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ABSTRACT

Drag reduction (DR) by the additive of mixed surfactant and polymer is investigated in detail in a rotating disk apparatus (RDA). Polyethylene oxide
(PEO) and Cetyltrimethyl ammonium chloride (CTAC)/sodium salicylate (NaSal) are chosen as polymer and surfactant, respectively. It is investigated
on the influence of combination concentration of polymer & surfactant, temperature and Reynolds number on the drag-reducing rate. The present
experimental results show that the drag-reducing rate of the mixed solution is definitely higher than that of the pure PEO or CTAC/NaSal solutions.
This phenomenon is especially sharp at the high temperature and/or the large Reynolds number. When the temperature is higher than 30°C, the net
enhancement of DR is the sharpest for the mixed solutions of any CTAC/NaSal concentration and 30 ppm PEO. However, for the mixed solutions of
the fixed PEO concentration, the combination concentration of PEO & CTAC/NaSal, which causes the sharpest enhancement of the DR, depends on
temperature. In short, comparing with the only addition of PEO or CTAC/NaSal, the coupled addition of PEO & CTAC/NaSal can obtain the very

good drag-reducing effect for the rotating disk apparatus at the high temperature and/or the great Reynolds number.

Keywords: rotating disk, drag reduction by additives, synergistic effect, polymer, surfactant

1. INTRODUCTION

Rotating machineries used widely in the engineering field consume huge
energy, so it is very significant to perform the deep investigation on drag
reduction (DR) and energy saving for them. It is well known that the
addition of small amounts of additives (such as polymers, surfactants,
microbubbles, etc) can cause a significant decrease in frictional drag of
turbulent flows in industrial fields (Toms, 1948). Presently, the drag
reduction technology by additives has been extensively applied to many
industrial processes such as firefighting pipelines, transportation of crude
oil in pipelines, central heating and cooling systems, fracturing operation
of oil wells, etc. (Hong et al., 2008; Kim et al., 2010; Lian et al., 2020;
Nagarajua et al., 2019; Suksamranchit and Sirivat, 2007; Wang et al.,
2011; Zhang et al., 2011) A great deal of researches have been carried
out on surfactant or polymer drag reduction to understand the drag-
reducing mechanism and extend effectively its application to industrial
fields. The drag reduction (DR) by polymers was well reviewed by the
author (Han et al., 2017; Li, 2019; White and Mungal, 2008), and that by
surfactants was well reviewed by the author (Wang et al., 2011; Wei et
al., 2019).

As the drag-reducing investigations by surfactant and polymer are
deeply performed, it is discovered that there are some advantages and
disadvantages when polymers or surfactants are alone used as the drag-
reducing additive. For instance, polymers can induce effectively the drag
reduction at a relatively low concentration, and the drag-reducing ranges
of Reynolds number and temperature are wide. However, their
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microstructures of the drag reduction are susceptible to thermal or/and
mechanical degradation (Al-Yaari ef al., 2013; Andrade et al., 2016;
Nsom and Latrache, 2018; Sandoval and Soares, 2016; Soares et al.,
2015). And such degradation is permanent and irreversible, which will
lead to the permanent lost in the drag-reducing function. As far as
surfactants are concerned, the drag-reducing effect can only be achieved
when the critical micelle concentration is reached. The Reynolds number
range of the effective drag reduction is relatively narrow compared with
polymer (Mohamad et al., 2016; Musaab et al., 2016a; Musaab et al.,
2016b). There is a critical Reynolds number for each drag-reducing
solution with a fixed concentration. If the Reynolds number is larger than
the critical value, the drag reduction function will lose due to the collapse
of shear induced structures of micelles (Tsukahara et al., 2016; Wei et
al., 2012; Xu et al., 2016). Different from molecular structures of
polymers, the shear induced structures are regenerative for the drag-
reducing solution of surfactants when the external conditions (such as the
strong shear or the high temperature) are removed (Kim et al., 2011;
Matras et al., 2008; Pang et al., 2018). And the drag-reducing rate is
relatively high at a low concentration.

The recent investigations show that injecting polymers and
surfactants together into the turbulence flow exhibits the better
performance of DR than injecting only polymers or surfactants (Liu et
al., 2018; Matras and Kopiczak, 2015; Mohsenipor and Pal, 2013a).
However, the present studies on compound drag reduction are very
limited in rotating machineries. And the mechanism of drag reduction is
still not clear too. To understand the excellent DR behavior by the mixed
injection of polymers and surfactants, the few studies have been carried
out. A detailed review is presented in Table 1.
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Table 1 The review on the DR by the simultaneous injection of polymers

