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CHAPTER |

INTRODUCTION

1.1 Important and reasons for this thesis
Ethylene Background

Ethylene is the largest volume industrially produced organic material. Current
worldwide production is about 95 Mio. t/yeafr and is projected to increase for the
foreseeable future. A typical=modern _plant produces in excess of 800,000 t/year.
Feedstock to ethylene plants ranges from light Ethane/Propane mix to heavy naphtha
and vacuum gas oils.*Most.plants are designed with raw material flexibility in mind.
Majority of ethylene produgédsis used J‘;'nrthe production of polymers and ethylene

derivatives such as ethylene oxide and glycol. A typical ethylene plant also makes a

A

number of other important chemicals sdfgh' as propylene, butadiene and pyrolysis
gasoline. In the past years, Ethyléne plant§ ”ha’i/e evolved into highly integrated, highly
flexible processing systems that Can prdﬂtably adjust to changing raw material

availability and market demands for Olef_ products Advanced process control

e

technologies are used in Oleﬂns plants and have greatly |mproved products quality,

plant efficiency and ‘resulted in quick payback of the‘lnvestment. Typical process
features of an ethylene process are short residence time.in the furnace, high selectivity,
feedstock flexibility, opérational reliability @and safety, easy start-up, and energy
efficiency. Process analyticsris a key lissue for process control By online monitoring the
various process streams in ethyleme and propylene productiom: sProcess analytics
maximizes yields| and ensures product.quality specifications. Various feedstocks (liquid
and gaseous) are used for the production of ethylene. The principal feedstocks are
naphthas, a mixture of hydrocarbons in the boiling range of 30 to 200 °C. Depending on
the origin, naphtha composition and quality can vary over a wide range requiring quality
control of the feed mixtures. Preferably in the US and the Middle East light feedstocks
(natural gas, ethane, propane, butane) are used. Gas oils (crude oil fractions) are also

gaining importance as feedstocks in some areas of the world.



Ethylene is the lightest olefin. It is a colorless and flammable with a slightly sweet
smell at normal condition, i.e., ambient temperature and one atmosphere. Ethylene is
also one of the most important olefinic hydrocarbons in the petrochemical industry. The
importance comes from its highly reactive double bond in its chemical structure. It is
produced mainly from petroleum- based feedstocks by thermal cracking in the
presence of steam. With this double bond, ethylene can be involved in all kinds of
reactions - addition, oxidation, polymerization,.among many others - to convert to the
final product or intermedial. product ig the-pelieehemical engineering industry. In
addition, ethylene is also.a~major raW material to-produce plastics, textiles, paper,
solvents, dyes, food additives; pesticide§ and pharmaeceuticals. So, the ethylene's use
can be extended intothe packaging, trle'm’slportation, construction, surfactants, paints
and coatings and othegfindustries. “Ethy].e:mle may be polymerized directly to produce
polyethylene, the world's most Widély use(n;'! p;fastic. Ethylene can also be chlorinated to
produce 1,2-dichloroethang, a precursor t!_o:_the plastic polyvinyl chloride, or combined
with benzene to produce ethylbenz"e'ne, whi"é:fq"j_i’s used in the manufacture of polystyrene,

ety

another important plastic. Smaller—amounts of ethylene are oxidized to produce

o

a-'nd polyvinyl acetate. Ethylene quality

depends on users rééﬁements in downsffeém'processés;.No single chemical grade
ethylene exists, but ethYI_ene content normally exceeds 997.7%. Sulfur, oxygen, acetylene,
hydrogen, carbon monoxide. and carbon dioxide are the most troublesome impurities
that must be ‘controlled [carefully. ;/Although! ethylene is considered to be the major
product from an olefins plant, the Jy-products are also of great,importance when
considering /the plant-wide econamics. In the mid-1950s, the by-products of propylene
and C4's were generally burned with the residue gas as fuel gas and the pyrolysis
gasoline was blended into a large gasoline pool without hydrotreating. In the early 1960s,
people gradually realized the importance of those by-products and made profit from
them. The propylene can be used to produce polypropylene, isopropanol, acrylonitrile
and cumene. The pyrolysis gasoline needs hydrotreating before the blending into a

gasoline pool. Currently, many plants control the propylene/ethylene weight ratio in a



certain range to satisfy the demand for propylene. The applications of ethylene are

numerous and ethylene derivatives are traded around the world as for examples below.

Polyethylenes of various density and melt flow account for more than 50% of
world ethylene demand. The primary use of polyethylene is in film applications for
packaging, carrier bags and trash liners. Other applications include injection moulding,

pipe extrusion, wire and cable sheathing and insulation, as well as extrusion coating of

.

Ethylene oxide i&w @ater@producnon of surfactants and

paper and cardboard.

detergents. It is also us : , which are in turn used in soft
drinks and food packagi akg ethylene oxide glycol ether
solvents

Styrene monomer. for packaging and insulation

detergents, plasticisers, syntheijs-'iﬂféﬁc [s and additives, but also as comonomers in

the production of p

Ethylene is usJy transporte pipeline in gaaous form from the producing

Yy

plant to the purc asmgﬂamalthoilh reIMel‘ y small quantity of liquefied ethylene is
‘ ‘

a Xas a&j L uﬁlr‘j

producing and consummg areas and numerous gipeline networks.are constructed to

B 0 3 00 NIV 8

moved by tan t are the major ethylene



Ethylene production

Ethylene is a basic building block of the chemical industry, and is the link
between chemical companies and petroleum refiners. An ethylene plant is often and
correctly called an olefin plant, because of the fact that the end products are olefins.
The ethylene or olefin plant will yield mostly ethylene, but will also break the feedstock
into a number of usable byproducts. Olefin plants can be subdivided into the following
major sections - Cracking and Quench, Compression and Treating, Drying and Chilling,

and Product Separations.
)

In an olefin plant; crude  oil or hatural gas is thermally cracked in a reactor
furnace, and in coal gasifications/plants tF’ie coal is gasified in a reactor under the effect
of steam and oxygen=The_gas discbargé_d,;from the gasification reactor or olefin plant
furnace is an up to 20= s<Component mthure’ of hydrogen, carbon oxides, hydrocarbons
and other trace elements. The functlon of"pracked gas compressor is to increase the
pressure of the mixed gas for furtherl treatm.'en; in the downstream stages of the process.
The cracked gas to be Comptééééd inlgampressor contains a great number of

components, often with a corroswe eroswe pr polymemzmg effect. These components

have a bearing on the ,thermodynamlc and mechanlcal belnawor of the machines. Since

any cracked gas co-m_pressor failure automatically me,_ans an interruption of plant
operation that may require an unscheduled shutdown negatively affecting plant
economics, special precautions must be taken in the design and application of these

machines to ensure reliable operation even underextreme warking conditions.



Simulation method

To assess the technological feasibility and obtain material and energy balances
for a preliminary economic analysis, complete process simulations were performed.
Despite some expected differences between a process simulation and real-life
operation, process simulators are commonly used to provide reliable information on

process operation, owing to their vast component libraries, comprehensive

utational methods. HYSYS (HYprotech

SYStem) was used to conduct SYS was selected as a process

simulator for both its si capabl ieswty to incorporate calculations

AULINENINYINT
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1.2 The objectives of this thesis

1.2.1. To validate the model of cracked gas compressor in ethylene plant by
HYSYS.
1.2.2. To find an optimal wash water flow rate which is the major variable

impacting on high polymer fouling rate of cracked gas compressor unit by HYSYS.

1.3 The scopes of this thesis NN ‘//
. -— - - : e

1.3.1. Gather informatit ’ \*-‘-r-. a of

N
\

/ rate by HYSYS with validated

acked gas compressor unit in

existing ethylene plan
1.3.2. Validate using operating data and

program HYSYS.
1.3.3. Vary the

model.

rate.

AULINENINYINT
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CHAPTER I

THEORY AND LITERATURE REVIEWS

2.1 Ethylene process

Ethylene plant process desig d proprietary technology is offered by the

following U.S. engineering firms/desig tors: ABB Lummus Global, The M.W.
iy

Kellogg Company, Stone«& Wek Root/Braun, each firm offers

proprietary furnace tev -

Ethylene plants ageroridinally” desi Jne 4 \ particular feedstock - LPG
(ethane, propane, butane vr ' ‘ ondensates, gas oils). In general,
there is little funda sign of the two varieties of
ethylene plants. The m Ajor di rer;f ce liquid crackers produce a large
volume of heavy pyrolysis'lig o_!,rr cces of equipment used to remove
and purify these liquids. Olefi 3*‘-’.'. Nt et subdivided into the following major
sections - Cracking and -w,,%";;» \ anc Treating, Drying and Chilling, and

Product Separations.=c —————————_

]
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Figure 2.2 Ethylene plant diagram from Brown & Root/Braun Technology



Figure 2.3 Block diagram of gas cracker or LPG cracker
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2.1.1 Cracking and Quench

The cracking or pyrolysis section of an ethylene plant contains between 4 and
20 furnaces with a normal average of 8 - 12 furnaces per plant. The furnace feedstocks
are preheated externally and vaporized in the convection section. The steam-
hydrocarbon mixture then enters the pyrolysis coils where it is further heated and
cracked into products. For the pyrolysis reactions, hydrocarbon partial pressure and
temperature, as functions of coil length and iime, are of particular importance. The total
residence time the gas spends in the pyrolysis-eoil-of'a modern furnace is generally in
the range of 0.2 - 0.6 seconds..The gas outlet temperature is in the range of 1450 -
1550° F depending upondfeedstock and furnace design. The product gas is sent to
closely connected transfegding’exchangers in which the temperature is rapidly reduced
by several hundreddegrees by gene;ati_ng high pressure saturated steam at
approximately 1500 psig. Given the extre#‘_me process gas temperature and the high
steam pressure, the transfer line ex_:oﬂhangel:féa‘_fjéve to be of very special design. Two or

more transfer line exchangers, 4ogether with-a eommon steam drum, are usually built

right into the furnace structure... . F o '

d .l

2.1.2 Water Quench and Dilution Steam Generator

In the base of the tower, hot'quench water is separated from heavy pyrogasoline
and tars which is condensed along with the dilution.steam. The bulk,of the hydrocarbons
is pumped 1o the primary fractionator to serve as reflux, while the'net product is sent to
the heavy pyrogasoline stripper for the removal of C4 and lighter hydrocarbons. The net
dilution steam condensed is withdrawn from the quench tower and, after a second more
effective water-hydrocarbon phase separation, it is sent to the process water stripper for
the removal of dissolved hydrocarbons and gases. The treated process water is then
pumped to the dilution steam generators which are heated with quench oil and medium-

pressure steam. The net process water discharge from the system is minimal since only
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the small quantity of the live stripping steam fed to the fuel and gas oil stripper
represents a net inflow. In an LPG based cracking plant, a water quench tower alone is
commonly used to cool the cracked gas immediately downstream of the TLEs. In this
case, very little heavy oil and pyrogasoline is produced by LPG cracking. The hot
quench water is used for low level heat recovery while the net condensed dilution steam

is reused as dilution steam boiler feedwater.

