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ABSTRACT
PREDICTION OF THE KINEMATIC VISCOSITY OF
PETROLEUM FRACTIONS
AHMED, Hawa Ahmed Ali
M.Sc., Chemical Engineering and Applied Chemistry
Supervisor: Assist. Prof. Dr. Hakan KAYI
Co-Supervisor: Prof. Dr. Erdoğan ALPER
January 2018, 59 pages
Petroleum fractions are very complex mixtures. In engineering design, it is important to
identify the viscosity of fluids, as it is used in calculations. Furthermore, the physical
properties of the liquid, as well as its composition, are factors that help to form an
understanding of the fluid’s behavior. There are two main methodologies that are used to
get the viscosity of the fluid; an experimental approach, which requires measurements,
and using a mathematical model for estimation using the physical properties. Because
experimental viscosity measurements are expensive and time consuming, it is not always
practical to perform these measurements in the lack of experimental data. Hence, reliable
and accurate mathematical models are required. This study is concerned with the
prediction of the viscosities of some Libyan petroleum products by evaluating the
performance of various mathematical models available in the literature. Initially an
experimental database was established for this purpose. The database consists of
kinematic viscosity and density data for several Libyan petroleum products in kerosene
and gas oil ranges. Among all the models evaluated, the modified group-contribution
viscosity-thermodynamics model (GC-UNIMOD) was proposed for kinematic
viscosities’ prediction at investigated temperature levels (30, 35, 40, 50 °C) using various
Libyan petroleum fractions. The model proposed was tested using the collected data and
compared with the existing models. It was concluded that utilizing the GC-UNIMOD
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model to predict results is more accurate and precise than other methods’ predictions,
which are used in literature like the investigated empirical models in this work.

Keywords: Kinematic viscosity, petroleum fractions, predictive model, experimental
data.
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ÖZ

PETROL FRAKSİYONLARININ KİNEMATİK VİSKOZİTESİNİN
TAHMİNİ

AHMED, Hawa Ahmed Ali
Yüksek Lisans, Kimya Mühendisliği ve Uygulamalı Kimya
Tez Yöneticisi: Assoc. Prof. Dr. Hakan KAYI
Tez Ortak Yöneticisi: Prof. Dr. Erdoğan ALPER
Ocak 2018, 59 sayfa
Petrol

fraksiyonları

çok

karmaşık

karışımlardır.

Mühendislik

tasarımında,

hesaplamalarda kullanıldıkları için, sıvıların viskozitesinin belirlenmesi önemlidir.
Dahası, sıvının fiziksel özellikleri ve bileşimi, akışkanın davranışını anlayabilmek için
yardımcı faktörlerdir. Sıvının viskozitesini elde etmek için kullanılan iki temel metodoloji
vardır; ölçüm gerektiren deneysel bir yaklaşım ve fiziksel özellikleri kullanarak tahmin
için bir matematiksel model. Deneysel viskozite ölçümlerini yapmak pahalı ve zaman
alıcı olduğundan, deneysel veri yokluğunda bu deneyleri gerçekleştirmek her zaman
pratik

olmamaktadır.Dolayısıyla

doğru

ve

güvenilir

modellere

gereklilik

duyulmaktadır.Bu çalışma, bazı Libya petrol ürünlerinin viskozitelerinin tahminini,
literatürde bulunan çeşitli matematiksel modellerin performansını değerlendirmek
suretiyle gerçekleştirmek ile ilgilidir. Bu amaçla ilk olarak deneysel bir veri tabanı
oluşturulmuştur. Veri tabanı, gazyağı ve kerosen aralıklarındaki çeşitli Libya petrol
ürünleri için kinematik viskozite ve yoğunluk verilerinden oluşmuştur. Değerlendirilen
tüm modeller içerisinde, modifiye edilmiş grup-katkılı viskozite-termodinamik modeli
(GC-UNIMOD), incelenen sıcaklık seviyelerinde (30, 35, 40, 50 °C) tanımlanmamış
Libya petrol fraksiyonlarının kinematik viskozitelerinin tahminini için önerilmiştir.
Önerilen model, toplanan veriler kullanılarak test edilmiş ve mevcut modellerle
vi

karşılaştırılmıştır.

Sonuçları

tahmin

etmek

için

GC-UNIMOD

modelinin

uygulanmasının, bu çalışmada araştırılan ampirik modeller gibi literatürde kullanılan
diğer yöntemlerin tahminlerinden daha doğru ve hassas olduğu sonucuna varılmıştır.

Anahtar Kelimeler: Kinematik viskozite, petrol karışımları, öngörücü model, deneysel
model
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CHAPTER 1
INTRODUCTION

1.1 General
In petroleum processing, viscosity is of great significance in evaluation of
transport characteristics. Broad acquaintance of viscosity has a great effect on
understanding and solving engineering issues that deal with the momentum transfer, as
well as fluid flow phenomenon.
Hydrocarbons, sulfur, nitrogen, oxygen, and metals as secondary components are
the major elements that form petroleum crude oil, which is considered as complex
admixtures [1]. In calculating fluid flow and other physical properties, knowing the
material viscosity is essential. For instance, the diffusion coefficient of a fluid system is
necessary in order to calculate the fluid’s viscosity.
Determining the viscosity of all the fluid material used in the industry using experimental
procedures has high implications on the time and budget. Therefore, it became
progressively significant to establish the needed correlations precisely in order to mitigate
the costs and reduce the experimental time. There are two main methods that are used in
the estimation of a liquid’s viscosity; semi-theoretical models, and empirical models,
which are thereafter classified based on the inputs used for the estimation. Correlative
models use experimental mixture data, where predictive models use the pure component’s
properties.
Studies on petroleum fractions within the literature established the relationships
between the viscosity data and several empirical mathematical expressions, where
Andrade equation [2] is considered the simplest example:
ln 𝜂 = 𝐴 + 𝐵/𝑇

(1.1)

where represents viscosity, T represents absolute temperature, and A and B are
regressed constants. The literature shows that the Andrade equation conforms to
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experimental liquid viscosity data, and other studies associate regression parameters with
boiling point and API gravitation. [3].
The van der Waals reduced properties state the Principle of Corresponding States
(PCS) by providing a measure of the divergence of substance conditions from critical
conditions of itself. Although, the principle of the corresponding state is basically
applicable to the thermodynamic properties of fluids equilibrium, it has been tried to
extend its application in viscous computing [4]. Moreover, using different factors like
boiling point, molecular weight, and acentric factor, the reduced viscosity is correlated
with the reduced temperature.
Cao et al [5] showed the model of Group-contributions-viscosity-thermodynamic
model (GC-UNIMOD) that utilizes basic functional groups as structural components for
the molecules. The technique has been extensively involved in research for viscosity of
liquid mixtures’ prediction. These methods need to the understanding of molecular
structures. Therefore, the application of this method is limited to the defined liquid
system.
Based on the intermolecular forces principle of non-polar compounds, a simple
relationship was established by Riazi and Al-Otaibia [6] for refractive index of pure
hydrocarbons and petroleum mixtures for the prediction of their liquid viscosity at the
atmospheric pressure and at temperatures range of 35-1008°C. They concluded that for
light and medium hydrocarbon systems, the method developed was more accurate than
other existing methods under normal pressures.
In combined with the above methods, calculations using absolute rate theory of
Eyring for liquid viscosity calculations, for instance McAllister model [7], is considered
as the most successful correlative method by several researches for the regular systems of
binary and ternary.
Using ten binary regular solutions, Al Gherwi et al. [8] reported the measurements
of the density and kinematic viscosity of a composition at a temperature range of 308.15313.15 K. In order to test few viscosity-prediction models, the authors utilized the
experimental data to assess the precision of the McAllister model, the Allan and Teja
correlation, the GC-UNIMOD model and the principle method of generalized
2

corresponding states. The study results showed developed model superiority over these
models by calculating 1.7% as the minimum absolute average deviation. Using a database
that is formed of big ternary, binary and quaternary liquid systems viscosity readings, and
using a GC-UNIMOD test, Monnery et al. [9], commented that the concluded results are
exceptional, if considered for a general prediction of liquid systems’ viscosity.

1.2 Types of Fluids
Fluids are classified according to methods based on their response to pressure that
is applied externally, or effect response to the shear stress action. In the quality control
domain, rheological properties are measured frequently. Moreover, the flow behavior is
studied in order to evaluate the process ability, as the power required for fluid pumping
increases with the increase of the fluid viscosity [10].
Liquids have certain flow characteristics that essentially depend on viscosity and
divided roughly in Newton using the shear stress, which means flow behavior of fluids
have a constant slope of the linear relationship between shear stress (mPa) and shear rate
(1 / s). This fact is now known to be Newton's law of viscosity. When the viscosity of the
liquid relies on the shear force that applied and time, any liquid that defies Newton's shear
stress and shear rate is called non-Newtonian. In such a case, slope of shear stress and
shear rate curve isn’t constant with the change of shear rate. [11].
When measured values of shear stress are plotted versus a rate of shear strain,
various types of behavior may be observed depending upon the fluid properties as
indicated in Figure 1.1. It can be seen from the results in this figure that Newtonian fluids’
absolute viscosity can be determined through the calculation of the straight line passing
through the origin.
Moreover, there are several types of Non-Newtonian fluids:


If viscosity raised up with the rate of shear stress, the liquid is considered as a shear
thickening liquid.