and surfactants

References Apparatus | Additives Mr/x10%*g/mol
Al-Yaari et al., Pipe PAM, PEO,
2013 apparatus | & ARMAC T | 470 and 500
Chai et al., Pipe
2019 apparatus PAM & SDS | 1600
Fakhruddin
etal., 2018 RDA PEO & SDBS | 800
Kim et al., 45,75
2011 RDA — |PAA&SDS 1, 4125
Liu et al., Channel |PAM & 320
2018 apparatus | CTAC/NaSal
Matras and Kopiczak, | Pipe PEO & 300
2015 apparatus | CTAB /NaSal
Matras and Kopiczak, Pipe PEO & 300
2016 apparaus | cTAR/NaSal
Matras et al., Pipe PEO & 300
2008 apparatus | CTAB/NaSal
: Pipe
Mohsenipor p
and Pal, 2013a apparatus PEO & OTAC | 700
Mohsenipor Pipe PEO, PAM,|700 and
and Pal, 2013b apparatus | gpg & OTAC | 1200
: Pipe
Mohsenipor p
and Pal, 2013¢ apparatus | PEO & SDS 700
Mohsenipor Pipe PAM & 1200
etal., 2013 apparatus | OTAC
Pang et al., Channel |PEO & 700
2018 apparatus | CTAC/NaSal
Suksamranchit Rotational 10, 30, 60, 90
etal., 2006 rheometer PEO & HTAC and 400
Suksamranchit Rotational | PEO, HTAC
and Sirivat, 2007 rheometer | & NaCl 60 and 400
Table 1 (Continue)
References T/°C Re (DR%)max
Al-Yaari et al., 4 o
2013 22-60 0-1.8x10 ~35%
Chai et al., 2x103 o
2019 20 -5%10° oA
Fakhruddin s o
et al.. 2018 25 ~8.3x10 ~41%
Kim et al., 4.5%105- .
2011 25 1.25x106 | "3%
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As can be seen from the above review, the present studies on the DR
for the mixed solution are relatively few. And the present studies focus
mainly on the DR in internal flows (such as pipe and channel flows). The
investigations on the influence of temperature on the DR are less. As a
matter of fact, rotating machineries, such as pumps and hydroturbines,
are extensively used in industrial fields, and their operation temperature
rises with the increase of run time. Therefore, it is very necessary to study
the drag-reducing phenomena by additives in rotating machineries at
different temperature. Besides, there is not still a definitive explanation
on the microscopic drag-reducing mechanism of the mixed solution
although some mechanism explanations based on experimental results
have been presented in literatures (DaRocha et al., 1999; Matras and
Kopiczak, 2016; Matras et al., 2008; Suksamranchit et al., 2006).

In view of the above reasons, the DR of the mixed solution for PEO
& CTAC/NaSal are investigated in detail in a rotating disk apparatus.
Because the aqueous solution of CTAC/NaSal can achieve the excellent
drag-reducing effect at a low concentration (25-150 ppm) (Hadri et al.,
2011), and NaSal as counter ions can contribute to the formation and
stabilization of micelles. PEO is extremely cheap and completely non-
toxic. In addition, author (Suksamranchit and Sirivat, 2007) found that
the water-soluble polymer such as PEO can interact with the cationic
surfactant through the hydrophobic interaction, and the aggregates
formed can enhance the drag-reducing effect. Therefore, CTAC and PEO
are selected as drag-reducing additives in this paper. Here, it is
investigated on the influence of temperature, Reynolds number (Re) and
combination concentration of the mixed solution on the drag-reducing
rate. Authors performed a preliminary study on the drag-reducing
behavior of the mixed solutions of CTAC/NaSal and PEO in a two-
dimensional rectangular channel at the fixed temperature, and the
emphasis is on different CTAC/NaSal concentrations at the fixed PEO
concentration (Pang et al., 2018). Different from the previous
investigation, the present one mentions six temperature. Namely, the
drag reduction in the rotating disk apparatus is investigated at 10°C, 20°C,
30°C, 40°C, 50°C and 60°C, respectively. And, the present investigation
is on both different CTAC concentrations at each PEO concentration
(30ppm, 50 ppm, 75 ppm, 100ppm and 150ppm) and different PEO
concentrations at each CTAC concentration (30ppm, 50 ppm, 75 ppm,
100ppm and 150ppm).
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2. EXPERIMENTAL DETAILS
2.1 Drag-reducing additives

A detailed introduction on experimental reagents is presented in Table 2.
The drag-reducing reagents are dissolved in deionized water to form the
drag-reducing solutions. For simplicity, the concentration of the drag-
reducing solution refers to the CTAC or/and PEO one in experimental
processes. And the weight concentration of NaSal is the same as CTAC.
Namely, their mass ratio is 1:1.

