N
T¥{END. GY. 1560 TO 270
£cH0T=C
6O 10 200

TIPE 38G,CCRO, REPRYO
ISTOP=1
R2TORY
1722 39G,CCNO
IsTOP=1
RZTORE
TIPE 800,C030
1310P=3
rEToRE
TYPE 810, I1CAP,CA? ,RCAP, RODE
I310P=1
QITORE
{YPE 420,CONO,SUAL (D}
isTOP=?
ABTORY

PORKAT(0A5,0%,13,27,816,513,3T1,215,12
FORMAT]Y I451IT2 DIANETEZR TROTELE; XODES=! ,216,';4,
H ¢ DIAZ =%, 19)
PORMAT {I8,3I1,712,7,9F7.3)
TORMAT(*® INSYDZ DIAMETER TROG#LE; ¥CDES = *,216,
1 *; DIAM =t',P6,2
FGRHAT({' CAP,DENOM,X= *'3JE15.7)
FCRAAT(2I2,215,P56,6, {2F12,5})
PORMAT(®  SO0A= *215.9)
POREAT(* TROUBLE #ITH SEQUENCE CCAPANY CODES',
1 v {4 FETWORK PILR;CORO=',I%,' CONOT=',I5)
PORAAT(' TROUBLE VIFY CCYC= *15,' REZRAND= *I5)
POR3AT(? TAOTBLE WRITING PYIPZS,TWR TOYI='I9)
PORHAT([® °TRODBLE WITd AETWCRX ?(1Z,COMI='(T7)
PORHAT(* <THOTBLE ¥ITY CA® ¥PILZ;ICaP=*,IS,
1 v cap= *715.5,'RCAP= 'P15,5,/%,740DBS = °,216)
FORNAT [' COMPANY HO.' 4,' SUJLIG)= *'2716.5)
e

0o

ANOGNOOANNNANANNOAN

(s R X e Rs ReXe)

SUBROUTINE THFOT 1J,Z7,¥, 3?1 F15, RATIO,¥OD2,D,L,",5,L187)

SOBRAODTINZ TC 8% US20 WITH P3YER FROGRAM
8Y J.¥. ROCIZR, ENZ2GY DITI5IC1H,

REAL QUANTITIES:

L,¥, - R2GE3SSICA PARAMETERS
V{93 - DIAMBTEIRS,INCHFS

L - LENSTA, 3ILES

QNRABLTIITIES
5 - S5TATE COD3
WODE (2) - WOLES
L1CCICAL QIAWTITT LAST -

ib CP PILE CODE

IATEGER ¢

RPAL L

LOGICAL LASY

IJENSION C {9} ,R002{2),D(9),¥(%)

TRIS SNBECITINE EETU2RS
PSR OFT LINK I& N COMEANY

----READ 22CORD FPUOXK Di:FS5.7TH2 EQIPARED BY THIT 573%

READ 3,83 ,2RP =20, 2MD=3C)W2IEES,5,NODE, L, DDy,

//COIPUTE PLCN//
DO 10 ¥=1,MPIFZS
J=J ¢ 1
V{I)=24C{I) *{D([I)/12,) **¥
BETURN
TYPE 5G,CONO
reTEAn
LAST=,TRYIE,
RETORN
PORAAT(2I2,215,F6,0, (2712, 5))
PORIAT! SROTBLE RIADIRG FIPES.TAP FILZ [N THPIT
ZND

35,88L/D%Y AND C19) - CAPACITIE3 0P PI?3S

Z3SARY [NFORMATION

I

CAZ RIDGE EATIONAL LAB, 1880

) 1=1, 9 1PES)

anNnnOnNn

SUBRCOUTIKE REPPT2 (¥ ,CONC,RHC,NJ,SUML, KATIO, SUNH?,
Y SUAVL,IOTIL,PO0TIL,EVUTIL,ZVL7IL)

SOBPAUTINE TO BY USE0 WITH POWZR ZROGPAM

2Y J, N, ADOK SR, BUZAGY DITISTICH, CAY SIDGE WATIONAL LA, 198C

TRHPORARY DEBIG STBRONTINE

BENL X1
DYMENSION SUNL(0:48),STNaP(C:88),5047L(0:49),

¢¢-0



9 THILES (0:5U,-222), TPLOR{0250,-2:2)
60 10 $10,20,3INK
$RITE {5,501 CORO, RHAD, AT
S0 10 &%
YRITE [B,£0) £OT0,C0H0
s5C ™0 49
WRLTL {6,70)
CORPINGE
GRITE(6,170) 5521
IFINLEQ, 1) $RITE 15,80}
Y%, 2Q. 2} YRITE 16,30} ,COND
fP{¥, 2Q, 3} ¥HITR6, 100}
WRITEIH,17C)}RATIO
IF(K.BG. 93 FRITE S, 110y
IPIR, B0, 2} RRITE (S, 120) CONC
T{K. 8Qa 3) FRITE (6, 130)
WRITE (6,170} STHEP
IP{R.E0. ) RRITE 16,1403
I9{¥, EQ, 2} $RITE {6,159 C0UC
IF{K. 2Q. 3} ¥RITE 15, 180
SEITR G, 174} 545L
EXTURR
FORBAT I
1 7 R3c=
PCRNATIS
POIXNT (Y
PCRR AT (7
FOEYAT(”
YORYAT{?
FLENATL?
PORAATI?
FORAATLS
SCRAAT(?
YOPAAT(S
YCRAAT(?
roRANT {7,
{43

19
20

39
39

50 CCRPAFY*IS," STBAARTY,
13,5, AO=? E13,5,0 SURL{%)=")
STATETIAT TOTALSY/? TCTL {7,13,°,% =%y

RATYOAAL TOTALS"/' TOLL {9, *}=7)

RADIG=Y)

TRATIO{,E3, %)=}

TRATIO (DY =?)

SUBHE UKy >
TOTEP {313, 7, %))
TOTHR 0,3 =")

SORTL ()=

TOTYL(YL3,°, 3)=")

TOLYL (G, %) =

Y {BE1SM 5}

{14

D
5%
116
120
130
a6

LR
<o
-]

SOUBROUZINRE IRYSOR

SOBROUTINE TO BT USED ¥ITR PONER PROGRAN
BY 2.8, HOOXEE, E¥ERGY DIVISION,CAK HIDGE FATIONAL LAB,1980

andan anann

wewemmeene=vIRINT RESTLYS OF READ OR READ2 SOSROUTIRE----me-m==
DIXSASION KODE(2)
$BAL g®R
INYZGRR PUNDE [2) ,CHPANMY,CCUNTY(3),DIAN(Y),
1ENODED $2,9) , KRCDED {2,9), EXND

COMBON/TENPRY/RODE, NE¥ , LENGTH, PINDS, CRPA¥Y, COONTY,9PIPES,
1t OXKX,¥PLOW,FLCOR, 8CAP, CAP,2RCDEY, ERODE2, ICAP,
2 §PLO¥, YSTIOF IDEANG

A OG AN NN

naa

RITE6,15) NEY, 2002 {1}, 20DE
TCKEARY, {COUNTY IT) ,£=1,3] ,T

FRIT LS ,2

G]HPIPES, (DIRRIT),I=1,7

RELOF=IPLOV-Y
TRITE{6, 30 SPLOR, (BAODRY L1, 1) ,¥A0D22¢1,1) ,1=1, 97009
FCRP=ECAP-1
RBLTR(6,30) ¥CAP, {EWIDELI2,T}, EACDEL L2, T) , =1, XCAR)

RETCRA
FORBATL/,
°.l
2'
3¢ IcAPs
PORMAT 76
10RNATLY
PCREAY (Y

2D

8P CE=
HCaps=

.70

LOCHLY ~
axn, 0

oo
%
[}

HPI2ES= ¢, YY,°

31

SBBRCITIN
7

SOBROUTIYN
BY Jou.

THIS L2

2 g

s

2 S53BIOUTINE TT

A SYATE CR & COMPRAT OR

¥ROGRAIATNG

IAREG2R

z
3

¥RICH,
REAL SIBTL (G138}, RATIO,
1 TRATAI, KTap>

)

SSISTAY

xIcakd,
TELOW (G :
CGRAON JACCs TRILES,T

GATY IREADSD/

IF{INEAD, 20.)
IP{IREAD. a0}

IREAT=1

COTDEY=6

IF(¥HICH. £Q.3)

CHECK FOR
TP rRAICH
IF (RRITH
IF {RBICH
EETURY

o ke oy

B0 e

3
s

coazg,

*If, 7 EESD AND TAYL
HZTRD AED TAIL KOO

a7

¥5

Tem:e

b

LICaE, IFLO
25)

[t

DIAN= Y53

OPIN(O8IT =8, 3¥7TTILE="DSKY,

({STRANZI{I,d)

A37T CP A STATE.

© GO

3092

23, LE5GTR,¥LOT, 208231 , PURES {2},

LINGTH= *13,

£Z¢-0

SURaP {148

0, K49, 24

TLE=Y5TATES, INY
$I=i,6), 120, 50)



“2AN 0N

20
30

n

nodena
<

BE2CET TO BE FRINTED FOR A PIPELINE CONPANY. PHIST HREADZER
AR} INPORMATION CN P30DICT*S PHYSICAL FROPERTIES.

XRHO=REO/ 12, 208622622% {0, 3048943}
20=KN0/929¢ 3,

RITE [OUTDEV,200) CONO, [CONAME(I).I=",d),K3d0,R40,I0T1L,
1 X¥0, 8T
50 TO 4G

CONTINUE

CONTINDE

KRHO = RHO/{2.208622622% {,304E%,3GH8%,3048))

¥RITZ (OOTDEV,2103 CONO, {STNAME[CGNO,I),I=1,3),KRHO,RHO,
9 1071

60 T0 40

FEITE (OTTDEV,220)

CALCILATE ALL <OU7ERSIONS KEEDSD A¥D PRINT OUT A RECORD
£o 140 $=0,58,2
¥ 45045 (1), 20.0.) GO TO 180
HAZAI=STHL (1) /BATIO
KMAPMI=HAPRI* 1. 603384
RSONL=SNNL (I) %7, 6093064
Ku=SUARP (1)#0, 7657
334=K4¢8,7%
TSOMVL=STAVL {T) %365, B~ 6
X30MV=YSTNTLEA,. 25586477
TNAT TR=ISUBVLORHO%G. GG 28G7%
TORKE=TRALTR*1, U6 364
370G,
TP {THATIR.EQsU.) GO TO 130
BTU= {SUMHP (1) #222850440, ; /THMITR®3,2-5

KJI=8T0%5. 72286547
R3ITR{OCTDEY,230) I,KBAPKRI,2:FKI,XSUHL,S0AL(Y
1 R9,50842 [I) ,H¥d,
2 ATORLA, PHRITR,ET,BT0

0 CCETINUE

UTILIZATION,

S9TIL=2UTIL/IOTIL* 100,
AYUTTIL=9ITIL/2RATR*1G0.
AVLOTL=2¥LOTL/SI8VYL (43 *100.

2RI T3{0OUTDETY,28G) AUTIL, AVUTTL,AVLOTL

ACCCOITINC IRPORARTION,
YP{BHICH. %Q. 1} RITURK
20 180 f=-2,2
SITALL{E) =T3LLES {CORO, L) *. £093484

w
L}

AONONAaOaann .«

160

190
206

TYLOV[CON0, [) =TPLOW [CONC,I) #3165,
SIIPLOII)=TILCVWICONC,I) 5. 25584

APOT

27 DEBJIC STATENENT

4957217, 7576) (KK, {TNILPS KK, LL) ,u1=-2,2) ,KK=0,54) ,
(XK, (TPLOW[KX,L1],L1=~2,2),FK=0,5G;
IRITE(CUTDEY,263) (SITHIL {1), THILES [CONO,TI),
FLTPLO(L) ,UPLCNICHNO, 1), T=1,2),
{STTMIL{I), TMILES (CONO, () ,SITFLC (I}, TFLOW{CONO,I) .
2a=2,9,2)

IBITZ{OSTDEY,285) SITHMIL{%),T2ILTS{CON0,1), SITFLO{1)},IFLO0RICOYD

i

ARTTE{ICTOEY,LTES) SITWIL({2), T PIL2S(CCNO,2;, SITPLO[2),TPLOWCOND
12

FCRYAY

4 {* REGOLATED CAPEILEF5, RILES (BBL-MI) NOT PROVIDELY,

2 T6L,278.0,47%,2(-6PT"
¥RITZ{CUTDEV, 173y ST
STPLOE (COVO,=2)

WEIZ2(CUTDEV, R85} SITYIL{l3,I%ILZ3{CONC,T),

1= ), TUILES (COND,-2), SITFLO(-2),

SITPLO(3) ,TFLOR{CONC

19) ‘
9917

1 (& MNREGTUI ATED CAFELIFS',TéC,2?8.0,“X,2{-6?F5.C))
PCHRAT

1 e PIPES 0P JS¥YNCWN CWNERSHIPY,

2 T6U,273.0,09X,2([-6F7F8.3}))

RETN2N

FORYAT (4AS)
ZOREAT (26 (/' ') ,59X,I3,/,51X,4R5, /% €/,25¢, ' DENSITYL - - *,

® PS.2,' RG/CU~¥*,9%,FP7.2,* LG/CTO-777,30%,14, *
2 * pIPast, o,

2 PEINEmATY - - ',¥5.1,' CSTOKESY, Ef
& 5Y,79,7,% 50 ECT,I00 1) "
JCATAT I*Yr,61/% ') 551, VARRYRLE ST LNV R

29X, DENSITY ~ - ',FR,2, XG/CU-4 ,8BX,F7.2,
2 T OLB/CO=FTY,300,I4," DIPEST,2{/ 4))

PORMAT [2X,*CIA™' (23X ,*F1 C%', 3¢, 41 TL8X,YADTISTEIDY,

o XL YRR LFX,VHE, S, T 3X,"COM-KY/YRY, 1,
2 TBEL-YI/ZYDT, 1N, P TOR-KRM /TR X,V TON-NI/TRY, 3,

2 TRI/TOR=ENC,3X, 12T TC -1, .
a8 TIX,VMED L AT, 0K MAEY, X, UEAY,6X, MDY, 28X
5 V{HIZLIONS) Y, IX, {YILLIONS) ', 1X, * (N{LLIONS) ",
s Y{MILLIONS] Y, 21/% 1))
POETAT {%5,F9.0,73.0,P3.0,97.0,409.0,
4 P12,0,F F11,5,2F12.1)
PORS AT OAVS DTILIZATION = = ¢ 27.1,0% 1 TED,Y,
T F7.1,'% WZIGUTZD BY PLCH,',F7.1,'% W Y'Y,
2 v B3L-NI.7)
JCRYATIST {/X, 15,5016, 8),
1 S1{/7,15,51296.8}))
PORTAT (8216, 8;

£x MILZIST,

0P HAT [*LACCTINT I8S
T Cle 3-%9




2 X,W60,75X,° {BTLLIORS) vy,
EA AZTGULATED CARRIBES, SILES {BS8L-NI) PROVIDE 59, 70,185,159, 951,152,453, %56, 379) X201
T TR0, 2PB.U,08,3{~6278.01) <
ERD =
LI T
<
CITY UED OF FLO¥ I2
YIGWS S
"E 3 aY322 CsPACITY,
2 .0}
Z
bl STRROUTING LETZRATHES THE HATE OF PLO%
i FHE LIBX PASSED I® A¥D CONDPUTES TBT ZHERGY .
[ TRLCUYLATION ARTROD IDBLIPIED AZ £C1, THREZED
o 2 3 4BAUS LAY I ONIXNTERRY
[ S4TY RS THE ATERAGR
<
R = 7 MRANS LET TAT PLCY BI JARRCITY PLO¥ FOR VHE

THAL

o

ION OF TAE T RAE
o 2
E2)

HILL THRODGEPUT

9

¥S LIT T82 FLCY BE WIS

kot LED 30 35 YU BGCORL YHE IVERASE DAILT
< /23T, ®OL=3 ®CR I FUARs,
< 2358 20L=0 THLESS THE
o SRAM R OSALY POL=4%) 08 7 OANYD UOFPARE & .
o Toeg
I —~
I TS
<
[ SCDBITT.
C PO3ED
<
L
CrpaACITE 0 0vYidz
D49, 9{9), 23{9},

Hes %), FmAC, L, PS19y, ce2s (W),

1, TTILIY
<
Com—veeezd0 80 TRAPACIIY 83SY
UmoreeeayiSCOSITY OF TRE O

TeemeewwPOR N0, 2 PTEL UIL,
al= {3, S¥B195), 138
Coosweeent) 4TYOSTHENT 7ON CRODE UIL,

SATa2R TV 5 DAPFALE?

