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SUMMARY

This volume of the reports on the Gordian Refinery Simulation Model
contains the correlations and data bases used in the computer program
and the scurces of those information. The program predictg the flow
streams, material, energy and economic balances of a refinery processing
shale oil, coal oil, and'petroleum crudes with emphasis on the preoduction
of jet fuel of varying end point and hydrogen content specifications. The
data base includes crude assays (distillation cuts and their properties).
process unit yields and economic data. The correlations are used for
estimating and blending heat of combustion, smoke point and freezing point
for jet fuel. Also included are the blending criteria for sulfur, nitrogen,

hydrogen, and paraffin, naphthene, and aromatics (PNA) content.



1.0 INTRODUCTION -

Major price increases and the impending shortage of petroleum
reserves with respect to increasing product demand has brought about a
serious examination of possible changes in jet fuel composition. Specification
aviation turbine fuel (ASTM D-1655) is produced from mid-distillate
petroleum fréctions, which compete with ever growing demands for diesel,
fuel oil, and petrochemical feedstocks. Increased distillate production
from present crudes is feasible, but éonversion of gas oils and residuals
increases the aromatic content of the mid-distillate pooi. Moreover,
promising alternate crude sources, such as shale o0il, tar sands, and
coal Tiquids yield distillates also with increased aromatic, nitrogen
and sulfur contents. Special processing would be required to produce
present specification aviation turbine fuel from these sources.

This view of the future has stimulated a reexamination of the
optimum combination of jet fuel specifications, witﬁ respect to the
refinery processing, the supply distribution system, the aircraft fuel
system, and the fuel combustion qualities. The goals of current studies
are assessing the suitability of jet fuels produced from cracked petroleum
and alternate crude sources and developing a data base which will allow
optimization of future fuel characteristics. Future aviation turbine
fuel specifications must fepresent a trade-off betweeen energy and cost
efficiency of manufacture and aircraft and engine design and performance.’

This report deals with the refinery portion of the overall program.
In order to have a systematic way of determining the energy efficiency
of the production of varidus product slates involving different crude
sources and different processing schemes, the Lewis Research Center of
NASA has supported the development of this computer model for petroleum

refinery operation. The primary objectives of this model are:



1. the flexibility to configure a refinery inyo1ving any or aill
of the process units commonly employed in the production of gasoline,
jet fuels, and mid-distillates;

2. the ability to produce jet fuel blends of varying end-point
specification and varying specified hydrogen content as part of the
total slate of products;

3. the ability to handle synthetic crudes (shale and coal derived)
with varying severities of hydroprocessing:

4, the determination of overall refinery energy efficiency;

5. the determination of sulfur, nitrogen, and hydrogen material
balances for each. process unit and for the overall refinery; and

6. the capability of carrying out economic calculations.

The Gordian Refinery Simulation Model, presented herein, has all
the above capabilities. This repqrt is the ;econd of three volumes.
Volume I (NASA CR-135333) is a detailed description of the program,
input datﬁ, and sample output; and Volume III (NASA CR-135335) contains
programming documentation. The complete documentation and program tape
are avaiiabie thrqﬁaﬁithe Computing Software and Management Information
Office (COSMIC) under the number LEW-13047.

The purpose of thfs report is to support the Gordién Refinery
Simulation Model by providing a record of data sources and an explanation
of the correlations emplioyed in the model. This encompasses crude oil .
assay data, refinery process unit yields, product blending data and
correlations, and data used in the calculations of refinery economics
(investment Eosts, fixed and variable processing costs, etc.).

While all of the data and correlation specifics may be obtained
from the program Fortran listing, this manual provides data in a format

which should allow for easier reference and understanding. Although



many of the crude o1l assays involve estimated properties, they are all
considered to be adéquate for the purpose of estimating refinery pro-
duction volumes and properties with the exception of Elk Hills for which

insufficient assay data was uncovered to make intelligent estimates.
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OPUCIBILITY OF
2.0 CRUDE ASSAY DATA BASE RofE{]i)gINAL PAGE I3 ROOR

The assays on the following pages refer to the following ASTM D-86

cut points:

Light Straight run gasoline IBP-250°F
Heavy Naphtha 250-400°
Light Kerosene 400-525°
Heavy Kerosene 525-650°
Yacuum Gas 011 650-1050°
Vacuum Bottoms - 1050°F plus

.The above cut points may be redefined, either by making alterations
to the crude oil data base subroutine (CBASE) or by redefining the crude
0oil assay through input variables.

There is storage capability within the model to include up to 35
crude assays. The 26 crude oils for which assays are currently stored

within the program are:

API's Source Date
1. Tigre - Venezuela 24.7° * i June, 1968
2. Lot 17 ~ Venezuela, 36.1° Phillips Petr. Co. 1963
3. Bachaquero - Venezuela, -16.8° 01 & Gas Journal April, 1976
4, Nigerian Light, 34.7° * Feb. 1972
5. Amal - Libya, 35.8° * Aug. 1966
6. Arzew - Algeria, 44,1° * Feb. 1972
7.  Bakr -"Egypt, 19.6° * 1972
8. Arabian Light, 34.2° Esso Intl. Inc. Oct. 1970
9. Acgha dari - Iran, 34,3° Esso Intl. Inc. Aug. 1966
10. Kuwait 31.4° Esso Intl. Inc. Sept. 1966
11.  Paraho Shale 011 19.3° Exxon Res. & Eng. Co. July 1975
12.  Tosco Shale 0i1, 21.0° " Oct. 1975
13. Garett Shale 0il, - 25.0° " Oct. 1975
14. - Synthoil {from Kentucky Coal), 5.9° " June 1976
15.  Alaskan, North Slope, 26.8° Qi1 & Gas Journal June 1976

16.  Ekofisk, North Sea - Norway 35.6° Evaluation of World's

Important Crudes

(011 & Gas Jdournal) 1913
]

17.  West Texas Sour, 34.0°
18.  South Louisiana - Ostrica 32.3° " i
19. Louisiana Delta, 30.6° " "
20. East Texas, 38.0° " ‘ "
21.  Aneth - Utah, 40,9° " !
22.  Wyoming Sour, 24,9° " i
23. Oklahoma - Golden Trend, 39.9°  Petroleum Processing Sept. 195]
24,  Elk Hills - California, 26.6° US Bur. of Mines (IC8452§ 1972
25.  Wilmington ~ California, 21.7° Evaulation of Worlds

Important Crudes 1973
26. Pembina - Canada, 32.7° (011 and Gas Journal) "

*  In House Confidential Information. 5



The data for crude assays was collected from crude assays published

periodically by The 0i1 and Gas Journal and Gordian in-house crude assay

reports obtained from crude o0il vendors. A1l of the information con-

tained in the crude 0il1 data base are presented in the following 26

tables. Wherever an estimate of a crude oil property was used, or a
correlation was applied to derive a crude oil property, this is noted

by a subscript {letters A through H). This letter corrasponds to an explana-
tory note, which is contained in the pages immediately following the

crude oil assay tables.



Crude 041 fame: TIGRE (Venezuela)
Yield ’ DAP]

Property
(Vol.
Cut Fraction)

wh

fo

M § viscosity § SNA

109F
{Linear
eeniCBEL B

Freeze Smoke
Point Point
{oF) (mm)

Heat of &

Cembustion
(iet)
(Btu/iny |

£ygnt

Straight 0.0707 [59.9

Run
(18P-2500F)

0.00

0.0005

Haavy
heshtha
{2530F-400°F)

0.0200 49.0

0.05

0.001.

Light
rarosene

{400°F~5250F)

0.1200 36.0

0.30

0.004

13.0 0.0

-46.0 20.0

18400. 0

Heavy
Kerasene

(5230F~B500F )

0.1800 £28.0

1.02

0.010

12.1 6.0

8.0 | 17.0

18180.0

Vacuum
Cas 0.2900 20.0
o
(53007-10509F ",

1.60

0.146

11.6 19.4

Vacuum
Bottoms
{TO50°F +)

0.2200 8.¢

3.28

0.342

10.0 33.9

“Crude 011 Data
Oppy : 24.7
s . 1.57

e o 0120

ZH : 12.0%

Heat of Copbustion : 17890.08

Light End Yield (Vol. Fraction)

Refinery Gas
LPG
1so-Butane
H-Butane

Pentanes

0.0003
0.0041
0.0046
0.0086
0.0112

0.0293 *
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* Crude 011 Hame: Lot 17 (Venezuela)