Table 2 Experimental additives

Additives
Polyethylene oxide (PEO)

Mr/g/mol Form and purity

7x10° Powder, 99%
Cetyltrimethyl ammonium o
chloride (CTAC) 320 Powder, 99%
Sodium salicylate (NaSal) 160.1 Powder, 99.5%

2.2 Design of experimental cases

It is difficult for PEO to dissolve in water when the concentration is too
high (Kong et al., 2016). And when the concentration of the PEO or
CTAC/NaSal solution is too high, the rheological properties of the
solution will has a big change (Chen et al., 2012; Dai et al., 2018).
Therefore, the concentrations of both PEO and CTAC/NaSal should not
be high. The temperature ranges from 10°C to 60°C, and the temperature
interval is 10°C. The investigations (Kim et al., 2011; Lee et al., 2010)
show that the flow will reach the turbulence at the Reynolds number
Re=3x10° for the rotating disk apparatus. The maximum Reynolds
number depends on the strength and the sealing condition of the present
device. Accordingly, the present Re is in the range of 3x10°-5.5x10°. A
detailed design of experimental cases is presented in Table 3. Note that
each concentration of PEO or CTAC/NaSal corresponds to five ones of
another reagent in the experimental process, respectively.

Table 3 Experimental cases

Reagents | Concentration/ppm T/°C Re
Reagent 1 | PEO (30,50,75,100,150) 10. 20

Reagent 2 | CTAC/NaSal(30,50,75,100,150) 30’40’ (3-5.5)
Reagents PEO (30,50,75,100,150) & 50’ 60’ %103
land 2 CTAC/NaSal (30,50,75,100,150) ’

Note: All experimental cases in Table 3 are performed. However,
limited to space, the results for 50 and 100 ppm and 20 and 50 °C are
not presented here.

2.3 Experimental apparatus

The rotating disk device is shown in Fig. 1. It is mainly composed of six
parts such as water bath circulation system, motor, rotating disk, control
panel, torque sensor and liquid container.

The stainless steel disk with a radius of 50 mm and a thickness of 3
mm is finely machined. In experiments, it resides at the center of the
liquid container full of test solution. The liquid container is a hollow and
shallow cylinder with the jacket, and its diameter and height are 180 mm
and 65 mm, respectively. The jacket is connected to water bath
circulation system so to as control the temperature of test solution. The
speed range of the motor (WB3000-D) is 30-3000 r/min, and the
adjustment accuracy is =10 r/min. The torque sensor is used to measure
the torque of the rotating disk, and its measuring range and accuracy are
0-3.39 N'm and 0.0001 N-m, respectively. The experimental temperature
is controlled by the water bath circulation system (DC/HDC0506), and
the temperature range is -5-100°C. The temperature accuracy of the
measurement cell is kept at 0.01°C.
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Fig.1 Schematic of the rotating disk device

2.4 Preparation of experimental solution

Before the experiment, all reagents are not purified again. First, the
mixture of CTAC and NaSal with the equal mass concentration is directly
dissolved in the deionized water. The solution is fully stirred with the
glass rod until the mixture is completely dissolved. The solution rests in
the container for about 24 hr so that it can reach an equilibrium state.
Then, a certain amount of PEO powder is evenly spread on the surface
of the CTAC/NaSal aqueous solution. Note that when PEO is added into
the solution, the agitation should be as slight as possible so as to avoid
artificial degradation of the molecular structure of PEO. After PEO is
added, the solution rests for 72 hr again to reach a complete equilibrium.

2.5 Experimental steps

When the experiment starts, the prepared solution is slowly poured into
the liquid container. The water bath circulation system starts working to
regulate the temperature of test solution. After the solution temperature
reaches the experimental value, the disk starts rotating. The zero setting
is first finished before the experimental data is recorded. The speed is
adjusted to the experimental one. When the torque value is approximately
stable, its value is recorded as the measurement result. Through changing
the speed, the whole process of measurement is finished when the speed
reach the maximum value. Note that the reagent 1 solution is only applied
to the measurement of one Reynolds number. Namely, the fresh solution
needs to be prepared for each Reynolds number. The reagent 2 and the
mixed solutions can be used to the measurement of several Reynolds
numbers. For the same solution, the torque continues to be recorded by
changing Re from low to high, and the same measurement is repeated
three times. For the fixed Re, the average torque for three measurements
is applied to calculate the drag-reducing rate. The time interval to record
the torque is related to the flow stability one.
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2.6 Data processing

The Reynolds number for the flow induced by the rotating disk is
calculated by Eq. (1).

2
Re=FPr?® )
y7,

Where p is the liquid density at the test temperature, kg-m; u is the liquid
viscosity at the test temperature, Pa-s; r is the radius of the disk, m; and
o is the angular velocity, rad-s™.

The drag-reducing rate is calculated according to Eq. (2).

I 1T
DR% :#xloo% (@)

S

Here, I1s and 11, are the measured torques of the pure water and the drag-
reducing solution at the same temperature and the same Reynolds
number. DR% denotes the drag-reducing rate.

Note that, for the calculation of the Reynolds number, the density
and viscosity of water are only used for convenient comparison and
analysis according to the references (Lee et al., 2010; Wu et al., 2008).