If viscosity get down with the rate of shear stress, the liquid is considered as a shear
thinning liquid.
3



If the liquid has a solid state at low pressures but turns into liquid and flows a viscous
fluid when high pressure is applied, it is called Bingham plastics [12].

Figure 1.1 Relation between shear stress and shear rate for different types of fluids [12].

1.3 Crude Oil
Crude oil is a natural admixture that contains large quantities of hydrocarbons
predominantly (carbon and hydrogen), mostly has a liquid state, and contains other sulfur,
nitrogen, and oxygen compounds, in addition to metal and other elements [13]. Moreover,
when crude oil is pumped from earth, inorganic sediment and water may accompany it.
Table 1.1 shows the ranges of crude oil’s elementary composition.
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Table 1.1 Elementary composition of crude oil [14]
Component

Percentage

Carbon (C)

48 % to 87%

Hydrogen (H)

11% to 14 %

Sulfur (S)

0% to 3%

Nitrogen (N)

0% to 0.6%

1.4 Crude Oil Properties
Crude oil is generally considered as very complex; however, there are low boiling
and pure components that the refiner does not usually analyze. Moreover, relatively
simple analytical tests are performed on the extracted crude oil, where given a particular
refinery, their results are then applied with empirical correlations in order to estimate the
properties and composition of the crude oil as feedstock. Based on that, the most
significant properties are given below:

1.4.1 API Gravity
In the United States, instead of using gravity, the oil’s density is indicated through
API gravity which is a function of specific gravity. API gravity actually specifies the
quality of crude oil and petroleum products. The API gravity of petroleum indicates how
heavy or light it is, as a whole. If the crude oil contains higher proportions of small
molecules, it is Known as lighter crudes. If the crude contains higher proportions of large
molecules, it is known as heavier crudes. The unit of the API gravity is oAPI, and using
specific gravity, it can be calculated by using the following equation:
𝐴𝑃𝐼 =

141.5
𝑆𝐺 − 131.5

where SG is the specific gravity, which can be calculated through the ratio between the
crude oil density to water density, both at 15.5oC (60oF) [15]. In heavy crude oil, the API
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gravity can reach 8.5 oAPI, while in very light crude oil the API gravity could reach to 44
o

API. Table 1.2 presents the general classification of crude oils as per their API gravity.
Table 1.2 Classification of crude oils [14]
Crude Oil Category

API Gravity (oAPI)

Light crude oil

More than 38

Medium crude oil

29 to 38

Heavy crude oil

8.5 to 29

Very heavy crude oil

Less than 8.5

ASTM D1298 is a method to estimate the API gravity of crude oil and various oil
fractions.
1.4.2 True Boiling Point Distillation
ASTM 2892 is a batch distillation test that uses the distribution of crude oil’s
boiling point in comparison with its volume or mass percent distilled, where no pressure
environment is needed for distillation if the boiling point is below 340 oC (644 oF) [14].

1.4.3 Watson Factor
Watson factor (Kuop) was introduced by researchers at the Universal Oil Product
Company. To decide upon the quality of the crude oil in terms of the domination of the
hydrocarbon components, the Watson factor is used [14]. The Watson factor is usually
defined as
Kuop =

[1.8𝑇𝑏(𝐾)]1/3
𝑆𝐺

where the average boiling temperature of the petroleum fraction (Tb) in K taken at five
temperatures corresponding to 10,30,50,70 and 90 volume % vaporized
SG =specific gravity at 60 oF.
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1.4.4 Molecular Weight
The molecular weights of crude oil and petroleum fractions range between 100
and 500. Despite the many methods that can be used to compute the molecular weight,
using a method that is based on freezing point depression is considered the most suitable
[14].

1.4.5 Viscosity
The flow resistance or pumping capacity of crude oil or its fractions is generally
expressed by viscosity. Subsequently, higher pressure drop is created by oils that have
higher viscosity as they flow in pipes. Kinematic viscosity is used to express the
measurement of viscosity in the unit centistokes (cSt), as well as saybolt seconds. Using
ASTM D445, viscosity is measured at 37.8oC, while using ASTM D446 it is measured at
99oC [14].

1.4.6 Pour Point
The lowest temperature, at which the fluid sample flows, is defined as the pour
point, which is a measurement of its pumping easiness. ASTM D97 test is used to
estimate the fractions and crude oil’s pour point above 232oC (450oF) [14].

1.4.6 Smoke Point
For kerosene and jet fuels, the smoke point test is used as a method to measure
combustion quality, by measuring the maximum height of the smoke-free flame of the
fuel in mm according to ASTM D1322 [14].

1.4.7 Flash Point
Flash point is a measurement that indicates the fuel’s potential to ignite and
explode, is determined by the minimum temperature at which the liquid hydrocarbon
7

starts producing enough vapor for an ignition at a spark’s presence. Therefore, fire hazard
increases as the flash point of a fuel decreases, which also can be tested through standards
including ASTM D1711, ASTM D09, and ASTM D1695 [14].

1.4.8 Sulfur Content
Sulfur is present in crude oil. Crude oil containing less than 0.1% of sulfur is
defined as sweet crude, while crude containing more than 5% sulfur is defined as sour
crude [14].

1.5 Crude Distillation
The determination of range of petroleum products that yields from crude oil after
the refinery processing is carried out through distillation. As transportation vehicles use
the crude oil’s refined product, it is evident that refining of crude oil is essential for human
life activities. Before entering the atmospheric distillation tower, the crude oil passes first
through furnace where the crude oil is heated, to separate crude oil into its fractions with
respect to boiling point. By processing the atmospheric residue through the vacuum
distillation tower at a pressure of around 50 mmHg, the heavy petroleum products are
extracted. Table 1.3 illustrates the usual products that are extracted at both processes,
along with their boiling point ranges [16].
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Table 1.3 Crude distillation products [16]
Yield (wt%)

Boiling temperature range (oC)

Atmospheric distillation
Refinery gases (C1-C2)

0.1

Liquid petroleum gases (LPG)

0.69

Light straight run (LSR)

3.47

32-82(90-180°F)

Heavy straight run (HSR)

10.17

82-193(180-380°F)

Kerosene (Kero)

15.32

193-271(380-520°F)

Light gas oil (LGO)

12.21

271-321(520-610°F)

Heavy gas oil (HGO)

21.1

321-427(610-800°F)

Vacuum distillation
Vacuum gas oil (VGO)

16.8

427-566(800-1050°F)

Vamuum residue (VR)

20.3

566(1050°F)

The yields quoted here depend on feed composition. In this case feed API was 26.3

1.6 Petroleum Fractions
As petroleum fractions from crude oil are hydrocarbon compounds, while having
their range of boiling point is limited, the first testing is conducted to determine the
essential properties using experimental methods in the laboratory. Thereafter, other
properties are determined through prediction methods. The choice of method that is used
for prediction mainly depends on the classification of the petroleum fraction as light or
heavy, as well as the range of the boiling point width or narrowness [1]. Petroleum
fractions with hydrocarbon range and boiling point range as shown in Table 1.4.

9

Table 1.4 Petroleum fractions with hydrocarbon range and boiling point range [17]

1.6.1 Chemical Structures of Petroleum Fractions
Petroleum fractions are produced from natural crude oil distillates and have
complex compositions comprising more than 3000 different hydrocarbons structures.
Petroleum fractions have a very complex composition, but one can say are mainly a blend
of hydrocarbon molecules, among which we find paraffinic, naphthenic and aromatic
molecules.
Riazi [1] describes how the three basic hydrocarbon groups are further divided
into straight-chain and branched (iso) paraffin’s, mono and condensed naphthenic and
mono, liner and angular condensed aromatics. Condensed compounds comprise two or
more ring structures in which adjacent rings share two or more carbon atoms. The
condensed compounds are important because those which are unsaturated (containing
double bonds) are [1,18], in general, more reactive and therefore affect the physical
properties of the fractions as shown in Figure 1.2.
10

A petroleum fraction can be classified as paraffinic, naphthenic, and aromatic depending
on the relative proportions of the molecular types present in the oil. Each molecular type
contributes its own properties to the finished product.

NAPHTHENES

ISOPARAFFINS

AROMATICS
Figure (1.2) Chemical structures of petroleum fractions [15].

1.6.2 Classification of Petroleum Fractions
The petroleum industry classifies petroleum fraction by viscosity (light or heavy).
Each fraction has unique molecular characteristics which are understood by the use of
fraction assay analysis in petroleum laboratories. Basically, viscosity classified into main
groups:

11

1.6.2.1 Heavy petroleum fractions
They are a combination of hydrocarbons (C8 to C28) that are refined and cyclic
hydrocarbons are extracted from crude oil and with medium API gravity, high metals and
high boiling point. It functions as an emollient, lubricant, and solvent. Recently, heavy
fraction has been utilized in the preparation of microspheres. Heavy fraction is slightly
soluble in acetone, and completely miscible with benzene, chloroform, and ether, and with
glycerin and water it does not dissolve.

