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Abstract: The study presents results of rheological tests and measurements of pressure drops occur-
ring during the flow of aqueous solutions of a mixture of drag reducing surfactants: cocamidopropyl
betaine (CAPB, zwitterionic surfactant) and cocamide DEA (nonionic surfactant) through straight
pipes. Tests were carried out at different CAPB/DEA weight ratios and different total concentra-
tions of surfactants in the solution. Rheological measurements demonstrate the formation of a
shear-induced structure (SIS) in the temperature range below 10 °C, which provides evidence for
the presence of wormlike micelles in CAPB/DEA solutions. Drag reduction was observed during
the flow of CAPB/DEA solutions in the temperature range from 3 to 45 °C, however, above 25 °C
the degree of drag reduction was markedly decreased. The lower temperature limit at which drag
reduction occurs depends on the CAPB and DEA weight ratio in the solution. In the range of higher
temperatures, during the flow of CAPB/DEA solutions (similarly to flexible-chain polymer solutions)
the onset of drag reduction is noted above a certain critical value of the Re, o number, whose value
depends on the temperature of the solution, diameter of the pipe and the weight ratio of surfactants.
At the same time, the critical value of wall shear stress Ty, corresponding to the critical value of
Re. ( is approximately independent of pipe diameter. The critical value of the Re. o number has been
linked to the clouding of CAPB/DEA solutions.

Keywords: drag reduction; zwitterionic surfactant; nonionic surfactant; rheology; pressure drop

1. Introduction

The addition of small quantities of certain surfactants, polymers and their mixtures to
water can dramatically reduce the frictional drag [1-5]. A necessary condition for the existence
of the drag reduction phenomenon in the solution is the creation of microstructure built of
long micellar associates called thread- or wormlike micelles [1]. Polymer solutions degrade
mechanically when shear stresses are applied. For this reason, they cannot be used in closed
flow systems. Micellar microstructure also undergoes the mechanical degradation above a
critical shear stress .. However, in contrast to the polymers, it has the ability to self recovery
when the value of shear stress will be reduced below the critical value 7. [6,7], therefore,
solutions of surfactants may find application in district heating and cooling systems.

The phenomenon of drag reduction can be induced by nonionic, cationic, anionic and
amphoteric surfactants, however, the majority of studies published to date are concerned
with cationic surfactants [8,9]. The benefits of cationic surfactants include stability and
good performance within a broad temperature range [10]. The disadvantage is the rather
high toxicity of quaternary ammonium compounds on marine organisms and the slow
biodegradation [11]. In the range of low temperatures, cationic surfactants can be replaced
by more environmentally friendly nonionic surfactants.
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The first studies investigating drag reduction produced by nonionic surfactants were
published by Zakin and Chiang [12] and Zakin and Lui [13]. The authors showed that the
maximum drag reduction in the flow of solutions of polyoxyethylated alcohol mixtures
occurred near their cloud point.

Hellsten and Harwigsson [14] designed a mixture of two nonionic surfactants: one
consisting of ethoxylated unsaturated fatty alcohols (mainly oleyl alcohol) and the other of
ethoxylated unsaturated fatty acid ethanolamides (mainly oleic acid). Their addition to water
at a concentration of 0.4% was found to reduce drag in the temperature range from 5 to
40 °C, with an observable decrease in drag-reducing performance above 25 °C [15,16]. The
above-mentioned surfactant mixture is available commercially under the name of SPE 95285.

Another group of nonionic surfactants used as additives causing drag reduction in
flows are amine oxides [17-21]. Usui et al. [17] observed lower pressure drops in the
flow of a solution of oleyldimethylamineoxide (ODMAO, Aromox, LION AKZO Co.,
Tokyo, Japan) within the temperature range from 10 to 40 °C. Another commonly used
surfactant belonging to the group of amine oxides is oleyldihydoroxyetylamineoxide
(ODEAO). An addition of the surfactant to aqueous solutions of propylene glycol (GP) [18]
and ethylene glycol (GE) [19] causes a reduction of drag in turbulent flows within the
low temperature range. In the flow of aqueous solutions of mixtures containing 0.797%
ODEAO plus 30% GP and 0.794% ODEAO plus 50% GE, drag reduction was noted within
the temperature ranges from —5 to 10 °C and from —20 to 5 °C, respectively.

The phenomenon of drag reduction can also be induced by using mixtures of various
surfactant types. One of the more commonly used mixtures contains N-hexadecylbetaine
and sodium dodecylbenzenesulphonate [22-25] and is available as a ready-made com-
mercial product under the name of SPE 98330 (Akzo Nobel). At the manufacturer’s
recommended concentration of 0.15%, an aqueous solution of SPE 98330 maintains its
drag-reducing ability in turbulent flows up to the temperature of ca. 71-73 °C [23].