3. RESULTS AND DISCUSSION

To understand the drag-reducing performance of the mixed solutions, the
influence of PEO or CTAC/NaSal concentration on the drag-reducing
rate is investigated at different temperature, respectively. The influence
of temperature on the maximum drag-reducing rate is also investigated
at different Re.

3.1 Accuracy check of experimental apparatus

To check the reliability of the present experimental apparatus, the viscous
torques of pure water against Re are measured three times at 20°C, as
shown in Fig. 2. For comparison, empirical values by Eq. (3) (Wu et al.,
2008) are also plotted in Fig. 2.

0.1 2
1,008 (4] 4 g @)
2 r P

Where d denotes the axial distance between the upper surface of the disk
and the inner wall of the vessel, m.

9 T=20°C, Deionized water
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(a) Repeatability check (b) Accuracy check

Fig. 2 Accuracy check of experimental results

One can see from Fig. 2 that the repeatability of experimental results
is good, and it becomes better and better as the Reynolds number
increases. Additionally, the maximum deviation between the
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experimental and empirical values is ~8.5%, and the deviation gradually
decreases too as Re increases. These show fully the reliability of the
present experimental apparatus.

3.2 Influence on concentration of CTAC/NaSal when the
PEO concentration is fixed

Firstly, it is investigated on the influence of the reagent 2 concentration
on the drag-reducing rate (DR%) of the mixed solution for the fixed
concentration of reagent 1 as Re increases at different temperature, as
showed in Fig. 3. For comparison, the DR% of the solution of reagent 1
is plotted in Fig. 3. Note that there are many reports on the drag reduction
of the solution of reagent 1 (Dai ef al., 2021; Lawrence and Panagiota,
2019; Zhang et al., 2018). Therefore, the present focus discusses the
influence of the addition of reagent 2 on the drag-reducing performance
of the solution of reagent 1. And the analyses on the drag-reducing
behavior for the solution of reagent 1 are not repeated again.

It can be seen from Fig. 3 that DR% of the mixed solution depends
on the magnitudes of Re, temperature and concentration of the drag-
reducing solution. When the measured temperature is the same, the
curves of the DR% against Re are similar for the mixed solutions with
the same reagent 1 and different reagent 2 concentrations. The DR%
increases basically as the concentration of reagent 2 does when other
parameters are the same. When the temperature and concentration of the
measured solutions are definite, the DR% increases with increasing Re in
the present range. When the concentration and Re are definite, the DR%
of the solutions increases first and then decreases with the increase of
temperature.
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Fig. 3 The influence of the CTAC/NaSal concentration on the drag-
reducing rate (DR%) of the PEO solution
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Fig. 3 (Continue)

Additionally, comparing with the DR by the only reagent 1, the DR
by the mixed reagents shows the following characteristics. (i) The DR%
of all mixed solutions are larger than those of the corresponding solution
of reagent 1. That shows that the drag-reducing ability of the solution of
reagent 1 is enhanced due to the addition of a certain amount of regent 2.
This may be due to the fact that much more and larger aggregates
inducing DR form in the mixed solution, and thus the drag-reducing
effect is better. (ii) The mixed solutions have the relatively high drag-
reducing rate at the high temperature or/and the large Re. For the present
solution of reagent 1, the DR% is the highest at ~20°C. However, the
mixed solutions obtain the highest drag-reducing rate at ~30°C. Those
phenomena mean that the Re and temperature ranges of the DR are wider
for the mixed solutions than those of reagent 1. Namely, the drag-
reducing microstructures formed by reagents 1 and 2 should have the
good resistance ability to the high temperature and the strong shear. The
micelle structures of CTAC/NaSal may attach the long chain or form
cross junction in the PEO molecules. On the one hand, the micelle
structures of CTAC/NaSal may increase the shear strength of the long
chain of PEO and play a protective role. On the other hand, they enhance
the stability of connection, namely, the aggregate structure becomes
stronger. (iii) The influence of Re and temperature on the drag-reducing
performance is basically similar for the solutions of reagent 1 and mixed
reagent. That denotes that the addition of reagent 2 into the solution of
reagent 1 only increases the DR% but does not change the drag-reducing
trend. This means that the main backbone structure of the aggregate is
still the long chain of PEO, and the micelle structure of CTAC/NaSal
attached to the long chain of PEO only increases the volume and stability
of the aggregate.

To understand well the drag-reducing enhancement of the solution
of reagent 1 due to the addition of reagent 2, Fig. 4 shows that the
difference of the drag-reducing rate (DDR%) between the reagent 1 and
mixed solutions changes with changing temperature, Re and the
concentration of reagents 1 and 2.
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As showed in Fig. 4, the drag-reducing enhancement depends
tightly on the above three parameters. For the drag-reducing solutions
with the same concentration of reagent 1, the influence of concentration
of reagent 2 on DDR% is similar.