1.6.2.2 Light petroleum fractions
Extracted from crude oil, they are a mixture of saturated hydrocarbons (C2 to C7)
that form a refined and with medium range API, metals and function as tablet, solvent,
emollient, therapeutic agent, and capsule lubricant. For pharmaceutical formulations, it is
used K, to a heavy fraction. For example, for the microencapsulation of numerous drug
compounds, light fractions act as an oily medium. Light fraction is partly soluble in
acetone, and becomes a homogeneous solution with ether, chloroform, and hydrocarbons.
Moreover, it is soluble in ethanol (95%) and insoluble in water with a lower viscosity than
a heavy fraction.

1.7 Petroleum Products
1.7.1 Liquefied Petroleum Gas (LPG)
Liquefied petroleum gas, including ethylene, normal butane, butylene, propane,
propylene, ethane, isobutylene, and isobutene, are gases that are classified as
hydrocarbons and extracted by refining crude oil or fractionating natural gas. In order to
be able to transport big volumes of these gases, LPGs are liquified by sustaining them
under pressure [14].
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1.7.2 Gasoline
According to its octane number, all types of gasoline (conventional, oxygenated
and re-ordered) are classified into the following:
 Regular gasoline (Octane rating between 85 and 88) and it has an antiknock index.
 Mid-grade gasoline (Octane rating between 88 and 90).
 Premium gasoline (Octane rating more than 90).
The gasoline classifications are used for motor fuel according to their engine specification
in terms of their octane number acceptability. Moreover, gasoline can be mixed with
additives in order to form a complex mixture of volatile hydrocarbons in order to form
aviation gasoline, which is suitable for aero engines [14].

1.7.3 Kerosene
A light source and fueling for stoves, and room and water heaters are some of the light oil
distilled kerosene, has the highest distillation temperature of 204oC (400oF) at the 10%
retrieval Point, top boiling point 300oC (572oF), and lowest sparkle 37.8oC (100oF). These
two levels are recognized by ASTM spec D3699. According to ASTM D1655
specification, reaching the highest distillation temperature of 204oC (400oF) at the 10%
recovery point and a last highest boiling period of 300oC (572oF), a fraction of kerosene
can be used as a fuel for jets [14].

1.7.4 Jet Fuel
By combining gasoline and kerosene, the jet fuel is produced to meet the
specifications of the power units of the aviation turbine [14].

1.7.5 Diesel Fuel
There are several qualities of diesel fuels are classified according to their ignition,
which is measured through measuring the volume percent of cetane (C16H34) to the alphamethyl-naphthalene (C11H10) in a mixture. This ratio is called the cetane number (CN),
where cetane has a CN number of 100 (high ignition) and alpha-methyl-naphthalene has
a CN number of zero (low ignition). The highest ignition diesel is called super diesel (D1),
used for trucks and buses’ engines with a cetane number of 45, D2 (CN=40) as a second13

grade diesel, and rail diesel has a cetane number of 30, which has higher boiling ranges
up to 400oC(750oF) [14].

1.7.6 Fuel Oil
Mostly used for interior space heating, the fuel oils has high demands in cold
climates. The classification of fuel oil is into four grades, similar to kerosene (No. 1),
similar to D2 Diesel (No.2), and No.3 and No. 4 [14].

1.7.7 Residual Fuel Oil
This residue is extracted through the vacuum tower, and demanded according to
viscosity and sulfur content, where the higher the sulfur content, the higher is the demand
[14].

1.8 Definition of Viscosity
There are several ways to understand viscosity, where primarily it can be described
as the fluid’s resistance to its deformation under the shear stress caused by weight and
gravity. Moreover, viscosity is defined by the frictional force between the fluid’s layers
or bond strength between its molecules. Subsequently, there are two terms that describe
viscosity; dynamic viscosity (absolute) and kinematic viscosity [19].
The absolute viscosity (µ) is calculated by dividing the shear stress at a given
point in the fluid section by the change in velocity, or acceleration, at the same point, as
shown in the below equation:
µ=τ/(dν/dy)

(1.2)

𝜕𝜈

Where 𝜏 is shear stress, µ is absolute viscosity, 𝜕𝑦 is velocity gradient
While the kinematic viscosity (ν) is calculated by dividing absolute viscosity by the fluid
density at the same temperature at which the absolute velocity is measured as shown in
the below equation:
µ

ν=𝜌

(1.3)
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Kinematic viscosity is used in reservoirs in order to calculate the petroleum
product’s flow and yield. Therefore, it is considered an important feature in oil production,
refining, storage and transportation. It needs to be used in the calculation of the power
required by the mixer, the pressure drop in the conveying fluid, the pipe or the column,
the flow measuring device, and the oil\/water separator design and operation [1].

1.9 Importance of Viscosity
The resistance to fluid resistance is characterized by viscosity. The importance of
viscosity as an input for the momentum transfer issue in equipment design does not need
to be re-emphasized, such as processing operations of crude oil and the friction generated
from the process. In lubrication, the viscosity is the most important characteristic to
determine oil film thickness, pressure, and temperature, and viscosity is also an important
factor to predict the rolling bearings and gears’ performance and fatigue life. Viscosity is
also the calculation of the oil film in the speed, shear, fluid friction and many other
properties of the equation [20].

1.10 Units of Viscosity Measurements
1.10.1 Dynamic viscosity
The SI unit used for absolute viscosity is Pascal x Second (Pa.s), which expresses the
force divided by Area x Time, or (N.s/m2), or (kg/m.s):
Also, it is sometimes expressed in terms of centipoises (cp) :
1 P=0.1Pa.s.
1 cP=1 mPa.s=0.001 Pa.s.
cP is the unit mostly used for absolute viscosity with the symbol (µ).
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1.10.2 Kinematic Viscosity
The density of the fluid (ρ) is considered in viscosity calculation, as gravity plays
a role in the fluid’s flow, which leads to using kinematic viscosity through the equation
ν=µ/ρ, and m2/second (m2.s-1) is used as the SI unit.
Also, occasionally expressed in terms of centiStokes (cSt).
1 St=1 cm2.s-1 =10-4 m2.s-1.
1 cSt=1 mm2.s-1=10-6 m2.s-1.
cSt is commonly used for kinematic viscosity [1].

1.11 Literature Survey
This part reviews several widely and recognized models of the prediction of
viscosity and correlational methods of undefined mixtures; fuels and petroleum oil
fraction. The reviewed methods are available and considered very valuable in workable
applications and in other engineering calculations. All prediction and correlations are
based on two categories; empirical and semi-theoretical, which are sub-classified into
predictive or correlative methods. Within this section, the researcher discusses two other
concepts, which are applicability and average deviations.

1.11.1 Viscosity Equation for Undefined Mixtures (Fuels)
In order for mechanical and industrial designers to be able to predict the performance of
petroleum products, it is essential to determine their viscosity at different temperatures. In the
literature, many correlational methods between viscosity and temperature have been suggested
and researched, of which some are empirical or theoretical that require finding the kinematic
viscosities necessary for mass transfer and fluid flow calculations. Despite the complexity of
petroleum fractions, the current technology advances require increasing prediction techniques’
accuracy through utilizing computer routines; however, the ability to develop such a
calculation, taking into consideration all the required details, remains a challenge. Although it
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might seem more facilitating to use computer applications for viscosity calculation in terms of
temperature, performing the process using analytical expression is practically simpler.
For most of the petroleum fractions, several methods were advanced representing the impact of
temperature on viscosity under the atmospheric pressure. Nonetheless, since there is no
fundamental theory that describes the liquid’s transport properties, the estimation methods are
mainly empirical [21].
1.11.2 Semi-theoretical Methods
The modified Chapman-Enskog theory and corresponding state approach form most
of the semi-theoretical methods that are used for petroleum fractions’ calculations [22].
Using a function involving the petroleum fractions’ boiling point and density, the
main calculations of critical physical properties, including the average molecular weight
used to estimate viscosity, are provided by four methods; Lee–Kesler, Riazi Daubert
(1980), Cavett and API semi-theoretical methods [4].

1.11.2.1 Corresponding States
In an implementation of Ely and Hanley[23] method, utilizing the data collected by
Amin and Maddox [24], Baltatu have researched the calculation of petroleum fractions’
viscosity for four crude oil fractions extracted from America, where their overall ADD
were found as 6.6%, where other fractions were found as 6% [25]. Furthermore, in a study
that adjusted the corresponding state method used by Ely-Hanley and by using Athabasca
bitumen from Canada, as well as altering the reference fluid to be a more conformal heavy
hydrocarbon with establishing empirical factors for shape to simulate the densities,
Johnson et al. have estimated the bitumen viscosity to be approximately 6% [26].
Moreover, a method that used more characteristics for viscosity prediction and
developed by Pedersen et al. through using crude oil samples from the North Sea, have
found the viscosity at about 6.5% [27]. In a later study by the same authors, the
predictions’ precisions were increased, where ADDs were found 3% to 8%, 6% to 14%
in s previous study on crude oil mixtures, and 6% to 10%, 9% to 13% in a previous study
on crude oil fractions Pederson and Fredenslund [28].
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1.11.2.2 Modified Chapman- Enskog method
Instead of using the acentric factor, Chung [29] had altered the Chapman-Enskog
method to calculate the viscosity by using another characterization parameter, which was
estimated through the boiling point and specific gravity using a regression model with a
state equation. On an application of the method, the overall ADDs were found as 3.7%
and 8.3% for foreign and American petroleum fractions, respectively, using the same data
collected by Amin and Maddox [24].

