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Abstract: Reduction of fluid resistance using the rheological characteristics of a polymer-surfactant
solvent is research that contains many aspects, such as the theory of the drag reduction process,
historical journey, and ongoing current research development. Many studies have been conducted,
but it is challenging to know all existing and new research threads. The present investigation was
conducted using literature studies regarding drag reducing agents. This research will also discuss the
characteristics of flowing fluids and their effects on the velocity profile with friction factor of flowing
fluids in smooth circular straight pipe geometries based on experimental, theoretical approaches. It
concludes with aspects of research conducted around reducing drag using drag reducing agents,
ideas about innovations, structuring overlook in testing, and modification of the fluid flow state.

Keywords: fluid resistance; rheological characteristics; polymer-surfactant; drag reducing agents;
fluid flow

1. Introduction
1.1. History of Drag Reduction Additives

Turbulence affects the movement of fluid on a wall. The movement of fluid occurs
when there is increased turbulence resulting in a loss of adequate energy. Research seeks
to reduce the energy loss due to friction generated by turbulent flow in walls. Studies
were conducted [1–3] in which the discovery of the mechanism of reducing resistance or
turbulent skin friction in moving fluids was made. The discovery involved the existence of
different substances that can be used, namely polymer-surfactant agents, bio-biopolymers,
and solids such as fibers mixed in the inhibitor reducing solution. However, the initial
research did not focus on the solution formed but more on the turbulence mechanism in the
fluid when a resistance-reducing solution is added. This research also applies to industries
such as the petroleum industry, maritime industry, and shipping. The mechanism referred
to in research [1–3] is that the addition of the solution affects the pressure required to
decrease the turbulence that occurs in the working fluid in the paper mill when transporting
the macerated paper.

Furthermore, Toms [4] took a closer look at polymer development by adding it to a
Newtonian solution, thereby reducing wall shear stress. This effect is known as the Toms
effect. The wall shear stress is reduced by 80% when the polymer solution is injected
into a Newtonian turbulent flow resulting in a non-Newtonian solution. However, Toms
has not fully explained this effect because he only clarifies the phenomenon that occurs.
Oldroyd [5] describes the events that occurred very well. The external constraints occur on
the pipe wall due to the presence of a laminar sub-layer produced by isotropic matter with
a thickness proportional to the molecules’ size in the moving fluid.

In the early days of research regarding drag reducing agents, despite the world being
affected by a world war, there was a race to find the most effective way to transfer fluid.
Weissenberg [6] changed the inner cylinder on a viscometer to produce steady shear, which
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was continued by Tom’s research in 1958 [7], which used a poly(methyl) methacrylate. To
produce 3% polymer change, which showed a lower Weissenberg effect, the rheology of
the temperature dependence of the polymer was reduced. Toms did this by adjusting the
composition of the polymer mixed in a pure solvent using the Weissenberg method. The
method was also used by [6], utilizing aluminum surfactant solvent to reduce the resistance
flow of pipes for fuel.

At the same time, some studies [8,9] found that there are factors that influence low
friction in non-Newtonian flow by using sodium carboxymethyl cellulose in water, which
led to the development of biopolymers in this drag reducing agent study. Ten years after the
development of this research, there was a development for industrial applications. Some
researchers [10,11] started using guar gum, a plant polysaccharide, as a drag reducing
agent. A more in-depth investigation of the characteristics of surfactant polymers in
turbulent flow in viscoelastic fluids was carried out [9,12,13] with several properties. The
reduction of turbulence is strongly influenced by the ratio of elasticity to the viscous
force generated by the polymer. In addition to the military industry, the studies of [14,15]
were the first to announce that the best polymer used as a drag reducing agent is poly
(ethylene oxide). However, several things must be highlighted by further research [9].
References [16,17] examined the characteristics of the drag reducing agent from the aspect of
pressure gradient and flow rate resulting from the turbulent flow of different polymers. This
is only an initial aspect of the drag reducing agents that require attention. The quantitative
theoretical aspects were finally clarified [18], namely polymer molecular weight, polymer
concentration, and increased flow rate, increasing the drag reduction effect.

Notably, research on drag reducing agents has been discussed by several sources.
A summary of the progress of these studies can be seen in Table 1. However, several
reviews of drag reducing additives do not adequately specify the developments in the
last decade. This study aims to develop and examine further developments and possible
innovations that can be implemented in the next few years regarding drag reducing
additives. The improvements can occur by innovating the solvent’s chemical composition
or the percentage of the solution. In addition, we examine the mechanism for reducing
the resistance that occurs, which is useful for supporting the reduction of barriers, and
suggestions for industries that can implement inventions and innovations in the world of
chemical and mechanical engineering. This paper aims for completeness and specificity in
its review. The definition of one additive with another is a significant factor because many
reviews are still wrong in defining these additives. Then, we examine experimental research
on smooth circular pipes; some studies have been excluded as they explore other factors
such as duct or bend pipes, sometimes using simulations. These studies are nonetheless
mentioned in Table 1. Finally, this study focuses on drag reduction caused by wall shear
stress based on the difference in pressure gradient in the pipe. We address the final drag
reduction result as the main concern is the final effect of the additives.