Vi



C CALCULATION NETHCDS 2,3,

6 CCNTINTZ
70 CCRTIRYZ
CALL THPTIT(J,2,¥,3Pi?E5,PATIC,NODE,D,L,V,S,LAST)
PRAC = 1,
qESTN = C.
T3FS0M = O.
IL=L*BATIO
D5 83 T = 1,%PIPES
LET ACTDAL COMPANY CAFACITY DATA SBAVEZ AS UPPER ROTND
—-CH FLOW.
CAP = SAVCA® (J~WPTIPES+[ ] SCAEPAC
TP (CAP.GT.GY) Y (I; =AMIFY (7(1),A35(CAP)™1. %)
¥ {I)=AMINY{V[I),ADS{CAP)*1, 2)

K =1
ACAD = APAXT(EBS (CAP), TV iI))
[ PIZST COMPUTE PCN2F XEDMIP2ZFZINT POR AVEPAGZ OAILY PLOW.
CALL TONP2(0(K),V [&),41,0,2HC, %3, BES,RS(K),P5(X),
i HF5{X) ,PS(K) ,7HP, 5, IDE
Commmmmmen HOW CO*PUr® BCYTR PCR CRLPACITT
CALL BUNP2{D:K;,hCiP,3L,),24C, ¥, EPS,R,?,HF, P, HDS (K},

Bl 5,1DERIG)
UTIL{I) = ¥ (1) ABS5[CAF)
4P504 = BPSTM ¢ HPS [I)
19 TH2SI% = VARSI ¢ VHP
IF{POL, EQ.3) GO "0 1IGC
TP P0WSR 2PQIRENZAT POR PLO07 IS SREATER THAN HALP OP ThAT
0& CAPACITT %04, BOTHA P7¥2S XOST BE USED AND T2 PLOY
ARCTILED, AND THE POVWER REQTIRZNENT {5 THdAT 07 CAPACITY
~-PLOW,
T2 {VRPSTN.G%. 10.5) *HPSON)  REIURN
CTAEAIYSE, THY POWER REQIIREMENT IS THAT OF RONNING 0#Z
~~FJ2P RATHER TAAN TWQ.
20 90 ¥ = 1,NPI223
90 BPS(Y) = HIS{I) * 0.5
EERSEL ]

COSTINTE

IF POWER REQUIRSNENT IS5 GHEATZZ THAANW 2/3 CAPACITY
0S¥ ALl Y PONES,

G.65667) *{P50N) EETURR

Commmmmn 1P I% IS GREEZATEF THAN 1,3 CA2ACITY SOWZE, 037 2 PIN2S,
TP{TE2S0M.GT, (C.33333) €APSUN  GC TO 910
Cmmmomn PL5E TSZ JOST 1 PIN2L

20R25=(, 73333
©9 10 120

A FURES®Ty, 6666667

129 DO 130 I=1,921PZS

Ty 425 {1;=€PS (1) *2UNPS
ALT V2B

CALCTILATION ¥BTHODS &,5.

SET MININOM POMEING 2RZRGY AT 1/2 CAPACITY.

FPALSE,
GO TO 16C
-=1¥ P0L=5, MININOR IS 1/3,

50
15%
152
153
158
160
CHPST4=C.
FRAC=1,
TE(D04T) FLAC=PIITY
AL=L*347T70
ic V79 NPIPES
Cmmmmmemes L 2T ACTTAL CAPATITY DATA SUEVE A4S UPLER BOIN. 0% PLr4,
A2 = SAVCAP{J-UDISES+I)#CATFAC o
T ICATLGTa0.] VII)=AXINTIV I}, AU5 (CAR)#1. 1) ]
HINT(VI3) A8 (Crp) vt ) o
ACAE = AMKTV{V{I) ,ABS {CAF)) o
IP(DUTY) ¥ (I)=T(I}/EDTT
K=1
Cmmmmmmmes COMENTS FOWER P0R AVEEZGZ DAILY PLOW,
CALL PIMF2{LIF) ¥ ¥} ,AL,0, 00,0V, JBSIEY, PRy,
1 M7 (K) 25 (%), 25 (K}, 6,IDEEIG)

C---v=====COMEITZ f FGF CDACITY FLGH.

IP(DIIT) ACAP=ACAR/FDITY

CALL FINF2 (DK} ,ACAE,AL,l,RHC, N7, EES, R, P, HP, 2, CHES[F) 5,
1 15E815)

UTIL{I) = V(L) /ADS[CAD)

CAPSLA=CAPSUA+ACAD

TSI FSTHY IX)

9250%=UPSINCHTS (T)

CHPSI%=CHTSN" «C
TP ©73TR REQUILF ZNENT
~-TRIL? PLOW,
1¥74PS74, GE. (FLOCE®ZH
CTHERVISE 1
%0 FIND THZ RR
T IS NECESSARY

I
I35 ABCYT MININNN, USZ AVERAGE

FETUEN




~—D0 THIS ISING R BISRCTION SEASCH,
I¥S51=CHEPSUN*FLOOR
BICH=CAP50R

I09= 9508 .
189 AL D= (HIGR+LOK) *Ga 5 .
Commmma—— 10 PIND THE POYER REQUINEZAENNT FCH PORPING A TOTAL FLOY¥

C~==-~==0F %ID, THE FLO¥ EUST BE APPCRTIONED ANOKG THE PIPES IW
Coeme—=sTHE LINK, USING THE REGRESSICS PCEMULA,
suN=G§.
YEPSUN=D,
pC 190 I=1,8PIPES
AP = ABS{SAVCAP [J-¥PIPES*I)*CHREIFAC)
130 50X = S0M ¢ CAPRID(I}/12.3%?%
£0 200 T=1,NPIPES
CommmmmanCGRPUTE ZAUE PIPESS PLOW HEGE,
Chy = ABS(SAVCAP {J-NPIPES+Y)*CAPPAC)
Y{I}= (CAR* (DI}, 12,3 #%W /S0 201D
K=t
Comemmma==NOR FIGUEE KOWER REQUIRFYAENT FCZ THYS PLOSY,
CALL BUNP2ID{X},T{K),AL,0,RHC,¥U, EPS,RS{K), S {K},HPS I8),

1 PS5 [K} L8PS R}, &,10BEUG)
200 THE SOR=VHES0M+IPS (K]
€200 TFIEPI?ES. EQ. 5y TIPE 5555, K, VIR, HPSIK), YHESUA
£5555 FORAATL X, T(K), HDPSIK}, VHDSUN =1,15,3P)
C~=-====SEF IF CT. :CECT PCWESR HAS BEEN PCUED.

IF{TEST- 4, 6T.3,.1) GO TO 220

TP 1T98T-FHESCA LT =2, 7} GO TC 23¢
CmmmweeeCORRECT POWER EEQUIRERENT IS THE R2SALY OF A2
Te=c=e--IHROJGHEUTS ¥51I}, ROK CORPUTE PRAC,
TISUNSD .
DO 245 I=1,SPIPES
216 TISUE=TISGNT {T) [
PRAC=¥SUR/T¥SUN . H
L¥{THTI} FEBC=FEATPDOTY N
RETOEN ~
229 LO¥=21D
36 10 180
230 BIGE=KID
et 1¢ 183

CALCULATICH XSTHOD 10.
00 CALL THPOT {J,2,¥,%PIPES,RATIC,RODE, D,L,¥,S,LA5Y)
AL = L ® RATIC
rEAC = 1,
D6 361 T = 1,3PTES
eTIL{I = 1. -
718} = ABS {SAYCAD J-NPIPESHL) $CAP 24C)
3

«z

wano

301 CALL PONF2 (DIRY,Y (R} AL,0,REC, %
- PS{%) ,BES (X} ,6,I080UG)
2ETTAR
28D

PS,RS{X), ¥S {K), APS iKY,



* “HROUGH?2UT A%D CAPACITY EZGRESS5TOYN PRCGRAN
-

FEOG A8 REGUNH

(o4

c

Co*x* ERCGAAX POR ESTIZATION OF CAPACITY 4WD ¥LCV REIR2SSIOR

c PARAKETERS,

C

C

c 9Y J, N, HOOKZR, 3NZRCY DIVISION,CAY RIDGE “ATIOWAL LAB,TH.
(o4 DEVELO22D Of I8NE DEC~SISTEA 13 CCxPUT 2R, 989.

[

c

< FR0GRAMMING ASSISTANCE RY RUTH B, HOFST2A, NIV, OF TRIiA,
c

CAsxx HITIOD OF J. N, HCOKZR 7TSING SIGMA=H*I¥*K
AND [NTERVAL-SPLIT ERR0R DISTRIBUTIOY

#3332 ¥ i5 UNKLNOWN TC 82 POUDWD BY 2 AFPLICATIONS OF ¥EWTON
S08sCITINE.

<

22AL I8STDE,X,XOL
TATEGRR CP
DOUELE PRECISION NARE
CCHADN/R/NATE
BQDIVALEYCE (¥ANZ, WA RYY
DIHZNSION X{50),8%
CCREON/PIPES/M, NTA{
CCMMCH/ISTOD/NS
COMMON/PTIPES/ NN, NNIN (500}, CC{6G0), 0D (60u,20} ,2ACT0R [840)
COMKOB /¥GATS/ [W,8 (60G,20; , KIND {2} ,I¥T
COMBON/CALCS/?(659) ,256G0), R (6GC) ,GX {600) ,Z240%5, ZDENT,ZLAGK,
4 T02K{603),PDEDD (650}, ¥DEDZ(6L3) ,
H CO¥¥P (3} ,EKRCHN {3) ,K,RCOK2], a1, A2,PY ,UPL  UFL,IFL
ATA(KIND1I3,I=1,2)/°Ca?S PLOWS'/
DATA 1H,I007, TDEBNG,ICHECK, ®AXM/2(,6,0,0,600,605/

B CCK?H, HK)
RAXT(2)
6007, D1{69G,2¢}) ,09%,1D8376,C2 1600, 20}

c

Ceess /DYPES, COMACH AR2A WILI B2 DSZT 2CR INCOMIRS DATA

FOR CAPACIT TRESSLON C=Ye)sey
(OR FLO%¥ REGEESSION T=UXC*D*2L)

JCTATION IN OTHES PARTS OP PRCGRANM [3 C=xvpeey
0% V=X*C¥D**Y)

A=SUHBER OF CAPACITY GROU?S [CR PLOW GROUPS)

103 i1) =nUNIER QP PIPES IW CAZACITY GRCUP I, {I=1,™)

T(3) =BEASTURED S"™M CP CAPACITIES (CR FLOWS) POR GRIU2'I),(I=1,4),

IZAD XX THODSANDS B3L/DAY {02 MILLICNS OF REL/Y?) Ad4D CCNTERTED
PROGRAM TO BBL/DAY

LiY,J}=DIARETER OF 2IPZ J IN CAPACITI GRCTU2 I, PRk B 0]
I=1,4),READ AS NOMIWAL IdCHZS AND CONVZRIZD SY
PROGRAR TO T¥SIDE DIAMITZF 7927 (OR FLOY GROTY)

/PIPES/ WILL ALSO BZ JSED FOP FLLCW PIPELINZ DATA
CP({,J)=CaPaCIiTY GROUE NIMBRR 2708 2IP2 .J I
FLOS GROU? Y

AONONGaOaaOaaan

sxe /2 25/ COBMCN AREA IS SECCNP STORAGZ POR UCAPACITY

k4 '3 RATA 70 B2 r9ED DI G FLOW PIGRESSION
FACTOR(I) GILL BE CALCULATZD iM CAPCAL
SO3RONTINE AFD NSED % WEIGRT SUGBROITIVE

FIP
244

a4 & JUGHTS/ COMECN A2EA GITES A PACTOR H([I,J) COHPRESIONIING
10 Dyi,J) FCB RESRESSIOY
9= 1 POR CAPACITY REGFESS.OY
Zd=2 20R PLOW REGRESST
RIND () A% KIAD{2

BE

0 CCRE RY DPROGRAY
T "

FOL TLINL(PICATION

30BR INZ VEIGH 7407025
T on JY ACCoRD I
*0%s SCALCS/ COMNMON ARESA COWLAINS SCED QUi IS2u I

1462 CNS
12005, Q0

(L5 eQ {33, =1
ZHONTL 2 0RAR \1! CALCULAT
CORPF(LWT) A0 ZX2ON[INT)
T30H CAPACITY RE
(TWi=2 FUR EXACT

CHLCILATED YX 3JDRLEQR.
"%’TTI.“? Cﬁ'('l

SIS ASN ISR RIS~ TNSTRICTICN S ST AL™

ONDaAGAanAdNaNaANcaNNaann

Pr=iC05(~1.0)

WORMAL TO COFPITE K{ FMAL
OR KOLYOGOROV-SHTENGT
NOEMAL

0

Al IS 4,5 MILLIONS BRL/YF
A2 IS5 2.5 SAMIT,LY IS S5 S&
ZLIA TO GEY INTEGFAT

aana

sss8%4 NS IS A SWITCH W4ITH 1S WHEITHER C?
I5 WRCONA. NS=( Y02 NO FRNPLENS, A%D
FHIR A5=1,KAIN PFCGRA™ A 30N SUBEGA”

— GG n

IS

TYPZ 10GIC
ACTEET *, W
LTIV, QL0160 T K
[8§1=I4
TE(INLUP. 1 RND IW,5¥,2)50 2C 190
20 CONTINTE
AITE(L UT,‘,LCZ’)KQ.\'D{ZVI
TPrIWTL2Qu2) NRITZ (ICHT, "5l 13
r’(UIT,‘Q J)WRITZ(ICTT, 10340)
TLYPE 13650, KIND 1IW)
SEAT(S, 1006”‘4\"?;1
TIP3 TI07), NANPIL
HAX D= HA XY (IV)
ZALL BERaD{IN, IE(R. ®MAXD)
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WARaNNAAnnNna
)

ANAINo

kRN

—---—-WEP1GET SQSHOUTI

IPITBEPLRLL0) G0 20 17

ThD.

