IMPROVEMENT OF PIPELINE
TRANSPORTATION OF FUEL OIL

A Thesis
Submitted to the College of Engineering
of AL-Nahrain University in Partial Fulfillment of the
Requirements for the Degree of Master of Science in
Chemical Engineering

by
NAGHAM SALMAN HASSAN AL-MALIKY
(B.Sc. in Chemical Engineering 2001)

Ramadan 1425

October 2004



CERTIFICATION

We certify that this thesis entitled "Improvement of Pipeline
Transportation of Fuel Qils" was prepared by Nagham Salman Hassan Al-
Maliky, under our supervision at AL-Nahrain University, College of
Engineering, in partial fulfillment of the requirements for the degree of

Master of Science in Chemical Engineering.

Signature: J‘J“/ﬂi‘u-{éc“&"’/f Signature: i Woalis
Prof. Dr.Jabir Shanshool Dr. Talib Kashmoula
Date: 32/ (7/° Date:30/ /1 /O Y

Signature:

Prof. Dr. Qasgny' J. Slaiman

Head of Chemical Engineering Department

Date: [/



CERTIFICATE

We certify that we have read this thesis, entitled "Improvement of
Pipeline Transportation of Fuel Oils" and as examining committee examined
the student Nagham Salman Hassan Al-Maliky in its content, and that in
our opinion it is adequate for the partial fulfillment of requirements for the

degree of Master of Science in Chemical Engineering.

Signature: 7. Sk« el o Signature: || - WKosbmsudr

Prof. Dr. Jabir Shanshool Dr. Talib Kashmoula
(Supervisor) (Supervisor)

Date: 3/ (¢ | & ¢ Date:3e /! /oY

Signature: % Signature: 2 ¢ é

Dr. Mohammed N.Latif Dr. Thoaib Abdul-Jabbar
(Member) (Member)

Date:3o / it /r00¥ Date:/ /1 /D2 200 &

Signature: ) Mrd w2
Prof. Dr. Nada B.Nakkash
(Chairman)

Date:/ /it /] weY

Approval of the College of Engineering
Signature:
A . AL-Naima
Dean of the @l]/ge ofgngineering
Date: 20 /12 | Zo0 4



ABSTRACT

Reduced crude is considered usually as the main source for heating oils.
Therefore, it was chosen in addition to, a commercial fuel oil in the present

investigation, to improve their ability for pipelining.

Blending with low viscous fractions or heating are the major commercial
applications for pipeline transportation of residual fuel oils. Accurate data on
oil viscosity as function of temperature and composition are required for

design of oil pipelines.

The effect of heating, up to 70 °C on the lowering viscosity of reduced
crude and fuel oil and their mixtures with gas oil were studied. The viscosity
of the considered oils undergoes significant reduction by temperature

increase. Percentage reductions are 53% and 50% can be achieved by heating

of reduced crude and fuel oil respectively at 40°C.

It is practically possible to improve the viscosity of residual oils using
the method of blending with gas oil. As it is expected, light gas oil effected

more viscosity reduction than heavy gas oil.

The addition of methanol in low concentration to reduced crude and fuel
oil leads to a reduction in their viscosities. The maximum decrease in
viscosity (about 32% and 31% respectively) was obtained with addition of 3-

4% by volume methanol.



The effect of viscosity lowering by heating and diluting on pumping
horse power requirement and flow rate was tested. The calculation was done
using operating data of two locally available fuel oil pipelines of 250m and
10Km distances were supplied from Daura Refinery in Baghdad. The results
indicated reasonable decrease in power requirements or increase in oil output

by diluting with gas oil or temperature increase.

A model was modified to estimate the kinematic viscosity of blended
residual fuel oil at different temperatures. The method is based up also on the

concentration (wt. %) of the diluting component as follows:

log(v) + K _[ET
log(v,)+C| | T

Comparison between measured and calculated viscosities of all studied
mixtures of heavy petroleum fractions for different temperatures was found to
be satisfactory, with an overall average absolute error of 2.12% for the 130

data points.
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CHAPTER ONE
INTRODUCTION

Fuel oil is considered as heavy oil-stock, which is the most important
source of industrial fuels used in boilers, furnaces, units of electrical energy

generation, as a fuel to ships or trains, and many other industrial applications

[1].

The main sources of industrial fuel oils are usually reduced crude or
atmospheric residue and in some case the vacuum residue. These sources are
usually blended with lighter fractions available within the refinery, such as

heavy gas oil to improve their specifications.

The main properties of fuel oils are viscosity, pour point, flash point, ash

content, water and sediment, carbon residue and heat of combustion.

There are different grades of fuel oils, which are classified usually
according to their viscosities and densities into light, medium and heavy types
for the different applications or number 1 up to number 6 due to their boiling

range according to the American specifications.

Selling, storing or burning of commercial fuel oils encounter many
difficulties, the majority of which arise because of the failure in meeting the
required specifications. The high values of viscosity, pour point, sulfur
content and carbon to hydrogen ratio, are the main reasons for the failure.

However, it is possible to lower the high viscosity or pour point of the fuels



through the process of visbreaking, which is a chemical upgrading process

[2].

The major commercial applications for lowering the viscosity for
pipeline transportation of heavy fuel oils are heating or diluting with low

viscosity oil-stocks.

It is well known that the viscosity of heavy petroleum fractions decreases
as temperature increases. Therefore, in oil industry the heavy petroleum
fractions are heated in order to lower the viscosity, to improve its flow in
pipeline. The disadvantages of this process are the added cost of heating

devices, energy requirement and insulation of pipelines.

For cases of long distance transportation of such oils, stages of heating
should be introduced, thus the cost becomes even higher. Therefore, it is
preferable to perform the heating process inside the refineries. In certain cases
where the quality to be transported is large, the heating process is carried out

only at the beginning of pumping station [3].

The blending method for viscosity lowering is discussed as an alternative
to hot oil pipeline transport of heavy petroleum fraction. The reduction in
viscosity can be obtained also by blending heavy petroleum fractions with

light petroleum cuts.

The dilution method would be acceptable when the cost of diluents is
low and the heavy petroleum fractions are transported for long distances,
provided that the diluents do not effect the other properties of fuel oils such as
flash point.



Accurate values of viscosity of residual fuel oils and their mixtures
as a function of temperature and composition are needed in engineering
calculations, handling, pipeline transportation and burning of fuel oils [4, 5].
Numerous empirical or semi-empirical correlations were developed to
describe the viscosity of heavy petroleum fraction dependence on the

temperature and composition [4].

The aim of the present investigation was to improve the pumping
behavior of residual fuel oil. The effect of heating and blending was studied
on lowering the viscosity of reduced crude (atm. Residue) and vacuum fuel
oil. These oil-stocks are considered as the main source for industrial fuels.
Further more, experiments were carried out for lowering the viscosity by
addition of methanol. Search was also made to derive a correlation to
estimation the viscosity of fuel oil as a function of temperature and blending

stock.

Further aim of this study was to use the results of viscosity lowering of
residual fuel oils in increasing the pumping capacity (flow rate) or decreasing

the power requirement of the pumps.



CHAPTER TWO

LITERATURE REVIEW

2.1 General Specifications of Oil-Stocks

Heavy crude oils and residual oils are characterized by their high
viscosities, high pour point and low API gravity. The knowledge of the
different properties of oil-stock is predominant for the production, handling,
quality and uses of each type. Further processing or blending methods are
usually taken to get the required specification of each fuel. The main
individual properties for heavy oil-stock are as follows:

API gravity ,Characterization factors, Distillation curves, Viscosity, Pour
point, flash point, carbon residue, Ash content, Calorific value, Sediment,
water content and Sulphur content. The evaluation of petroleum fractions are

carried out usually according to the standard methods, i-e IP or ASTM [6, 7].

The density of petroleum fractions is expressed usually in term of ° API

gravity, and can be calculated from specific gravity as follows:

141.5
sp.gr.

°API = ~131.5 (2-1)

Calculation of petroleum fractions density under varying temperatures
and pressures is fundamental to all custody transfer operations. There are

some methods for the calculating the densities of oil-stock mixtures:-



-The API standard 2540 [8] gives volume correlation factors and density
reductions to 15 °C for petroleum fractions.

-The costald equation for LPG densities [9] was generalized to calculate the
densities of petroleum fractions and their mixtures using critical temperature,
critical pressure, characteristic volume, Soave-Redlich-Kwong a centric factor
and molecular weight [10].

-Adaptation of costald equation with Hankinson-Brobst-Thomson technique
[11] offers flexibility for estimating densities. This method provides accurate

and computationally reliable prediction of petroleum fractions density.

There are several correlations between yield and the aromaticity and
paraffincity of petroleum fractions, but the two most widely used are UOP or
“Watson characterization factor” (K,,) and the U.S. Bureau of Mines
“Correlation index” (CI), as given in equation (2-2) and (2-3), respectively

[12].

K, =(Tg)"? /Sp.gr. (2-2)
CI=473.7d-456.8+48640/K,, (2-3)
Where:-

Tg= mean average boiling point, °R

Sp.gr. = specific gravity at 60 °F

The Watson characterization factor ranges from less than 10 for highly
aromatics to almost 15 for highly paraffinic compounds. Crude oils show a
narrow range of K, and vary from 10.5 for highly naphthenic crude to 12.9

for paraffinic base crude [12].



Values for the correlation index, CI between 0 and 15 indicate a
predominance of paraffinic hydrocarbons in the fractions, from 15 to 50 a
predominance either of naphthenes or of mixtures of paraffines, naphthenes

and aromatics; above 50 indicates predominantly aromatic character.

The distillation behaviors of petroleum fraction are carried out according
to the standard method (i-e ASTM or IP) in a procedure of evaluating the
percentage distillate with corresponding temperature. The most useful type of
distillation is known as true boiling point (TBP) and generally refers to a
distillation performed in equipment which gives higher degree of

fractionation.

Distillation curves are of value in assessing the suitability of petroleum
fractions for various applications, particularly in respect to volatility. Such
information is also needed for the design and control of distillation columns.
It is also useful, usually in conjunction with some other physical property
such as density, in characterizing petroleum fractions to permit prediction of

other property [13].

Viscosity, pour point, carbon residue flash point, calorific value,
sediment and water content, sulphur content and ash content are predominant

properties especially for heavy fractions and residual fuel oils.



2.2 Fuel Oils

2.2.1 Sources and Classifications

Many petroleum products are used as fuels, ranging from refinery gases
and gasoline-type distillates to the heaviest residual oil and bitumen.
However, it is generally accepted that the term “industrial fuels” refers to that
range of products which includes the distillate oils known as gas oil and diesel

fuel and light, medium and heavy fuel oils.

These oils may be either straight-run or cracked or they may be blends of
both. Although the nomenclature light, medium, and heavy refers basically to
the specific gravity of these oils. The terms are often used commercially as an
indication of the viscosity of the oil [13].This range of fuel oils includes the
heavy residual oils and residual oils blended with varying amounts of low

viscosity stocks in order to obtain the desired viscosity.

