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l>.BSTRACT 

The aim of this thesis is to examine the concept of 
., 

available energy (availability) as applied to a petroleum 

refinery. For this purpose two different parts of the 

refinery were investigated. The first part, namely the 

plant 5 of IPRA$ Refinery, deals mainly with separation 

and heat transfer processes. The second part, namely the 

Plant 6 of IPRA$ Refinery, deals mainly with chemical 

reaction processes. The data needed in the calculation for 

Plant 5 vlere supplied by IPRA$. HOvlever, since Plant 6 

involves che~ical reactions and in chemically reacting 

systems standard chemical availabilities are needed and 

these standard chemical availabilities had to be simply 

estimated because of the uncertain structure of fractions. 

Therefore, the availability calculations carried out for 
-

Plant·6 are quite approximate and they are preliminary in 

nature. 

In addition, an availability analysis "vas made for 

each equipment of Plant 5 to investigate vlhere the availability 

losses occurred. The majority of process availability 

losses are in the furnaces, heat exchangers before desalters 

and in the'air and water coolers. The availability loss 

of the overall process was also calculated for Plant 5 

bv an overall balance. For·Plant 6, on the other hand, the 

availability calculations were made approximately only for 
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the overall ~rocess .because of thelack .of necessary data. 

In addition, an availability efficiency, which is also 

called Second Law efficiency in literature, was defined 

and it was reduced to suitable forms for different 

equipment. 

\ ' 
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OZET 

Butezin amac1 kull'an1labilir enerji ilkesinin bir 

petrol rafinerisine uygulan1§>ln1 i.nc,ed.'~ekt:i:~· ... Bu amac:;la 

!p~ petrol rafinerisinin iki farkl1 boltimti incelenmi§>

tiro Birinci DoltimPlant 5 tinitesi olu~ genellikle ay1rrna 

ve lSl aktar1m1 stire9lerini i~erir. !kinci boltim ise 

Plant 6 linitesi olup genelde kimyasal tepkime stire~lerini 

i~erir. Plant 5 hesaplamalar1 i~in gerekli ham veriler 

1PRA~'tan al1nm1§>t1r. Plant 6 kimyasal stire~ler i~erdigin

den ak1mlar1n standart kimyasal kullan1labilir enerjile

rinin bilinm~sine gerek vard1r. Ak1mlar1n bile§>imi tam ola

rak bilinmediginden standart kimyasal kullan1labilir ener

jileri tahmini olarak hesaplanm1§>t1r. Bu nedenle Plant 6 

i~in yap11an kullan1labilir enerji analizi olduk~a yakla

§>lkt1r. 

Kullan1labilir enerji kaY1plar1n1n olu§>tugu yerle

ri gozleyebilmek i~in Plant 5 tinitesinin herbir birimi 

ayr1 ayr1 incelenmi§>tir. Bu tinitedeki onemli kullan1labi

lir enerji kaY1plar1n1n f1r1nlarda, tuz aY1r1c1lar1n1n 

ontindeki lSl degi~tiriciler~e, hava ve su sogutucular1nda 

oldugu tespit edilmi§>tir. Ayr1ca Plant 5 i9in toplam kulla

n1labilir enerji kayb1, kullan1labilir enerji dengesinden 

hesaplanm1§>t1r. Plant 6 i~in yeterli veri olmad1g1ndan sa

dece btittin tiniteyi i~eren yakla§>lk bir kullan1labilir ener

ji hesaplamas1 yap1lm1§>t1r. Ayr1ca, kaynaklarda !kinci 
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Yasa verirnliligi olarak da adlandlrllan kullanllabilir 

enerji verirnliligi Plant Slin aklrn gernaslnda gosterilen 

birirnler i~in uygun bir gekilde tarif edilrni9tir. 
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0- INTRODUCTION 

Most processes involve the exchange of energy, in 

the form of work and heat. It is essential that with the 

rapidly rising energy costs, new prqcesses should be 

developed or the existing processes should be improved to 

increase the efficiency of energy consumption and thus 

decrease the amount of energy consumed. 

The cost of energy depends not only on the quantity 

used but to a very large measure on its quality. Conventional 

energy analysis of a process commonly consists of conducting 

energy balance around the process, an approach based on 

the First Lavl of Thermodynamics. The First Law analys is is 

based on the quantity of energy, not on the quality of 

energy. Different forms of energy have different qualities. 

The quality of an energy stream depends on the work available 

from that stream because different energy sources produce 

different amounts of work. For example; one hundred Joules 

of electricity may be completely converted into work. 

Therefore, electricity is a high quality energy. On the 

other hand 100 kJ"of 101.3 kPa stearn (low pressure stearn) 

ma~ produc~ only about 18 kJ of work. Therefore low 

pressure" stearn is a 10vl quality energy. The" work available 

from an energy source is expressed in terms of a 

thermodynamic property called AVAILABILITY. Availability 

(available energy) is the same as the theoretical maximum 
.. 
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work that may be obtained from an energy source when the 

material in that source is moved bv completely reversible 

processes into equilibrium with surroundings. The efficiency 

of energy utilisation in processes can not and should not 

be evaluated based on the First Law of Thermodvnamics alone 

since energy calculated from First Law is degradable 

Therefore available energy concept, which is based on Second 

Law of Thermodynamics should be applied for energy analysis 

of processes. 

Although the concept of availability was given by 

Gibbs and Maxwell (9) more than one hundred years ago, it 

was only in recent years that it gained general acceptance 

as an appropriate criteria for evaluating the efficiency 

of chemical and physical processes. A number of articles 

available in the literature elaborate on the application 

of available ene!gy concept to various chemical processes 

such as coal gasification (3,10), coal liquefaction (2), 

sulfuric acid production (16), methane reforming (21), etc. 

In general, thermodynamic availability analysis of processes 

is a powerful tool that can pinpoint inefficiencies in 

the processing st~ps, thus measures can be taken to eliminate 
. -

such ineff~ciencies. At least, the traditional energy 

(enthalpy) balances must be supplemented by availability 

balances. 
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In this work, the concept of thermodynamic available 

energy analysis was applied to Plant 5 and Plant 6 of 

!PRA~ Refinery. In Plant 5; enthalpies, entropies, 

avajlabilities for each stream were calculated. Then the 
, 

loss of available energy for each unit was determined. The 

availability loss was then summed over the total system, 

to yield the total plant availability loss. The availability 

efficiency, which shows the efficiency of energy utilisation, 

is calculated for each unit of Plant 5. For Plant 6, on 

the other hand, the availability calculations were carried 

out only for the overall plant and they are preliminary 

in nature. 

In this thesis, Chapter 1 covers the theory of 

thermodynamics of availability analysis, Chapter 2 covers 

introduction of egua~ions necessary for availability 

analysis of Plants 5 and 6 in !p~ Refinery and Chapter 

3 presents results of availability ana:ysis calculations 

for Plants 5 and 6. 
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1. THERHODYNANICS OF AVAILABILITY ANALYSIS FOR STEADY 

FLOW PROCESSES 

A steady flow process is a process in vlhich the 

temperature and mass at any fixed location do not change 

with time, although matter and energy flow steadily into 

and out of the process. Engineering equipment generally 

operate undersuch condftions. Fig. 1.1 represents a steady 

flow process. The mass entering (ml ) at a temperature Tl 

and pressure PI is equal to that leaving (m2 ) at a' 

temperature T2 and nressure P 2 • Energy may enter or leave 

through the walls of the process as heat (Q) or as shaft 

work (Ws ). Energy also enters and leaves as enthalpy (H), 

potential energy (P.E.) and kinetic energy (K.E.). 

Q 

m, 

Figure 1. L A Steady Flow Process 

Energy conservation for a steady flow process can be written 

as: 

Q -w ~ =~ H + ~ (P • E • ) + ~ (K. E • ) 
. ~ . ( 1.1) 

where Ws is the work output of a steady flow process. The 

availabili ty is the max'imurn amount of work which can be 
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extracted from the system when that system is allovled to 

come into equilibrium with the surrounding environment. 

Therefore the conditions must be examined to make shaft 

work a maximum. 

A gas system is selected to define availability 

function and to show the relationship between shaft work 

and availability. Suppose a gas system is in an initial 

state (1) that is not at the same temperature, pressure 

and concentration as its surroundings and it is moved by 

a series of steady flow processes to a state (0) that is 

in equilibrium with the surroundings. If the maximum work 

is to be obtained from this change of state, the processes 

from its initial state to final state must be totally 

reversible. The reversible process must be such that heat 

transfer occurs only when the system is at the temperature 

of the surroundings, mass tra~sfer occurs only after the 

system has reached the concentration of the surroundings 

and all mechanical work effects occur without friction 

and with infinitesimal force imbalance. Therefore, 

processes must be chosen such that they should transfer heat 

only after the system has reached the temperature of the 

surroundings (To) and transfer matter to the surroundings 

only when.the system is at the pressure and concentration 

of the surroundings. 

A possible set of steady flow processes is shown 

in Fig. 1.2. The gas at its initial temperature Tl , and 



· -6-

gos 
in5ulation 

Figure 1.2. Ga~ Ex~anding Through Turbines 

pressure PI flows at constant rate through a perfectly 

insulated frictionless turbine I, where it expands 

reversibly and drives the turbine shaft. No heat enters 

or leaves turbine I The gas cools because it gives Ury 

eDergy to the turbine shaft. The expansion continues until 

the gas temperature falls to the tem~erature of the 

atmosphere, To' at which point it is transferred to a 

second uninsulated turbine II which runs at To' The 

pressure of the gas enterihg turbine II is P2 . The expansion 

in turbine II pr6ceeds isothermally until the pressure 

falls to the oressure of the atmosnhere (P ). Heat must 
~. • 0 

continuously enter ~he second turbine to maintain the 

temperature at T . 
o 

These processes are shown gr~phically in Fig. 1.3. 

Process (1-2) occurs reversibly and adiabatically. 

Therefore it is isentropic. Process (2-0) is isothermal. 

From Eq. (1.1), the shaft work from the above set of 

processes must be: 
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T 

11 1 

2 o 

s 

Figure 1.3. T-S Diagram for Turbines 

Ws (reversible)= ... (AH1_o-Orev + t;dP.E.) 1-+0 tdK.E')l_o) (1.2) 

Ws (reversible)is the total shaft work from turbines I and 

II, and it is the maximum that can be extracted from a 

material flowing from an initial state (1) to atmospheric 

conditions (0). All the heat transfer occurs reversibly 

so that 

O f o Td rev= 1 s ( 1 . 3) 

However, acording to definition, heat is transferred only 

when the gas is at To' Therefore Eq. (1.3) becomes~ 

Qrev::. To t:.S 1-0 (1. 4) 

Then, Eq. (1.2) becomes: 

(1. 5) 

Wh8n kinetic and potential energy effects are insignificant, 

Eq. (1.5) becomes: 

\~ ,max': - (t:.Hl_o-IJQ t:.Sl",""o) (1.6) 

At this point, we define A';=~ ,max ,where Pv stands for 

availability function. Then the availability of a material , 
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at state 1 with respect to surroundings is written as: 

or 

A - lIH -T liS v - 0-1 0 0-1 
1 

(1.7) 

(1.7a) 

Eg. (1.6) can also b~ used to calculate the least amount 

of work needed in a steady flow process. 

If a material moves through a flow process from an 

initial state (1) to a final state (2), that is not the 

atmospheric conditions, availability change is given as: 

lIA· .-(Av·-Av )--(H -H2-T (S -S2))t(H -H1-T (S -Sl)) 
v 1 ~ 2·- . 2 1 -. 0 0 0 0 0 0 

or 

lIA :(H2-H1)-T (S2-S1) 
v l - 2 0 

or in general form 

lIA =lIH-T liS 
v 0 

(1.8) 

(1.9) 

Although Fqs.(1.7)-(1.9) are derived by considering 

a gas flowing through the process given in Fig. 1.2, these 

equations are perfectly general 1I~ depends only on the 

initial and final states and is independent of path. 

Similarly, 6H and liS are the enthalpy and entropy changes 

of a unit mass of matter moving from the initial state to 

the final state and are independent of path. 

Availability is computed with respect to a reference 

state. In this work, for chemically.nonreacting systems, 

availabilities are based on standard atmosphere and Eq. 1.7 

is used directly. When .considering availability changes 

in chemically nonreacting systems, reference state does 

not effect the results. In chemical processes which 
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involve chemical reactions, since species change their 

forms, the' computation of the availability of reactive 

chemicals is based on a reference state or rest state 

defined in terms of " the products of combustion in the 

form of H2 0 (liquid), CO2 (g), etc. each pure, and in their 

normal state of aggregation at 298K and 101.3 kPa(22) . 

In this case, the availability of any pure material at 

298K and lOl.3kPa is the negative of its standard free 

energy of combustion,i.e, its standard free energies of 

formation minus the standard free energies of formation of 

its c'ombustLion products. This quantity is called STANDARD 

CHEHICAL AVAILABILITY and is shown by the symbol P. 
Vo 

A = !Y.Go
f 

- L!Y.G.n. (all combustion products) (1.10) 
v J J o 

Then the availability of any pure reactive material in 

state (1) with respect to the standard reference environment 

is: 

(1.11) 

where A is the standard chemical availability and !Y.A 
Vo vo - l 

is the availability change in moving the pure material from 

standard reference environment to the state (1) and is 

calculated by Eg. (1.7a). If a material is a component of 

a reference state, then Av is zero and its availability 
o ' 

is given by !Y.A only. However, in a process where there 
v

o
_

l 
is no chemical reaction such as a separation process, 

there is no need to use the standard chemical availability 

because Av of a material in state (1) would be the same 
o 
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as Av of the material in state (2) and they would 
o 

cancel out in evaluating availability change of the process 

moving from state (1) to state (2). In that case 

availability is defined according to Eq. (1.7). 
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2- AVAILABILITY ANALYSIS OF PLANT 5 AND PLANT 6 

2.1. Determination of Enthalpy and Entropy of Petroleum 

Fractions and Refinery Gases 

In our analysis, enthalpy and entropy values of 

petroleum fractions must be determined first in order to 

carry out availability calculations for Plant 5 and Plant 

6. For this purpose generalized correlations are used. 

Given the temperature, pressure, Watson characterization 

o factor and the API of the petroleum fractions, enthalpy, 

entropy and thus a~ailability ,can be calculated. The 
, 

enthalpy values were supplied by !PRA~. But since entropy 

values were not available, the same heat capacity correlations 

were used to calculate both enthalpy and entropy, thus 

providing thermodynamic consistency in the calculations. 