1.11.3 Empirical Methods
Using data for the viscosity of eight crude oil fractures, four from America and four
foreign, Amin and Maddox [19] have modified equations (1.5) and (1.6) in order to
express the kinematic viscosity in terms of temperature using two empirical parameters.
In equation (1.1), the authors correlated the factors A & B to the 50 % boiling temperatures
Tb, and the Watson characterization factor K, for each sample, as shown below:
In ν = A+B/T

(1.4)

where:
In B = 4.717+0.00526 Tb

(1.5)

A = 10-6 (91.836 Tb-0.175 – 29.263) (K/B)

(1.6)

K= (TBA)0.333/SG

(1.7)

Using the same database, a study had applied a model relating temperature to the
boiling temperatures (Tb) and the API gravity, to four crude oil samples from the Arabian
region with dependency on specific gravity [30]. In application of the method on
American crude oil, the overall AADs were found at 10% for American and foreign crude
oil fractions, while the study of Beg et al. (1988) [30], the value was found as 7%, 11.1%
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and 5.5% for crude oil fractions from Arabia, America and other foreign, respectively,
using the Amin and Maddox method.
Moreover, another study using only the 50% boiling point, have suggested
utilizing the behavior similarity between the vapor pressure and the variation of kinematic
viscosity with temperature through an Antoine-type correlation [31]. Using the data and
methods of Amin and Maddox, the overall ADDs for American crude oil fractions were
at 6.8%, while Arabian and other foreign crude oil fractions were found at 5.3% and 3.8%,
respectively [32].
In ν = A+(B/(T+C))
A = -3.071

(1.8)
B = 442.78-1.6452 tb

C = 239.0-0.19tb

tb is the boiling point temperature (oC)
By taking one viscosity actual measurement for effective carbon number
calculation (ENC), a study correlated the constants A, B and C with the ENC number of
the undefined fraction as follows [33]:
In ν = A[-1 / B + 1 / (T + C)]

(1.9)

A=145.73+99.01N+0.83N2 -0.125N2

(1.10)

B=30.48+34.041N-1.23N2 +0.0170N3

(1.11)

C=-3.07-1.99N

(1.12)

Where A, B and C are constant
Mehrotra [22] proposed a double-logarithmic relationship developed Walther
equation to model the equation for the kinematic viscosity using two empirical
parameters. Parameters a1 and a2to fit the kinematic viscosity vs temperature for each oil
fraction at 50% boiling point temperature and calculated as follows:
log log (ν + 0.8) = a1 + a2 log T
where

a1 = 5.489 + 0.148 (Tb)0.5

(1.13)
and

a 2 = -3.7

Based on this model, the American crude oil fractions had an overall ADDs of 3.5%,
while the Arabian counterparts were found at 2.5%.
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Using a double logarithmic relationship, and by developing a general correlation
using the input parameters of the 50% boiling temperature point and particular gravity,
Moharam et al. [34] have developed the following equation:
In (ν) = A* exp [Tb / T) * SGB] + C

(1.14)

The specific gravity (SG) is given at (15.6oC), and the constant A is set at 1.0185
B = (Tb / 305.078) - 0.55526, C = - 3.2421. The overall AADs were 5.2 % for the different
wide range of crude oil fractions.
Using a two-parameter viscosity equation based on pure fluids, Lei et al. [35] had
modified the Eyring's theory of absolute rate and developed the equations as follows:
In (ν / T) = 59.06 (Tb)0.1546 M0.4791 ρ / T – (18.103 + Ln M)

(1.15)

where the units for kinematic viscosity (υ), 50% boiling point (Tb), Temperature (T), and
density (ρ) at T, are (m2s-1), (ºC), (K), and (g/cm3), respectively. Moreover, M is the
molecular weight, which estimated with ρ using the following equations:
ρ = (ρ15.6 2 – 1.1 * 10-3 (T – 15.6))0.5

(1.16)

M = 219.05 exp (0.003924 (Tb + 273.15)) exp (-3.07SG) (Tb + 273.15)0.118 SG1.88 (1.17)
The overall AADs were 4.2 % for the wide range of petroleum fractions from different
sources of fractions.
Shanshool et al [36] modified Lei et al equations by substituting for data for the
fractions, which led for the equations to develop as the following:
log (ν+0.7) =100(0.01T)b

(1.18)

b=-5.745+0.616 ln(ECN)-40.468(ECN)-1.5

(1.19)

ECN= (Tb API) =-1799.8195-0.0403386Tb+8.19416*10-5 Tb2
-352.52229(Tb/API) 0.1+2158(Tb/API)0.02

(1.20)

Where: Tb is 50% boiling point, F, and ν is kinematic viscosity, cSt.
Walther [37] suggested a method to calculate the dynamic viscosity of each blend
or pure oil based on the reference temperature and viscosity. the procedures are based on
the linear regression technique. The represented equation can be written as:
µ

𝑇a

= (𝑇𝑟𝑒𝑓)b
µ𝑜

(1.21)
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where µo and Tref are reference viscosity and temperature respectively. while µ is
the viscosity which will be estimated at temperature T.
Using the predictive Eyring’s theory, Soltani et al. [38] had developed a modified
model that only requires the boiling point and the molecular weight, with two reference
fluids according to the molecular weight range. Furthermore, experimental data for
density and viscosity for fuels with the range of 20-60oC, of which the properties were
predicted using empirical equation by Nita and Geacai [39].
ν= e T3 + f T2 +g T + h

(1.22)

where e, f, g, and h are correlation parameters. ν is the kinematic viscosity. T is
temperature (oC).
The accuracy of prediction had been tested by Centeno et al. [40] with the
comparison of predictive values and experimental values of kinematic viscosity of crude
oil and crude oil fractions, diluted in diesel and using seventeen mixing rules. The
Chevron model, which is known to be the one of the most used models for viscosity
prediction of binary crude oil mixture, had been used by Kibbey et al [41], in addition to
developing the model to correlate temperature with viscosity.
ICi = (log νi) / (3+log νi)

(1.23)

ν mix = 10 (3 IC / 1-IC)

(1.24)

IC = VA ICA + VB ICB

(1.25)

Where ν mix is viscosity of the blend (cP), ICi is viscosity blending of ith component,
νi is viscosity of ith, VA is volume fraction of compound.
Cao.et al. [5] applied the GC-UNIMOD (group contribution-viscositythermodynamic model) to a wide quaternary, binary and ternary fluid systems’ database
of viscosity. The GC-UNIMOD equation targeting viscosity is classified into two parts;
combinatorial and residual, where the equation is presented as follows:
ln(µ)=

n

[
i 1

c
i

 i ]
R

(1.26)
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where  i is the ith component’s combinatorial contribution to the mixture viscosity and
C

 i r is the ith component’s residual contribution to the mixture viscosity. The viscosity of
GC-UNIMOD can be formulated for kinematic viscosity to be:
n
ln( )   [ ln( M / M )  2 ln( x /  )
i
i i
i
i i
i 1

(1.27)

The parameters of pure molecule, such as, qi, the area parameters and ri, the segments’
number, are obtained from Qk and Rk which are the pure-group parameters:
qi =



 (i ) k Q K

ri =

al lg roup



 (i ) k R K

(1.28)

al lg roup

The segment fraction of the ith component in the mixture is calculated by the equation:

i 

xi ri

(1.29)

n

x r
j 1

j j

Furthermore, several liquid mixtures were predicted by Monnery et al. [9] forming a
data base using GC-UNIMOD, by a critical research of liquid systems in viscosity liquid
systems. The comparison with experimental data had shown a standard deviation of 4.1%.
Indicating to the API Technical Data Book, [42] several methods are presented to
define the viscosity-temperature relationship between fractions. Therefore, the equations
below can be utilized for viscosity prediction at temperatures ranging between 100°F and
210°F, while can also be used with less precision for other temperature ranges:
log ref   1.35579  8.16059  104 Tb  8.38505  107 Tb

2

(1.30)

log cor  A1  A2 K

(1.31)

A1= c1+ c2 Tb+c3 Tb2+c4 Tb3

(1.32)

A2= d1+ d2 Tb+d3 Tb2+d4 Tb3

(1.33)

Where:

c1  34.9310, c2  8.84387 10 2 , c3  6.73513 10 5 , c4  1.01394 10 8

d1  2.92649, d 2  6.98405 10 3 , d 3  5.09947 10 6 , d 4  7.49378 10 10
 100   ref   cor

(1.34)
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log 210  1.92353  2.41071  104 Tb  0.511300 log (Tb 100)
Where

(1.35)

 100 = kinematic viscosity at 100 °F, in cSt.
 210 = kinematic viscosity at 210 °F, in cSt.
Tb = average boiling point, in °R.
K = Watson factor.
The equations (1.32) and (1.33) were tested for fluids having an average boiling

point between 150 oF and 1200 oF, and API gravities between 0 and 75 °API. When tested
against over 7000 data points, it gave an overall average error of 14 %. Better results were
obtained for light and intermediate fractions than for heavy fractions. For petroleum
liquids with API gravity greater than 30, the average error improves to 8 %. For coal
liquids, the average error was 35 % for 252 data points. The error improves to 8 % for
coal liquids with API gravity greater than 30.
Equations (1.34) through (1.35) are to be used to estimate a petroleum liquid’s
viscosity providing two viscosities are known at two separate temperatures.

