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Although having been increasingly studied, there is still controversy as to when the addition of nanopar-
ticles could improve the drag reduction performance of polymer drag reducer and particularly what is the
underlying mechanism from the fluid dynamics viewpoint. The drag reduction effects of adding SiO,
nanoparticles to various polymer polyacrylamide (PAM) solutions were examined in this work. The opti-
mal combination of SiO, nanoparticles with cationic polyacrylamide was confirmed. Interestingly, the
addition of SiO, nanoparticles to cationic polyacrylamide solution was shown to be quite efficient for
reducing drag, but only at higher flow rates with Reynolds numbers more than 6000, below which the
nanoparticle addition is even negative. The addition of SiO, nanoparticles to the PAM solution is sup-
posed to play a dual role. The first is an increase in flow resistance caused by the Brownian motion of
nanoparticles, while the second is a decrease in flow resistance caused by acting as nodes to protect
the polymer chain from shear-induced breaking under high shear action. At optimal nanoparticle concen-
tration and under higher Reynolds numbers, the later effect is dominant, which could improve the drag
reduction performance of polymer drag reducers. Our work should serve as a guide for the application of
natural gas fracturing, where the flow rate is frequently very high.
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1. Introduction

When drag reducer like polymer, surfactant, fibers, etc., is
added, a lower pressure drop might be acquired for the fluid, thus
increasing piping system capacity and reducing pumping power
[1-6]. As the most widely used drag reducer in industry areas,
the polymer can cause a drag reduction effect at very low concen-
trations, the synergism in drag reduction by the polymer-fiber
mixtures also was observed [7-9]. However, when suffering high
shear rates, polymer molecular chains would break and lose their
drag reduction properties. Moreover, the mechanical breakdown
of polymer chains is permanent and cannot recover when shear
action disappears [10-13]. Yang and Ding [14] dealt with the
velocity distribution and friction factor of polymer drag reducing
flows in smooth pipes and discussed the effect of polymer mechan-
ical degradation. They considered that the mechanical degradation
of polymer chains leads to the alternation of molecular weight.
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E-mail addresses: jinwen_shi@mail.xjtu.edu.cn (J. Shi), dwjing@xjtu.edu.cn (D.
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Zhang et al. [15] developed a new method to predict the friction
factor in pipe flow applicable to a wide range of pipe diameters.
They found that the slope and intercept of these straight lines
could be predicted by empirical correlations involving diameters
and polymer concentrations. The physical meanings of the slope
and intercept were pointed out and made it clear why the previous
scaling law became not reliable when it was employed to predict
the friction factor for pipe flow with a too wide range of pipe
diameters.

Studies have shown that adding surfactant into the polymer
solution can increase the drag reduction performance on account
of the formation of an assembly and improve the resistance of
molecular chains against shear failure [16-19]. Gu et al. [20] dis-
cussed the factors affecting the degradation of polymer additives
and the anti-degradation properties of surfactants. It was found
that the mixture of polymer additive and surfactant had the char-
acteristics of high shear resistance, a lower critical micelle concen-
tration (CMC), and a good drag reduction effect at higher Reynolds
numbers. In recent years, nanoparticles and surfactants have been
used to reduce the surface tension of fracturing fluid [21-26], and
change the wettability of fracturing fluid and formation rock
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[27-30]. Steele et al. [31] investigated the drag reduction effects of
dispersing carbon nanotube (CNT) additives into the water-glyc-
erin pipe flow. The results showed that CNTs could enhance the
drag-reducing characteristics of polymer additives. Interestingly,
the CNTs by themselves do not provide drag reduction in the tur-
bulent regime and their additive benefit is lost once the polymers
degrade.

However, there exists great controversy on whether the addi-
tion of nanoparticles can improve the drag reduction performance
of the original drag reducer or not [32]. Rosti and Brandt [33] stud-
ied the effect of spherical particles on the turbulent flow of vis-
coelastic fluid and found that the drag-reducing effect of polymer
additives was completely lost for suspensions, with the drag
increasing more than for suspensions in Newtonian fluids. How-
ever, more researchers believe that the small-scale effect and
Brownian effect of nanoparticles cause the disordered movement
of surfactant micelles, which increases the flow resistance
[16,34-36]. And others consider that nanoparticles can act as the
cross-linking agent between surfactant micelles, and promote the
surfactant assembling into a three-dimensional network structure,
then the viscoelasticity will be enhanced, and the ability to reduce
flow resistance will be improved [37]. Some reported that
nanoparticles added in surfactant solution will deposit on the inner
wall of the pipe as the fluid flows, which can reduce the roughness
of the pipe, thus reducing the flow resistance [38]. It is considered
that the surface of nanoparticles can interact with the end cap of
linear micelles, acting as a bond, and connecting the micelles into
a micelle network [39].