2.1.1 Determination of Specific Heat 

2.1.1.1 Specific Heat of the Petroleum Fractions 

In 1933 Watson (26) proposed a correlation for the 

specific heat of petroleum fractions in both the liquid 

and vapor states. For the liquid state, 
. -4-
Cp=-(0.055K~.oi+O.35) «0.6811-0.308SG)+10 (T-460) (8.15-3.06SG)) (2.1) 

where, 

C = Specific heat of liquid petroleum fractions, in Btu/Ibm, 
p 

SG: Specific gravity at GO/60
o

F 



o 
T= Temperature, R 
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Kw=Watson characterization factor (=I'-1ean average boiling 

point, °R)1/3/SG), 

For the vapor state; 

(T+2l0) (0.12~",-0.4l) (2.2) 

6450 

where C
p 

is the specific heat of the vapor petroleum 

fractions, in Btu/lbm. Kw is also called "UOPK" and K w 
values for each petroleum fractions were taken from !PRA$. 

The specific gravity (SG) is calculated from °API: 

SG;: 141.5 ( 2.3) 

l3l.5+ 0 API 

2.1.1.2 Specific Heat of Refinery Gases 

Refinery gases consist of organic and inorganic 

components. Organic components are methane, ethane, propane 

and butane; inorganic components are nitrogen, oxygen, 

hydrogen and hydrogen sulfide. Compositions of the refinery 

gases in Plant 5 and 6 are given in TABLES A.l.2. and 

A.2.2. (see APPENDICES 1 and 2), respectively. The fOIDwing 

heat capacity equations were used for organic and inorganic 

9ases respectively, 

2 ( . ) C
p

: tt+~T+YT organlc gases 

-2 . ) C = a+bT+CT (inorganlc gases 
p 

(2.4) 

(2.5) 
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o 
whereC

p 
is the molar heat capacity in Btu/lbmol F and 

T is temperature in K. Constants of these equations are 

listed in TABLES A.l.3 and A.l.4 (See APPENDIX 1) ~ 

2.1.2 Enthalpy and Entropy of Petroleum rractions 

The enthalpy and entropy changes in Eq. (1.7a) can 

be expressed as functions of temperature and pressure. 

fT l CpdT + IPI (V-T 
av dP bHo _ l ::' (aT) p) 

To Po . 

(2.6) 

fT l 
C 

dt + IPI _ (av) dp ~SO_l= ..-E 
To T Po 

aTp 
(2.7) 

The first terms on the right hand sides of both of these 

equations show the· temperature effects. Thev will be denoted 

here by bHT and bST , respectively: 

bH = ITI Cpdt o-l,T T 
(2.8) 

0 

.rTl C 
bS 1 -

T
P dt 

0- ,T-
To 

(2.9) 

The second terms in Eqs (2.6) and (2.7) give the pressure 

effects. They will be denoted here by bH and bS , P P 

respectively: 

lIH o-l,p 

. , 

(2.10) 
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liS = JPi -(~VT)P dP 0-1, P " 0 

Po 
(2.11) 

If the Liquid phase can be assumed to be pressure independent, 

pressure effect term may be neglected. ,But during this 

study, the pressure effect, although approximately, was 

taken into account. The pressure effect on "liauid enthalpy 

was approximated by: 

V 
llH = (V -T cons) liP 

o-l,p cons es7 T cons 

or 

1 Tav 
(1- T ) liP 

fcons cons 
llH -o-l,p- (2.12) 

where Tav is taken as the mean of the reference state 

temperature and the operating temperature of the stream, 

jcons 
is taken as the densitv of petroleum fractions 

288K and T is taken as 288K. The pressure effect 
cons 

liquid entropy was approximated by: 

II S :. - _8.,;.;...P __ 
o-l,p r" T cons cons 

In both Eqs. (2.12) and (2.13), liP is P -P 1 0 

2.1.3 Enthalpy and Entropy Changes due to Mixing 

at 

on 

(2.13) 

Crude oil is fractionated into various ~~f¥nery 

products in Plant 5. The mixing effect must be considered 

for the separation units such as atmospheric distillation 

column and vacuum tower. Enthalpy of mixing was taken as 

zero because of ideal solution assumption. The entropy 

of mixing in an ideal solution can be calculated by: 
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(2.14) 

2.1.4 Enthalpy and Entropy Changes in the Atmospheric 

Overhead Vapor 

Total enthalpy and entropy changes of the atmospheric 

overhead vapor containing overhead gas,· LSHN an~ steam 

were calculated with respect to the same mixture at the 

environment temperature T and pressure P . In the 
o 0 

calculations, ideal gas assumption was made. The temperature 

effect on the enthalpy is given as: 

where Yi represents mole fraction in the gas phase. Since 

the ·pressure effect and the mixing effect on enthalpy 

change for an ideal gas mixture are each equal to zero, 

total enthalpy char.ge can-be written as: 

tJH 1= 0-

The temperature effect on 

C m m _pi 
tJS o-l/T 

I'Ll f: Yi T 
T- i 

.0 

The pressure effect on the 

PI 
tJS -: -Rln o-l,p 

the entropy change 

dT 

entropy is given 

(2.15) 

is given as: 

(2.16) 

as: 

(2.17) 

If Eqs. (2.16) and (2.17) are combined, . the total entropy 

change can be written as: 
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t:,so_l (2.18) 

2.2 Calculation of Availability of a Stream. 

The availability of a stream at the opeiating 

conditions of Tl and PI (state 1) is calculated by Eq. (1.7a) 

for a chemically nonreacting system and by Eq. (1.11) for 

a chemically reacting system. In addition, availability 

change for a separation system where ideal solution 

assumption is made (t:,H =0) in Eq. (1.9), is obtained as 
sep 

folloYls 
m 

t:,S :: -t:,Smix :: R~x.lnx. 
sep 1 1 1 

(2.19) 

m 
t:,Av :: -RTofx ilnxi 

sep 
(2.20) 

On the other hand, availabilitv change for a mixing process 

is given by: 
m 

t:,Av. _ -t:,Av = RT LX .lnx . 
mlX sep 0 1. 1 1 

(2.20a) 

2.3 Available Energy loss: 

A chemical process, in general, may be simple or 

highly complex. Any chemical process has as its goal the 

conversion of raw materials into useful products. In the 

case of oil refineries, crude oil is fractionated into 

refinery products. In order to achieve the fractionation, 

an amount of work must be supplied to the system. \'Jork 

may be supplied in the form of shaft work or an equivalent 

amount of heat at any temperature. Therefore, some form 

of work is required to perform the transformation from 
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initial to desired final conditions. In any process 

requiring work, there is a minimum amount of work which 

must be supplied to ensure the desired change from inlet 

to outlet conditions. This work is called the ideal work 

requirement. Any real process will require a greater 

amount of work than the ideal work because all actual 

processes are irreversible and any irreversibility results 

in lost work. For a real process lost work can be calculated 

for different pieces of equipment and then surr~ed up to 

determine the total lost work. Processes may be analyzed 

to see what part of the actual work is lost in each 

equipment. Availability analysis is the best way to 

pinpoi~t lost work through. processing steps as pointed 

out in literature (2) 

Available energy loss or the lost work concept is 

described in literature. The destruction of availability 

is due to entropy increase (4). In other words, loss of 

work output or extra input is related to the entropy 

creation (12). Thus loss of available energy is called 

wasted work (6). The loss of available energy for each 

equipment can be calculated by surr~ing up the' availabilities 

of the inlet streams and sources and subtracting the sum 

of the availabilities of the ou.tlet streams: 

t:.~ 
loss 

=LA,T -L~ 
all all 
inlet outlet 
streams streams 
and 
sources 

(2.21) 
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The above equation does not distinguish an outlet stream 

which is used downstream from one which is purged. Therefore 

the following equation should be preferred. 

b.Av = [ ~ 
loss all 

inlet 
streams 
and 
sources 

[ Av 
all usable 
outlet 
streams 

(2.22) 

The total availability loss is the summation of individual 

availability losses of the equipment. 

2.4 Availability Efficiency (nA ) 
v 

Availability efficiency may be defined simply as 

the ratio of the outlet availability to the inlet availability. 

But some of the outlet availability is practically 

unrecoverable and therefore discarded. This definition is 

not appropriate for each of the process units. A more 

general definition could be made as (5): 

ttA = 
v 

[Av + [ b.Av 
utility streams other than 
generated source streams and purge streams (2.23) 

[A-"J' 
utility 
supplied 

- [ b.A\~ 
streams \lhich act as 
availability source 

Utility generated and utility supplied could be heat, 

electricity generated or supplied. Streams other than 

source streams and purge streams differ from equipment to 

equipment. For example in a heat exchanger, cold stream 

represents the stream which is neither source or purge 

stream. Again in a heat exchanger hot stream represents 

the stream which acts as the availability source because 

it transfers some of its available ~nergy to the cold 
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stream 

2.4.1 Heat Exchanger 

~he main purpose of a heat exchanger is to transfer 

availability from one stream to another. The hot stream 

provides the availability needed. Then Eq. (2.23) can be 

written for a heat exchanger (S), 
!::.A v 

cold stream 
TJ A = 

v -!::.Av"' 
hot 

2.4.2 Furnace 
stream 

(2.24) 

None of the streams provides any availability. 

Availability change of a stream is provided by fuel supplied 

to the stitem. Then eq. (2.23) becomes (S)": 
v 
streams 

TJ AV = 
Avsupp 

(2.2S) 

where Av is calculated from fuel supplied. In our 
supp 

analysis, heat supplied to the furnaces was taken from 

!PRA~. Carnot equivalent work, i.e. availability supplied, 

was calculated by: 

A 
v supp 

T 
:. Q

H 
(1- ~) 

TH 
(2.26) 

where Q~ is the heat supplied to the furnace, in kJ/hr, 

TH and To are the furnace and reference temperature, 

respectively. Av is listed for each of the furnace 
supp 

in Plant 5 and Plant G in TABLES A.l.6-and A.2.S (see 

APPENDICES 1 and 2) respectively. 

2.4.3 Pump 

Availability efficiency for a pump is written 



from Eq. (2.23) as; 
l'!A 

v stream 

A 
vsupp 

- 20 ...;. 

where Ap is the '>lork supplied to the system and vsupp -

(2.27) 

calculated by (Assuming electricity is used with 100% 

efficiency) 

V.11 P 
A = ----- (2.28) 

v 
supp nrrecn 

where V is the volume of a stream and I1P is the difference 

between discharge pressure and suction pressure, n h is . , mec 

the mechanical efficiency taken from 1PRA~. Av of 
supp 

each pump for Plant 5 and Plant 6 are listed in TABLES 

A.l.5 and A. 2.5. (see ~.PPENDIcES:: 1 and 2), 

2.4.4 Separator 

Feed Products 

Figure 2.1.A separator 

The process is driven by heat QW entering the 

system at a temperature TH • An amount of heat Qc leaves 

the system at a temperature Tc. If QH were supplied to a 

reversible heat 

work equal to QH 

engine rejecting heat at To' an amount of 
TH_To 

( ) could be obtained. Similarly,an 
TH 
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. Tc_To 
amount of work equal to Qd ( , ) could be obtained from Q • 

. T' c' 
Therefore, the minimum amountCof work which must ensure 

separation is given by: 

T H _ T 0 T:t_ To 
Wrnin = Q ( \ - Q (--=..:-'---

H ,c T: 
TH c 

(2.29) 

Here Wrnin is equivalent to ~ . Then the availability 
SUPT) 

efficiency by Eq. 2.23 can be written for a separator as 

ilA -= 
v 

:A 
v 

all usable 
'f..AV 

outlet - all 
T 

- Q.(l-~) 
c. Tc 

inlet (2.30) 

However, if main part of the heat is supplied to the feed 

of the distillation coluffin in the furnace and if there is 

no'reboiler or condenser in the conventional sense, as in 

our case, then Eq. (2.30) should not be used. 

(5) 
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3- FBSULTS AND DISCUSSION 

3.1 Plant 5 (See Fig. 3.1) 

Almost every unit of the overall process was analysed 

in order to determine the availability of each stream, the 

loss of available energy in each equipment and to ca~culate 

the availability efficiency. The symbols corresponding to 

various units are defined in TABLE 3.1.1 

Ent~alpies, entropies and availabilities of the 

stream entering and leaving the units were calculated by 

using properties of streams given in TABLE A.l.l (see 

APPENDIX 1). Results for each unit are listed in TABLES 

A.3.1-A.3.13 (See APPENDIX 3). In the availability 

calculations, it was observed that the magnitude of 

availability varied most with changes in temperature. It 

varied least with changes in pressure and slightly changed 

with K . vJ 

It was observed that in the distillation column 

(5C-2), in the stripper (5C~3), in the atmospheric overhead 

drum (5C-4) and in the debutanizer overhead drum (5C-6), 

availability of outlet streams decrease because the available 

energy degrades through the process. In the furnaces,5F-l, 

5F-3, 5F-IOI (See TABLE A.3.9) and in the debutanizer 

column, 5C-5, (see TABLE A.3.6) availability of the outlet 

streams increase because heat is supplied to these systems 

(see TABLE A.l.6).Also an increase occurs in the outlet 
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availability of overall plant 5 (see TABLE A.3.13) 

The availability analysis results given in APPENDIX 

3 are summarized in TABLE 3.1.2. In addition, availability 

losses and availability efficiencies of units are presented. 