Table 1. Different review papers covering drag reducing additives.

Reference Additive Drag Reduction Techniques

Lumley [19] Polymer and solvent additions

Patterson et al. [20] Polymer solutions, soap solutions, solid particle suspensions,
straight pipeline

Hoyt [21] Polymer additive, rotating disk, straight pipeline, flat plate
Virk [22] Polymer additions, straight pipeline

White and Hemmings [23] Polymer additions, straight pipeline

Shenoy [24] Polymer additive, solid suspensions solutions, biological
additives, surfactant solutions, micellar system, polymeric system

Berman [25] Polymer and solvent additions, straight pipeline
Hoyt [26] Polymer and surfactant additions
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Table 1. Cont.

Reference Additive Drag Reduction Techniques

Zakin et al. [27] Anionic soap solution, non-ionic solutions, zwitterionic surfactant
solution, cationic surfactant solution, straight pipeline

Nadolink and Haigh [28] Bibliography of polymer additions, pipes/tubes, ducts, channels,
flat plates, asymmetrical, axisymmetric bodies

Manfield et al. [29] Surfactant additions, straight pipeline

Graham [30] Dilute polymer solutions, FENE spring model, spatial
discretization

White and Mungal [31] Polymer solutions, straight pipeline, channels
Al Sharkhi et al. [32] Polymer injection, straight pipeline

Wang et al. [33] Fiber suspensions, polymer solutions, surfactant solutions,
straight pipeline

Abdulbari et al. [34] Bio-polymer solutions, polymer injection

Nesyn et al. [35] Polymer injection, rotating disk, slurry polymerization,
surfactants solutions

Xi [36] FENE-P, Oldroyd-B, Giesekus models, polymer solutions
Soares [37] Polymer solutions

Ayegba et al. [38] Polymer solutions, curved pipes, coiled pipes, ionic surfactants,
non-ionic surfactants

Broniarz-Press et al. [39] Drag reduction and heat transfer in turbulent flow, straight tubes,
falling films, coils, polymer-surfactant drag reduction

Boffetta et al. [40] Dilute polymer solutions, viscoelastic fluid model, numerical
analysis Kolmogorov flow

Several contributions are made in this manuscript: turbulence skin friction, which
is the main reason drag-reducing agents research is conducted, will be explained; we
also highlight several aspects of drag-reducing additive research, including variables,
straight piping configurations, fluid characteristics that flow, type of fluids, and chemical
and mechanical degradation. Different polymers, surfactants, and suspensions will be
examined in terms of advantages and disadvantages. Lastly, we distinguish and discuss
experimental approaches by debating the effectiveness of each approach, optimization,
and suggestions for research that can be developed in the coming years.

1.2. Drag Reduction Additives Properties

The definition of drag reduction has been widely discussed in various manuscripts,
research, and reviews. Drag reduction is a process that causes a decrease in frictional force
when the fluid flow increases. The process is caused by an additive that reduces the shear
stress in the fluid flow by utilizing a composition of the additive mixture and the moving
fluid with a lower concentration of additives. As discussed [41], using the solution to
reduce the resistance to the fluid flow moving in a turbulent position can be carried out
by using xanthan gum in the form of polysaccharides to produce a drag reducer solution.
However, the drag reduction process has been studied [42] to estimate the drag generated
by a surface coated with lubricant. Of course, the effect is the interaction between the
surface of the compound used and the moving fluid layer, which causes the shear surface
to change, such that a bearing is formed on the surface structure and the shear stress
decreases.