There are some reports about the effect of nanoparticles on the
rheological properties and drag reduction properties of polymer
solutions [40,41]. It has been reported that when nanoparticles
are added to polymer drag reducing fluid, the stretched polymer
molecular chain will lose its original regular shape, thus increasing
the flow resistance [36]. Although the viscosity of the base solution
increases with the addition of nanoparticles, the effects on the drag
reduction performance are quite different: the addition of polymer
reduces the pressure drop, while nanoparticles increase the pres-
sure drop. Sharma et al. [42] studied the viscosity of the mixed
SiO, nanoparticle polyacrylamide (PAM) solution and found that
the viscosity of the mixed solution of SiO, nanoparticle and PAM
was higher than that of the PAM solution alone. They believed that
a complex molecular structure was formed due to the interaction
between SiO, nanoparticles and PAM. Xing et al. [43] developed a
novel nanocomposite drag reducer (PASD-SiO,) modifying nano-
silica by redox free-radical copolymerization. The efficiency of
maximum drag reduction for PASD-3% SiO, was found to be
59.2%, 9.7% higher than neat polymer. There is still controversy
over when the addition of nanoparticles could improve the drag
reduction performance of polymer drag reducers and particularly
what the underlying mechanism is.

In this work, we studied the drag reduction characteristics when
SiO, nanoparticles were added to PAM solution of different charges,
trying to find out the optimal combinations. We have paid particular
attention to the conditions under which the addition of nanoparti-
cles could improve the drag reduction performance of polymer drag
reducers and what the underlying mechanism is. This work should
be valuable for the design of new drag reduction systems for applica-
tions such as natural gas fracturing and transport of fluids.

2. Materials and Methods
2.1. Materials

The PAM is the main representative of polymer drag reduction
and has been widely used in the oilfield fracturing process. In addi-

tion, compared the drag reduction performance of polyethylene
oxide (PEO), PAM, and xanthan gum (XG) polymers, PAM per-
formed the best [44], which is the reason why we chose PAM.
Three kinds of PAM, i.e., cationic PAM, anionic PAM, and nonionic
PAM with a molecular weight of M, = 1.6 x 107, were used. Its
overlap concentration is 511 mg-L™!, by measuring the intrinsic
viscosity of the PAM solution and then calculating the overlap con-
centration [45]. The base fluid used in this work was tap water
with a conductivity of around 216 uS-cm~!. Commercial hydrophi-
lic SiO, nanoparticles with sizes ranging between 7-40 nm (speci-
fic surface area, ~380 m?g ') were employed. All reagents
mentioned above were of analytical grade, and purchased from
Aladdin Industry Co. (Shanghai, China).

2.2. Sample preparation

Typically, the nanoparticles and polymers were dissolved in tap
water, respectively. Then, they were mixed in the tank under con-
stant stirring. Here, nanoparticle suspensions were prepared by
dispersing a certain amount of nanoparticles into tap water. The
ultra-sonication treatment with frequency and amplitude of
30 kHz and 60% was applied for 30 min to disperse powders in
the suspensions. In another procedure, PAM was added to tap
water and kept stationary for 12 h at room temperature. The poly-
mer solution was then subjected to full stirring at 500 r-min~! for
about 2 h at (40 + 0.5) °C until a homogenous solution is obtained.