For the present cases, the drag-reducing enhancement (DDR%)
increases with increasing the concentration of reagent 2. The high
concentration can increases of the number of micelles of CTAC/NaSal,
which further increases the volume and stability of the aggregate.
However, the following phenomena are worth noting. (i) For the cases
with the low temperature and the high concentration of reagent 1 (such
as 150 ppm at 10°C), the addition of reagent 2 has almost no influence
on the drag-reducing enhancement of the solution of reagent 1. The
apparent viscosity of the PEO solution with a high concentration is very
large at the low temperature, and thus the flow frictional resistance is
large too. So the enhancement effect may be greatly weakened. (ii) For
the solution of reagent 1 with the high drag-reducing rate (such as 30
ppm at 20°C), the drag-reducing enhancement is relatively weak.
Generally, the drag-reducing enhancement is very sharp when the DR%
for the solution of reagent 1 is very small.

It can be also seen from Fig. 4 that the relationship between the drag-
reducing enhancement and the parameters such as temperature, Re and
the concentration of reagent 1 is very complicated. The influence of those
parameters on the drag-reducing enhancement is interrelated. The drag-
reducing enhancement against Re is different with the increase of
temperature. When the temperature is low (such as 10°C), the drag-
reducing enhancement increases first and then decreases as the Re
increases. When the temperature is high (such as 40 °C), the drag-
reducing enhancement increases approximately as the Re increases. It
seems that the drag-reducing enhancement is relatively sharp for the
following two conditions. One is the high concentration of reagent 1 and
the low temperature. The other is the low concentration of reagent 1 and
the high temperature
3.3 Influence on concentration of PEO when the
CTAC/NaSal concentration is fixed

Secondly, it is investigated on the influence of the concentration of
reagent 1 on the DR% of the mixed solution with the fixed concentration
of reagent 2. The DR by reagent 2 is not the present focus either. The DR
by surfactants can refer to the literatures (Cai et al., 2012; Fu et al., 2015;
Li et al., 2004; Li et al., 2005; Wei et al., 2006; Yu and Kawaguchi,
2006). The effect of the injection of reagent 1 on the DR of the reagent 2
solution will be discussed in detail below. Fig. 5 shows the influence of
temperature, Re and concentration on the DR% of the mixed solutions.
For comparison, the DR% of the solution of reagent 2 is also plotted in
Fig. 5.

As showed in Fig. 5, the drag-reducing behavior of the mixed
solutions is distinctly different from that of the reagent 2 solution. The
mixed solutions shows the excellent performance of the DR at the high
temperature or/and the large Re. That shows that the addition of reagent
1 widens the effective ranges of Re and temperature for the DR by reagent
2. The temperature has the sharp influence on the trend of the DR%
against Re. When the temperature is higher than 20°C, the change trend
of the DR% against Re is similar. However, when the temperature is
lower than 20°C, the concentration of reagent 1 has the sharp influence
on the curve of the DR%. The DR% curve against Re are similar when
the concentration of reagent 1 is equal to 100 and 150 ppm, but they are
similar when the reagent 1 concentration is equal to 30, 50 and 75 ppm.
As a matter of fact, the apparent viscosity of the drag-reducing solution
is related to the concentration of additives. And the flow frictional
resistance of the solution depends tightly on the apparent viscosity of the
drag-reducing solution. Therefore, the DR% curves of the mixed
solutions change as the concentration changes.

It can also be seen from Fig. 5 that, for the overwhelming majority
of cases, the addition of a certain amount of reagent 1 increases the DR%
of the reagent 2 solution. Especially, when the Re or/and temperature are
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high, the DR% of the mixed solutions are sharply higher than those of
the solution of reagent 2 under the same condition.
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This further shows that the drag-reducing effect will become better when
the new microstructures (aggregates) of DR form in the mixed solution.
Under these conditions, the drag-reducing phenomena disappear for the
solution of reagent 2 (such as the solution of reagent 2 concentrations of
30 ppm at the temperature larger than 30°C, 75 ppm at the temperature
larger than 40°C, and 150 ppm at 60°C).

To understand well the drag-reducing enhancement of the solution
of reagent 2 due to the addition of reagent 1, Fig. 6 shows that the
difference of the drag-reducing rate (DDR%) between the reagent 2 and
mixed solutions depends on temperature, Re and concentration of reagent
1 and reagent 2. One can see from Fig. 6 that the drag-reducing
enhancement (DDR%) increases rapidly as the Re increases when the
temperature and concentration of the reagent 2 solution are low.When
the reagent 2 concentration is lower than and equal to 75 ppm, the
increase of the drag-reducing enhancement against Re gradually become
slight with the increase of temperature in the present range of Re. When
the reagent 2 concentration is higher than 75 ppm, the reagent 1
concentration has the large influence on the change trend of the drag-
reducing enhancement against Re at the low temperature (such as 10 °C).
The influence of the reagent 1 concentration on it becomes gradually
weak with the increase of temperature.