The specific gravity will be of the order of 0.92 for the light fuel oil up
to nearly 1.0 for the heavy residual oils. Commercially, these grades may be
marketed according to a maximum viscosity limit, such as 75 Cst at 37.8 °C
for light fuel oil, 150 Cst for medium fuel oil and over 225 Cst for heavy fuel
oil. In practice, the heaviest grade marketed has a maximum viscosity of 1600

Cstat 37.8 °C.

An indication of the composition and some specifications of different

types of fuel oils are given in table 2-1, [13].



Table 2-1: Typical specifications and analysis of Industrial fuel oils

Specifications

Specific gravity at 15/15°C 0.922

Kinematic viscosity at 37.8 °C,Cst 170

Calorific value,gross,Btu/lb 18700

Ultimate analysis % w
C 84.9
H 12.0
S 2.57
Ash 0.06
N,O, etc. (by difference) 0.47
C: H ratio 7.1

Flash point, closed, Pensky-Martens,
66
°C,min

Fuel oils are produced usually as the result of straight distillation of
crude oil, it is referred to as a straight-run residue. Commercial fuel oils,
however, usually contain appreciable proportions of residue resulting from
cracking processes. These differ slightly from straight-run fuels in certain

physical characteristics in that they are rather lower in pour point.

Most low viscosity fractions can serve as diluents provided their flash
point is sufficiently high. Straight-run or cracked distillates from the naphtha
range and heavier and the by-products of processes, such as the extracts from
the production of lubricating oils and of premium grade kerosine, are all used

for this purpose [13].

There is another wide American classification for fuel oil according to

the viscosity, as shown in table 2-2, [15].



No.I and No.2 fuel oils are called distillate oils, as they are capable of
being distilled or vaporized at relatively low temperatures 150 to 345 °C at
atmospheric pressure.No.1 oil is used almost exclusively for domestic heating
and is just a little heavier than kerosine. No.2 distillate comes from the
refinery fractionating tower after the No.1 oil. This oil is frequently called gas
oil. No.4 fuel oil is variable and complex oil. No.5 and 6 fuel oils are called

residual oils.

Table 2-2: detailed requirements for fuel oils according the American

classification

, , Kinematic Sulphur
Flash point | Pour point API
Viscosity Cst , Content
°C gravity
38°C | 50°C %

0.5
0.7

No limit




2.2.2 Properties

Commercial fuel oils have to meet certain specifications to avoid any
failures, which can be raised during pumping, storing or burning processes.
The main limiting properties, which must be known for any fuel oil are,
viscosity, specific gravity, pour and cloud point, flash point, sulfur content,

sludge and sediment, and ash content.

Viscosity

Viscosity and viscosity-temperature relationship is considered as an
important property when dealing with fuel oils during pumping, storage and

atomization at burning.

Viscosity of heavy fuel oils can be usually reduced by heating, diluting
with a low viscous oil-stock or the process of visbreaking. These are

discussed in details in section 2-3.

The greater the viscosity, the greater it becomes the head loss along the
pipeline of residual fuel oils, and therefore, more horsepower is required for
pumping. These are under certain conditions, “Pseudoplastic fluid” which
requires pressure to overcome yield stress to initiate flow or “Thixotropic”

(Viscosity varies with respect to time and flow rate) [3].

10



Specific Gravity

Although the specific gravity of oil has no technical significance from
the point of view of quality, it does give an idea of the grade of oil, i.e.
whether it is a distillate or a residual oil. While an increase in specific gravity
usually indicates an increase in the viscosity of fuel oil of the same origin, this

may not apply if one fuel is straight-run and the other cracked.

In general, the API gravitates of distillate fuels are 26 to 39 °C and those
of heavy fuel oils are 10 to 15 °C. Variations in specific gravity with
temperature is an important factor in marketing and must also be taken into

account when determining the fuel consumption of an appliance [13].

Pour and Cloud Point

The pour point is reported as the lowest temperature at which oil will
flow under standardized test conditions in 3 °C increments. It is rough
indicator of the relative paraffinicity of fuel oils. Pour point is considered as
the lowest temperature at which oil could be stored or handled with out it

congealing in the tanks or pipelines [15].

Cloud point is the temperature at which the incipient crystallization of
wax in the oil results in an opacity or cloud, without necessarily complete
solidification. This temperature will be higher than that of the pour point,
since the fuel does not fail to pour until some of the wax crystals have

coalesced. The purpose of quoting the cloud point is to indicate a temperature

11



at which the blockage of fine filters may occur owing to the accumulation of

waxy deposits.

Research is being carried out to determine the feasibility of using
"Filterability" test as an alternative to a cloud point determination. The
additions of pour point depressants are done some times to reduce pour and

void wax crystallization [13].

Flash Point

The flash point of a fuel is the temperature at which the vapor given off
will ignite when an external flame is applied under standardized condition. It
1s purpose is to ensure safety from fir risk during normal storage and
handling. The flash point is an indication of the presence of a certain
proportion of ignitable vapours in a specified set of circumstances and is not
an indication of the general volatility or viscosity of a fuel. Flash point is

considered as limiting property for blended or cracked fuel oils [13].

Sulphur

Sulphur is present in nearly all fuel oils in amounts above 2% as shows
in table 2-1.Although commercially available residual fuel oils contain more
than 4 wt% sulphur [13]. Sulphur in fuel oils is an undesirable consistent,
causing pollution and corrosion effects, mainly due to sulphur oxides
formation by burning of fuels.

-Sulphur oxides emitted from chimney stacks contaminate the atmosphere are

proposing to have legislation or specifications to limit the amount of sulphur

12



discharged into the atmosphere by limiting the sulphur content of industrial
fuel oils.

- Sulphur oxides can also cause serious corrosion of air heaters in large
boilers and of steel chimneys and other steel structures in temperatures below
the acid dew point.

-In some industrial processes the presence of sulphur oxides in the products of

combustion can adversely affect the product being heated.

The sulphur content of fuel oils can be reduced by
hydrodesulphurization, but it is more difficult to produce low sulphur heavy
fuel oils economically from sulphurous crude. Thus, when a low-sulphur
heavy fuel is required, the refiner will use either low-sulphur crude or blend

the residues with desulphurized cutter stock, or both.

Other Properties

There are other properties may be considered by the choice of fuel oils.

Such properties influenced mainly the utilization of the fuel.

1-Sludge and Sediment Formation

These determine the possible life of the oil during storage.
Unsatisfactory blending, or the presence of unstable, oxidizable, sediments,
cause clogging of filters or nozzles and corrode storage tanks and pipelines.
Cracked oils are particularly bad in this respect. Oxidation and corrosion
inhibitors are sometimes added to reduce these troubles. When oils of
different origins are mixed, an asphaltic sludge may be deposited, in such a

case the oils are said to be incompatible. Asphaltic and waxy sludge can also

13



be deposited from heavy fuel oils that are stored in heated storage tanks if
serious over heating has occurred. The degree of sludging depends on a
number of factors, including the nature of the oil and its thermal history, both

before and after its delivery to customer’s premises [13].

2-Carbon-Hydrogen Ratio

High carbon to hydrogen ratios fuels burn with more luminous flame
than low ratio oils. High ratios causes an increase in the heat transfer by
radiation, because of the high emissivity factor of such flames. The calorific
value decreases and specific gravity increases with increasing carbon:
hydrogen ratio. In general, also, the higher the C:H ratio, the greater the

reduction in viscosity with increase in temperature [13].

3-Carbon Residue

Carbon residue is roughly related to the asphalt content of fuels. In most
cases the lower the carbon residue the more valuable the fuel. This expressed
in weight percent carbon residue by either the Ramsbottom (RCR) or
Conradson (CCR) according to ASTM test procedures (D-524 and D-189)
[13].

The maximum ash content in fuel oil is usually lower than 0.2%. Its
composition 1is important, since certain constituents, such as sodium,
vanadium and sulphur; cause severe corrosion of the surface and hot

refractories of boilers and furnaces [13].

14



2.3 Viscosity Lowering of Residual Fuel Oils

2.3.1 Introduction

Viscosity of fuel oils is usually required in hydraulics calculations for
surface facilities, pipeline transportation, handling and combustion devices.
With the increased popularity of process and reservoir simulators, there is a
need for a consistent, reliable and accurate analytical predictive method for

viscosity calculations.

The high viscosity of residual fuel oils may be reduced usually by
blending with less viscous products, heating, or by the process of visbreaking.
Numerous information has been published on the variation of viscosity of oil-

stocks with temperature and viscosity estimation for blends of oil-stocks.

2.3.2 Heating

It is well known that the viscosity of heavy petroleum fractions decreases
as temperature increases. For short distance transportation of oil, through
pipes the process of heating by steam would reduce the viscosity; making the
flow easier. The disadvantages of this process are the added cost of heating

devices, insulation of pipelines and energy requirement [16].

To minimize tube size a by-pass stream, taken from the main flow, is
heated to a higher temperature than the required. When it re-enters the main
flow, it mixes with the remainder of the oil and the resultant temperature is
that which is required. The temperature to which the oil is raised in the heater

must obviously be kept below the cooking range.

15



To achieve an economic “optimum” with respect to pipeline size
pumping, and cost, the temperature and viscosity profile for the line must be
established. An upper limit about 93 °C is usually set to protect the insulation

from damaged due to steam generation at the pipe surface [3].

2.3.3 Blending

The blending method for viscosity lowering is discussed as
alternative to hot oil pipeline transports of heavy petroleum fractions. The
blending of oil-stocks in pipeline is usually a continuous and controlled

Process.

The problem which confronted the engineers in this case is that of
designing a system in which each component is individually regulated to

maintain a fixed amount of the total flow to match the pipeline requirements

[17].

The blending process is carried out in many methods. These methods are
agitation by air, propeller or paddle, circulation and gravitation using
proportionate pumps and meters. Heating is usually necessary in case of
blending of residual fuel oils to obtain good blends. Heat sets up circulation
with in the tank and this circulation results in the desired mixing. The higher

temperature reduces the viscosity, which makes blending easier [15].

Agitation by air, propeller or paddle are used but not too extensively,

although this methods, plus heating, well give a very good blend.

16



Circulation is accomplished by pumping the blending oils into a tank
and pumping from the bottom and back into the top. This method is used
together with heating and the results are satisfactory. Gravity blending is used
mostly for blending in trucks and small bulk plants where equipment is
limited. This method is the cheapest of any, and there are two procedures as
follows:

1-The heavier oil is pumped into the tank first and the lighter oil is then
pumped into the bottom, where it mixed with the oil as it moves upward.

2-The light oil is pumped in firstly into the tank and then the heavier oil

pumped through the top, where mixing occur as it moves downward.