  Z  0.7  exp [  0.7487  3.295 ( Z  0.7)  0.6119 ( Z  0.7) 2
 0.3193 ( Z  0.7) 3 ]

(1.36)

Where:

Z  anti log [ anti log [ log log Z 2  B (log T  log T1 )]]

(1.37)

B  (log log (Z1 )  log log( Z 2 )) / (log T1  log T2 )

(1.38)

Z1  1  0.7  exp[ 1.47  1.84 1  0.51 1 ]

(1.39)

Z 2  2  0.7  exp[ 1.47  1.84 2  0.51 2 ]

(1.40)

2

2

where :
kinematic viscosity at temperature T, in cSt.
T= required temperature, in °R.
 kinematic viscosity at temperature T1, in cSt.
kinematic viscosity at temperature T2, in cSt.
T1,T2 = reference temperature corresponding to  and , in °R.
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The equations (1.34) to (1.38) should be used only in the temperature range where
the hydrocarbon is a liquid. Furthermore, it is suitable only for Newtonian fluids.

1.12 Objectives of the Study
The present study is concerned with the prediction of the viscosities of petroleum
fuels, where published data are relatively scarce.
The objectives can be highlighted as follows:


Obtaining kinematic viscosity data of petroleum products at different temperatures

which distilled from several Libyan crude oil samples.


Using the collected experimental data in this thesis to investigate the prediction

capability of some literature models.


Validating and examine extraordinary capability of GC-UNIMOD model of
regular solutions and hence the viscosity of the defined mixtures to include
petroleum fractions.



Making comparison between the predictive capability of the existing and modified

models.

1.13 Benefits


Experimental correlations to determine the physical properties of petroleum

fractions would be positive in both cost and time.


To determine the viscosity of petroleum fractions using very accurate models
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CHAPTER 2
METHODOLOGY

2.1 General
This chapter deals mainly with the materials and the experimental techniques
which used for measuring the viscosities of the investigated fractions. Equipment and
procedures used in the course of this work are discussed here. Experimental viscosities
for wide and narrow ranges are considered. And simulations for the calculation of
kinematic viscosities are. Performed

2.2 Materials
Four Libyan crude oils were selected. The selected crudes are: Amna, Bouri,
Esidra (2 fractions) and Aboteful. The crudes were distillated twice (wide range, and
narrow range), in the laboratory to obtain the samples under investigation. These are:
kerosene and gas oil in ranges of 160-240 °C (3 fractions), 160-280 °C (1 fraction) and
the last fraction in the range of 240-340 °C. The ASTM D2892 procedure for crude
distillation was followed at 303.15 K, 308.15 K, 313.15 K and 323.15 K. Some important
physical characterizations of the fractions were measured.
The apparatus used in the experiments was Cannon Fenske routine viscometers.
According to the ASTM D445 procedure, kinematic viscosities of the fraction samples
were determined.

2.3 Distillation of Crude Petroleum
2.3.1 Equipment
The GEC-DIST Type E (Automatic low budget version) unit performs crude
distillation using the automatic procedure of ASTM D2892, which commences by initial
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heating until without any operator intervention until the final boiling point FBP and
automatically return to atmospheric pressure. Flask capacities are available from 2 liters
up to 10 litters as shown in the Figure 2.1. The equipment comprises all ASTM D2892
glassware, head and flask probes, electronic pressure sensor 100 mmHg, to control the
volume and rate of distillation: a level follower system, automatic fraction collector at 12
positions, external embedded PC 104 with vacuum control, vacuum pump, condenser
cooling bath. The operators control the unit with all necessary functions; programming,
storage of results, run distillation display, diagnostic mode, data transfers via RS232 [43].

Figure 2.1 GEC-DIST Type E[43].
A comprehensive user friendly software allows the operator to access several
graphic screens with synoptic display, curves display, distillation and calibration
parameters files, maintenance and diagnostic screens. Select distillation program and
press the key START. The GECDIST program will automatically control the initial
heating, IBP detection, first drop detection, distillation control up to the final boiling point
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with automatic preparation of the fractions in temperature AET or Volume. The only
operator intervention is when changing pressure set point, he has to recover the fractions
from the previous step. The program will memorize all analog and digital data [43].

2.3.2 Procedure
The experimental procedure base in the ASTM D2892 [44] is as follows:
1. Preparing suitable specimens by selecting the glassware and distillation flask
support board. These should be as specified in the method test.
2. Charge the distillation flask with sample and adjust the height of the elevating
platform to suit the distillation flask in use.
3. Set up the glassware and place a suitable thermometer in the neck of the flask.
4. Prepare the condenser coolant. By turning on and regulate the flow of coolant to
achieve the temperature required by the method of test.

2.4 Measurement of Kinematic Viscosity
2.4.1 Equipment
The constant amount of time that is needed for a certain amount of fluid to flow
inside the capillary tube only by gravity is defined as kinematic viscosity, which has the
unit of stoke (1 centistoke is equal to 0.01 stoke). It is also defined by the ratio of quotient
of absolute viscosity (in centipoises) to the specific gravity, both taken at the same
temperature.
Using a calibrated glass capillary viscometer, kinematic viscosity measurement
of transparent liquids is performed, taking into consideration the precision limits of the
constants and the equations that are used to estimate viscosity. In Table 2.1 the capillary
viscometer commonly used for viscosity measurement is listed on liquid petroleum
products.
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Table 2.1 The capillary viscometer commonly used for viscosity measurement is listed
[45]
Kinematic viscosity range, mm2/s

Viscometer identification
Cannon Fenske routine
Zeitluchs
Bs/U-tube
Bs/U/M miniature
SIL
Canon- manning semi-micro
Pinkevitch

0.5
0.6
0.9
0.2
0.6
0.4
0.6

to
to
to
to
to
to
to

20000
3000
10000
100
10000
20000
17000

In this study, the kinematic viscosity measured by using Cannon Fenske routine
viscometers (Figure 2.2) with stated precision of ± 0.1 %. Using a water medium path,
temperature been managed within ±0.01 K, while an electronic stopwatch and accuracy
of ±0.01 s is employed to mensuration the efflux times. These viscometers easily measure
the viscosities with same specifications for transparent liquids viscometers were explain
in the first of this section. However, ensuring that the viscometer is calibrated is essential
for the accuracy and precision, which is performed using a calibration constant supplied
by the instrument manufacturer. In the case of lost constant, a procedure is provided to
re-determine it as per the standards, which specifies that the constant shall be to the closets
0.1% in measurement and expression steps.

Figure 2.2 Cannon Fenske Viscometer [45].
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2.4.2 Procedure
The experimental procedure based in the ASTM D445 [46] is as follows:
1. A suitable solvent is used to clean the viscometer, and the drying is performed in
a stream of clean filtered or N2.
2. According to the design of the viscometer, it was charged to reach the test
temperature for 30 minutes.
3. As guided by Figure 3.2, the fluid was taken through tube “B” using suction from
tube “A” until the liquid had reached slightly above point “C”.
4. By releasing the suction pressure in tube “A”, the fluid is left to flow freely from point
“C” to point “E” and the time is measured in seconds 0.1s, which is defined as the
efflux time.
5. To repeat efflux time measurement, the steps 3 to 4 can be repeated.

2.4.3 Viscosity Equation
Kinematic Viscosities were obtained by the following equation:

C t

(3.1)

where  is kinematic viscosity (cSt), C is calibration constant for viscometer (cSt/s) and
t is measured flow time (s). Using calibration standards from Cannon, the instrument’s
constant was determined.

2.5 Experimental Results
The experimental viscosities and specific gravities of petroleum fuels derived
from four Libyan crudes with investigated boiling ranges have been measured at
atmospheric pressure at 30, 35, 40 and 50 °C. These ranges were fractionated to any
number of small parts. Each small part is considered as a pure part. Also measured the
proportion of each sub-section.
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Boiling point ranges and the measured specific gravities of petroleum products
from several Libyan crude oils investigated in the current study are shown in the Table
2.2. Viscosity oil standards for viscometers calibration were obtained from Cannon Inst.
Co. Viscosity range of interest was covered by the range of standards. The purity of all
above liquids has been stated by the manufacturer to be upper than 99 %. Viscometers
were cleaned by using petroleum spirit and then dried using acetone.

