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Abstract
The mixed aqueous solutions of anionic surfactant sodium dodecyl sulfate with polymer polyacrylamide of various kinds, i.e.,
cationic, anionic, nonionic, and zwitterion, were firstly tested to study their synergistic effect on drag reduction performance. The
optimal combination of sodium dodecyl sulfate with anionic polyacrylamide was confirmed due to their strong hydrophobic
interaction and electrostatic repulsion caused by the same charge. The surface tension, conductivity, and viscosity of pure
surfactant solution and mixed solutions at different surfactant concentrations with anionic polymer of certain concentration were
tested, and their drag reduction behavior in pipe flow was also investigated experimentally. It turns out that drag reduction
performance acquired from the combination of anionic surfactant and anionic polyacrylamide is better than either of the single
additive, especially under high shear rate. For the mixtures, the degree of drag reduction is strongly dependent on the concen-
tration of SDS andmore pronounced in the high Reynolds number range. The best drag reduction performance is obtained for the
SDS concentration around the polymer saturation point. Our work should be of value for the drag reduction in the application
such as shale gas fracturing and various fluid transports.
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Introduction

Drag reduction is a phenomenon that exhibits a lower pressure
drop for the same flow rate in the pipe flow [1]. It is well
known that the presence of small amounts of certain additives
(drag reducer) in water can result in a considerable reduction
of drag in turbulent flow, which can reduce pumping power
and increase piping system capacity [2, 3]. Such areas of in-
terest where these additives are particularly gaining tremen-
dous attention are oil production [4], district heating and
cooling [5, 6], sewage systems [7], and firefighting [8].

The additives causing drag reduction can be divided into
five categories: polymers, surfactants, fibers, microbubbles,
and compliant coating [9]. Surfactants and polymers are most

commonly used in industrial application. The drag reduction
ability of polymers depends on many factors such as molecu-
lar weight, aggregation, and chain flexibility [10, 11]. In gen-
eral, the most effective drag-reducing polymers possess a lin-
ear flexible structure and high molecular weight. As a usual
drag reducer, polyacrylamide (PAM) has often been used; in
some cases, surfactants were also employed. The drag reduc-
tion capability of surfactant is primarily affected by its con-
centration and the ability to form a wormlike micelle. Typical
examples of the used surfactants for drag reduction is anionic
surfactant sodium lauryl sulfate (SDS) and cationic surfactant
cetyltrimethylammonium chloride (CTAC) [12]. In fact, both
polymers and surfactants have certain advantages over each
other when used as drag reducer. For example, polymers be-
come effective at very low concentrations whereas surfactants
become effective only at concentrations well above the critical
micelle concentration (CMC). Moreover, the drag reduction
capabilities of surfactants are affected by temperature due to
the strong temperature dependence of micelle formation.
However, the greatest advantage of surfactants is that the
shear-induced structures in these systems are of regenerative
nature whereas the polymer macromolecules undergo perma-
nent mechanical breakdown under high shear stress
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conditions. Thus, surfactants are preferred over polymers in
applications involving cyclic high shear–stress conditions
[13].

Studies have shown that the association of water-soluble
polymer and surfactant can retain the advantages of a variety
of original single materials, making up for its shortcomings,
improving drag reduction efficiency, and enhancing drag sta-
bility for the formation of complexes or aggregates of polymer
and surfactant [14, 15]. It is well-known that the self-assembly
of surfactant monomers occurs at CMC, whereas the interac-
tion between polymers and surfactants begins at a different
surfactant concentration called as the critical aggregation con-
centration (CAC). There are two types of interaction between
polymers and surfactants: electrostatic interaction and hydro-
phobic interaction. Electrostatic interaction always exists in
the polymer–surfactant system with charges. For the systems
with no opposite charges, hydrophobic interaction could be
the dominated one [16, 17]. When the interaction between the
polymer and the surfactant is of the electrostatic type, namely,
polymer and surfactant are both ionic with charges, and the
CAC will be lower than the CMC. When the interaction is of
the hydrophobic type (the hydrophobic parts of the nonionic
polymer and ionic surfactant interact), the CAC is close to the
CMC. Then, the interaction between polymers and surfactants
will be saturated with the concentration of the surfactant in-
creasing to the polymer saturation point (PSP) [18, 19]. The
synergistic interactions between polymers and surfactants can
dramatically alter the characteristics of the solution. The inter-
actions depend upon several factors, such as the nature of the
surfactant head group, the polar group embedded in the poly-
mer backbone, polymer hydrophobicity, and flexibility [20].

