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3. The connec t ior l  betw'-ii th i -oqhpi i t  c a p a c i t y  arid dia ine te t  l o r  
e x i s t i n g  p i p e l i n e s -  l h e  aim heJ-t- has becn f o  p e r f o r m  a r e g r e s s i o n  alia- 

l y s i s  t h a t  would y i e l d  a s i m p l e  f0~1it11la p r e d i c t i n g  t h e  t y p i c < a I  throughpuL 
c a p a c i i y  f o r  a p i p v l i i i e  of a giv+Li d i a m e i e t ,  b a s e d  on clrt<ial c a p a c i t y  
da ta .  Such A formula  would t e l l  o i ~ t *  roughly  how n~i ic .h  o i l  he cou ld  expect 
a p i I J e J i I i e  of a g iven  diai i ie ter  t o  be a b l e  ro  t i a n s p o l t .  

._ 

4. T i ~ t .  r3te a t  which e f f i c i e n c y  improves as d i a m e t e r  i n c r e a s e s  f o r  
t y p i c a l  p i p e l i n e s  ..-__. o p e r a t i n g  ai. capat-iLp . -- This would bc  based on t h e  
t y p i c a l  t h ruughpu t  c a p a c i t i e s  r e s u l t i n g  from t h c  r e g r e s s i o n  a n a l y s i s  j u s t  
n rn t ioned .  It woiil d p e r m i t  one t o  e s t i i m t ?  rntighly t h e  nai nimum e f f i -  
c i e n c y  a t  rhich a p i p e l i ~ t r  of a given d i a m e t e r  would ope ra t e .  (.4 p i p e -  
l i n e  is  less e f f i c i e n t  when Luniiing a t  a c a p a c i t y  t h a n  rdwn running  
under  capac i  ty.  ) 

5. A m s h i n c - r e a d a b l e  d a t d  set showing foi n e a r l y  P V F ~ Y  t r u n k  pip?- 
1 i r e  iii the  IJriited S t a l e s  those aspccts r e l e v a n t  f o r  eiiergy c a l c u l a t i o n s .  
Thc p r e p a r a t i o n  of t h i s  and o t h e r  data sets  rorismied the bulk of t h e  
l a l jo r  devolcd  t o  t h e  p r o j e c t ,  bu t  now they  are a v a i l a b l e  f o r  o t h e r  s t u d -  
i es  as w e l l .  

6 .  S u n d ~ y  t e c h n i c a l  r F s u l t s  and s t a t i s t i c a l  iiwLhods devcloped  i n  
t h e  c o u i > r  of e s t i rna t i i rg  energy  use. 

T h c i c .  arc I :as ica l ly  tliiee ways t o  a s c e r t a i n  how much ene rgy  o i l  
p i p e l i n e s  use. 

1. Ask t h r  pip,Aline curupanips ( t h e r e  are s h o u t  2 2 0  of then). 
?e Use repori<>d i ~ e l  expendici i r - rs  5 s  a b a s i s  f o r  estiiljatLrrg t h e  amount 

3. T r y  t o  deretri i ine t h e  irt3liLier in which o i l  ac tcna l ly  f lowed th rough  the 

A 

of t u  c 1 pur clia s e cl. 

nctvoLk and use  e n g i a e e r i n g  pi-i i i c i p l c s  t u  e s t h a t c  energy  c o n s u i n ~ ) t i o ~ ~  
on t l l d t  bas<s. 

'i'h:. f i r s t  method was r e j e c t e d  f u r  t h r r c  L I ? . A S O I ~ S .  P ' F r s i  i t  was ihought 
k sL  to carry o u t  this p r o j e c t  i n  a m y  t h a t  adds  as l i t t l e  as p o s s t h l e  
t o  t - ; ~ t >  gove i -men ta l  bur den  imposed on t h e  p i p ~ l i n e  btlsin?sFi. Second, the 

___I __ .- *' 
Sonic colilparnies do [lot. know hov r l r r 1 r . h  energy they use € o r  pimping 

o i l .  



method i~dcqjted shou.Ed be able t o  produce aizniial. dpdates  w:i.t:h txrly a 
1i t t l . e  extra ef for t .  Obta.inIng energy da t a  from 220 c o r u p a n i . ~ ~  some nf 
whom wcruld be r e l u c t a n t  t o  cooperate,  would be laborl.ous and. t-Line- 
cous.iunin& Third,  i f  energy tlat:a were obtained d i r e c t l y  f r o m  the 
companies the s y ! ;  t:em tl-aat consumed tha t  energy would relrnai.n a I>lai:lc IK)-G 
No u n d e r s t a n d i n g  would be gained about what is happening  i n  Lkie system 
and 1iow it affectis energy use. 

A v a r i a t i o c i  rm Lhe first :  m e e l i o d  1.s t o  c o n t a c t  a f e w  "representatfve" 
p i p e l i n e  companies, arid t h i s  has been t r i e d  (Sect. ?. 1). But: companies  
d i f f e r  so g rea t ly  in t h e i r  eriergy characterist ics that i.t Is irnpossihl_e 
t o  know which are r e p r e s e n t a t i v e  w i t h o u t  i n  e f f e c t  c.arry.i.ng out  the t h i r d  
method 

The second method has also h r e n  r r i e d  (Sect, X 3 ) .  It i s  severe ly  
l i m i t e d  by the lack of r e l i a b l e  cstimares s f  t he  average price p a i d  for 
p i p e l i n e  F u e l ,  and i t  was r e j e c t e d  for  t h a t  miison. 

That: I.c?aves the t h i r d  method, the ospc adop ted  here. It is  a corn- 
b i n a t i o n  of s t a t i s t i c s  and engineeri,ng.. It involves ( I )  sI.med.ating t h e  
ac t ive  movement of o i l  over: the network, as n e a r l y  as d a t a  and s t a t f s t i -  
caI techntques p e r m i t  and ( 2 )  using e n g i n e e r i n g  equati.c;Pns to calculate 
t he  energy that p ipe l i . ne  ptrmps rm.1st have exerted on the o i l  t o  move i t  
i n  this rtmc~ne.~; 'Llie eFficiencies o€ pumps aizd d r i v e r s  can. tl-ten be cst.i.- 
mated so as to arr-lve at the amount of energy corisumed by pumping 
s ta t  ions.  

The method f o r  estirnatiiig the energy  use of crude and p r o d u c t s  t runk 
lines is d e p i c t e d  s c l i e ~ i ~ t i c a l l y  n F ig+  S 1. It c o n s i s t s  of the fo1Lowing 
f o u r  stages (Chap 51, 

I, - - ~ - -  E s t i m a t e  throughput i n  e a c h ~ ~  (Boxes 1 and 2 i n  Fig. S 1) 

Div ide  each c-ompany ' s  pipel-ine network i n t o  homogenous segments  , or 
l eng ths  of pipe over which t h e r e  are no diameter changes or  c o n n e c t i o n s ,  
and estimate t h e  annual  throughput i n  each of these segments (Sect. 7.4).  
DCJ tinis by alloc:.at ing e a c h  cornparty s r e p o r t e d  oil .  uirJvemeiit.s <i.n m3-km or 
b b l m i l e )  to its segments i n  a wily that t:?tPices I t ~ t o  account the  d i a m e t e r  
and  th roughpu t  c a p a c i t y  o f  each segment. S p e c i f  ical l .y ,  the rat : icw by 
which 0.i1 f l o w  is d l s t r i b u t e d  ailoong the segrwnts should be those p re -  
d i c t e d  'by a r e g r e s s i o n  formu1.a that  expresses th roughpu t  as a f u n c t i o n  
of d i ame te r  and repo-cted o r  e s t i m a t e d  c a p a c i t y ,  The Euncl:ional form 
should be j u s t i f i e d  independently by a general ized e a s t - e n g i n e e r i n g  st.udy 
(Sect. d 1-6. 2). Tkhe csti.mat:ion of i t s  c o e f f i c i e n t s  w i l l  require that  
unor thodox  s ta t i . s t lcal  procedures  be developed  f o r  the purpose (Sects .  
4" 3 t:hrough tik 5 ) .  

IT, Model. I- flow schedul ing (Box 4 )  

Note that even once t:he annual. throughput in a p i p e t .  i r ie  segment PS 
known, it canno t  be assumed khat the o i l  flows at the same rate a31 year" 
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T a b l e  S. 1. Oil p i p e l i n e  ene rgy  consumpt ion  and i n t e n s i v e n e s s  in 197Ba 

A s s u m i n g  32 .3% e f f i c i e n c y  of 
e l e c t r i c  g e n e r a t i o n  a n d  

t r a n s m i s s i o n  

Assum<ng 30;; e f f i c i e n c y  of 
e l e c t r i c  g e n e r a t  i o n  a n d  

t r a n s m i s s i o n  

E n e r g y  i n t e n s i v e n e s s  E n e r g y  i n t  e n s  I v e  n e s  s 
E n e r g y  E n e r g y  

con sump t i on  c o n s u m p t i o n  
By volume 9 y  mass By v o l u m e  3y aass 

Crude o i l  86 x J 180 J / K g - i c m  150 ~ / m 4  x 1015 J 100 :/kg-xm 
crilnk l i n e s  (3.082 q u a d )  ( 2 5 0  B t u / t o n - m i P e )  ( 3 7  ly tu /bb : -mi l e )  ( 0 8 7  quaol) ( 2 7 0  B t u / t o n - n i l e >  

l i  X Cjl5 J 380 J /kg-kn  Crude 011’0 10 x i o 1 5  j 353 J/kg-km 30i) ~ / m 4  
g;;::’nering l i n e s  ( 0 , 3 0 9 6  q u a d )  ( 4 9 @  H t u / t o n - m i i e )  ( 7 3  K t u / b b l - n i l e )  (3.010 q u a d )  ( 5 2 0  3:u;ton-mile) 

D i i  p r o d u c i s  6 4  x l O I 5  .: 220  .J/kg-km 1 i 0  ;/m4 68 x 015 L 230 J/kg-km 
p i p e l i n e s  (ij.O61 quad;  (300  B t u / t o n - m i l e )  ( 4 0  n t t i / b b l - n : i e )  (0.064 quad)  ( 3 2 0  Btu/:or,-rr,;le) 

160 x i o i 5  J 200 J /kg-kn  160 J/a4 1 7 3  x i Z L 5  J 2iO J/kg-kn 7” , io:ai 
:o. 1 5  qua?.:! (280  Bcu ; ton  mile) ( 4 0  B t u l b b l m i l e )  (0. 15 quad)  ( 2 9 0  B t u / t o n m i l e )  

1 6 0  u m 4  

320 J / m 4  0 

180 J / m k  

i 7 0  J i m 4  

( 4 3 B i u / b 51 m i  1 e ) 
VI 
i 

( 7 8  B tu , ’bbl - ro i ie  

( 4 2  X t u / b b l - n i l e )  

( 4 2  B t u /  L o n - m i l e )  

aAl:L e s t i i i t a t e s  rounded t o  two s i g n i f i c a n t  d i g i t s .  

bGarhe r , : ng  l-:nes f i g u r e s  a r e  l ess  r e l i a b l e  t h a n  :?le o t h e r s .  



1. 1978 energy- use and T.nt:ensiveness b y  s ta te  a p p e a r s  i n  'X'ah:Ies 9. 3 
a n d  9, 4 in C h a p ,  9, T a b l e s  5 :inid 7. 0 of Chap. 7 show more d e t a i l  COII- 

t:.erning g r a v i t y  liead arid g a t h e r i n g  l ines  i.11 each s t a t e ,  respecti.vely. 
A p p e m d i . ~  R prnv.i.des energy ,vid thraughput estimates broken down by p i p e  
d i a m e t e r  i n  each state.  

2. 1978 energy use ciod i n t e n s i v e n e s s  by p i p e  d i a m e t e r  a p p e a r  i n  
Tables  9, 5 and (8, The l i t t l e  cirt-les i n  Figs .  S. 2 and S.3 p l o t  1978 
e o e r g y  i n t e n s i v e n e s s  agf l i  n s t  diameter, 

3* "ins general  c o ~ ~ ~ i ~ c t - i o n  between th roughpu t  capac i ty  and d i a m e t e r  
j-s e ~ i n ~ e d  by Tab les  (9-7 t h rough  9.9. Chap te r  6 p r e s e n t s  i n  d e t a i l  t h e  
r e s u l t s  of the r ~ g r c s s l o n  s t u d y  t h a t  i n v e s t i g a t e d  this r e l a t i o n s h i p .  

4, Tab les  9. 7 through Q 9 and the  l i n e s  p l o t t e d  on Figs. S. 2 and 
S.. 3 show the way t h a t  ene rgy  Lntensiveness v a r i e s  wit11 d i a m e t e r  f o r  
p i p e l i n e s  o p e r a t i n g  a t  r a p a c i t y  f low r a t e s  t y p i c a l  f o r  t h e i r  size. 
F i g u r e  S - 4  shows what happens  t o  ene rgy  i n t e n s i v e n e s s  when t h e  rate of 
f l o w  i s  made t o  va ry  about  the t y p i c a l  c a p a c i t y  ra te  € o r  e a c h  diameter .  
TabLe 9. E O  shows how f u l l y  U.S. p i p e l i n e s  a p p e a r  t o  be u t i l i z e d  and what 
would happen i f  t h e y  were all t o  run  a t  capaci- ty .  T h i s  t a b l e  r e q u i r e s  
c a r e f u l  i n t e r p r e t a t i o n ,  wtlich is p rov ided  i n  t h e  Conc lus ions  sec t ion .  

5. The p i p e l t n e  netwnrk atid o t h e r  d a t a  sets are d e s c r i b e d  in  appen- 
d i c e s  to  this r e p o r t ,  The network r e p r e s e n t a t i o n ,  as w e l l  as the l i s t  
of capael t y  vers~xlj d i a m e t e r  o b s e r v a t i o n s  a p p e a r  t o  be t h e  most complete 
tiiiit are p u h l i c l y  avai1;3hfe, 

6, A few of tile results of t h e  p r o j e c t  t h a t  were g a r n e r e d  a l o n g  t h e  
way are int .erest lng in their w n  right, Among then are 
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Mode 

En e r- gy i nt ens ivenec; s 

Tercene. of the  energy 
Dy mas; 

t I-d ilS p 0 I’ t c d  

0.4 
0, 5 

2. 5 

0. 8 
1“ 0 
0. 5 
0. 8 

1, 3 

1. 1 

1.0 

0, 8 

3. 2 

5. 4 

0, 7 
0, 8 

l) 

1. 2 
1.7 
0. 8 
I-* 2 

2. 1 

1.8 

1. 7 

I, 3 

5. 1 

8” 7 

a The energy i n t e n s f ~ v e n e s s  of a m d e  izf t r a n s p o r t  is h i g h l y  s e n s i t i v e  tc.1 t h e  rmtL:, 
s p e e d ,  size of v e h i c l e ,  ctc, ‘lh?s<+ figf.ires are rofigh a v e r a g e s ,  Ira some cases very 
rough. 

bAssucocis 45.3 x 106 . J /kg  (37  y 106 Btll/t:on) f o r  a l l  o i l s ,  30. 2 x 106 J/k,g (26 x 106 
Htw‘ton) f o r  coal ,  5 k  5 :< IO6 J /kg  ( 4 7  y IO6 R t . u / t o n )  f o r  natural. gas, 

As estimated by this study.  
C 

As estlmiited by Banks ( 1 9 1 7 ,  p. 2-2). 
d 

e AS es t ima ted  by Rose 1.n Hooker et aL. (1980, p 11). 

‘As esti.mated by Rose (1979), 

grgnores  c i r c u i t y  o f  I, 9, 
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oil p i p e l i n e s  in 1978. 
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Ity I'h? P I W I - : ~  i i i ce i i s iveness  of p i p e l i n ?  cpr : . i t iuns  varies coii- 
s i d e r a b l y  f c u u  OLIP s t n t ~  t n  a i i o t h e r  ( T a b l e s  9. 3 and 3. 4 ) .  it is m i n l y  
a f l l n c t i o l i  of w h i c h  s i d ~ r s  c o n i a i n  i l r ~  p f f i r i  t large-diam t e r  p i p e  
l i n r s ,  ai i r l  ~ I I  a -m(iiit?i ' lous s t a t e s  a f u n c t i o n  o f  t.hP zffert of 
g r  ?xv7 i ty. 

i t  sh!ild be Tinderstood t h a t  evcn i f  
c a p a c i t y ,  a fdil diilOIiTlt o f  s c a t t s r  would 
p i p e !  i n e  generally b e e i n s  opc: , r t ing r A * i i t h  

c a p a c i t y  t h a t  car! (11 t iiir.3 t o 1  y be a c h i e v e d  
Lhe f a c t  t h a t  c l i T F c r p n i  p i p e l i ~ i p p  are i n  
-_ 

aJ  1 pipe! ines o p p r a r e d  a t  
remain- T h i s  is  beca i iw -3 

3 r a p a c i t y  sorne.That below i . 1 ~  

by a d d i n g  l i v b i  P PIII~I~ i ilg p o w r .  
d i f f e r e n t  s t a g e s  of t h i s  devr1.- 

opment of c a p i c i t y  would r e s u l t  i n  an  i i w v p i t  r e l a t i o n s h i p  b e t w e n  ene rgy  
i n t c n s i v c n c s q  nnc1 d i a m r t s r  P V P ~  i f  a l l  l i n e s  r a n  a t  c a p a c i t y .  bo r  
example: t h e  1978 c a p a c i t y  o l  t he  flil 1y  1 1 t i I i 7 ~ d  Tra i l s  -Alaska P i p c l i n e  
( r p p r e s r n t e d  bg the /&--Pa, v a l u e  i n  Fig. S, 7 )  was I P ~ c ,  t l ~ n  i t s  u l t t m a t e  
d e s i g n  c a p a c i t y ,  and tli:: p i p e l  I I IY ' .~  ~ ; l e r ,qy  intrasiveness c o n s q u e n t l y  
f a1  1 s ;  hr low th -  l i n e p  

i h e  p r o d l r r t s  p i p e l i n e  s c a t t e r  i n  Fig.  S.3 is less  rahdoln P i p e l i n e  
s i z e s  up t o  78 in- show a f a i r l y  regular  d e s c e n t  i n  ene rgy  in i e t i s ivn rwss .  
i'hic. may r e f l ~ r t  d e c l i n i n g  y i t i l i z a t i o n  as iArel 1 a5 i n c r e a s i n g  d i a w t e r .  
The high i n t e n s i v e n e s s  For 30 afid 3 2 - i n  l i n e s  is  due t o  t h e  hig'rl c-apar- 
i t i e s  r e p o r t e d  f o r  t h e  s t r n t  r g i  c Co lon ia l  l i n e s  in V i r g i n i a ,  Mary land ,  
and N r r ~  J e r s ~ y ,  a i m t ~ e r  d i s c u s s e d  i n  Sect.  9.3. '1%~ 32-in- C o l o n i a l  
l i n e  is c u r r e n t l y  bciilg l ooped t o  r z l i e w  t:he b o t t l e n e c k  ( P i p p l i i w  
It1dtlsti-y 1980, p- 31). 

I t  i s  c l ea r  t h a t  t h e  patLLciii 01 p o i n t s  i 1 i  Figs, S= 2 and S. 3 i s  as 
mucll a rrirrcriori of t h e  l o g i s t i c s  of p i p c l i n e  niuvrmrTnt i n  1978 as the 
i n h e r e n t  e f f  i c i e n c i c s  of  t h c  d i  E f r r e n t  d iame te r s .  This was fill 1 y 
e x p e c t e d ,  and i t  i s  p r e c i s e l y  t h e  reason t l w  s l u d y  of p i p e l i n e  e n e r g y  use  
is as d i f f i r i i l  t as i t  is. 

J 

T h i s  r e p o r t  u s e s  t h o s e  S I  i v t ; t $  of me:isurernent r e c o m ~ - n d r d  by r l i e .  

O i l  Companies Xaterkals . A s s o r i a t i o n  f o r  use  in the  p e t r o l e u m  i r i r l t i s r  cy 
(Wobson arid P ~ h l ,  1913, p 961). This body r e c o m r n d s  t h a t  i n c h e s  bc 
r e t a i n e d  as t h n  m:sasiire caf p i p l i n e  diarnetp-. 





l i na l s .  l h e  o i l  iiiuvement _ _  __ f o r  each  S L ~ I  t of p i p r  a long   ti^. way i s  
p r o d u c t  of t h e  volume f i i a i  I;<sses Liliuugh i t  and i t s  l e n g t h ;  t h e  a i l  

~ , ~ i i v t m e r i i  Z O I  t h e  w h n l e  p i p l i n c  i c ,  thc  siiiir of t h e  I ~ K I V ~ W L I ~ S  of it:, 
ns: :!iie:-itly a p i p + l i n c  is Ltiiifiing a t  100% movemelit capaci i ly  

i n c h  of i t  i s  c d r r y i u g  a l l  tile c i l  i t  caii, A p i p e l i n e  is  
a i  1002 througiipll t  c a p a c i t y  i f  no 120r-e n i l  c a n  lx g o t  t o  tile d e l i v e r y  
tei;ilitidlS. It i s  e v i d e n t  khat i f  t h e  r ~ n ' n ,  a b o t t l e i i s c k  alot lg  t h e  way 
- s d ~  11 a s  a str:,lc:i of p i p c  h i v i n g  1~ c a p a c i t y  t ha t  t h e  p i p e  on e i t h e r  
s i d e  o l  i; - a p i p e !  c o u l d  0pe i -d t2  a L  l O 0 Z  I s ~ u g , h p ~ ~ t  c a p a c i t y  even 

7e  o p r ~ - - t l : i g  aL Z tlldn 100% i i i u ~ ~ u ~ i ~ L  cai iaci ty .  

k l i L - t ; w r m o L e y  :i p i p c l i n e  be c l i l d 1 ) I ~  t o  meet dcmd=LLd e v e n  while 
uclclliing a i  less t h a n  tltrotlghpui ( .%pacity. 1l11.s happens w h e ~  t h c  capac- 
i i y  a t  v a r i o u s  p o i n t s  a l o n g  a p i p e l i n i .  does not i i ~ t c ' n  the deiirclrrd a t  i t s  
t e m i n a l q ;  so t h a i  s o w  t e r m i n a l s  caiinot rwet l o c a l  de i d  while  others 

e excess capi-ci ty .  

To Like an examp] 52, t h c  Parge Lo lo i i i d l  p r o d u e t s  p i p e l i n e  s y s l m  
JITFC ~ e c c o r d i n g  t o  c a l c u l a i  Lolls of t h i s  4 t d y ,  op r  r a t i n g  ai: a b o u t  757: 
tnovement r a p . * r i t y  i n  1?/8,  Y e i  Lhe s y s t e a  W ~ Q  by a l l  acco i in t s  t a x e d  
rieilrly t o  the 1iriiit. The d.3ta were doiihle-checked ~47; thoclt uiic-overing a n  
e r r o i .  'l'lie imst 1 i k e l : ,  e x p l a n a t  ;oil i s  t h a i  the systclli L o n t a i n s  c e r t a i n  
b o t t l e n e c k s  i h a c  r e s u l t  i n  3 1misriaich of c z p a c i t y  a d  demand aird t h a t  

t h c  fai . t  t h a t  t h e  p r o d u c t s  i l ipelirie t i L i i i z 4 t i a n  i s  10wnr  t h a n  c r u d e  
p i p e l i n e  n t i  l i z a t i o n  iiidy d e r i v e  ell1 i re13 from t h  f a c t  tha t  demand f o r  
o i l  p i u d k l c t s  i s  l o g i s t i  y 111ore complex dnci i h u s  I I I I IYP  d i f f  i c u l  t t o  
lrrdtch w i t  i i p t p e l i  ne cap 

ilt c o i n p i ~ t n  u t i l i z a ? i , > n  of t h e  elrt i 13 network. Yore  g e i w r a l l y ,  

'LhF 1 : t i l i z a t i o n  i d l t o r s  of 'Lable 9.10 s h o u l d  he  rdad w i t h  these 
t h n i i ~ h t s  i n  m i  id Furthcrmor < a ,  the tort ezponding  rnc rgy  i n t e n s i v e n e s s  
f i g t i r e s  s h o u l d  be r e g a r d e d  z s  a b s o l u t e  t ipper  boulids. T h i s  is  because i t :  
i s  hi,e,:hly u n l i k e l y ,  f o r  rcasn:;s j u s t  c x p l a i n d ,  thaL ihe U S, p i p e l i n e  
s y s t m  c o u l d  e v e r  opr t  .it- a t  :00% urtjvern-rnt c a p a c i t y .  
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T h i s  r e p o r t  descr ibes  ~ Z P  i t i~r~::; t ig;i t i t~rt  o f  o i l  p i p e l i n e  energy con- 
sumptioi l  and effic.ierx:y i.,~ the 1Jiri.ted S t a r e s  ill 1.978, The invest i .gatfr :m 
was carri.ed out at. Oak Ridge Nat ional  lahoaatory i n  1979 and 1980. Its 
purpose and scope are se t  out: i.ri the preceding Summary, 



1 - 2  

Another  way of r eckon ing  t h e  quantity of L t  s p o r t i l t i o i i  has ?:le 
adsan tage  t h a t  i t  r e s u l t s  i n  d i m e ~ ~ s i o n l c s s  IgpasuLtA J f  enc rgy  i l x t ?ns ive  
ness. It takes  t h i s  q u a n r i t y  t o  be the prodi i r i  of c a r s [ )  weighL _ _  a:::$ 
d i s t a n c e  raii1t.r than  of cargo inriss m d  d i s t a n c e .  itlr rcs t i lc ing  s o r t  C J €  

e i iergy  i l i t e n s i v e n e s s ,  measured a s  joi i les  p e r  ~ ~ t w t s n  rn2t-i '  ( J / N  i l l ) ,  o r  i n  
thc  E o g l i s h  sys tem as Btu p c i  ~ O I I - X ~ ~ C  ( c J e i z h t  t n r i s  r a t h e r  t han  m d s S  
t o n s ) ,  irright be called b a r i m e t r i c  ezlergy i n t e : ; s i v e n e s s .  L t  i s  diraen 
s i o n l p s s  because  .J/N-n 7 N-m/N-tr;. The ?x e t r i c  i , i t ens iv? ! : e s s  can  bo 
go t  by d i v i d i n g  t h e  h y l i m t r i c  ini-e::siveu-::s i n  J/kg-,n b y  g r a v i t a t i o n a l  
a c c e l e r a i i o i r j  9.8067 m / s 2 .  the s m c  L :ilt c a n  he gut hy d i v i d i n g  
Rtu/Loll-iiLle by 13.58. 

- 
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o f  the p i p e  diamcirr- ,  i f  a i t e r i o ~ r l e i o s i s ,  f o r  exa1iq9le: ha lves  t h r  
d t a r n ~ r t s r  of a r e r t a i l i  a r t e r y ,  t h r 1 - t  roughly  33 t i l nzs  as i ich energy i s  
r i*q: i i red j - 0  m a i n t a i n  t h e  os ig i i i t i l  m i l e  s f  f l o w -  Forrriuls ( ? -  2 )  a l s o  
i m p l i ~ s  t h a t  ~ when tliP p i p e  d i ame te r  i s  f i -xcd ,  encLg:y i n l - e c s i v o a e s s  
v a r i e s  with t h r  squatc of the throtiphput.  T t  is  trrlr t h a t  f a l s o  v a r i e s  
w i ~ h  t h e  d i ame te r  and t h r o u g h p l l t  i n  S U C ~  a vay as t o  a l r e r  tiiilr,e r e l a t i o i i -  
s h i p s ,  biLt i t  will be s~2 , i  t h a t  t h e  a l i e r a t i o n  i s  r s l a t i v p l y  s l i g h t .  It 
C R Z  be concludnrl r. t i i n n ,  t h a t  p i p e l i n e  energy  i n t e n s i v e n e s s  is hi p h l y  
s e n s i  t i v n  t o  1 ~ 1 t h  diaim>ir-:- and i ~ t e  of f l a w ,  

Thr degree of Curhulcnc? depends  ~ i i  t h e  roughness of t h e  pip? ~ . ~ 7 1 1  
an8 on a d imens ion le s s  quanti t:y e a l l c d  the Rr?yuoids  numbpi- The R P j n o l d s  
nuinbri R is r b f i : i e d ,  

"n = vdlv  , ( 2 .  4 )  

where v i s  the  kinematic v i s c o s i t y  in m?/s  (ft2,'/s). The Reyl-rolds number 
can be ronceived as Ch? r a t i o  of i n c r t l ' a l  f o x c n s  c r c a t d  by t h e  swi r l ing  
e d d i e s ,  wli-ich srt propo i  i:mal t o  thc iitunerator o f  f o r m u l a  ( 2 . 3 ) ,  i o  
viscous f o t c r s  in thr l i q u i d ,  p r o p o r t i o n a l  Eo t h p  rlt-wminstor. A high 
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energy- use i s  s o  s e n s i t i v e ,  stands as the  p r i n c i p a l  o b s t a c l e  t o  
c s t i m a t i n g  p i p e l i n e  energy  iise. The hu lk  of t h i s  reporr. i s  devof-rd 
t o  overcoming this obstacle .  

3, A. p i p c l i  ne 's  energy consumption i s  of cour sp  d i r e c i l y  proporiional t o  
i t s  l e n g t h ,  o t h e r  t h i n g s  b e i n g  equa l  'Ihe l e n g t h  of p r a c v i c a l l y  any 
p i p e l i n e  i n  t he  Un i t ed  S t a t e s  can  be r e a d  wiih s u f f i c i e n t  a c c u r a r y  
from maps, as d e s c r i b e d  i n  Sect. 7. 1. 

4. Of less irrlporf an[:- i s  the  v i s c o s i t y  o f  the  o i l ,  v h l c h  is  a f f e c t e d  by 
i : s  t e m p e r a t u r e  as  W P ~  1 as  i t s  c o n p o s i t i o w  Energy i n t e n s i v e n e s s  is 
p r o p o r t i o n a l  t o  the fourt lk  root  o f  kinemaLic v i s c o s i t y .  Viscosities 
of c r d r  n i l ,  howcz..c-r, vary  considernhly, and t h i s  mattrr i s  taken up 
i n  S r s t .  7. 3. 

5. \ h e n  a p i p e l i n e  I O S P S  o r  g a i n s  s u b s t a n t i a l  e l c v a t i o n  frrim one critl t o  
t h e  o t h e r ,  g r a v i t y  hr.?d is  an i m p o r t a n t  component of i t s  e n ~ r g y  
i l i t e c s i v e n e s s ,  I t  i s  estirnat2:d I n  S ~ r t -  /. 7. 

6, The roughriess of tile p i p e  wal 1. has somi= P f f e c t  on Che f r i c i - ion  f a c t o r  
and ~ P R C O  on tlie energy  intensiveness* A p i p p ' s  r o u g h i l ~ s s  depends on 
i r s  degrec of c o r r o s i o n  and ilie presence of any c o a t i n g s  Lhat have 
Sccn applied,. The r e l a t i e l y  sllght i m p o r t a n c e  of this pararnrter i s  
e s t a b l i s h e d  i n  Sect. 7. 7. 

- 
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Tab le  3. 1. Recent ss t imates  of o i l  p i p e l i n e  ene rgy  i n t e n s i v e n e s s a  

source  Method 

Es t ima te  a d j u s t e d  t o  32.3% 
E1ectr :cal  Est !ma t e  e l e c t r t c a l  e f i i cSency  
effieleneyb (Btulton-mile) 

( X )  Crude p roduc t s  
~ (Jlkg-lim) (Brufton-mlle)  

Crude Droducts Crude oroducts  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Rand Corpora t ion  
<?(ooz 1971) 

OR!IL (Hirst 1973) 

Jack Fauce t t  b s o c l a t e s  
(Fede ra l  energy 
Adminlscration 1974) 

Pace company 
( r e n t o n  et al.  1976) 

Ar rospace Corporat  t o n ,  
1976 e s t i m a t e s  
(Aerospace 1976) 

PTrospace Corpora t ion ,  
1977 escimazes 
(Aerospace 1 9 7 ? )  

Peat, Yamieh 6 H i t c h e l l  
( L e i l i c h  et ai.  1971) 

Systems. Science L 
Software (aanks 1977)  

ORNL ( t h l s  r e p o r t )  

&sed on d a t a  tor a small California 
r e s i d v a i  oil p ipe l ine  and rough cross- 
checks against  TCC data on t r a n s o o r t a -  
t i o n  expenses.  

Reference to a 450 B tu i t an -mi l e  e sc ima te  
of R A %ice  (1970, 1 9 7 2 )  aind compariaon 
w i t h  sample c a l c u l a t i o n s  for  d l i f e r e n t  
d i a w r e t s  and flow ra tes .  

U B t d  OTL a c t u a l  f u e l  cunsunlptio" "f f i v e  
l a r g e  p i p e l i n e  companies, adluseed t o  
r c t l e c t  the t a c t  t h a t  largec companies 
a r e  mort7 efflcienl I" general.  

Taken from a r epor t  f r o m  the  Governor 
of Texas ikoldcn 1975). 

Hased on i n s c a l l e d  horsepower da ta  In 
srarianary Internal CornbustSon Eng ines  
(tiecowin 1971) and estlmated Rtd ' s  per 
hp-hr. T u n - s r l e s  from Jack  h u c e t t  
r epor t  (PEA i97L). 

Based on caleulatian OF e n e r ~ v  r equ i r ed  
t o  move o i l  through a p ipe l ine  of 

rate. 

Engineerins c a l c u l a t i o n s  based G" plpe-  
line stock by di8meLer and e s t ima ted  
(low rates for  each diameter . .  

Based on fue: expend i tu re s  of companies 
accoun t ing  f o r  8Ri:  of  regrilnred bhl-mtle 
and B rough e s t ima te  of tuc l  cGst9. 

Ca lc i i l a t lon  of energy r equ i r ed  i n  each 
p l p e i i n r .  segment In the iis.. h e r e  ilow 
r a m  is  haeed on r eg res s ion \anaLys t s  and 
the r e s u t t l n g  d t s t r t b u t i o n  O F  each 
eampaoy's reported C b l - m l l s  LO 1:s seg- 
m m t s .  GtavIL). head 1s considered. and 
duty cyc le  1 s  inferred by c a l l h r a t l n g  
rssults against a c t i i n l  energy u s e  of a 
f e w  comwnles. 

"average" dinmeter  a t  an "avcrage" flow 

30c 

30 

22 

'i 0 

31.a 

31. 8 

30 

22 

3?. 3 

4 5 5  4 5 0  

550 550 

103 300 

1150 62!  

?"7 379 

250 300 

6 17-1770 

307 ?05  

300 292 

205 204 

320 4$3 

1131-245 I f  

4 2 5  4 2 3  

4 1 5  404 

2 8 4  282 

1136 6 1 3  

51Y6 25Hd 
m e  s,ae 

196 356 

22h 294 

250 300 

'I'arrs of L h i s  table are cake" from a t a b l e  prepared by Jack i a u c e t t  Assoc ia t e s  (1978. p 

3Ef f l c l ency  of e lec tr l c s i  gene ra t ton  and tranvnisslon. 

C.. 

dlOO% duty cycle. 

e85% duty cycle .  

'Same r a i g e  of eaclmates  f o r  both crude and products  !he% 

151). 

af f i c i en ices  were s e t  by the  r e p o r t i n g  companies. 
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3, 7 Aerospace Es t ima tes  

The A e ~ o s p a i e  Corpoid i  ion,  i n  a s t u d y  f u c  the Rn,ozZy Rescaitli and 
Developltt-iit A d r n i n i q t r a t t o n  (4Prospacc  1 9 1 4 ) ,  o r i g i n a i L y  c r i  l i na ted  citiJ:> 
ant1 produc t$  p i p e l i n e  ~ w r g y  i n i e : i s i q e n e s s  t o  be 830 aiid 4b8 J / k g  km, 

been s u p c u c e d e d  by t h o s e  i n  a later v c : s i o n  of ~ h c .  Aerospace repor t  
(Acrospqr-e 1 9 7 / ) ,  and t h c  l a t e r  cs t i inates  will be d i s c u s s e d  he r r .  l h ~ y  
a r e  42'3 t o  565 J / k g  hi f o r  crud? l i n e s  (depend ing  on t h c  d i i r y  f a c t o r )  ai?d 
138 t o  ?57  J/kg-km €or  p r o d u c t s  TAines (586 t o  I 8 2  Rttr/toli riiilc 361 
t o  349 Htit/ t  on i i r i I  P I ,  r e s p e c t i v e l y .  

-a . , , p ~ c t i v e 1 y  I .  (1 150 and 61'1 lktt / ton--tni1e>* lIoT+-?vnc, t h e s e  t = q t i m a t  

?. 

The esti lnat-s are obrcli ned by c a l c u l a t i n g  the e n e r g y  r equ i r t i d  t o  
liiove o i l  t h r o u g h  a p i p l j n e  of ,average d i a m e t e r  a t  a n  average f low ~ r l L e ,  
I h "  v i s c o s i t ; ? s  i i sed a 30 cSt :or c rude  o i l  (Sect.  7. 3 Pstiiiiates 7. 5 
c S i )  aiid 1. 7 c S t  f o r  pro t l i i r t s  ( a  redisonable f igur t . ) .  'Ihr z v e r a g c  
diarnetei  lnsril i s  f o r  c c d e  p i p e s  and 
11. 6 iri. f o i  p r o d u c t s  pip:.% T h i s  a v e r a g e  is p r e s u m a b l y  

Ii? a v e r a g e d , "  g i v n o  as 1'3. 1 5  i n ,  

(3.1) 

'i?7herc L i  i s  t h e  lenglh of  p i p e  h a v i n g  d fa tne t e r  Dp No justiEicaFion i s  
g i v e n  f o r  u s i n g  t h i s  a v p t a g e ,  b u t  a j t t s t i f i c a t j o n  uc:i ld prpsumably g~ as 
~ O ~ I O W S -  O n  t h e  a s s u m p t i o n  t h a i  the florr v e l o c i t y  v i s  t h e  same i n  p i p p s  
o f  a l l  s i z e s ,  fo rmula  (2. 2 )  i n  Chap. 2 i m p l i e s  that  t h e  P n P r g y  i l i t p n s i v e -  
ness  of a p i p e  of a n y  diarner6.r D i  c a n  be w r i t t e n  

E I i  k f V / D <  , (3. z >  

where f is  a f r i c t i o n  f a c t o r  and k an a p p ~ o p ~ i i i ~ e  consf-ant. The F r i c t i o n  
f d c t o r  f a c t u a l l y  var ies  s o m r r . h t  with the  d i a m e t e r  E, but- i t  can be 
presurried c o n s t a n t  Tor present  purposes ,  S i n c e  t h e  volume r a ? c a  of f low 
V i  i n  a p i p e  of d i a m c t r r  T l i  i s  g i v e n  by 
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T h e  f a I s e h o o d  of a s sumpt ion  (1) no less  than  that of a s s u m p t i o n s  
( 2 )  ;r.ntl ( 3 )  would tend t o  make the F4M estirriat lower thail those OF 
t h i s  s t d y ,  T h i s  can be seen  as fo.1.Lnws. It i s  no t  hard t:o show, us ing  
e l e m e n t a r y  ca lcu lus  tilac t h e  d i s t r i b u t i o n  o.F flow ailnoog d i f f e r e n t  ( l e v e l )  
p i p e s  tliat min imizes  t o t a l  energy use i.s one w h i c h  p roduces  t h e  same head 
i n  each p i p e  ( W ~ > & ~ ? ~ ,  Rose, Bertram 1480, pp. 3iE--3I.). From t h i s  and eq. 
( 2 ,  6 )  l.t. f o l l o w s  t h a t ,  when ene rgy  use i.s rnini.rnizedB the  flow v e l o c i t y  
var ies  w i t h  ahorit the 0. 57 power of  t h e  i n s i d e  diameter, This is v e r y  
close t o  t h e  relat i .onshFp p o s i t e d  by RIM < K g V  3. 2 1 ,  It is iil.sr) the 
r e L a t i o n s h i p  that actwA.1.y ob ta ins  when p i p e s  are l u o p e d  , ;nid t h i s  may 
p a r t i a l l y  e x p l a i n  the o r i g i n  of R I Y ' s  assumptions. Since  the relatton- 
ship d e r i v e d  i n  t h i s  s t u d y  de11i1rt.s s i g n i f i c a n t l y  from the m i  ninium-energy 
i d e a l ,  the resu1.tin.g energy use shou ld  be g r e a t e r  than t h a t  r e s u l t i n g  
from '8 assurnptions. 

As expecred, I M M ' s  energy i n t e n s i v e n e s s  estimate for  c r u d e  l i n e s  i s  
LO WE"^, 22X Lower, t h a n  t h a t  of t h i s  s t u d y  ('l 'abLe 3. 1). The differenrt. 
would lae even g r e a t e r  i f  the r e l a t i v e l y  e t h i c i e n t  Alask~i  Pipelirie had n o t  
come i n t o  operation between 1912 m d  1978. ENI"Lss product6 estimate, 
' t i o w ~ v ~ r ,  is  m e  19% higher  than that ut? this study.  'fiis is due i n  part 
t o  MMiLI's assumption tha t  pumps have a n  efficiency of 75-8i)%, which restilts 
i n  a coosumptioa c s t  imate about 122 higher- i i r i=ia  would result from tht. 8h% 
ef  Fic.i t .ncy assumed i n  t h i s  stritly, K n t  t h e  p r i n c i p a l  expIar ia t icm i s  that 
when HMps o i l  r ) ~ - o d u c c s  inovernerrts e s t i m a t e  f o r  1072. (311) x L O 9  m3-km) is 

* 
RlM f i g u r e s  arc a d j u s t e d ,  as d e a c r i b r d  i u  Sect. 9* 1 t o  r z f l e c t  ,in 

e f f i c i e n c y  of e l e r t r  Ec generat i f i n  and t r ansmi  F S L O I I  crf 32, 5i ;  r a t h e r  than 
3 ox, 



a p p l i e d  t o  t h e  1377  p r o d u c i s  p ipc l i r lv  n e t r w r k ,  h i g h e r  €lei. v e l o c i t i e s  
rcsc1.t thaii  when t h i s  s t u d y ' s  estimate f u r  1975 (388 11~3-k:~i )  

8 -  i ~ .  p i p e s  a t  1. 1 m/s ,  wli i Ic   his s t u d y  p u t s  i t  a t  0. 914 m/s, For 36-in. 
p i p e s ,  t h e  c o r i e s p o n d i n g  f i g u i z s  ark-. 2. 2 ar r t l  1. 9 iiu's. SinLe enc igy  
i n t : - : i s L g e n t ~ s s  v a r i p s  wFth abou t  tile 1. 7 5 pGWCL of  o i l  v e l o c i t y ,  t h i s  
alone. rq i i l d  [,lake P P f ' s  ene rgy  estiiliare abui i i  302 b i g h e r  i hdh  i t  w31ild 1;t, 

i f  t h e  v e l o c i i i e s  d c r i v e d  i n  Lhis  s t u d y  had been used- T h i s  is c o ~ n p o ~ a d r d  
by Che facL tha t  r e l a t i v e l y  less  o i l  niuved th rough  ( i l l O i P  e f f i c i e n t )  l a r g e  - 
d i a r n p t r r  pipe!ii ies i n  1973 I l r , i i i  i n  1978- l i  is i o  be c x p e r t e d  tl i . :c t h e s e  
€ . i c t o r s  woirld more t h a n  of  f s c ~  er rors  i 11 t h c  o p p o a i t  la d i r c c t  ioli t h a t  
ri's!:lt from t h e  f a l s e h o o d  of assulrLptioIls ( 1 )  t h r u u g h  ( 3 ) .  

i s  a p p l i - d  
t o  t l w  1978 l i  r.mrk- FOI i t i s t a n c c ,  RIY p i i t s  t h c  I v e i a g p  o i l  vc31ocity i i i  

I n  summary, HM's c r u d e  p i p e l i  I L ( A  eliergy i l l t e n s i  v e n e s s  e s t i i n a i r  i s  
lower thah that of t h i s  s t u d y  Desscrss of  o v e r s i n q l i r y i n g  a s s i imp t ions  
r z g a i t l i n g  t h e  f l o w  of o i l .  L?r p r o d u c t s  p i p e l i n e  c s t i m a t e  i s  h i g l i e i  
b e r n u s e  i4Y used o i l  riiuvernents d a t a  tliaii i lf iply a h i g h e r  o i l  v n l o c i t y  a n d  
llence a h i g h e r  u t i l i z a t i o n  of p r o d l i r t s  p i p p l i l i e s  i n  197, t h a n  i n  1978.. 