No: 2 )
opny A B ¢ G
Property | Vield APT K%S N % Viscosityl PNA Freeze | Smoke Heat of
{Vol. ' 2100F Point Point Combustion
Cut Fraction)f’ {Linear {oF) {rm) {Met)
. aematdled 3 {Bru/ib)
Lignt F
Straight 0.1170- 61.0 0.0 0.0005 | 4.7
Run
{18P~2500F)
Heavy o | ]
Naphtha 0.1900 50.5 0.012 §0.001 14,2
{250CF-4009F )
Kerosene 0.1350 41.0 0.23 0.005 13.7 0.0 P B6.3 ~36.0 21.0 18530,0
) i 30.0 .
{(400%9F~52509F) A13,7
lea
e one o.ns0 | 5.0 |o.66 fo.020 |13z {s.o0 p56.30F 10.0t §18.0F | 18380.0
' N 30.0
{5250F-6500F) A 13,7
v
g 0.2750 | 25.0 §1.52 jo.21 124 |16.0
il '
{6500F-1050°F}
v o
Bot toms o.260 |10z {290 o7z {2 3.2
{10509F +)
Crude 011 Data Light End Yield (Vol. Fraction)
Oapyp : 36,1 Refinery Gas 0.0000
sz 098 LPG ' 0.0070
A
ey . 01672 Iso-Butane 0.0030
mp 13.2° N-Butane 0.0100
G
Haat of Combustion : 18400.0 Pentanes 0.0230
0.0430

2100d §I @OV TYNIDIHO
sHL 40 AIFIgronaoddds



0.0114

Crude 011 Name: Bachaquero (Venezuela) No: 3
C »
Property yierd Oppr ju %NA %HB Viscosity] PNA Freeze Smoke . Heat of &
(Vol. 2100F Point Point Combustion
Cut Fraction) {Lincar {OF) {mm) (Met)
AL (Btus1b)
Lgnt v [
Stratght 0.0386 64.0 0.015 C.0005 { 14.8
Run
{18P-2500F)
- Heavy [
12phtha 0.0600 [ 43.0 fo.10 fo.om | 13.3
(2500F-4000F ) :
Light
Kerosene 0.0700 | 34.0 Jo.60 §o0.023 | 12.6 | 0.0 P19.2 | -65.0 16.0 | i8420.0
N 54.8 . .
{400%F-5250F) A 2.0
Heav
A 0.1200 | 27.0 |1.25 jo.0t9 } 11.9 | 8.0 p 19.2P8 -35.0F 15,0 }18100.0
N 54.8 .
(5250F-6500F) A 26.0
Vacuum ‘
Gas - 0.3700 17.0 2.30 0. 363 1.0 24.0
011
{6500F-105009F}
Vacuum
Bottoms 0. 3300 6.6 }3.69 0.722 9.7 }36.7
(10500F +)
Crude 01l Data Light End Yield (Vol. Fraction)
941 : 16.8 Refinery Gas 0.0012
%5 t 2,40 LPG 0.0015
i : 0.38 Iso-Butane 0.0013
w on,ob N-Butana 0.0025
C
Heat of Combustign : 17610,0 Pentanes 0.0049

a1onQ0AIEE
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Crude 011 Name: MNigerian Lighi

No: 4
c . ' .
Property | Yield Oapy %S a b ' Viscosity] PNA Freeze | Smoke Heat of &
(Vol. . 2109F Paint Point Cerbustion
Cut Fraction) {Linsar {OF) {mm) {tet)
: omiGale) {Btu/1b)
Lignt o
Straight 0.1311 64,0 | 0.01 {0.0005 [ 14.9
Run
(1BP~2500F )
Heavy
Hephtha 0.1700 | 44.0 {o0.02 jo.001 | 13.4
(2500F -4000F }
Light’ . B :
Rerasena 0.1900 | 37.0 { 0.09 10.00i35( 13.1 0.0 p 35,50 f -47.0 23.0 19440.0
N 48.5
(400%F-5250F) A 16.0
H
Kerorena 0.1300 | 31.0 . 0.17 }0.0124 | 12.8 | 8.0 p35.58) -10.08 ] 200 | 18250.0
) N 48.5
(5259F -6509F) A 16.0
v
pauum 0.2550 | 22.0 | 028 loazo.}12.0 {19.6
01 o
(6509F-10500F
Vacuun .
B toms 0.0950° § 15.0 | 0.60 J0.792 | 11.3 §28.3
(10500F +)
Crude 011 Data Light End Yield (Vol. Fraction)
%app ; 34.7 Refinery Gas 0.0003
45, 0.14 LPG 0.0023
s 0,120 1so-Butane 0.0033
s 13.08 N-Butane 0.0066
Heat of Combustion : 18370.0 Pentanes 0.0164 _
0.0289

D0
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m%go.ﬁo ZIITEIoNaoEdEd



Crude 011 Name: AMAL {Libya) No: 5

Heat of G

ti

Scale)

. c R .
Property [ Yield OAPT 4S i %HB ; Viscosityf PNA Freeze ! Smoke
{Vol, 2100F . Point Point Cembustion
Cut Fraction) (Linear (oF) {mat) (Met)

{Btu/1b}

Ligat
Straight 0.0805 75.2
Rtin

(tpPr-2500F)

0.01

0.0005

Heavy
liaphtha 0.1320 64.0
(2500F-4000F)

0.01

g.0M

15.9

Light
rerosene 0.0770 46.5

(4CO%F-5250F)

0,01

Heav
Keru‘:ene 0, 0880, 42.9

{5250F-6500F )

0.03

0.006

0.02

14.4 1 0.0 -20.0F

==

[N
\D O3 -
coOQ

33.0

18650.0

0y 25.0F

==

0o —
e
=R ]

29.0

18570.0

! HH
Yacuua 0.3270 | 2.1

011
(GEGOF-wsoC’F)k

0.20

Vacuum

‘Bottoms 0.2800 16.3

{10500F +}

0.20

0.06

0.27

13.5 20.0

11.6 28.5

Crude 0i) Data
Osp1 & 35.8

1S : G.10
by + 0,12
wH : 13.8B

Heat of Combustion 3 18400 ¢°

Light End Yield {Yol. Fraction)
Refinery Gas 0.0000
LPG 0.0008

Iso-Butane 0.0002‘
{-Butane 0.0045
Pentanes 0,0000

0.0055.

0
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Crude 011 Data

OPPI . 44.1
as ;3 0-10
g, 012
—
s g 144

Heat of Combust{on ; 18600.0%

Light €nd Yield {Vol. Fraction)

Refinery Gas 0.0013
LPG 0,0087
Iso-Butane 0.0065
N-Butane 0.0134
Pentanes 0.0000

0.0299

Crude 011 Name+ Arzew (Algeria) No:
. c - ‘
Property Yield o1 s A a® ] viscosityl pma Freeze | Smoke | Heat of &
{Vol, 2160F Paint Point Combustion
Cut Fraction} (Linzar {oF) {mm) {Nat)
Scale) ' {8tu/1b)
Lignt
Straight 0.1601] 80.3 {o0.00 Jo.coos {15.4
Pun
(12°-2500F)
ﬁi;ﬂ{ha 0.1650 g2 to.00 Jo.001 - }16.0
(22GOF -4000F )
Light ]
Farosene 0.1150 49.5 |o.03 {o.000 |14.7 0.0 p59.00 | 20.0F 45.0F | 18M0.0
N29.0 |-
{4000F-5250F} A2.0
H
Korooene 0.1500 s0.0 lo07 fo.m3 liaa 8.0 p 50,00 | 70.0F 42.0F | 18800.0
N 28.0
(5269F-6500F ) A12.0
Va
ot 0,2900 28.4 {0.20 fo.146 {13.3 |} 20.0
0il .
(6500F~1050°F
Jacuum 0.0900 17.0 {040 Jo.836 Y{11.7 1§ 21.2
{10509F +) )

NIDTHO
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Crude 0§1 Name: Bakr (Egypt) Na:7

. ' ¥
Property Yield L oapr s b4 A H 8 Viscosityl PHA freeze Smoke Heat of @ L
(vol. 21097 Point Point Cembustion
Cut Fraction) {Linear (oF) {mm) {tat)
: _Scale) {Btu/1b)

TLight p

Straight 0.0202 £5.0 0.05 0.0005 ¢14.8 '

Run

( 1BP-2509F)

Heav .

lepitha 0.0814 | 56,0 | 0.10 {o0.0010 {14.7

(2500F -400°F )

ot me o061 | 450 | 120 fo.cos f13e oo p 32.00 -10.0E { 27.0 | 18650.0

N 44,0

{4060F-5250F) Al17.0

Heavy ’ b " £

Kerosene 0.0550 37.5 1.80 0.034 |13.5 8.0 P 39.0 35.0 25.0 18440.0

N 44.0

(52597 -6500F ) A17.0

Vecuum .

Gas 0.5070 25.0 4,50 0.084 |12.1 20.0

011 ’ :

(G500F-10509F)

Vacuum

Bottems 0.2730 5.0 £.50 0.276 9,2 34.0

{10560F +)

Crude 81} Data Light End Yield (Vol. Fraction)

Oapr : 19.6 * Refinery Gas 0.0000

35 : 4.40 LPG 0.0010

w5 0.12M Iso-Butane 0.0003

sy 10,98 N-Rutane 0.0011

Heat of Combustion : 17760. 06 Pentanes 0.0000

———— e et

0.0024
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Crude 011 Name: Arabian Light (Saudi Arabia)

* Property
Yoy,

Yield

{vol.
Fraction}

Oapy

13

N

" No: &

c .

