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An experimental study on friction reducing polymers in turbulent pipe flow 

Yucel Ozmen a,*, Bendiks Jan Boersma b 

a Department of Mechanical Engineering, Karadeniz Technical University, Trabzon, 61080, Turkey 
b Laboratory for Energy Technology, Mechanical Engineering Faculty, Delft University of Technology, 2628 CD, Delft, the Netherlands  

A B S T R A C T   

An experimental study was conducted to search the reduction of friction in fully developed turbulent pipe flow using different types of polyacrylamides as friction 
reducing polymers. Pressure drop measurements determined the friction reduction. Three different polymer types Superfloc A110, Superfloc A130 and Superfloc 
A150 were used to examine the effect of polymer concentration, Reynolds number and polymer type on friction reduction. The Darcy friction factor was obtained for 
each polymer type at the polymer concentration ranging from 0 to 500 wppm and a Reynolds number range of 10000-80000. 

It was observed that friction factor decreased with increment in polymer concentration and Reynolds number for each polymer. Higher molecular weight polymers 
are more effective at reducing friction. With increasing concentration of polymer, the measured data approaches the Virk asymptote, which represents the maximum 
friction reduction limit by the polymers. The percentage of friction reduction increased with increasing concentration of polymer up to 100 wppm for each polymer 
type and then began to decrease for polymer concentrations higher than 100 wppm. An empirical formula was obtained to calculate the Darcy friction factor as a 
function of Reynolds number and polymer concentration for Superfloc A110.   

1. Introduction 

Dissolving a small amount of high molecular weight polymer in a 
liquid can greatly reduce frictional drag in turbulent pipe or duct flows. 
This event is known as friction reduction and was first reported by Toms 
in 1948 (Toms, 1948). Since then, interest in friction reduction has 
increased due to its widespread use in industry. Polymer additives 
benefit a variety of applications including very long-distance trans-
portation of liquids, firefighting operations, domestic plumbing, irriga-
tion systems and underwater objects. In order to better understand the 
observed effect, many experimental and numerical studies have been 
carried out on the decrease in resistance caused by the polymer in tur-
bulent flow. The first experimental studies on this subject were made by 
Toms (1948) and Virk (1975). Virk showed significant differences for 
polymers in laminar and turbulent flows. While no decrease in friction 
was observed in laminar flows, a significant decrease in was obtained in 
turbulent flow. He was the first to demonstrate the existence of a 
maximum friction reduction limit independent of pipe diameter and 
polymer type in a turbulent pipe flow, this limit is known as the Virk 
asymptote. Numerous studies reveal that the potential of polymers to 
reduce friction in a turbulent flow is strongly affected by the molecular 
weight of the polymer, the polymer type, the polymer concentration, the 
polymer degradation, the preparation type of the solutions, the solvent 
properties, the solution temperature, the turbulent intensity, Reynolds 
number, geometry of flow, roughness and size of the pipe and the types 