Table 2.2 Boiling point range (K) and specific gravity of petroleum fractions
Petroleum Fraction
Amna
Bouri

B.P. Range(K)
433.15 – 513.15
433.15 – 513.15

SG
0.7982
0.7913

Esidra
Aboteful

433.15 – 513.15
433.15 – 553.15

0.8042
0.8005

Esidra

513.15 – 613.15

0.7962

In regard to the pure components, the kinematic viscosities obtained for the
experiments are evaluated in comparison with the values noted from the literature in order
to ensure their accuracy and precision. Therefore, the comparison reveals that the
experimental and literature readings are close to each other. By following the ASTM 445
and as shown in Table 2.3, the range of kinematic viscosities are obtained under selected
temperatures of 30 °C, 35 °C, 40 °C and 50 °C, and at atmospheric pressure.
Table 2.3 Comparison of measured & reported kinematic viscosities (cSt) at numerous
temperatures [47].
T(K)
303.15
313.15
343.15

Undecane
Measured
Literature
1.398
1.386
1.198
1.204
0.848
0.850
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Hexadecane
Measured
Literature
3.572
3.586
2.932
2.957
1.824
1.831

Kinematic viscosities of petroleum products from investigated crudes were measured at
several temperatures, the results are shown in Table 2.4
Table 2.4 Experimental kinematic viscosity (cSt) values at numerous temperature points
(K)
Sample

BP range (K)

303.15 K

308.15 K

313.15 K

323.15 K

Amna

433-513.15

1.343

1.195

1.111

0.991

Bouri

433-513.15

1.2011

1.119

1.047

0.925

Esidra

433-513.15

1.307

1.199

1.139

1.008

Aboteful

433-553.15

1.774

1.658

1.525

1.335

Esidra

513-613.15

3.828

3.43

3.09

2.506

2.6 Viscosity Models
Petroleum fractions are considered as the complex mixtures that consist of
paraffinic and naphthenic hydrocarbons. In the more conventional oil reservoirs, it has
complex mixture that’s the physical and chemical properties vary greatly with their
composition. The present model has been extended by comparing the predicted values of
the kinematic viscosity for some petroleum fractions of the considered with the
experimental data collected in the laboratory at different temperature.

2.6.1 Input Data of Libyan Crude Oil
From the data of following Table 2.5, calculations can be performed to predict
kinematic viscosity of all models at different temperatures by using the MS-Excel
software.
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Table 2.5 Data of Libyan crude oil
Petroleum fractions
Amna
Bouri

SG
0.7791
0.7981

Tb(K)
473.15
473.15

Esidra
Aboteful

0.792
0.7764

473.15
493.15

Esidra

0.8348

563.15
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 General
In engineering calculations in order to determine significant factors, such as fluid
flow and mixing, understanding and obtaining viscosities is considered important.
Furthermore, an acquaintance of the composition, and the liquid mixtures’ dependency
on it, is key to comprehend the fluid behavior theoretically. Moreover, semi-theoretical
and empirical models, and subsequently divided into correlative or predictive, are two
types of methods that are utilized to estimate the viscosity of fluid mixtures. Therefore,
correlative methods use experimental data in finding the viscosity, while predictive
methods use the physical properties of the mixture to determine it. In the predictive
models, there are limited studies that have tested the results using experimental data,
where most of the results in the literature depended mainly on the crude oil type.
In the current chapter, the experimental data obtained in this study (Table 2.4)
have been used to subject different models for viscosity prediction of undefined liquid
hydrocarbons to critical testing. Statistical error analysis is used to evaluate viscositydependent performance as a percentage of absolute deviation (% AD) and the percent
absolute average deviations (% AAD). Furthermore, the accuracy and precision of the
experimental measurements are discussed.

3.2 Applications of Models
3.2.1 Applications of Amin and Maddox Model
Ln ν = A+B/T
Ln B = 4.717+0.00526 Tb
A = 10-6 (91.836Tb-0.175 – 29.63) (K/B)
K= (TBA)0.333/SG
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where υ is the kinematic viscosity (m2 s-1), T is the temperature (K), parameters A and
B correspond to the 50 % of boiling point Tb (K), and K is Watson characterization factor.
Prediction of kinematic viscosity at different temperatures by using above equations are
given Table 3.1.
Table 3.1 Kinematic viscosity prediction by the model of Amin and Maddox
T(K)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

1.505

1.470

1.477

2.021

7.257

308.15

1.400

1.367

1.374

1.865

6.464

313.15

1.306

1.275

1.281

1.726

5.779

323.15

1.143

1.116

1.122

1.489

4.667

3.2.2 Application of Mehrotra Model
log log (υ +0.8) = a1+ a2 log (T )
a1 = 5.489 +0.148 (Tb) 0.5
a2 = 3.7
where υ is the kinematic viscosity (m2 s-1), T is the temperature (K) and Tb is 50% boiling
point temperature (K). Prediction of kinematic viscosity at different temperatures by
using above equations are given Table 3.2.
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Table 3.2 Kinematic viscosity prediction by the model of Mehrotra
T(K)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

1.367

1.367

1.367

1.667

3.763

308.15

1.271

1.271

1.271

1.54

3.373

313.15

1.185

1.185

1.185

1.427

3.043

323.15

1.041

1.041

1.041

1.24

2.515

3.2.3 Application of Moharam Model
ln υ = A exp[ ( Tb/T) SB] + C
A= 1.0185
B = Tb/305.078 - 0.55526
C = -3.2421
where υ is the kinematic viscosity (m2 s-1), T is the temperature (K), Tb is 50% boiling
point temperature (K) and S is the specific gravity at 15.6 °C. Prediction of kinematic
viscosity at different temperatures by using above equations are given Table 3.3.
Table 3.3 Kinematic viscosity prediction by the model of Moharam
T(K)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

1.220

1.352

1.308

1.337

3.301

308.15

1.140

1.260

1.220

1.246

2.973

313.15

1.070

1.178

1.141

1.165

2.693

323.15

0.950

1.039

1.010

1.029

2.243
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3.2.4 Application of Lie et al. Model
ln( / T )  59.06(Tb )0.1546M 0.4791 / T  (18.103  ln M )

where υ is the kinematic viscosity (m2 s-1), T is the temperature (K), Tb is 50 % boiling
point (ºC), ρ is the density (g/cm3), M is the molecular weight. Here, ρ and M are
estimated as given in the following:

  ( 15.6 2  1.110 3 ( T  15. 6))

0.5

M = 219.05 exp (0.003924 (Tb + 273.15)) exp (-3.07 SG) (Tb + 273.15)0.118 SG1.88
Prediction of kinematic viscosity at different temperatures by using above
equations are given Table 3.4.
Table 3.4 Kinematic viscosity prediction by the model of Lie et al.
T(K)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

1.28

1.393

1.355

1.447

3.393

308.150

1.20

1.304

1.269

1.349

3.102

313.15

1.123

1.223

1.19

1.261

2.845

323.15

1.00

1.083

1.055

1.109

2.413

3.2.5 Application of GC-UNIMOD model
n

ln( )  [i ln(i M i / M )  2i ln( xi / i )
i 1

i 

xi ri
n

x r
j 1

j j
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where the kinematic viscosity, υ is in m2s-1, iis segment fraction, xi is mole fraction, Mi
is molecular weight of the ith component in the mixture, and M is molecular weight and
ri is number of segments. Compensation in previous equations, Table 3.5 shows predictive
kinematic viscosity at different temperatures.
Table 3.5 Kinematic viscosity prediction of the model GC-UNIMOD
T(K)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

1.382

1.235

1.352

1.805

3.845

308.15

1.222

1.157

1.215

1.699

3.449

313.15

1.148

1.088

1.166

1.546

3.108

323.15

1.019

0.97

1.027

1.354

2.537

3.3 Statistical Error Analysis
Through utilizing several statistical methods, it is possible to determine the
correlations’ accuracy in relation to the observed values (experimental values). The
following criteria are used in this study:

3.3.1 % Average Deviations (AD%)
It is defined as described by [1,48]:

AD % 

 exp   cal
 exp

 100

(3.1)

where υexp and υcal represented the experimental and calculated kinematic
viscosity values, respectively. The AD% is an indication of the closeness of calculated to
experimental values.
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3.3.2 % Absolute Average Deviations (AAD%)
The experimental data obtained in this study Table 2.4 have been used to subject
various models in order to predict the fractions’ kinematic viscosity. The percentage
absolute an average deviation (AAD%) described by [1,48] is deployed for the test
subjection, and calculated through the following equation:

1
AAD % 
n

n

 exp   cal

i 1

 exp



 100

(3.2)

where total number of data points are given by n, and υexp and υcal representing
the experimental and calculated kinematic viscosity values, respectively.

3.4 The Viscosity Models’ Prediction Abilities
Tables 2.4 and 3.5 illustrate petroleum fractions’ experimental and predicted
kinematic viscosity, respectively. Then, It can make a comparison between results of both
them.

3.4.1 Application of GC-UNIMOD model
The GC-UNIMOD (group contributions-viscosity-thermodynamics model) is
shown as a predictive model in the study of Cao et al. [5,49]. In order to evaluate the
model, a wide database of viscosity values was used containing several liquid systems;
binary, ternary, and quaternary.
In this method, the equation employed to calculate the kinematic viscosity is
divided into combinatorial and residual terms, as shown in Equation (1.27).