H Viscosityy PNA Freeze ! Smoke

2109F Point Point

(Linear (oF} {mm)
e CRIEL B

Heat of G

Conbustion
{Met) .
(Btu/1ib}

Lignt
Straight
Run
{1BP-2509F)

0.1073

G9.0

0.02

0.0005

15.1 N

Heavy
hizphtha
{25C0F-4000F).

0.1500

52.0

0.04

¢.0010

14.3

Light
Kerosene

(400°F-5250F)

0.1300

43,0

0.28

Heavy
Kerosene

(5250F-6500F )

0.1200

35.,0.

1.05

0.0016

0.0066

e e T &

13.9 0.0 -30.0 22.0

==
— 0 en
L3O~

.
ooo

18580.0

13.2 8.0 1.08 | 18.0

™ ZTa
Lacny
(= E =
.
ooo

18380.0

Vacuum

Gas

01
(6500F-1050°F)

0.3250

23,1

2.27

0.080

12.0 17.2

Vacuum
Bottoms
{10569F +)

0.125¢

6.5

0.340

9.6 32.8

Crude 011 Data
oppp 3 34.2

%5 . 1.65
@+ 0.05
=H : ]3118

G
lizat of Combustion ; '8350.0

Light End Yield {Vol. Fraction)

. Refinery Gas 0.000%
LPG 0.0014
Iso-BuEane 0.0016
H-Butane ' 0.9127
Pentanes 0. 0239

0.0427

004 &1 §HVa TYNIDIE0

I TAONIOYEE

AL 30



¢l

trude 011 Nome: Agha dard {Iran)

Property
Cut

f Yield

{Vol.
Fraction)

AP}

M

%

c
Viscosityl PNA
2100F
(Linzar

No: ?

Scale) A

Freeze
Point
(0F)

Smoke
Point
{mm)

Heat of G
Combustion
{tet)
(Btu/1b)

Ligsc
Streight
Run.
{18p-2500F)

0.1082

-65.0

0.02

0.0005

14.9

Heayy
Haphtha
{2500F-4009F )

0.1550

51.0

0.001

14.3

Light
Kerosene

{4009F -5250F)

0.1300

41.0

0.C04

13.6

0.0

-21.0

2z
o
v~
[ ]

23.0

18480.0

Heavy
Kerosene

{5259F-6500F)

0.1250

34,0

0,010

13.1

8.0,

=0
e -1
O TN~
O~y

0y 25.0f

20.0

18350.0

Vacuum
Gas

0i1
(6ZGOF-105008"

0.2950

23.0

1.77

0.105

12.2

Vacubm
Bottoms
{10300F +)

0.1350

6,8

3.67

0.580

10.8

33.0

Crude gil Jata
Capr ¢ 342

Meat of Combustion : 18366.00

Light End Yield {Vol. Fragtion)

fefinery
LPG

Gas

Iso-Butane

H-Butana

Pentanes

0.0011
0.0082
0.0035
0.0135

Q0278
0.0518

vd TYNISIHO
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Crude 011 Name+ Kuwait Ro: 10 \

~, Froperty Yield GAPT J4S mh e Viscosity] PNA Freeze { Smoke Heat of G
(Vol. 2109F Paint Point Combustion
Cut Fraction) {Linear {OF}) {rom) {Het)
} Scaje) {Atu/iny

Ligat

Straight 0.0955 69.0 0.05 {0.0005 | 15.4

Run

{ 1BP-2500F) .

Heavy

Haghtha 0.1300 52.0 0.10 0.001 14.2

(7509F-4000F) | - i

Light . D

o 0.11¢0 42.5 4 0.45 0.092 13.8 0.0 P B80.0 -13.0 23.0 18560.0
furoseng N17.0

{400°F-5250F) A 3.0

Heavy i 13

Rerosene 0.1050 | 34.5 §1.52 {0.10 }13.1 8.0 P 80.0 28.0° | 20,0  |18360.0

. #§17.0

(5250F-6509F) : A 3.0 ,
Vacuum ) N

Gas 0.3000 §22.3 {3.04 §0.153 §11.8 [20.0

01

{6500F-10509F )

Vacuun :

‘Bestoms 0.2000 5.6 | 5.55 }0.40 9.4 [20.8

(10500F +)

Crude 011 Data . Light £nd Yield (Vol. Fraction)}

Sap1 _: 318 Refinery Gas 0.0012

ws 3 2.53 LPG 0.0086

w013 Iso-Butane . 0,0041

g 2.7 M-Butane 0.0154

Heat of Combustion : 18260.0° Pentanes 0.0302

0.0595



Ll

Crude 0i1 Hame-

Praperty
\:::H\\h\“\\mh

Paraho Shale

Yield onpl

{Vol.
Fraction}

4

No: 1

¢
™ Viscosity] PNA. fFreeze | Smoke
2100F Point Point
{Linear (oF} {mm}
. Scale)

Heat of G
Combustion
{hat)
{Btu/lb)

Lignt
Straight
Run
(18P-250°F)

0.000 0.00

0.0

0.0

0.0

Heavy
hiaphtha
(2509F-4009F)

0.015 40.57

0.9023

0.001?

12.5

Light
Kerosene

(40G9F-5250F)

0.075 34,26

0. 6587

1.01

“12.2 0.0 l o

-40.0 14.0

==
— T L)
~ LD

. o
OO o

4

18290.0

Heavy
Kerosane

(52507 -6500F)

0.160  J27.11

0.6910

1.9009

D1 5.0 12.0

=g
w143
~ O
el

= Y=Y

18100.0

Vecuum

Gas

011
(BEOOF—1050°F:

0.660 17.85

0.6008

1.9%71

10.¢9 20.2

VYacuum
Bottaoms

{108C0F +)

0.090 5.30

0.40

3.06

9.4 31.8

Cruda 011 Data
01 : 19.3

.

=5 : 0.71
Al : 2.00
i + 1.5

Heat of Corbustion : 17760.08

Light End Yield {Vel. Fraction)

Refinery’ Gas 0. 0000
LPG 0. 0000
Iso-Butane 00000
N-Butane 0.0000
Pentanes f.oo0n

£.0000




8L

Crude 011 Name:

Property
\:::hh\“*\ﬁai‘h

Tosco Shale

Yiald onpy

{Vol.
Fraction)

% %N

]

P41 viscosity! pia

21G0F
(Linear

scdle)

No: 12

Point
(oF)

Freaze

Smoke
Point
{wm)

Heat of G
Combustion
{MNet)
{Rtu/1b)

.I6ne
straight
Run
(1BP-2509F)

0.025 55.88

N
0.8865 Eo.ooosA

13,7

Heavy
Haphtha
(2500554000F)

0.115 16,78

0.8454 fl.0 '

13.1

Light
terosene

(£00°F -5250F }

0.080 36.1

0.8167 H.45

12.3 0.0

01 -a0.0

»="a
-l
. e
oo

15.0

18410.0

tieavy
Kerosene

(5259F-6500F)

0.120 26.61

0.7503 |1.864%

1.5 4.0

Ot 2120

»=o
—

13.0

18080.0

Yacuum
Gas

oid
(6200F-1050°F)

0.500 16.54

0.6205 |2.1762

10.7 20.8

Vacuum
Bettoms

{1C500F +)

0.150 5.4

0.53 2,32

9.5 3.6

Crude 011 Data
Ol : 21.0

b3 ¢ 0.67
i + 1.85
i : 11.6

Keat of Combustion : 17830.0°

Light End Yield {Yol. Fraction)

flefinery Gas
LPG
Iso-Butane
H-Butane

Pentanes

0.0000
0.0000
0.0000
0.0000

0000 -
0.0900

DYd TYNmomo
TN A0Y Ty

4004 o1
HETL d40 AT



6l

Crude 0il1 Name: Garett Shale

No: 13
1 C
Property Tield OAPT §% N % Viscosity] PNA Freeze Smoke -Heat of G
(Vol. 2100F Point Paint Cembustion
Cut Fractian) {Linear (oF) (rm) (et
! AL (8tu/1b} {
Lignt
gtraight 0.000 0.0 0.0 0.0 0.0
un
{18P-2500F)
Heavy r . A
tiaphtha 0.033 41.19 g.654 ¢ 0.001 12,6
{2500F -4000F)
Light
Rerosene 0,137 35.30 0.555 1 0.458 | 12.5 0.0 P 33,0°¢ -30.0 15.0 18380.0
i 31.0
(4007 -5259F) A 30,0
Heavy D
Kerosene 0.288 28.90 0,598 1 1.033 ] 72.0 3.5 P 39.0 ~11.0 13.0 18170.0
. ' i 31.0
(525°F-6509F } A 30,0
Vacuum .
Gas 0,497 21.82 0,502 § 1.586 § 11.6 17.4
oil :
(6500F-10500F;
| pam X
Yacuun
Bottoms 0.045 2,10 F 1.32 {1.980 ) 9.1 35.0
{10500F +) .
Crude 01} Data Light End Yield (Vol. Fraction)
°ap] : 25,0 Refinery Gas 0. 0000
55 : 0.64 LPG 0.0000
e 1.30 1s0-Butane 0.0000
g ;1.8 N-Butane 0.9000
Heat of Combustion : 18010.0° Pentanes 0. 0000
: ’ 0.0000

a0
400d S1 FHVd TV NIOT
MRL &0 };ﬁf]lﬁlCﬂlCH)?hﬂHﬁi
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Crude 01 Hamp: Synthail (Coal)’ No: 14