of pumps used (Den Toonder et al., 1995). After the first observations on 
the friction reducing polymers, various studies have been carried out in 
this area. Achia and Thompson (1977) and Oldaker and Tiederman 
(1977) worked the effect of polymer additives on turbulent structures 
near the wall in pipe flow and noted that the addition of the polymers 
suppressed the formation of streaks. Harder and Tiederman (1991) 
stated that the addition of polymer produced a reduction in Reynolds 
shear stress and the polymer effect only appeared at high polymer 
concentrations. Sasaki (1991) revealed that the increase in flexibility in 
additives negatively affects the decrease in resistance. Japper-Jaafar 
et al. (2009) studied the effects of Reynolds number and concentration 
on resistance reduction in a large-scale circular pipe flow. They reported 
that as the solution concentration increased, the friction reduction ef-
ficiency increased and was slightly dependent on the Reynolds number. 
Costalonga et al. (2018) conducted an experimental study to provide a 
direct quantitative comparison of friction reducing polymers between 
tubes and annular channels. They found that reducing friction is a 
function of dimensionless time. Zhang et al. (2018) stated that both the 
viscosity and flexibility of the polymeric fluid affect the friction reduc-
tion. Matras and Kopiczak (2016) investigated the friction reduction 
effectiveness of adding both high molecular weight polymer and sur-
factants to the solvent. They stated that the addition of high molecular 
weight polymers and surfactants reduces friction in turbulent flow. 
Ptasinski et al. (2001) showed that an increase in viscosity can increase 
the thickness of the buffer zone, resulting in an increase in flow rate. 
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Petrie et al. (2003), in their study examining the effect of surface 
roughness on the friction reduction provided by the addition of polymer 
in the boundary layer on a flat plate, stated that the friction reduction is 
greater on rough surfaces. A review article on friction reduction of 
polymer solutions in turbulent flow was compiled by Graham (2004). 
Somandepalli et al. (2005) investigated the downstream occurrence of 
friction reduction in a turbulent boundary layer. The polymer entrain-
ment reduction of a turbulent pipe flow under the effect of Coriolis force 
has been experimentally studied by Omrani et al. (2012). The results 
showed that the friction factor increased monotonically but gradually 
increased with rotation. Friction reduction increased with concentra-
tion, but was unaffected by rotation. Vural et al. (Zeybek Vural et al., 
2014) investigated effects of polymers in reducing friction in turbulent 
pipe flow. They noted that the velocity fluctuations near the wall were 
affected from the presence of the polymer. Rowin et al. (2021) devel-
oped a novel coating that bonds drag-reducing polymers to metallic 
surfaces. They observed maximum drag reduction of 19% in a turbulent 
channel flow. One of the most critical problems in friction reduction 
applications with polymer addition is degradation of polymers. This 
effect is due to the high shear stresses in turbulent flow and can lead to a 

significant loss of the ability of the polymers to reduce friction. A study 
examining the parameters affecting polymer degradation was carried 
out by Den Toonder et al. (Den Toonder et al., 1995). They stated that 
the type of pump used in the system has a great effect on the degradation 
of the polymer and that a disc pump should be preferred in order to 
prevent degradation in pumping the polymer solution. A brief review of 
the mechanical degradation of linear polymers in turbulent flows is 
presented by Soares (2020). In parallel with experimental research, 
some studies (Ptasinski et al., 2003; Robert et al., 2010; Resendea et al., 
2018) are based on the computational solution of viscoelastic equations, 
especially the FENE-P model. Direct numerical simulations (DNS) are 
suitable for evaluating different models and analyzing friction reduction 
mechanisms of polymers. However, the high computational costs make 
the simulations undesirable for high Reynolds numbers. Therefore, ap-
proaches such as Large Eddy Simulation (LES) and Reynolds Mean 
Navier-Stokes (RANS) are evaluated in solving these problems. 

Despite numerous experimental, theoretical and numerical studies in 
this field for more than half a century, due to the complexity in physics, 
no result has emerged that fully explains this phenomenon. Some 
detailed experimental studies are needed to explain the actual physical 
mechanics of friction reducing polymers. Most of the experimental work 
on friction reducing polymers has been performed at low Reynolds 
numbers. But industrial applications are at high Reynolds numbers. 
Therefore, this study aims to examine friction reducing polymers in a 
wide Reynolds number range. The present study investigates the effects 
of polymer type (molecular weight), Reynolds number and concentra-
tion of polymer on friction reduction by pressure difference measure-
ments of a turbulent pipe flow. 

2. Characteristics of turbulent pipe flow 

For fully developed turbulent flow in a horizontal pipe of diameter D, 
the relationship between wall shear stress, τw and axial pressure drop, 
ΔP is given by 

τw =
D
4

ΔP
Δx

(1)  

where ΔP/Δx is the pressure gradient. The shear stress at the wall is 
scaled with the mean kinetic energy of flow per unit volume to express 
non dimensional Fanning friction factor f. This factor is given by 

f =
τw

1
2 ρU2

b
(2) 

The Darcy friction factor is four times the Fanning friction factor, 

fDarcy = 4 fFanning (3) 

The Reynolds number is given as follows, defined by the bulk mean 
velocity in the pipe and the diameter of pipe. 