Considerable efforts have been made to understand the
interaction between different kinds of polymers and different
types of surfactants. Among the investigations of synergistic
interactions between polymers and surfactants, the most
heavily reported is the combination of nonionic polymer and
cationic surfactant. Liu [14, 21] et al. investigated the effect of
mixed nonionic polyacrylamide and cationic surfactant CTAC
solutions on drag reduction performance from the point of
experiment and molecular dynamics simulation, respectively.
The results prove that the viscosity of the CTAC/PAM/Nasal
solution is significantly higher than that of the CTAC/Nasal
solution for the surfactant micelles interacting with the poly-
mer and form rod-like micelles, then the polymer–surfactant
complex can intensify drag reduction at some extent, and tem-
peratures were more influential than concentrations. Matras
[22] et al. studied the influence of nonionic polymer
polyoxyethylene (PEO) and CTAC aggregates on fluid flow
and concluded that PEO–CTAB aggregates can reduce drag
much more efficiently than these substances alone. Ali et al.
[15, 23] investigated the effect of mixed PEO and cationic
surfactant octadecyl trimethyl ammonium chloride (OTAC)
solutions on drag reduction and their mechanical degradation.

The results indicated that the addition of surfactant to the
polymer increases the extent of drag reduction range due to
the formation of a new microstructure and improves the resis-
tance of polymer chains against shear degradation, especially
in solutions with low polymer concentration and high surfac-
tant concentration. In addition, the effect of nonionic polymer
PEO and anionic surfactant SDS on drag reduction behavior
and mechanical degradation were also studied by Ali et al.
[23, 24]. The relative viscosity showed a remarkable increase
upon the addition of surfactant to the polymer solution due to
extension of polymer chains caused by the formation of mi-
celles on the backbone of the polymer molecules. The same
authors also investigated the effect of anionic polymer PAM
and cationic surfactant OTAC on drag reduction behavior and
mechanical degradation [13, 23, 24]. The result suggested
that the drag reduction capability of anionic polymer PAM
is reduced upon the addition of oppositely charged cationic
surfactant (OTAC) molecules due to charge neutralization
and hence coiling of PAM chains. Also, the presence of
surfactant accelerates mechanical degradation of polymer
chains.

In order to explain the interaction between polymer and
surfactants, some models have been proposed. One is the
so-called necklace model proposed by Nagarajan [25]. For
this model, a complex consisting of the polymer molecule
wrapped around surfactant micelles is formed and the
polymer segments partially penetrate into the polar head
group region of the micelles, which causes a reduction in
the micelle core and water contact area. For another
Rosenstein model, a thermodynamic model based on the
adsorption of polymer molecules onto the micelle surface
has been proposed. The presence of polymer molecules in
water changes the surface free energy between the micel-
lar hydrocarbon core and the solvent in the “free space “of
the coiled macromolecule [26].