3.4 %nks Ks t i l aa t e s  

A s t u d y  done by Systems,  S c i e n c e  and  S o f t w a r ?  (Hanks 1971) C o r  tllc 
E n e r g y  Drpartiment p u t s  o i l  p i p e l  ilne e n e r g y  i n ~ c n s i v ~ n c : , ~  a t  ?7(7 .J/kg-km 
(300 Btu/ toi i  mile)  f o r  c~uc ' le  o i l  p i p l i n ? . :  arid a t  290 J/kg-km ( 4 0 0  
B t u / t o n - m i l e )  f o r  o i l  p r o d u c i s  plpcl i r le .=> BaiilhS, d i o  u s e s  rAlig:ish u n i t s ,  
d e c l i n e s  t o  p r o v i d r  inore t1ia:i one significant d i g i t .  

Bank's procedi i re  i s  t o  es t  iiil,3te, oti tile b a s i s  of k i i + l i t -  Lt.pc3rted 
f u e l  c o s t  tlir t o l d 1  pimping energy consduipLjnli of p i p e l i n e  cornpallies 
t h a t  move primarily c r u d e  o i l  o r  pr i l l i a r i l y  o i l  pi-Gdllct% L O  g e t  e : ~ i - s ~ y  
i l l i tAnsiveness he divide.;  t o t a l  c o n s m p t i o n  by t h e  t o t a l  b b l  11ii1e s h i p p e d  
by t h e s e  companies, Ec c h o o s c s  21 c r u d e  and 14 p rod i i c t s  coinpaliic.; rutlose 

o i l  movelwrits (bb l -mi l ? )  compri s~ 882 of t h e  Ldgulatetl  cfi ide and prod i i c t s  
p i p e l i n e  sh ipmen t s  in t h e  n a t i o n  S i n c e  t h e s e  coqa1l ies  c a r r y  nr.?rig a l l  
c t d e  OK i i ea r ly  a l l  p r o d u c t s  ( u s u a l l y  952 o r  Z O L ~ ) ,  tilt.:, ar? L e p i e s c n -  
t a i i v e  of Crude  a d  products o p c : . i t i o n s  i e c t i v c l y .  ?k d i v i d e s  Ehe 
f u e l  c o s t  of each colnpany, c-port,>d o n   for^ P ( F e d r r 9 l  Enprgy R c ~ : : J a t o r y  
Col idss io iz  1 9 7 8 ) ,  by a rough es t  i m t e  oE t:le ave:-,+ge [>Lice p a i d  by pipe-  
l i n e  companies f o r  e l e c t r i c i t y .  I k  focuscc.  oa c l r c t r i c i t y  because  o i l  
p i p e l i n e  pumps arc  p ~ i i i ~ a r i l y  d r i v c c  by e lec t  f ic. i i io to i  s. 

i h c  obv ious  w T k n e s s  in t h i s  ~rirrhod i s  t h e  d i f f i c u l t y  of a r r i v i n g  a t  
a n  a v e r a g e  p ~ i c e  oE e l e c t r i c i c y .  b,lEctric ~ J U W ~  r a t u s  depp:id  no^ only on 
the lcve? of  consumption a t  cach pump si I t i m  b u t  on a c o n t r n c t e d  peak 
powfir dt>wnd, which is n o t  easily i n f e r r e d  E i ~ ~ n  the . ~ v c c a q ~  pocrri- demaittl 
L i i  f.zcc, L1-n- r a t i o  of peak t o  avci e p o ~ 7 ~ '  dclnand i s  loi.i-: f o r  p i p e l i i ~ ~ . - ~  
~ ~ I A I I  f o t  mst i n d i i s t r i a l  opf-rat ions.  Const-quently t l c i t h c i  a n  ex,ilrriliatiori 
o f  e l e c t r i c  ra te  s c h e d u l e s  iior of a sampl ing  of i n d i i s t r i a !  2owe~ bil ls  i s  
v e r y  helpf i i l  ( t h i s  iildtter is t aken  up a g a i n  1 1 1  Chap. b>. Hailks asked  







The c n o s t .  s traightForwxt-d a 1 . t e r n a t i . w  Is to  i n f e r  each  p i p e l i n e  
company's fuel. c n ~ r i s u i n p t i o n  from i ts  t o t a l  fuel  c o s t s  a f i g u r e  t h a t  - i s  
r ~ . p r t e ? d  5.n F o r m  P ( l i n e  4 ,  -!.tern 320, p. 40). T h i s  s t r a t e g y  was fo l l r rwed  
ny k r r ~ k s  ( s e e  Sect ,  3. 41, B u t  t:he rat.es p a i d  vary c o r i s i d t x a h l y  from o n t z  
cmi~pany  t o  another  t m d  from one year to  the next:, and i t  is  3s difl ' icu1.t  
k o  lear17. t.h@ average r i2te p a i d  by a e o m p a ~ ~ y  as i t  is  tc:) learn its f i ~ ~ l .  
i:orrsaimptir?:7, Pipel..i.ne companies do noc p u b l i s h  such i n f o r m n t l o n ,  and 
many c o m p a n i e s  have been f m i r r d  ianwiTling to  d i v u l g e  I te : I t  is t r u e  that 
most o i l  p i p e l i n t ?  pimps use e l . e c t r i c i t y  and t h a t  ra te  s c h e d u l e s  f o r  e v e r y  
IJ., S. ut i4 . i . ty  arc? prihliisl-red i .n  the N a t i o n a l  El.ectric Rate Rook (1978) .  
These rate s c h e d u l e s  are: cornp:l.ex, but i t  would seem t h a t  one c o u l d  w r i t e !  
computer programs f o r  t h e  c;al.cul.at%on of power b i l l s  a t  a g i v e n  level of 
ccrnsumpt !.on and f i n d ,  wit:h t h e  h e l p  of a computer ,  t h e  consumption l e v e l  
t :ha~:  r e s i r l t a  i n  each company's reported power bi1.l. Rut t h i s  req\ii.res 
that  one somehow d i v i d e  a company's power b i l l  among i t s  j .ndividua1 
p m p i . n g  stations, s ince  it i s  consumpt-ion at pump s t a t i o n  meters t h a t  
tler:.ermines t h e   rat^^ Also,  the power b i l l s  of companies  that p a t r o n i z e  
more t h a n  one. v t i l i t y  mist: he d i v i d e d  among the s e v e r a l  u t i l i t i e s .  
Wor~e, a major compornent of an  industrial power b i l l  i s  the power demand 
charge,  which :is pegged to c o n t r a c t e d  peak power demand t h a t  canno t  be 
re1 i a  h:Ly inferred. f r r : m  the a v e r a g e  l e v e l  of c o n s u m p t i o n  The a u t h o r  has 
d e a l t  wLth these d i f f i c u l t i e s  i n  o r d e r  t o  estimate t h e  ene rgy  consumption 
of  t w o  all-eI.rxt: rib: pipeline companies (Hooker ,  Rose,  Ber t ram 1980) ~ but  
on a n a t i o n a l  scale t h e i r  r e s o l u t i o n  appears n o t  t o  be p o s s i h l e  w i t h i n  
[:lie resckurees of t h i s  s tudy.  

1 .  

S i n c e  tlierta are no d i r e c t  r e p o r t s  of p i p e l i n e  ene rgy  use,  and s i n c e  
EusL c o s t  d a t a  permit no more than  an  order -of -magni tude  estimate, the 
ava i l ab le  i n f o r m a t i o n  s o u r c e s  must be su rveyed  t o  d e t e r m i n e  whether a 
less d i rec t  method of e s t i u i a t i a n  can  be devised .  Such a s u r v e y  compr i se s  
the rest of t h i s  sec t - ion ,  

1. '[he American Pe t ro leum I n s t i t u t e  p u b l i s h e s  b i e n n i a l l y  a series 
SF s i x  'large--scale 3- x 9 - f t  Lmps d e p i c t i n g  the U S .  c r u d e  o i l  and  o i l  
ylrrrr1uc:t:s p i p e l j n e  ne twork  (American P e t r o l e u m  Znst l tUte 1977 and 1979). 
T h e s e  maps show cacti  pipeli11ii~'s nominal d i a m e t e r  and company ownership,  
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The l p n g t h  of e a c h  segment of p i p e  C a l i  3e ~tieasui:*tl o n  LSie nap w i t h i n  t w o  
o i  t h r e r  miles. The c r u d e  and p i o d u c t  l ines  ace shown on separate  maps, 
and l i n e s  d e d i c a l p d  t o  LPG arc so  d~slgnatr3, 'I'hc i n f o i n a t i o n  0 1 1  t h e s e  
maps was rediiced t o  machine-readable  form fot  t h i s  s t u d y  (see Apppndix 1)). 

2. 1literstz:e comriloil encrier o i l  pipe1 i n e s  a i int ia l ly  submit  Form P 
t o  the> Feder.21 Enei%qy R e ~ : i L ? t ~ t  y Commission ( F e d e r a l  Eiiergy R e g u l a t o r y  
Commiss ion  1978) ,  a f o r m  tha t  as Inc=iition-d e<xrlier s h o w <  t o t a l  f u e l  

PS i n  I t e m  320.  i i i  addi:Son Itm b(!0 t a b u l a t e s  t h e  q u a n t i t y  of 
oC? slid of  o i l  p r o d u c t s  ( iLEn ized  by pLoduct) r e c e i v e d  from c o n .  

r z ~ c t i n p ,  c a r r i P r 5 ,  origitiatcc! ~n g a t h e r i n g  ?ad on t r ( ,nk l i n e s ,  d n l i v r a e d  
t o  c o n n e c t i n g  c a i f i e r s ,  -2nd i c t - i n i n a i d  on ~z? lcer i i~ .g  and o n  t r u n k  l i n e s .  
l h e  form a s k s  f o r  a breakdown by s t a t83  Ther:~ is  a l s o  4 blatilc i n  r&ich 
t h e  respokident i s  asked t o  _ e r  the t o i d  b a r c e l  atlo? of tritiik l i n e  
rnovc~vn t  f o r  cr l idr  ?rid for produc t s ,  Uiifor i i i i ta te ly  t h e r e  is l i t i  I P  ~ 0 1 1 -  

s i s t c n c y  i n  t h e  vay d i  f f e r c n ;  companies r p s p o n d  to  t h i s  itelii, and  n r n r l y  
eve ry  respnli,se i s  incompii-te i l l  one Tk'a? or ano the r .  It i s  scldotii pos -  
.;it;le t(, i n f e r  thc a v e r a g e  tiirodgliprit oE any oiic scgrr,r:Ir oE p i p e l l l 1 e .  
l i i p  respoinses are u s e 5 1 t l ~  h o w e w r ,  L O T  lcaartiLrlg i l ~ e  r e l a t i v e  volumes of 
d i E f e r e n t  ~ ~ i o d u c k s  c a r r i e d  and t h e r e b y  p e r m i t i i l i g  ail infrrriice of their  
v i s c o s i t i e s  atid d e n s t r i e s .  K e s p o o s ~ s  t o  F o r m  t' a- ~ t f  iiot pub1 i i l led.  Some 
idihulai. ions aicx nadc by the Raergy in fo r rad r ion  A d n i n i s L r n t i  on ( E T A ) ,  h ~ t  
most  a re  no t  p u b l i s h e d ,  r e p o r i e d l y  b-cause r,Tn o f f i c i a l s  are  uiisurz of 
t h e i r  v a l i d i t y  (Davsoli 1979). Ernpi oyees  at thp FedeLail Energy R e g u l a t o r y  
Corlimission have been ve ry  c o o p e r a t i v e  i n  p r o v i d i n g  i n f o r m a t i o n  f r o m  
Forrri P,  bu t  clue t o  t h e  magnitude of t h P  task tjte above i n f o r m a t i o n  was 
o b t a i n e d  by s e n d i n g  solneone t o  t h e  appropriate o f f i r e  t o  photocopy t h e  
forllrs a t  h i s  expense. 

-. 

r 

3. The Nat ioizal  Pe t ro l eum Counc i l  i ~ a s  p r e p a r e d  a17 acco l in t ing  of 
U. S, o j  1 and gas t r a n s p o r t a t  i o n  c a p a c i t i e s  ( N a t i o n 3 1  P r t r o P e u n  C o u n c i l  
1 9 7 9 ) ,  t h e  f i r s L  such  a c c o u n t i n g  s i n r c  1967. D e s i g r ~  c a p a c i t i e s  and 
a c t u a l  o p e r a c i n g  c a p a c i t i e s  i n  b a r r e l s  p e r  day (as esiir-iiated by t h p  p i p e -  
l i n e  companies)  a re  shown f o r  mosi t r u n k  lines, a l t h m ~ g h  what i s  t r e a t e d  
a s  a single p i p c l i a e  may c o n s i s t  of s p v e r a l  l i n e s  running p a r a l l e l .  Also 
a p i p e l i n e  a s s i g n e d  a s i n g l e  c a p a c i t y  f i g u r e  l iuy  c o n s i s t  of segments 
h a v i n g  s e v e r a l  d i f f e r e n t  d i a r n e t e r s ,  p robab ly  i n d i c a i i n g  changes  i n  
c a p a c i t y .  F i n a l l y ,  a good many p i p e l i n e s ,  some of them i m p o r t a n i ,  are 
~ i o t  covered.. A c t u a l  t h r o u g h p u t  i s  n o t  i n d i c a t e d  The r e p o r i  was 
o b t a i n e d  on t h e  day i t  was released by t h e  p c i n t e r s ,  J a n u a r y  1 7 ,  1980. 

4. Vie C o n g r e s s i o n a l  Research Serv ice  and U S. Geol-ogical  Survey  
p r e p a r e d  a series of maps t o  accompany VoL I of t h e  report  N a t i o n a l  
E n e r g y _ ~ ~ T a n s ~ ~ ~ ~ t a t i ~ ! ~ , ~  w r i t t e n  f o r  the S e n a t e  commi t t ees  on Energy and 
Natural. Resources and  on Commerce, S c i e n c e  aild T r a n s p o r t a t i o n  (U. S. 
C o n g r e s s i o n a l  Resea rch  S e r v i c e  1975). One of t h e s e  imps shou major o i l  
p r o d u c t  p i p e l i n e s  o v e r l a i d  V i . t l i  c o l o r e d  hands  whose wid th  i n d i c a t e s  1974 
throughptit .  T h e  f l o w  i n  i n d i v i d u a l  l i n e s  i.s n o t  s h o ~ m ;  gei leral  1.y o n l y  
t h e  combined f low i n  two or  t h r e e  o r  p e r h a p s  two dozen r o u g h l y  p a r a l ~ l e l  
lilies is showg.. Lt i s  o f L e n  u n c l e a r  x h i c h  l i n r n  a r e  w p r e s e n t e d  by a 
g i v e n  band. The magnitude ef t h e  f L o w  call be i n f e r r e d  o n l y  by nieasuring 

-.--____ 





e x t e n d  the Eorm's u s e  beyond t h i s  one-ti ine survey. The d e t a i l e d  d a t a  
have n o t  been publ i -shed b u t  have been r eco rded  on computer  tapes .  These 
d a t a  would peruiiit a mic'n more a c c u r a t e  d e d u c t i o n  o f  t h r o u g h p u t s ,  
a c c o r d i n g  t o  the method mentioned i n  t h e  previ.ous p a r a g r a p h ,  t h a n  would. 
otherwi .se  be p o s s i b l e .  U n f o r t u n a t e l y  t h e  d a t a  were no t  avail .nh1.e e a r l y  
enough f o r  use i n  ch i s  study. 

9. "he t r a d e  j o u r n a l  P i p e l i n e  (of  t e n  c a l l e d  " P i p e l i n e  N e w s " )  
p u b l i s h e s  a n n u a l l y  an  i s s u e  c o n t a i n i n g  a d i r e c t o r y  of p i p e l i n e  companies 
and t h e i r  o f f i c e r s  and managers ( P i p e l i n e  1979). Some oE t h e  companies  
o f f e r  s t a t i s t i c s  c o n c e r n i n g  p i p e l i n e  mileage o r  i n s t a l l e d  horsepower o r  
e v e n  t h r o u g h p u t ,  b u t  t o  no c o n s i s t e n t  extptrt. The d i r e c t o r y  is  useful . ,  
however, fo r  u n r a v e l i n g  t h e  ownersh ip  r e l a t i o n s  aiilollg p i p e l i n e  companies 
an e s s e n t i a l  part of ri tchi .ng t h e  company names on p i p e l i n e  ioaps with t h e  
o f t e n  d i - f f e r e n t  names i n  t h e  Oil arid Gas J o u r n a l ' s  ..._.. t a b u l . a t i o n  of barce1~- 
miles  shipped, 

..... _F____ 

10. Such i n d u s t r y  magazines  as O i l  and Gas ___ J o u r n a l ,  .... P i p e l i n e ,  ._... ^ 

P i p e l ~ i n s  and Gas .Journal ,  and P i p e l i n e  I n d u s t r y  can be v.2luable  s 0 u r r . e ~  
of i n f o r m a t i o n  O i l  pipel.i.ne t echno logy  and openrat ions,  
~ . I . . . . . . .  __ _ _ _ - _ . . - ~  _l-__l__.._-l__ 

11. ' I lh~  lisL u f  refprenecs a t  t h e  eild of E l l i s  r e p o r t  c i i p s  nuintarous 
o t h e i  i i e l p f u l  so i i r ces  of inco rma t  i o n  a b o u t  p i p e l i n e s  ( e .  g. i n t e r n a t i o n a l  
P i p e l i n e  Gon t racLors  A s s o r i a t i o n ,  1979; Jones 1973; Layis  and Hangs 1363; 
P e i r o l e u m  E x t p n s i o n  S e r v i c e  1973)- 
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The above c:nl.c::ulations o m i t r  the energy used Fay crude o i l  gat  he.ring 
I . ines,  I t s  estimation i s  a thctrny problem, i n s o l u b l e  - w i t h  any kind o f  
a c c u r a c y .  Here, the energy r e q u i r e d  t o  run each stateB s g a ~ h e r i n g  1.ines 
a t  t h e i r  pred:iet:ed capacity is  coroput:ed. Since thj.s o f t e n  implj-es a n  
unreasonably long average Length of l-taul. ( due  t o  i d l e  l ines)  any awerap 
length of h a u l  above the n_qti.onal. avera-ge is shortei-rt?il t u  t he  raation8.l 
av4:rage e P i p e  m.i.l.eages For each d iameter  d.n each s ta te  are p u l h l  :i.sIied by 
the federal. government, (Energy Xnformatiou Admini.stra~::iorr 1978) 

A s  remarked i n  Chap. 2, t h i s  f i r s t  s t a g e  is t h e  most d i fE : i c i . t l .~  one, 
because ene rgy  e l s e  i s  h i g h l y  s e n s i t i v e  t o  ra te  of €Low and  b t c .  a .  dUSe 

throughputs are n o t  r e p o r t e d ,  The s t r a t egy  used h e r e  i s  t o  appo1:t::itan 
each p i p e l i . n e  company' 6 reported o i 1 movements i n  m3-km among the pi.pe- 
l i n e  segments in i t s  system, ( A  p i p e l i n e  segment, a:; 1:he t e r m  is used 
here, i s  a s i n g l e  l e n g t h  o f  p i p e  over w h i c h  t h e r e  are ne  d i a m e t e r  changes3 
no connect.i.ctns with o the r  lilies, and no st:atIe l t n e  crossi .ngs,  9 The 
apportionment:  i s  made by dett~rrni.ning the normal throughp~it  05 a. pi.pel-i.ne 
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Thp d e r i v a t i o n  of  t e - , s ion  LoriiilL:~3s i l i  Chap. 6 h a g i n s  I J i t h  a n  
indcpeliderit j i i q t  i f i c a i - i o n  o f  tlie func i i l i i l a l  f o i  ~ i s e r l -  A qeneLd1 i z e d  
2 o 5 t  z r ig i l ieer ins  c?*irly oE p i L p e l i n e  r o n s t r i i c t  i o n  t-d o u t ,  and i t  
r o i i c l u d e r ,  t h a t  t1iroup:iput c a p a c i t y  C i s  re4soii;ihl t o  be a !,OT\TT~I 

€ u n c t i o n  of p j p ?  diarnp, 3, C - xDY. A c i 1 1 a 1  t h r o ~ ~ p , : ~ p u t  V i s  repr  
A S  a p r o d u c t  of c a ; , a c i t y  arid A p0rh3cr f u n c t i o n  of  d i a w r - i ,  ri - .C~I". 
hsi ittlation o i  the paidiriieters x, y ,  z, w p i o v e s  d i F f i c u l t .  hecausn  h€ t h e  
natiit:> of  t h e  d a t a ,  ~ 7 b i c h  are p rov ided  by a s t u d y  o f  pLpd! r ,e  c a p a c i i  iec  
by the N a t i o n a l  Pptrnleum ( , n u n c i l  ( 1 9 / Y )  and by a map showing t:ti~,ughpuI s 

d i f f i c u l t y  i s  t h a t  t h e  r a p a c i t y  O L  i:iiolighpiit o f  a n  i n d i v i d u a l  l i n l c  Fs 
o f t e n  n o t  p r o v i d e d ,  hii t  o n l y  t h e  c a p a c i t y  O L  i h r u u g h p u i  o f  a group of 
p a r a l l c l  l i n e s  o f  which i t  i s  a IE er. F i i r t h c r m o r : ~ ~  t h e  L;rroaghputs i~mp 

i h d i c a t e s  o i l l y  rangcs i r i t h i n  which tht- throiighpu? n n i t l t d e s  l i n ,  i-aiI;Ps 

t h a r  are  of tp i1  t o o  brodd t o  c o l l a p s e  t o  ? s i n g 1 2  C P  e q e n i a t i  V P  nuinb,cr. 
SecLioiis C t . 3  and d e v r l o p  a merjiud of  estimating x,  y ,  z ,  w s i i i iul ta-  
n c o u r l y  w i t h  t h e  paratiit-ters of : h e t c c v s r n d a s t i c i t y  f u n c t i o n  d i i l e  ove r  
c o n i n g  t h ~ > s e  d i f f  i c i i l t i c s .  l h e  p a r m i r t ? r  valties a r c  o b t a i n e d  by n m e t  ical  
s o l u t i o n  of .? s y s t c n  o f  nonlincaz:; equat iol ls .  

r e d  by t ; ie C o n g r e s s i o n a l  Kesearcii S ~ r c i c c  (1973). LhP 

- 

It s h o u l d  h c  :mderstood ;hat iiie r e g r e s s i o n  fo rmulas  ar?  no; g e n e r -  
a l l y  used  t o  predict d i r e c t l y  t h e  calla( i t y  o r  Lhiroughput of a g i v r n  
p i p e l f t i e  segm-~:t. They ai-e used t o  p r e s c L i b e  t h e  r a t i o s  by which the  
t o t a l  c a p a c i t y  or  t i i i o u g h p u ^ ~  of  a group  o f  pipp.: i s  allocated t o  t h e  
i n d i v i d u a l  pip?" ( 1 1 1  o t h e r  ?JOL(:S, i n  most c i s e s  t h e  v a l u e s  of t h p  
i n l l l t i p l i e r s  x and 1, 30 n o t  mutter; o n l y  t h e  pxponen t s  y a d  ~7 figure i n  
t h e  c a l c u l a i i o i i s .  ) I o t a 1  mov,ollr6-!its arc g o t  folr liP3c-ly all f e d e r a l l y  
r cg i l l a t ed  coinpahies by c o I i s u l t i n g  t h e  O i l  and Gas J o u r n a l  (1979) ,  Giiich 
tabulatc .5  f i g u r e s  subi-ili t t e d  by the companies on Form F' (Fede~. : l  Energy 
Kpzrll..?tory Coniiii s s i o l i  19/Y). Compailies w!Li)se i i i roughpu t s  mist be psti- 
m a v r d  s o l e l y  by r e g r c o s i o n  foiiiii11as a r e  u n ~ e g i r l a t e r !  o w s ,  I t  is  se3n 
i l i  Chap t h a t  i11;ly z r e  r e - p o n s i b l e  f o r  less t h i n  107 of p i p c l i n n  o i l  
iuovernebits ndriont%Tid?. l i i s  c a p a r i  t i e s  of m o s t  of' tile i m p o f i a t i t  p i p e l i l i e ? ,  
O L  g r o u p s  of p a r a l l e l  p i L l e l i n ~ s s  liai-c bccii publ is l ied by t h c  Na t iona l  

- - _ _ _ _ ^ - ~  

- 
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2. The i n s i d ?  diniilete: of each segiwnr.  The nominal d i a m e t e r s  ai-? read 
c -  
I i o r n  t h i s  sam= k a t ?  qet and c o n v e r t e d ,  as d e t a i l e d  i n  Sect .  7. I ,  L O  

i n s  id -  d i m e  t e r  sm - 
3. Lhe p ipe  rorighness- S ~ P  Ccact. 7. 2-  
4 'Thc d n r i s i t y  o t  t h e  n i L  Thr der ic i ty  of o i l  p r o d u c t s  i s  baspd on t h c  

n i x  of p i - ~ d i i c t s  d e l i v p t r d  by each  p i p e l i n e  company, Tot from t . 0 i - m  P 
( F c c l ~  r , ? l  Energy Rrg : ! i l ?Cory  ComatissicJn 19781, and t h e  r l ~ n c , i t ~ ~  o E  crlirle 
o i l  i s  givp:? a singlc s w r r ~ g e  value.  Spe  Sect.  7. 3. 

5. 'I'hP v i s c o s i t y  of th" o i l .  V i s c o s i t y  recetves .q trc;ntrne[rlL 5iinilar i o  
t h a t  givccz dcr i s i ry .  S e c t i o n  7. 3 discuss".:  t he  effrlrt- of tenpcra i r i r i ;  
on  i h ~  v i s c o s i t y  o f  p i p e l i n c  o i l ,  

6. i-hhp r a t e  cf f l o w -  i h c  e l t i m a t i o n  of tills most irnporiali t  qLzantity i s  
~ l i ~  t d ~ k  o f  s t a g c s  1 ?fi:i 2: a l r w d y  d i scussed .  

i 

- 
L ~ I P  e f f c c i  o €  g i a v l t y  on energy u s e ,  s i g n i E i c a n t  i n  some scates ,  i s  

e s t i m a t e d  simply by computing t h e  rat.? of e l e v a L i o n  g a i n  i n  iii/kiii f o r  t h e  
l n r g e r  p i p e l i n e r ,  aiid t a k i n g  ~n a\ieragc-. !I o f  t h e s e  r a t e ?  f o r  each  s td in ,  

veighte:1 by t h e  movrneq'ts i n  m3 km r a r i e d  by ear11 l i n e  (SCL I f  e 
i s  e rav i tdLio i ia !  ?cce le ra t io in  i n  N/kg, tiien gH r ep rese~ t t s  t h e  ave rage  
e n r r g y  1-aq: i i rPd  Lo purn~i orie kg oT o i l  one kni a g a i n s t  g r a v i l y .  Conse- 
quenrlqi ,  i f  7.1 i s  a s t a t e ' s  t o t a l  o i l  mv-3ments i n  kg-Am> YgE i s  the 
t o t d l  pumping energy ( p o s s i b l y  npgati\re) used  i n  t h a t  s t a c . A  t o  overcome 
g ra , , T i t  y. 

7. 7). 

Pumping ~ n e r g y  i s  convr r t r d  t o  ac tua7  ene rgy  consuutpt ion b y  d i v i d i  11g 
i L  by f u e l  t o - - o i l  e F f i c i e n c y ,  w l i i ~ , h  'Is t h e  e f f i c i e n c y  wi th  h 7 I i i c - h  energy  
i n  t h e  pr imary  fuel  is  d e l i v e r - d  t o  t h e  pipeline o i l .  i r  t h e  pumps a r e  
d r i  veri by e l e c t r i c  moto r s ,  i h t *  fuel--to - c i l  e f f i c i z n c y  i s  the p roduc t  O Z  
t h e  r f f i c i m c i e s  of e l e c t r i c  g e n e r a t l o n  and t i a n s i n i s s t o n ,  mot ors and 
pumps- I f  t h e  piimps a r e  d r i v e n  d i r e c t l y  by prime movers ( d i e s e l  o r  g a s  
e n g i i i r a ,  f o r  i n s t a n c e ) ,  i t  i s  t h e  p c o d i ~ l - t  of t h e  e f f i c i e n c y  of the  pr i ine 
illover and t h a t  of t h e  pumps. Ail a v e r a g e  efficiency is then computed fo r  
c r u d e  and f o r  p r o d u c t s  p i p e l i r r e s ,  rmigh ted  by t h e  f r a c t i o n s  of pumping 
power suppl  jed by e l e c t r i c  and o t h e r  t l c iverss  Thc d i f ' f i c u l t y  of d r f i n i n g  
w h a t  O i l g  means by the e f f i c i r n r y  of e lec t r i c  genera t ion  and t rensrn iss io l i  
i s  d i s r i i s s e d  i n  Sect .  9. 1. 

These f u c l  - to -o i l  e f f i c i e n r i e s  canno t  he c a l i b r a t e d  ~ n t  i r e l y  by 
r e f e r e n c e  t o  the cornpanips from whom actiial energy consumption f i g i i r e s  
a r e  a v a i l i a b l c  ( s e e  Chap, 8). T h i s  is  because  t h e  e f f i c i e n c y  m u s t  be 
known 32 least  to l i e  i n  a c e r t a i n  range b e f o r e  the company d a t a  c a n  be 
used  to choose t h e  b e s t  air.del of t h e  dut-y cycle .  The incthod adopl r d  h e r e  
i s  t o  consu lc  cngj -neer ing  handhooks and u t i l i t y  d a t a  (Scc t -  91. so as 
Lo p l a c e  f u e l  P.o-ojl e f f i c i e n c y  i i n  A r ange  narrow enough t o  p p f m i i  a 
c h o i c e  of a f h 7  s c l l edu l ing  i n o d e l  i n  Chap, 8. It t u r n s  ou t  t h a t  undcr  
a n y  r e a s o n a b l e  c h o i c e  of a schedi i l ing  model,  tlie e f f i c i e n r y  li1uSt be a t  
t h e  u p p e r  end of t h i s  range. A s  a r e s u l t  t h e  F u e l - t o  o i l  p r f i i i e i l c y  i s  
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dcterliairsed in pzr t  by tiie c a l i b r a t i n g  da t a  and in par t  hy e n g i n e e r i n g  
laaiadbnol;:; , tr i , l  c s t i l  iply s ta t i s t ic? ,  
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diameter  D is  l a r g e r  t han  G P a r t l y  f o r  t h i s  reasi3u a p - ipe l i -ne  i s  corn- 
inonly b u i l t  t o  w i t h s t a n d  tlig1It.r j ) ~ ~ ~ ~ s i i r e . s  t:iian those. i.izit i a l l y  used. 
T h i s  a l l o w s  f1.it.i.m-e i n s t a l l h t i o u s  oE a d d i t i o n a l  horsepower to  respond t o  
de.roairds for  i n c r e a s e d  th roughpu t  whi.l.i? I - o w e r i i a g  m i  t t r a n s p o r t a t i o n  
costs. 

It i s  d i f f i c u l t  t o  say whethe-r i t  i s  b e s t  t o  assiirne t h a t  diaine~:er i s  
typlca.1l.y opt imal .  w i t h  respect t o  capar::i.ty or vi c~--ver:sa, Although the 
i n i t i a l  d e s t g n  probably opti.rni.zes t1iar:iet:er ~ i t h  r e s p e c t  t :o a g i v e n  
desi.re!d capacity older p i p e l - i n e s  that: have undergorat. icicreases i n  pumping 
power should teud  more t o  (9ptim-ize r a p a c i t y  w i ~ b  respect to a g i v m  
diameterc-. It: turrrs o u t ,  however, that  e i t h e r  approach  y:i .elds the same 
f u o c t  t o n a l  form f o r  t h e  r e g r e s s i o n  of c ~ . p a c . i t y  diameter. Some evidence  
for t h i s  can be g l eaned  froili Fi.,ge 6. P w h i c h  s u g g e s t s  011 e i t h e r  assump-- 
f r t o x i  tliat t h e  r e g r e s s i o n  has the  form oE 8 power f u i i c t  i o r i ,  Fo r ,  if T3 is 
t h e  o p t i m a l  d i a m e t e r  f o r  capacity e ,  ~'iiea Fig. 6, 1 is c o m p a t i b l e  w i . t h  
the r e g r e s s i o n  func t ion  

(; 2 XDY , 

where the exponent y i s  o f  t h e  order  o f  2 8  cmd x is an a p p r o p r i . a k  
c o n s t a n t  i>f psoportionality. 
0.98. L ikewise  i F  C i s  t:he o p t i m a l  c a p a c i t y  f o r  diameter D p  t hen  t:he 
same function d e s c r i b e s  t h e i r  E-elatiorisl-dp, where y i s  of the o r d e r  o f  
2. 1 ,  and r2 i s  0. 99. 
a p p r o p r i a t e  f o r  regressing p i p e  capac i ty  on d i a m e t e r ,  a1.bcti-t a fallc 
amount o f  sc-atter o f  p o i n t s  about  the regress ion  l i n e  can be expec.teS, 
s i n c e  tliffeserit p i p e l i n e s  of a g i v e n  d i a m e t e r  are l i k e l y  t o  be ii l  d i f -  
f e r e n t  stages of development and hence t o  ha-ve d i  Fferent: capaclti-es. .l:t 
a l . so  suggest.s t h a t  ttie result-ing exponent would l i e  between Z 1 and 2, 8, 

The r2 s t a t i s t i c  f o r  the regress ion i s  * 

This suggescs t.Iia.fr :I power f u n c t i o n  r.0ul.d be 

It is unwise ,  however,  to choose a f u n c t i o n a l  form f o r  a regcessi.on, 
s u c h  as Eq. (6, I ) ,  s o l e l y  on the ground t h a t  i t  f i . t s  soim a v a i l a b l e  da t a  
f a i r l y  c l o s e l y .  It i s  p r e f e r a b l e  t o  be ab:I.e t o  j u s t i E y  the choice of 
f m c t i o n  by a p p e a l i n g  t o  a model r~r t l t eory  that  p u r p o r t s  t o  e x p l a i n  the  
phenoinerion i n  quest iorz ,  In f a c t ,  a s i . m p k  c o s t  mnodeP for p i p e l i n e s ,  t o  
be p r e s e n t e d  below, s u g g e s t s  t h a t  Eq. ( 6 ,  1) probably  does n o t  m i r r o r  the 
a c t u a l  re la t  Lonship between C and 1x Not ie the less  th.i.s sauie model shows 
that  Eq. (6. 1) i s  c o r r e c t  i f  one niakes some s i m p l i f y i n g  a s sumpt i . ons  
These assumpti .ons . w i l l .  be seen  t o  be  innocuoris enough to j u s t i f y  the use 
of Eq, (6. 1 )  f o r  t h e  purpose  of t h i s  s tudy.  

--.... ~ ~ I..-I _- .-.--I * 
The capaci.t i e s  for wbi.c.li the t h r e e  d . i . ~ ~ e t e r s  10, 12 and 16 In 

were taken to  Pit. opt:ilinaL a re  t l~e  midpo in t s  s f  the ranges <)E capaciKies 
fo r  which these d.iameters among those! r e p r e s e n t e d  are opt imal . :  respec- 
t i v e l y ,  1.00, ~ 9 5 ,  and 182 x 106 t / y r  (metric tons p e r  year ) .  
exponent was estimated u s i n g  i t  Log- l inear  r e g r e s s i o n  model, 

~ i i e  



A h i g h l y  si inp1.ified a n a l y y i  b of p i p e 1  i I-~E cost? .  ~ w u l d  go 

t c ( p i p c  1 a y  i ilg ,I), c ) 

w h e r r  c ( t o t . ? l , D , C )  t o t 3 1  c o s t  o €  builcli i ig ani: 
l i n e  ruith d i a m c t c r  C and cd 

c ( o p e i  a t i o n , l ) ,  C) = t o  t a l  ope r  i t  tiig c o s ~ s  o v e r  9 l i f e t i m e  O F  tile 

eqililmt-n t , app i u  p i  L d t e l y  d i 
d i a n e t e u  is D aid rhr  r 2 l J a c i t y  C; 

pumping e q u i p r n t ,  IArhen the d i . m e t e r  i s  D and 
t h e  c a p a c i t y  C; 

h o l d i n g  tdiiks and r ' a l a t ed  f a c i l i t i e s  1~7hen the 
diainetei .  is D alii1 t h c  c i p a c i  t y  C, 

c(purnps,D,C) - l a b o r  and I e r i a l s  c o s t  of i i i s t a l l i n g  t h e  

c (p ipeLay ing , I ) ,C)  -= laboL dnd i n a t p r  ictls c o s t  of  i n s t z l l i n g  t h e  p i p c ,  

The pipell f i ~ e r ' s  a i m  is  t o  rniniioiLe t h e  c o s t  p:'r u n i t  LLdiiipoiLed, 
c ( i o t z l , D , C ) / C .  T h i s  c a n  be done by f i i id i i ig  t h c  : Jp t ima1  c l i a i l l < % t P i .  TI once 
t h e  dcsired c a p a c i t y  i s  f i x ~ t i ,  o r  by f i n d i n e  the optillid1 c a p a c i i y  L once 
t h e  diaintlt P r  i s  f i x e d  The remainder  of t h i s  section . a r i l  a t t e a p t :  thLo 
d n  a n a l y s i s  of t h e  t h r e e  tetms i n  Eq. (6.2), t o  e s t a b l i s h  t h a t  i n  P j t h e i  
case t h e  r e s u l t i n g  r p l a t i o n s h i p  b e t ~ e o . -  C all(l D i s  e x p r c s s ~ d  s c c i i r a t p l y  
 nou ugh by t h p  s i m p l e  p o w r  f u n c t i o n  (6. 1). 

One assumption t h a t  mist  be made i n  the analysts t o  f o l l o w  i s  t h a t  
economy of scale g e n e r a l l y  behaves accord i l i g  LO a p o w ~ r  f u n c t i o n -  Irii?-t 
i s ,  i f  Q mrnc,ur'es t h e  q u a n t i t y  o r  s i z p  of an oper,nti .on and c i t s  c o s t ,  
r Ire 11 

w h ~ c i ~  the exponerit t i s  less  t i r ~ i i  oil& ( I , ' ,  here a n d  c l  sewhe-rc, i s  a 
dii~rmg symbol t h a t  s t a n d s  f o r  &Ztevei  1 o n s c a n t  of p r o p o r t i o n a l  i L?  i s  
a p p y c p r i a t e  i n  a pact i c i i l a r  c o n t e x t  When L ~ & I L ,  k ' s  o c c u r  i l l  tile s a w  
f o r m d l a ,  Lhry need not be t h e  s a m  qi ia l l t2tg.)  I 'h i s  s o r t  of r ,Xlat ionship 
has heen 5ornc c u t  by Cost-eAgineering sti4die.s ii' many c o l i t e x t s ,  p a r t i c u .  
l a r l y  i n  t h e  t r a n s p o r t  o f  energy (Nar rche t t i  1915,  p 3) .  1 l l P i e f o r e ,  Lilt: 

use of a porwr f u n c t i o n  t o  d e s c r i b e  prorioiitg of s c a l e  vi11 b~ presu i i sd  t u  
have,  a t  least  t o  some e x L e n t ,  t h c  !cind of  itidcFc:ldtD.it j u a t i f  i c a i  ioii 
endorsp-d above. 

F i r s t  t o  be c o n s i d e r e d  i s  t h e  op??j-\?ring e x p ~ i - i s ~  c(opcratiol-L,D,C). 
The dcprirdence of d p i p e l i n c  cociip,?n;i's o p c r a t i l l g  e x p e n s r  on t h s  p h y s i c a l  
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( S .  5) 

where JA is t h e  l e n g t h  of i‘ne p i p e l i n e  and where t 3  = ?. 7 5  and t 4  - 75, 
as  i n  foriuula (2. 7). When (6. 5 )  i s  s i i h s t i t i i t c d  i n t o  (6. ! I ) ,  and (6. 4 )  
i n t o  (6, 3 ) ,  t h e  r e s u l t  is  

w h r r e  t i t 2  (0. / )  (0. 9 4 )  = 0. 66. S i n c e  the  1eng:th L is  not  a v a r i a b l e  
o f  i n t e r e s t  h e r e ,  it c a n  be f i x e d  and i n c o r p o r a t e d  til t h e  c o n s t a n t  k 

It s h o u l d  be no ted  t h a t  i f  t h e  :ibove r egLrs s ion  o f  u p e r a t i n g  c o s t  on 
t o t a l  c o s t  \*rere p e r f o r m e d  on p i p e l i l i e s  a l l  lidving t h e  same l e n g t h  L ,  t h e  
estimate t i  = 0. 7 migh t  change. 

