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ABSTRACT
MODELING AND SIMULATION OF A VACUUM DISTILLATION UNIT IN
AN OIL REFINERY
Almuamri, Ali
M.S, Chemical Engineering and Applied Chemistry
Supervisor: Asst. Prof. Dr.Hakan Kayı
Co-Supervisor: Prof. Dr. Erdoğan Alper
MAY 2017, 54 pages
In this thesis, we studied the modeling and simulation of a vacuum distillation
unit (VDU). A distillation unit operating under vacuum pressure was designed to be
fully used in Libyan refineries to make benefit from its residue instead of exporting it
to other countries, and to extract more valuable products. The atmospheric residue
has a very high boiling point (370 ºC). We need to find a way to decrease its boiling
point, and then to separate it into its components easily and efficiently. It is known
that when the pressure applied on a fluid decreases its boiling point decreases too. In
the vacuum distillation column, the boiling point of the atmospheric residue is
decreased by decreasing the pressure applied on the residue. The main products from
the vacuum distillation unit are off gas, light vacuum gas oil (LVGO) and heavy
vacuum gas oil (HVGO). In addition, a vacuum residue is produced.
To be able to investigate the further distillation of the residue of the
atmospheric distillation, a vacuum distillation unit was designed and simulated by
Honeywell UniSim® Design v450 software, which is a very powerful program that
helps us to create steady-state and dynamic models for plant design. At the end of the
simulations, the liquid volume percent of the atmospheric residue was found to be
31.9%, while the liquid volume percent of vacuum residue was found to be 0.098%.
Our simulations by using UniSim software indicated that the use of VDU
significantly decrease the amount of the residue in the petroleum refinery.
Keywords: UniSim software, simulation, crude oil, vacuum distillation unit.
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ÖZ
BİR PETROL RAFİNERİSİNDEKİ VAKUM DAMITMA ÜNİTESİNİ
MODELLEME VE BENZETİMLEME
Almuamri, Ali
Yüksek Lisans, Kimya Mühendisliği ve Uygulamalı Kimya
Tez Yöneticisi: Yrd. Doç. Dr. Hakan Kayı
Ortak Tez Yöneticisi: Prof. Dr. Erdoğan Alper
Mayıs 2017, 54 sayfa
Bu tez çalışmasında, bir vakum damıtma ünitesinin (VDU) modellemesi ve
benzetimlemesi incelenmiştir. Libya rafinerilerinde kullanılmak üzere, rafinasyon
artıklarını başka ülkelere satmak yerine bunlardan yararlanmak ve daha değerli
ürünler elde etmek için vakum basıncı altında çalışan bir damıtma ünitesi
tasarlanmıştır. Atmosferik distilasyon ünitesi kalıntısı çok yüksek bir kaynama
noktasına (370 ºC) sahiptir. Bu kaynama noktasını düşürmenin ve sonra bileşenlerine
kolay ve verimli bir şekilde ayırmanın bir yolunu bulmamız gerekmektedir. Bir
sıvıya uygulanan basınç düştükçe kaynama noktasının da azaldığı bilinmektedir.
Vakum damıtma kolonunda, atmosferik artık maddenin kaynama noktası, bu madde
üzerinde uygulanan basıncı düşürerek azaltılır. Vakum damıtma ünitesinin ana
ürünleri, çıkış gazı, hafif vakum gaz yağı (LVGO) ve ağır vakum gaz yağıdır
(HVGO). İlave olarak bir vakum kalıntısı da üretilmektedir.
Atmosferik damıtma kalıntısının daha fazla damıtılmasını araştırmak için, vakum
damıtma ünitesi tasarlanmış ve Honeywell UniSim® Design v450 yazılımı ile
benzetimlenmiştir. Bu yazılım, kararlı durum ve dinamik modeller oluşturmamıza
yardımcı olan çok güçlü bir tesis tasarım programıdır. Benzetimlemeler neticesinde,
atmosferik artık maddenin sıvı hacim yüzdesi % 31,9, vakum kalıntısının sıvı hacim
yüzdesi ise %0,098 olarak bulunmuştur. UniSim yazılımını kullanarak yapılan
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benzetimlemelerimiz, VDU kullanımının petrol rafinerisindeki artık miktarını önemli
ölçüde azalttığını göstermiştir.
Anahtar Kelimeler: UniSim yazılımı, benzetimleme, ham petrol, vakum damıtma
ünitesi
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CHAPTER 1
INTRODUCTION

1.1 Crude Oil
Crude oil is a mixture composed of a large number of hydrocarbon compounds
consisting primarily of carbon and hydrogen in different ratios, while the petroleum
is a wide category that includes both crude oil and petroleum products [1, 2]. Crude
oil is one of the very important substances currently consumed in the world. It is
used as a primary source of power for industries, transportation and heating, and also
provides the raw material for petrochemicals factories to produce polymers, plastics
and several different products [3].

1.2 Composition of Crude Oil
Crude oil is mainly composed of hydrocarbons, which contain principally
carbon and hydrogen in different ratios. In addition, a little amount of organic
compounds including oxygen, nitrogen, sulphur and metals such as vanadium,
nickel, iron and copper are present in the crude oil [4, 5]. Asphalt is the heaviest
fraction in the crude oil [6].

1.3 Characterization Properties of Crude Oil
Thermodynamic properties of crude oil mixture are important to the design of
processes for both production and refining of petroleum, and an accurate knowledge
of basic physical properties like molecular weight and boiling point is necessary. The
physical properties of petroleum are affected by the carbon to hydrogen ratio [6].