Fig. 1. Schematic diagram of the pipe flow facility.  

Table 1a 
Carreau parameters for five polymer solutions of Superfloc A110 at T ¼ 20 ◦C.  

solution 100 wppm 200 wppm 300 wppm 400 wppm 500 wppm 

Temp. (◦C) 20.0 20.0 20.0 20.0 20.0 
ηo (mPas) 0,00225 0,004031 0,006922 0,009829 0,01150 
η∞ (mPas) 0,001012 0,001012 0,001012 0,001012 0,001012 
n 0,9 0,845 0791 0,76 0,78 
λ (s) 0,4335 0,4585 0,4035 0,5185 0,4785  

Table 1b 
Carreau parameters for five polymer solutions of Superfloc A130 at T ¼ 20 ◦C.  

solution 100 wppm 200 wppm 300 wppm 400 wppm 500 wppm 

Temp. (◦C) 20.0 20.0 20.0 20.0 20.0 
ηo (mPas) 0,002054 0,003713 0,00513 0,007015 0,009948 
η∞ (mPas) 0,001012 0,001012 0,001012 0,001012 0,001012 
n 0,9 0,845 0,81 0,768 0785 
λ (s) 0,4785 0,4985 0,4985 0,4785 0,4785  

Table 1c 
Carreau parameters for five polymer solutions of Superfloc A150 at T ¼ 20 ◦C.  

solution 100 wppm 200 wppm 300 wppm 400 wppm 500 wppm 

Temp. (◦C) 20.0 20.0 20.0 20.0 20.0 
ηo (mPas) 0,001876 0,00349 0,004767 0,007606 0,01125 
η∞ (mPas) 0,001012 0,001012 0,001012 0,001012 0,001012 
n 0,93 0,82 0,82 0,74 0,73 
λ (s) 0,3785 0,4585 0,4585 0,4585 0,4585  
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Fig. 2. Viscosity as a function of shear rate at different concentration. (a) Superfloc A110 (b) Superfloc A130 (c) Superfloc A150.  

Y. Ozmen and B.J. Boersma                                                                                                                                                                                                                  



Ocean Engineering 274 (2023) 114039

4

Re=
ρUbD

η (4)  

where η is constant viscosity of the fluid (Ptasinski et al., 2001). 
For turbulent flow in smooth and rough pipes, some comparable 

empirical equations have been established in the literature. A common 
formula which is known as Colebrook relation valid over the Reynolds 
number range of 4000 < Re ≤ 108 and is given below: 

1
̅̅̅̅̅̅̅̅̅̅
fDarcy

√ = − 2 log

(
ε

3, 7D
+

2, 51
Re

̅̅̅̅̅̅̅̅̅̅
fDarcy

√

)

: Colebrook equation (5) 

The effect of the friction reduction increases with increment in 
polymer concentration and reaches the asymptotic value. Adding addi-
tional polymer has no effect on this value. Virk (1975) obtained the 
following equation in which the friction reduction is not affected by the 
properties of the polymer. 

1
̅̅̅̅̅̅̅̅̅̅̅̅̅
fFanning

√ = 19.0 log
(

Re
̅̅̅̅̅̅̅̅̅̅̅̅̅
fFanning

√ )
− 32, 4 or fFanning = 0, 58Re− 0,58 (6) 

The amount of friction reduction is determined by the difference in 
pressure drop between solvent and polymer solution at the same Rey-
nolds number. 

DR%=
ΔPN − ΔPP

ΔPN
• 100% =

fN − fP

fN
• 100% (7)  

‘N’ and ‘P’ are used for the Newtonian and the polymeric fluid 
respectively. 