Another method of blending is using meters and pumps. In this type of
blending, the correct amount of diluents or distillate is metered. The volume
of heavier oil is controlled by a constant rate pump. These two products enter
a common line. In compatibility, one of the problems raised from mixing
processes, it is defined as the ability of fuel residue to form participates when
mixed with another fuel oil. The most important mixing problem appears
when the fuel oil contains asphalt higher than 3-5% is mixed with another one

of paraffinic base, which causes asphalt to participation [18].
2.3.4 Other Methods

Visbreaking operation at different temperatures and LHSV’s was used in
order to improve the main physical specifications of residual fuel oil. The

viscosity, pour point and sulpher content of Vacuum residue were lowered

noticeably by the process of visbreaking [1].

17



An attempt has been made to produce fuel oil from two Iraqi residues
using a soaker and coil visbreaking. The continuous experiments were carried
out under mild conditions, namely 420—480 °C and 43—109 sec in the coil and
151-397 sec in the soaker. Stable fuel oils with acceptable viscosity, pour

point and flash point were produced [19].

The degree of viscosity and pour point reduction is a function of the
composition of the residual feed to the visbreaker. Waxy feed stocks achieve
pour point reductions from—9 to —1.7° C and final viscosities up to 75% of the

original value.

Coil cracking uses high furnace outlet temperature 474—499° C and
reaction times from one to three minutes, while soaker cracking uses lower

furnace outlet temperatures 427—443 °C and longer reaction times [12].

Marsden, et al. [20] described a method of transporting crude oils at low
temperature by dispersion in methanol. Those containing 50 to 80 volume
percent of the oils, which are stabilized by presence of a small amount of an
effective surface-active dispersant, which can readily be pumped through

buried pipelines at temperature below 0 °C.

The addition of both methanol and ethanol in a low concentration to
heavy petroleum fractions lead in a reduction of their apparent viscosity. The
maximum decrease in viscosity was obtained by the addition of about 3% by

volume alcohol [21].

18



A method has been developed to make homogenous and stable blends of
residual oil and ethanol in the presence of Kerosine as a coupling agent [22].
This blend exhibits much lower viscosity and better combustion

characteristics.

Killesriete [23] suggested the use of gas mixtures like the refinery gas or
liquefied petroleum gas for an enhanced oil recovery. All these gases have a

positive effect on viscosity lowering and swelling.

There are other methods for viscosity lowering of heavy residual oils,
which have less commercial applications. One of these methods is the use of
additive to modify the wax crystals so they do not agglomerate or stick to

surfaces, hence preserving the fluidity of the oil.

Mixing water with oil to form a lower viscosity, unstable emulsion, has

been also proposed for transport of heavy petroleum fractions [3].

One of the solutions of an oil capacity increases problems is to inject a
drag reducing additive. The additives that have been used successfuly are
solutions of certain types of high molecular weight long chain polymers in
hydrocarbon solvents [24,25]. The performance of the drag reducing polymer,
namely CDR (Conoco Drag reducer) for two Iraqi crude oil was evaluated.
The data presented should be useful in possible application of drag reduction

additives for flow capacity increase for crude oil [26].
Drag reducing additives were prepared locally and studied in flowing

Kerosine and gas oil at concentrations up to 50 ppm. Drag reduction up to

28% and 20% was achieved for Kerosine and gas oil respectively [27].

19



2.4 Viscosity Correlations

2.4.1 Effect of Temperature on Viscosity of Oil-Stocks

Numbers correlations are available in the literature on the effect of

temperature on viscosity of petroleum fractions.

De-Guzman [28] proposed firstly a simple exponential relationship for
viscosity-temperature correlation for undefined petroleum fractions. Then
many investigators, such as Arrhenious [29], Madge [30], Andrade [31] and
Velzen et al. [32] have contributed in developing various forms of exponential

relations.

Watson et al. [33] presented figures related to kinematic viscosity as a
function of API gravity data and Watson characterization factor (Kw). The
API technical data book [34] replaced these figures with monographs to relate
the kinematic viscosity as a function of temperature. This has proven useful
over the years and it is at present accepted as an industry-wide standard for

predicting viscosities of light to moderately heavy oils.

Abbott et al. [35] reduced the API monographs to equations with
reasonable accuracy but these were found to be subject to singularities [36].
Therefore, the correlation can not be extrapolated into the regions where no

experimental data are available.

Baltatu [37] proposed the use of modified corresponding-state reported
by Ely and Hanley [38] to predict the viscosity of petroleum fractions. The
input data required are the pseudo critical parameters, the molecular weight

and centric factor for each fraction of interest. The centric factor, which is the
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key parameter in the proposed correlation, brings considerable uncertainties
concerning its estimation for petroleum fractions. This is primarily a result of
the compounded inaccuracies introduced by the estimation of the intermediate
correlating parameters such as critical temperature, critical pressure and the
choice, from the several values of the boiling point. The alternative approach
has been used to develop generalized correlation that based on the

experimental kinematic viscosity.

Twu [39] proposed the following equation to estimate the viscosity of

oil-stock based on API gravitates:

API — API™)

APLC) _ APIC) [l“(v)(m - l“(v)(r‘)] -4

In(v) =In(v")) +

Where v is the kinematic viscosity of the petroleum fraction in Cst at
either 372.04 or 310.93 K. v,v"" and v are evaluated at the same boiling
point. The superscripts (r;) and (r;) again refer to two reference fluids. Since
all the calculations are made at the same boiling point. Equation (2-4) can be
simplified based on the definition of Watson characterization factor and °API
gravity as follows:

) 1/2)(K, 10
| v

v NG (2-5)

Twu [39] showed that, the viscosity of the reference fluid can be
obtained from plots of Watson correlation [40]. These data had been
correlated as a function of the boiling point temperature of petroleum fraction

by means of the following equation:
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m(v®)=c, + 2 4 ¢ In(T, )+ C,T, +C<T_ + C TS (2-6)
1 T 3 b 4*b 5% 6*b
b

Where:-

v @ is the reference viscosity in Cst at either 372.04 or 310.93 K.

The Walther equation [41] is used commonly for correlating the
viscosity temperature behavior of petroleum products, as follows:

Log log (n+0.7) =b,+b, Log (T) (2-7)

Singh, Miadonye and Puttagunta [42] developed a simple and
generalized correlation for predicting temperatures effect on the absolute

viscosity of unrefined bitumens and heavy oils as follows:

Log(n)+C Z[ET (2-8)
log(py)+C T
Where:-

u= absolute viscosity, Pas.s

C=3.0020, when the log bas is 10
S=0.0066940 log (L) +3.5565, when T is 303.15K (30 °C)

The correlation allows for prediction of the viscosity of bitumens and

heavy oils over a wide range of temperatures by making only a single
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viscosity measurement [y, on the sample at any convenient temperature, T.

The overall AAD with this correlation was 4.23% for 125 data points.

Amin and Maddox [43] and Beg et al. [45] carried out extensive research
work on a correlative procedure. For predicting the viscosity of petroleum
fractions. They used several modifications of Eyring’s [44] equation and the
one which is the best correlated viscosity data was found to be of the

following form:

B
n= Aexp(;j (2-9)

Beg et al. [45] formulated A and B to be functional to 50% boiling point
and API gravity at 15 °C as follows:

B=exp (5.471+0.00342T,) (2-10)
A=—0.0339 (API) *'**+0.241(Ty/B) (2-11)

Substitution of expressions for parameters A and B into Eyring’s

equation gives the following generalized Kinematic viscosity correlation:

exp(5.471+0.00342T,))
T

n= {— 0.033%APD)"'* +0.241(%)}+exp|: } (2-12)

Where:-
Ty=50% boiling point, K

23



Equation (2-12) gave an overall AAD of 7% for 156 viscosity
measurements as compared with the overall AAD of 17.5% given by API
method [34]. Further, this correlation fitted the data from 102 experimental
measurement of kinematic viscosity made on 34, other world crud oil
fractions with an overall AAD of 7.4% while the corresponding error for the

API method was 19.1%.

Amin et al. [46] extended that work by introducing molecular weight as
an additional parameter beside the other two parameters of °API gravity and

50% boiling point. The final form is:

n=[-1.954*107 +0.0906 exp (-7.773+10°Mw)] exp {[67.45
+exp (5.329 + 0.00329T,) (Mw/APD)]/T} (2-13)

Mehrotra [47] suggested a correlation for the viscosity of pure

hydrocarbons at different temperature, as follows:

Log (u+0.8) =100(0.01T)"° (2-14)
Where:-
b=-5.745+0.6161n (ECN)-40.468(ECN) '~ (2-15)

u=Viscosity of pure liquid hydrocarbon, Mpa.s
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Mehrotra tabulated ECN for 65 components. A modified Mehrotra
equation (2-14) had been considered for the development of a new
generalized correlation for viscosity-temperature prediction [48].The
modification had been done by replacing pu by v; Kinematic viscosity of
petroleum fraction in cst and changing the constant 0.8 by 0.7, so as to have
equation of the following form:

Log (v+0.7) =100(0.01T)" (2-16)

b can be calculated by equation (2-15), while ECN for petroleum fractions
was calculated by equation (2-17).

ECN(T,,API)=-1799.8195-0.0403386T,+8.19416*10°T,>-352.5229(T,/API)
142158(Ty/API)* " (2-17)
Where: - APl at 15 °C and T, =50% boiling point in15 °F.

2.4.2 Effect of Pressure on Viscosity of Oil-Stocks

Block [49] reviewed different approaches to describe the viscosity
temperature-pressure relationship of lubricating oils in terms of empirical
formulas and their predictions from correlation’s based on properties that are
easily accessible at atmospheric pressure. An approach proposed in which
viscosity-temperature-pressure relationship was first studied individually for

“similar group” of natural lubricating oils originating from a similar source
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and refined in a similar way and was used to examine several correlations,

such as Heresy and Lowdenslager [50] formula:

n(p)=n,(1+P/K)" (2-18)

Where:-
M. 1S the viscosity at atmospheric pressure

n (P) is the viscosity at the required pressure

Sanderson [51] presented a formula to calculate the Kinematic viscosity
as function of pressure, as follows:

Log Log [v(P) +0.6] =C P"* +D (2-19)

Where:-

v (P) is the kinematic viscosity at the required pressure.

Mehrotra and Svrcek [52] presented new data for the effect of pressure
and temperature on a gas-free Athabasca bitumen viscosity covering a
temperature of 43-120°C and pressure up to 10 Mpa (1450 Psi). Two
correlations were developed to describe the effect of pressure and temperature
on the viscosity of bitumen:-
Model 1:
In p=exp [a;ta,+InT] +asP (2-20)
Model 2:
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In p= [a;+a,InT] +a;P (2-21)

Where:-
Tin K
P in Mpa

The AAD was 1.8% with model 2 compared to 2.8% with model 1. An
increase of pressure to 10 Mpa resulted in a 49% increase in the bitumen
viscosity at 43 °C compared with a 33% at 120 °C. Thus, the effect of
pressure is more significant at lower temperature where the viscosity of
bitumen is high. Graphical representation of the increase of viscosity with
pressure demonstrated a nonlinear relationship, while a linear relationship of

Inp with pressure over the whole range of temperatures was noticed.

