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ABSRACT 

 
 Drag-reduction by the use of minor amount of polymeric additives is by 

far the most technique to reduce the frictional resistance and to save pumping 

power for turbulent pipe flow. 
 

 In the present work, the turbulent drag-reduction effectiveness of 

polyisobutylene, type oppanol B 250 was studied in a build-up closed loop 

circulation system at different flowing conditions. The turbulent mode was 

produced via a positive displacement pump to avoid any shear degradation of 

polymer chains during the pumping stage. Drag-reduction results were assessed 

by measuring pressure drop over two test sections from the pipes. 
 

 The effect of additives concentration was investigated over a range up to 

50wppm in flowing gas oil, at flow rates 2.8 to 6.0 m3/hr in four pipes of 19.05 

to 50.80 mm I.D pipe. Moreover, the effect of kerosene solvent type was also 

studied in 31.75 mm I.D pipe for comparison purposes. 
 

 A gradual increase of percentage drag-reduction was observed with 

increasing the polymer concentration and bulk velocity. The 31.75 mm pipeline 

shows higher drag-reduction compared to smaller pipe with 19.05 mm I.D pipe 

at given velocity. The drag-reduction in kerosene was slightly higher than that in 

gas oil due to the difference in their viscosities. 
 

 The 50wppm polymer treated gas oil shows the greatest degree of 

calculated, fanning friction factor reduction, approaching the maximum drag-

reduction, at higher flow rates in a 31.75 mm I.D pipe. A simple fitting was used 

to predict the friction factor as a function of Reynolds number. The results show 

good agreement with the corresponding data obtained on experimental bases. 
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 The drag-reduction results have been correlated based on 

modification of a theoretical model which requires knowledge of the wall 

shear rate, pressure drop and additive concentration. The results of the 

correlation showed acceptable agreement between the observed and 

predicted drag-reduction values.  
 

 The time dependence of drag-reduction effectiveness was studied in order 

to investigate the possible molecular degradation of polymer additives during the 

circulation of solution. The experiments were carried out by using 

polyisobutylene with, three different molecular weights, types oppanol B 150, 

200 at concentration 50wppm and B 250 at different concentrations up to 

50wppm. 
 

 It was found that the lower molecular weight polymers lost their activity 

faster than higher molecular weight B 250 type. Moreover, the rate of 

degradation is strongly dependent on pipe diameter. 
 

 

 The time dependence degradation behavior of the three 

mentioned polymers in turbulent flow was also analyzed by modifying the 

fractional exponential decay equation. The modified equation was found 

to fit the experimental data of the three polymer types better than the 

original equation.  
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Introduction 
 In the process of transferring a Newtonian fluid through a pipe, 

considerable energy may be expanded to overcome friction encountered in 

movement of the liquid. When a liquid is pumped under pressure, friction 

pressure is apparent as a pressure drop along the pipe. Such a pressure drop is 

particularly noticeable under conditions where the velocity of liquid has 

surpassed the critical limit for laminar flow. Drag is a term used to refer to such 

frictional pressure drop. 

 To compensate for the loss of energy due to friction, or to reduce the drag, 

additional energy must be consumed. Many techniques for reducing drag were 

suggested by many researchers for large number of applications. One of these 

techniques depends on suppressing turbulent eddies by using baffles with 

different heights in turbulent flow region. Other techniques used layers of greasy 

materials or bubble layers to reduce skin friction. One of the modern techniques 

is the addition of minute quantities of a dilute polymer solutions to liquids 

transported in turbulent flow through pipelines, which can lead to significant 

drag-reduction (DR). This phenomenon has received much attention, since its 

discovery more than 50 years ago. Nevertheless, detailed knowledge about the 

chief mechanism for the action of the polymer and its effect on turbulence is not 

available. 

 Drag reduction phenomena had been well documented in which the fluid 

that containing these additives requires a lower pressure drop than pure solvent 

to maintain the same flow rate in a pipe. This behavior can offer large economic 
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advantages and a larger effectiveness of the pipeline transportation. Drag 

reduction plays an important role in different industrial application such as in 

petroleum transportation, fire fighting and irrigation (1), like the first large 

application of polymeric drag-reducer (CDR) was done by CONOCO in Trans 

Alska Pipeline System (TAPS). The same chemical had been used in Iraqi – 

Turkish pipeline in the eighties. It is worth mentioning that Iraq is one of the 

main countries exporting oil through a network of pipelines. These applications 

showed the high ability of polymers in reducing drag and increasing oil flow rate 

without the need for any additional pumping stations or new pipelines. 

 Effective polymeric DR additives are considered to be flexible, linear with 

a high molecular weight such as polyisobutylene. Drag reduction has promoted 

the use of polymeric additives in industry whenever an increase in flow rate is 

required, such as during maintenance of pumping equipment in pipelines. 

However, the usage of these polymers is limited, because of their susceptibility 

to flow induced shear degradation. (2,3)

 The use of polymer additives to reduce drag, and consequently pumping 

costs, has to be carefully balanced with its degradation rate and the consequent 

rate of polymer renewal, the investment on injection mechanisms and quantity of 

polymer necessary to achieve drag reduction intensity, which may preclude its 

use in normal operating conditions, but not in special occasions such as 

maintenance of equipment. The dependence of DR efficiency is known to be a 

function of polymer molecular weight, polymer concentration, and the degree of 

turbulence. Since solvent molecules take time to establish introductions with 

polymer molecules, maximum drag reduction, as a function of time, is obtained 

when the polymer–solvent interaction reaches the state of homogeneity. 
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 Although, the additives demonstrate a desirably high DR efficiency while 

so undesirable mechanical degradation under turbulent flow occurs, therefore, 

molecular degradation is one of the major defects in the DR application. This is 

because the polymeric additives are exposed to strong turbulent elongational 

strain and shear stresses, especially in the pump. The use of positive 

displacement pump of external gear type will minimize this problem. (4) The 

polymer chains having different molecular weight will show different time 

dependent resistance, since the long chain polymer experiences mid–point 

degradation. In this context, longer molecules are more susceptible to 

mechanical degradation than lighter molecules, accompanying more rapid 

degradation. (5)

 

1.2 Objectives of The Present Work: 

 
 The main objectives of the present work are: 

1. To obtain experimental data which will be used to examine the effectiveness 

of Polyisobutylene (PIB) type (Oppanol B 250) in the petroleum fractions as 

drag reducing agents in the turbulent pipe flow regime. The performed 

experimental data aim at showing the effect of polymer concentration, 

solution flow rate, pipe diameter and fluid type on percent drag reduction 

(%DR). 

2. To investigate the modification of the time scale hypothesis of turbulent flow 

field interaction with the polymer molecule, both for understanding of the 

physics of the drag reduction phenomena and to providing a reliable 

prediction technique for percent drag reduction results. 
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3. To study the DR efficiency which is to be investigated by dilute hydrocarbons 

solutions of PIB with three different molecular weight types (Oppanol B 150, 

200 and 250) in closed re–circulation system by focusing mainly on their 

mechanical degradation kinetics as a function of time. 

4. To modify the fractional exponential decay functions of PIB for the purpose 

of examining their time dependent drag reduction efficiency, and with the 

ultimate goal of establishing a correlation between polymer degradation and 

pipeline diameter. 
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CHAPTER TWO 

THEORIES AND LITERATURE SURVEY  

 
2.1 Introduction 
 

 Drag is a term used to refer to the frictional pressure drop per a length a 

of pipe, which develops when a fluid flows in a pipe line. Drag reduction is 

the proportional decrease in this frictional pressure drop achieved by the 

addition of very small amount of a drag reducing agent. These DRAs (Drag 

Reducing Agents) are effective only when the flow is turbulent. 

 

 The phenomenon of drag reduction by polymer additives is very 

interesting from a fundamental fluid dynamics point of view. The fact that 

such small changes in the fluid can so drastically alter the turbulent flow 

characteristics strongly hints at the existence of a key mechanism of 

turbulence transport with which polymer interface. This means that a study of 

polymeric drag reduction could help in gaining more knowledge about the 

turbulence itself. 

 

 In other words, drag reduction occurs as a result of interaction between 

additive molecules and coherent structures resulting from turbulent flow. 

Therefore, understanding and optimization of the drag reduction phenomena 

require a previous knowledge and understanding of turbulence in fluid flow. 

In addition to that, and in order to have a clear idea about the effectiveness 

and performance of drag reducing agents, it is essential to study the polymeric 

additives type used. 
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2.2 Turbulent Pipe Flow Characteristics 
2.2.1 Turbulence  

Turbulence is a fluid flow phenomenon of significant fundamental 

interest as well as of commercial importance for its impact in the operational 

performance and costs of many industrial processes and of transportation 

systems. It is characterized by an irregular space and time dependence of the 

velocity and scalar fields which is the result of vortical three–dimensional 

motions occuring at high Reynolds numbers, i.e. when the ratio of inertial to 

viscous forces is high.(6,7) Thus, it is also characterized by random motion of 

fluid particles in directions transverse to the direction of the main flow as 

shown in figure 2-1. The flow is unstable. Turbulent eddies are generated at 

the pipe wall and move into the core of the pipe. More energy is required to 

transport fluid at a given average flow velocity in turbulent flow because not 

all of the energy goes toward overcoming viscous resistance to motion down 

the pipe. Part of the energy is dissipated in the formation of the eddies current. 

Otherwise stated as “going around in circles”. 

 

 
Figure 2-1 Laminar and turbulent flow velocity profile  
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 It is this turbulence which drag reducer decrease, generally, the more 

turbulent flow, the more effective drag reducer becomes and consequently, 

greater energy utilization can be achieved. 

 A part from a rather qualitative insight into the dynamics a complete 

theory of turbulence is still lacking because it is impossible to analyze in 

detail the non – linear equations that governs the turbulent flow. 

 

2.2.2 Frictional Pressure Loss in Turbulent Flow: 

When a liquid flows through a pipeline, a certain loss of pressure 

occurs due to frictional effects. This pressure loss is referred to as frictional 

loss or frictional pressure drop and depends upon the viscosity and density of 

the flowing fluid. It also depends on the roughness of the interior pipe surface, 

the internal diameter of the pipe and the length of the pipeline. 

The qualitative effect of each of these parameters, is the frictional 

pressure drop will increase with increasing fluid viscosity and fluid velocity, 

and decrease with increasing pipe diameter. Increasing fluid density and 

increasing pipe wall roughness will increase the frictional pressure drop. 

 

2.2.3 Mathematical Formula 

Quantitatively, the frictional pressure drop is shown specifically in the 

following mathematical formula. 

For estimating the type of flow in pipeline, the Reynolds number, is 

used, which indicates the ratio of the fluid inertia forces to viscous force  

 
  

μ
ρ Du

=Re         (2-1) 

 

Now, a fully developed turbulent flow through a straight pipe with 

diameter D is considered. the mean shear stress at the wall, τW, for Newtonian 

and non – Newtonian fluids and for all flow regimes is given by: 
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L
PD

w
Δ

=
4

τ         (2-2) 

where LPΔ is the constant pressure drop gradient. The wall shear stress is 

usually expressed in terms of the fanning friction factor f given by: 

  
2

2
1

b

w

U
f

ρ

τ
=         (2-3) 

 with Ub is the mean velocity in the pipe and ρ is the density of the fluid. 

 For instance, the expressions for laminar and fully turbulent pipe flow 

of a Newtonian fluid are, as follows: 

 

The individual flow regimes 

- Laminar regime: for Re< 2,100, Poiseuille’s law(8) is applicable. 

  
Re
16

=f         (2-4) 

 

- Transition regime: For Re between 2,100 and 4,000 Wilson and Azad(9)  

derived an empirical equation for the central portion of the transition regime 

         (2-5) 210 Re*10*1.7 −=f

 

- Turbulent regime in smooth pipe: For Re > 4,000 Blasuis(8) equation is 

valid: 

         (2-6) ( ) 25.0Re0791.0 −=f

 

- Von–Karman equation(8) which is an alternative to Blasius equation for the 

turbulent flow in smooth cylindrical pipe, and written in terms of f as 

follows:  

  ( ) 4.0Relog0.4 2/12/1 −=− ff       (2-7) 
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- Fully developed turbulent flow in rough pipe: Nikuradse(9) determined the 

following asymptotic expression : 

( εDf 707.3ln737.11 = )       (2-8) 
 

2.3 Flow Increase  
 

 To compensate for the loss of energy due to friction pressure, 

additional energy must be consumed. Consequently, a decrease in friction loss 

would allow lower energy consumption or alternatively an increased flow rate 

under the original pumping conditions. Thus, a method where by friction loss 

in the flow of liquids can be appreciably reduced is desirable. Also, it is 

economically profitable to industrial organizations engaged in movement of 

large volumes of liquid at high flow rates for considerable distance.  

 Pipelining the liquid, requires that has being sufficiently low viscosity 

that line size and pumping requirements are an economic “minimum”. 

 There are a number of methods by which the flow increment can be 

achieved. Some of these are: 

- The use of chemical additives known as Drag – reducing agents to 

liquid transported in turbulent flow through pipelines which is one of 

popular method to reduce the friction and to increase the flow. 

- Suppressing turbulent eddies by using baffles with different heights. (1) 

- Preparation of an oil / solid slurry, for oil transporting. 

- Heating the liquid for viscosity reduction. 

- Diluting the heavy liquid for viscosity / pour point reduction. 

- Connecting the pumps in series or in parallel as required. 

- Connecting re–enforcement and stand by pumping stations. 

As the current study, especially interested in chemical additives, the 

following item will deal with them. 
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2.3.1 Additives 

 

 In case the flow increment is temporary, the increase in pumping 

stations becomes much costly; therefore it is preferred to use the chemical 

additives in this case to reduce the drag. At the same time, these additives can 

compensate for the loss of any pumping station at emergency cases. 

In the past several decades, there had been a remarkable growth in the 

use of additives to facilitate the transportation of fluids in the pipes. These 

additives are able to substantially reduce the frictional loss associated with 

turbulent flow of fluid. By lowering the energy loss, those additives allow the 

pipeline fluid to move faster at any working pressure, so more can pass 

through the line with out mechanical expansion. On the other hand, the flow 

improver by additives can be able to move more products with the same 

amount of energy or move the same amount of fluid with less energy. This 

results improved system economic as illustrated in the figure 2-2.(4) 

 

 At the present time, the additives used in oil and products pipelines are 

themselves hydrocarbons with in minor amount and thus should have no 

effect on refining processes or on the chemical specification of the refined 

products. 
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Figure 2-2: Effect of chemical drag reducers on pipeline pump pressure of 

flow rate 

 

2.4 Drag Reduction Phenomena  
2.4.1 Background 

 

The frictional drag of turbulent flow through pipes can be reduced 

dramatically by adding a minute amount of certain long-chain polymer 

molecules dissolved in water or in organic solvents. The discovery of this 

phenomenon of turbulent drag reduction by polymer additives is generally 

ascribed to Toms (11). This observation was noticed by chance in the summer 

of 1946, when he was actually investigating the mechanical degradation of 

polymer molecules using a simple pipe flow apparatus. Toms observed “the 

really astounding thing that a polymer solution clearly offered less resistance 

to flow, under constant pressure, than the solvent itself”(12). Already one year 

earlier, Mysels had discovered that the addition of aluminum soap to gasoline 

lowered the resistance of the liquid to turbulent flow in a pipe. However, 
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since this work was done under war-time restrictions, publication was delayed 

by several years. (13)   

 
 The phenomenon of drag reduction by polymer additives is very 

interesting from a fundamental fluid dynamics point of view as well. The fact 

that such small changes in the fluid can so drastically alter the turbulent flow 

characteristics strongly hints at the existence of a key mechanism of 

turbulence momentum transport with which the polymer interferes. It means 

that a study of polymeric drag reduction could help in gaining more 

knowledge about the turbulence itself.  

Hence, polymeric drag reduction is interesting in many ways and this is 

reflected in the virtual explosion of research and development work in many 

countries on the subject during the last three decades. A vast amount of 

publications has appeared the majority of which concern measurements. Some 

of the papers are theoretical reflections, and also a respectable number of 

survey articles have been published. Despite this wealth of information, it 

cannot be said that the phenomenon is well understood. The physical 

mechanism responsible for the drag reduction remains largely unclear. This is 

caused by the fact that not only it is necessary to consider the turbulence 

processes that are present in the flow, but also the influence of the rheological 

properties of the fluid.  

 

2.4.2 Drag Reducer Additives  

Various drag – reducing additives are available, which can be classified 

as follows: 
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2.4.2.1 Suspended particles: 

It is well known that the presence of suspended particles modifies the 

turbulent structure of the flow (14). The combination of general factors, such as 

sediment concentration, specific weight of solid and fluid, particle size and 

shape and others, can produce sub stationary changes in the behavior of the 

flow. The most interesting case is that of a drag reduction which can occur in 

pipes when the combination of factors produce a decrease of turbulent 

intensity. The mechanisms which produce these changes in the turbulent 

structure could be various, depending upon the particle and flow 

characteristics, and the overall effect could also vary for each particular case. 

A and K Zaqustin(14) presented an analysis of a mechanism in which gravity is 

considered as the only factor involved in the turbulence. The same approach 

was obtained a few years later by K. Mahmood. (15)

 

2.4.2.2Surfactants: 

 

Solutions of surfactants with high enough concentrations from 

aggregates are called micelles. These were observed to cause drag reduction 

in turbulent flows of gasoline, Mysels(13). Studies of this phenomenon have 

been summarized by Imae et al(16), Ohlendrof et al(17), Ceyr & Bewerdroff(18). 

One of the most interested researchers in this field are Zakin & Lui(19), and 

(Zakin & Myska)(20,21). 
 

The mechanism of drag–reduction by surfactant additives is still not 

well understood, but it is generally accepted that drag reduction is associated 

with network structures called micelles, in the surfactant solution. These 

network structures show elasticity and prevent the generation of turbulence 

and thus reduce frictional drag. 
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Zakin(19) investigated the effects of surfactant structure, temperature, 

surfactant concentration and mechanical degradation on drag reduction for 

several polyoxyethylene alcohol nonionic surfactants in aqueous solution. 

Through studying the effect of surfactant concentration, as illustrated in figure 

2-3, it is shown that, at low Reynolds number, the 1.0 percent Alfonic 1214 

solution with 0.4 Na2SO4 at 30ºC has high relative viscosity. As a result, the 

laminar data for this solution lie above those of the 0.5 percent solution. As 

the Reynolds number increases, the friction factor for the two concentrations 

approach each other. At about 8,000 Reynolds number, the 0.5 percent 

solution is subjected to shear forces which are large enough to break up the 

agglomerates. Rapid loss of drag reduction is seen at Reynolds number above 

8,000. The 1.0 percent solution shows no break-up to a Reynolds number of 

about 104. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3: Effect of concentration on drag reduction for Alfonic 1214. 
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Drag reduction by surfactant additives has been considered the most 

effective way to lower the pumping energy requirements(21,22,23) in closed–

loop district heating and cooling systems.  

 

In district heating systems, cogeneration or waste heat sources are used 

to heat water in a primary loop which circulates the hot water to heat-

exchange stations. The heat exchanged to secondary loops provides hot water 

to heat nearby buildings or to heat water for household use. District heating 

systems conserve energy because of their use of waste heat and centralized 

production and distribution of heat, and their elimination of often inefficient 

burners in individual buildings. Thus, they reduce the amount of fossil fuel 

burned. District cooling systems operate in a similar manner. (21)

 

Among the surfactants used for drag reduction, cationic surfactants 

such as, cethyltrimethylammonium chloride (CTAC), CH3(CH2)15N(CH3)3Cl, 

and stearyltri methylammonium chloride (STAC) CH3(CH2)17N(CH3)3Cl, and 

sodium salicylate (NaSal) have been most widely used as the drag–reducing 

additives.  
 

Under the suitable conditions of surfactant/counterion chemical 

structures, ratios, concentrations and temperature, they form rod-like micelles. 

The resulting microstructure imparts viscoelasticity to the solution. The 

microstructure is mechanically degraded when passing through a high shear 

pump such as a centrifugal pump. (21) 
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The disadvantage of this type of additives is that, the surfactant drag 

reducing additives require higher concentration (i.e. 2000 ppm), if it is 

compared with high molecular weight polymeric additives (about 50 ppm) 

this will lead to a higher economic cost. 

 

2.4.2.2 Polymers 

 

The polymeric drag reduction has shown much promise in reducing the 

energy requirement of crude oil and water transport through pipes than other 

types of drag reducing agents. This implies that fluid containing dilute 

polymer solutions, which posses a linear flexible structure and very high 

molecular weight, requires a lower pressure drop than pure solvent to 

maintain the same flow rate in a pipe.  

When polymeric drag reducer is mixed with fluid in a pipeline, it 

changes the flow characteristic and reduces the turbulence. By reducing 

turbulent in the flow, polymer drag reducer directs more energy to moving 

additional fluid through the system. Studies have shown that the number of 

turbulent bursts originating at the pipe wall and strength of turbulent eddies 

are reduced by addition of polymeric drag reducer. It should be emphasized 

that polymeric drag reducer does not work by being absorbed into or coating 

the walls of the pipes, as some have thought, whereas it is dissolved into and 

becomes part of the fluid, not the pipe. 

The performance of polymeric drag reducers in a variety of crude oils 

seems to vary quite substantially, with greatest effectiveness being found in 

the low viscosity crude oils such as Kirkuk crude oil of the Middle East. The 

variability in performance in crude oils is primarily a function of the viscosity 

of the crude, as weak as polymer chemical composition. Since a few amount 

of polymer solution, in part per million is added, Many investigators have 

been used this type of drag reducer for its high economics.  
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A review of polymer types in the literature during the past half century 

with their solvents is illustrated in table 2-1. 

 

Table 2-1 : Review of polymer types in the literature 

Author Solvent used Polymer species Mwt *10-6

Toms, 1948(11) Chlorobenzene PMMA 2.3 

Shover and Merrill, 

1959(24) Water CMC - 

Shin , 1965(25) Water 

Water 

PEO 

PEO 

4.7 

0.6 

Gadd, 1965(26) Water PEO 4 

Elata et.al., 1966(27) Water CGM 0.5 

Pruitt et.al., 1966(28) Water 

0.6 m K2SO4

PEO 

PEO 

0.8 

0.8 

Rodriguez et.al., 

1967(29) Cyclohexane PIB 0.93 

Virk et.al., 1967(30) Water PEO .69 

Hershy & Zakin, 

1967(31)

Cyclohexane 

Benzen 

Toluene 

PIB 

PIB 

PMMA 

0.72 

0.46 

1.5 

Liaw, 1968(32) Benzen 

Toluene 

PEO 

PDMS 

3.1 

10.7 

Whittsitt et.al., 

1968(33) Water GGM 0.22 

Patterson & Florez, 

1969(34) Cyclohexane PIB 0.5 

Seyer & Metzu(35)r Water PAMH 3 

Virk & Baher, 1970(36) Water PAM 4.7 
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Virk, 1971(37) Water PAM 12.5 

Zakin & Hunston, 

1978(38)

Benzene 

Toluene 

MPS 

MPS 

7.1 

4.1 

Marlin D and Jiten , 

1980(39) Kerosene 

TBS 

Poly (tetra butyl 

styrene) 

5.5 

Marlin D and Jiten , 

1980(39)

1,1,1,trichloroe

tethane 

Kerosene 

Kerosene 

Kerosene 

IDMA 

IDMA 

LMA 

2EHA 

20 

20 

14 

15 

Zakin, 1980(40)

Toluene 

Toluene 

Toluene 

7MPS 

4MPS 

2MPS 

7.1 

4.1 

2.4 

Burger, 1980(41) Crude oil 

Diesel 

CDR 

CDR 

- 

- 

Munstedt, 1981(42) Oil 

Oil 

Oppanol B 200 

Oppanol B 100 

4 

2 

Robert & Sellin , 

1983(43)

Water 

Water 

water 

PEO 

PAM 

PAM 

4 

>1 

1 

Backtiyarove, 1983(44) Water PAM >4 

Horn et al, 1985 (45) Crude Oil FLOTM - 

Shao,& Lin, 1993(4)  PAM 4.7 

Emad, 1996(46)

 

Gas oil 

 

Water 

 

CDR 

 

CMC  
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Water 

Water 

XG 

PAM 

 

4.7 

Kim et.al., 2000(47)

Benzene 

Chloroform 

Toluene 

PS 

PS 

PS 

1.54 

 

 

Kim, 2001(48) Water 

Water 

PEO 

Xanthum gum 

5 

 

Choi , 2004(49) Water 

Water 

PEO 

PEO 

4 

5 

Jovonovic et al, 

2005(50) Diesel oil Fortum 25 

Jacqueline Brazin, 

2006(51) Water PEO 8 

 

2.4.3 Parameters Affecting  

 

2.4.3.1 Polymer Concentration 

 The effect of polymer concentration on %DR have been studied by 

Kim(48) at a constant rotational speed, and found that this effect is related to 

two competitive mechanisms. Initially, %DR increases as the concentration 

increases due to an increase in the number of available drag reducers. 

However, as the polymer concentration increases further, the solution 

viscosity drastically increases, leading to a decrease in the turbulent strength, 

i.e., reduction of Reynolds number and an increase in the frictional drag. 

Therefore, one anticipates that there exists a critical concentration at which 

the drag reduction is maximized. The same anticipation was found by Virk(30), 

who demonstrated that the %DR increases initially with increasing 

concentration but tends to a constant, maximum value of %DR at high 
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concentration. To illustrate this point, figure 2-4 shows %DR of PEO as a 

function of polymer concentration at 2040 rpm. 