In summary, the previous studies have shown that the
more extended and stretched the polymer molecular chain
is because of the interaction with the surfactant, the better
d rag reduc t ion per fo rmance wi l l be ach ieved .
Accordingly, hydrophobic interaction and electrostatic re-
pulsion can both facilitate the extension and stretch of the
polymer molecular chain. Thus, it can be inferred that the
polymer with the same charged surfactant may be extend-
ed more effectively for the stronger electrostatic repulsion
interaction, then superior drag reduction behavior might
be achieved. Unfortunately, to the best of our knowledge,
there is no research on the interaction of polymer and
surfactant with the same charge, nor the effect on drag
reduction. The aim of this study is to select the optimum
combination of anionic surfactant SDS, a kind of anionic
surfactant with lower toxicity and smaller head group
which is widely used in the industry, with different kinds
of polymer PAM, to acquire the best drag reduction effect.
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It is also expected to provide a better understanding of the
interactions between SDS and same-charged PAM in
aqueous solutions, to determine their effect on DR behav-
ior in pipeline flow. Our work should be of value for the
drag reduction in the application such as shale gas frac-
turing and various fluid transports.

Materials and methods

Materials

Four different kinds of polymer-polyacrylamide (PAM)
(Gongyi Liqing Water Purification Material Factory), cat-
ionic PAM, anionic PAM, nonionic PAM, and zwitterion
PAM with the molecular weight of Mv = 1.6 × 107, were
used in our investigation. Sodium dodecyl sulfate (SDS,
purity ≥ 99%, Sinopharm Chemical Reagent Co. Ltd.,
China) was used as the anionic surfactant. Tap water
(the conductivity of which is about 216 μS/cm) was uti-
lized as the base fluid.

Sample preparation

To prepare solutions containing polymer and surfactant, the
surfactant and polymer were dissolved in tap water, respec-
tively, and then mixed in the tank with the certain amount of
tap water to acquire specific fluid. As a typical procedure,
firstly, surfactant powders with the desired concentrations
were dissolved in 1 L tap water. With the assistance of suffi-
cient magnetic stirring, stable and clear surfactant solutions
can be obtained. Meanwhile, 1 g PAM was added in 1 L tap
water which is kept stationary for 12 h at room temperature
firstly, then followed by fully stirring at 500 rpm/min for about
2 h at 40 ± 0.5 °C until it was dissolved and a homogenous
polymer solution is obtained.

Experimental setup and measurements

The pipeline experiments were carried out in a closed-
loop system shown in Fig. 1. The test fluid was prepared
in a large mixing tank which was circulated in a piping
loop. The temperature inside the test section was main-
tained at 20 ± 0.5 °C by passing cold or hot water through
the pipe jacket with the aid of a temperature controller.
The external diameter of the test pipe is 10 mm with the
wall thickness of 1 mm, and the total length of the pipe-
line is 10.8 m with the testing section being 3.3 m in
length.

The fluid flow in the closed-loop system was driven by the
stainless-steel screw pump, and the flow rates were adjusted
from 0.2 to 1.3 m3/h to ensure the output values of flow rate
and pressure by an inverter to be relatively stable throughout
the experiment. The pressure drop of the test section was
measured by a differential pressure transmitter. The measuring
accuracy of flow rate and pressure drop was 0.01 m3/h and
0.1 kPa, respectively.

The temperature of the solution was maintained at 20 ±
0.5 °C bywater bath, then the surface tension and conductivity
were measured subsequently. A surface tension study was
performed based on a contact angle meter (SL200B,
Shanghai Zhongchen Digital Technology Apparatus Co.
Ltd., China) by using the principle of drop shape tensiometer.
In a nutshell, a droplet of the liquid sample was created at the
tip of the syringe needle and a camera was equipped to capture
the images. Based on the profile of the droplet, the surface
tension value can be calculated by fitting the Young–Laplace
equation [27].

Conductivity measurement was performed by Mettler
desktop conductivity meter; every conductivity for the same
sample was measured three times and took the average.
Viscosity measurement was conducted by an Ubbelohde vis-
cometer in an electro-thermostatic water cabinet to maintain
the temperature to be 20 ± 0.5 °C. A chronograph was used to
record the time for flowing through the measuring section of

Fig. 1 Diagram of the experiment
system
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test fluid, and the densitometer to measure the density. Then,
the viscosity would be acquired according to the correspond-
ing formula.