Kouzel [53] presented an equation to calculate the effect of pressure on

the viscosity of high molecular weight hydrocarbons, as follows:-

Log| H |= L[0.0239 - 0.01632p8'278] (2-22)
) 1000

Where:-
nat T and P, in cP

Ko at T and latm, in cP
P in Psi

The deviations between calculated and experimental viscosities of high
molecular weight hydrocarbon were reported as approximately 5% for

pressure,< 5000 Psi and approximately 8% for pressure up to 10000 Psi. [54].
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Ahrabi et al. [55] measured the viscosities for crude oil and natural gas
liquid (NGL) at different pressures. Measured viscosities for liquid phase
crude oil increased with an increase in pressure, with a pronounced break at

the bubble point at all temperatures.

Generally pressure exhibits a linear relationship with Log viscosity of

liquids [56].
2.4.3 Effect of Composition on Viscosity of Oil-Stocks

It is advantageous to be able to predict the physical properties of
petroleum fraction mixtures from the properties of the components. The
theory of the viscosity of mixture based upon molecular interaction has been
discussed by Eyring et al. [57, 58]. Gemant [59] considered Eyring’s theory to
be most complete, but many modifications have recently been proposed. In
practice, the viscosities of blends always bear non-components. Therefore,

numbers empirical correlations had been developed to predict the viscosities

of blends.

Rybak[60] Kosakov[61], Gurevich [62] and Nelson[63], proposed
methods for calculating the viscosity of petroleum product blends, based on

some properties of individual blend components.

Reid et al. [64] defined the kinematic viscosity v, of mixture of two

components A and B by equation (2-23).

xp Invp o +xp Invg +R® (2-23)

Invy, = xi Inv , + 3X2AXB InvAg+x,
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Where:-

M 1+2Mg /M
R =xj, lnM—B+3xixf3 in 1t 2Ms /My

ZAM /M M (3249
+3XixBln s A _Inx, +xg—2

A
and

x =mole fraction of each component
M=molecular weight of each component
v=kinematic viscosity, Cst

VaB, Vea=constant determined by the least squares method.

Wright [65, 66] used the standard viscosity-temperature charts to predict
the viscosities of blends of petroleum products and the following equation
was proposed.

Log Log Z=A-B Log T (2-25)

Where:-

TinR°

7= compressibility factor
A, B are constants

Z=v+0.7+C-D+E-F+G-H (2-26)

And

C =exp (f-1.14883-2.65868V)
E=exp (5.4649-37.62889v)
G=exp (37.4619-192.643v)
D=exp (0.0038138-12.5645v)
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F=exp (13.0458-74.6851v)
H=exp (80.4945-400.468v)

The limits of applicability are:-

Z= (v+0.7) 2*%10"to 2 (Cst)

Z= (v+0.7+C) 2*%10" t0 0.9 (Cst)
Z= (v+0.7+C+D+E) 2*10" t0 0.3 (Cst)
Z= (v+0.7+C+D+E-F+G) 2*10" to 0.24 (Cst)
Z= (v+0.7+C+D+E-F+G-H) 2*%107 t0 0.21 (Cst)

To improve Wright’s method, a modified Walther’s equation [67] was
used.

Inln (v+0.7) =m InT+b (2-27)

Where:-
v=kinematic viscosity in (Cst)
T=absolute temperature (R°)

m,b =constant

This equation enables the viscosity to be obtained at any desired
temperature, if m and b are known and b can be deduced from two viscosity

observations [68].
The most widely used approach in calculating the viscosity of product

blends is the ASTM-D341 method [69], which is based on the additive
quantity log log (v+0.8), as follows:
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xl
100

LogLog(v,, +0.8) =Y —-LogLog(v; + 0.8) (2-28)

Where:-
v; and v, the kinematic viscosities, at a given temperature, of the blend
components, and of the blend; in (Cst), respectively

x; 1s the percentage of the given component in the blend.

Walter suggested equation (2-29), [63, 70], to predict the viscosity of oil
blends.
W=log log (vi+0.8) =A-B log T (2-29)

W=Walter function, the additive quantity function, which appears in equation
(2-29), has a number of remarkable properties [71-74] and its additive is

consistent.

The Refutas viscosity blending function [75] was widely used to predict
the kinematic viscosity of petroleum products blend. This method considers
blending indices, provided in special tables, which are aggregated on a weight
basis. The Refutas function I can be calculated from the equation (2-30):

I= f(v) =23.097+33.468LogLog (v+0.8) (2-30)

The Refutas indices of the components, of known viscosities at the same
temperature as the mixture, were first determined, and the index of the blend

was then calculated, based on the weight fraction of each component.
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n
Iy = 2 Lw; (2-31)

Where:-

I; 1s the blend Refutas index

w; is the weight fraction of component i, the viscosity of the blend was hence
computed from equation (2-30). This method had been reported for petroleum
products but it was less for extreme blends such as gasoline and residues. The
percentage deviations of the predicted viscosity from experimental values

were of the order of 2% for middle distillates.

Letsou and Stiel [76] proposed a corresponding state approach that uses

the centric factor (®,), as given in equation (2-32) through equation (2-35):

ne=Mme)° +(me) (2-32)

Where:-

(ne)°=0.015174-0.012135T+0.0075T,> (2-33)
(Me) =0.042552-0.07674T,+0.0340T,> (2-34)
e=T®/m'?p}/3 (2-35)

ne is reduced viscosity of two substances at the same reduced
temperature (T,)
T, M and P, are the critical temperature, molecular weight, and critical

pressure, respectively.
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2.5 Pipeline Transportation

Crude oils and their fractions are often transported by pipelines over long
distances from fields and storage to marketing and processing units. During
the pumping a substantial drop in pressure may be take in account in both the
pipeline and in the individual units themselves. Many intermediate products
are pumped from one factory site to another, and raw materials such as natural
gas and petroleum products may be pumped very long distances to domestic
or industrial consumers. It is necessary, therefore, to consider the problems
concerned with calculating the power requirements for pumping, with
designing the most suitable flow systems, and frequently with controlling the
flow at a steady rate. The oil-stocks may consist of one or more phases and
contain suspended solids; and considered sometimes as non-Newtonian
properties, these often complicate the analysis. The design and layout of pipe
systems are an important factor in the planning of modern plants and may

represent a significant part of the total cost.

The energy required by the pump will depend on the height through
which the fluid is raised, the pressure required on delivery, the length and
diameter of the pipe, the rate of flow, together with the physical properties of
the fluids, particularly its viscosity and density [77].

Heavy oils, characterized by their high viscosities, high pour point, and
low API gravitates, are currently being transported to a limited extent by
pipelines. Many of these pipeline are transporting the residual product
(residual fuel oil) from the refining to consumers. Although there are some

pipelines used for the transport of heavy crude oils.
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Heavy oils present problems of pipeline transport usually because of one
of the two characteristics:-
-Pour point (wax crystallization)

-Viscosity (the ability to flow)

The pour point is the temperature at which wax crystals in the oil inhibit
its ability to flow; at pour point temperature the liquid will gel and behave like
a solid material. Waxy crude will form wax sediment in storage tanks and
thick wax deposits on the walls of pipelines sufficient, in time, to block the
pipeline. Generally, pipelines are designed and operated at temperatures
above the pour point .The relationship between viscosity and temperature is
important in the design of pipelines. This relationship is shown in figure 2-1
for a number of crude oils, both heavy and light [3]. Viscosity relates to the
shear stress and shear rate. The greater the viscosity, the greater becomes the
head loss along the pipeline, and therefore, more horse power is required for
pumping. Generally, the economic range of viscosities at pipeline
temperatures is 10—1000Cst, depending on pipeline length. The effect of
viscosity on pipeline size and pumping power requirement are shown in table
2-3, [3]. The data developed do not necessarily represent an economically”

optimum’” design for each case, but serve to illustrate the effect of viscosity.

Note that above approximately 100Cst there are large incremental
increases in pipeline size and pumping HP. It is for this reason that most
existing large and long oil pipelines have been designed for viscosities in the
region of 100Cst. However, it is feasible to consider designs for viscosities in

the region of 1000Cst if the economics are favorable.
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Figure 2-1: Effect of temperature on Viscosity of various crude oils and a

bitumen [3]

Table 2-3: Effect of viscosity on pipeline size and pumping HP [3]

Viscosity Gravity Pipeline Station
Psi/Mile HP per Mile
Cst °API LD., in spacing, Miles

50,000 BPD capacity
10.3 16
11.2 174
12.5 194
17.0 26.5

100.000BPD capacity
14.4 11.2
15.6 12.1
17.3 13.5
22.2 17.3
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To achieve an economic “Optimum” with respect to pipeline size,

pumping HP and cost, the temperature (and viscosity) profile for the line must

be established. (An upper limit of 93°C is usually set to protect the insulation
from damage due to steam generation at the pipe surface). As the oil moves
down the line, heat is lost, the oil temperature drops, and therefore the
viscosity increases, and pressure drop increases. However, friction serves to
impart some heat to the oil, and may provide a substantial heat contribution in

the case of a large diameter, high capacity pipelines.

The method used to establish the temperature profile considers the line
divided into sections, for of which heat loss, friction heat, temperature drop
(or rise), viscosity, and soil conductivity must be taken into account for the
heat loss calculation. The results of this calculation can be shown in figure 2-2

as a graphic profile [3].

tt“:'i
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DISTANCE FROM START OF LINE

Figure 2-2: Temperature profile in pipe flow
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The analysis of temperature loss and pressure drop must also consider
the economic impact of intermediate reheating. Reheating will serve to
increase the temperature, reduce the viscosity and reduce the line size and

pumping HP, but these savings must be weighed against the cost of reheating

[3].

Pipelines designed to convey fuel oils at temperatures considerably
higher than ambient require to be thermally insulated so that the heat cost
during transit can be kept to a minimum. The insulating material currently in
common use is foamed polyurethane. This material may be obtained in pre-
formed sections, applied directly to the pipe or applied to an annulus between

the pipe and an outer polyethylene sheath.

The fuel oil is usually heated to about, 95°C before being delivered to
the pipeline, and insulated pipelines have hitherto been confined to
comparatively short distances of less than 30 miles, or greater if en-route re
heating stations are provided. An insulated pipeline runs from Fawley to west
London, a distance of 64 miles. This pipeline was designed to handle between

1.5 and 2 million tons/year without intermediate pumping or heating stations

[14].

An alternative to hot oil pipeline transport of heavy oils at ambient
temperature, pipeline transport by reducing the viscosity of the heavy crude
oil with low viscosity oil-stocks such as condensate, natural gasoline, or

naphtha.
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Figure 2-3 shows the reduction in viscosity that can be obtained by
blending of condensation with heavy crude oils. While table 2-4 shows the
effect of dilution on pipeline size, pumping HP, and costs for pipeline

transport of 1000 Cst oil with and without dilution [3].

Note that in this case use of 10—20 percent diluents approximates an

“Optimum” pipeline design [3], table 2-4.