3. Experimental setup 

3.1. Flow facility 

The experiments were carried out at the circulatory pipe flow facility 
of the Aero and Hydrodynamics Laboratory at TU Delft, a schematic 
diagram of which is shown in Fig. 1. Important components of the pipe 
system are the settling chamber, measurement pipe, pressure measure-
ment circuit, the flow meter, the pump, the reservoir and the return pipe. 
The measuring pipe consists of a horizontal pipe with a length of 9 m and 
an inside diameter of 40 mm. The pipe is made of transparent plexiglass 
and has a circular cross section. A lobe pump, Nakakin Sanitary Rotary 
Pump (RM-series) was used to pump the working fluid through the 
system. This pump type is preferred because it reduces the amount of 

mechanical degradation (Ptasinski et al., 2001). After the pump, the 
flow passes through a flow corrector and a settling chamber. The settling 
chamber is designed to provide a smooth and uniform flow in the pipe. 
In this study, a fully developed turbulent flow was required, the flow was 
forced into turbulence through a trip ring just after the entrance of the 
pipe. This trip ring provides a sudden contraction of the pipe diameter 
and causing a large disturbance and a direct transition to turbulence. 
The total system volume is approximately 95 L. The pressure drop over 
the turbulent pipe was measured at a distance of 1 m between 169D and 
194D from the settling chamber. A membrane differential pressure 
transducer was used (Validyne, Model DP 15–20) for pressure mea-
surements. A pressure measurement circuit was formed to measure the 
stable values of pressure drops. The pressure transducer was connected 
to the pressure holes having a diameter of 1 mm over the pipe through 
two small hoses with a valve in between which made possible to prevent 
overloading the membrane. The working principle of the sensor is based 
on the deflection of a thin stainless steel membrane as a result of the 
pressure difference at both side of the membrane. The pressure trans-
ducer was used with a Validyne carrier demodulator (Model CD15), 
which produces a ±10 V DC analog output proportional to the full scale 
pressure range. The pressure range of the transducer is 0–860 Pa (0–88 
mmWC). For the calibration of the pressure transducer, a Betz 
micro-manometer was utilized with air as medium. A linear relationship 
between the pressure and output voltage was found with a negligible 
hysteresis. Pressure drop measurements were taken by using LabVIEW. 
The pressure data was very noisy and therefore a low pass filter 
(Kronh-Hite, Model 3202 R) was used at 20 Hz. It was observed that 
when the signals from the pressure transducer were integrated for a 
period of 30 s, the signals became stable and the measurement time of 
30 s was sufficient to accurately determine the pressure drop and friction 
factor. 

For the measurement of the flow rate an ultrasonic flow meter 
(Kronhe UFM 500 and a signal converter UFC 500 K) was used where the 
signal converter was mounted on the primary head. The relative mea-
surement error of the pressure drop measurements was 0.5% and the 
maximal error in the flow rate was 0.25%. 

3.2. Polymer solution 

The polymers types used in these study are Superfloc A110, Superfloc 
A130 and Superfloc A150 which are anionic polyacrylamide flocculants 
from Cytec Industries. Polyacrylamides are high molecular weight 
polymers. The molecular weights of these polymers are 6 − 8×

Fig. 3. The effect of polymer type on the viscosity at different concentration.  
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106g/mol, 10 − 15 × 106g/mol and 12 − 15 × 106g/mol respectively. 
The most important advantage of these polymers is that they are highly 
resistant to mechanical degradation (Den Toonder et al., 1995). These 
polymers are added to the water according to the procedure described 
below. Before the actual experiments the solutions are prepared by first 
creating a solution with a relatively high fixed concentrations of 
Superfloc A110-150 in water. 

First a 10000 wppm master solutions were obtained in a mixing 
vessel for three different types of polymer as follows. A 5 L container 
filled with tap water. 50 g of dry powder polymer was dissolved in the 

water for each polymer type. This process is done by the slow addition of 
polymers to water in a container that is mixed in a continuous rotation. 
After mixing for about 10 h, the mixture is left alone for about a day to 
let small air bubbles to move away from the container. At the end of this 
process, the resulting solution was found to be quite clear. Afterwards, 
the master solution was added to the free-surface reservoir and was 
simultaneously diluted with fresh water until the desired concentration 
was achieved. Slowly mixing by a mixer in the reservoir with free sur-
face and pumping of the solution at a low flow rate through the entire 
setup is continued until the solution becomes homogeneous. After this 
the solution is ready for the measurements. These 10000 wppm 

       

   
   

 

       

   
   

 

Fig. 4. Darcy friction factor versus Reynolds number at different concentrations of Superfloc A110 polymer.  
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solutions thus prepared were used in the pipe system for a period of 1–2 
weeks. Different volumetric amounts of the master solution are diluted 
in 95 L of water in the experimental setup to obtain the polymer con-
centrations to be examined within the scope of the study. 