GROUPS I, R0 /iGZI‘S

%
Lap l»..h REG?S % €041 5/
22D PACIOR I H{i,L

CoRINCT PEU"DB 1IN YRE ED ITT30,

1P ¥YPE DOYS ®OT BELOWS AZACITY GROSP,AS
IBDICTATED BY CP{I,Li=(,T APacy 15 CALTULATAED
FRGX TEE CAPACITY R2GRESSION XES0LT;PLOW GRP X, »Ip%

TYPE $5080,RIAD 1IN}
BCOREY 8,E

TEPE 1VUST,K
IF{N.LE.0,01GE TO 10

BYRLURTE RN STORE GX {I} POR 2YSRT GROCY
C8F Y TEAPORAGILY POR AERATS IC
I% CRLCULATICY OGP 3S(X:

LLBGKR=0 .0
TWOR=Z, GER

3=
IFLS.SRLETIED 10 50
RENE

AL YED (2, T} #4TYOR
£C 1T 5%

CRI=SUR (W1 ,Y)
2LBGK22LRGR+ALOG IGXT)
SREI} =GR
5O 10 40
CORTINYE

YTIIDEDUG. GTLCIWRITEL6, 10 16Dy 6, (GXIT) ,I=1,%), XL ALK

FREPARE TO US2 BRYTON'S =CTRCD SOBRCUTING

IFEI¥TLEQL I NN=2
TES. ?QTTO;‘H,%' AI%D[XT9}
EE’ *H BN

@ e 5
1?'1%*4.&&.\/)»’;0 To X
BHITE{S,7092039¢

10

120

13¢C

xR a e Ns]

154

1PN,z Q 1)%:** 19132
TP(NN. EQ, 2) TYRPE 10940
AEAD '5 *:z'gr,,t=1,um
ARITI(S,10150) 1241} ,I=1,8K)
IRITE {5,1696C)
ACCEPT #,3445
IP{TR8S,E0.0) 50 10 315
AR LTI} 60 TO MGG
RHITE {5,3€176;
RBRE (S, %) LES
ASEYELS, 151307 2es
CoERT 8, IARS
TF{TARS.B0. 050 T0 130
IF(TARS LT, 0000 20 420
CALL REYTOR [7 ,X,LVS,Hi
TPORS.LE, ) FRITELS, 161957 [X1D),T=1,
:y;as.cr.ﬂ;sixrzgs 102331 EPS, {211,
L0{T¥7. 20,3} 50 70 140
¥=X i1

POLLOYIRG ARY TRHIOAZXRT STATIMINTS

FCRA4 NG 2XP=TEVS. 9,0 CCDFP=TETG. &)

ADOYE STRTE

€10 ot a et

COZRF(I¥D) =

X200 (T'Ty= Y




—anAanann

50010

1092¢
10030
10080
10550
40060
10G7¢
10682

15090
10160
10750

16326
10730
16940
30150
10160

19170
10489

10199
99209

————— IKRTERYAL NETHOD Of FLCV RIGRESSION

“ALL CALCHX [3K,YE,qK5(, KO
WRITEIS,1G220) XSG, HOOKFR,KOL
17(45.67.5)60 10
CONTINUE
TFIIW.BQ. ) CALL CAPCAL {T)

CALL CHUZCK:Z,Y,RSQT)
WRITE (3,1023C)BSQ0
G0 10 99
WRTT2:5,9020C) KIND (I
ALY
WRITZ(5,10250C)
66 70 96

WAZN USTHG PLOW RESRESSICY, INTERVAL METHOD, [¥=2
IADICATES PLOW AND IWT=) INDICATES INTIBEVAL
PROCEDNRE

COYTTRIE
YP{IR.LT.G)CALL ZX
YPiIU.NE. I} GO TO 3
1¥=2
GO %0 20

PORAAT (" TYPE 1 P07 CAPACITY REGRESSTON'/

' TYPE 2 POR FLO¥ REGRESSION, ETACT ?LONW®/

v TYpy 3 POR TLOY REGRESSICH,FLOH INT2RVALS!/

’ {1 ®OST BE DONE BEFORZ 2 OR 3)'/
. TYPE -3 O 240 PROGRAYY)
PORMAT (5,15, RSGOESSTICN TC BEZ DONZ')
PORNAT (" SINGLE FLOWS USED'; c
PORAAT [ FLOWS INTERVALS JSZLY)
PCENAT (" WHAT IS SAYE OF *,A5,* PILE?'S3)
FCRTATL2AS) 10
FORMAT (* NAME O7 YXLE IS '2A%)
PCREAT (' TYP: CHOICT OF K'/
1 ' FOR SIGNA=E*DEEKY/
2 * NEGATIVE K SIGNALS 28D *AS' REGRESSION CALC,') ‘
20RMAT(Y TALOZ 0? K IS *ET15.%
9CSMAT{' GE(I; VALUES AND LOG(PPCDUCT) ARE POR K="216.3/({3716.8))
PCRMAT(* 2IPE +1 7O USZ NSWICN'*S NETKOD, %= '12,
] ' K= YE16.8/

T

NOonoaoN0aa

o}

ol ey =

2 ®YPE -9 TO END BEGPESSICRK TR 10 CHJO0SZ NIW K FCR °*,

3 AS5,' REGRESSION CALCULATICRS') 'l
20aRAT (" TY?E INITIAL GUZSS PCR ',I2,' X VALDZS')

YORMAT(* X{3}=EXPINENTY) 20
POINAT [’ 20%FP., ,EXFON, )}

YCENATI JALGES APRE'/ {2E1€.8))

TOAMATY

$¢ qYPr -1 TO RETTPE X VALUES,
POIAAT]' TIPE DESIRED 2RFOR')
PORMAT{'  2RROP 2PS = 'E2J.8/ 10
“v  TYpz -1 10 RETYPE EPROR, GR +1 TO CONTINIZ")

PCRMAT(®  SCLITION X= '/ (3820.9))
FCRRAT{'COAING 0UT OF REWTCN, ZRROR='Z%6,3'

CR ¢ TO CONTINUZ')

1=ty ag

[
¢
(e Cmmnemn
c
[

k| (2296, 8))
YOREAT (7Y,

1 ' COSPTICIENT='BlE, 9,0

YORNAT!'

1

5,' RFLGITSSLCH PARPANETERS A2 E:'/
YPONENT='E16.8' K= 3216, 8)

0
PORMAT (92X, " JWARE=e B20. 9)

FORMAT SCME ®IND OP EEROR ',15,° IWPUTY)

PCRYAT (' 4G2CO3LE ®ITH AR QB LCG (LK} ')

IND

SUJBOUTYNE READ{YN,IREF,NAXY)

STBRODTINE 70 BE USZD ¥ITH REGRESSICH PROGEAM
3Y J.% ADOKER,BNZRGY DIVISIOM,0AY RIDGE NATIONAL L13,1980

—~--READ IK AND CCONVEPT PIPELIKE DATA FCE
CAFACITY CR PLOY RESRYSSIGY CALCTLATIONS

BEAL I4SIDY
YNUEGER C?
DODRLE PPECISION WANE
CTRRCR/3/RA"E
CCMAIN/PIPZS/M, NUY(60G) ,CL6C0),D(60C,29), 1072, 10TBLG, CB {6CT, 20)
CCNHYOR/I5T02/85
COMMON/PEIPES/ NN, NUIN(6CG), CC{€30) DD (€5C,23) , TACTOR [£00)
CONAON/WGHTS/ 14,0 (G5, 20) ,KIND (2) ,1¥T
OPIN(TUIT=IY,DETICI=9DSK', PILE=NA%E)

133820 e

n=J s
IT (T4, 20, 1)PERD{IN, %, END=30) I, ¥ (1), C(T;, (D(L,J),J=1,80m (T} (g
TP (D9, 20,2} READ{IN, *,TND=20) I, KTN(T),C(L;, (D(I,J), CPU{,J),3=1, )
SHDN(I)

a=x41

T¥{I.¥2.%.0R, % GT. 9AXM. CR.YCY(I).GT.26) 3¢ TO 99

C2P.SATA IS 1200 BSL/DAY AND ¥JST BP CONVIFTID TO BBL/DAY
TP (IW. Q.1 C{1)=C I} ®1L U0
PLCT DATA 81 70 BBL/DAY
<

15 LT0% 3BL/YR LED ¥IST BF
P{IN,Z0.2)C (0 =C

{TI)*10C000¢%. /365,

1
vy
B

TP({L.GZ. ¥I"{I))30 TG 1J

L=Le1
DIL=D(I,L;
X?(TIL, LE.C

D{I,L)=1Y

50 TO 20

IP{i¥.%2.1)50 TO 62

A4=H

I=0

TP(I,G2. %) GO 7O 60

TO 160
DIL,TCNT, ID22G) /12.0




I=17
2INY=Ra L)

BROZ [} =%03

CoLn =C{y

I=0
50 TF{S. 5B, QURI)EO TO %0
Jaged’
BT IL,H)=DL,J)
€0 10 59
689 IFJIGEBUG, LE.U)S0 70 AD
SRITE {007, 155 30} KI¥DIIT)
ps 7% =1,
X¥(1%.5G. 1) SELYELIOBT, 1092031, X288 ¥} ,C{L) ,{0(L, 0}, J=1,E09(L
19 TP(IR. 00, 2) BRTTR (1O0Y, $0030), M08 {1y ,CILy , {5{L,dy, CE{I,d),d=1,
TRGH{T) )
34 CLDSE {URTT=XN}
R¥THEN
36 IERE="
5C TO 83
9% XTPE 10080,15,%,0I%
1¥p=t
RETGRY
16079 FORRAT{SX,4%, PIPE IRPCT DATZ APTER CONVERSION BY P2CGRR3 IS:z*)
1052¢ FORBATI2IS, 815, T/ {5215, T
3953( POENATI2T9,013.7/ (3(215. 7,259}
R ER] ¥GRIRT{® PLOY GROYF *I4,? DIEFZ KT, %13,
1 Y BES DIAW = YE15,3)
xpp
o4
[
i - -—— -— - -——
<C
[
PEAL PURCTINS LXILDLID,08IN2, TDEEOE)
<
< POACIIOE $C BE USED ¥ITE BEGHESSICE EROGHAR
< B J.8, BOOXER, BESIREY DIVISION,CAK RIDGE RaTiOXAL Lad,%98)
T

Co=e /CONFERT WORINAL DIARETER 70 IHSIDE BIAIBTER/
Ce==D{REAL] ANOMIRAL TXEY,IN. 7

C---$ALY {48}

1%

23

{RBAL} ATYPICAL §ALL THICKNESSS
BINEESILY WALYL (46
INYEGER D%IT2
BRTA INALLUI) ,X=1,98) /1290, 25,1206, 312,
IT485,375,820. 808,690,316,
EL=INBL045. 5] .
IP{I0. LB, 5. ORa 10, 574 98)60 TO 4G
XPIBLLLL 2,03 68 P 1D
324
e 10 33
THIB.LE.4,3)50 70 20
S+, 75
64 ¢ 3y
oD = Bvg, 623
o= <YLY LD
IESILEECUSYSY

RETT 2N

b IBSIZE = =103,
FWITR(5,10010) 1D
%3TORA
30090 POENAT]' *9*TRODILZ YW PIEY INSIDE LYARETER CALCSLATIONSY/
13 iD= v,
1.1
c
<
b .
<
<
SGBROOTINE Y2 IGET
c
c SUBFOTPIINE 70 BE USED 2ITZ RUGAESSIOH PROGHEAR
¢ 2% J.¥.RGORKER,ENERGY DIVISIOR,CAS XIDCE EATIGYAL LAB, 198C
c
c
cesas ,EGRLS, COMAOR ARYA GIVES A 9SIGAT H{I,J) CORRESPOMOING
< 1¢ £1I,5) PCE REGEESSINY
c 19=1 FOR CAEACITY DOUE 8T 2RIGRKY
c T¥=2 FOR PLOY X T
< AND 3 E RLCS FOR PRINTOITS
N 3 27 ¥ILL 53T CORRZCT YALYES
c ¥ B{1, 3 :
¢

b~k O ET O YO

g

B0 aON

—eee==RTIGHT SUBRCTTINE SETS

INTEGER CP
CCRRGHPIPES/N, 8091530 ,C {658), D {630,261, 10UT, T 22BUS,CP (505, 20)
CCBYCH,/I5TCE U5
CCXECN/PRIPES /B, NN
CORACW/RCRTS IR, B {610,
COXRON/CRICS,/ 248638 ,207 4

1 {E€55), € {600), DD (600 ,29) , FACTOR {800}
3 EITD {2,197

G4),GRIBUT) ,TH0SY, 20ET
21635y,

[

&0 10

GROT2S I, RND PIPES I,

GE.ZaMTI GO 0 29

TOR PLOY REGRISSICHS,
LAP ACITT ¥Om ALL FL OV
CAPRCITY REGRESSIOW.
13D FRCTOEZ (I} POUND I

SETS B{Y,

FIPES &,

Y308 COXTI4 CRLTS/
BS/.B{T,L) L& THE

3252 0%

1e-D
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80

90

10016
002G

CORRECT PACKOR I¥ THE BQUATICE BEING PLTTED.
I¥ PIPE DUES ¥OT BELOWE YO & CAPACITY GHOQP,AS
I¥DECATED BY CP (I,L)=0,THEN CAPACITY Y3 CALCHWLATED

CSTHG THE CDEPP 4ND EXPOX FROE THE CAPACIIY REGRESSION

I=9
BELO=EXLP0R ()

CORE=U0EFP [4)

IF{Y. GE.H)GO 7080
L2

MIRT=HOA{L)
=0
IPfL. GE« BUBI}GO TO 50
£=Le3%

I¥(COPIL,L} LB OGO TO 7D
H1I.L)={B{I,L} **EXPO} *FACTOR(CP(I,L))
GO TO 604

B{t,L}=COERP*D{I,L) «+EXDO0

G0 10 649 -

IP{INEBUS,LE, 0} RETURE

WRITE{ICUT, 36010)

DO 9d I=T,H

YRIDZ(TOUD,10020) (H {X, L), L=1, 208 {1}

RELCRY

BORHAT({* WEIGHZ OUTPUT-R (L, L}"}

FOBKRAT{3E16.8)

E¥D

aniint

GantSnefanann

10

SUEROUTINE CSBCAL 1Y)

LZOBEQUTINE T0 BE USED FITE REGRLSSIOH PROGRAY
BY J.4. HOOKER,ERERGY DIVISIOR,0AR BFIDGE BATIONAL L3S, 1980

ZHIS SUBROUTEINE CALCULRTES THY PACYOR RHMICK 9ILL BE CSED
T4 COAPUTE CAPACITY CORRESEONIING BC PIPX2 O
97 PLOYW GRCUP X.
¥ I3 THE EX2CNENT DERIVED BY THE CARPACILZY REGR2SIION
CP{I,J} WILL BE USED I¥. ¥EIGNT SUBAOUTINE TO ITDICATE
VHICB CAPACITY GRCLUP F IS T0 BE USED POR FALTOR

ITHTEGER CF

CUHHOR/PIPES/E,BUR [600) ,€[500) ,D{500,20), I00T, LDERUG,CP {600, 2G)

CORBCE/ISTCR/YS

CO4ROR/PEIPES/BE, RETH (600}, €C (500) ,DD (606,23} , PLCIOR {£00)

1=
TP [£.6%, &) USPIAK
Y=l

SUBT=30 (L)
DEOE=U, G

=y
20 IP{J G2 HUMI) GO TO 3G
J=Jd+
DSUH=DSUZ4D {1, J)#*Y
G0 %0 23
30 FACTOR (1)=C (I} /DST™
[ )
BRD :
[
¢
D e s e e e et i s e e e m ——————
[
¢
PUBCTION S {R,?
c
c FONCTION TO BE USED $ITH EECIPESILY PPCORAM
c 8Y J. 4. HOOKER,ENERGY DIYISTON,CEZ RTDST TATIONAL LASZ, 1960
c
c
Cmmm——m=-== ZHUCTION TO CAICOI BTE W% CF AST ADEAY
4
PIRERSION 2(M)
SVR=0.
10 1P (L, GE. §) RETURA
i=Te¢7
F01=50%+ 731
0. T0 135
BN D
c
ps .
< e e e e ——————————
¢
c P
SUBROUTINE POR(VY w
c
c 5UBROCIINE TO BY U5¥D WITH S2GHESSION PEGGRAR ) D
c BY 3,2 HOOKER,BEERGY DIVISICI,CEY RIDG® SATISYAL LAS, 1950
c
o
Co—w—e————-5YBROATINE 10 CALIULETE 3 REFATS OF 5948
<
T 4D STORE I¥ SCRLES, CONMIY ARDA
< 70 BE USED I¥ CALCILACIUNS FOR CAPACITY
< OR FLOW PEGRTSSION 237 z
c
[+ BTy =508 OF(I{I,3) 0 1T,J} ==Y} .1
c QL) =308 OF(#(T,3) %91, a0rs J=1,89%11)
c XY =SUN OP{R{L,d)%D {I,T} weTe LT LJ)) #82) , T=1,N0K (1)
c
BEAL X
INTRGEP CP

CORNON/PIDES/H, N0
CCRYCE /L3202 73S

CCBHOESTRECS/P (850
5 RI%KE (660 ,DDE
2 COEFF (3}, BX2C




29

39

8G
50

16

CORATE /ACHTS/IH, £ {600,20), RIND (2}, 297
DIRENSIOR ®{203,0(25),7 {203
a0
If{I, 62,9, A%D IDEHUG.GT.0)GC TO 50
IFII.GE. 2) ¥PTARR
I=le1
BI=XCE (I}
J=3
I¥(J. 0% ¥I)GO0 TO 37
J=Je1
DII=k (X, 0}
IP{CII.LE. C.0)GO TO 20
ZLEDII=RLGS (DIJ)
RI=H{I,3) 3pIIexY
GI<BI¥ZLEDYY
¥{Jy=0I%ZLHII
¥{J=ua
T =0J
GC 10 26
P{I})=S0R (NI, ¥}