. ¢
Property Yield Oap1 fus %N “Ht Viscosity! pH Freaze Smoke Heat of G
{Vol. 2100F Point Point Cembustion
Cut Fraction} {Linear (oF) {mn) (het)
‘ Scale) | ! .« (Btu/lb)
Ligat " !
Straight 0.000 0.0 0.0 0.0 { 0.0
Run o
{ 1BE-2500F ) o=
Heavy E& %
tachtha 0.017 26,77 £0.10 | 0.30 {11.0 @
{ 2500F -4 000F ) - 28
Light . & =
Ferosene 0.163 21.60 { 0.092 | 0.25 { 10.8 0.0 ’ 20.0 1 -60.0 8.0 17860.0 o 8
. . p>
(4009F ~5250F ) A 50.0 2 B
Heavy . . EE
Koo ene 0.266° | 1590 J 0.4 | 032 {104 | 50 ¢fr20.0 | -25.0 7.0 | 17580.0 o
. N 30.0 rg =
(5250F -6500F) A 50.0 S
v o ® é
acuum
Gas 0.264 9.40 0.12 0.47 10.1 13.8 \w
011
{6500F-10500F" },
VYacuum
Bottoms 0.300 -4.30 0.31 1.22 8.5 24.2
(10500F +)
Cryda 0i] Data Light End Yield (vol. Fraction)
%%p1 : 6.8 Refinery Gas 0.0000
45 ;022 LPG £.0000 ~
s 3 079 Iso-Butane 0.0000
ey 9.2 N-Butane _ 0.0000
Heat of Cozbustion . 17110.0° Pentanes 0.0000

0. 0000



e

Crude 011 Name: Alaskan - North Slope

0.G26

: No: 15
c .
property | Yield OAPI {15 an A B ¥ viscosity} PNA Freeze | Smoke | Heat of G
(Vol. . 2100F Point Point Cembustion
Cut Fraction) (Linear : (oF) (rm) (itat)
Scale} {Rte/1b)
Straight 0.074 | 60.0  0.00 |o0.0005] 14.5
Run
{1BP-2500F)
Heavy ‘
Raphtha 0.120 41.6 0.05 0.001 13.8
{2509F~4009F )
Light D
Xerosene 0.110 36.0 .23 0.00% 13.0 0.0 5 gg.g -42.0 i7.0 18400.0
(400°F-5250F ) A 24,0
Heavy
Yerosene 0.130 31.1 0.60 0.028 12.7 8.0 p 36.00 15.08 15,0 18250.0
i 38.0
(5255F~6500F) A 24,0
Vacuum
Gag 0.370 21.5 1.15 0.219 1.9 20.0
1)
{6509F-~10509F
Vacuun ‘
Bottoms 0.170 10.7 2.45 0.848 10.4 33.3
{10309F +)
Crude 01} Data Light End Yield {Vol. Fraction)
°ap1 : 26.8 Refinery Gas 0.00?
s : 1.04 LPG 0,004
o 1 0,23 Iso-Butane 0.002
wi g 12.38 N-Butane 0.007
_ Heat of Combustion : 17940.0° Pentanes 0.012




17

Crude 011 Hame: Hérth Sea - EkcFisk

No: 16
C .
Property Yield Cap1 1S an ® a ® Viscosityl PNA Freeze | Smoke Heat of &
(Vol. 2100F Point Point Combustion
Cut Fraction) {t.inear (oF) (mm) {Met}
Lo Scatel {Btu/lh)

Lignt -

gtraight 0.1385 67.5 0.0003 {0.0005 § 14.9

un . '

{18P-2500F )

Heavy

tiephtha 0.1505 50.7 0.0038 {0.0010 §{ 14.2

{25G9F -4000F ) !

Light D .

Kerosene 0.1220 40.1 0.05 0.003 13.5 0.0 P41.15%2 21.0 18510.0

N4t 15 | -36.0

{400%F-5259F ) Al7.7

Heavy ! D .
Kerosena 0.1520 34.3 g.10 0.02 13,2 4.0 P4g, 652 30.0 18.0 18350.0

N40. 65 S

{5259F - 6500F ) A18.7

Vecuum f ]
G?% 03.2800 24.9 0.19 0,141 12.6 18.2
4]

{6500F-10500F)
VYacuum
Bottoms 0.1410 14.0 0.44 0.500 2.6 29.4

{10800F &)

H

Crude 0§1 Data Light End Yield {Vol, Fraction)
OapI  : 35.6 Refinery Gas ¢,0025
%S : 0,18 LPG 0.0025
w s 01122 Iso~Butane 0.0017
s s 13,78 N-Butane £.0033
Heat f Combustfon :  18390.0% Pentanes 0.0060

0.0160

o1go
gr @Hvd VNI
HOO;%O LTI ﬂ({O’E&ﬂg
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Crude 011 Rame. West Texas Sour Ho: 17

. c 6
property § Yield oap1 }us D | oa® | viscosity] owa Freeze | Smoke | Heat of
{Vol. 2100F Point Point Cembustion
Cut Fraction) {Linear {oF) (mm) {inet)
A Scale) : {Btu/lb} |
LignL
;traight 0.150 67.0 0.05 §0.0005 ] 14.9
un
{13P-~2500F)
Heavy ' '
Haphtha 0.160 50.0 0.25 0.001 14,1
(2500F -4000F )
Yerosene 0.130 40,0 D.65 3.004 13.4 0.0 p 20.0 ~43.0 20.0 18510.0
N 41.0 '
{400°F-5250F) A19.0
Reavy , 0 E F
Kerosene 0.110 33.0 1.30 0.017 12.7 " 8.0 P 40.0 30,0 18.0 18320.0
N 41.0
{525°9F-650°F) A 19.0
Yacuum
Gas 0.253 24.0 1.8% 0.167 12.3 17.2
ol
(650°F-1050°F))
‘:‘ECUUm }
Bottems 0.160 10.0 3.30 0.4 10.2 29.8
{1G500F +)
Crude 011 Data Light End Yield {Vol. Fraction}
Opy : 34.0 Refinery Gas 0.001
s 3 1.90 LPG 0.006
o : 0.-]2A Iso-Butane 0.004
w1270 H-Butane 0.0
Feat of Combustion : 18340.0% Pentanes [

0.037

510
govd TV
. prEondoudTa

q00d S
qHlL 40
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Crude 011 Mame: South Leuisiana ~ Ostrica No: 18

Property Yleld oap1 |%s gy A B v1scosit§ PHA Freeze § Smoke Heat of O
(Vol. 21007 Point Point Combustion
Cut Fraction)i- (Linear {oF}) {mm) {het)

Scale} {Btu/1b)
“Lignt '

Straight 0.067 66.2 0.008 }o.00026f 14.8
Run .
(IBP-ESOQF)

Heavy
Raphtha 0.140 48,2 0.04 0,000451 13,9
(25005-4OU°F) '

Light

Kerosene | 0.155 38.4 | 0.06 }0.00059{ 13.5 0.0 0% 44,0 18.0 18460.0

P
— P

(400°F-525°F)|

Hzavy 0

Kerosene 0.170 32,7 |o0.16 {o.000 |13.0 ! 3.4 10.0 16.0 18310.0

==
-t I3 P

{525CF-6500F)

Yacuum
Gas 0.1358 23.5 .40 0.035 12.4 19.1

011 .
{6500F-10500F"

Vacuur . '
Bottoms 0.090 9.7 to0.96 fo.z4 }10.4 § 32.8

{10500F +)

Crude 0il._Data Light End Yield (Vol. Fraction}

oap1_; 32.3 Refinery Gas 0.0008
EE____iué;El__ LPG 0.0027
ZﬁL.,q_L_9;9§§i2 Iso-Butane . 0,0025
M ga.78 N-Butane 0.0053

Heat of'Combustion : 18300.0° Pentanes G.0110
' ' 0.0225



5¢

* Crude 0§41 Mama: Louisiana Delta

Yield

Property
{vyol.
Cut Fraction)

oap1

A

%HB

V1§§9§1ty_c PNA
2100F
{Linear
Seale)

No:,

19.

Freeze
Point
(oF)

Smoke
Point
{mm}

Heat of ‘G
Combustion
(het)
{Rtu/1b}

Light
strafght 1 { 9.073

Run :
(IBP~250°F) !