 
Figure 2-4: %DR of PEO 345 vs. polymer concentration at 2040 rpm and 

25oC. 

 

 Another observation had been found by Sellin(43) where suggested that 

the core–injection of concentrated polymer solutions results in a different type 

of drag reduction than that obtained with dilute homogeneous polymer 

solution. 

 

 In addition, the effect of concentration on %DR is variable according to 

the nature of polymer. The flexible polymer like PEO and PAM, which are 

synthetic polymers, cause maximum drag reduction (≅ 55%) in turbulent pipe 

flow at the concentration of few 10 wppm. On the other hand, rigid 

polysaccharides, from natural resources, like guar gum, xanthan gum, 

carboxymethyl Cellulose, require much higher concentration ≥ 500 wppm to 

cause maximum drag reduction (≅ 45%).(52) 
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2.4.3.2 Type of solvent 

 Polymers are more efficient drag reducer in a good solvent than in a 

poor solvent. The effect of polymer – solvent interactions or the nature of the 

solvent on the extent of drag reduction were studied, by comparing pressure 

drop measurements of solutions of polyisobutylene L-80(PIB) in a good and 

in a poor solvent. Cyclohexane at 25oC is a good solvent for polyisobutylene 

and polymer–solvent contacts, leading to expanded conformations of polymer 

molecules in solution. Benzene at 24oC, is a poor solvent for polyisobutylene. 

It is at the ideal temperature and there is no preference for polymer–solvent 

contacts over polymer–polymer contacts, the molecules in this solution are 

not expanded. Thus, for approximately equal concentrations of the same 

polymer, considerably more drag reduction is obtained when the molecules 

have expanded rather than unexpanded conformations. (31)

 Another work has been done by Conoco. It was found out that lighter 

crude oil causes higher drag reduction than heavier crude, using larger pipes 

at 8 ft/sec, as illustrated in figure 2-5 below. 
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Figure 2-5: Solvent type effect on % DR and % flow increase. 
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2.4.3.3 Type of polymer 

The physical properties of polymer type has a great effect on drag 

reduction phenomena such as molecular weight, polymer structure and 

polymer composition. 

 

- Molecular weight of polymer: 

High molecular weight polymers have been in use for more than 25 years 

in pipelines around the world. This approach to handle pipeline throughput 

problems was developed by a Conoco scientist many years ago. 

Although the original idea was for use as a fracturing fluid additive, the 

high molecular weight polymer in a kerosene-like solvent was subsequently 

identified as an effective friction – reducing agent for crude oil pipelines. 

Additional tests with high performance Conoco Drag Reducer (CDR) has 

shown that product pipelines can also use the product at effective levels of 

treatment with no detrimental effect to the transported product. 

Virk(53) correlated onset of DR with polymer radius of gyration which is a 

function of both polymer molecular weight and polymer-solvent interaction. 

Zakin(40) showed that a minimum molecular weight is required before a 

polymer can effectively reduce drag. The minimum is defined in terms of 

(MC), the critical (Mw), at which chain entanglements becomes important in 

polymer melts. (MC) is unique for each polymer. 

Furthermore, turbulent drag reduction with PEO in a Rotating Disk 

Apparatus (RDA) was investigated with two different molecular weights. A 

higher molecular weight of PEO (Mw = 5*106 g/mol) showed less mechanical 

degradation than that of a lower molecular weight (Mw = 4*106 g/mol) at the 

same concentration as shown in figure 2-6. (49)
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Figure 2-6: Drag reduction efficiency vs. PEO concentrations of two 

molecular weights. 

 

- Polymer structure and composition  

The chemical nature of the polymer is important in terms of its relation 

to other DR parameters. The molecular linkages in the polymer backbone 

affect shear stability, chain flexibility, intermolecular association and 

polymer-solvent interaction, which in turn affect DRE (Drag Reduction 

Effectiveness). Polymer-molecular composition and architecture can be 

tailored to provide desired combination of the above properties. Morgan(54) 

had shown that slight modification of polymer chemical composition can 

dramatically alter drag reduction effectiveness (DRE). 

In the first place, linear, high molecular weight polymers are most 

effective in reducing drag. 

Furthermore, the experiments by Virk & Wagger(55) , in 1990 , showed that 

the initial polymer conformation has large influence on the drag reduction. 

Sasaki(56), found that the drag reduction ability decreases when the polymers 
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become more flexible. Also, Sasaki(56), showed that increasing the elasticity of 

a drag-reducing fluid (by adding a micro-gel to a polymer solution) has an 

adverse effect, rather than an enhancing influence on drag reduction. 

 

2.4.3.4 Diameter of Pipe  

 

 One of the most interesting factors in the study of the drag reducing 

fluid is the question of the “diameter effects”. This term in the turbulent pipe 

flow of drag reducing solutions is the additional dependence of the friction 

coefficient (Cf) on the pipe diameter, which is not fully taken into account by 

the Reynolds number as it is for Newtonian fluids. For practical applications, 

this problem means that it is not possible to predict the Cf on a large diameter 

pipe given the Cf measurements readily made on a small laboratory–scale 

pipe. Evidently, this problem is particularly significant for large system, 

where it is not feasible to perform drag-reducing tests on large pipes, and 

therefore, smaller laboratory pipes need to be used to scale the problem. 

 Several studies have produced satisfactory models and correlations that 

have been partially successful in predicting the Cf for some polymers, 

however, they are usually too computationally involving and cumbersome to 

use. (57)

 Mansour et al(58) had studied the effect of diameter for Iraqi and Saudi 

crude oils, and they concluded that drag reduction increases with increasing 

pipe diameter. This finding agrees with the works of Berman(59), who found 

that in a large pipe, where the persistence time of the strain field as higher, 

DR increased, compared with a smaller pipe size. 

 Robert et al(43) showed that, the small pipe results indicated lower drag 

reduction as compared with large pipes. 
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2.4.4 Applications 

 

The drag reduction effect is extremely interesting from a practical point 

of view. Liquids are mostly transported through pipes and a drag reduction, 

by adding a small amount of polymers, can offer large economic advantages 

and a larger effectiveness of this transportation. The first account of field 

trials was published by Bord, & Rossi in 1971(60). They were concerned with 

the use of drag reducing additives in the pipeline transportation of waxy 

crude, and they found that there are no unexpected side-effects of these 

additives that would militate against their commercial use. 

 Also in 1971 Lescarboura et al(61), published the results of a test run 

with a polymeric drag reducer in a 200 mm diameter crude oil pipeline. The 

test segment was 45 km long. At the normal flow velocity in the 200 mm pipe 

of about 2 m/sec, drag reductions of 16, 21 and 25 % were obtained at 

polymer concentrations of 300, 600 and 1000 ppm. A series of tests were run 

to determine the effect of flow velocity on drag reduction and this was found 

to decrease with the velocity. In none of these tests did the polymer appear to 

degrade or has less effectiveness because of turbulent shear in the pipes. 

The most spectacular success in polymer applications for drag 

reduction has been the use of oil-soluble polymers in the trans-Alaska 

pipeline system. The use of Conoco chemical Co. (CDR) drag reducer has 

proved practical as a temporary replacement for unconstructed pumping 

stations, where as a result the flow rate had been increased by 32,000 m3/day. 

The polymer, in this case, was injected downstream of the pumping stations; 

polymer concentrations were of the order of 10 wppm. (41)  

Another commercial application of CDR was in Kirkuk-Turkish 

Pipeline (ITP1) through 1982-1987. An injection of 15wppm of CDR by 

nitrogen gas to IT1 pipeline, about 3.7*105 BPD flow increment had been 

achieved. Through commercial use and field tests, Conoco had identified 
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many practical pipeline situations in which CDR has been an efficient and 

economical solution to pipeline problems. These are:- 

• Pressure Limitations 

• Seasonal Demand 

• Pump Capacity Limitation 

• Changing Crude Viscosity 

• Offshore Production  

• Emergencies 

• Wax Build-up 

 

In addition to a drag reduction, the polymer also causes a reduction in 

heat transfer, which is advantageous in maintaining low oil viscosity(62). Also, 

in sewerage pipes and storm-water drains polymers have been used to 

increase the flow rates so that the peak loads do not result in overflowing; if 

only relatively infrequent use is required, this can be much cheaper than 

constructing new pipes(43). Another application is the increase in the range and 

coherence of water jets from firefighting hoses, but this idea has not been 

widely exploited.(1)  

 

2.5 Theory  
 

Since the discovery of the drag reduction effect by chemical additives, 

several theories for the phenomena have been proposed. 

The first explanation of polymeric drag reduction was given by 

Oldroyd(63), who offered a wall effect hypothesis for Toms data(11). Oldroyd 

proposed the existence of an abnormally mobile laminar sublayer whose 

thickness was comparable to molecular dimensions and which caused 
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apparent slip at the wall. Toms latter showed that slip at the failed to explain 

his data(64). 

Savins(65) showed that a slip velocity could be calculated from 

experimental results. He also indicated that the anomalous diameter effects 

were so noticeable in Dodge’s CMC data(66), as well as in those of later 

investigators and were qualitatively explained by a slip hypothesis. Astarita’s 

analysis(67) had indicated, however that the wall slip effects were not 

sufficient large to explain the literature. 

Dodge(66) measured friction factors in pseudoplastic solutions. His 

resultant friction factor equation was a generalization of the Nikuaradse’s 

measurements on water as expressed by equation 2-9 

 

  ( ) 4.0Relog0.41 −=f      (2-9) 

 

The friction factor of Dodge resultant, can be expressed as follows:- 

 

( )
( )[ ] ( ) 2.12/1

75.0 /4.0eRlog0.41 nf
nf

n ′−′
′

= −     (2-10) 

 

Equation (2-10), is reduced to equation (2-9) when n′=1.0 

 

In addition to that, Dodge(66) suggested viscoelastic effects as an 

explanation of the failure of his CMC data to fit equation (2-10), and most 

investigators have proffered this hypothesis. (67,68,69,70,65,71))

 

Shaver measured the velocity profile in drag–reducing fluid(72). 

Although his correlation predicts larger values of velocity deficiency in a 

non–Newtonian fluid than in water at any radial position, the conclusion that 
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the profiles are therefore steeper is not warranted. At the same time, it was 

reported that, the velocity profiles in drag reducing fluids compared with 

water or some other Newtonian fluid are not available for data. (68,71)

Another conjecture, discussed first by Shaver and Mirrill(24), is that drag 

reduction may be a result of the non–Newtonian viscosity gradient. Since the 

shear rate is maximum at the tube wall and zero at the tube center, a turbulent 

vortex must encounter an increase in viscosity in a pseadoplastic liquid. 

However, this theory fails to explain the absence of drag reduction in the 

highly shear thinning Canbopol and Attagel solutions of Dodge(66) or the 

presence of drag reduction in dilute (and apparently Newtonian) polymer 

solutions of Toms(37), Hershey(73), and others. 

 

Astarita(67) suggested that turbulence in viscoelastic fluids was less 

dissipative and offered some order of magnitude calculations to support his 

proposal. Hershey and Zakin(73) proposed that turbulence suppression begins 

at a critical Reynolds number which is reached when a characteristic time of 

the flow is of the same order as the longest relaxation time of the polymer 

solution. Using relaxation time estimated from a modification of the theory of 

Zimm(74) and reciprocals of the shear rate at the wall as a measure of the 

characteristic flow time, they obtained good predictions of the start of 

turbulence suppression in their experimental pipe flow data. At about the 

same time Fabula, Lumely, and Taylor(69) offered a similar proposal. Elata et. 

al.(27,75),had used a similar approach. 

Hershey and Zakin(31) suggested that drag reduction in the pipe flow of 

polymer solutions is shown to be of two types which apparently occur by two 

separate mechanisms. In turbulent flow, drag reduction is probably caused by 

viscoelastic effects. The other type of drag reduction occurs when the laminar 

region is extended to high Reynolds numbers. It is followed by a transition 

region and a turbulent region in which the drag is not affected. 
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Gadd(26) reported that weak solution of Polyox and guar gum, shows 

normal stress differences, although they are not shear–thinning and have 

viscosity close to that of water. 

 

Another kind of wall effect was proposed by Elperin et.al. (76). They 

suggested that an adsorbed layer of polymer molecules could exist at the pipe 

wall during flow and this could lower the viscosity, create a slip, damp 

turbulence and prevent any initiation of vortices at the wall. However, from 

later experiments it had become clear that the adsorption of the additives on 

surface could in fact be an experimental artifact, but it cannot be the reason 

for drag reducing effect. 

The structure of turbulence during drag reduction had been studied to 

the extent of a few turbulent intensity profiles and kinetic energy spectra. 

(30,35,77)

Virk et.al. (30) postulated that the onset of drag reduction occurs at a 

well–defined wall shear stress related to the random coiling effective diameter 

of the polymer. Also, it has been experimentally found that a so – called 

maximum drag reduction asymptote exists (Virk et.al. (30). For each Reynolds 

number a lower bond for the friction factor that can be reached exists, 

irrespective of the solvent-additive system that is used. The empirical relation 

for this asymptote, which is also known as “Virk asymptote” is: 
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Figure 2-7: The friction factor as a function of the Reynolds number in a pipe 

flow: possible drag reduction trajectories. 

 

The possible friction behavior of drag reducing polymer solutions in a 

pipe has been sketched as in figure 2-7. The plot contains, the laminar friction 

law (L), the turbulent friction law (T), and Virk asymptote (M). The lines 

denoted by P and P’ show the possible behavior of two specific polymer 

solutions. 

 When increasing Re, the following trajectories are possible: 

L → T →P →M, L → M, L → M → P’. 

The exact positions of the lines P and P’ depend on parameters already listed 

in the previous paragraph. Virk and Wagger(55), in (1990), found that the most 

common trajectories, is L → T → P →M, for an initially coiled conformation. 

However, when the polymers were extended initially, the trajectories were L 

→ M → P’. It means that in the latter case there is no drag reduction onset 

number, but the flow becomes drag reduced as soon as it becomes turbulent. 

 Other studies have used the empirical equation of Virk(30) and Little(78) 

to describe the variation of drag reduction DR with concentration C where 

MDR, the maximum drag reduction, and [C], the intrinsic concentration, are 

 30



empirical constants characteristic of each polymer solvent system and flow 

field. 

 

  
CC

C
MDR
DR

+
=

][
       (2-12) 

 

 In later studies, Lumely(79), had shown that the shortest dynamically 

significant length in turbulent flow, at the onset of drag reduction, is of the 

order of 103 times the size of radius of gyration of the polymer molecules. 

Lumley(79,80) and Landahl(81,82) had proposed a molecular elongation 

phenomena. Such an extension should result in extremely larger elongational 

viscosities which may cause a reduction in the turbulent energy production. 

 Another approach to correlating drag reduction with turbulent bulk 

flow parameters is the time scale hypothesis. Lumely(79) had calculated that 

the characteristic time scale of the turbulent flow field, 2*Uυ , is of the order 

of the molecular relaxation time of a monodesperse polymer sample  

Berman and Gorge(83) investigated the time scale hypothesis 

experimentally in regard to the onset of drag reduction. Their results support 

the contention that the onset of drag reduction is related to a time frame 

interaction of the turbulence with the polymer molecules. Berman and Gorge 

indicated that the relaxation times of polydisperse polymer sample should be 

described by a distribution function rather than a single value. Consequently, 

by increasing the characteristic time of the turbulence, more of the 

distribution of relaxation times should be affected, thus increasing the drag 

reduction. 

 Chorn(84) used the above approach to increase the level of drag 

reduction for a given polymer concentration in a 2 – 6 cm pipe by increasing 

the solvent viscosity and hence the value of 2*Uυ for a given Reynolds 

number. 
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 Ting(85) observed that the onset data for drag reduction shows a 

qualitative correlation between the parameters describing the polymer and the 

flow conditions at onset. 

 Achia et.al. (86) had measured axial and transverse length scales of the 

near wall region and found them to be significantly increasing with drag 

reduction. 

Various approaches to an explanation of drag reduction have been 

taken, such as reduced energy(34), modified transient shear response(87), 

boundary layer thickness(35), and resistance to extensional flow(88). The 

approaches range from purely hypothetical to essentially rearrangement of 

turbulent flow data. However non of them have resulted in a method of 

qualitatively predicting the pressure drop for a given solution from 

fundamental measurable physical properties of these solutions. 

 

 Burger(41) had correlated the drag reduction results in the Trans–Alak 

Pipeline (TAP). The results were obtained by using the CDR drag – reduction 

additive. This additive is a polymerized straight – chain α-olefin monomer of 

one of more pure hydrocarbons above six carbon atoms. It was supplied as a 

10 to 11 % by weight solution in a Sadlerochit crude oil, with 27º API 

gravity. The drag reduction experiments were performed typically at nominal 

polymer concentrations of 5, 10 and 20 wppm, with different pipe diameters, 

1, 2 and 14״. Correlation was based on an extension of a theoretical model of 

turbulent viscoelastic flow presented by Savin and Syer(89). The functional 

form of the model requires a knowledge of the wall shear rate, the friction 

factor, and the additive concentration as independent variables. The 

characteristic time was found to relate to the drag – reduced shear rate, γp, and 

the additive concentration, ϕ, in wppm as follows: 

 

  C
p

b
P a γϕ=Θ         (2-13) 
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where pγ : represents shear rate at polymer additive, and calculated as: 

 

 
υ

γ
2*

p
p

U
=          (2-14) 

 

and : represents the friction or shear velocity and can be obtained as 

follows: 

*
pU

. 

  
ρ
τ wU =*         (2-15) 

 The constant a, b, and c were found by linear regression. 

 

 Burger(41) found that, the time scale hypothesis was to be adequately 

correlating the levels of drag reduction, and concluded that, the drag reduction 

data for specific polymer-solvent systems must be correlated separately due to 

potential differences in the ineractions of the polymer and solvent.  

 Morever, Motier and Priluski(90) have extended the Burger work, and 

through linear regression, have determined the corresponding exponents for 

determining the characteristic time. The correlation is only partly successful 

in predicting performance in the various crude oils. They studied the injecting 

of a polymer solution with relatively high concentration into a pipe flow by 

means of a suitable injection system. Injected polymer solution does not 

quickly mix with the mean flow. Heterogeneous flow conditions are 

maintained over a considerably long distance from the polymer injection 

station. It is well–known that the injection of polymer solution into a turbulent 

pipe flow causes a significant drag reduction. 
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 The examination of the drag reduction phenomena in details with on 

the role of molecular parameters on the onset and flow rate dependence has 

been investigated. In which, the researcher concluded that the experimental 

studies of drag reduction using “nearly monodisperse” polystyrene samples 

and gel penetration chromatography analysis have shown details of the 

relationship between the molecular weight distribution of the polymer and the 

experimentally measured drag reduction onset behavior and flow rate 

dependence.(40)

 

 Robert et. al.(43)  improved the ability to predict the behavior of drag 

reducing polymer additives in industrial applications (Pipelines) and better 

understanding of the scaling laws for such fluid flows was required. Scaling 

of Newtonian fluid had been done by increasing the variables friction 

coefficient Cf to be a function of the flow Reynolds number, Re, rough pipes, 

the relative wall roughness, ε/d. With dilute solutions of drag reducing 

polymers, the additional parameters were added to (1) υpoltD , as a 

dimensionless ratio between the pipe diameter d, the solution viscosity ν, and 

the polymer relaxation time. This variable grouping is regarded as the 

characteristic time of the polymer solvent pipe system. (2), C, is the 

concentration of the polymer in the solution, (3), P, defining the state of the 

polymer species used including the distribution of different molecular weights 

present and its degree of dissolution. All these parameters gave a functional 

relationship for the friction coefficient: 

 

  ⎥⎦
⎤

⎢⎣
⎡= DPCtdfC polf

ευ ,,,Re,      (2-16) 
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 This approach has been demonstrated to be unsatisfactory for drag 

reduction flows. 

 McComb and Rabie(91) observed a thickening of the elastic sublayer, an 

enlargement of integral scale of autocorrelation, a decrease of high–frequency 

energy spectra and an increase of bursting time. The same observations have 

also been reported for the premixed drag reducing flow. The difference in 

turbulence structure between polymer injection and premixed drag–reducing 

system had not been clarified. 

Backiyarove and Oliver(44) studied the effect of using low concentration 

of polymeric drag reducing agents (Polyacrylamide) and concluded that the 

effects of the drag reducing agents used depend greatly on the method of 

solution preparation. These low concentrations are provided on additional 

inside into speculation as the mode of interaction between turbulence in the 

boundary layer and the molecules themselves. 

 Ron Darby et. al. (92) used the generalized friction factor for drag 

reducing polymer solutions of three different concentrations both freshly 

prepared and shear degraded, in a wide range of tube size, then to be reduced 

to the usual friction factor vs solvent Reynolds number correlation for 

Newtonian fluids in smooth tubes. They suggested that, the viscous and 

elastic (time constant) parameter of the solutions which are required for the 

generalized correlation can be obtained directly from a knowledge of the 

apparent viscosity function of the solution. 

 Horn et al(45) investigated the validity of using F10TM polymer in 

high viscous fluid (crude oil), as a drag-reducer. Their experiments were 

performed with a 2״ pipe in the 200 ft long circulating loop system. The 

results showed that, at a Reynolds number of 2370, just into the transition 

region, a 1 % drag reduction was observed. As the Reynolds number 

increased above 2960, the percent drag reduction increased to 25 %. They 

concluded that drag reduction is possible in fluids of high viscosity. Also, 
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high Reynolds number is not a requirement for effective drag reduction, 

which can occur in flow systems that are in fact only partly turbulent.  

 Usui, et. al. (93) studied the injection of concentrated polymer solutions. 

Measurements were made for the radial distribution of fluctuating velocities 

by means of video image analyser. It was suggested that, the wall turbulence 

structure might be controlled by suppressing the large scale turbulent motion 

in the turbulent core region.   

 

 The turbulent intensities and Reynolds stresses were measured in a 

mixing layer and pipe flow by Laser Doppler Anemometer (LDA). The 

results showed that polymer additives do not simply suppress the turbulent 

fluctuation as was expected. The turbulent structures were changed rather 

than suppressed. (4)

 A simple and accurate correlation, DR, vs Ub was proposed, and it 

proved to be successful in correlating the diameter effect problem for some 

polymer and surfactant solutions. (57)

 

 The study of Sreenivaanf and White(94), criticized the scenario that the 

drag reduction comes from the elongational viscosity which is increased 

greatly by “coil stretch” transition under the time criterion. The investigators 

used the elongational viscosity by arguing the “coil stretch” which does not 

occur in turbulent flow. In the mean time, Tabor and de Genne(95), thought 

that the elastic energy stored in polymer molecules causes drag reduction 

(elastic theory). That is, the polymer molecules absorb the small scale 

turbulence energy by prohibiting the turbulent cascade, which results in drag 

reduction. 

 Following that, the kinetic and elastic energy transport equations were 

derived, in order to investigate the effect of elasticity on drag reduction. It 

was shown that the polymer stores the elastic energy from the flow in the 
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sublayer and then releases it again in the sublayer when the relaxation time is 

short (no drag reduction). However, when the relaxation time is long enough 

(drag reduction), the elastic energy is transported to and released in the buffer 

layer. Therefore the drag reduction occurs when the turbulent velocity scale is 

larger than the characteristic velocity scale of the polymer solution. (96)

 After that, L’vov et. al.(97) proposed that the polymer stretching gives 

rise to a self–consistent effective viscosity that increases with the distance 

from the wall. Such a profile reduces the Reynolds stress (i.e. the momentum 

flux to the wall) more than it increases the viscous drag; the result is drag 

reduction. Since polymers tend to stretch in a turbulent flow, thus increasing 

the bulk viscosity, it appears contradictory that they should reduce the drag. 

 Javanovic et. al.(50) had shown a conceptual scenario of the mechanism 

of polymer drag reduction depending on the interaction between a polymer 

and turbulence which is essentially at the molecular level of the former. This 

interaction involves modification of the molecular structure of a polymer by 

turbulent motions in the near–wall region. Figure 2-8 shows a scenario where, 

under very special circumstances, turbulence in the near–wall region forces 

rolled–up chains of a polymer partially to unroll and stretch in the mean flow 

direction. 
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Figure 2-8: Behavior of a polymer in solution at equilibrium (top) and its 

response to stretching by turbulent motions at small scales very 

close to the wall (bottom). Here RH and RF are hydro dynamical 

and Flory radius, respectively. 

 

         (2-17) 

 

 

 

 In the unrolled state, polymer chain dictate characteristic length scales 

associated with the fine structure of turbulence. These scales are elongated in 

the stream wise direction and are therefore strongly anisotropic. In the most 

extreme case, polymer chains from a filament structure with a length – scale 

arrangement which is almost ax symmetric around the axis aligned with the 

mean flow. Hence it is reasonable to assume that the chief mechanism of DR 

is related to the ability of the activated polymer to re – structure turbulence at 
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small scales by forcing them to satisfy constraints imposed by local ax 

symmetry. 

 

 Recently, an experimental investigation of drag reduction using the 

rod-like polymer scleroglucan was completed. Drag reduction of 

approximately 10-15% were obtained. Increasing the additive concentration 

did not increase the drag reduction and shifted the spatial drag reduction 

profile downstream. Decreasing the velocity, or decreasing the Peclet number, 

reduced the drag reduction effectiveness. (98)

 Closing this brief review, it is conducted that the explaining theories for 

drag reduction may be divided into three major categories. In the first place, 

an explanation in which the increase in extensional viscosity for the polymer 

solution is the main ingredient. Second, a theory that stresses the importance 

of anisotropic effect is introduced by the extended polymer molecules. And 

finally, a proposed explanation in which elastic effects is responsible for drag 

reduction. 