R1II) =508 (RI,V}
€0 ™ 1¢

TYFE 1GG70,KI8D (I¥),I,J,0Id

RETTRN

IRITEI6,70626) 0

PEITZI6, VCR)(PG)J-L*;

WRITEL6,16030) {Q1T) 121, %)

BEITE(6,10C30) (R () J1=1sK)

PRLTORE

O'L  FCENAT{® FIPT DIAN I¥ *'A5% GEOUD RO,VIS,
1 * PIPE NG, TI3F ='E1S, 70 SET P(}) =-10C A¥D RETURNY)

10020 YCRXAT[® P,Q,R,VATUES POF'T4' GROUDS,~v)
10030 PCERAT(3B1€. 8)

aaoann aanon

AR

FOXCTION CALCY(Y)

FORCTIOX TO BE 0SED R3ITH AEEGRSSSIOY PROGHAL
BY J.R HOOKER,EREEGY DIYISION,CRY RIDGE ¥ATIONAL LAB,%98G

so-s=----FOHCTION TO CALCILATE COZFRICYEET X PRCX ZXPOYZNT T
OB OBTAINING CAPARCITY OR YLON RSGEESSIDYE DARANETERS
BEAL X
INTESER CP

CCBUCN /RTPES/M,N0N (650} ,C {6005, D (600,25),1307, ID8B0G,CP 60T £ 26}

CCRSON /ISTO2 /85
HFOW/CALCS/P(GJD),Q(6CD),R(SOG),SR(60§),ZHGHX,ZOESX,ZLNCK.
1 2OTR{5G) , POSTT (£ G3), PDEST (60S) ,
COEFFI3}, vxpo‘(s),n nroxva A1,A2,PY,7PL,2PL,IPL
DIRENSION % 16001, 01600

1 1=
23 k4
1=
FI
Tr
¥I
vt
¥
G0 ID
I 2994X=530% (K, %)
LOERY=SIX (4, 1)
CALCY=2X 0A X/ 2Z0BNY
|RTITRY
END
[»
c
Commm e e e e ———————— e m mm [P
<
<
PONCTION CRrnCnX(Y)
<
c FUNCTICY TO BE 7SED RITH EEZG2E
< BY 2. R, ROOKER,ENTEGY DIVISINN
c
<
Lo PINCTION
<
o
REAL X
IRTESE
[slah 8. 1)
CC/ICK/ L
CORBO%, [sR LV X,ZDI¥X,TLEGR,
9 BETK [655},[’351\'3 -65:)
2 COEF? {3} ,EXECH {3} L,IFL
BINERSIOH W{fcd), 000}
X=CALCT Y}
I=3
“t Tey
3=t
C
¥
i
¥
on
28 k=
3=
Ca SX*IDINX}
1P YZUAAK,TIEYX,A,B,CALCOY
[w .
BE¥Iy2Y
Yoz YOH TXOEX, TDENX, A, 2, CATCDX= v/ (4E15, i)

)

,.
1

€e-
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PINCTION DFN(NW,11,3J,2)

PUBCTION TC BE ASED WITH PEGIAZSSICN PROGRAY

BT I, % H00KZR,ZNERGY DITISION,CAX RIDGE NATINDNAL L33, 1980

----- FIRCTIION TC CALCTLATE DERIVATIYE OF FINCTIORN

O EIPONINT T WBICR IS BTING SOLVED 37
#ZRT0N AETHEOD SUBROUTINE,WITH NX=]

POR CAPACITY RFRIWESSICH PARANSTE?S OR
FLOV REGRESSIOR, FIPST MRTHOD

FOBCTION A1S0O CALCIIATES ALL TAPTIAL DERIV,
¥FOR INTEEVAL BEIRCD CF PLOW REGRESSION,NN=2

BIAL K
IBIEGER CP

CCMBON/PIPES/H, RUN {604 ,C(%C0),D(600,20),3007,1IDE97G,CP (60U, 20)

LCHNOE/ISTOR/HS

CCHRON/CALCS/F (66GJ) ,Q(€00),B(630) ,GR(653) ,Z8TYI,2DENX,2LNGK,

1 EUZK [66G) ,PDEDR {6GC) , £DED2{6G0),
2 COEP? (3} ,2XPON{3) K, HICK2E, A1, 42,PT,07L,2FL, IFL
COYRON/WGATS/I¥ 1 (530, 26) , KIRD {2) ,INT
DISEYSION Z {¥W)
DINENSION ¥ 1604}
IP(INT,G2. 3) GO TO 66
=2{1)
T=CALCXIT)
DIDI=CLLCDY [T)
IP(IDEBUG,GT.C) ¥ATTZ{100T, 160 10) DADY

«GZ. H)GO TO 20

(I
= ({C(I3-X*PIj*R (I)-QI* (X*QI+DXDY¥?I)}) /GK (I)

P (YOEBUG.GY,0) NRITZ (1007 ,%0020} 1, (1)

GO 70 ¢

DEB=5U% (F, W)
1?{iDEZBUG.LE.C) RETURY

CCNTIRTE

AR [T2(100T,10G30)DPN

RATIRN

FONCTION PR MOST BE USED BEFCFE DFY WREX N¥=2

I?{Y¥,2Q.2)60 TO 30
1?:3J.2Q. 2} 5C 10 B9

GE DRI (2,1,1,X}

DO S5G L=*,n
® (1) =PDEDU (L} %2 (1) /GX (1)

“~ar0nnao
a co

nnnNe

196 1¢
33020
1063C
ceong

noana
[l

O G 00

~=~=-FUNCTION 70 CALCOLATE <~

DFN=SUN (¥, ¥}
VRITE (ICUT, 10040) WY ,TT,J,D2%
SET0GA

GIT DPE(2,%,2.%)

£C 70 I=1,H

% [Ij= [EUZK {I)*Q {I) «PDFDZ 1T} #2 [T} § /6K {I)
DER=50M (¥, §)
9RIT2(1CGUT, 0060 ) NR, LT, 3¥,D¥ N

RETURK

I7(JJ.2Q.2)60 TO 130

GET DPR{2,2,1,X)

DC 9G I=T,nm

B(I) =PHEDO(I) #Q (I} /GKIT)
PEX=504 (%, W)
¥RITZ{IOOT,1CCHL) NN, IT,JT,DFY
RETIEN

G2T DYN?12,2,2,X)

COHTIRTE

o 115 1=1,1

W{I}=(BUZK {I}*R {I)+BDEDZ (I} %3 (I} +7711;
DF#=50% /4, F)
9RITE{TOOT, 15665 ) 8N,17,37,0PY

RETIRE

FORMAT(' DXDI= ' ZI16.8)

PORMATI' W(',17,% )='F1T.%

POINAT (Y LFA='EiS. 7)
FORWATI' DFU ('I2,*,%,T2,',,T2.%}
END

R L]

PUBCI ION PH(NY,[3,Z)

PORCTINN TC BE NSFD WITY 2052893008 FRNGRAS
8y J.K HCOOFZIR,EYERGY DIVISIOY,CEY RIDGT MATIDSAL LAB, 1940

F OF ZX7
505227

oY

RUICH I8 P2ING C07
ITH 4R=% FNOR CAZ4
FLC% EZGRESSION, 7

PONCTIOR AL SC CALCILATRS
FONCTIION P CP CNEFP. ARG
YRTE3YAl METHOD OF FICY¥ ¢

IFQNTITIONS OF
LT BN GECOND NETHON)

RZAL K
INIBGER CF

CCHRMOR/PIPES/™,RTT{6L0) ,C L1600, 21¢0(,2¢) ,IN77,1D2B95,C2 (€00,

20}

7€-0



¢

20
30

5S¢

(19
70

10010
10028

CORANCE/TISTCE/NS
CONEO9 /CALCS,/ P {60C),Q{650), 8600 ,GX (60} ,28I%X,ZDENY,2LYGK,
1 BUZK{EGL} ,PDEDY (603} , EDEDZ (600},
2 CGEFF¥ {3} ,EXPOR(3) K, RCOXER, AT, A2,PY,0PL,2PL, IFL
COENCR/FGRIS/IN,H (06, 20), RIXD {2} , IV
DYRENSTOR 7 (N%}
DIRENSIOR % {500
IP({XI8T GB. 3}GO TO 4G
=211}
£RLL PQR(Y}
IPL{P (Y LY, 0. 0) RETURN
$=CRLCT (X}
$P{IDERIG, 50.6) ERITB (I00T, 100105 2¥T3Y, ZDEYY,X
I=(
IF(I.GE. M) CC T0 20
I=Yet
RELy= (CIT)-Xe2 (1} )03 {I} /GK (I}
60 M0 15
PR2SUL (R, Q)
IF¥ {IDEBUG. LEB.U) RET38%
CORTINGE
FRITE{IOUT, G5 N9, XL, PR
HEIORY
NE={
PrL=L (3}
ZrL=y {2}
IP (1,67, 1350 10 €0
CRLY BORIL(2})
CALL EPSPLC (NCRZEZR)
I¥{¥S.GT.} 2ETURY
5O 53 Y=*,®
¥ (I} =SUZK (1) *B (T} /GK [I}
U= SOK (X, 9)
80 TC 3%
135413
o0 T8 I=1,%
¥ (X} =X0UX {I}$Q {1) FGKIT)
PE=SUN (%, ¥}
GC 1C D
BEIOSN
PORMAT!S
FOREAT(
E*D

LHUHX, ZDERY, Y= 3216, 8;
ERLOI2,0,7,12, ) ="E16. 8}

TGoana

Ao an

SUBROUTINE RERTON {N,X,%DPS,NS)

SUBROUBTIRE ©0 EE 0SS0 ¥ITH HREGARSSIOR PROGRAY
BY J.¥ HCOKER,ER2EGY DIVISION,CAX RIDGE ¥2TY2WAL LA3,1980

COMKON F{SU) ,DP{50,5C), B (50)
PINE¥SICE X{5C)
LOGICAL DEBOG

DTS DERUG/*PC,IGUT/ 57, LCR/Y Y

<

Cen--===-~SJBPROVTINE POR SOLYING KCHLINMERR SISTEM QF
[ 2QUATICHS BY GEZDILYARY IE¥TOR'S XITHOD
C-- X IS 3% RRRRY AWD X (3} YS RETURSRED AS
Commmocnaen SO UL IOR

[

CosmeeeeaaTHE PUNCTIOY YALUES ARE GOTTEN BY POACTION
YW (N, Y,X}, $HICR BETUERS COMPORENT-I
C? F{X}, ¥GEFZ X HAS ¥ CORPONENTS
CONTAINID I¥ ARRAY X

Coaeeemace
[,
Commeacaan
<

Cowmmeemee-PARTIAL DRRIVATIVES REE GOTTEN BY PINCTION
DPR{R,{,S,%) SEITE RETORNS PARTIAL

DERIV.

e - Or I-TE COAFRGEEST OF ¥ «ITH RESPECT 70 X{J)
<

(o4

Commmmm—m==3¥T ICE, GT.G TU USE CRAXER'S RULE YOU R=2

Qe=-eseceaXF CRINER'S RULE¥ PAELLS, PR
<
Carenes

kK

RS IS A SRITCE BRI TF
15 §E0%G  ¥S=( POF HD 2
BREX ES=1,HAln DPROGHEAZ

FOR

EXS, &£XD) ®sS=Y
"D S0

nna

RE=G,C
IP{IOUT, BE, S} SPITRIIONT 150 10) {3{1),1=1,5)

[y
oo

}RRRN,X,X

30 PENE R
BP(I,31=DF{5,2,J,
IP{J.LT.HIGO 0 30
IELT.LTLH)GS TO 26
BRE=ERROR{N, P}

& REITE{ICTT, TLU2%

IP{A50RM. 2. %0
¥S=?

433 $:33
RETORN

LD CO¥TINUE
I¥(ERF, GE. E23)

¥RITZPIOUY, Y

EETIRY

50 IF[XCC0T.NE, 5160 T0 70
WEITE(S,T0CH0)

ACC +I8¥8
I¥{IRNS,BCL. 060 0 4l
IFTLANS. LT, G} F 'Y

15 CALYL BULT2IN,N,
£C 5% I=1,1

80 B{I}=-F{D)

L1d CLRTINTE
IFIR.EQ. V) CALL LINZAPT¥,LT,D, X, AN0RA, DELUG)

PAIL=)

L8

v BiI)

HETHER OR RUT 35043

38aR USES LIVZAR SUN.

THING
TROTUBLF.

BE SUSROITINIS VAT CEASE.

Ge-0



100

10010
1062¢
10630
10030
19350

10060
1007¢

I (R, 2Q.2, AND, I€R.GT.0) CALL CRARER(DE{1,1),07(1,2), D?12,1),
D7 12,2) ,8() ,B(2),X{1),X (2),LEBIG, ANORY, TPAIL)
SPEIPAIL GT.U)CALL LINEAF {4,D¥,0,%, ARORY, DEBIG)
12{¥.2Q.2, AND ICR, LE,9)CALL LINZAR(X,DF,B,X,48038N,0230G)
CONTINUE
I# (ANORN,LE. 166G06I,0)G0 T0 130
WRI%E (1007, 19650) ANORK
CONTINGZ
FRITE{ICUT 16063y (X 1), I1=1,R
BTRT2S=NTRIES¢1
IP{R1RIES,1T,25)G0 TO 10
YRITE{I00T, 10075}
I¥{I0UT, EQ, 5} GO 20 10

BETORN
FORMAT [* IFITIAL BSTIRATE CP X IS'/{3E2G.8))
FORMAT[? CALCOLATED ERRCR = 'E15,8)

PORYAT(* SOLITION FPOUND')
BCRUAT (Y TY?E -7 T0 $T0F NZWTON SOBRODTINE, ¢1 TO CONIINUE')
FORMAT[* AHCRH='E£15, 7/
T RETUER FROK AENYOE FHZE IXOBM.GT.15J5.07)
FORMATY® EEW RSTIAATE GF X 1S '/ {3E16.8)
FORBAT(? 25 ITERATIONS HATZ BEEN HMADE IE HEWTON 508°)
2RD

Cm--

nn

nonNnn

oan

anaaan

POECIION ERROR{N,?)

FONCTION 70 BE USED RITHR BREGRESSION 2ROGRAY
3Y J, N HOOKYR,ENRRGY DIVISTON,CAK RIDGE NATIONAL LAB, 1980

DIHENSION 7 {Hj
2XHOR=0,C

DO 10 I=1,%
ERROI=ZRROF +F [I) #F ()
pW=n

ZEROR=SQRT (2RROR/DF)
RETURN

150

SUBROUTINE ®OLT2({d&,N,P,D)

SOBROUTINE TO B2 OSED WITH REGRESSICH PROGRAX
2Y J,¥. KOOKZR, 2228GY DIYISION,0AK RIDGE RATIONAL LASB, 3980

COBRRON P {5C),1{50,50,C{5D)
DIAENSTION D (S0}

I6T2GER ?

po 16 Jg=1,1

ann

o

anANaaannananaago

DO 13 I=1,8

(1) =0.C

J=0

J=Je1

1=

a1l

120,

£0 80 K=1,K

T=2+A (I,K) *D (K)
Ci1y =2
I¥[I.LT.H)GO TO 3
I¥{I.LT, 2} GO TO 27
RET AN

3¥D

SUBROOTINE® CAECX({ZZ,YT, RSCY)

SO8ECUTINZ TO BR JSZID WIT3 PTGRETSSICN PROGEAY
Y J.N.ADOKER,ENERGY DIVISIGH,CAX RIDGE NATIONAL 13,1980

------- SUBRCJTINE 70 CALCOLATE RS5QU;

2¢ IS COTPFICIEMI AND YY IS EXEOMNENT
JF¥ CAPACITY OR FLCW BEGEFSSINN.