6, I.. Z I Cost  of pumping equipment  ____ 

The c o s t  c(pumps , U , C )  of i n s t a l l i n g  erjuipment s h o u l d  be rough ly  
p r o p o r t i o n a l  i o  t h e  c o s t  of t h e  equipment i t q r l f .  A ~ ~ i l e  of thumb i n  t h e  
p i p e l i n e  b u s i n e s s  i s  t h a t  t h e  c o s t  o f  pumping equipment  v a r i e s  rough ly  
w i t h  the 0. 7 power o f  t h e  power r a t i n g  P ,  s o  t h a t  

c(pumps,D,C) = k P t 5  , where t b  = 0.. 7 . 
* 

(6. 7 )  

A r e g r e s s i o n  based on O i l  and Gas Jour r r a l  c o s t  d a t a  (1978,  p. 67)  p r ~ t s  
t 5  a t  0, 69. The power r e q u i r e m e n t  P i s  t h e  p r o d u c t  of t h e  dcsiglr  f i - i c  
p i o n  head h f ,  g i v e n  a p p r o x i m a t e l y  by fo rmula  (3. l k ) ,  w i t h  the w i g h t  r a t e  
o f  f low i n  N / s ,  S i n c e  tlw w i g h t  ra te  of f l o w  i s  p r o p o r t i o n a l  t u  the 
d e s i g n  volume rat P of f l ow C ,  

- . -- _ _  _ _ _ _  

where t3  = 1. 7 5  and t 4  = 4. 75. S u b s t i . t u t i o n  of liq. ( 5 .  8 )  i n t o  (6. 7 )  
y i e l d s  

(6 .9 )  
c - ’  

c(puinps , U , C >  = t5 . 
n’L 4 
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Percent of total .  c o s t  

C r u d  e 
'6" i peelines 

0, 4 
2, 5 

31, 0 
3, 9 

38, 4 
2. 8 
5. 5 
0. 0 
6. 8 
5. 5 
1. 5 
1. 0 
0. 1 
0. 6 
0,0 

Prroduc t 
Pi pel ine 6 

0, 5 
2. 8 

2.5. 5 
3 , 5  

41. 6 
2. 2 
3. 6 
0. 0 

7, 0 
3. 0 
0. I 
0. 6 
0, 6 
0. 8 

a, 6 

Crude P r o d u c t s  

1. c(pj.pc,D,C) = t '$>c:t  of l i n t .  pipe and  f i t t i n g s  35% 2 9 z  
2. c.%pl-"mps, n,c> c n s r  oE pumping power (Le. ~ 15% 14% 

pumping equipmeor ~ h n i I d i n g s  other  s t a t i o n  
equipment 1 

( m a j  n l y  p ipe l io t a  r n n s t r u c  t i o n )  
3.. s(other,D,C) -i: cos t  of every th ing  e lse  50% 57% 

The p t ~ ~ r ~ p i n g  c o s t s  have a1 r e a d y  beeo consider(:& The remaining d i v i s i a n  
i s  convenient because? as w i l l  hc seen s h o r t l y ,  t h e  cost of l i n e  p i p e  is 
sensitive t o  both diameter and c a p a t - j t y ,  w l i i l e  t h e  cos t  05 installing 
the lbjpe can  p robab ly  bc represented  as  dependen t  on d i a m e t e r  only, 
~ h e r ~ f n r ~ ~  .;-Ince c ( ~ i p r ~ ~ ~ , C l  i q  o w r 4 y  311 l i n e  p i p e  c o s t ,  i t  cail reason- 
a b l y  hi? r ~ p t - e s e r a t ~ d  -1s a f r r n c t i o n  of [) 2nd C ,  whereas  c(other,D,C), which 



i s  domlnatpr! by thc c o s t  of l a y i n g  t h r  p i p e ,  can be r c p h e s e n t e d  as a 
f u n c t i o n  of D alone- It shoiild DP w d e r s t o o d :  of c o u r s e ,  t h a t  t h e s e  
c o s t s  c a n  d ~ p e n d  on a number of o t h e r  E?ri-,,rs as well, such  as L I I P  d i f -  
f i c u l t y  oE t e l l d i n ,  woa thpr ,  ease of a c c c s s ,  and so ocG Rut i r  w i l L  be 
a s s u a e d  i l lat  t h e s c  : a c t o r s  a r e  liot cor~slated . r i t h  p t p c l i w  d i a w L e r  or 
c a p a c i t y ,  so t ha t  thr.y can  be igl iored i n  t i e  p r e s e n t  a n a l y s i s .  

__ 
l h e  c o s i  of l i n e  p i p ?  depend? on i t s  d i a n e t e r  41td i t s  p ~ ~ s s u r c  

r a t i n g ,  aiid t h e  l a t t e r  is  n fkinctioii of t h e  wall t h i c k n r s s  2nd tlie grade 
o f  s tee l  use& A riapresent 4 1  i v e  p r i c e  scl ledule  l i s t i n g  557 v a r i e t i e s  of 
l i n e  pipe (American S t c c l  P i p e  1 9 1 9 )  s u g g c q t s  t h e  L-gcession 

whore Y is t; le prcssriir y i c l d  p o i r i t  i n  N / c l n 2 ,  
i n c h e s ,  --$id r.rii 'r, - 9. 0 3 6 ,  '6 7 0- />,  t i  = L. 72 ( r 3 -  f o r  t he  r g g r e s s i o n  
T T ~ =  0. 87. rlre p c  diameters ralrgetl froln S t o  3 0  i l r  , thc  l~a11 t h i c k n e s s  
frolli 9. 156  t o  0. 3 / 5  in. slid t h e  grdtles from R t o  X 65). TTLE mximum 
e x p e c t e d  Tror'ning p r e s  ce can 13n consirl i .r-3 p r o p o r t i o n a l  co t h e  pressure 
y i e l d  p o i n i  r l ios rn ;  g e ra1  l y ,  rildxiliium v o r k i n g  prccqrire  i s  aborit 50% o f  
y i e l d  p r e s s u r - .  ~ i i e  i i a a ~ g : i ~  of s a f c t y  chosen d ~ i p ~ n d s  on t i l ?  c i r c u m s t a n c e s ,  
bb t  t h p s p  ci r c u n s t n n c ~ s  can be pi-esumcd i l ldependent  of t h e  p i p e ' s  d i a i w  - 
ie: arid capac-ity. c jorki l lg  pressui-r i s  t 1 1 ~ 3  s u m  of p r e s s u r e  dtic t o  f r ic -  
t i o n  and t.hat due Lo g r a v i i y .  l h e  iriaximuril p r e s s u r e  Yf due t u  E r i c t i o n  
i s  p r o p o r t i o n a l  t o  t h c  Z r i c t i o n  hend a t  t h e  pump d i s c h a r g e ,  which i s  
g i v e n  by formula ( 7 . 6 )  wherc 1, i s  t h e  d i s t a n c e  Cu the n e x i  pimping sta- 
t i o n  r ? ~  t ~ )  t h e  Piid of t h e  p ipe .  (Dist-harge p r e s s u r e  al- t i in  downstcpaiii 
exd call 'ut. ignorpd. ) So 1~7c b a v ~ ~  

D t h c  inside d i a m e t e r  i r r  

-_ 

- 

SincP  t h e  s p a c i n g  of  pun;i jig s t a t i o n s  depends on many f a c t r l r s  u n r e l a t e d  
t o  diamrs!-t.r and c a p a c i t y  ( s u c h  as t e r r a i n  and a v a i l a b i l i t y  o i  l a n d ) ,  T, 
c a n  bp assumed d e p e n r i e n ~  of D and C and i n c o r p o r a t e d  i n t o  t h e  c o n s t a n t  k 
A s  f o r  the pressurt. due t o  g r a v i t y  Yg ,  it &lL f o r  the s a k e  O F  simplicity 
bp assumed i o  compr i se  a f i x e d  frcl r r ion of YE. T h i s  ~ncans t ha t  

S u b s t i t u t i n g  Kq. (6. 11) i n t o  (6. l o ) ,  

(6. 12) 
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No p r e t e n s e  is made t h a t  Lq. (6. 15) i s  a d e q u a t e  t o  compute c o s t s  f o r  any 
p a r t i c u l a r  p i p e l i n e .  Every si  t i i a t ion  h a s  a un ique  set of c i r c u m s t a n c e s  
t h a t  must bc r-eElected i n  c o s t  c a l c u l a t i o n s .  Y e t  Eq. (6. 1 5 )  a p p e a r s  t o  
c a p t u r e  t h e  b a s i c  j n t e r r e l n t i o n s  am9ng t h e  c o n y o n s n t s  of c o s t ,  t t iose  
i n t F r r e l a t i o n s  t h a t  can be expected t o  o p e r 3 t e  i n  any a p p l i r a t i m .  For  
t h i s  cLasoin Eq. (6. 1 5 )  s h o i r l d  be a d e q u a t e  f o r  t h e  d e r i v a t i o n  of a g e n e r a l  
r e l a t i o n s h i p  betveen L 1 1 t - h  c a p a c i t y  C and the  d i a r w t e r  D when o p t i m a l i t y  is  
achipved. On t:ii. assumptinn t h a t  the c h o i c e  of c a p a c i t y  an d i a m e t e r  i s  
inad, i n  something a p p r o a c h i n g  a n  opt imal  way, Lhis  re1 at t o n s h i p  shou ld  
be  a d e q u a t e  ti, d p s c r i b e  reality. 

l'o find the o p t i m a l  r v l a t i o n s h i p  between C and D, f i r s t  Eix t h e  
c a p a c i t y  C: a n d  f i n d  t i l e  diametrr-  D t h a t  minimizer; c ( t o t a l , I ) , C ) / C .  i'o do 
t h i s  s p t ,  

a 
- a n  c ( t o t a l , D , C ) / C  = 0 , 

which, rear ranging  teriils, y i e l d s  

y o l r r t i u n  of Eq. (6. 1 6 )  f o r  D would g i v e  t h e  o p t i m a l  d i a ine t e r  i n  terms of 
: s r _ j ~ a r " I  .2 Ycw :i?d an  o p t i m a l  c a p a c i t y  C vhen t h e  d i a m e t e r  D is  
f ixed .  S e t  

a 
a D  c ( t o t a l , D , C ) / ~  = 0 , 

which ,  a f t e r  r e a r r a n g i n g  terius, y i e l d s  a n  e q u a t i o n  i d e n t i c a l  t o  Eq. 
(6 .16 )  except € o r  t h e  v a l u e s  of t h e  c o n s t a n t s .  S o l u t i o n  f o r  C i n  terms 
of D would g i v e  the o p t i m a l  capacity. Unfort tmnately,  Eq. (6. 16) h a s  a 
c l o s e d  form s o l u t i o n  n e i t h e r  € o r  D i n  terms of C nm- vice-versa ,  Solu- 
t i o n  can  be a c h i e v e d  by n u m e r i c a l  methods only. S t r i c t l y  s p e a k i n g ,  then, 
rhe dependenre  of C on D is  n o t  d e s c r i b e d  by a power f u n c t i o n  having the 
form of Eq. (6. l ) ,  nor  f o r  t h a t  m a t t e r  by any e f f a b l e  a l g p b r a i c  f u n r t i o i z  



A t  optimally, then, C and I3 bc>:tr the approximate r-t.lat-.int'~ship 

The ou tcom~ Ls tha: same (up t:o a cons tan t  k)  whether T'I i s  optimized f o r  
a f i x e d  C or  Vice versa. 

The above derLvat ion  indicates that  if reasonable estimates o f  the 
paramerers are made, and i.f the s i m p l i f y i n g  assunptions i lre made t h a t  
t1t2 = t3 and  t h a t  the rallies i n  eq, ( 6 .  18) are equal., tbeti the depe.nderrce 
of C on D is descr ibed  a p p r o x i m a t e l y  by a power func::ti.on. 
value 2. 13 o f  the exponent s e r v e s  a.k a check on the validity o f  t:he 
de r iva t ion ,  It i m p l i e s  tha t  o i l  moves s l lght : l .y  faster in l a r g e r  p i p e s  
whfch is correct,  and  i t  i.s on ly  a l i t k l e  small.er than the estimates got  

The r e s u l t i n g  
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i n  Sect .  6, 'I truii l  c a p a c i i y  and diarncter - l a t a :  3. '339 f o r  c r u d e  l i n e s ,  ai-~rJ 

?. 383 f o r  protiiicts l i n e s .  

4 d i f f i r r i l t y  t h a t  a r i s e s  i n  t h e  e s f i r i a t i o n  of t h e  paramPteis x a n d  
y has a l i ~ ~ , ~ d ~  becn  I I  t J o n e d  i n  %ft. 5- 1. i t  i s  t h a t  tile N a t i o n a l  
Per t  d l ~ u i i ~  Counci 1 ' s  p i p z l  i fie c a p a c i t y  daca ( d e s c  t i be? i n  Chacj, L t )  some- 
t i r n - s  do tioi shard c z p a c i t i c s  of l l idividii ; i l  ? i p e l i n e s >  b u t  o n l y  tlle t o t a l  
c a p a c i t y  oE 2 g r ; ~ u p  of p ~ i - a l l c l  p ipe :  iries of d i f f e r e n t  d i a w t e r s .  l r i p  

e s t i t nd t io i i  p r o c e d u r e  m u s t  be des igned  Lo accoanodatc  this  f a c t ,  <?-::I t h i s  
i s  donc i l l  S C C I .  6. 2 

Nonetheless i t  wn17ld be : I \ - L G ~ S C  t o  assume t h a t  u i i l i 7 a t i o n  of a 
p i p c l i n e ' c  capae i  t y  is i n d e p c i d e z t  of i t s  d i a n e t e r  and oi-lrec p h y s i c a l  
prop=r+if ic-  i t  is  p o s s i b l e ,  € o r  i n s t a n c e ,  t h a i  I a rees  d= ia i i i e t~ r  p ipe l i l l . - '< .  
t r d  t o  be more h i g h l y  u t i l i  t h a t  srnal l r :  m e s ,  pcilicips dlie t o  t i irzr 
s u p e r i o l  L-fficiency. I t  is c s s a r y  t o  be awr_re o €  any cucli dependence,  
sillre t h e  met'iod used i n  iiiis s t u d y  r-qa:iies t h a t  a p i p e l i n e  coilipany's 

its be a l l o c . i ? e d  amone i-ts p i p e l i n e  w g m e n t s  i n  some f a s h i o n  
tha t  LeilectS r e a l i t y  ( S P P  Sect. 5. 1). I 1 1 r  oughpuc is n o t  genetralLy 
p r o p o r t i o n a l  t o  capaz i t y  , t h r  a l l w a t i o n  t t a k e  t i i i s  i n t o  account ,  

Tn t h e  absci :ce  of any a p i i o r i  a n a l y s t s  of t h e  d ~ p ~ ~ ~ d e r i c c  i n  
q u e s i i o n ,  i t  ~~erns bcs: t o  r i z g i  :;<?fit i t  u s i n g  a f u n c t i o n  tliat i s  as 

l e  as p o s s i b l e  while p r o v i d i n g  €or  0112 or  mort. parariietc~s tttat 
e c t  t h e  degrFe  t o  v h i c h  a p i p e l i n e ' s  u t i l i z a t i o ~  d ~ p e n d s  on i t s  

c a p a c i t y  atid diancI:xr. ihe  fol lowLng f u n c t i o n d l  form s u f r i c e s :  

v = aC(CbDC) , (6 .20)  

vhCLc 'J i s  t h e  g i v p n  p i i i ~ ~ l i i i e  s c g : n ~ n t ' s  t h i - a q : i p u t ,  C i t s  r a p a c i t y ,  and 
D i t s  ( i n s i d r )  d i ame te r .  'l'his f I lnc t in r i  s h o v s  throughyt i t  t o  bc propor = 

t i o n a l  t o  the p r o d i i c i  of c z p a c i t  4' a1-d a C0Ti - t '  iohi f ac to r  C ~ F  t h a t  i s  
p r o p o r t i o n a l  t o  i i t i l iLd t io i3 .  S i n c r  jt is d e s  a b l e  t o  iz inimix:~ t h e  

P'L t. t~ be cst i t r ia ted,  replace rl: w i t h  i t s  ceg , r e s s ion  
f o r m i l a  e s e i m t e  (6. 1 )  20 g e t  





C -= xDY . ( e .  22) 

I n  t h i s  s ~ r t i o n  procerli:res f o r  ~ q t i i i i a t i n g  t i~r  p a r a m e t c i s  x and y v i 1 1  be 
( i P r i V n 8 .  

Rccal l  t h a t  i n  iiia1iy cases i t  is  o n l y  t h e  sulii of  s e v e r d l  c a p a i i t i e s ,  
Pa i l l e i -  t h a n  i n d i v i d u a l  c a p a c i t i e s ,  t h a t  can be observed. T,Pt  11s sa)' cha t  
t h e  i t h  ~neasurcd c a p a c i t y  C i  i s  known t o  be t h e  slim of t h e  c a L l J c i t i e s  i n  
a ce t i ; r  i n  gi-tiilp of 011" '>L- more p i p e a  h a v i n g  diameter :  

T f  C i j  is  * ~ i l : ~  unknown c a p a c i r y  of t h e  j t I1  p i p e  i n  grol lp  i, t h e n  

I'hPTe a r e  391 c a p a c i t y  o b s e r v a t i o n s  C i  f o r  ccudp n i l  l i n e s  and 395 
o b s e l v d t i o n s  f o r  p i o d i i c t s  l i n e s .  

rhe  p r m e t e z s  x and y canno t  hc e s t i m a t e d ,  on t-he b a s i s  of t h i s  o r  
any o t h e r  s o t i  o f  d a t a ,  u n l e s s  some as sumpt ion  i s  Ior ldp a h o u t  t h e  mannc~r 
i n  which obse rved  capai. i t i e s  d e v i a r e  from t h c  v,a7 lies p r e d i c t e d  by t h e  
r e g r e s s i o n  f o ~ - m u l  a. Gene1 . i l l y  one of two b a s i c  e r r o r  p i o c e s s e s  i s  pre-  
siiilied t o  occur. One i s  a n  a d d i t i v e  p r o c e s s ,  i n  which each d e v i a t i o n  i s  
reg<irded aC; 3 sim of many small independen t  d e v i a t i o n s ,  each r e p r  
O L E  of t h e  many i n f l u e l i c e s  C i ~ t  p e r t u r b  an obse rved  value.  Whatever bp 
t h c  d i s t r i b u t i o n s  of t h e s e  ind iv id i i a l  d i s t u r b a n c e s ,  t h e i r  sulir i s  l i k e l y  
t o  have a d i s t r i b u t i o n  t i i a i  is  n e a r l y  no rma l ,  s i n c e  it is  a rnatheinatical 
p r o p e r t y  01 d nurrnal d i s i r i b u t i o n  t h a t  ii is w y m p t o t i c a l l y  t h e  r e s u l i  
o f  suniiiring a la rgp  number of rahdom v a r i a b l e s  hav ing  distributions t h a t  
commonly occur  i n  nature .  The a d d i t i v e  model r e s u l t s  i r i  t h e  r e g r e s s i o n  
eqr ia t  i o n ,  

(5 .23)  

where the e r r o r  L P I U X  ~ i j  i s  norma l ly  d i s t r i b u t e d  

The mil t i p l i c a t i v e  e r r o r  model p r r s u m r s  3n  obsprved  d e v i a t i o n  t o  be 
& 1  L I I ~  produc t  of inany small, i ndependen t  deviations. Each d e v i a t i o n  is  

r e p r e s e n t e d  by R m u l t i p l i e r ;  a m u l t i p l i e r  of one r e p r c v n t s  no d e v i a t i o n ,  
and a n u l t i p l i e r  g r ~ d t t ' r -  t h a n  o r  l ~ q s  than one rt3preseirts an i n r r r n s e  or 
d e c r e a s e ,  ~ c s p ~ c t i v e l y .  An i t r s t a n c e  would be a t r a n s c o n t i n e n t a l  t e l c -  
phune  s i g n a l ,  wbLrh can be see11 2s passiitp, throiigh d I L U L I I ~ P ~  of wires arid 
a m p l i f i e r s  t h a t  d e c r e a s e  or  i n c r e a s e  t h e  s i g n a l  s t r e n g t h  a c c o r d i n g  t o  
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lleviat Lon is p r o p o r t i o n a l  t o  tlir p r e d i c t e d  c a p a c i t y  ( a s  is  assumed by 
t h e  m u l t i p l i c a t i v e  e r r o r  model.). A. s imple  p o w ~ i -  f u n c t i o n  

s a t s i f i e s  L l l c a s e  r equ i r emen t s ,  o is c o n s t a n t  when k = 0,  and it  i s  pro- 
p o r t i o n a l  t o  th:, p r e d i c t e d  c a p a c i t y  when k '  s v a l u e  is Llie maxiiiiiim l i k e l i  - 
hood e s t i m a t e  of the expoilpiit y iii Cy. (6 .  24 ) .  Tpt u s  a d o p t  Eq. (6. 27), 
t h e n ,  and observe t h a t  i f  t h e  e r r o r  terms ~j j are i n d e p e n d e n t ,  t he  
v a r i a n c e  o€ ~i i s  

J.ct L ( x , y , h , k )  be t h e  p r o a b i l i t y  d e n s i t y  fcrnctiot-1 r e p t e s e n t i n g  t h e  
probabfJi t y  that 3 set  of obse rved  c a p a c i t i e s  C 1  , . . . , C, w i l l  d e v i a t e  
f r m  t h e i r  r e g r e s s i o n  folmulas r e s p c c t i v c l y  by ~1~ ... , S i n c e  the 
e r r a r  tesms &i a c e  i n d e p e n d e n t ,  T,(x,y, t~,k)  i s  tfle p r o d u c t  o f  i h e  d e n s i t y  
f u n c t i o n s  of n n o m a 1  d i s t r i b u t i o n s  having  v a r i a n c e  h 2 g i k  and mean zero. 
T h a t  i s ,  

For  a t y  g i v p n  h a n d  k t h e  v a l u e s  of x and y t h a t  maximize T,(x,y,h,k)  can 
be found. The r e s u l t i n g  r e g r e s s i o n  fo rmula  C - xDY d e s c r i b e s  t h e  curve 
t h a t  t e s t  f i L s  t h e  d a t a  on t11e assu i i ip t ion  t h a t  h and k c o r r p c t l y  cha rac -  
t e r i z e  tilt:  e r ror  va r i ance .  Thc a i m  is  t o  choose h and k so tha ' i  t h e  
r e s u l  t i n g  iiiaxirnurri--likelihood r e g r e s s i o n  c u r v e  creates r e s i d u a l s  whose 
d i s t r i h u t i o n  is  most n e a r l y  norriral. T1ii.s w i l l  be made more p r e c i s e  
s 110 r t  1 y. 

It i . I i L i i >  G U C  t h a t  iltr maxiiulm l i k c l i i l o o d  p s i i i n a t e s  of x and y depc.1rt-l 
o n l y  on k and a r e  independen t  of h. I f  t i l e  paramete r  k is  f i x e d ,  t h e  
v a l u e s  of x a i d  y t h a t  maximize I , ( x , y , h , k ) ,  which we r a n  d e n o t e  X k  and 
Yk, ca i i  be foufid by s e t t i n g  the p a L t i a l  d e r i v a t i v e s  of I n  J . (x ,y ,h ,k )  
w i t h  respeci  i o  x and y equa l  t o  LCPO and s o l v i n g  s i m u l t a n e o u s l y  f o r  x 
a id  y. 

0 . (6. 2 9 )  
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Solving ( 6 .  28) f o r  x, 

The solution value  for y car1 l x  found by stibst ituting t l i t ?  abnvc expres- 
sion for  xk i n t o  Eq. (6. 29 )  and s o l v i n g  (6, 29) nume-ri.caIl.y for  y. N c ~ t e  
t h a t  the outcome is indeed independent of t.Ire value of It, 

6, 4 E s t  h a t i o n  o f  Throughput_ Regression Parauie~ers 

(6 .  :3 i. 1 
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Tn t h i s  s e c t i o n  p r o c e d u r e s  f o r  e s t i l n d t i n g  the p z i r a t ~ ~ ~ !  ~ Y Z  u am1 z %..:ill be 
d e r i v e d ,  Thp re are 4 18 c rudc  o i  1 throughpl l t  obsc. r v a t  i o n s  slid 542 p i o d u c t  s 
t h r o u g h p u t  o b s e r v a t i o n s  on which t o  base  t;ir est.. :mat i o n  

T h i s  w g r e s s i o n  is doubly roinplicaLed by the f n i t  t h a t  h t h  f l o w s  
and c a p a c i t i e s  are  o f t c n  u o t  obsprv,ible i n d i v i d u a l l y ,  bu t  i t  is  o f t e n  
or-11~ t h e  total  f l o w  o r  capaciLy i n  a g r u u p  of p a r a l l e l  p i p ~ s  t h a t  i s  
known. Fur the r ino re ,  t h e  g roups  rd ios r  t o t a l  flows at-r kno:rn (lo no t  neccs- 
s a r i l y  c o r r e s p o n d  t o  t h e  g r o u p s  whose t o t a l  cap.+; . i t ies  are know[I, Let 
l i s  s.ay t h a t  t h e  ith uw;lsured f l o v  V i  i s  a c t u a l l y  the s u a  of Flows 
V i l ,  ... , V i n i  i n  p i p e s  h a v i n g  d i a m e t e r s  n i l ,  ... , D i n i  r e s p e c i i v e l y .  
L e t  u s  2190 s a y  t h a t  t h e  pth n.esured c a p a c i t y  Cp 15 the sum of c a p a c i -  
t i e s  C p 1 ,  ... , 
V i j  and diametc~p?$; i s  n o t  n e c e s s a r i l y  C i j ,  s i n (  P the C's a r e  l i k e l y  t o  
be g rouprd  d i f f e r e n t l y  and hence t o  bc i ndexed d i  f f e c e n t l  y. 

Note t h a t  t h e  c a p a c i t y  of tile p i p e  1~ieI-1 flor.1 

A f u r t h e r  c o m p h i c z t i o n  is  i n t r o d u c e d  by t h e  fact th'at t h e  obse rved  
€lows a r e  known o n l y  t o  l i e  i n  i n t e r v a l s ,  iiitp.igals that  i n  i i ~ e  case of 
t h e  smaller €lows are t o o  broad t o  c o l l a p s e  t o  r3 poinr .  W e  c an  take e a c h  
o b s e r v e d  f low t o  be an i n t e r v a l  [Vi,!Ji] w i t h i n  which the acit ial  f low i s  
known i o  l i e .  This a d d i t i o n a l  u u c e r t a i n & y  will evrn i  i i a l l y  be f aken  i n t o  
a c r o u n t ,  b u t  it i s  r o n v e n i e n i  f i r s t  t o  deve lop  i l l -  r e g r e s s i o n  on t h s  
a s s u m p t i o n  t h a t  t h e  ObSPPved f l o w  i s  known ex.?< t l y ;  L i l d i  i s ,  on t h e  
assumppion t h a t  V i  - LJ,. 

P O P -  r ea so i i s  v e r y  siiiiilar t n  t h o s e  adducpd i n  i i l ,  p ~ e v i o u s  s e c t i o n ,  
ac-i a d d i t i v e  ra ther  t h a n  a m u l t i p l i c a t i v e  e rcu r  illtJdel t u u i ; l  he  u s ~ d  O n  
t11is model e a c h  i n d i v i d u a l  f l r J T A 7  Y i j  is x r i t t e n  a s  a >,urn of the  regrc,r.sior: 
formuld and an r r ro r  term 

where Cpq(.i j)  i s  the  c a p a c i t y  of tile p i p e  whose flow i s  V i j .  
t i o n  p q ( i j )  i s  nierely- meant t o  i i i d i c a t n  t h a t  p and g arc :6 t a k c  values  
s u c h  t h a e  Cpq is &he c a p a c i t y  of t h e  p i p e  r+osc f l o w  is V i j .  ) 

( ' l h r  n o t a -  

N O W ,  



6-21 

(6 .33)  
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(6. 3 6 )  

a r d  s u b s i t u t i o n  of (6. 36) i n t o  (6. 35) pcr i< i i t s  n u w ! r i c a l  s o l u t i o n  of 
(6. 35) f o r  zk The r e s u l t i n g  v a l u e s  of Uk ant1 Zk a r e  . igain i l idependent  
o €  h 

A s  i n  p r e v i o u s  s e c t i o n ,  an  e s t i m a t e  hk of t h e  paraiireter h can be 
equat;:d w i t h  a n  es t imate  of t h e  s tandxu(1 d e v i a t i o n  of ~ i / d g i k ,  so that  

(6. 3 7 )  

I f  the  v a l u e  of k t h a t  r e s u l t s  i n  a most n e a r l y  s t a n d a r d  normal  e r r o r  
d i s t r i b u t i o n  i s  found,  t hen  Uk and ”k are t h e  d e s i r e d  e s t i l r i a t e s  of u alid 
Z .  

Our n e x t  t a s k  i s  t o  r cp l . i ce  t h e  obse rved  f lows  V i  w i t h  obse rved  
i n t e r v a l s  [ V i , W i ]  w i t h i n  which t h e  a c t u a l  f l o w s  arp h n o m  t o  l i e n  S i n c e  
n o t h i n g  i s  known a b o u t  where in t h e  iliterild1 [ V i  , V i ]  tlte acLiial  f l ow 
l i e s ,  a g i v e n  o b s e r v a t i o n  shou ld  n o t  he c o n s i d p i e d  a d e v i a t i o n  F r o m  t he  
regress ion  formula  p r e d i c t i o n  

u n l e s s  r i  l i e s  o u t s i d e  t h e  i n t e r v a l  [Vi,W;]. “he magni tude  of a nonzero 
d e v i a t i o n  E i  c a n  be tdken  t o  be the d i f E e r e n c e  be tween r i  a n d  t1-w closest  
boundary of t h e  i n t e r v a l .  That  is ,  t h e  e r r o r  trrm ~i i s  g ive t i  by 

r i  - Wi i f  r i  > !l’i . 
r i  - V i  i f  r i  < V i  . 
0 o t 1 i-w i se 

The d e n s i t y  f u n c t i o n  T , (u ,z ,h ,k)  is  
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O n r c  uk and a re  fountl, 112 can a g a i n  be estimated a s  [-he vqriaoce 
O E  the d i s t  r ihlnt ion of d e v i a t i o n s  from t h e  r e g r e s s i o n  curve. D e v i a t i o n s  
“1 f r o m  t h e  near-t>:-,t boundary tpf  he o b s e r v a t i o n  i n t e r v a l s  are 
i n a p p r o p r i a t e  f o r  t h i s  pu rpose ,  however, since t h e y  u n d e r e s t i m a t e  t h e  
t r u e  v a r i a n c e  o f  d e v i a t i o n s  when the d i a m e t e r  is s m a l l .  T h i s  i s  
because,  f o r  small diauneters, the o b s e r v a t i o n  i i i t e r v a l s  ( V i  ,Wi) are as 
wide as the spread of o b s e r v a t i o n s ,  so t ha t  t h e  p r e d i c t e d  values w i l l  
l i e  c o m p l e t e l y  o u t s i d e  of only d m i n o r i t y  of t h e  i n t e r v a l s ,  w i t h  t h e  
r e s u l t  that nnly a m i n o r i t y  o f  t h e  E L ’ S  will be nonzero. A h e t t e r  
c o u r ~ e  is to  wasitre d e v i a t i o n s ,  f a r  t h e  pu rpose  of esti inat-ing h2, as 
tlae d i f f e r e n c e  between predic ted  vrpltic~s and t h e  m i d p o i n t s  of the obser -  
V a t i O t l  % l 1 ~ t ~ ~ * f 3 b S a  $0 if TdC? S e t  



t h e n  

i t  s h o u l d  be n o t e d  t h a t  i E  ~i v a n i s h e s  f o r  eacli i when Eqs., ( 5 .  38) 
arid (5. 39 )  a r e  sol-ved s i m u l r a n e o u s l y ,  t h e  sc l i i tCon c a n  be A r e g i o n  o f  
p o i n t s  (Uk,Zk) r a t h e r  t h a n  a s ; n g l e  point-. In ocher  words, when a 
r e g r e s s i o n  cu rve  passes th rough  a l ~ l  the o b s c u v a t i o n  i n t e r v a l s  f o r  some 
v a l u e  oE IJ an3 z, t h e r e  rnay be 3 f a m i l y  of regt-:ir;sicn cui-ves t h a t  p a s s  
t h r o u g h  a l l  t h e  i n t e r v a l s .  T’hPse r e g r e s s i o n  c u r v e s  would 170 e q u a l l y  
good,  siiice nothirig is known abou t  where i n  t h e  observed  i i i t e r v a l s  t h e  
a c t u a l  v a l u e s  lie. ‘ I ~ P  r e g i o n  O F  parameter v a l u e s  ( I l k ; Z k )  t h a t  d e f i n e s  
t h i s  f a r i i i l y  of ciirves is the soli . t t- ion o f  t h e  sys t em oE ncinl incar  tine-- 
qua1.i t i e s  

r i > V i ,  i = l ,  ..., n .  

Mhen t h p r e  e x i s t  v a l u e s  f o r  u and z t h a t  make each ~i - 0,  it is iinneces- 
sary  i o  es t imate  the h e t e r o s c e d n s t i c i t y  parameters h and k. This is  
b e c a u s e  t h e  samr family ol‘ s o l u t i o r i s  would rtAsult €or  any  a s s u m p t i o n  
r e g a r d i n g  t h e  v a l u p s  of h and k (h > 0). 

6. 5 Numerical K r s u l t s  

’ i h i s  s e c t i o n  d e s c r i b e s  f . i a ~  i nmerFca l  p r o c e d u r e s  by which es t imates  
o f  t h c  c a p a c i t y  and th roughpu t  r e g r r a s i o i i  p a r a m  ters  w e r e  o b t a i n e d  and 
d i s p l a y s  i l l : h  r e s u l t s ,  %le c a p a c i t y  r e g r t l s s i o n  i o  d e a l t  w i t h  f i r s t ,  and 
t h e  th roughpu t  r e g r z s s i o n  a f  tct’wai-ds. 

6.5.1 C a p a c i t y  regressi-on . . . . .. . . . . - 
~ ~. 

The c a p a r i t y  rtAgression p a r a m e t e r s  X, y i n  E l .  ( 6 . 3 2 )  were es t i -  
m a t  ~d as fo l lows .  A s  i n  Sects,  6. 3 and 6. 4 ,  let xk, Yk be maximum l i k c -  
l i h o o d  estimates a€ x and y t ha t  r e s u l t  f o r  a I J x e d  v a l u e  of k i n  t l ie 
h e t e r o s c e d a s t S r i t y  f u n c t i o n  (6. % I ) ,  where h i n  (6. 7 7 )  i s  g i v e n  by Eq. 
(6.30). A b i s e c t i o n  szarch of v a l u e s  of k Idas p e r f o r w d  t o  d c t w m i n e  
which v a l u e s  makes t h e  d i s L r i b i i t i o n  01 Ei/(hdgjk) most n e a r l y  s t a n d a r d  
normal. For each  k ,  xk and Yk W P T ~  coinputred by s o l v i n g  Eqs.  (6 .28)  and 
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The ncn t  b e s t  t es t  seemed t o  be t h e  c l a s s i c a l  Kolmogorov-Smirnov 
t p : ; t ,  xdiich i s  easy t o  i l l iplement and d o e s  n o t  r e q u i r e  t h e  g roup ing  of 
d a t a .  I f  F ( z )  i s  t h ~  s t a n d a r d  norladl d i s t r i b u t i o n  f u n c t i o i i  and 
/.kl, . . . , %kn ar-  t;ie o h s e r v a t  i n n s  o r  Lk, t h e  Kolmogoiov-Smj I-nov sta- 
t i s t i c -  i s  

4 stmaller $ i n d i c a t e s  a more n e a r l y  normal d i s t r i b u t i o n .  K!< was found 
t o  be a r~7e l l .behaved  f u n c t i o n  of k ,  a d  t h e  k t h a t  iu in imizes  Kk was iound 
wi 'thou t d i  f € i c u l t y  . 

Thr I-PSILSLS of t h c  c a p a c i t y  r e g r e s y i o n  a p p e a r  i n  f a b l e  6, 1. i h e  
uppe r  t h i r d  of t h e  table  show? t h e  r e s u l t s  of t h e  s i m u l t a n e o u s  e q t i m a t i o n  
o f  t h e  parametcAcs x, y ,  h ,  k, 
i s  p r e d i c t e d  by t h e  fo rmula  

Note Lhat p i p e l i n e  c a p a r i t y  C i n  rn7/day 

( 6 . 4 0 )  

whcrP D is t h e  i n s i d e  diai i ie ter  i n  inches.  This r e p r e s e n t s  c a p a c i t y  f o r  
Noo 2 f u e l  o i l ;  formkiln (7 .6)  i n  Sec t -  7.4 p r o v i d e s  3 c o r r e c t i o n  f o r  o i l s  
h a v i n g  o t h e r  v i s c o s i t i e s .  The s t a n d a i d  d e v i a t i o n  o of t h e  d i s t r i b u t i o n  
of  r e s i d u a l s  is e s t i m a t e d  t o  v a r y  w i t h  2) as desi-r ibed by t h e  formula  

3, 937  ~ 2 .  75 f o r  c rude  l i n e s  

3.228 ~ 2 *  95 
(6, 4 1 )  

f o r  p r o d u c t s  l i n e s  

I t  i s  e v i d e n t  t ha t  as tlie d i a m e t e r  i n c r e a s e s  t h e  sprcacl of r e s i d u a l s  
i n c r e a s e s  somewhat more r a p i d l y  t h a n  t h e  c a p a c i t y .  T h i s  s u g g e s t s  that: 
p e r c e n t a g e  v a r i a t i o n s  i n  c a p a c i t y  among p i p e s  of a g i v e n  d i a m e t e r  are 
somewhat g r e a t e r  when t h e  d i a m e t e r  i s  large t h a n  when i t  is  small. 'fiiese 
r e s u l t s  are i l l u s t r a t e d  i n  Figs. 6. Z and 6. 3. 

The two lower t h i r d s  of t h e  t a b l e  a t t e s t  t o  the impor t ance  of e s i i -  
ma t ing  h e t e r o s c e d a s t i c i t y  pa rame te r s ,  When t h e  r e s i d u a l  v a r i a n c e  i s  
presumed c o n s t a n t  (k = O),as i s  norma l ly  done i n  an a d d i t i v e  e r r o r  model,  
t h e  r e s u l t i n g  p a r a m e t e r  estimates are  s i g n i f i c a n t l y  d i f f e r e n t .  This is  
a l s o  t r u e ,  i f  t o  a lesser  e x t e n t ,  when the s t a n d a r d  d e v i a t i o n  of t h e  
r e s i d u a l s  is  presumed p r o p o r t i o n a l  t o  t h e  dependen t  v a r i a b l e ,  as i s  
u s u a l l y  t h e  case i n  a r n i l t i p l i c a t i v e  model. Th i s  p r o p o r t i o n a l i t y  i s  
o b t a i n e d  h e r e  by c h o o s i n g  k so t h a t  i t  equals t h o  r e s u l t i n g  esiirnate of y. 
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12 n 

100 

2 0  

- .  bige 6. 2, Comparison of an additive m n d c l  ( A )  and a n n i l t i p l i c a t i v P  
inodel (B) O F  the rcgi:~ssioi-i of p i p p l i a e  C ~ ~ p : - i t y  on diameter .  
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The Kolmogorov.-Snirnov s t a t i s t i c s ,  al3,1 shown ih  T a b l e  6. 2 ,  cat1 be 
used t o  t e s t  whc the r  Zk i n  f a c t  h a s  a s t a n d a r d  noimal  d i s t r i b u t i o i i .  T h i s  

~ - ' i  f o r  n o r m a l i t y  while t a k i n g  the s t a n d a r d  + v i -  
a t i o n  o f  E i  t o  be h d g i k ,  a q u a n t i t y  { l s t ima ted  from t h e  s.?irrple daia.  
Cnii-;equently s t a n d a r d  t a b l e s  O F  t h e  Koliaogorov -Slriirnov s t a t i s t i c ,  which 
a s swe  that  t i i ~  n e m  aiid v a r i a n c e  arp f i x e d  i n  a d v a n c e ,  canno t  be used 
here. T , i Z I i z f o t s ,  howevcr, has  publis:Led a Kolmogorov-Smiinov t a i9 l e  f o r  
1 i.t,ting noillid1 i t y  ( g c n r r a t n d  by a Monte C n r l o  method) t h a t  is  based on 
t h e  a s sumpt ion  iliat b o t h  i i i e  mean and v a r i a n c e  ..re e s t i m a t e d  froiii sn-iiple 
c la t+  ( L i l  l i - f q r s  1976). I?lc L i l  l i e f o r s  t a b l e ,  thcii ,  i s  d c s i g n r d  f o r  
case? i i i  whic-h tlie:-e is o n 0  l r s s  ds.eree of f tet .dnm t h a n  i l l  t h e  p ~ t - s ~ n i  
case. Yet s ince Lh:, s i z e  of c r i t i c a l  v , ~ l u e s  i n c r - a s p s  w i L l l  tile nurnbiir 
o F  dpgcees  or  fi-aedolii, A Kolmogorov Smirnov s t a t i s t i c  t h a t  do-s niot p i  

m i t  rcjprtion of 1 l o r m 1  i t  y i i s j  ng t h c  T , i  1 l i e f o r s  t a b l e  cet  t a  i i i l y  ~ 7 ~ 1 1 1  cl not  
p ~ r  ni t r e j cc t io i i  of r t o r ~ n < l i t y  u s i n g  a t a b l c  d e s i g n r r !  f o r  t h e  p ~ e 4 e n t  
cas:, i l l  v h i c h  on ly  t h e  v a r i a n c e  i s  n s t i i n a t e d  from sai l tpir  data .  If would 
s i i f f i c e  t o  show, t h e n ,  t h a t  thr Kolinogrov s t a t i s t i c s  of T a b l c  6. 2 do not 
pcrini  t r e  jcct ioi i  of norm;rl i t y  u s i n g  t h e  L i l l  iP6oi-s  t a b l c .  

T h c  cf t i c a l  v a l u r s  t h a t  p e r t a i n  t o  the rreseni problem a c e  shown i,? 
' L a h i r  6. 2, Note t h a t  n o r m a l i t y  canno t  be r e j e c t e d  i n  t h e  case of c r u d e  
o i l  c a p a c i t i e s  e v e n  a t  t h p  0. 0 5  s i g n i f i c a n c e  l e v e l .  The p t o d u c t s  c a p s c  - 
i t y  Kolmogorov s t a t i s i i c ,  0. 05517,  is  s l i g h t l y  h i g h e r  tlhan th~?. J , i l l i e f o r s  
c r i c i c a l  v a l u e  a t  t h e  0.01 s i g n i f i c a n c e  l e v e l ,  h u t  n o r m a l i t y  3ilmost r e c  
t a i n l y  canno t  be rejected a t  t l i e  0. 0 1  s i g n i € i c a n c e  1 ~ v - 3  when on ly  t h e  
v a r i a n c e  is es t i i na ted  froin s m p i l e  data .  The d i s t t i b u t i o i i  of r e s i d u a l  s ,  
then, can he presumed ~ i o r m a l  f o r  t h e  c a p a c i t y  r e g r e s s i  011- 

6. 5. 2 ' lhroughpiit  r e g r e s s i o n  -- .... _& , x-v__ 

Thr th roughpu t  r e g r e s s i o n  p a r a n e i ( 3 r s  11, z i n  Eq. (E. 31) w p r e  c s t i -  
rriated by f i n d i n g  t h e  v a l u e  of t h e  h e t e r o s c e d a s t i c i t y  p a r a m e t e r  k f o r  
which mmxinurn l i k e l i h o o d  estimates of ilk 3nd Zk r e s u l t e d  i n  a d i s t r i b u -  
t i o n  of zk = ~ i / ( h J g j k )  t h a t  ~~7as most n e a r l y  s t a n d a r d  normal. O u t l i e r s  
were a g a i n  checked f o r  P: cors ,  and rwi-mdlity was a g a i n  guagP.6. by the 
Ko lmogoro~-Sn i rnov  s t a t i s t i c .  Yaxinuclt 1 i k e l i h o o d  e s t i m a t e s  nf  uk and 7k 
were g o t  by way of a s i n i u l t a i l e o u s  s o l u t i o n  of Eqs. ( 6 .  3 8 )  and ( 6 .  39). 
These eqiiat  i o n s  welip s o l v e d  n u m e r i c a l l y  u s i n g  N e w t o n ' s  method, d e s p i t e  
rhe f a c t  that t h e  f u n c t i o n s  whose zeros were sough& were o n l y  p i e c e w i s e  
d i f k p c r i i t i a b l e  w t t h  respect  t o  u and z. The v a l u e s  of d e r i v a t i v e s  a t  
n o n d i f f e r e n t i a b l e  p o i n t s  were s t i p u l a t e d  as d e s c r i b e d  i n  Sect.  E, 4, It 
was found t h a t  test  problems i n v o l v i n g  o n l y  three o r  f o u r  o b s e r v a t i o n s  
o c c a s i o n a l l y  r e q u i r e d  t h a t  t h e  s t a r t i n g  p o i n t  be chospn v e r y  c a r e f u l l y  
b e f o r e  convergpnce c o u l d  he. achieved,  But when a p p l i c d  t o  t h e  a c t u a l  
pipe1 i n e  p r o b l e m ,  which had c l o s e  Lo 500 o b s e r v a t i o n s ,  Newton's method 
was roblist a n d  r a p i d l y  convcrgpnt .  IL i s  i n  f a c t  n o t  h a r d  t o  see t h a t  
c o n v f r g e n c e  shou ld  b~ more e a s i l y  a c h i e v r d  i n  problems i n v o l v i n g  a 1ar.g::. 
nurtiber of o b s r r v ' i t i o n s .  