 

2.6 Polymer Degradation 
 

 Degradation hampers the practical usage of polymers for turbulent drag 

reduction application. Degradation is a deleterious process, to degrade a 

substance is to impair it in respect to some physical property or to reduce its 

complexity, in which the activation energy of polymer chain scission is 

exceeded by the mechanical action on the polymer chain, thus bond rupture 

occurs. In turbulent flow, molecules undergo scission when fully extended; 

decreasing the polymer chains molecular weight. As previously described, the 

molecular weight of a polymer is a large factor in determining its drag 

reduction efficiency. Scission of molecules therefore decreases their ability to 

reduce the wall shear stress. Gadd(26) was one of the first researchers, who 
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investigated the phenomenon of polymer degradation by using solutions of 

polyethylene oxide. The grade used was Union Carbide ‘Polyx WSR301’, 

with a molecular weight of about 4*106, in addition to guar gum solution with 

a concentration not more than 60 ppm. He supposed that the turbulence 

mechanically breaks up the long ‘Polyx’ molecules so that they lose their 

effectiveness. Another possibility is that the mechanical action renders the 

molecules susceptibility to oxidation. On the other hand, with guar gum 

solution, little or no mechanical degradation seem to occur. Paterson(99) had 

also reported the degradation phenomenon. Referring again to figure 2-9, it is 

apparent that as the value of Reynolds number increases, the polymer 

solutions reach a maximum drag reduction efficiency then begin to approach 

the Prandtl-Karman line, which represents the flow of pure solvent  

 
Figure 2-9: Friction factor plot for drag reduction and degradation of PEO 

MW=5*106 g/mol, in a 6.29 mm ID pipe. 
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 Many mechanical shear degradation experiments have been performed 

under turbulent flow conditions. Zakin and Hunston(38) monitored DR 

efficiency in a capillary tube, which is very sensitive to changes in polymer 

molecular weight at extremely low concentrations. On the other hand, Culter 

et al. (100) pointed out that much of degradation in turbulent flows through 

capillary tubes occurs at the entrance. To reduce the entrance effect, Horn and 

Merrill(101) installed a conical funnel at the entrance of the tube from the feed 

solution reservoir. 

 Using gel permission chromatography, Merill et al(101) were able to 

establish that molecules under scission high probability in the middle of the 

chain. 9*105 MW polystyrene in chloroform was used to measure the MW 

distribution of the polymer before and after the molecules were subjected to 

extensional flow(101). In figure 2-10, two peaks of molecular weights are 

indicated, one at 9*105 g/mol and one at half the molecular weight, 4.5*105 

g/mol.  

 
Figure 2-10: Effect of molecular weight on drag reduction pipe ID 8.46 and 

9.45 mm, PEO 
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 The mechanical degradation of high molecular weight polymers such as 

PEO and PIB under turbulent flow was investigated by various conditions of 

temperature, polymer concentration, and fluid flow rate. Since the long chain 

polymer experiences midpoint degradation, the polymer chains have different 

time dependent resistance. In other words, longer molecules are more 

susceptible to mechanical degradation, accompanying more rapid 

degradation. (5)

 Several correlations between DR efficiency and mechanical 

degradation were published(102,103,104). Brostow and his coworkers have 

developed a model from a statistical mechanical approach(103) and have 

investigated the validity of their model based on computer simulations. The 

drag reduction DR efficiency and mechanical degradation were related to 

macromolecular conformation in solution. The DR efficiency is proportional 

to the molecular weight of the polymers. The drag reduction DR efficiency 

ratio was expressed as: 

 

  ( ) ( ) ( ) 00 MtMDRtDR =       (2-18) 

 

Where  

DR (t); percent drag reduction at time t 

DR0;   percent drag reduction at time 0 

M (t); effective number-average molecular mass at time t 

M0    ; effective number-average molecular mass at time 0 

  

More mechanical degradation was observed in a poor solvent than in a good 

solvent under the same flow conditions(102). A limiting molecular weight M∞ 

can be defined by M∞≡ limt→∞M(t). M∞ becomes smaller in the poor solvent 

than in good solvents for a given polymer. Brostow et al. (102,103) noted that the 

points on the chain where change of direction occurs are more vulnerable to 
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chain scission. Depending on their specific location, some of them might be 

protected from degradation by their surroundings, while others will undergo 

scission during flow. The average number of points per chain of the latter 

kind are denoted by W, and  

 

  
W

MM
+

=∞ 1
0         (2-19) 

 

 Here, W is proportional to the number of breakable sequences having 

two different orientations and changing extended-to-compact or compact-to-

extended conformations. For a polymeric drag reducing agent, W can also be 

related to the drag reducer concentration C, the energy Ud(t) originating from 

turbulence intensity that produces degradation, and the energy E necessary to 

break one bond. (103)

 

  
ECN

UM
W

A

d )(0 ∞=        (2-20) 

 

Where NA is Avogadro’s number.  

By introducing the single exponential model (with h as the decay 

constant), the following relationship could be obtained: (103)

 

  ( ) ( ) ))1(1(10 hteWDRtDR −−+=     (2-21) 

 

 A large value of h indicates fast degradation, and a large value of W 

implies a low shear-stability. Kim(47) adopted the theoretical model for 

molecular degradation proposed by Brostow et al.(103) to their experimental 

data and obtained an excellent fit by using equation 2-21, for monodesperse 

polystyrene polymer. 
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 A single-relaxation decay model was adopted to explain a time-

dependent relative drag reduction efficiency which is related to mechanical 

degradation as given in equation 2-22. The empirical equation associated with 

a slow relaxation time of the polymer solution. (105,106)

 

  ( ) ( ) ( )stDRtDR λ/exp0 −=      (2-22) 

 

 The 1/λs quantifies the loss rate of drag reduction activity on the rate of 

degradation. Despite the successful applicability for this single exponential 

especially in describing short time degradation behavior, it is not difficult to 

conjecture the inadequacy of this model. Recently Choi,(49) has investigated 

the drag reduction efficiency by dilute aqueous solutions of polyethylene 

oxide with two molecular weights in a rotating disk system (RDS) and found 

that equation 2-22 does not fit the experimental data relatively well. 

Therefore, to improve the fitting, a fractional exponential form, often called 

the Kohlrausch, William, and Watt (KWW) function, has been modified from 

the single exponential decay function as shown in Eq. 2-23. This equation has 

been used to describe the second order nonlinear relaxation behavior. 

 

  ( ) ( ) ( ) n
FtDRtDR −−= 1/exp0 λ      (2-23) 

 

 λF, is an observed time scale of the relaxation process and n is a 

functional exponent . The degree of non-exponentially considers the breadth 

of the distribution of relaxation time. Choi, (49) applied equation 2-23 and had 

shown that the relative drag reduction effectiveness was fitted better with 

equation (2-23) than equation (2-22). 
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2.7 Factors affecting the Degradation 
 

2.7.1 Solvent Type 

 

 The type of solvent used to dissolve the polymer is important in 

degradation kinetics. The degree of mechanical degradation has been reported 

to be higher in poor solvents than those in good solvents. (107) 

 

 In a good solvent, the polymer chain prefers interactions with the 

solvent to those with other polymer molecules, thus it extends in solution to 

maximum solvent polymer interaction. In poor solvents, the polymer chain 

coils upon itself to minimize solvent-polymer interaction. Since polymers 

remain more tightly coiled in poor solvents, the subsequence degradation 

under shear stress is lower than that for polymers in good solvents. 
 

 Kim, et al. (47) demonstrated the above phenomenon by examining the 

degradation of polystyrene dissolved in benzene, chloroform and toluene, 

with benzene being the best solvent and toluene being the worst. Figure 2-11, 

shows that polymeric degradation which is much smaller for benzene than for 

toluene, as indicated by molecular weight measurements. Both chloroform 

and toluene show intermediate degradation. 
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Figure 2-11: Change in molecular weight of polystyrene dissolved in various 

solvents undergoing shear stress as a function of time(47)

 

2.7.2 Type of Pump 

 

 Polymers are continuously subjected to deformation, especially in the 

pump, which cause the scission of the polymers and this might dramatically 

occurs when the re-circulation system was used experimental set-up.  

 If a centrifugal pump is used, the higher molecular weight polymer will 

be degraded rapidly due to its exposure to high mechanical shear. Whereas 

using the rotary pumps, especially the type of external gear pump, reduces the 

polymer degradation. In the external gear pump, figure 2-12, intermeshing 

gears rotate with close clearance inside the casing. Liquid interring the section 

line is caught in the spaces between the teeth and the casing and is carried 

around to the top of casing and forced out through the discharge. Thus, the 

effectiveness of high molecular weight polymer as a drag reducer lasts for a 
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longer time. On the other hand, the concentrated additive was injected with 

gear pumps to minimize mechanical degradation. (4)

 

 
Figure 2-12: Gear pump. 

 

 

2.7.3 Mechanical Configuration 

 

 Pipes configuration varies from straight line to inclined line and/or 

right angle and others. The best shape to reduce the degradation of high 

molecular weight polymer is the straight line shape. Therefore the pipeline 

operating system prefers this shape through the pipelining, unless the 

geography of the area obliges them to use other shapes. Figure 2-13 illustrates 

the effectiveness of mechanical configuration on drag reduction. (42)
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Figure 2-13: Effect of mechanical configuration on polymer effectiveness. 

 

2.7.4 Thermal and Radiation  

 

 The effect of the thermal degradation on turbulent drag reduction 

efficiency was studied, for water soluble polyethylene oxide (PEO) with two 

different molecular weights. It was found that the susceptibility of PEO to 

degradation increases dramatically with increasing temperature. Figure 2-14 

shows the effect of temperature on percent drag reduction,(%DR) examined 

with 50 ppm PEO at three different temperatures (25ºC, 40ºC, 60ºC). The 
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initial drag reduction efficiency value was 29.39% at 25ºC, 26.7% at 40ºC and 

25.3% 60ºC, respectively. (49)

 

 
 Time (min) 

Figure 2-14: Effect of temperature on % DR. 

 

 The same effect had been obtained by Kim(48) in his experimental 

investigation for PEO (344) at different temperatures, and was found that the 

%DR of the PEO solution decreases with temperature increase. 

 Radiation had been demonstrated through an experiment. Samples of 

guar gum solution left for three days, out of strong light, gave the same results 

as samples tested with 1hr of mixing, but a sample which had been exposed to 

sunlight over a period of 3 days showed considerable degradation. Evidently, 

the sun light has some action on the guar gum molecules, either a direct 

photochemical one, or by promoting bacterial action. (26)

 

2.7.5 Aging 

 

 All materials are subjected to aging, process of long-term degradation, 

but not at the same rate or affected on the same manner. The wide variation in 

susceptibility (or resistance) of polymers to degradation by aging, depends on 

their chemical composition and structure. 

 Many investigators have studied this field, but recently Javanovic et al. 

(50) prepared a solution of 10 wppm of a FORTUM polymer, mixed with 
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Diesel oil. As shown in figure 2-15, drag reduction decreased fast within the 

first 2 hours. With an additional of 10 wppm polymer a maximum drag 

reduction percent, (%DR) of 70 % could be observed. The effect had 

completely vanished after continuous operation for 7.5% hour. The highest 

value of percent drag reduction, (%DR) with a 5 wppm polymer concentration 

was around 50%. For this concentration of polymer, the effect had 

disappeared 4 hour after the beginning of the measurement.  

 
Figure 2-15: DR for different concentration of FORTUM polymer. 
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CHAPTER THREE 

EXPERIMENTAL WORK  
 

3.1 Materials 
 Light gas-oil and kerosene obtained from AL-Dura Refinery had been 

used in this work as pipelining liquids. Their general characteristics obtained 

from AL-Dura Refinery, are listed in table 3-1. 

 

Table 3-1: Properties of gas oil & kerosene 

Properties Gas-oil Kerosene 

Sp. Gr. at 25ºC 0.811 0.776 

API-gravity 43 50.8 

Flash point, ºC 60 41 

Viscosity at 25ºC (cst) 3.13 1.41 

Color +30 0.5 

Initial boiling pt. ºC 158 150 

End pt. ºC 364 260 

 

 Polyisobutylene (PIB) types Oppanol B150, 200 and 250 were acquired 

from BASF Company, Germany, to be used as drag-reducing additives in this 

work. These polymers covered three different molecular weights of 2.5*106, 

4.1*106 and 5.9*106 g/mole. Their properties are listed in Table 3-2.  
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Table 3-2: Oppanol B types Properties 
 

Oppanol B type 
Properties 

150 200 250 

Consistency 

 
Rubber like Rubber like Rubber like 

Conc. 

g/cm3 0.001 0.001 0.001 
Viscosity of 

solutions in 

isoocatan at 

20 oC 

Staudinger 

Index (Jo) 
416-479 551-661 > 770 

Volatile matter 

(105 oC, to h) wt % 
0.01 0.01 0.005 

Glass Temperature 

(oC) 
-61 -61 - 

Weight average Mw 

(GPC) 
2,500,000 4,100,00 > 5,900,00 

Viscosity average 

(Mv(1)) 
2,600,000 4,000,00 > 5,900,00 

Stabilizer content 

(ppm) 
250-500 250-500 250-500 

Ash content 

(ppm) 
<100 <100 <100 

Area of application 

 

Sealants, 

adhesives, 

anti-misting 

Drag reduction 

oil spills 

Drag reduction 

oil spills 
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3.2 Preparation of polymeric solutions 
 

 Reformate, supplied from AL- Dura Refinery, was used to dissolve the 

three Oppanol B polymer types. This solvent has high ability of dissolving high 

molecular weight PIB in comparison with other locally available petroleum 

products. Its general characteristics are, about 58ºAPI gravity at 25ºC, Initial 

boiling point 40ºC, End point about 186ºC and an octane number of 91 by 

research method. 

 The method of solution preparation adapted in this study was to make 2% 

by weight concentration in a separate container. Thus, 10 gram of corresponding 

Oppanol type was placed in a one liter conical flask and mixed with 650 ml of 

reformate under laboratory temperature. The container was placed in an 

electrical shaker, at 100 rpm. The shaker was used instead of stirring device to 

avoid polymer molecular degradation; hence the shaker has no sharp edge that 

could expose the polymers to high shear force. The shaker was started at 40 rpm 

and increased by 10 rpm after every 24 hours. A homogenous solution was 

obtained, after 2 days for Oppanol B 150, 3 days for 200 and 5 days for 250 

types. The solution was allowed to stand at least 24 hours at room temperature 

prior to its use as drag reducer, in a re-circulation closed loop system. 

 

3.3 Circulation Closed Loop System  
 

3.3.1 Determination of the entrance length  

 The boundary layer forms in the inlet of the pipe and grows in thickness 

until it fills the flow area, or until it extends to the center of the pipe. The 

velocity profile will not change downstream beyond this point, and the flow is 

said to be fully developed. A considerable distance is required for the velocity 
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profile to develop from the fairly uniform velocity distribution at the pipe 

entrance. This region where the velocity profile is developing is known as the 

entrance length, which depends on the pipe diameter.  

 The following different relationships are suggested to calculate the 

minimum entrance length for turbulent flow: 

 Cebci (108)

( )( )
20

Re dle =          (3-1) 

 Brodkey (109)

( ) (dle 25.0Re693.0= )       (3-2) 

 Desissler (110)

( )dle 50=          (3-3) 

 

 Therefore the entrance length for the present work, based on Eq.(3-3), 

according to the pipe diameter is given in table (3-3). 

 

Table 3-3: Entrance length for the used pipes  

 D (m) ( )mle  

1 0.019 0.95 

2 0.0254 1.27 

3 0.03175 1.5875 

4 0.0508 2.54 

 

 The design of the experimental set up was carried out by using pipe 

diameters, 0.019, 0.0254, 0.3175 and 0.0508 m. 

3.3.2 Design and Constitution 
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 A closed circulation loop system was designed to ensure studying the 

effects of some important factors in polymer effectiveness towards drag-

reduction, such as polymer concentration, pipe diameter, test section, flow rate as 

well as the pipe configuration. 

 In designing the re-circulatory pipe flow system, the following 

considerations were taken into account:- 

•The availability of tools and necessary instruments such as pump, pipes and 

measuring devices.  

•Avoiding the use measuring devices that cause a high mechanical shear in the 

flow 

•The availability to obtain a high flow rate in the circulation loop (Re>4000) 

•Taking into consideration that the closed loop system can be easily operated 

with accurate control on the parts of rig. 

 The circulation loop system as shown in figure (3-1) constitutes the 

following major parts, which were supplied from local marketing. 

1- Reservoir (item No.1): Considered as a feed tank of the solvent for the 

whole loop, with the dimensions (100*70*70cm) and capacity of 0.49 m3. 

The reservoir is made of galvanized metal. Its temperature is controlled by 

a thermometer.   

2- External gear pump (item No.2): The gear pump type has the 

specifications, 50.8 mm diameter, rating speed 1440rpm, total head 6m 

and motor:3 phase, 11.6A, 5.5kw. This type of pump was used to avoid 

polymer mechanical degradation and thus reduces the drag-reducing 

capability.  

3- By-pass (item No.3): A by-pass tube of about 2m length and 50.8 mm 

diameter was installed to control and adjust the desired flow rate. 
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4- Float flow meter (item No.4): of a diameter 50.8mm and flow indication 

range (0.6-6m3/hr). 

5- Pipes: Four seamless carbon steel pipes of various inside diameters (50.8, 

31.75, 25.4 and 19.05mm) were used to perform the flow measurements. 

6- Test Section (item No.5): Three pressure tappings on each pipe (1.5 mm 

ID) are located in the downstream and upstream of the test section. The 

test Sections are 2 and 3m long and they were placed away from the 

entrance according to the pipe diameter as shown in table (3-2). The 

reason to do this is to restrict the measurement in the fully developed 

region. No bent or joint or gauge pressure or any connection exists in the 

test section to minimize the stresses outside the sections. 

7- Recycling Pipe (item No.9): To return the liquids to reservoir. 

8- Accessories: 

I. U-tube manometers and an inverted manometer (item No.6): To measure 

the pressure drop between two points. It consists of glass tube of (8mm 

diameter). The U-tube manometers filled of mercury are used for moderate 

flow rate, and the inverted one is used for high flow rates.  

II. Ball type valves (item No.7): Can be opened and closed in one quarter of a 

turn only, in order to control the flow in the pipes. 

III. Gauge pressure (item No.8): Two gauge pressures were installed before and 

after the test sections.  
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Figure 3-2: Experimental rig showing closed loop circulation system  

 
Figure 3-4: Experimental rig showing storage tank and piping system  
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3.3.3 Construction 

 

At the beginning of constructing the piping the system reservoir was 

raised above the ground by 35cm for drainage purposes, and then connected to a 

gear pump, which was connected to a flow meter and a by-pass line. The pipes 

were connected after being arranged into equal length sections. After that, all the 

parts were connected to each other by suitable joints. 
  

The installation of the system was based upon dividing it into parts 

connected by joints in order to treat any leak that might occur at the beginning of 

the operating procedure without having to disassemble the all parts of the system. 

 Three U-tube manometers were fixed and connected to the pressure 

tapings fitted in the pipes by using a 5mm rubber tubes. The fitting of pressure 

tapings in the pipes needed accuracy and careful handling. Furthermore, the 

following points were taken into consideration. 

• Pressure tapings were made of brass with dimensions of 1.5mm ID, 6mm 

OD and 20mm length. 

• Pressure tapings were fitted to the pipes with a depth exactly equal to the 

thickness of the pipe, in order to avoid mechanical shear that might occur 

in the solvent flow. 
 

After connecting and assembling all parts, the re-circulatory pipe flow was 

cleaned by circulating gas-oil for 2 hours. Some leaks were noticed due to high 

pressure at high flow rates especially in small pipes and were treated by 

tightening the joints for several times until the leak was completely eliminated. 
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3.3.4 Flow Meter Calibration 

 

A 50 liter capacity tank was used to calibrate the float flow meter. The 

tank was filled with gas-oil and the time of filling was recorded by stopwatch. 

The results of calibration are shown in figure (3-4)  

 

 

 

 

 

 

 

 

 

 

Figure 3-5: Flow meter calibration. 
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As shown in figure (3-4) the measured and actual data are identical. 

Therefore the measurements were taken directly from flow meter. 

 

3.4 Experimental Procedure 
The following steps were performed in each experiment. 

1- The reservoir was filled with 125-140 liter of corresponding fluid gas-oil 

or kerosene. 

2- In order to guarantee a homogeneous mixture it was decided to prepare it 

outside the installation. The required amount of concentrated oppanol B 

solution was mixed with 900ml solvent, gas-oil or kerosene. This mixture 
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was stirred slowly by a shaker for 24 hours prior to use. Since the polymer 

is sensitive to mechanical straining, all these steps were performed very 

carefully and slowly. 

3- To avoid any error in manometers readings, bubbles were allowed to flow 

away by controlling the pressure tapings 

4- The prepared solution of polymer mentioned in step 2 was added to the 

reservoir accurately. 

5- The external gear pump had been operated after ensuring that the fluid is 

allowed to flow through only one of the four pipes by closing the other 

valves. 

6- After 15-20 minutes circulation, the reading of the manometers was 

recorded. 

7- Flow rate was controlled and changed in the test section by controlling 

valves 1 and 2. 

8- Steps (2-7) were repeated upon any change in concentration, flow rate, 

molecular weight and pipe diameter. 

9- For degradation experiments purposes, steps (2-7) were repeated and 

manometers reading was taken every 15-20 minutes until the effectiveness 

of polymeric additive became noticeable  

 

3.5 Experimental Calculations 
 

3.5.1 Velocity and Reynolds number Calculations 

 The average velocity and flow rate of the fluid flow were measured as 

follows: 
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 The flow rate was read directly from the float flow meter in (m3/hr), and 

the volumetric average velocity for each pipe was calculated by dividing the 

volumetric flow rate by the flow area( A):- 

 

3600
4

2D

Q
A
Qu π==         (3-4) 

 Where: u in m/sec, Q in m3/hr and  D in m 

 The Reynolds number was calculated by using equation 2-1 with kinematic 

viscosity of flowing liquid, for each run as follows 

υ
uD

=Re          (2-1) 

 Where ν is in m2/sec and 
ρ
μυ =         (3-5) 

 

3.5.2 Frictional pressure drop 

 

The loss of head in mmHg (∆h) was measured by U-tube manometer. (∆h) 

represent the drop between the upstream and downstream points in the test 

section and it was converted to Pascal unit (∆hreaded×1.01325×105Pa/760mmHg). 

The frictional pressure drop can be found as follows:-  

L
D

u
hf

2

1
2

3.133*
ρ

Δ
=        (3-6) 

 Where f; fanning friction factor= 4×skin friction factor 
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3.5.3 Percentage drag-reduction calculations 

 

The effectiveness of a drag-reducer is expressed in terms of percent drag-

reduction. At a given flow rate, the percent drag-reduction is calculated from the 

following equation:- 

100
)(

)()(% ×
Δ

Δ−Δ
=

untreated

treateduntreated

p
ppDR      (3-7) 

(∆p) untreated=frictional pressure drop in the pipe without a polymer. 

(∆p) treated=frictional pressure drop in the pipe when the polymer is added to the 

fluid. 

 

3.5.4 Percent Throughput Increase  

 

The relationship between percent drag-reduction and percent throughput 

increase (%FI) can be estimated using the following equation :- (63) 
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 Where %DR is obtained from equation (3-7). The throughput increase 

equation (3-8) gives the amount of flow increase which is available in a given 

pipeline if all of the drag-reduction is converted to flow increase. 
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CHAPTER FOUR 

RESULTS AND DISSCUSION 

 
Part One 

 

4.1 Laboratory Screening Apparatus 

 
A laboratory circulation closed loop system was designed and constructed 

to investigate the effectiveness of various drag-reducing additives in petroleum 

fractions under turbulent pipe flow. Since turbulent flow is necessary for drag 

reduction to occur, the system was designed for high Reynolds numbers. The 

turbulent flow was produced by positive displacement Gear-pump to avoid 

mechanical degradation of the high molecular weight polymers. The gear pump 

was chosen to pump such flammable hydrocarbons. 

 

The flow system consists of four pipes of different diameters, 19.05, 25.4, 

31.75 and 50.80 mm, to investigate the effect of diameter in addition to flow rate 

on drag-reduction effectiveness. Since, the Reynolds number and velocity of 

flowing liquids depend on pipe diameters, it was possible to vary the flow rates, 

from 2.8 to 6.0m3/hr, hence different values of Reynolds number and velocities 

were obtained, as shown in table 4-1. The maximum achieved Reynolds numbers 

are 11568, 18509, 23137 and 30849 for pipes of inside diameters 50.8, 31.75, 

25.4 and 19.05mm respectively under the experimental conditions, as discussed 

in part 4.2.3. 
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Table 4-1: Ranges of Reynolds number and velocity at minimum and maximum 

flow rates 

I.D pipe (mm) Min Re Max Re Min u (m/s) Max u (m/s) 

19.05 14396.076 30,849 2.7302091 5.8504481 

25.4 10797.057 23,137 1.5357426 3.2908771 

31.75 8637.6455 18,509 0.9828753 2.1061613 

50.8 6555.356 11,568 0.4662076 0.8227193 

 

Two test sections of 2 and 3m were performed on each pipe to investigate 

the performance of additives. A mechanical diagram of the flow loop is shown in 

figure 3-1. 