Data processing

In this work, the Reynolds number Re was determined as
follows:

Re ¼ udρ
μ

where u is the bulk mean velocity, d is the diameter of the
pipeline, μ is the viscosity of solvent, and ρ is the density of
the solvent.

The effectiveness of the drag-reducing surfactant polymer
is determined by the percentage of drag reduction (DR) in a
flowing fluid which is usually expressed quantitatively as fol-
lows:

DR% ¼ △Pwithout additives−△Pwith additives

△Pwithout additives
� 100%

where △Pwithout additives is the pressure drop in the absence of
additives and △Pwith additives is the pressure drop in the pres-
ence of additives.

Results and discussion

Drag reduction effect of SDS with different kinds
of PAM

Previous investigations have shown that the effect of the
surfactant–polymer interaction on the drag reduction perfor-
mance depends on the charge of surfactant and polymer si-
multaneously. Therefore, it is supposed that a kind of surfac-
tant can demonstrate different drag reduction behavior when
compounded with PAM of different charge. In our experi-
ment, SDS is selected for its small size of the anionic head
group and the hydrophobic conditions significantly contribut-
ing to the overall interaction with the polymer [23]. As men-
tioned, the interaction between polymers and surfactants be-
gins at a different surfactant concentration (CAC) lower than
the CMC, and the interaction is more obvious in solutions
with low polymer concentration and high surfactant concen-
tration [15, 18]. Here in our study, we chose the concentration
of SDS to be 2000 ppm, which is around CMC, and the con-
centration of PAM relatively lower, i.e., 100 ppm. Then, the
interaction effect of SDS with four different kinds of PAM
(cationic, anionic, zwitterion, and nonionic) on drag reduction
has been investigated, respectively, to acquire the optimum
combination for drag reduction.

Figure 2 shows the drag reduction effect of different com-
binations at a certain flow rate under turbulence conditions;
the overall experiment is repeated three times to ensure accu-
racy, and the error was also shown. As shown in Fig. 2, the
combination of nonionic PAM-SDS demonstrates synergetic
drag reduction effect. This combination should be favorable
for the elongation of the PAM molecular chain owing to the
electrostatic repulsion and hydrophobic interaction, just like
the previous report [23, 24]. The combination of anionic
PAM-SDS and zwitterion PAM-SDS also shows such syner-
getic effect. On the contrary, the combination of cationic PAM
and SDS shows a negative impact on the drag reduction, the
coiling, and the collapse of polymer macromolecules which
resulted from electrostatic attraction which is supposed to ac-
count for this result [13, 23]. Particularly, the combination of
anionic PAM and SDS shows superior drag reduction perfor-
mance than others. Then, the interaction of anionic PAM and
SDS with different concentration was investigated further, as
well as its effect on drag reduction behavior.

Interaction of SDS and anionic PAM

Surface tension

Surface tension can be used to find the CAC, PSP, and point of
free micelle formation. Thus, surface tension measurements
were conducted over the PAM/SDSmixtures and compared to
that of pure SDS. Here, the PAM concentration was kept con-
stant at 100 ppm, while the SDS concentration varied from
250 to 5000 ppm. The results are presented below in Fig. 3.

As can be seen from Fig. 3, PAM is not a surface-active
polymer because the surface tension cannot be reduced further
more when PAM was added [28]. We can also conclude that
the CMC of SDS is around 2000 ppm, and the CAC and PSP
with PAM is about 1750 ppm and 3000 ppm, respectively,
from the results of surface tension.
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Fig. 2 Drag reduction of different kinds of PAM (100 ppm) with and
without SDS at a certain flow rate under turbulence conditions; the con-
centration of SDS is 2000 ppm (around CMC)
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Conductivity

The CAC and PSP can also be detected through electrical
conductivity measurements. Figure 4 shows the typical con-
ductivity plots for pure SDS and mixed 100-ppm anionic
PAM and SDS system. For pure SDS solution, conductivity
increases with the increase in SDS concentration, then the
slope of conductivity plot decreases when the SDS concentra-
tion passes by CMC (2000 ppm) due to decreased mobility of
the bulky micelles over the highly mobile surfactant
molecules.