__ 
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s i. gal i f :i c ante le ve P 
....--.---- __l_.-. ............................. 

Ca pac t iL y reg re ss: i o n  

C r u d e  1.i.nes 0. 04s 0. (369 0, 0 5 2  0.082 
Product  l i n e s  0.045 0. 061-4 0- 05% 0,082 

'Th at o ugh pu t re g re s s i o 13 

( 6 "  42) 

( 6 . 4 3 )  
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i s  s i n a l  L t h a n  Wh::ii I t  i s  Lirge. 1ii-i s i s  :~ r ,po , c i a l ly  so f o r  c r u d e  L i l i e s ,  
and i t  may be explaill:.”l by i l i e  Enct t h a t  t h e  snldT lei-  crud^ L i n e s  o f t e n  
se rve  p a r t i c u l a r  o i l  f i e l d s ,  som*  O F  vhic-h die i i ~ r ~ r  arid us? p i p e l i n e s  t o  
CApaci ty ,  and o t h e r s  of t ~ [ h i ~ h  a re  d p c l i n i n g  i r i  p r o d u c t i o n  and I L O  Longe 
f i l  1 t h e  p i p c l i l i e s .  Lhr l a r g e i  cri ide l i n e s  would pr-sumahly seLvr3 
s e v c ; d l  o i l  f i e l d s ,  w h o s ~  aggrcgditA p r o d u c t  io11 would p e i h a p s  show mal  
p c  I I- P a t  age  va r i a t  ions,  

A p ~ e d i c t i o i i  a€ througiiput ds a f u n c t i o n  of i l i amr tP r  a l o n e  c a n  be 
had  by s u b s i ;  t n t i n g  (6. 40) i n t o  (6. 4 2 ) ,  c e s u l t i n g  i n  t h e  fo rmula  

(6. 4 4 )  

r;iis ~ O L I I I U I A  is  p l o t t e d  o n  bigs,  5, 7 a n d  6. 3 a l o n g  w i t h  tlie c a p a c i t y  
L : A g r r s i o n  c8irvvrs. 

T ~ P  t e s t  f o r  iiie noriiici! ir.y of t h e  d i s t r i b u i i a n  of r e s F d u a l s  does  n o t  
p l o r p p d  a s  siiioothly 3 s  i i l  t h e  c a p a c i t y  r p g r e s s i o n .  E x a x i n a t  i on  of 
L a b l e s  6. 1 aLid 6. 2 reVt2dLS t’ri.:t i i o r r n a l i t y  can  be r e j e c t e d  a t  thp  0- 01 
s i p a i  f i canc l l  l eve l  f o r  crklde l i t l c . s ,  and a i  t h o  0. 05 s i g n i € i c a n ( - e  Level 
(and probab ly  a t  til-. 0 .01 l e v e l )  f o r  P L - O ~ U L & ~  Lilies. These r e j z c ’ i i o n s  
are r w t  e n t i t e l y  d e f i n i t i v e ,  s i n c e  i n  e i t h e r  case L I i e  ~ o l m o g o r o v  sta- 
t i s t i c  i s  n e a r  tlie c i i t i c a l  v a l u e ,  b u t  t hey  are r e j e c t i o n s  nonet l ie less .  
!!! regi-essioii t h i  ds3iicrted a r e s id i i a l  d i s t r i b u t i o n  t l r d t  beL? el- f i t  L11e 
d a t a  coii ld bo, expe’rted t o  del’vei  mort. . ~ c c u r a i e  ~ s t i m a i e s  of  u and z. 

- 

It- is l i k e l - y ,  h o u e v ~ r ,  t h a t  t h e  errors gcnei-ated by the no t -wa l i ty  
a s s u m p t i o n  are not. l a r g e ,  One r e a s o n  i s  t h a t  t h e  magnitude of t h e  
K o l m g o r o v  s t a t  t i c s  suggests t h t  t h e  r e s i d u a l  distribution does n o t  
s t r a y  .Car froin rmalitp. Another is t h a t  t h e  r e s u l ’ i i n g  estimates of u 
arid z are 0iil.y moderai:ely s c n s i r i v e  t o  asst;umptions regard ing  t h e  d i s t r i -  
I---+ V U <  ioil  of residiial  F o r  i i l s t a n c e ,  v a r i a t i o L i s  i n  k tha t  r e s u l t .  i.n 
s t ~ b s t a n i i a l . l y  d i€fere : i t  a s s u m p t i a n s  as L O  t h e  shap’ of t h e  d i  s t r i ’ b u t i o n  
of  r e s i d u a l s  have only a moderate  ei’f ‘i on t h e  parameter estimates: 

0 0- 805 -0. 257 
0 .496  0.820 ”3 ,?91  
1 0. 8 2 2  --!I. 293 
7 0.133 4.206 

S o ,  a l t h o u g h  tire t h r o u g h p u t  rcgression p r o b l e  ti s h o u l d  I P  r e g a r d e d  as l e s s  
t r a c t a b l e  t h d n  t h e  c a p a c i t y  regressioli  problcul ,  t h e  p a r a m e t e r  ~ s t  imates 
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pzobab ly  do n o t  s u f f e r  I tom l a r g e  e r r o r s  due t o  a f a l s e  n o r m a l i t y  
assumption.  It i s  a r g u a b l e ,  howevci ,  t h a t  t h e  Falsehood of this assuinp 
t i o n  rnaiCtJc: it p o i n t l e q s  t o   st irnate t h e  h e t c r o s c e d a s t i c i t  y parainc-rsrs 11 
ai-d k ,  s ince the e r ~ 0 i - s  in t rod i i ced  by t is ing a c o n s t a n t  k may be of t h e  
sarnc m w g n i t d e  as t h c  c r ro r s  caused by assuming norma l i ty .  ~ T I J  s argu-- 
merit a p p l i e s  o n l y  i o  t h e  th roughpu t  r e g r e s s i o n ,  of c o u r s e ,  s i n c e  nor- 
m a l i t y  c o u l d  no t  be r e j e c t e d  i n  t h e  c a p a c i t y  K C g L " ? s S i O l L  

It i s  i n i c r e s t i n g  t o  n o t e  t h e  p a r a m e t e r  estimates t h a t  ensue when 
01-w rcgards o l i e r v e d  t h r o u g h p u t s  as p o i n t  v a l u e s  r a t h e r  than as i n t e r v a l s  
w i t l i i r i  r d i i  ch  tiir a c t u a l  t h rvughpu t  l ies .  The w - g r e s s i o n  fo rmula  t h a t  
r c s u l t s  from a p o i n t . T ~ a 1 u e  e s t i m a t i o n  is  

v = /  
( 0 .  767 CD-**313 f o r  p r o d u c t s  l i n e s  

The r e s u l t i l i g  h e t e r o s c c d a s t i c i t g  fornii i la has  t h e  exponen t  k = 0. 963  f o r  
c r u d e  l i n e s  arid X 4 9  f o r  p r o d u c t s  l i n e s .  These r e s u l  t s  d i f f e r  subs t an -  
i i a l l y  fiom t h e  i n t e r v a l - v a l i i e  e s t i i n a t i o n  r e s u l t s  i n  Kqs. ( 6 . 4 2 )  and 
( 6 . 4 3 ) ,  = s p e c i a l l y  i n  tile c a s e  of prod i i c t s  l i n e s .  They sugges t  t h a t  a 
s p e c i o u s  e q u a t i o n  of t h roughpu t  v a l u e s  r i i a t  a r e  r e a l l y  known o n l y  t o  l i e  
w i t h i n  the same i n t e r v a l  can s i s n i f i c a n t l y  f a l s i f y  t h e  r e s u l t s  of a 
regidssion study. 



l a t  
t o  

'rhis chapter 
.ed, where pump 
the o i l  by t h e  

d e t a i l s  t h e  method by w1ii.c.h pmpi.ng energy i s  calcu- 
i o g  energy i s  the rncchanical. energy actual 1.y delivered 

pumps. It d-raws on the r e g r e s s i o n  re.tl;u!.ts of Chap, 6 
and t h e  f low schedule  investigairion of  Chap. 8 ,  which i t s e l f  depends on 
p a r t s  of t h i s  chapter .  Pumping energy is coiiverted Lnt:o t : o e : A - l  cnccgy 
consumption i n  Chap. 9 ,  which e s t i m a t e s  Eue l - t :~ - -~ i I .  effic.i.t.r;cy. These 
i n t e r r e l a t i o n s h i p s  are d e s c r i b e d  more f u l l y  .in LII iap 5, ~ : f  Ghich Sect-., 
5. 3 i.s a summary of  t.he procedures  docutnented in thi .s  cttapt.er. 

7. 1 P i p e  lliaineters and Lengths 

Norni.nal p i p e  d i a m e t e r s  fo r  n e a r l y  a l l  lL S ,  t runk  1.i.rto.s are availal3l.e 
from t h e  American Petroleum I o s t i t i i t e  maps, as noted i n  Chap. 4 (American 
P e t r o l - e m  I n s t i t u t e  1979), Only i n s i d e  d i a m e t e r s  art? r e l e v a n t  tn  eiwrgy 
c a l c u l a t i o n s ,  however, and a pi.pe's i n s i d e  tli.;smeter is seldom the same as 
i t s  nominal diameter.  L t h e  outs ide d i ame te r  of a pipe is ~ R O W I ,  the 
p robab le  i n s i d e  d iameter  can be computed 017 the b a s i s  of the t y p i c a l  w a l l  
t h i c k n e s s e s  l i s t e d  i n  Table 7. 1. Even wIit+n i t  p i p e  has a wall thickness 
o t h e r  than t h e  one I . i s t e d ,  t h e  d i sc repancy  is l i k e l y  t o  be s m a l l .  

The o u t s i d e  d i ame te r  oE s t anda rd  p i p e  over 12  in, i n  diamet?r is  
t h e  rnomiiinl diameter)  but- t h p  o u t s i d e  diamet rr tsf smaller pipes is 
a n o t h e r  matter. The s t anda rd  outs idc  diameters can be learrzrd by coa- 
s u l t i n g  the  P i p e l i n e  N e w s  L i n e  P ipe  S f z e  Charts  ( P i p e l j n t i  1378). "hey  
are i n d i c a t e d  i n  Table  7, 1. The rcisin?ting inside tliaineters f o r  a l l  
nominal s izes ,  6 t o  48 in, are a l s o  shown. These  i n s i d e  d i ame te r s  art2 
used throughout: t h i s  sttidy. 

-- 

Table 7. 1. Ou t s ide  d i ame te r s  and t y p i c a l  m 1 . L  tl1ieknesst.s for 
l i n e  pipe o€ var ious  nominal d i a m e t e r s  

Nomfnal d i ame te r  
(in 1 

Outs ide diaine te  r Lo s .i: de tP iame t e  r 
( in ,  1 (in. ) 

6 ,  8 
10, 12 
14-24 
26-34 
3 6-4 2 
48 

0.25 
0. 2 5  
0.31% 
0.375 
0.406 
0.462 

6.625,  8 .625  6,123> 8 125 
10 ,75 ,  12.75 10225,  12.25 
14- 2 4 13. 376-23,  3 7 6  
2 6-3 4 2 %  25-33, 25 
36-41.  35, 1Rii-41,188 
48 47. 076 
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Thp p i p e l i n e  l e n g t h s  used i n  cal  c u l a t  i o i i  a re  ---- sr&ine;l; - len5:T 11s. The 
p i p e l i n e  nelwcarb was r r p r e s c n t e d  a s  a co l  l p r t i o i i  of i n t c r r n n n e c t e d  1)Spe 
s e p e n t s  f o r  p u r p o s ~ s  of c o d i n g  ( s e e  Appendix b ) .  Eacii segment c o n s i s t s  
o f  a s i n g l e  p i p e  having no c o n n e c t i o n s  w i t h  o t h e r  l i n e s  and m~ changes  
i n  d i a m e t e r ,  ownership o r  s t a t e  of l o c a t i o n  a l o n g  i t s  I ~ n g t h .  The 
l c r , g t h s  of tlie segments  were i w ~ s i i r e d  d i  r e = t l y  by iut ining a messurit ig 
wheel  ovec t h e  l i n k s  on tlie 4FL mal)' (American Pesro lcum I n s t i t l i t r  1977).  
S i n c e  t h i s  s o r t  of ueasuremcnr c a n  rcsiilt i n  ~ T L O L S ,  e a c h  regula ted  
cornpatty"s t o t a l  measured p i p e  mileage ~ 2 s  compared with i t s  riap(iited 
p i p e  m i l e a g e  ( O i l  and Gas J o u r n a l  1979). The r e p o r t r d  f i g u r e s  were 
usua lLy  a b o u t  10-15% l a r g e i ,  as r c f l p c t e d  i n  t h e  n a t i o r i a l  f i g u t r b  
d i s p l a y e d  j i i  Table 7. 2. 

T a b l e  7.2. Comparison of r e p o r t e d  and imasured  p i p e  
mi l eagp  n a t i o n w i d e  

R e g u l a t e d  ca r r i e r>  o n l y  

D i s r  r-epaincy 

( % >  
T o t a l  measured T o ~ o l  r e ;>ur t ed  

l e n g t h  l e n g t h  
(kin) (km) 

Criide p i p e l i n e s  86 ,093  100,233 14  

P rod i i c t s  p i p e l i  n 2 s  88,504 101,093 12  

The d i s c r e p a n c i e s  are due p a r t l y  t o  t h e  tendency of map iiieas~irement 
t o  s t r a i g h t e n  o u t  bends ,  and p e r h a p s  p a r t l y  t a  the o m i s s i o n  of sotw 
p i p e l i n e s  on the maps. To c o r r e c t  f o r  s u r h  errors ,  each segrttt-rit in each 
company was l e n g t h e n e d  by 3. f i x e d  p l v l j o r t i o n  so as t o  make the t o t a l  
1 e n g t h  ulcltc-h t h e  r e p o r t e d  t o L d  f o r  t h a t  company. The segwonts b e l o n g i n g  
t o  u n i e g u l a t e d  companies ,  i jhich do not  r e p o r  I p i p e l i n c  I c i l e a g e s ,  were n o t  
Irngthened, ' k f s  may r e s u l t :  i n  a 10 to 15% u n d e r c s t i m a t i o n  of pLpe 
m i l e a g e  and helice o i l  movpcnents and e n e r g y  u s c  m o n g  ut iLegulatcd 
rornpanicc;. hit s i n c e  u n r e g u l a t e d  companie.: a c c o u n t  f o r  on1 y 9% ( c r u d e )  
o r  5% ( p r o d u c t s )  of o i l  movements, a n y  r e s u l t i n g  eLLu1- is l i k c l y  t o  be 
1% 01 less ( s e e  h b l e  S.2). 

1. 2 Pi.pe Roughness 

.4s e x p l a i n e d  i n  &ap. 2 t h e  f r k c i i u u  { a c t o r  f i l l  tLe D'h:(y Ys i sbsch  
formiila (2. 2 )  f o r  f r i c t i o l i  head rl,-priids no t  o n l y  on t h r  Rry:'iiolds iiutbilier 
biii on t h c  rorighncss of t h e  p i p e  w a l l -  as w 1 L  This s n r t i o n  p r e s e n t s  a 
f o u i n e l a  tha t  c l o s c l y  a p p r o x i m a t e s  tEiis d~~,><~iiSeL+lcr atid b r i c f l y  assesses 
L t t e  importat ice  of p i p 2  rotighness t o  e n e r g y  r a l  rt11L;ltiotls 
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T h i s  r e g r e s s i o n  w a s  based on 20 obse rved  v a l u e s ,  w i t h  R rdng ing  f i w  10'" 
t o  107 and E / D  r a n g i n g  f rom 10-3 t o  10.6. 
0, 999946, and t h e  d i s c r e p a n c y  between p r e d i c t e d  and obse rved  v a l u e s  of f 
r anged  f  om 0.05% t o  1.922, well w i t h i n  t h e  a c c u r a c y  w q u i r c d  by f 11 i 9 

study.  The s o l u t i o n  v a l u e s  of t h e  para1neter-h d i j  W P L P  c a l c u l a t e c l  by t h e  
s t a t i s t i c a l  program SAS ( B a r r  e t  al. 13/6). SAS found t h e  m L r i x  ~ 3 1 0 s ~  
i n v e r s i o n  is  r e q u i r e d  f o r  s o l v i n g  the normal e q u a t i o n s  t o  be s i n g u l a r ,  
a n d  the  s o l u t i o n s  are t h e r e f o r e  based  011 t h r  g e n e r a l i z e d  i n v e r s e  o f  t h e  
ind t r i K. 

me LesulLiIig r* s t a t i s t i c  w a s  

On the recommendation of P. L Moody, t h e  a v e r a g e  c a p a c i t y  a spe r i ty  
h e i g h t  E i s  g e n e r a l l y  t a k e n  t o  be 0.0018 in. f o r  o i l  p i p e l i n e  c a l c u l a -  
t i o n s  (Moody 1944) ,  and t h a t  c o n v e n t i o n  i s  f o l l o w e d  here.  Table 7. 3 
shows t h a t  o n l y  a rough a p p r o x i m a t i o n  of E i s  necessary-. Even a con-  
s i s t e n t  e r r o r  of a f a c t o r  of 3 o r  5 i n  either- d i r e c t i o u  r e s u l t s  i n  f r i c -  
t i o i i  head e r r o r s  w i t h i n  Lhe t o l e r a n c e s  of  t h i s  study. 

T a b l e  7. 3. E f f e c t  of p i p e  roughness  011 f i - i c t i o n  head 
( f r i c t i o n  head i n  rn/hm) 

Crude o i l  p i - p e l i n e  Pc-  o d u c t s p i 9 e 1 i n  e 
Average --I- 

a s p e r i t y  Sp g r a v i t y  = 0,85 Sp g r a v i t y  = O, 7 7  

I.s .. ........ ____ ....... ........ 

h e i g h t  V i s c o s i t y  =: 7.5 cS V i s c o s i t y  = 1.5 CS 

(inb.1 8 in. 36 i n  8 in.. 36 i n ,  

I___ I II___ .... ___ ........ E 

(3 ,620  rn3/d) (111,590 m3/d) (4 ,309 m3/d> (141,690 11j3/d) 

0. 0005 8. 73 3. 59  8. 63  4 ,  39 
0.001 8. 83  3. 61 8. 96  4. 52 
0.0018 9. 00 3. 66 9. 40 4. 7 3  
0.003 9. 2 2  3. 75 9. 93 4. 98 
0.005 9. 51 3. 89 10. 61 5. 33 
0. 01 10. 07 4. 1 6  11. 86 5" 96 

7. 3 D e n s i t i p s  and V i s c o s i t i e s  

T h i s  s e c t i o n  d e t a i l s  t h e  metliods by wiiich t h c  d e n s i t y  alia v i s c o s i t y  
o f  o i l  i n  e a c h  p i p e l i n e  segment are c a l c u l a t e d .  

7. 3. 1 D e n s i t i e s  of o i l  p r o d u c t s  - m_l___ 

S i n c e  t h e  pres sur^ d r o p  i n  a p i p e l i n e  is dir:ac-I.ly p r o p o r t i o n a l  t o  
t h e  d e n s i t y  of t h e  o i l ,  o t h e r  v a r i a b l e s  h e l d  c o i s t a n t ,  i t  i s  i m p G r t d n t  
t o  estimate t h e  d e n s i t y  of t h e  o i l  in  e a c h  p i p e l i n e  s e g v n t  so fdr as i s  
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T a b l e  7, S,, Eel-rsitfes and v i s c o s i t i e s  of  pe t ro l eum 
parodixc.ts and  a m m o r i a  

Kinematic v i s c o s  i t y b  
( c s  t o k e s )  

P K O ~ U C ~  SP g r a v i t y a  1 h / f t 3  

Gasoli  ne 0. 7 3  45. 6 0. 6 4  
K e  f c> s ene 0, 8 L 50. 5 2 2  
F u e l  o i l  0. 83 51. 8 3. 0 
Jet fuel 0. 78 48. 7 1. 2 
1,PG 0, 34 33, 7 0. 3c 
Ammonia 0.66d 40. 9 1. 0 

a A t  60°F r e l a t i v e  to 8 7 0  a t  60°F. From T s w i s  and 
Hangs 1963, p, I--& 

A t  70'11: Prom L e w i s  and Hangs 1963, p 1-8. 

A t  30°F. 

At  10°F r e l a t i v e  t-o M2O at 60"F, F r o m  Gulf 1978, 

I> 

c 

d 

p* 175. 



7. 3. 2 Dens i ty  of c r u d e  o i l  ~. .......... ........... - 

'l'he d e n s i t y  of c rude  o i l  flowing i n  a p a r t i c i i l a r  l i n k  i s  d i f f i c u l ;  
t o  a s c e r t a i n ,  s i n c e  p i p c l  i lie companies do n o i  r e p o r t  t l i n  r h a r a r t p r i s t i c s  
o f  t he  c rud?  o i l  i-hey t r a n s p o r t .  It is  t rw t h a t  o i l  f r o m  a g iven  Field 
h a s  c h a r a c t e r i s t i c  p r o p e r t i e s  and t h a t  i t  is p o s s i b l e  j t i  p r i n c i p l e  t o  
t r a c e  o i l  th rough t h e  p i p e l i n e  system to d e t e r n i n e  t h e  d e n s i t y  of oi l .  
f1o.rln.g through ~ a r h  kink. But i t  is not  r e a d i l y  kilown how o i l  i s  r o u t e d ,  
and t o  i n f e r  i t s  r o u t i n g  would i u  i t se l f  requtre a s iz : laSle  r e s e a r c h  
p r o j e c t -  k o r t i i n a t e l y ,  c rude  o i l  d e n s i t i p s  do not  va ry  ~nnrmuus ly .  
S p e c i f i c  g r a v i t i e s  i d t i p  from 0, 7 3  t o  1.02 at 1 O O " Y ,  and most c r u d e s  f a l l  
i n  th.n range froto 0. 80 t o  0. 95 (Hobson 1913, p- 6). For 1-11~ purpospc, of 
t h i s  s t u d y  i t  is p e r m i s s i b l e  i o  iise an  avibrage v a l u e ,  and t h a t  used by 
t h e  A s s o c i a t i o n  of 9il Pipelines, 0.85 (35" APT, o r  53.04 l b / € t 3 )  a t  
normal  p i p i  fig t e m p e r a t u r e s ,  i s  a r c e p ~ a b l p  (AssQc ia i - ion  of O i l  P i p e l i n e s  
1380). 

- 

7.3.3 Vi sc -os i ty  of o i l  p r o d u c t s  ___. ......... .......... 

The v i s c o s i t y  as wel l  as the  d e n s i t y  of o i l  f lowir iz  i n  a gjvet: pro-  
d u c t ?  p i p e l i n e  l i n k  can be based on t h e  p roduc t  laix d e l i v e r p d  by t h e  
o p c r a t i i i g  company as a whole. The producr  v i s c o s i t i e s  used i n  t h i s  s t l idy 
a r e  d i s p l a y e d  t i l  Table  7. 4. The ene rgy  use  of d p i p e l i n e  is  on ly  riiildly 
s e n s i t i v p  t o  v i s c o s i t y ,  s i n c c  t h e  f r i c t i o n  head v a z i e s  on ly  w i t h  t h e  
0. 2 5 2  power o f  t h e  o i l  v i s c o s i t y  [ s e e  formula  (2. 631. V i s c o s i t y  does 
vary  wiLh t e m p e r a t u r e ,  bu t  t h e  r e s u l t i n g  v a r i a t i o n  i n  f r i c t i o n  litlad f o r  
o i l  p r o d u c t s  is  small enough t h a t  to rnpcra ture  r a n  be n e g l e c t e d  f o r  pre-  
s e n i  p i i rposes  (F ig-  7. 1). 

S i n c e  f r i c t i o n  head i c ,  no t  p r o p o r t i n a l  t o  k i n e m a t i c  v i s r o s i t y ,  the 
v i s c o s i t y  f i g u r e  f o r  a g i v e n  l i n k  canno i  be a s i m p l t  weighted  avcAarge of 
t h e  v i s c o s i t i p s  o f  t h e  p r o d u c t s  t r a n s p o r t e d  by t l ~ e  o p e r a t i n g  company. 
T h e  v i s c o s i t y  used i n  ene rgy  c a l c u l a t i o n s  imst be thai- which r ~ s i i l t s  i n  
~ i i e  ave rage  f r i c t i o n  head hf f o r  t i i a t  l i n k ,  If wi i s  t h e  f r a c t i o n  of  
company d e l i v e r i e s  c o r q r l s e d  by p roduc t  i ,  ehen formila  (2. 6 )  i m p l i e s  
tha t  the  a v c r a g e  f r i c t i o n  head i n  a g i v e n  l i n k  i s  

f o r  an a p p r o p r i a t e  c o n s t a n t  k ,  wlivi-e ~i i s  t h e  k i n e m a t i c  v i s c o s i t y  of 
p roduc t  i. The s i n g l e  v i s c o s i t y  v a l i i ~  v0 t h a t  would r e s u l t  i.11 a f r i c t i o n  
head 111 i s  t h e r e f o r e  
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Formula (7. ? >  ~ then, i s  u r e d  f o r  a v e r a g i n g  t h e  v i s c o s i L i e s  of p r o d u c t s  
t r a n s p o r t e d  by t h e  company o p e r a t  i ng a g i v e n  l i nk .  

1. 3. 4 V i s c o s i t y  o€ c r u d e  o i l  -. ... I---- -_ .. 

Dete rmin ing  ?he v i s c o s i t y  of c r u d e  o i l  p r e s e t i t s  a d i f f i c u l t  problem, 
siiicc. i t  can be v e r y  s r n s i t i v p  t o  1 i l pe ra tu r r .  F i g u r s  7. 1 i l l u s l  r a t e s  
tile dependence of f r i c t i o n  head on t e m p e r a t u r e  i n  a p i p e l i n e  For two 
r e p r e s e n t a t i v p  c r u d e  o i l s .  Lf c r u d e  oi 1 p i p e l  i ne t e m p e r a t u r e s  range from 
8 t o  4 1 ° C :  as s ~ a t e d  e a r l i e r ,  t h e n  f r i c t i o n  head a t  t h e  lower end of t h e  
rangP is  27% h i g h e r  i h a n  a t  the uppes end f o r  t h e  l i g h t e r  c r u d e ,  and 50% 
h i g h e r  f o r  t h e  h e a v i e r  cruJe.  S i n c e  i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  
avprage p i p e l i n e  v i s c o s i t y  d i r e c t l y ,  based on d a t a  t o  be d i s c u s s e d  
s h o r t l y ,  t e m p e r a t u r e  v a r i a t i o n s  c o u l d  be i g n o r e d  i f  t h e y  d i d  n o t  c o r r e -  
l a t e  w i t h  any o t h p r  i m p o r t a n t  v a r i a b l e .  But t hey  do,  because  o i l  i s  
l i k e l y  t o  bc warmer, on  t h e  a v e a r g e ,  i n  l a r g e  p i p e s  t h a n  i n  s m a l l  ones. 
U S P  of a s i n g l e  a v e r a g e  v i s c o s i t y  f i g u r e ,  t h e n ,  is l i k e l y  t o  r e s u l t  i n  
a n  o v e i e s t i m a t e  of ensrgy us:' by l a i g e - d i a m e t e r  p i p e l i n e s ,  s i n c e  warm o i l  
i s  less v i s c o u s  than  c o o l  o i l .  I n  the end i e  w i l l  be p o s s i b l e  n e i t h e r  t o  
cornpersate  f o r  t h i s  e r r i ) ~  lior t o  assess wlfwther i t  is  s i g n i f i c a n t .  
NoncthelcTs a b r i e f  i n v e s t i g a t i o n  of t h e  pioblein will s u g g e s t  t h a t  the 
e r r o r  is a l m o s t  c p r t a i n l y  not large and may well be i n s i g n i f i c a n t .  

O i l  i n  l a r g e - d i a m e t e r  p i p e l i n e s  i s  l i k e l y  t o  be warmer because  o i l  
i s  pumped h o t  from t h e  ground and because  i t s  t e m p e r a t u r e  d r o p s  morP 
s l o w l y  whi l e  f l o w i n g  t h r o u g h  l a r g e - d i a m e t e r  l ine.;  t h a n  th rough  sinall- 
d i a m e r e r  l i n e s ,  T h i s  c a n  be s e e n  as follows. Tempera tu re  d rop  due t o  
h e a t  d i s s i p a t i o n  o v e r  a l e n g t h  of p i p e l i n e  is  g i v e n  by t h e  e q u a t i o n  
( Y y e r s  1971) 

T i  I Ta Dkk - -  
~ 0.0346 l__- 

log lo  'rJ, - L a  vsc (7 .3)  

where 'Ti = 

Tl, = 
Ta = 

D =  
k =  
L =  
v =  
s =  
c =  

o i l  t e m p e r a t u r e  a t  ups t r eam end  of p i p e ;  
o i l  t e m p e r a t u r e  a t  downstrt.,m end ;  
a i  r t e m p e r a t u r e ;  
o u t s i d e  p i p e  d i a m e t e r ,  i n  ; 
h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  o u t s i d e  of p i p e ,  kJ/h--m2-- '  c;  
l e n g t h  of p i p e ,  k m ;  
r a t e  of f l o w ,  m3/~,;  
s p e c i f i c  g r a v i t y  of o i l  
s p e c i f i c  h e a t  of  o i l ,  kJ/kg-'C 

The d rop  i n  t e m p e r a t u r e  due t o  h e a t  d i s s i p a t i o n  is  c o u n t e r a c t e d  t o  a 
small e x t e n t  by f r i c t i o n  h e a t i n g  of t h e  o i l .  S i n c e  t h e  f r i c t i o n  h e a t i n g  
depends on t h e  o i l  v i s c o s i t y ,  which i n  t u r n  depends on t h e  t e m p e r a t u r e ,  
t h e  change i n  t e m p P r a t u r c  is  b e s t  c a l c u l a f  ed by d i v i d i n g  t h e  p i p e  i n t o  
small segments  h a v i n g  l e n g t h  AL. The t e m p e r a t u r e  d r o p  h T l o s s  due t o  
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T h e  c a l c i i l a t i o n  i s  repeated f o r  each segnrc?r~t o f  p i p e ,  l e t t i n g  the 
downstream end teempc?rat.ure of one segment serve a s  t h e  i n i . t . i d  tern-. 
peratur t2  of t h e  nex t  segment ,  unt i l .  t-be end of the p i p e  is reached, 

Sandy soil, d r y ,  24--in. c.over 
Sancky soil, mois t ,  2 4 - i ~  cover 
Sandy s o f l ,  soaked, ?.4-:i,n., cover 
River bed, 50--in water ~ 60--i.n. C:.OVC!T 

Sandy s o i l ,  d r y ,  8-fn. c o v e r  
Sandy soi.l., moist: ti:) w e t ,  B-ira, cover  
Clay s o i l ,  d r y ,  24-in cover 
Clay s o i l ,  moi.st t o  w e t ,  24--ia, cove r  
Ope11 i3.i. 1: 

5. I-% 2 
1 0 - 1  2 
23-27 
4 1-5 I" 
1 2-1 4 
2 5-29 
4" 1+>* 1 
12-18 
4- 1 

The results oE a sample s e t  of c a l c u l a t i o n s ,  basPd on h a t  t ransfer  
c o e f f i c i e n t s  of 5 ,  10, and 15 kJ/m2-h-"C, appear  in Fig, 7. 2. T h o  cr i ide  
o i l  chosen  f o r  these ca l cu la t ions  is  the l i g h t e r  crude wliosc v i s c o s i t y  
p r o p e r t i e s  are d e p i c t e d  i n  Fig. 7. I. ' I h c  ral (3 of f l o w  i s  set a t  the 
capac i ty  f l o w  p r e d i c t e d  by the regression e q u a t i o n  (6 .40)  der ived  i 1 1  

Sect. 6, 3. 
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The upshot  i s  t h a t  t h e  iis(: of a s i n g l e  v i s c o s i t y  Eigiire f o r  p i p e -  
l i n e s  of a l l  s i z e s  s h o u l d  r e s u l t  i n  no s i g n i f i c a n t  e r r o r  i f  i n i t i a l  trn 
p ~ r - i t u r e s  r y p i c a l l y  arr no t  inucli h i g h e r  t h a n  50”C, which w i y  well be t h e  
case. Rut there i s  no rec2son t o  he s u r e  t l i a t  i n i t i a l  ternperi l i res  a r e  
riot o F ~ e n  6 0 ° C  o r  h i g h e r ,  and t h i s  c o u l d  r p s u l t  i n  soiilct:ii~ig on the 
o i t i r r  oLr a 107: o v e r e s t i a i a t e  of ene rgy  i n t e n s i v e n e s s  f o r  t h e  l a r g e s t  
p i p e l  i ties and a 10% u n d e r c s t  i m t e  f o r  t h e  smallesi p t p c l i r w s .  Cur ren t  lg 
a v a i l a b l e  d a t a  d o  n o t  p e r m i t  a r e s o l u t i o n  of this d i f f i c u l t y ,  hit i n  
e i t h e r  case tile eccoirs  a rc  n o t  largp. 

T t  rr:a*a?ins i o  e s t i m a t n  an ave ragp  p i p e l i n e  c r u d e  o i l  v i s c o s i t y .  The 
O i l  and C a s  J o u r n a l  stir-rey (Kennedy 1955, pa 42) o b t a i n e d  4 2  v i s c o s i t y  
r e e l d i n g s  from 38 c rude  o i l  p i p r l ’ n e  s e g w n t s  i n  t h e  Un i tpd  SLaLes  a n d  
Canada ( e x c e p t  f o r  one l i n e  i n  S a u d i  Arabia).  D iamz tcs s  rang2d from 12 
co 31 i l i .  ? and t h e  p i p e s  c a r l i e d  c r u d r  i n  f i p l d s  f r o m  Wyoming, C a l i f o r n i a ,  
t h e  m i d - c n n t i n c n l ,  v e s t  and s o u i h  Texas as  well as  t h e  panhand le ,  Canada 
a n d  Arabia. ( V i s c o s i t i e s  m i s t  be dpduced From i d b u l a t c d  f l o w  raLrs and 
Reynolds iicmbccs f o r  each seg[wiit. ) l’hp a v e r d g e  r e a d i n g ,  weighted hy 
v o l i i m ~  o f  f l o w ,  i s  8. 59  cSt. But s i n c e  f r i c t i o n  head v a r i e s  w i t h  t h e  
0. 7 5 2  p o w e ~  U T  v i s c o s i t y ,  i t  i s  p r e c r r a b l e  t o  cornputt. an a v e r a g e  
a c c o r d i n g  t o  formula ( 7 . 2 ) .  The r e s a l t  is 7. 55  cSt. Consequerit ly the 
f i g t i r e  7. 5 c S t  can  be t a k e n  as an a v e r a g e  v i s r o s i t y  f o r  p i p r l i n c  crude. 

A l iaeging worry  i s  tliat ~ L I J J P  o i l  p i p e d  i n  1378 m a y  have tended Lo 
be inoie v i w o r i s  t h a n  t h e  avprage  c r u d e  of t h e  1?50s,  when t h e  abovr  S L ~ L  

vcy uaq made. Rut i n  t h c  absence  of d q t a  t o  t h e  c o n t r a r y ,  t h e  7.5 cSt  
e s t i m a t e  i s  t h e  b e s t  t o  be had. 

The a v e r a g e  tPai Ly throughput.  i n  each p i p e l i n e  segment is e s t i m a t e d  
a s  d e s c r i b e d  g e n e r a l l y  i n  Sect. 5. 1. This s e c t i o n  p r e s e n t s  a more p r r -  
c i s e  d r s c r i p t i n n  of how t h e  e s t i ~ i n a t i o n  works. It ends w i t h  a d i s c u s s i o n  
o f  some of  t h e  d i f f i c u l t i e s  e n c o u n t e r e d  i n  u s i n g  the comp’iily r e p o r t s  of 
t o t a l  n i l  muvernent. 

L e t  

p ,  q - a r b i t r a r y  p i p e l i n e  s e p i c n t s ;  
V p  = t h e  e s t i m a t e d  th roughpu t  of segment p ( rn3/d) ;  

Cp 
L p  7 t h e  l e n g t h  of segmcnt p (km); 
I) = t h e  i i i s ide  d i a m e t e r  of segment p (in ); 

c o ( p 7  

t h e  e s t i m a t e d  c a p a r i t y  of segment p (m3/d) ;  

t h e  c o l l e c t i o n  of srgnients b e l o n g i n g  t o  t h e  company t o  
which p b e l o n g s ;  

wbich segment 1) b e l n n g s ,  i f  t h a t  company i s  fcdr-.r*ally 
r e g u l a t e d ;  

M ( p )  - elie t o t a l  o i l  movements (m3-km) r e p o r t e d  by the company t o  
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An in - i t i a l  estimate CG of the capacity CI, of segment: p i s  g o t  by 
making the r a t i o  of C i  to C(p)  t h e  same as the r a t i o  o f  the p r e d i c t e d  

capac i . t y  o f  p, xDp, t o  the t o t a l  p r e d i c t e d  capaci.ty o f  the segments i n  
c a p ( p ) .  The predictions are  t h o s e  made by the regress ion  fo rmulas  

Y 

( 6 . 4 0 ) .  Hore p r e c i s e l y ,  

. 
c = { 

\ 
XDY 

' P  

( 7 . 4 )  

C' i s  only  an i n i t i a l  estimate because i t  does no t  take i n t o  ac.c.ount the 
v i s c o s i t y  o f  [:he o i l  ca r r i ed  by segment p. AI1 crude o i l  is  .iisc;urned to 
have a lcitiernatic v i s c o s i t y  of 7, 5 c S t  (sect. 7. 3) ,  hut: t.he v i s c o s i t y  of 
o i l  i.n a p r o d u c t s  pipeel.l.ne depends on the r e p o r t e d  mix o f  ps:otlui:ts i t  
carries. The repnrlred capacri t y  d a t a  ( N a t : i ~ i l a l  'Petroleum k r l n c i l  19753) 
show prodrlcts l i n e  c a p a c i t i e s  fot: no. 2 f u e l  o i l ,  whLcln has R vis(:osit :y 
o f  abc)ut: 3 45t. To approximate p ' s  c a p a c i t y  for  cxirrylng oil having  

P 

v i s c o s i t y  v p l  f i r s t  arrange 'Eq. (2. 6 )  : 

T h i s  shows that i f  t he  f r i c t i o n  head hf i s  held cotisL;rnt, a l i n e ' s  
throcighput is i n v e r s e l y  p r o p o r t i o n a l .  to the 0, 144 power of the o i l  
viscosity, 
abou t  

S o J  the capacity Cp of p f o r  c a r r y i n g  o i l  o f  viscosity v p  i s  



F,li--ie bp i s  d ivcn  by b q .  ( 7 .  bj. Note ?;]at i f  p ' s  coi~ipa~iy- i s  u n r e g u l a t e d ,  
Vp i s  e s t i m a t e d  siliiply by t11e regression foriiiuJa (6.41). 
r in~eg;: l  ated coiiq,anieh do  no t  r epo t  t t o t a l  movemcilts ?*I( p) .  

This i s  because  

p' 
iiiis happens  when a company's r c p o r t e d  i~)~i\i t . .~eii ts  i s  s i u l p l y  too la rge  f o r  
i L s  s y s t r x i  (a mat ter  t o  b- d i s r i i s s e d  s h o r t l y ) .  i o  a v o i d  p l a c i n g  a r i d i c -  
u l o u s l y  high ihroughpu;  on A l i n c ,  t he  tliroiighpuL V i s  iluL p e r m i t t e d  to  
bP more 'hail 10% a b o v ~  Lapac i ty  ><hen t h e  cat i t y  is  based  oil r e p o r t e d  
data, o r  mor:' thdn  20% above capariiy whvrk t h e  c a p a c i t y  i s  based C R  Clie 
Lrgressi 011 fo i lml l a  aJ ore. ' ihp 19 sild 20% [~lirrcgins a1 low ~ O L  aissscimation 
o r  s i  s r c p o z t i n g  of capac iiies. SI,; 

Occas io l i a l ly  V p ,  SZI coilqclted, i ~ i - 1 ~ ~  U l i t  l a rge r  t l idu  p ' s  c a p a c i i y  C -. 