1.3.1 API Gravity
The American Petroleum Institute (API) determines the API gravity (which is
also called API density) to specify the quality of crude oil and petroleum products.
The API gravity of petroleum indicates how heavy or light it is, as a whole. If the
1

crude oil contains higher proportions of small molecules, it is known as lighter
crudes. If the crude contains higher proportions of large molecules, it is known as
heavier crudes. The API usually measured at 60 °F (15.5 °C) [7].
The API gravity is described as
API =

141.5
− 131.5
specific gravity(SG)

Crude oil can usually be classified according to the ºAPI as shown in Table 1.1
Table 1.1 Classification of crude oil[1]
Crude type

API Gravity

Light crudes

API > 38

Medium crudes

38 > API > 29

Heavy crudes

29 > API > 8.5

Crude oil is classified according to API gravity, to be light, medium or heavy.
Light crude oils have API gravity greater than 38. Medium crude oils have API
gravity among 29 and 38. And heavy crude oil is any crude oil with an API gravity
that is less than 29. In general, the crude oil with a high API gravity has a good
quality and high price [7, 8].

1.3.2 Watson K Factor
Watson factor (𝐾 𝑈𝑂𝑃) was introduced by researchers at the Universal Oil
Product Company. To decide upon the quality of the crude oil in terms of the
domination of the hydrocarbon components, the Watson factor is used [1]. The
Watson factor is usually defined as
[1.8 𝑇𝑏 (°𝐾)]1/3
𝐾 UOP =
SG
Where Tb is the average boiling point of the petroleum fraction in K taken from five
temperatures corresponding to 10, 30, 50, 70 and 90 volume % vaporized.
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SG = specific gravity at 60 ºF (15.5 °C)

1.3.3 True Boiling Point (TBP)
The distribution of the crude oil boiling point is obtained by a batch distillation
test ASTM 2892. For the boiling points less than 644 ºF (340 ºC), distillation is done
at atmospheric pressure, but the residue is distilled at the vacuum pressure (1-10 mm
Hg). Boiling points at the vacuum pressure are changed to the normal boiling point,
and distillation continues to a normal boiling point of 995 ºF (535 ºC) [1].

1.3.4 Sulfur Content
Sulfur is present in the crude oil. Crude oil that is containing less than 0.1%
sulfur is defined as sweet crude, while the crude oil that is containing more than 5%
sulfur is defined as sour crude [1].

1.3.5 Pour Point
The pour point of crude oil is usually defined as the lowest temperature where
the crude oil loses its flow characteristics and becomes semi-solid. This temperature
is termed as the pour point. It shows how easy or difficult to pump the petroleum,
especially in cold weather conditions. Generally, high paraffin content is associated
with a high pour point in crude oil [1, 4].

1.3.6 Viscosity
Viscosity is defined as internal resistance to flow which has implications in
pumping of crude oil. The measurement of viscosity is expressed in terms of
kinematic viscosity (viscosity/density), and it is measured at 100 ºF (37.8 ºC) by
ASTM D445 method and at 210 ºF (99 ºC) by ASTM D446 method [1].
Table 1.2 Types of ASTM distillation
Type of the Device

Use of the Device

ASTM 2892

For measurement of the True Boiling Point (TBP)

ASTM D445

For measurement of the viscosity at 100 ºF

ASTM D446

For measurement of the viscosity at 210 ºF
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1.3.7 Freezing Point
The freezing point is defined as the temperature at which the hydrocarbon fluid
freezes at atmospheric pressure. At ambient conditions, the petroleum products are
often liquids. The freezing point is one of the important properties of kerosene
because it is used as fuel in aircrafts and is exposed to very low temperatures at very
high altitude [1].

1.3.8 Molecular Weight
Most of the crude oil and petroleum products have a molecular weight between
100 and 500 in average. Freezing point depression method is one of the convenient
methods in the measurement of the molecular weight [1, 9].

1.4 Crude Assay
Most important feedstocks for refining processes are the petroleum fractions
and crude oil. A good understanding of the petroleum fractions, thermo-physical
properties of crude oils and compositional information is necessary to properly
simulate the refining processes. But, the complexities of the molecular composition
of petroleum fractions and crude oil make that hardly possible to identify individual
molecules. Modern refineries use assays, which are collation of laboratory and pilot
plant data, such as distillation and specific gravity curves, to define petroleum
fractions and characterise crude oils [3].

1.5 Crude Distillation
Crude oil itself has no use; therefore, it should be refined or processed. This
process is done in the petroleum refinery. The petroleum refinery is an industrial
process factory where crude oil is refined and also processed toward groups called
fractions. The first step is to separate compounds in the crude oil into more useful
products by distillation column. In the early stages of the refinery development when
the lubrication oil was one of the most important products in the crude oil distillation,
at that point, gasoline was a minor product in an oil refinery. However, with the
increasing demand for gasoline, conversion processes were developed, because
distillation alone might not provide the required quantities of gasoline [3].

4

1.5.1 Desalting of Crude Oil
Desalting of crude oil is considered an important part of refinery operation.
Crude oil entering the petroleum refinery carries with itself some salty solution in the
form of drops of water as an emulsifier. This salty solution can be detrimental to the
equipment of the refinery. These salts should be removed from the crude oil by a
process called desalination. The salt water that is present in the crude oil can be
removed by an electrostatic desalter as shown in Figure 1.1 [1, 3].

Figure 1.1 Simplified flow diagram of an electrostatic desalter [1]

To dissolve the salts that are present in crude oil, the water is pumped into the
crude oil at a temperature about 200 and 250 °F (93.33 and 121.11 °C). The mixture
of crude oil and water is entered in the desalter that generally contains an electric
precipitator. By this electric precipitator; the salt water contained in the crude is
separated. The salts that are present in the crude oil are measured in pounds per
thousand barrels (PTB). The salt that is present in the crude oil should be reduced to
between 5.7 and 14.3 kg/1000 m3 (2 and 5 PTB) [1, 3].