The loss of available energy is defined by summing up the 

availabilities cif the inlet streams and energy input, and 

then subtructing from it the sum of the availabilities of 

the outlet streams. Crude oil is a mixture and is fractionated 

into certain refinery products in atmospheric and and vacuum 

distillation towers. Therefore, availability change due to 

separation must be calculated for these separation units 

and overall plant 5. The calculation of separation 

availability change for distillation column and overall Plant 

5 is shown in examples presented in APPENDIX 5. 

Availability efficiency expression given by E~. 2.30 

for a separation process could not be applied to the 

atmospheric distillation column because of steam addition 

directly into the column and addition of heat mainly in 

the furnaces. In addition, there is no reboiler and 

condenser in the distillation column and heat is removed 

in the heat exchanger train. Therefore, instead the availability 

ratio was used in this case. It is the ratio of the outlet 

(0) availability to the inlet (I) availability. Availability 

ratio was also calculated for other separation units 

such as stripper (5C-3), atmospheric overhead drum (5C-4) 

debutanizer overhead drum (5C-6), vacuum tower (5C-IOl). 



26 

3 

4 

ex:::::> I 28 

29 41 

50-2 ------, 
50 

27 

25 

23 

67 

62 
73 

< ( 1161 

5F101 

7 166 

116 ~trom 

~~E:f2·10 
5G-8 

5G-20 

11 

52 

heavy diesel 

~63 
c>c> HSRN 

57 

20121 

22 112 '" 
~ L.. 1 _ --- ---.'- .. ---_ -- ._ . ___ . __ .. __ ~ .. _~6 __ 

76 

79 

81 

92 

101 

GA5 

LPG 

LSRN 

LVGO 

HVGO 

HEAVY 
FUEL 
OIL 

LIGHT 
FUEL 
OIL 

Fig.31 Flow Sheet 01 plont5 ... ",,J 
... _- -;>JS-

-- -- - -- - -- --- - - - _ .. - -- _.- .-.- .--~-, .... 



TABLE 3.1.1 UNIT SYMBOLSXANU MEANINGS IN PLANT 5 AND PLANT 6 

~ 
o 
G'")< 

~ o 
c:::; 
Z 
-:::=. 
~ 
=::i 

~ 
::r: 

COLU1NS and DRUMS :rURNACES 

SC-lA, 5C-l Desalters 5F-l 

5C-2 Atm. Distillation Column 5F-3 

SC-3, 6C-A, GC-5 Stri~ner 5F-IOl 

SC-4 Atm. O/H Drum GF-l 

SC-S, 6C-I05 Debutanizer 6F-2 

SC-6, 6C-IOG Debutanizer O/H Drum GF'-Dl 

SC-lOl Vacuum Distillation Colurron 6F-l02 

6C-l, 101, 102, 103, Reactor GF"-103 

6C-3 Drum GF-104 

6C-2, 6C-I04 Separator 

(~t Xs indicates Plant 5; 6 indicates Plant 6 
.. _,:::; 

-'. 
~!-::-

~:-(~ 

HEAT 

E1.'CHl\NGERS AIR COOLERS WATER ccx)LERS 

5E-l 5E-6 5E-IO 

5E-2 5E-7 5E-15 

SE-3 SE--8 5E-I03 

5E-4 5E-ll 6E-2 

5E-IG 5E~]3 6E-4 

SE-I04 SE-IOl 6E-I03 

5E-IOS 5E-I02 6E-IOS 

5E-l06, SE-I07 6E-l02 

6E-l, 6E-3 

6E-I01, 6E-I04 

- 25.-

PUMPS PUMPS 

5G-l 5C-20 

5(',-2 5G-IOl 

SO-3 SG-I02 

5G-4 5G-I04 

5G-5 GG-l 

5G-6 61{-1, 6K-IOl 

5G-7 6G-2, 6G-3 

5G-8 6G-I02 

5G-9 6(',-103 

5<;-:-10 6G-I04 



TABLE 3.l. 2 SilllHARY OJ" AVAILABILI~ ANl\LYSIS or EZ\cII UNIT IN PI...Ar-IT 5 

--5 -5 Z\vailabi1ity 
EA x10-5 

xx::.: 
EA010-5 LAJd-O tJ.A . xlO-5 tJ.Av x10 n~ O/I 

. LA xlO'S '. -~ 
vsep . supp v v , . M.J9-0 

UNIT Inlet Streams Outlet Streams (%) (%) Total Inlet 'lbtal CUtlet . IDss 
''-
%C-2 1647 1481 118.0 97.09 164"7 1599 48.00 
(TABLE A. 3.1) 

SC-2 ancrx 
5P-1 and 5F-3 708.2 1047 118.0 2135 24.33 
(TABLE A. 3. 2) 

5C-101 1204 1063 18.38 89.81 1204 1081 123.0 
(TABLE A. 3.3) 

5C-101 and. 
5F-101xXX 915.6 1063 18.38 658.5 25.17 
(TABLE A.3.4) 

5C-3 227.0 219.8 96.82 227.0 219.8 7.208 
(TABLE A. 3.5) 

SC-4 3.875 2.025 3.875 2.825 1.0S0 
(TABLE A. 3. 8) 

5C-6 4.787 3.775 4.787 3.775 1.012 
(TABLE A.3.7) 

5F-1 409.5 921.3 1297 1706.5 921.3 785.2 
(TABLE A. 3.9) 

5P-3 265.9 617.6 837.3 1103 617.6 485.6 
(TABLE A. 3.9) 

x Avai1abilitv unit used here is kJ/hr 
xx A rombined~ system sho"m in Fig. A.3.2; see APPENDIX 5 for LlAv0eI1 and f',Av values 
xxx A combined -system shOvffi in Fig. A. 3.4; J sen 
xxxxMv1 = r.l'·v '[J\v My + '[,~ 

oss inlet stream Outlet stream sep supp 

- :) (i 
.. ___________________ .... --.._.r_,...";,-.= .. ~_~.","'"_~_"""..,,.=~='"_ .... ""_._ ....... :!:!"O;--.>."""".......::...........::-



TABLE 3.1. 2 CONI'I D 

-5 EA
V

X10- 5 -5 
nAv iV10- 5 ·-5 lli'\rxlO -5xxxx EAvxlO AvsuppxlO EAVX10 

.-

UNIT inlet streams outlet streams (%) total inlet total outlet 1053 

SF-I01 613.6 902.1 658.5 45.33 1272 902.1 369.9 

. SF-l 11. 50 29.27 63.80 27.73 92.134 46.73 46.11 
(TABLE A.3.10) 

SE-2 S.270 11.17 24.71 'I:"-" 33.75 14.94 18.81 

SE-3 29.27 74.23 93.17 140.5 92.26 48.24 

SE-4 11.17 36.02 60.49 78.19 42.55 35~64 

5E-16 36.02 47.82 20.07 94.64 86.37 8.270 
(TABLE A.3.11) 
5E-I04A 143.1 20.31 62.62 287.4 284.8 2.600 

SE-I0SB 203.1 26.22 62.45 39S.4 392.0 3.400 

5E-I06l\ 262.2 29.40 34.84 323.8 320.0 3.800 

5E-I04B 65.23 82.15 28.91 137.4 12S.3 12.10 

5E-105A 02.15 134.9 92.75 253.1 213.0 40.10 

Hot stream provides availabilit~, needed in the heat exchanger 

- 27 -





TABLE 3.l.l CONT'D 

LA,;d0
5 

LV10
5 -5 LJYU05 

__ xxxx 
.c:: t.l\,X1O~ 

Mv suppxl(f I1A-v 
l.J\.xlO 

UNIT Inlet streams Outlet streaIPs (%) Total inlet Total oul:;Let loss 

5C'-r-8 72.82 73.41 1. 757 74.58 73.41 1.170 

50-9 301.1 802.81 4.132 805.2 802.bl 2.390 

5G-10 0.530 1.034 1.492 2.022 1.034 0.9~8 

5C-r-20 24.82 24.91 0.190 25.01 24.91 0.100 

5G-10l 214.3 216.2 5.234 219~5 216.2 3.300 

sr-r-102 332.9 333.9 3.569 20.02 386;.5 383.9 2.600 

sr.:r-104 455.5 456.5 3.391 458.9 456.5 2.400 

- 29 -
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The availability losses of air coolers and water coolers 

calculated are shown in TABLE 3.1.3. In addition, TABLE 

3.1.4 was prepared to compare the availability losses in 

each equipment in Plant S. 

TABLE 3.1.3 AVAILABILITY LOSSES IN AIR P-_ND HATER COOLERS 

Air coolers 

SE-6 

SE-7 

SE-8 

SE-ll 

SE-13 

SE-IOI 

SE-I02 

TOrrAL 

WATER COOLERS 

SE-IO 

SE-IS 

SE-I03A/B 

SE-I03C 

TOTAL 

Loss of Available Energy 

(kJ/hr)xlO- 4 

814.4 

26.12 

SO.87 

7.639 

374.0 

1193 

498.0 

2964 

301. S 

21.4S 

1072 

673.3 

2068 

! 
• t. 



- 31-

TABLE 3.1.4 THE PERCENTAGE OF THE AVAILABILITY LOSS IN 

EACH EQUIP~~NT IN PLANT 5 

UNIT 

5C-2x 

5C-3
x 

5C-4x 

5C-6X 

5C-IOI 

x 5p-l 

5F-3x 

5F-IOl
x 

Heat exchangers 
before ilesal ters 
(TABLE A. 3 .10) 

Heat exchangers 
, after desalters 

(TABLE A. 3 .11) 

Air coolers 
( TABLE 3. 1. 3 ) 

Water coolers 
TABLE 3.1.3 

Pumps 
(TABLE 3.1.2). 

xx 
Other losses 

TOTAL LOSS 

x 
See TABLE 3.1.2 

LOSS OF AVAILABLE 
(kJ/hr)xlO-5 

48.00 

7.200 

1.050 

1.012 

123.0 

785.2 

485.6 

369.9 

157.0 

90.68 

296.4 

206.8 

24.54 

81.62 

2678 

ENERGY % of the total 

availability loss 

1. 79 

0.27 

0.04 

0.04 

4.59: 

29.3, 

18.1 

13.8 

5.86 

3.39 

11.1 

7.72 

0.92 

3.05 

xx 
due to heat losses through pipes and errors in availability 
estimations. 

<, 

-
-< 
.; 
:'1 
'I 

~: 

, ' 
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Overall availability analysis results for Plant 5 

are shown in Fig. 3.2 Using Eg. (2.23) availability 

efficiency for Plant S was calculated as: 

rA ::267.8 x10 

. v = 3.447 X1ctki LA hr 
inlet 
streams 

(se e TABLE A.3.13) 

AAv= 14.70X106 KJ/hr 
'foss 

sep 

(see APPENDIX 5) L Av= 5.524 x10 

6 
Av.= 279.3><10 kJ/hr 

supp 
Furnoces 

( see TABLE Al6) 

outlet 
Streams 

(see TABLE A.3.1 

6 
Av.=,5.262x10 kJ/hr 
. sUPP 
Pumps 
(~ee TABLE A.1. 5) 

3) 

Figure 3.2 Sketch showing results of ov~rall availability 

analysis for PlantS 

A . 
'v - Av + .~~ 
., output input sep 

nA--=--_____ ~ _____ -r ___ ~~ _______________ __ 
V' A 

'v sup 
A 

... vsupp 
(furnaces) (pumps) 

666 
. (S.S24xlO - 3.447xlO)+~4.70xlO 

279.3xl06+S.262xl0 6 

~ = S.90% 

This result shows that plant S is a highly irreversible 

process where large amount of availability is lost. The 

losses are mainly in furnaces, in heat exchangers and in 
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air and water coolers. 

In order to make optimum use of heat exchanged between 

streams, usually a heat availability diagram is constructed. 

In this work also a sample heat availability diagram was 

constructed for Plant 5 (see APPENDIX 6). However, due to 

complexity of the process, a detailed calculation could 

not be made. 
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3.2. Plant 6 

Plant 6 (see Fig. 3.3) was chosen to examine the 

concept of available energy i.n chemically reacting systems. 

There are tvlO sections in this plant. First: ser.tinn is thA 

hydrotreater Its main purposp. is to clean up heavy 

straight run naphta from sulfur compounds. The second 

section is the platformer various reactions such as 

hydrogenation,dehydrocyclization occur to increase octane 

number (ON) in this section. 

The availabilit7 calculation was made only for the 

overall process because the data needed could be taken from 

!PRA~. From given temperature, ·pressure, \"Ta tson K and API 

gravity of streams, A . can be calculated from Eg. (1.7a) 
. vo- l 

But composition of each stream must be knOvm for the 

calculation of standard chemical availabilities. Composition 

of gas streams were taken from !PRAS and are listed 

in TABLE A.2.2 (See APPENDIX 2). Corapositions of liquid 

streams, HSRN, platformate had to be estimated and 

structures had to be approximated, as shm-m in TABLE PH 2.3 

(See APPENDIX 2). Standart chemical availabilities of 

certain components could not be found in literature (22). 

Therefore they were calcula~ed from standard Gibbs free 

energy data obtained from API Research Project 44 (1) by 

using Eq. (1.10). Avo for all components are listed in 

TABLE A.Z.4 (See APPENDIX 2) . 