68.0

0.01

0.0005

15.0

Heavy . .. |
Napphtha

1§ 0.129
(250°F-400°F))

48.2

0.03

g.o00

13.8

Light

Kerosene 0.150

38.3

(4000F-5250F)

0.n

0.003

13.2

0.0

P=——u-]
-t LD

NN S
W~

~50.08

20.0F

18290.0

Heavy
Xerosene

(5259F -6509F)

0.175 3.9

0.01

12.7

8.0

} ==
- T Lad

™ N S
I WO~

2.0F

18.0F

18230.0

Vacuum

Gas 0.360 22.2

041
(6500F-10500F}

0.40

0.118

12.0

20.0

Vacuum ‘
Bottoms
(10509F +)

0.103 9.6

0.90

0,73

11.6

33.3

Crude 011 Data
Osp1  : 0.6

%5 « 0,30
w. ;012"
TH . ]2.88

Heat of Combustion 18460. o8

.

Light £nd Yield (Vol. Fraction)

Refinery Gas 0.0020
LPG 0.0020
Iso-Butane ¢0.0013
N-Butane ‘ ., 08,0027,
Pentanes

0.0080:

- 0,0000




9¢

Crude 011 Hare+ East Texas

Ne: 20
Property [ Yield Oapt g4S A am® | viscositFl pua Freeze l smoke Heat of &
(Vol. 2100F Point Point Combustion
Cut Fraction) (Linear (°F) {mm} (tlet)
. scale) (Btu/ib)
Lignt
Straight 0.158 67.0 } 0.003 }o.0005 { 14.9
Run
{18P-2500F)
Heavy .
aphtha 0.140 s1.0 1 o.00 Yo.0m 14.3
(2509F -400°F )
Light : .
Revosene 0.160 40.0 t0.05 {0.002 ! 13.5 § 0.0 p 44.00 1 -18.0F 20.0F | 18510.0
N 39.0 .
(400°F-5259F) A17.0
}.: ] 0l
Karosene o070 | 360 foto Jooe | 135 b o frasco®] 30.0E | 1s.0F | 1ss00.0
: N 39.0 ,
(5255F-6500F) A17.0
pacuun 0.330 | 27.0 §o.38 fo.o75 § 12,2 | 20.0
011 .
(6300F-~10509F ;
Vacuum ‘
Bottoms 0.100 9.0 11.50 [o0.439 8.9 | 33.7
{105C9F +) .

Crude 041 Data

®ap1 ; 38,0
s ; 0.30
“n . : 0.07
sy ' . 13.68

Heat of Combustion : 18460.0%

Light End Yield (Vol. Fraction)

Refinery
LPG

Gas

1s0-Butane

H-Butane

Pentanes

0.0075
0.0075
0.0050
0.0100

0.0120

0.042




L2

Crude 011 Name: Aneth - Utah.

Preperty
\EIENNN\‘\\\M

Yield

{(Vol.
Fraction)

oarI

A

No:2l

V1scosit§ PHA Freeze Smoke
2100F Point Point

{Linear {oF) {mm)
ngje)

G
Heat of
Cembustion
(Hat)
(Btu/1b)

Lignt
Straight

Run
(18P-2500F)

0.170

0.013

0. 0005

Eeavy
fiaphtha
(2500F -4009F)

0.180

48.6

0.016

0.0

144

Light
Kerosene

{300°F-5250F)

0.140

39.0

0.021

0.002

13.5

0.0 i .38.0 23.0

18500.0

Heavy
Kerosene

(525°F-6509F)

0.130

36.3

Q.02

0.007

13.5

0.0 1 15.0E | 20.0

18420.0

Vacuum

Gas

011
{650CF-10509F)

0.300

3.7

0.2]

0.07

13.9

20.0

Vacuum
Bottems
(10599F +)

0.040

17.1

0.50¢

0. 941

11.8

X

33.3

Crude Q11 Data
Sapr_: 40.9
s ;0.2
g, 3 0.06
gal s 13.68

Hzat of Combustion : 18520.06

-

Light End Yield (Vol. Fraction)?

Refinery Gas 0.0065
LPG 0.0065
Iso-Butane 0.0043
H-Butane 0.0087
Pentanes 0.0140

0.0400

1

4004 SI EHVd TVNIDIO
HHL 40 ATITIFI0NA0YdEy


http:18520.06

8¢

Crude 0§1 Nape: Wyoming Sour

Mo: 22
Property 1§ Vield oppr 4%S s an® stcositﬁ PNA Freeze | Smoke Heat of O
(vol. 2109F Point Point Combustion
Cut Fraction) (Linear (0F) (mm) {fat)
X Scale) {Atu/1k
Lignt
St?aight 0.055 70.0 0.10 [0.0005 | 15.4
Run
{ IBP-2500F) N
. i

Heavy Lk
Kaphtka 0.100 |s0.0 fo.20 Joom | 1.2 f
(2300F-4000F)
LIont e v.200 | 3s.0 Jo.60 fo.003 ) 127 | 0.0 p 5o} -s0.0% | 16.0F | 18380.0

‘ ; N 35.0
{400°F-5250F) A 14.0
ﬁgﬂg{ene 0.190 31.0 1.60 §0.010 12.6 8.0 g gé.g“ 25.,0F 15.0F 18240.0
(5250F-6500F ) A 14.0
Vacuum
gq? 0.160 20.0 2.60 |o0.264 1.5 §{ 20.0

Al

(6500F-1650°F"
Yacuum
Bottoms 0.260 5.0 4.20 {0.289 9.4 § 34.3
{1c500F +) i
Crude 011 Data Light End Yield (Vol. Fraction}-
CApL 2 24.9 Refinery Gas 0.005
%S : 2.40 LPG 0.005
w1 0.12M Iso-Buvane 0.003
w2 1,88 N-Butane 3.007
Heat of Combustion : 18000, 06 Pentancs 0.015

0.035

JSJEY]]}JIKJ£1(I()ELEE§E1

;EI()()E{ Q] ®HVd TYNIDIEO

WHL J0
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Crude 041 Name: Oklahoma - Golden Trend ' ' No:23

: Property | Yield Opp1 fus A B stcosit)(': PNA Freeze ‘ Smoke Heat of' 8
{Vol. ' 2100F Point Point Combustion
Cut Fraction) (Linear {OF}) {mm) (Met)
| Scalae) {Btu/1b)

Lignt ] ) ’

gtraight 0.183 65.0 J0.008 §0.0005 | 14.8

un

{18P-2500F)

Heavy

fiaphtha 0.163 52.0 0.0014 j0.00 14.4

{2505F -4000F ) ]

Light ‘ 3 0 g

Yerosene 0.087 43.0 0.0018 |} 0.005 13.9 0.0 P 50.0 —TG.OE 26.0 18580.0

N 40.0

(400°F-525°F) A 10.0
Heavy . 0 E F

Yerosene 0.120 [ 39.0 Jo.10 Jo.m6 | 13.9 8.0 P go.o 30.0 23.0" | 18480.0

N 40.0

{52507 -6500F ) A 10.0

Vacuun

oo uum 0.275 }30.0 {o.30 fo.154 f§13.5 t 20.0

o1

{65C0F-10500F

Yacuum )

‘Bottoms 0.075 15.0  l0.85 1.003 | 1.3 30.2

(18500F +)

‘Crude 011 Data Light End Yield (Vol. Fraction)!

2aP1 3 39.9 Refinery Gas 0.015

¥s 1 0.20 LPG - 0.015

oy | : 0,120 Iso-Butane 0.010

P . 13.58 N-Butane 3. 020

ﬁeat of Combustion : 18500, 08 Pentanes 0,027

0.087



0t

Crude 011 Name: Elk Hills ~ California

Property !
(

Yield
Vol.
Fraction)

9aPT

%5

N

Ho: 24

C
%18 1 viscosity) PhA Freeze
2100F Point
{Linear {oF)
Scale) | |

Smoke
Point
(mm)

Heat of &
Combustion
(Hat)
{8tu/1b)

Lignt
Straight
Run

{ 18P-2500F)

0,083

55.7

13.9

Heavy
Laphtha
{2500F -4000F )

0.157

44,9

13.5

Light
Kerosene

(4009F-5250F )

0.192

33.8

12.7 |

=20

-50.0E

15.0F

18340.0

Heavy
Kerosene

(5259F-6500F )

= u

Vacuum
Gas

011
{65G0F -10500F

Vacuum
Bottoms
(1C50°F +)

Cruda 011 Data
OAPY.: 26.6
£5 ° : 0.61
4| s 0.47
aw: 12,08

Heat of Combustion

. 18080, 08

Light End Yield (Vol. Fraction)

Refinery Gas
LPG '
Iso-Bulane
N-Butane

Pentanes




1€

Crude 01] Hame: Wilmingten ~ Cxlifornia

Property

Cut

Yield
(Vol.
Fraction)

oap1

%S

A

8 . C
2 Viscosity

2100F
{Linaar

scale)

Ho: 25

PNA Freeze
Point
(oF)

Smoke
Point
{mm)

Heat of G
Coembustion
(Met)
{Btu/1b}

Lignt

" Straight

Run
{1BP-2500F)

0.07¢

70.3

Q.05

0.0005

15.1.