5

1.5.2 Atmospheric Distillation Unit (ADU)
The atmospheric distillation unit is the first unit in the refinery, also known as
the crude distillation unit (CDU). The operating cost and size of this unit is the
largest in the refinery. To deal with different kinds of petroleum, several distillation
units are designed. This unit must be operated at around 60% of the feed rate in
design. In general, the crude distillation unit capacity ranges from 10,000 barrels per
day to 400,000 barrels per day [1].
The main products from the crude distillation unit are:
1. Gases
2. Light straight run naphtha
3. Gasoline
4.

Kerosene.

5. Light gas oil (LGO)
6. Heavy gas oil (HGO)
7. Atmospheric residue

The crude oil is pumped into the pre-flashed column to remove the light
products. Pre-flash is the most widely used method before the crude heater to
increase the crude capacity and to reduce the load on the furnace. The heavy products
at bottom of the pre-flash tower are injected into the crude heater and then to the
crude tower. The amount of the light products in the crude oil is now less, and this
decreases the vapour loading up in the tower. If the crude oil is light, the pre-flash
towers are included in the original design of the crude oil distillation. The pre-flash
separator is operated at about 232 ºC and 5.17 bar (3877.83 mm Hg). The steam that
is produced by the pre-flash separator does not pass through the crude heater. The
steam is mixed with crude oil that comes out of the furnace at a temperature of about
650 ºF (343.33ºC), and then the mixed stream is pumped to the distillation tower[1],
as shown in Figure 1.2

6

Figure 1.2 Crude distillation flowsheet [1]

1.5.3 Process Description of CDU
From storage tanks, the crude oil is pumped and passes through the several of
the heat exchangers. The crude oil is heated with the hot products that come out of
the distillation tower. The temperature of the crude oil feed to the distillation column
can reach 248 and 302 ºF (120 and 150 ºC). The tower is operated with a total
condenser, three pump around and three side-strippers. The process flow diagram of
the atmospheric distillation unit is shown in Figure 1.3

Figure 1.3 Process flow diagram of an atmospheric distillation unit [1]

7

By the heat exchangers, the crude oil that feeds the distillation column is
heated, at the same time; the products that come out of the distillation column are
cooled to the required temperature to be pumped to the storage tanks. This is
necessary for the economy of the refinery in terms of energy conservation and
utilization. Of course, the preheating for crude oil is not enough. When crude oil
enters to the distillation tower, the crude oil must be partly evaporated to the point
where all the products are in the vapor phase except for the atmospheric residue.
Depending on the composition of the crude oil, the furnaces are required to increase
the temperature of the feed to about 626 and 725 ºF (330 and 385 ºC) [1].

The evaporated crude oil is pumped into an area called the flash zone that is
located at the bottom of the distillation tower. The distillation tower is usually
equipped with about 30-50 trays, the height of the tower is about 50 meters. A large
diameter tower is required over the flash zone because the steam rises up at a large
flow rate and in huge quantities. The steam is pumped at the bottom of the
distillation tower to reduce the partial pressure of the crude oil vapors and to strip the
atmospheric residue from any light products. In the flash zone, the hot vapors go up
through the trays to the top of the distillation tower. A part of the light naphtha is
returned to the tower by the top condenser. More reflux is placed by a series of the
pump around along the distillation tower. Pump around and side strippers are shown
Figure 1.4

Figure 1.4 Pump around and side stripper in CDU [1]
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At the top of the distillation tower, the temperature is controlled by the
condenser and a series of the pump around. Some of the products are withdrawn at
the top of the distillation tower and cooled by series of heat exchangers. Then the
cold liquids are returned to the top of the distillation tower again. The cold liquid
helps to condense a large amount of vapor and thus allows the withdrawal of the
larger amount of products from the distillation tower. The residue of the atmospheric
distillation unit is sent to another unit called (vacuum distillation) to get more
products [1, 10].

1.5.3 Vacuum Distillation Unit (VDU)
One of the simplest refinery units is the vacuum distillation unit (VDU) since
it is not a conversion unit such as fluid catalytic cracking unit (FCC) [11]. Vacuum
distillation is a continuation of the crude oil distillation process. The residue of crude
oil from the atmospheric distillation column is heated in a furnace and distilled at
sub-atmospheric pressure to recover additional products. The reduced pressure
allows extraction of these materials from the residue of crude oil without using
excessive temperature and reduces the carryover of metals and carbon forming into
the gas oil produced [12].

Figure 1.5 Simplified fuels from vacuum distillation unit [13]
9

The residue of the crude distillation unit is sent to another unit called vacuum
distillation, to obtain more products from this residue, and the most important
products of the vacuum distillation unit are:
1. Off-gas
2. Light vacuum gas oil (LVGO).
3. Medium vacuum gas oil (MVGO).
4. Heavy vacuum gas oil (HVGO).
5. Vacuum residue.
Vacuum distillation is the distillation of atmospheric residue under reduced
pressure. In the vacuum distillation tank, the crude oil boils at a lower temperature by
reducing the atmospheric pressure. To safely recover higher boiling point
components the vacuum distillation is used [1, 14].