BSQU='COZFFICIENT OP DETERMINATICN'
25Q7 IS SQUARE OF CORRELATION BETWEEN GIVEN AWD D2RIVED,

INTEGER CP
4EAL K
CCMNON/PIPES/N ,NUM(63L) ,C{6G0),D[600,20),I03T,I0ERTG,C2 (650,20
CCHMON/ISTCE/NS
CCNMON/PPIPES/ MY, NN"I¥ {600}, CC (600),0D(650,20) , PATTIR {L0)
CCNMON/WGATS/IW, H(600,20) ,KID {2) ,IWT
CORMRON/CALCS/21530),Q(6Gu), B{HT0) ,GK{€4) ,2¥J4X,ZDENY,ZLYGK,
1 ¥0ZX (6GT) ,PDEDU (6GC) , EDEDZ {66C),
2 COEPF{1),2XPOY (3) ,K,HCOKER, AV, A2, DY, UFL,2FL, IFL
DISEYSION £21(6GL},00(600) ,RR(EGS)

ZU=FLOAT (M}
GIYySTN G
Do 3% Pl
GIIsn IT7STINC I
CAPBAR=GI730% /2%
I=0
IF (I, GE, ¥}GO TO 6§
I=I¢1

FTNT =474 ()
NEX
S5THE=0 ¢
IF{3. GZ. ETRI)RO TO S4
J=I41

9¢-D



30

DI3=D (I,.)
DIIX=DIJ**YY
CRIJ=Z2%H{I,I}*DIJX
Suxu=sinn«ClI)

6C T0 4¢

CORTIROE

QU Ty =S04%

0 TO 20

CONTINIE
GUAR=SUR{R,Q0Q) /28
BENOM=0.LE

129

1F{L. GE. 8)GO TO 80
I=I¢+

PI=C{X)-CAPBAR
RI=QQ {I}=QBAR
ESNOM=RSHUN+PI*AI
B2 (1} =PI*21

ER (I} =RIsgY

60 10 1C
RSDEN=SQRT (SUX {8, PR)#3U N (4, BR) )
RSQU=ESNU4/ESDEY
R5QU=HSQT*ESQU
RETOURY

¥D

R 222 1]

MO NAaNann aoaan

aaan

SUBROOTINE ZLIM({Y,¥I,¥I,RS)
SUB200IINE T0 BZ ISED #ITH RZGRESSIOR PROGRAY
BY J.% HOOKER,ETERGY DIVISION,CRX HIDGE NATIDNAL L83,7198C
CRLCULATE LINITS OF PLOU ISTEVVALS POE GIYEN F{3BL/DRAY}
¥S IS5 Rk SWITCH ¥HICH TXLLS ¥HETHER CR WOT SOYEBIRING

IS ¥ROBG WS=( FOR RC PRODLENS, A%D %S=1 FOR TEOIURLE,
FEER HS=" ,#RTN PROGRAY AXD SOME SUBHRQTINES BSAY CEASE,

RERL K
CCRRO¥/CALTS/P (63G) ,2 (6060}, B{6UD) ,GK [600) ,IHUKE,ZDENY, 2L8GS,
RO2K{50G} , POELD (€531, FBEDI(50Q) ,
2 COEPF (3), EXPO¥ (3} ,X,HCOKZE, A, A2,PY,IPL,2¥PL, IFL

IWTIDERUG.GT. G FRITE (6,10010) 81, A2
¥52§
IP(Y.LE.U.C)CGO TO 30

11=2,5 XILLIOY BEL/YKAg CONVERTED TO B8BL/DAY

IPE¥.GT.41)30 10 10
v1=0,¢

BIa13

RETURN

annn

2 TP (V. GT.A2) G0 70 20
vI=Rt
¥I=A2
RETURN
c
[ YGI7ES WILL BE PLCW DATA I3 KILLIOY¥ BBL/YZAR
c
2¢ YGITEN=T%5,00C365
[
c ID RILL BB CLOSEST BULTIPLE CF 5 FOR YGIVIN
< CENTER IS CLOSPST A2LTIPLE OF 5, CCIVERTED ©0 BABL/DAY
ID=TAR{YSIPER,/S. G + £.5)
CEXTER=FLGAT {5CL236G%ID} /365
-
o YI TC %I IS IRTESYAL LENGTH 5 2IL1I0N BEL/T3AR,
< CGRYERTED TO 23L/UAY TO MATCY DATR ¥ IN PROCRAY
c
A-22
+x2
3c 12025V
16010 PCRMAT (Y 2815,8)
10520 FORMAT{' <TRCUSBLE ¥IYR FLOY TALJUE ¥='E16.9}
344
>4
c
Commmemnma e e e e mt e m e ———————————
c
c
SUBROUTINE CR27AZR {A11,412,127,422,81,82,X1, X2, 08346,
1 ARORM, ¥S)
c
< SUBROCTINE 70 B
o £Y 3.8, HOOKER,T
o
Casesss ¥S TS A SFITCH 9RICH TELIS SE OF ¥OT SOMETHING
c IS WTeN5, ¥S=¢ TOR NU PROBLE ARD  ¥S=1 FOR TROIBLE.
[ YAEN ¥3=1,¥AlH AM AYD SC7D STARCTTIATS IAY C3SE,

R2=2.5 AMILLION RSL/YEAR COWVERTED TO BBL/DAT

DINENSION ?17)
LOGICAL DEBIG
DOTBLE PRECISTON A,B,C,D,Z,6,%,Y,DET
¥5=(
A=DELEIRTT)
B2LALE{812)
C=DBLE{AZY)
0=CBL F{A22
=OBLE3?)
G=DBLE (B2}

Le-D
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%)

DET=A*D-B¥C

I?DET. 20,L. D3} GO TO 1C
2= {E2*D-B3G)/DET
= {a2G-Ce 3} /D27

J=SHGL (A*Xe3%r)~-BY
)=S¥GL [C*XeD*T)-82
ANMORY=TRPOR {2, ") *SQ2T {2.0}
RETORA
1?{DBBIG) WE IT 2[5, WH L) DET
¥s=1
RETORE
PORAAT (Y DETNENIRANT=*D20.Y2/
Al ' CEA®ESS RULE DELETED.USE LINZAR SUBR.')

50BROUIINZ CAICHK {XK,YX,AKX5Q,KO0L)

SUBFO0TINZ TO B2 USEBD WITH REGREZSSION PROSRAY
2Y J,% AOOKBR,E2922G? DIVISION,CAK RIDGE NATIONAL LAB, 1980

CALCILATES COZPFICILENT HOCKER PCR HCOKER®D*¢K,
AND K=KOLACGORCV-SMIPXOFF STATISTIC,

POR A GIVZN VALODE OF K, COEPFICIZNT XK,

AMD EXPONZENT YK IN CAF OR PLCR 2GEEZSSION,
AOOKZR IS PLACR2D IN COHMOR/CALCS/

%S 1S A SWITCH WRXITE TELLS S5 2THER OR NQT SOXZIKING
15 JRORG. 85=L FCR KO 25081233, AND HS=1 FOR TROUALZ.
HEY ¥S=1,MAIM PROGRAM AND SCHEZ STEACUTINZS 1AY CEASE.

REAL X
INTEGER CP
TQUITAL BNCE (HCOKER, 9K)

CUBHOA/PIPES/Y,NOM{6335) ,C(60L},D!600,2¢),I00T,IIEINC,CR(6CC, 2C)

COMMOR/ISTCP/BS

CORMOH/CALCS/P {6]5) ,2({6CL),R(6LC),GX(6C0) ,2YT9X,2ZD28X,2LNGK,

3 202X {FyG) ,PDZDU(RUJ) , FDEDZ {60C),

2 COEFF {3;,2X P08 {3),K, 3COKE%, A1,A2,0Y,TPL, %25, 120
COSHON/9GHTS/ 19,5 [66GG,20), KIND (2) ,i¥7T

DINZKSION % (KOC)

1525

TA=7LOAT (H)}

=g

CALCOLATIONS ENST BE DONE #0R EaCH GROU? T

IF(I.3B,9)G0 70 &O
I=led

GXI=GK{I)

IP(IWT. 3T. 2} G0 70 20

20

annn

n

50
(37

10676
10624
10030

noan

I}

Nnaanaann

Cesrrss

c
c
c

o aon

wases

T29E=C(1) -XK*D2{I)

6C "o 3t

TEMP=C[I) ~XK*P (I}
WRITE{27,2458) TE*P, GKI
CONTIEOR
N{1)=TERE*TTED /G KT

60 1O i

BKSQ IS A SUAANTICA OVER ALL 63079S

AXSQ=59%{%,9) /2
1Y {AKSQ,LT.0.0) GO TO 63
AK=3QRT (AXSQ)

€ALL XOLMO{XX,IWT,KQL)
IP(IDESOR.GT O WRITR 15, 10020) HE,4RSC,KOL

RET IRA

WRITE{IOTT, 1503 ) 4857

NS=1

531921

FORYAT[2P1G.G)

FORYAT (' HCOKEIP='5%6,73,' HR52='216,8,"
TORYAT(' HE-3Q7 S2307IVE, =':14.9)
8D

SUBROOTINE Z2S5FLO{NCNTPF)

SYBROUTINZ TC 38
Bf J.®. S00KER,TNER

z ICH PARZGRAY
LOAX RIDGE AT IDNAL LAD, 1980

CALCTLATES BPSI (7,Z) AND 2
ARD STORES VALITESS POI EBACH 53

SEAL K
TINTZSER C?

CNYMON/PIFES/M, 801605} ,CI60u) ,Di{€0G,20) ,1007,10EBTIG,CP (€00, 2U)
s

COMMON/ISTCT

COMMON/CALCS/P(£533),Q14C3)
1 E0TK {66C), PDEDT 150G
2 CCEBFF{Y),TX27%(3),F,

9
200u),
M1 A2,PY,IFL, 2P0, I7L

95 IS A SWITCH 9HITHY TILLS @M ? CE NZT SOMETHING
IS WROKG, NS=( FOX 10 PEC3LEYS, 4¥D NS=5 Fon T2
UBH NS=T,%AIN P2n3EZAY AND SO SUAFOTTINZS AV

Lz.

104 2ER=C
¥0¥Z 23 IS THE WNYBIR OF FLOT 520725 WITH NOVZERD TUZr

=0

8¢€-D

) GK (6u3) JINTYL, 202X, 2LY5T,



e R N2l [sErKe] -+ 14
«

[
©

<

X1 X1

52

15010
10076
10036
310080

29587 DO SOME CALCTLAYTIONS P03 BACE FLOV GROU2 I

IP{I.GE. 1. A%D. IDEBIS. GT. G160 10 5¢C
IF(X.GE, %) RETURY
TeIvd

PI=y (1)
GET BNUPOIRTS YI 28D ¥I 0P INTERTAL OF rLOY9

LALL LLINC D), YT, L, 5N
IP(¥S.5T. 5} RETURY

CRALCOLATE YALUES OF ZPSI i¥D DERIVATIVES 20% GROU? I
TURLC2R FLHET

TPLVCALC GE YI GO 2O 39

TULK {T) YCALC-TY

CONTINDE

EDELO{I}=PY

TDEDZ{I)} =UFLEC(T)

BGRZERANONZER+1

0 T 10

IF{YCALC. 67, I} G0 T3 4

YALTES IBSIDE IHTERYRL AFT O

YULR UL} =36
EDRECTLL} 0.0
¥DEDZ(I}=0.0
30 10 14

BUZK (I} =TCALC-8I
80 70 26

CONTIRCE
RRITECS,I0C 10Y (202X (1) ,I=1, %)
HRITE{6,10620) {PDEDT (1), 1=1,N)

YRITEIE ,10030) (PHEO2 (), T=1,4)
¥RITR{5,10636) SONZER

BETURN

PORXAT{Y EUZK=7/{3B16,8))

YORUAT{’ PDESU=/{3816,3)}

YORNATLY PDEDZ=7/(3216.8)}

PCREAT{® KUKXBZER OF NORZERD 202X =119
no

i

ey 3 YA QNG

SUBSCUTINE CHISD (XK,IWI,CHI)

SORROUTIRE YO BE 238D #ITH REGRESSICR PROGCRA®
BY J.N. HCOKER,E¥28GY LIVISICY,CAX RAIDGE ¥XTIOBAL LADZ, 1990

THIS SOBROUTINE TESTS THE WORWALITY CF THE ERROR DISTR IBUTION
TSIHNG THE CRI-SQUARE TEST.

THE YALCE OF TRE CHI-SQUARE RATOCH

TARIAPLY I35 RETURAED.

X = ¥UMBER QF GROUDS AP P2IPES
AX = BARARETER X

197 = t POR CADACITY
CRE = YALOR O¥ CRI 428 RMHDCY VAFIARL S,
E?S = FRORIRLILED ETR RAXDOA TARI ABLE
O{3) = RUZBER OF CBSERVATIONS I¥ J~

AGHNNaQan

250

1204
1eG0y . CP

8L P, 1
IRTEGER O {d

CCBBUN/ZIIES /M, BON {6007 ,C {600 ,D[600,201 (1007, I0800C,C

CORACH/ISTUR/NS

CONMOR/CALLE 2 {9
ECLK {6303,
COESF{), B0

COERCR/RCREAREAS (T

Fegs

nn

SET LINITS OF AO%RAL C"’R7“ SECTIONS,.
5ATA &r-1.628,
1

{ ‘Qb,u.,,176,."
2 10936, 1. 282,17,

o
—~
o
rt
-1
ial
§;
&
-

-
<
=1

1CCP TRRCUGH THE 61
sF THE RDASD xonxxL 5ISTR
DAL o= 1
I COAPOTE ”Wc 2RWOH,
R HOT ERCE BUINDARY OF
ERRDE = C{I) - X *+ P
23 BiS = ERROE / [BODWER
504 = 308 v £P5IRS

va ez 0

('uQu)
2,80, .\2,?‘.’,

GROJIPS, 2 OR 3 PCR FLO¥ GuOUPS

EPSILON
TH SECTION OF

L5 36,-. 842, -, 875,542,
53,.2385,.54

PREREEER IS

Commmmmmem LCOX THRCIGR SECTICNS OF BORMAL CUHVE.

S0 TO 4%
GC T 54

( :; Jo(‘)tf,‘()n‘-)) GO 70 3%

o
'3

CCHTINAE

¢ 10 69
ag C{y) = CO{L)
CALL 00CHII,2P3)
GO 10 60
50 CLI6Ly =
CALL O7CH{
83 COYTINGE
TYPE ¥, 5uK

=

o

c
€ COXPITE CRI-SQUARE VARIABLE.