When 100 ppm anionic PAM is present in the SDS solu-
tion, a change in the slope begins at the CAC (1750 ppm). If
the conductivity line with the SDS concentration of SDS be-
tween 1750 ppm and 2000 ppm for 100 ppm anionic PAM/

SDS solution is extended inversely, as also in Fig. 4, we can
see that the slope of the green dotted line is a little smaller than
that of the original conductivity curve beyond 1750 ppm. To
be clearer, the enlarged images for the two conductivity lines
are presented in the inset of Fig. 4. We can see a distinct slope
change in conductivity for mixed solution at 1750 ppm. The
concentration of the surfactant is where surfactant monomers
begin to associate with the polymer chains and finish at the
PSP (3000 ppm); the polymer molecules are saturated with the
surfactant. It is supposed that the conductivity is determined
by charge and mobility; when the surfactant molecules begin
to form aggregates with the polymer, the slope of conductivity
plot will decrease for the lower mobility of the surfactant-
polymer aggregate until the polymer molecules are saturated,
then maintain a steady increase with the further addition of the
surfactant [24]. The CAC and PSP acquired from the conduc-
tivity plot are both consistent with that from surface tension
results, indicating the reliability of our experimental results.

Viscosity

Viscosity measurements can be used to detect the conforma-
tional changes of polymer chains with the addition of the
surfactant. The electrostatic interaction between the oppositely
charged polymer and the surfactant is expected to have a
strong influence on the viscous behavior of polymer–
surfactant solutions [13]. Figure 5 shows the viscosity values
for pure SDS and PAM/SDS mixtures, respectively. Again,
the PAM concentration was held constant at 100 ppm, while
the SDS concentration varied from 0 to 5000 ppm.

For pure SDS solution, the viscosity increases with the
increase in SDS concentration, and a sharp increase is
achieved around the CMC due to the formation of micelles
after which a viscoelasticity fluid is expected [29]. However,
for the polymer/surfactant mixture, the change in viscosity

Fig. 4 Conductivity of the SDS solution as a function of SDS
concentration with and without anionic PAM; the green dotted line
indicates the transition point where the slope changes for the black
curves. (The PAM concentration was kept constant at 100 ppm.)
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with SDS concentration manifests a complicated trend. The
overall trend can be divided into three parts. Firstly, when the
concentration of SDS is lower than CMC, there is no micelle
formed in the solution. The slight hydrophobic interaction and
electrostatic repulsion between a small amount of SDSmolec-
ular and PAM molecular chain are supposed to promote the
intertangling of PAM molecular and thus the viscosity de-
creases until the CMC of SDS. When it comes to the second
stage, the micelles form with the SDS concentration exceed-
ing CMC, the mixed polymer–surfactant aggregate micelle
will form, and the PAM molecule becomes more and more
outstretched for the strong interaction of hydrophobic and
electrostatic, and then the viscosity increases rapidly. For the
third stage, with the concentration of SDS higher than
4000 ppm, the surfactant molecule in the formed mixed mi-
celle increases, and the hydrophobic group will decrease, both
of which will weaken the association between polymer mole-
cules and thus lead to the collapse of three-dimensional struc-
tures. On the other hand, the stronger electrostatic repulsion
will stretch the molecular chain until collapse, then the viscos-
ity of the solution will decrease [30].

Pipeline flow behavior of solutions

Pure polymer with the mass concentration of 100 ppm and
pure surfactant with the concentrations of 1000 ppm,
2000 ppm, 3000 ppm, 4000 ppm, and 5000 ppm, respectively,
were tested at different flow rates from 0.2 to 1.3 m3/h. Note
that here different flow rates correspond to different Reynolds
numbers. Then, the mixed solution with the constant polymer
100 ppm and surfactant concentration changing from 1000 to
5000 ppm was tested at the same condition as pure polymer
and pure surfactant. The tested results are shown in Fig. 6.