1.5.4 Process Description of VDU
In the vacuum distillation unit, extra products are obtained from the
atmospheric residue, at a pressure of 25 mm Hg to 40 mm Hg [1]. The vacuum
pressure that is created by vacuum pumps or steam jet ejectors is pulled from the top
of the column [10]. Vacuum distillation unit often integrated with the atmospheric
crude distillation unit. In several heat exchangers, the atmospheric residue is heated
by the pump around of the vacuum unit and the hot products. Regularly the
atmospheric residue from the CDU is routed hot to the ﬁred heater of the vacuum
unit [2]. In the furnace, the residue that feeds the vacuum distillation unit is heated to
about to 716 and 779 ºF (380 and 415 ºC). Steam is pumped into the furnace to
reduce thermal cracking and carbon forming. The feed is entered at the bottom of the
vacuum distillation column [1, 2].
The atmospheric residue in the vacuum distillation unit is separated into
products by the difference in boiling point by condensation and vaporisation.
Separation is performed by lowering the effective partial pressures of the
components. Normally stripping steam is injected into the bottom of the vacuum
distillation column. In a modern refinery, there are two major kinds of vacuum
distillation unit operations, which are lubricating substance production and feedstock
preparations. The most common operations are feedstock preparation that produces
10

gas oil from the atmospheric residue as a feed to the downstream conversion units
(hydrocracking units and fluid catalytic cracking). This process converts the gas oil
into the extra valuable liquid product such as diesel and gasoline. To extract crude oil
fractions from the atmospheric residue, the lubricating substance production is
designed to produce lube oil with desirable viscosity and additional related to
properties [9]. Figure 1.6 shows the flow diagram of the vacuum distillation unit. The
vacuum distillation unit takes the residue from the atmospheric distillation unit and
separates it into more products such as light vacuum gas oil, heavy vacuum gas oil,
and vacuum residue [1].

Figure 1.6 Process flow diagram of the vacuum distillation unit [1]
To obtain low pressure at the bottom of the vacuum distillation tower and to
reduce the pressures drop in the vacuum distillation column. The columns are
equipped with heat exchange zones and packing for fractionation. The bottom zone is
equipped with valve trays. This is necessary to create a low vacuum pressure in the
lower section of the column. To create the vacuum pressure, the vacuum distillation
units have a system that uses either a combination of ejectors or liquid pumps and
ejectors. The valve trays are placed in the bottom of the flash zone. Vapors are rising
up from the flash zone where heavy vacuum gas oil is condensed. At the top of the
tower by the inside refluxes or liquid spray from the pump around, the parts of the
tower are separated [1].
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1.6 Literature Review
In a study of Schneider and et al [11], it is suggested that to completely assess
the benefits of deep cut vacuum column operations, an engineering research should
be performed in detail. The type of the petroleum, heater, column, heat exchanges
and the vacuum jet equipment all play important roles in the final capacity, lowpressure ability, and cost renew of each unit. They compared deep cut incentive
between two a main crude oil. Brent (38.3 ºAPI) is a standard light crude, whereas
Arabian heavy (27.1 ºAPI) is a standard heavy crude.

Figure 1.7 Effect of flash zone pressure on residue product [11]

Properties and products yield were approximated by using a computer model of a
crude distillation and vacuum tower. This kind of analyses is helpful for primary
examinations of projects economics [11].
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In a study of Martin and Nigg [13], it is suggested that pressure control in a
vacuum distillation unit is necessary to meet this unit’s profit targets in the oil
refinery. While operating pressure in a vacuum distillation unit is reduced, rate of
heavy distillate products is increased. Hence, low-pressure process is not always the
best to meet products of high quality and good profit rate. Low operating pressure
can make huge entrainment at bottom of the vacuum column if the tower diameter is
very small. In many cases, the best operation condition for the vacuum distillation
unit requires a high operation pressure in the tower, which must be compensated by
increasing the outlet temperature. This increases the rate of heavy products while
avoiding huge entrainment at the bottom of the vacuum column. The pressure of
vacuum distillation must be controlled [13].

Figure 1.8 Simplified lube vacuum unit process flow [13]

Proper design of the vacuum distillation unit to control pressure is necessary
when a small diameter tower is operated, which should maintain the quality of
products . If the tower pressure is below the required limit, the power factor may
exceed the tower's diameter limit, and then the quality of heavy products
decreases [13].
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In a study of López et al [15], it is indicated that crude distillation unit is an
important processing unit in the oil refineries, and changes in this unit have a great
effect on product yields and properties. Consequently, it is recommended to operate
this unit at optimal conditions from technical and economical points of view; this
means that unit should be operated to maximize the economic performance. This
article explains new tactics based on metamodeling to optimize complicated system
and show the synchronous optimization of three crude distillation columns with their
heat integration. The optimisation method to comprises of the three crude oil
distillation units (CDU1, CDU2 and CDU3), 3 atmospheric distillation towers (ADT)
by different design characteristic (ADT1, ADT2 and ADT3), 3 atmospheric furnaces
(AF1, AF2 and AF3), 2 vacuum distillation towers (VDT1 and VDT2) and 2 heat
exchangers network (NET1 and NET2). Crude distillation unit 1 (CDU1) and crude
distillation unit 2 (CDU2) shared the network NET1 consists of 17 heat exchanges
and the NET2 consists of 10 heat exchangers. The vacuum residuum stream from
crude distillation unit 3 (CDU3) interacts with crude distillation unit 2 in the NET1
network which preheat the crude oil feed of this unit, as shown in Figure 1.9

Figure 1.9 Simplified diagram of the crude distillation unit system [15]
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In a study of Bandar and Oun [16], the present performance of crude oil
distillation unit at Al-Azzawi refinery in Libya

was evaluated and identifying

operation conditions to improve power conservation without investment were
investigated. The operation of three different units including furnace, overflash and
side-stripper were analysed. To decrease energy consumptions some optimizations
were performed in the crude distillation unit. By optimizing the operation conditions
such as (excess air and stack temperature), the thermal efficiency of the top heater
was increased from 71% to 78%. Stripping steam is utilized to increase the initial
boiling point and the flash point of the side-stream and for stripping the residue crude
at the bottom of the column. The stripping impact depends on the amount of steam
that is pumped in the column as shown in Figure 1.10

Figure 1.10 Process schematic of crude topping unit (CTU) [16]
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In a study of Lines [17], it is indicated that in an oil refinery the ejector system
is very important. The ejector system performance is critical for every refinery, and it
is directly correlated with the vacuum gas oil yields and profitability of the refineries.
The rate of charge and fractionation is influenced when the fractionation operation
pressure or distillation is not met. Although they have been widely using in
distillation service for years, the best practice for specifying ejection systems and the
key factors affecting the performance of the ejector systems are not always known.
This study provided a closer look to the performance of the ejection systems,
variables affecting the performance and the best practice to determine an ejectors
system for the vacuum unit. Ejector system is a combination of ejector and
condensers organized in series. The system provides and keeps a vacuum pressure in
the vacuum distillation tower to allow fractionation of atmospheric residue into more
products, such as light oils and heavy gas vacuum (LVGO and HVGO, sequentially)
and to decrease the amount of vacuum residue. Figure 1.11 shows the pressure and
speed profiles by ejector.