2.1.3 Compression and Treating

The pyrolysis gas leavestthe water quench tower at approximately 80 - 100°F
and at a pressure slightlyabove atmospr{karic. Most processes call for compression to a
pressure of 525 - 550 psigswhich apbefé\rs optimal for the subsequent cryogenic
treatment. Modern olefingplants -employz radial centrifugal compressors to boost
operating pressure. Plants Dased on gaseéf_t{sl SLPG) feedstocks commonly employ four
stages of compression,while naéhtha '—g")_;?__._g-as oil plants employ five stages of
compression. Five stages will redice compré_é-s;& discharge temperature which, in turn,

reduces the fouling rate of the-machine. The typical pyrolysis gas compressor consists

of two or three compressorcasings.-driven by a single -extraction/condensing steam
turbine. High pressufé superheated steam from the Crackina furnace waste heat boilers
is used to drive the turbine. Some older ethylene plants operate electric driven process
gas compressors. Water land hydrocarbons-condensed between stages are separated
from the pyrolysis gas in interstage separators (also called suction drums). The water is
returnedstosthe~quenchnwaterssystem while theshydrecarbons=formed; in the first three
stages afe sent to the heavy pyrogasoline stripper, while the condensate from the last
one or two stages is sent to the condensate deethanizer (condensate stripper).
"Treating" refers to the removal of contaminants (acid gas and water) prior to separation
and purification of the olefins. Hydrogen sulfide and carbon dioxide are commonly
removed between the third and fourth stages of compression. This location is ideal
because the actual gas volume has been reduced significantly in the first three stages

of compression while the acidic components are still present in the gas stream and have
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not contaminated any products that are separated ahead. In those plants, processing
feedstocks with a sulfur content of a few hundred ppm, scrubbing with a dilute caustic
soda solution has proven most economical. A three-stage scrubbing tower is provided
to obtain maximum utilization of the caustic soda. The solution circulating over the
middle section of the scrubbing tower typically contains between 8 and 12% free
sodium hydroxide while the solution in the lower section will contain between 2% and
5% free caustic. The top section uses fresh water to minimize caustic entrainment in the
effluent gas. Relatively weak caustic solutions are.preferred to avoid the precipitation of
sodium salts and to minimize-ihe formati_s)n of-organic sodium complexes. The pyrolysis
gas leaving the caustic.serubber contains less them-1 ppm of acid gases and thus
assures that the final producis of the ‘plant will meet specifications in this respect. The
spent caustic represents, envrronmentally, the most troublesome liquid effluent of

ethylene plants and reguires substaniial tr:eatment before it can be safely discharged.

[
A ,-

Plants designed to process feedstbcks v\/it?\ sfgnificant sulfur contents (i.e., in excess of

500 ppm approximately) foften - contarn a ‘regenerative acid gas removal system
#

upstream of the caustic scrubber Regeneratlve systems alone cannot achieve the
44

essentially complete removal of acrd gases%m the pyrolysis gas as required. These

systems, which may. employ monoethanolamlne or dlethanotamlne as solvents, would be

of the standard absorber regenerator design if it were not for the present of diolefin
compounds in the pyronS|s gas which tend to dissolve in, or be weakly bound to the
solution and through polymerization, may eause severe operational problems in the
regenerator. These systems snust contain fagilities for the removal of hydrocarbons from
the rich solution. In fact, it was the development of these solution purification techniques
that, after unsatisfactory early attempts, made possible the application of regenerative
acid gas removal systems for the bulk removal of hydrogen sulfide and carbon dioxide

from pyrolysis gas.
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2.1.4 Charge Gas Drying

Complete removal of water from the pyrolysis gas is required in preparation for
the cryogenic treatment. Most processes employ a single adsorptive drying system
located immediately after the final stage of pyrolysis gas compression. Molecular sieves
are the preferred desiccants because of their selectivity. Of two or more dryers normally
provided, one or more in normal operation while the other is regenerated, recooled, or
held in a standby position. High pressure methane heated with steam or in a direct-fired
heater to a temperature of approximatevl}j 450°F is+the preferred regeneration medium.
The dryers are designedsior onsiream times of 24-io 48 hours between successive
regenerations. To limit the quantity of desilccant required and thus the size of the vessels,

the pyrolysis gas, upstieam of the dryers, ,iswcooled with propylene refrigeration to above

the hydrate inception temperature, the.value of which depends on the system pressure.

i
\ -

2.1.5 Charge Gas Chilling

The cryogenic treatment-involves thé"éﬂécessive chilling of the pyrolysis gas in
heat exchange with '\b;bﬂing—tceiﬂgeﬁan%and-with cold proc‘ess streams that have to be
vaporized and/or re‘h‘eated. As the pyrolysis gas temperéiure is reduced, more and
more condensate is fokiﬁed. There exist numerous prooeés variations on the sequence
of condensate(separation, fractionaiion, and-heat exchange.| The vast majority (95%) of
the hydrogen inithe cracked gas is separated and removed in the cryogenic section.
Brazed aluminum glatetfin-exchangers:are: generally wsed forthe multipass cryogenic
heat transfer services and are sometimes even used for the refrigerated chillers with
thermosyphon circuits for refrigerant circulation. Much of the cryogenic equipment is
often installed in a rectangular carbon steel container, commonly called cold box, with
its void spaces filled with perlite or rockwool for insulation. Considering the complexity of
the system, this mechanical design is characterized by surprising compactness and

minimum space requirements.
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2.1.6 Product Separations

The product separations area of an olefins plant consists of a number of
distillation columns and reactors. They are used to purify and separate the cracked gas
into salable polymer grade ethylene and propylene. In most ethylene units, the following
equipment is included in the product purification section: C1 -C4 columns and reboilers,
acetylene and propadiene converters, ja, 6 C2 splitter, and a C3 splitter. In the
demethanizer, methane and remaining hydregen product is taken overhead. The
recovered methane becomes. fuel for _l_he cracking furnace operation. Hydrogen is
recycled back to the colddeoex'where it is further purified and used in the acetylene and
propadiene converterss™ There #is « usually no process fouling problems in the
demethanizer due to its vey low operatJlons temperatures. The deethanizer splits the

ethylene and ethane overhead . /The C2 stneam is sent through an acetylene converter

where residual acetyleng is converted td efhylene and ethane. Acetylene converter

operation is important since the® ethylene prdduct must meet tight specifications on
?
acetylene content. In the C2 splltter polymer grade ethylene is taken overhead and the
2L
bottoms product ethane is usually recycled Wk to a cracking furnace. The deethanizer

T

column is usually the'first area where polymer foullng may; be noted. Typically, column

fouling is minor, but reborlerfoullng can be quite severe. The depropanlzer column splits
C3s overhead. The overhead product is then sent  through the
methylacetylene/propadiengs, converter. After treatment, the C3 splitter separates
propylene overhead.from a propane bottoms product. Propaneis either used for fuel or
is cycled back to a cracking furnacegThe depropanizer is usually the,first column where
severe fray and reboiler, fouling.becomes evident. Some of the more modern plants have
installed ‘a separate depropranizer column bottoms section in anticipation of severe
fouling due to polybutadiene. Peroxides, metals, and heat initiate polymer reactions. In
the debutanizer, the mixed C4s (butadiene, butene and butanes) are taken overhead.
The overhead product becomes feed to a butadiene extraction/recovery plant. The

bottoms product is raw pyrolysis gasoline, sometimes also called DAC (Debutanized
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Aromatic Concentrate). Some problems have been noted with polymerization in the

debutanizer overhead condensers, column and reboilers.

2.2 Compressor Types

Compressor is device for increasing the pressure of a gas by mechanically
decreasing its volume. It is key component. in many manufacturing and process

industries. The major compresser classes arepositive displacement and dynamic.

7

An example of the positive displacement elass is the bicycle pump or fireplace
bellows, both of which chafgefthesvolume of a ehamber to compress air. If a piston
inside a cylinder forms thes€hambper, the compressor is known as a reciprocating type.
These are further subdivided into singie—éotjng and double-acting. In a single-acting

type, only one piston face j€ompresses th_e air, double-acting types use both faces

alternately. Reciprocatingi€ompressor sizes range from fractional horsepower to more
3 F"

than 600 hp. ; w22
| Compressar Types |
| ~ 1
| Positive Displacement | | Dynarmic |
| |
| | | |
[ Recipracating | | Rotay | | Centrifugal | | . fwial |
| |
| Single-Acting | | [ Double-Acting | | | |
[ Lobe | || Screw ||| wvane |
| Diaphragm |

[Liguid Ring] [ Scron |

Figure 2.5 The main types of gas compressors
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Another type is the rotary positive displacement compressor, in either helical
screw or sliding vane varieties. The helical screw compresses air between a meshing
rotating rotor and screw assembly. Helical screw compressors are available in sizes
from about 3 hp to several thousand horsepower. The sliding vane compressor uses a
set of sliding vanes placed in slots on a rotor eccentrically mounted in a cylindrical

casing. As the rotor spins, centrifugal force presses the vanes against the casing wall to

.