2.3. Experimental setup and measurement methods

The experiment was carried out in a closed-loop system as
shown in Fig. 1 that we had set up in our previous work [17]. A
screw pump pushed the solution mixed in the tank into the pipe
loop. The test section of the pipe was stainless steel tube with an
inner diameter of 8 mm. The temperature of the solution in the test
section was maintained at (20 + 0.5)°C by the water bath out of the
pipe. A flowmeter and a differential pressure transmitter were
used to monitor the flow rate and pressure drop of the test portion,
respectively. The measuring accuracy was 0.01 m>-h~! and 0.1 kPa,
respectively. And an energy accumulator was used to ensure that
the flow rate and pressure in the test section were relatively stable
between the experiments. The drag reduction experiment starts by
making the system run smoothly at a certain flow rate so that both
the solution as well as the system reach a steady state. Afterward,
the liquid flow rate through the test section is changed by contin-
uously adjusting the flow regulating valve, and when the flow rate
reaches a stable level, the pressure sensor is recorded and the
experiment is repeated continuously so that the flow rate is cycled
from low to high three times. The three steady-state pressure val-
ues under each flow rate are recorded, and the three pressure val-
ues are averaged to be the experimental pressure drop under the
flow rate. Therefore, the steady-state pressure value after three
measurements is the steady-state value.

The size and morphology of the nanoparticles were determined
on a transmission electron microscope (TEM, Tecnai G2 F30 S-
TWIN, FEI, USA). For this measurement, the liquid sample was
dripped onto a Cu grid with carbon coating and then dried at room
temperature. The zeta potential of the sample was investigated
using a Zetasizer Nano-ZS90 apparatus (Malvern, UK). The pH
value was measured using a Five Easy Plus FE28-S pH meter (Met-
tler, Switzerland).

2.4. Data processing
Relevant studies [46] have shown that PAM solutions have a

straight rheological curve at very low concentrations, exhibit the
properties of a Newtonian fluid, and have a fixed viscosity. There-
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Fig. 1. Diagram of experiment system.

fore, the Reynolds number (Re) is determined as follows in this
work:

(1)

where p, u, d, and p are the density of the solution, the mean veloc-
ity of the solution, the inner diameter of the test pipeline, and the
dynamic viscosity of the solution, respectively.

The effectiveness of drag reduction is determined by the per-
centage of drag reduction (DR, %) in solution which is usually
expressed quantitatively as follows:

DR = APwithout additives — APwith additives %« 100% (2)
AP, without additives

where APyjithout additives 1S the pressure drop of solution without
additives and APyt additives 1S the pressure drop of solution with
additives.

3. Results and Discussion
3.1. Characterization of nanoparticles

It is known that similar kinds of nanoparticles may have differ-
ent hydrophilicity and hydrophobicity due to different surface
microstructures. The surface properties of the nanoparticles can
also be changed by functionalization. Generally, one should select
the appropriate surface responsive particles according to the
intended application. Therefore, it is necessary to determine the
characteristics of nanoparticles according to the charge and surface
properties of selected polymers.

3.1.1. Size analysis of nanoparticles

Fig. 2 shows the TEM images of SiO, nanoparticles in suspen-
sions. The result shows that the shape of nanoparticles is nearly
spherical. The average size of primary particles is determined to
be 10-20 nm. Irregular shapes of large bundles are also shown in
Fig. 2, which suggests the obvious aggregation of nanoparticles.
As is known, the specific surface area and surface energy of
nanoparticles are large. When dispersed in the liquid phase, they
will spontaneously agglomerate to reduce the surface energy until
the agglomerated particles reach a balance size. Then the particles
will be in a dynamic equilibrium state of agglomeration and frag-
mentation, but the average size of particles will not change
obviously.

3.1.2. Surface properties of nanoparticles

To ensure the full dispersion of SiO, nanoparticles in water,
hydrophilic SiO, nanoparticles were considered in the present
experiment. The contact angle between the SiO, nanoparticle dis-
persion solution and the glass sheet was measured and the result
is shown in Fig. 3. It can be found in Fig. 3 that the contact angle
between the SiO, nanoparticle dispersion solution and the glass
sheet is nearly zero. Therefore, we can conclude that the nanopar-
ticles used in the experiment are very hydrophilic.

3.1.3. Zeta potential of nanoparticles

When SiO, nanoparticles are dispersed in the solution, the ions
on the surface of the particles will dissociate or absorb other ions,
thus making the surface of the particles charged. What's more, the
interaction between nanoparticles and polymer chains depending
on the electric property of the nanoparticle surface and particle

Fig. 2. TEM images of SiO, nanoparticles.
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Fig. 3. Contact angle of SiO, nanoparticles dispersion solution.

size has a great influence on the drag reduction behavior. To deter-
mine the surface electrical properties of the particles, the zeta
potential of SiO, nanoparticle suspensions at different pH values
was determined. As shown in Fig. 4, the zeta potential of SiO,
nanoparticle suspensions decreases with the increase of pH value.
When the zeta potential is zero, the corresponding pH value is
about 2.1. The zeta potential will be positive when the pH value
is less than 2.1 and the zeta potential will be negative when it is
greater than 2.1. Therefore, we can conclude that the surface of
SiO, nanoparticles is negatively charged under neutral conditions.