From these effects, the additives used can be distinguished based on their physical
and chemical characteristics. Physical characteristics can be defined based on the drag
reduction effect that can be achieved. Using Poiseuille’s law equation, these effects can be
summarized for pipe flow with laminar type with Equation (1). The manuscript [22] has
become a clear benchmark in research around polymer-surfactant drag reduction.

f−1/2 = Re. f 1/2/16 (1)
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Furthermore, the effect of pipe flow with turbulent flow type can be analyzed using
Blasius law for turbulent Newtonian flow [22]. However, turbulent flow can be considered
as two relationships between the flowing fluid and the friction factor conditions. When the
flow does not experience a reduction in drag, the friction factor condition is the same as the
flowing additive. Otherwise, if there is a reduction in resistance, the friction factor depends
entirely on the polymer-surfactant (W*) parameter. The flow without drag reduction can
be calculated with Equation (2) and the flow with drag reduction asymptote (f 1/2) can
be calculated with Equation (3). Therefore, Equation (4) [43,44] can be categorized as the
maximum limit for reducing the resistance caused by the polymer-surfactant used.

f−1/2 = 4 log10(Re. f 1/2)− 0.4 (2)

f−1/2 = (4 + δ) log10(Re. f 1/2)− 0.4− δ log10

√
2dW∗ (3)

f−1/2 = 19 log10(Re. f 1/2)− 32.4 (4)

The second parameter is the chemical characteristics of the polymer-surfactant. One
study [45] distinguished between the types of soap used. Therefore, it can be concluded
that this can only be distinguished using two differences. The difference is the morphology
possessed by the compound. The morphology is compounded with micellar type and
polymeric type, which were discussed in other studies [46].

The difference in these types can be seen in their chemical structure. The micellar
structure is supported by ionic or molecular components with low concentrations in the
fluid system. In comparison, the polymeric type is composed of interconnected macro-
molecules as isolated coils. The effect on drag reduction can be seen based on the shape
of the component ions and the macromolecular structure of each type. The micellar type
has been demonstrated in studies [47], where the shape of the micellar solution affects
the inhibition reducing ability supported by high solution concentrations [48]. There are
studies that provide specific differences between micellar shapes (spherical [45], rod [49],
cylindrical [49]) and their drag reduction effect [45,49], proving that micellar variations
can cause drag reduction effects [27] for surfactants. However, molecular sizes of 50 nm to
100 nm have a better drag reduction effect than variations below that size [50].

In contrast to the polymer type, as an important parameter, it has been demonstrated
that the more extended a polymer arrangement is, the more significant the reduction in
resistance [51]. The study also supports the molecular changes during the experiment,
where it was found that the drag reduction effect decreased with the degradation of
molecular weight because of chemical mixing. Thus, the influence of molecular weight is
one of the considerations. In this case, the greater the molecular weight, the greater the
reduction of shear stress on the fluid surface. This effect is also affected by the type of
molecule, where the micellar type of molecule will have a more significant effect than the
polymer type molecule.

1.3. Drag Reducing Agents
1.3.1. Polymer

A polymer is a substance of molecular structure that consists of similar units of macro-
molecule that bonded together forming a chain of repeated units. Polymers are divided
into two types, namely synthetic polymers and polymers formed from natural materials.
The difference between synthetic polymers and natural polymers is their degradability.
Synthetic polymers tend to be difficult to degrade, causing environmental problems. How-
ever, polymers have become a good benchmark in drag reducer research using additives
of the two types. The research started in [4], which is useful for aiding in the transition of
oil in the pipeline. Synthetic polymers have been widely discussed in research [24], exam-
ples of which include polyethylene oxide [52–56], polyisobutylene [57–61], poly (iso-decyl
methacrylate) [62,63], polymethyl methacrylate [57,64], polystyrene [65,66], and others.
Based on their effect on the environment, natural bio-degradable polymers have emerged,
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such as guar gum [67,68], xanthan gum [69,70], aloe vera, okra, locust bean, and others [34].
The efficiency of a polymer in causing a drag reduction is based on the molecular weight
of the polymer; the higher the molecular weight, the more effective a polymer will be in
producing a drag-reducing effect. This is because the polymer chain structure is getting
longer and is supported by a low concentration so that it does not affect the chemical
composition of the moving fluid. The molecular weight limit in question is above 106 in
order to become effective and more economical in use. The effect also supports the drag
reduction process in that the polymer reduces the turbulence of the moving stream [71].

1.3.2. Solid-Particle Suspensions

Reduction of resistance using solid-particle suspensions is carried out by introducing
solid particles to the moving stream with two different types of suspension [72], namely
granulation and fiber. The difference between granular and fiber suspension is their size
and components. Granular almost resembles a particle with a sphere shape, while fiber is a
component formed from more than one material. Based on the given effect, the advantage
of other drag reduction methods is that suspensions used in moving fluids can be separated
easily due to their larger size. Furthermore, the suspension does not change the moving
fluid components, which is supported by research on the degradation of solid-suspension
particles [73]. This convenience is certainly an important consideration in its application
to industrial-scale use in the maritime industry [74]. Examples of solid suspensions are
sand [75,76], charcoal [77,78], wood pulp [79,80], nylon [81,82], asbestos [83,84], and other
suspensions [24].