3.4.1.1 Developed of the GC-UNIMOD for Undefined Mixture
The GC-UNIMOD model is developed to estimate viscosities through liquid
mixtures with defined viscosity values. In this study, the model is deployed for the
predictions of the petroleum fractions’ viscosities, which was conducted through utilizing
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the specific gravity and the point of boiling (Appendix A). The petroleum fractions in the
boiling point ranges of 160-240 ºC, 160-280 ºC, 240-340 ºCare distillated from some
Libyan crude oils, and fractionated into an arbitrary number of pure part.
The predictions of the molecular parameters are shown in the Appendix A, and
pure component viscosities are estimated from Equations (1.30-1.40). The structural
parameter ri was correlated with the n-alkane carbon number. The effective carbon
number ECN for each pseudo-component was calculated from Nhaesi and Asfour [48].
Using the ECN for each pseudo-component into the obtained correlation yields ri. The
residual part was not used in the predictions since Nhaesi and Asfour [48] demonstrated
that the superfluity part has unimportant role in improving the AADs % for regular
system.

3.4.2 Results of AD Percentages of Testing the GC-UNIMOD Model at Different
Temperatures
Absolute deviation percentage (AD%) was calculated for each fraction at different
temperature. as observed from the results in Table 3.6.
Table 3.6 AD% for each fraction at different temperatures.
T(K)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

2.87

2.793

3.433

1.727

0.446

308.15

2.271

3.423

1.335

2.516

0.568

313.15

3.348

3.932

2.384

1.362

0.572

323.15

3.029

4.892

1.852

1.447

1.24

The values for AD% were given us a logical results. The developed model was
given an overall average absolute deviation of 2.272% (as indicated in Appendix A)
between experimental and predicted data. From the previous results, it can be concluded
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that the equation is able to predict accurate values which are very close to experimental
measurements. This difference in the result can be clearly seen in Figure 3.1.

5

303.15K

3

308.15K
2

313.15K

1

323.15K
313.15K

0
Amna

Bouri

Esidra
Aboteful
petroleum fractions

303.15K
Esidra

Temperature k

AD%

4

Figure 3.1 Results of AD% for each fraction at different temperatures
As an example, comparison between experimental and predicted values of kinematic
viscosity at investigated temperature ranges for Esidra petroleum fraction (240-340 °C)
is shown in Figure 3.2. It clearly demonstrates that the GC-UNIMOD model yields the
best representation of experimental data over the whole temperature range.
4,45

Experimental

Kinematic Viscosity,cSt

3,95

calculated

3,45
2,95

2,45
1,95
1,45
0,95
25

30

35

40
Temperature,C

45

50

55

Figure 3.2 Measured and predicted kinematic viscosity vs. temperature (Esidra Fraction,
240-340 °C)
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3.4.3 Results of AD and AAD Percentages of Testing the GC-UNIMOD Model at
Different Temperatures
The results of AD% and AAD% for each fraction at different temperatures are
shown in Table 3.7.
Table 3.7 AD% and AAD% for each fraction at different temperatures
TempK

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

2.87

2.793

3.433

1.727

0.446

308.15

2.271

3.423

1.335

2.516

0.568

313.15

3.348

3.932

2.384

1.362

0.572

323.15

3.029

4.892

1.852

1.447

1.24

AAD%

2.8795

3.76

2.251

1.763

0.7065

The lowest (the best) AAD% value 0.7065% of the kinematic viscosity was obtained
when the Esidra petroleum fraction was used. On the other hand, the highest AAD% value
3.76 % was obtained when the Bouri petroleum fraction. The other AAD% fraction came
in between. And this deference in the result can be clearly seen in Figure 3.3.
According to the obtained results. It is highly recommended to use the Esidra
petroleum fraction. Because it gives us lowest error in comparison between the
experimental and calculated data.
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3,76

AAD%

4

2,8795

3

2,251

2

1,763

1
0,7065

0
Amna

Bouri

Esidra

Aboteful

Esidra

Petroleum Fraction

Figure 3.3 Results of AAD% for each fraction at different temperatures

The results of % AD and % AAD at different temperature for each fraction are
shown in Table 3.8.
Table 3.8 AD% and AAD% results at various temperatures for each fraction
AD%
Petroleum
fraction

303.15K

308.15K

313.15K

323.15K

Amna

2.87

2.271

3.348

3.029

Bouri

2.793

3.423

3.932

4.892

Esidra

3.433

1.335

2.384

1.852

Aboteful

1.727

2.516

1.362

1.447

Esidra

0.446

0.568

0.572

1.24

AAD%

2.2538

2.0226

2.3196

2.492
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The lowest AAD% value 2.0226 of the prediction kinematic viscosity was
considered the best result obtained at temperature 308.15K, followed by value of
2.2538% at 303.15K, 2.3196% at 313.15K and the last one was 2.492% at 323.15K. The
difference in the result can be clearly seen in Figure 3.4.
According to the obtained results it is highly recommended to prepare and use petroleum
fractions at 308.15K. Because it gives us best result when make comparison between the
experimental and calculated data.

2,2538
2,5

2,3196

2,0226

2,492

AAD%

2
1,5
1
0,5
0
303,15

308,15

313,15

323,15

Temperature k

Figure 3.4 Results of AAD% at different temperature

3.5 Applications of the Literature Methods
3.5.1 Application of Amin and Maddox Model
Amin and Maddox [24] considered the empirical model based on the modification
of Eyring’s equation for viscosity prediction. In the current research, the prediction of
160-240 ºC, 160-280 ºC and 240-340 ºC boiling temperature ranges is carried out using
this model. The collected experimental data has been used for testing the applicability of
Equation (1.4) and it can be observed that parameter points A, B are matured from
equations (1.5) and (1.6) independently. An SG at 60 °F and 50 % boiling point were
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required here. The outcome of testing model for all the fractions are reported in Appendix
B (Table B.4) and it shows the overall AAD is 30.14%.

3.5.2 Application of Mehrotra Model
Mehrotra [22] has developed a generalized predictive equation, which established
the relevance among the temperature and kinematic viscosity, through the application on
petroleum fractions. The use of this method does not require any viscosity measurement;
it only requires the mid-boiling temperature of the crude oil fraction to predict the single
parameter in the viscosity-temperature equation, based on the two-parameter Walther’s
viscosity correlation Equation (1.13). It is examined with viscosity data for five Libyan
crude oil fractions and the average deviation is a found to be 6.15 %.
The results indicate unreasonable method utilization in terms of the petroleum
fraction’s characteristics, as kinematic viscosity of the experimented fractions having the
same boiling point, and at the same temperature, deviate from each other, given that they
are from different crude oil samples.

3.5.3 Application of Moharam et al. Model
Moharam et al. [34] developed an empirical model for estimation of the liquid
mixtures’ viscosities given by equation (1.14). An SG at 60 °F and 50 % boiling point
temperature are required by this model as input parameters. In the current study, the
viscosity data were used to assess the applicability of the model at various temperatures.
The obtained results showed that the overall AAD is 11.01 % .
Generally, conclusion is drawn from the data presented in Appendix B (Table
B.1) that the capability of the Moharam et al. model in the investigated ranges is poor and
unreliable.
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3.5.4 Application of Lie et al. Model
The equation (1.15) developed by Lie et al. model [35] is constructed by
modifying the absolute rate theory of Eyring, which is utilized to predict kinematic
viscosity. Using the SG at 60 °F and the 50% Tbp as the only input factors, the physical
properties of the fraction are used to determine the coefficients by substituting them into
the viscosity equation. In the present study, an overall AAD value is found as 9.78%
based on the model testing against the data obtained viscosity experiments.

3.6 Comparison of the Predictive Capabilities of the GC-UNIMOD Model
with the Literature Methods
In order to test the predictive competency of viscosity models that were reviewed
earlier in the literature, the experimental viscosity data is compared at various
temperatures. As shown in Figure 3.4, the predictive models are compared according to
each petroleum fraction, where the summary of the comparison is illustrated in Figure
3.3. In Figure 3.6, the bars represent AAD% values, and the values at their tips are
maximum error. Moreover, the figure shows that the GC-UNIMOD yields an overall
AAD value of 2.272%, which indicates the precision of the model in comparison to other
literature values (Amin and Maddox, Mehrotra, Moharam et al, Lie et al.), as it produced
the lowest error and closest value.

45

Figure 3.5 The results of various viscosity models were tested by using data from
petroleum fractions.