Inaba et al. [26] and Aly et al. [27] employed a mixture of oleyldihydroxyethylamineox-
ide and cetyldimethylaminoaciticacidbetaine as an additive inducing drag reduction in the
temperature range from 5 to 20 °C. Cho et al. [28] observed drag reduction in the flow of a
mixture of stearylamineoxide and betaine in the temperature range from 50 to 80 °C.

The present study shows results of rheological tests and measurements of pressure
drops during the flow of aqueous solutions of a mixture of drag reducing surfactants:
cocamidopropyl betaine (CAPB, a zwitterionic surfactant) and cocamide DEA (a nonionic
surfactant) through straight pipes. The CAPB/DEA solutions can be used in the central
cooling systems. The occurrence of drag reduction during the flow of CAPB/DEA solutions
was discussed in the study [29]. Both surfactants are biodegradable and, at the same time,
are corrosion inhibitors [30]. The main aim of the present study was to determine the effect
of the weight ratio of the CAPB/DEA mixture components on their rheological properties
and the ability to reduce pressure drops.

2. Experimental Apparatus and Procedure
2.1. Test Facility

In the studies two experimental apparatus working in the range of temperature from
20 to 45 °C (Figure 1a) and from 0 to 20 °C (Figure 1b) were used. The first installa-
tion was equipped with Grundfos CHI4-30 (1) pump. The experimental apparatus was
equipped with two rotameters operating in the ranges of 1.806 x 107°-1.806 x 10~* m3/s
and 1.112 x 107#-1.806 x 1073 m?/s. The rotameters were scaled using the weight-tanks.
Scaling was made for each surfactant solution and resulted in the accuracy of the volume
flow-rate below 1%. From the rotameters, the liquid flowed through a pipe of about 4 m in
length and of 38 mm in diameter to the measuring section in which the straight pipes (4)
were mounted. The probes (7) mounted in the pipe’s walls were connected to three digital
differential manometers (8) with the flexible pipes. The used manometers operated in the
following ranges: 0-5 x 10% Pa (Next Sensors Digitalmanometer DHM2), 0-3.5 x 10* Pa
(IMT Manoport model 3922,) and 0-1 x 10° Pa (IMT Tecsis Digicomb) with accuracy of
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0.25%, 0.2% and 0.25%, respectively. The temperature was controlled with four RTD sen-
sors located in the gravity feed tank (6), one before and two after the measuring points.
Accuracy of temperature measurement was 0.1 K. Four sections of hydraulically smooth
pipes were used in the experimental configuration. The inner diameters of the pipes and

the length of the measuring sections L are given in Table 1.

2 — control

1| 1 — centrifugal pumps

3 — rotameters

4 — test section

5 — temperature recorder
6 — RTD sensors

valves

7 — pressure tap

& — digital differential manometers
9 — gravity feed tank

10 — tube in tube heat exchanger

! — PolyScience thermostat
2 — centrifugal pumps

3 — rotameter

4 — temperature recorder

5 — digital differential manometer
6 — control valves
7 — test section

(b)

Figure 1. Experimental apparatus working in the temperature range from 20 to 45 °C (a) and from 0 to 20 °C (b).

Table 1. Pipe dimensions.
Inner Diameter Pipe Length Length of Developing  Length of Measuring
(mm) (mm) Region (mm) Region (mm)
8.1 4000 500 3000
11.1 4000 900 2600
16.4 4000 900 2600
16.4 4956 1353 3300
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For the lower temperature range, up to 3 °C, the test facility shown in Figure 1b
was applied. The flow of the fluid was generated by a Grundfos UPE 25-60B centrifugal
pump (2). The temperature of the fluid was maintained at the set level using a PolyScience
thermostat (1) equipped with a refrigeration unit with a power rating of 1000 W. The flow
rate was adjusted using a valve (6) and a rotameter (3). The temperature of the fluid was
measured before the inlet into a section of the measuring pipe and just after its outlet by
means of PT100 sensors connected to a HD32.7 RTD Datalogger from Delta OHM (4). The
temperature was measured with accuracy to £0.1 K. The experimental apparatus was
fitted out with the single measuring pipe with an internal diameter of 11.1 mm (Table 1).

The friction factor was calculated according to the Darcy—Weisbach equation:

_2APD _ - 8 1)
S up L Y U

where AP is the measured pressure loss at the L distance of pipe with the inner diameter D, p is
the density of the solution flowing with mean flow velocity U, and 7, is the wall shear stress.