1.3.3. Surfactant Solutions

Surfactant is a term used when a molecule or an uncategorized composition affects its
environment [24]. Surfactants are basically divided into two broad categories, namely ionic
and non-ionic. The difference between ionic and non-ionic is the ionic content possessed
by a surfactant. If the surfactant is ionic, then there is a charge content and the opposite
applies for non-ionic surfactants. Ionic surfactants can be further categorized into anionic,
cationic, and zwitterionic [33] surfactants. Anionic surfactants were first researched by
Savins from 1967 to 1969 [48,85,86] with the introduction of anionic surfactants used in
aqueous solution systems.

Their invention [86] suggested a reduction in inhibition of 30% by adding a sodium
oleate solution. An electrolyte is added to increase the reduction in resistance [87] to
81% to increase the impact. The consequence is closely related to the shear stress and the
composition of the anionic surfactant used. The greater the anionic surfactant solution
in the system, the less gradual the barrier effect will be. Hence, the unique composition
introduced by Savins’s use of this type of surfactant is unlike polymers, where 2000 to
2500 ppm is an appropriate concentration for the system. The surfactant does not degrade
at this concentration. It shows a steady reduction in resistance of 77% to 78% for 88 h of
circulation in a centrifugal pump without any reduction in soap concentration. In addition
to low concentrations, another advantage that arises is its effect on temperature. Efficiency
will increase as the temperature of the system decreases. The advantages make it suitable
for systems that work at low temperatures.

However, the disadvantage of using an aqueous system is that the solution will
degrade when it encounters calcium and other ions, causing a chemical imbalance. The
non-aqueous system of anionic surfactants differs in viscosity because anionic surfactants
are added to a substance with low water content. Early in Myles’s research in 1949, this was
applied to fire-throwing weapons during World War II by combining napalm with soap
and aluminum solutions to be sprayed more efficiently. In contrast to the aqueous system,
the new non-aqueous impacts [88] show that drag reduction increases and is most efficient
when the temperature is 15 ◦C. The presence of water also affects the solution, which
progressively degrades over time [89,90]. Reference [90] emphasized that the degradation
effect also depends on the hydrogen component and its interaction with surfactants.
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On the other hand, cationic surfactants were examined in [91], which distinguishes
between various cationic surfactants. The discussed cationic surfactants were CTAB
(cetyltrimethylammonium bromide), CTAC (cetyltrimethylammonium chloride), and Ar-
quad S-50 (oleytrimethylammonium chloride). Nash studies [92,93] investigated CTAB,
which resulted in a gel with high viscosity-elasticity. In contrast to other cationic surfac-
tants, especially CTAB, it is affected by flow velocity. The drag reduction effect of CTAB is
not significant when the flow is turbulent. The turbulence is, of course, observed based
on increasing concentration [94]. Temperature also affects the system; reference [94] ob-
served that shear stress degrades by 0.2% when the surfactant concentration reaches 0.05%
with 35 ◦C. In contrast, compared to aqueous systems, cationic surfactants are not easily
degraded when in contact with calcium and other ions. However, adding a temperature
above 48 ◦C will reduce the drag reduction effect [95]. Regarding the Arquad S-50, the flow
velocity is inversely proportional to CTAC and CTAB [91]. The friction factor decreases as
the fluid velocity increases at a temperature of 18 ◦C. Cationic surfactants are useful when
at an optimum temperature [91].

In addition, a study was carried out examining the drag reduction effects of a CTAC
solution [96]. The maximum drag reduction obtained in this solution is 70%, with ex-
perimental specifications discussed in other studies [97]. However, the pipe used in the
study [97,98] had high turbulence, so an Eddy rule had to be used to perform shifts resis-
tance on fluid motion. Eddy’s calculation appears when the pipe is no longer running, so it
becomes another discussion. Nonetheless, CTAC is another option compared to CTAB in
carrying out drag reduction.

The emergence of zwitterionic surfactants is the answer to of the ability of cationic
surfactants to be less biodegradable. Some studies on zwitterionic surfactants use them in
their pure form, without combining them with other surfactants or other ions. Research is
usually carried out by combining zwitterionic surfactants with anionic surfactants. The
study of zwitterionic surfactants [99] with a higher molar level than the aqueous fluid
system effectively showed a drag reduction effect. Research [99] is supported by statements
and findings by previous studies [100], with 20% zwitterionic content being the most
optimum composition in producing drag reduction effects. Its effect on temperature has
also been studied [101]. The optimum conditions for using this surfactant are 60 ◦C for
C-16 and 100 ◦C for C-18 [100].