Table 2-4 Effect of Dilution on pipeline Sizes and Transportation Costs
[3]

Blend
Stock Total i Relative Station

Added to | gty Investment Spacing

cost

Crude Oil, | gp : Miles
parts per mile

P/100
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Figure 2-3: Effect of dilution with condensate on viscosity of crude oils

The following discussions will be confined to normal situations met in
actual practice that is, steady state (isothermal) conditions, and exclude
problems of moving non-Newtonian oils or those which require heating [77].

Fundamentally, Darcy’s equation is expressed as follows:

2
h, =8¢£u_

2-36
@ 26 (2-36)

The Darcy equation is far more useful in a form employed conventional

pipeline units.

AP = 4¢%pu2 (2-37)
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Re = Pud (2-38)

For turbulent flow and smooth pipe, equation (2-37) can be adapted by

substituting the value of ¢ = and the value of Re in equation (2-38)

R e0.25

AP B 0'16100.75141.75#0.25
T - FES (2-39)
The oil velocity is calculated by equation (2-40)
u=—= Q =1.2722 (2-40)

A ( s ) d2 d

4
The pressure drop is estimated by
175, 0.25 0.75

%=0.244Q d4'75p (2-41)

The power required for pumping will be given by the product of the
volumetric flow rate and the pressure difference between the pump and the
discharge and of the pipeline.

HP=APQ/n, (2-42)

The required horse power can be calculated by assuming constant

volumetric flow rate, as follows:
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HP

_ 0.244Q "L 075,025

(2-43)
(14.751,]p

While, the volumetric flow rate is calculated by constant pumping horse

power, as follows:

RN 0.3637
Q= On 2l; 0.75 (2-44)
0.244p %25 075,
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CHAPTER THREE

EXPERIMENTAL WORK

3.1 Petroleum Fractions

The considered oil-stocks, fuel oil, reduced crude, light gas oil and heavy
gas oil are supplied from Al-Daura Refinery in Baghdad. The significant

specifications of the oil-stocks are given in table 3-1 while, the effect of

temperature up to 70 °C on their viscosities are listed in table 3-2.

Pour point, flash point and 50% distilled were measured in laboratory of

Daura refinery according to the IP standards. Analar grade methanol was

supplied by BDH England.

Table 3-1: Significant properties of petroleum fractions

Specification

Fuel oil

Reduced
crude

API gravity at 15.5 °C

17.85

17.74

Viscosity at 30 °C ,Cst

584.64

648.49

50% distilled, ° C

370

410

Flash point, °C

168

180

Pour point, °C

16

20




Table 3-2: Kinematic viscosity variation with different temperatures for

Petroleum
Fractions

petroleum fractions

Viscosity(Cst) at temperature, °C

30

40

50

60

Light gas oil

2.87

2.45

215

Heavy gas oil

6.89

5.47

4.32

Fuel oil

289.5

151.35

85.95

Reduced crude

303.78

156.38

89.33

3.2 Blending

The composition of each oil mixture was prepared as volume percentage
and then transferred to the weight percent, for more accuracy. Measurements
were taken by using a graduated 100 and 25 ml cylinders for blends above

10%, while 100 and 10 ml cylinders for lower blends.

The blended samples were shaken inside closed bottles at room

temperature 18—23°C using magnetic stirrer set during the winter season.
Viscosity and density measurements were completed immediately, after
preparing the mixtures to avoid deposit formation or vaporizing the light ends.
All the viscosity and density measurements are carried out at atmospheric

pressure.

The following mixtures were prepared in this study to investigate the

reduction of the viscosity of commercial fuel oil and reduced crude:
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1. Binary mixtures of fuel oil with light or heavy gas oil over range of

1-25vol. % of low viscous stock at different temperatures ranging between 30
~70°C .
2. Binary mixtures of reduced crude with light or heavy gas oil over range of

1-25vol. % of low viscous stock at different temperatures ranging between 30
=70°C.
3. Addition of methanol over range between 1—-10 vol. % to each fuel oil or

reduced crude at different temperatures ranging between 30 — 50°C .

3.3 Density Measurements

Density determination of petroleum fractions and their blends were
carried out using pyknometer with size 25 cm’ according to the standard
method (IP. 190) [78]. The calibration of pyknometer was done by

determining the density of distillate water, with a good degree of purity at

15°C.

The density of all binary mixtures and petroleum fractions were
measured at six different temperatures, namely 30, 40, 50, 60, 70°C . The
density measurements of methanol blends were carried out at 30 — 50°C

since methanol itself has a boiling point of about 60°C. A constant

temperature bath type (Julabo HC) was used to achieve the required

temperature within u 0.1°C. Each experiment was repeated at least twice

times in order to get confident results.
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3.4 Viscosity Measurements

Viscosity measurements at different temperatures were performed by
using different types and size of cannon-fenske routine viscometers. These
viscometers are suitable for kinematic viscosity ranges 1-400mm?*/s
according to the standard method (IP.71) [78]. The selection of type and size

of viscometers was depending on the type and density of petroleum fraction.

The viscometer was placed in a water bath type Julabo, which was

capable of maintaining the temperature within u 0.1°C of the selected
temperature. A measurement of kinematic viscosity was determined by the
international standard ISO 3105. The viscosity of petroleum fractions and all

binary mixtures were measured at five different temperatures, namely 30, 40,

50, 60, 70°C and up to 50°C when dealing with methanol. Kinematic
viscosity was calculated from the measured flow time, t, and the viscometer

calibration constant, ¢, by the equation (3-1):

v=ct (3-1)

Where:-
v is the kinematic viscosity in cst/s.
¢ 1is the calibration constant of the viscometer in cst/s.

t is the flow time in second.

Each experiment was repeated at least three times in order to get

confident result.
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Introduction

Viscosity is considered as the main single parameter effecting the
pipeline transportation of heavy oil-stocks. Reduced crude is considered as
the main source for fuel oils, therefore, reduced crude in addition to a
commercial fuel oil were chosen to study the possible improvement for

pipeline transportation of such heavy oil-stocks.

Fuel oils are characterized by their high viscosities; high pour points and
low API gravities are currently being transported to a limited extent by
pipelines. There are many short distance pipelines around the world were

designed for the transport of heated residual fuel oils.

Heating or diluting with low viscous fractions are the major application
for pipeline transport of heavy residual oils [3] The data of viscosity lowering
by heating, dilution or addition of methanol may be utilized to improve the
pumping capacity and reduce the horse power requirement by pipeline

transportation of fuel oil or reduced crude.
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4.2 Heating

Figure 4-1 shows the effect of temperature increase in the range 30-

70°C on the lowering the viscosity of the considered oil-stocks. The
sensitivity of viscosity with temperature variations depends on the value of
viscosity. Thus the viscosity of reduced crude and fuel oil undergo significant

reduction by temperature increase.

The viscosities of reduced crude and fuel oil at 30°C were 648.5 and

584.6Cst, which dropped to 156.4 and 151.4Cst at 50°C respectively. These

were about 76% and 74% respectively as percent lowering, while the
reduction at 40°C were about 53% and 50%. The viscosities at temperature

40°C are considered as acceptable for pipeline transportation of such heavy

oils.

* ¢ fucloi

* reduced crude

400 —

kinematic viscosity (cst)

200 —

30 40 50 60 70
temperature (c)

Figure 4-1: Effect of temperature on the viscosity of RC and FO
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4.3 Blending

Light and heavy gas oil were chosen as blending components to reduce
the viscosities of residual fuel oils. The temperature dependence on viscosities

of gas oils are shown in figure 4-2.

The high viscous, reduced crude and fuel oil were blended with different
concentrations in the range up to 25 vol. % of low viscous, light gas oil and
heavy gas oil at different temperatures, as shown in figures 4-3 through 4-
6.The blending of reduced crude and fuel oil with heavy gas oil and light gas
oil resulted in a noticeable reduction in the viscosity when the weight percent

of light gas oil or heavy gas oil increased.

12

¢ lishtgasai

] X heavy gas oil

kiematic viscosity(cst)

30 40 50 60 70
temperature(c)

Figure 4-2: Effect of temperature on the viscosity of LGO and HGO
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Figure 4-4: Effect of temperature and composition on the viscosity of RC

blended with HGO
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Figure 4-5: Effect of temperature and composition on the viscosity of FO
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Those, the viscosity of reduced crude and fuel oil can be reduced to
about 50%and 52% respectively by blending with 10 vol. % heavy gas oil at
30°C as shown in figures 4-7 through 4-10, while the reductions were about
82% and 84% by blending with 25 vol. % heavy gas oil at the same
temperature 30°C. 10 vol.% blended reduced crude or fuel oil achieved

approximately 76% and 75% viscosity lowering respectively when the blends
were heated at 40°C, while the reduction in viscosity were 91% and 90% at

60°C.

The percentage reduction in viscosity of blends with gas oil was
calculated by equation (4-1) and these results are demonstrated in figures 4-7

through 4-10.

e
%RC)= 4-1
( ) U (4-1)

Where:-
%RC=Percentage reduction change of viscosity

vg = kinematic viscosity of the blend (Cst)

vy = kinematic viscosity of reduced crude or fuel oil (Cst)

As shown in figures 4-7 through 4-10, the effect of heating on percent

reduction of viscosities of fuel blends is significant at low temperatures, as

30°C . While this reduction at higher temperatures, as 60-70°C is noticeable

low.

As it 1s expected light gas oil has more effect on the viscosity reduction

of heavy oil-stock than heavy gas oil.
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Reduced crude is usually used for production of commercial fuel oils.

The viscosity of reduced crude at 30°C is about 648.5Cst and can be reduced
to about 324.3Cst, which is 50% of the original value by the following

alternatives.

e Heating at 39°C.
e Blending with 10 vol. % heavy gas oil or 9 vol. % light gas oil, both at

30°C.
e Blending with 5 vol. % light gas oil plus heating at 36°C or blending

with 5 vol. % heavy gas oil plus heating at 35°C.
The above-mentioned methods produce fuel oil with acceptable physical

properties and improved their pipeline transportation.
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Figure 4-7: Effect of temperature and composition on the percentage

reduction of viscosity of RC blended with LGO
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Figure 4-8: Effect of temperature and composition on the percentage

reduction of viscosity of RC blended with HGO
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Figure 4-9: Effect of temperature and composition on the percentage

reduction of viscosity of FO blended with LGO
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Figure 4-10: Effect of temperature and composition on the percentage

reduction of viscosity of FO blended with HGO

4.4 Addition of Methanol

Reduced crude and fuel oil were mixed with different concentrations in
the range of 1-10 vol. % of methanol. The results of viscosity lowering by
methanol addition are illustrated in table 4-1, for reduced crude and fuel oil
respectively. The maximum reduction in viscosities of heavy petroleum
fractions was obtained by the blending with 3-4% by volume methanol, as
shown in figures 4-11 and 4-12. Those were 32% and 31% reduction for
reduced crude and fuel oil respectively. Higher percentages of methanol
resulted in a lower reduction in the viscosities due to the fact that methanol
was not compatible with heavy oils and made unstable, unhomogenous

dispersion at high concentrations. [79, 80]
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The results of the viscosity variation of the blends were reported as

relative change of viscosity (RV), as follows:

b
(RV)= —2— (4-2)
Vg

Where:-

vg = kinematic viscosity of the blend (Cst)

vy = kinematic viscosity of reduced crude or fuel oil (Cst)

The results are demonstrated in figures 4-11 and 4-12, for fuel oil and

reduced crude respectively by addition up to 10 vol. %.