P 
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F r a c t  ~ t a n  

33- 34% 
1 '5, $ 4  
21 
20 

5 
1. 66 
1. 66 
1" 5 



d?t're c a p a c i t y  is  gauged as d e s c r i b e d  abovc, 'She c r u d e  p i p e l i n e  com- 
p a n i e s  r e p o r t i n g  excess movements vert: Pu re  ' r r a n s p o r t a t i o n  Company, 'Texas 
P i .pe l ine  Compaliy, and Wi.lliams P i p e l i n e  Company. The t o t a l  excess of 
c r u d e  movements o v e r  c a p a c i t y ,  where e x c e s s  i s  d e f i n e d  as i n  ( 7 .  8 ) ,  i s  
shown i i i  T a b l e  S, 2 of t h e  Summary t o  be 3% of cl-iide movements nat ionwide.  
These excess ii~ovements a r e  e n t i r e l y  oini.tted from ene rgy  c a l c u l a t i o n s ,  
but presurnably they  r e s u l t  from t h e  f a c t  t ha t  t h e s e  t h r c e  companies 
r e p o r t e d  movements i n  p i . pe l in2s  t h a t  are iil;irked on maps  as b e l o n g i n g  t o  
o t h e r  companies. I f  s o ,  a t  l eas t  p a r t  of t h e  o v e r a g e  rnay be r e c o v e r e d  
i n  t h e  movements a s s i g n e d  companies f o r  which r e p o r t e d  movements were 
n o t  a v a i ~ l a b l e .  The e x c e s s i v e  r e p o r t e d  p r o d u c t s  tuovernetits were t h o s e  of 
C i t i e s  S e r v i c e  P i p e l i n e  Company a n d  t-Iydrocarbon T r a n s p o r t a t i o n  Company. 
Xbe t o t a l  o v e r a g e  was 1%; of  p r o d u c t s  movements nat ionwide.  I n  the c a s e s  
of  bo th  c r u d e  and p r o d u c t s  p i p e l i n e  the o v e r a g e s  were t oo  small t o  
r e s u l t  i n  s i g n i E i c a n t  error's, 

Another  probl~em e n c o u n t e r e d  i n  t h e  movements d a t a  i s  t h a t  a few 
r e g u l a t e d  companies who r e p o r t e d  movements were found on noiie of  the 
p i p e l i n e  inaps and c o n s e q u e n t l y  were o m i t t e d  from c a l c u l a t i o n s ,  The 
o m i t t e d  ~ m d e  p i p e l i r x  companies m e .  Acorn, Cook I n l e t ,  Osage 
Owensboro-Ashland, Seway, Tamahawk, Wascaim, and White S h o a l  P i p e l i n e  
Coinpani-es. These ni-e sroa1.1 companies whose t o t a l  r e p o r  Led iuovemermts add 
t o  3% of c r u d e  lilovel1leiits n a t i o n w i d e  ( 'Table S. 2 ) .  P r o d u c t s  companies 
o m i t t e d  were Air Force ,  Crow~i C e n t c a l ,  ff inch, &an,  and  P i n t o  P i p e l i n e  
Companies, '1Their movements add t o  1% of L o t a l  p r o d u c t s  movements. 
Oniission of t i w s e  srrial.1 coiirpanies c a u s e s  the estimalies of ene rgy  u s e  t o  
be s l i g h t l y  small (1 t o  3 % ) ,  bu t  i t  has no d i s c e r n i b l e  e f f e c t  on c a l c u -  
1 a ed ene r g y i.n t e n  s i ve ne s s. 

7. 5 Rates of Flow 

 he ra te  a'i f l o w  (m3/d> i n  cl p i p e l i n e  segment is d e t e r m i n e d  
a c c o r d i n g  io f l o w  s c h e d u l e  4 ,  d e s c r i b e d  i n  Sect ,  8.2. This s c h e d u l e  
i e s u l t s  i n  t h e  f o l l o w i n g  fo rmulas  f o r  ra te  of flow, F i r s t ,  l e t  

V -- aver3212 d a i l y  t h r o u g h p u t  i n  t h e  segmcnt of i n t e r e s t  ( m 3 / d > ,  
d e t e r m i n e d  as d e s c r i b c d  i n  Sect.  7 . 4 ;  . 

V --- i n s t a n t a n e o u s  ra t r  of f l o ~  (m3/d); 

~2 = f l o w  rate (rn3/d> Tialien Liie segmciit is o p e r a t i n g  at r a p a c i t y ,  
d e t e r m i n e d  RS d r q r r i b e d  i n  Sect. 7.11. T h i s  is  t h e  f l o w  r a t e  
p roduced  by two pumps, i n  t h e  s i m p l i f i e d  mudel of pump s t a t i o n  
o p e r a t i o n  p r e s e n t e d  i n  Sect. 8. 2 ;  

V I  = flow rdte  (m3/d) when t i l e  segmeni is dsirig h a l f  t h e  pumping 
powel r e q u i r e d  to  prodtire c a p a c i t y  f l o w ,  h7here pimping power 
is c a l c u l a t e d  as d e s c r i b e d  i n  S e r t  7.6. T h i s  i s  t h e  f l o w  
r a t ( >  produred  by one pimp, i n  t h e  s i m p l i f i e d  w d e l .  
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'Cken, if v > VI, 

v - V I  

v2 V] . V;! d u r i n g  --- of the t iw 

V =  I 3 

(VI duri.ng the rest of ttie t i m e  

o r ,  if V V I ,  

V 
V I  d u r i n g  - of the t i i n e  

v =  V 1  

(7.9) 

(7. l o )  

10 during t h e  rest  of the tiae 

7. 6 Friction Read 

F r i c t i o n  bead i n  a p ipe l i rne  segment i-s c s l c r i l a t r d  X C O S ~ ~ J I ~  t o  tile 
D' Arcy-Weisbach fo rmula ,  a l r e a d y  statred i n  Chap. 2 ,  

where hf = E r i c t i o n  head (m); 
f ;= f r i c t i o n  t a c t o r  (dirnerPsiorrl.n.ss), g iven  by El .  (7. 1) i1.7 

T, = segment  l e n g t h  (m), determined as desc:rj.'oed i n  Sect. 7. I ;  
v = i n s t a n t a n e o u s  rate o f  f 1 . 0 ~  (m3/d>, given  by Eqs. 

D = i n s i d e  diameter ( c o n v e r t e d  t o  rn), de te rmined  as d e s c r i b e d  in 

g = gravitational a c c e l e r a t i o n ,  9.8067 m/sZ* 

Sect, 7 .2 ;  

( 7 . 9 )  and 
(7. IO) i n  Sect. 7,s; 

Sect. 7.1; 

7. 7 Grav i ty  Head 

No a t t e m p t  i s  matie to  e.stiinate t h e  g r a v i t y  head i n  each p . .pe l ine  
segment, As T a b l e s  S. 3 and S. 4 i n  t he  Summary shows, gravity head 
a c c o u n t s  fc r  o n l y  a small p o r t i o n  of p i p e l . i n e  ene rgy  use i n  t h e  n a t i o n  
and in most: states. Its calculation Eor each segment ,  whi.ch i s  a 
l a b o r i o u s  and time-consud ng tiask, is t h e r e f o r e  n o t  wc>rt'ti t h e  effort:.. 

h b e t t e r  ~ ~ i i r s e  i s  t o  e s t i m a t e  the a v e r a g e  c . apac i ty  head p e r  km rs-F 
p i p e l i n e  In each stake, based  on a sampl ing  of the state':; more Important 
p i p e l i n e s  This a v e r a g e  can l a t e r  be u s e d  to d e r i v e  a n  eski.mat,e of t h e  
energy used t o  overcome g r a v i t y  i n  that  s t a t e  (Sect.  7.81, T%e average 
grawicy head p e r  km was g o t  by computfng, f o r  each state:?., a flow-wci::i.ghted 
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a v e r a g e  g r a v i t y  head p e r  kin among tlie p i p p l i n e s  r ep resen t - ed  i n  t i l e  NPC 
s ~ i i d y  of p i p e l i n e  c a p a c i t i e s  ( N a t i o n a l  Petrolcim Counc i l  1980). For 
e a c h  s t a t e  s t h i s  a v e r a g e  i s  

r s  = ( C p H p ) / (  CpLp) , 
pE. s p" s 

( 7 . 1 1 )  

where rs = a v e r a g e  g r a i v t y  head p e r  kiii i n  s t a t e  s (iiL/Ltu); 

C p  = c a p a c i t y  of p i p e l i n e  segmetilt ( o r  grotip of parallel s e g m e n ~ s )  
p ( ln3/d),  as g i v e n  on NPC maps; 

FIp = e l e v a t i o n  change OVCP segment p (m); 
L p  -- l e n g t h  of segment p (km), d e t e r m i n e d  as  d e s c r i b e d  i n  Scc t .  

7. 1; 
P E S  i n d i c a t e 5  t h a t  p i p e l i n r  segment p l i e s  i n  s t a t t x  s, 

Note that  the p i p e l i n e  c a p a c i t i p s  are h e ~ r  taker,  as s u r ~ ~ g a t e s  f o r  flow 
rates,  Also t h e  p i p e l i n e  segments  used  here are n o t  t i lose  u s r d  else-- 
wberr i n  t h i s  study. Kather, t h e y  arc s i m p l y  l r n g t h s  o€  p i p e  ( O L  

p a r a l l e l  p i p e s )  t h a t  do iiot cross  s t a t e  l iws  and o v e r  which t h e r e  are 
no c a p a c i t y  changes. The e l e v a t i o n  changt. o v e r  n segmznt i s  go t  Sg 
l ook ing  lip the e l e v a t i o n s  of town7 a t  i t s  t e r m i n i  i n  a 13rg:e a t l a s  (Rand 

N c N a l l y  1980). 

The c a l c u l a t i o n  of rs i s  c a r r i e d  o u t  scpa-f .a te ly  f o r  crudc and f o r  
p r o d u c t s  p i p e l i n e s ,  'lbe r e s u l t s  a p p e a r  i n  Tab lc  7. 5. 

7. 8 Pumping r:nergy 

Pumping e n e r g y ,  d e f i n e d  i n  Chap, 5 t u  hr t h e  mechan ica l  e n e r g y  
a c t u a l L y  d e l i v e r e d  to t h e  o i l  by t h e  pumps ,  i s  the sum o f  twc, components: 
e n e r g y  PEf u s e d  t o  overcome f r i c t i o n  and e n e r g y  Pkg used t o  overcom* 
g r a v i t y .  
c a l c u l a t e d  f o r  3 staLc as a w h o l a  

PEf i s  r a l c u l a t e d  f o r  e a c h  p i p e l i n e  segment ,  whi le  PE,? i s  

The p i m p i n g  e n e r g y  used  to overcome i r i c i r i o n  is  p r o p o r t i o n a l  t o  t h e  
p r o d u c t  o f  f r i c t i o n  head ,  f l o w  ra te  aad o i l  d e n s i l y .  S i n c e ,  as S C C L  / . 5  
e x p l a i n s ,  p i p e l i n e  segments were asslined t o  o p e r a t e  oil a s p l i i :  rate 
s c h e d u l e ,  ene rgy  c a l c u l a t i o n s  must be c a r s i c d  out  f o r  two d i f f e r e n t  f l o w  
rates  i n  each segment. But Scct. 8 2 w p l l a i n s  t ha t  c a l c u l a t t o n s  r a n  be 
s i m p l i f i e d  by assuming t h a t  i€ t h F  t o t a l  t h r o u g h p u t  i s  g r e a t c r  t h a n  tllat 
p r o v i d e d  by h a l f  the c a p a c i t y  pump Ing e n e i g y  , t h e n  t i le p m p i n g  ene rgy  
r e q u i r e d  t o  o v e r c o w  f r l c t i o n  c a n  be approximaLCid by t h t  r e q u i r e d  t o  
p r o v i d e  an even  ar;d c o n t i n u o u s  flow t h a t  r e s u l t s  i n  t h e  c o r r e c t  t h r o u g h -  
put,  T h i s  leads t o  t h e  Formula,  
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(7 .12)  

where p E f ( p )  -- pumping ene rgy  used  t o  overcome f r i c t i o n  i n  p i p e l i n c  
segment p (.I); 

by Eq. (2. 2 )  i n  Sect. 7.6; 

d e s c r i b e d  i n  Sect.  7 . 4 ;  

r e q u i r e d  t o  produce c a p a c i t y  f l o w  i n  segment p ( s e e  

h f ( p , V )  = f r i c t i o n  head i n  segrwirt p a t  f low rate  V ( p )  (in), g i v e n  

V(p) = a v e r a g e  t h r o u g h p u t  i n  segment p ( m 3 / s ) ,  d e t e rmined  as 

V1(p) = f low r a t e  (m3/s) r e s u l t i n g  from l ia l f  t h e  pumping power 

Sect.  7.5);  
p = a v e r a g e  mass d e n s i t y  o f  o i l  c a r r i e d  by t h e  coinpany 

owning segment p (kg/m3),  detcri i i ined as d e s c r i b e d  i n  
Sect. 7. 3;  

g = g r d u i t a t i o n a l  a c c e l e r a t i o n ,  9. 8067 m/s2; 
T = p e r i o d  of o p e r a t i o n  (s). 

The t o t a l  pumping ene rgy  consumed i n  s t a t e  s i s  g i v e n  by 

( 7 .  13) 

where P E ( s )  = pumping ene rgy  consumed i n  s t a t e  s ( J ) ;  
> I ,  = t o t a l  ( c r u d e  o r  p r o d u c t s )  p i p e l i n e  movements i n  s t a t e  s 

rs = a v e r a g e  g r a v i t y  head p e r  hi i n  s t a t e  s (lii/km), g i v e n  by 

PES i n d i c a t e s  t h a t  p i p e l i i w  segment p is  i.n s t a t e  s. 

(m3-liin); 

Eq. (7. 9 )  i n  Sect.  7. 7 ;  

C a l c u l a t i o n  o f  t h e  second term i n  Eq. ( 7 .  13) i s  documented i n  T a b l e  7. 5, 

7. 9 Crude O i l  G a t h e r i n g  J,ines 

Crude o i l  Q a t h e r i n g  l i n e s  must be t r e a t e d  s e p a r a t e l y  b r c n u s e  t h e i e  
a re  no a v a i l a b l e  b a r r e l - m i l e  s td t i s t i c s  f o r  gat i i iJr i i ig  l i l ies as t h e r e  a t e  
€ o r  t r u n k  l i n e s .  In f a c t ,  t h e  l a c k  of t h i s  piece of i n f o m a r i o n  t hwar t s  
any  a t t e m p t  t o  estimate g a t h e r i n g  l i n e  ene rgy  use  a c c u r a t e l y ,  and o n l y  
v e r y  roiigh estimates can  be had w i t h i n  LIE r e s o u l c e s  of th is  stiidy. 

I'he mi l eage  of  c r u d e  o i l  ga t iw t - ing  l i iw- ,  by d i a m e t e r  i n  e a c h  state, 
a s  of J a n u a r y  1, 1 9 7 7 ,  i s  known (Energy I n f o r m a t i o n  A d i n i n i s t r a t i o n  1378). 
L ikewise  the  p r o d u c t i o n  of c r u d e  o i l  by s t a t e  is  know? (Energy I n f o r m t i o n  
A d r n i n i s t r a t j o n  1 9 7 9 ) ,  so t ha t  one can  a s c e r t a i n  wielr  f a i r  a c c u r a c y  iiuw 
much o i l  i s  pumped th rough  g a t h e r i n g  lines i n  Pnch  stat^. The d i f f i c u l t y  
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i s  that Lhe a v e r a g e  1.engt:h of h a u l ,  and t h e r e f o r e  the t o t a l  movements i n  
m3-km 
It c-nih d be approx ima ted  seasonably w e l l  by rneasurlng t h e  d i s t a n c e  from 
we14 t o  term:inal a l o n g  mc’n g a t h e r i : i g  l i n e  i n  t h e  n a t i o n +  8ut rt(3 

c o n p l e t e  imp or accouni::ing o f  gathec-i.ng l ines  e x i s t s ,  and if i t  d i d  the 
task of reducing the i i l formntinn tr,  isab able form wou1.d be a sizeable one. 

i s  u111mown and uok.nawab1.e wi.thin t h e  r e s o u r c e s  of t h i s  p r o j e c t .  

T h e  f o l l o w i n g  method o-f roughly  apprc2ximating g a t h e r i n g  l i n e  energy 
use was adop ted  f o r  t h i s  s tudy$  F i r s t ,  c a l c u l a t e  a n n u a l  m p a c i t y  
throughput  (m”> f o r  each s i z e  g a t h e r i n g  l i n e ,  u s i n g  t h e  r e g r e s s i o n  for-.  
initla (ti. 4 2 )  in Sect .  6- 5, Tlien i~ i i1 . t ip~Ly t h e  th roughpu t  i n  each s i z e  1 j . n ~ .  
Fay t h e  number o f  kiil of t.hat .stze l i n e  i n  each  s ta te ,  t o  get  a n n u a l  move- 
writs in J - k i n ,  
g a t h e r i n g  l i n e s  operate  at: capacity of t h e  t i m e .  me r e s u l t s  appear  
i n  crrl iamn 2 of Table ‘7. 6, Not< divi-dc? e a c h  s ta te ’s  movements by i t s  1976 
c r u d e  o i l  pcoductican I:o g e t  the avc- g e  l e n g t h  of haul i n  1376, shown i n  
column 5. ‘ro e s t i rna - t e  movements i n  1978, m u l t i p l y  t h e  1976 a v e r a g e  
l e n g t h  of h a u l  by thc? 1978 criicle o i l .  p roduct ion .  The result:.; are i n  
column 6* It is a s s u m e d  tha t  the a v e r a g e  l e n g t h  o f  h a u l  does not change 
between 1.976 and 1978, 

Take 804 of this f i g u r e  t o  ref1.ec.t a n  assumption tliat 

These  f i g u r e s  s o r e l y  ~iec:.d. a d j u s t m e n t  because  the estimated a v e r a g e  
l.ength nf haul  is  rfdi .culously l.ong i n  some states. It I s  627 h i r i  

Pe tmsylvani;i for i n s  ta i ice ,  d e s p  I t e  the fact  Pennsy lvan ia  is  on1.y 480 km 
.Long, Cfinc?ral.Ly the states i n  whic.1i 0 i . L  has been  produced l o n g e s t  show 
the  l o n g e s t  a v e r a g e  l e n g t h  of haal, whfch s u g g e s t s  t h a t  a goodly  amount 
o f  unused gal l l ier ing pi.pe remains i n  &:he: ground and  on the  books. E f f o r t s  
t o  d e s i g n  a s i m p l e  ~ C C O L I ~ ~ ~ R ~  model. t h a t  would p r e d i c t  what f r a c t i o n  or‘ 
garher ing l i n e s  are unused fnil .ed,  f o r  two reasons .  One i s  t h a t  it is 
unc lear  i n  w h a t  manner piipeltne companies m a i n t a i n  and report .  s t a t i s t i c s  
f o r  uul~st~il l i n e .  Conversat ions wi th  t h r e e  or  f o u r  o i l  men on t h i s  p o i n t  
were unhelpf i i l .  T h e  o t h e r  r e a s o n  i s  that a l t h o u g h  d a t a  on t h e  amount of 
gatheri.ng l i n e  laid (new and used) and t a k e n  up h a s  r e c e n t l y  been 
avai1.abI.e t r i e n n i a l l y  (Energy I n f o r m a t i o n  A d m i n i s t r a t i o n  1978) ,  such  
d a t a  cou1.d no t  be obta i r ted  f o r  the h n g  h i s t o r i c a l  p e r i o d  over which 
muc-11 Q E  t h e  p r e s e n t l y  unnsed pi.pe may have been laid. 

‘This i n s u p e r a b l e  d iEf  i c u l t y  w a s  s k i r t e d  s imply  by r educ ing  any 
average l e n g t h  of h a u l  exc:c>eding the n a t i o n a l  a v e r a g e  of 96 km t o  the 
n a t i o n a l  a v e r a g e ,  resulLling i n  a new national a v e r a g e  of 67 km The 
a d j u s t e d  l e n g t h s  of hau l  were m u l t i p l i e d  by t h e  1978 p r o d u c t i o n  t o  a r r i v e  
a t  the a d j u s t e d  movements i n  column 7. The ene rgy  consumpt ion ,  shown i n  
the l a s t  column, was then computed a s  fol lows.  The pumping ene rgy  
r e q u i r e d  f o r  the 80% c a p a c i t y  movements i n  column 2 w a s  computed f o r  each  
p i p e  d i a m e t e r  a c c o r d i n g  t o  Eq. ( 2 . 2 )  i n  Sect .  7.6, on the assumption that  
o i l  moves a t  i t s  c a p a c i t y  f low rat(. 80% of t h e  t i m e  and not  a t  a l l  t h e  
rest of t h e  t i m e .  Gravity head w a s  ignored. The r e s u l t  was m u l t i p l i e d  
by t h e  rat.io o f  the 1975 a d j u s t e d  movements (column 7)  t o  t h e  1976 80% 
capacity movewen6.s (column 2) t o  g e t  the a d j u s t e d  pumping ene rgy  i n  the 
1 as I: ColllVnrL 



Table  7. 6. Calculation a€ pu:nping energy  conscmpcion 5y c y u d e  o i ;  g a t = \ e r i z g  Lines, 1978 

P i p e l i n e  
i n v e  at o r  y 

J a n .  1 ,  1977” 
<km3 

b n i t e d  S t a c e s  109, i 1 0  

Alabama 5 4  
A l a s k a  37 
Arlians as 1 , 7 5 1  
C a l i f o r n i a  4 , 3 3 1  
C o l o r a d o  789 

F l o r i d a  3 1  
I I iinois 4 , 6 6 4  
i n d i s n a  87 1 
Kansas 13,300 
K e n t u c k y  2 , 7 2 3  

Louisiana 4 , 4 6 8  
d i c h i g a  II 1 , 7 0 1  
Mississippi 6 73 
Montana 1 , 3 6 2  
Mebrasics 56 3 

New He x i  c o  5 , 8 1 8  
Kicw York 5 3  1 
Erorth Dakoza 815 
O h i o  2 , 4 3 2  
Oklahoma 1 4 , 8 4 8  

P g n n s y l v a n l a  4 , : 3 3  
:exas 3 8 , 5 6 4  
U t a h  222 
/lest V i r g i n i a  4 , 3 1 8  
dyomi ne 2,998 

87% c a p a c i t y  
movements  

1 9 7 6 b  
( & 3 6  n j - k m j  
- 

4 5 , 2 0 3  

25 
29 

29 3 
2 , 4 5 6  

3 7 

4 1  
1,299 

147 
3,896 

5 8  3 

5 , 2 3 2  
7 1 2  
336 
660 
37 5 

1 , 9 2 L  
33 

2 5 3  
5 6 5  

4 , 9 5 4  

30’  
, ’ i ,240 

- 9 3  
39 6 

1 , 6 7 8  

C r u d e  o i l  p r o d u c t i o n c  Av l e n g t h  802 c a p a c i t y  A d j u s t e d  
moveme n’; s move men: s (103 ,3) oE h a u l  

19 7 6-7 8 19 7&b : 9 7 8 b  
1976  1 9 7 8  {km) ( 1 3 h  n’-km) ( t o 6  rn-’-kmj 

4 7 3 , 1 2 3  5 0 5 , 2 4  1 96 4 8 , 3 6 5  3 3 , 6 4 6  

2 , 3 3 8  3 , 1 5 2  i l  34 34 

2,87;’ 3 , 3 2 3  , 0 2  ‘I29 3 10 

6 , 1 9 9  5 , 5 8 0  6 2  365  3 6 5  

7,065 7 , 5 5 7  6 f, 4 44  
4 ,  : 7 6  3 ,714  31 1 1 ,  155 557 

7 36 7 f; 5 230 1 4 ‘9 7 2 
9 , 3 3 4  8,995 417 3 ,  ,755 8 6 4  
1 , 1 9 0  9 10 57 4 5 2 2  87 

9 6 , 4 1 5  8 4 , 6 9 0  5 4  4 , 5 9 6  4 , 5 9 6  
4 , 8 5 6  5 , 2 4 0  !47  77 1 50 3 

i i?,C78 7 1 , 3 1 7  4 2 7 5  27 5 

5 1 , 6 2 8  5 5 , 1 9 1  47 2 , 6 1 5  2 , 6 1 5  

7 , 3 2 4  6 , 6 5 1  4 6  307 307 
5 , 2 1 6  4 , 8 4 3  127 6 1 3  4 6 5  

98 3 9 3 2  38 3 356 89 

1 4 , 5 4 6  1 3 , 2 5 3  13 1 1 , 7 3 6  i , 2 7 2  
13 

i , 5 8 9  1,773 356 630 170 
2 5 , 5 6 2  23,918 i9 3 4 , 6 1 7  2 , 2 9 6  

4 3 3  4 5 9  627 2 8 8  4 4  
1 8 9 , 0 9 8  1 7 0 , 7 4 2  96 1 6 , 1 6 9  i 6 , 4 6 9  

5 , 4 5 3  4 , 9 8 7  35 ;77  177 
400 37 9 99 0 37 5 36 

2 1 , 3 2 5  2 1 , 8 4 0  h8 1 , 9 2 3  L,923 

136 135 22 1 3 0  
3 , 4 5 i  3 , 9 4 4  6 7  26:  26 3 

Pimping e n e r q y  
ccnsunp:  i o n  

1 9 7 3  
( ( 7 1 2  L) 

2 , 6 2 2  

3 
2 

33 
20 3 

33 

7 

35 
7 

9 

27 9 
4 0  
2 2  
36 

5 

81  

I37  
L 

24 
14 

226  

7 
1 , 2 8 2  

12 
5 

124 

aFrorn E n e r g y  I n f o r m a t i o n  A d m i n i s t r a t i o n  ( 1 9 7 8 ; ) .  

bAs  c a l c u i a t e d  5y h i s  s t u d y  ( S e c t .  7 .6) .  

‘From E n e r g g  i n € o w a t i o n  A d m i n ; s t r a t i o n  ( 1 9 7 9 ) .  
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Some p i p e l i i i r s  mil a t  or  ne.ar cnjxaci-ty and some do not, Thosc! khat 
do can be expected t o  opera te  al.rrsst conti.uuoi.is1.y at a cons t x t i t  F1.o~ 
rate,  !except when the p i p e l i n e  i s  s h u t  down f o r .  r e p a i r ,  c l c ~ i r i i n g ~  o r  
o ther  oeinteoance. .!:ti Fact e s t i m a t e s  of  p i p e l i n e  capacity g e n e r a l l y  
take i n t o  account the n e c e s s i t y  of ma in tenance  shutdowns, F r o m  El. (2. 6 )  
w e  have that: i f  p is the f r a c t i o n  o f  the t i m e  a p i p e l i n e  i s  i n o p e r a t i v e ,  
i t s  energy  usc: is i n c r e a s e d  by a f a c t o r  of 

When p is  5 ,  IO, ;mi 1 5 % ,  t h i s  f ac to r  i s  I. 0 9 ,  1. 2 0 ,  and 1, 33 - c l e a r l y  
a s i g n i f i c a n t  increase. 

P i p e l i n e s  t ha t  run under  c a p a c i t y  present  B f u r t h e r  compl li.cation, 
It i s  wrong t o  assme that a p i p e l i n e  simp:ly r e d u c e s  i t s  pump speed  t o  
accommodate reduced  t h r o u g h p u t ,  s-i.nce most p i m p  d r i v e r s  do not perrni tr 
s p e e d  ad jus tment. R3t:her on ly  the t h r e e  following methuds  o f  r e d u c i n g  
t h r  oughpart are gene ra 11 y ava i I.ab Le : 

1. t h r o t t l e  t h e  f low u s i n g  a v a l v e  a t  the pump n o z z l e ,  
2. r u n  t h e  pumps o n l y  p a r t  of t h e  t i m e ,  and 
3. t u r n  o f f  p a r t  of the pumps so as t o  redlice p r e s s u r e .  

These methods may of c o u r s e  be used i n  combina t ion ,  

The  least e f f i c i e n t  nethod o f  reducing flow i s  of course s i m p l y  t o  
t h r o t t  1.e i t ,  sinct.  the pump c o n t i n u e s  t n  consume n e a r l y  a s  much energy 
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as whet: t h e  v a l v ?  is opon. A b e t t e r  method i s  t o  r u n  a l l  L i i p  b>rinps ( w i t h  
v a l v n  Q p e i l )  l o n g  cnoueh i o  ISOW t h e  desir::;? q u a n t i t y  of o i l  arid t o  slitit 
t h e m  dorir: t h e  rr - .T  t of ;he time. 3 u t  :hPn t l iP;-e  a re  i m  o r  more pumps il-1 
a p i i i p f n g  s t a t i o n ,  a s  i s  t h e  r u l c ,  t h e  b e s t  mcyliod i s  t o  s h u t  dorun p a r ?  
ol' t h e  pullips. 1 hi  q reduc :-s t h e  d i s c h a r g p  p r e s s u r e  a:>d Lheieby t l i v  F1o.r 
r a l  :'. 

Figiii-e 8 1 i l  l i i s t r a i  thc s i t t i a t i o n  i n  a puuipiIig s t . - ! r ton  h v t i i g  
t v o  pump d r i v g 4 r  combi i i a t i  s connected i n  se1li.s. \he$? b o t h  p imps  d L ?  

opr ra te  at m.i:.imurn i . $ f i c i c n c y  and pimp a b o u t  50,000 d / d .  
> i s  s h u t  o f f  th -  f l 0 i . T  dl-ops t o  a b o u t  38,000 m-?/d: or  ahoiit  

t:ie maximiim ~ ~ O T , J  L a t e  ( t i l i s  i s  typical). The r, ' i?ainiiie 
i e f f i c i e n c y ,  but not imich iilrtler i f .  
1 1 ~ 1 ,  as i n  Fig. 8 . 2 ,  t h e  r t r a t e g y  

is  lesq I o r k a b l e  becausp  tlie oil ier xcrst o p e r a t -  
;:t m e f c i z i e a c y  c o n s i d e r a b l y  below i - t s  1it;Ixinm ;ri less t  whe:~ t h e  
p i p e l i i i e  is  l e v e l ,  as assume.! € o r  Fig. 8. 3. However, p a r a l l e l  hookups 
arg I P C , S  COIBIBOII than s2iies hookups,  and  when they  occiir  i t  is r is l la l ly  
i I I  inouni-ainods coiinti-qT -e t h e  p c a u i t y  h e s d  is  l i k e l y  t o  be h i g h  rela 
t i v c  t o  t h e  friction 11e.d. Under such condii-ioas t h e  rilmainirig pump 
o p e r a t c s  against 2 kiigher g r e s s i i i e  and hence inore efficiently. 

Whea a Flow r a t c  b e t w e n  t h a t  p rov ided  by two pumps and t;i.?t p r o -  
vidnd by one puiirp i s  d e s i r e d ,  iirttihod 3 above may be coinbit 
1 o r  2 o r  both- C l e a r l y  t h c  b e t t e r  c o u r s e  is t o  coillbine methods 2 and 3 
s o  as  t o  r e s u l t  i n  ii s p l i t  - ra te  schpdule.  ThaL i s ,  i t  i s  b e t t e t  Lo rcln 
t v o  pumps p a r t  of t h e  t i m e  and one pump p a r t  oE t h e  t-imile (wjLhout wd.ste 
f u l  t h r o t t l i n g )  i n  such  a m y  as t o  drliver t h c  d ~ s i r e d  q i i a n t i t y  of o i l -  
If a s i n p l o  pclmp ~-i~~infi-ig f u l l  time a l r e a d y  p r o v i d e s  t o o  much t h r o u g h p o t ,  
t h e  b e s t  met-hod i s  t o  run  just one puiirp p a r i  o f  t h c  Lime, aiIC; 1 1 0  purnps 
t h e  f : - ( ; t  of thP tine. F i g u r e  ,O, '3 show- tha t  t h p  ene rgy  IISP f o r  a s p l i i -  

consuuiption L l i d t  wculd reskilt f i - o m  a d j r i s t i n g  t h e  drfLVei t o  p r e c i  s e l y  thP 
r i g h t  s p e e d  t o  d e l i v e r  t h e  d e s i r c d  throi lghput  i n  a n  eveR f loia- .  The 
r e s u l t s  of u s i n g  method 1 a lonP  .qnd riretiiod 2 aloiie a r c  z l s o  showlr, 
h ip t i r e  8, 4 i l l u s k r a t e s  t h e  sazz t h i n g s  f o r  p a r a l l e l  pumps (assiiminp l e v e l  
p i p ) .  H e i t .  s p l i t  i'afil s c h e d u l i n g ,  thotigh Joqs  e f f i c i e n t  t h a n  f o r  s e i i ~ s  
piiiups, is s t i l l  l i r e  best o p t i o n -  'lhs pimp c h a r a c t c t i s t i c s  on which 
F i g s -  8.3 a115 8.4 are based a r e  "Lose d e p i c t e d  iii Figs. 8. 1 a n d  8- 3 
( K e r d 5 s i k  et a1. 1916). 

h c d i i l p  i s  o n l y  s l i g h c l y  h i g h p r  t h a n  i l i r  i d e a l  l eve l  of ene rgy  

i'. statltls t o  r e a s o n  t h a t  p i p e l l n e  companies  bmiil3 employ s p l f t - r a t e  
s c h c d d i n g  wheiiever p o s s i b l e ,  d i i ~  t o  i & s  s u p e r i o r  e f f i c i e n c y .  Y p t  i t  is 
p o s s i h l e  t h a t  c o n s t r x i n t s  on d i s p a l  r h i n g  f o r c e  a s i g n i f i c a n t  d e p a z t u t e  
f rolii opt imal  s c h e d u l i n g ,  and this p o s s i b i l i t y  must be liir-asurcd a g a i n s &  
a r c u a l  d a t a  A l s o ,  a t y p i c a l  d i i t y  f a c t o 1  ( f r a c t i o n  of Z i i w  d u r i n e  which 
a p i p e l i n e  i s  o p c r a t i o n a l )  rc~mains t o  be cs5 imated, l'hese ~ l a t t e r s  were 
resol \icd by i d p n t i E y i n g  t o n  ge) iPral i /<st l  schcdul  i ng stcaLPgies a n d  com- 
pa l  i n g  t h e  r e s u l t s  o f  ;IssuirLng e a c h  i n  energy c a l c u l n t  inns a g a i n s t  iiie 
a c t i m l  energy consumptioa of n i n e  p i p e l i n e  sysieriis. L t  i s  t r u e  t h a t  
difIrJ : :?nt  pumpins s t a t i o l i s  o p e r a t e  a c c o r d i n g  t o  r l i f fe i r i i t  scheclcll ing 
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110 krn LUNG 

__ 4 0 i n .  NOMINAL OIAM 
EFF"llCIENCY, 39.188 in. INSIDE BIAM 

PIPELINE ----- 

---- ONE PUMP-> 
d.-- 

PARALLEL 

PUMP 

F i g .  8.2.  T y p i c a l  p i p e l i n e  and pump characteristics f o r  
two pumps i n  p a r a l l e l .  
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Fig. 3. Powctr consumption oE various fLorrJ s r h e t l u l i n g  modrl s 
f o r  t w o  pumps i n  series. 
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//; POINT, T W O  

F i B  8. 4 ,  Power consumptioti of v a r i o u s  f low schedul ing modcls 
f o r  L w  pumps in para l l e l .  
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o p t i o n s  i n  broad s t r o k e s ,  and i i i  view of  t h e  f a c t  t h a t  p o l i c i e s  d i f f e r  
among purrrping s t a t i o n s  i t  seems p o i n t l e s s  t o  d i E f e r e n t  i a t e  p o l i c i e s  any 
innre f i n c l y .  

Two s i m p l i f i c a t i o n s  are made i n  t h e  c a l c u l a t i o n  of ene rgy  u s e  under  
t h e s e  schedu1.es. One i s  t h a t  c l o s i n g  the v a l v e  p a r t i a l l y  a t  t h e  pump 
d i s c h a r g e  is  assumed not t o  a f f e c t  the ene rgy  consumption of t he  pump. 
The e f f e c t  is i n  f a c t  small., as shown i n  Fig. 8.13. The o t h e r  s i m p l i f i -  
c a t i o n  i s  t h a t  t h e  ene rgy  use  f o r  a s p l i t - r a t e  s c h e d u l e ,  when i n o w  t h a n  
one ptinlp i s  !xed  a t  l ea s t  p a r t  of t h e  Lime, i s  asumed t o  be the same as 
the i d e a l  ene rgy  usage  t h a t  would r e s u l t  f r o m  a d j u s t i n g  t h e  d r i v e r  t o  
opi-irnal speed. F i g u r e  8. 3 shows, as remarked e a r l i e r ,  t h a t  the d i s c r e p -  
ancy i s  small. T h i s  s i m p l i f i c a t i o n  is  made because  i t  o b v i a t e s  cal.cu- 
1.aCing the  t h r o u g h p u t  p rov ided  by one pump ( o r  t ha t  p r o v i d e d  by two 
pumps, when three pumps are used p a r t  of the time). 'This laLter ca1.c.u- 
l a t i o n  i s  time-consuming because  tlie th roughpu t  p rov ided  by a pump of a 
g i v e n  power r a t i n g  canno t  be cal.culatred d i r e c t l y .  K a t h e r ,  v a r i o u s  f l o w  
r a t e s  must be t r i e d  (as p a r t  of  a computer  b i s e c t i o n  s e a r c h )  u n t i l  one 
i s  foulid t h a t  r e q u i r e s  t h e  q u a n t i t y  of power produced by one primp, ('Re 
power produced by one pump is  known because i t  i s  1 / 2  o r  1/3 t h e  power 
r e q u i r e d  fo r  c a p a c i t y  f l o w ,  depending on whe the r  there  are  two or t h r e e  
pumpss- ) I f  t h e  d e s i r e d  th roughpu t  i s  so low t h a t  a l l  pimps are s h u t  down 
pa r t  oE the t i m e ,  t h e n  i ~ t  is  n e c e s s a r y  t o  coiilpute t h e  t h r o u g h p u t  s u p p l i e d  
by one pump, d e s p i t e  t h e  i n c o n v e n i e n c e  of do ing  S O ,  

8. 2 Case S t u d i e s  

R e q u e s t s  f o r  1978 ene rgy  ronsumption d a t a  were a d d r e s s e d  20 twe lve  
p i p e l i n e  c o q a n i e s ,  The number of companies c o n t a c t e d  w a s  d e l i b e r a t e l y  
k e p t  s i n a l 1  so as t o  d n i m i 7 ~  the i n c o n v e n i e n c e  imposed on t h e  p i p e l i n e  
bus iness .  ,4 s t u d y  b a s i n g  i t s  ene rgy  estirnatps e n t i r e l y  on company energy 
U S P  d a t a  would d o u b t l e s s  need a much l a r g e r  sample.  H i l t  s i n c e  t h i s  s t u d y  
d e r i v e s  ene rgy  estimates p r i m a r i l y  from r e p o r t e d  o i l  movements and t h e  
p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  o i l ,  p i p e l i n e  network and pumping 
equ ipmen t ,  a small sample is a c c e p t a b l e ,  It  i s  no t  t o  be d e n i p d ,  
however ,  t h a t  a l a r g e r  sample would p e r m i t  a more r t : l i a h l e  c h o i c e  of a 
f l o u  s c h e d u l i n g  model, and i t  will he  seeii t h a t  t h i s  c h o i c e  has  a s i g n i -  
f i c a n t  e f f e c t  on the r e s u l L i n g  ene rgy  LISC e s t i m t e s .  

The companies were chosen  a c c o r d i n g  t o  s i x  c r i t e r i a :  

1. Hoth c rude  and p r o d u c t s  p i p e l i n e  companies  s h o u l d  lie included.  
2. Each s h o u l d  o p e r a t e  excl u s i v r l y  c r u d e  l i n e s  o r  e x c l u s i v e l y  p r o d u c t s  

3. They shoitld r e p r e s e l i t  a c r o s s  s c c t i o n  of s i z e s  and g e o g r d p h i c d  

4, An T 2 G  l i n e  s h o u l d  he  i nc luded ,  
5. Thcy shou ld  o p e r a t e  no c i u d e  g a t l i e r i n g  l i n e s ,  s o  t h a t  no problem of  

l i n e s ,  so that  t h e  two r a n  be s t u d i e d  s e p a r a t e l y .  

l o c a  t i ans .  

separating g a t h e r i n g  and t runk  l i n e  ene rgy  i ise a r i s e s .  
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6. They shou ld  be f e d e r a l l y  r e g u l a t e d  companies ,  i n  c a s e  bbl-mi f i g u r e s  
are not  o b t a i n e d  from t h e  company and must be o b t a i n e d  from Form P. 

The companies  were promised that nei-t-her t h e i r  i d e n t i t i e s  nor  [.heir 
l o c a t i o n s  would be r e v e a l e d  i n  t h i s  r epor t .  

Seven companies ever l ixial ly  responded w i t h  u s a b l e  d a t a ,  one reEused 
t o  c o o p e r a t e ,  a n d  one c o n f e s s e d  i g n o r a n c e  of i ts ene rgy  coosumpt ion ,  anit 
t h r e e  d i d  not  respond a t  a l l .  The s t a t i s t i c s  c o n c e r n i n g  t h e s e  companies 
a p p e a r  i n  Tab le  8. 1. One c rude  p i p e l i n e  company, company 6, o f f e r e d  
d e t a i l e d  th roughpu t  and energy  consulrpt i o n  data f o r  t h r e e  separate  por-  
t i o n s  c f  i t s  sys tem,  b r i n g i n g  t h e  number of obse rved  d a t a  t o  nine.  

The companies  r e p o r t e d  ene rgy  consumption d a t a  i n  t e rms  of kwh of 
e l e c t r i c i t y  and g a l l o n s  of d i c s c l  fucl  o r  propane. S i n c e  rwar ly  a l l  t h e  
e n e r g y  accounted  f o r  was e lec t r ica l ,  t h e  energy  c o n t e n t  of t h e  r e p o r t e d  
f u e l  was c o n v e r t e d  t o  an e l c c ~ r i c a l  e q u i v a l e n t  liy m u l t i p l y i n g  i t  by an 
e s t i m a t e d  302 e f f i c i e n c y  oE e l ec t r i ca l  g e n e r a t i o n  a n d  t r ansmiss ion .  The 
ene rgy  c o n t e n t  of d i e s e l  f u e l  was t a k e n  t o  be 38.7 y 106 J / L ,  and t h a t  
of propane t o  be 23.8 x l o6  J / L  (company G performed the c o n v e r s i o n  
i t s e l f ) ,  The e l e c t r i c a l  e q u i v a l e n t  of each  company's ene rgy  c ~ n s u m p t  ion 
appears i n  Table  8. 1. The s p e c i f i c  g r a v i t y  w a s  e s t i m a t e d  as d e s c r i b e d  
i n  Sect.  7. 3 ,  and t h e  g r a v i t y  head as deqci-ibed i n  Sec t .  7. 7. 

T a b l e  8.1 a l s o  shows t h e  t o t a l  pumping energy t h a t  s h o d d  he con- 
sumed by each  company under  each  of t h e  t e l a  f l ow schediil e s  c:Iutl i ned  i n  
the p r e v i o u s  sect  i o n ,  as c a l c u l a t e d  by the method d e s c r i b e d  i n  t h i s  
r e p o r t .  The o b j e c t  is t o  p i ck  t h e  s c h e d u l e  t h a t  r e s u l t s  i n  a calculated 
pumping ene rgy  closest  t o  the  a c t u a l  i n  t h e  case of these n i n e  systems. 
S i n c e  t h e  r e p o r t e d  ene rgy  u s e  f i g u r e s  r e f l e c t  losses i n  the pumps and 
e l e c t r i c  moto r s ,  the ca lxula ted  pumping ene rgy  must be d i v i d e d  by an  
e s t i m a t e d  w i r e - t o - o i l  eff i c i e i i c y  b e f a r e  the  compar ison  is  made. S e c t i o n  
9. 1 esLimates t h i s  e f f i c i e n c y  to be i n  t h e  range of 0. 7 4  t o  0. 80. 