.
Figure 3.6 Comparing the predictive power of different forecasting models.
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CHAPTER 4
CONCLUSIONS
In material processing, the transport properties are significant, where important
processes are considered in engineering studies such as the transfers of heat, mass, and
depending on the fluid low phenomenon, and the chemical reaction among two phases.
Furthermore, the density and viscosity of the fluid are significant determinants for its low
behavior. Due to the impracticality of performing extensive tests to determine viscosity,
correlative and predictive models are developed based utilizing reference experimental
data, or the physical properties of the fluid mixture, respectively. These methods are
classified under semi-theoretical and empirical models that were reviewed and tested, as
part of the literature review and the case study of this research.
In the current study, viscosity predictions of petroleum fractions have been
accomplished using experimental data gathered from Libyan crude oils. Furthermore, the
five models for predicting the viscosity which has been used in this work are Amin and
Maddox model, Mehrotra model, Moharam et al model, Lie et al model, and the GCUNIMOD model was extended to estimate the viscosities of the undefined mixtures. The
experimental data of the mixtures had three ranges to be 160-240ºC, 160-280 ºC and 240340 ºC for a boiling temperature, which are extracted from Libyan crude oil at four
temperatures 30°C, 35°C, 40°C, and 50°C. The used GC-UNIMOD model is also utilized
to predict the kinematic viscosity values for crude oil fractions, which their viscosity
values are unknown at the specified temperature levels. Subsequently, the results are
compared between these viscosity values and the experimental data that are available in
the laboratory, where the two data sets have shown conformity among the predicted and
experimental values. Furthermore, the main predictive model is compared in terms of
results with other predictive models that were reviewed in the literature for the predicted
viscosity values. For the experimental viscosity dataset obtained from the Libyan crude
oil fraction used in this study, the GC-UNIMOD model yields an overall AAD% of
2.272%. This finding makes this model superior to Amin and Maddox, Lie et al, Mehrotra
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and Moharam et al models which provide AAD% of 30.14%, 6.15%, 11.01% and 9.78%,
respectively.
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Appendix (A): Characterization of investigated petroleum fractions
Source sample: Amna crude oil, Boiling range 160-240 ºC, Sp.gravity = 0.7791
cut temp

T(b)(F)

sp.gr

(30)

(35)

(40)

(50)

MWT

ECN

xi

160-180
180-200
200-220
220-240

324.50
340.17
389.89
436.49

0.7779
0.7813
0.788
0.798

0.9972
1.0865
1.4376
1.9320

0.9432
1.0250
1.3435
1.7844

0.8939
0.9691
1.2592
1.6547

0.8072
0.8714
1.1150
1.4379

135.15
140.56
159.08
177.68

9.76
10.20
11.60
13.07

0.3053
0.2573
0.2199
0.2175

Source sample: Bouri crude oil, Boiling range 160-240 ºC, Sp.gravity = 0.7981
cut temp

T(b)(F)

sp.gr

(30)

(35)

(40)

(50)

MWT

ECN

xi

160-180
180-200
200-220
220-240

301.10
340.02
372.81
410.46

0.7816
0.7922
0.8046
0.8129

0.9040
1.1177
1.3697
1.7315

0.8569
1.0528
1.2808
1.6045

0.8137
0.9939
1.2011
1.4923

0.7375
0.8913
1.0644
1.3035

126.78
139.70
150.93
165.16

9.27
10.33
11.35
12.52

0.3131
0.2371
0.2204
0.2293

Source sample: Esidra crude oil, Boiling range 160-240 ºC, Sp.gravity = 0.7920
cut temp

T(b)(F)

sp.gr

(30)

(35)

(40)

(50)

MWT

ECN

xi

160-180
180-200
200-220
220-240

308.31
336.27
381.60
416.40

0.7768
0.7929
0.803
0.8123

0.9214
1.0993
1.4304
1.7896

0.8733
1.0358
1.3357
1.6563

0.8293
0.9783
1.2510
1.5387

0.7516
0.8779
1.1062
1.3414

129.56
138.28
154.51
167.70

9.37
10.25
11.57
12.68

0.2869
0.2606
0.237
0.2155

Source sample: Aboteful crude oil, Boiling range 160-280 ºC, Sp.gravity = 0.7764
Cut

Tb(F)

sp.gr

(30)

(35)

(40)

(50)

ECN

m.wt

xi

160-180
180-200
200-220
220-240
240-260
260-280

331.49
369.21
411.57
435.59
478.75
498.38

0.7543
0.7631
0.7712
0.7818
0.7913
0.7964

0.9717
1.2059
1.5526
1.8336
2.4393
2.7981

0.9211
1.1352
1.4484
1.6988
2.2329
2.5461

0.8748
1.0713
1.3555
1.5798
2.0537
2.3290

0.7932
0.9601
1.1969
1.3797
1.7595
1.9762

9.64
10.72
11.99
12.81
14.23
14.91

138.83
152.48
169.01
178.56
197.33
206.28

0.1864
0.1557
0.1591
0.1731
0.1578
0.1678

Source sample: Esidra crude oil, Boiling range 240-340 ºC, Sp.gravity = 0.8348
Cut temp.

Tb(F)

sp.gr

(30)

(35)

(40)

(50

ECN

m.wt

xi

240-260
260-280
280-300
300-320
320-340

452.16
485.95
512.37
548.73
594.39

0.8242
0.8304
0.8385
0.841
0.8507

2.3076
2.9304
3.6127
4.6980
6.8691

2.1121
2.6539
3.2410
4.1675
5.9902

1.9424
2.4172
2.9261
3.7237
5.2688

1.6637
2.0357
2.4262
3.0308
4.1699

13.94
15.12
16.16
17.46
19.34

181.77
196.50
208.15
226.42
249.99

0.1921
0.2346
0.2130
0.1980
0.1624

Tb: Mean average boiling point (°F), sp.gr: Specific gravity at 15.6 °C
Kinematic viscosity at Temperature (T), in (cSt), ECN: Effective Carbon Number.
m.wt: Molecular weight (g/mol), x : Mole fraction.
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Appendix (B): Computer program outputs of studied models
Table B.1 Results for the test of the Amin and Maddox model by using the experimental
viscosity data on boiling point range of 160-240°C, 160-280°C, 240-340°C at different
temperature levels.
Temp(k)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

12.05

22.35

12.97

13.9

89.59

308.15

17.17

22.19

14.58

12.48

88.46

313.15

17.53

21.79

12.48

13.17

87.01

323.15

15.34

20.67

11.26

11.5

86.22

AAD%

15.25

21.75

12.82

12.76

87.82

Overall AAD% is 30.14
Table B.2 Results for the testing of the Mehrotra model by using the experimental viscosity
data on boiling point range of 160-240 °C , 160-280°C , 240-340°C at different temperature
levels .
Temp(K)
303.15
308.15

Amna
9.19
4.58

Bouri
12.58
12.56

Esidra
0.05
1.71

Aboteful
24.66
24.88

Esidra
13.77
13.33

313.15

3.72

12.47

0.21

23.62

12.86

323.15
AAD %

4.13
5.4

12.36
12.49

0.15
0.53

22.93
24.02

10.48
12.61

Overall AAD% is 6.15
Table B.3 Results for the test of the Moharam model by using the experimental viscosity data
on boiling point range of 160-240°C, 160-280°C, 240-340°C at different temperature levels.
Temp(K)
303.15

Amna
1.789

Bouri
13.815

Esidra
4.593

Aboteful
6.024

Esidra
1.71

308.15

6.343

13.566

5.989

7.136

1.65

313.15
323.15
AAD %

6.702
5.089
4.981

13.224
12.588
13.298

4.079
3.317
4.494

6.394
7.117
6.668

1.536
0.342
1.309

Overall AAD% is 11.01
Table B.4 Results for the test of the Lie et al model by using the experimental viscosity
data on boiling point range of 160-240°C, 160-280°C, 240-340°C at different temperature
levels.
Temp(K)

Amna

Bouri

Esidra

Aboteful

Esidra

303.15

4.88

15.95

3.67

18.44

11.38

308.15

0.13

16.50

5.8

18.64

9.56

313.15

1.1

16.81

4.51

17.32

7.93

323.15

0.52

17.13

4.65

16.93

3.7

AAD%

1.66

16.60

4.66

17.83

8.14

Overall AAD% is 9.78
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Table B.5 Results for the test of the GC-UNIMOD model by using the experimental viscosity
data on boiling point range of 160-240°C, 160-280°C, 240-340°C at different temperature
levels.
Temp(K)
303.15
308.15
313.15
323.15
AAD%

Amna
2.87
2.271
3.348
3.029
2.8795

Bouri
2.793
3.423
3.932
4.892
3.76

Esidra
3.433
1.335
2.384
1.852
2.251

Aboteful
1.727
2.516
1.362
1.447
1.763

Overall AAD% is 2.272
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Esidra
0.446
0.568
0.572
1.24
0.7065

Appendix (C): Comparison of experimental kinematic viscosity values
with calculated ones from different models
C1- Comparison of experimental viscosity data with Amin and Maddox Model
predicted viscosity data at various temperature values
4

Experemintal
Amin and Maddox calculated

Kinematic Viscosity.cSt

3.5

3

2.5

2

1.5
30

32

34

36

38

40
Temp (c)

42

44

46

48

50

C2- Comparison of experimental viscosity data with Mehrotra Model predicted
viscosity data at various temperature values
4
Experemintal
Mehrotra calculated

3.8

Kinematic Viscosity.cSt

3.6
3.4
3.2
3
2.8
2.6
2.4
2.2
30

32

34

36

38
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40
Temp(c)

42

44

46

48

50

C3- Comparison of experimental viscosity data with Moharam Model predicted
viscosity data at various temperature values
4

Kinematic Viscosity.cSt

Experemintal
Moharam calculated

3.5

3

2.5
30

32

34

36

38

40
Temp(c)

42

44

46

48

50

C4- Comparison of experimental viscosity data with Lie et al. Model predicted
viscosity data at various temperature values

4

Kinematic Viscosity.cSt

Experemintal
Lie et al calculated

3.5

3

2.5
30

32

34

36

38

40
Temp(c)
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42

44

46

48

50

C5- Comparison of experimental viscosity data with GC-UNIMOD Model predicted
viscosity data at various temperature values

Experemintal
GC-UNINOD calculated
4

Kinematic Viscosity.cSt

3.5

3

2.5

2
10

20

30

40
Temp(c)
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60

70