3.2. Drag reduction effect of SiO» nanoparticles with different kinds of
PAM

The interaction between negatively charged SiO, nanoparticles
and PAM with different ionic characteristics may show different
drag reduction performances. To study the interaction between
SiO, nanoparticles and different kinds of polyacrylamide, here in
our study, the concentrations of SiO, and PAM were selected to
be 5000 and 100 mg-L™!, respectively [47] (the concentration of
SiO, and PAM were in mass concentration units). Then the drag
reduction behaviors of SiO, nanoparticles with three different
kinds of PAM, i.e., cationic, anionic, and nonionic, have been inves-
tigated, respectively. Fig. 5 shows the drag reduction effect of dif-
ferent combinations at a certain flow rate. All of the experiments
are repeated three times to ensure accuracy. It should be noted
that the interaction between zwitterionic PAM and SiO, nanoparti-
cles will be more complex for the special characteristics of both the
anionic group and cationic group, thus the zwitterionic PAM was
not considered in our present study.

As shown in Fig. 5, the drag reduction rate shows a gradual
downward trend with the increase of Reynolds number for pure
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Fig. 4. Zeta potential of SiO, nanoparticles suspension.

100 mg-L™' PAM solution. When the Reynolds number exceeds
7000, the drag reduction rate decreases to almost zero, and the
drag reduction performance is significantly reduced. We believe
that the fracture of polymer molecules chains at a high shear rate
resulted in the disability of drag reduction [48,49], which is consis-
tent with our previous investigation [17].

For the mixture of SiO, nanoparticles and PAM, the trend of
drag reduction rate increases with the increase of the Reynolds
number. The drag reduction rate of the mixture of SiO, nanoparti-
cles and cationic PAM increases more obviously with the increase
of the Reynolds number. At a low Reynolds number, it is assumed
that the small-scale effect and obvious Brownian motion of
nanoparticles cause the disordered movement of fluid microclus-
ters in the flow field [50]. The smaller the Reynolds number is,
the more obvious the effect will be. With the increase of Reynolds
number, the velocity of fluid micro cluster increases, and the dis-
turbance of flow field caused by the disordered movement of
nanoparticles will be weakened, then the drag reduction rate
increases gradually under the action of the PAM molecular chain.

For the drag reduction curve of pure PAM and the mixture sys-
tem of SiO, nanoparticles and PAM, at a low Reynolds number (less
than 6000), the drag reduction performance of pure PAM solution
is better than the mixture system. That is to say, in such a case, the
addition of nanoparticles has a negative impact on the drag reduc-
tion performance of PAM. It is believed that the disordered move-
ment of the fluid micro cluster in the flow field resulted from a
small-scale effect and the obvious Brownian motion effect of
nanoparticles disturbs the original flow field [50]. Meanwhile, the
electrostatic interaction between nanoparticles and polymer
molecular chains may cause the molecular chain of polyacrylamide
to be curled, thus weakening the drag reduction ability. At a high
Reynolds number (more than 7000), the drag reduction perfor-
mance of the mixture system is better than that of a pure PAM
solution. Obviously, the addition of nanoparticles has a positive
impact on the drag reduction performance of PAM in this case. It
is supposed that, with the increase of Reynolds number, the shear
effect gradually increases. The crimped PAM molecular chain
caused by the electrostatic and hydrophobic effect of nanoparticles
gradually expands under the shear action, and the nanoparticles
will act as a junction point to protect the PAM molecular chain
from fracturing, so that at high Reynolds number SiO, nanoparti-
cles and PAM mixture system can maintain strong drag reduction
performance. The addition of nanoparticles can solve the problem
of polymer molecular chain fracture and the loss of drag reduction
ability under high shear rates, which can provide some guidance
for the use of polymers as drag-reducing additives in systems with
high flow and shear rates.

In order to find the difference in drag reduction performance
when nanoparticles were combined with differently charged
PAM, we further studied PAM of cationic, anionic, and non-ionic
properties, respectively, under the same concentration of
100 mgL!. The nanoparticle concentration was kept to
5000 mg-L™!. The drag reduction fraction under certain flow rates
of 0.35, 0.40, 0.45, and 0.50 m>-h~!, were investigated. The drag
reduction performance of anionic PAM, cationic PAM, and non-
ionic PAM mixture systems is shown in Fig. 6.