_ APD

Tw = L 2)

For easier comparative analysis, the friction factor can be replaced with the degree of
drag reduction which follows the equation:
A= Ag

DR = -100%
100 3)

In Equation (3) A; is the friction factor of distilled water, while A5 stands for the
surfactant solution. The values of A; were calculated from the Prandtl-Karman equation at
the same velocity of the surfactant solution and water.

The reliability of measurement configuration was verified by comparison of experi-
mental friction factor A for the distilled water with those resulted from the Prandtl-Karman
equation. Deviation of the experimental points from the Prandtl-Karman equation does
not exceed 4.9% (average deviations 2.7%).

2.2. Rheometer

Rheological measurements were carried out on the rotational stress rheometer Physica
MCR 501 (Anton Paar) equipped with a concentric cylinder as the measuring geometry
(CC27, cup and bob diameters 28.916 mm and 26.666 mm, respectively). All tests were
performed in the scanning shear rate mode with increasing shear rate from 5 to 200 s !
which resulted in the flow curves of surfactant solutions.

2.3. Determination of Cloud Point

The cloud point of CAPB/DEA solutions was evaluated visually in accordance with
DIN EN-1890:2006. To this aim, the solutions were first heated to a temperature at which
they became visibly clouded. Next, the solutions were cooled down, and the temperature at
which they became clear was adopted as the cloud point. The temperature of the fluid was
measured using a PT100 sensor connected to a Pt-401 meter from Elmetron. The accuracy
of temperature measurement was £0.1 K.

2.4. Materials

In the study the zwitterionic surfactant cocamidopropyl betaine (CAPB, commercial
name: Rokamina K30) and nonionic surfactant cocamide DEA (commercial name: Rokamid
KAD) delivered by PCC Exol were used. According to the manufacturer’s data, Rokamina
K30 contains 30% of CAPB and 4% of NaCl, while Rokamid KAD contains 92% of DEA. The
weight ratios listed in the study refer to the active substance content in the solution. The
pH values of the tested solutions were close to neutral (pH =~ 6.7). Distilled water was used
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as a solvent. Experiments were carried out at the entrance bulk fluid temperatures varying
between 3 and 45 °C. Before each measurement, the investigated fluid was continuously
pumped through the experimental apparatus for 48 h.

3. Results and Discussion
3.1. Cloud Point

DEA, the nonionic surfactant used in the tests, is very poorly soluble in water. DEA
solutions in pure water were cloudy in the temperature range which was applied for
the experiments (from 3 to 45 °C). The solutions of the CAPB/DEA mixture also became
cloudy above a certain temperature (cloud point, CP). The defined cloud point values for
CAPB/DEA solutions are listed in Table 2.

The solution of the CAPB/DEA mixture at a concentration of 0.12%/0.12% was cloudy
within the entire range of temperature changes (from 3 to 25 °C). For other solutions of the
CAPB/DEA mixture, the CP value rose along with an increase of the proportion of the
zwitterionic surfactant in the mixture. The increase in DEA solubility through an addition
of the zwitterionic surfactant is likely a consequence of the formation of charged mixed
micelles. This causes repulsion between micelles, hindering their aggregation and thereby
raising the CP [31].

Table 2. Cloud points for CAPB/DEA solutions.

CAPB (wt%) DEA (wt%) CP (°Q)
0.09 0.075 9
0.12 0.072 24
0.12 0.088 17
0.12 0.100 4
0.12 0.120 Entire range of temperature changes

3.2. Rheological Results

Figure 2 presents viscosity curves obtained for the aqueous solutions of CAPB/DEA
with a constant concentration of the zwitterionic surfactant (0.12% wt%) and a variable
concentration of the nonionic surfactant. For a solution with a DEA concentration of
0.072 wt%, the viscosity of the solution has an approximately constant value over the
entire range of shear rate variations. The increase in DEA concentration to 0.088% caused a
rise in viscosity in the temperature range from 3 to 10 °C above the critical shear rate at
around 7, = 78 s 1, followed by stabilization at an approximately constant level. A clear
shear thickening range can be observed for solutions at a DEA concentration of 0.1% in
the temperature range from 3 to 10 °C (Figure 2c), and at a DEA concentration of 0.12% in
the temperature range from 3 to 5 °C (Figure 2d). The finding suggests the formation of a
shear-induced structure (SIS). The literature data [32-34] show that SIS formation occurs
during the flow of surfactant solutions containing wormlike micelles and lyotropic lamellar
phases during the formation of multilamellar vesicles. Additionally, the data presented in
Figure 2 shows that no shear thickening range was observed on viscosity curves obtained
at temperatures T > 15 °C.