,,' .. ;" 
n 
t: 



TABLE 3.2.1 AVAILABILITY CALCULATIONS :POR OVERALL l?LAN'l' G 

--5 Av x1i)5 . ·-5 fl A ;;dO t Flew Av fl AV k t:.Av: ~tl0 vcorr A.v =Av .... !Y Av. + t:.Av, 
(kg/hr) (k~/kg) (k~7~g) (k3-/hr) (kJh 

o 5 0-1 c Stream Stream (kJ/hr) kJ/hrxlQ-
Number Name (Eq.1.1i) ~.1. 7a) (Eq.2.20a) 
'. 
1 HSRN 30224 45694 4.8722 13811 1. 4726 -5.6112 13807 

INPUT TO'l'AL 30224 13807 STREAMS 

19 Net <Jas out 29 6 47964 48.287 141. 97 0.1429 142.11 

2·9 Net gas out 1112 48849 82.189 543.20 0.9139 544.11 

,25 ('as to Ker. 1320 55677 456.94 734.94 6.0317 740.97 
Desulf. U1i.t 

30 LPG 5941 47668 2.3475 2832.0 0.1395 ·-4.4519 2827.7 

34 Platforroate 21555 43537 2.2731 9384.4 0.4900 -5.6798 9379.2 

OUTPUT TOTAL 30224 13635 
S 'PRE M1S 

x Calculation of flAv was shown in APPENDIX 4; here fl~v is similar to flAv _ 
corr corr mlX 

. - 35 -
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Availability calculation results for streams of overall 

Plant 6 are given in TABLE 3.2.1 Availability calculations 

of gas streams are shown in TABLES A.4.1, A.4.2, A.4.3 

(See APPENDIX 4). Sam~le availability calcul~tions for 

HSRN and LPG are also shm-ln in APPENDIX 4. Availability 

supplied in furnaces and through pumps is shown in TABLE 

A.2.S. Since availability calculation were approximate in 

nature in Plant 6, no further calcula~ions were made. 



--
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4. CONCLUSION AND REC01-1.\1ENDATIONS 

The petroleum refineries are large consumers of 

energy. Thus, energy conserving and recovering techniques 

must be employed because of the rising energy cost. In 

this work detailed thermodynamic availability analysis 

was carried out for PLANT 5 to investigate what improvements 

could be made to increase the availability efficiency and 

to decrease loss of availability. 

The primary users of energy in a petroleum refinery 

6 are furnaces. In plant 5, 279.25xlO kJ/hr (see TABLE A.l.6, 

APPENDIX 1) of available energy is supplied by fuel and 

l64.04xl0 6 of kJ/hr (see furnace losses in TABLE 3.1.2) 

of it is loit through doors, cracks and with h6t flue 

gases through furnaces. Thus great amount of available 

energy is lost by hot flue gases. In order to conserve 

energy, hot flue gases could be used to preheat the air 

corning into furnaces, to produce stearn and hot water in 

various parts of the refinery. The heat losses in the 

furnaces also depend upon the conditions of the furnace 

linings and insulation. The design conditions could be 

changed to increase the efficiency of furnaces (17). 

Heat input to a distillation column is required 

for the separation process and also for heating of the 

feed before entering the column. Increasing the number of 

trays in the column could reduce heat input into the 

column. However, this would necessitate an analysis, 
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regarding the cost of. energy saved to the additional cost 

of new trays (17). An additional source of irreversibilitv 

which causes loss of available energy is due to the mixing 

of streams with nonequilibrium compositions and temperatures. 

Other modifications that could be done on a distillation 

column to reduce irreversibilities and heat input, thus 

decrease available energy consumption are lowering of 

external reflux ratio (6). 

As seen in Plant 5 layout, air and water coolers are 

used to reduce temperatures of streams. Thus a large 

amount of availability is dissipated. The use of air and 

water coolers involve both an' initial capital investment 

and a continuous operating cost. But the use of heat 

exchangers to provide neat integration requires only 

initial capital investment because one stream is heated 

andanotner stream is cooled without using any additional 

·cool~ng air or water as in air and water coolers. 

Crude enters to the system at atmospheric 

temperature and pressure. It is heated in crude prehea.t 
.-

exchanger train and furnaces. In Plant 5, 5.....66% of total 

availability loss is in neat exchangers before de_salters 

and 3.~9% of total availability loss is in the heat 

exchanger train after desalters' (see TABLE 3.1.4). The 

configuration of heat exchangers is important for the 

maximum availability that can be transferred to the 

. crude oil. The design of heat exchanger system and 

.· 
· 
· · .. , 

: .. 
.. 

. i 
r 
I 
! 
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determination of the optimum amount of heat exchange surface 

is a complex problem. There is also unlimited number of 

possible configurations to choose from and only a few of 

these can be evaluated by hand (13). For this purpose, 

a detailed heat availability diagram analysis (13) should 

be carried out. In addition, a heat exchange network 

simulator program could be used to evaluate various cases 

(15). As a result, heat integration in Plant 5, could save 

considerable amount of available energy. 

In addition to process modifications suggested, 

-calculation of enthalpy and entropy changes, especially, 

for pressure effect should be improved by using proper 

equations of state for gases and liquids. However, use 

of an equation of state requires computer use for the 

calculations of enthalpy and entropy changes and thus 

availabilitv. 
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APPENDIX 1 

RA~v DATA FOR PLANT 5 



TABLE A-1.1. PA1'i DATA OF EACH STREAM IN PLANT 5 (Fig. 3.1) 

)t 

1 St~eam Number 2 1 4 5 () 7 

Stream Name Crude oil Crude oil Crude oil Crude oil Crude oil Crude oil Cfude:.odiil 

F'lowrate (kq/hr) 631458 631458 199017 432441 432441 432441 199107 

Density (gr/cI!l3) 0.8460 n.846(J 0.8460 0.8460 0.846b 0.8460 0.8460-

HoI Wt 210 210 210 210 210 210 210 

K 11.85 
w 11.85 11. 85 11.85 11.85 11.85 11.85 

°API 35 .. 5 35_5 35.5 35.5 35_5 35.5 35.5 

SG 0,8473 0.8473 0.8473 0.8473 0.8473 0.8473 0.8473 

Phase Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Temp (K) 303 303 303 303 335 367 329 

Press (kPa) 209 2308 2308 2.308 2308 2308 230B 

x These numbers corresnond to stream numbers in Fig. 3 .. 1 
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TABLE A.l.l cnNT'D 

Stream Nl..lmber '8 9 10 11 12 13 1'4 

Stream N~me Crude oil Crude oiL Crude oil Crude oil Crude oil Crude oil Grud~ oil 

Flo~" rate (kg/h r) 199017 199017 631453 63145A 21048;:; 420972 210486 

Density 
3 

(gr/Clll ) O. 8460 o. 846 () 0.8460 O. 846 0 O. 8460 0.8-160 0.8460 

r-101 Nt 210 210 210 210 210 2111 210 

K- , 
~'l 11.85 11. 85 11.85 11.H5 11. 85 11.ti5 11.85 

°.n.PI 35.5 35.5 35.5 35.5 35.5 35.5 35.5 

sr; 0.8473 0.8473 0.8473 0.8473 0.8473 0.0473 0.H473 

PhBse Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Temp (K) 369 382 401 401 398 403 411 

Prp.ss (kPa) 2308 2303 2308 363 363 363 363 
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TAI3LE A .1.1 CONT' D 

Stream Number 15 16 17 18 19 20 21 

Stream Name Crude oil Crude oil Crude oil Crude oil Crude oil Crude oil Crude oil 

Flow rate' (kg/hr) 420972 210486 420972 210486 420972 210486 420972 

. 3 
Density (gr/cm ) 0.8460 0.8460 0.8460 0.8460 0.8460 0.8460 0.8460 

Hol \1t 210 210 210 210 210 210 210 

K-w 11. 85 11.85 11. 85 11.85 11.85 11.85 11. 85 

°APT 35.5 35.5 35.5 35.5 35.5 35.5 35.5 

sr; ~.8473 0.8473 0.8473 0.8473 0'.8473 0.8473 0.8473 

Phase Liquid Liquid Liquid Liquid Lirruid Liquid Li'1Uid 

Tern],) '(K) 424 444 442 461 451 491 486 

Press (kPa) 363 363 363 363 363 3G3 363 

- 1\ 8 --
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TABLE A.l.l CONT'D 

Stream Number 22 23 24 25 26 27 28 
, , 

OIH gas 
Stream Name Crude oil Crude oil Crude oil Crude oil Crude oil Crude oil Steam 

LSRN 

1603 
Flow rate (kg/hr) 631458 382863 248595 382863 248595 631458 3138 

167893 

Density 
3 

(gr/cm ) 0.8460 0.84GO 0.8460 0.8460 0.8460 0.3460 

Mol Wt 210 210 210 210 210 210 

l\, 11.85 11.85 11.85 11.85 11. 85 11.85 

°API 35.5 35.5 35.5 35.5 35.5 35.5 

sr: 0.8473 0.8473 0.8473 0.8473 0.8473 0.8473 

Phase Liquid Liquid Liquid Licruid Liquid Liquid Cas 

Temp(K) 489 489 489 590 595 592 374 

Press (kPa) 363 363 363 363 363 363 322 
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TABLE A.l.l CONT'D 

Stream Number 29 30 31 32 33 34 35 

OIH gas OIH 
Stream Name Steam Steam OIH gas Unstabilized LSRN Sour \'later Unstabilized LSRN LSRN 

LSRN LSRN 

Vlow rate (kg/hr) 172634 172634 1603 167893 3138 56518 111375 

Density 
3 

(gr/,cm ) 0.6578 1 0.6578 0.6578 

r~ol Wt 21. 84 78 18 78 78 

KVJ 
12.68 12.68 12.6.8 

°API 83.4 83.4 83.4 

SG 0.6584 0.6584 0.6584 

Phase gas-liquid gas-liquid gas Liquid LiC']uid Liquid Liquid 

Temp (K) 320 312 312 312 312 312 312 

Press (kPa) 322 322 212 212 212 212 212 

- 50 -

~~ ... _~_.,,-~ --. __ ~.""1~. - ~ ;I_F" .~. __ ~_;:; ""I-~7:·:l:t:'?"~··::J- . 



TABLE A.1.1 CONT'D 

Stream Number 36 37 38 39 40 41 42 

Stream Name Unstabi1ized LSRN LSRN HSRN lISEN HSRN HSRN Kerosine 

:r.'low rate (kg/hr) 56518 111375 215960 54336 161624 161624 179306 

Density 3 (gr/cm ) 0.6578 0.6578 r1.7363 0.7363 0.7363 0.7363 0.7792 

1101 \-vt 78 78 114 114 114 114 149 

K 12.63 12.68 12.11 12.11 12.11 12.11 ' 12.01 
w 

°API 83.4 33.4 60.5 60.5 60.5 60.5 49.9 

SC; 0.6584 0.6584 0.7370 0.7370 0.7370 0.7370 0.7800 

'Phase Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Temp (K), 312 312 422 422 422 353 480 

Press (kPa) 1167 212 329 329 322 322 342 

~.-. 
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TABLE A.l.l CONT'D 

Stream Number. 43 44 45 46 47 48 49 

Stream Name Kerosine Kerosine Kerosine Light Diesel Light Diesel Light Diesel Light DieseJ 

~low rate (kg/hr) 71553 107753 107753 152387. 68637 83750 83750 

Density 
3 

(gr/cm ) 0.7792 0.7792 0.7792 0.8248 0.8248 0.8248 0.8248 

HoI Wt 149 149 149 216 216 216 216 

Kw 12.01 12.01 12.01 11. 90 11. 90 11. 90 11.90 

°API 49.9 49.9 49.9 39.9 39.9 3~.9 39.9 

SG 0.7800 0.7800 0.7800 0.8256 0.8256 0.8256 o • 8256. 

Phase Lirruid Liquid Liquid Liquid Liquid Liquid Liquid 

Temp (K) 480 480 368 540 540 540 422 

Press (kPa) , 342 335 335 349 349 618 . 342 

.------
~.- .-.-----.-. 

~ --------
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TABLE A.l.l CONT'D 

Stream N1..1ITber 50 51 52 53 54 55 56 

Stream Nane Hea"" Diesel Heavy Diesel Hea"" Diesel Feduced Crude Reduced Crude - Reduced Crude Reduced Crude 

Flovl rate (kg/hr) 11919 11919 11919 367751 367751 287365 80386 

Density (gr/cm
3) 0.8420 0.8420 0.8420 0.9288 0.9288 0.9288 0.9286 

1-bl .~'Jt 257 257 257 393 393 393 570 

y .. 
w 12.03 12.03 12.03 11.65 11.65 11.65 11.65 

°APr 36.4 36.4 36.4 20.7 20.7 20.7 20.7 

SG 0.3428 0.8428 0.8428 0.9297 0.9297 0.9297 0.9297 

Phase Liquid J.Jiquid Liquid Liquid Liquid Liquid Liquid 

Tenp (K) 567 567 316 585 582 582 582 

Press (kPa) 356 356 961 363 1171 01171 1171 
" 
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T2\13LE A.l.l caNT I D 

Stream Nurrber 57 58 59 60 61 62 63 

HC vanors 
Stream Narre Reduced Crude Steam HSRN HSRN HSRN HSRN' HSRN 

859 
FlOi>l rate (kg/hr) 287365 738 54336 54336 54336 54336 54336 

Density (gr/cm3) 0.9288 0.7363 0.7363 1).7363 0.7363 0.7363 

95 
Mol ~'lt 393 18 114 114 114 114 114 

11.90 
K 

w 
11.65 12.11 12.11 12.11 12.11 12.11 

°API 
51.90 

20.7 60.5 60.5 60.5 60.5 60.5 

0.7715 
SG 0.9297 0.7370 0.7370 0.7370 0.7370 0.7370 

Phase Liquid ~as Liquid' Liquid Liquid Liquid Liquid 

Terrp (K) 646 436 486 486 423 339 318 

Press (kPa) 1171 336 335.5 861 861 861 618 
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TABLE A.1.1 CONT'D 

Stream Number 64 65 66 67 68 69 70 

Stream Name Kerosine Kerosine Kerosine I~erosine Kerosine Light Diesel Light Diesel 

P1m" ra.te (kg/hr) 70695 70695 70695 70695 70695 68637 68637 

Densitv 3 (gr/cm ) 0.7792 0.7792 0.7792 0.7792 0.7792 0.8248 0.8248 

Mol lVt 149 149 149 149 149 216 216 

KW 12.01 12.01 12.01 12.01 12.01 11.90 11. 90 

°API 49.9 49.9 49.9 49.9 49.9 39.9 39.9 

S~ 0.7800 0.7800 0.7800 0.7800 0.7800 0.8256 0.0256 

Phase Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Temp ( K) 472 472 358 358 318 486 486 