Note that the drag reduction of the solution of reagent 2 is weaken
(namely, the DR% decreases) at the low temperature and the low Re
(such as Re=4.0x10° and 7=10°C) due to the addition of reagent 1. And
the higher the concentration of reagent 1 is, the sharper the decrease of
the drag reduction is. It seems that the drag-reducing enhancement of the
reagent 2 solution due to the addition of reagent 1 is the sharpest under
the conditions of the large Re at the temperature of 40°C when the
concentration of reagent 2 is less than 150 ppm. For the reagent 2 solution
of 150 ppm, the drag-reducing enhancement is the sharpest at the
temperature of 60°C, and the Re has the slight influence on it.
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Fig. 6 (Continue)

So far, many investigations have showed that the drag reduction by
reagent | has the following features. There are two main advantages. (i)
A very small amount of reagent 1 can cause the effective drag reduction.
(i1) The ranges of Re and temperature for the effective drag reduction are
very wide. The obvious disadvantage is the bad durability of the drag
reduction because the PEO chain breaks easily down under the strong
shear and cannot repair themselves after fracture. For the drag reduction
by reagent 2, the advantages show the following two aspects. (i) A small
amount of CTAC/NaSal can lead to a very high drag-reducing rate at the
limited ranges of Re and temperature. (ii) The microstructures inducing
the drag reduction can repair themselves after fracture when the external
adverse conditions (such as the strong shear and the high temperature)
are removed. The obvious disadvantage is that the ranges of Re and
temperature for the effective drag reduction are very narrow. And the
maximum of Re and temperature is very low. The present investigations
show fully that the DR of the mixed solutions combines the advantages
of the DR by them of reagent 1 and reagent 2. Namely, the DR% is high,
and the ranges of Re and temperature are wide for the effective drag
reduction.

3.4 Analyses on the net enhancement of the drag-reducing
rate

As the above analyses show, the DR% of the mixed solution is basically
higher than that of the corresponding solution of reagent 1 or reagent 2.
However, that does not mean that the DR is definitely enhanced. From
an economical point of view, only when the DR% of the mixed solution
is higher than the sum of the DR% of the corresponding solutions of
reagent 1 and reagent 2, this means that the DR is really enhanced.
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Figures 7 and 8 show the net difference of the drag-reducing rate
(i.e., the difference between the DR% of the mixed solution and the DR%
sum of the corresponding solutions of reagent 1 and reagent 2) against
Re at different temperature. Fig. 7 shows the net difference of the drag-
reducing rate (the net DDR%) between the mixed solutions of the fixed
reagent 1 & different reagent 2 concentrations and the corresponding
solutions. One can see from Fig. 7 that the change of the net DDR%
against Re is related mainly to the temperature. The overwhelming
majority of the net DDR% are less than zero when the temperature is
lower than 30°C. When the temperature is equal 30°C, the net DDR% is
larger than zero under the certain conditions. They are related to the
concentration combination and Re. The relationship between them is
complicated. When the temperature is higher than 30°C and less than
60°C, the net DDR% is larger than zero for the overwhelming majority
of cases except that both reagent 1 and reagent 2 concentrations are very
high at the same time. When the temperature is equal to 60°C, the net
DDRY% is larger than zero for all cases. Namely, the DR is totally
enhanced.

Figure 8 shows the net DDR% between the mixed solutions of the
fixed reagent 2 & different reagent 1 concentrations and the
corresponding solutions. One can see from Fig. 8 that the change of the
net DDR% against Re is related to the reagent 2 concentration and the
temperature. When the reagent 2 concentration is less than 100 ppm, the
net DDR% increases with the increase of Re. The increasing extent of
them become slight with the increase of temperature. When the reagent
2 concentration is larger than 100 ppm, the net DDR%; decreases with the
increase of the Re at the temperature less than 40°C. And it decreases first
and then increases with the increase of the Re at the temperature larger
than and equal to 40°C.

At the low temperature (< 20°C), the net DDR% is less than or
approximately close to zero. That is to say that the drag reduction is
almost not enhanced. However, with the increase of temperature, the net
DDRY% tends to be larger than zero. Especially, at the high temperature
(60°C), the net DDR?% is larger than zero for all cases (namely, the DR is
entirely enhanced). For the fixed concentration of reagent 2, the smaller
the reagent 1 concentration is, the larger the net DDR% is (i.e., the
sharper the DR enhancement is). Similarly, when both reagent 1 and
reagent 2 concentrations are high at the same time, the net DDR% is less
than zero at the temperature of 40°C and 50°C.