The low methanol concentration in such blends did not effect the other
physical properties of heavy fractions studied. At the same time such blends
exhibited much lower viscosity and better ignition and combustion
characteristics [81]. Further more the reduction of viscosity lead to the
decrease of the shear stress and shear rate, therefore, it was expected that
easier oil transportation by pipelines be achieved by the addition 3-4 vol. % of

methanol to residual fuel oils.
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Table: 4-1 Effect of methanol concentration on viscosity of reduced crude

and fuel oil at different temperatures

VOL.% OF
METHANOL

L (Cst) of RC U (Cst) of FO

590.83 526.55

274.30 260.05

139.83 135.13

586.75 523.13

270.23 255.625

136.15 133.13

583.08 519.35

267.55 252.85

131.73 124.08

510.45 440.20

225.93 210.70

112.98 105.53

570.73 514.33

262.20 246.83

127.13 119.68

512.60 445.30

228.08 212.80

115.05 107.83

568.25 511.83

257.30 244.33

117.30 109.78
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Figure 4-11: Effect of methanol addition to RC on the relative viscosity at

different temperatures
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Figure 4-12: Effect of methanol addition to FO on the relative viscosity at

different temperatures

57



4.5 Pipeline Transportation of Heavy Oils
4.5.1 Pipelining

Heavy oils, characterized by their high viscosities, high pour points and
low API gravities are currently being transported to a limited extend by
pipelines. Heavy oils present problems of pipeline transport usually because
there high viscosities causing less ability to flow. The greater the viscosity
becomes the greater head loss a long the pipeline. Therefore, more horse
power is required for pumping or causing less pipeline capacities for high

viscous fuels.

To show the effect of viscosity lowering by heating and blending on
pumping requirements, two pipeline systems for fuel oil were chosen. These
pipelines are available by Daura refinery and having 250m and 10000m

lengths. Further characteristics of the pipelines are shown in table 4-2.

Table 4-2: Characteristics the fuel oil piping system[Daura]

Specification First pipeline Second pipeline

Length , m 250 10000
Diameter , inch 2 5
Flow rate , m*/hr 46.789 72

Temperature , °C 325 54
Pump Centrifugal Centrifugal
Pumping powers , hp 40 160
Pump efficiency 0.4757 0.77
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4.5.2 Power Requirement

The appropriate equations to relate the required horse power to the
viscosity of liquids were discussed in chapter two, section 2.5. Equation 2-43

was used to evaluate the required horse power for pipeline pumping.

_ 0.244Q "L 075,025

HP
d4.75np

(2-43)

The appropriate data in table 4-2 were substituted into equation (2-43) to
estimate the required power by pumping of fuel oil and reduced crude at
different viscosities, resulting equation (4-3) and equation (4-4) for 250m and

10000m pipelines respectively.

HP=1170.072 p”° u* (4-3)
HP=1218.047 p” n* (4-4)

The lowering of viscosities of these fuels by heating, blending with gas

oils or addition of methanol was discussed previously in this chapter.

The effect of heating on power requirements for pumping of reduced
crude and fuel oil through 250m and 10Km pipelines are summarized in
tables 4-3 and 4-4 and represented graphically in figures 4-13 and 4-14

respectively.
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Table 4-3: Power requirement for pumping of reduced crude at different

temperatures

HP(kw) HP(kw)

L (Cst ka/m?® pipeline, pipeline,
(CsY p(kg/m’) 250m 10000m

648.49 940.64 175.635 182.837

303.775 935.18 144.459 150.382
156.375 929.29 121.592 126.578
89.325 920.97 104.761 109.057

57.05 914.25 92.9697 96.782

Table 4-4: Power requirement for pumping of fuel oil at different
temperatures
HP (kw) HP (kw)

L (Cst) pipeline, pipeline,
250m 10000m

584.64 171.108 178.124
289.5 142.729 148.581

151.35 120.577 125.521
85.95 103.738 107.992
55 92.067 95.841

The results in figure 4-13 indicate that an increase in the temperature of
heavy petroleum fractions results in a decrease in power requirement due to

decrease in the viscosity. The power requirements for reduced crude and fuel
oil at 30°C in a 250m pipeline were 175.6 and 171.1 Kw, which dropped to

121.6 and 120.6 Kw at 50°C respectively; achieving 30.8% and 29.5%

power reduction. The power requirements in a 10 Km pipeline were 182.8 and

178.1 Kw at 30°C, which were dropped to 126.6 and 125.5 Kw for reduced
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crude and fuel oil at 50°C. These are about 30.8% and 29.5% power

reduction, as shown in figure 4-13.

The power reduction by pipelining of reduced crude and fuel oil in 10
Km pipeline is about similar as in 250m pipeline. It is noticeable that the
length of pipeline has no significant influence on the percentage power

reduction, as shown in figure 4-14.

200
Q reduced crude at (I=10km)
+ reduced crude at (1=250m)
@  fueloilat (=10km)
X fuel oil at (1=250m)
160 —
Z
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s
3
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temperature (c)

Figure 4-13: Effect of temperature on the power requirement for

pumping of RC and FO
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Figure 4-14: Effect of temperature on the percentage reduction of power

for pumping of RC and FO

The second applicable method for pipelining of heavy fuels was the
blending with gas oil. These blends cause noticeable viscosity lowering of

reduced crude. Those permit an economic pipelining as it is expected.

The effects of both heating and dilution with gas oil on the power
requirements for pumping of reduced crude and fuel oil through 250m and
10Km pipelines are represented graphically in figures 4-15 through 40-22 and
listed in the appendix, tables A-1 through A-8.

The blending of reduced crude and fuel oil with heavy gas oil and
light gas oil resulted in a noticeable reduction in the power requirement due to
decrease their viscosities when the weight percent of light gas oil and heavy

gas oil increased. Approximate linear relationship was achieved for power
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reduction in case of reduced crude and fuel oil diluted with gas oil at different

temperatures.

The power requirements for 250m pipelining unblended reduced crude

and fuel oil were 175.6 and 171.1 Kw respectively at 30°C. Those were
dropped to about 171.6 and 166.7 Kw respectively when these fuels were

blended with 10 vol. % light gas oil at the same temperature 30°C. Further

more the required power was about 145 and 140 Kw for 10 vol. % blended

fuels at 50°C. Those indicate that heating has more effect on power reduction
than the blending. The power reduction by pipelining of both fuels blended

with gas oil in a 10 Km pipeline was about similar to 250m pipeline.
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Figure 4-15: Power requirements by pumping of RC blended with LGO

at different temperatures, in 250m pipeline
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Figure 4-16: Power requirements by pumping of RC blended with HGO

at different temperatures, in 250m pipeline
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Figure 4-17: Power requirements by pumping of FO blended with LGO

at different temperatures, in 250m pipeline
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Figure 4-18: Power requirements by pumping of FO blended with HGO

at different temperatures, in 250m pipeline
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Figure 4-19: Power requirements by pumping of RC blended with LGO

at different temperatures, in 10Km pipeline
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Figure 4-20: Power requirements by pumping of RC blended with HGO

at different temperatures, in 10Km pipeline
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Figure 4-21: Power requirements by pumping of FO blended with LGO

at different temperatures, in 10Km pipeline
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Figure 4-22: Power requirements by pumping of FO blended with HGO

at different temperatures, in 10Km pipeline

Figures 4-23 through 4-27 show the achieved percentage reduction of
power by diluting of reduced crude and fuel oil with both light gas oil and

heavy gas oil at different temperatures.

The results in figures 4-23 through 4-26 indicate that the magnitude of
percentage power reduction would be increased when the concentration of
heavy petroleum fractions in the blend is increased. Fuel oil undergoes nearly
similar power requirement as reduced crude due to the similarity in viscosity

behaviors.
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Figure 4-23: Effect of temperature and composition on the percentage
reduction of power by pumping of RC blended with LGO in=250m

pipeline
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Figure 4-24: Effect of temperature and composition on the percentage
reduction of power by pumping of RC blended with HGO in=250m

pipeline
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Figure 4-25: Effect of temperature and composition on the percentage

reduction of power by pumping of FO blended with LGO in=250m

pipeline
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Figure 4-26: Effect of temperature and composition on the percentage
reduction of power by pumping of FO blended with HGO in=250m

pipeline
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It is noticeable that the length of pipeline has no significant influence on

the percentage power reduction, as shown in figure 4-27.
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Figure 4-27: Effect of temperature and composition on the percentage

reduction of power by pumping of RC blended with HGO

As shown in part 4.4 of this chapter, the addition of methanol in a low
concentrations, 3-4 vol. % to reduced crude or fuel oil lead to 32% and 31%
reduction of their viscosities. The pipelines given in table 4-2 were again used
to examine the effect of achieved low viscosities of such fuels by the addition
of methanol, on power requirements. The results are demonstrated in figures
4-28 through 4-31 and presented in appendix A-9 through A-12, indicating
that the addition of methanol in a low concentration resulted in reduction of
power requirements of residual fuel oils. The achieved reduction is lower

when compared with gas oil blends.
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Furthermore the results indicate that heating has more effect on power
reduction than the addition of methanol. The power reduction by pipelining of
both fuels blended with methanol in 10Km pipeline was about similar to

250m pipeline, as shown in figure 4-32.

200

£+ 30c
] o 40 ¢
180 — A 50 ¢

power(kw)
1

methanol (wt%)

Figure 4-28: Effect of methanol addition to RC on the power requirement

at different temperatures in 250m pipeline
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Figure 4-29: Effect of methanol addition to FO on the power requirement
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Figure 4-30: Effect of methanol addition to RC on the power requirement

at different temperatures in 10Km pipeline
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Figure 4-31: Effect of methanol addition to FO on the power requirement

at different temperatures in 10Km pipeline
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Figure 4-32: Effect of temperature on the percentage reduction of power

by pumping of RC with 3.6wt% of methanol addition
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4.5.3 Flow Rate

The characteristics of residual fuel oils had been altered by heating or
dilution to make them pipelineable. Therefore, the effect of heating on flow
rate was estimated using the pipeline systems given in table 4-2 with a
constant pumping horse power. The results are graphically demonstrated in
figure 4-33 and summarized in tables 4-5 and 4-6 for reduced crude and fuel
oil through 250m and 10Km pipelines. The results show a linear increase in
flow rate of oils by decreasing the viscosity due to increase the temperature.

Nearly 14.3% and 13.6% increase in flow rate was achieved by heating the

oils at about 50°C.