For pure SDS solution (Fig. 6a), the drag reduction
effect emerges when the concentration of SDS reaches

4000 ppm. It has been reported that for SDS, when the
surfactant solution reaches the CMC (2000 ppm), spheri-
cal micelles will be firstly formed in the solution [31].
With the concentration further increased to the transition
concentration (CMCII), the spherical micelles in the solu-
tion will transform into rod micelles. When the fluid
flows, the rod micelles gradually assemble into a shear-
inducing structure and a spatial network structure under
shear. As a result, the viscosity of the solution increases
and becomes a viscoelastic fluid which, in turn, leads to
the drag reduction effect [32]. The drag reduction effect
begins at a certain Reynolds number, considering that the
shear action can also facilitate the formation of micelles.
Then, the formation of a more viscoelastic shear-induced
structure and spatial network structure will contribute to
drag reduction of fluid. Here, we consider that when Re is
lower than 15,000, the low shear force is not strong
enough to promote the formation of the shear-induced
structure, nor drag reduction, though the SDS concentra-
tion is already very high. We can also conclude that con-
siderable shear force is necessary for the formation of the
shear-induced structure for the surfactant solution which
is essential for the drag reduction. Meanwhile, it is as-
sumed that only when there are rod micelles will the drag
reduction performance be acquired under a certain flow
rate. Here we also can infer that the CMCII is higher than
3000 ppm.

The drag reduction curves of the surfactant solution with
the concentration of 4000 ppm and 5000 ppm both show the
same trend that the drag reduction effect begins at a certain
Reynolds number. However, the surfactant solution with the
concentration of 5000 ppm shows a drag reduction effect at a
lower Reynolds number and a higher drag reduction rate at the
same Reynolds number compared with that of 4000 ppm,
which can be contributed to the formation of a more
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viscoelastic shear-inducing structure and spatial network
structure at a higher SDS concentration [12].

For pure PAM solution, the drag reduction effect emerges
at a very low Reynolds number beyond 2000, then reaches the
maximum degree of drag reduction with the increase in

Reynolds number and begin to decrease with the further in-
crease in Reynolds number owing possibly to the breaking of
the polymer molecular chain under high shear rate [33, 34].

The drag reduction curves of five concentrations
(1000 ppm, 2000 ppm, 3000 ppm, 4000 ppm, and
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5000 ppm) of the mixed solution are shown in Fig. 6b and Fig.
6f, respectively. The results indicate that the curve of the
mixed solution is different from that of the pure PAM solution.
Firstly, the degree of drag reduction for the mixed solution is
higher than that of pure PAM solution in the entire range of
flow. Secondly, the mixed solution retains the drag reduction
performance at a higher Reynolds number while the PAM
solution gradually loses drag reduction ability with the in-
crease in the Reynolds number. Thirdly, the mixed solution
of different SDS concentration exhibits a different drag reduc-
tion behavior. The best drag reduction effect for the onset
Reynolds number (the Reynolds number at which drag reduc-
tion performance begins to emerge) is achieved at the concen-
tration of 4000 ppm, while the best drag reduction effect for a
higher Reynolds number is achieved at the concentration of
3000 ppm. Meanwhile, the mixed solution with SDS concen-
tration of 2000 ppm (CMC) and 3000 ppm (PSP) shows a
rising trend with the increase in the Reynolds number in our
tested range (as shown in Fig. 6c and Fig. 6d), and the better
drag reduction performance is presented for 3000 ppm. But
the mixed solution with SDS concentrations of 1000 ppm,
4000 ppm, and 5000 ppm shows an opposite trend with the
further increase in the Reynolds number in our tested range (as
shown in Fig. 6b, Fig. 6e, and Fig. 6f).We have indeed tried to
further increase the flow rate to study the drag reduction per-
formance of the PAM+SDS solution under Re higher than
20,000. However, our screw pump cannot steadily work under
such higher Re working conditions. As a result, there is no
experimental data when Re is larger than 20,000 for PAM and
PAM+SDS solutions.