The second major( or ¢ ss@amic type, which compress by
converting air velocityy \\ ounted on a rotating shaft. In
centrifugal compressors, aifer ar t ~\~- e impeller blades, accelerates

along the blade and”

compress air between the vanes

‘~ at the circumference of the
compressor case. Ce \ ize from about 100 hp to several
air enters and exits along the
‘stages of rotor blades. Each set
of rotating blades is sepafatgd.“from. th t "By nonrotating stator blades. Air

compressors in aircraft jet engines ,@,,. G n example of the axial type. Axial-flow

ow hundred horsepower to several thousand

compressors are a .;-' : unare b

horsepower.

0

Both positive-disptacement and dynamic compressors can be single-stage or

tstsge. w8 DIV P ) Soes to escr e

output pressuremthe output of one gtage being the input to the He}(t. Cooling the air
e R TV ISE V1 IVIE 1R
q

Each compressor type reciprocating, screw, rotary vane, centrifugal and axial

has typical operating characteristics. There is, however, overlap and, for a given
application, one might have a choice of types. Some important characteristics are flow,

pressure, capacity control and lubrication.
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2.2.1 Centrifugal compressor

Centrifugal compressor is an integral part of the petrochemical industry, finding
extensive use because of their smooth operation, large tolerance of process
fluctuations, and their higher reliability compared to other types of compressors.
Centrifugal compressors range in size from pressure ratios of 1:3 per stage to as high as
12:1 on experimental models. The proper selection of a compressor is a complex and
important decision. The successful operation.of many plants depends on smooth and
efficient compressor operations. To enslre the best'selection and proper maintenance
of a centrifugal compressarsthe.engineer must have a knowledge of many engineering
disciplines. IIJ.

i

Centrifugal compressors are fluid flow dynamic machines for the compression of
gases according to the pringipals of dyna{mics. The bladed impeller with its continual
internal flow serves as an element of eneréi' transfer to the gas. Pressure temperature

i ") ?

ald ¥ K
and velocity of the gas leaving the impeller gre;ﬁigher than at the inlet. Diaphragms or

diffusers arranged after the impelier helpsﬁc}iverting the gas velocity, thus further

g =i

increase in pressure. and temperature is achieved By.the conversion of the kinetic

energy into pressure é‘h_ergy. During energy transfer in the{'-'rmpeller, the gas flows from
the inside in an outward direction. It is therefore subjected to the change of the
centrifugal field, .through"which the attainable pressure ratios are substantially higher
than those of laxial“compreSsars. [Thelradial direction ofl flowlin the impellers again
requires radially arranged diffusers, which increasessthe outer diametérs of the casing to
about double the impeller diameters. ¢ Generally eentrifugal compressor are used for
high capacity and low pressure and though initial cost is high but, lower maintenance
and running cost places these compressors to compare with high efficiency

reciprocating compressor.
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Centrifugal compressors are generally manufactured in two configurations:
1) Horizontally split Construction

2) Barrel type construction

Compressors of both the configurations are in use and the discharge pressure of
the gas directs the designs. Centrifugal compressors are also manufactured in integral
gear type construction. Centrifugal compressors are composed of outer casing which
contains stator part called a diaphragm bundle,«a rotor formed by a shaft with one or
more impellers, a balance drum, thruéjt collar_etc. The rotor is driven by means of
coupling hub and is held.in"position radially by journal bearings and axially by a thrust
bearing. Sealing system in centrifugall compressors is very interesting and a bit
complicated. Sealing of Py-passing 'Qas fi?m one stage to another is required between
all the inter stages and also at both t%e shaﬁ:ends as well. In general rotor and stators
are fitted with labyrinth seal rings sl_ealing.'ij[] tgxic gas services 100% leak-proof seals
are required which may be of,,_’g_jifferehhﬁt,ype depending on the service of the

compressors. Qil deflectors an'oif Iabyrintﬁé’}"e used as oil seal on both ends of the

df

rotor. _ et -

Gas is drawr 'rﬁt_o the compressor through suction ~6022|e of the compressor and
enters in to an annular chamber called inlet volute, flowing towards the center of the
impeller from all directions.in.a, uniform radial, pattern. The rotating impeller imparts
energy through ‘its"wanes ‘and pushes the“fluid outwards 'raising its velocity (kinetic
energy) and pressure as it passes through the impeller shroud. The outlet fluid leaves
the impeller tangentially and then entérs inte anothericircular chamber called diffuser,
where its velocity (kinetic energy) is converted into pressure energy. After this increase
in pressure of the fluid in one stage again it enters into second stage impeller eye and
cycle goes on till the final discharge of the pressurized gas from the compressor

discharge nozzle.
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Horizontally k‘s‘ﬁit casing‘consists 0 joined along the center line by

casing bolts. These up to 40 kg/cm2 discharge

pressure. All the mction nozz no@le, lubricating lines and

other connections are ‘generally located fin’ the lower half casing so that during
_ | @ ‘
maintenance /Eiuti gyﬁﬂm rﬁfmi&l c:gwm ‘rjmoved easily and gain
U
access to all internal components. Thie material of @onstruction of casing depends upon

e ool st b e ddrirolrl ofrid it £
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2.3 Fouling in charge gas compressor or cra ‘gas compressor
i 7»';«‘ i

- = / .‘l

2.3.1 Causes of Foulifg

X

The furnace ate "with fouling potential in the

compressor area. In NGL crackers, the fouling rate can be classified as moderate to

high, dependiﬂ wééﬁ%ﬁﬂ%’ W,ﬂﬁressors receiving feed

from naphtha and gas oil crackers exhibit a much lower fouling potential. This is
=

beIievﬂkWtﬁ : Q ﬁ?f&lﬂm ‘S [ ﬂ!' iag:‘%’rw cracked gas

itself. Thqse aromatic compounds provide a solubilizing and washing action of polymers
generated by the heat of compression. In contrast, the cracked gas originating from an
NGL feedstock contains only trace quantities of aromatics; thus, supplemental wash oil
injection becomes critical to minimize polymer fouling. Plants cracking large quantities

of ethane exhibit the highest fouling potential.
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2.3.2 Fouling mechanisms

Fouling in process gas compressors is common in most ethylene plants
regardless of the feedstock. Deposits are formed by polymerization of diolefins, mainly
butadiene and isoprene, present in the cracked gas. The polymerization reactions follow
a radical chain mechanism initiated, in most cases, by thermal homolysis of impurities
present in the monomer. These impurities include peroxides or hydroperoxides formed

by oxygen reaction with the feedstoc

(for example during storage). A general free
radical polymerization mechani !& igure 2.8 it consists of a sequence of

three steps: initiation, prop d terminati
| — '! | —

Prupagatiu‘n
Autooxidation

Aue AT P
RN A TRy

Figure 2.8 Free radical Polymerization mechanisms
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In the initiation step, a free radical is generated by heat and/or metals from
impurities present in the olefinic streams. These radicals, called initiators, can further
react in two ways depending on whether oxygen is present in the medium. The initiation
step does not involve the thermal production of radicals directly from ethylene because

the dissociation energy in this case is too high (above 170 kd/mole). In the presence of

oxygen, the initiator will rapidly react with it to form peroxy radicals which at elevated

radical.

The process is

compressors has a di ionship to-foulif . When the temperature is high,

the potential fouling rate

0
o

0
o
I

B R NN
o
o

Polymerization rate,mg/10mi/1k

Tgmperature °C

0 ‘W’] LY (T

9
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2.3.3 Wash oil injection

Fouling potential in charge gas compressors is highest when NGL feedstocks
are cracked. Another factor that has a direct relationship to fouling potential is the
compressor discharge temperature. Modern ethylene units are designed with 5 stages
of compression rather than 4 stages used under older plant designs. The additional
stage reduces the compression ratio per stage, which in turn reduces the discharge
temperature. This minimizes compressor fouling..Wash oils are sprayed into the suction
line of compressors or into“individual impellers-to"wet compressor internals and wash
away polymer forming insthe maehine. Typical wash oilinjection rates range from 0.3 -
1.0 GPM/stage. The=Wash+ oil Used vlmay be an internally recovered aromatic
oil(dripolene) or purchased @il (FCClight ngle oil). The characteristics of a good quality

wash oil are as follows: -

i
\ r

/
2.3.3.1 High Aromatic Content - Toié‘l}_.arpmatios should be between 15% - 95%.
Aromatics are a good polymer solubilizing’-é*ge.nt. High molecular weight aromatics are

preferred. _— £ -

4 -

2.3.3.2 High,Boiling Point - The preferred boiling_bo_int range is 350°F - 600°F.

The wash oil must remain liquid once inside the machine o assure proper wetting of
compressor internals. Low boiling range oils will flash or vaporize in the first and second

compressor stagesyreducingstheir selubilizing-action:

2.3.3.3 Low Diolefin Levels -sSome wash oils recovered frem other sections of
the ethyleneplant mayshayve high/diolefinland peroxide concentrations which accelerate
compressor fouling. In cases like this, an antioxidant should be added to this wash oil to

minimize peroxide and gum formation until the oil is injected into the compressors.