Figure 1.11 Pressure and velocity profiles in an ejector [17]
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In a study of Pradhan [18], the general thumb rules for the grass-root design of
crude distillation unit were investigated. Pressure and temperature profile for all the
three columns including pre-flash, atmospheric distillation and vacuum distillation
were considered to identify the required product tray. Two types of crude oil were
used in this study. Bombay crude and Arabian light crude as shown in Figure 1.12 a
and Figure 1.12 b. These crudes were used as feed to the crude distillation unit. The
true boiling point curves were obtained for both binary feed were collected to obtain
the difference in the composition of the feed used. The simulation included different
products design specifications, such as naphtha, diesel, and analysis of temperatures
for these products. This study provided a brief knowledge about the feed choice and
feed composition and can be helpful for refinery planning and scheduling of refinery
assignments [18].

Figure 1.12-a Distillation percent vs.

TBP curve of Bombay high crude [18]

Figure 1.12-b Distillation percent vs.

TBP curve of Arabian light crude [18]
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In a study of Gomez-Prado [19], it is indicated that pre-flash in the crude
distillation unit is a type of vessel designed to flash a part of the light petroleum
component and water upstream of the main tower charge furnace. To avoid
contamination of any products with a side stream with heavy components, it can be
transported with steam flashing. The steam produced from the pre-flash is sent to the
flash zone of the crude oil distillation unit. The liquid from the pre-flash drum is
usually sent through extra heat exchanger before entering to the charge heater. At the
same time, a pre-flash column in crude distillation unit is designed to have
fractionating trays with over condenser capacity and reflux to produce a more
specified overhead product stream than a pre-flash drum. Usually, the pre-flash
column overhead products consist of naphtha boiling range material, which will be
routed directly to further naphtha processing. This study was used to assess the
operational changes of the pre-flash facilities that result in more efficient crude
distillation unit. In terms of yield and energy, a model of the entire refinery in PetroSIM was developed and used to assess the effect of change in refinery process on the
production, which was achieved by this study. Figure 1.13 shows comparison
between current and suggested operation.

Figure 1.13 Comparison between current (left) and suggested (right) operation [19]
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In a study of Haydary and Pavlík [20], it is emphasized that optimization of
the crude petroleum refining processes becomes important due to high energy costs
and environmental requirement on the quality of petroleum product. One of the most
important steps of the optimization process is computer simulation. Because of the
complex structures of the petroleum and the complex design of oil fractions,
simulation of petroleum distillation requires a special approach. Crude oi is a mix-up
of several thousand components from the light hydrocarbon such as methane, ethane,
etc., to of very high molecular weight compositions of petroleum which depends on
the location of the extraction. For steady state simulation of crude oil processes,
ASPEN Technology gives the tool ASPEN Plus. After process simulations in the
steady state regime, ASPEN Dynamic can be used for the dynamic simulations of the
processes. The dynamic simulations of such a system allow the understanding of its
behaviour after changing input parameters.

Figure 1.14 Steady-state simulation scheme [20]

ASPEN Plus and ASPEN Dynamic simulations in steady state were performed
for atmospheric and preflash towers in an oil refinery and simulation results were
compared with actual measured data. The effects of heat flow from pump around and
steam flow rate in the side stripper were also investigated [20].
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In a study of Huang et al [21], it is indicated that the crude distillation unit has
a great capacity, and hence, it is one of the most energy consuming unit in the
petroleum plants which consume fuel equivalent to 2% of the petroleum processed.
There are three processes under vacuum distillation of crude oil and various
processes have significant impacts on the energy performance and materials,
including product yields. The selection of process is a difficult and an important task
for designers with several goals because the power performance and materials of the
process do not harmonize with each other. In this study, a method for concurrent
considerations of materials and energy performance is appointed to analyze and
assess the three processes, in order to give an idea for engineers to select a suitable
process and vacuum furnace outlet temperature. The findings suggest that the cycle
process has the largest products yield and greatest economic potential but the worst
the efficiency of recoverable power, whereas the drawn process has the largest
efficiencies of recoverable power and but the lowest economic potential. The over
flash oil from the rectifying section of the distillation tower is sending to the
stripping section that is called the stripping process (SP).

Figure 1.15 A typical flowsheet of a crude oil distillation unit [21]

The results also showed that the choice of a vacuum distillation unit and the
determination of the vacuum furnace outlet temperature plays an important role in
the design of the vacuum distillation unit [21].
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In a study of Luo et al [22], a systematical optimization approach was used
utilizing ASPEN Plus for the annual economic benefit of an existing petroleum
distillation system, taking into account of the value of the product and energy
consumption together. The research shows that the distribution of refined product has
a major impact on the yearly economic growth. Fig.1.15 shows the flow diagram of
the atmospheric distillation unit and vacuum distillation unit in the oil refinery used
in this study.