Experiments of effectiveness of drag-reducing agents were carried out in 

circulating manner during 10 minute to minimize the mechanical degradation of 

polymer additives. Prior to the test, the concentrated polymer solution was mixed 

with petroleum fraction in the reservoir to get homogeneous fluid. Typically 

0.25-1.25 hour mixing time was used depending on the polymer concentrations 

(10-50wppm) added and pipe diameters used. While, for degradation 

experiments, a circulation flow mode was used. 

Calibration of laboratory test loop for each pipeline was performed with 

untreated solvent prior to testing the drag-reduction additives. Figures 4-1 and 4-

2 show the calibration pressure drops data for gas oil, using four pipes, while 

figure 4-3 gives the data for kerosene in one considered pipe, 19.05, 25.4, 31.75 

and50.8 mm. As illustrated in figures 4-1, 4-2 and 4-3, gradual increase of 

pressure drop was observed with increasing the bulk velocity. 31.75 mm pipeline 

showed higher pressure drop than that for 25.4 mm pipe at given velocities. 

Percentage drag-reduction was calculated based on pressure drop data as given in 

equation 3-7. 
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Figure 4-1: Laboratory test loop calibration data for Gas oil. 
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Figure 4-2: Laboratory test loop calibration data for Gas oil. 
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Figure 4-3: Laboratory test loop calibration data for Kerosene  

 

4.2 Effectiveness  
 

4.2.1 Concentration Dependence  

 

 Drag-reduction efficiency of polyisobutylene, type oppanol B 250, 

dissolved in reformate had been studied in gas oil turbulent flow as a function of 

polymer concentration. This concentration ranged from 10 up to 50wppm which 

might have been economically feasible for commercial applications(41). Within 

the concentrations used, Newtonian behavior was observed for all polymer 

solutions. Higher concentrations could lead to Non-Newtonian fluids, which 

have different behavior, as pseudoplastic or dilatent.  
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Figures 4-4 through 4-7 show that percentage drag-reduction increases 

gradually as polymer concentration increases for all pipe sizes. This phenomenon 

can be explained by the elastic-sublayer model theory of Virk(30). This sublayer 

starts to grow with increasing additive concentrations, due to an increase in the 

number of available polymer molecules. The trend of percentage drag reduction 

increase with concentration increase is about the same for all flow rates and pipe 

diameters studied as shown in figures 4-4 through 4-7. 
 

The maximum percentage drag-reduction about 21 %, was achieved in 

31.75 mm I.D pipe diameter at 50wppm and Reynolds number equal to 18509.3, 

while this maximum was about 13% for 50.8 mm I.D pipe at 11568.3 Reynolds 

number. 

The increase in the throughput, %TI which is more practical term than 

drag reduction percentage for a given pipeline, can be estimated using the 

following equation:-  
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Equation 3-8 assumes that the pressure drop for both treated and untreated 

fluids is proportional to flow rate rise. 

Figure 4-8 summarizes the effect of polymer concentration on percentage 

throughput increase at different flow rates in a 31.75 mm I.D pipe. A noticeable 

increase in the pumpability of gas oil was achieved, which is caused by addition 

of small amounts of oppanol B 250 to the fluid. Polymer concentration effect is 

initial for increasing flow rate capacity. Therefore, 3.0 % TI was achieved by the 
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addition of 10 wppm polymer, while this increase is about 13.8 % when 50wppm 

is added at Reynolds number equals to 17275, as shown from figure 4-8. 
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Figure 4-4: Effect of concentration on percent drag reduction for oppanol 250 

through 19.05mm I.D pipe. 
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Figure 4-5: Effect of concentration on percent drag reduction for oppanol 250 

through 25.4mm I.D pipe. 
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Figure 4-6: Effect of concentration on percent drag reduction for oppanol 250 

through 31.75 mm I.D pipe. 
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Figure 4-7: Effect of concentration on percent drag reduction for oppanol 250 

through 50.80 mm I.D pipe. 
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Figure 4-8: Throughput increase (%TI) as a function of polymer concentration 

in a 31.75 mm I.D pipe. 

 

4.2.2 Effect of Reynolds number 

 

 It is well-known, that the drag-reduction phenomenon works in turbulent 

flow(27,31).Therefore the degree of turbulence has a predominant effect on its 

effectiveness, as shown in figures 4-4 to 4-7. Different flow rates were chosen to 

study the effect of turbulency on drag-reduction effectiveness of polyisobutylene, 

type oppanol B 250.  

 

 The use of Reynolds number based on the solvent viscosity provides a 

direct indication of the degree of drag-reduction, which is defined as a reduction 

in pressure drop due to the same flow rate, i.e., the same solvent Reynolds 

number. Figures 4-9 and 4-10 show the variation of drag-reduction with 

 71



Reynolds number for gas oil flowing into two different inside pipe diameters for 

a 10 and 50wppm polymer concentrations respectively. Figure 4-10 shows that 

the percentage drag-reduction increases with Reynolds number increase (flow 

rate increase) for fixed pipe diameter. This behavior agrees with Berman and his 

workers(82,83), who reported, that an increase in Reynolds number leads to an 

increase in the strain rate and a decrease in the time scale. Then the elongation 

reaches a constant level for a given solution and pipe diameters when no other 

limits are present. Moreover, these polymer threads have a high viscoelasticity 

and they may cause on interaction with turbulent eddies and consequently, a 

remarkable drag-reduction was observed. It is fair to say, that this effect is not 

well clear in figure 4-9, because of low polymer concentration. 
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Figure 4-9: Effect of Reynolds number on percentage drag reduction for 10 

wppm oppanol B 250. 
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Figure 4-10: Effect of Reynolds number on percentage drag reduction for 50 

wppm oppanol B 250. 

 

 Further observation of the effect of Reynolds number on percentage drag-

reduction is illustrated in figures 4-4 up to 4-7 for different polymer 

concentrations. 

 

The combined effect of concentration and Reynolds number on percent 

drag reduction have been illustrated in three dimension plots. For more 

elaboration, figures 4-11 and 4-12 are plotted for this purpose, which represent 

the extension of overlapping the two effects on percent drag reduction.  
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Figure 4-11: Effect of concentration and Reynolds number on percent drag 

reduction for Oppanol 250 in 19.05 ID pipe diameter 

 

 
Figure 4-12: Effect of concentration and Reynolds number on percent drag 

reduction for Oppanol 250 in 31.75 ID pipe diameter 
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 It is clearly observed, that both higher concentrations and Reynolds 

number enhanced the drag-reduction as expected. As an example; 20.7% drag–

reduction was obtained for 16500 Reynolds number and 50wppm as shown in 

figure 4-12. 

 

4.2.3 Effect of Pipe Diameter 

 

It is well known that the drag-reduction effectiveness of polymeric 

additives is influenced largely by pipe diameters(43, 92, 111) ; whereas a satisfactory 

quantitative explanation of this is still lacking(92). Therefore, it is interesting to 

study the effect of pipe diameters on achieved drag-reduction. Four nominal 

diameters, 19.05, 25.4, 31.75 and 50.8mm were chosen to explain such 

dependence, using polyisobutylene type oppanol B 250, as polymeric additive. 

 

Figures 4-13, 4-14 and 4-15 illustrate the dependence of diameter on percentage 

drag-reduction for pipes with I.D 19.05, 25.4and 31.75mm at optimum 

(6.0m3/hr), moderate (4.8 m3/hr) and lower (3.4 m3/hr) flow rates. Figure 4-16 

shows the results for the large pipe, with I.D 50.8mm, at different flow rates. 

Therefore the maximum drag-reduction achieved are, 8.2, 13.6 and 20.7 % for 

pipe diameters, 19.05, 25.4 and 31.75mm respectively, at flow rate 6.0 m3/hr and 

50wppm concentration. That means the percentage drag-reduction increases with 

pipe diameter increase within the mentioned diameters. Those, are in agreement 

with the observations of Elson and Garside(111), Robert et al(43), Mansour 

Asward(58), and Berman(59) for diameter dependence in this manner. 

 

 The results of large diameter pipe, (50.8mm) are shown in figure 4-16 for 

different flow rates. The maximum percentage drag-reduction obtained in this 
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pipe is 16.7% at 6.0m3/hr flow rate and 50wppm polymeric concentration. The 

decrease of maximum percentage drag-reduction in the 50.8mm pipe, as 

compared with 31.75mm pipe is due to the decrease in velocity of the former one, 

which gives lower turbulency. Since the flow velocity depends on pipe diameter 

therefore, the velocities at 6.0m3/hr are 2.1 and 0.82 m/sec for 31.75 and 50.8mm 

pipes respectively. 

 

 The increase in drag reduction with increasing pipe diameter is attributed 

to the fact that, a better media will be convenient by increasing the pipe diameter 

at a given flow rate, for polymer ability to deform and absorb energy of turbulent 

eddies, which will enhance the drag reduction effectiveness. 
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Figure 4-13: Effect of pipe diameter on percent drag reduction for 6 m3/hr flow 

rate. 
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Figure 4-14: Effect of pipe diameter on percent drag reduction for 4.8 m3/hr 

flow rate  
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Figure 4-15: Effect of pipe diameter on percent drag reduction for 3.4 m3/hr 

flow rate. 
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Figure 4-16: Percent drag-reduction (%DR) as a function of flow rate at 

different polymer concentration for 50.8 mm pipe diameter. 

 

4.2.4 Entrance Length, le and Test Section 

 
 The boundary layer forms in the inlet of a pipe and grows in thickness 

until it becomes fully developed. As it was explained in previous chapter, the 

pressure drop measurements should be obtained in the fully developed region 

depending upon the entrance length that might be used. In this work, two 

different entrance lengths have been taken for each pipe in order to manifest the 

effect of entrance length on percent drag reduction. However, figures 4-17, 4-18 

and 4-19 illustrate this effect at different additive concentrations and different 

flow rates for, 25.4, 31.75 and 50.8 mm I.D pipe diameters respectively. As 
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shown in these figures, the lower /D gives low percent drag reduction, with test 

section 3m long, on the other hand, the higher le /D gives higher values of 

percent drag reduction with test section 2m long. This refers to the fact that at 

low /D ratio, the flow will not be fully developed, whereas with high ratio of 

/D, the flow will reach fully development, in which more homogeneity would 

occur between the fluid and polymer molecules. Table 4-2 lists the entrance 

length for each pipe with appropriate test sections and their effects on percent 

drag reduction at 50wppm polymer additives. 

le

le

le

 

Table 4-2: le/D and Ts dimensions with % DR at 50wppm 

I.D (mm) le /D Ratio 
Test Section 

(m) 

% DR at 

Q=6.0 m3/hr 

% DR at 

Q=3.4 m3/hr

25.4 >95 3 10.9 7.1 

25.4 >135 2 13.6 9.1 

31.75 >75 3 18.7 12.2 

31.75 >100 2 20.6 12 

50.8 >50 3 12.4 7.1 

50.8 >65 2 16.4 5.9 

 

For 50wppm concentration table 4-2 gives 2-3% more for larger entrance 

length at highest flow rate, 6.0 m3/hr. while for lower flow rates the entrance 

length has a lower effect on percentage drag-reduction values. Those at 3.4 m3/hr, 

there is lower than 1% difference in the obtained percentage drag-reduction. 

Moreover, at low concentrations no effect of entrance length was observed. 

Those can be attributed to the fact that, at low flow rates (low turbulence) the 

behavior of drag-reducer agents is less effective, mainly at low concentrations, 

since turbulent flow is necessary for drag-reduction to occur. Therefore, the 
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entrance length has little or no influence on the achieved percentage drag 

reduction as shown in figures 4-17 to 4-19. 
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Figure 4-17: Effect of entrance length on percent drag reduction for 25.4 mm 

I.D pipe  
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Figure 4-18: Effect of entrance length on percent drag reduction for 31.75 mm 

I.D pipe  
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Figure 4-19: Effect of entrance length on percent drag reduction for 50.8 mm 

I.D pipe 
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4.2.5 Effect of Solvent Type 

 

It is well known, that the viscosity and density of liquids have 

predominate effect on their flowing capacity. Therefore, kerosene was chosen in 

the present investigation to compare its ability for turbulent drag-reduction in 

presence of polymers with gas oil data at similar conditions. The comparison 

was taken in a 31.75mm and 100 le /D ratio, as shown in figure 4-20. The results 

show that at low concentrations (about 10wppm) there was no effect of solvent 

type on percentage drag-reduction. This refers to the poor interaction between 

polymer and solvent at low concentrations. Whereas at high concentrations 

(greater than 30wppm), kerosene gave higher percentage drag-reduction 

compared with gas oil data. The reason of contrast between two types of solvent, 

is that, in a low viscosity liquid represented by kerosene, the polymer molecule 

tends to exclude all others from the volume which it occupies. This lead to more 

media will be occupied for polymer in good solvent as effective drag reducer. 

Table 4-3 summarizes the percent drag reduction for kerosene and gas oil at 

three concentrations and different flow rates for 31.75mm I.D pipe.  

 

 The effect of solvent is more dominate for high concentrations and high 

flow rates, that give usually suitable condition for drag-reduction phenomenon.  
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Table 4-3: comparison between kerosene and gas oil for %DR data 

Solvent type Conc. (wppm) Flow rate (m3/hr) % DR 

Kerosene 10 2.8 2.4 

Gas oil 10 2.8 2.2 

Kerosene 30 2.8 7.2 

Gas oil 30 2.8 6.6 

Kerosene 50 2.8 11.6 

Gas oil 50 2.8 9.0 

Kerosene 10 6.0 5.6 

Gas oil 10 6.0 5.9 

Kerosene 30 6.0 13.8 

Gas oil 30 6.0 13.5 

Kerosene 50 6.0 23.9 

Gas oil 50 6.0 20.6 
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Figure 4-20: Effect of solvent type on % DR at various concentration and flow 

rate. 

 

4.3 Friction Factor  
 

 The drag-reduction properties of solutions could be explained as the 

fanning friction factor versus solvent Reynolds number. The use of Reynolds 

number based on the solvent viscosity and pipe diameter provides a direct 

indication of the degree of drag-reduction. The friction factor was calculated 

from the experimental data based on pressure drop measurements, as in equation 

3-6. 

 The effect of polymer additives with different concentrations on friction 

factor as function of Reynolds number are plotted in Figures 4-21 to 4-23 for 

19.05, 25.4 and 31.75mm I.D pipes respectively. These figures, show that for 

untreated solvent friction factor values lies near Blasuis asymptote, while by 
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adding a minute amounts of polymer into the flow, the friction factor values 

were positioned below Blasius asymptote towards the maximum drag reduction 

region which is represented by “Virk asymptote”. This effect is rapidly appeared 

in the nominal pipes sizes of 31.75mm I.D, followed by 25.4mm I.D, as shown 

in figures 4-23 and 4-22 respectively. 
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Figure 4-21: Effect of polymer additives with different concentration on friction 

factor as function of Re for 19.05 mm pipe diameter. 
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Figure 4-22: Effect of polymer additives with different concentration on friction 

factor as function of Re for 25.4 mm pipe diameter. 
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Figure 4-23: Effect of polymer additives with different concentration on friction 
factor as function of Re for 31.75 mm pipe diameter. 
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An attempt was made to correlate the fanning friction factor as a function 

of Reynolds number, for the considered polymer concentrations and pipe 

diameters. The friction factor was calculated as follows: 
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hf
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3.133*
ρ

Δ
=        (3-6) 

 

 The friction factor is usually correlated as a function of Reynolds number 

as shown in the following formula 

 

( )baf Re= .         (4-1) 

 

In accordance with the above formula and by using appropriate software 

program as illustrated in Appendix C, the constants a, b had been found. 

Therefore, the formula becomes: 

 

( ) 44.0Re42.0 −=f         (4-2) 

 

The correlation results for friction factor calculation by equation (4-2) are 

illustrated in table (C-1) for different pipe diameters, concentrations, Reynolds 

numbers and entrance lengths.  

 

The calculated results give a good agreement with the friction factor obtained 

experimentally and calculated by equation (3-6) with overall average absolute 

percent error of about 10.4% for 366 runs. 
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Illustration 4–1: Friction Factor Prediction 

 

4.4 Correlation of Drag Reduction Results  
  

 In order to predict the expected levels of drag reduction in the 19.05 

through 50.8mm I.D pipe diameter experiments, the time scale techniques were 

investigated. Many investigators had used this approach. Berman and George(83) 

investigated the time scale hypothesis experimentally with regard to the onset of 

drag reduction. Their results support the contention that the onset of drag 

reduction is related to a time frame interaction of the turbulence with polymer 

molecules. Berman and George indicated that the relaxation time of a 

polydisperse polymer sample should be described by a distribution function 

rather than a single value. Consequently, by increasing the characteristic time of 

the turbulence, more of the distribution of relaxation times would be affected, 
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thus increasing the drag reduction. Chorn(84) used this approach to increase the 

level of drag reduction for a given polymer concentration in a 26.0mm pipe by 

increasing the solvent viscosity and hence the value of ν/u*2 for a given 

Reynolds number. 

 

 Burger(41) had found that the drag reduction data accumulated with CDR 

drag reducer is Sadlerochit crude which have been correlated well with two 

parameters describing the flow in pipeline. The Burger correlation had been 

based on a model of turbulent viscoelastic flow presented by Savins and Seyer(89) 

for finding the value of drag ratio.  

 

 The extension of Berger on the characteristic time was found to relate to 

the drag reduced shear rate, γp, and the additive concentration, φ, in wppm as 

expressed by Burger in the following equation:- 

 
c

p
b

p a γϕ=Θ        (2-13)  

 

Where γp represents shear rate at polymer additive=(up
*2 /υ) from equation 

(2-14). 

The constants a, b and c were found by linear regression to be .0515, 0.489 and   

-0.579 respectively. 

 Further attempted had been made by Motier(90) to extend the Burger work, 

through linear regression, in order to find the corresponding exponents for 

determining the characteristic time. No results have been mentioned in the 

Motier study to extend the Burger work 

 89



 In the present study, the drag reduction results have been correlated based 

on the time scale hypothesis. The experimental data was fitted with equation     

2-13 and found to have a good agreement with this time scale approach. The 

correlation coefficient of about 0.98914 has been obtained by using a suitable 

software computer program as shown in illustration (4-2) (Microsoft Excel). The 

values of constants a, b and c were found to be 0.48839, 0.2107 and -1.0 

respectively. The results of the mentioned program can be found in Appendix E.  

 

 
Illustration 4–2: Time scale, ΘP  Correlation  

 

Figure 4-24 summarizes the comparison of the measured values of Θp with 

those calculated by equation (2-13), showing a good agreement. 
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Based on this acceptability between measured and predicted values of time 

scale Θp, the percent drag reduction has been correlated with flow conditions, 

polymer concentration and shear rate. The predicted formula of percent drag 

reduction is expressed as follows:- 

 

( ) ( ) ( ) 111

1% d
p

cbaDR γϕγ °=        (4-3) 

 

 where, °γ , pγ  from equation 2-14  

 

The constants of equation (4-3) are summarized in table 4-4. 
 

Table 4-4: Constants values of Eq. (4-3) 

a1 b1 c1 d1

1.91699 9.9547 .2134 -9.9886 

 

The correlation coefficient of equation (4-3) was found to be 0.942749 by using 

the Microsoft Excel program. 

Illustration (4-3) demonstrate the starting section of the excel program. 

Appendix E represents the results of the predicted formula of percent drag 

reduction. 

Figure 4-25 summarizes the comparison of measured and predicted results 

from equation (4-3) as percent drag reduction for each experiment. These 

experiments represent concentration of 10 to 50wppm, I.D. pipes of 19.05 to 

50.8mm; volumetric flow rate ranged from 2.8 to 6.0 m3/hr and corresponding 

Reynolds number 4000 to 32000. As shown in figure 4-25, good agreement 

between measured and predicted percentage drag-reduction is illustrated. 
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Figure 4-24: Comparison of measured and predicted polymer characteristic time 

scale. 
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Predicted % DR From Eq.(4-3)  

Figure 4-25: Comparison of measured and predicted polymer %DR 

 
 It is worth mentioning that the present correlation is to fit the results well 

for up to 15% drag-reduction, with 11.8% average absolute percent error. But the 

average absolute percent error with higher percentage drag-reduction is about 

13.3%. That means, the present correlation predicted well the percentage drag-

reduction for values up to 15%. 
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Illustration 4–3: % DR Prediction  
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Part Two 

 

4.5 Degradation  

 
4.5.1 Introduction 

 In spite of, the additives demonstrate a desirably high drag reduction 

efficiency (as illustrated adequately in the previous suction), while so 

undesirable mechanical degradation under turbulent flow occurs. Therefore, 

molecular degradation is one of the major defects in drag reduction application, 

since the polymeric additives are exposed to strong turbulent elongational strain 

and shear stress. The mechanical degradation process was assumed to be that the 

polymer chains can indeed be fully extended by turbulent flow and experience 

the chain midpoint scission of macromolecule (101)

 The mechanical degradation and the effect of homogenesity of polymer-

solvent on the percent drag reduction effectiveness for three oppanol B types of 

different molecular weights under turbulent flow have been investigated as 

function of time, by various conditions of polymer concentration, flow rate and 

pipe diameter. Since the long chain polymer experiences mid-point degradation, 

the polymer chains having different molecular weights will show different time 

dependent resistance. In other words, longer molecules are more susceptible to 

mechanical degradation accompanying more rapid degradation. (5)

The mechanical degradation behavior as a function of time and with 

ultimate goal of establishing a correlation between polymer degradation and 

pipeline diameter in turbulent flow was adopted to examine their time-dependent 

drag reduction efficiency.  
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4.5.2 Effect of homogenesity on polymer drag reduction  

 

 In the present work, the effect of solution homogenesity between three 

polymer types, of molecular weights 2.5*106, 4*106, 6*106 g/mol and flowing 

liquid, gas oil has been considered. This effect was detected by chance; through 

measuring the values of percent drag reduction for oppanol B 250 polymer type 

after a few minutes from addition of polymeric solution to the gas oil solvent, 

without taking into account the effect of time, which is indispensable in order the 

flow becomes homogeneous. Preliminary results have shown irregular and 

factual values of percent drag reduction, and this render to that the solution is 

still heterogeneous at the beginning, then as the time passes the flow approaches 

homogeneous solution and admissible results were obtained, after that a 

maximum drag reduction (MDR) value was gained at a certain time. 

 

 Many tests have been made in this field for three polymer types at various 

pipe diameters, polymer concentrations and flow rates in order to find the time 

needed to reach the maximum drag reduction before the polymer begins to 

degrade. After the maximum drag reduction was obtained, the influence of 

polymer begins to vanish as time passes and the value of percent drag reduction 

decreases until a minimum value is reached. This behavior is appeared because 

of the flow at the beginning is heterogeneous until it reached to homogeneous 

flow with time passes and so maximum drag reduction is being occured, then the 

effect of degradation will be discerned depending upon the pipe diameter, 

concentration and flow rate. For instance, figure 4-26 for oppanpl B 250 at 

31.75mm I.D. pipe and 50wppm concentration is a selected sample from the 

experimental data, in order to elucidate the above phenomena. 
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Figure 4-26: Effect of time on effectiveness of oppanol 250 as drag-reducer at 

31.75 mm I.D pipe and 50wppm polymer concentration. 
 

 As shown in figure (4-26), the percentage drag-reduction increases rapidly 

during the first 45-75 minutes according to the flow rates. This time is required 

to take complete homogenous solution of polymeric additive in flowing gas oil. 

The degree of flow rate enhanced the homogeneity of the system. Therefore, 

maximum drag-reduction was achieved after about 60 minute circulation at 6.0 

m3/hr flow rate, while it is required about 75 minute for 2.8 m3/hr and 4.8 m3/hr 

flow rates. 

 In order to demonstrate the behavior of polymer-solvent homogeneity 

adequately, the effect of polymer concentration with variable pipe diameter at 

constant flow rate with 6 m3/hr have been investigated for oppanol B 250, as 
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listed in table 4-5, which summarizes the time needed to reach the maximum 

drag reduction for each concentration. 

 

Table 4-5: Time required for MDR% at different concentrations and I.D pipes, 

oppanol B 250, 6.0m3/hr 

I.D pipe (mm) Conc. (wppm) MDR% MDR time, min 

50.8 50 16.7 75 

50.8 30 12 45 

50.8 10 7.7 30 

31.75 50 20.6 60 

31.75 30 13.9 45 

31.75 10 6.9 30 

19.05 50 8.3 30 

19.05 30 4.9 30 

19.05 10 2.9 20 

  

As listed in table 4-5, at high concentration 50wppm, the time needed to reach 

MDR% is about 75 min for 50.8mm I.D pipe, but for low concentration of 

10wppm at the same I.D pipe it is noticed that a 30 minute is enough to reach the 

MDR at constant flow rate. In other words, the concentrated solution needed an 

extra time to be homogeneous with solvent than that of diluted one, probably due 

to the fact, that high concentrations require more time for dissolving the polymer 

in flowing gas oil. 

Furthermore, the small pipe size occupied a little time to obtain MDR than 

large pipe size did because the velocity is higher in the small pipe than that of 

large pipe at constant flow rate. As discussed in previous section, high velocities 
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enhance the drag reduction and it will quickly reach the maximum drag 

reduction. 

 The effect of flow rate on polymer-solvent homogeneity also has 

been implemented, and illustrated table (4-6), for oppanol B 200 polymer at 

50wppm concentration.  

Table 4-6: MDR% time required for oppanol B 200 at different flow rates, 

50wppm polymer concentration. 