Press (kPa) 342 832 832 832 618 349 1454 

- 55 -



TABLE A.l.l CONT'D 

Stream Number 71 72 73 74 75 76 77 
O/I-! gas 00H~'gas 

Stream Name Light Diesel Light Diesel Light Diesel Light Diesel Unstabilized LSRN LPG LPG'; 

?low rate (kg/hr) 68637 68637 68637 68637 56518 5142 5142 

Densitv 3 
(gr/cm ) 0.8248 0.8242 0.8242 0.8242 0.6578 

Mol Wt 216 216 216 216 78 . 45.66 45.66 

Kvi 11.90 11.90 11. 90 11. 90 12.68 

°API 39.90 39.90 39.90 39.90 83.4 

SG 0.8256 0.8256 0.8256 0.8256 0.6584 

Phase Liquid liquid Liquid Liquid liquid Gas Gas 

Temp (K) 465 ' 432 316 389 335 320 

Press (kPa) 1454 1454 1454 618 832 749 749 , 
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TABLE A.l.l CONT'D 

Stream Number 78 79 80 81 82 83 84 

Stream Name LP~ OlE gas LSRN LSRN SloT) oil LVGO LVGO 

:rIm." rate ( k0/hr) 4434 657 51376 51376 8040 236263 236263 

Density 3 (gr/cm ) 0.6578 0.6578 0.8390 0.8390 

~~ol ~vt 47.692 35.3876 78 78 135 250 250 

1\., 12.68 12.68 11. 90 12.07 12.07 

°API 83.4 83.4 51.1 37.0 37.0 

SG .,. 0.6584 Q.6584 0.7749 0.8398 0.8398 

Phase gas gas Li(mid Li0uid gas Liquid Liquid 

Temp ( K) 320 320 427 310 400 472 472 

Press (kPa) 517 517 749 618 14.6 41. 3 1003 
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TABLE A.1.1 CONT'D 

Stream Number 85 86 87 88 89 90 91 

Stream Name LVGO LVGO LVGO LVCO Lv(~O LVGO LV('O 

Flow rate ( kg/hr) 78754 157509 78254 157509 236263 236263 171406 

Density 3 (gr/cm ) 0.8390 0.8390 0.8390 0.8390 0.8390 0.8390 0.8390 

Mol Wt 250 250 250 250 250 250 250 

Kw 12.07 12.07 12.07 12.07 12.07 12.07 12.07 

°API 37.0 37.0 37.0 37.0 37.0 37.0 37.0 

Sf; 0.8398 0.8398 0.8398 0.8398 0.8398 0.8398 0.8398 

Phase . Licruid Llrruid Lirruid Lirruid Licruid Lirruid Liquid 

Temp ( K) 472 472 431 427 '428 348 348 

Press (kPa) 1003 1003 1003 1003 1003 618 517 
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TABLE A.l.l CONT'D 

Stream Number 92 93 94 95 96 97 98 

Stream Name LVr.O HVr.O HVr,O HVr.O HVr,O HVGO HVC;O 

Flow rate (kg/hr) 64858 190682 190682 129440 30621 30621 30621 

Dens i t- T 
3 (gr/crn ) 0.8390 0.3975 0.8975 0.8975 o . 8975 0.8975 0.8975 

Mol Ht 250 340 340 340 340 340 340 

K' W 12.07 11. 78 11. 78 11.78 11.78 11. 78 11.78 

°AP! 37.0 26.0 26.0 26.0 26.0 26.0 26.0 

Sr, 0.8398 0.8984 0.8984 0.8984 o • 8984 0.8984 o • 8984 

Phase Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Temp (K) 348 569 569 569 569 569 473 

Press (kI'a) 618 87.5 992 992 992 992 992 
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TABLE A.l.l CONT'D 

Stream Number 99 100 101 102 103 104 105 

Stream Name HVGO HVGO IIVGO Heavy Fuel oil 'Heavy Fuel oil Heavy Fuel oil Heavy Fuel oil 

Flow rate (kg/hr) 30621 61242 61242 174622 174622 87311 87311 

Densit~! 
3 

(gr/cm ) 0.8975 0.8975 0.8975 0.9871 0.9871 0.9871 0.9871 

HoI Wt 340 340 340 630 630 630 630 

K" 11.78" 11.78 11. 78 11.13 11.13 11.13 11.13 
~N 

°API 26.0 26.0 26.0 11. 7 11. 7 11. 7 11. 7 

" SG o . 8984 0.8984 0.8984 0.9881 0.9881 0.9881 0.9881 

Phase Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Temp (K) 473 473 341 626 626 626 626 

Press (kPa) 992 992 618 69 1418 1418 1418 
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TABLE A.l.ICONT' D 

Stream Number 106 107 108 109 110 111 112 

Stream Name Heavy Fuel oil Heavy Fuel oil Heavy Fuel oil Heavy Fuel oil Heavy FUel oil Heavy Fuel oil Heavy Fuel oi: 

Flow rate (kg/hr) 87311 87311 174622 21396 153226 153226 153226 

Density 3 (gr/cm ) 0.9871 0.9871 0.9871 o. !JA71 0.9871 0.9871 0.9871 

Hol Nt 630 630 630 630 630 630 630 

K\.] 11.13 11.13 11.13 11.13 11.13 11.13 11.13 
) 

11. 7 API 11. 7 11. 7 11. 7 11. 7 11. 7 11. 7 

Sr- 0.9881 0.9881 0.9881 0.9881 0.9881 0.9881 0.9881 

Phase Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

Temn (K) 558 484 521 521 521 479 371 
, ,. 

Press (kPa) 1418 1418 1418 1418 1418 1418 618 
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TABLE A.1.1 CONT'D 

Stream Number 113 114 115 116 

Stream Name Light Fuel oil Light Fuel oil Steam Steam 

?low rate (kg/hr) 80386 80386 2400 738 

Densitv 
3 

(gr/cm ) 0.9286 0.9286 

~ol Wt 570 570 .18 18 

KT 11.65 11. 65 
w 

°APT 20.7 20.7 

SG 0.9297 0.9297 

Phase Liquid Liquid gas gas 

Temn (K) 486 365 781 781 

Press (kPa) 1171 686 398 398 
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TABLE A::L. 2 COMPOSITIONS OF REFINERY GASES IN PLANT 5 

STREAM 

31 78 79 

Component mol % mol % mol % 

H2S 1.3 3.8 

H2 14 

N2 16 4.9 

CO2 0.4 

CO 30.2 

'0 
2 2.4 

C
1 40 1.5 5.6 

~2 18 9.1 12.7 

C3 12 48.7 31.6 

C4 39.4 8·.4 



., 
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TABLE A.l.3 CONSTANTS OF MOLAR HEAT CAPACITIES OF INORGANIC 

GASES; Cp=a+bT+CT -2 

CP(22):BtU/(lbmol) (oF) ° or cal/( gmol) ( C); T:K -

Component a bxl0
3 cxl0-5 

H2O 7.30 2.46 0.00 

H2S 7.81 2.96 -0.46 

H2 6.52 0.78 0.12 

N2 6.83 0.90 -0.12 

0 7.16 1.00 -0.40 
2 

CO 6.79 0.98 -2.06 

TABLE A.l.4 CONSTANTS OF MOLAR HEAT CAPACITIES OF ORGANIC 

2 
GASES; CP=a+ST+yT 

Cp(22):Btu/(lbmol) (oF) or cal/(gmol) (OC); T:K 

sxl0
3 6 

Component a yxl0 

CH4 
3.381 18.044 -4.300 

C2H6 
2.247 38.201 -11.049 

C3H9 2.410 57.195 -17.533 

C4H10 
3.844 73.350 -22.655 

C5H12 4.895 90.113 -28.039 

C6H14 6.011 106.746 -33.363 

CaH18 
8.163 140.217 -44.217 

C6H12 -7.701 125.675 -41.584 

C7Ha 0.576 93.493 -31.227 



TABLE A. 1. 5 AVAILABILITY SUP:::'L TED TO THE Pur-1PS IN PLJ\NT 5 

\'J =v. I\P nnechxx Av (lc-,J /hr.} IrJ =v. f:..P ''rrechxx A 

3 s supp 
V (r.t3/hr) 

~.~ v supp (kJ /hr) 
x -(kJ/hr) (% ) (Eq.2.28) llP(kPa)x (kJ/hr) (%) CEq. 2.28) Pumps V(m /hr) I.!.T} (k!?a) PUITI}")s 

5c:-1 74S.70 220n.) 16411)% 0.7 234570') 5-G-·1O f15.f1S 954.9 82042 0.55 149167 

5('-·2 169.17 915.7 155082 0.62 250132 5G·-20 14.14 8S9.9 U170 0.64 19016 

--
5(;-3 219.32 553.27 121431 8.73 166344 SG'-101 281.35 029.5 261700 O.SO 523400 

Sr:-4 138.16 343.8 47534 0.50 9S068 5(;'-102 212.26 373.6 185580 0.:'2 356H65 

5r:-5 101.45 233.9 27245 0.74 36318 5G:...I04 176.74 1303.(; 230567 0.68 339069 

5r ... ··6 73.71 498.1 36756 0.47 78204 SG -lflG 81.76 447:) 36645 0.70 52350 

5r.,.··7 90.64 623.2 56986 0.65 37671 5G ·107 23.U5 1963.7 36997 0.70 52853 

5\.'.-8 83.14 1013.5 84328 0.48 175683 5ic-; -Fl[3' 272.55 310.05 84556 0.70 120009 

5C',-9 395.60 803.6 3181G1 0.77 413106 'l'OI'AL 5262374 

x llP is the dif~erence between discharge pressure and suction ::>reSE:ure 

xx Supplied b, IPPA$ 
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TABLE A.l.6 AVAILABILITY SUPPLIED TO THE FBRNACES IN PLANT S 

Av 
(kJ/hr) supp 

Furnace Q
R 

(kJ/hr) T (K) ~Eq. 2.26) 
H 

SF-l 183.87xl06 1011 129.67xlO 6 

SF-3 119.48xl06 996 83.73xlO 6 

SF-IOI 93.69xlO6 1003 6S.8Sxl0 6 

TOTAL 397.04xl06 279.2SxlO 6 
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APPENDIX 2 

RAv.] DATA FOR PLANT 6 



TABLE A.2.1 RAW DATA POR OVERALL ~LANT 6 (Fig. 3.3) 

IN OUT 

Stream No 1 19 29 30 34 25 
~as to kerosine 

Stream Name IlSRN Net gas out Net gas out LPG Platformat-e Desulfirization Unit 

"B'lows (kg/hr) 30224 296 1112 5941 21555 1320 

Density 
3 (gr/cm ) 0.7572 0.5302 0.7677 

HoI ~'lt 126.39 23.82 32.23 48.787 99.14 12.56 

Temp (K) 311 311 311 311 311 336 

Press (kPa) 3408 1135 1824 1824 1479 42.35 

~. 12.01 14.41 11.48 

°API 54.9 134.5 52.3 

SG 0.7591 0.5319 0.7698 
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TABLE A.2.2 COMPOSITIONS OF REFINERY GASES IN PLANT 6 

Net gas out Net gas out Gas to Desulf. Unit 
Component ( Stream 19) (Stream 29) (Stream 25) 

mole % mole % mole % 

H2 O 0.02 0.01 

H
2

S 4.40 

H2 33.76 13.7 64.12 

CH
4 24.36 17.22 15.27 

C2H6 14.25 25.29 9.00 

C3HS 11.16 27.16 6.73 

i-C4H10 3.54 9.57 2.09 

n-C4H10 3.16 6.S7 1. 53 

, i-C
5

H
12 1. 35 0.12 0.46 

n-:C 5H12 0.71 0.05 0.23 

n-C 6H14 0.2S 

n.-C
S

H
1S 1.10 

C6H12 1.10 

(NAPHTENE) 

C7HS 1.11 0.2S 
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TABLE A.2.3 COMPOSITION OF LIQUID PHASES IN PLANT 6 

CorilPonent 

H
2

0 

H2S 

H2 

Cl 

C
2 

C
3 

i··C 4 

n,·C
4 

i .. C
S 

. n· Cs 
C

7
H

16 

m-Xylene 

C p 
9.1 20 

C
9

H
18 

C9H12 

HSRN 
mole % (x) 

SO.23 

39.46 

10.31 

LPG 
mole % (xx) 

0.01 

0.04 

0.29 

1.82 

12.76 

34.81 

24.76 

24.27 

0.81 

0.43 

Platformate 
mole % (x) 

1.00 

8.96 

6.08 

21.27 

62.69 

..,. 

x mole % I s of both HSRN and Platformate tHere estimated. 

xx moJe % of LPG was supplied by iPRAS 
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TABLE A.2.4 STANDA~D CHEMICAL AVAILABILITIES OF 

COMPONENTS IN PLANT 6 (23) 

Component 

H20 (Liquid) 

H2S (gas) 

H2 (gas) 

Cl (gas) 

C2 (gas) 

C
3 

(gas) 

i-C4 (gas) 

n-C4 (gas) 

i-~5 (gas) 

n-c 5 (gas) 

i-C5 (liquid) 

n-C5 (liquid) 

C7H
16 

(liquid) 

C9H
IO 

(liquid) 

C
9

H20 (liquid)x 

C
9

H
18 

(liquid)x 

C9H12 (liquid)x 

Name 

Nater 

Hydrogene Sulfide 

Hydrogene 

Methane 

Ethane 

Propane 

Isobutane 

n-Butane 

2-f-1ethyl Butane 

n-Pentane 

2-Hethyl Butane 

n-Pentane 

n-Heptane 

m-Xylene 

n-Nonane 

n-Butyl Cyclo Hexane 

1,3,5 Trimethyl Benzene 

}~v (kJ/ka-mol) o ~ 

o 

504540 

237190 

1467452 

2108440 

2745495 

2747797 

3380417 

3386860 

3380041 

3385814 

4G599G7 

4448675 

5946093 

-5740534 

5076483 

x Calculated from standard Gibbs free energy data obtained 

from API Project 44 (1) 