Heavy
Haphtha
(250CF-4009F)

0.100

51.4

0.001 ‘

14.3

Light
Kerosene

" (400°F-5250F)

0.120

38.0,

' 0.50

0.023

12.8 0.0

== =0

[
o ~jtn
oo

18.0F

18460.0

Heavy
Kerasane

(5259F-6500F)

0.120

22.0

1.08

0,085

n.7 8.0

>

(=N ]
Lo~ien
(=R

16.¢f

18380.0

Vacuuim
Gas

011

{65COF-1050°F}

0.226

17.4

1.50

1.015

11.3 20.0

Vacuun
Bottems
{10500F +)

0.344

7.1

3.40

1.185

9.6 33.3

Crude 011 Data
Oapr 5 21.7

@g . 1.43
1 . 0.65

. 1.88

Ld
il

Heat of Combustion : 17860.0G

Light End Vield (Vol. Fraction)!

Refinery Gas
LPG
Iso-Butana
R-Butane

Pentanes

0.0025
0.0025
0.0017
0.0033

0.0100

0.0200




[43

Crude 011 Mame: Pembina ~ Carade No: 26
C
property { Yield oaer s wh 1 owB § viscosity) eva | rreeze | smoke | teat of G
{Vol. 2100F Point Paint Combustion
Cut Fraction) (Linear {oF) {mm) {tet)
. Scale) {Bru/lb)
Ligat ]
gtraight 0.113¢ | 70.0 lo.01 jo.0005 | 15.4
un '
( 18P-2509F)
Heavy g
Kaphtha 0.1618 §s52.2 jo.01 [o.00 14.4
(2500F - 4000F )
Light ' : B ’
Kerosene 0.1404 | 41:1 o016 Jo.omy | 13,7 | 0.0 p 40.5%} -32.0 20.0 |} 18540.0
) N 40.5
(400°F-5250F ) A 19.0
Heavy
Kercaene 0.1182 | 36.0 0.093 {o.003 | 13.5 § 3.2 p 36572 3.1 17.0 | 18400.0
M 36.5
{5250F-6500F ) A 27.0
v
Gag 0.2963 | 27.6 |o0.24 Jo.03. } 2.2 § 7.8
011
(6505F-10500F}
v
Bot toms 0.1285 {142 jo.57 fo.102 | 1.2 | 26.2
{10500F +)
Crude 011 Data Light End Yield (Vol. Fractionl’t
- Oppr 5 32.7 Refinery Gas 0.0075
%5+ . 0.83 LPG 0.0075
qy - . 0.023 . Iso-Butana 0.0050
. B '
w128 N-Butane 0.0100
: G
Heat of Combustion : 18270.0 Pentanes 0.0182

——— ettt

0,0482



CRUDE ASSAY NOTES

(A) The following distribution of nitrogen between the various cuts was
used where data on the nitrogen content of the cuts were not available,
but the nitrogen content of the crude 0il was known. The distribution

is expressed as the per cent of total nitrogen in the crude allocated in

each cut.

Cut Nitrogen
Light Straight Run (.0005
Heavy Naphtha 0.001
Light Kerosene 0.42
Heavy Kerosene 1.57
Vacuum Gas 011 . 35.3
Vacuum Bottoms 62.7

The above was derived from a Pullman Kellogg study on nitrogen and
sulfur distribution, primarily for Kuwait crude oils. It is consistent

with the general correlation presented in Fig. 4.2 of Petroleum Refining -

Technology and Economics, by James Gary and Glen Handwerk, Marcel

Dekker, Inc., 1975.

(AT) The weight per cent of nitrogen in the crude oil was assumed to be
0.12 since better data was not available.

(A;) The weight per cent of nitrogen in the crude oil was back-calculated
applying the distribution presented in A above to the assayed
nitrogen contents of the heavy fractions.

(B) The hydrogen content has been estimated from figure 2B2.1 (p 2-11)
of the Technical Data Book - Petroleum Refining, Americam Petroleum
Institute, Division of Refining, 1966, Port City press, Inc.,
Baltimore, Md. The above mentioned reference gives the carbon to
hydrogen weight ratic as a function of APL gravity and mean-average
boiling point. '
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(C)

(D)

(Dy)

(Dp)

(E)

(F)

(6)

(H)

Viscosities are reported as a linear viscosity blending index
number at 210°F. Exhibit 6 of Volume I (NASA CR-135333) gives
conversion of Saybolt Seconds Universal (SSU) or Saybolt

Seconds Furol (SSF) to linear viscosity blending number, providad
all viscosities are measured at 210°F.

The PNA values for Tight and heavy kerosene cuts of this crude oil
were estimated from PNA values given for heavy naphtha cuts.

The PNA values for the heavy kerosene cut was estimated from the
given PNA values for Tlight kerosene cut of this crude oil.

Estimated based on given aromatic weight per cent, and PNA values
given for heavy naphtha cuts.

Freeze point estimated based on the correlation presented in Petroleum
Refinery Engineering, by W.L. Nelson, McGraw-hill Book Co., N.Y.,
1969, p. 139, Figure 4-41. Freeze point is correlated as a function
of K-factor and mid hoiling point, where

k= Tg /3
—73—  Tp=mid boiling point in degrees Rankine
S = specific gravity at 60°F

Smoke point estimated based on correlation presented in Petroleum
Refinery Engineering, by W.L. Nelson, McGraw-Hi1l Book Co., N.Y.

1969, p., 82-83, Table 4-1. Smoke point for light kerosene cut is
correlated in terms of mid boiling point and K-factor, where
K-factor is a defined in E above.

The net heat of combustion was estimated from Figure 14 Al-1 of the
Technical Data Book ~ Petroleum Refining, American Petroleum Insti-
tute, Division of Refining, 1906, Port City Press, Inc., Baltimore,
Md. The net heat of combustion presented in the above reference is
a function of API gravity.

For this crude 0il, 1ight ends composition has been estimated. The
total 1ight ends yield was obtained from the assay for this crude.
The following 1ight ends composition distribution was assumed:

Refinery Gas 25%

L.PG 25%

Iso-Butane 17%

N-Butane 33%

100%
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3.0 PROCESS UNIT YIELD DATA

3.1 Shale and Coal 0i1 Processing Units

Process unit yield data for the hydrotreating of kerosene fractions
and the hydrocracking of gas oil derived from shale and coal oil were
obtained from the following reports:

(1) Evaltuation of Methods to Produce Aviation Turbine Fuels from

Synthetic Crude 0ils Phase 2 - Exxon Research and Engineering
Co., Government Research Laboratory, Linden, N.J. 07036.
Technical Report AFALP-TR-75-10-VYolume 2, May 1976.

(2} Synthesis and Analysis of Jet Fuel from Shale 0i1 and Coal
Syncrudes. J.P. Gallagher et. al., Harvey Technical Center,
Atlantic Richfield Company. Report designation NASA CR-
135112, prepared for National Aeronautics and Space Admini-
stration, NASA Lewis Research Center Contract NAS 3-19747.
November 17, 1976.

A1l actual and estimated yield and property data for producing jet
fuel components from Paraho, Tosco and Garrett shale oils and from

Synthoil (from Kentucky Coal) were obtained from the above reports.

3.2 Petroleum Processing Units

Refinery process unit yields and properties for processing petroleum
derived fractions were based on data extracted from the following sources:
(1) U.S. Motor Gasoline Economtics, Yol. 1 Manufacture of Unleaded

Gasoline,. June 1, 1967. Prepared for the American Petroleum
Institute by Bonner and Moore Associates, Inc. Houston, Texas.

(2) Gordian Associates in-house data based on extensive collective
experience in the petroleum refining industry.
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4.0 PROPERTIES AND BLENDING CORRELATIONS

The following correlations were uysed as the basis for the programmed
equations .contained in the Gordian Refinery Simulation Model. Sources
and the equations derived from the correlations are given where applicable.

A.  Hydrogen Content (weight percent)

Where hydrogen content for a given stream is no% specified as an
input or thru a crude oil assay, the following correlation is used:

Figure 2B2.1 (p.211) of the Technical Data Book - Petroleum Refining
American Petroleum Institute, Division of Refining, 1966, Port City
Press, Inc., in the form of a nomograph which gives carbon to hydrogen
ratio as a function of the API gravity and mean average boiling point.

The method used to represent the nomograph in the program was to
reduce it to & table of values and to interpolate linearly betweeen
adjacent points. Intervals of 5.0 were taken for the API scale and 25
to 50°F for the mean average boiling point scale. This particular
nomograph has beén widely used in the petroleum refining industry since
the 1950's, however, its accuracy is stated as "unknown". On the other
hand, generally acceptable hydrogen balances for petroleum based units
observed over many model runs are evidence of a "good" correlation. The
same, however, was not observed for cuts aerived from shale and coal oil
when comparing correlation predictions against actual inspection test
data from the sources enumerated in Section 3.0. A plot of predicted
vs. actual values indicated that the following correlation adjustments
be applied.