E25)

54
33”‘”;}. CIEVE

J¥L,,2PL, TP

.
z,n"vs,.anz,

6€-0



a O -

1

NnonanNaoa

nann

4
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C
c

D6 74 I = 4,1600
K2

= § % AREAS(I) 19 ori) =0
. CRI = CAI ¢ {O(f) - BP) * (0{I, - §p) , %2 c
c
TYPZ 149°0,0 € LOCF THHOJIGH THE GEOT?S AND COJTT IATA % EARCH SECTTON
I7(IC2BUG, GT.U)WRITS(6,100)0 C NP TAE STANDARD NWORMAL DISTRIDCOTICN,
S2TORA DU 65 I = 7,4
06" 0 PORAAT(' BRROR SPREAD: ', 1601117) T2 THE EEROR. PIGUPZ ZYROR FROZ ACTTAL 2BSERVATION,
XD ¥NOT FROM PO JNDART OF OBSERYATICYM IRTERYAL,
BRROR = C{I) -~ XK * P{I)
2% BPS = ERANCR / {ROOKER ®* SQRTIGRIT});
"""" T e e T S Sms Srsmrmmmm S0M = SURM ¢ BPS*EPS
[ it LOCK THRCUGH SECTIONS OF NCEMAL CURVE.
LE{EPS. LT, -0, ¢ GO 70 40
SUSROUTIKZE OUCH{I,225) IP[EPS.GT.4.0) 50 TO 50
D0 30 J = 11,3605
SUBROOTYNE TC BR 0OSED WITH REGHESSICE PROGRAN IF{E25.67T, (-4, 3¢ {J)*l.C25)) 30 TO 335
87 J. ¥ HOOKER,EZY¥ZRGY DIVISIOV,CAK RIDGRZ NATIONAL LAB,171980C 0{Jy = 0:J) ¢ 1
IP{ABSEFS}.52. 0 5) CALL CUCHU{I,EPS)
Tye3 39C10, ¥, ¥?S GO TO €2
HETORYE 1% CCHTINTZ
IR POBMAT({* OUCHY - STANDARD NORXAL YARIABLZ FOR *,13, GO TO 60
1 "-TH GROO? =*,F) L Ol =0y ¢ 9
23D CAalL CUCR{I,BRS)
GO TO 60
50 0{153¢) = 0{1€35) + 1
------------------------------------------ ——— CALL O7CH(I,
59 CONIIRIE
T
SUBIJUTIXE KOLKO {XX,IWT,XOL) TIP2T 10070
acczatT 1€024, 07M%Y
TYPE 10030, ((CRAR(O{I+32+%J})),J=0,49),1=1,32)
SOBROUTIAEZ TO BE 0OSED VWITH REGRESSION PR0OGRAN 1122 16610
3Y J.9 HOOKER,ENERGY DIVISION,CAK RIDGE NATIONAL LAB,1980 ACCEPY 1C02¢, DmMAY
c(-1y = :
c
¥ = NDN3ER OF GRODPS OF 2XPES c
XX = FARAMETER X C TONFUUE ROLROGOROV- NGV STATISTIC.
I¥? = ¥ POR CAPACITT GROUFS, 2 OR 3} POR FLOW GROUPS C GET WIHBEE H OF 1IN7T 7TALS OVES WHICH AVEERAGING IS T) TAKE PLACE,
KOL = KOLAOGOROV-SMIRNOY STATISTIC C IP % = 7, USE ORDITA®Y KOLMOSORCY-SMISNOFY.
P25 = HOFSALIZED PKROR RANDON VARIABLZ = EPSILON/(A*G) €  OTHERW + COMPNUTE Y A3T DEVIATICH CF QRSEFVID FROM IDEAL
013) = S7XBEZR OF OBSIZRTATIONS Ia J-T4 SECTIOH OF RORAAL CIRYE C CUMOLATITEZ DISTRIBITION OV LAST R INTERVALS,
FI33T TEOE
BEAL ¥2, A[2G:, fOL, A¥G{U:71630) 70 1182 13440
LOGICAL PIRST, SMOOTAH ACCZ2PT *, ¥
T¥TEGER O (-%:17605},C2,CHAR (03 S0) IP(¥. 22.0) ITIRN
CIMMO¥/PIPES/N, 30K [60u) ,C{503),D(640,20),I007,ID2316G,C2({6533, 2v) I¥C0TH = |, TRUE,
COKXCE/I52C2/N5 IP (9. LT.3) SY00TR = JFPALSZ.
COBROB/CALCS/P (600) ,Q(EGO), B[600) ,GR{6.T) ,LNDHI,LDENX,ZLEGK, Y = IABS{N)
1 SUZK {60G),PDEDG {6LG) , EDEDZ{6LT) , A = B
2 COEPF (3} ,2XPON {3} ,K,dCCKER, N1,A42,P¥7,3FL,2ZPL,IFL EM = %, /FLOAT {K)
CORI0X/HORN/AREAS (02 1604) XCL = ¢,
CATA CHAR/® ¢,¢10, L3000 051 16r Ty egy vgr, IC 3¢ I = ¢,165C
1 VR, IR, 1, DT, VR, TR VG, VRY V[T 030 4Kt IR, 35 AVGUI) = G.
IF{M.EQ. 1) GO TC 125
90 316 I = §,n-2
TMITIALIZ2E TE(PIRST) O{I) = O(I) + O{I-%)

D0 1C I = (,16G¢C

0%-0



90

16¢

T36
180

150
*60

170

C
<
100719
16020
10330
10089

10059

IP((0 (1) -0 {1~ 1)).33.0y GO T0 110
IP{STO0TE) 6O 10

DIFP = 335(r1031{0(x))/xx -~ AREAS({I))

60 10 10¢

DIFPY = ABS{FLOAT {C (I-1)+1)/2% ~ ARZAS(I))
DIFFY = ABS (FLOAT{C{I)} /A% = ARERS({I})
DYPE = L 5% {DIPPYeDIPF2)*{D{I)-C{I-1}}

AVG (I} = DIRF

IP(I, BC.L) GO TO 113

DO 116 J = §,1-1
A¥G{J} = AYG (Y} ¢ DIFP
CONTINDZ
KOL = &.
BROL = {

DO 17G 1 = §=1,1650

---KZEF TRACK COF CUSTLATIVE OBS52RYED DISTRIBIUTION.

IP(PIRST) O(T} = 0(I) * G{I-1)
IP{(O(I)-0{I-1}}. 20.0) 6G© 10 17§
IF{S400TH) GG 70 135
DIFF = KBS{FLOAT(O[I)) /A4 - RSIAS(L)
Gy T 186
DIFF? = ABS (FLOAT {C{I~1)+%) /2% - REZAS(I))
DIFF2 = ABS{PLORT (C(I)) /A% = ANEAS(I)}
DIFY = G S*{DIFST4DIPP2}* {0 {T) -0 {I-1}}
A¥G (I} = DIFF
IFP{B.B3.7) GO 70 €0
DO 150 3 = I-Ne1,I-1
AVG (J} = RYG(J) + DIPF
DIV = O({I) - D(I-1)
IP{.KOT.SACOTH) DIV = 1.
ATERGE = AVG{I-N+1) / DIV
TP (ABS{AVIFGE), LT, KOL) GO T0 170
KOL = ABS (ATERGE
¥KOL = I
CONTINTE
TYPZ 1005G, XOL, RKOL
RIRST = . FPALSE
a6 Te 7%

IF{IDEBUG,GT.0) WRITE I6,900)0
PORMAT(® PAGEZ AAND HIT EETURY, )
PORTAT(AY)
9nauar(- EERCRE SPRIAD:Y
32(/,%,5631))
rowxazx! RJK3ER OF ATIRAGING INTZETALS [0 79 SXIp, -1°7,
¢ FOR ¥O SEOCTHIRG) = ', %)
Pu“ AT(* EOLAOSOROY-SAIRNCY STATISTIC = *,P13.6,
1 t; X v, 15)
28D

an aanon

SCBROUTINE NWOEMAL

SGBROUTIRE 70 BE OSED WITH REGRESSICN PROGFAY

anaan

anNaan

O aaa

BY J, 8, HOGK BR,EMZRGY DIVISIOY,CAK 3IDGE NATIOWAL LA3,192C

THIS BEOUTINE CONPUTES A CUMTLATIVE NOFMAL DISTRIBITION AT
1800 FCINTS POR THIL KOLEGGORDYV-SXIFY0PF TEST.

ZITERKAL GAUSS
REAL AREAS (G:1603)
DOUBLE PRECISION GAUSS,5AUS51,5A7852,44,3L1ICE
CCAYCSE /NOER, AREAS
TR 15040
#120,6525
ARZRS10)= {1, -0, 9999366575} #3. ¢
—————— GET ACCURATE ARERS PCR 15 20TWTS.
00 30 J25,15
JI=3* 130
IF{3.E0.0) GO TO 1D
AT=~8, +¥IOAT (J=1) 5,5
B1=1+0.5
ABEAS (1) =SI12SH {GAUSS A1, B 1,91, 9D}
LR2AS (I} =AU EAS [JJ) +ARE AS (10-150)
DIFF=DIPF-ATEZAS [0J)
TYPE 13020, 2, DIPF
--------- KC# USZ TRAP270IDS TO COMP3TE INTERMEDIATE POINTS.
0 A%=-4, GDCHDFLOAT (JJ) %0, C0O5DS
GAUSS1=GATSS [AA
00 25 L1056
C+DPLOAT LJJ+T %5, UL5D0
TEH GAu«s(AA)
{GAUSSI+GATSE2) #0. 0G25DT

{33+ 1} =APEAS {JI+I-1) +5L
5{JI+15C)

=1, LG -AR EAS {o)

367 ¢ FCRENAT{' CCapITING C

4 T
T02¢C FORMAT{INO, 7Y,_,.2
END

DOJBLE PRECISION PIACTIOM CGATISIX)

PINTIION CC BPE USED FITR P
BY J.# HOGREIP,ENZRGY DIVIS

TIIEAL L33,3923

DCNALE P
FI=84,4LD0O

2(-X*(*G.5D7)

D

Ty~



RETON
2°G FORMATI!
PONCITON SIWPSH [FUSC,4t,81,71) D

n
@

PINCIION TO BZ US
EY J. N HOOKER,E

D RITH PRESRESSICN FROGRAY
3Y DIVISION®,CAX ETDGE WNATLONAL LAB, 1980

-SINPSON'S ETLE FURITIOY
22CEIVES SI¥3LZ PRECISICA, CALCULATZS 20J13ug 2RIC,
4%¥SYER IS EITURNED STMGLE PREICISION
FINC IS A DCIBLE PRECISICY SIPFCOUTINZ
A1 15 FI®SY LIWIT,3' IS SBCOND LINIT,
-% I3 WIDTR 07 {MTERVAL DISIHE) FCR SINP504'S RULE
DOTEL® POPRCISION A,8,¥,¥2,7,22,%,¥, ADD
4=DBLELAT)
2=D3LT 1Y
=081 2 (W)
IP{A.L2.A)GO %0 5C
5, DO

aAannnNnninaan

70 235
DIRT {(B-4)/¥)
Commmrm == X IS IHE NIMEZR OF INTZ2HVALS ¥WIDId W

IP(F LT.2) GO TO 3C
L=HOD (K, 2)

Cme+--=--=---1=( I¥ Fr IS EVYEX, 1=7 IF K IS5 CDD
L.$ -1
T=Y

10 I=I+1

X=A+DPLOAT {I) *¥
19D= PONC °X}

% DD+ADD
L=Z+R0H0+RDD

I=T+1
1=A+DPLOAT (1) *§
IP(L.EQ.X1)6C TO 23
ADD=POUNC[X)
ADD=ADD+ADD
2=Z+ADD

60 10 10

-E4D OP SINESCY'S RJLE OSING SIVEN WIDrd w,
-PINISAH PEMALHING INT AL WITH 0%2 STaPSIM*S RULE.

TF{DAB3{¥2).17. 1.62-15)50 To 80
ADD=PORC { {148} %, 509)
ADD#ADD

¢ADDO#ADDSPISC {B) ) &¥ 2 /6,000
L1e SIKZSN=SNGL [Z2e22)

R2ZTIRN
SC T2 13610

Si32sN=-1, 210

TRCIALE

j:]

it

2

SY PONCTION')

FATRN



* SEIWCEX DATR CHECX PROGEARX
.

FROGRAA POCIXR

[
[
Lo-BY J.3, HOOKBR, ENERGY DIVISIOH, OAX RIDGE BATIOTAL LiB, T4,
< DEVELOPED OF THE DEC-STSTEX 10 COHPOTESR, 198J,
C
<
C--TRIS TROGRAY CH2CKS ORIGINALLY CTODED SETIORE POR SOIE ZRRORS
€.
<
< FEOGRASMING ASSISYAWCE BY RITH B, ¥CPSTHI, INIY, 02 TENE,
T
LOUBLE PEECISICN KAaE
DIARRSIOX NRADAT {2}
EQUITAL E¥CE [NANY,R84DAT)
DIMENSIOY IDD(16,6)
CORNCH ID{7%,6) ,HODET{26C},RC {6)
IXTEGER EXY,BR2
BATA Bl AR/ \4
c

Cme=—=SECTICK &
C~SETIF %0 SIGIN

IPRINT=(

1501=6

TI2E a4g

READ {5,835} SAUDAT

TYPE G50, ¥ANIAT

CPEN (ONIT=20,DE¥ICE='HSKY ,PILE=LAE)

Iris = 3
o

BSTATE=C
16 TRITE{IOTT, 460
<

Cm-m==SRLII0R B
C-READ X CARD DR CARDS{CONT} PC? A PIFELIAE
20 Lo 58 I=1,§
I0 36 22=1,16
30 10D (33, 1) 3RLANK
£C 3¢ 23=1,79
LY D3I,y =0
FC{Iy=C
50 CORTINOE
ICp=1
READ (20,275 ,BND=90, ERE=95 15T ,I¥1,I872,2%2, (ID(I, ICD),1=51,79)
1KCLITD) .
RREFAD 883, [IDD(T,ICO},
IP{YFEINT,. L2, U)GO TC &0
1,
W1

®RYTZ{IO"T, 990} 157,171, I8T2, 182, {1D {1, ICHI, 125,79}, &C [I1CD;
BRITE{IOIT,520) (10D (I, ICDY,I=1, 16}

£9 BAT X 12100¥ISTHINY
KATH2=1L0 ¥ YST29TH2

76 IT=KCICD)

IF{ICLLT. 1) 50 70 15D

ICD=ICD+1

IF{ICce. 6E.7) GO TG 386

BERR {20,505, ERE=30) {ID (X, ICDY ,I=1,79),KC{ICH
BEREAD 880, (TDD(I,ICD),X=1,16)
XYIIPRINT.LEB.L}GO IO 74

$RITE{IONT,51C) tID{T,ICD) ,T=1,79) ,KC(ICD)
RRIT?(I0IT,598) 110D {I, ICD) ,I=1.16)

8¢ 70 76
8% IPI9=2
60 7O 112
36 RERSAD 330, {IDD(I,TCH),I=1,16)

RIITE{IOGT,520) {LDL Y, YCD},I=1,16)
66 To 5§

100 IP{RSTATILLE.CY GO TO 150
IF{IST, B, KSTATZ}GO 50 170

1%

C=-===SECTION C

C-PINISE BEPCHT 7P THIS STATE

14 IP(NDURLLE.C)RETTZ(I0NT, 560)
RRITE(I0H7T,5I0) XSTATE, NAY
LRSS TP
$G 128 I=1,%AY
IFLIOD 57
NATI3=HMIS5+1
AT (I0UT,568) 1

Y26 CONTIHCE
TE{NALSS, LY,
WRITELICUT,S
GO Y0 f8¢

O €

* 3% ¥EITE(IGTT,36C)

$2.173 IP(IPINLCDL 1330 7O 42§
<

Comommm SECIINH D

C-3T48ET NEW STATE

152 ESTAT 5

B3TATE=

¥our =0

¥RITEIIGIT,S7C) X3TATE

LEY EN

00 166G I
180 BODRYIL}

“
C=e===SELTICY E
CeCZCR CH OCCURREECEL AGD MY OF H24D ¥0D3 MUMSIGS
$74 IPIINTLOT. NAN) BAX=IN
YepRl (M=

-=SZCTTCH £
13T CREC
TCo=NUnEE
ACD=CE RPN
%CD=1

Je10(51,1
ICRAR=ES
189 IF3-4 196,208, 250

LI}
1

I
vl

anfa

L¥-D



c

C~CAsE J=7. COUNT UP 2LAC¥S TO GET TO PLACE TO CHECK J=2

296

21

220

I#{%¥CD.EG.ICD)GO 70 20
ABITE (IO7T,S58C)
63 TO 390

52C1ICY G

NPIPES=101{52,1)
ILAST=7€
T?{ICD.20. 1) ILAST=79
q95T= {I¥AST-52) /3

TP (EPIPES.GT. AOSTIGO 70 230
ICHAR=ICHAK+3*RP P TS
1¥{73-ICHAR.LT. 360 TO 220
ICHAR=ICEAR 42
J=ID(ICHAR,HCL)
ICHAR2ICRAR 1

GO TO 283
If{NCD, G2, ICD)GO TO 193
NCD=BCD+T

J=ID (1, RCD)

1Cfan=2

GO TO 245

ACD=NCD+1

I=5D{§,NCD;

ICARR=S
IP({NCD, LE. ICD)GO 70 240
YRITZ(I00T,580)

G0 TO0 390

1¥{J.20.1)60 TO 370

80 70 18¢

SECRION &

C-CASEJ=2 DR 3 COMPARE HEAD-TAIL PAIRS OP EXTRA LIiKS

< a54al
259
260

270

280

290

300

310

KST AEAD-TAIL PAIK POR PIPE
COBTINGE
WL1I A 3=Y0 [ICHAR, NCD)
TLR=3
YLK=ELK+*
IP{ELK, GY, ALINES) GO 70 320
ILAS2=78
IP(NCD. BQ, 1CD} T1LAST=79
JP{ILAST-ICHAR. LT. 10160 10 350
€ALL E¥J{¥CD,ICRAR,BNY)
IP[Z¥%.EQ, MAIAT)GO TO 29¢
ICHAR=ICAAR+S
60 19 27u
€ALL BHJI{HCD, ICHAZ, 2¥2)
IP{EN2, EQ, 9AT#2)GO TO 350
GO TO 276
1BR =0
I2{ILAST-ICEAR.LT,5; GO TO 310
CALY Z¥JIBCD,ICALR,ENY)
T1ERT=1
IP{NCD. 62.ICD)GO TO 19¢
BCD=RCD¢1
ICHAR=-1
I¥{I¢H,LE.C)CALL ENJ [NCD,ICH SR, ENY)

326

330

380

c
c--

G2 TO 283

IFIJ.GEL23GO 7o 190

ILa5T=75

I#{¥CD, BQ, ICH) LLAST=76
IP{ICHAR GT. ILAST)GO TO 330
ICHAR=ICHAR +2

J=10(ICAsR,HCD)

ICHAR=ICHAR®!