I.D pipe (mm) Flow rate (m3/hr) MDR% Time needed (min)

50.8 6 10.7 60 

50.8 4.8 8.8 75 

50.8 3.4 5.9 75 

31.75 6 11.8 60 

31.75 4.8 8.4 60 

31.75 2.8 6.0 75 

19.05 6 4.8 20 

19.05 4.8 3.7 20 

19.05 2.8 3 30 

 

As shown in table 4-6; high flow rate required less time to be completely 

homogeneous and then to obtain maximum drag reduction at the same I.D pipe 

and concentration.  

 The effect of flow rate on polymer-solvent homogeneity for oppanol B 

150 type with molecular weight about 2*106 seemed not very noticeable, 

because of its low molecular weight. Figures 4-27 to 4-30 for oppanol B 200 at 

50.8, 31.75, 19.05 mm I.D and for oppanol B 150 at 31.75 mm I.D respectively 

were plotted to illustrate the flow rate effectiveness. 
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Figure 4-27: Degradation of oppanol 200 in a 50wppm and 50.8 mm I.D pipe.  
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Figure 4-28: Degradation of oppanol 200 at in a 50wppm and 31.75 mm I.D 

pipe. 

 100



10 20 30 40 50 60 70 80 90

Time (min)

0

2

4

6

8

10

%
 D

R

Q=6 m^3/hr

Q=4.8 m^3/hr

Q=2.8 m^3/hr

 
Figure 4-29: Degradation of oppanol 200 in a 50wppm and 19.05 mm I.D pipe. 
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Figure 4-30: Degradation of oppanol 150 in a 50wppm and 31.75 mm I.D pipe. 
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4.5.3 Effect of Concentration on Polymer Degradation 

 

 It was noticed in figures 4-26 through 4-30, that the drag-reduction 

efficiency decrease gradually with time, mainly due to the mechanical 

degradation of the polymer molecules. (47,49) 

  

 For the sake of easily recognizing the effects of concentration on 

degradation, the results of oppanol B 250 at different concentrations are plotted 

in figures 4-31 to 4-33 for 19.05, 31.75 and 50.8mm I.D pipe respectively, at 

flow rate 6.0m3/hr, taking the time zero for maximum percentage drag-reduction.  

These figures indicate clearly, that low concentrations will be degraded quickly 

compared with high concentrations, i.e. 50wppm, and this agrees with finding of 

Sellin(112), who found that degradation is more likely to occur at low Reynolds 

number for low concentration. Therefore, the percentage drag-reduction 

decreases rapidly, reaching to zero value after 60 minute and 120 minute running 

for 10wppm and 30wppm concentrations respectively, as shown in figure 4-32 

for example. While at 50wppm concentration, there is still undegraded polymer 

until the 220 minute experimental time elapsed.  

 

Since degradation is generally attributed to mechanical breaking of the 

polymer chains, and when a low concentration exists in the pipe a larger 

performance of chains are destroyed and consequently a rapid decrease in the 

effective drag reduction is noticed. For high concentrations a smaller percentage 

of the polymer is degraded under the same flow conditions and there is still 

sufficient effective polymer left to cause high values of drag-reduction at the 

considered experimental time. 
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Hence, the percentage drag-reduction value of about 12% was observed 

for 50wppm polymer concentration after 220 minute which is approximately 

equal to the initial value (zero time) of percentage drag-reduction for 30wppm. 

Moreover, at higher concentrations, the molecular extensions are inhibited by the 

surrounding molecules. Therefore, degradation is limited at higher concentration. 

In small pipe size, however, the results appear to have a zero percentage drag-

reduction after shorter time even though for high concentration, suggesting that 

the effect of concentration is not dominant in this region, as shown in figure(4-31) 

for 19.05mm I.D pipe.  
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Figure 4-31: Concentration effect on degradation for oppanol 250 at 6m3/hr and 

19.05 mm I.D 
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Figure 4-32: Concentration effect on degradation for oppanol 250 at 6m3/hr and 

31.75 mm I.D 
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Figure 4-33: Concentration effect on degradation for oppanol 250 at 6 m3/hr and 

50.8 mm I.D 
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4.5.4 Effect of Polymer Molecular Weight on Degradation  

 

 The effect of additive molecular weight on degradation was accomplished 

by measuring the degradation time for the three polymers, which differ in 

molecular weights. These polymers are oppanols B 150,200 and 250 with 

average molecular weight about 2.5*106, 4*106 and 6*106 g/mol respectively. 

The results are plotted in figure (4-34) at constant flow rate, 6.0m3/hr and for 

31.75mm I.D. pipe. As shown in this figure, the low molecular weight polymers 

are sharply degraded within the first two hours, resulting in fast decrease of 

percentage drag-reduction. While the higher molecular weight polymer has 

higher resistance toward the degradation. Therefore, still about 9% drag-

reduction was achieved after 220 minute operation, due to presence of 

undegradable molecules, which act as a drag reducer agents as shown in figure 

(4-34).  

 

 This means, that the undegradable molecules will not degrade any further 

as time passes, at high concentration (50wppm) for high molecular weight 

polymer. Furthermore, the effect of oppanol B 200 had completely vanished 

within 2.5 hr, whereas oppanol B 250 was affected approximately as the same 

effect of oppanol B 200 at zero time, during 2.5 hr. 
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Figure 4-34: Effect of molecular weight on degradation for Q= 6 m3/hr and 

31.75 mm I.D. 
 

 

4.5.5 Effect of Pipe Diameter on Degradation  

 

 It is desired to investigate the effect of pipe diameter on degradation of 

polymeric drag reducers. Generally observed that, the small pipe diameter, 19.05 

mm I.D pipe affected more the polymer degradation for all molecular weights 

studied. Figures (4-35) to (4-37) show such dependence. While for a given 

polymer concentration and molecular weight, the effectiveness of degradation is 

lower in the large pipe size than that of small pipe size. This phenomenon can be 

interpreted by turbulent or molecular interaction as follows; when the pipe 

diameter increased the persistence time of the large eddies is increased also, 

which is proportional to D/u*. This persistence time is related to the length of 

time the molecules are stretched in the relatively rotation-free, high-strain rate 

areas of turbulent flow, and the mean distance between two molecules is less 

than the size of an elongated molecules(113). 
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 The molecular weight has also a predominant effect on the degradation, as 

discussed in part 4.5.4. 

 

 This effect is well noticeable in figure (4-37) for high molecular weight 

polymer (oppanol B 250). It seems that after about 2 hr, the percent drag 

reduction goes to zero for small pipe size (19.05mm), while in large pipe sizes 

31.75mm and 50.8mm, the percent drag reduction is going to its limiting value 

within 2.5hr, due to low degradation effect in large pipe sizes. 
 

 

0 20 40 60 80 100

Time (min)
120

0

2

4

6

8

10

12

%
 D

R

50.8 mm

31.75 mm

19.05 mm

 
Figure 4-35: Degradation of oppanol 150 at different pipe diameters and 50 

wppm and 6.0 m3/hr volumetric flow rate. 
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Figure 4-36: Degradation of oppanol 200 at different pipe diameters and 50 

wppm and 6.0 m3/hr Volumetric flow rate. 
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Figure 4-37: Degradation of oppanol 250 at different pipe diameters and 50 

wppm and 6.0 m3/hr volumetric flow rate. 
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4.6 Prediction of Degradation  
 

 In the present study, a prediction has been done for three polymer types to 

explain time-dependent relative drag reduction efficiency which is related to the 

mechanical degradation. 

 Many researchers have investigated that, the adoptability of λ-DNA 

supports the validity of simple degradation model in fitting the degradation curve 

of λ apply a Brostow model. (103)

 Another investigators have adopted the following single-relaxation decay 

model for shear resistant drag reducers, as given in equation (2-22). The 

empirical equation associated with a slow relaxation time of the polymer solution 

is as follows. (105,106)

 

( ) ( ) ( )stDRtDR λ/exp0 −=      (2-22) 

 

 Where DR(t) and DR(0) are the percent drag reduction efficiency at times t 

and t=0, respectively. 1/λs quantifies the loss rate of drag-reduction activity or 

the rate of degradation.  

 

 Another form of a fractional experimental, often called the Kohrausch, 

Williams and Watt (KWW) function, which had been modified from the single 

exponential decay function shown in equation (2-22) is as in equation (2-23). 

This equation has been used to describe the second order nonlinear relaxation 

behavior. 

  

( ) ( ) ( )[ ]nf
FtDRtDR −−= 1/exp0 λ      (2-23) 
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 Here λF is an observed time scale of the relaxation process and nf is a 

fractional exponent i.e. the degree of non-exponentiality in considering the 

breadth of the distribution of relaxation time. Choi(49) had conjected in his work 

the single-relaxation decay model (equation.2-22) and the KWW function 

(equation 2-23) by fitting experimental data, and found that the single-relaxation 

decay model does not fit the data relatively well. While KWW function gives 

acceptable results to fit his data. 

 

 In the present investigation, the experimental data were fitted to KWW 

function (equation 2-23), which gave unacceptable results, with relatively high 

average absolute percent error, as shown in table (4-8). Therefore, a modification 

was done to equation (2-23) to relate the relative drag efficiency with mechanical 

degradation time and to improve the fitting of the experimental data by 

introducing the pipe diameter effect as a new parameter, for the three different in 

molecular weight polymers at 50wppm concentration and pipe diameters ranging 

19.05-50.8mm, with degradation time ranged 0 – 100 min. 

 

 The modified equation is as follows:- 

( ) ( ) ( )[ ]( )DntKDRtDR /1/exp0 −−= λ     (4-4) 

 where K: exponential constant 

                     D: pipe diameter  

The values of K, λ and n for three polymer types are listed in table 4-7. 

 

 

 

 110



Table 4-7: constants values of Eq.(4-4) for 3 polymer types 

Polymer type K λ n 

Oppanol B 250 1.0834 8839.7 -2.3485 

Oppanol B 200 1.3088 7005.2 -6.3709 

Oppanol B 150 0.9538 6786.9 -9.2460 

 

 The modified correlation (equation 4-4) was found to fit the experimental 

data better than the KWW function as shown in table (4-8), with an average 

absolute percent error ranged between 7.3-32.0 according the polymeric 

molecular weight. The more effective drag-reducer, oppanol B 250 correlates the 

experimental data more satisfactory. The relatively high average absolute percent 

error values by applying the modified equation are probably due to the wide 

ranges of time and pipe diameters. It is worthy to mention, that the middle 

molecular weight polymer, oppanol B 200 gave higher average absolute percent 

error compared with the low molecular type, oppanol B 150 in both correlations 

given in equation (2-23) and the modified one (equation 4-4), due to molecular 

structure of oppanol B 200 polymer. 

 

Table 4-8: AAPE for predicted Eq.(4-4) and Eq.(2-23) 

Polymer type 
AAPE for predicted  

Eq. (4-4) 
AAPE for Eq. (2-23) 

Oppanol 250 7.3 49.6 

Oppanol 200 32.0 64.3 

Oppanol 150 19.3 57.1 
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Illustrations 4-4, 4-5 and 4-6 represent the Microsoft Excel program in 

order to predict the degradation as a function of pipe diameter for the three 

polymer types. 

 

 
Illustration 4–4: Degradation Correlation of oppanol B 150 
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Illustration 4–5: Degradation Correlation of oppanol B 200 
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Illustration 4–6: Degradation Correlation of oppanol B 250 

 

 Figures 4-38 to 4-40 show the experimental and predicted drag-reduction 

efficiency as a function of various pipe diameters versus time of shear 

degradation for oppanol 150, 200 and 250 respectively at different pipe 

diameters. The experimental data of oppanol 250 are better fitted than that of 

oppanol 200 and oppanol 150. It clearly indicates that the polymer at small pipe 

size degrades more rapidly over the entire shearing time than that of large pipe 

size, since the polymer molecules are subjected to experience of the higher 

breaking force in the small pipe size at the same flow rate. 
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Figure 4-38: DR(t)/DR(0) as a function of time of shear degradation, at various 

pipe diameter, oppanol 150. Solid lines are obtained from Eq. (4-4), and 

symbols are experimental data 
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Figure 4-39: DR(t)/DR(0) as a function of time of shear degradation, at various 

pipe diameter, oppanol 200. Solid lines are obtained from Eq. (4-4), and 

symbols are experimental data 
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Figure 4-40: DR(t)/DR(0) as a function of time of shear degradation, at various 

pipe diameter, oppanol 250. Solid lines are obtained from Eq. (4-4), and 

symbols are experimental data 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 
 

 

5.1 Conclusions 
 

1. The efficiency of polyisobutylene, type oppanol B 250 as drag-

reducing agents is strongly dependent on its concentration and flow 

velocity. For more concentrated polymer, oppanol B 250 is more 

efficient drag reducer in lighter liquid (kerosene) than that in heavier 

liquid (gasoil). 

 

2. Percentage drag-reduction increases with increasing nominal pipe 

diameter at given velocities. This provides a significant indication for 

commercial applications in large-scale pipeline for the same polymer-

solvent system This suggestion has a good agreement with the 

observations of Robart et.al.(43),) Manson(58) and Berman(59). 

3. Values of calculated fanning friction factor for oppanol B 250 treated 

gas oil positioned toward Virk line for maximum drag-reduction, 

especially for high concentrations in 31.75mm I.D pipe. The fanning 

friction factor correlated as function of Reynolds number, resulted in 

good agreement with experimental observations 

 

4. The time scale hypothesis was found to correlate the drag-reduction 

data satisfactory. In this correlation, the drag reduction is a function of 

the polymer concentration; shear stress at the wall for both treated and 

untreated cases. 
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5. The time needed to reach maximum drag-reduction was taken as 

indication to reach a homogeneous additive-solvent system. Higher 

molecular weight polyisobutylene additive required more time to be 

completely homogeneous. Furthermore, the time required is a function 

of polymeric concentration and pipe diameter and inverse to flow rate. 

6. The time dependence of drag-reduction effectiveness was studied for 

polyisobutylene with three different molecular weights. A gradual 

decrease of percentage drag-reduction was observed as time progresses, 

due to mechanical degradation of polymer molecules. The low 

molecular weight polymers are sharply degraded within the first 2 hr, 

while the higher molecular weight polymer gradually degraded and it 

has shown a tendency to approach limiting value. Furthermore, the 

extent of the degradation was higher in small pipe size compared with 

large sizes, due to increasing the fluid velocity in small pipeline. 

7.  A correlation between polymer degradation and pipeline diameter was 

established, by modifying the fractional decay for 3 polymer types. The 

modified eq. fits experimental data better than the KWW decay 

function. It was also found that, the high molecular weight polymer, 

type B250, shows more enhanced relative drag reduction effectiveness 

than the other two types. 
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5.2 Recommendations for Further Work: 

 
1. The effect of pipe roughness and pipe length on drag-reduction 

effectiveness needs to be investigated. 

2. The effect of mechanical configuration such as elbows, valves and 

inclined pipe on percentage drag-reduction needs to be studied 

3. Studying the effect of increasing temperature on efficiency of 

polymeric additives and their degradation behavior. 

4. Studying the effect of other types, of drag-reducer agents, such as 

surfactants on drag-reduction phenomenon, and making a comparison 

such additives with polymeric additives.  
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APPENDIX A 

PRESSURE DROP EXPERIMENTAL DATA 

 
Table A-1: Pressure Drop Experimental Data for 19.05 mm pipe diameter at 

2 m test section le/D=180 using oppanol B 250 polymer in (Pascal). 
Concentration  Volumetric 

Flow Rate 

(m3/h)  

Pure 

Gas oil 
10 

wppm 

20  

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 27460 26660 26393 26060 25660 25194 
5.6 24927 24261 23994 23727 23394 22994 
5.2 21995 21461 21195 20995 20728 20395 
4.8 18929 18462 18329 18129 17862 17596 
4.2 14530 14196 14063 13930 13797 13597 
3.4 9864.2 9664.3 9597.6 9531 9397.7 9264.4 
2.8 6531.7 6398.4 6363.7 6331.8 6331.8 6265.1 

Table A-2: Pressure Drop Experimental Data for 19.05 mm pipe diameter at 
3 m test section le /D=130 using oppanol B 250 polymer in (Pascal). 

Concentration  Volumetric 

Flow Rate 

(m3/h)  

Pure 

Gas oil 
10 

wppm 

20  

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 40923.1 39990.0 39456.8 39256.9 39056.9 38523.7
5.6 36657.5 35857.7 35457.8 35257.9 35057.9 34591.4
5.2 32525.2 31858.7 31525.5 31325.5 31192.2 30792.3
4.8 27459.8 26926.6 26660.0 26526.7 26393.4 26060.2
4.2 21461.3 21128.1 20861.5 20794.8 20661.5 20461.6
3.4 14529.7 14329.8 14196.5 14129.8 14063.2 13996.5
2.8 9997.5 9864.2 9797.6 9797.6 9730.9 9664.3
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Table A-3: Pressure Drop Experimental Data for 19.05 mm pipe diameter at 

4 m test section le/D>75 using oppanol B 250 polymer in (Pascal). 

Concentration Volumetric 

Flow Rate 

(m3/h) 

Pure 

Gas oil 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 54519.7 53453.3 52920.1 52520.2 52253.6 52120.3
5.6 48121.3 47188.2 46655.0 46388.4 46255.1 46121.8
5.2 42122.8 41456.3 41056.4 40789.8 40656.5 40523.2
4.8 35591.1 35057.9 34724.7 34524.7 34391.4 34324.8
4.2 27859.7 27459.8 27193.2 27126.6 26993.3 26926.6
3.4 18262.1 17995.5 17862.2 17795.6 17728.9 17728.9
2.8 12796.8 12663.5 12530.2 12530.2 12463.6 12463.6

 

Table A-4: Pressure Drop Experimental Data for 25.40 mm pipe diameter at 

2 m test section le /D>135 using oppanol B 250 polymer in (Pascal). 

Concentration Volumetric 

Flow Rate 

(m3/h) 

Pure 

Gas oil 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 8331.3 7998.0 7798.1 7664.8 7495.5 7198.2
5.6 7464.8 7198.2 6998.3 6899.6 6765.0 6498.4
5.2 6465.1 6265.1 6097.1 7198.2 5865.2 5665.3
4.8 5598.6 5433.3 5298.7 5198.7 5098.7 4932.1
4.2 4398.9 4265.6 4199.0 4132.3 4065.7 3932.4
3.4 2932.6 2866.0 2799.3 2766.0 2732.7 2666.0
2.8 2132.8 2090.1 2068.8 2054.2 2023.5 1975.5
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Table A-5: Pressure Drop Experimental Data for 25.40 mm pipe diameter at 

3 m test section le /D>95 using oppanol B 250 polymer in (Pascal). 

Concentration Volumetric 

Flow Rate 

(m3/h) 

Pure 

Gas oil 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 12930.1 12530.2 12330.3 12063.7 11863.7 11530.5
5.6 11597.1 11263.9 11130.6 10864.0 10664.0 10397.4
5.2 10130.8 9864.2 9730.9 9531.0 9397.7 9131.1
4.80 8731.2 8531.2 8397.9 8198.0 8131.3 7931.4
4.2 6931.6 6798.3 6731.7 6598.4 6465.1 6331.8
3.40 4665.5 4598.9 4532.2 4465.6 4398.9 4332.3
2.8 3332.5 3299.2 3265.9 3232.5 3199.2 3132.6

 

Table A-6: Pressure Drop Experimental Data for 31.75 mm pipe diameter at 

2 m test section le /D>100 using oppanol B 250 polymer in (Pascal). 

Concentration Volumetric 

Flow Rate 

(m3/h) 

Pure 

Gas oil 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 2266.1 2132.8 2066.2 1966.2 1899.5 1799.6
5.6 1999.5 1892.9 1799.6 1732.9 1666.3 1599.6
5.2 1799.6 1708.9 1632.9 1572.9 1533.0 1466.3
4.8 1599.6 1522.3 1458.3 1406.3 1375.7 1333.0
4.2 1266.4 1215.7 1169.0 1141.0 1109.1 1066.4
3.4 799.8 770.5 743.8 733.2 719.8 699.8
2.8 599.9 587.9 573.2 559.9 551.9 546.5
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Table A-7: Pressure Drop Experimental Data for 31.75 mm pipe diameter at 

3 m test section le /D>75 using oppanol B 250 polymer in (Pascal). 

Concentration Volumetric 

Flow Rate 

(m3/h) 

Pure 

Gas oil 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 3932.4 3732.4 3652.4 3521.8 3361.8 3199.2
5.6 3332.5 3187.2 3108.6 3000.6 2866.0 2734.0
5.2 3065.9 2932.6 2866.0 2766.0 2651.3 2532.7
4.8 2799.3 2698.0 2631.3 2543.4 2448.7 2360.7
4.2 2132.8 2066.2 2015.5 1951.5 1887.5 1827.5
3.4 1599.6 1566.3 1533.0 1486.3 1450.3 1403.6
2.8 1199.7 1181.0 1169.0 1133.1 1113.1 1093.1

 

Table A-8: Pressure Drop Experimental Data for 50.08 mm pipe diameter at 

2 m test section le /D>65 using oppanol B 250 polymer in (Pascal). 

Concentration Volumetric 

Flow Rate 

(m3/h) 

Pure 

Gas oil 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 357.7 329.8 321.9 313.9 306.0 298.0
5.6 313.9 294.1 286.1 278.2 274.2 266.3
5.2 266.3 250.4 242.4 238.4 234.5 230.5
4.8 238.4 226.5 222.5 218.6 214.6 210.6
4.2 190.7 182.8 178.8 174.9 174.9 170.9
3.4 135.1 131.1 129.2 129.2 127.2 127.2
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Table A-9: Pressure Drop Experimental Data for 50.80 mm pipe diameter at 

3 m test section le /D>50 using oppanol B 250 polymer in (Pascal). 