As shown in Fig. 6, when the flow rate is lower, the drag reduc-
tion fractions over three different charged mixture systems are all
negative. That is to say, the addition of nanoparticles will be detri-
mental to the drag reduction performance of PAM and increase the
flow resistance. As mentioned above, at a low flow rate, for the
lower movement rate of fluid micro clusters and weaker shear
action, the addition of nanoparticles causes PAM molecular chains
to intertwine, thus weakening their drag reduction property. On
the contrary, the disordered Brownian motion of nanoparticles will
lead to an increase in flow resistance. In conclusion, when the flow
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Fig. 6. Drag reduction rate of different charged PAM systems induced by SiO,
nanoparticles, as a function of flow rate.

rate is lower, the addition of nanoparticles has a negative effect on
the drag reduction performance of PAM with different charges.
Interestingly, as the flow rate increases, the effect of nanoparti-
cles addition on the drag reduction performance of cationic PAM
and non-ionic PAM will change from the negative effect of increas-
ing flow resistance to the positive effect of reducing flow resis-
tance. With the increase in flow rate furthermore, the positive
effect will be more and more evident. Meanwhile, the effect of
nanoparticles addition on the drag reduction of cationic PAM is
better than that of non-ionic PAM at a high flow rate. However,
for anionic PAM, the addition of nanoparticles leads to the increas-
ing flow resistance of the system in our tested range. The different

interaction between nanoparticles and PAM mainly depends on the
electrostatic interaction between the negatively charged nanopar-
ticles and PAM with different charges. We assume that the strong
electrostatic repulsion between the same charged anionic PAM and
nanoparticles facilitates the PAM molecules chain to be completely
outstretched. The drag reduction performance of the outstretched
polymer chain will be better, but the elasticity weaker. When the
shear rate increases further, polymer chains with lower elasticity
are liable to breakdown, then the performance of drag reduction
will decrease rapidly [51].

On the other hand, the disordered Brownian motion of the
nanoparticles leads to the rising of flow resistance. For non-ionic
PAM, the electrostatic interaction is rather weaker, and the disor-
dered Brownian motion of particles at a low flow rate leads to an
increase in flow resistance. While at a high flow rate, the nanopar-
ticles may act as the nodes between polymer molecular chains to
protect the polymer molecular chain from breaking under shear
action, then the expanding PAM chain will maintain preferable
drag reduction performance. Significantly, for cationic PAM, the
molecular chains intertwine together at low flow rates due to the
strong electrostatic attraction between opposite charged nanopar-
ticles and PAM, which is not desired for drag reduction. With the
increase of flow rate, the molecular chains of polymer will expand
gradually under the shear action, then the drag reduction perfor-
mance restore. As mentioned, nanoparticles can also act as nodes.
In addition, the negative effect of increasing flow resistance caused
by the Brownian motion of nanoparticles will be weakened with
respect to the intense turbulence flow field. Therefore, the combi-
nation of nanoparticles and cationic PAM showed the best drag
reduction performance at a high flow rate.
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3.3. Effect of nanoparticle concentration on drag reduction behavior of
cationic PAM

As analyzed above, the addition of SiO, nanoparticles plays a
dual role. On the one hand, the disordered turbulent flow field of
Brownian motion increases the flow resistance. On the other hand,
nanoparticles acting as nodes between PAM molecular chains can
protect the molecular chains from breaking under a high shear rate.
When the negative effect is stronger, the addition of nanoparticles
will increase the flow resistance. When the positive effect prevails,
the addition of nanoparticles will reduce the flow resistance.

The effect of nanoparticles addition on drag reduction perfor-
mance of PAM is not only related to the charge of PAM but also
affected by the concentration of nanoparticles. In order to further
study the effect of nanoparticle concentration on the drag reduc-
tion performance of PAM, we selected the best combination of
nanoparticles and cationic PAM achieved in the above experi-
ments, and chose the concentration of nanoparticles as 2500,
5000, 7500, and 10000 mg-L™!, respectively, to investigate the drag
reduction behavior. The results are shown in Fig. 7.