3.3. Rheological characterization of polymers 

In the experiments, three polymer types were used as Superfloc 

A110, Superfloc A130 and Superfloc A150 with the range of 0–500 
wppm polymer concentration. For each of these polymer types with 
different concentrations, some fluid parameters were determined by 
means of rheometric measurements. The viscosity η was measured as 
function of the shear rate γ̇ in a viscometer. The relation between the 
shear rate and viscosity is given with Carreau model (Bird et al., 1987): 

η(γ̇)= η∞ + (η0 − η∞)
[
1 + (λγ̇)2](n− 1)/2

(8) 

       

   
   

 

       

   
   

 

Fig. 5. Darcy friction factor versus Reynolds number at different concentrations of Superfloc A130 polymer.  
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where η0 is the zero shear viscosity, η∞ is the infinite shear viscosity, λ is 
a time constant and n is the power law index. The viscosity of the solvent 
is used as the infinite shear viscosity. Viscosity changes are plotted with 
the Carreau model for all polymer types studied. The Carreau parame-
ters for three polymer types are given in Table 1a–c and viscosity curves 
are presented in Fig. 2a–c. As it is not possible to reach very high shear 
rates in the viscometer, it is assumed in the fitting procedure that η∞ =

ηsolvent = ηwater. It is clear from the figures that all polymer solutions 

show significant shear thinning behavior and that the effect becomes 
stronger with increasing concentration. Viscosity measurements of 
Ptasinski et al. (2001) for Superloc A110 polymer type agree well with 
the results of this study. Fig. 3 illustrates the effect of different con-
centrations of polymer type on viscosity for a shear rate of 100. It is seen 
that the viscosity increases with increment in polymer concentration for 
each polymer type. The elongation of polymer molecules causes an in-
crease in viscosity. The increase in viscosity of Superfloc A110 polymer 

       

   
   

 

       

   
   

 

Fig. 6. Darcy friction factor versus Reynolds number at different concentrations of Superfloc A150 polymer.  
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Fig. 7. Darcy friction factor versus Reynolds number at different polymer types. (a) 5 wppm (b) 100 wppm (c) 500 wppm.  
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is higher than for the other two polymer types because of the difference 
among the molecular weights of polymer types. 

4. Results and discussion 

In the measurements, friction reduction was obtained with pressure 
drop acquired in turbulent pipe flow. To ensure that the pressure taps 
are in the fully developed flow zone, the entry length, le (Zeybek Vural 
et al., 2014), was checked with the following empirical relation, 

le

D
= 4.4(Re)1/6 (9) 

For the highest bulk Re of approximately 80000, le becomes 29D (D 
= 40 mm). The distance from the entry section of the first pressure tap 
(169D) is much larger than entry length (29D) and pressure drop mea-
surements are thus taken in fully developed turbulent flow region. 
Polymer solutions were checked to see whether the polymer chains are 
destroyed by the pump during measurements. It was observed that shear 

thinning behaviors of polymer solutions remained the same for several 
days after being used in the flow facility. Therefore it was concluded that 
this pump does not destroy the polymer chains and the polymers are not 
degraded. Pressure drop measurements were conducted for three poly-
mer types as Superfloc A110, Superfloc A130 and Superfloc A150 at the 
range of 0–500 wppm polymer concentration and at the range of 
10000–80000 Reynolds numbers. Experimental results were presented 
as plot of fDarcy against ReD. Figs. 4–6 show the effect of polymer con-
centrations with the plots of the Darcy friction factors versus Reynolds 
numbers for Superfloc A110, Superfloc A130 and Superfloc A150 
respectively. The results were compared with friction factor obtained 
from Colebrook equation for water. Good agreement was found between 
the experimental data of this study and Colebrook relation when the 
solvent was pure for each polymer type. Virk asymptote also was given 
in the figures to show effect of polymer concentration ratio on friction 
factor. Plots of Reynolds number versus Darcy friction factor at different 
polymer concentrations rates occurred in a region bounded between an 