It was also found that in the shear thickening range the viscosity of CAPB/DEA
solutions at a constant 7 value increased as a function of time, and stabilized at an ap-
proximately constant level in less than ca. 70 s (Figures S1-54). The relationship between
viscosity and time during SIS formation is also a characteristic feature of wormlike surfac-
tant solutions [34]. The experimental points shown in Figure 2 were recorded after 120 s,
which is why they characterize the rheological properties of CAPB/DEA solutions with
fully formed SIS.
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Figure 2. Viscosity curves for aqueous solutions of CAPB/DEA (CAPB = 0.12 wt%) at a concentration of DEA 0.072 wt% (a),
0.088 wt% (b), 0.1 wt% (c) and 0.12 wt% (d).

A comparison of cloud points (Table 2) with the slope of viscosity curves obtained for
CAPB/DEA solutions with concentrations of 0.12%/0.1% and 0.12%/0.12% (Figure 2c,d)
reveals that the formation of SIS also occurs in cloudy solutions.

Due to the complex rheological properties of the investigated solutions as presented
in Figure 2, the calculated Reynolds number utilizes the physical properties of water in
bulk temperatures instead of those for CAPB/DEA solutions. This approach has been
successfully used by many researchers [8,9,14,35,36] because of the possibility of using
such calculated Reynolds number as the replacement parameter. It also has a practical
justification since the Reynolds number calculated in this way, at a given average fluid flow
rate, has the same value for a pure solvent and surfactant solution, therefore, it is possible
to directly determine the actual flow drag reduction.

3.3. Drug Reduction

Figure 3 shows typical results of pressure drop measurements during the flow of
an aqueous solution of CAPB/DEA with a concentration of 0.09%/0.075%. Between the
temperatures of 3 and 15 °C, drag reduction occurs in the range of transitional and turbulent
flows (Figure 3a).

The deviation of experimental points from the Hagen—Poiseuille theoretical relation
for a solution at temperatures of 3 and 5 °C stems from the convention adopted for the
calculation of the Reynolds number on the basis of pure water, whereas the actual viscosity
of these solutions can be higher due to SIS formation.
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Figure 3. Friction factor versus solvent Reynolds number for CAPB/DEA solutions (0.09%/0.075%;
D =11.1 mm) in the range of temperature from 3 to 15 °C (a) and from 20 to 45 °C (b).

The rise in temperature to 20 °C causes a characteristic inflection visible on the A = f(Re)
curve above Re = 2300, which demonstrates the emergence of the transitional flow range.
At higher temperatures, drag reduction begins in the turbulent flow range above the critical
value of the Reynolds number Re, o. Similarly to the flow of other drag-reducing surfactant
solutions [1,37], the phenomenon of drag reduction begins to disappear rapidly above the
critical Reynolds number Re. 1, and disappears completely above Re. 11. The further course of
experimental points is consistent with the line described by the Prandtl-Karman equation.
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Figure 3a also shows maximum drag reduction asymptotes (MDRA) proposed by
Virk et al. [38] for polymer solutions, and by Zakin et al. [39], Aguilara et al. [16], and
Broniarz-Press and Rézaniski [40] for surfactant solutions. The data indicate that the max-
imum drag reduction in the flow of CAPB/DEA solutions is defined by the equation put
forward by Virk et al. [38]. Tamano et al. [41] also found that maximum drag reduction
and turbulence statistics for nonionic Aromox solutions were similar to those for polymer
solutions, rather than cationic solutions. The Supplementary Materials contains additional
dependencies of the friction coefficient on the Reynolds number for one-component DEA and
CAPB solutions and a comparison of the test results obtained for the CAPB/DEA solution
obtained in both experimental apparatus (Figures S5 and 56). These data show that during
the flow of one-component solutions, the reduction of flow resistance does not occur, and the
results obtained with use of both experimental apparatus are similar to each other.

Figure 4 illustrates the relationship between the friction factor A as a function of the
Reynolds number for solutions with a constant concentration of CAPB (0.12%) and variable
concentrations of DEA. An increase in nonionic surfactant concentration leads primarily to
changes in critical values of the Reynolds numbers Re, g and Re, 1, and critical wall shear
stresses Ty, 0 and Ty 1 (Table 3). For solutions with DEA concentrations of 0.072 wt% and
0.088 wt%, the Re. o value equals approximately 4050. An increase in DEA concentration to
0.1 wt% and 0.12 wt% causes the Re. o number to rise to 4380 and 8860, respectively.