I t  is i m p o r t a n t  t o  make the compar ison  i n  a way t h a t  makes the b e s t  
u s e  of t h e  r e p o r t e d  i n f o r m a t i o h  Simply  t o  compare the t o t a l  c a l c u l a t e d  
w i t h  t h e  t o t a l  actual  e l ec t r i ca l  consumption would be t o  o v e r l o o k  
p o s s i b l e  d i s c r e p a n c i c s  t h a t  o f f s e t  each o t h c r  in the toLal .  A better 
c o u r s e  is t o  a t t e m p t  t o  minimize t h e  root  mean square ( rms)  r e l a t i v e  
d i s c r e p a n c y ,  d e f i n e d  as fo l lows .  Tf the  obse rved  elect r i c x l  consumption 
F i g u r e s  are denoted  E i  and  t h e  c a l c u l a t e d  pumping e n e r g i e s  P i ,  t h e n  

E i  - P i / e  2 
E i  

rnis r e l a t i v e  e r r o r  = x(---------) , 
i 

where e is  t h e  e f f i c i e n c y  of the pump and motor. R v l a t i v e  e r r o r s ,  rather 
t h a n  a b s o l u t e  e r r o r s ,  are of i n t e r e s t  here because  t h e  r e l a t i v e  (or 
p e r c e n t )  e r r o r  b e s t  r e v e a l s  t h e  r e l i e b i l i t y  of t h e  ca lcu la t  ion method i n  
q uc s t ion. 



Table 5.1. ComTasison of a c t u a l  and  c a l c u l a t e d  ene rgy  coasumpt ion  f o r  c e r t a i n  
p i p e  l i n e  companies 

~ . . . . 

A Products 0. 7 5 2  +I. 078 5 , 0 1 2  440.9 1 4 1 . 4  1147.6 517.4 574.6 4 1 7 . 7  374.7 5iih.: & 5 % 1  4 5 1 . R  413.7 
Y tYoducts  0.54u 0. 100 L , Y I /  225. L iho. 2 9 6  9 221). 8 2 h x .  I) I K ~ .  6 i h h .  3 xi. 7 203. 7 2n9. A I R ~ .  5 

2rudr 0. h5 4. 3H3 2.2 '12  2k2. I 1 3 2 . 3  4 1 3 . 2  3 0 2 . 4  197.7 259.R : ? 7 . 4  3 1 7 . 5  2 4 1 . 7  2 8 h .  5 ? i 7 . "  
u Products a 736 0. : a2  ! ; 4 4 3  l!Il. 8 . 9  i78. I LLK. I . O  195.2 1 1 9 . 6  1 7 1 ~ 2  144.i 
t Crude 0. 6 5  4 . 7 5 0  4.5qj L b 7 .  b . L  3ii8.l 19f!.(I 
F Products U 760 0. 184 1 7 , 7 4 2  I ,h2X. 3 . 2 ;563. 3 055.6 1 5. 9 Sh4. h . L 298.  IJ 298. I1 G I  Crude 0. H 5 0.125 2 , 1 6 3  3511. 8 
GL Crudr  0. 85 0. 138 9 , 1 9 7  l , i 9 4 .  b 9 4 0 . 3  9aL 7 973. I 973.  I 
6 3  CruLe 0. 35 0. j 6 b  3,821) 722. L; hi12 2 5 7  !. i J  5XlJ. 5 co 

I 
c1 
0 
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For  r e a s o n s  t o  be e x p l a i n e d  s h o r t l y ,  i t  i s  most i n s t r u c t i v e  to 
minimize t h e  nns r e l a t i v e  e r r o r  i n  t h e  f o l l o w i n g  way. Write the  a c t u a l  
e l e c t r i c a l  consumption E as the c a l c u l a t e d  pumping ene rgy  P d i v i d e d  by 
the e f f i c i e n c y  e 

and  regard E at; a dependent  v a r i a b l e  t o  be r e g r e s s e d  im t-he independent  
v a r i a b l e  E'. Then f i n d  the I / c  t :b r  minimizes  t h e  rms r e l a t i v e  d i screp-  
ancy  between E i  arid P i / @ .  F i n a l l y ,  choose  as the b e s t  schrdule t h e  one 
f o r  which t h e  ms r e l a t i v e  error  is sii?aIlest among t h o s e  s c h e d u l e s  f o r  
which  t h e  r e s u l t i n g  e f f i c i e n c y  e has a reasonable valiie, v iz .  0. 7 4  t o  
a 80, 

'rhis gTOCedUKX seems s u p e r i o r  t o  that  of s imply  f ix i . ng  t h e  v a l u e  of 
e a t  some r e a s o n a b l e  value and pi.ckitig. t-he sclir?tlu.Be t h a t  min imizes  t h e  
resail ti.ng rras errot:. Fo r ,  a t  t.his p o i n t  a l l  t h a t  one s a y  about  t3 i.s 
t h a t  i t  Lies w i t h i n  a r ange  o f  reasoi-tab1.e v a 1 i . w ~ ;  it is  d i f f i c u l t  t o  
j u s t i f y  choosing t:me .value i n  t h i s  range over  ano the r ,  TI-ti.s i s  i m p i r r t a n t  
because  .it: is  poss ib le  that  f o r  one value of e i n  chi.$ r a n g e ,  s c h e d u l e  X 
i s  bes t ,  b u t  for a a o t b e r  reasonab1.e va lue  of e schedule Y i s  b e s t  and 
moreover r e s u l t s  1.n a much lower  rnis e r r o r .  This would suggest  t ha t  'i 
i s  t h e  b e s t  choice of a s c h e d u l e  and t h a t  t h e  second val.ue [sf e is n e a r e r  
t h e  t r u t h .  If e had been f i x e d  a t  t h e  f i r s t  v a l u e ,  t h e  b e t t e r  v a l u e  of 
e would have been over looked  and the s c h e d u l e  wrongly chosen. On t h e  
o t h e r  lwllds i f  t h e  e r ror -minimiz i .ng  v a l u e  o f  e f o r  each s c h e d u l e  had 
been  computed, proposed above., then the f a c t  t h a t  schedule Y p r o v i d e s  
a b e t t e r  f i t  t o  t h e  d a t a  Eor a r e a s o n a b l e  v a l u e  of e woiml.tl I-wve been 
d i s c o v e r  ed. 

It  i s  easy  t o  der ive t h a t  t h e  v a l u e  of l /e  that minimizes t h e  ms 
r e l a t i v e  e r r o r  i s  

C a l c u l a t e d  v a l u e s  of e 
a t  the bottom of Table 
a l l  t h e  l i n e s  t o g e t h e r .  
t h e  I n d i v i d u a l  results 

and t h e  r e s u l t i n g  rrns r e l a t i v e  e r r o r  are d i s p l a y e d  
8, I f o r  c r u d e  l i n e s ,  f o r  p roduc t s  l i n c s ,  and f o r  

The ma1 1 number of o b s e r v a t i o n s  s u g g e s t s  t h a t  
€or c r u d e  and p r o d u c t s  Lines  should not  'be g i v e n  

much c r e d e n c e ,  b u t  t hey  are n o n e t h e l e s s  p r o v i d e d  for  compar ison  " h e  
f i g u r e s  t h a t  matter are t h o s e  a t  t h e  bottom, which encompass both c rude  
and  p r o d u c t s  l i n e s .  

It i s  e v i d e n t  that  compariy E p r e s e n t s  a problem, in t h a t  the calcu- 
P a c e d  pti(npi.ng energy r u n s  s u b s t a n t i a l l y  low even under  m i n e  s c h e d u l e s  
t h a t  o v e r e s t i m a t e  t h e  ene rgy  use of o t h e r  companies. C o n v e r s a t i o n  w i t h  
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o f f i c i a l s  of company E r e v e a l e d  that a s ing le  v e r y  long  &-in. t r u n k  l i n e  
w a s  b e i n g  pushed t o  t h e  l i m i t  t o  r e l i e v e  an  a c u t e  r e g i o n a l  s h o r t a g e  of 
c r u d e  o i l ,  while t h e  r ema inde r  of t h e  coinpany's l i n e s  were o p e r a t i n g  
w i t h  r e l a t i v e  s l ack .  S i n c e  the ene rgy  p e n a l t y  f o r  such heavy use of  a 
s i n g l e  l i n e  is h i g h ,  i t  p r o b a b l y  e x p l a i n s  most of t h e  d i s c r e p a n c y  between 
t h e  a c t u a l  and p r e d i c t e d  ene rgy  use. Due t o  the e x c e p t i o n a l  n a t u r e  of 
t h i s  company's o p e r a t i o n s  i t  w a s  t h o u g h t  b e s t  t o  omit  i t  froro the 
r e g r e s s i o n  d e s c r i b e d  above ,  s i n c e  oth.crwise t h e  c a l i b r a t i o n  of e c o u l d  
b e  b i a s e d  downwards. Y e t  company E i s  no t  o m i t t e d  i n  t h e  e s t i m a t i o n  of 
p o t e n t i a l  e r r o r  i n  t h e  nex t  s e c t i o n ,  s i n c e  i t  i s  b e t t e r  t o  o v e r e s t i m a t e  
p o t e n t i a l  e r r o r  t h a n  t o  u n d e r e s t i m a t e  it. 

R e t u r n i n g  t o  T a b l e  8.1, i t  i s  e v i d e n t  tha t  a l l  s c h e d u l e s  excepl: 0,  
4 ,  5 ,  and 9 can  be e l i m i n a t e d  a t  once because  e is  t o o  l a r g e ,  meaning 
t h a t  t h e s e  s c h e d u l e s  c a l c u l a t e  a pumping ene rgy  t h a t  is t o o  l a rge .  This 
i s  t o  be e x p e c t e d  w i t h  s c h e d u l e s  1, 2 ,  and 3, s i n c e  t h e y  r e p r e s e n t  ve ry  
i n e f f i c i - e n t  ways of runn ing  a p i p e l i n e .  me l a r g e  e ' s  r e s u l t i n g  from 
s c h e d u l e s  6 and 7 show that an assumed 902 d u t y  f a c t o r  is  t o o  sma1.1.. 
Schedu le  8 o v e r e s t i m a t e s  e n e r g y  use  presumably because  a 95% d u t y  f a c t o r  
i s  t o o  smal.1. i n  c o n j u n c t i o n  w i t h  t h e  a s sumpt ion  t h a t  t h e r e  are two pumps 
p e r  s t a t i o n  T h i s  matter of d u t y  f a c t o r  w i l l  be t a k e n  up agai.n s h o r t l y .  

Of t h e  r ema in ing  f o u r  s c h e d u l e s  o n l y  s c h e d u l e  0 r c ' i u l t s  i n  a pumping 
e n e r g y  estimate t h a t  is c l e a r l y  t o o  low. Tha t  s c h e d u l e  0 r e s u l t s  i t 1  a n  
u n d e r e s t i m a t e  is  t o  be e x p e c t e d ,  s i n c e  it assumes a n  i m p o s s i b l y  even and 
c o n t i n u o u s  f low of  o i l .  Schediiles 4 ,  5,  and 9 a l l  r e s u l t  i n  r e a s o n a b l e  
e f f i c i e n c i e s ,  i f  s l i g h t l y  h i g h  i n  the case of s c h e d u l e s  4 and 9. 

I f  t h e  v a l u e  of e w e r e  t h e  o n l y  c r i t e r i o n  of  c h o i c e ,  s c h e d u l e  5 
would seem t o  be t h e  b e s t ,  s i n c e  s c h e d u l e s  4 and 9 r e q u i r e  pump and motor 
e f f i c i e n c i e s  v e r y  n e a r  o p t i m a l  t e x t b o o k  values .  But n o t e  t h a t  s c h e d u l e  
4 b e t t e r  f i t s  the d a t a ,  i n  t h a t  i t s  ms r e l a t i v e  e r r o r  is less. That  i s ,  
i t  b e t t e r  a c c o u n t s  f o r  t h e  f a c t o r s  that: make one company more e f f i c i e n t  
t h a n  ano the r .  I n  f a c t ,  s c h e d u l e  4 p r o v i d e s  t h e  b e s t  € i t  of a l l .  t h e  
s c h e d u l e s ,  n o t  j u s t  t h o s e  t h a t  r e s u l t  i n  r e a s o n a b l e  e f f i c i e n c i e s .  I n  
v i ew of t h i s  i t  seems b e s t  t o  a d o p t  s c h e d u l e  4 as c l o s e s t  t o  r e a l i . t y  and 
L O  accept t h a t  equipment  e f f i c i e n c i e s  are h i g h e r  t h a n  might be e x p e c t e d  
S i n c e  0. 81.5 i s  a b i t  t o o  h i g h ,  i t  c a n  be reduced t o  0. 80,  t h e  ripper end 
o f  t h e  r ange  of 0. 7 4  t o  0. 80. When e = 0, 8 0 , t h e  rms r e l a t i v e  e r r o r  f o r  
schedii1.e 4 is 0. 1 7 2  -- s t i l l  t h e  best .  

- 

.4s no ted  i n  Sect. 9. 1 ,  a w i r e - t o - o i l  e f f i c i e n c y  of 0, 80 i s  con- 
s i s t e n t  w i th  a pump e f f i c i e n c y  of 0.86 and a motor  e f f i c i e n c y  of 0,93, 
The l a t t e r  f i g u r e  is e n t i r e l y  r easonab le .  I f  the fo rmer  seems t o o  h i g h  
f o r  a c t u a l  p r a c t i c e ,  one c.an c o n s i d e r  t h a t  company G ,  t h e  o n l y  company 
t o  remark upon such  iiiatters a s  piimp e f f i c i e n c i e s ,  r e p o r t e d  t ha t  i t s  pumps 
were o p e r a t i n g  a t  e f f i c i e n c i e s  " b e t t e r  t h a n  862, " A l s o  i f  one i s  con- 
c e r n e d  tha t  a n  80% w i r e - t o - o i l  e f f i c i e n c y  will .  r e s u l t  i n  an  u n d e r e s t i m a t e  
of l i i a t i ona l  o i l  p i p e l i n e  ene rgy  u s e ,  he s h o u l d  c o n s i d e r  t h a t  s c h e d u l e  5 ,  
which c o r r e s p o n d s  t o  t h e  lower 0, 73 e f f i c i . e n c y ,  r e s u l t s  i n  a n a t i o n a l  
e n e r g y  estimate t h a t  i s  I.ower t h a n  s c h e d u l e  4 ' s  esti-inate f o r  p r o d u c t s  
l ines  and o n l y  1% h i g h e r  f o r  c rude  l i n e s .  
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A f i n a l  m a t t e r  t h a t  shou ld  be c o n s i d e r e d  is t h e  f a c t  t h a t  s c h e d u l e  
4 ca l l s  f o r  R 100% d u t y  f ac to r .  It i s  c o u n t e r i n t u i t i v e  t h a t  a model of 
p i p e l i n e  o p e r a t i o n  can n e g l e c t  t h e  n e c e s s i t y  of s h u t t i n g  down occa- 
s ional1.y for  main tenance  and r e p a i r s ,  But ' r eca l l  t h a t  d u t y  f a c t o r  i s  
d e f i n e d  i n  t h e  d e s c r i p t i o n  o f  tihese s c h e d u l e s  s o  as t o  r e f e r  to  how much 
shutdown time o c c u r s  d u r i n g  t h e  p e r i o d  i n  which a t  leas t  one pump would 
h e  oper i i t i i ig  under  s c h e d u l e  4. Since  i t  i s  common under  s c h e d u l e  4 €or  
a l l  pumps t o  s h u t  down f o r  a s h o r t  p e r i o d  ( s o  as t o  r e s u l t  i n  t h e  d e s i r e d  
t h r o u g h p u t )  s c h e d u l e  4 is  compa t ib l e  wi th  a p i p e l i n e ' s  undergoing  main-  
t e n a n c e  and repair w h i l e  s h u t  down. It i s  even  more common for on ly  one 
o f  two pumps t o  be operating under  s c h e d u l e  4 ,  a l l o w i n g  t i m e  f o r  main- 
t e n a n c e  of t h e  o t h e r  pump. The r t ? j e c t i o n  of s c h e d u l e s  6 th rough  9 
s i g n i f i e s  only t h a t  one need n o t  p rov ide  f o r  any shutdown time beyond 
t h i s  to i%[:.c(3Utlt for energy  use, 

8, 3 Error E s t i m a t i o n  

The a c t u a l  ,and t h e  e s t i m a t e d  ene rgy  consumpt ion ,  i n  terms of t h e i r  
e l ~ c t r i c a l  e q u i v a l e n t s ,  a p p e a r  i n  Tab le  8. 2 f o r  each  of t h e  n i n e  p i p e l i n e  
s y s t m s  rur which ene rgy  consumption d 3 t a  were obta ined .  C l e a r l y  the 
estimates,  a l thougl i  c lose  i n  some i n s t a n c e s ,  m e  i n  o t h e r  i n s t a n c e s  sub- 
ject  Lo considerable  e r r o r .  I n  v i e w  of t h i s  i t  is impor t an t  t h d t  t h e  
e r r o r  i n  these n i n e  c a s e s  be used as a basis f o r  e s t i m a t i n g  roughly  what 
may lx. the  errors  i n  t h e  na t iona l .  energy  estimates. To do so i s  t h e  aim 
of  t h i s  s e c t i o n .  The estimates can  o n l y  be rough because  n i n e  obser -  
v a t i o n s  a r e  t o o  f e w  f o r  a s t a t i s t i c a l l y  r e l i a b l e  estimate of e r r o r s .  

Let E i  b e  a random v a r i a b l e  r e p r e s e n t i n g  t h e  e r r o r  i n  an estimate 
e i  -+ &i o f  the  ene rgy  E i  u sed  by cnmpany i. 
d i s t r i b u t i o n  of ~i may be t h e  same €or  a l l  i o r  may depend on c e r t a i n  
c h a r a c t e r i s t i c s  of company i, 

n 

The v a r i a n c e  O i 2  of t h e  

The t o t a l  ene rgy  consumption of n companies n a t i o n w i d e  is E = X E i  
and i t s  estimate i s  i= 1 

If  t h e  v a r i a b l e s  ~ - i  a re  assumed t o  be i n d e p e n d e n t l y  d i s t r i b u t e d  w i t h  l i k e  
v a r i a n c e  02, t hen  t h e  v a r i a n c e  z2 of E ' S  d i s t r i b u t i o n  is  s imply  

S i n c e  t o  estimate ene rgy  use  w i t h  t h e  method i n  q u e s t i o n ,  w i t h o u t  
c o r r e c t i n g  Eor b i a s ,  i s  t o  suppose  that each  ~i has a mean of zero,  this 
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s u p p o s i t i o n  m i s t  be maintai.iied w h e n  tire errors resu1.t: i.ng from the method 
are  est i -mated on the ha.s:i.e of  !.;ampl.e da ta  : l ike those i n  Tab le  8, 2, 
Consequent. Ly :if E 1 2. ,cm are t h e  errors Ln a sampl.e? of in obsclrva t:i.ons 
t . 1 ~  e r r o r  var iance ciz is es t ima ted  lag , 

( 8 . 4 )  

It i s  a r g u a b l e  tiowever, t h a t  ofit? cai i i iot a s o i m ~  an e q u a l  v a r i a n c e  
POT each error v a r i a b l e  z:~;. ConsFder, f o r  example, two p i p e l i . ~  
companies,  each c o n s i s t .  i ng  of a s i n g l e  p i p e l i n e  segment. : C f  o m  segment 
carr:t.es twic.e as auch o i l  as the other, then one would expect  i t s  cs t i -  
mated energy consumption t o  show more e r r o r  than  that of the  other .  
S ince  each segment's energy estimate i n v o l v e s  the s;me riumber of e s t i -  
n i a t e s  of FhgsicaZ parame~ers ( f low rate,  v t s c o s i t y  etco one woiiLd 
expec t  the pe rcen tage  or re3.atl .v~: e r r o r  i n  i t s  estimate, not t h e  nbsol t i te  
e r r o r ,  t o  lx? about  the same f o r  t h e  t w o  esti.mate.s, 'I'he s t a n d a r d  
d e v i a t i o n  iri,  t h e n ,  C A I ~  p l a u s i b i l i t y  he viewed as p r o p o r t i o n a l  to  E p  

Y e t  t.here i s  a Elsrtlzer compl i . ca t ion  While some p i p e l i n e  companies 
c o n s i s t  of a s i .nglc  segoittnt others corisist  of many segments,  eac.11 
re.ceivi.ng a separate energy estfmate? To be s u r e ,  the e r r o r  d i s t r i h u -  
t i ons  co r re spond ing  t o  the :i.n&tvidua.I segments cannot  be presi.imetf 
iiidepeaderrt , since :;epents are o f t e n  segments of the same p i p e l i n e ,  so 
t h a t  an error i n  cane segment 's  est.imat:e i s  l i k e l y  t o  be high1.y c-orrelated 
w i t h  errors i n  t h e  other  segments' esttmates. None the le s s  one may expec t  
e r r o r s  i n  some of the segment estimates p a r t i a l l y  t o  o f f s e t  e r r o r s  i.n 
o t h e r  segments,  so t h a t  the rre1.ative o r  pe rcen tage  error f o r  the e n t i r e  
co-mpany s11oul.d be smaller than the r e l a t i v e  e-rrors  f o r  the  i n d i v i d u a l  
segments. If t h i s  i s  t r u e ,  t h e n  energ,y estimates f o r  c:~mpanies having 
many segments :jhoB,I.ld show smal le r  r e l a  t i .ve  errors t h a n  t h o s e  f o r  com- 
p a n i e s  having few segments. In ocher words, o i  i s  not  p r o p o r t i o n a l  t o  
E i  b u t  depends somehow on bo th  E t  and the  number of segments i a  company 
i. 

Uespitte the  p l a u s i b i l i t y  of the ; ~ b o w e  argument,  Table  8. 2 does not  
conform i t s  conc lus ion .  PE anything, these data sugges t  t.hat companies 
w i t h  fewer segmentis r e c e i v e  energy estimates wi th  sxaller r e l a t i v e  
e r r o r s  One must a lso consi.de.r that. errors d e r i v e  n o t  on ly  from mis t akes  
a s s o c i a t e d  with t h e  ind iv l idua l  segments,  bu t  a l s o  from any  e r r o r  t h a t  
may exisk i n  a c:ornpany's r e p o r t e d  t o t a l  movements, on which segment flow 
rates are based A n  error i n  the company f low ra te  would not  be m i t i -  
ga t ed  by the f a c t  t h a t  a compiiny has many segments,  since each segment 
would s u f f e r  t h e  same sys temat i c  error., Moreover,  a company owning many 
segments rnay have greater d i f  f i c u l t y  a r r i v i n g  a t  an accurate. reckoning 
of  I t s  tot.al. movements. T.t is easily p o s s i b l e  t ha t  the accuracy  of 
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r e p o r t e d  movements d e c r e a s e s  r a p i d l y  enough as t h e  number of segments  
i n c r e a s e s  so as t o  o f f s e t  t h e  tendency  of nuincrous segments  t o  r e s u l t  i n  
a smal l e r  re la t  ive  e r r o r ,  w i  t h  t h e  consequence  t h a t  t h e  re la t i  ve e r r o r  
i n  a company's ene rgy  es t imate  is  more o r  less indepcnt len t  of t h e  number 
o f  i t s  segmcnt-sa 

I n  view of t h e s e  c o n s i d e r a t i o n s  i t  seems b e s t  t o  assume t h a t  the 
s t a n d a r d  d e v i a t i o n  of t h e  r e l a t ive  e r r o r  ~ i / F : j  h a s  a r o n s t a n t  v a l u e  
T f o r  a l l  companies  is Tne r e l a t i v e  e r r o r  of t he  es t imate  of na t iona l .  
e n e r g y  use ( f o r  11 companies)  i s  g i v e n  by 

I f  t h e  d i s t r i b u t i o n s  of E i / E i  a r e  i n d e p e n d ~ n t ,  which seems a r e a s o n a b l e  
a s s u m p t i o n ,  t h e n  (8. 5 )  i m p l i e s  t h a t  t h e  v a r i a n c e  ? o€  Llie d i s t r i b u t i o n  
o f  E / E  i s  

-c2 i s  e a s i l y  e s t i i i i a t ed  from sample d a t a  us ing  t h e  fo rmula ,  

Again one d i v i d e s  by m r a t h e r  t h a n  m - 1,  because  t h e  mean i s  n o t  es t i -  
mated from s a m p l e  d a t a  but. i s  presumed t o  be zero. 

The r e s u l t s  of c a l c u l a t i n g  t h e  s t a n d a r d  d e v i a t i o n  r of t h e  n a e j ~ o n a l  
e r r o r  d i s t r i b u t i o n  f o r  c rude  and p r o d u c t s  l i n e s  a c c o r d i n g  t o  Eqs. (8.6) 
and  (8. 7 )  a p p e a r  i n  Tab le  8. 3, The t a b l e  a l s o  shows 95% c o n f i d e n c e  
bands ,  on t h e  a s sumpt ion  t h a t  e r r o r s  are norma l ly  d i s t r i b u t e d .  Numbers 
i n  p a r e n t h e s e s  show t h e  c o n f i d e n c e  Sands t h a t  r e s u l t  when Eqs. (8.3) and 
( 8 . 4 )  are used in s t ead .  That  i s ,  t h e  c o n f i d e n c e  bands i n  p a r e n t h e s e s  

are  based  on t h e  a s sumpt ion  t h a t  t h e  absol .u te  e r r o r  v a r i a n c e  o i  i s  t h e  
same f o r  a l l  compani.es i ,  which is t o  s a y  t h a t  e q u a l  a b s o l u t e  e r r o r s  are 
g i v e n  e q u a l  weight. The o t h e r  c o n f i d e n c e  bands ( n o t  i n  p a r e n t h e s e s )  
assume t h e  r e l a t i v e  e r o r  v a r i a n c e  ii2 i s  the same f o r  a l l  companies ,  
which is  t o  say  t h a t  equal. r e l a t i v e  e r r o r s  are g i v e n  e q u a l  weight. The 
l a t t e r  a s sumpt ion  is  t h e  one recommended h e r e ,  and  i.t. i s  t h e  one made i n  
the p r e v i o u s  sec t i -on .  

2 



Tab le  8.3. Es t ima ted  e r r o r s  i n  n a t i o n a l  pipeline energy  use  estimatesa 

Crude P roduc t s  

Number of companiesb 

S t a n d a r d  d e v i a t i o n  T of t h e  d i s t r i b u t i o n  of r e l a t i v e  
e r r o r s  i n  company ene rgy  use  estimates 

S t a n d a r d  d e v i a t i o n  T of t h e  d i s t r i b u t i o n  of r e l a t i v e  
e r r o r s  i n  n a t i o n a l  ene rgy  u s e  estimates 

E r r o r  range  for company e s t i m a t e s  a t  9 5 1  c o n f i d e n c e  l e v e l C  

E r r o r  range  f o r  n a t i o n a l  estimates a t  95% c o n f i d e n c e  l e v e l "  

C o n s e r v a t i v e  e r r o r  range  f o r  n a t i o n a l  estimates 

121 

18.9% 

1.13% 

2 33% 

+ 2 2 %  
(24.  S X )  

-i- 10% 

108 

18.9% 

z 347: 

?37% 

+-4.6% 
(*6. 1%) 

2 15% 

a 
C a l c u l a t e d  on t h e  a s sumpt ions  t h a t  e r r o r s  € o r  d i f f e r e n t  companies are 

independen t  and t h a t  t h e  d i s t r i b u t i o n  of r e l a t i v e  ( p e r c e n t )  e r r o r s  i n  company 
ene rgy  use  estimates h a s  a v a r i a n c e  independent  of coinpang c h a r a c t e r i s t i c s .  
Numbers i n  p a r e n t h e s e s  assume independence of company e r r o r s  and t h a t  the d i s t r i -  
b u t i o n  of a b s o l u t e  e r r o r s  has a v a r i a n c e  independen t  of company. 

A c r u d e  p i p e l i n e  company t h a t  owns p o r t i o n s  of t h e  Alyeska P i p e l i n e  o r  
b 

C a p l i n e ,  as w e l l  as o t h e r  p i p e l i n e s ,  i s  counted  as two conpanies. 

c 
Assumes n o r m a l i t y  of e r r o r  d i s t r i b u t i o n s .  
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There a r c  t w o  rczso1is why t h e s e  c o n f i d e n r e  bands limy be oveurpp 
t i m i s L i r -  

1. i h e  n i n e  obse rvcd  errors from r.rhich t h e  ro i i f idencc  bands arr 
d e r i v e d  hc rp  are: i n  a s e a s e ,  f io t  randomly choser, T t  is  t r u r  t h a t  t h e  
companies  arc tandomly chosen, a t  l r n s t  i n  a S P L I S ~  r e l e v x n t  here .  H u t  
cht. obse rvcd  e r r o r s  are d e l i b e r a t e l y  t a k e n  t o  be t i ~ o s e  r e s u l L i n g  from a 
c h o i c e  of iile f l o w  s c h e d u l e  t h a t  b e s t  f i t s  t l i r  oSservr3d eiiergy use  d a t a  
( b e s t  a~i io~ ig t h e  t h r w  s c h c d u l c s  4, 5, ant1 9- t h a t  r e s u l t  i i i  r e a s o n a b l e  
~ f r - - r ~ > - - ~ L l  c f f i c i e n c i e s ) .  i h e s e  obse rved  P ~ ~ , I I - S >  t h c n ,  c s n  be expet-ted 
t o  bc Icsc  t h a n  those t h a t  woiild be ohse rved  ii  riiae more campnnies w r e  
i n v e s t i g a t e d  an6 schrd::ln 4 were u s e d ,  witlioiit r e g a r d  t o  which s c h e d u l e  
b e s t  f i t s  t h e  dat.3 f o r  those nine. Tii~s i s  not c o  s2y t h a i  one shou ld  
use  a l l  27 obse rved  e r r o r s  c o r r e s p o n d i n g  t o  schedulpc,  /L, 5 ,  and 9 as  a 
b a s i s  f o r  ~ s s o c  e s t i m a t i o n ,  s i n c e  s c h e d u l c  4 653s p icked  p r e c i s e l y  because  
t h e r e  I s  r e a s o n  t o  b ~ l i c v e  i t  a c c o u n t s  l o r  t h e  e i ie rgy  u s e  of a i l  com- 
p a n i e s  b e t t ~ r  t h a n  til:> : i ther  s c h e d u l e s  do. Nofietheless an  c s t i i l t a t e  oZ 
e r i n r  based  011 the n i n e  obscL;Fed crrors producer! by s c h e d u l e  4 shou ld  be 
i m r e a s z d  soini.r,.-hai Lo r e f l e c t  t h c  nianner i n  which iiigxse nii-ie r m w  

chos?n< An i n v e s t i g a t i o n  t h a t  would quan t iEy  the a p p r o p r i a t e  i n c r e s s e  
i s  l-wqond t h e  scope of t h i s  p r o j e c t .  

2. Thc~  company e r r o r s  r a y  no t  be e n t i r : l l y  i n d e p e n d e n t ,  a s  assumed. 
It i s  l i k e l y ,  €or i n s t a n c e ,  t h a t  t h e  ~ ~ ~ t h o d  i n  q u r s t i o n  p roduccs  es t i -  
mates t h a t  a c e  b i a s e d  some:jhat i n  one d i r c c t i n r l  cjr t h e  o the r .  

'Yo o f f s e t  p w s i b l _ e  overopt imism,  Tab le  8. 3 e n l a r g e s  t h e  95% c o n f i d z n c e  
bands t o  p r o d w e  m r r  c o n s e r v a t i v e  estimatcs of t h e  range  i n  which t h e  
t cut3 ene rgy  c o u s u n p t i o n  of o i l  p i p e l i n - s  p robab ly  lies. 

It shou ld  he unde r s iood  t h a t  iiie e r r o r  eslimates i n  Tab le  8.3 do 
i io t  accoun t  f o r  p o t m t i a l  e c t - u r s  i n  t l i ~  e s t i m a t e  of Euel- to-wi  ?-e e f f  i- 
ciency .  Hut t h i s  i s  n o t  of gre . i t  c o n c e r n ,  s i n c e  fue l - to -wi re  e f f i c i e n c y  
i s  not  p r o p e r l y  a p a r t  of a p i p e l i n e  ene rgy  i n v r s t i g a t i o n  a n d  i s  b c s t  
t rea t:-d as  exogenous- 

It shou ld  a l s o  be under.atood t h a t  ene rgy  estimates f o r  i n t l i v idva l  
state:; o r  i n d i v i d i i a l  p i p e  d i  ariieters art3 less r e l i a b l  P t h a n  t h e  n a t i o n a l  
estimates. S i n c e  d e r i v i n g  a c o n f i d e n c e  isaad f o r  a s t a t p  r e q u i r e s  d e t e r  
min ing  t h e  movc-lnents of e a c h  company wiehin t h e  b o t d ~ r s  of t h a t  s t a t e ,  
sbch a d a r i v a t i o n  does no t  seem wor th  t h e  l a b o r ,  e s p e r i a l l y  s inrc .  t h e  
c o n f i d e n c e  band woa?ad p robab ly  haves t o  be e n a J a r g e d  anyway, S u f f i c P  i t  
t o  s a y  t h a t  s i n c e  t h p  95% c o n f i d e n c e  band f o r  i n d i v i d u a l  companies  i s  

s t a t e s  i n  which on ly  one or a few companies  ope ra t e .  S t a t e s  c o n t a i n i n g  
l i n e s  hpionging  to  iuany cornpaniec can  be e x p e c t e d  to r e c e i v e  more 
a c c u r a  I: P est i m a t  e s, 

- f 3 7 % ,  om' can  e x p e c t  t o  see e r r o r s  on t h e  o r d e r  of f? .O o r  30% i n  the 



Thus there  are f o u r  component eff icfencies  t o  be cons idered:  d i r e c t  
f uel-to-shaft  shaft-to-oi-X wire-to-shaft and f u e l - t o - ~ i r e .  These are 
estiinated bel-ow and then combined to y i e l d  a compos i t e  -€ue1.-to--oi.L e f f i -  
ciency f o r  c rude  and for px*~:di.~ct R p:i.peX 1 raes. 

9.1.  1 Direct f u e l - t o - s h a f t  e f f l c i c 9  
_111_-1 - 

9- 1 



T a b l e  9. 2 .  Sotlr-es of p i p e l i n e  puxping power sfid t h e i r  e E f i c i e n l c e s  

Crude l i n e s  Psoauc ts  l i n e s  

F r a c t i o n  of i n s t a l l e d  Approximate F r a c t i o n  of i n s t a l l e d  Approxiinate 
pumping power e f f i c  ie ncy pumping  poNe r e f  E i c i e n c y  

E lec t r i c  a o t o r s  0.7694 0. 93  0. 815C 0. 93 

Other  sources,  t o t a l  0. 2306 0.303 0.1850 0. 268 

Gas t u r h i  n e  0.0125 c. 18 0.0594 0. i& 

R e c i p r o c a t i a g  engrne 0. 2179 9. 31 0. 1256 0. 31 

Steam t u r b i n e  0.0002 0. 36 0 
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c a n  o n l y  be approximated.  The d r i v e r  e f f i c i e n c i e s  a p p e a r i n g  in Table  9* 1 
are e x t r a c t e d  from an  e n g i n e e r i n g  handbook (American Gas A s s o c i a t i o n ,  
1366 p. 12/359). The weighted  fue l - to - sha f  t e f f i c i e n c y  for a l l  non- 
e l e c t r i c  d r i v e r s  i s  0.303 f o r  c r u d e  l i n e s  and O* 268 f o r  p r o d u c t s  l i n e s .  

9. 1. 2 S h a f t - t o - o i l  e f f i c i e n c i e s  

The  g r e a t  i n a j o r i t y  of trunk p i p e l i n e  p i m p s  are c e n t r i f u g a l  pumps. 
'Their e F F i c i e n c i e s  are somewhat d i f f i c u l t  t o  estimate, s i n c e  t h e y  vary 
with t h e  t y p e  and c o n d i t i o n  of pump, t h e  p r o p e r t i e s  of t h e  o i l ,  and the 
load under  which t h e  pump i s  ope ra t ing .  Peak e f f i c i e n c i e s  f o r  p i p e l i n e  
p imps  a r e  g e n e r a l l y  i n  t h e  neighborhood of 0.86 to  0.89 ( K e r a s s i k  e t  al, 
1976, p. 10-100). A rule-of-thumb o p e r a t i n g  eEEic i ency  one h e a r s  men- 
t i o n e d  is 0.80 ( e . g . ,  L e i l i c h  e t  al. 19797, p. E-15). 'I'his s u g g e s t s  
t h a t  t h e  a v e r a g e  pump e f f i c e n c y  probably  l ies  i n  t h e  range  o f  0. 80  t o  
0.86. The resu1.t~ of Sect.  8.3 imply t h a t  pumps can  be assumed t o  
o p e r a t e  near  t h e  upper  end of t h i s  r ange ,  and t h i s  m a t t e r  will be t a k e n  
u p  s h o r t l y .  

9. 1. 3 Wire-to-shaEt e f f i c i e n c y  

Est imates  of t h e  e f f i c i e n c y  of i n d u s t r i a l  e le i - t r i . c  motors  g e n e r a l l y  
are  c l o s e  t o  0. 93 (Baumei s t e r  e t  a L  1966, p. 15-46). 

9, l .  4 Fuel- to-wire  e f  f i c i e n c x  

P r o b a b l y  t h e  b e s t  way t o  estimate t h e  e f f i c i e n c y  w i t h  which pr imary  
ene rgy  i s  c o n v e r t e d  t o  d e l i v e r e d  e l e c t r i c i t y  i s  t o  a p p e a l  t o  t h e  
o p e r a t i n g  s t a t i s t i c s  of t he  e lec t r ic  u t i l i t i e s  (Ed i son  E l c c t r i c  I n s t i t u t e  
1977). The r e l e v a n t  f i g u r e s  f o r  1977 (the most recenL i n  t h e  l i b r a r y )  
a p p e a r  i n  Tab le  9. 2. The e f f i c i e n c y  of c o n v e n t i o n a l  s tparn-genera t ion  I s  
e s t i m a t e d  by the  Edison  E l e c t r i c  I n s t i t u t e  t o  be 3 2  7X. The the rma l  
e f f i c i e n c y  of a b o i l i n g  w,2ttc*r n u c l e a r  r e a c t o r  h a s  been p u t  a t  3 3 2 ,  and 
t h a t  of a p r e s s u r i z e d  water r e a c t o r  a t  34% (NcRae, Dudas, and Rowland 
1 9 7 7 ,  p 346) .  But due t o  s e r i o u s  d e f i n i t i o n a l  d i f f i c u l t i e s  t o  be 
d i s c u s s e d  s h o r t l y ,  t h e  e f f i c i e n c y  of  n u c l e a r  g e n e r a t i o n  i s  equa ted  wi th  
t h a t  of o t h e r  s t e a m  g e n e r a t i o n .  The e f f i c i e n c y  w i t h  which a hydro- 
e l e c t r i c  p l a n t  c o n v e r t s  t h e  p o t e n t i a l  e n e r g y  i n  a head oE water t o  
e l e c t r i c i t y  is  p robab ly  abou t  80% (Hooker 1979), but  s ince t h e  p l a n t  
consumes no ene rgy  r e s o u r c e s  t h a t  n a t u r e  would not  eonstime o t h e r w i s e ,  
i t s  e f f i c i e n c y  is p u t  a t  100%. The r e s u l t i n g  o v e r a l l  e f f i c i e n c y  of 
e l e c t r i c a l  gei ierat ion is 35. 2%. S i n c e  92. 0% of t h i s  e l e c t r i c i t y  r e a c h e s  
t h e  cus tomer ,  it is r e a s o n a b l e  t o  i n f e r  t h a t  t h e  t r a n s m i s s i o n  l o s s  is  
8. O X ,  The res t i l t an t  e f f i c i e n c y  of b o t h  g e n e r a t i o n  and t r a n s m i s s i o n  i s  
32. 32 .  

The d i f f i c u l t i e s  t h a t  ar ise  i n  t h e  v e r y  d e f i n l t i o n  of such  n rnei~sure 
o f  e f f i c i e n c y  a r e  mani fo ld  and infamous. To b e g i n  wi t.h, p o p u l a r  estimates 
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Tablc. 9, 3, E f f i c i e n c y  of e1 P c t r i c a l  gPilerat i o n  arid 
transrni s s i o n ,  1378 

Pi-oducti on.a E f f i c i e n c y  
( 1 O6 kwh) ( X  1 

A l l  SOUL-I:S~S 2 ,124 ,026  35. 2 

...... .. ~ .. .. .......................................................... 

11 y d 1: n e 1 e c t r i c 220 ,436  100 
Nuc 1 E a JI 250,882 32. 7 
O the r  1 ,652  108 32. T b  

T o t a l  salesa = 1 ,953 ,535  x 106 kwh 
E f f i c i e n c y  of t r a n s m i s s i o n  = s a l e s / p x o d u c t i o n  = 32, 0% 
E f f i - c i e n c y  of g e n e r a t i o n  and t r ansmiss i -on  = (36. 2 )  ( 9 2 - 0 )  2 32. 3 %  

a 

........... _ _ ~  .......l....ll ...........l_ --.. ............- -- 

F r O r i l  3:dison E.I.c.ctri.c I n s t i t u L e  (1978,  pp. 18, 31). 

L 

”10,449 Btu/kwh) estimait-ltl by E d i s o n  E l e c t r i c  Iiistitrie. 

of g p n e z a t i o n  and t c a a s m i s s i o n  e f f  i c i e r i cy  seem t o  c o n s i d e r  o n l y  genera-  
t i o n  froiii f o s s i l  f u e l s  and c o n s c q u e n t l y  arriu:- a t  a nuinbec nea r  30%. 
BUL t h i s  p r a c t i c e  i s  i n e x p l i r a b l e ,  i t 1  t:tat p a r t  of o u r  e l e c r r i c i t y  i s ,  
z f t e r  a l l ,  d e r i v e d  from w a t e r  P O W ~ L .  S i n c e  no e n e r g y  is  was ted  i n  the 
p r u d u r t i o n  of l i yd ros l ec i  t i c i r y  t h a t  Iiatiire r m l i l d  n o t  be waste just as 
q u i c k l y  i f  t h e  power w r e  noL h a r n e s s r d ,  t’cie e f f i c i e n c y  of t h i s  p r o c e s s  
i s  100% and s e ~ s e s  t-o i ~ n p ~ o v e  t h e  o v e r a l l  e f f i c i r n c y  of e l e r t r i c a l  
g e n e r a t i o n  from 32. 7 t o  35. 2 %  

O t h e r  d e f i n i t i o n a l  problems are mure b a f f l i n g -  It i s  imclear why 
t h e  r n e r g y  c o s t  of mining and t r a n p s o r t i n g  r o a l  t o  the ~ O G E ~  plarir .  should  
n o t  be counted, I f  i L  is  not  coun ted ,  ‘L’rien i t  i s  u n c l e a r  what p o r t i o n s  
o f  th:. coinplex tnucleat  f u e l  cyr1e shoul t l  f i g u r e  i n t o  t h e  c a l c u l a r i o n  of 
e f f i c i e n c y .  I n  p a r t i c u l a r ,  i t  is d i f f i c u l t  i o  know how t o  accoun t  l o r  
t h e  e l e c t r i c i t y  c o m u v e d  i n  i c i i a i n g  nucle.-lr fue l .  T t  seems u n i a i r  t o  
c o a l  t o  omit t h i s  e n r r g y  c o s t ,  s i n c e  it is  q u i t e  large, bu t  i f  it i s  a l l  
i n c h i d e d  t h e n  t h e  mine - to -  p l a n t  energy  efF i c i e n c y  of c o a l  prodiict i-on 
sXould be talcen i n t o  ac ronn t .  On i h e  o t h e r  haiid, p e r h a p s  it i s  u n f a i r  
t o  n u c l e a r  energy t o  coun t  the w s t e  h e a t  i n  t h e  p l a n t  as a l o s s ,  s i n c e  
where,is a t  l eas t  so~iie of t h e  coal’s wasted lieat c o u l d  have been  used  by 
b u r n i n g  the coal  i n  housel iold stove:,, there i s  l i t t l e  onc c o u l d  do w i t h  
n i i c l e2 r  waste h e a t  - at leasL u n t i l  n u c l e a r  househo ld  f u r n a c e s  are 
developed, F i n a l l y ,  t h e  p r a c t i c e  of couni i i lg  e l e c t r i c a l  t r a n s m i s s i o n  
l o s s  wems odd i n  v i rw of t h e  f a c t  t h a t  t h e  ~ n e r g y  c o s t  of t r a n s p o r L i n g  
d i e s e l  f u e l  t o  a n  e n g i n r  i s  seldom taken i n t o  a c c o u n t  i n  coiitputing f u e l -  
t o - s h a f  t e f l i c i e n c y .  Prcsunial-,ly t h e  tLrai isport of f u e l  t o  t h c  eizgFne 
p a r a l l e l s  the t r a n s p o r t  of coa l  t o  the p l a n t ,  brit t h e  former  requires 
-i- lllure enc rgy  aitd t h i s  shoi i ld  be asknowl4gcd .  