Finally, the study of non-ionic surfactants began with Zakin and Chiang [102], who ex-
amined non-ionic surfactants based on the concentration and type of electrolyte, surfactant
concentration, and its mechanical effect as a drag reduction agent. Some findings that can
be underlined from this research are that non-ionic surfactants certainly have no charge,
meaning that the electrolyte they have is in a low composition. Second, the temperature
affects the micelles owned by the surfactants. Micelles will swell and eventually split
from the surfactant structure. The effect of temperature also gives two different types of
conditions where the concentration is low and high when the drag reduction effect occurs.
Low concentrations will have an effect when the flow is turbulent. Research on non-ionic
surfactants with cationic surfactants can be distinguished in the study [103], where zwit-
terionic CAPB (Cocamidopropyl betaine) showed a higher drag reduction of 65% than
cationic surfactant in turbulent flow with a composition of 0.12% DEA in the combined
CAPB-DEA. It also adds a perspective of the effectiveness against cationic surfactants,
which are insignificant in a turbulent flow.

On the other hand, the high concentration is in the transitional flow between turbu-
lence. Among other surfactants, non-ionic surfactants are very stable mechanically and
chemically. Where there is no degradation when it meets other ions, water, or seawater, this
is supported by research [104] which showed that even with the application of introducing
nanoparticles to the flow, the drag reduction effect did not produce a significant effect. Thus,
according to Shenoy [105], a surfactant can even survive in high-temperature systems.
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1.4. Drag Reduction

As discussed at the beginning of the sub-section, drag reduction is a process to reduce
the pressure lost due to fluid flow or the flow system owned by a pipe or even a flat
plate. After the above discussion of drag reducing additives, the discussion now shifts to a
mathematical perspective on the effects of reducing drag. Historically Toms [4] was the first
to define reducing barriers to the use of additives to provide this effect. The investigation is
carried out on the standpipe, therefore the determination of resistance reduction is based on
the geometry of the pipe which will change along with the modification of the flowing pipe.
This will be discussed in the next section. However, an illustration of the mathematical
equation for the percentage of drag reduction can be seen in Equation (5) [38].

%DR =

(
dp
dl

)
s
−

(
dp
dl

)
DRA(

dp
dl

)
s

× 100% (5)

It can be simplified as follows (Equation (6)), where fs is the friction factor before the
application of resistance reduction using additives (fDRA).

%DR =
fs − fDRA

fs
× 100% (6)

Friction factor (f ) is influenced by wall shear stress (τw), which is the product of the
diameter of the pipe used and the resulting pressure difference is divided by 4 times the
length of the pipe under study.

f =
τw

(0.5ρU2)
, τw =

d.∆p
4l

(7)

However, because the pipe used by Toms is a straight pipe, it is necessary to define
a mathematical equation for the diameter of the pipe, the geometry of the pipe, and the
indentation of the pipe used in the experiment [106]. This will be discussed in the next
section. Nonetheless, the above equation is one approach to research on drag reduction
using additives.

2. Straight Smooth Circular Pipes—Drag Reduction Additives
2.1. Experimental Setup

In this section, the paper will discuss the application of lubricants using surfactant
polymers based on experiments. This section will discuss the application of three divisions,
namely straight smooth circular pipes, straight rough circular pipes, and wall ducts that
have been widely carried out in research on drag reduction. In conducting a study between
one type of pipe and the type of polymer-surfactant used, three essential things must be
considered. The first is the concentration effect of the polymer or surfactant used. Then, the
friction factor resulting from the experiment must be considered. Finally, the shape of the
pipe so that the drag reduction effect can be generated must be discussed. The drawback of
several reviews regarding the drag reduction effect using polymer-surfactant is recognizing
the proper benchmark for experiments on polymer-surfactant drag reduction [25–29].

In a smooth, straight, circular pipe, experiments can be seen in research [107]. This
manuscript has discussed a benchmark in researching neutral perpendicular pipes. Some
things that need to be considered are the only temperature, the moving fluid flow velocity,
the diameter, the velocity profile, and the friction factor. The following is a schematic
of the experiments carried out, provided in Figure 1 as a tool setup for calculating the
flow velocity.
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Figure 1. Schematic of the experiment on drag reduction using additives.