2.3.3.4 Low Existent Gum - High gums will promote compressor fouling. Existent

gums should be less than 25 mg/100 ml.
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2.3.4 Wash water injection

Some ethylene producers inject water into the process gas compressor along
with aromatic wash oil injection. Water functions to reduce compressor fouling tendency
by reducing the discharge temperature. If water is used, it must be deaerated boiler
feedwater with nil levels of dissolved solids and oxygen. Another good water source is
steam condensate. Because excessive water injection can cause erosion of compressor
internals, a water injection rate guideline is 1% Wwater based on total gas throughput in
pounds per hour. For example, a compressor preeessing 250,000 lbs/hr cracked gas
should inject 5 GPM water=Wateris.sometimes intermittently injected to remove caustic
salts due to caustic tower foaming/carryover. Water injeetion will add significantly to the
amount of liquid in the.downstream knoojl‘goyt (or suction) drum. Extra water will require

proper level controllersgand facilities-to-purge water continuously from the knockout

drum. It has been well known that -the vvaéh water is employed to reduce compressor
fouling tendency by reducing the dlscharge temperature the discharge temperature of

compressors has a direct relatlonshlp to foufng potential. When the temperature is high,
s243

the potential fouling rate is also h|gh =

2.4 Simulation and optimization

Nowadays,i many rproductiont /plantsi fuse | camprehensive thermodynamic
packages and advanced computational to conduct simulation to obtain material and
energyrbalanee~forpreliminary~economic analysiss~lhere are the methods of simulation

for optimjzation as follow:

Alex et al. [1] showed that four continuous biodiesel processes were designed
and simulated in HYSYS. The first two employed traditional homogeneous alkali and
acid catalysts. The third and fourth processes used a heterogeneous acid catalyst and a
supercritical method to convert a waste vegetable oil feedstock into biodiesel. While all

four processes were capable of producing biodiesel at high purity, the heterogeneous
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and supercritical processes were the least complex and had the smallest number of unit
operations. Material and energy flows, as well as sized unit operation blocks, were used
to conduct an economic assessment of each process. Total capital investment, total
manufacturing cost and after tax rate-of-return were calculated for each process. The
heterogeneous acid catalyst process had the lowest total capital investment and

manufacturing costs, and had the only positive after tax rate-of-return.

Cardoso et al. [3] presented a simulated annealing-based algorithm (MSIMPSA)
suitable for the optimization of mixed integernoen-linear programming (MINLP) problems
was applied to the synthesis of a n’é’)n—equilibrium reactive distillation column. A
simulation model based on.an extenS|on of conventional distillation is proposed for the
simulation step of the optimization problem In the case of ideal vapor-liquid equilibrium,
the simulation results ared€imilar 10 those using the GAMS environment and to those
obtained with the AspenPlus mod_ula‘r sir_ﬁulator. The results show that the optimized

objective function values argvery simiilar, a'ﬁq‘m_ostly Independent of the number of trays

and of the reaction distribation.  * '/

Gao et all. [4] presented-Braun K10" eguanon as the thermodynamic method,
ethylene quench system_was_amulaied_u&cug_samaze PRO/II Instead of pseudo-
components, the pyro|y3|s oil was characterized by real components Real components
were selected from paFaffin, naphthalene and aromatic groups (PNA) for each cutting
interval of true~“hoiling fpointy (TBP) cutve. «€ompositions, of IPNA components in each
interval were supposed to be the same with that in whole pyrolysis oil. Simulation results
were consistentwithymeasured-datajand) bettersthan using pseudo-cemponents, which

proved that the new approach could be an effective way to calculate quench system.
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Paul et al. [5] Acetone-methanol, methyl acetate-methanol and methanol-
chloroform binary extractive single column distillation systems were simulated with the
HYSYS software platform, to investigate the effects of solvent feed entry stages, solvent
split stream feed and solvent condition on the separation. Water was used in all of the
simulations as the solvent. The simulations supported data and findings from
experimental column studies of the same systems. A rigorous simulation of the acetone—
methanol system including a secondary stripping column and recycle loop was
established to simulate an industrially relevant situation. This simulation enabled an
economic evaluation of the-process t_g be-made. It was found for feed mixtures
containing 25, 50 and 7Z&«:mol%_mgthanol, the optimum reflux ratios were found to be
3.5, 3.5 and 4.2, respeectivelys As & conseguence one eolumn design could separate
binary feed of varying"Composition be‘%yvgen 25 and 75% methanol. The optimum

number of ideal stages fop the primarys.column for an equimolar binary feed was

i
\ -

determined to be 73. Whén maintaining a%co"nstant solvent flow, the distance between

the split feed entry stages had no-effect on the economic potential (EP) of the system.
’ "-"..rf-'...
2224

Aspelund et al. [6] develbped a gradient.free optimization-simulation method for

=i

processes modelled ‘with the simulator Asp’e_n HYSYS. The tool is based on a Tabu

Search (TS) and thé [\Lfelder—Mead Downhill Simplex (NMDS) method. The local optima
that result from the TS_-_are fine-tuned with " NMDS to regﬁuce the required number of
simulations. The tool has®been applied to find.the total refrigerant flow rate, composition
and the refrigerants suction and; condenser pressures that minimize the energy
requirements of a Prico process. The' main strength of this method,is that it has a high
probability of obtaining a better solution with significantly fewer.simulation runs than
other metaheuristic methods. Also, by changing the TS step size it is possible to
influence the initial search pattern, thereby taking advantage of already gained process
knowledge to decrease the optimization time. The method is general and can be

applied to other processes modelled in Aspen HYSYS.
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Manuel et al. [7] simulated a continuous process for biodiesel production by
using Aspen HYSYS V7.0 software. As fresh feed, feedstocks with a mild acid content
have been used. The process flowsheet follows a traditional alkaline transesterification
scheme constituted by esterification, transesterification and purification stages. Kinetic
models taking into account the concentration of the different species have been
employed in order to simulate the behavior of the CSTR reactors and the product
distribution within the process. The cemparison between experimental data found in
literature and the predicted normalized properiies; has been discussed. Additionally, a
comparison between different thermodyynamic packages has been performed. NRTL
activity model has been. selected.as.the most reliableroi them. The combination of these
models allows the prediction”of 15 out,lof 25 parameters included in standard EN-

14214:2003, and confers simulators a great. value as predictive as well as optimization

tool. =

Soos et al. [8] presented the desrgn of ‘a separation column for recovery of 1,2
dichloropropane (DCP) from the off gas released during propylenechlorhydrine (PCH)

synthesis. The aim of this separatron is—{o reeover DCP with a purity of 99.99 mass%.

-’—I

The simulation of the separatron column is performed by means of the professional

simulation program HYSYS. The design of the rectification cﬁollumn is based on complete
experimental measurerr_]ents. The calculation is compered with the design of a
separation column, which uses for the computation of the equilibrium composition the
corresponding database of the simulation program, and with the calculation, in which
the complete set of equilibrium data is predicted from the UNIFAC method. By
comparfison/of thelresults of the. rectification columnidesign quite different values of
parameters which characterising the rectification column (i.e. reflux ratio, flows and
composition of phases on the stages. . .) were obtained. These could lead to false
results in designing the equipment. Within the frame of this work experimental vapour-
liquid equilibrium (VLE) data at a pressure of 98.66 kPa and binary solubilities are
presented for the system composed of following components: water, propylene oxide

(PO), propanal (PA), and DCP. The dependence of activity coefficients on the
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composition is given by the UNIQUAC equation. The experimental results are compared
with those predicted by means of the HYSYS database and with those predicted from
the UNIFAC method.

Petter et al. [9] A real time dynamic simulator of the Hydro Rafnes VCM plant has
been developed. The simulator model covers the cracking and quench section of the

plant, as well as the HC1 column a ration unit. A high fidelity emulation of the

distributed control system, Hon is an essential part of the simulator.

The simulator is mainly use it has also been very useful during
tests of the control strat sor. New development for this
specific simulator proj ‘cracker furnace model and
thermodynamic routi o valug" " » “and robust flash routines for

2 n\\ of impurities.

mixtures with one domi
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CHAPTER Il

Methodology

3.1 Research Methodology

This study is bas won-the ir éreal ethylene plant. Thus the

compressor simulation i ing data and actual data to
formulate the HYSYS n e model. With the accurate
model, the optimal w . The methodology diagram

explaining the process ¢

(i)
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(iif)
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Figure 3.1 Flow diagram of research methodology
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3.1.1 Ethylene plant description and operating data

The studied plant is the large ethylene plant in Thailand which is designed to
crack LPG feedstock. This plant has production process like general ethylene plant that
has about 7 major sections and use KBR (Kellog/Brown & Root) technology as design

engineering.

ACID GAS
REMOVAL DRYING

DILUTION STEAM

PROPYLENE &%

ACETYLENE

Mixed C4 <+— & =] = GONVERTER CONVERTER
¢ b
E
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A
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|
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ﬂUEﬂ?ﬂﬂ‘ﬂiWﬂﬂﬂ‘i

Figure 3.2 Ethylene plant d|agram

ammmm UAIINYAY

3.1.1.1 Ethylene Section

This studied ethylene plant can be explained into the following 7 major sections.
1. Cracking section
This section, the feedstocks are preheated, mixed with dilution steam, and

thermally cracked in the pyrolysis coils at temperatures between 1500 - 1650°F.
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2. Quenching section
The cracked gases leaving cracking section are cooled by direct water

quenching (water quench tower or spray gas cooler)

3. Compression section
Compressor has a role on compression or boosting pressure to liquefy light

components (hydrogen & me at available lowest temperature. This section

Drying section can emove water from cracked gas that is required in

The cracked. Ge light ection will be condensed

before next seggation. @
There |sqped to purify an separat he crac g S |nto salable polymer grade

=

RTEIITIE A INENsY



33

3.1.1.2 Compressor unit

The existing ethylene plant we research has 4 stages of compressor, however,
the 4th stage of compressor is neglected because it operate with low temperature and
the inspection result after plant turnaround shows us in low polymer fouling. So plant

considers to remove wash water for this stage, thus we find the simulation model for the

1%, the 2™ and the 3“ stages of cor s. A diagram of cracked gas compressor
unit for this plant is shown in Fi \ W

To Driers

Inter-

Inter-

stage stage
Cracked Cooler Cooler
Gas K.O.
—,._ﬁ' Drum
cw
{ Stage 1 ) | etEdE s e | veEE Y PURTES
\v“{raslr'l.l 0i|t0r ash Qil or
ash water ‘ - Wash Water To
T ﬂ Condesate
. e ) i il Stripper
uenc
Water
Settling
Drum
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For one stage of compressor, cracked gas from cracking comes and is
compressed to liquefy light component. Then cracked gas with higher pressure will be
condensed by heat exchanger which has a role as an inter-stage cooler before pass to
knock out drum. Knock out drum allow total gas-liquid to set inside, gas phase will go
through the top of drum to the next stage of compressor while liquid phase go through

at the bottom of drum and back to quench system.