       

   
   

      

   
   

 

Fig. 8. Drag reduction versus Reynolds number at various concentrations of Superfloc A110 polymer.  
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upper limit defined by the Colebrook equation and maximum friction 
reduction curve for each polymer type. Fig. 4a and b shows the effect of 
polymer concentration ratio on the friction factor with different Rey-
nolds number for Superfloc A110. It was observed that the friction factor 
decreased with increment in concentration of polymer and with 
increasing Reynolds number. This event was explained by the elastic- 
sublayer model theory. The sublayer started to grow with increasing 
concentration of additive (Virk, 1975). After the addition of polymer, 
the Darcy friction factor decreased with increasing concentration of 
polymer, friction factor data points approach the Virk asymptote. For 
the polymer concentration of 100 wppm, the friction factor reaches to 
the Virk asymptote (Fig. 4a). For the polymer concentration higher than 
100 wppm, the friction factor start to increase with increasing concen-
tration of polymer by moving away from Virk asymptote (Fig. 4b). 
Higher concentration of polymer than 100 wppm started to affect sol-
vent properties. Breaking-up of long-chain polymers changed the rheo-
logical properties of polymers and its friction reduction capacity. 
Ptasinski et al. (2001) noted that friction reduction reached a limit and a 
further increment in the polymer concentration did not change the 
friction factor for the Superfloc A110. This study showed that further 
increment in polymer concentration caused a friction increase. The 
Darcy friction factor decreased rapidly with increasing concentration of 
polymer to a saturation value (100 wppm), and then slowly increases 
with further increases in concentration. The saturation limits on friction 
reduction was reached when the effect of polymer was observed in the 
entire cross section of the pipe (Katerpallir and White, 2000). The 
maximum resistance reduction occurred when the Reynolds shear 
stresses were mostly damped, and fluctuating polymer stresses were the 
main mechanisms that perpetuated the turbulence (Min et al., 2003). 
While the friction factor was decreasing with increasing Reynolds 
number up to its moderate values, Reynolds number did not have any 

effect on friction factor for higher then its moderate values. At each 
polymer concentration, as the Reynolds number increases, the friction 
factor decreases and finally becomes constant with respect to the Rey-
nolds number. The decreasing behaviors of friction factor for Superfloc 
A130 and Superfloc A150 polymers were almost the same with Superfloc 
A110 (Figs. 5 and 6). The effect of polymer concentration ratio on 
friction reduction also appeared as a lower friction factor at any Rey-
nolds number for Superfloc A130 and Superfloc A150 polymers. 
Fig. 7a–c shows the effect of polymer type on the Darcy friction factor at 
the three different polymer concentration as 5 wppm, 100 wppm and 
500 wppm, respectively. The molecular weights of studied polymer 
types in this study were similar. The molecular weight of Superfloc A110 
was a bit lower than the other polymer types. This small difference be-
tween the polymer types enabled us to examine the effect of molecular 
weight on the friction factor. Superfloc A130 and Superfloc A150 have 
the same molecular weight. This also gave the possibility to test the 
sameness of friction factors for them. Fig. 7a shows the effect of different 
Reynolds number and polymer type on the friction factor at a polymer 
concentration of 5 wppm. It was observed that there was a difference for 
friction factor between the Superfloc A110 and the Superfloc A130 & 
Superfloc A150. The friction factors of Superfloc A130 and Superfloc 
A150 were the same and lower than the friction factor of Superfloc A110 
because of the difference between the molecular weights. Higher mo-
lecular weight polymers were found to be more effective at reducing 
friction. Fig. 7a shows that the friction factor decreases with increasing 
molecular weight of polymer, resulting in an increase in friction 
reduction. It is known from literature that one of the many parameters 
influencing friction factor is the molecular weight. Very high molecular 
weight flexible polymers with long linear chain structures are the best 
polymer friction reducers. Fig. 7b shows the friction factors of the three 
different polymer types near the Virk asymptote at the polymer con-
centration of 100 wppm. This concentration is called as optimum con-
centration for each polymer type. There was no clear difference among 
the friction factor distributions. The abilities of reaching to the 
maximum friction reduction asymptote were almost the same for three 
different polymer types. For the polymer concentration of 500 wppm, 
again, there is a friction factor difference between the Superfloc A110 
and the others. Friction factors of Superfloc A130 and Superfloc A150 
were the same and higher than the friction factor of Superfloc A110 
(Fig. 7c). 