For velocity profile, the tool used is LDV. LDV applies because the uncertainty is lower
than PIV. Based on [108], LDV has a level of uncertainty of 0.2%, whereas PIV [109] has a
level of uncertainty of 0.22%; this is due to the resulting image where the laser influences
the deflection from a glass pipe, which is the reason for using a glass pipe of 1.000292 mm.
In contrast, PIV is limited by the frame rate that can be generated [110]. Furthermore,
the discussion is the calculation or analysis of the resulting physics. The friction factor in
question is based on Equation (7).

u+ =
1
k

lny+ + B (8)

In Equation (8), the calculation of the velocity profile in question can be seen. The
equation is for the mean velocity profile where u+ is the average velocity. At the same time,
y+ is the normal position from the wall to the fluid layer, while k is the Kármán constant
and B is the additive constant used. B in the future will be different depending on the
additives used during the experiment. Figure 2 shows the results if water is used as a
benchmark and the experiment does not use additives [108,111–113].
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2.2. Polymer Drag Reduction

The next aspect to discuss is the use of polymers and surfactants in the above pipe
conditions. For polymers, Virk conducted pioneering, and now standard, research on
straight, smooth, circular pipes, using polymers as additives [114]. The types of polymer
species examined by Virk were PAM (polyacrylamide) and PEO (polyelectrolytic). The
PAM type used in the Virk study were E198 and that for PEO was W205. These two types
were used to show the effect of the polymer concentration on the resulting friction factor.
The discussion of Equations (1)–(4) regarding the friction factor can be seen in Figure 3
based on other research [114].
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Figure 3. The resulting friction factor is based on two polymer species against three types of flow. 1:
laminar flow, 2: Prandtl-von Kármán equation or turbulent flow, and 3: Virk’s MDRA (maximum
drag reduction asymptote).

Based on the flow in Figure 3, lines 1, 2, and 3 are linear lines as a reference when using
polymers. The first line is a linear line based on Poiseuille’s law when the Newtonian flow
set in Equation (1) is laminar. The second line is a linear line influenced by the Prandtl-von
Kármán law set in Equation (2). The third linear line is the slope difference based on
Equations (9)–(11) by Virk’s maximum drag reduction asymptote. In Virk’s research, the
effect of the concentration of several polymers was also discussed. The concentration
affects the difference in the slope of the fluid, which in turn affects the friction factor and
the resulting drag reduction. Based on the results of Figure 4 from Virk’s research, the
study does not reach a conclusion on which type of polymer is more efficient, but Virk
provides a linear line as a reference for future research.

δ(slope) = Sp − Ss (9)

Sp = [d( f−1/2)/dlog(Re. f 1/2)]; For polymer solution (10)

Ss = [d( f−1/2)/dlog(Re. f 1/2)]; For solvent (11)
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2.3. Solid Suspension Drag Reduction

The solid suspension is based on the granular size of the smooth, straight, circular
pipe, which is a good reference for the research carried out by Watanabe [115]. Experiments
were carried out on several types of solid suspension, namely, carbon, SiO2, and kaolin
in a laminar and turbulent flow. The research is supported by the equations formulated
by Metzner [116], which are the same derivatives of Poiseuille’s equation and the Kármán
equation, which are distinguished based on the flow velocity. Based on research [115],
the reduction in resistance can only be seen based on the flow characteristics, which are
influenced by the rheological properties of the suspension used. The difficulty that is still
being experienced is in determining the relationship between the differences in particle
shape, given that the carbon suspension is black and difficult to study. If the liquid has
a nanosized microstructure, the suspension will be transparent and easier to examine.
Figure 5 shows the results of research on solid suspensions.

Processes 2021, 9, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 4. The concentration of polymer and solvent affects fluid slope; the slope then alters the drag 
reduction percentage. 

2.3. Solid Suspension Drag Reduction 
The solid suspension is based on the granular size of the smooth, straight, circular 

pipe, which is a good reference for the research carried out by Watanabe [115]. Experi-
ments were carried out on several types of solid suspension, namely, carbon, SiO2, and 
kaolin in a laminar and turbulent flow. The research is supported by the equations formu-
lated by Metzner [116], which are the same derivatives of Poiseuille’s equation and the 
Kármán equation, which are distinguished based on the flow velocity. Based on research 
[115], the reduction in resistance can only be seen based on the flow characteristics, which 
are influenced by the rheological properties of the suspension used. The difficulty that is 
still being experienced is in determining the relationship between the differences in parti-
cle shape, given that the carbon suspension is black and difficult to study. If the liquid has 
a nanosized microstructure, the suspension will be transparent and easier to examine. Fig-
ure 5 shows the results of research on solid suspensions. 

   
(a) (b) (c) 

Figure 5. Comparison of friction factor to Reynold number of three kinds of solid suspension: (a) carbon; (b) SiO2; and (c) 
kaolin with different granular size. 

  

Figure 5. Comparison of friction factor to Reynold number of three kinds of solid suspension: (a) carbon; (b) SiO2; and (c)
kaolin with different granular size.