Shale o0il cuts: Add 0.25 to the predicted C/H ratio
Coal 01 cuts: Add 0.90 to the predicted C/H ratio

While the above adjustments improve the correlation the need for
further work is definitely indicated for adequately correlating shale

and coal o1l hydrogen contents of cut fractions versus their physical
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properties. The number of comparison points used to develop the above
adjustment factors was: too limited the correlation variance too great:
and furthermore model run results indicate only a "poor" to "fair"
accuracy for overall hydrogen balances for the coal and shale 0i1 hydro-
treating units.

The carbon to hydrogen ratios‘predicted for the petroieum, shale and
coal oil cut fractions were adjusted for their sulfur and nitrogen contents
in calculating a weight percent hydrogen content. In referencing the
nomograph correlation in the model, the following mean boiling points were

used for the various fractions:

Light Naphtha 1759F
Heavy Naphtha 3250F
Light Kerosene 462CF
Heavy Kerosene 587°F
Gas 01l 850CF
Fluid Cracker .. .:
Bottoms 1000°F
Coke 1200°F

Hydrogen content is of course blended by volume.

B. Heat of Combustion (Net)

The foilowing correlation was used:

Figure 14A1-1, p.14-3, Technical Data Book - Petroleum Refining

American Petroleum Institute, Division of Refining, 1966, Port City Press;'
Inc., Baltimore, Md.

The following equation was applied to the correlation as recommended
on p.l14-5:

AH=(8505.4 + 846.81K + 114.92G + 0.12186G%
- 9.95T0KG)x (1.0 - 0.01S) + 40.5 S

where:

AH = net heat of combustion in Btu/#

K = Watson characterization factor
G = API gravity
S:

Weight % sulfur
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Ash and water content have been omiited from the recommended formula
since their effect is nil and their exact quantity is generally unknown.
The reliability (see p.14-4) is approximatelf + 180 Btu/# between the
predicted values and experimental data for petroleum fractions. The
same correlation was applied for shale and coal oil liquids.

Heat of combustion is of course hlended by weight.

C: Smoke Point

Nelson gives smoke point vs. Watson characterization factor for
kerosene range distillates over a wide range of K factors. The reference
is:

Petroleum Refining Engineering, W.L. Nelson, McGraw-Hi1l Book Co., N.Y.,

1969, p.82-83, Table 4-1. A plot of 27 data points over the range 11.0
10 12.3 K factor was reduced to the following correlation equations:

K: 12,0 to 12.3
SP= 9969.1 ~ 1691.536K + 71.91k2

K:  11.6 to 12.0 5
Spb=- 3955,7 ~ 687.5K + 30.0K

K:  11.0 to 11.6 ’
SP= -309.23 + 47.5K - 1.6667K

where SP is the smoke point in millimeters and K is the Watson
characterization factor '

The general accuracy of the Melson data was not given. In the
absence of data for shale and coal oil kerosene cuts, the above formuia
were applied to petroleum, shale and coal oil kerosenes. The advisability
of separdte correlations should be investigated as additional shale and
coal oil data become availabie. 1t is noted however, that the program
logic allows crude oil assay data and jnput values to override correlation
prediction - this was done for shale and coal ¢il kerosenes {and petroleum

derived kerosenes) where test data was available.
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Smoke point is blended volumetrically by reciprocal blending. The
source for this method is a confidéntial communication from a major oil
company. Their laboratory verification of this method stated that
"taking the reciprocal was the least inaccurate (method), with S0% of

the results deviating by less than 1.0 mm from the determined value".

D.. Freezing Point

The freezing point of individual cuts and of blended fuels is a
particularly difficult area. Where assay data was available for crude
011 cuts and where freezing points were given in conjunction with process
unit yields, these were used in the CBASE and UBASE data bases. Where
specific data was altogether lacking, freezing point estimation was

based on the correlation presented in Petroleum Refinery Engineering,

W.L. Nelson, McGraw-Hi1l Book Co., N.Y., 1969, p.139, Figure 4-41%,
However, the use of Nelson's correlation was limited to non-olefinic
petroleum fractions and was therefore not applied to fluid coker, visbreaker,
thermal cracker and fluid catalytic eracker products. Shale and coal
011 cut fractions were based on data values to the extent possible.
Also, UBASE was devised so as to apply changes in freezing point qgainst
the freezing point of the feed streams in order to tie the product
freezing points as much as possible to the original crude oil assays.
The freezing point of the jet fuel and distillate blends is based

on the blending index method of E.B. Reid and H.I. Allen, Estimating Pour

Points of Petroleum Distiilate Blends, Petroleum Refiner Vol. 30, No. 5,

May 1951, p.93. This method is based on thermodynamic considerations

and gives a volumetric blending index as a function of -pour points and . ..

* Freezing point is correlated as a function of the Watson characterization
factor and mid~boiling point.
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mid-boiling point of the cut being blended. A regrassion analysis for
Tight and heavy kerosene fractions (462°F and 588°F mid-beiling point)

gave the following equations:
_ light kerosene: BI = 10(0.01653 P +0.9027)
heavy kerosene: BI = 10(0.01941P+0.6987)
where BI = volumetric blending index and P = pour point (°F)
I% was assumed that freezing point blends in the same manner as
pour point. Reid and Allen reported good results for their correlation.
Out of a total of 90 blends, the pour point was predicted within + 5°F
for over 90 percent of the cases. Blends included were straight run
with straight-run stocks and also mixtures of catalytically and thermally

cracked stocks. Shale and coal oil fractions were not included in their

experimantal work.

E.  Other Properties

Sulfur content, nitrogen content, PNA and viscosity are based on
crude oil assay va[ggﬁgnd on inspection tests accompanying process unit
yield data. Sulfur, nitrogen and PNA (paraffins, naphthenes and aromatics)
are all of course blended by volume. Viscosities are blended by the
method shown in Exhibit 6 of Volume I of The Gordian Refinery Simulation

Model.
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5.0 ECONOMIC DATA

The Gordian Refinery Simulation Model performs an economic calculation
for the specific refinery configurations under study. The investment
costs of the individual refinery process units are calculated and added
to give a total refinery "onsites" investment cost. The “offsites”
investment for supporting tankage, steam generation and miscellaneous
utilities, off-battery-limits piping., sewers and drains and refinery
access facilities are calculated as a function of the Nelson Complexity
Factor for specified refinery configuration®. The program also calcu~
lates the fixed and variable operating cost components for each process
unit and gives an overall economic summary based on crude costs and

product revenues.

‘5.1 Capital Investment Costs

The economic subroutine calculates capital investment cost for each
of the specified process units. The onsite investment cost of each unit
is calculated from the cost of the unit for a standard reference size
and a power law factor to reflect the economies of scale. As stated

above, the lump sum offsite investment is calculated based on total

onsites investment and the Nelson Complexity Factor.

* See 0il and Gas Journal, Sept. 28, 1959, p.73 for the method and
examples of the calculation of the Nelson Complexity Factor.
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5.1.1 Sources of Data

Data for the capital investment calculation was obtained from
pubTished sources of information. These sources included articles in

the 0il and Gas Journal, Hydrocarbon Processing, and Chemical Engineering. .

The essential data extracted was an investment figure in dollars per
barrel per stream day, a corresponding capacity figuré and the point in
time at which the cost was valid.

The data on. capital investment costs were all referenced to a
common Jan. 1, 1977 basis. This was accomplished by making use of the
NeTson Refinery Index as a measure of inflation. The Nelson productivity
divisor* is used to correct for productivity advances made in construction
of refineries. In order to update a capital investment figure from the
year "X" to the year "Y", the figure is multiplied by:

Nelson Refinery Index in year "y"
Nelson Refinery Index in year "x"

and divided by the productivity divisor in year y.

The Nelson productivity divisor varies as a function of the type of
refinery unit. Where no data was available, a productivity div{sor of -
1.06 was assumed. .