The diversity of the drag reduction performance is more
evident at a higher Reynolds number. To present the drag
reduction phenomenon under a higher shear rate in our exper-
iment evidently, the drag reduction data of the mixed solution

with different SDS concentration at high flow rates (higher
than 0.8 m3/h) are shown in Fig. 7.

The morphology of the mixed solution with 3000 ppm
SDS and 100 ppm anionic PAM is presented in Fig. 8c,
and the morphology of pure 100 ppm anionic PAM solu-
tion and 3000 ppm SDS solution is also presented in Fig.
8a, b, respectively, for comparison. We can see the
network-like structure which is different from Fig. 8a, b,
clearly from Fig. 8c, and it is consistent with what we
analyzed above.

To verify the hydrophobic interaction and electrostatic re-
pulsion between PAM and SDS molecular furthermore, FTIR
spectra for 100 ppm anionic PAM solution, 3000 ppm SDS
solution, and their mixture are shown in Fig. 9. We can hardly
see any difference between pure SDS solution and PAM/SDS
mixture. As shown in Fig. 9, the peak at 1638 and 3449 cm−1

was assigned to the vibrational absorption of the O–H bond
from solvent water. The strong peak at 2062 cm−1 belongs to
the C–H bond of the alkyl chain, while the peaks in the range
from 1000 to 1100 cm−1 were due to the vibrations of the S=O
bond of the sulfate group in the SDSmolecule, and the peak at
1250 cm−1 can be ascribed to the C–O–S unit. What was
mentioned above is similar to the literature [35]. It should be
noted that because of the lower density of PAM, the intensity
of FTIR spectra is slighter, whichwill not be analyzed in detail
here. Thus, it can be inferred that there is not any new chem-
ical group formed in the mixture, neither any change in mo-
lecular groups. It is the network that resulted from hydropho-
bic interaction and electrostatic repulsion between PAM and
SDS molecule that promotes drag reduction effect.

Mechanism discussion

We can see clearly from Fig. 7 that the mixed solution with
2000 ppm and 3000 ppm SDS shows a better drag reduction
behavior, especially the latter. The probable illustration of the
interaction of PAM with different SDS concentrations under
lower shear rate (with the flow rates lower than 0.8 m3/h) is
shown schematically in Fig. 10. It should be helpful to predict
and analyze the change in the formation if the shear rate un-
dergoes further increase. Figure 10a presents the coiled PAM
molecular chains under slight interaction of the PAM mole-
cule with SDS at the concentration of 1000 ppm. Figure 10b
presents the interaction of 2000 ppm SDS with PAM in the
lower flow rate vividly, and Fig. 10c represents the case for
3000 ppm SDS. When the concentration of SDS reaches
2000 ppm (CMC), micelles begin to form, and the large
amount of a single surfactant molecule and new formed sur-
factant micelle interacts with the PAM molecule through a
slight hydrophobic interaction and electrostatic repulsion, pro-
moting the coil of the PAM molecule.

With the increase in shear rate, the coiled PAM molecular
chain gradually stretches under the action of shear force.
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Fig. 7 Drag reduction behavior of the mixed solution at a high flow rate
higher than 0.8 m3/h
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Then, a network structure will form with new formed surfac-
tant micelles. Here, the surfactant in the node of the polymer
molecular chain is expected to prevent the molecular chain
from breaking under high shear rates. With the concentration
of SDS increasing to 3000 ppm (PSP), an interaction between
surfactant and PAM becomes stronger under dual action of
hydrophobic interaction and electrostatic repulsion for the for-
mation of large amounts of micelles. Micelles present on the
backbone of PAM chains can cause the expansion of the poly-
mer chains as the chains extend, SDS micelles contribute to
protecting polymer chains from shear stress to some extent,
then the %DR and resistance to shear degradation can be
improved [21].