‘)l//ﬁ 4. The compressor must be strong

\
and can support total Masqolu@oducnon per day. The major

and impeller that channel and

Real image of compres

complements of compr

i -ll‘l ‘iq i ||l

H.-i|

Figure 3.4 Cracked gas compressor
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Outer casing

Impeller

Polymer fouling
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3.1.1.3 Plant information

This study is based on the information gathering from an existing ethylene plant.
Cracked gas from cracking has many components that the most of them are
hydrocarbon. Design operating data is highly important because it must use as input-
output in simulation program to validate model before optimization. Besides the design

operating data, the actual operating data is also important and use to recheck the

.Vﬁ)and actual operating data are received

L

reasonable of model. The design o

as follow.

The design opel(

® Materi

Ethylene

Propylene

Propadiene

propylene

propane

Vacetylene

1-Butyne
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1, 2-Butadiene
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/[ e

EEenNtene
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U

Hydrocarbon C6 non aromat|c

N30 29)!

Hydrocarbon C7 non aromatic

Styrene

Ebenzene

Hydrocarbon C8 non aromatic

Hydrocarbon C9 and heavier

Water
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® Design operating condition
1. Inlet-outlet pressure each of equipments

2. Inlet-outlet Temperature each of equipments

The equipments we mention are 3 compressors, 3 inter-stage coolers and 3

knock out drums

For confirmatio ed mo I, the actual 6p ating condition of year 2009 is

¢ \K e and wash water flow rate used
N ‘
q\\
) C

in year 2009 are imp 1L i , « it ‘\ value, maximum value and

trend of each parame

gathered. %polytropi

erent between actual data and

simulation results.

AULINENINYINT
ARIAATAUNNIING A Y



3.1.2 Validation model

Simulation models are powerful tools for process design and retrofits. The power
of process modeling to a wider range of users, allowing companies to expand the use of
process models to solve plant operating problems due to the complexities such as
equipment troubleshooting, performance improvement. This study use HYSYS as
simulation tool to validate simulation madel: HYSYS offers a high degree of flexibility
because there are multiple ways to accomplish specific tasks. This flexibility combined

with a consistent and logical"approach to how-these capabilities are delivered makes

HYSYS an extremely versatile proeess simulation tool.

To solve with programHYSYS, we'have to khow primary interface element. There

are five primary interface glements for intetacting with HYSYS:

\ -

J

Table 3.1 Primary interface eléﬁen@s for interacting with HYSYS

Interface Element

o

Description

4 property view ebntaining a graphical environment
‘for building your flowsheet and examining process
connectivity. Process information can be displayed for

—each-indieeabstreameer-eperation as needed.

Workbook

A property wigw containing -3 collection of tabs that
displays information in 2 tabular format. Each
Workbook tab displays infeemation about a specific
object type. You can install multiple tabs for a given
object type, disglaying information in varying levels
aff datail!

Property View

A single property viewthat contains multiple tabs.
HYSYS extensively uses these single property views,
which include all inféfmation about a2'specific object
(i other words, an individual strear, orfeperation).

summary View

Displaysthe currently’installed streams and
operations.

Simulation
MNavigation

A property view that provides 2 single location for
viewing all stream and unit operaticn property views
in the simulation case, regardless of the flowshest
they exist in.
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For open a new case in HYSYS program, the Components tab is where you
define the sets of chemical components used in the simulation. These component sets
are stored in Component Lists and can include library pure components and/or
hypothetical components. The data from design operating data is performed as

components in list.

¢ Simulation Basis Manager

= E3

—Component List

Master Component List
: Lomparent Lizt - 1

Enter Simulation Environment. .. |

pr2I2
e
#F T e 5
Figure3.7 ‘C@ents Tap

Q T

The Componerﬁ tab contains a Wn
| —

ent List that cannot be deleted.
This master list contam:f every component available
‘ 7

-
components aﬁﬁ D‘TJ meﬂomertﬂe?]aﬂaﬁbmatically added to the

Master Component List. Also, if a component is deleted from the master list, it is deleted

R TR T I NYA Y

!

|
’?rjom “all” component lists. If
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The fluid package contains all the necessary information for pure component
flash and physical property calculations. This allows defining all the required information

inside a single entity. There are four key advantages to using fluid packages:

» All associated information is defined in a single location for easy creation and
modification.

* Fluid packages can be ekpcﬁ and imported as completely defined
packages for use in any simulation. /
* Fluid packages Qamacloneda reducmg_ﬂa.e.tlme involved in creating and/or

modifying comple&'ﬂ——'—’ :

« Multiple fluid Packa@es’can be Used in the same simulation.

ages.

]
-

-

-4 K

-

o
]

Grayson Streed
Infochem Multiflazh
F.abadi-D anher

Lee-Kezler-Plocker

eng R Dbin@w Optioh

Margules [ .-'-‘-.ctlwt_l.J Mu:u:lels -
mg;ug‘team {" Chao Seader Models l,’:' HY'SYS
{‘ﬂpour F'ress Mu:u:lels Standard

' [
%DS]DF%;B v Modify H2 Te and Pz

L)
v Srmooth Liquid Density
vanced Thermnd}lnaw

"P' Impu:urt
18 B8 o
— 1

Set Upl Parameters I Binary Coeffs I StabTest I Phaze Order IFh-:ns I T abular I Motes |

Delete | Marne IBEISiS"| Froperty Pka | Feng-Fobinson Edit Properties |

Figure 3.8 Fluid package Tap
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Thermodynamic Equation

Thermodynamic equations describe the state of matter under a given set of
physical conditions. It is a constitutive equation which provides a mathematical
relationship between two or more state functions associated with the matter, such as its

temperature, pressure, volume, or internal energy. Equations of state are useful in

_ RT
P=y
0.45724 R?
=
Pe
TR
,_ ODOTTSORT. v/
pﬂ bl '

b0 — 0.269920°) (1 - 1,7))°

1+ 064+1 3
ﬂuﬂawﬂw§WH1ﬂi
aﬁwmmmummmaﬂ

In polynomial form:

__fap
A=pp
_ by
B=rr



}_(1-B)Z*+(A-2B-3B*) Z—(AB-B*-B* =0

where, @ is the acentric factor of the species, R is the universal gas constant and

Z=PV/(RT) is compressibility factor.

The Peng-Robinson equation was developed in 1976 in order to satisfy the following

goals.

1. The parameters sh

acentric factor. /

2. The model s

of the critical properties and the

acy near the critical point,
particularly for ’~‘~ tor and liquid density.

3. The mixing rul e than a single binary interaction

parameter, temperature pressure and
composition.
4. The equation shoul applicable all calculations of all fluid properties in

natural gas processes.

VII-lIl_-_l_lll-E!-'.I.IllL‘lll__'.lIlEiiiii‘TEn\‘;"‘ per’formance S|m||ar to

the Soave equation, althoug p@dmtmg the liquid densities of

For the mo

many materials, espemally nonpolar ones The departure functions of the Peng-

o NI Ea?’f?w BIN73
’QW'W AINIURIINA Y
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After we add components list, fluid package and reaction, we can enter to
simulation environment. When the window of simulation environment is reached, objects
palettes are used to build simulation within the Simulation environment. The objects in

HYSYS are streams, unit operations, and logical operations.

Objects are chosen for HYSYS simulation in this research as follow

1. Compressor - '/y/

ixing tank that is the path of

/i J.n.a .,.- ;

£

3. Heat exchanger - ..W'Ju g

\YF - &

i as Inter-stage aftercooler for

A .
reduce temperature of cracked gas after compression.

ﬂﬂﬂf?ﬂﬂﬂiwmﬂ‘i
QWﬁCﬁWgﬁﬂJ UAIINYAY

This object palette use as knock out drum that 2 phase
of gas-liquid from inter-stage aftercooler come before

pass to the next

5. Steam line



, This object palette use as steam input-output.

6. Energy line

3.1.3 Wash water opti

After achieve simulatiof jon of studied factor will be

started. The maxim peratmg data is gradually

reduced in order to ieve compressor discharge

ALY

temperature at 90 °C in i : is ten o\ qture 90 °C has less impact on

high fouling in compressors ¢ optimal w t flow rate was determined with its

ﬂuEI’J‘VIEJ'VliWEI’mﬁ
Qmaxﬂmmummmaﬂ



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Cracked gas compressor model

With the use of design operating conditions as input data on HYSYS program,
” th stage of compressors is neglected
m Therefore, the HYSYS model is

~\o-‘ which the first, the second

the HYSYS model is developed
because it has no proble

developed to handle the

There are thre
and the third steps a ) adding wash water, 2.improve the

model by adding was adding extra object.