Concentration Volumetric 

Flow Rate 

(m3/h) 

Pure 

Gas oil 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 516.6 500.7 484.8 476.9 464.9 453.0
5.6 461.0 449.1 433.2 429.2 417.3 405.3
5.2 405.3 397.4 385.5 377.5 369.6 361.6
4.8 341.8 333.8 325.9 321.9 313.9 310.0
4.2 294.1 290.1 282.1 278.2 274.2 270.2
3.4 278.2 274.2 266.3 266.3 262.3 258.3
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APPENDIX C 
 

CORRELATION OF FRICTION FACTOR 
 
 

The following correlated equation has been used for present work:- 

( ) 44.0Re42.0 −=f  
 

Table C-1: Friction Factor Correlation 
Dia 

(inch) 
Test 

section
Conc 

(wppm) Re Exp. 
friction 

Theo. 
Friction AAPE% 

1  3 0 23136.550550.0062321830.004998216 19.7999161
1  3 0 21594.113850.0064167360.005152686 19.6992692
1  3 0 20051.677150.006500965 0.00532393 18.1055529
1  3 0 18509.240440.0065755150.005515286 16.1238938
1  3 0 16195.585390.0068182940.005849946 14.2021954
1  3 0 13110.711980.0070029520.006421515 8.30274323
1  3 0 10797.056920.0073755580.006995789 5.1490268
1  3 10 23136.550550.0060394350.004998216 17.240339
1  3 10 21594.113850.0062323470.005152686 17.323508
1  3 10 20051.677150.006329887 0.00532393 15.8921894
1  3 10 18509.240440.0064249310.005515286 14.1580476
1  3 10 16195.585390.0066871730.005849946 12.5198855
1  3 10 13110.71198 0.00690291 0.006421515 6.97379748
1  3 10 10797.056920.0073018030.006995789 4.19093616
1  3 20 23136.550550.0059430610.004998216 15.8982904
1  3 20 21594.113850.0061585910.005152686 16.3333703
1  3 20 20051.677150.006244348 0.00532393 14.7400277
1  3 20 18509.240440.0063245410.005515286 12.7954769
1  3 20 16195.585390.0066216120.005849946 11.6537457
1  3 20 13110.711980.0068028680.006421515 5.60576509
1  3 20 10797.056920.0072280470.006995789 3.21329265
1  3 30 23136.550550.0058146260.004998216 14.0406389
1  3 30 21594.11385 0.00601108 0.005152686 14.2802015
1  3 30 20051.67715 0.00611604 0.00532393 12.9513569
1  3 30 18509.240440.0061744090.005515286 10.6750733
1  3 30 16195.585390.0064910160.005849946 9.87625565
1  3 30 13110.711980.0067018250.006421515 4.1825948
1  3 30 10797.056920.0071542910.006995789 2.21549154
1  3 40 23136.550550.0057181880.004998216 12.5909198
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1  3 40 21594.113850.0059004460.005152686 12.6729553
1  3 40 20051.677150.006030501 0.00532393 11.7166244
1  3 40 18509.240440.0061237620.005515286 9.93631223
1  3 40 16195.58539 0.00635937 0.005849946 8.01060123
1  3 40 13110.711980.0066027830.006421515 2.74533373
1  3 40 10797.056920.0070805360.006995789 1.19690291
1  3 50 23136.550550.0055575650.004998216 10.0646458
1  3 50 21594.113850.0057529350.005152686 10.4338003
1  3 50 20051.677150.005859423 0.00532393 9.13900757
1  3 50 18509.240440.0059731780.005515286 7.66579909
1  3 50 16195.585390.0062282490.005849946 6.07398231
1  3 50 13110.711980.0065027410.006421515 1.24910809
1  3 50 10797.056920.0069330250.006995789 0.90529064
1  2 0 23136.550550.0060233720.004998216 17.0196466
1  2 0 21594.113850.0061954690.005152686 16.831386
1  2 0 20051.677150.006222963 0.00532393 14.4470381
1  2 0 18509.240440.0063245410.005515286 12.7954769
1  2 0 16195.585390.0064904910.005849946 9.86897292
1  2 0 13110.711980.0066027830.006421515 2.74533373
1  2 0 10797.056920.0070805360.006995789 1.19690291
1  2 10 23136.550550.0057824380.004998216 13.5621318
1  2 10 21594.113850.0059742020.005152686 13.751067
1  2 10 20051.677150.006030501 0.00532393 11.7166244
1  2 10 18509.240440.0061363110.005515286 10.1204916
1  2 10 16195.58539 0.00629381 0.005849946 7.05237833
1  2 10 13110.71198 0.00645272 0.006421515 0.4835973
1  2 10 10797.056920.0069389250.006995789 0.81948682
1  2 20 23136.550550.0056378770.004998216 11.3457762
1  2 20 21594.113850.0058082520.005152686 11.2868117
1  2 20 20051.677150.005870115 0.00532393 9.30451029
1  2 20 18509.240440.0059857260.005515286 7.85937184
1  2 20 16195.585390.0061954690.005849946 5.57701925
1  2 20 13110.711980.0063026570.006421515 1.88584086
1  2 20 10797.05692 0.00686812 0.006995789 1.85886297
1  2 30 23136.550550.0055415030.004998216 9.80396365
1  2 30 21594.113850.0057252770.005152686 10.0011134
1  2 30 20051.67715 0.00692866 0.00532393 23.1607657
1  2 30 18509.240440.0058727880.005515286 6.08743669
1  2 30 16195.585390.0060971280.005849946 4.05406795
1  2 30 13110.711980.0062264250.006421515 3.13326222
1  2 30 10797.056920.0068256360.006995789 2.4928393
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1  2 40 23136.550550.0054210350.004998216 7.79960729
1  2 40 21594.113850.0056146440.005152686 8.22773628
1  2 40 20051.677150.005645575 0.00532393 5.69730331
1  2 40 18509.24044 0.00575985 0.005515286 4.24601388
1  2 40 16195.585390.0059987870.005849946 2.48118382
1  2 40 13110.711980.0061525940.006421515 4.37086137
1  2 40 10797.056920.0067194280.006995789 4.11285257
1  2 50 23136.550550.0052041940.004998216 3.95792426
1  2 50 21594.113850.0053933770.005152686 4.46272033
1  2 50 20051.677150.005453112 0.00532393 2.36897284
1  2 50 18509.24044 0.00557162 0.005515286 1.01108191
1  2 50 16195.585390.0058024990.005849946 0.81770367
1  2 50 13110.71198 0.00600253 0.006421515 6.9801329
1  2 50 10797.056920.0065565760.006995789 6.69880895

3/4  4 0 30848.734070.0046769130.004402474 5.86796963
3/4  4 0 28792.1518 0.0047388140.004538532 4.22641908
3/4  4 0 26735.569530.0048108180.004689365 2.52457385
3/4  4 0 24678.987260.0047705370.004857914 1.83157875
3/4  4 0 21594.113850.0048773760.005152686 5.64462611
3/4  4 0 17480.949310.0048786680.005656128 15.9359161
3/4  4 0 14396.0759 0.0050407330.006161954 22.2432097
3/4  4 10 30848.734070.0045854330.004402474 3.99002389
3/4  4 10 28792.1518 0.0046469260.004538532 2.33259121
3/4  4 10 26735.569530.0047346970.004689365 0.95744482
3/4  4 10 24678.987260.0046989790.004857914 3.38231345
3/4  4 10 21594.113850.0048073660.005152686 7.18314008
3/4  4 10 17480.949310.0048074460.005656128 17.6534853
3/4  4 10 14396.0759 0.0049882250.006161954 23.5299803
3/4  4 20 30848.734070.0045396930.004402474 3.02266896
3/4  4 20 28792.1518 0.0045944180.004538532 1.21639225
3/4  4 20 26735.569530.0046890250.004689365 0.0072554
3/4  4 20 24678.987260.0046544010.004857914 4.37248186
3/4  4 20 21594.113850.0047606920.005152686 8.23395518
3/4  4 20 17480.949310.0047713370.005656128 18.5438815
3/4  4 20 14396.0759 0.0049357180.006161954 24.844129
3/4  4 30 30848.734070.0045053880.004402474 2.28426289
3/4  4 30 28792.1518 0.0045682170.004538532 0.64981232
3/4  4 30 26735.569530.0046585770.004689365 0.66089759
3/4  4 30 24678.987260.0046274210.004857914 4.98100902
3/4  4 30 21594.113850.0047490240.005152686 8.49988627
3/4  4 30 17480.94931 0.00475403 0.005656128 18.9754345
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3/4  4 30 14396.0759 0.0049357180.006161954 24.844129
3/4  4 40 30848.734070.0044825180.004402474 1.78571321
3/4  4 40 28792.1518 0.0045550370.004538532 0.3623553
3/4  4 40 26735.569530.0046433530.004689365 0.99093332
3/4  4 40 24678.987260.0046097330.004857914 5.38384312
3/4  4 40 21594.113850.0047261770.005152686 9.02438195
3/4  4 40 17480.949310.0047371870.005656128 19.3984718
3/4  4 40 14396.0759 0.0049096740.006161954 25.5063754
3/4  4 50 30848.734070.0044711290.004402474 1.53553309
3/4  4 50 28792.1518 0.00454191 0.004538532 0.07438522
3/4  4 50 26735.569530.0046281290.004689365 1.32314034
3/4  4 50 24678.987260.0046007990.004857914 5.58847194
3/4  4 50 21594.113850.0047140190.005152686 9.3055785
3/4  4 50 17480.949310.0047371870.005656128 19.3984718
3/4  4 50 14396.0759 0.0049096740.006161954 25.5063754
3/4  3 0 30848.734070.0046807250.004402474 5.94462438
3/4  3 0 28792.1518 0.0048132 0.004538532 5.70655624
3/4  3 0 26735.56953 0.00495291 0.004689365 5.32100001
3/4  3 0 24678.987260.0049075190.004857914 1.01080755
3/4  3 0 21594.113850.0050096170.005152686 2.85587045
3/4  3 0 17480.949310.0051754240.005656128 9.28821452
3/4  3 0 14396.0759 0.0052507640.006161954 17.3534813
3/4  3 10 30848.734070.0045739980.004402474 3.74999895
3/4  3 10 28792.1518 0.0047081850.004538532 3.60335675
3/4  3 10 26735.569530.0048514160.004689365 3.3402678
3/4  3 10 24678.987260.0048122280.004857914 0.94937448
3/4  3 10 21594.113850.0049318280.005152686 4.47820279
3/4  3 10 17480.949310.0051042020.005656128 10.8131664
3/4  3 10 14396.0759 0.0051807530.006161954 18.9393391
3/4  3 20 30848.734070.0045130120.004402474 2.44932326
3/4  3 20 28792.1518 0.0046556770.004538532 2.51617656
3/4  3 20 26735.569530.0048006680.004689365 2.31849473
3/4  3 20 24678.987260.0047645820.004857914 1.95886822
3/4  3 20 21594.113850.0048695970.005152686 5.81338749
3/4  3 20 17480.949310.0050567210.005656128 11.8536656
3/4  3 20 14396.0759 0.0051457480.006161954 19.7484503
3/4  3 30 30848.734070.0044901420.004402474 1.95246073
3/4  3 30 28792.1518 0.0046294230.004538532 1.96333824
3/4  3 30 26735.56953 0.00477022 0.004689365 1.69499576
3/4  3 30 24678.987260.0047407590.004857914 2.47122434
3/4  3 30 21594.113850.0048540390.005152686 6.15253297
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3/4  3 30 17480.949310.0050329810.005656128 12.3812772
3/4  3 30 14396.0759 0.0051457480.006161954 19.7484503
3/4  3 40 30848.734070.0044672720.004402474 1.45051087
3/4  3 40 28792.1518 0.0046031690.004538532 1.40419379
3/4  3 40 26735.569530.0047499210.004689365 1.2748889
3/4  3 40 24678.987260.0047169360.004857914 2.98875578
3/4  3 40 21594.113850.0048229240.005152686 6.83738802
3/4  3 40 17480.949310.0050092410.005656128 12.9138899
3/4  3 40 14396.0759 0.0051107430.006161954 20.5686452
3/4  3 50 30848.734070.0044062850.004402474 0.0865041
3/4  3 50 28792.1518 0.00454191 0.004538532 0.07438522
3/4  3 50 26735.569530.0046890250.004689365 0.0072554
3/4  3 50 24678.987260.0046573790.004857914 4.30574754
3/4  3 50 21594.11385 0.00477625 0.005152686 7.88140158
3/4  3 50 17480.94931 0.0049855 0.005656128 13.4515751
3/4  3 50 14396.0759 0.0050757380.006161954 21.4001531
3/4  2 0 30848.734070.0047112180.004402474 6.55339704
3/4  2 0 28792.1518 0.0049094640.004538532 7.55544729
3/4  2 0 26735.569530.0050239550.004689365 6.65989496
3/4  2 0 24678.98726 0.00507428 0.004857914 4.2639735
3/4  2 0 21594.113850.0050874060.005152686 1.28315072
3/4  2 0 17480.949310.0052703860.005656128 7.3190575
3/4  2 0 14396.0759 0.0051457480.006161954 19.7484503
3/4  2 10 30848.734070.0045739980.004402474 3.74999895
3/4  2 10 28792.1518 0.0047769080.004538532 4.99018221
3/4  2 10 26735.56953 0.00490338 0.004689365 4.36464648
3/4  2 10 24678.987260.0049474230.004857914 1.80920359
3/4  2 10 21594.113850.0049703960.005152686 3.6675033
3/4  2 10 17480.949310.0051649780.005656128 9.50924235
3/4  2 10 14396.0759 0.0050428330.006161954 22.1922962
3/4  2 20 30848.734070.0045274810.004402474 2.76107912
3/4  2 20 28792.1518 0.0047256870.004538532 3.96038135
3/4  2 20 26735.569530.0048412660.004689365 3.13762685
3/4  2 20 24678.987260.0049119030.004857914 1.09914618
3/4  2 20 21594.113850.0049246090.005152686 4.63135405
3/4  2 20 17480.949310.0051280850.005656128 10.2970786
3/4  2 20 14396.0759 0.0050144790.006161954 22.8832265
3/4  2 30 30848.734070.0044709460.004402474 1.53150373
3/4  2 30 28792.1518 0.00467381 0.004538532 2.89437741
3/4  2 30 26735.569530.0047955940.004689365 2.21512806
3/4  2 30 24678.98726 0.00486116 0.004857914 0.06677818
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3/4  2 30 21594.113850.0048788230.005152686 5.61329585
3/4  2 30 17480.949310.0050911930.005656128 11.0963328
3/4  2 30 14396.0759 0.0049882250.006161954 23.5299803
3/4  2 40 30848.734070.0044024740.004402474 1.0947E-06
3/4  2 40 28792.1518 0.0046075450.004538532 1.49782703
3/4  2 40 26735.569530.0047346970.004689365 0.95744482
3/4  2 40 24678.98726 0.00479012 0.004857914 1.41528231
3/4  2 40 21594.113850.0048307020.005152686 6.66534713
3/4  2 40 17480.949310.0050226780.005656128 12.6118127
3/4  2 40 14396.0759 0.0049882250.006161954 23.5299803
3/4  2 50 30848.734070.0043224290.004402474 1.85185297
3/4  2 50 28792.1518 0.0045287840.004538532 0.21525424
3/4  2 50 26735.569530.0046585770.004689365 0.66089759
3/4  2 50 24678.987260.0047169360.004857914 2.98875578
3/4  2 50 21594.113850.0047618120.005152686 8.20849436
3/4  2 50 17480.949310.0049498890.005656128 14.2677735
3/4  2 50 14396.0759 0.0049357180.006161954 24.844129
1.25  3 0 18509.240440.0057841630.005515286 4.64850521
1.25  3 0 17275.291080.0056271040.005685736 1.04194706
1.25  3 0 16041.34172 0.00600402 0.005874695 2.15397738
1.25  3 0 14807.392350.0064336560.006085847 5.40607829
1.25  3 0 12956.468310.0064023940.006455129 0.82366989
1.25  3 0 10488.569580.0073273080.007085827 3.29562849
1.25  3 0 8637.645539 0.00810303 0.00771951 4.73305129
1.25  3 10 18509.240440.0055007390.005515286 0.26445299
1.25  3 10 17275.291080.0053795120.005685736 5.69241325
1.25  3 10 16041.34172 0.00576386 0.005874695 1.92294023
1.25  3 10 14807.392350.0062020440.006085847 1.8735252
1.25  3 10 12956.46831 0.00620392 0.006455129 4.04919493
1.25  3 10 10488.569580.0071734340.007085827 1.22127527
1.25  3 10 8637.6455390.007973382 0.00771951 3.18399522
1.25  3 20 18509.240440.0053734870.005515286 2.63885338
1.25  3 20 17275.291080.0052444610.005685736 8.41410629
1.25  3 20 16041.341720.0056137590.005874695 4.64815254
1.25  3 20 14807.392350.0060476370.006085847 0.63183161
1.25  3 20 12956.468310.0060502630.006455129 6.69171417
1.25  3 20 10488.569580.0070195610.007085827 0.94402036
1.25  3 20 8637.6455390.007884248 0.00771951 2.0894669
1.25  3 30 18509.240440.0051768260.005515286 6.53798301
1.25  3 30 17275.291080.0050643940.005685736 12.2688301
1.25  3 30 16041.34172 0.00542163 0.005874695 8.3566142
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1.25  3 30 14807.39235 0.00584176 0.006085847 4.17832787
1.25  3 30 12956.468310.0058581910.006455129 10.1898032
1.25  3 30 10488.569580.0068070690.007085827 4.09512541
1.25  3 30 8637.6455390.007657363 0.00771951 0.81158593
1.25  3 40 18509.240440.0049454590.005515286 11.5222161
1.25  3 40 17275.29108 0.00483931 0.005685736 17.4906361
1.25  3 40 16041.341720.0051934780.005874695 13.1167892
1.25  3 40 14807.392350.0056230150.006085847 8.2310317
1.25  3 40 12956.468310.0056661190.006455129 13.9250507
1.25  3 40 10488.569580.0066458680.007085827 6.62003474
1.25  3 40 8637.6455390.007519612 0.00771951 2.6583499
1.25  3 50 18509.24044 0.00470576 0.005515286 17.202879
1.25  3 50 17275.291080.0046142260.005685736 23.2218867
1.25  3 50 16041.341720.0049653250.005874695 18.3144167
1.25  3 50 14807.392350.0054235720.006085847 12.2110578
1.25  3 50 12956.468310.0054868520.006455129 17.6472227
1.25  3 50 10488.569580.0064333760.007085827 10.1416532
1.25  3 50 8637.6455390.007373757 0.00771951 4.68895462
1.25  2 0 18509.24044 0.00499987 0.005515286 10.308592
1.25  2 0 17275.291080.0050643940.005685736 12.2688301
1.25  2 0 16041.341720.0052861480.005874695 11.1337541
1.25  2 0 14807.392350.0055145620.006085847 10.3595753
1.25  2 0 12956.468310.0057021320.006455129 13.2055241
1.25  2 0 10488.569580.0054954810.007085827 28.939162
1.25  2 0 8637.6455390.006077273 0.00771951 27.0225983
1.25  2 10 18509.24044 0.00470576 0.005515286 17.202879
1.25  2 10 17275.291080.0047942930.005685736 18.5938346
1.25  2 10 16041.341720.0050159670.005874695 17.1198814
1.25  2 10 14807.392350.0052480250.006085847 15.9645275
1.25  2 10 12956.468310.0054740470.006455129 17.9224209
1.25  2 10 10488.569580.0052976430.007085827 33.7543174
1.25  2 10 8637.6455390.005943573 0.00771951 29.8799573
1.25  2 20 18509.240440.0045587050.005515286 20.983617
1.25  2 20 17275.291080.0045579540.005685736 24.7431445
1.25  2 20 16041.341720.0048006060.005874695 22.3740359
1.25  2 20 14807.392350.0050274430.006085847 21.0525506
1.25  2 20 12956.468310.0052573660.006455129 22.7825641
1.25  2 20 10488.569580.0051107970.007085827 38.6442602
1.25  2 20 8637.6455390.005809873 0.00771951 32.8688266
1.25  2 30 18509.240440.0043351810.005515286 27.2215783
1.25  2 30 17275.291080.0043891410.005685736 29.5409578
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1.25  2 30 16041.341720.0046204850.005874695 27.1445492
1.25  2 30 14807.392350.0048528150.006085847 25.4086083
1.25  2 30 12956.468310.0051376210.006455129 25.6443109
1.25  2 30 10488.569580.0050283650.007085827 40.917117
1.25  2 30 8637.6455390.005676173 0.00771951 35.9984992
1.25  2 40 18509.240440.0041940080.005515286 31.5039316
1.25  2 40 17275.291080.0042237040.005685736 34.6149042
1.25  2 40 16041.341720.0045030150.005874695 30.4613635
1.25  2 40 14807.392350.0047425230.006085847 28.3250876
1.25  2 40 12956.468310.0049893660.006455129 29.3777418
1.25  2 40 10488.569580.0049459330.007085827 43.2657356
1.25  2 40 8637.6455390.005591091 0.00771951 38.0680416
1.25  2 50 18509.240440.0039704850.005515286 38.9071159
1.25  2 50 17275.291080.0040177520.005685736 41.515332
1.25  2 50 16041.341720.0043463890.005874695 35.1626739
1.25  2 50 14807.392350.0045770870.006085847 32.9633438
1.25  2 50 12956.468310.0048468120.006455129 33.1829695
1.25  2 50 10488.569580.0048360230.007085827 46.521775
1.25  2 50 8637.6455390.005530318 0.00771951 39.5852728

2  3 0 11568.275280.0079761170.006786065 14.9201823
2  3 0 10797.056920.0081701980.006995789 14.3743055
2  3 0 10025.838570.0083319010.007228286 13.2456576
2  3 0 9254.6202210.008244544 0.00748809 9.17519883
2  3 0 8097.7926930.0092658180.007942458 14.2821744
2  3 0 6555.35599 0.0133749090.008718475 34.8146962
2  3 10 11568.275280.0077306980.006786065 12.2192357
2  3 10 10797.05692 0.0079589 0.006995789 12.1010569
2  3 10 10025.838570.0081685310.007228286 11.5105708
2  3 10 9254.620221 0.00805281 0.00748809 7.01270356
2  3 10 8097.7926930.0091406040.007942458 13.1079577
2  3 10 6555.35599 0.0131838390.008718475 33.8699816
2  3 20 11568.275280.0074852790.006786065 9.34117785
2  3 20 10797.056920.0076771690.006995789 8.87540765
2  3 20 10025.838570.0079234750.007228286 8.77378429
2  3 20 9254.6202210.007861076 0.00748809 4.74472072
2  3 20 8097.7926930.0088901770.007942458 10.6602945
2  3 20 6555.35599 0.0128016990.008718475 31.8959512
2  3 30 11568.275280.0073625690.006786065 7.83019748
2  3 30 10797.056920.0076067360.006995789 8.03166143
2  3 30 10025.838570.0077601040.007228286 6.85323238
2  3 30 9254.620221 0.00776521 0.00748809 3.56872962
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2  3 30 8097.7926930.0087649630.007942458 9.38401298
2  3 30 6555.35599 0.0128016990.008718475 31.8959512
2  3 40 11568.275280.0071785050.006786065 5.46686921
2  3 40 10797.056920.0073954380.006995789 5.40399461
2  3 40 10025.838570.0075967340.007228286 4.85007609
2  3 40 9254.6202210.007573476 0.00748809 1.12743164
2  3 40 8097.7926930.0086397490.007942458 8.07073781
2  3 40 6555.35599 0.0126106290.008718475 30.8640717
2  3 50 11568.275280.0069944410.006786065 2.97915524
2  3 50 10797.056920.0071841390.006995789 2.62175916
2  3 50 10025.838570.0074333630.007228286 2.75886897
2  3 50 9254.6202210.007477609 0.00748809 0.14016539
2  3 50 8097.7926930.0085145360.007942458 6.71883689
2  3 50 6555.35599 0.0124195590.008718475 29.800442
2  2 0 11568.27528 0.00828289 0.006786065 18.0712867
2  2 0 10797.05692 0.00834628 0.006995789 16.1807547
2  2 0 10025.838570.0082093730.007228286 11.9508167
2  2 0 9254.6202210.008628011 0.00748809 13.2118567
2  2 0 8097.7926930.0090153910.007942458 11.9011237
2  2 0 6555.35599 0.0097445770.008718475 10.5299751
2  2 10 11568.275280.0076386650.006786065 11.1616361
2  2 10 10797.056920.0078180340.006995789 10.5172922
2  2 10 10025.838570.0077192620.007228286 6.36039234
2  2 10 9254.620221 0.00819661 0.00748809 8.64405964
2  2 10 8097.7926930.0086397490.007942458 8.07073781
2  2 10 6555.35599 0.0094579720.008718475 7.81876226
2  2 20 11568.275280.0074546010.006786065 8.96809628
2  2 20 10797.056920.0076067360.006995789 8.03166143
2  2 20 10025.838570.0074742060.007228286 3.29024127
2  2 20 9254.620221 0.00805281 0.00748809 7.01270356
2  2 20 8097.7926930.0084519290.007942458 6.02786532
2  2 20 6555.35599 0.0093146690.008718475 6.40058938
2  2 30 11568.275280.0072705370.006786065 6.66349112
2  2 30 10797.056920.0073954380.006995789 5.40399461
2  2 30 10025.838570.0073516780.007228286 1.67841195
2  2 30 9254.620221 0.00790901 0.00748809 5.32202545
2  2 30 8097.7926930.0082641080.007942458 3.89213498
2  2 30 6555.35599 0.0093146690.008718475 6.40058938
2  2 40 11568.275280.0070864730.006786065 4.23916622
2  2 40 10797.056920.0072897890.006995789 4.03303801
2  2 40 10025.83857 0.00722915 0.007228286 0.01194436
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2  2 40 9254.620221 0.00776521 0.00748809 3.56872962
2  2 40 8097.7926930.0082641080.007942458 3.89213498
2  2 40 6555.35599 0.0091713660.008718475 4.93809859
2  2 50 11568.275280.0069024090.006786065 1.68554398
2  2 50 10797.05692 0.00707849 0.006995789 1.16835258
2  2 50 10025.838570.0071066220.007228286 1.71198763
2  2 50 9254.6202210.007621409 0.00748809 1.74927169
2  2 50 8097.792693 0.00807779 0.007942458 1.67536131
2  2 50 6555.35599 0.0091713660.008718475 4.93809859
     AAPE 10.4165356
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APPENDIX B 

FRICTION FACTOR CALCULATIONS 

 

B.1 Sample Calculation of Friction Factor 

1. Area 2

4
DA π

=  

2. Volumetric flow rate Q (m3/s) = Q measured /3600 

3. u (m/s) = Q / A 

4. ( ) ( ) 3.133*
)(760

)(10*01325.1*
5

measuredmeasured H
mmHg

paPP Δ=Δ=Δ  

5. selection of test section in m 

6. 
L
D

u
Pf *1*
2 2ρ
Δ

=  

( )
L
D

u
Hf measured *1*

2
3.133* 2ρ

Δ=  

as example  

d=3/4” = 0.01905 m , area 242 10*8488.2)01905.0(
4

mA −==
π  

test section L=2 m 

Q=6m3/hr=1.66*10-3 m3/sec  u=5.8502141 m/sec 

ρgas oil =811 kg/m3

( ) oilgaspureforH measuredΔ  

( ) 2
01905.0*

85.5*811
1*

2
3.133*206 2=f  

00471159.0=f  
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B.2 Friction Factor Results 
Table B-1: Friction Factor for 19.05 mm pipe diameter at 2 m test section 

le/D=180 using oppanol B 250 polymer. 