Figure 1.16 Aspen model of atmospheric and vacuum distillation units [22]
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CHAPTER 2
METHODOLOGY
This chapter describes the design and simulation steps for the vacuum
distillation unit (VDU) by using UniSim design suite.

2.1 Design and Simulation by Honeywell’s UniSim® Design suite
The UniSim is process modelling software that helps engineers with the design
and simulation of steady-state and dynamic models for plant design, troubleshooting,
performance monitoring, asset management and business planning. It is a great
process modeling software that provides a simulation of steady-state and dynamic
processes in an integrated environment. It provides effectual tools to help engineers
in design and optimization of processes with lowering project risks before entering
into capital expenditure. Main use cases in process modeling using UniSim software
include:
1.

Development of process flowsheet.

2.

Use of cases and scenarios tools to optimize design against business
criteria.

3.

Rating of equipment in a wide range of operating conditions.

4.

Assessment of the impact of changes in feed, upsets and alternate
operations on, reliability and profitability of the process.

5.

Correctly size and choose the appropriate materials for blowdown
systems.

6.

Equipment performance monitoring with respect to operational
objectives.

UniSim Design provides the following features:
UniSim Design offers clear and brief graphical representation of a process
flowsheet, including productivity features such as cut, copy, paste, automatic
connection and organising large cases in sub-flowsheet. UniSim Design supports
modeling the distillation process, reactions, heat transfer, rotating equipment and
logical operations in a stable and dynamic environment. These models have proven
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to deliver realistic quality results and deal with different situations such as vessel
discharges or overflow and reverse flow. Active X (OLE Automation) compatibility:
Allows the integration of user created unit operations and proprietary expressions of
reaction kinetic expressions and specialised property packages and interfaces easily
with programs such as Microsoft® Excel® and Visual Basic®
By using UniSim Design optimized designs
1. Lower operating expenses resulting from the accuracy of prediction,
embedded industry standards.
2. Increase engineering effectiveness in terms of productivity and efficiency by
up to 30% through the availability of productivity tools.
3. Lower total cost of ownership throughout a project or plant asset lifecycle,
with the creation, re-use, and updating of the same models on a single
software platform.
4. Faster startups and smoother operation for plant assets and delivery of highvalue services and operational knowledge transfer by process technology
licensors, as they can develop and protect their IP with the UniSim Design
simulation platform can be achieved [23].

2.1.1 Getting Started, Setting System Preference and Data Entry
To design and set up the simulation of the atmospheric and vacuum distillation
units in UNISIM R450 the given steps below are followed.

2.1.1a Open New Simulation File
Start the UniSim software R450. When the program starts, open the new case as
shown in Figure 2.1

Figure 2.1 Opening new of simulation file
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2.1.1b Specify the Properties and the Component of the Crude Oil
Defining components of crude oil, fluid properties packages, and petroleum assay as
shown in Figure 2.2

Figure 2.2 Defining of components of crude oil
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The first step is to add the pure chemical compound to present the light
component of the petroleum. Select the Add button. From the list of pure component
select water (H2O), Propane (C3H8), i-Butane i-C4 (C4H10), n-Butane n-C4 (C4H10), iPentane i-C5 (C5H12), n-Pentane n-C5 (C5H12), Hexane C6 (C6H14), n-Heptane nC7(C7H16), n-Octane n-C8(C8H18), Nonane n-C9(C9H20), and n-Decane n-C10(C10H22)
as shown in Figure 2.3

Figure 2.3 Adding of the pure chemical component

2.1.1c Fluid Package
For the crude oil, Peng-Robinson fluid property package is used as it is suggested in
the UniSim Design manual [24], to be the proper package for petroleum fluid
characterization as shown in Figure 2.4
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Figure 2.4 Picking of a fluid package
2.1.1d Assays Data of Libyan Crude Oil
The next step is to add assays data of Libyan crude oil. The table 2.1 and 2.2
represent the data to be added.
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Table 2.1 Libyan crude oil properties
DESCRIPTION

The value

Density@ 15 ºC, g/ml

0.8122

Specific gravity@60/60 0F

0.8129

API gravity

42.6

Flash point ( PMCC ), oC

<-35

Reid vapour pressure, psi

8.6

Hydrogen sulphide, ppm

36.53

Water and sediment content, vol.%

0.05

Sulphur content, wt.%

0.173

Pour point, oC

-3

Kinematic viscosity @ 70 oF, cSt

4.9414

o

Kinematic viscosity @ 100 F, cSt

3.2775

Asphaltenes content, wt.%

0.24

Conradson carbon residue, wt. %

1.61

Ash content, wt.%

0.011

Characterisation factor

12.1

Salt content (as NaCl) mg/l

16

Vanadium, ppm

0.764

Nickel, ppm

1.668

Calcium, ppm

1.71

Potassium, ppm

0.145
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Table 2.2 TBP distillation data for Libyan crude oil