GO TO 387

IP{NCD. GZ, ICD}GO TO 20
ACD=RCD+1

J=ID11,KCD)

ICAAR=2

I?{J. B2, 1.CR. J.FQ.2)GO IO 172
GO 70 180

C-¥RITZ OUT 22CCRD WITH DUPLICATEZ HEAD AND TAIL RODES

356
3606 L(XCD, 67 ICD)GO 70 20
RRIT3{100U7,590) {IDD {T,RCD) ,i=1, 1€)
KCD=KCD+1
G0 70 36u
c
C»==-=-=SECTICN K
CT=-TROTBLE MZSSAGES ANL CLOSING 2FINTCUTS
370 WRITE(IONT,500
G0 TO 390
386G WRITZI{IOIT,610)
296 ECD=1 e
500 IP{XCD.GT.ICD) GO TO 418
9RITE (¥CUT,59G) {120 {I,KCD),T=1,16) ~
KCD=XCD+1 o~
50 TC €GT -
@13 RRITE (I00T,620) NAINY, %4IN2
€0 TO 2
320 ERITE{I0TJIT,630) NSTATE
825 CaLL EXIT
449 PORMATI® WHAT IS RAME OF EIPI DATA PILE2'S$)
354 PORMAT{® WARI OF PILE IS5 '21%)
a2 60 FORMAT{'1',9%X,*PIPSLINE DATA CHECX EROGRAN' /)
576 PORMAT(212,2X,212,80%,3511)
(319 2CGRMAT {161A5)
399 PORWAT {90 X,212,2X,212,401,30T Y
SCu PORYATI8IIT)
510 PIRTATIHUX,BGTT)
525 PORMAT ! READ TROUBLE FCLLCHWING RECOED:* 16A5)
530 PORMAT {//* STATZ NO. AAS *,I3,' dZ4D-YODES'//
110Y, YNODEZ WUAMBERS -
Sul PORMAT (1.X,18)
556 PORMAT (90X, 'TOIAL FEN%37F OF NODES SKXIPPED ~',14)
560 FOAA AT (° NONZ*)
570 PORYAYL (/17 STATT XO, ', I3//10%,

T*SPARCB POR OUFLICATZ PAIRI(S} CF RODE NI¥3ERS YIELD3S *,



599

-
<

2'TEZ POLLORING RECORDS: ' /)
POEAT (¢ BOABYR CP COMIINUATIONS COSPLICTS $ITH J VALDE®,
1 * AND DATAC}

FOR2AT{ 101, 1615)

FORMAT (' SARE J YALUE OCCURS TWICE IX SAYE RTCOND®
FORAAT(*  HOA3SE OF CO#TINIATIONS EXCEEDS 5°)

FORXAT(' HEAD -*15,%; TAIL -',15)

POSXAT{* = TOTAL RUMBER OF STATES ~',Is

31

SUBRCUTINE EXJ {XCD, ICHAR, EN1)

SOBROUIINE 7C BB USED #I7H DATR CHECK PROGRAX
BY 3,¥ BOCKER, SNERGY DITISION, CAK RIDGE NATIONAL LAB, 198G

COREON ID(79,6), OO BT {2uL) ,KC (S}
IATIGER ¥N1

ENt=IL{ICHAR*Z,9CD)

£0 16 1=3,%

ES1=ER1$70 + ID{ICHARI,NCD)
ICHAE=ICRAT 45

RETORN

5D

G0






Appendix D, PIPELINE CMPANY DATA

1978 data pertaining to oil pipeline companies are contained in the
following data file. The format is as follows.

Character Fortran

positions format Description
124 6A4 Company name
2527 13 Company nunber
3035 16 Crude oil movemeuts (106 bbl-mi) as reported

on 1978 Form B

3641 16 Crude o0il movements (106 bbl~wi) as transcribed
from Form P by 0il and Gas Journal (1979).

4247 i6 0il products movements (IO6 bbl-ai) from Form P,

48-53 16 011 products movements (10® bbl-mi) from 0il and
Gas Journal.

5456 13 If pipelines ascribed to this company by the maps
should be counted as belongiag to another
company for reporting purposes, the aumber of
that other company is entered here. Otherwise
a zero is entered

5780 813 Percent of company Chroughput conslsting of
crude oil, gasoline, kerosine, fuel oil, jet
fuel, LPG and ammonia, respectively, as
reported on 1978 TForm P

8 -390 215 Total company pipeline mileaze, from 0il and
Gas Journal (1979),

92 T1 A one is entered for federally regulated
companies, a two for other companies.



* EIFRLINE

BCCEN

AIF FORCE
ATIEGHENY
APLEL
ARERICAY PET
AYERICAN FET
A2CTO
ARAPAHCE
i5CC

ASELAND
BALGER

BELI{E FOURCH
218CK LAKE
B1ACK ME3A
BLLREYE
BLITE

CALREY

CEASE TRANS?
CEIROKEE
CEEVRON
CEEIZNNE
CRICAP
CITIES SERTY
COILINS
CLIONIAL
CCYTYHENTAL
CCCR IMLEY
Cié INC.
CFCWH CEHTEA
CECAN-RANTHC
DIXXCND SHAY
DIXYE

DCEE

BXERALD
ETEFERA
EXFLCRER
EXXCN

P{LE CCEREFRS
GET1I? PIPE <
GUXF CENTRAL
GUIE KEBFININ
4EES
FYLROCERBCA
JEYHAWK

JET LINES
EIHEE

AW

KESAL
KiFH-MCGER
KIABTONE
L2RE CTHARLES
LA¥E HEAD

COMPaNt LATA

FECFINA, TEX
ECFINA

E

CETATIOE CO.

Ce

i

RCCK

CEPANY

TFRNSPORTAT.

fIL%

- s
whk DA DM DU E W N e

-b
L

IR SO
VN W

s

18
%9
20
21
22
23
24
25
26
27
28
29
30
31
3z
33
34
35
36
37
38
39
40
41
62
43
44
45
b5
47
48
49
50
5%
52

8205 28205
0 0

O 0
6R8& 6886
G 0

g 2284
1789773313717
2814 2814
39045 £9045
12198 32198
0 ¢}
3160 32160
1503 1503
0 0
8069 10142
201 52M
] 0

0 9

0 2
20239 20233
9 9
26773 26773
11981 11981
0 Q

0 0
11136 1113¢
1175 1173
475 875

0 0
4436 4436
0 B}

0 2

0 2

0 0

0 Q
16165 16165
54724 54724
0 3792

0 0

0 0
14098 14093
0 3799

0 0
2790 2750
o] 0

¢ 4]

[¥] ¢

123 123

0 13
1175 1%17¢%
c 0
34329433719¢

] 0
7 7
G 2831
G 0
0 0
] [
7836  BL39
Q 0
17760 37750
¢} 0
5723 4723
¢ s
0 0
0 o]
33994 24103
0 0
3981 Q
7291 72919
0 0
9716 9717
897 97
0 0
801 801
3315 3319
0614917
12018 12018
0 &
G g
0 5476
0 3
7317 7337
18725 18725
0 Q
282 282

0
0 68733
1450 1452
0 125
319 118
7247 7247
48333 48380
0 0
25267 25267
0 0
754 754
9321 0
0 0
0 0
0 0
2 0
252 252
J ']
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o

v
s
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LAUEZL 53 0 O 9643 9863 -0 62 0 38 G 0 0 O 0 451
LICK 54 8 ) 4] ¢ 6 6 0 ¢ O ¢ 2 O O B 3
HpECE 55 0. ] o) S Y v B Y
EERATHOR 56 %1187 #1187 17136 17138 9 €% 20 0 9 1 1 & 0 5856 531
EICEIGAN-QEIC 57 845 844 315 316 07V 13 ¢ 3 8 0 0 0 275 &4
MIL-VALLEY g2 84C22 24922 Y7 G0t 0 ¢ & G & O 0 100s g
BINNESOQOTA 5% 14418 4418 a 3 0%0% 0 O 0 0 0 ¢ 0 365 ¢}
BEEIL 60 82253 720087 13075 23323 0 Y 0 0 9 £ 09 0 D 5235 2411
RRTIQYAL TEARSIT 61 0 P ¥} 9 0130 ¢ 0 5 8 0 O 0§ [t}
OEIC RIVER 62 [t} O 1340 340 0 481 017 Z 9 0 O G 458
TRRE 63 ¢] a ¢ 22 9 3 3 0 90 0 % ¢ % G G
CEIE &4 0 232 727 836 Q €8 14 ¢ & 6 22 C ¢ 15% 383
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Appendix E.  CAPACITY AND THROUGHPUT OBSERVATIONS

The following four data files contain capacity vs. diameter obser-
vations and throughput vs. diameter observations for crude and for prod-
ucts pipelines. The capacity vs. diameter observations are taken from a
1979 study of pipeline capacities (National Petroleum Council, 1979).
The throughput vs. diameter observations are read from maps showing 1974
0il movements (Congressional Research Service, 1975). See Chap. 4 for
further explanation.

Note that capacities or throughputs of individual pipes are often
not known, but only those of grougs of pipes. Note also that throughputs
are giveu in multiplies of 5 x 10% bbl/yr, except for a few entered as.
0.7 or 0.3 x 106 bbl/yr. These last two represent the categories
"between 0.5 x 100 and 1 x 10 bbl/yr” and "less than 0.5 x 106 bbl/yr. ™
The formats of the files are as follows.

Character Fortran
positions format Description

Capacity observation files

1-5 15 Capacity group number.
8 13 Number n of segments in this capacity group.
916 F8, 1 1979 average daily throughput capacity, in

thousands of barrels of no. 2 fuel oil, of
the segments in this capacity group.

2080 nl3 Diameters of segments in this capacity group.

Throughput observation files

-5 15 Flow group number.
68 13 Number n of segments in this flow group
916 F8. 1 1974 throughput, in wmillions of barrels, of the

segments In this flow group.

20—80 n(13,14) Diameters of segments in this flow group, each
followed by the number of the capacity group
containing the segment having that diameter
(or by a zero, if that segment lies in no
capacity group whose capacity is known).