- 72 -

TABLE A.2.5 AVAILABILITY SUPPLIED TO THE FURNACES AND PUHPS 

IN PLANT 6 

A A 
v (kJ/hr) v (kJ /hr) 

supp supp 
Furnaces (Eq. 2.26 ) Pumps (Er:r • 2.26) 

. 6 6G-1 169681 
6F-1 4.431x10 6G-2 118889 

6F-2 3.882x10 6 6G-3 3901 

6F-101 
6 6G-102 171787 

15.435x10 

4.241x10 6 
6C-103 99530 

6F-102 6G-104 18878 

6F-103 0.622x10 6 6K-1 38581 

6F-104 
6 6K-101 2090826 

4.431x10 

TOTAL 33.042x106 TOTAL 2712073 
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APPENDIX 3 

AVAILABILITY ANALYSIS FOR INDIVIDUAL 

UNITS IN PLANT 5 
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Figure A.3.l Distillation column 
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TABLE A. 3.1 AVAILABILITY ANALYSIS FOR ATl"OSPHERIC DISTILLATION COLm-m (See Fig. A.3.1) 

llHT(kJ/kg) II Hp (kLT /l~g) AH(kJ/kg) llSrp(kJ/kgK) -ilSp(kJ/kgK) liS (kJ/kgK) Av(kJ/hr) 
"-

Stream Number (Eq.2.0) (Eq. 2 .12) ~.2.6) (Eq. 2.9) (Eq. 2 . 13-) (Eq. 2 . "l) (Eq.1.7a) 

27 751. 770 -0.1676 751.6023 1.7060 0.0011 1. 7049 153786607 

49 277.6Q -0.0723 277.5277 0.7729 0.0010 0.7719 3978251 

37 32.48 -0.0095 32.4705 0.1063 0.0006 0.1057 108245 

58 1484.56 0 1484.56 3.7140 0.3120 3.402 751810 

45 154.46 -0.0463 154.4137 0.4630 0.0010 0.4620 1803537 

41 123.69 -0.0383 123.6517 0.3797 0.0010 0.3787 1745394 

115 3394.11 0 3394.11 7.8437 7.8437 2536050 

TOTAL INPUT 164709S94 

28 152.0466 0 152.0466 0.4529 0.1337 0.3192 9,8271'90 

38 297.38 -0.0764' 297.8036 0.8294 0.0011 0.8283 11007524 

42 446.97 -0.1078 446.8622 1.1543 0.0011 1. 1532 1850S921 

46 603.79 -0.1360 603.654 1.4515 0.0010 1.4505 26119894 

50 682.45 -0.1509 682.2991 1.5918 0.0010 1.5908 2482021 

53 682.36 -0.1495 682.2105 1. S591 0.0010 1.5581 80131729 

TOTAL OUT:!:UT 148074279 

-- 7 r; -
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Fig. A.3.2 Combination of atmospheric distillation column 

and furnaces used to heat the feed. 



TABLE A. 3.2 AVAILABILI'l'Y AN1\LYSIS FOR TEE. COHBINATION OF A'l'HOSPHERIC DISTILLATIOi.-J COLUNN AND 
FURNACES USED TO HEAT THE FEED (See Fig. A.3.2) 

~HT (RJ/kg) IIHp (kJ /kg) .lIH(kJ/kg) llSm (kJ/kqK) --l'IS p(kJ /kgK) l'IS(kJ/kgK) Av(kJ/hr) 
-'-

Stream Number (Eq.2.8) (Eq.2.12) (Eq.2.6) (Eq. 2 . 9) (Eq.2.13) (Eq.2.7) (Eq.1.7a) 

22 ·447.3525 -0.1126 447.2399 1.1430 0.00107 1.14193 67531124 

58 1484.56 0 1484.56 3.7140 0.3120 3.402 151810 

115 3394.11 0 3394.11 7.8437 0 7.8437 2536050 

. TOTAL INPUT 70818984 

31 14.8769 0 14.8769 0.08780 0.2805 ··0.1927 115899 

33 57.7390 -0.0120 57.7'270 0.1905 0.00073 0.18977 3689 

34 32.48 -0.0095 32.4705 0.1063 0.0006 0.1057 54990 

39 297.88 -0.0764 297.8086 0.8294 0~0011 0.8283 2769517 

43 446.97 -0-.1078 446.8622 1.1543 0.0011 1.1532 7384855 

47 603.79 -0.1360 603.654 1.4515 0.0010 1. 4505 11764725 

50 682.45 -0.1509 682.2991 1.5918 0.0010 1.5908 2482021 

53 682.36 -0.1495 682.2105 1.5591 0.0010 1. 5581 80131729 

TOTAL OUTPUT 104707395 
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Figure A.3.3 Vacuum distillation tower 



TP..BLE A.3.3 AVAILABILITY ANALYSIS FOR VACUUM DIS':!.'ILLATION COLUMN (See ~ig. A.3.3) 

lIHT(kJ/kg) All (kJ/kg) IIH(kJ/kg) lISm (kJ/kgK) -LIS. (kJ/kgK) ~S(kJ/kgK) A (kJ/hr) p . .L 

( P ) 
v 

Stream Number (Eq. 2 .8) (Eq.2.12) . (Eq.2.6) (Eq.2.9) ES·2.13 (Eg. 2 • 7) (Eq.1.7a) 

57 867.933 -0.7317 867.2013 1.8606 0.0040 1.8566 90213788 

91 104.105 -0.0591 104.0459 0.3220 0.0017 0.3203 1473492 

95 654.421 -0.4831 653.9379 1. 5223 . 0.0033 1.5190 26053153 

109 465.775 -0.5415 465.2335 1.1447 0.0046 1.1401 2684849 , 

TOTAL INPUT 120425232 

82 175.8126 0 175.8126 0.1700 -0.0004 0.1696 1007185 ' 

83 407.9832 0.0240 408.0072 1.0643 -0 . .'0004 1.0647 21435339 

93 654.4214 0.0077 (1 'i 4 .4:2 91 .l.S223 --0.00004 1.52234 38283545 

102 749.2709 0.0419 749.3128 1.6391 -0.00008 1.63918 45547906 

TOTAL OUTPUT 106273975 
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Figure .A.3.4 vacuum distillation tower and furnace used to 

heat the feed. 
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TABLE A. 3.4. AVAILABILITY ANALYSIS FOR THE COf1BINATION Or' VACUUH DISTILLATION COLUMN AND 
. FURNACE USED TO HEAT THE ~EED (See Fig. A.3.4) 

["H
T 
(k~T/kg) [..H (kJ/kg) ["H(kJ/kg) ["ST(kJ/kgK) -[..S (kJ/kgK) ["S(kJ/kgK) p p 

-Stream NurIDer (Eq. 2.8) (Eq. 2 .12) (Eq.2.6) (Eq.2.9) (Eq. 2.13) (Eq. 2 . 7) 

55 672.501 -0.7317 6'71. 7884 1. 5419 0.0040 1.5379 

91 104.105 -0.0591 104.0459 0.3220 0.0017 0.3203 

95 654.421 -0.4831 653.9379 1.5223 0.0033 1. 5190 

109 465.775 -0.5415 465.2335 1.1447 0.0046 1.1401 

TOTAL INPUT 

82 175.8126 0 175.8126 0.1700 -0.0004 0.1696 

83 407.9832 0.0240 408.0072 1. 0643 0.0004 1.0647 

93 654.4214 0.0077 654.4291 1.5223 -0.00004 1.52234 

102 749.2709 0.0419 749.3128 1. 6391 -0.0008 1.63918 

TOTAL OUTP{lT, 

···_c_·· ___ ~ ____ ,· .'"_._. ___ ... ~ _ . 

. - 81 -

A (kJ/hr). 
v 

(Eq .1. 7 a) 

61350761 

1473492 

26053153 

2684849 

9.1562255 .. 

100 7185 i 

21435339 

38283545 

45547906 

106273975 

.~---~--. 



TABLE A.3.5 AVAILABILITY ANALYSIS FOR THE STRII'PER (5C-3) 

~HT (kJ/kg) III I (};:J/kg) IIH(kJ/kg) liST (kJ/kgK) -liS (kJ/kgK)' ~S(kJ/kgK) ~ (kJ/hr) p p 
Stream Number (Eq. 2 . 8) (Eg.2.12) (Eq.2.6) (Eq. 2 . 9) (Eq. 2 . 13) (Eq. 2 . 7) (Ecl. 1. 7 a) 

39 297.88 -0'.0764 297.8036 0.8294 0.0011 0.8283 2769517 

43 446.97 -0.1078 446.8622 1.1543 0.0011 1.1532 7384885 

47 603.79 -0.1360 603.654 1.4515 0.0010 1.4505 11764725 

116 3394.11 0 3394.11 7.8437 7.8437 779835 

TOTAL INPllT 22698962 

58 1484.56 0 1484.56 3.7140 0.3120 3.402 751810 

59 480.22 -0.1142 480.1058 1. 2309 0.0011 1.2298 6173950 

64 464.48 -O.11()~ 4btl.JGI)1 1 . .I~OJ 0.0011 1.1892 7775566 

69 447.86 -0.1079 447.7521 1.1476 0.0010 1.1466 7280004 

TOTAL OUTPUT 21981330 
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TABLE A.3.6 AVAILABILITY ANALYSIS FOR DEBUTANIZER COLUr.1N (5C-5) 

l'lHT(kl.T/kg) i\H" (kJ/kg) AH (kJ /hr) AST(kJ/kgK) -bS (kJ/kgK) AS (kJ/kgK) -\r (kJ/hr) 
p p 

Stream Number (Eq. 2 . 8) (Eq~2.12) (Eq.2 .6) (Eq.2.9) (ECJ. 2 .13) (Eq. 2 . 7) ( Bg: . 1. 7 a) 

75 230.0796 -0.2115 229.8681 0.6704 0.0038 0.6666 1764565 

TOTAL OUTPUT 1764565 

76 36.1071 0 36.1071 0.2068 0.3645 -0.1577 427309 

80 337.2693 -0.2519 337.0174 0.9328 0.0034 0.9294 3085447 

TOTAL OUTPUT 3512756 
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Tl>.BLE A. 3. 7 AVAILABILITY ANALYSIS FOR DEBUTANIZER O/H DRUH .( 5C··6) 

6H
T 

(kJ /kg) .6Hp (J,-J /kg) t\H(kJ/kCT) l~ST (kJ/kgK) -liS p(kJ /kgK) liS (kJ/kgK) Ay (kJ/hr) 

.Stream Number JEq.2.8) (Eq.2.10) JEq. 2.6) .(Eq.2.9) (Eq. 2 . II) (Eq. 2 . 7) (Eq .1.-7a) 

77 21.0915 0 21. 0915 0.1229 0.3645 -0.2416 478660 

TOTAL INPUT 478660 

78 21.4319 0 21~4319 0 .. 12485 0.2843 -0.15945 309162 

79 18.7391 0 18.7391 0.09695 0.38310 -0.28615 68336 

TOTAL OUTPUT 377498 
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TABLE A.3.8 AVAILABILITY ANALYSIS FOR ATtlOSPHERIC O/II DRUM (5C-4) 

~HT' (kJ /kg) lItl" (kJ/kg) I'IH (k ... J /kg) 6.ST (kJ/kgK) '-~S' (kJ/kgK) ~S(kJ/kgK) Py' (kJ /hr) p . p 
Stream Number (Eq. 2.8) (Eq.2.10) (Eq.2.6) (Eq. 2 . 9) JEq. 2 .11) (Eq.2.7) (Eg.1.7a) 

14.8769 0 14.8769 0.08780 0.4403 -0.3525 192235 

30 57.7390 -0.0125 57.7265 o . 1905 0.00076 0.18974 3715 

32.48 -0.0190 32.461 0.1063 0.0012 0.1051 191599 

TOTAL INPUT 387549 

31 14.8769 " 0 14.8769 0.08780 0.2805 -0.1927 115899 

33 57.7390 -0.0063 57.7327 0.1905 0.00038 0.19012 3379 

34 32.48 -0.0095 32.4705 0.1063 0.0006 0.1057 54930 

35 '32.48 -0.0095 32.4705 0.1063 0.0006 0.1057 108245 

TOTAL OUTPUT . 282453 

-- 8 S -. 