In short, when the temperature is higher than 30°C, the following
phenomena can be summarized from Figs. 7 and 8. For the fixed
concentration of reagent 1 (or reagent 2), the net DDR% increases as the
Re increases. In fact, with the increase of Re, the long chain of PEO can
be extended much fully. This will leads to that the micelle structures of
CTAC/NaSal can be much closely combined with the long chain of PEO.
Thus, the aggregate size is larger and its strength is high. So the drag-
reducing effect will be better. And, for the fixed Re, it basically decreases
as the concentration of reagent 2 (or reagent 1) increases. It can be
concluded that the drag-reducing enhancement is very sharp when the
temperature is at least higher than 30°C; for the mixed solutions of the
fixed concentration of reagent 2, the drag-reducing enhancement is the
sharpest when the concentration of reagent 1 is 30 ppm; and for the mixed
solutions of the fixed concentration of reagent 1, the concentration
combination of reagents 1 and 2, which causes the sharpest enhancement
of the DR, depends on the temperature. That can be explained by the
following reasons. On the one hand, the apparent viscosity of PEO
solution decreases sharply at the high temperature, which reduces the
negative effect of DR induced by the viscosity. On the other hand, the
drag-reducing solution of CTAC/NaSal has the poor resistance to high
temperature, and the DR% of it decreases rapidly at the high temperature,
and even disappears. However, the mixed solution of CTAC/NaSal and
PEO is very resistant to high temperature, so the drag reduction rate
increases significantly.
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4. ANALYSES OF DRAG REDUCING MECHANISM

The drag-reducing mechanism by reagent 1 or reagent 2 will not be
analyzed. The interested reader can refer to the references (Gu et al.,
2020; Wang et al., 2011; White and Mungal, 2008). On the basis of the
drag-reducing mechanism by reagent 1 or reagent 2, the combined drag-
reducing mechanism by reagents 1 and 2 is analyzed in detail below.

It is well known that when the concentration of surfactant reaches
the critical micelle concentration (CMC) (Matras et al., 2008;
Mohsenipor et al., 2013), spherical and rod-like microscopic micelle
structures can be formed in the surfactant solution. These structures can
inhibit the turbulence and reduce the friction force, and thus the effect of
drag reduction appears. When the curly long molecular chain of polymer
in the turbulent flow is stretched, the similar drag-reducing effect to
surfactant micelles appears. In the mixed solution of surfactant and
polymer, it is assumed that the following two phenomena happen. On the
one hand, the stretching of long molecular chains is promoted due to the
hydrophobic and electrostatic interactions between polymer molecular
chains and surfactant molecules. On the other hand, surfactant molecules
can aggregate into micelles along elongated long molecular chains. A
very small amount of surfactant can lead to the micelle formation, and
the corresponding concentration is called the critical aggregation
concentration (CAC) (Hou et al., 1999; Matras and Kopiczak, 2015). The
new macromolecular structure is called the aggregate. Some researchers
(Kim et al., 2011; Matras and Kopiczak, 2015; Matras et al., 2008;
Mohsenipour et al., 2013) proposed several aggregate models and
introduced the corresponding mechanism explanation.

Matras and Kopiczak (2015), and Matras et al. (2008) proposed the
model of sphere structure and chain structure. The sphere structure is
formed by the long molecular chain of polymer around the surfactant
micelle, and the long molecular chain of polymer is cross-linked around
the surfactant micelle. The chain structure is formed by incomplete
wrapping of the long polymer chain around the rod-like micelles, which
are connected to the concave side of the polymer chain to form
aggregates. These aggregates under the shear take an orientation in
agreement with the principle of minimum resistance. With the increase
of the Reynolds number (i.e., the shear action becomes stronger), the
aggregates will be stretched and extended, thus inducing the drag
reduction. Mohsenipour et al. (2013) proposed the model of necklace
structure. This model is that the rod-like micelles of the surfactant are
completely attached to the main chain of the polymer, forming a three-
dimensional interconnected network necklace structure. The increase of
the surfactant concentration can lead to the increase in the length of the
rod-like micelles, which is beneficial to the formation of the micro
necklace drag reduction structure. Thus, the drag reduction is promoted.
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Fig. 9 The sketch of the new conformation by the aggregation of PEO
and CTAC/NaSal
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Through investigating the drag reduction of the mixed solution of
PEO and CTAC/NaSal in a two-dimensional channel (Pang et al., 2018),
the present team proposed the aggregate model, namely, the formation of
surfactant micelles along polymer chains (for short, MIP). The definite
explanation is presented below. The molecular chains of PEO dissolved
in water will dilate. The hydrophobic and hydrophilic groups are inside
and outside the MIP, respectively. The hydrophilic head groups of CTAC
take over water molecules connected to the PEO ether bonds, and thus a
novel hydrogen bonds appear as a result of the strong polar interaction.
The ringed conformation is formed due to the fact that the hydrophilic
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head groups of CTAC connect to ether bonds of PEO. And the
hydrophobic tail groups connect to each other, which forms the outer ring
again. Thus, the double molecules layer of CTAC around the PEO chain
forms as the novel conformation, as schematically displayed in Fig. 9.
The addition of NaSal can increase the amount of CTAC molecules
bound to per PEO chain. Additionally, NaSal can stabilize the
combination of CTAC micelles with the PEO chain so that the single
chain complexes may be predominantly formed. It can be discovered
from the present experimental results that the DR pattern of the mixed
solution is more similar to the PEO solution than the CTAC/NaSal one.
Thus, it can be concluded that the polymer seems to dominate the drag-
reducing trend of the mixed solution, and the surfactant plays a role in
enhancing the drag-reducing ability. The correctness of the aggregate
model MIP is further proved. As can be seen from Fig. 9, the
microstructure of MIP is somewhat similar to that of the micelles of
surfactants, but their drag-reducing properties are not the same. With the
addition of PEO, more MIP are formed, and the structure of MIP will
become larger and denser. Therefore, the drag-reducing ability of the
mixed solution is far better than that of the surfactant solution, and the
synergistic effect of PEO and CTAC can greatly enhance the drag
reduction.
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Fig.10 Evolution process of the new conformation by aggregation of
PEO and CTAC/NaSal