Processes 2021, 9, 1596 11 of 16

2.4. Surfactant Drag Reduction

Surfactants can be divided into two types, namely ionic and non-ionic surfactants.
Among several sources, there are two good references in representing the results of
experimental research on the use of surfactants. Representing studies on ionic surfac-
tants, reference [117] researched two cationic surfactants, namely Ethoquad O/13 (oleyl
tris(hydroxyethyl) ammonium acetate) and Ethoquad O/12 (oleyl bis(hydroxyethyl) methy-
lammonium chloride). In the study, it was found that the drag reduction effect appears to
decrease with the rising temperature surfactant, as can be seen in Figure 6. The addition of
surfactants also causes the effect to reduce and destroys the previously formed micelles.
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drag reduction effect of Ethoquad O/12 with NaSal on EG (ethylene glycol) with water at different
temperatures.

Non-ionic surfactants have also been studied [118]. In one investigation, the addition
of surfactants with the injection method was more effective than those mixed before
experimenting. In this study, a comparison of PIV and LDV data collection results was
also carried out. The differences found in the results comparing the tools were as follows.
A significant function that can be distinguished is that PIV could record the direction of
flow before and after the addition surfactants. This effect was seen when the flow was in
turbulent flow by reducing turbulence from the interaction between the fluid layer and the
pipe wall and reducing shear stress. Other studies that support the statement for the use
of non-ionic surfactants include Cai et al. [119] on the use of oleyl di-methyl amine oxide
(ODMAO), who found that when the concentration was at 400 ppm and above, there was
a drag reduction effect of 70 percent in straight pipes. The study also examined the effect
of shear rate on different micelles resulting in different shear characteristics.

Meanwhile, with LDV only the effect on the shear stress of the wall could be observed.
This finding is supported by the surfactant injection method [120,121]. The results of
study [118] are shown in Figure 7. We can see the decrease of shear stress based on
the length and the injection method using homogenous and non-homogenous surfactant
injections; as a result, the drag is reduced within the range of 11–50%.
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3. Conclusions

The use of polymer-surfactant as a material for drag reduction is a technique that
is low cost but also practical. This review cannot conclude which drag reducing agent
would be more effective to use. However, we provide a more structured foundation on
the topic, in contrast with some previous studies that do not distinguish between various
additives. Based on the experiment results, it can be determined that the effect of the pipe
diameter and the type of pipe used will always change along with the type, concentration,
and flow velocity used. Research on polymers and surfactants in smooth pipes is more
complex because many types of pipes should be discussed; however, this was outside the
scope of this paper because of the Eddy effect due to the fluid rotation in the pipe. This
modification will be discussed further in a following article, as the laws discussed above
do not apply to the phenomenon in question. Materials regarding the use of surfactant
polymers in straight, smooth, circular pipes can undoubtedly be developed by changing
the composition of the flowing fluid, such as the use of microbubbles and the addition of
granular compositions at different concentrations.

Following the above discussion, the concentration dramatically affects the drag reduc-
tion effect—the initial injection and mixing effect make the difference. Future developments
that can be studied include if the effect is on time and how quickly it occurs because the
chemical composition also changes with the duration of injection. Finally, in order to
determine which, drag reduction is better, it is necessary to examine environmental effects.
The ability to decompose is the main factor under consideration in this regard, in addition
to the mechanical characteristics produced; this can be achieved by using a new, more
eco-friendly material as a drag reduction agent.
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103. Różański, J.; Różańska, S.; Mitkowski, P.T.; Szaferski, W.; Wagner, P.; Frankiewicz, A. Drag Reduction in the Flow of Aqueous
Solutions of a Mixture of Cocamidopropyl Betaine and Cocamide DEA. Energies 2021, 14, 2683. [CrossRef]

104. Drzazga, M.; Gierczycki, A.; Dzido, G.; Lemanowicz, M. Influence of Nonionic Surfactant Addition on Drag Reduction of Water
Based Nanofluid in A Small Diameter Pipe. Chin. J. Chem. Eng. 2013, 21, 104–108. [CrossRef]

105. Shenoy, A.V. Drag reduction with surfactants at elevated temperatures. Rheol. Acta 1976, 15, 658–664. [CrossRef]
106. Aguilar, G.; Gasljevic, K.; Matthys, E.F. Coupling between heat and momentum transfer mechanisms for drag-reducing polymer

and surfactant solutions. ASME J. Heat Transf. 1999, 121, 796–802. [CrossRef]
107. Den Toonder, J.M.J.; Hulsen, M.A.; Kuiken, G.D.C.; Nieuwstadt, F.T.M. Drag reduction by polymer additives in a turbulent pipe

flow: Numerical and laboratory experiments. J. Fluid Mech. 1997, 337, 193–231. [CrossRef]
108. Furuichi, N.; Terao, Y.; Wada, Y.; Tsuji, Y. Friction Factor and Mean Velocity Profile for Pipe Flow at High Reynolds Numbers.