Concentration, wppm Reynolds 

Number 

Pure Gas 

oil 10  20  30  40  50  

30848.7 0.004711 0.004574 0.00453 0.004471 0.004402 0.004322

28792.2 0.004909 0.004777 0.00473 0.004674 0.004608 0.004529

26735.6 0.005024 0.004903 0.00484 0.004796 0.004735 0.004659

24679 0.005074 0.004947 0.00491 0.004861 0.00479 0.004717

21594.1 0.005087 0.00497 0.00492 0.004879 0.004831 0.004762

17480.9 0.00527 0.005165 0.00513 0.005091 0.005023 0.00495 

14396.1 0.005146 0.005043 0.00501 0.004988 0.004988 0.004936

 

Table B-2: Friction Factor for 19.05 mm pipe diameter at 3 m test section 

le/D=130 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

30848.7 0.004681 0.004574 0.00451 0.00449 0.004467 0.004406

28792.2 0.004813 0.004708 0.00466 0.004629 0.004603 0.004542

26735.6 0.004953 0.004851 0.0048 0.00477 0.00475 0.004689

24679 0.004908 0.004812 0.00476 0.004741 0.004717 0.004657

21594.1 0.00501 0.004932 0.00487 0.004854 0.004823 0.004776

17480.9 0.005175 0.005104 0.00506 0.005033 0.005009 0.004986

14396.1 0.005251 0.005181 0.00515 0.005146 0.005111 0.005076
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Table B-3: Friction Factor for 19.05 mm pipe diameter at 4 m test section 

le/D>75 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

30848.7 0.004677 0.004585 0.00454 0.004505 0.004483 0.004471

28792.2 0.004739 0.004647 0.00459 0.004568 0.004555 0.004542

26735.6 0.004811 0.004735 0.00469 0.004659 0.004643 0.004628

24679 0.004771 0.004699 0.00465 0.004627 0.00461 0.004601

21594.1 0.004877 0.004807 0.00476 0.004749 0.004726 0.004714

17480.9 0.004879 0.004807 0.00477 0.004754 0.004737 0.004737

14396.1 0.005041 0.004988 0.00494 0.004936 0.00491 0.00491 

 

 

Table B-4: Friction Factor for 25.40 mm pipe diameter at 2 m test section 

le/D>135 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

23136.6 0.006023 0.005782 0.00564 0.005542 0.005421 0.005204

21594.1 0.006195 0.005974 0.00581 0.005725 0.005615 0.005393

20051.7 0.006223 0.006031 0.00587 0.006929 0.005646 0.005453

18509.2 0.006325 0.006136 0.00599 0.005873 0.00576 0.005572

16195.6 0.00649 0.006294 0.0062 0.006097 0.005999 0.005802

13110.7 0.006603 0.006453 0.0063 0.006226 0.006153 0.006003

10797.1 0.007081 0.006939 0.00687 0.006826 0.006719 0.006557
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Table B-5: Friction Factor for 25.40 mm pipe diameter at 3 m test section 

le/D>95 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

23136.6 0.006232 0.006039 0.00594 0.005815 0.005718 0.005558

21594.1 0.006417 0.006232 0.00616 0.006011 0.0059 0.005753

20051.7 0.006501 0.00633 0.00624 0.006116 0.006031 0.005859

18509.2 0.006576 0.006425 0.00632 0.006174 0.006124 0.005973

16195.6 0.006818 0.006687 0.00662 0.006491 0.006359 0.006228

13110.7 0.007003 0.006903 0.0068 0.006702 0.006603 0.006503

10797.1 0.007376 0.007302 0.00723 0.007154 0.007081 0.006933

 

Table B-6: Friction Factor for 31.75 mm pipe diameter at 2 m test section 

le/D>100 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

18509.2 0.005 0.004706 0.00456 0.004335 0.004194 0.00397 

17275.3 0.005064 0.004794 0.00456 0.004389 0.004224 0.004018

16041.3 0.005286 0.005016 0.0048 0.00462 0.004503 0.004346

14807.4 0.005515 0.005248 0.00503 0.004853 0.004743 0.004577

12956.5 0.005702 0.005474 0.00526 0.005138 0.004989 0.004847

10488.6 0.005495 0.005298 0.00511 0.005028 0.004946 0.004836

8637.65 0.006077 0.005944 0.00581 0.005676 0.005591 0.00553 
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Table B-7: Friction Factor for 31.75 mm pipe diameter at 3 m test section 

le/D>75 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

18509.2 0.005784 0.005501 0.00537 0.005177 0.004945 0.004706

17275.3 0.005627 0.00538 0.00524 0.005064 0.004839 0.004614

16041.3 0.006004 0.005764 0.00561 0.005422 0.005193 0.004965

14807.4 0.006434 0.006202 0.00605 0.005842 0.005623 0.005424

12956.5 0.006402 0.006204 0.00605 0.005858 0.005666 0.005487

10488.6 0.007327 0.007173 0.00702 0.006807 0.006646 0.006433

8637.65 0.008103 0.007973 0.00788 0.007657 0.00752 0.007374

 

 

Table B-8: Friction Factor for 50.08 mm pipe diameter at 2 m test section 

le/D>65 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

11568.3 0.008283 0.007639 0.00745 0.007271 0.007086 0.006902

10797.1 0.008346 0.007818 0.00761 0.007395 0.00729 0.007078

10025.8 0.008209 0.007719 0.00747 0.007352 0.007229 0.007107

9254.62 0.008628 0.008197 0.00805 0.007909 0.007765 0.007621

8097.79 0.009015 0.00864 0.00845 0.008264 0.008264 0.008078

6555.36 0.009745 0.009458 0.00931 0.009315 0.009171 0.009171
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Table B-9: Friction Factor for 50.80 mm pipe diameter at 3 m test section 

le/D>50 using oppanol B 250 polymer. 

Concentration Reynolds 

Number 

Pure Gas 

oil 10 wppm 20 wppm 30 wppm 40 wppm 50 wppm

11568.3 0.007976 0.007731 0.00749 0.007363 0.007179 0.006994

10797.1 0.00817 0.007959 0.00768 0.007607 0.007395 0.007184

10025.8 0.008332 0.008169 0.00792 0.00776 0.007597 0.007433

9254.62 0.008245 0.008053 0.00786 0.007765 0.007573 0.007478

8097.79 0.009266 0.009141 0.00889 0.008765 0.00864 0.008515

6555.36 0.013375 0.013184 0.0128 0.012802 0.012611 0.01242 
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APPENDIX D 

 
PERCENT DRAG-REDUCTION CALCULATIONS 

 

 
 Where the % DR is calculated from equation (3-7), as follows:- 

   100
)(

)()(% ×
Δ

Δ−Δ
=

untreated

treateduntreated

p
ppDR  

 

(∆p) untreated,  (∆p) treated  are obtained from Appendix A for each point 

 
Table D-1:% DR Data for 19.05 mm pipe diameter at 2 m test section le/D=180 

using oppanol B 250 polymer. 

Concentration  Volumetric 

Flow Rate 

(m3/h)  
10 

wppm 

20  

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 3.0 3.9 5.1 6.6 8.2 

5.6 2.7 3.7 4.8 6.1 7.8 

5.2 2.4 3.6 4.5 5.8 7.3 

4.8 2.5 3.2 4.2 5.6 7.0 

4.2 2.3 3.2 4.1 5.1 6.4 

3.4 2.0 2.7 3.4 4.7 6.0 

2.8 2.0 2.5 3.0 3.6 4.1 
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Table D-2: %DR Data for 19.05 mm pipe diameter at 3 m test section le/D=130 

using oppanol B 250 polymer. 

Concentration  Volumetric 

Flow Rate 

(m3/h)  
10 

wppm 

20  

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 2.3 3.6 4.1 4.6 5.9 

5.6 2.1 3.3 3.8 4.4 5.6 

5.2 2.0 3.1 3.7 4.1 5.3 

4.8 1.9 2.9 3.4 3.9 5.1 

4.2 1.6 2.8 3.1 3.7 4.7 

3.4 1.4 2.3 2.8 3.2 3.7 

2.8 1.3 2.0 2.0 2.7 3.3 

 

 

Table D-3: %DR Data for 19.05 mm pipe diameter at 4 m test section le/D>75 

using oppanol B 250 polymer. 

Concentration, wppm Volumetric 

Flow Rate 

(m3/h) 
10 20 30 40 50 

6.0 2.0 2.9 3.7 4.2 4.4 

5.6 1.9 2.8 3.6 3.9 4.2 

5.2 1.6 2.5 3.2 3.5 3.8 

4.8 1.5 2.5 3 3.4 3.6 

4.2 1.4 2.4 2.6 3.1 3.3 

3.4 1.5 2.2 2.5 2.9 2.9 

2.8 1.1 2.0 2.0 2.6 2.6 
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Table D-4: %DR Data for 25.40 mm pipe diameter at 2 m test section le /D>135 

using oppanol B 250 polymer. 

Concentration Volumetric 

Flow Rate 

(m3/h) 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 4.0 6.5 8 10.0 13.6 

5.6 3.4 6.2 7.6 9.4 13 

5.2 3.0 5.7 7.3 9.2 12.4 

4.8 2.9 5.3 7.1 8.9 11.9 

4.2 3.0 4.6 6.0 7.6 10.6 

3.4 2.3 4.5 5.7 6.8 9.1 

2.8 2.0 3.0 3.6 5.1 7.4 

 

 

Table D-5: %DR Data for 25.40 mm pipe diameter at 3 m test section le /D>95 

using oppanol B 250 polymer. 

Concentration Volumetric 

Flow Rate 

(m3/h) 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 3.1 4.6 6.7 8.3 10.9 
5.6 2.8 4 6.3 8 10.3 
5.2 2.6 4.1 5.9 7.2 9.9 
4.8 2.3 3.7 6.1 6.9 9.2 
4.2 1.9 2.9 4.8 6.7 8.6 
3.4 1.5 2.9 4.3 5.7 7.1 
2.8 1.2 2.1 3.0 4.0 6.0 
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Table D-6: %DR Data for 31.75 mm pipe diameter at 2 m test section le /D>100 

using oppanol B 250 polymer. 

Concentration Volumetric 

Flow Rate 

(m3/h) 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 5.9 8.8 13.3 16.1 20.6 

5.6 5.3 10 13.3 16.6 20.7 

5.2 5.1 9.2 12.5 15 18 

4.8 4.8 8.8 12 14 17 

4.2 4 7.8 9.9 12.5 15 

3.4 3.6 7 8.5 10 12 

2.8 2.2 4.4 6.6 8 9 

 

 

Table D-7: %DR Data for 31.75 mm pipe diameter at 3 m test section le /D>75 

using oppanol B 250 polymer. 

Concentration Volumetric 

Flow Rate 

(m3/h) 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6 4.9 7.1 10.5 14.5 18.7 

5.6 4.4 6.8 10.1 14 18 

5.2 4 6.5 9.7 13.5 17.3 

4.8 3.6 6 9.2 12.6 15.7 

4.2 3.1 5.5 8.5 11.5 14.3 

3.4 2.1 4.2 7.1 9.3 12.2 

2.8 1.6 2.7 5.5 7.2 9 
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Table D-8: %DR Data for 50.08 mm pipe diameter at 2 m test section le /D>65 

using oppanol B 250 polymer. 

Concentration Volumetric 

Flow Rate 

(m3/h) 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 7.7 10 12.2 14.4 16.7 

5.6 6.3 8.9 11.4 12.7 15.2 

5.2 6 8.9 10.4 11.9 13.4 

4.8 5 6.7 8.3 10 11.7 

4.2 4.1 6.3 8.3 8.3 10.4 

3.4 2.9 4.4 4.4 5.9 5.9 

 

 

Table D-9: %DR Data for 50.80 mm pipe diameter at 3 m test section le /D>50 

using oppanol B 250 polymer. 

Concentration Volumetric 

Flow Rate 

(m3/h) 
10 

wppm 

20 

wppm 

30 

wppm 

40 

wppm 

50 

wppm 

6.0 3.1 6.2 7.7 10 12.3 

5.6 2.6 6 6.9 9.5 12 

5.2 2 4.9 6.9 8.8 10.8 

4.8 2.3 4.7 5.8 8.1 9.3 

4.2 1.4 4.1 5.4 6.8 8.1 

3.4 1.4 4.3 4.3 5.7 7.1 

2.8 3.1 6.2 7.7 10 12.3 
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APPENDIX E 
 

Θ AND %DR CORRELATIONS 
 
 
E.1 Sample of Calculations of Θ measured 

From Chapter Two we have  
C
p

b
P Yaϕ=Θ        (2.12) 

where: 

a B c

0.48839 0.2107 -1.0 

  
υ

γ
2*

p
p

U
=        (2.13) 

and  

  
ρ
τ wU =*        (2.14) 

and  

  
L
PD

w
Δ

=
4

τ        (2.2) 
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by sub. Eq 2-2 and 2-15 into eq.2-14 

 

  
μ

γ Treated
p

LPD /
4
Δ

=       (D.1) 

where PΔ in pa 

for untreated case 

  
μ

γ Untreated
p

LPD /
4
Δ

=       (D.2) 

 

at conc. = 10 ppm, Dia = 0.01905 m, PΔ = from appendix A for specific conditions PΔ =26622.02 pa. 

  07.21636
00293.0

2/02.26622*
4

01905.0
==pγ  

sub. The values of Yp into Eq.2-13 at ϕ =10 wppm 

 

  ( ) ( ) 12107.0 07.216361048839.0 −=ΘP  

  =ΘP  3.6668*10-5 = Θ  predicted from Eq.2-13 
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for measured Θ

since we dependent on time scale hypothesis  

  
pp

measured U γ
υ 1

2* ==Θ       (D.3) 

  510*6219.4
07.21636

1 −==Θ measured  

 

  %664.20100*% =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Θ

Θ−Θ
=

m

pmABSerror  

 

E.2 Sample Calculation of % DR 

( ) ( ) ( ) 111
1% d

P
cbaDR γϕγ °=      (4.3) 

 

The constants of Eq.(4.3) have been summarized in the following table : 

a1 b1 c1 d1

1.91699 9.9547 .2134 -9.9886 

 

Where YP, YO from Eq. (appendix –1) and Eq( B-2) 
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At conc. = 10 wppm, Dia=0.01905 m, TreatedPΔ and UntreatedPΔ  from Appendix A for above conditions we have : 

TreatedPΔ =26622.02 pa 

UntreatedPΔ =27445.38 pa  

 

  ( )
00293.0

2/38.27445*
4

01905.0/
4

=
Δ

=
υ

γ
LPD m

o  

  oγ =22305.22 

and   Pγ =21636.07 
 

  ( ) ( ) ( ) 98.92134.09547.9 07.216361022.2230591699.1% −=DR  

  3.0233 =DR%

 

and %DRmeasured = 999.2100*
38.27445

02.2662238.27445100* =⎟
⎠
⎞

⎜
⎝
⎛ −

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Δ

Δ−Δ

Unt

tUnt

P
PP

ABS  
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  %777.0100*
%

%%
% =⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
=

m

Pm

DR
DRDR

ABSerror  

 
Table E-1: Theta (Θ) Correlation 

Conc. 
(wppm)

Dia 
(m) 

U 
(m/sec) Reynolds No (∆p)treat

(Pa) 
γp 

Eq(E-2) 
Θ Predicted 

Eq.(2-13) 
Θ  

measured
% 

error
Θ BERUG 
Eq.(2-13) 

% 
error 

10 0.01905 5.850448 30848.73 26622 21636.07 3.67E-05 4.6E-05 20.66 0.000159 245 
10 0.01905 5.460418 28792.15 24241.3 19701.25 4.03E-05 5.1E-05 20.66 0.000168 231.6 
10 0.01905 5.070388 26735.57 21455.4 17437.06 4.55E-05 5.7E-05 20.66 0.000181 215 
10 0.01905 4.680358 24678.99 18445.7 14991.06 5.29E-05 6.7E-05 20.66 0.000197 195.6 
10 0.01905 4.095314 21594.11 14188.1 11530.83 6.88E-05 8.7E-05 20.66 0.00023 164.7 
10 0.01905 3.315254 17480.95 9661.84 7852.306 0.000101 0.00013 20.66 0.000287 125.1 
10 0.01905 2.730209 14396.08 6397.7 5199.5 0.000153 0.00019 20.66 0.000364 89.26 
10 0.0254 3.290877 23136.55 7993.8 8662.224 9.16E-05 0.00012 20.66 0.000271 134.6 
10 0.0254 3.071485 21594.11 7207.21 7809.861 0.000102 0.00013 20.66 0.000288 124.6 
10 0.0254 2.852093 20051.68 6267.81 6791.905 0.000117 0.00015 20.66 0.000312 111.8 
10 0.0254 2.632702 18509.24 5433.39 5887.713 0.000135 0.00017 20.66 0.000339 99.43 
10 0.0254 2.303614 16195.59 4264.69 4621.296 0.000172 0.00022 20.66 0.00039 80.1 
10 0.0254 1.86483 13110.71 2863.65 3103.097 0.000256 0.00032 20.66 0.000491 52.3 
10 0.0254 1.535743 10797.06 2089.05 2263.728 0.00035 0.00044 20.66 0.000589 33.36 
10 0.03175 2.106161 18509.24 2131.28 2886.866 0.000275 0.00035 20.66 0.000512 47.74 
10 0.03175 1.965751 17275.29 1892.53 2563.477 0.000309 0.00039 20.66 0.000548 40.53 
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10 0.03175 1.82534 16041.34 1706.88 2312.002 0.000343 0.00043 20.66 0.000582 34.55 
10 0.03175 1.684929 14807.39 1522.02 2061.609 0.000385 0.00049 20.66 0.000622 28.21 
10 0.03175 1.474313 12956.47 1215.06 1645.822 0.000482 0.00061 20.66 0.000709 16.61 
10 0.03175 1.193491 10488.57 770.602 1043.798 0.00076 0.00096 20.66 0.000922 3.731 
10 0.03175 0.982875 8637.646 586.345 794.2176 0.000999 0.00126 20.66 0.00108 14.19 
10 0.0508 0.822719 11568.28 330.449 716.1602 0.001108 0.0014 20.66 0.001147 17.85 
10 0.0508 0.767871 10797.06 294.46 638.1645 0.001243 0.00157 20.66 0.001226 21.74 
10 0.0508 0.713023 10025.84 250.532 542.961 0.001461 0.00184 20.66 0.001347 26.89 
10 0.0508 0.658175 9254.62 226.743 491.4064 0.001614 0.00203 20.66 0.001427 29.9 
10 0.0508 0.575903 8097.793 183.113 396.8495 0.001999 0.00252 20.66 0.001615 35.93 
10 0.0508 0.466208 6555.356 131.328 284.6192 0.002787 0.00351 20.66 0.001957 44.29 
20 0.01905 5.850448 30848.73 26375 21435.32 4.28E-05 4.7E-05 8.189 0.00016 243.6 
20 0.01905 5.460418 28792.15 23992.2 19498.77 4.71E-05 5.1E-05 8.189 0.000169 230.2 
20 0.01905 5.070388 26735.57 21191.6 17222.67 5.33E-05 5.8E-05 8.189 0.000182 213.4 
20 0.01905 4.680358 24678.99 18313.3 14883.43 6.17E-05 6.7E-05 8.189 0.000198 194.7 
20 0.01905 4.095314 21594.11 14057.4 11424.61 8.04E-05 8.8E-05 8.189 0.000231 163.6 
20 0.01905 3.315254 17480.95 9592.83 7796.218 0.000118 0.00013 8.189 0.000288 124.5 
20 0.01905 2.730209 14396.08 6365.06 5172.972 0.000177 0.00019 8.189 0.000365 88.86 
20 0.0254 3.290877 23136.55 7785.63 8436.645 0.000109 0.00012 8.189 0.000275 132 
20 0.0254 3.071485 21594.11 6998.31 7583.488 0.000121 0.00013 8.189 0.000293 121.9 
20 0.0254 2.852093 20051.68 6093.34 6602.852 0.000139 0.00015 8.189 0.000317 109.3 
20 0.0254 2.632702 18509.24 5299.09 5742.188 0.00016 0.00017 8.189 0.000344 97.34 
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20 0.0254 2.303614 16195.59 4194.35 4545.069 0.000202 0.00022 8.189 0.000393 78.84 
20 0.0254 1.86483 13110.71 2799.16 3033.222 0.000303 0.00033 8.189 0.000497 50.85 
20 0.0254 1.535743 10797.06 2067.73 2240.628 0.00041 0.00045 8.189 0.000593 32.79 
20 0.03175 2.106161 18509.24 2065.6 2797.898 0.000328 0.00036 8.189 0.000521 45.8 
20 0.03175 1.965751 17275.29 1798.61 2436.25 0.000377 0.00041 8.189 0.000565 37.55 
20 0.03175 1.82534 16041.34 1633.13 2212.115 0.000415 0.00045 8.189 0.000597 32.07 
20 0.03175 1.684929 14807.39 1458.07 1974.987 0.000465 0.00051 8.189 0.000638 25.92 
20 0.03175 1.474313 12956.47 1166.96 1580.675 0.000581 0.00063 8.189 0.000725 14.65 
20 0.03175 1.193491 10488.57 743.423 1006.983 0.000912 0.00099 8.189 0.000942 5.175 
20 0.03175 0.982875 8637.646 573.155 776.3518 0.001183 0.00129 8.188 0.001095 15.01 
20 0.0508 0.822719 11568.28 322.214 698.3144 0.001315 0.00143 8.188 0.001164 18.72 
20 0.0508 0.767871 10797.06 286.289 620.4566 0.00148 0.00161 8.188 0.001246 22.66 
20 0.0508 0.713023 10025.84 242.802 526.2101 0.001745 0.0019 8.188 0.001371 27.85 
20 0.0508 0.658175 9254.62 222.686 482.6128 0.001902 0.00207 8.188 0.001442 30.43 
20 0.0508 0.575903 8097.793 178.913 387.7455 0.002368 0.00258 8.188 0.001636 36.55 
20 0.0508 0.466208 6555.356 129.299 280.2224 0.003276 0.00357 8.188 0.001975 44.66 
30 0.01905 5.850448 30848.73 26045.7 21167.66 4.72E-05 4.7E-05 2E-04 0.000161 241.8 
30 0.01905 5.460418 28792.15 23718.1 19276.05 5.19E-05 5.2E-05 2E-04 0.00017 228.6 
30 0.01905 5.070388 26735.57 20993.7 17061.87 5.86E-05 5.9E-05 2E-04 0.000183 212.1 
30 0.01905 4.680358 24678.99 18124.1 14729.68 6.79E-05 6.8E-05 2E-04 0.000199 193.4 
30 0.01905 4.095314 21594.11 13926.7 11318.39 8.84E-05 8.8E-05 2E-04 0.000232 162.6 
30 0.01905 3.315254 17480.95 9523.81 7740.13 0.000129 0.00013 2E-04 0.000289 123.8 
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30 0.01905 2.730209 14396.08 6332.42 5146.444 0.000194 0.00019 2E-04 0.000366 88.45 
30 0.0254 3.290877 23136.55 7660.73 8301.298 0.00012 0.00012 2E-04 0.000278 130.5 
30 0.0254 3.071485 21594.11 6893.85 7470.302 0.000134 0.00013 2E-04 0.000295 120.5 
30 0.0254 2.852093 20051.68 5989.95 6490.821 0.000154 0.00015 2E-04 0.00032 107.8 
30 0.0254 2.632702 18509.24 5198.37 5633.044 0.000178 0.00018 2E-04 0.000348 95.75 
30 0.0254 2.303614 16195.59 4132.79 4478.37 0.000223 0.00022 2E-04 0.000397 77.73 
30 0.0254 1.86483 13110.71 2763.99 2995.108 0.000334 0.00033 1E-04 0.000501 50.04 
30 0.0254 1.535743 10797.06 2054.94 2226.769 0.000449 0.00045 1E-04 0.000595 32.44 
30 0.03175 2.106161 18509.24 1963.68 2659.844 0.000376 0.00038 1E-04 0.000537 42.73 
30 0.03175 1.965751 17275.29 1732.66 2346.921 0.000426 0.00043 1E-04 0.000577 35.4 
30 0.03175 1.82534 16041.34 1573.78 2131.719 0.000469 0.00047 1E-04 0.00061 30.03 
30 0.03175 1.684929 14807.39 1406.91 1905.689 0.000525 0.00052 1E-04 0.000651 24.04 
30 0.03175 1.474313 12956.47 1140.38 1544.673 0.000647 0.00065 1E-04 0.000735 13.54 
30 0.03175 1.193491 10488.57 731.433 990.7418 0.001009 0.00101 1E-04 0.000951 5.822 
30 0.03175 0.982875 8637.646 559.966 758.4859 0.001318 0.00132 1E-04 0.00111 15.84 
30 0.0508 0.822719 11568.28 314.338 681.2445 0.001468 0.00147 1E-04 0.001181 19.56 
30 0.0508 0.767871 10797.06 278.433 603.4298 0.001657 0.00166 1E-04 0.001267 23.56 
30 0.0508 0.713023 10025.84 238.805 517.5458 0.001932 0.00193 1E-04 0.001384 28.35 
30 0.0508 0.658175 9254.62 218.867 474.3365 0.002108 0.00211 9E-05 0.001456 30.93 
30 0.0508 0.575903 8097.793 175.094 379.4692 0.002635 0.00264 9E-05 0.001657 37.12 
30 0.0508 0.466208 6555.356 129.299 280.2224 0.003569 0.00357 8E-05 0.001975 44.66 
40 0.01905 5.850448 30848.73 25634 20833.08 5.1E-05 4.8E-05 6.249 0.000163 239.5 
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40 0.01905 5.460418 28792.15 23394.3 19012.82 5.59E-05 5.3E-05 6.249 0.000172 226.7 
40 0.01905 5.070388 26735.57 20707.9 16829.62 6.31E-05 5.9E-05 6.249 0.000184 210.3 
40 0.01905 4.680358 24678.99 17859.2 14514.42 7.32E-05 6.9E-05 6.249 0.000201 191.6 
40 0.01905 4.095314 21594.11 13781.4 11200.36 9.49E-05 8.9E-05 6.249 0.000233 161.4 
40 0.01905 3.315254 17480.95 9395.65 7635.967 0.000139 0.00013 6.249 0.000291 122.5 
40 0.01905 2.730209 14396.08 6293.25 5114.61 0.000208 0.0002 6.249 0.000367 87.96 
40 0.0254 3.290877 23136.55 7494.19 8120.835 0.000131 0.00012 6.249 0.000281 128.3 
40 0.0254 3.071485 21594.11 6759.56 7324.776 0.000145 0.00014 6.249 0.000298 118.6 
40 0.0254 2.852093 20051.68 5867.18 6357.783 0.000167 0.00016 6.249 0.000324 106 
40 0.0254 2.632702 18509.24 5097.65 5523.9 0.000192 0.00018 6.249 0.000351 94.15 
40 0.0254 2.303614 16195.59 4062.45 4402.142 0.000241 0.00023 6.249 0.000401 76.45 
40 0.0254 1.86483 13110.71 2731.75 2960.171 0.000359 0.00034 6.249 0.000504 49.3 
40 0.0254 1.535743 10797.06 2022.96 2192.12 0.000485 0.00046 6.249 0.0006 31.57 
40 0.03175 2.106161 18509.24 1900.26 2573.944 0.000413 0.00039 6.249 0.000547 40.77 
40 0.03175 1.965751 17275.29 1666.71 2257.592 0.000471 0.00044 6.249 0.00059 33.21 
40 0.03175 1.82534 16041.34 1528.81 2070.813 0.000513 0.00048 6.249 0.00062 28.45 
40 0.03175 1.684929 14807.39 1374.93 1862.378 0.000571 0.00054 6.249 0.00066 22.84 
40 0.03175 1.474313 12956.47 1107.47 1500.099 0.000708 0.00067 6.249 0.000748 12.15 
40 0.03175 1.193491 10488.57 719.442 974.5001 0.00109 0.00103 6.249 0.00096 6.475 
40 0.03175 0.982875 8637.646 551.572 747.1168 0.001422 0.00134 6.249 0.001119 16.37 
40 0.0508 0.822719 11568.28 306.462 664.1746 0.0016 0.00151 6.249 0.001198 20.42 
40 0.0508 0.767871 10797.06 274.348 594.5759 0.001787 0.00168 6.249 0.001278 24.04 
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40 0.0508 0.713023 10025.84 234.807 508.8815 0.002088 0.00197 6.249 0.001398 28.86 
40 0.0508 0.658175 9254.62 214.81 465.5429 0.002282 0.00215 6.249 0.001472 31.47 
40 0.0508 0.575903 8097.793 175.094 379.4692 0.0028 0.00264 6.249 0.001657 37.12 
40 0.0508 0.466208 6555.356 127.271 275.8256 0.003852 0.00363 6.249 0.001993 45.03 
50 0.01905 5.850448 30848.73 25194.9 20476.2 5.44E-05 4.9E-05 11.36 0.000165 237 
50 0.01905 5.460418 28792.15 22970.7 18668.61 5.97E-05 5.4E-05 11.36 0.000174 224.2 
50 0.01905 5.070388 26735.57 20378.2 16561.63 6.72E-05 6E-05 11.36 0.000186 208.2 
50 0.01905 4.680358 24678.99 17594.4 14299.17 7.79E-05 7E-05 11.36 0.000203 189.8 
50 0.01905 4.095314 21594.11 13592.7 11046.93 0.000101 9.1E-05 11.36 0.000235 159.9 
50 0.01905 3.315254 17480.95 9267.48 7531.803 0.000148 0.00013 11.36 0.000294 121.2 
50 0.01905 2.730209 14396.08 6260.61 5088.082 0.000219 0.0002 11.36 0.000369 87.55 
50 0.0254 3.290877 23136.55 7194.42 7796.001 0.000143 0.00013 11.36 0.000288 124.5 
50 0.0254 3.071485 21594.11 6490.97 7033.726 0.000158 0.00014 11.36 0.000306 114.9 
50 0.0254 2.852093 20051.68 5660.41 6133.72 0.000182 0.00016 11.36 0.000331 102.9 
50 0.0254 2.632702 18509.24 4929.78 5341.993 0.000208 0.00019 11.36 0.000358 91.43 
50 0.0254 2.303614 16195.59 3930.55 4259.215 0.000261 0.00023 11.36 0.000409 74.02 
50 0.0254 1.86483 13110.71 2664.33 2887.119 0.000386 0.00035 11.36 0.000512 47.74 
50 0.0254 1.535743 10797.06 1973.94 2138.992 0.000521 0.00047 11.36 0.000609 30.22 
50 0.03175 2.106161 18509.24 1798.34 2435.889 0.000457 0.00041 11.36 0.000565 37.54 
50 0.03175 1.965751 17275.29 1584.77 2146.607 0.000519 0.00047 11.36 0.000608 30.41 
50 0.03175 1.82534 16041.34 1474.86 1997.725 0.000557 0.0005 11.36 0.000633 26.52 
50 0.03175 1.684929 14807.39 1326.97 1797.411 0.00062 0.00056 11.36 0.000673 21.02 
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50 0.03175 1.474313 12956.47 1075.83 1457.239 0.000764 0.00069 11.36 0.00076 10.79 
50 0.03175 1.193491 10488.57 703.454 952.8446 0.001169 0.00105 11.36 0.000972 7.356 
50 0.03175 0.982875 8637.646 545.577 738.9959 0.001507 0.00135 11.36 0.001126 16.76 
50 0.0508 0.822719 11568.28 298.227 646.3288 0.001723 0.00155 11.36 0.001217 21.32 
50 0.0508 0.767871 10797.06 266.491 577.5491 0.001928 0.00173 11.36 0.001299 24.96 
50 0.0508 0.713023 10025.84 230.809 500.2173 0.002226 0.002 11.36 0.001412 29.37 
50 0.0508 0.658175 9254.62 210.752 456.7493 0.002438 0.00219 11.36 0.001488 32.02 
50 0.0508 0.575903 8097.793 171.084 370.7791 0.003004 0.0027 11.36 0.001679 37.73 
50 0.0508 0.466208 6555.356 127.271 275.8256 0.004037 0.00363 11.36 0.001993 45.03 