Yield

Cumulative Yield

Specific Gravity @

Cut Temp ◦C

wt.%

vol.%

wt.%

vol.%

60/60ºF

Condensate

1.84

2.69

1.84

2.69

0.5556

C5 - 70

6.13

7.74

7.97

10.43

0.6432

70 - 90

3.42

3.85

11.39

14.28

0.6861

90 - 110

3.54

3.90

14.93

18.18

0.7215

110 - 130

4.42

4.87

19.35

23.05

0.7375

130 - 150

4.35

4.73

23.70

27.78

0.7462

150 - 175

5.22

5.56

28.92

33.34

0.7628

175 - 195

4.80

4.97

33.72

38.31

0.7837

195 - 215

3.82

3.92

37.54

42.24

0.7912

215 - 235

3.60

3.66

41.14

45.89

0.7997

235 - 255

3.94

3.96

45.08

49.85

0.8089

255 - 275

3.82

3.80

48.90

53.64

0.8175

275 - 295

4.00

3.95

52.90

57.59

0.8233

295 - 315

3.36

3.29

56.26

60.88

0.8304

315 - 335

3.58

3.46

59.84

64.34

0.8392

335 - 350

2.55

2.45

62.39

66.79

0.8456

350 - 370

3.35

3.16

65.74

69.95

0.8612

370 - 400

3.62

3.35

69.36

73.30

0.8787

400 - 440

4.87

4.47

74.23

77.76

0.8857

440 - 460

3.14

2.83

77.37

80.59

0.9007

460 - 480

3.35

2.99

80.72

83.58

0.9096

480 - 500

2.42

2.15

83.14

85.73

0.9149

500 - 520

1.92

1.69

85.06

87.42

0.9215

520 - 550

2.80

2.44

87.86

89.86

0.9334

550+

12.14

10.09

100.00

100.00

0.9775
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2.1.1e Oil Manager
The next step shows the way to enter the data for Libyan crude oil. In the
Home tab, select the Oil Manager Button. As shown in Figure 2.5

Figure 2.5 Oil manager

2.1.1f Add Assay
By click on the Assay button and then click on the Add button, as shown in
Figure 2.6

Figure 2.6 Adding assay data
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2.1.1g Bulk Properties
In the Assay data definition, we add the Bulk Properties. The molecular weight
of Libyan crude oil is 263.6 g/mole, and the density of crude is 42.6 API as shown in
Figure 2.7

Figure 2.7 Bulk Properties
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2.1.1h Add the Light Ends
In the next step we select the input composition for light ends as mole % as
shown in Figure 2.8

Figure 2.8 Input composition for light ends
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2.1.1i Add the Temperature
The next step is to add the assay percent with temperatures (in ºC). Click on the
Edit Assay button as shown in Figure 2.9

Figure 2.9 Assay percent with temperature
After that we add the assay percent with the molecular weight as shown in
Figure 2.10

Figure 2.10 Assay percent with molecular weight
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The next step is to add the assay percent with density (API) as shown in Figure 2.11

Figure 2.11 Assay percent with density (API)
Then the next step is to add the assay percent with viscosity at 100 ºF (37.78
ºC) and 210 ºF (98.89 ºC) as shown in Figure 2.12 and Figure 2.13

Figure 2.12 Assay percent with viscosity at 100 ºF (37.78 ºC)

33

Figure 2.13 Assay percent with viscosity at 210 ºF (98.89 ºC)
2.1.2 Flow Diagram of Atmospheric Distillation Unit
Flow diagram of the atmospheric distillation unit is drawn as shown in the
Figure 2.14

Figure 2.14 Flow diagram of atmospheric distillation unit
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2.2 Simulation of the Vacuum Distillation Unit
Simulation of the vacuum distillation unit is preformed following the steps
below. The first step is to define Backup Steam. The steam is injecting in the vacuum
feed furnace to increase velocity and to decrease coke composition in the furnace as
shown in Figure 2.15

Figure 2.15 Backup steam

The next step is to mix backup steam with the atmospheric residue (AR) from
the atmospheric distillation tower as shown in Figure 2.16

Figure 2.16 Mixing of backup steam with the atmospheric residue
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After that we create a new furnace and define its specifications including
vacuum distillation feed as shown in Figure 2.17

Figure 2.17 Furnace
Then the vacuum steam is created as shown in Figure 2.18

Figure 2.18 Vacuum steam

36

Configuration of the vacuum tower is a multistep process. First step is to create an
absorber tower as shown in Figure 2.19

Figure 2.19 Vacuum tower
After the vacuum pressure is initialized, the pressure at top stage is 49.98 mmHg
(0.06664 bar), while the pressure at bottom stage is 56.73 mmHg as shown in
Figure 2.20

Figure 2.20 Initialization of the vacuum pressure
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The next step is to add pump around. Click on Monitor then side operation
(Side Ops) as shown in Figure 2.21 and Figure 2.22

Figure 2.21 Adding pump around

Figure 2.22 Adding pump around
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After that the Vacuum Unit was run and converged as shown in Figure 2.23

Figure 2.23 Run of the vacuum tower
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After successful simulation obtained, specifications of the vacuum distillation
tower are given Table 2.3
Table 2.3 Specification of the vacuum distillation tower
Type
Trays

Operating Parameters
16 trays numbering from top

LVGO Pump around
Pump around

Draw from Tray trays number 2, returned to Tray
number 1
HVGO Pump around
Draw from Tray trays number 8, returned to Tray
number 5

Pressures

Top stage: 49.98 mmHg
Bottom stage: 56.73 mmHg

Feed Heater

steam injected into heater coils with the Atmospheric
Residue feedstock (450°F(232.2 C) & (160 psig)
11.03 bar

Products

LVGO draw stage number 7, HVGO draw stage
number 11
Vacuum residue from bottom (draw stage number 16)

Feedstock

Atmospheric residue 2.835×104 barrel/day

2.3 Flow Diagram of Vacuum Distillation Unit
Flow diagram of the vacuum distillation unit following the atmospheric
distillation unit is shown in the Figure 2.21. The residue of the atmospheric
distillation unit is the main feedstock of vacuum distillation unit. In the mixing unit
(MIX.101) the steam is mixing with the atmospheric residue to increase the velocity
of the feed to vacuum distillation unit, and minimize the coke production in the
furnace. After that the feedstock is heated in a furnace (Furnace-2) and then sends to
vacuum tower.
The flow rate of feedstock to atmospheric distillation unit is 6.0×104
barrel/day, and the atmospheric residue from this unit is 2.835×104 barrel/day. The
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atmospheric residue is sent to the vacuum distillation unit to be distilled further and
hence to get more products. The flow rate of the vacuum residue is 120 barrel/day.
This flow rate of the vacuum residue is very small comparing with the atmospheric
residue.
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Figure 2.24 Flow diagrams of combined atmospheric and vacuum distillation units
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CHAPTER 3
RESULTS AND DISCUSSIOND
In this part, simulation results of true boiling point (TBP), molecular weight and
density (API) are given. These results have been compared with experimental data

whenever they were possible.
3.1 True Boiling Point (TBP)
The true boiling point (TBP) of a crude oil fraction increases with increasing
the volume percent of distillate when it is batch-distilled, as shown in the plot
presented in Figure 3.1 .This figure was obtained from the experimental data of a
Libyan crude oil sample (see Figure 2.9)

Figure 3.1 True boiling points (TBP) against distillate volume percent

43

Figure 3.2 compares the experimental data and the simulation results obtained
from the UNISIM simulators. The agreement between experimental and simulated
data is remarkable.