Fig. 8a and b represent the effect of the Reynolds number and 
polymer concentration rates on friction reduction for Superfloc A110. 
From Fig. 8a, it was observed that the percent resistance reduction 

Fig. 9. The effect of polymer type on the friction reduction at different concentrations.  

Table 2 
Values of coefficients for proposed empirical formula.  

a1 - 4.279 

a2 - 0.014 
a3 5.110 × 10− 5 

a4 − 5.361 × 10− 8 

a5 7660.989 
a6 48.317 
a7 - 0.047 
Correlation coefficient 0.89  
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Fig. 10. Darcy friction factor versus Reynolds number at different concentrations of Superfloc A110 polymer. (a) 5 wppm (b) 60 wppm (c) 100 wppm (d) 300 wppm 
(e) 500 wppm. 
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increased with increment in polymer concentration. The percentage of 
friction reduction increased with increment in polymer concentration in 
the system until maximum friction reduction was achieved at 100 wppm 
polymer concentration. Maximum friction reduction occurs at higher 
Reynolds number with increment in polymer concentration. The 
reduction in friction provided by the addition of polymer is due to the 
viscosity of the polymer solution. The polymer stabilizes the turbulent 
boundary layer, resulting in less turbulent energy production and 
therefore less energy loss (Drappier et al., 2006). Increasing the con-
centration of the polymer solutions increased the amount of friction 
reduction, since the friction reduction was caused by the sum of the 
contributions of the individual polymer molecules (Kima et al., 2011). 
The longer polymer chain provided more chances for mixing and 
interaction with the flow. It was confirmed that the elongation of the 
polymer chain is critical for the reduction of friction. The most effective 
friction reducing polymers were essentially linear with maximum 
elongation for a given molecular weight. As the Reynolds number 
increased up to the middle values, the percentage of friction reduction 
also increased and then began to decrease slightly at higher Reynolds 
numbers than the middle Reynolds numbers. Similar findings were re-
ported in the studies of (Kamel and Shah, 2009; Abubakar et al., 2014). 
Increasing the Reynolds number meant increasing the degree of turbu-
lence in the pipe, which gave the friction reducer a better environment 
to be more effective. It was clear that higher polymer concentration gave 
greater resistance reduction and this became increasingly evident in 
highly turbulent flows. Friction reduction is related to the degree of 
turbulence controlled by the solution velocity (Anees Khadom and 
Abdul-Hadi, 2014). For higher than polymer concentration of 100 
wppm, friction reduction percentage started to decrease with increasing 
concentration of polymer because the polymer started affecting solvent 
properties (Fig. 8b). This drop in friction reduction percentage due to 
increasing concentration of polymer was more pronounced up to mod-
erate Reynolds number. Long chain polymer molecules started to be 
broken in the solution because of the occurred high shear stress in the 
turbulent flow. Although not shown, the effects of Reynolds number and 
polymer concentration on friction reduction for Superfloc A130 and 
Superfloc A150 polymers were almost identical to Superfloc A110. It 
was found that the percentage of friction reduction increased with 
increment in polymer concentration and solution Reynolds number for 
each polymer type. The highest maximum friction reduction percentage 
was obtained with 100 wppm Superfloc A-150 as 74%. Fig. 9 shows the 
effect of different concentrations of polymer types on friction reduction. 
It is observed from the figure that the friction reduction increases with 
increment in polymer concentration up to 100 wppm for each polymer 
type and then starts to decrease for polymer concentrations higher than 
100 wppm. Similar findings are reported in the study of (Choi and Jhon, 
1996). Friction reduction percentage of Superfloc A110 was a bit lower 
from the other two polymer types because of the difference between the 
molecular weights. 