It appears that the addition of 1000 ppm causes a slight
interaction with the polymer, and the small amount of surfac-
tant is not enough to form micelles on the backbone of poly-
mer molecules (Fig. 8a). The PAM molecular chain cannot
expand enough under shear to improve the drag reduction
behavior, nor the resistance of polymer chains against

mechanical degradation. Therefore, the drag reduction effect
of mixed solution with 1000 ppm SDS is weaker [23].

The mixed solution with SDS concentrations of 4000 ppm
and 5000 ppm shows a similar drag reduction behavior during
pipe flow experiment, both demonstrating a higher drag re-
duction rate at a lower flow rate, but decreasing rapidly with
the increase in flow rate. When the concentration of SDS
reaches 4000 ppm, rod-like or worm-like micelles will form
(which can be verified from the pure drag reduction
experiment presented above as in Fig. 6a), the strong interac-
tion of large amounts of rod-like micelles with polymer chain
facilitates the formation of a three-dimensional network (Fig.
8d), and thus the viscosity reached the maximum value (as
shown in Fig. 5); with the increase in shear rate, the polymer
chain becomes more and more outstretched for the strong
hydrophobic interaction and electrostatic repulsion. The
outstretched polymer chain will have a better drag reduction
performance, but weaker elasticity. When the shear rate in-
creases further, the polymer chain with lower elasticity is
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liable to breakdown, then the degree of drag reduction will
decrease rapidly [36]. For the mixed solution with 5000 ppm
SDS, the hydrophobic interaction and electrostatic repulsion
are stronger than that of 4000 ppm. Therefore, the polymer
chain is more outstretched and less elastic (almost become
linear) under a lower flow rate (Fig. 8e). It can even be inferred
that the molecular chain has been broken partially from the
lower-viscosity value mentioned above. Thus, the mixed so-
lution with 5000 ppm SDS will be broken more easily when
subjected to a higher shear rate.

Conclusion

In this study, we firstly selected the optimum combination of
anionic surfactant SDS and PAM. Then the intensification of
drag reduction performance caused by mixtures of anionic
surfactant and anionic PAM solutions was investigated, and
the surface tension and viscosity were performed to explain
the interaction of SDS and anionic PAM complementally. Our
work should be of value for the drag reduction in the applica-
tion such as shale gas fracturing and various fluid transports.
The main outcomes of our study are summarized as below:

1) Preferable drag reduction performance was achieved by
the combination of anionic surfactant and anionic PAM
under certain conditions for the stronger hydrophobic
interaction and electrostatic repulsion caused by the same
charge.

2) Drag reduction performance acquired from the com-
bination of anionic surfactant and anionic PAM is
better than either of the single additive in our whole
pipe experiment, especially under a high shear rate.

3) The degree of drag reduction is strongly dependent
on the concentration of SDS, and more influential in
the high Reynolds number range. The best drag re-
duction performance is obtained for the SDS concen-
tration around PSP (3000 ppm), for the micelles
present on the backbone of PAM chains which can
cause the polymer chains to expand and help protect
polymer chains from shear stress.

4) When the concentration of SDS exceeds PSP, the
more outstretched and less elastic polymer chain will
form under the stronger hydrophobic interaction and
electrostatic repulsion, which are liable to break-
down when subjected to a high shear rate, thus
resulting in a weaker drag reduction performance in
high flow rate.
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Fig. 10 Illustration of the interaction of PAMwith SDS of different concentrations under lower shear rate (with the flow rates lower than 0.8 m3/h). a, b,
c, d, and e are for 1000 ppm, 2000 ppm, 3000 ppm, 4000 ppm, and 5000 ppm, respectively
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