4.1.1 Step one: Sim dding wash water

This step is _started Wil ing the n.operating information to HYSYS
program. The series éfthis=modet=comiin ' :'&s 2 inter-stage coolers
and 2 gas - liquid E‘u

temperature for compresi,or stage 1 and %temperature difference is 19.3% while other

e P4 M ﬂ NINYINT
AR AINIURIINA Y

sults %w difference of discharge



Table 4.1 Operating data and simulation results of compressor stage 1

47

Compressor stage 1

Parameters
Suction Discharge
Mass flowrate, kg/hr 119,016.00 119,016.00
Design Operating .
Pressure, kg/cm 1.73 3.71
condition
Temperature, °C 39.45 87.50
Condition from Mass flowrate, kg/hr, 119,016.00 119,016.00
simulation Pressure, kg/cm’ 1.73 3.71
)
(no wash water) Temperature, C 39.45 104.40
:
_ |operatingdatas s mulation data| %100
%difference = —— e e (Eq.4.1)

operating Siata

i<
E
-

For compressor stage 2 the SImulétibn results show difference of discharge

,u

temperature and total mass ﬂow réte The‘;CaTre 18.9%o0f temperature difference and

H
J

3.27%o0f total mass ﬂoyy rate d|fference. b

‘_‘ -

i
|

Table 4.2 OBér-ating data and simulation results of'_o_ompressor stage 2

Compressor stage 2

Parameters
Suction Discharge
Mass flowrate, kg/hr 123,042.00 123,042.00
Design ©perating %
Pressure, kg/cm 3.41 8.42
condition
Temperature, °C 33.51 98.13
Condition from Mass flowrate, kg/hr 119,016.00 119,016.00
simulation Pressure, kg/cm” 3.41 8.42
(no wash water) Temperature, °C 33.51 109.8
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For compressor stage 3, the simulation results show difference of discharge
temperature and total mass flow rate. They are 14.9% of temperature difference and

2.5%o0f total mass flow rate difference.

Table 4.3 Operating data and simulation results of compressor stage 3

Compressor stage 3
Parameters
Suction Discharge
Mass flowrate, kg/hr 121,176.00 121,176.00
Design Operating
Pressure, kg/tm” 8.08 17.99
condition
Temperature, f’c 35.76 92.64
3
Condition from Mass ﬂOWT"aJFe, kg/hr 1 14,15700 1 14,15700
simulation Pfessute, kefom’ 8.08 17.99
é :' "
(no wash water) Témperature, G4 35.76 104.30
g2
'J.'_..

In step one, the Simulation  results show that %difference of discharge

temperature is higher than 10% of all stageé';:Thjs error is performed because it has no

wash water in model S, next step gives us more effective simulation model by adding

wash water injection.  —

4.1.2 Step two: improve the model by adding wash water

This step,isimproved from=stepsone, by addingsactual maximum wash water flow
rate from the existing plant to the model.” The maximum wash"water flow rate of
compressor stage 1, stage 2 and stage 3 are 1,200, 1,200 and 780 kg/hr, respectively.
The FPD case shows series of this model combined with 3 compressors, 2 inter-stage
coolers, 2 gas - liquid drums and 3 mixing tanks. The modified model can provide more
accurate prediction of the simulated condition. The comparison between operating data

and simulation model after add wash water can be shown in Table 4.4-4.6.
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Table 4.4 Operating data and simulation results of compressor stage 1: Add wash water

Compressor stage 1
Parameters
Suction Discharge
Mass flowrate, kg/hr 119,016.00 119,016.00
Design Operating .
Pressure, kg/cm 1.73 3.71
condition
Temperature, °C 39.45 87.50
Condition from Mass flowrate, kg/hr, 119,016.00 119,016.00
simulation Pressure, kg/cm’ 1.73 3.71
- )
(add wash water) Temperature, C 39.45 93.54

".
The simulation results after complbtely run program HYSYS still show difference
of discharge temperaturesfor compre’ésor éfége 1 and %temperature difference is 6.9%

while other parameters look suitaple. 'J 4

L
d

Table 4.5 Operating data‘@nd simulation reéy:lgs of compressor stage 2: Add wash water

L2 Ly

2 = Compressor stage 2
Parameters 7 o
= 1 .Suction Discharge
| 7| Mass flowrate; kg/hr 1zs,u4%:0_b 123,042.00
Design Operating 5 -
|l Pressure, kg/cm 3.41 8.42
condition
Teémperature, °C 33.51 98.13
Condition from Mass flowrate, kg/hr 120,216.00 120,216.00
simulation Pressure, kgjcm’ 341 8.42
(add'wash water) Temperature, °C 33.51 96.41

For compressor stage 2, the simulation results show small difference of
discharge temperature and total mass flow rate. They are 1.8%of temperature difference

and 2.3%o0f total mass flow rate difference.
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Table 4.6 Operating data and simulation result of compressor stage 3: Add wash water

Compressor stage 3
Parameters
Suction Discharge
Mass flowrate, kg/hr 121,176.00 121,176.00
Design Operating 5
Pressure, kg/cm 8.08 17.99
condition
Temperature, °C 35.76 92.64
Condition from Mass flowrate, kg/hi 118,953.00 118,953.00
simulation Pressure, kg/c_;)m2 8.08 17.99
(add wash water) Tempediure,’C 35.76 101.50

The results ofgsimuiationsof compressor stage 3 show small difference of

discharge temperaturegand total mass:.ﬂow rate. They are 9.6% of temperature

i
\ -

difference and 1.8%of total mass ﬂo';/v rate élifférence.

In step two, the"simulation resU’_f.’t?_. show that % difference of discharge

temperature is better than Step.‘one and %diﬁéfence of discharge temperature of all

stages are lower than 10%. However, simulét};étimodel should be improved to provide

next process of optim[Zation. So, next step is carried-out tg provide effective simulation

model by adding extra object in order to replacement of heat loss.

4.1.3 Step three: improve the model by adding extra object.

Fortthe next step of wash_water optimization, the model has.to finally improve by
adding more one heat exchanger per stage of compressor to adjust discharge
temperature as similar to actual discharge temperature in average. The maximum wash
water flow rate and average discharge temperature of actual operating data are

considered in this step as baseline of simulation.



51

Table 4.7 Maximum wash water flow rate and discharge temperature of compressor

from actual operating data

Compressor Compressor Compressor
Description stage 1 stage 2 stage 3
Maximum Wash water, kg/hr 1200 1200 780
Maximum Discharge Temp, °C 91.26 90.36 87.93
Minimum Discharge Temp, °C 75.50 75.66 87.30
Average Discharge Temp, °C 83.38 83.01 87.62

-

Series of final simulatiopFmodel c¢ombine with 8 compressors, 3 mixing tanks, 5 heat
exchangers and 2 gas - liguid drums: The extra heat exchanger per stage has a role as
a factor replacing healffoss/of model. Thisfmgthod let us to get simulation condition like
baseline condition. The baseline condition ‘#c‘}_btained from the step three is not equivalent
to the designed operating Conditién fbecau-s_g_ag error from the simulation is taken place
with respect to more than 1 s‘_cen.aﬂrio givneﬁr}? ;_hjlowever, correlation analysis between
designed operating information__and actual infTo{frj'ation is in the acceptable range: that is
in the range of 4-10 %e_rror. _

Therefore, this médel can be applicable to provide simtlation of other cracked gas

compressor units accerding to several olefins feed types with the concern of feed

composition change.
4.2 Wash water optimization

The key of this research is to carry out wash water optimization. The optimal
wash water flow rate is obtained from analysis relationship between simulation results
and actual data. Actual data from real operation is considered to determine variation
range of wash water flow rate relating with discharge temperature. The process to find
out optimal wash water flow rate is done when wash water is gradually reduced in order

to obtain optimal flow rate to achieve compressor discharge temperature at 90 °C which
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has less impact on high fouling rate in compressors. From actual data, it shows
maximum data, minimum data and average data to arrange analysis information.
Compressor stage 1: Wash water vs. Discharge Temp
1,400 130
1,200 120
(&)
o
1,000 110 @
< 2
2 o
& 800 100 8
- £
B3 (o)
|_
= 600 90 o
[Z]
© o
(]
2
a
200 70
0 60
1-Jan-09 1-Apr- p-0 27-Dec-09 27-Mar-10

1,400 130

1,200 120

1,000 110
<
2

o 800 ~ 100
o
2

= 90
[Z]
2

80

o
200 4 Wash water 20
Discharge Temp
0 60
1-Jan-09 1-Apr-09 30-Jun-09 28-Sep-09 27-Dec-09 27-Mar-10

Discharge Temperature, °c

Figure 4.2 Actual data: Wash water flow rate vs. Discharge Temperature of

compressor stage 2



53

Compressor stage 3: Wash water vs. Discharge Temp
900 130
800 [} o © - 120
700 A oo O (e o] ao o(_)
- ° © ° + 110 g
£600 I_—_W G0 OO0 EEEEOOO @ O =]
o2 o o oo ©
=3 c ow & o© @ o ®
5500 0 + 100 &
Q o © O © O ®© £
©
2 | o 0o© et
Z400 9 T 90 ':,
2 o)
2300 - g
T 80 §
200 a
©  Wash water 1 2
100 Discharge T
0 60
1-Jan-09 27-Dec-09 27-Mar-10
Figure 4.3 Actu S tas ‘ ; \ harge Temperature of
Figure 4.1-4.3 shew spar ctual t ter flow rate which can control

compressor discharge tempera -{)EJ ptable condition. Compressor of each

stage has own span using as.. nparing with simulation optimization
analysis. At the lowestiof discharge temperature of baseli ._;. emperature 83 °C to 90 °C,
it is conducted to pe '-.j.? . S ‘%v- er flow rate from simulation

results by vary discharge temperature are shown in TabI 1.8 and Figure 4.4.

ﬂ‘lJElf’mﬂW?WEl']ﬂ‘i
’QW'WMﬂ‘iEU UAIINYAY



Table 4.8 Wash water flow rate results from simulation model

Wash water flow rate , kg/hr

Discharge
o Compressor Compressor Compressor
Temperature, C

stage 1 stage 2 stage 3
83 1,241 1,200 1,315
84 1,128 1,080 1,200
85 _ | 1,080
86 ' 85 964
87 ¥ | ——— 849
88 RN 737
89 ' ’“\ 620
90 : | 505

AN

ash water flow

1400

—®— Compressor stage1
1200 |

—8— Compressor stage?2

o

o

o
|

A Compressor stage3

@

o

o
|

N
o
o
|
>

o,
b
€

Wash water flow rate, kg/hr
3
o

82 83 84 85 86 87 88 89 90 91
Discharge Temp, C

Figure 4.4 Relationship between wash water flow rate and discharge temperature from

simulation model for 3 stage of compressors by vary discharge temperature
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Besides discharge temperature, the optimal wash water flow rate is independent
variable and determined with its constraint of 1,200 kg/hr to 100 kg/hr. The maximum
wash water flow rate 1,200 kg/hr can be gradually reduced to 100 kg/hr to find out
additional information to analyze optimal wash water flow rate at optimal discharge
temperature. Discharge temperature from simulation results by vary wash water flow rate

are shown in Table 4.9 and Figure 4.5.