The drag reduction curves of the mixed solution of four concen-
trations, i.e., 2500, 5000, 7500, and 10000 mg-L"!, are shown in
Fig. 7(a) to (d), respectively. The results indicate that the perfor-
mance of drag reduction of mixed solution is different from that
of pure PAM solution. But the four curves show the same trend:
with the increase of Reynolds number, the impact of nanoparticles
on drag reduction performance of cationic PAM presents a transi-
tion from negative impact to positive impact. The difference in
drag reduction performance is more evident at a higher Reynolds

295

number. The drag reduction data of mixed solution with different
nanoparticles concentrations at high flow rates (higher than
0.3 m>h~") are shown in Fig. 8, in order to present the drag reduc-
tion phenomenon under a higher shear rate in our experiment
evidently.

It can be found clearly from Fig. 8 that the mixed solution with
5000 mg-L~! nanoparticles shows better drag reduction behavior.
To be specific, for the 5000 mg-L~! nanoparticle mixture, the nega-
tive effect of increasing flow resistance is the lowest compared
with other concentrations when the flow rate is 0.35 m>-h~!, and
the positive effect of reducing flow resistance is the best compared
with other concentrations when the flow rate is more than
0.35 m*>h~". In other words, when the concentration of nanoparti-
cles is 5000 mg-L™', the interaction between nanoparticles and
cationic PAM can protect the PAM molecular chain from fracturing
at a high flow rate, thus maintaining a higher drag reduction rate.
As mentioned above, the addition of nanoparticles to cationic PAM
shows a dual effect. Similarly, when the concentration of nanopar-
ticles is higher, the negative effect and the positive effect both
exist. It is speculated that when the nanoparticle concentration is
5000 mg-L~!, the negative effect of increasing flow resistance
caused by Brownian motion is relatively small, and the nanoparti-
cles in the system are enough to prevent PAM molecular chain
from breaking under high shear. Once the concentration exceeds
5000 mg-L7!, the extra nanoparticles will not have a stronger pro-
tective effect on PAM molecular chain, but increase the flow resis-
tance due to the Brownian motion. Therefore, when the
concentration of nanoparticles is 5000 mg-L™!, the best drag reduc-
tion effect is achieved.
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Fig. 7. Drag reduction behavior of cationic PAM induced by SiO, nanoparticles, as a function of nanoparticles concentration.



296 X. Li et al./ Chinese Journal of Chemical Engineering 56 (2023) 290-298

20
[ ]
[ ]
10
° 1
i v
0k v
A
[ ]
R u
—10 F
& x
® 100 mg-L" cationic PAM+2500 mg-L™' SiO,
20 ® 100 mg-L" cationic PAM+5000 mg'L" SiO,
A 100 mg-L" cationic PAM+7500 mg-L™" SiO,
30 ¢ v 100 mg-L™" cationic PAM+10000 mg-L™' SiO,
1 1 1 1
0.35 0.40 0.45 0.50

O/m*-h’

Fig. 8. Drag reduction behavior of mixed solution at a high flow rate (higher than
0.3 m*h').

3.4. Mechanism discussion

The probable illustration of the interaction of PAM with
5000 mg-L™! nanoparticle under different shear rates (with the
flow rates lower and higher than 0.35 m>-h~!) is shown schemati-
cally in Fig. 9 to illustrate the interaction of PAM molecular chain
and nanoparticle, as well as the change of the structure of the
assembly.

As shown in Fig. 9, when 5000 mg-L~! nanoparticle is added to
cationic PAM solution, the electrostatic attraction between
nanoparticles and cationic PAM results in the curing of the molec-
ular chain of PAM leading to the significantly lowered drag reduc-
tion ability under lower shear action. Simultaneously, the
Brownian motion of nanoparticles will disturb the normal flow
field and increase the flow resistance. Under high shear rates, the
molecular chain curled due to the electrostatic attraction will grad-
ually expand and the nanoparticles will then act as nodes between
polymer molecules. The nodes between the chains can protect the
polymer molecules from shear fracture and maintain preferable
drag reduction ability.