Obv ious ly ,  such  c o t i a i d e r a i i o l i s  cou ld  go on a t  somc l eng th .  S i n c e  
t h e r e  seems t o  be no d e i i t i i t i v e  resol i i t ior i  of t h c  p ioblem,  iht- e f f i c i e n c y  
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The four  efficiena:-.f.c.s just developed a re  depicted i n  Fig.. 9, 1. It 
is evident  that tihe o v e r a l l  f u e l - t o - o i l  cffici.t.r-tcy m ~ y  he e s t i m a t e d ,  

where ap 2 f r a c t i o n  of i n s t a l l e d  primping pnwr supplied by e l ~ c t s i c  
motors, given i n  ' l a b l e  

a,, = f r a c t l o n  ol' i n s t a l l e d  pumping pnwc~r ~ t ~ w r w i ~ e  s u p p l i e d ,  or 

PXY = x-to-y e f f i c i e n c y ,  w1-wrc 4 "  = fuel, w = w i r e ,  s - shctFc3 and 
1 - ae; and 

0 --- n j i .  

The results are 

If a g i v e n  energy use f igure  assuming a n  el t:-ts%ticaI. genera t ion  and  
transrnissi.on ef f ic ie f icy  of efw i s  t o  be converted t o  one assurni.ng E-&,, 

then  (9. I )  implies that the f i g u r e  must 'w rnu1.tipli.eil by a f a c t o r  k ,  
g i v e n  by 

( 9 . 3 )  

When e p w  --- 0. 323, as recommended above, t h i s  conversi.on f a c t o r  evaluates, 
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l i e s  i n  t h e  range of 0. 74 t o  0. 80. S i n c e  t h e  e v i d e n c e  adduced i n  Sect. 
8. 3 s u g g e s t s  t h a t  w i r e - t o - o i l  e f f i c i e n c y  is a t  t h e  upper  cnd of t h f s  
range, pump c f f i c i e n c y  has  been set  above a t  0. 86. 

9. 2 Energy Consumpt-ion 

The c a l c u l a t i o n  of pumping ene rgy  consixmpt ion is d e s c r i b e d  i n  (2tap. 
7. When d i v i d e d  by f u e l - t o - o i l  e f f i c f p n c y  i t  becomes t o t ( r 1  energy  
consump t ion :  

where E, = p i p e l i n e  energy  corlsrirnpticin in s t a t e  s ( o r  the natioil)  i n  
1975 ( c r u d e  oi.1. t runk IL-ines, crucle o i l  g a ~ h e r i n g  l i n e s  o r  
p r o d u c t s  l i n e s ) ;  

n a t i o n ) ,  g iven by (7, 1.3) i.n Sect .  7. 8 f o r  c r u d e  and p r o d u c t s  
t r u n k  l i n e s  and by Table 7 .  6 i n  Sect. 7. 9 for  crude g a t h e r i n g  
l i n e s ;  and 

e f o  = fuel- to-oi .1  e f f i c i - e n c y  f o r  criitle L ines  f o r  products l i n e s ,  as 
g ive t i  by (9. 2 )  i n  Sect.  9. 1. 

PE, = p i p e l i n e  pumping cznergy cCiisiirnpti.on i n  s t a t e  s ( o r  the  

Tables and graphs showing t h e  resi1lt.s of t h e s e  c ' a I .c~ .~ la t  i o n s  a p p e a r  
i n  t h i s  c h a p t e r  and i n  t h e  Summary. Tab le  S. 1 p r e s e n t s  an energy ove r -  
v iew,  while T a b l e s  9.3 through 9.6 show o i l  movements aod  energy  con- 
sumpt ion  and i n t e n s i v e n e s s  by s t a t e  and by p i p e  d iameter .  Appendi-x H 
cont.ai.ns a computer p r i n t o u t .  showing o i l  movemerits and pumping energy  
consumed to  oVeK(l.oInf? f r i c t i o n  f o r  each  p i p e  s i z e  i n  each state,  E'igurr?s 
S. 2 and S. 3 d e p i c t  t h e  reli l t ioI>.ship between p i p e  d i a m e t e r  and energy 
i n t e n s i v e n e s s .  Tab le  S. 2 shows e s t i m a t e d  o i l  novements by t y p e  of 
c a r r i e r ,  and Table S. 3 compares p i p e l i n e  ene rgy  i n t e n s i v e n e s s  w i t h  t h a t  
o f  o t h e r  c a r r i e r s  of  ene rgy  m a t e r i a l s .  Tab le  9. 10 shows t h e  o i l  move- 
ments and ene'rgy consumption and i n t e n s i v e n e s s  t h a t  would r e s u l t  i f  a l l  
IJ. S. p i p e l i n e s  ran a t  capac i ty .  F i n a l l y ,  Tables 9. 7 t h ~ o u g h  9. 9 show 
n o t  a c t u a l  ene rgy  i n t e n s i v e n e s s  b u t  the ene rgy  i n t e n s i v e n e s s  t h a t  resu1:ts 
when p i p e l i n e s  c a r r y  a c a p a c i t y  th roughpu t  o f  c rude  o i l ,  gasr:il.ine or f u e l  
o i l  t h a t  is  p red i - c t ed  by t h e  r e g r e s s i o n  s t u d y  of Chap. 6 t o  be typj.cal  of  
each p i p e  d iameter .  These t ahLes  and E igures  are i n t . e r p r e t e d  i n  t:he 
n e x t  s e c t i o n .  

9.3 D i s c u s s i o n  gf Kesults 

T h e  Conc lus ions  s e c t t o n  of t h e  Summary i n t e r p r e t s  the r e s u l t s  of 
t h i s  s t u d y  i n  g e n e r a l  and sometimes i n  s p e c i f i c  terms, T h i s  secti.on i.s 
i n t e n d e d  to  supp:lement the Sumiiiary and s h o u l d  n o t  be r ead  i n  isc~l.at:Lsri 
f rom .i t ,  miat  f o l l o w s  i s  a discussion of each t a b l e  showing r e s u l t s .  



Table 9.3. Crude o i l  p i p e l i n e  er,ergy consumption and i - l tensiveness  in 1978,  by s t z t e  

P l p e  m i l e s a  E s t i m a t e d  m o v e m e n i s  E n e r g y  c o n s u m p t i o n b  

lcrn m:ie 109 m3-kn IO9 b b l - m i l e  J lo9  B t u  

U n i t e d  S t a t e s  

Alabama 
A l a s k a  
A r  i z o n a e  
A r k a n s a s  
C a l i f o r n i a  

C o l o r a d o  
F l o r i d a  
I l l l n o i s  
I n d i a n a  
Iowa 

K a n s a s  
Ker , tuci ty  
-oi\:.siana 

K a i n e  
M i L h i g a n  

M :nne s o t a  
x 1 s s >. s s  t p p i  
?iissour: 
kon:ana 
Me b ra s i a  

hew Liarnoshire 
S e w  ?! ex i c o 
New York 
N o r r h  D a k o t a  
Ohio 

I 1 6 , 7 7 6  

282 
1,081 

8 0 6  
1 , i 0 2  
4 , 5 3 7  

2 , 3 5 2  
342  

6,061 
1 , 3 1 2  

; 0 5  

7 , 9 5 8  
1 , 1 2 7  
7 , 8 5 1  

3 4 8  
2 , 7 0 0  

2 , 4 2 1  
2 , 0 7 5  
4 , 5 1 2  

1 , 1 3 0  

! 72 
2 , 6 4 7  

I85  

1 , 4 5 7  

3 , 0 7 1  

: , 5 2 9  

7 2 , 5 6 1  

1 7 5  
6 7 2  
50 1 
6 8  5 

3 , o : a  

i , 2 7 5  
215 

3 , 7 6 6  

6 5  

4 , 9 7 0  
7 0 0  

4 , 5 7 8  
2 i 5  

1 , 6 7 8  

i , 5 0 4  
1,288 

i, 906 
706 

107 

I 1 5  
9 5 5  
9 0 6  

a i :  

? , c i s 2  

1 , 6 4 5  

558 .8  

0. 6 6  

3. 4 5  
3. 1 9  

63. 5 

Id. I 

3. 0: 
0. 4 3 

45. 2 
ti. z i  
0. 4 6  

19. 2 
12. 7 

42. I 

31. i 

34. I 

31. 3 
22. A 

1. :3 

2. 5 4  
4. 6 5  

0. 5 6  
5. : 4  
0. 2 3  
4 . 0 7  
5. 57 

2 1 8 4  

3. 4 

1. 8 
12. 5 
39. 3 

L1.8 :. 7 

32. I 
1. 9 

75. i 
49. 7 

268 

176 

I 6 5  

:21  

133  
12: 

4. 4 0  

85. ii 
9. 9 3  

:7. 5 

2. ; 7  

0.9: 
12. 3 

;5. 9 
25. 7 

86,190 

160 
4 , 5 9 0  

3 
4 1 0  

j , 7 2 0  

5 3 0  
120 

7 , 7 3 0  
1 , h 5 0  

7 6  

2 , 4 8 u  
2 , 2 6 0  

10,200 
m 

4 , 5 : 0  
4,240 
3 . 9 6 0  
445 
2 6 3  

6 4  
4 9 0  

4 6  
370 

1 , h i O  

4 , 3 6 0  

8 1 , 6 9 0  

160 
4 , 1 6 0  

3 
3 9 0  

1 , 6 7 0  

i i n  

i,56U 

500 

7 , 3 3 0  

74 

2 , 3 5 0  
2 , 1 6 0  
9 , 5 7 3  

9 5  
4 , 1 4 0  

4,560 

3 , 7 5 0  

4 , 3 2 0  

420 
2 5 0  

5!) 
470 
44 

*i=,n 
: , 5 3 0  

G a t h e r i n g  l i n e s  
e n e r g y  c o n s u m p t : o n "  

E n e r g y  i n t e n s ~ v e n e s s h  
__ G r a v  i: y 

rat:& 
J l k g - k m  m/km J / m 4  R t u / t o n m i l e  R t u / b s l - m ; l e  l r ) 1 2  

0. 9 7  281 

1. 02 230 
I. on 7 5  

0. 4 8 9 
1.02 150 
I. 04 200 

.. 1 4  210 
0. 99 3311 

2 .  03 2 0 0  
i. 0 6  240 
I. 34 190 

0.  9 5  I 5 0  
I. 00 '2 I 0 
I. 0 2  2 9 3  
:. A f  100 
0. 97 .7!1 

a ~7 1 7 0  
. .n i  !,50 
i. u.i 2,lO 
0. 9 8  200 
'2. 56 70  

?. 4 ' I5:3 
1. 00 19.3 
.. 0 2  240 
3. 8 9  I 1 0  
1. 02 290 

2 5  I 37. 4 10,120 1 8 . 5  1 5 4  

23 1 9 0  310 46 i 2  

n. 9 7 1 7  2 !I 
8 6 7  i i n  :6 8 f  

1 5  
20  

2 1  
34 
21 
2'4 
2 0  

I 6  
22 
29  
1 1  
1 7  

17 
16 
2 1  
21  

7 

1 4  

i 9  
2 4  
1 1  
29 

150 
1 70 

i80 
2 80 
170 
3 0  
I60 

113 

263 
R R  

I i o  

140 

170 
1 7 n  

59 

i m  

140 

I in 
;60 
200 
92 

240 

~~ 

2 i o  
280 

2 9 0  
460 
289 
3 3 3  
260 

210 
290 

140 
400 

210 

2L0  
220  
2 A S  
2A0 
95 

190 

i5n 

260 
300 

400 

3: 
4 i  

4 2  
68 
4 2  
A9 
39 

3; 
44 
59 
il 
34 

1 5  
33 
4 2  
4 2  
14 

28 
3 8  
4 9  
2: 
60 

130 
7R0 

I 30 
8 

130 
27 

0 

3:11 

35  

11 
1 5 0  

0 
90 
0 

l a 0  
20 

0 
530 
8 
0 

54  

I ,x;n 

9 ,600  

i I  

0 
1 2 0  
740 

121) 
7 

i 20  
26 

0 

3IlO 
33 

: ,020 
0 

151' 

0 

ll 
130 
20 

1 
5 0 .I 

7 
0 
51 

7f 

An 



Table 9. 3. (Continued) 

Okiahoica 1,3,284 6,920 35. 1 118 5,750 5,459 3.9'5 230 23 :Yo 310 4 4  870 $32 
i 83  193 iJ  163 260 38 26 

153 i 5  !30 z io 3 L  rennessei I S b  458 2 9 . 5  115 ;,Sb? 3,660 1. o i  u 
Tcxas 38,914 23,621 ili, 42s 14,&50 :$,SKI L E ?  210 :; 183 230 f, j 4.9 4,690 
Urah i,265 ?UH 1. 70 6. 62 203 190 L O 4  1 4 1  IS IZC ;Go 2E 4. 

Vrraant 30 6 190 a s s  3. 87 27 26 9.59 33 3.3 28 4 5 6 .  7 0 C 
1 3  c c. 

1 9  I 8  
W a s h i n g t o n  130 61 e. 23 0. 89 12 11 0. 5 5  6 2  b.3 5 2  $ 5  

7JJiJ l.JU 
I90  28 1 ii 

West  V i r g i n i a  893 555 0. 64 2.50 270 260 1. 02 5oc 51 
X i s c o c s i n  i 7B  483 19.2 75. 0 2,249 2,120 ;. 06 140 i', 
Slyoning 6,686 & , i 5 5  i3. 6 41. 5 i ,ROO 1,i?Ll :. 3 3  283 2 3  28'3 4 1  483 459 w 

P.?nnsY:uania 55 3 3  0.09 C. 2 4  i 4  i4 

, " "  

I 
CJ 

d r r e r n i n e d  Cy the p r e s e n t  study {Scc:. 7. I f .  Pt i I enges  p u b l i s h e d  by zlir Z n e r g v  a p z r t m e n t  ( t n e r g y  ';nformat:or Adrninis i ra t io? ; 9 l P )  d i i f e r  ;owrrhat. 

3 k s s ~ ~ o e s  an e f f i c i e n c y  of 32.37; f o r  t h e  generat:on a n d  transmisscon of e1ecc:icl.y. 

'-RaLio of rota1 e n e r g y  c o x u r n p t i o n  LO energy :hat would be u s e d  i f  p i p e s  werr I e v e L  

d 2 a t h e r i n g  line energy i s  d i f f i c u l t  tu e s t i n a t r ,  a:id :he s ta te  f i g u r e s  cou ld  s h o u  e r r o r s  36 largc as ?0-Si ; f : .  

5,. 

Ratios less [!Ian o n e  i c a i c n i e  t-:at mors oil ::ox.s d o w n h i l l  t h a n  u p h i l l ,  so t h a t  

tile net e f I e c t  of grav i ty  is: io  r e d s c e  e:>erd?' co:isu.l;pc:on. 

:he A r i z c a ;  Energy consdnp.ptio:i and iatensiveness ou:obers a r e  unndiui2::y l ou  because t h e  mJ3r crude  011 p i p e l : n e  i n  :he s t a i r ,  a Four iorner. ;  i i - i n  l i n e ,  is 
r e p e r k 4  t o  h a v e  s u r p r i s i n g l y  ;ow 2B,u00 bbl!: ;apzci:y arid b s c a u s e  tho F o u r  Cor-nrrs k ~ f l p a n y  r e p o r t s  d surpr l smgi :<  l o w  '1192 
f r ac t i s r ,  of t h i s  Four Corners r o v e m e - t  chat o x u - 8  i n  Ariaonz is n o t  knojrn WYI a p p r o x Z n i L t t l y ,  t h ?  above .4r:zoeic es:lm2ies ;hou:d riot bz given  ~ m c h  ; r e d e n c e .  

fAlasks's g a t h e r i n g  l i n e  eaergy u s e  e s t i s a t e ,  l i k e  those f o r  chr o r h e r  states,  is '%?sed O n  pipe1:ne  s:ock at the e n d  o f  1076. 

;G6 b b l - m i l f  Tor :97& Since t h e  

I t  is t h e r e f o r e  il substantial unber- 
estimate of energy use i n  1976, d u e  t o  t h e  L ~ ~ I L I  prow:h oP o i l  d r i i i i n g  :n Aialaaka. 



Table  9.4. O i l  p r o d u c t s  p i p e l i n e  energy  c o n s u m p t i o n  aml i n t e n s i v e n e s s  i n  1978,  s t a t e  

- 
G r a v i t y  

P i p e  miles” Est ima t e d  movements Energy consumpt ionb  

km mile lo9 m3-km lCi9 b b l - m i l e  1012 .I l o9  Btu 

Uni ted  S t a t e s  

Alabama 
Ar izona  
Arkansas  
C a i i f o r n i a  
Colorado  

C o n n e c t i c u t  
F l o r i d a  
Georgia  
Idaho  
I i l i n o i s  

I n d i a n a  
i owa 
Kansas 
Kentucky 
L o u i s i a n a  

X a i n e  
Mary l a n d  
Y, a s s a c h u s e  t t s 
f i i c h i g a n  
Yiinnesota  

M i s s i s s i p p i  
Missouri 
Y o n t a n a  
Ne 3ras ka 
Nevada 

hew J e r s e y  
New N e s i c o  
New Y o r d  
Eior::~ G r o L i n a  
h o r t h  Cakota 

O?lO 

OKlahoma 
Oregon 
Pennsylvania  
R,iode I s l a n d  

Energy i n t e n s  i v e n e s e b  

J/kg-km m/km J / m 4  RTu/ton-mi~.e B t u / h h l - m i l e  

132,954 

2,235 
1 ,351  

3 ,591  
1,667 

192 
256 

3 , 0 5 9  
97 

7 ,083  

1 ,709  

4,696 
6 ,156  

10,179 
227 

3,912 

217 
340 
350 

2 ,575  
2 ,908  

5,470 
6 ,170  
1,602 
2,920 

286 

1 ,055  
2,584 
2,426 
1,794 

797 

6 , 3 2 3  
6 , i 1 4  

724 
6,892 

77 

82,614 

i, 389 
840  

1 , 0 6 2  
2,232 
1 ,036  

119 
159 

1 , 9 0 1  
56 3 

4 ,431  

2 ,918  
3 ,825  
6 , 3 2 5  

141 
2 ,431  

135 
2 i l  
2:6 

i ,600 
1,807 

3 , 3 9 9  
3 ,834  

99s  
1 ,815  

178 

655 
1 ,605  
1 ,508  
1 ,115  

495 

3 ,921  
3 ,799  

450 
4 ,282  

48 

388. 2 

29. 5 
2. 39 

6. 81 
2. 34 

0 . 2 0  
0. 5 3  

i. 22 

5. 87 

37. 3 

:6. 0 

8. 97 
8. 23  

0. 26 
17. 3 

35. 2 

3. 16 
6. 35  
0. 19  
5. 23  
2. 46 

40. 2 
12. 7 

2. 69 
3. 27 
0. 32 

6. 78 
2. 56 
2. 72 

0. 96 

7. 97 

0 . 5 7  

0. 0 5  

23. 3 

11. 4 

11.4 

1517 

1 l 5  
9. 3 3  

23. 0 
26. 6 

9. 13  

0. 78 
2.08 

4. 76 
107 

62. 4 

35. I 
32. 2 
67. 7 

i. 0 2  
131 

0. 62 

3. 7 4  

9. 6 2  

2L. 8 

LO. 5 

157 
49. 5 
10. 5 
:2. 8 

1. 25 

26. 5 
10. 1 
10. 6 
79. 3 

3. 7 5  

3:. 1 
45. 5 

44. 4 
2 23  

0. 20 

6 3 , 8 5 0  

4,020 
450 
930 

1 ,510  
500 

32 
105 

243 
2 , 8 3 3  

1 , 4 4 0  
2,041) 
4 , 4 2 0  

72 
5 ,160  

45 
1 ,270  

73 
: , 180  

35il 

3 , 0 8 0  

4 , 2 5 0  
1 , 7 3 0  

580 
8 4 0  

48 

1 ,110  
540 
730 

2 ,030  
200 

1 , 3 8 0  
2 ,320  

2 ,170  
85  

35 

60 ,520  

3 , 8 1 3  
430 
880 

1 ,430  
470 

3 0 
100 

2 ,920  
230 

2 ,590  

i ,36d 

4 ,190  
1 ,930  

68 
4 , 8 9 0  

43 
1 , 2 : 0  

69 
1 , 1 2 0  

340 

4 ,030  
1 ,640  

5 53  
800 

45 

1 ,070  
6 i 0  
690 

1 ,920  
190 

1 ,310  
2 ,200  

61  
2 ,060  

34 

1. 0 0  

i. 36 
0. 9 3  
0. 91 
1. 02  
1. 0 9  

1. 10 
1. 02 
0. 8 5  
0. 8 6  
1. 0 3  

1. 04  
0. 98 
0. 99 
I. 16  
1. 0 4  

;. 00 
0. 9 0  
i. 06 
0. 97 
0. 87  

0. 96 
0. 97 
0. 9 9  
0. 9s 
0. 75 

1. 01 
1. io 
0. 94 
0. 84  
‘3. 92 

1. 01 
1. 0 3  
0. 86  
i. 04  
1. 12 

219 

: 60 
253 
200 
290 
280 

200 
250 
I50 
260 
2 40 

2 I I7 
34u 
3 511 
350 
19C 

363 
26d 
500 
500 
230 

140 
180 
2611 
340 
i90  

220 
320 
350 
: 30 
2 80 

230 
270 
203  
253 
900 

. ^ 1  

22.4 164 

19 
26 
21 
30 
2n 

20 
26 
15 
26 
24  

22 
1 5  
36 
36 
20 

37 
27 
51 
3 i  
21 

15 
19 
29 
35 
20 

22 
33 
36  
13 
20 

23 
27 
20 
26 
91  

140 
190 
160 
220 
210 

160 
200 
I10 
200 
180 

I 6 0  
250 
260 
280 
150 

280 
21J0 
380 
2 30  
140 

110 
140 
?IC 
260 
150 

173  
250 
270 
100 
210 

173 
20.3 
153  
i 9 0  

304 39. 9 

2 5 :I 33 
350 45 
280 93 
4 00 54 
380 52 

280 39 
350 48 
210 27 
360 46 
330 45 

29(! 39 
470 6 i? 
490 62 
480 67 
270 36 

5 0 0  69 
3t.0 49 
693 9 3  
420 55 
2 t iO  35 

L O O  26 
260 33 
393 52 
470 62 
270 36 

390 40 
150  60 
490 65 
163  24 
390 50 

320 42 
370 47 
270 36 
350 46 

710 1 , 2 4 0  i 70 



Tab le  9,4. (Conrinued) 

Ene rgy i n t e n s  iver ies  s b  
Energy consumpcionb Gravity P i p e  m i l e s a  E s t i m a t e d  movements 

km m i l e  lo9  m 3 - h  IO9 b b l - m i l e  3 109 8:u J/kg-km d k m  3 / m 4  Btu/ ton-rni le  R t u l b b l - n i l e  

Sou th  C a r o l i n a  
S o u t h  Dakota 
Tenne 66ee 
Texas 
U t  ah 

V i r g i n i a  
Wash 1 ng ton 
West V i r g i n i a  
Wiscons in  
Wyoming 

1 , 4 2 2  
1 ,242  

662 
23,616 

532 

1 ,379  
1 , 2 0 8  

97 
1,073 
2 ,882  

883  18. 1 
772 0. 7 6  
412 I. 48 

3 30 0. 69 

857 16. 8 
75 1 3. 89 

66 7 1. 99 

1 4 , 6 7 4  41.2 

60 a us 

1 , 7 9 1  2.44 

70.8 
2.97 
5. 77 

2.68 
161 

65. 7 
15. 2 

77. 9 
0. 21 

9. 53 

I , 5 8 0  1 , 5 0 0  0. 90 
I 7 0  i6C i. 07 
380 360 1. o i  

7 ,250  6,870 I. 02 
130 130 0. 75 

3 ,740  3 , 5 5 0  1.00 
750 713 1. 0 2  

1 7  :6 1. 00  
560 510 G. 99 

1,160 1,100 I. !04 

! 2 3  
300 
333 
269 

0 4  

290 

4 20 
360 
520 

260 

12 87 
33 220 
34 250 
24 180 

6. 6 50 

30 220 
26 1Y0 
43 333 
37 270 
64 490 

160 
410 
460 
330 

a9 

410 
350 
580 
50c  
560 

21 
53 
62 
43 
12 

54 
47 
8i 
66 

120 

W 

!- 
!- 

de te rmined  by t h e  p r e s e n t  scudy (Sec t .  7. 1). M i l e a g e s  p u b l i s h e d  by t h e  Energy Lkpartment  (Ene rgy  LnEormation Adminiscrat ion 1978) d i f f e r  1 
somewhat  

bAssumes a n  e f f i c i e n c y  of 32. 3 L  f o r  t h e  g e n e r a t i o n  and t r a n s m i s s i o n  of e l e c t r i c i t y .  

‘Rat io  of t o t a l  ene rgy  consumpt ion  t o  ene rgy  t h a t  would be used  if p i p e s  were l e v e l .  Ra t ios  l e s s  t h a n  one i n d i c a t e  more o i l  f l o w s  d o w n h i l l  t han  
u p h i l l ,  so t h a t  t h e  net e f f e c t  of g r a v i t y  is t o  r educe  e n e r g y  consumption.  



Table 9.5. Crude oil r r m k  p i p e l  L T I ~  energy C O R S L I X Q ~ ~ D T I  arid inte:.sivsness ir: 1973,  
by p i p e  diameter 

P i p e  milesa E s t i m a t e d  m o v e m e n t s  A v e r a g e  : h r o u g h p u t  E n e r g y  c o n s u m p t  : o n 3  E n e r g y  i n  t e n s  7 . v c n e s s b  

km m i l e  IO9  m3-km io9  b b l - m i l e  lo3 m3/d IO3 b b l / d  1012 J i09 b t u  . i / K g - h  mlkm J / m 4  U t u / t o n - m i l e  Rtu/obL-m;le 

- 

All d i a m e t e r s  

2" 
4" 
6 "  
8" 

IO" 

12" 
14" 

1 6 "  
20" 

22" 
24" 
20" 
30" 
34" 

40" 
48" 

16" 

116,776 

29 
944 

8,657 
28,689 
19,564 

:8,/9; 
647 

19,651 
3,594 
8,930 

4,687 
2,856 
;,805 
2,763 
:. ,238 

1 , j i b  
I,LI81 

72,551 

18 
5 8 7  

5,379 
17,827 
i2 ,156 

11,676 
526 

6,742 
2,233 
5,549 

2,912 
1,743 
L ,121  
2,468 

835 

818 
672 

558. 8 2 ,184 

0.002 0. 395 
0. 25 9. 9 7  
5. 05 19. i 

28. 3 1 in  
35. 9 140 

42. I :65 
2. 60 IS. 2 

26. I 141 
is. 4 71. 8 
55. 1 227 

58. 8 230 
24. 2 94. 5 
25. 6 100 
44. 4 174 
34. 9 ; 36 

70. 4 275 
68. 5 268 

13 

0. 19 
0. 7 7  
1. h 
2. 7 
5. 0 

5. 1 
0. 4 
9. i 

14 
L8 

3 4 
24 
39 
5 1  
7q 

A50 
: 70 

8 2  

1. 2 
4. 6 

10 
17 
32  

39 
53  
57 
68  

I io  

220 
150 
248 
'320 
460 

92.3 
I ,  .00 

5 6 ,  ; 90 

1. 9 
128 

1,780 

9,9511 
7,530 

7,430 

5,950 
2,620 
9 , 9 4 3  

'382 

13 ,iJhO 
2,260 
3,890 
5,22:1 
3,729 

7,940 
4 , 2 5 0  

81,590 :8: 

i. s ;,;20 

1 ,  hFiO 4 , 1  
7,140 11-3 
9 , 4  70 326 

7,05Cl 208 
25: 173 

5,629 : 9 3  

2 , 4 9 0  i6R 
9,1YO 2011 

: 2 , 3 8 0  26 1 
2,140 1 1 0  
3,690 179 
4,950 138 
3,511P L 25 

7 , 5 5 d  1 3 7  

1 2 2  hi16 

4 J 1 3  7 3  

18.5 154 

114 946 
62.1 51s 
42.2 352 
3i .  9 2hh 
33.2 2 7 7  

2 1 . 2  : 7 7  
11. h : 4 7  
L9.7 1 6 4  
!7.2 1 4 3  
20.4 1 7 0  

26.6 222 
11.2 91 

2 1 5 2  
14. 118 
12. 7 106 

13. 5 113 
J.5 b2  

1 

25 I 

,550 
842  
5 7 3  
/+34 
45 I 

2xn 
2'39 
268 
233 
2 7 5  

352 
1 5 2  
248 
i 92  
1 1 2  

i84 
1Ul 

17.  4 

229 
126 
85. 4 
64. 5 
67. 2 

W 

35. h P 
;3 39. 9 

14. 7 
i , l .  4 

53. 9 
2 2 . 7  
36. 9 
28. 5 
25. ,' 

2 7 .  4 
15. I 

42. 9 1 

~ 

d A s  d e t e r m i n e d  by t h e  p r e s e n t  s t u d y  ( S e c t .  

b A s s u m e s  a n  efficiency of 32. 3% f o r  t h e  g e n e r a t i o n  a n d  t r a n s m i s s i o n  of e i e c t r i c i - y .  

1. I). Y i ; e a g e s  p u b l i s h e d  3y t h e  Z n e r g y  D e p a r t m e n t  ( E n e r g y  : n f o r m d i : o n  a d m i n i s t r a r i o n  :97R) d : f f e r  s o m e w h a t .  

A l so  t a k e s  t h e  m t i o n a l  a v e r a g e  g r a v i t y  h e a c  o f  4. 152 m/km a s  t'le 

a v e r a g e  g r a v i t y  h e a d  For each d i a m e t e r .  



Tab le  9.6. Oil produc t s  p i p e l i n e  energy consumpt ion  an6 i n t s n s i - ~ e n e s s  i:i 1938 ~ 

b.7 p i p e  diameter 

1 3 5 , 4 5 4  

51 
3,199 

27 ,494  

19,558 

3 , 7 9 7  
3,620 
1,405 
5,941 

;4 
1,460 

599 
Y41 
e18 

447 
2 , 6 3 5  

44,irYb 

15 ,417  

540 

82 ,6 :4  

32 
1,388 

i7,CYS 
2 7 , 6 4 9  
12,153 

9,579 
2,355 
2 ,249  

873 
3,693 

9 
1373 
372 
585 
508 

278 
1,638 

3% 

336. 2 

3.331 
0. 87 
1:. 7 
47. 1 
37. 4 

4c.. 9 
J. 87 

i8. V 
7. c 

27, 7 

0. 16 

6. 86 
ii;. 3 

a 75 
18.0 

18. s 
87. 5 
23.  3 

i ,5:7 

0. 315 
3. $3 

61. 5 
184 
146 

i60 
38.6 
7 ,  Id. 1 
27. i 

138 

0. 04 
40. 4 
25. 9 
34. 2 
70. 4 

, 7 L 2  
38:  

91. 0 

x, 0 

c. 2 :  
0. 75 
1. h 
2. 9 
5. 2 

7. 3 
B. i 

I r  
14  
i? 

2 :  
' i l  

31 
2 5  
60 

1.10 
91 

12:) 

50 

1. 4 
4. 7 
9. 8 

18 
$ 1  

46 
4 5  
8 b  
86 
8c 

200 
130 
2 00 
Ihi) 
380 

i l d  
ji3 
740 

..I 

22. 

53. 8 
67. 3 
42. 2 
3 3 .  7 
28. 0 

?5. 2 
2'i. H 
2 2 ,  9 
19. h 
17, ! 

15. l 
14. b 
13. 5 
1tj. 6 
14. 9 

3;. 7 
i6. 5 
i!. 5 

jY. 9 

167 
123 -, r 

! J .  3 
63. 2 
49. 9 

ui. 6 
42. 4 
10. 9 

7 34.9 
' l o .  i, 

26. Y 
26. 3 
23. 7 
i9. '3 
35. 5 

56. 5 
29. 4 
2:;. 5 

e 
LJ 

~~ ~ ~~~~ 

dAs Cetermined by the prasaot scud? (Sect.  

'A.jsumes an e f f i c i e n c y  of 32.3X f o r  che generat,kon and transmiss ion of e l e c t r i c i t y .  

7. 1). bi i leages  published by ~ : i e  Energy krpar:menc (Energy Information A d m n i a t r a t i o n  19781 d i f f e r  sonewhat. 

A l s o  takes the national average gravi ty  head OP 0.017 m/km as che 
average gravlcy head for  each diameter. 



Tab le  9. 7. T y p i c a l  c r u d e  o i l  p i p e l i n e  e n e r g y  intensiveness a t  c a p x i t y ,  by p ipe  dLiams.tera 

T y p i c a l  c a p a c i t y  race 
Ene r gy i n  t e71 s Ive  r, e s s 

Noninal  d - i a m t e r  of fiow3 

4 
6 
8 
10 
1 2  

1 l k  

I 5  
1% 
2 3  
2 2  
2 4  

26  
28 
30 
3 4 

36 
4 0  
4 8  

0. 1 6 
1. 87 
3. 6 2  
6. 2 3  
9. 46 

11.6 
16. 1 
21. 4 
27. 6 

42.9 

51. 4 
5:. 4 
72. 4 
97. 9 

34. a 

I12  
144 
22C 

3. 99  
11. 8 
22. 8 
39. 2 
59. 5 

73. I 
io1 
135 
174 
219  
2 70 

323 
38 6 
456 
615  

702  
90 3 

1 ,387  

529 
40 9 
34 1 
294 
262 

248 
228 
212 
197 
186 
1 7 7  

169 
15: 
155 
144 

135 
130 
117 

53. 9 
41. 7 
34. s 
30. i? 
26. 7 

25. 3 
23. 3 
21. 5 
20. 1 
19. 0 
18. 0 

17. 2 
16. 4 
15. 8 
14. 6 

;4. 2 
13. 3 
1.2. 0 

449 
348  
293 
25C: 
223 

21i 
194 
180 
159 
l 5 8  
i 50 

144 
i 3 7  
13 1 
122 

118 
111 
1 CICI 

7 3 2  
5 6 6  
472 
40 7 
363 

343 
316 
293 
273 
258 
24b 

23 4 
223 
2 14 
199 

193 
18 i 
162 

109 
84. 4 
70. 3 
60. 5 
54. 1 

51. 1 
47. 0 
43. 7 
40. 7 
38. 5 
36. 4 

34. 8 
33. 2 
31. 9 
29. €1 

28. 7 
26. 9 
24. 2 

a 
O i l  s p e c i f i c  g r a v i t y  = 0. 85 ,  v i s c o s i t y  = 7.5 c S t ,  p i p e  rougriness = C. 0618 in. , w a l l  
thickness as in Sect. 7. 1 ,  z e r o  g r a v i t y  head. 

b A s  p r e d i c t e d  by r e g r e s s i o n  formula (6. 4 0 )  i n  Sect .  6. 5 ,  assuming no I n t e r r u p t i o n s  of flow. 



Table  9.8. T y p i c a l  g a s o l i n e  p i p e l i n e  ene rgy  i n t e n s i v e n e s s  a t  c a p a c i t y ,  by p i p e  d iame te r "  

T y p i c a l  c a p a c i t y  rate 
Eilrrgy i n t e n s i v e n e s s  

Nominal diameter of f l o w b  

Jjkg-krc nlkm .T!'m4 Stu/toi-i-mile RtulSbl-mile (in. 1 
lo3 m 3 / d  IO3 b b l / d  

4 
6 
3 

10 
12  
14 

16 
18 
20 
2 2  
24 

26 
28 
3 0  
3 2  
34 

36 
4 0  
4 2  
4 3  

0. 97 6. 0 9  
2. 4 8  15. 6 
4. 87 30. 6 
8. 47 53. 3 

13. 0 81. 5 
16.0 101 

22. 3 140 
29. 8 188 
38. 7 24 3 
48. 8 30 7 
60. 4 380 

72. 5 457 
87. 1 548 

103 64  9 
121 7 59 
140 880 

160 1,007 
207 1 ,302  
233 1,466 
289 1 ,818  

587 
483 
4 2 2  
3 7 8  
349 
3 3  1 

31 1 
294 
280 
268 
258 

249 
24 1 
234 
227 
220 

216 
205 
200 
155 

59.8 429  
49.2 353  
43.0 308  
38. 6 277 
35.5 255 
33. 7 242 

31. 7 227 
30.0 215 
28.6 205 
27.3 195 
26.3 188 

25 .4  182 
24.6 176 
23. 8 171 
23.1 166 
22,5 161. 

22.9 158 
20.9 150 
20. 4 146 
15.8 113 

812 
568 
5 84 
524 
483  
4 58 

4 3  1 
408 
38 8 
37 1 
357 

34 2 
334 
323  
3 14 
305 

299 
2 54 
277 
215 

104 
85. 6 
74. 8 
67. 1 
51. 8 
58. 7 

55. 2 
52. 2 
49. 7 
47. 5 
45. 7 

44. 2 
42. 8 
41. 4 
40. 2 
39. 1 

38. 3 
36. 3 
35. 5 
27. 5 

a 
G a s o l i n e  s p e c i f i c  g r a v i t y  = 0, 7 3 1 ,  k i n e m a t i c  v i s c o s i t y  = 0. 6 4  cSt ,  p i p e  rougtiness = G. G O 1 8  
in .  , w a l l  t h i c k n e s s  as i n  Sect .  7 . 1 ,  zero g r a v i t y  head. 

bAs p r e d i c t e d  by formulas (6 .40 )  i n  Sect. 6. 5 and (7.6)  in Sect. ?. 4 ,  a s s m i n g  no i n t e r -  
r u p t i o n s  of flow. 



4 
6 
8 
10 
12 

1 4  
I 6  

2 0  
2 2  

2L: 
26 
28 
30 
32 

3 4  
36 
4 2. 
4 2  
4 8  

i a  

0. 7 8  4. 8 B 
1. 99 12. 5 
3. 40 24. 5 
6. 7E 42. 7 
10. L: 65. :i 

:.2. 8 8G. 5 
17. 8 1 i 2 
23. 'J .l so 
30. c) '1 9 5 
39. 1 246 

48. 4 384 

58. 2 3 6 6  
69. 7 439 
82. 6 5 15 
96. 6 60s 

: : 2  705 
128 83 7 
I65  
18 7 

:I , L: 4 3 
1 , 1 7 4 

23 i 1 ,458  

486 
39 1 
335 
297 
2 7 0 

259 
24  1 
227 
2 15 
205 

-96 
: 861 
; 83 

172 

\E76 
; 63 
i55  
152 
117 

-I 7 
* Y  I 

451. 5 
39. 8 
34. 2 
33. 2 
27. 5 

25. 4 
24. 6 
23. 1 
21. 9 
20. 3 

23. 2 
i9. z 
18. 4 
18. 1 
'17. 5 

IS. 9 
16. 6 
i5. 8 
'15. 5 
12. 3 

403 
324 
27 8 
246 
224 

215 
200 
188 
178 
170 

163 
157 
152 
147 
-42 

:. :I 8 
135 
129 
125 
97 

67 3 
54 1 
46 4 
4 1 c 
37L 

359 
3 34 
314 
297 
284 

271 
252 
2 5 :I 
245 
2'8 

230 
22s 
2 1 5 
210 
162 

3 

97. 9 
78. 7 
67. 5 
59. 7 
54. 4 

52. 2 
4 %  6 
45. 7 
43. 2 
41. 2 

33. 5 
35. i 
36. 3 
35. 7 
36. 6 

33. 
12. 8 
SI. 2 
30. 5 
23. 6 

2 0:I spec i f i c  g r a v i t y  = 0. 83, k ineaa t i c  v i s c o s i t y  = 3 c s t ,  Tripe roiigl-iness = 3. 0313 in. , waI:L 
th ickness  ss   TI Secs. 7. 1 ,  z s r o  g rav i ty  QeacL 

A s  p r e d i c t e d  by f o , ~ r i u l a s  (6. 4 5 )  i.n Sect .  6. 5 and (7. 6 )  i n  Sec.:. 7. 4 ,  assctmlng r1.o ::?.zerr,Lip- 
t i o n s  of flow. 

b 
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T a b l e  S. 1. .................... O i l  p i p e l i n e  ene rgy  consumption and i n t e n s i v e n e s s  ......... i n  
1978, This t a b l e  p r e s e n t s  an  ove rv iew of o i l  p i p e l i n e  e n e r g y  iise, Two 
s i g n i f i c a n t  d i g i t s  o n l y  are shown, s i n c e  t h e r e  is  no p o i n t  i n  showing 
more when e r r o r s  c o u l d  be f10-15Z (Sect .  8. 3 ) ,  more f o r  c r u d e  o i l  
g a t h e r i n g  l.i.nes,.. A s  s t a t e d  i n  t h e  Siimmary, t h i s  t a b l e  c o n t a i n s  a 
s e p a r a t e  se t  of f i g u s e s  p r e d i c a t e d  on a n  e l e c t r i c a l  g e n e r a t  i on  and 
t r a n s m i s s i o n  e f f i c i e n c y  of 30Z t o  p e r m i t  comparison w i t h  s t u d i e s  t h a t  
u s e  t h e  iilore p o p u l a r  30% f i g u r e .  A l . 1  s u b s e q u e n t  t a b l e s  however,  assume 
a 32.3Z e f f i c i e n c y ,  as do t h e  f i g u r e s  i n  t h e  ] .eft  h a l f  of Tab le  S.2. 