Compressor

stage 3

83.98

84.84

85.71

86.57

87.44

88.3

89.17

90.03

90.9

09177
a 864

93.51
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Simulation: Wash water flow vs. Discharge Temp
96.0
940 —— Compressor stage1| |
—8— Compressor stage?2
o© 920 A Compressor stage3 [
5
& 900
(]
Q.
€ 88.0
()
|_
099,86.0
_tCU A
840 I~
&)
82.0
0 1200 1400
Figure 4.5 Relationship bg er | 0\ ‘:\ and discharge temperature
from simulation mode! for 3'stage of ce \ rs by vary wash water flow rate
Generally, polymerizatio 1 compressor is related with discharge
temperature. Thus, thi ' rs polymerization rate, discharge

among them. This relation
ﬂuﬁl? 'VlEWl?WH'm'ﬁ
AR ﬁﬁﬂ'ﬁm URIAINYIAY

temperature and wash

can be shown in Figur£.6—4.8.



Compressor 1: Polymerization rate and wash water
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Figure 4.7 Relationship between polymerization rate and wash water flow rate

of compressors stage 2
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Compressor 3: Polymerization rate and wash water
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Figure 4.8 Relationshipbet 23 ate and wash water flow rate
ALl 7
s Je 3
When analyze,fre ship’ betwe \erjization rate and wash water

flow rate as figures 1:- |on to verify optimal wash
water flow rate. The feEbIe region show range o wash@ter flow rate that can control
compressor discharge tdwrature at low wlymerlzatlon rate. Severe region is high

discharge temperature
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Table 4.10 Actual data and simulation data of wash water flow rate

Compressor | Compressor | Compressor

Description stage 1 stage 2 stage 3
Actual Maximum Wash water, kg/hr 1200.0 1200.0 780.0
dat
ata Minimum Wash water, kg/hr 540.0 570.0 0.0

Minimum Wash water, kg/hr
Simulation 465.0 380.0 505.0
(at discharge temp 9

As compare with a ' Si tﬁa compressor stage 1 and stage
L ———

2 use wash water flow ure in acceptable rate and in

feasible region that s - ever, wash water flow rate
using at compressor ‘severe region and minimum
rate of wash water is O lation is 505 kg/hr. So, wash
water for compressor sta at least 500 kg/hr to minimize high

fouling from polymerizatio

A

ﬂ‘lJElf’mﬂW?WEl']ﬂ‘i
’QW'WMﬂ‘iEU UAIINYAY
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4.3 Saving obtained from optimization

Fouling in cracked gas compressor can negatively affect plant economics. In
addition to energy lost and production loss, a fouled compressor may require an
unscheduled shutdown. Discharge temperature control is the one of main factors for

high polymerization rate in charge gas pressor. Improper wash water which can not

control discharge temperature f sidered as high impact on fouling in

compressor that unsched rred. The total loss from fouling
and unscheduled shut d D ompressor fouling is calculated from

productivity lost, operati npres: aning cost.

Total cost from f oiF ned s fo Productivity loss + Operating
cost + Cleaning cost (Eq.4.2)
Productivity loss ca e om total cost of ethylene product loss

¢ :
during shut down period that plant-disag >ome from selling product.

i x:"‘ Number of days during
(Eq.4.3)

Ethylene production 912 Ton/day

Ethylene price 804 USD/Ton

Total cost 3,666,240 UsbD
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Normally, studied ethylene plant has ethylene production rate 912 Ton/day and
ethylene can sell as price 804 USD/Ton. For summary, total cost of productivity loss can

be seen from Table 4.11 and it is 3,666,240 USD

Operating cost estimate from productivity reduction and steam driving turbine

increasing during plant operate with fouling condition. Generally, plant shutdown is not

during fouling (Eq.4.4)

oy dj.
Table 4.12 Calculati S ] with fouling condition
{&‘ - \
Fouling peri j:": Days
10% ethylena'feduction 91.2 Ton/day
3 | USD/Ton
usD
FGuhg eriod o 90 Days
| ncreasing n/day

. oo i _Stea lr' e“, ) _ ) SD
AR A Ttk

Total cost = (1)+(2) 13,773,732 UsD
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Operating cost is calculated from productivity reduction with percent of product
cost reduction 10% and cost of steam increasing to try to drive discharge pressure to
maintain desired discharge pressure for 90 days. Cost of steam is 750 USD/Ton and

total operating cost is 13,773,732 USD as Table 4.12.

Cleaning cost is the expense paid for employing contractors and renting

Wated as Equation 4.4.

Cleaning cost = Co aning ca or unit (Eq.4.5)
e —

Table 4.13 \\\ g plant cleaning

Y AT

equipments to clean compressors a

ALHL AN
wasn ojfosfiofoicaniif, 1900 | UsD
Offline ‘ .j- ¢\\ -
usD

Total cost frof ;:mm;:-_u‘»%i | circulation in compressor
unit 19,000 USD and-¢o 00 [7," such as man hour and

i
mechanical cleaning cost. In table 4.13, the total cleaning cost is 34,000 USD.

AULINENINYINT
RN IUNRINYIAY
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Total saving from proper wash water flow rate control is saving from no payment due to

fouling and unplanned shutdown.

Saving = Total cost from fouling and unplanned shutdown (Eq.4.6)

Table 4.14 Calculation of tota

ing with proper wash water flow rate

Produglivity-oss o | = A5, usD

Opera Mr usD

4///;\\\\\&...
roallofld /g

ature control by optimal wash water flow
rate is cost saving 17,473,972 z ;.Q,l nes. For planning shutdown for 4 year, it
can be subdivided to'thre

R

Table 4.15 Calcula E! n total sav rl h water flow rate

e proper

Y U U

1,070,542 O%

THEAREY =

Unplanlriwed shutdown 2 times 34,947,944 1,035,594,136 0
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Case one is the case of no fouling and it can maintain plant reliability to 4 years
or meet shutdown planning. Case two and case three are situation of unplanned
shutdown from fouling for one and two times before reaching shutdown planning,
respectively, Comparison between case one and case three, it has the saving of 3.26%
or 34,947,944 USD while it has the saving of 1.63% or 17,473,972 USD when compared

between case one and case two.

2

LTI

-
-

\Z
i
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CHAPTER V

CONCLUSION AND RECOMMENTDATION

5.1 Conclusion

Factors involved in polymer fouling for ascracked gas compressor in an ethylene

plant were studied in thisework based on ih€ formulation of a HYSYS model and
v

simulation. With the real ethylene plant's data, the HYSYS model was formulated and

tested the characteristicsof a_eracked gas compressor. Validated model was improved
\

in three steps. In first, steép enerwas step of simulation the model by no adding wash

water. It showed high %" different of discﬁarge temperature between design operating
data and actual operating‘data, so »'s"tep two v&fas considered. Then, step two was step of

i<

improvement the model by adding ‘wash w-éfter'; This step could give better adjustment

of % different of discharge temperature bé‘theen design operating data and actual
,u

operating data of compressor all stages and:% different was lower than 10%. Finally,

step three was the step of |mprovement the model by addmg extra object for replacing

heat loss and the m__edel from this step was used to _.a_palyze correlation between

discharge temperature and wash water flow rate'in the next

Then, with tthistmodel, trelationship<between dischange-temperature and wash
water flow rate was determined by compressor discharge temperature constraint of 83
°C to 90, °@andywash water .constraint ofy15200 Jhr #01100 Ihr. 4t was found that the
minimums wash water flow rate in each stages determined to achieve the discharge
temperature of the compressors at 90°C were at 465 I/hr, 380 I/hr and 505 I/hr
corresponding to the 1st, 2nd and 3rd stage compressors respectively. The optimal
wash water flow employed to handle the fouling of the compressors was found by

analysis of relationship between polymerization rate and wash water flow rate.
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From analysis the relationship between polymerization rate and wash water flow
rate, we got safety area or feasible region to verify optimal wash water flow rate. The
feasible region showed range of wash water flow rate that can control compressor
discharge temperature at low polymerization rate. Severe region was high
polymerization area that shows improper wash water flow rate controlling compressor

discharge temperature.