There are many explanations and models for polymer drag
reduction, but few theories can be employed to explain all the
experimental phenomena in the turbulent flow such as in our pre-
sent case. The popular hypotheses are Toms pseudo plastic hypoth-
esis, effective slip hypothesis, turbulence pulsation suppression
hypothesis, turbulence pulsation decoupling hypothesis, and vis-
coelasticity hypothesis [52,53]. Up to now, the viscoelastic hypoth-
esis is widely accepted, which holds that the polymer molecules

have viscoelasticity and play an important role in drag reduction.
Due to the interaction between viscoelasticity and turbulent vor-
tex, part of the energy in the vortex will be absorbed by the drag
reducer molecules, and stored in the way of elastic energy. By
reducing the vortex flow energy, the drag reduction effect can be
achieved.

For viscoelastic fluid, the practical shear stress formula can be
obtained from the Maxwell model:

T= ,uDd—y (3)
where the drag-reduction parameter D is defined as follows:

2

D=1 + COCO [’,’] %e(—2.55x]04ag.7CW)Re* (4)
Here, 7 is the shear stress of the fluid at the discussion point, N-m~2;
w is the dynamic viscosity coefficient of the fluid, Pa-s; «q is the
polymer performance parameter; C is polymer concentration; Re*
is the friction Reynolds number; C, is polymer concentration by
mass and [#] is intrinsic viscosity coefficient of the polymer.

According to the expression of drag reduction parameter D, we
infer that the drag reduction effect of polymer is directly propor-
tional to the concentration C, and the larger the molecular weight
of the polymer, the better the drag reduction effect will be. It can
be seen from the formula that the larger the drag reduction param-
eter D is, the greater the shear force that the polymer molecule can
bear. Therefore, it can be considered that when SiO, nanoparticles
are added to cationic PAM, the electrostatic interaction between
nanoparticles and PAM molecular chain facilitates the nanoparti-
cle’s role as the nodes between polymer molecular chains under
higher shear action. It can increase the length of the molecular
chain, which is equivalent to increasing the molecular weight of
the polymer, thus increasing the drag reduction parameter D of
the polymer and the shear resistance ability.

For the drag reduction reaction point of dilute polymer solution,
the following relationship was concluded by Virk [54]:

Ro(t;,)'"? = Dy (5)

where Rg is the mean square radius of gyration of the macro-
molecule, T}, is the critical wall shear stress of drag reduction reac-
tion point, and Dy is physical property constant depending on drag
reduction agent.

The formula above shows that drag reduction can only occur
when the product of Rg representing the size of micelle and its
shear stress exceeds the C value. Therefore, for the mixture system
of SiO, nanoparticles and cationic PAM, the radius of rotation of
micelles, the shear stress, and the physical property constant of
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Fig. 9. Illustration of the interaction of PAM with 5000 mg-L™! nanoparticle under (a) low and (b) high shear rate.
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the drag reducer all increase with the increase of shear rate. There-
fore, at a high Reynolds number, the addition of SiO, nanoparticles
will protect the cationic PAM molecular chain from shear fracture
and maintain a certain drag reduction performance, in agreement
with the previous analysis.

4. Conclusions

In this work, we studied the drag reduction characteristics
when SiO, nanoparticle was added to PAM solution of different
charges, trying to find out the optimal combinations. We have paid
particular attention to what condition under which the addition of
nanoparticles could improve the drag reduction performance of
polymer drag reducer and what is the underlying mechanism.
The main outcomes of our study are summarized as below:

(1) At a low Reynolds number of less than 6000, the Brownian
motion of nanoparticles causes the disordered movement
of the fluid microcluster. Meanwhile, the electrostatic inter-
action between nanoparticles and polymer molecules causes
the polymer chain to curl, which increases the flow resis-
tance of the flow.

(2) At a high Reynolds number more than 6000, the curled poly-
mer chain gradually extends under high shear rates. More-
over, nanoparticles acting as the nodes among molecular
chains can prevent the PAM chain from breaking, which
can maintain preferable drag reduction performance. While
the Brownian motion effect of nanoparticles is insignificant
at a high flow rate.

(3) The optimal drag reduction performance is obtained for the
Si0, nanoparticle concentration of around 5000 mg-L™!. SiO,
nanoparticles added in cationic PAM solution were supposed
to play a dual role. One is increasing flow resistance result-
ing from the Brownian motion of nanoparticles and the
other is reducing flow resistance with nanoparticles acting
as nodes due to the electrostatic attraction of opposite
charges to protect the molecular chain from shear-induced
breaking under high shear action. When the concentration
of nanoparticles is around 5000 mg-L™!, the later effect is
dominant and one can acquire the best drag reduction per-
formance under a high shear rate.
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