The results of this study show that the Darcy friction factor is affected 
by parameters such as Reynolds number and polymer concentration. By 
regarding the difficulties of measuring the pressure drop, an empirical 
formula was proposed to literature for Superfloc A110 which is the most 
used polymer type in polymer based studies. By applying non-linear 
multiple regression analysis to the experimental data of the Superfloc 
A110, the dependence of the Moody friction factor with polymer con-
centration and Reynolds number is fitted as follows, 

fDarcy = exp
(
a1 + a2C+ a3C2 + a4C3 +

(
a5 + a6C+ a7C2) /Re

)
(10)  

where fDarcy is Darcy friction factor, C is polymer concentration (wppm) 
and Re is Reynolds number. The values of constants a1, a2, a3, a4, a5,

a6 and a7 which give the best fitting of experimental data were given in 
Table 2. Correlation coefficient of the equation is obtained as 0.89. 
Fig. 10a–e shows the relationship between the observed values of the 
Darcy friction factor taken from the experimental data and the values 
estimated from the correlation for polymer concentrations of 5 wppm, 
60 wppm, 100 wppm, 300 wppm and 500 wppm, respectively. The re-
sults of the correlations show good agreement between the observed and 
estimated Darcy friction factor values. It appears that this formula can be 
easily used over wide polymer concentration and Reynolds number 
ranges to estimate the Darcy friction factor with high accuracy. This 
equation can be generalized to other types of polymers. 

5. Conclusions 

Polymer friction reduction in fully developed turbulent pipe flow 
was investigated experimentally. The effect of the Reynolds number, 
polymer types and polymer concentration on the friction reduction were 
the variables of study. All polymer solutions used in this study showed 
significant shear thinning behavior and that their effects became 
stronger with increasing concentration. The Darcy friction factor 
decreased with increment in polymer concentration and with increasing 
Reynolds number for each polymer type. The friction factor decreased 
rapidly with increasing concentration of polymer to a saturation value at 
the polymer concentration of 100 wppm and then slowly increased with 
further increases in concentration. As the Reynolds number increased, 
the friction factor decreased and reached a constant level. Higher mo-
lecular weight polymers were found to be more effective at reducing 
friction. The friction reduction percentage increased with increasing 
concentration of polymer up to 100 wppm for each polymer type and 
then began to decrease for polymer concentrations higher than 100 
wppm. Maximum resistance reduction occurs at higher Reynolds num-
ber with increasing concentrations of polymer. The highest maximum 
friction reduction percentage was obtained as 74% with 100 wppm of 
Superfloc A-150. An empirical formula was obtained for Superfloc A110 
showing the relationship between Darcy friction factor, Reynolds 
number and polymer concentration. The formulas can be easily used 
over wide Reynolds number and polymer concentration ranges to esti-
mate the friction factor with a high degree of accuracy. 
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Nomenclature 

C Polymer concentration ppm 
D Pipe diameter m 
DR Drag reduction 
ε Roughness mm 
fDarcy Darcy friction factor 
fFanning Fanning friction factor 
le Entry length m 
n Dimensional power law index 
N Newtonian 
P Polymeric 
ΔP Pressure drop Pa 
ΔP/Δx Constant pressure gradient 
Re Reynolds number 
Ub Bulk mean velocity m/s 
ρ Density of the fluid kg/m3 

τw Wall shear stress Pa 
η Constant viscosity Pa⋅s 
η0 Zero-shear-rate viscosity Pa⋅s 
η∞ Infinite-shear-rate viscosity Pa⋅s 
γ̇ Shear rate 
λ Time constant 
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