Figure 3.2 TBP calculated against liquid volume percent
3.2 Molecular Weight
In crude oil batch distillation, the molecular weight of oil fraction remaining in
the flask increases, as the liquid volume percent of distillate increases. This is to be
expected since the light fractions of crude oil which consist of small molecules- leave
the column as distillate. These low molecular weight fractions vaporize and then
condense at the top of the tower. Consequently, the heavy fractions contain big
molecules and have a high boiling point. Therefore, they do not evaporate and
remain in the flask shown in Figure 3.3
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Figure 3.3 Molecular weight against the distillate volume percent
Figure 3.4 compares the molecular weight from experimental data and the
simulation results obtained from the UNISIM simulators data against the distillate
volume percent. Both curves agree well up to 25% liquid volume percent, thereafter
a separation is observed between the two curves. The molecular weights of light
fractions are based on continuous thermodynamics and it assumes the concept of
pseudo components based on boiling point range. These pseudo components are
similar and have approximately the same carbon number. On the other hand, higher
fractions are less defined. In fact, groups such as asphaltenes are not well defined.
Consequently, it is difficult to assign a molecular weight to fractions which have
different hydrocarbons such as asphaltenes. This may be the reason for the difference
in molecular weight at high molecular weights.

Figure 3.4 Molecular weight calculated against the distillate volume percent
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3.3 Density (API)
The density (API) of crude oil decreases as the liquid volume percent
increasing, as shown in the Figure 3.5

Figure 3.5 API gravity against the distillate volume percent
Figure 3.6 compares the density (API) from simulations with the experimental data.
Here, the density (API) was predicted by UNISIM software. The agreement between

experimental and simulated data is remarkable.

Figure 3.6 API gravity calculated against the distillate volume percent
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3.4 Viscosity
The viscosity of crude oil, (viscosity 1) at 100 ºF (37.78 ºC), and (viscosity 2) at
210 ºF (98.89 ºC), increases as the distillation volume percent decreasing, as shown
in the Figure 3.7 according to the experimental data.

Figure 3.7 Viscosity against the distillate volume percent
Figure 3.8 compares the viscosity from simulations with the experimental data.
Here, the viscosity was predicted by UNISIM software. The light fractions (less
viscous) in crude oil evaporate and condense at the top of the distillation tower, while
only the heavy fractions (more viscous) remain at the bottom of the distillation
tower. Therefore, the viscosity increases with the increasing of distillation
percentage.

Figure 3.8 Viscosity calculated against the distillate volume percent
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3.4 The Products of Atmospheric Distillation Unit
The main products of the atmospheric distillation unit are naphtha, kerosene,
light diesel, heavy diesel, atmospheric gas oil and atmospheric residue, as shown in
Figure 3.9

Figure 3.9 Products of atmospheric distillation unit
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Figure 3.10 shows the cut distribution of products for atmospheric distillation
unit against the boiling point. The end cut temperature for naphtha is the begin cut
temperature for kerosene, and the end cut temperature for kerosene is the begin cut
temperature for the light diesel etc.

Figure 3.10 Distribution of the products for atmospheric distillation unit
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3.5 The Products of Vacuum Distillation Unit
The main products of the vacuum distillation unit, are off gas, light vacuum gas
oil (LVGO), heavy vacuum gas oil (HVGO), and vacuum residue, as shown in
Figure 3.11

Figure 3.11 Products of vacuum distillation unit
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Figure 3.12 shows the cut distribution of the products for the vacuum
distillation unit against the boiling point. The end cut temperature for the off gas is
the begin cut temperature for light vacuum gas oil (LVGO), also the end cut
temperature for heavy vacuum gas oil (LVGO) is the begin cut temperature for
(HVGO) etc.

Figure 3.12 Distribution of the products for vacuum distillation unit
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CHAPTER 4
CONCLUSIONS
First, a vacuum distillation unit is designed by using Honeywell UniSim
Design software .We performed simulations where atmospheric residue is used as
feed instead of using this fraction as fuel. Second, the residue from the atmospheric
distillation unit that is produced from Libyan refineries, send to the vacuum
distillation unit to benefit from it, instead of exporting the residue to other countries,
and extract more valuable products from the vacuum distillation unit, which designed
to be operated under the vacuum pressure. The atmospheric residue has a very high
boiling point (370 ºC). In the vacuum distillation column, the boiling point of the
atmospheric residue is decreased by decreasing the pressure applied on the residue.
The main products from the vacuum distillation unit are off gas, light vacuum gas oil
(LVGO) and heavy vacuum gas oil (HVGO). In addition, a vacuum residue is
produced. At the end of the simulations, the liquid volume percent of the atmospheric
residue is found to be 31.9%, while the liquid volume percent of vacuum residue is
found to be 0.098%. Our simulations by using UniSim software indicated that the use
of VDU significantly decreases the amount of the residue in the petroleum refinery.
This gives us a remarkable increase in the percent of production.
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