Phys. Fluids 2015, 27, 095108. [CrossRef]
109. Raffel, M.; Willert, C.; Scarano, F.; Kähler, C.; Wereley, S.; Kompenhans, J. PIV Uncertainty and Measurement Accuracy. Part.

Image Velocim. 2018, 203–241.
110. Saga, T.; Hu, H.; Kobayashi, T.; Murata, S.; Okamoto, K.; Nishio, S. A Comparative Study of The PIV And LDV Measurements on

A Self-Induced Sloshing Flow. J. Vis. 2000, 3, 145–156. [CrossRef]
111. McKeon, B.; Swanson, C.; Zagarola, M.; Donnelly, R.; Smits, A. Friction Factors for Smooth Pipe Flow. J. Fluid Mech. 2004, 511,

41–44. [CrossRef]
112. Swanson, C.; Julian, B.; Ihas, G.; Donnelly, R. Pipe Flow Measurements Over a Wide Range of Reynolds Numbers Using Liquid

Helium and Various Gases. J. Fluid Mech. 2002, 461, 51–60. [CrossRef]
113. Österlund, J.; Johansson, A.; Nagib, H.; Hites, M. A Note on The Overlap Region in Turbulent Boundary Layers. Phys. Fluids

2000, 12, 1–4. [CrossRef]
114. Virk, P.; Baher, H. The Effect of Polymer Concentration on Drag Reduction. Chem. Eng. Sci. 1970, 25, 1183–1189. [CrossRef]
115. Watanabe, K. Drag Reduction in a Pseudo-Homogeneous Flow. In Drag Reduction of Complex Mixtures, 1st ed.; Guerin, B., Ed.;

Academic Press: London, UK, 2018; Volume 4, pp. 83–84.
116. Metzner, A.B. Recent developments in the engineering aspects of rheology. Rheol. Acta 1958, 1, 205–212.
117. Zhang, Y.; Schmidt, J.; Talmon, Y.; Zakin, J. Co-Solvent Effects on Drag Reduction, Rheological Properties and Micelle Microstruc-

tures of Cationic Surfactants. J. Colloid Interface Sci. 2005, 286, 696–709. [CrossRef]
118. Tamano, S.; Kitao, T.; Morinishi, Y. Turbulent Drag Reduction of Boundary Layer Flow with Non-Ionic Surfactant Injection. J.

Fluid Mech. 2014, 749, 367–403. [CrossRef]
119. Cai, S.; Suzuki, H.; Komoda, Y. Drag-reduction of a nonionic surfactant aqueous solution and its rheological characteristics. Sci.

China Technol. Sci 2012, 55, 772–778. [CrossRef]
120. Hou, Y.; Somandepalli, V.; Mungal, M. A Technique to Determine Total Shear Stress and Polymer Stress Profiles in Drag Reduced

Boundary Layer Flows. Exp. Fluids 2006, 40, 589–600. [CrossRef]
121. Tamano, S.; Uchikawa, H.; Ito, J.; Morinishi, Y. Streamwise variations of turbulence statistics up to maximum drag reduction state

in turbulent boundary layer flow due to surfactant injection. Phys. Fluids 2018, 30, 075103. [CrossRef]

https://data.epo.org/publication-server/document?iDocId=2898186&iFormat=2
https://data.epo.org/publication-server/document?iDocId=2898186&iFormat=2
http://doi.org/10.1038/physci239026a0
http://doi.org/10.3390/en14092683
http://doi.org/10.1016/S1004-9541(13)60447-4
http://doi.org/10.1007/BF01524753
http://doi.org/10.1115/1.2826068
http://doi.org/10.1017/S0022112097004850
http://doi.org/10.1063/1.4930987
http://doi.org/10.1007/BF03182407
http://doi.org/10.1017/S0022112004009796
http://doi.org/10.1017/S0022112002008595
http://doi.org/10.1063/1.870250
http://doi.org/10.1016/0009-2509(70)85008-4
http://doi.org/10.1016/j.jcis.2005.01.055
http://doi.org/10.1017/jfm.2014.225
http://doi.org/10.1007/s11431-011-4728-y
http://doi.org/10.1007/s00348-005-0098-1
http://doi.org/10.1063/1.5036589

	Introduction 
	History of Drag Reduction Additives 
	Drag Reduction Additives Properties 
	Drag Reducing Agents 
	Polymer 
	Solid-Particle Suspensions 
	Surfactant Solutions 

	Drag Reduction 

	Straight Smooth Circular Pipes—Drag Reduction Additives 
	Experimental Setup 
	Polymer Drag Reduction 
	Solid Suspension Drag Reduction 
	Surfactant Drag Reduction 

	Conclusions 
	References