As compared to actu

| |
‘!f/&é)rea, the compressor stage 1 and
at the ﬂkm;ontrol discharge temperature in

acceptable rate and in fe 2 redi K polymerization rate. However,

stage 2 could give wash

region and minimum rate of we Ster | /hr while minimum rate from

simulation was 505 kg/r. S¢ 1 wale for ¢ age 3 should be maintained

¢
plant shutdown from polymer fo b

,—JE?«‘I?'J_-:-" PG d S =
loss, operating cos’ilﬂwd compresgﬁ'uﬁtmg?timal wash water flow rate
could save 17,473,9 > tdown period.

i |
For baseline o;planning shutdown every 4 years, emergency shutdown was

predicted to b ﬂ ﬁo% WEJ%%}WQEQ ﬁ\/ings of the plant were

1.63% and 3. regarding the reduction of one two times of fouling and

" RTEN I ANING A
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5.2 Recommendation

Nowadays, many plants have economics saving as a goal. Besides wash water,
optimization wash oil rate for cracked gas compressors is the one of vital objectives for
project cost saving. In future direction, wash oil flow rate which is important factor

impact on fouling in compressors should be considered. The interest of wash oil is its

properties; aromatic content, boiling point, diolefins level and existent gum. This involves
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Compressor stage 1
Steam Steam Outlet heat Liquid from | Vapor from

Steam description Suction Discharge exchanger drum drum
phase Mixed Vapor Mixed Mixed Vapor
Temperature, oC 39.45 87.5 38.6 33.09 33.21
Pressure, Kg/cm?2 1.73 3.71 3.43 1.9 3.41
Total Mass Rate, Kg/hr 119016 119016 119016 10845 121841.8
Hydrogen 3538.5 3538.5 8538.5 0.1 3538.5
Carbon monoxide yis)0) 25’.5 29.5 0 29.5
Carbon dioxide 66.8 66|.8 66.8 0 66.9
Hydrogen sulfide 104 101{4 10.4 0 10.5
Methane 15786.7 | 15786.% 15786.7 1.9 15795
Acetylene 76982 769%‘ ’ 769.2 0.6 771.8
Ethylene 53806 4% 53305'.;5:": 1 533055 28.2 53420.6
Ethane 21066.9»,-;: *._d21066.l9d-r::;, .‘:, 21066.9 16.2 21131.8
Propylene 34144 ;, 3414 Tﬂ 341.4 1.7 349.4
Propadiene 341.7 341.7 3417 _ ’ 1.4 3484
propylene 6295.8 6295.8 6295.8;; 15.7 6363.8
oropane " 18057 1805.7 1805.7 49 1825.1
Vacetylene 136.6 186.6 136.6 1.8 145.6
1-Butyne 58.5 58.5 58.5 0.8 62.7
1, 2-Butadiene 24.8 24.8 24.8 0.4 26.8
1, 3 —Butadiene 2455.6 2455.6 2455.6 23.2 2562
1Butene 430.4 430.4 430.4 3.7 4471
Cis 2 Butene 80.9 80.9 80.9 1 85.6
Trans 2 Butene 1104 1104 1104 1.3 116.1
IsoButadiene 642.8 642.8 642.8 54 667
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Compressor stage 1
Steam Steam Outlet heat Liquid from | Vapor from
Steam description Suction Discharge exchanger drum drum
phase Mixed Vapor Mixed Mixed Vapor
1,3 Cyclopentane 465.7 465.7 465.7 22.8 603.7
Cyclopentane 63.3 63.3 63.3 3.9 86.1
Trans 1, 3 Pentadiene 226.3 226.3 1.5 289.1
i
Isoprene 964" | 6.4 3.3 113.2
1Pentene 2.2 81.5
3M1Butene 0.1 4.2
N-Pentane 4 . 0.2 5.1
2 %
Iso-Pentane e 5 \ 0.1 6.1
Benzene 4 “ ﬁ,’ A 1020.2 7069.5
C6 non aromatic iﬁ-&?@ b 1400 226 239.9
Toluene 6 ,._;‘,i'f; 508 08 644.7 1306.3
. - ——
C7 non aromatic 84.2 | —H A= 84.2 66.1 219.1
- ‘;.g‘_:f)lf{. &
= e
Styrene g 180.9 118.4
Ebenzene 1191.4 842.3
C8 non aromatic 327.5 363.6
C9 and heavierﬁ q ] 43'21 17.7 744.3
H = O Q
Water 5162.9 5162 9 5117.7 1529.8

Q‘W’]ﬂﬁﬂ‘ﬁm NW]’IJWE
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Compressor stage 2
Steam Steam Outlet heat Liquid from | Vapor from

Steam description Suction Discharge exchanger drum drum
phase Mixed Vapor Mixed Mixed Vapor
Temperature, oC 33.51 98.13 38 33.76 34.85
Pressure, Kg/cm?2 3.41 8.42 8.14 3.76 8.08
Total Mass Rate, Kg/hr 123041.8 123041.8 123041.8 13670.9 119976.3
Hydrogen A 3538.5 3538:5 0.3 3539.1
Carbon monoxide 208 29.5 29.5 0 29.5
Carbon dioxide 66.9 66&9 66.9 0.1 66.9
Hydrogen sulfide 40.5 R 10.5 0.1 10.5
Methane 15796 ‘1 579"§ 5 15795 10.2 15808.4
Acetylene 711 8 77 8J 4 8 3.3 776.9
Ethylene 534206 : aid 53420%‘_’_?:' . 53420.6 143.3 53619.5
Ethane 21131 8 21 131.8%-}.: 21131.8 81 21248.4
Propylene 349.4-1----: | 349.4> i 349.4 9.7 366.2
Propadiene 348.4 348.4 348.4 -— 8.1 362.1
propylene = 6363.8 6363.8 6363.8 83.6 6498.3
propane 1826.1 1825.1 18251 24.3 1863
Vacetylene 145.6 145.6 145.6 10.9 162.2
1-Butyne 62.7 G2i7 627 5 70.9
1, 2-Butadiene 26.8 26.8 26.8 24 30.7
1, 3 —Butadiene 2562 2562 2562 129.6 2773.2
1Butene 447 1 447 1 447 1 20.4 480.2
Cis 2 Butene 85.6 85.6 85.6 5.7 94.7
Trans 2 Butene 116.1 116.1 116.1 7 127.4
IsoButadiene 667 667 667 29.6 715.1
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Compressor stage 2
Steam Steam Outlet heat Liquid from | Vapor from
Steam description Suction Discharge exchanger drum drum
phase Mixed Vapor Mixed Mixed Vapor
1,3 Cyclopentane 603.7 603.7 603.7 160.8 7777
Cyclopentane 86.1 86.1 86.1 26.8 1117
Trans 1, 3 Pentadiene 289.1 \ 289.1 74.3 366.2
i
Isoprene 11320 13.2 20.1 137.2
1Pentene 845 12.7 98.1
3M1Butene ”1‘4 21'\\ e 0.5 4.9
'.‘\' .
N-Pentane # . 0.8 6
2 %
Iso-Pentane s > A 0.8 7.2
Benzene 696 f|% 7o A 5635.6 7118.2
C6 non aromatic A ddozogih A 2309 1216 301.1
Toluene 13388 ,._;‘,i'f; 3354 5.8 1342.9 509
C7 non aromatic 219.6 ‘:i2 19 219.6 2011 156
) ;::;‘,;.g‘_:f)"f{. b ) )
= e
Styrene g : 118.3 14.7
Ebenzene 1557.2 216.3
C8 non aromatic 546.7 150.3
C9 and heavierﬁ q ] 43'1771.3 154.4
L L™ Q
Water 1729.8 11 729.8 1729.8 1484.6 718.2
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Compressor stage 3
Steam Steam Outlet heat Liquid from | Vapor from
Steam description Suction Discharge exchanger drum drum
phase Mixed Vapor Mixed Mixed Vapor
Temperature, oC 35.76 92.64 37.9 36.4 37.83
Pressure, Kg/cm?2 8.08 17.99 17.71 9.1 17.61
Total Mass Rate, Kg/hr 121176.3 121176.3_| 110720.3 5090.3 105630.1
Hydrogen 3589.1 353971 82337 0.3 32334
Carbon monoxide o o 2)9.5 e 0 27
Carbon dioxide o 669 6{5.9 61.2 0.1 61
Hydrogen sulfide ,Kj.O.S 1%;.5 9.6 0.1 9.5
Methane /K7§808.4 _1 58@54 144443 9.4 14434.9
Acetylene ,e~"”""‘77‘6.9 ‘;- 77%9 : 709.8 27 7071
Ethylene 53605 5361?;{?{ 1 sees 121 48871.8
Ethane 2?24§IAE‘J 21246;:4?1:;'_#=‘ﬁ 19415 67.5 19347.5
Propylene 366.2. *H 366.2[;7?:_._, 334 7.3 327.3
Propadiene til 362.1 362.1 s8] 62 324.7
¥ N
propylene = 6498.3 6498.3 5937.67 65.8 5871.8
propane Tl 1863 1863 17023 19 1683.3
Vacetylene 162:2 162.2 148.2 7.7 140.6
1-Butyne 70.9 70.9 64.8 3.5 61.3
1, 2-Butadiene 30.7 30.7 28 1.7 26.4
1, 3 —-Butadiene 2773.2 2773.2 2533.9 93.6 2440.3
1Butene 480.2 480.2 438.8 14.8 424
Cis 2 Butene 94.7 94.7 86.5 4 82.5
Trans 2 Butene 127.4 127.4 116.4 5 111.4
IsoButadiene 715.1 715.1 653.4 21.6 631.9
IsoButane 155.5 155.5 1421 3.8 138.3
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Compressor stage 3
Steam Steam Outlet heat Liquid from | Vapor from
Steam description Suction Discharge exchanger drum drum
phase Mixed Vapor Mixed Mixed Vapor
Cyclopentane 111.7 111.7 102 15.9 86.2
Trans 1, 3 Pentadiene 366.2 366.2 334.6 454 289.3
Isoprene 137.2 125.4 12.9 1125
1Pentene A ‘ & 897 8.3 81.4
3M1Butene 49 03 42
N-Pentane 6 . 0, 0.5 5
Iso-Pentane 4 -A2 0.6 6.1
g Ly
Benzene : 2382.6 4121.4
C6 non aromatic 7 agl 4 O' Tl 62.4 2127
Toluene 3g5 4 4 & B3 1492.1 318.5 173.6
Y N ’-
C7 non aromatic o —- 43 67.1 75.9
F ol o
Styrene 14.]{:;—,;“,.—1-:(‘_, 13.5 11.3 2.1
Ebenzene 435.2 91.4
C8 non aromatic ’ ﬁ 158.2 65.9
C9 and heavier 669.4 669.4 611.7 537.4 74.3
L7
Water f‘ ‘-j. 470 368.9
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Step 1: Simulation before add_lmlvasmwar/
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Step 2: Simulation after add@uasg
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Step 3: Simulation after adding exira exc@;r
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