According to the present experimental results, the net enhancement
of the drag-reducing rate curve is further presented. The effect of
temperature on the drag reduction of mixed solution is analyzed in detail.
It is found that the drag-reducing effect is completely enhanced under the
high temperature and the larger Reynolds number conditions. The drag
reduction ability of PEO & CTAC/NaSal solutions is much better than
that of the only CTAC/NaSal or PEO solution. It means that the MIP
combines the merit of the PEO chain and the CTAC/NaSal micelle.
Namely, it has not only the better resistance ability to the high
temperature and the strong shear but also can perform self-repair after
being broken. When the MIP structure is destroyed under the adverse
environment, the surfactant micelles attached to the PEO chains may first
be destroyed. Correspondingly, the drag-reducing rate decreases to a
certain extent. If the drag-reducing condition deteriorates further, the
PEO chains will also be destroyed. Then, the drag-reducing rate will
disappear completely as we have analyzed before (Pang et al., 2018). Fig.
10 shows the evolution process of the drag-reducing structures of PEO
and CTAC/NaSal as the drag-reducing environment tends to be bad.

Additionally, it can be seen from the present experiments that the
drag-reducing rate is different for the same mixed solution at the different
temperature. Thus it can be concluded that the MIP has the optimum
structure. The formation of the optimum structure should be related to
the microstructure of the PEO chain, which is greatly dependent on the
temperature and the concentration. For the PEO solutions with the high
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drag-reducing rate (such as 75 ppm CTAC/NaSal at 10°C), the
microstructure of the PEO chain seems difficult to form the optimal
structure. Therefore, the drag-reducing enhancement is slight. When the
temperature is higher than 20°C, the PEO chain is fully stretched. At this
time, the optimal structure seems to form easily. Correspondingly, the
drag-reducing enhancement is notable. The change of the drag-reducing
rate is much sharper with changing the CTAC/NaSal concentration for
the fixed the PEO concentration than with changing the PEO
concentration for the fixed the CTAC/NaSal concentration. Thus it can
be further concluded that the polymer chain should be the cornerstone of
the MIP, and the amount of the surfactant molecules only influences the
quality of the MIP structure. If the concentration ratio of PEO and
CTAC/NaSal is very right, the properties of novel conformation may be
better. The enhancement of drag reduction will be shaper, and thus the
dosage of the drag-reducing additive can be reduced. Note that the
concentration ratio of PEO and CTAC/NaSal, which is able to form the
optimum structure of the MIP, should be deeply investigated in the
following investigations.

5. CONCLUSIONS

In this paper, it is investigated on the DR of the mixed aqueous solution
of PEO & CTAC/NaSal in a rotating disk apparatus. The influence of
concentration, temperature and Re on the DR% is investigated in detail.
Some definite conclusions are summarized as below.

e It is discovered that the drag-reducing trend of the mixed
solution is similar to that of the PEO solution. The influence of
the CTAC/NaSal (or PEO) concentration on the DR% of the
mixed solution is slighter at the low Re than that at the large
Re. For the CTAC/NaSal solution, the temperature and Re
ranges of DR is greatly increased due to the addition of PEO.

e  Comparing with the PEO or CTAC/NaSal solution, the mixed
solution shows the good ability of drag reduction at the high
temperature and/or the large Re. For all mixed solutions, the
optimum temperature of DR is about 30°C.

e By analyzing the net difference of the drag-reducing rate (net
DDR%) between the mixed solution and the sum
corresponding pure PEO and pure CTAC/NaSal solution, it can
be seen that the net enhancement of DR is sharp only when the
temperature is higher than 30°C. For all mixed solutions, the
difference of the DR% is the biggest at the temperature of 40°C.
Namely, the drag-reducing enhancement is the sharpest at the
temperature of 40°C.
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