       AAPE 9.293 AAPE 81.97 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table E-2: Percent Drag Reduction (%DR) Correlation 
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Conc. 
(wppm)

Dia 
(m) 

U 
(m/sec) Reynolds No (∆p)treat

(Pa) 
(∆p)untreat

(Pa) γo γp % DR 
predicted 

%DR
Exp. % Error 

10 0.01905 5.850448 30848.73 26622 27445 22305.2 21636.07 3.023382075 3 0.7794025 
10 0.01905 5.460418 28792.15 24241.3 24914 20247.9 19701.25 2.941199591 2.7 8.9333182 
10 0.01905 5.070388 26735.57 21455.4 21983 17865.8 17437.06 2.864283759 2.4 19.345157 
10 0.01905 4.680358 24678.99 18445.7 18919 15375.4 14991.06 2.908555136 2.5 16.342205 
10 0.01905 4.095314 21594.11 14188.1 14522 11802.3 11530.83 2.875338775 2.3 25.014729 
10 0.01905 3.315254 17480.95 9661.84 9859 8012.56 7852.306 2.825540132 2 41.277007 
10 0.01905 2.730209 14396.08 6397.7 6528.3 5305.61 5199.5 2.86537972 2 43.268986 
10 0.0254 3.290877 23136.55 7993.8 8326.9 9023.15 8662.224 3.457772873 4 13.555678 
10 0.0254 3.071485 21594.11 7207.21 7460.9 8084.74 7809.861 3.261278977 3.4 4.0800301 
10 0.0254 2.852093 20051.68 6267.81 6461.7 7001.96 6791.905 3.144728011 3 4.824267 
10 0.0254 2.632702 18509.24 5433.39 5595.7 6063.56 5887.713 3.127776189 2.9 7.8543513 
10 0.0254 2.303614 16195.59 4264.69 4396.6 4764.22 4621.296 3.18612459 3 6.204153 
10 0.0254 1.86483 13110.71 2863.65 2931.1 3176.15 3103.097 3.006425927 2.3 30.714171 
10 0.0254 1.535743 10797.06 2089.05 2131.7 2309.93 2263.728 2.947458666 2 47.372933 
10 0.03175 2.106161 18509.24 2131.28 2264.9 3067.87 2886.866 4.379524644 5.9 25.770769 
10 0.03175 1.965751 17275.29 1892.53 1998.5 2706.94 2563.477 4.12763083 5.3 22.120173 
10 0.03175 1.82534 16041.34 1706.88 1798.6 2436.25 2312.002 4.056046967 5.1 20.469667 
10 0.03175 1.684929 14807.39 1522.02 1598.8 2165.56 2061.609 3.945921646 4.8 17.793299 
10 0.03175 1.474313 12956.47 1215.06 1265.7 1714.4 1645.822 3.658412046 4 8.5396988 
10 0.03175 1.193491 10488.57 770.602 799.38 1082.78 1043.798 3.56478428 3.6 0.9782144 
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10 0.03175 0.982875 8637.646 586.345 599.54 812.083 794.2176 3.116946139 2.2 41.67937 
10 0.0508 0.822719 11568.28 330.449 358.02 775.905 716.1602 5.565299249 7.7 27.723386 
10 0.0508 0.767871 10797.06 294.46 314.26 681.072 638.1645 4.809572674 6.3 23.657577 
10 0.0508 0.713023 10025.84 250.532 266.52 577.618 542.961 4.684570234 6 21.923829 
10 0.0508 0.658175 9254.62 226.743 238.68 517.27 491.4064 4.230502106 5 15.389958 
10 0.0508 0.575903 8097.793 183.113 190.94 413.816 396.8495 3.879534921 4.1 5.3771971 
10 0.0508 0.466208 6555.356 131.328 135.25 293.12 284.6192 3.466738168 2.9 19.542695 
20 0.01905 5.850448 30848.73 26375 27445 22305.2 21435.32 3.847499781 3.9 1.3461595 
20 0.01905 5.460418 28792.15 23992.2 24914 20247.9 19498.77 3.78083019 3.7 2.1845997 
20 0.01905 5.070388 26735.57 21191.6 21983 17865.8 17222.67 3.757776885 3.6 4.3826913 
20 0.01905 4.680358 24678.99 18313.3 18919 15375.4 14883.43 3.623951627 3.2 13.248488 
20 0.01905 4.095314 21594.11 14057.4 14522 11802.3 11424.61 3.656651056 3.2 14.270346 
20 0.01905 3.315254 17480.95 9592.83 9859 8012.56 7796.218 3.519220857 2.7 30.341513 
20 0.01905 2.730209 14396.08 6365.06 6528.3 5305.61 5172.972 3.496387551 2.5 39.855502 
20 0.0254 3.290877 23136.55 7785.63 8326.9 9023.15 8436.645 5.218082003 6.5 19.721815 
20 0.0254 3.071485 21594.11 6998.31 7460.9 8084.74 7583.488 5.072641448 6.2 18.183202 
20 0.0254 2.852093 20051.68 6093.34 6461.7 7001.96 6602.852 4.833844326 5.7 15.195714 
20 0.0254 2.632702 18509.24 5299.09 5595.7 6063.56 5742.188 4.656429973 5.3 12.142831 
20 0.0254 2.303614 16195.59 4194.35 4396.6 4764.22 4545.069 4.361767537 4.6 5.1789666 
20 0.0254 1.86483 13110.71 2799.16 2931.1 3176.15 3033.222 4.376212457 4.5 2.7508343 
20 0.0254 1.535743 10797.06 2067.73 2131.7 2309.93 2240.628 3.786070059 3 26.202335 
20 0.03175 2.106161 18509.24 2065.6 2264.9 3067.87 2797.898 6.941748464 8.8 21.116495 
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20 0.03175 1.965751 17275.29 1798.61 1998.5 2706.94 2436.25 7.957437481 10 20.425625 
20 0.03175 1.82534 16041.34 1633.13 1798.6 2436.25 2212.115 7.31033768 9.2 20.539808 
20 0.03175 1.684929 14807.39 1458.07 1598.8 2165.56 1974.987 7.02435536 8.8 20.17778 
20 0.03175 1.474313 12956.47 1166.96 1265.7 1714.4 1580.675 6.349581853 7.8 18.595104 
20 0.03175 1.193491 10488.57 743.423 799.38 1082.78 1006.983 5.916236477 7 15.482336 
20 0.03175 0.982875 8637.646 573.155 599.54 812.083 776.3518 4.536020484 4.4 3.0913746 
20 0.0508 0.822719 11568.28 322.214 358.02 775.905 698.3144 8.30241269 10 16.975873 
20 0.0508 0.767871 10797.06 286.289 314.26 681.072 620.4566 7.386321814 8.9 17.00762 
20 0.0508 0.713023 10025.84 242.802 266.52 577.618 526.2101 7.427769222 8.9 16.541919 
20 0.0508 0.658175 9254.62 222.686 238.68 517.27 482.6128 5.874497115 6.7 12.320939 
20 0.0508 0.575903 8097.793 178.913 190.94 413.816 387.7455 5.671574886 6.3 9.9750018 
20 0.0508 0.466208 6555.356 129.299 135.25 293.12 280.2224 4.695759154 4.4 6.7217989 
30 0.01905 5.850448 30848.73 26045.7 27445 22305.2 21167.66 4.756321628 5.1 6.7387916 
30 0.01905 5.460418 28792.15 23718.1 24914 20247.9 19276.05 4.623881689 4.8 3.6691315 
30 0.01905 5.070388 26735.57 20993.7 21983 17865.8 17061.87 4.499913153 4.5 0.0019299 
30 0.01905 4.680358 24678.99 18124.1 18919 15375.4 14729.68 4.383413647 4.2 4.3669916 
30 0.01905 4.095314 21594.11 13926.7 14522 11802.3 11318.39 4.377112711 4.1 6.7588466 
30 0.01905 3.315254 17480.95 9523.81 9859 8012.56 7740.13 4.124305206 3.4 21.303094 
30 0.01905 2.730209 14396.08 6332.42 6528.3 5305.61 5146.444 4.013337968 3 33.777932 
30 0.0254 3.290877 23136.55 7660.73 8326.9 9023.15 8301.298 6.687316234 8 16.408547 
30 0.0254 3.071485 21594.11 6893.85 7460.9 8084.74 7470.302 6.427639968 7.6 15.42579 
30 0.0254 2.852093 20051.68 5989.95 6461.7 7001.96 6490.821 6.253321411 7.3 14.338063 
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30 0.0254 2.632702 18509.24 5198.37 5595.7 6063.56 5633.044 6.150126072 7.1 13.378506 
30 0.0254 2.303614 16195.59 4132.79 4396.6 4764.22 4478.37 5.512869107 6 8.1188482 
30 0.0254 1.86483 13110.71 2763.99 2931.1 3176.15 2995.108 5.41421695 5.7 5.0137377 
30 0.0254 1.535743 10797.06 2054.94 2131.7 2309.93 2226.769 4.392257333 3.6 22.007148 
30 0.03175 2.106161 18509.24 1963.68 2264.9 3067.87 2659.844 12.54758555 13.3 5.6572515 
30 0.03175 1.965751 17275.29 1732.66 1998.5 2706.94 2346.921 12.60103882 13.3 5.2553472 
30 0.03175 1.82534 16041.34 1573.78 1798.6 2436.25 2131.719 11.53761483 12.5 7.6990814 
30 0.03175 1.684929 14807.39 1406.91 1598.8 2165.56 1905.689 10.94296932 12 8.808589 
30 0.03175 1.474313 12956.47 1140.38 1265.7 1714.4 1544.673 8.715168641 9.9 11.967994 
30 0.03175 1.193491 10488.57 731.433 799.38 1082.78 990.7418 7.588689167 8.5 10.721304 
30 0.03175 0.982875 8637.646 559.966 599.54 812.083 758.4859 6.240988019 6.6 5.4395755 
30 0.0508 0.822719 11568.28 314.338 358.02 775.905 681.2445 11.59164905 12.2 4.9864832 
30 0.0508 0.767871 10797.06 278.433 314.26 681.072 603.4298 10.63458674 11.4 6.7141514 
30 0.0508 0.713023 10025.84 238.805 266.52 577.618 517.5458 9.560114391 10.4 8.0758232 
30 0.0508 0.658175 9254.62 218.867 238.68 517.27 474.3365 7.613623061 8.3 8.2696017 
30 0.0508 0.575903 8097.793 175.094 190.94 413.816 379.4692 7.671544152 8.3 7.5717572 
30 0.0508 0.466208 6555.356 129.299 135.25 293.12 280.2224 5.120217882 4.4 16.368588 
40 0.01905 5.850448 30848.73 25634 27445 22305.2 20833.08 5.929957151 6.6 10.152164 
40 0.01905 5.460418 28792.15 23394.3 24914 20247.9 19012.82 5.640504934 6.1 7.532706 
40 0.01905 5.070388 26735.57 20707.9 21983 17865.8 16829.62 5.486896181 5.8 5.3983417 
40 0.01905 4.680358 24678.99 17859.2 18919 15375.4 14514.42 5.399338231 5.6 3.5832459 
40 0.01905 4.095314 21594.11 13781.4 14522 11802.3 11200.36 5.168035017 5.1 1.33402 
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40 0.01905 3.315254 17480.95 9395.65 9859 8012.56 7635.967 5.021017666 4.7 6.8301631 
40 0.01905 2.730209 14396.08 6293.25 6528.3 5305.61 5114.61 4.540331209 3.6 26.120311 
40 0.0254 3.290877 23136.55 7494.19 8326.9 9023.15 8120.835 8.85650343 10 11.434966 
40 0.0254 3.071485 21594.11 6759.56 7460.9 8084.74 7324.776 8.318746111 9.4 11.502701 
40 0.0254 2.852093 20051.68 5867.18 6461.7 7001.96 6357.783 8.177359755 9.2 11.115655 
40 0.0254 2.632702 18509.24 5097.65 5595.7 6063.56 5523.9 7.951087011 8.9 10.661944 
40 0.0254 2.303614 16195.59 4062.45 4396.6 4764.22 4402.142 6.958528503 7.6 8.4404144 
40 0.0254 1.86483 13110.71 2731.75 2931.1 3176.15 2960.171 6.472932493 6.8 4.8098163 
40 0.0254 1.535743 10797.06 2022.96 2131.7 2309.93 2192.12 5.462408792 5.1 7.1060547 
40 0.03175 2.106161 18509.24 1900.26 2264.9 3067.87 2573.944 18.51976424 16.1 15.029592 
40 0.03175 1.965751 17275.29 1666.71 1998.5 2706.94 2257.592 19.74291868 16.6 18.933245 
40 0.03175 1.82534 16041.34 1528.81 1798.6 2436.25 2070.813 16.38815684 15 9.2543789 
40 0.03175 1.684929 14807.39 1374.93 1598.8 2165.56 1862.378 14.63961575 14 4.5686839 
40 0.03175 1.474313 12956.47 1107.47 1265.7 1714.4 1500.099 12.4155091 12.5 0.6759272 
40 0.03175 1.193491 10488.57 719.442 799.38 1082.78 974.5001 9.517801764 10 4.8219824 
40 0.03175 0.982875 8637.646 551.572 599.54 812.083 747.1168 7.716758245 8 3.5405219 
40 0.0508 0.822719 11568.28 306.462 358.02 775.905 664.1746 15.8815648 14.4 10.288644 
40 0.0508 0.767871 10797.06 274.348 314.26 681.072 594.5759 13.10714296 12.7 3.2058501 
40 0.0508 0.713023 10025.84 234.807 266.52 577.618 508.8815 12.03279196 11.9 1.1158988 
40 0.0508 0.658175 9254.62 214.81 238.68 517.27 465.5429 9.75962083 10 2.4037917 
40 0.0508 0.575903 8097.793 175.094 190.94 413.816 379.4692 8.157331055 8.3 1.7189029 
40 0.0508 0.466208 6555.356 127.271 135.25 293.12 275.8256 6.376152379 5.9 8.0703793 
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50 0.01905 5.850448 30848.73 25194.9 27445 22305.2 20476.2 7.390805581 8.2 9.8682246 
50 0.01905 5.460418 28792.15 22970.7 24914 20247.9 18668.61 7.099995862 7.8 8.974412 
50 0.01905 5.070388 26735.57 20378.2 21983 17865.8 16561.63 6.755270363 7.3 7.4620498 
50 0.01905 4.680358 24678.99 17594.4 18919 15375.4 14299.17 6.574167337 7 6.0833238 
50 0.01905 4.095314 21594.11 13592.7 14522 11802.3 11046.93 6.220774981 6.4 2.8003909 
50 0.01905 3.315254 17480.95 9267.48 9859 8012.56 7531.803 6.040291725 6 0.6715288 
50 0.01905 2.730209 14396.08 6260.61 6528.3 5305.61 5088.082 5.015675741 4.1 22.333555 
50 0.0254 3.290877 23136.55 7194.42 8326.9 9023.15 7796.001 13.96472877 13.6 2.6818292 
50 0.0254 3.071485 21594.11 6490.97 7460.9 8084.74 7033.726 13.08070697 13 0.6208228 
50 0.0254 2.852093 20051.68 5660.41 6461.7 7001.96 6133.72 12.27262235 12.4 1.0272391 
50 0.0254 2.632702 18509.24 4929.78 5595.7 6063.56 5341.993 11.65117694 11.9 2.0909501 
50 0.0254 2.303614 16195.59 3930.55 4396.6 4764.22 4259.215 10.14805694 10.6 4.2636138 
50 0.0254 1.86483 13110.71 2664.33 2931.1 3176.15 2887.119 8.713281547 9.1 4.2496533 
50 0.0254 1.535743 10797.06 1973.94 2131.7 2309.93 2138.992 7.319797419 7.4 1.0838187 
50 0.03175 2.106161 18509.24 1798.34 2264.9 3067.87 2435.889 33.68699377 20.6 63.529096 
50 0.03175 1.965751 17275.29 1584.77 1998.5 2706.94 2146.607 34.25905637 20.7 65.502688 
50 0.03175 1.82534 16041.34 1474.86 1798.6 2436.25 1997.725 24.60862925 18 36.714607 
50 0.03175 1.684929 14807.39 1326.97 1598.8 2165.56 1797.411 21.88980716 17 28.763572 
50 0.03175 1.474313 12956.47 1075.83 1265.7 1714.4 1457.239 17.39388209 15 15.959214 
50 0.03175 1.193491 10488.57 703.454 799.38 1082.78 952.8446 12.4941803 12 4.1181692 
50 0.03175 0.982875 8637.646 545.577 599.54 812.083 738.9959 9.026694255 9 0.2966028 
50 0.0508 0.822719 11568.28 298.227 358.02 775.905 646.3288 21.86403159 16.7 30.922345 
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50 0.0508 0.767871 10797.06 266.491 314.26 681.072 577.5491 18.37521104 15.2 20.889546 
50 0.0508 0.713023 10025.84 230.809 266.52 577.618 500.2173 14.98115741 13.4 11.799682 
50 0.0508 0.658175 9254.62 210.752 238.68 517.27 456.7493 12.38341634 11.7 5.8411653 
50 0.0508 0.575903 8097.793 171.084 190.94 413.816 370.7791 10.78277831 10.4 3.6805607 
50 0.0508 0.466208 6555.356 127.271 135.25 293.12 275.8256 6.68716286 5.9 13.341743 
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APPENDIX F 

EXPERIMENTAL DEGRADATION DATA 
 

Table F-1: Degradation of oppanol 150, in 19.05 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 10 20 30 40 50 60 
6 2.3 3 3.7 2.3 1.7 0.6 

4.8 2 2.5 2.7 2.5 1 0.3 
2.8 1.2 1.8 2.4 1.2 0.5 0 

 
 

Table F-2: Degradation of oppanol 150, in 31.75 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 15 30 45 60 75  
6 4.5 8.9 6 4.5 3  

4.8 4 8 4 2   
2.8 1.7 4.6 3 1.3   

 
 

Table F-3: Degradation of oppanol 150, in 50.8 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 15 30 45 60 75 90 
6 2.8 6.8 4.8 3.4 1.6 1 

4.8 3.4 6.8 3.4 1.7   
3.4 3.1 4.6 1.6    

 
 

Table F-4: Degradation of oppanol 200, in 19.05 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 10 20 30 40 50 60 70    
6 3.2 4.8 4.1 3.2 2.3 1.3 0.7    

4.8 2.4 3.7 3 2.4 1.7 0.9 0.3 0   
2.8 2 3 2.3 1.5 0.8 0.1 0    

 F-1



 
 

Table F-5: Degradation of oppanol 200, in 31.75 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 15 30 45 60 90 120 150 180 210 240 
6 1.5 2.9 5.9 11.8 8.8 7.1 4.2 2.9 1.5 0 

4.8 2.1 4.1 8.4 6.3 4 4 2.1 0   
2.8 1.5 3 3 3.8 6 3.8 1.5    

 
 

Table F-6: Degradation of oppanol 200, in 50.8 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 15 30 45 60 90 120 150 180 210 240 
6 4.1 5.9 5.9 8.1 10.7 7 4.5 2.3 1.2 0 

4.8 3.5 5.3 7.1 8.8 5.3 3.5 0.8 0   
3.4 2.1 3.9 3.9 5.9 2.1 0     

 
 

Table F-7: Degradation of oppanol 250, in 19.05 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 0 10 25 40 55 70 100 115  
6 8.3 7.3 4.1 1.7 1.2 1 0.5 0.5  

4.8 7 7 4.9 3.5 3.5 3.5 2.1 2.1  
2.8 4.1 3.1 2.6 2 2 1 1 0.5  

 
 

Table F-8: Degradation of oppanol 250, in 31.75 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 0 30 60 90 120 150 180 270 300 
6 20.7 20.6 17.6 14.7 11.8 11.8 8.8 8.8 5.9 

4.8 16.7 14.6 10.4 8.3 6.3 4.2 4.2 0  
2.8 8.9 6.7 5.6 5.6 4.4 0    

 
 

 F-2



 
 

Table F-9: Degradation of oppanol 250, in 50.8 mm ID pipe and 2 m test 
section at 50 wppm 

Q  
(m3/min) Time (min) 

 0 15 30 60 90 120 150 180 210 
6 16.7 16.7 16.7 16.7 15.6 13 11 10 10 

4.8 11.7 11.7 10 10 8.2 5.7 4.9 3.2 3.2 
3.4 5.9 5.9 4.3 2.9 0 0 0 0 0 
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