TABLE A. 3.9 AVAILABILITY ANALYSIS OJ" STREAt·1S RELATED TO 'r'llE FURNACES ----

5F-l 5P-3 5F-I0l 

Furnaces 23 25 24 26 55 57 

. Stream No ( iNPUT) (OUTPU'l' ) ( 1tPUT) (OU'rpUT) (:tNPUT) (OUTPUT) 

l>.HT (kJ /kg) 447.3525 745.7736 447.3525 761.6669 672.5662 867.9332 

CEq. 2 . 8) 

l>.~ (kJ/kg) -0.1126 ··0.1668 -·0.1126 -0.1694 -0.6040 -0.7320 

(Eq.2.12) 

l>.H(kJ/kg) 447.2399 745.6068 447.2399 761.4975 671.9622 867.2012 

(Eq.2.6) 

l>.ST (~J /kgK) 1. 1430 1.6956 1. 1430 1. 7228 1.5424 1. 8606 

(Eq ..... 9) 

-liS (kJ/kgK) 0.0011 0.0011 0.0011. 0.0011 0.0040 0.004'] 
(EC.f. 2 . 1 J) 

AS (kJ/kgK) 1.1419 1.6945 1.1419 1. 7217 1.5384 1.8566 

(Eq.2.7) 

Al(kJ/hr) 40948614 92134373 26558155 61758680 61357887 90213759 

( q.1.7a) 
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TABLE A. 3.10 AVAILA13:tLITY ANALYSIS FOR HEAT EXCHANGERS BEFORE DESALTERS 
--

Heat>_ -ExCh. ' 5~-l 
5E,..,.2 5E-3 

4 5 40 41 3 7 61 62 5 6 44 45 
Stream Nunber (INPur) (Ourpur) (INPur) (ourpur) (INPur) (OUl'PUT) (INPur) (OUTPur), (INPUT) (OUl'Pur) (ll'JPUT) (OUI'Pur) 

A~(J<J/kg) 9.7597 74.0094 297.8791 123.6947 7.5826 62.4288 300.8633 91.1684 74.0094 143.7050 446.97 154.46 

(Eq. 2.8) 

A~'(kJ/kg) -0.1079 -0.2510 -0.7406 -0.03831 -0.1028 -0.2259 - 0.2588 -0.1072 -0.2510 -0.3966 -0.1078 -0.0463 
( .2.12) 

AH(kJ/kg) 9.6518 73.7584 297.1385 133.6564 7.4798 62.2029 300.6075 91. 0612 73.7584 143.3084 446.8622 154.4137 
(Eq.2.6) 

AST(kJ/kgK) 0.03244 0.2338 0.8294 ~0.3797 0.02525 0.1989 0.8365 0.2859 0.2338 0.4323 1.1543 0.4630 
(Eq.2.9) 

-ASn (kJ/kgK) 0.0090 0.0090 0.0010 0.0010 0.0090 0.0090 0.0036 0.0036 0.0090 0.0090 0.0011 0.0011 
(Ecf. 2.13) 

AS (kJ/kgK) 0.0234 0.2248 0.8284 0.3787 0.0162 0.1899 0.8329 0.2823 0.2248 0.4233 1.1532 1.4619 
(Eq.2.7) 

r 

Ay(kJ/hr) 1158336 2926761 8125695 1746153 527833 1117023 2847386 376863 2926760 7422850 11121036 1803537 
(Eq.l. 7a) 

TOI'AL ·INPUT 'IDI'AL OlJrPUT 'IDl'AL INPUT 'IDl'AL OUTPUT 'IDl'AL nJPur 'IOTAL OUl'PUT 
Av{kJ/hr) . 

9284031 4672914 3375219 1493886 14047796 9226387 
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TABLE A.3.10 CONl"D 

---
Heat 
Exchangers 5E-4 5E-1G 

Stream Number 7 8 65 66 8 9 71 ·72 
(n~UT) (OUTPUl') (INPUT) (OtJ'Flur) (INT.'UT) (OUTPur) (INPUT) (C>UTPur) 

~Hf(kJ/kg) 
(Eq. 2.8) 

62.4288 148.6709. 423.348 131. 0796 148.6709 177.6345 390.1338 302.8637 

~~(kJ/kg) -0.2259 -0.4066 -0.3133 -0.2284 -0.4066 ,..0.~643 0.5288 -0.4340 
Eq'.2.12 

L'lH(kJ/kg) 62.2029 148.2643 423.0347 130.8512 148.2643 177.1702 389.605 302.4297 
(Eq. 2.6) 

t,Sr(kJ/kgK) 0.1989 0.4458 1.1047 0.4111 0.4458 0.5229 1.0265 0.8321 
(Eq. 2.9 

-~S: ,(kJ/kgK) 0.0090 0.0090 0.003 0.003 .0.0090 0.0090 0.0057 0.0057 

(Eqy?2.13) 

t\S(kJ/kyK) 0.1399 0.4363 1.1014 0.4081 0.4368 0.5139 1.0208 0.U2G4 

(Eq.2.7) 

~kJ/hr) 1117023 3601790 6702049 653038 3601790 4781980 5862053 3854825 

(. .1. 7aJ 

'IDTAL INPUl" TOTAL OUTPUT TCfI'AL nvUT TOTAL OUTPur 

Atr(kJ/hr) 
7819072 4254828 9463843 8636805 
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TABLE A. 3.11 AVAILABILITY ANA.LYSIS :reOR HEAT :eXCHANGERS APTER DESALTEFS 

~at ,.Exch~· 5E-104A 5E-I05B 5E-106A 

:ream .. Nu-:lber 13 15 86 88 15 17 110 III 17 19 97 99 

( n ;rt:t.i'T) (OUl'PUT) (INPUl') (OrrI'PVI' ) (INP.Dr) (OUTPUT) (IW'UT) (OUI'!:'UT) (llW.UT) (OUTPUT) (INPUT) (OUI'Pur) 
IT (J<J/kg)" 226.9870 278.2094 407.9823 290.0378 278.2094 322.7941 465.7755 364.6352 322.7941 345.5837 654.4225 388.2672 

:q.2.8) 

,I (J<J/kg) 
:R .2.12) 

-0.0644 -0.0777 --0.3587 -0.2749 -0.0777 -(L0872 -0.5582 -0.4619 -0.0872 -0.0920 --0.4987 --0.3333' 

1 (J<J/kg) 226.9206 278.1317 407.6236 289.7629 278.1317 322.7069 465.2173 364.1733 322.7069 345.4917 653.9238 387.9339 
:q.2~6) 

. ;T(kJ/kgK) 0.6485 0.7725 1.0643 0.8022 0.7725 0.3750 1.1447 0.9424 0.8757 0.9261 1.5223 1.0115 

';q. 2.9) 

:Sp (kJ /kSK) 0.0011 ~.001l 0.0038 O.OQ38 0.0011 () .nOll 0.0046 0.0046 0.0011 0.0011 0.0033 0.0033 
, q.2.13) 

; (J<J/kgK) 0.G474 0.7714 1.0G05 0.7984 0.7714 0.8739 1.1401 0.9378 0.8739 0.9250 1.5190 1.0082 
:q.2.7) 

I 

. (l<J/hr) 14311112 20313793 14426974 8165219 20313793 26220115 19224883 12979606 26220115 29401400 6162636 2678953 
;<1.1. 7a) 

- HI) -
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_.TABLE A. 3 .11 (X)NT I D -

Heat 
Exch. 5E-107A 5E-1078 

Stream Number 19 21 105 107 18 20 104 106 
-(UPUI') (OUT~ur) (INPUI') (OUTPUI') (INPUT) (ourPUT) (INPUT) (OUI'PUT) 

t.HT (kJ /kg) 345.5837 438.5404 749.2709 376.4313 371.6184 452.2393 749.2709 561.5850 

(Eq. 2. 8) 

M~ (kJ/kg) -0.0920 --0.1107 -0.8008 -0.4736 -0.0974 -0.0437 -0.8008 --0.6443 
( .2.12) 

&I (kJ/kg) - 345.4917 438.4297 748.4701 375.9577 371.5210 452.1956 748.4701 560.9407 
(Eq.2.6) 

$T (kJ/kgK) 0.9261 1.1246 - 1.6391 0.9671 0.9835 1.1526 1.6391 1.3222 

(Eq.2.9) 

-~f. (kJ/kgK) 0.0011 0.0011 0.0046 0.0046 0.0011 0.0011 0.0046 0.0046 
(E .2.13)' 

,"5 (kJ/kgK) 0.9250 1.1235 1. ()34S 1.9625 (J.9824 1.1515 1. 6345 1.3176 
(Eq.2. 7) 

A (kJ /hr) 
- dtq.l. 7a) 

29401400 43623939 22822144 7782265 16579930 22953204 22822144 14694083 
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TABLE A. 3.12 AVAILABILITY ANALYSIS FOR PUMPS IN PL1,NT 5 

IN 0(71' IN our 

AlIO",T/kg) /'S (kJ/kgK) AV (kT;hr) AH lkJ/kgK) AS(k.J/k<]K) A.v' (J~/hr) AI! (kLT/kg) L1S (l~T/l\llK) Iy(kJ/hr) L111 (kJ;kg) tiS (kJ,tkgl<) AV(kJ/hr) 

PUITpS (Eq.2.6) (Eq.2.7) (Eg.1. 7a) (Eq.2. (i) (Eg.2.7) (Eg.1. 7a) PlllTlps (Eq. 2.6) (Lg.2.7) (Eq.1. 7 a) (Eg. 2 .6) (Eq.2.7) iEB.1. 7a) 

5G-l 9.7548 0.0320 138163 9.6522 0.0234 1691676 5G-.8 447.7424 1.1465 7281727 447.3064 1.1421 7341455 

5G-2 32.4665 0.1058 104481 32.3875 0.1009 153281 5G-9 682.2114 1.5583 80110142 681. 7527 1.5552 80281183 

5G 3 297.8028 0 • 8233 8237838 297.6170 0.3257 8333075 5G·l0 32.4665 0.1058 53020 31.9271 0.1010 103377 

5G 4 446.8609 1.1532 111208% 44G.7073 1.1517 11152511 5G 20 G82.3029 1.5907 2482421 682.3599 1.~884 2491270 

5G 5 603.6514 1. 4505 14354951 603.5044 1. 4494 14370093 5G 101 408.0')72 1.0647 21435339 407.6534 1.060) 2Hi19293 

50-6' ··480.10651.2298 6173988 479.8636 1. 2275 6198031 5G-l02 654.4290 1.5223 38285618 653.9399 1.5189 38385554 

5G-7 464.37371.1892 7775892 464.0841 1.1864 7814406 5G-l04 749.3128 1.6391 45552070 748A975 1.6345 45649072 

- 92 -



TABlE A.3'.13 AVAiLABILITY ANALYSIS ron OVE~LL PL!->!.lT 5 (See ~ig.3.1 and 3.2) 

"D!T(kJ/kg) liHp(kJ/kq) liH(kJ/kg) liST (kJ/kgK) -liSp (kJ/kqK) liS (J<..T/kgK) l-'v(kJ/hr) 

Stream No (Eq. 2.8) (Eq.2.12) (Eq. 2 .9) (Eq. 2.9) (Eq.2.7) (Eg;. 2.7) (Eg.1. 7a} 

1 9.7601 -0.005280 9.7:;482 ') .£')3244 0.0004 0.03204 130649 
115 3394.11 0 3394.11 7.84372 0 7.84372 2536035 

.116 3394.11 0 3394.11 ·7.84372 0 7.84372 779831 

TaI'AL 3446515 

81 28.5297 -0.0423 28.4874 0.09370 0.00272 O.n9098 70660 
63 43.3990 -0.0473 43.3517 0.14076 0.00243 0.13833 115701 

68 41. 9376 -0.0447 41. 8929 0.13603 0.00230 . o .iJj'i3 144314 

74 35.8214 --0.0398 35.7816 0.11661 0.')0217 0.114<14 115209 

52 35.6406 . -0.0390 35.6016 0.11601 0.0')213 0.11388 lJ849 

92 104.1060 -0.07350 104.0325 0.32221 0.00210 0.32011 560355 

101 83.4231 --0.0615 83.3616 0.26104 0.J0199 0.25905 377532 

114 129.2609 . 0.0825 129.1784 0.39016 0.00193 i).388n 1084074 

112 131.8719 ·0.0831 131. 7888 0.39447 0.00181 ().1926G 2264086 

82 232.1874 0.1400 232.0434 ().()()()()~ 0.00231 0.66371 275397 

31 14.8769 0 14.8769 0.08780 0.2805 -·0.1927 115899 

79 13.7391 0 13.7391 0.09695 0.38310 -·0.28615 68336 

78 21. 4319 0 21.4319 0.12485 0.2843 0.15945 309162 

33 57.7390 0.0061 57.7327 0.1985 0.001)38 0.19012 3379 

'IDTAL 5523953 
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APPENDIX 4 

AVAILABILITY CALCULATIONS FOR 

PLANT 6 

j { 
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1. A SA11PLE CALCULATION OF HSRN STREA11 (I) (See TABLE 3.2.1) 

For the availabilitv calculation of HSRN. temperature, 

pressure, Kw,oAPI and composition by volume % were supplied 

by !PRA$. ~Av was calculated by using Ea. (1.7a) and 
0-1 . 

I 

data from TABLE A.2.1 (see TABLE 3.2.1). But the composition 

of HSRNmust be knmvn for the calculation of ~ . The 
o 

composi tion of HSHN 'i>!as calculated as fo11m-7s: 

Component Formula Volume (m3/hr) Density 3 (gr/cm ) 

Paraffins C9H20 21.535 0.7133 

Naphtenes C9H18 
14.952 0.7945 

Aromatics C9H12 3.392 0.8718 

Densities were taken from API Research Project 44 (1) • 

Mass 

15376 

11889 

2956 

Paraffins as n-nonane, naphtenes as n-Lutyl cyclo hexane 

aromatics as 1,3,5 trimethyl benzene were used to estimate 

Av of HSRN. Standard chemical availabilities of each 
o 

component were calculated from Eq. (1.10): 

A A 

MW 

128 

126 

120 

n. (kmo1e x. 
Component 

v (kJ/kmo1e) ~ v·o (kJ/kmo1e) J.. hr .J. 0 

C
9

H20 120.125 0.5023 5 946 093 2986723 

C
9

H
18 

94.357 0.3946 5 740 534 2265215 

C9H12 24.658 0~1031 5 076 483 523385 

A 
(kJ/kmo1e) 5775323 .vo= 

" 



HW ::126.39 av 
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~ =Ix;Av :: 5775323 kJ x 1 kmole = 45694 kJ 
--v 0 .... 0 Kiilole 126.39 kg ~ 

Availability change due to mixing must be calculated since 

availability of HS~N calculated from ~roperties of nure 

components. In this case, this change represents a 

correction term in availability calculations. It is 

calculat~d by using Eq. (2.20a) where ~Av =~Av. 
corr mlX 

Component n (k:r;l~) x. n.lnx. (kIDol~) l l l l hr 

C9H20 120.125 0.5023 -82.7130 

C
9

H18 94.357 0.3946 -87.7409 

C9H12 24.658 0.1031 ·-56.02443 

2:n·lnx·-l l - -226.4782 

~Av =8.314 kJ x 298K x (-226.4782) kmole 
corr kmole.K hr 

~Av ,= -561116 kJ/hr 
cO.rr 

Then the total availability change is calculated: 

~_Avt;Av +Av .. i-~A." 
o 0-1 corr 

A = 45694 kJ x 30224 ~ = 13810055456 kJ (See TABLE 3.2.1) 
Vo kg hr hr 

A v - = 147257 kJ (See TABLE 3.2.1) 
0-:1 hr 

AVt =- 138105.5456 + 147257 - 561116 1380641597 kJ/hr 

.' 
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2. A SAJl1PLE CALCULATION FOR LPG STREM·1 ( 30) 