._l__ll 

Note t h a t  c - r u d ~  and p r o d u c t s  t r u n k  lines r e q u i r e  a b o u t  ‘Liie same 
amounL o f  e n r r g y  t o  move d g ive[ )  volume of o i l  o v e r  d g i v e n  d i s t a n c e .  
Crcde l i n e s  move d ton  of o i l  w i t h  less e n e r g y  t h a n  p r o d u c t s  l i n e s  
b e c a u s e  a t o n  of c r u d e  o i l  has l r s s  volume t h a n  a t o n  of the t y p i c a l  mix 
of  products .  One mighr e x p e c t  c r u d e  l i n e ?  t o  1 2  less  e f r i c i p n t  by 
v o l u r n ~ ,  due t o  the g r e a t e r  v i s c o q i t y  of c r u d e  o i l ,  b u t  r h i s  is  o f f s e t  by 
t h e  f a c t  t h a t  o i l  p r o d u c t s  are g e n e r a l l y  pumped a t  h i g h r i  v : > l o c i t i e s  
than crlide o i l  (scc Fig. 3- 1). 

_I T a b l e  S.2. E s t i m a t e d  o i l  p i p e l i n e  movements by t y p e  of  ca r r ie r ,  ....... 
1978. 
n e s s  w i t h  which t h i s  scudy c o v e r s  the p i p e l i i w  i n d u s t r y .  This stLrdy 
i.ni:ludes a l l  and o n l y  p i p e l . i n e  carr lers  r e p r e s e n t e d  on API maps ( s e e  
Chap. 4 ) .  The tab1.e p r o v i d e s  two i n d i c a t i o n s  of how much o i l  movement 
i s  missed i n  t h i s  way. One i n d i c a t i o n  is  t h a t  a few r e g u l a t e d  c a r r i e r s  
d o  no t  a p p e a r  on t h e  maps (Sect .  7. 4 l i s t s  them),  and t h e i r  o i l  movements 
a r e  a b o u t  3% of t h e  t o t a l .  f o r  c r u d e  o i l  and 1% €or o i l  p roduc t s .  

Y n i s  i-s a n  a c c o u n t i n g  tab1.e i n t e n d e d - t o  h e l p  assess t h e  comple t e -  

Ano the r ,  less  r e l i a b l e  i n d i c a t i o n  is  t h a t  o n l y  9% of c rude  o i l  and 
5% of 0 i . J .  p r o d u c t s  movements accoun ted  f o r  i n  t h i s  s t u d y  were t h o s e  of 
u n r e g u l a t e d  p i p e l i n e s .  ( R e c a l l  t h a t  s i n c e  u n r e g u l a t e d  companies  do not  
r e p o r t  movements, t h o r u g h p u t  i n  t h e i r  l i n e s  is  e s t i m a t e d  a s  d e s c r i b e d  i n  
Sect .  7.4 and t o t a l  movements computed on t h a t  b a s i s .  It t u r n s  o u t  t h a t  
t h roughp i i t s  a s s i g n e d  p i p e s  i n  i inreguI.ated companies are  g e n e r a l l y  v e r y  
n e a r  c a p a c i t y ,  ) Sect.  7. 1 n o t e s  t h a t  i n a c c u r a c y  i n  t h e  mc~a:;:iirement of 
urrregul.ated p i p e l i n e  l e n g t h s  may r e s u l t  i n  a 10-15% u n d e r e s t i m a t e  of 
u n r e g u l a t e d  movements, 3 u t  even once a c o r r e c t i o n  is  made f o r  t h i s ,  t h e  
s h a r e  of movemenf:s a l l o t t e d  h e r e  t o  u n r e g u l a t e d  car r ie rs  of b o t h  c r u d e  
ai7J p r o d u c t s  (8. 62)  i s  c o n s i d e r a b l y  less t h a n  the 16% f i g u r e  t r a d i -  
t i o n a l l y  used by t h e  Department o f  T r a n s p o r t a t i o n  (e. 8. ~ IJ. S. Department 
o f  T r a n s p o r t a t i o n  1977).  It i s  p o s s i b l e ,  t h e n ,  t h a t  as much as 7 or 8% 
of oil. movements, a l l  unregul.atei1, have been o v e r l o o k e d  i n  t h i s  study. 

I t  c a n  be a r g u e d ,  however,  t h a t  t h e  16% f i g u r e  i s  t o o  large.  To 
beg in  with,  i t  i s  o n l y  a g u e s s  t h a t  had been used w i t h o u t  a l t e r a t i o n  
o v e r  t h e  l a s t  s e v e r a l  years .  No one knows t h e  t r u e  f r a c t i o n ,  Moreover ,  
p i p e  i n v e n t o r y  figriri..; s u g g e s t  t ha t  the c o v e r a g e  of t h i s  s t u d y  is too 
n e n r l y  comple t e  t o  a l l o w  a 7 o r  8% omiss ion  of o i l  movements, T h i s  s t u d y  
a c c o u n t s  f o r  116,716 km of c r u d e  o i l  t r u n k  l i n e s  and 132,954 km of pro- 
d u c t s  l i n e s  ( T a b l e s  9,3, 9 . 4 ) -  I f  t h e  p i p e  i n v e n t o r y  of t l ic  o m i t t e d  
r e g u l a t e d  car r ie rs  (men t ioned  above)  i s  added t o  t h i s ,  t h e  r r s u l t  is 
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118,794 kin of c rude  l i n e s  and 136,192 Itm of p r o d u c t s  l i n e s  f o r  1978. 
T h e  Department of Energy a c c o u n t i n g ,  which p u r p o r t s  LO cove r  bo th  regu- 
l a t e d  and u n r e g u l a t e d  carriers,  sees 125,484 km of c rude  l i n e s  arld 
130,533 km of p r o d u c t s  l i n e s  as of <Tan. 1, 1977 (Energy Inforiiiatio1i 
A d m i n i s t r a t i o n  1378), Coverage OF u n r e g u l a t e d  p r o d u c t s  l i n e s  i n  tliis 
s t u d y  t h e r e f o r e  a p p e a r s  comple te ,  s i n c e  i t  is h i g h l y  unZikely t h a t  more 
t h a n  5,3 59 Itm of u n r e g u l a  tetf p r o d u c t s  l i n e s  wouLd have been c o n s t r u c t e d  
d u r i n g  1977 and 1978, 

Coverage of u n r e g u l a t e d  c rude  l i n e s ,  however,  q lppca r s  i ncomple t e ,  
s i n c e  t h i s  s t u d y ' s  i n v e n t o r y  of c r u d e  l i n e s  comes up  s e v e r a l  thousand 
k i l o m e t e r s  s h o r t .  T t  may be s u g g e s t e d  thAt  vagueness  i t a  t he  d i s t i n c t i o n  
o f  t r u n k  and g a t h e r i n g  lines could e x p l a i n  the d i s c r e p a n c y ,  q ince  n e a r l y  
a l l  t h e  d i s c r e p a n c y  o c c u r s  i n  d i a m e t e r s  r ang ing  from 2 t o  8 in, That  
i s ,  i t  cou ld  be t h a t  when the  APT maps w e r e  reduced to  code ,  R few t r u n k  
l i n e s  ( b o t h  r e g u l a t e d  and u n r e g u l a t e d )  were coun ted  a s  g a t h e r i n g  l i n e s  
and t h e r e b y  missed  ( s e e  Appendix F). But if t h e  c rude  t r u n k  l i ne  inven-  
t o r y  uscd here were i n r r r a s e d  t o  match the l k p a r t m e n t  of Energy f igures  
(by  14,195 km i n  d i a m e t e r s  r a n g i n g  from 2 t o  8 in >, and if t h e  ;itidc?d 
p i p e s  were g i v e n  capac i ty  th roughpu t  [ a s  d e f i n e d  by Kq. ( 6 .  4 O ) ]  the 
r e s u l t i n g  i n c r e a s e  111 o i l  movements (9 x lo6 m3-ku,) would raise t h e  
I o t a l  i n  Tab le  S, 2 by o n l y  1. 5%,  not  b y  7 or  84. 

A l l  t h i s  s u g g e s t s  t h a t  t h e  Department of T r a n s p o r t a t  ion '  9 162 
1: iguse is an o v e r e s t i m a t e .  'Ihe i s s u e  rnust be consiclei-ed u n r e s o l v e d ,  and 
i t  i s  l i k e l y  tliat c r u d e  o i l  t r u n k  l i n e  movements are somewhat u n d e r e s t i -  
mated here,  b u t  t h e r e  i s  c e r t - t i n l y  no w a r r a n t  f o r  i nvok ing  the govern- 
men t ' s  16% g ~ ~ c s s  as grounds  f o r  c l a iming  n 7 or  84 omiss ion  i n  t h i s  
s tudy.  

I n  the meantime, i t  i s  c l e a r  t h a t  t h i s  s t u d y  o m i t s  a t  least  3% of  
c r u d e  movements and 1% of p r o d u c t s  mnvpments by o m i t t i n g  a few r e g u l a t e d  
companies,  1 t should be unde r s tood  t h a t  siich omiss ions  d i s c e r n i b l y  
a f f e c t  o n l y  t h e  estimates of energy  consumpt ion  (by a roogh ly  prrrpor- 
t i o n a l  amount) and have no d i s c e r n i b l e  effeeL an e s t  itnates of ene rgy  
i n t e n s i v e n e s s .  

T a b l e  S.3. Comparison of ene rgy  i n t e n s i v e n e s s  For s e v e r a l  modes of 
e n e r g y  t r a n s p o r t .  The s u p e r i o r i t y  of oil p i p e l i n i n g ,  i n  p o i n t  O F  ene rgy  
e f f i c i e n c y ,  is  e v i d e n t  i.n t h i s  t ab le .  The c a v e a t  a t  t h e  bot tom,  however, 
s h o u l d  be t aken  s e r i o u s l y :  "The energy  i n t e n s i v e n e s s  of a mode of 
t r a n s p o r t  i s  h i g h l y  s e n s i t i v e  t o  t h e  r o u t e ,  s p e e d ,  s i z e  o f  v e h i c l e ,  et& 
These f i g u r e s  a r e  rough a v e r a g e s ,  i n  some cases v e r y  rough. '' 

- -- 

T a b l e s  9.3, 9 . 4 .  Crude o i l  and o i l  p r o d u c t s  p i p e l i n e  e n e r g y  COLI- 

stimption and i n t e n s i v e n e s s  i n  1978,  by state. A s  noted  i n  Sect.  8 3 ,  
t h e  state f i g u r e s  are n o t  n e a r l y  as r e l i a b l e  as the na t iona l .  Elgures.  
S t a t e s  i n  w h i c l t  one o r  a few p i p e l i n e  companies  o p e r a t e  may show errors 
ah 1.arge as f20-40%, w h i l e  e r r o r s  slioulcl be less i n  other states. A 
r u l e  o f  thumb i s  t h a t  s t a t e s  c o n t a i n i n g  Fewer p i p e l h e  se,ments, as 
i n d i - c a t e d  i n  Appendix F ,  should  be subjgct .  t o  greditcr e r r o r ,  s i n c e  t h e  
nuniber of segrnents '  i s  a rough i n d i c a t i o n  of the number of companies 



o p e r a t i i i g  i n  the state. S L d t e s  such  as Texas and Oklahoma shou ld  
r e c e i v e  estimates n e a r l y  as r e ?  i a b l e  as the n a t i o n a l  f i g u r e s .  

T a b l e s  . _-_.___ 9. 5 ,  9. 6. Crude o i l  and o i l  p r o d u c t s  p i p e l i n e  e n e r g y  con- . I__ ............. 
s u m p ~ i o n  and  i .ntensivcn2.ss  i n  l.9-:!.3., b y  pi.j?.e d iame te r .  -.I___ 'The ene rgy  i r t e n -  
s i v e n e s s  f i g u r e s  i n  these t a b l e s  are p l o t t e d  i n  Figs. S, 2 atid S. 3 ,  h i c h  
-,.. ....... ____ ...... 

are  d i s c u s s r d  i n  t h e  summary. It s h o u l d  be n o t r d  t h a t  a l l  p i p e  s i z e s  
are assumed t o  e x p e r i c n r e  t h e  s a w  a v e r a g e  g r a v i t y  head p c r  kilomct-t.t-. 

A anomaly obv ious  i n  Fig. S.3 i s  &hP h i g h  energy i n l e n s l v e n e s s  
c a l c u l a t e d  f o r  32-iil. p r o d u c t s  lines. I n  1378 t h e r c  was o n l y  one 32-in- 
p t o d u c t s  l i n e ,  t h e  Colorr ia l  l i n r  e x t e n d i n g  from Greensboro ,  NorLh 
C a r o l i n a ,  t o  t h e  o i i t sk i r i - s  of B a l t i m o r e ,  Maryland. r h i s  s t u d y  c a l c u -  
l a t e s  a n  a v e r a g e  throi ighpul  01 139,200 d / d  (875,500 bbL/d) foL most of 
t h i s  l i n e .  The high f i g u r e  results F r o m  a h i g h l y  r e p o r t e d  c a p a c i t y  of 
152 ,600  m3/d (960,000 b b l / d )  f o r  t h e  l i n e .  Given t h i s  throughput-,  ene rgy  
i n t e n s i v e n e s s  f o r  t h e  l i n e  s h o u l d  i n  fac t  be a b o u t  310 J/kg-krn (530 
R t u / t o n - m i l e )  i f  i t  r a r r i e s  the same mix of p i w l u c t s  as does t h e  C o l o n i a l  
s y s t m  g e n e r a l l y .  i f  i c  carried r e l a t i v e l y  inore g a s o l i n e  a t  t h i s  ra te ,  
the  e n r i g y  i n t e n s i v e n e s s  would bc less. Thc s t r e t c h  E L o m  Greensboro  t o  

M i t c h e l l  J u n c t i o n ,  V i r g i n i a  (w,ir Richmond), h a s  b ~ r n  looped  w i t h  a 
36 irh l i n e  sir,ce 1978, and t h e  s t ~ e t c h  frorri Y i t c h e l b  .Junctiori t o  
B a l t i m o r e  i s   no^ b e i n g  looped w i t h  36- 111, l i n e  (Pipeline I n d u s t r y  1980, 
p. 31). These a d d i t i o n s  should s u b s t d n t i a l l y  improvc ene rgy  c f f  i c i e n c y .  

T a b l e s  9. 7 ,  9. 8 ,  '3. 3.--.--- --l . - c r u d e  2. ,.--gasoli.i!.e, and Criel o i l  -. ......... -.-~ -. . 
p i x l i n e  e a e r ~ y  ... i n t e n s i v e n e s s  .......... a t  c a p a c i t y  ....... ~ by p i p e  . 
t ab ] -e s  r e p r e s e n t  an a t t e m p t  t o  d e t e r m i n e  t h e  " i n h e r  f i. c i e n  c i e s 
a s s o c i a t e d  w i t h  t h e  v a r i o u s  p i p e  d i ame te r s .  Each p i p e  i s  g i v e n  c a p a c i t y  
f l o w ,  as p r e d i c t e d  by r e g r e s s i o n  fo rmula  (6. 4 0 )  arid c o r r e c t e d  f o r  v i s -  
c o s i c y  by Eq. (7. 6 ) .  l%e r e s u l t i n g  f r i c t i o n  head is c a l c u l a L e d  a c c o r d i n g  
t o  fo rmula  (2.2) i n  Sect. i . 6 .  Pumping e n e r g y  i s  c a l c u l a t e d  accordi.ng t o  
E q s  (7. 1 2 )  and ( 7 .  1 3 ) ,  uyhere t h e  th roughpu t  V(p)  i s  set  a i  c a p a c i t y  € low 
a d  the  g r a v i t y  head i s  prtrsumed zero, The r e s u l t  is  di-vided by fue l -  
t o - o i l  e f f i c i e n c y ,  as p e r  Eq. (9.5), t o  obtciirn the f ig lu re s  i n  t h e s e  
t a b l e s .  

....... f.... .... _l___ -.__I- 

' l a h i ~ e  _.. 9. 10, .......... Energy c.onsumptioa ......... ___ and i n t e u s i v e n c s s  of  o i l  p i p e l i n e s  
i f  t h e y  had been  r u n n i n g  ....... a t  .................. capac i ty  ..... i n  1978, 'The f i g u r e s  i n  t h i s  t ab le  
a re  obtaiT&d by supposiing t h a t  each p ipe l=  c o n t i i i u o u s l y  car r ies  
c a p a c i t y  f l o w ,  as e s t i m a t e d  by Eq. ( 7 .  6). The t a b l e  r e q u i r e s  c a r e f u l  
i n t e p r ; ~ t i i a t i o n ,  s i n c e  it s u g g e s t s  a i i i is leading ' ly  l o w  u t i l - i z a t i o n  o f  
c a p a c i t y .  T t  is d i s c u s s e d  a t  l.eilgth i n  the Summary. 

.. -. .. - _II_,~. 

'IhP r e s u l t s  d i s p l a y e d  i n  t h i s  table arc u s e f u l  IOL gaug ing  Lhe s e n -  
s i t i v i t y  of ene rgy  iiss estiiiidtes t o  e r r o r s  i n  r e p o r t e d  o i l  movements. 
E q u a t i o n  (2- 6 )  i m p l i e s  t l la t ,  i n  a g i v e n  p i p e l  i n e  runn ing  cont i n u o u s l y ,  
e n e r g y  i a t e n s i v p n e s s  var ies  r d f h  the 1. 7&,8 power of  tiir flow rditl, iqhicli 
means t h a t  energy consumprion v a r i e 5  with rltc  2, 11113 power of t h e  f l o w  
rate.  ut a g i v e n  i n c r e a s e  i n  o i l  novmcenirs (m3-kirk) n a t i o n w i d e  d o e s  no t  
coi L C  sparid t o  a n  p q u a l  i n c r e i s e  i n  f low ra t  i n  each p i p e .  The r e l a t i o n  

n F l o w  rat:> and movciaents i s  r l ~ t e r ~ b n e d  by the f l o w  schedulirrg 
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This  is reZlect.cd i n  the  eritzrgy . f igures .  I f  crude o i l  nioveinerits 
were to i.cic:rcase froin the actual to t h e  c a p a c i t y  volume a an :inc..rease of  
3 5 X ,  a proportional. iricrease i n  f 1 . 0 ~  rate i n  all l i n e s  w o u l d  resu1.t i n  a 
7 2% i nc rea sc i 11 ene rgy  i n t  e n s i. ve ne s 4 The E tic! r 'gy i l l  te ns 1 ve ne :; $3 i.nc rea se 
sbuwn  i n  Table 9e 10, I I D W ~ ~ V ~ ' J ~ ,  i s  o n l y  29%. I f  o i l  p- roducts  niovements 
increased  7 5 %  to achieve capnci.t:y f l o w ,  a p r o p o r t i o n a l  i n c r e a s e  i n  f l o w  
rate w o ~ t 1 . d  hrtng a 1462 irxrease in energy int:ensi .veness,  wbereas the 
. increase ac tua l . l y  pri:?dieted is  412, r t  can  be s a f e l y  i i l fe r red ,  t h e n ,  
that each 101 error i n  r e p o r t e d  oil .  rnovements re%i.~Lts i n  iio i n o r e  t h a n  a 
( p r o p o r t i o n a l )  10% e r r o r  i n  energy i n t e n s i v e n e s s ,  and c o n s e q u e n t l y  no 
more than a 20% error i n  total energy conszrmpti.ori, 

It i s  l i k e l y  ehat r e p o r t e d  o i l  movements f igu res  do i n  f a c t  c o n t a i n  
errcors. Ooe indication i s  t h a t  one of  t h e  compaailes contacted fo?" the 
purposes  of Chap, 8 suppa i e d  a 1978 barrel-nri1.e figtire t h a t  d l  
242 from tlw 1975 f i g u r e  submitted by the same coinpa~zy 60 the k p a r t m n t  
o f  Enemigy. Another i n d i c a t i o n  %:; t h a t  o i l  inovrzrnients is o u t  the s o r t  of  
s t a t i s t i c  a p i p e l  icw (:.oirijaany must ;nafr-ttatn t o  carry out ij:s business. 
O n l y  tlaroughput s ta t is t ics  need be k.ept  and  ha rreI:-rdles mnst then be 
computed by mu2t . tp ly ing  the rccorded ~hroughpu t :  i n  each segnienL- < j F  p i p e  
By the p i p e ' s  l e n g t h  ~ n d  add ing  the results, There i s  no guarantee that. 
e v e r y  compa ng c a r r i e s  o u t  these c.alcu?ations c3.m Eully or has the 
necessary  i n f o r m a t i o n  a t  the time the gove.rriment forms are due, 

Yet there is  no evidence that there i s  s y s t e m a t i c  e r r o r  in the 
r e p o r t i n g  of o i l  movements. The errors in the r.st:i.riiates of energy con- 
swnetl  by the n i n e  p i p e l i - n e s  discussed in Chap. 8 ,  which proBa.b:l.y d e r i v e  
:i o par t  f r a m  inaccIi1si3i:e barrel-mi.1.e f i g u r e s ,  iire oegnt:hvc as o f t e n  as 
p o s i t i v e .  A1 so there i s  no nbv:ioi.is reasan why- . ix iadvertent  errors should 
t e n d  irn one dlrsction more t h a n  the o the r ,  nor  i s  there any c l ea r  incen- 
t i v e  fo r  n p i p e l i n e  company deI. iberatc?ly to adj(1st: Figures  i n  one di rec-  
t i o n  o r  t1-u. other. 





Appendix  k CONVEKS TON TABLES 

T a b l e  h 1. Selected (:onvers ion f a c t o r s  

N u l t i p l y  by the Eirst f ac to r  giver1 to convert from the u r i t  on 
the  l e f t  t o  the one on the r i g h t .  Use the o ther  f , i c t n r  t o  
convert i n  the o p p o s i t e  d i r ee t io l t  

Lerig th meter ( in)  3.281 0.3058 f e e t  ( f t )  
k i l o m e t e r  (km) 0. 6214 I .  h09 m i  l o  

Volume cub jc  meter (m3)  6.291 0. 1590 b a r r e l  (bb l ) "  
cr ib lc  meter (in3) 264.2 0. 003785 gall-on (gal) 

Mass k i log ram (kg)  2.205 0.4536 pound ( l b )  
metric t o n  ( t )  2.205 0. 4536 s h o r t  ton  ( t o n )  

Energy k i l  o j o u l e  (kJ )a  0.9478 1.055 B r i t  ish the  mml 
u n i t  ( R t u )  

k i l o w a t t - h o u r  (kwh) 3412 2 0 3 .  1 x 10-6 a t u  

D€ ns  i. t y k i log rams  p e r  c u b i c  0. 06263 16,02 ~ G W K ~ S  per  cub ic  
meter (kg/m3)b foot: ( I h / f t 3 )  

141. 5 
sp. gr. 66/60"1' 

d e g r e e s  A P I  ( O L % P T ) ~  =- ___ I 131.5 

lPr Kinemat ic  c e n t i s t o k e  ( c S t ) d  10.76 A 10-6 92,900 y n a r e  f o o t  
v i s e  o s  i t y  sercnd ( f L  /sei-> 

?I easures of t r a n s p o r t a t i o n  

m e t r i c  ton- 0. 6849 1,460 s l l f i r t  ton-mi l e  
k i l o m e t e r  (t-km)f ( t o n - m i l e )  

cub ic  m e t e r -  3.909 0,2558 b a r r e l - n i l e  
k i l o m e t e r  (m3-kni) (hbl-nrile) 

% u l t i p l y  by IOOU t o  g e t  j o u l e s  (J). 

b .  D iv ide  by 1000 t o  g e t  a € igur t?  very c lose  t o  s p e c i f i c  g r a v i t y  ( spa  9 " ; )  r e l a t i v e  
t o  water  a t  60°F. 

'-Note t h a t  API g r a v i t y  of an oil. docs not vary  w i t h  i t s  t empera ture .  

dDivide  by 100 t o  g e t  s t o k e s  ( S t )  = square c e n t i m e t e r s  per secorid (cm2/sec). 

eFo r ty-  two g a l  Lons pe r  ba r r e  1, 

% u l t i p l . y  by 1000 t o  ge t  k i logra in-k i lo l i ic te r~ ;  (kg-kni). 
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"he f o l l o w i n g  computer printout:  S ~ O W G  the c a l c u l . a t e d  pumping energy 
used  t o  overr(:ome f r i c t i o n ,  as well as other  d a t a ,  i n  eac.11 s t a t e  ani1 fo r  
each  p i p e  d i a m e t e r  in 1978. Pumping energy  i s  inechariicaY ene rgy  actua1.l.y 
d e l i v e r e d  t o  t h e  o i l ,  N o  a.c.i;,(ii.int is  t a k e n  of g r a v i t y  head o r  Xossc~s i n  
piimps d r i v e r s  and electrical g e n e r a t i o n  and te~Lnsmi!;s.i.on. G r a v i t y  head 
i s  ignored because a v e r a g e  e l e v a t i o n  g a i n  was n o t  esti.matied foir par-- 
t i c u l a r  dianeters. I f  one w i s h e s  t o  assume equal. g r a v i t y  head f o r  a l l .  
d i a m e t e r s ,  he m y  perform the  calculation: 

where E = t o t a l  energy mxistimcd by p i p e s  of a g i v e n  ili,xr?ictcr i n  a g i v e n  
s t a t c  ( " J ) ,  

the  fol lowing p r i n t o u t ,  
gravity head p e r  kna (m/km),  g l v c n  i n  Table 7 . 5 ,  

the p r i r z tou t  , 
in the  p r i n t o u t ,  

PE = pumping energy cf:,iisiimed t o  ovcrcdine friction (mwh) ,  g i v ~ n  i n  

= throughput for t11e (Iimieter i n  q u e s t i o n  (-ia3-km), giveii i n  

p I= a v e r a g e  o i l  d e n s i t y  f o r  tlie s t a l e  in quest:ion (n\1g/m3>, given 

g = g r a v i t a t i o n a l  aecc lc ra t ian ,  9" 8067 rn/scc2, and 
e = f u e l - t o - o i l  e f f i c i e n c y ,  a259 for c r u d e  a i l  and I L L 5 3  for 

$3 

oil products .  

The columns of the  p r in to t l j t  ,are as f o l l o w s :  

krn on map 
m i l e s  en map 

a d j u s t e d  km, m i  

mwh 

nominal  pipe dixmeter in inches. A zero 
rcprcsents a sum over  a l l  dimnetcrs. 

t o t a l  I.ength nf p i p e s  of each s i z e  as measurtrd 
or1 Ata 1 maps, 

t o t i ~ l .  l ength  a f t e r  ad jus tmen t  (Sect .  7. 1 ) .  

average pumping grswer consumpt ion  i n  ki I o w a t t s ,  
11 o 1' 6 e p owe r. 

t o t a l  1978 p11111ririg ene rgy  consumpti on 31)  
megawat t-hours. 

19718 o i l  iwvcrnents i n  n i l l l o n s  of c u b i c  meter- 
lometers or m i l l i o n s  of ?mrreI-mhles, 

1978 oil rnove[nents i n  r n i l l i o n s  of metric ton- 
k i l o m e t e r s  o r  m i l l i o n s  of ton-niiles. 

B- 1. 



B- 2 

W / t on-krn pumping ene rgy  i n t e n s i v e n e s s  (ignoring g r a v i t y )  
B t 11 / t on-mi i n  k i l o  j o u l e s  per metric t o n - k i l o m e t e r  (= J/ 

kg-'an) o r  B r i t i s h  Thermal I Jn i t s  p e r  ton-mile. 

T h e  number of p i p e s  a t  t h e  upper  r i g h t  corner r e f e r s  t o  t h e  nimrnber of 
p ipe1 i .w  s e g i w n t s  in that  s t a t e  ( s e e  Sect. 7. 1). 
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0 
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10 
20 

1I17 

0 
6 
d 

3 3  
7 2  
' 0  
: 6  
1' 
i o  
2 2  

K 7  ON 
Y A P  

9 7 9 .  
1 2 7 .  
331 .  

26.  
u95. 

K ' i  '1V 
H 4 P  

U363.  
2 5 2 .  

1 0 8 7 .  
10 2 3. 

2 10. 
163. 
9 6 2 .  
299.  
2 5 2 .  

35 .  

RILss 
oti ? % ?  

6 0  9. 
' 9 .  

2 0 6 .  
1 6 .  

303.  

1 1 0 2 .  6 5 5 .  3 2 9 9 .  UU2lr, 29'19J. 3 1 9 1 .  1 2 4 7 2 .  2 7 t 7 .  I R 5 F .  1 9 . 4  
I U 3 .  q9. 1 3 1 .  U ? 4 .  2999 .  103. 

1791.  110. 'b7. 'Y .  3 3 7 3 .  231'. <17u. 1 3 0 6 .  8 5 3 7 .  4 5 8 .  
5 6 -  218.  ita. 7 1 .  55 .6  

5 5 7 .  )Ut. 19C1. 2 5 5 9 .  1 6 7 2 ) .  2 5 7 4 .  1 0 0 5 8 .  2 1 1 1 .  109*.  2 1 . 5  

OdU. 4 Y . h a .  1 1 3 . 7  

5 5 .  11.1. 711. 2 1 .  IR. 

5 

C A L I F O R Y I  4 

DEISITY - - a u q . 6 2  rs/cIJ-l 5 1 . 0 U  LB/CU-F?  

271:. 11'157. '3,319. 1 3 6 3 1 .  18213. 1 1 9 4 7 5 .  1 0 0 6 8 -  
15:- 791. 175.  3 9 1 .  961. 5 2 3 2 .  130. 
6 7 6 .  1 2 1 0 .  752. 2 6 9 7 .  3 6 1 1 .  23627. 1 5 7 4 .  
6 3 6 .  i 1 3 9 .  703. 4 ? r l l .  5 6 1 %  7 6 6 4 7 .  ? t l ' >  

22. 29. 211. 2 7 9 .  17.1. 7 U 4 U .  3 1 5 .  

1400. 1 6 1 3 .  
i 19. 75. 

1 2 1 2 .  2 3 6 .  

5150. 
I l l .  
I P q .  

I I ? l l .  
1107. 
3 8 4 .  

1 , ) I .  
1 1  11. 

J 3 .  
1 9 5 .  

5 0 . 1  
I l l .  I 
1 2 . 9  

11.9  
15.9 
3 2 .  7 
, l . i i  

51 .  I 
Ih >. 
IC!'). I 
7 3 .  ? 
3 4 . 1  

6 1 . 6  
1 5 1 . 9  
1 3 1 . 9  

9.'.'J 
L I .  1 
b 3 .  5 
4 5 . 7  
u - l . u  
115. J 
u1.7 



T a b l e  B 1. ?Con",fr:ued) 

3 5 3 1 .  6061. 3 - 6 6 .  b2eUO. 95611. 557235. 4SIT,S. 
41. 70. 41. 27.  3 6 .  233. 11. 
11. 19. 12. 63. 0 % .  5 4 %  15. 

3 3 2 .  517. 121. 1350. ?74Q. 17360. 5 1 5 .  
5 * 2 .  ' l U l ( 1 .  631. 4287. 5 1 4 9 .  3 ? 5 5 4 .  2374. 
99&. 1625. :0117. 6ilC. 9072. 52731 .  4 2 3 2 .  

12. 2 0 -  12. 79. 3 G 6 .  b 9 l .  61r. 
62. 106. 66. Yu7.  59.). 3 3 1 5 .  OJY. 

219. 409. 259.  2935. 3 7 3 6 .  2570'1. i . I ? * ' .  
961.  790. 403. 16049. 21522. 1 4 0 5 7 3 .  7??i. 
3 3 5 .  6 6 0 .  d13. 9637. 12Y>j- YGu14. 1 3 7 8 .  
221. 379. 235. 10374. l l ' 3 ( ; .  W92:. 6 9 % .  
26. 45. 2R. 165. y z l .  32i:. 512. 
93. 159. 99. 1472. 9655. 31413. 4151. 
107. 1 8 3 .  i:~. 9 0 3 ~ .  i 3 7 j .  - 1 o ~ u 5 .  '119. 

m 
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Tab le  B. 1. ( C o c t l n c e d )  

K3 09 
' I I P  

1 1  53. 
124.  
392. 
323. 
229.  

8 5 .  

K H  O N  
ILP 

101. 
44.  
14. 
39. 

X I  O N  
f l A P  

769'1. 
3 7 .  

1271.  
2 2 0 4 -  
1211). 
1 0 0 1 .  

1 2 .  
3 4 8 .  
1 6 2 .  
212. 
4 6 9 .  

717. 
7 7-  

244. 
20 1. 
343. 

5 I. 

1312. 
1111. 
CL6. 
367.  
261. 

97. 

915. 
89. 

277. 
1 2 0 .  
162. 
60. 

12702.  
205. 
4 6 8 .  

2755. 

1161. 
a I 1 3 -  

210114. 1 : 1 2 1 2 .  
295. 1799. 
628. 4 104. 

3699. 24114.  

1557. YO169. 
i o m o .  711x0. 

8 2  14. 
71. 

7 7 1 .  
155'4. 
4127. 
1685. 

32102.  
277. 
3036. 
607'4. 

:6127. 
65'37. 

6999. 

661.  
1323.  
3514.  
1415 .  

60.  
4 180 .  

u t .  
w52. 

2 4 0 2 .  
9 4 1 .  

q n u .  

51. 4 
107 .5  

22.4 
h5.R 
7 1 . 0  
25. 6 

'I 5 

1011 

D E N S I T 1  - - 9 6 9 . 6 2  BG/CU-.i 53.04 i .B/CU-P? 

7 Y .  4 
1111.7 

3 7 . 0  
9 1 . 0  

108 .9  
3 5 .  4 

- _ _  --. 
33. 50. I!. 

9.  15. 9. 
24. 40- 2 5 .  

k l   ins^ 6 5 -  476. 6;9. 4163. 4 R 3 .  ; aufJ -  411. 291. 3 6 . 6  5 0 . 6  
on. 49. 6 7 . 6  
3 5 . 40.5 5 G . @  

4 1 .  I 

180. ,142. 1580. 117. '115. 1 1 7 -  
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6 2 6 .  1019. 
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132. 221 .  
291. 447 .  
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I ?  45.  10 .  7 .  l b l . 7  2 2 1 . 5  

t01. 1 3 4 4 .  5 5 . 3  7 b . 5  
9 2 2 3 .  1 7 4 1 .  122.1. 4 '4 .7  6 2 . 7  

5 5 . 6  
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T a b l e  EL 1. (Con t inued)  
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Append? Y E CAPACITY AND TiIROIJGHPUT OBSERVATIONS 

The f o l l o w i n g  f o u r  d a t a  fi.les contain cnpaci  t y  vs. d i a m e t e r  obse r -  
v a t i o n s  and th roughpu t  vs. diameter o b s e r v a t i o n s  for crude and For prod- 
u c t s  p i p e l i n e s .  T1-e c a p a c i t y  vs. d i a m e t e r  observati .ons are taken from a 
1979 s t u d y  of p i p e l i n e  capai::i-ti.es ( N a t i - o n a l  Pe t ro l eum Counc i l ,  1979). 
The th roughpu t  vs. di.ameter o b s e r v a t i o n s  a.re read  froto m i p s  showing 1974 
o i l  movements (Congression.al. Resea rch  S e r v i c e  1975). See Chap* 4 for 
Eurther e x p l a n a t  ion. 

Note t b t  c a p a c i t i e s  o r  t h roughpu t s  of i n d t v i d u a l  p i p e s  are o f t e n  
n o t  known, b u t  on ly  t h o s e  of g rou  s of pi.pes. Note a l s o  that  throiughputs 
are g i v e n  i n  mi l . t r ip l ics  of S x. l.OE b b l / y r ,  exeept f o r  a f ew  e n t e r e d  ;is 
0, 7 o r  0. 3 x 106 b b l / y r .  
"be twe.en  0. 5 x 1.06 and 1 x 106 b b l / y r ' n  and "less t h a n  0. 5 x 106 bbl./yr. " 

The Format5 of the f i l e s  a.re a s  f ~ ~ ~ l o w s .  

These last two r e p r e s e n t  the c a t e g o r i e s  

Cha r iic t er 
p o s i t i o n s  fo rma t  

Fo r t ran 
D e s c r i p t i o n  

Cap ac i t  y obs e i-va 1: i on f i 1 e s 

1-5 IS C a p a c i t y  group number. 

6-8 I3  Number n oE segments i n  t h i s  c a p a c i t y  group. 

4-1 6 F8. 4. 1979 a v e r a g e  d a i l y  th roughpu t  c a p a c i t y ,  i n  
t housands  of b a r r e l s  of no. 2 f u e l  o i l ,  of 
the segments  i n  t h i s  c a p a c i t y  group. 

20-80 nT 3 Diameters of segments  i n  t h i s  c a p a c i t y  group. 

Throughput  o b s e r v a t i o n  f i l e s  

1-5 I5  

6-8 I 3  

9-1 6 F8. 1 

20-80 n (  I3,14) 

F l o w  group number. 

Number n of segments  i n  t h i s  f low group 

1974 th roughpu t ,  i n  m i  l l i o n s  o€ b a r r e l s ,  of t h e  
segments  i n  t h i s  f l ow group. 

Diameters of segments  i n  this f low g roup ,  each  
f o l l o w e d  by t h e  number of t h e  c a p a c i t y  group 
c o n t a i n i n g  the segment hav ing  t h a t  d i a m e t e r  
( o r  by a z e r o ,  i f  t ha t  segment  l i e s  i n  no 
c a p a c i t y  group whose c a p a c i t y  i s  known). 
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267 5 5.C 
7 6 8  2 2d.C 
469 4 43.6 
7 7 C  3 t 1 b . 0  
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E ~ r o r s  m a d e  i n  d i s t i n g u i s h i n g  t runk  f rom ga the r ing  l i n e s  are almost 
cer t l2 . i  n1.y not sigiiri -E i.c;int, See Sect. 9. 3 on this. 

The Er:Brinat of  he network d a t a  f i l e s  i s  n o t  s t r a i g h t f o r w a r d .  Each 
r i icnrd  consistrc; of o w  01: more 8 0 - c h a r a c t e r  lines. It r e p r e s e n t s  a link, 
7,hic.h i s  a group o f  one o r  mort3 p i p e  segments t h a t  are shown on the MI 
nap w i t h  a single line, A l l  t.he segtnents r e p r e s e n t e d  by a g i v e n  r e c o r d  
have the same nnde nurnhers 7.eaigtlr and ownersh ip  but may have d i f f e r e n t  
f i  tame t e. TS. 

F- 1 



-. 
Lhe f i r s t  lin? of a it-cor-d shoxas the  physical prope r t i e s  and 

show t?\e i',iainet:.i-s L S ~  the scc.cnd, rd: c t c . ,  segm s (i.: any) r g p r e -  
senter !  by the record,  the spgmnnts iI; t he  s a m  f l~ow group o t h e r  t h a n  
those con i i cc t ing  the saille tvo  node c l u s t e r s  (i F a n y ) ,  and ciie segmi~~nts  
i.n t h ?  same c a p a c i i g  groi ip .  

r s h j  p of the correspondi 118 s e g  t ( s ) .  The i::amainiiiF: l i n e s ,  i f  any, 

'1 h e  node nui,lbe c s  have no p - ~  r t i c u l  n r  s ig r i i  f i cancc ,  excep t  Chat the 
f i r s t  7 d i g i c s  i l i d i c a t e  the s t a t e  i r i  which the 
n I c r o d c d  i 1lUS ly : 

1. 
2 .  
3 .  
4. 
5. 
6 .  
7 .  
8 .  
9 .  

10. 
11. 
1 2 .  
13. 
14. 
1 5 .  
16.  
i i .  

A l a  h a  ma 18. 
Alaska l ? .  
h r i z na 7 0 ,  
Ark3 nsRa 21.  
CaI i f o i  tlia 27 .  
Colorado 23.  
Conneri ; c u t  14 .  
D e  1 aware 2 5 .  
F l o r  i t l n  7 6 -  
Gcorgi  R 2 1 .  
I{ar.rai i 2 8 .  
Idaho  2 9 .  
I 1  1 i no i s  30 c 
Ind iana  31 * 
Iowa  31  L 
Ka~is~is  33. 
Ken i ti ck y 34 - 

The format i s  as folloT67s: 

Character F o r t r a n  
, a s i t i o n s  format  1 .... : _________. 

1,oui s i n  ,ria 
ma i 17. e 
Yair: and 
Massachuset ts  
M i  rh igan 
Kin ne n t  a 
Mississ i p p f  
? l i s  sour  i 
Montana 
N e  bL a s k a  
Nevada 
Ncv Hanpshire  
NeT.7 J c  -.ey 
Vet7 Mexico 
New York 
North C a r o l i n a  
North Dakota 

node l i es .  The st:ites 

35. 
36. 
3 7 .  
38 .  
39. 
4 Q .  
4 1 .  
4 2  m 

4 3 .  
44 
45. 
4 6 .  
1 . 7 .  

48 .  
4 9  a 
50 
99. 

DescripLion ..... . . . . . . . . . . - 

Ohio 
Ok 1 ah o ma 
O r ,  ') ,$ 'on 
Pennsy lvan ia  
Rhode i s l a n d  
South Carolina 
Sacith Dakota 
L'ennessee 
Texas 
ui dl1 

V e r mon L 
V i i g i  n i a  
IJashi nRton 
T*Te.st V i r g i n i a  
W i  s c ons  i n  
Wyoming 
Texas (cnritintied) 

1.- 15 I 5  

7-1 1 15 

Node riimber. 

No de numbe r . 
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7?  X 

8(1 r i  

' T i l < #  foi-mats o f  the 

9 i n m c : ! A r  f i e l d  

T I  

T 1  

r-ii 7 

Flow g roup  f i c l d  

T l  

I1 

n ( 7 T 5 )  P a i r s  of L - d i g i t  node c l i i s t e t  rlumhers. For  e,:ch 
p a i r  l i s t e d ,  a1 1 segments  whosn node numbers 
i i i ~ t c h  t h i s  p a i r  i n  t h e  f i r s t  d i g i t s  arc t aken  
t o  be i n  t h e  s a n e  f l o w  g r o u p  as the s c p e : i t ( s >  
r r p r T s r n r e d  by ttLis recortl. A p a i r  of cl i i . ; tPt  
numbers m a i - c  h i n g  t h e  rmde nilmbers of t h i s  r e r o r d  
i n  k h e i r  [ i t s t  f o u r  d i g i t s  s h o u l d  n o t  be l i s t e d ,  
s i n c e  i t  i s  a l r e a d y  u n d e r s t o o d  tha t  a l l  segments  
c o n n e c t i n g  these Lwo c l u s t r r s  a r e  i n  t h e  same 
f l o w  g roup  as the seg inen t ( s )  r e p r e s e n t e d  by titis 
record, 

C a p a c i t y  g roup  f i e l d  

11 t he  numhe r th ree .  

TI 'I112 iiumbet n of p a i r s  of  nods ;rumhers t o  f o i l o w  
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