The unit capital investment costs (Jan. 1, 1977 basis) stored in
the program Block Data subroutine for the standard unit reference sizes

are given below:

* See 0il1 and Gas Journal, March 1, 1976 p. 120-124,
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REPRODUCIBILITY o qrp

ORIGINAY, PAGE I§ POCR

CAPITAL INVESTMENT COSTS (January 1, 1977 basis)

Refinery Unit

Atmosgheric Distillation
Vacuum Distillation
Catalytic Gas Qi1 Cracker
Thermal Gas 011 Cracker
Kerosene Hydtrotrezter
Gas Qi1 Dasuifurizer
Distillate Desulfurizer
Fluid Coking

Vacuum Bottoms Yisbreaker
Distillate Hydrocracker
Gas 011 Hydrocracker
Catalytic Naphtha Reformer
Alkylation

Polymerization
Isomerization

Hydrogen Manufactura

Unit Capital

{$/bpsd)

190
198
§99
185
122
614
2a7
770
188
747
S04
543
1193
800
222

Invesiment Cost

170/ mscfd

Reference

Unit Size

(bpsd)

20,000
20,000
40,000
20,000
30,600
50,000
30,000
20,000
20,000
15,000
20,000
20,000
10,000
500
6,630

50 mmscfd

Source

06J, Feb, 23, 1974, p. 71
06J, Mar. 4, 1974, p.100
GGJ, Apr. 15, 1974, p.66
0GJ, Apr. 8, 1974, p. 74
HP, Sepiember, 1975

06J, Mar.1l, 1976 p. 120
HP, September, 1976

0GJ, May 24, 1976

0Gd, Apr. 8, 1974

HP, September, 1974

06d, Mar. 25, 1974 p. 120
06J, -Epr. 22, 1974 p. 130
0GJ, fnr, 8, 1974 p. 74
“Sordian Estimaia"

47, Septembar, 1974

06J, Mar. 25, 1974 p. 120

Note: -Alkylation unit investment is in dollars per barrel per day of

total alkyiate production, polymerization unit investment is in dollars

per barrel per day of polymer product and hydrogen plant investment is in
dollars per thousand standard cubic feet per day of hydrogen make. A1l other

costsiare in dollars per barrels per day of feed stream.
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5.1.2 Accounting for Economics of Scale

The following power law formula is used in the model to account for

the economics of scale:

N
Capital Investment Cost F capacity of process unit
Standard reference capacity

b (Investment at Standard reference capacity)
In the aboge equation, N represents the capacity ratio exponent.
For values of N below 1.0 economies of scale exist. The values of N
extracted from the literature are listed on the following page along
with an average value of the exponent which corresponds to the number
used in the program and stored in the Block Data subroutine. The standard
reference capacities and the corresponding capital investments used

stored in the program are those listed under Section 5.1.1.

5.1.3 Total Refinery Capital Investment Cost

The total refinery onsite capital invesiment cost is the sum of the
process unit capital costs adjusted for capacity utilization. Since
plant capacities are input into the model in units .of barrels per calendar
day (BPCD), it is necessary to increase the unit capacities to reflect
planned maintenance periods and unscheduled unit shutdowns. A 92%
operating rate is assumed in the program, but this may be modified by
input. The offsites capital investment are then calculated as a per-

centage of the total shown in Exhibit 1.
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G¥

Refinery Unit

Atmospheric Disti11a£ion
Vacuum Distillation
Catalytic Gas 0§1 Cracker
Thermal Gas 01l Cracker
Kerosene Hyd}otreater

Gas 071 Desulfurizer
Distillate Desulfurizer
Fluid Coking

Vacuum Bottoms Visbreaker
Distillate Hydrocracker
Gas 011 Hydrocracker
Catalytic Naphtha Reformer
Alkylation

Polymerization
Isomerization

Hydrogen Manufacture

*

Capacity Ratio Exponent

Hydrocarbon Processing

{May, 1975 p.111)
0.70-0.85
0.70
0.70

0.80
0.65-0.85

0.75

0.70-0.85

0.65-0.70

Chemical Engineering

(June 15, 19707-
0.

0

0.

90

.70

55

.70
.65

.65

.61
.60

0Gd

(see section 5.1.1)
0.
0.

0

77
75

.86

.72

0.620

o o o O

o o

.75
.80
.60
.58
.66
.70

The same exponents are assumed for processiny shale and coal oil kerosene and gas 0il cuts.

o O

o O O o o o o o o ©

o

Average

805
717
703
700
650
.800
750
720
635
750
750
740
600
580
660
680

*


http:0.65-0.70
http:f0.70-0.85

EXHIBIT 2
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0i1 and Gas Journal, July 22, 1974.

Source
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5.2 Operating Costs

The economic subroutine calculates the operating costs for the
specified refinery configuration. The operating costs are divided into
fixed and variable cost components. The cost of electric power is
calculated separately. The cost of fuel and steam are not included as a
cost item since they are accounted for by the purchase of raw material

required to produce the fuel gas and oil consumed by the various refinery

processes.

5.2.1 Yariable Operéting Costs

The variable operating costs include the cost of catalysts, chemicals
and water. The process unit consumption data for this section was
collected from the following sources:

Chemicals and Catalyst - A Guide to Refinery Operating Costs,
by W.L. Nelson, Petroleum Publishing Co.,1976

Water - The 011 and Gas Journal,
June 14, 1976 p.74

The catalyst and chemicals cost figures are 1in units of cost per
barrel of throughput. In order to update the chemicals and catalysts
cost, the Nelson-Chemicals Index* was applied to place chemicals and
catalysts costs used in the model on a Jan. 1, 1977 basis. YWater.costs
were based on an average reported consumption (gal/barrel), at a unit
cost assumed to be $0,05/1000 gals.

The total variable operating costs used in the model (chemicals,

catalyst, and water) are shown below:

* See 0i1 and Gas Journal, April 1%, 1976 p. 60-61.
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Unit

Atmospheric Distillation
Vacuum Distillation
Catalytic Gas 011 Cracker
Thermal Gas 0i1 Cracker
Kerosene Hydrotreater

Gas 0i1 Desulfurizer
Distillate Desulfurizer
Fluid Coking

Vacuum Bottoms Visbreaker
Distillate-Hydrocracker
Gas 011 Hydrocracker
Catalytic Naphtha Reformer
Alkylation

Polymerization
Isomerization

Hydrogen Manufacture

5.2.2 Fixed Operating Costs

Variable Cost ($/Bb1)

0.015

0.019

0.074

0.071

0,200 (assumed for shale and coal 0il)
0.115

0.115

0.029

0.022

0.423

0.423 (assumed the same for shale and coal oil)
0.183

0.990

0.274

0.043

0.097 ($/mscf)

The fixed operating costs include labor and process unit maintenance

costs. Labor costs are assumed to be independent of throughput. Units

are assumed to operate on a 24 hour per day basis. Labor use (men per

. shift) estimates were obtained from A Guide to Refinery Operating Costs,

by W.L. Nelson, Petroleum Publishing Company, 1976. Labor rates used

were: operators - $10.00/hr, supervisors - $12.50/hr. In each case the

Tabor are inclusive of benefits.

Maintenance costs are given as a per cent of the onsite unit

capital investment cost. The program utilizes these maintenance factors

to calculate the maintenance cost in dollars per day. The maintenance

and labor cost numbers used by the program and contained in subroutine

Biock Data are Tisted below:
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Unit "Labor Cost Maintenance

(%/day) T4 Capital Investment
Per Annum)
Atmospheric Distillation 806. 4.0
Vacuum Distillation 1002. 3.5
Catalytic Gas 0il1 Cracker 1545. 4.0
Thermal Gas 011 Cracker 1245. 5.5
Kerosene Hydrotreater 720.% 4.0
Gas Qi1 Desulfurizer 720. 4.0
Distillate Desulfurizer 720. 4.0
Fluid Coking 1485. 5.5
Vacuum Bottoms Visbreaker 1059, 4.3
Distillate Hydrocracker 1065.* 4,0
Gas 011 Hydrocracker 1065. 4.0
Catalytic Naphtha Reformer 1012. 4.9
Alkylation ) 1050. 5.5
Polymerization 505. 4.3
Isomerization 1440. 3.5
Hydrogen Manufacture 585. 3.5

5.2.3 Electric Power Costs

Electric power usage for the total refinery is calculated by the
model and reported in thousands of kilowatt hours per day. The cost of
electric power (in costs per kilowatt hour) is an input data item since
it varies between refining situations. 1In the absence of specific in-
formation, a cost of $2.714¢/kWh is recommended. The average cost of
power among the "Large Light and Power Class" users is 1.92¢/kWh as

obtained from The Statistical Year Book of The Electric Utility Industry,

The Edison Electric Institute, NYC, for 1975. Updating this to a
January 1, 1977 basis by using the Nelson Industrial Electric Power Index

gives a current value of 2.14¢/kWh.

* Assumed to be the same for shale and coal oil processing units.
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5.3 Summary Economic Calculation

When seTecting.the option to calculate refinery economics, the user
must input values for the delivered cost of crude oils and product
realizations - the latter should bé refinery netback prices, exclusive
of transportation costs from refinery to points of sale. The user must
also specify an investment carrying charge to include interest, taxes

and a suitable rate of return.
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6.0 CONCLUDING REMARKS

This report has presented crude assay data. property and blending
data, and economic unit costs and other data for usé as bases in The
Gordian Refinery Simulation Model. Thelrepért is Volume II of three
volumes coveringrthe description, application, and documentation of the
refinery calculation program. This volume is, however, independent of
the other volumes. The information represents & compilation of current data,
and correlations can be used for jet fuel production and biending calcula-~
tions with reference to the Gordian program.

Volume III (MASA CR-135335), covering the program listing and other
documentation, is available from the NASA Project Manager. Computer
documentation and tapes can be purchased through the Computer Software
and Management Information Office (COSMIC), 112 Barrow Hall, University
of Georgia, Athens, GA 30602, under the number LEW-13047.
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