Conp:ment x. l-1iv xlfrv Av (kJ/kmol) x.A (kJ/kmol) 
1 J:.V 

0 0 

H
2
O 0.0001 18 0.0018 0 0 

H2S 0.0004 34 0.0136 . 504540 202 

H2 0.0029 2 0.0058 237191 687 

C1 0.0182 16 0.2912 817971 14887 

C2 
0.1276 30 3.828 1467453 1872~7 

C3 0.3481 44 15.3164 2108441 733948 

i-C4 0.2476 58 14.3608 27454% 679735 

n-C 4 0.2427 58 14.0766 2747797 666890 

i-C 5 0.0001 72 0.5832 3380041 27378 

n-C 5 0.0043 72 0.3096 3385315 14559 

'IDI'AL 48.787 2325583 

MrV = 48.787 av 

Component x. ni (~le) n .1nx. (kmole/hr) 
- 1 hr 

1 1 

H
2
O 0.0001 0.012 -0.1105 

H2S 0.0004 0.049 -0.3834 

H2 0.0029 0.353 -2.0626 

C1 0.0182 2.216 -8.8780 

C2 
0.1276 15.538 -31.9905 

C
3 

0.3481 . 42.388 -44.7306 

i-C4 
0.2476 30.150 -42.0876 

n-C4 
0.2427 29.55 -41.8407 

i-C5 
0.0081 0.986 -4.7485 

n-C5 
. ; I 0.0043 0.524 -2.8553 

'IDI'AL -179~6877 
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A = LX. Av = 2325583 kJ/kIro1 x lkrro1 :: 47668 ~ 
Vo 1. 0 48.787 kg kg 

The correction tenn resulting from total availability change due to 

mixing is given by: 

kJ kmo1e M :: 8.314 x 298K x (-179.6877) 
v ccrr kmo1 K hr 

D.A. v = -445189 corr 

j I 

kJ 

hr 



TABLE A. 4.l. RESULTS Of' ENTHALPY, ENTEOPY AND STANDART CHEr·nCAL AVAILABILrry CALCULATIONS POR, STREAH 19 

nent- Yi MW t'II-I.:r O",J /Imol) y l I \r liST (kJ/IGTD~I-> Y i !JST -/\Sp(J0/knolK) liS (kJ/knol) Av (kJ/krrDl) YiAv 0 0 
(E.g.2.8) (k.:.r /kIlD 1) (Eg.2.9) (kJ/knol) (Eq.2.11) (Eq.2.7) (TABLE A.2.4) (kJ/krrol) 

H2S 0.0440 34 248.401 10.9296 1.4687 0.0646 ·-1).2587 0~3233 504539 22200 

Il2 0.3376 2 :'W8.245 70.3035 1.4339 f). 4857 3.7362 -3.2505 237190 <30075 

C 1 0.2436 16 256.311 62.4373 1.5151 fL 3691 2.0348 -1.6657 817971 199257 

C2 0.1425 30 388.G89 55.3881 2.2976 0.3274 0.554:] --0.2273 1467452 20911 

C3 0.1116 44 69G.856 77.7691 3.2530 0.3630 0.2072 0.1558 2108440 235301 

i-C 4 0.0354 58 728.063 .25.7734 4.3119 /).1526 -0.2721 0.4247 2745495 97191 

n-C4 0.0316 58 728.063 23.0067 4.3119 0.1363 -9.2730 0.4093 2747797 86830 

:L-C5 0.1)135 72 899.089 12.1377 . 5.3E50 I).07l8 -0.2123 0.2841 3380417 45636 

n-C . 5 0.1)071 72 899.1189 6.3835 5.3150 (L0377 -0 ~1495 0.1872 3385814 24039 

\ P (Cal 
0.0110 114 1071.U50 11.7[315 6.3315 o .OG96 -'1.1918 0.2614 5298862 58287 

~. N(C6) D.OII0 84 807.667 oS.8843 4.7741 1).0525 -0.1918 0.2443 3821182 42::133 

6 A(T) 0.0111 92 608.762 6.7572 3.7136 0.0412 -0.1926 0.2333 3831744 42532 
~ 

'l'CYrAL 369.5519 -2.6196 1142492 

P~Paraffins, N-Nanhtenes, A-Arorratics, or-Toluene 
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'I'ABLE A.4.2. RESULTS OF ENTHALPY, ENTHOI"lY AND ST1\NDl\RC CJI:C!·lICAL AVAITJABILI'I'Y CALCUL1\.rrIONS )COR S'rREAM 25 

Corrponent 

... 
C6 

H
2
0 

H2 

C1 

C2 

C 3 

i-C4 

l1-C4 

i·oC l-=> 

n-C5 

P 

A (T) 

TOrAL 

Yi 
M;\T 

0.0001 18 

0.6412 2 

0.1527 16 

0.0900 30 

0.0673 44 

0.0209 58 

0.0153 58 

0.0046 .72 

0.0023 72 

0.0028 114 

0.0028 93 

1.0000 

L\Il.ro<.:r,lkrro1) -Yi M~l' t,ST(k...T,/krID1K) _ Yill~ -t,S·p(k...T/r.T.D1K) - .lIS(lw/l±rolIO AvO (kJ/krrol) Y 0v
o 

(Eq. 2.8) .(k...1/kIID1) (Eq.2. 9) . kJjkmolK (Eq.2.11) (Eg. 2.7) (TABLE A.2 .4) (kJ/krID1) 

714.147 

608.728 

766.163 

1170.687 

1659.619 

2193.458 

2193.458 

2708.151 

2708.151 

4257.787 

2392.762 

0.0714 4.0594 

390.316 3.4603 

116.993 4.3525 

105.362 6.6494 

111. 692 9.4260 

45.843 12.4585 

33.560 12.4585 

12.457 15.3821 

6.229 15.3821 

11.922 24.1842 

6.700 13.5889 

841.2168 

0.0:)04 ..,0.0011 

2.2187 17.5434 

0.6646 2.3550 

0.5984 0.9923 

0.6344 0.5794 

0.2604 -0.0234 

0.1906 -0.0569 

0.0707 -0.0630 

0.Cl354 -0.0448 

0.0677 -0.0498 

0.038') - 0.0156 

0.0015 

-15.3247 

-1.6904 

-0.3939 

0.055 

0.2838 

0.2475 

0.1337 

0.0802 

0.1175 

·f).0536 

-16.4362 

8594 

237191 

817971 

1467453 

2108441 

2745496 

2747797 

338~417 

33dtiH61 

5302879 

3831745 

0.8594 

152087 

1249()4 

132071 

141898 

57381 

42041 

15550 

7790 

14848 

1072J 

699301 

P-Paraffins, A Arorratics, T-'l'oluene 
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TAErJ~~ A.4.3. RESULTS Or. ENTHALPY I ENTROPY AND STANDART CIIEtUCAL AVAILABILI'l'Y CALCULATIONS :!"OR STREAf.1 29 

Cbmponent Yi 
MW 0H.1' (&T /krrDl) y iL\I~ .!.l:;'l' (kJ/krrolK) )TillS,:::, - L\3p (J0/krrolK) t.S (10/krrolK) Pv (kJ/knDl) '.l·A . 

0 1 Vo 
(Eg. 2.8) (J::J/krro1) (Eq.2.9) (kJjkmo1K) (Eg. 2 .11) • (Er{.2.7) (TABLE A.2. 4) ~ (kJ/knDI 

H2O 0.0002 18 243.384 0.1)486 1.0429 0.0002 -0.0092 0.0094 8594 1.718 

H2 0.137 ") 208.245 28.5295 1.4389 0.1971 1.0291 -0.8320 237190 32495 "-

C1 
0.1722 16 256.311 44.1367 1.5151 0.2609 1.6211 -1.3602 817971 140855 

C' 
2 0.2529 30 388.G39 93.2994 2.2976 0.5811, 3.1895 -2.6084 1467452 371119 

C3 0.2716 44 696 .356 189.2660 3.2531 0.8835 .3.S864 --2.7029 2108440 572652 

i-'C 4 0.0957 58 723.063 69.6756 4.3119 0.4126 0.4333 -0.0207 2745495 262744 

n-C 4 
0.0687 58 723.063 50.0179 4.3119 0.2962 0.1214 0.1748 2747797 188774 

i -c 5 0.0012 72 899.089 1.0789 5.3151 0.0064 --0.0381 0.0445 3380417 4057 

n-C 
5 

0.0005 72 899.089 0.4495 5.3151 0.0027 -1).0197 0.0224 3385814 1693 

1.0000 481.5021 --7.2733 1574391 

- 101 -



- 102-·· 

APPENDIX 5 

SAMPLE CALCULATIONS FOR PLANT 5 

, i 
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1. Calculation of availability change due to SEPARATION 

A. Distillation tower (5C-2) 

Stream no Flow (kg/hr) 

34 56518 

39 . 54336 

43 71553 

47 68637 

50 11919 

53 367751 

By Eq. 2.20 

kJ 
b.Av = -(8.314)----

sep . kmo1e K 

b.Av = 11803896 kJ/hr 
sep 

, i 

1-11'1 n i (kmole/hr) xi 1 (kmole) ni nXi· 
hr 

,78 724.6 0.2430 -1025.09 

114 476.6 0.1599 . -873.71 

149 480.2 0.1611 -876.71 

216 317.8 0.1066 -711.45 

257 46.4 0.0156 -193.05 

393 935.8 0.3139 -1084.29 

EniLnxi= -4764.30 

kmo1e 
x (298K) x (-4764.30) 

hr 
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B. Overall Plant 5 (See Fig. 3.1) 

Stream No Flow (kg/hr) MW' l5.(J~le) xi n Jnx. (krro1e/hr) 
1 1 

81 51376 78 658.7 0.2305 -966.65 

63 54336 114 476.6 0.1668 -853~57 

68 70695 149 474.5 0.1661 -851.81 
I 

74 86637 216 317.8 0.1112 -698.02 ,i 

52 11919 257 46.4 0.0162 -191.30 

92 64858 250 259.4 0.0908 -622.32 

101 612.42 340 180.1 0.0630 -497.91 

114 80386 570 140.9 0.0493 -424.09 

112 153226 630 243.2 0.0851 -599.23 

82 8040 135 59.5 0.0210 -229.86 

TaI'AL 2857.1 1.0000 -5934.76 

By Eq. (2.20)! 

kJ kmole 
1: 

f).A = 8.314 x 298K x (-5934.76) v mix kmoleK hr 

f).A = -14703795 kJ/hr v mix 

f).A = 14703795 kJ/hr v sep 
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2. Calculation of ~Av for the combination of atmospheric 
gen 

distillation column and furnaces used to heat the feed 

(See Fig. A. 3 . 2) 

Heat transfer occurs between crude oil, HSRN and 

kerosine in heat exchangers, 5E-l and SE-3, Availability 

change of crude in exchanger $E-·l (See TABLE A. 3.10 streams 

4 and S) 'is 176842S kJ/hr. Availability change of crude in 

exchanger SE·-3 (See TABLE A~ 3 .10 streams Sand 6) is 
" 

4496090 kJ/hr. Total availability change of crude is 

6264S1S kJ/hr. Therefore; 

~A v crude 
= ~A v gen 

= 6264S1S kJ/hr ~ 62.64 x IDS kJ/hr 

3. Calculation of availability efficiency of the combination 

of atmospheric distillation column and furnaces (SC-2+SF-l 

+SF-3j see TABLE 3.1.2). 

~A = v 118.0 x IDS kJ/hr (see pp. 103) 
sep 

~A = 213S x lOS kJ/hr (see TABLES A.l.S and A.l.6) 
vsupp 

EA = 708.2 x IDS kJ/hr (see TABLE A.3.2) 
vinlet 

EA = 1047 x lOS kJ/hr (see TABLE A.3.2) v outlet 

Then, using Eg. 2.23, availability efficiency is calculated 

as (E~A in numerator v = EA 
Voutlet 

- EA 
Vinlet 

+ ~A ) : v sep 

n = (62.64 + 1047 - 708.2 + 118.0) 

, i 
213S 

n = 24.33% 
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APPENDIX- 6 

A HEAT AVAILABILITY DIAGRAM 

IN CONNECTION WITH PLANT 5 
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One of the most important considerations in 

building a modern crude unit is the design of the crude 

preheat exchanger trair.. There are almost infinite 

possibilities for arranging preheat exchanger train for 

crude units. Relatively few of these can be compared 

using hand calculations but with a ccmputer any number of 

schemes can be evaluated (15)". As a first step heat 

availability diagram is developed to determine the best 

configuration of heat exchanger train (25) 

A heat availability diagram was constructed for a 

preheat exchanger train in Plant 5. Four streams, 40, 44, 

48, 53, exchange heat with crude oil as seen in Fig. 3.1. 

Therefore, only these streams and crude oil were considered. 

Specific heats of these streams vlere assumed to be 

cons.tant. Thus Fig . 'A:. 6.1 v!as constructed ~"·!here temperature 

is plotted against heat content. Detailed construction is 

given in literature (13). The upper line is a composite 

heat curve of streams. It is constructed by adding together 

the heat contents of the streams over the~ame temperature 

ranges. The lower line is the heat curve for the crude oil. 

As more heat is transferred to the crude, the composite 

heat curve shifts to the right. When two curves touch, 

maximum heat is transferred to the crude oil and no more 

heat can be recovered vli thout improvements in preheat 

exchanger design. The area between two composite heat

curves corresponds to the loss of available energy due to 
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irreversibilities. The minimization of available energ7 loss 

can be achieved by minimizing the area behveen the 

composite heat curves. 

In Fig. A.6.1, the area between upner and lower 

lines is quite large. It means that a great amount of 

available energy is dissipated. Therefore, the operating 

conditions must be changed to decrease available energy 

loss in the heat exchanger train. However, due to 

complexity of the problem a. detailed calculations could 

not be made. 
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