CRUNE PIPELINE CAPKCITT OBSERYATICN FILE 53 1 74G.9 34 ARE 278.% 20
5y 117,06 2 111 165, 3 18
33 i 315. G 23 b4 ) 2Ffoe 29
S6 1 26,0 12 i3 80,4 16
1 $55.0 16 57 4 395, ¢ 22 e T60. 22
2 1 28.9 16 LE: 275,0 22 5 35.% P2
oz 3.9 8 12 5% 50. 0 12 L 36,0 5
57 158, 9 20 LI 170, G 22 17 278,46 2C
s 3 28, % 15 69 4 173. 0 20 198 1 32,0 5
5 1 RN 10 2 01 25,6 19 9 32, G g
701 43.¢ iC 83 9 25.0 12 120 1 136, C 22
8 1 13,0 $ 64 % 19,4 8 L R 2t
¢ 1 179, ¢ 22 55 1 5. G 3 922 1 T30 2
10 1 36,0 1 56 2 36,4 8 1 123 1 T43. ¢ 2C
149 176, 0 22 51 3 291. 0 oy 126 2 180.% 12 12
12 % 7. 0 12 18 8 5 374, ¢ & 16 10 12 2¢ 25 1 ThCL. 22
13 % 52,0 10 59 2 38,4 5 30 126 1 140, 3 20
14 2 48, 0 10 %0 5 2 89. 6 P 27 2 199, % 15 16
1% 3 155.0 16 79 2 36. 0 99 10 528 % 140.C 22
16 1 1200.9 40 728 29104 8 12 12 20 29 2 3w, g 25 2%
17 2 112, 9 32 12 73 08 3.0 g 12 16 20 10 360, € 2
e 2 1120 12 12 78 291,% 3 12 12 X R 360, € 22
19 9 297.¢ 2 75 05 3.6 8 49 1y 12 2% 132 1 66,0 22
202 1120 12 12 76 & 37,6 3 92 12 26 13302 %75.¢ 12 28
2T 1 297,90 22 7705 3740 8 10 12 12 26 138 1 2.0 g
2 1 2970 22 78 1 158, ¢ 24 1357 3200, ¢ uc
23 01 164.0 18 A 70, ¢ 22 136 2 383.4 16 22
23 1 287, 0 22 3¢ i 25,0 6 1272 23C.¢ 26 2
2 161.0 12 12 31 3 158, & 24 138 1 €56 96
26 2 220.0 12 12 82 s 158, 0 24 129 r 292,38 12 38 24
27 1 315,60 22 3z 3 9.0 5 8 10 Hes 555. 4 35
28 3 220,90 12 12 20 T 36, 0 3 HET 555.0 ac
19 2 220.% 12 20 85 4 42,0 10 ju2 1 55w 3L
0003 220.9 2 12 20 86 2 30,0 8 LT 555,0 s
3103 220.¢ 1010 20 87 2 80. 0 8 P800 555,40 3o
32 3 2290 12 12 20 88 9 52,5 12 85 1 35.0 1€
1303 220.0 i€ 12 22 39 1 4203 12 Wwsoot 7165 30
3803 220.0 10 <2 22 95 3 36,5 5 3 8 HwroH 15. ¢ 2
15 3 220,06 12 12 22 9% 2 839 8 10 148 1 150w 3
RE 158.0 20 9z 4 15,6 3 Tue 715.¢ i
37 1 596, 0 26 93 1 45. 9 ] I 8.0 3
38 1 161, 0 18 a6 2 99,5 s 5 %51 85,0 16
19 3 315.0 2¢ 95 1 15, U 5 52 1 555, G 35
4G % 15840 20 36 1 25,0 6 753 % 1S6C.C 13 26 34 43
LRI 26,0 10 T2 36. 0 g %9 188 4 19, & 9 F
52 25,0 10 °8 1 25.4 5 186 2 185G, 18 26 34
g2 28,4 30 99 2 36, 0 g 12 156 84 15846 19 26 34 48
TR 34,4 10 165 1 38,5 3 “57 3 1554, L 9B 26 14
us 490,90 2 169 42. 0 2 158 8 1564.0 19 25 34 4%
e % 161, 4 1% 162 3 0.3 5 10 159 3 1%6G. % i 25 34
[ A 190,90 2% 163 9 36.0 2 166 & 560,90 15 25 34 48
38T 18%.0 g 168 1 168, 0 24 51 3 196G.% 18 26 34
] 890, 26 165 S 120040 49 52 16u. 0 i
50 1 161, 0 T8 106 187,¢ 26 163 b 156G.% 18 26 34 48
§1 9 26,0 12 <67 1 278, 0 29 1Wu 3 1566, G 13 26 34
52 % 329.0 20 g8 1 32,4 8 TES 4 156G, 15 26 34 48
199 1 278.0 22 166 3 1580.0 18 26 34
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PRODOCYS PIPELINE CAPACITY OBSERVATION FILE 53 1 75. 0 AL} 316 1 158, G 18
54 3 180,6C 26 117 1 28,0 16
55 1 108, 3 18 912 9 5|, g 16
. 56 4 260,40 5 3 12 12 113 1 88,46 16
1T 6 2395.¢ 36 36 12 18 18 3¢ 57 1 18,6 8 114 3 B0 )
2 5 23%6,9 36 36 12 18 3¢ 58 3 161, 6 8 12 & 175 1 28,0 8
3 1 27.0 8 59 3 96, 0 5 8 1 1316 1 3.0 f
4 9 B7.0 12 &5 3 16. ¢ & 117 1 2G. 4 £
5 2 57. G g 12 €1 2 97.0 6 12 118 3 16. 8 &
€ 2 38,0 6 3 62 1 14,0 6 11 1 35.G 8
71 8.0 8 63 % 18.0 ) 126 1Y 33.6 8
8 1 B. 0 6 €8 1 1C. 4 [ 121 3 15.5 3
g 1 56,0 12 £5 3 82.0 5 812 122 1 13.5 [
10w 1 2v. 4 8 56 8 92,6 § 5 12 12 123 02 T5. ¢ 6 12
M1 250.0 20 &7 1 1. 0 8 128 3 5.3 65 6 312
12 1 258, 0 20 63 3 82.¢ 5 § 12 125 1 12,4 8
13 1 30.6G 10 69 3 59. 0 5 812 126 1 834 0 12
1w 1 30.0 10 10 1 11,8 5 w27 1 22. L g
15 1 56,¢ 12 1 59,9 8 128 % 2.5 8
16 1 56. ¢ 12 ?2 9 146, ¢ 8 129 2 KAy g 12
701 250, G 2¢ 73 1 82.6 12 1383 2 3700 6 8
18 1 55. 4 1 T4 1 8,0 6 12105 2¥13.C 12 18 18 36 36
19 % 78,8 13 75 1 113. 0 12 132 2 282, 20 98
20 1 £5. ¢ 10 T 1 168, ¢ 16 133 2 136,0 12 12
21 3 65,0 1G 771 23.G <) 134 & 2396, 0 12 18 18 30 36 36
22 1 14,0 8 78 1 23,0 8 135 4 18, ]
23 1 25,5 8 79 4% 230.0 8 8 12 12 146 1 13B. 6 16
28 % 22, G P 8¢ 2 113.0 8 12 137 & 206,10 g 8§ 12 12
25 1 23. ¢ | 81 13 185, ¢ 10 16 6 138 2 138.0 3 12
26 1 78. G 24 82 2 29,8 ¢ 8 135 3 5.0 8 1 92
2?7 1 62,0 1¢ g3 2 138. ¢ 3 12 EX: S 32.¢ 3
28 1 78. ¢ 16 <3 80.¢ 10 181 1 23.4 2
29 1 87.¢ 12 85 1 33,0 10 tuz2 2 374,90 24 16 12
30 2 46, & 8 14 8§ 2 93,4 g8 10 143 3 9.4 8 G 12
31 01 87.0 12 87 14 6G.0 1% RRCR T 1.0 8
32 1 18.¢ 6 Bg 2 15, G & 30 H - 11.¢ )
33 1 7.6 1 89 1 18,4 6 146 9 15, & 8
34 5 2336.¢ 10 18 26 38 36 98 1 108.6 1% a7 1 23,8 #
25 1 23.0 8 3% 1 168,90 16 ‘48 % S9ew 15
36 1 22,4 8 2 2 18,8 8 12 143 3 13.0 2
7T 4 16. G 8 23 6 263.,0 8 8 8 1212 3 150 % 32,5 8
38 1 49. 0 12 51 % 23,4 g 151 % 5G. 0 15
g 1 156G, 5 12 45 1 48, & A 152 1 6. 2 &
49 5 2280.0 16 14 26 36 4¢ 36 1 20, 6 g 153 ¢ #, 40 &
81 1 29,5 g 97 2 1%20.% 38 3% 155 % Bite O 15
22 2 59.4% 8 8 98 1 250,43 25 155 ¢ %7, 6 8
33 2 $9.6 g 8 43 1 2849 8 156 1 28. & 3
a3 1 17.0 8 16 5 2313.¢0 12 18 18 36 36 157 % 18.¢ [
35 3 5G.0 10 10t 1 11. ¢ 6 158 % 28473 3
46 1 32, ¢ 8 162 1 856,06 32 4855 2 158,46 3 %2
87 2 37.¢ 8 8 163 1 T68. G 390 166 1 T8, 4G %
38 ¢ 17. 4 8 168 2 768, ¢ & 3¢ TE€1 2 91,5 3 12
49 2 11,8 8 12 105 13 768, 0 3¢ 162 3 Ivta 8 12 &
5¢ 2 37. 6 8 10 166 1 8¢, 0 12 163 2 25,8 2N
81 2 37.¢ 8 12 107 4 17.0 5 168 2 48, 0 £ g
52 2 37. 0 8 10 iGeg 9 17,0 1 “€5 1 2Z.4 <3
169 1 8.9 10 166 1 G300 T4 30 16
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930, 0 6 10 18 224 9 1704 3 281 2 5.0
930, 0 6 16 tu 225 1 12,3 5 22 % L,
273.v 16 20 226 2 30.0 5 8 283 3 15709
16,3 6 6 227 1 73,0 q 285 3 187,35
57.9 8 12 228 1 45.G 10 285 2 UG, 0
20.0 5 229 15.C 50 285t 1.0
1340 5 23¢ 1 174G ©0 287 0.9
11,6 6 237 1 11,0 i < 45,0
ER I 6 232 9% 32,0 14 4 o
1.5 6 2%3 % 32,3 14 E LG
49.0 Y0 258 3 37.0 3 : 0
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Appendix Fo  PIPELINE NETWORK DATA

The WS crude oil and oil products pipeline networks are described
in twoe data sets. To reduce printing costs only one page of these data
is reproduced heve. Fach pipeline is divided into segments as
explained in Sect. % 1, and one ot more segments are represented by each
recovd of the data set. Fractically every oil products pipeline and
ever crude oil truck pipeline depicted on the American Petroleum Institute
(&P1) maps (Chap. 4) is repressnted here.

sels

g

Officials at rhe API have stated rhat their crude oil pipeline maps
show trunk lines only, but they avre wrong. A fairly large aumber of
gathering lines appear, although coverage is far from complete. This

requires diztinguishing trunk froe gathering lines in some way. The
distinction iz unot well-defined ia the first place, but generally
gathering lines foom that part of the pipeline network connecting the
wall with the first terminal, which may be a tank farm ov a refinervy.
Trunk lines carry oil away from the tank farms. The following critevia

wewd fo distinguish gathering and trunk lines:

1. ALl lines shown on the Congressional Research Service maps (19753)
were presumed to be trunk lines.

Z. All lines nof shown on these wmaps were presumed to be gathering
lines, unless ne. 3, 5, or 6 below applies.

3. A1l leng lines that connect terminals and that otherwise have the
unmigtakable look of trunk lines were so counted.

4,  All lines obvipusly having the fine tree pattern typlcal of gathering
lines wera so rcounted.

5. All lines of diameter greater than 8 Iin. were counted trunk lines,
unless the Energy Department's inventory of gathering lines by state
(Fnergy Information Administration) indicated 10 or 12 in gathering
lines in the state in question that could not be more reasonably
located elsewhere in the state.

6. All lines crossing state boundaries were counted trunk lines.

Exrovs made in distinguishing trunk from gathering lines are almost
certainly not significant. See Sect. 93 on this.

The format of the network data files is not straightforward., Each
recovd consists of ane or more 80-character lines. It represents a link,
which iz a group of one ovr more pipe segments that are shown on the APT
map with a single line. All the segments represented by a given record
have the same unode numbers, length and ownership but may have different
diameters.

To ease the coding of throughput data, nodes were distioguished
from wode clusters. A nede is a terminus of a link. It is assigned a
S~digit node number, A node cluster is a group of nodes in the same
area whose node numbers are alike in their first 4 digits. The node in

a node cluster consisting of one node has a number whose last digit is
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1

1 he last digits of other node numbers are nonzero. Node

zera, wiaereas tnhe

clusters are useful in defining flow groups, which are groups of segments
whose total throughput is known. All segments terminating in the same
two node clusters are presumed to he in the same flow group, possibly
along with segments connecting other node clusters. Capacity groups are
groups of seguents whose total capacity is known. It was found con-
venient not to follow this clustering convention when indicating which

ments are in the same capacilty group.

The first line of a record shows the physical properties and
ownership of the corresponding segment(s). The remaining lines, if any,
show the diameters of the secend, third, ectc., segments (Lf any) repre-
sented by the record, the segments in the same flow group other than
those comiecting the same two node clusters (if any), and the segments
in the same capacity gronp.

The node nuwibers have no particulav significance, except that t
first 7 digits indicate the state in which the node lies. The stares
are coded thusly:

l. Alabama 18. T.ouisiana 35. Ohijo

2. Alaska 19, Maine 36. Oklahoma

3. Arizona 20. Maryland 37. Oregon

4, Arkansas 21. Massachusetts 38. Pennsylvania
5. California 22. Michigan 39. Rhode Island
6. Colorado 23. Minnesota 40, South Carclina
7. Connecticut 24. Mississippi 41, South Dakota
8. Delaware 25. Missouri 42, Tennessee

9. Florida 26. Montana 43. Texas

10. Georgia 27. Nebraska 44, Utah

11. Hawaii 28. Nevada 45, Vermont
12.  Tdaho 29, New Hampshire 46, Virginia

13. Tllinois 30. New Jersey 47. Washington
14, Indiana 31. New Mexico 48, West Virginia
15, TIowa 32. New York 49. Wisconsin
16. Kansas 33. VNorth Carolina 50. Wyoming
17. Kentucky 34. North Dakota 99, Texas (continued)

The format is as follows:

Character Fortran

P S,

positions format _ Description

First line
115 I5 Node number.

7—11 5 Node number.



12

17515

1718

2024

26

54—56

80

Al

12

13

hAL

L3

T1

F-3

'L if the segment is an LPG lina; 'A' if it is
>
an ammonia line; blank otherwise.

suved from the

Segment length in wmiles, as me
WAk

Nominal diameter in inches of the largest pipe
(or of the only pipe, if only one segment is
representedl.

1974 throughpul, in williens of barrels, of the
flow group to which the segment(s) represented
sional Research

by this record belong (Congres
Service, 1975)., A minus one indicates unknown

L=

In some recovds, the numbar of pump stations at
the first nods (0 or 1).  The coding of pump
stations was dropped early in the game, and
zerns are coded in most records.

n gome vecords, the number of pump statiocons on
thiz link other than at the nodes. Zeros are
coded in most vecords.

Pipeline company code, listed in Appendix & A
minus one iodicates unknown ownership.

Name of county containing first node; used to ease

location of nodes on the map. Some recovds

show only the first node nvmber and the county;
they represent teyminal nodes, i.e. nodes that
arve coded as the first node in we other record
They are included only for purpose of data
checking {to sse if all segments have been
coded).

Average daily throughput capacity, in thousands
af barrels of 120, 2 fuel oll, of the capacity
group bto which the segment{s) represented hy
this record beleng (National Petroleum Council
19793, A minus one indicates unknown capacity.

Containg a one if the record is continued on
subgsagquent 1ines, a blavk otherwise,

Subsequent lines (If any)

178

See
helow

Diameter field and/or flow group field and/or
capacity group field. Any combination of these
may appear, but always in this order. Continue



80 T1

to subsequent lines if necessary. Squeeze as
many numbers on a line as possible while leaving
position 79 blank and without spilitting a number
(a number is a contiguons string of digits with
io Intervening blanks). A field, which contains
many numbers, may be split between linkes.
Fields musi be separated by exactly one blank.

The first field must begin at position one.

Alwavs blank.

ns a ane for continuation to next line, a
aik otherwise.

The formats of the three fields are:

Diameter field

Tl

T1

e
w

Flow group field
Tl

I1

n{2715)

Capacity group field
Tl

Il

The number n of pairs of node numb

The number onc,

e number n of diametrers to [ollow.

e diameters of the pipe segments othetr than ths
onie indicated in line 1, in descending order.

The number two.

The number n of pairs of node cluster numbers to

follow,

Pairs of 4-digit node cluster numbers. For each

pair listed, all segments whose node numbers

maich this pair in the first 4 digits are taken
to be in the same flow group as the segment(s)
represanted by this record. A pair of cluster
numbers matching the node numbers of this record
in their first four digits should not be listed,
since it is already understood that all segments
connecting these two clusters are in the same
flow group as the segment{s) represented by this
record.

ihe number three.

3

to follow.

[©)

¢
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* PRODTCTS PIPZLINE %ET

£

99313 693520 36 o5 —T.0
99315 €9266 &% 12 -1.G
99524 99300 Tv 08 -1.0
997126 99350Q 8 08 -1L¢
59130 99190 66 36 -1.0
491G 99760 29 48 -1
9940 99259 505 -0
998G 99320 34 (% -1.C

G97165 83551 96 C& 365,

23 992% 8355 9919 4355 99
99185 9937¢ 22 G ~% 0

49170

99" B

99187 53757 4L (8 Se
99187 99277 29 0% -1,
991917 43€55 237 28

99791 $9203 328 =90
99191 9%42Y T2 28 520G,

27 9956 9957 9336 9917 9

99992 69470

99992 43557 G2 12 35,5

[l

I
3
70. G
7
]

WOSK DATA (SAMPLE PAGE)

23 9918 4355 99237 £355 9924

99192 59473 7t 12 320.3

3RA202T A
BRAZORIA
BEAZORIA
BEAZICRYIA
BRAZORI &
FPORT BEWD
FORT BENWD
FOLT BEED
CANZRON
HARSIS

32 93270 &
(;

HARRT
SARRIS
BRAZORIA
$ARRIS
YARBIS
HAEBIS
HAZRIS
HATRIS

9923 9945

HAREIS

32 99160 8

HARRIS

27 9958 9957 $919 9942 9935 9957 9937 9941

9979 9942y

99250 3853 919 10 35.0

23 8916 4355 9919 4355 9324

9492136 99182 4 48 -1.0

1T G

89210 99375L 13 06 -1 6

11 U6

99220 99265 2 05 -1.0
$9231 9%37iL 4 U3 -1.G
99233 99373 5 % -0

17 12 12 %0 30 G6 46 0

99233 95660 61 15 B8B23.0

HERARIS

32 9916G &

RARRLS
AARRLS
HAERRIS

is

HAZ
HAZERIS

HAREIS

27 9956 9957 9919 9942 9936 9947 9937 9941

99367 98LTy
99234 99590 62 (8 20,0

992¢° £3793.,126 (8 -1,
99241 99231% 2 ¢8 -1,
99247 9€253L 4 4B -,
19 08

9
27 9956 9957 9919 99482 99

G

7

99283 962331 2 (6 -1.0

99250

9926¢ 99275 4 0 -1.0
99261 99180 15 06 =3%.0
892646 99183 b 6 -1.0

11 06

98270 99130 i5 $6 ~-1.C
99271 99247 110 -1.¢

i8 . G8 U8 06 04

~
v

1 06 153
160 70
¢ 90 550
G 00 153
f 20 60
1 96 8¢
T 466 8G
380 95¢
700 37
24 3355
105 -1
T 096 37
MO
161 36
106G 36
1056 35
937 9943
T 80 8%
4355
T 01 60
501 g
4355
1 00 126
P0G 9
5 86 70
o 8d 37
0 206 90
106 9¢
1 U0 119
38
108 37
0 o0 37
s 00 37
G 0% S0
G 9
1 01 80O
1 00 154
G 00 60
100 37

dRRRLS

HAF RIS
HAREIS
HARERIS

HARRTS
CHAMBERS
HiRRYS
BARELS
BARFIS

GALVESTON
BARRIS

“
3

80
-1
-
-1
-

-1

-9
S48

3553 99492 43553

a

=i
19
-3
330
-3
367
9923 9949 9928

T44

9945 9919 9947

3557 992172 413551

387
9623 9946 9923

164

9949 99285 9945

3957 99991 99421

..1

1330
9923 9949 9923

9947 9937 9941 9923 9946 9923

-1
-1
-1

L I I |
ES Y

9945 9919 9947

3949 9999 9947

()

a1

37
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