Table 4-5: Flow rate by pipelining of reduced crude at different

temperatures

Q(m*/hr) Q(m*/hr)
VIS(cst) Pipeline, Pipeline,
250m 10000m

648.49 24.556 61.648

303.775 26.363 66.188
156.375 28.069 70.468
89.325 29.632 74.391

57.05 30.949 77.692
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Table 4-6: Flow rate by pipelining of fuel oil at different temperatures

VIS(cst)

Q(m®fhr)
in 250m,
pipeline

Q(m®/hr)
in 10000m,
pipeline

584.64

24.789

62.236

289.5

26.478

66.478

151.35

28.105

70.683

85.95

29.736

74.657
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Figure 4-33: Effect of temperature on the volumetric flow rate by

pipelining of RC and FO

The second method for pipelining of heavy fuels is by blending them

with gas oil since the blending method can be considered as a suitable and

economical method. The effects of both dilution and heating on the flow rate

by a constant horse power and by using the pipeline systems are listed in table

4-2.
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Reduced crude and fuel oil show a similar viscosity behavior therefore,
reduced crude was taken as an example to test the effect of diluting on flow
rate. Figures 4-34 through 4-37 illustrate a graphical representation of the
effects of both temperature and concentration of gas oil on the flow rate by
pipelining of reduced crude through 250m and 10Km pipeline, more details
are given in appendix, A-1 to A-8. The results show a linear increase in flow
rate of reduced crude with increase of gas oil concentration, due to decrease
of the viscosities of blends.

The flow rate for 250m pipelining of reduced crude was 24.5m’/hr at
30°C which increased to 26.3m’/hr when reduced crude was blended with 10
vol. % heavy gas oil at the same of temperature 30°C. The flow rate was

about 29.5m’/hr for 10 vol. % blended reduced crude at 50°C .Those indicate

that heating has more effect on the flow rate increase than the blending.

volumatric flow rate (m”3/hr)

0 10 20 30
light gas oil (wt%)

Figure 4-34: Effect of temperature and composition on the flow rate of

RC blended with LGO in 250m pipeline
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Figure 4-36: Effect of temperature and composition on the flow rate of

RC blended with LGO in 10Km pipeline
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Figure 4-37: Effect of temperature and composition on the flow rate of

RC blended with HGO in 10Km pipeline

As shown previously the addition of methanol in a low concentration to
reduced crude or fuel oil leads to decrease in their viscosities. The pipelines
system, shown in table 4-2, was used again, to evaluate the effect of methanol

addition on pipelining of these fuels.

The results achieved for reduced crude are demonstrated, due to the
similarity between reduced crude and fuel oil, as shown in figures 4-38 and 4-
39 for 250m and 10Km pipelines respectively. The results are listed also in
appendix; table A-9 through A-12 for both fuels.

The flow rate for 250m pipelining unblended reduced crude was
24.6m’/hr at 30°C . It was increased to about 25.2m’/hr when reduced crude
was blended with 3 vol. % methanol at the same temperature 30°C .The flow

rate was about 29m>/hr for 3 vol. % blended reduced crude at 50°C .
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Figure 4-38: Effect of methanol addition to RC on the flow rate at

different temperatures in 250m pipeline
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Figure 4-39: Effect of methanol addition to RC on the flow rate at

different temperatures in 10Km pipeline
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4.6 Viscosity-Temperature Correlations

Accurate data on oil viscosity as a function of temperature and
composition are required for reservoir studies, process design, or the solution
of oil pipelining problems. Numerous investigations had been reported for
oils and fractions to develop correlations, which describe the viscosity-

temperature behavior, as mentioned in chapter 2, section 2.4.1.

The following viscosity-temperature correlation is particularly relevant

to the present study:

Log()+C | _ [ET (2-8)
log(uy) +C T
Where:-

u= dynamic viscosity, Pas.s

T= absolute temperature, K

C=3.0020, when the log base is 10

S=0.0066940 log (L) +3.5565, when T is 303.15K (30 °C)

Equation (2-8) was originally proposed as generalized dynamic
viscosity-temperature correlation for bitumen and heavy oils [42]. A
modification has been done on equation (2-8) in order to use it to predict the

viscosities of fuel oils and their blends at different temperatures.

The procedure of the modified correlation was achieved by changing the

dynamic viscosity in equation (2-8) to kinematic viscosity and take the
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fraction of blending component in account so as to have an equation of the

form:-

[MHT_} o
log(v,)+C T

Where:-

K= (E* Wt, +B) (4-6)

S=D log (v,) TA*Wt, (4-7)

v= the kinematic viscosity of blends in Cst at different temperatures (T)
Wt,= weight fraction of blends
v,= the kinematic viscosity of the blends in Cst at T,=303.15K

C= constant

Equation (4-5) correlates the kinematic viscosity as function of

composition of blending component and temperature.

Regression analysis had been used to evaluate the parameters in equation
(4-5). A computer program package (statistica) was used to develop the
necessary correlation. The program performs an onlinear least square fitting
of a proposed function for given set of data. The final constants of equations

(4-5), (4-6) and (4-7) are listed in table 4-7.

Table 4-7: constants of equations (4-5), (4-6) and (4-7)
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The new formula of equation (4-5) was used to predict the viscosity of
reduced crude and fuel oil or their blends at different temperatures. The

results are listed in tables 4-8 through 4-11.

The analysis shown that the proposed correlation fits the experimental
data consisting of 130 viscosity measurements (for reduced crude, fuel oil and
their blends with gas oils) with an over all absolute error of 2.1%. The
corresponding overall absolute error for the original correlation given in
equation (2-8) was about 7%. All four systems shown in the table gives an
average absolute error not greater than 2.4%, this value was for the blends of

fuel o1l with heavy gas oil.
The similarities of overall absolute error for all four systems are

probably due to the fact that reduced crude and fuel oil have some what the

same viscosity behavior.
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Table 4-8: Comparison between measured and calculated kinematic

viscosity values for the blends of reduced crude with light gas oil

Weight Viscosity Temperature °C

Fraction (cst)

30 40 50
L exp 648.49 | 303.775 | 156.375

U cale 649.58 | 303.698 | 159.52

0,
Error’ 01681 | 0355 | 2.011

L exp 504.125 | 279.6 | 147.75

U cale 594.937 | 280.627 | 149.4

0,
Error% 0137 | 0367 | 1.117

L exp 4465 | 213.75 | 116.25

0.05742 U cale 446.667 | 217.892 | 119.4

0,
Error’% 0.037 | 1.938 2.71

L exp 319.89 | 153.875 | 91.575

U cale 319.638 | 151.93 | 91.686

0,
Error’ 0.0789 | 5235 | 0.121

L exp 2135 | 111.675 | 68.1

v cale 213.021 | 114.097 | 67.686

0,
Error% 0.224 2.169 0.608

L exp 149.825 | 84.988 | 51.75

U cale 149.299 | 83.664 | 51.571

0,
Error’% 0351 | 1.558 | 0.345

L exp 110.27 58.1 39.45

U cale 109.761 | 63.766 | 40.545

0,
Error% 0462 | 9752 | 2.776

Av.Abs

%erroe 1.718
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Table 4-9: Comparison between measured and calculated kinematic

viscosity values for the blends of reduced crude with heavy gas oil

Weight Viscosity Temperature °C

Fraction (cst)

30 40 50

L exp 597.57 | 283.05 | 151.2

v cale 598.399 | 282.019 | 150.034

0,
Error’ 0138 | 0364 | 0.779

L exp 449.75 | 217.475 | 119.55

v cale 449.926 | 219.626 | 120.382

0,
Error% 0039 | 0984 | 0.696

L exp 325.34 | 157.475 | 94.8

VL cale 3251 | 164.73 | 93.256

0,
Error% 0073 | 4607 | 1.628

L exp 216.612 | 114.8 71.5

v cale 216.136 116 68.895

0,
Error% 0219 | 1.045 | 3.642

L exp 155.55 87.8 54.062

v cale 155.024 | 86.67 | 53.308

0,
Error’% 0338 | 1277 | 1.395

L exp 11467 | 61.05 | 42.775

v cale 114.156 | 66.187 | 41.995

0,
Error 0447 | 8415 | 1.823

Av.Abs

%erroe 2.342
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Table 4-10: Comparison between measured and calculated kinematic

viscosity values for the blends of fuel oil with light gas oil

Weight Viscosity Temperature °C Av.Abs

Fraction (cst) 30 20 50 50 %erroe

L exp 584.64 | 289.5 | 151.35 | 85.95

v cale 585.373 | 279.765 | 150.381 | 88.978

0,
Error% 0.1253 | 3.363 0.64 3.523

L exp 530.125 | 263.625 | 138.5 | 82.625

U cale 530.602 | 257.302 | 139.982 | 83.661

0,
Error% 0.0901 | 2398 | 1.07 | 1.254

L exp 396.2 201.3 | 105.875 | 65.3

v cale 396.159 | 198.814 | 111.396 | 68.2889

0,
Error% 0.0105 1.235 5.215 4.577

L exp 278.13 | 141.25 85 54.475

U cale 277.758 | 145.372 53.378

0,
Error’% 0.1336 | 2.918 . 2.013

L exp 184.3 | 1027 41.95

v cale 183.784 | 101.738 40.754

0,
Error’% 028 | 0.936 2.852

L exp 126.6 75.8 32.925

U cale 126.078 | 73.295 31.692

0,
Error’ 0.413 | 3.305 3.744

L exp 89.89 52.4 25

U cale 89.409 | 54.252

0,
Error% 0.535 | 3.535

Av.Abs
%erroe

85



Table 4-11: Comparison between measured and calculated kinematic

viscosity values for the blends of fuel oil with heavy gas oil

Temperature °C
Weight Viscosity Av.Abs

Fraction (cst) 30 40 50 %erroe
L exp

533.78 267 141.5

L calc
534.274 | 258.777 | 140.65

Error%
0.093 3.08 0.601

V exp
400.15 204.55 109.45

L calc
400.12 200.808 | 112.497

Error%
0.008 1.829 2.784

L exp
282.98 144.7 88.5

L calc
282.617 | 147.918 85.894

Error%
0.128 2.224 2.945

L exp
188.11 105.813 66.45

L calc
187.596 | 103.914 | 63.272

Error%
0.273 1.794 4.783

V exp
130.9 | 79.125 50.1

L calc
130.375 | 75.691 47.954

Error%
0.401 4.34 4.284

V exp

92.88 55.8 38.875

L calc
92.395 56.026 36.83

Error%
0.2665 0.523 0.404 5.262
Av.Abs
%erroe 2.412
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CHAPTER FIVE

CONCLUSIONS AND
RECOMMENDATIONS

5.1 Conclusions

From the results of the present work, the following conclusions are

dram:

1. The viscosity of residual fuel oils can be improved either by increasing the

temperature (heating) or blending with gas oil. The viscosities of reduced

crude and fuel oil can be reduced to about 53% and 50% at 40°C.

2. The blending method can be considered as a suitable and economical
method for improving the viscosity of heavy petroleum fraction especially for
transportation of a long distances and discarding of the heating of heavy
petroleum fractions. The viscosities of reduced crude and fuel oil can be

reduced to about 52% and 50% respectively by blending with 10% heavy gas
oil at 30°C.

3. The addition of methanol in low concentration to reduced crude or fuel oil
causes a reduction in there viscosities. The maximum decrease in viscosity

(about 32% and 31%rsspectivly) was achieved by 3-4 vol. % of methanol.

4. The reduction of viscosity of commercial fuel oil and reduced crude lead to

decrease of power requirements for pumping and increase of the pumping
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capacity through pipelines. The power of reduced crude can be reduced to
about 30.8%, while the flow rate is increased by 14.3% also at 50°C for both

lines or blending with 10% heavy gas oil at 40 °C.
5. A modified model has been used to predict the viscosity of heavy
petroleum fractions blended with gas oil, based on temperature and

concentration (wt. %). The overall average absolute error obtained by this

correlation is 2.1%.

5.2 Recommendations for Future Work

1. Further work can be carried out to study the pressure effect on kinematic

viscosity of fuel oils.

2. An attempt can be made to formulate a correlation to predict the kinematic

viscosity as a function API gravity and pour point of the mixtures.

3. Studying the effect of temperature and concentration on the viscosity

change for ternary and quaternary mixtures of heavy petroleum fraction.

4. Study the effect of blending and methanol addition on pipeline

requirements of crude oils.
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APPENDIX A

Table A-1: Flow rate, power, density and kinematic viscosity of reduced

crude blended with light gas oil at different temperature and 1=250m

L (Cst) Q(m’/hr)

594.125 24.766
279.6 26.567
147.75 28.241
86.85 29.721
55.9 31.017
446.5 25.474
213.75 27.258
116.25 28.9
68.75 30.408
44.95 31.701
319.89 26.332
153.875 28.165
91.575 29.614
57.55 30.988
38.875 32.202
213.5 27.393
111.675 29.087
68.1 30.503
441 31.806
30.725 32.972
149.825 28.367
84.988 29.891
51.75 31.354
34.55 32.628
24.725 33.746
110.27 29.248
58.1 30.58
39.45 32.215
27.35 33.411
20.075 34.467
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Table A-2: Flow rate, power, density and kinematic viscosity of reduced

crude blended with heavy gas oil at different temperature and 1=250m

L (Cst) HP(Kw) | Q(m%nhr)

597.57 171.92 24.747
283.05 141.89 26.537
151.2 120.3 28.178
87.55 104.11 29.699
56.825 92.788 30.969
449.75 159.55 25.428
217.475 132.39 27.214
119.55 113.01 28.826
71.125 98.408 30.313
45.525 87.328 31.659
325.34 146.47 26.232
157.475 121.2 28.102
94.8 105.85 29.52
59.55 93.452 30.888
39.85 83.859 32.129
216.6125 131.71 27.265
114.8 111.06 29.009
71.5 97.998 30.359
46.575 87.445 31.644
33.95 80.081 32.672
155.55 120.7 28.144
87.8 103.15 29.799
54.0625 90.717 31.224
37.2 81.915 32.404
25.825 74.084 33.61
114.67 111.34 28.982
61.05 93.565 30.875
42.775 85.033 31.967
29.875 77114 33.124
21.3 70.054 34.301
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Table A-3: Flow rate, power, density and kinematic viscosity of fuel oil

blended with light gas oil at different temperature and 1=250m

L (Cst)) HP(Kw) Q(m®fhr)

530.125 166.71 25.026
263.625 139.36 26.711
138.5 117.72 28.401
82.625 102.66 29.851
54.45 91.776 31.092
396.2 154.06 25.754
201.3 129.79 27.411
105.875 109.66 29.143
65.3 96.302 30.553
43.75 86.47 31.773
278.13 139.94 26.67
141.25 117.9 28.385
85 102.98 29.817
54.475 91.333 31.147
37.55 82.552 32.313
184.3 125.31 27.763
102.7 107.97 29.308
63.35 95.07 30.696
41.95 85.062 31.963
29.95 77.618 33.046
126.6 113.22 28.806
75.8 99.493 30.193
48.725 88.485 31.508
32.925 79.462 32.765
23.9 72.616 33.856
89.89 103.14 29.8
52.4 89.925 31.323
35.925 81.243 32.502
25 73.624 33.687
18.625 67.764 34.718
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Table A-4: Flow rate, power, density and kinematic viscosity of fuel oil

blended with heavy gas oil at different temperature and 1=250m

L (Cst)) | p(Kg/m®) Q(m®fhr)

533.78 939.359 25.006
267 934.84 26.679
141.5 926.8 28.353
85.05 920.36 29.771
54.625 913.22 31.082
400.15 936.17 25.702
204.55 931.65 27.367
109.45 925.1 29.042
67.625 916.06 30.45
44.3 909.48 31.727
282.98 931.93 26.568
144.7 924.62 28.319
88.5 916.62 29.708
56.925 908.83 31.02
38.3125 901.36 32.253
188.11 927.73 27.618
105.8125 | 916.82 29.227
66.45 911.3 30.556
43.3 903.85 31.864
30.4 896.82 32.999
130.9 923.66 28.589
79.125 911.47 30.073
50.1 905.38 31.425
33.975 896.63 32.67
24.4 887.7 33.791
92.88 907.31 29.687
55.8 903.69 31.14
38.875 897.83 32.257
26.55 890.68 33.492
19.8 881.77 34.523
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Table A-5: Flow rate, power, density and kinematic viscosity of reduced

crude blended with light gas oil at different temperature and I=10Km

L (Cst) Q(m*/hr)

594.125 62.175
279.6 66.696
147.75 70.899
86.85 74.615
55.9 77.869
446.5 63.954
213.75 68.432
116.25 72.555
68.75 76.340
44.95 79.586
319.89 66.106
153.875 70.709
91.575 74.348
57.55 77.796
38.875 80.844
213.5 68.771
111.675 73.025
68.1 76.579
441 79.851
30.725 82.776
149.825 71.216
84.988 75.042
51.75 78.715
34.55 81.914
24.725 84.721
110.27 73.428
58.1 76.772
39.45 80.876
27.35 83.879
20.075 86.529
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Table A-6: Flow rate, power, density and kinematic viscosity of reduced

crude blended with heavy gas oil at different temperature and I=10Km

L (Cst)) Q(m’/hr)

597.57 62.128
283.05 66.621
151.2 70.743
87.55 74.559
56.825 77.748
449.75 63.839
217.475 68.321
119.55 72.367
71.125 76.103
45.525 79.481
325.34 65.855
157.475 70.551
94.8 74.111
59.55 77.546
39.85 80.661
216.6125 68.449
114.8 72.828
71.5 76.218
46.575 79.442
33.95 82.025
155.55 70.657
87.8 74.812
54.0625 78.388
37.2 81.352
25.825 84.379
114.67 72.761
61.05 77.512
42.775 80.255
29.875 83.159
213 86.114
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Table A-7: Flow rate, power, density and kinematic viscosity of fuel oil

blended with light gas oil at different temperature and I=10Km

L (Cst) Q(m®fhr)

530.125 62.827
263.625 67.058
138.5 71.303
82.625 74.942
54.45 78.058
396.2 64.657
201.3 68.816
105.875 73.166
65.3 76.704
43.75 79.767
278.13 66.956
141.25 71.262
85 74.857
54.475 78.196
37.55 81.123
184.3 69.701
102.7 73.579
63.35 77.064
41.95 80.245
29.95 82.962
126.6 72.319
75.8 75.799
48.725 79.102
32.925 82.257
23.9 84.996
89.89 74.814
52.4 78.639
35.925 81.596
25 84.571
18.625 87.161
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Table A-8: Flow rate, power, density and kinematic viscosity of fuel oil

blended with heavy gas oil at different temperature and 1=10Km

L(Cst) | p(Kg/m® Q(m®fhr)

533.78 939.359 62.779
267 934.84 66.977
141.5 926.8 71.180
85.05 920.36 74.741
54.625 913.22 78.032
400.15 936.17 64.525
204.55 931.65 68.705
109.45 925.1 72.911
67.625 916.06 76.445
44.3 909.48 79.651
282.98 931.93 66.699
144.7 924.62 71.097
88.5 916.62 74.582
56.925 908.83 77.876
38.3125 901.36 80.973
188.11 927.73 69.336
105.8125 | 916.82 73.374
66.45 911.3 76.713
43.3 903.85 79.997
30.4 896.82 82.846
130.9 923.66 71.775
79.125 911.47 75.499
50.1 905.38 78.894
33.975 896.63 82.019
24.4 887.7 84.833
92.88 907.31 74.531
55.8 903.69 78.178
38.875 897.83 80.981
26.55 890.68 84.082
19.8 881.77 86.670
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WT% OF
METHANOL

T(K)

L (Cst)

HP(Kw)

Table A-9: Flow rate, power, density and kinematic viscosity of reduced

crude blended with methanol at different temperature and 1=250m

Q(m®hr)

1.19

303

590.825

171.327

24.778

313

274.3

140.567

26.627

323

139.83

117.865

28.388

303

586.75

170.863

24.803

313

270.225

139.715

26.686

323

136.15

116.777

28.484

303

583.075

170.432

24.826

313

267.55

139.163

26.724

131.725

115.664

28.584

3.56 313
3

blended with methanol at different temperature and 1=250m

WT% OF

METHANOL

323
303

510.45

164.539

25.145

225.925

132.572

27.200

23

112.975

L (Cst))

110.474

HP(Kw)

29.065

Table A-10: Flow rate, power, density and kinematic viscosity of fuel oil

Q(m*/hr)

1.19

526.55

166.289

25.049

260.05

138.679

26.758

135.125

116.849

28.478

523.125

165.859

25.072

255.625

137.632

26.832

133.125

116.066

28.548

519.35

165.4

25.098

252.85

137.23

26.861

124.075

113.988

28.736

440.2

158.397

25.496

210.7

130.167

27.382

105.525
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Table A-11: Flow rate, power, density and kinematic viscosity of reduced

crude blended with methanol at different temperature and 1=10Km

WT% OF
METHANOL

L (Cst)) HP(Kw) | Q(m%hr)

590.825 178.352 62.207
1.19 274.3 146.33 66.848
139.83 122.697 71.270
586.75 177.869 62.268
270.225 145.444 66.996
136.15 121.565 71.511
583.075 177.42 62.325
267.55 144.869 67.093
131.725 120.407 71.760
510.45 171.285 63.128
225.925 138.007 68.287
112.975 115.003 72.968

Table A-12: Flow rate, power, density and kinematic viscosity of fuel oil

blended with methanol at different temperature and 1=10Km

0,

M‘I’E"TTH/Z%L L(Cst) HP(Kw) | Q(m%hr)
526.55 173107 | 62.886
1.19 260.05 144.366 | 67.178
135.125 12164 | 71.495
523.125 172.659 | 62.945
255.625 143275 | 67.363
133.125 120.825 | 71.669
519.35 172.181 | 63.008
252.85 142.857 | 67.435
124.075 118.662 | 72.142

440.2 164.891 | 64.007

210.7 135504 | 68.743
105.525 113.083 | 73.417
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