0.1
t>é<9<
X 1/ =2.0-log(Re-\) — 0.8
Ak
A
& o+
A
T =25C ¥ Ar
D=11.1 mm Ay
CAPB =0.12% §3
001 [ DEA CAPB/DEA *«w
A 0072%  1.67 +
x 0.088%  1.36 X*% A
o 0.100%  1.20 Bt &
+ 0.120% 100 “w
0.004 : — .
1000 10,000 R 100,000

Figure 4. The effect of DEA concentration on the course of A = f(Re).

Table 3. Values of Re. ¢ and Ty,co for different DEA concentrations (CAPB = 0.12 wt%; T =25 °C).

DEA (wt%) Rec Tuw,co (Pa) Rec1 Tw,cl (Pa)
0.072 4050 0.57 74,600 21.88
0.088 4050 0.56 - -
0.100 4380 0.65 - -
0.120 8860 2.67 67,730 26.44

More complex changes can be observed for the critical Re. ; number. For solutions
with DEA concentrations of 0.088 wt% and 0.1 wt%, the critical value of the Re. ; number
was not achieved, which indicates that at these concentrations of a nonionic surfactant it
will have the highest value. Both an increase and a decrease in DEA concentration reduces
the critical Re.; number and, consequently, also the critical wall shear stresses Ty .
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At the same time, the data in Figure 5 show that at a constant CAPB/DEA weight
ratio = 1.2 the values of the critical Reynolds numbers Re. ¢ do not depend on the con-
centration of the surfactants (the Re; o value is approximately 4400). Similarly to other
drag-reducing surfactants [1], an increase in the concentration of the CAPB/DEA mixture
triggers an increase in the critical values of the Reynolds numbers Re. 1 and Re ;.

0.1 p
I IR “&g‘\ 1/ = 2.0-log(Re-V2.) — 0.8
5 204 &a‘%
| Re 2a S
&x 4 N Z
T =25°C W‘}(% x
1y q
001 I D=11.1 mm .;, A
| CAPB  DEA
[| 2 0.06% 0.050% S Sy
| % 0.09% 0.075% T
| % 0.12% 0.100% Virk et al. [38] Qg
o 0.15% 0.125% 1A = 9.5-log(Re-VA) — 19.1
0003 1 L L I | L L 1 L L1 1.1
1000 10,000

100,000
Re
Figure 5. The effect of total CAPB/DEA concentration on the course of A = f(Re).

Figure 6 shows results of pressure drop measurements performed during the flow of a
CAPB/DEA solution at a temperature of 30 °C through pipes of different diameters. Both
the value of the critical Re. o number and the friction factor are strongly dependent on the
pipe diameter. The data listed in Table 4 also point to the fact that the value of critical shear
stresses Ty, co is approximately independent of the pipe diameter. Similar observations for
a solution of the cationic surfactant Ethoquad T13/27 with an addition of sodium salicylate
(NaSal) were presented in the study by Gasljevic et al. [15].

0.1
X
1A = 2.0-log(Re-NA) — 0.8
Re >5,<)< o
A °¢ +
A X o ++
X e g X
A © +
0.01 -
[ A XXXX o Ty
[ | 4 8.1 mm AAA Xxx °°<>o
* ALImm e 550c BAA 05555000
e l64mm |~ 4pp 6090,
* 2499 mm| DEA=0.075%
0.003 — —
1000 10,000 Re 100,000

Figure 6. Friction factor for four pipe diameters (8.1, 11.1, 16.4 and 24.99 mm) as a function of
apparent Reynolds number for a CAPB/DEA solution.
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Table 4. Values of Re; g and 7 ¢ for pipes of different diameters (CAPB/DEA = 0.09%/0.075%; T = 30 °C).

D 8.1 (mm) 11.1 (mm) 16.4 (mm) 24.99 (mm)
T (°O) Rec,() Tw,c0 (Pa) ReC,0 Tw,c0 (Pa) Rec,() Tw,c0 (Pa) ReC,0 Tw,c0 (Pa)
30 4743 1.12 7852 1.29 9721 0.93 15565 091

The causes of the critical Re. g number, and hence the effect of diameter observed
in the flow of surfactant solutions, have not been elucidated yet. However, Virk and
Wagger [42] proposed an explanation of the phenomenon for polymer solutions. The
authors distinguished two drag reduction types: A and B. Type A is characteristic of flexible-
chain polymers which assume a coiled configuration in a solution in the steady state. When
the flow exceeds a defined critical value of the shear stresses, the polymer chains in the
solution become uncoiled, which is manifested by a reduction in pressure drop. The greater
the pipe diameter, the higher the Reynolds number at which the critical shear stress occurs.
If the critical value of shear stresses is achieved in the laminar flow range, a reduction in
pressure drop is observed at the end of that range. However, if it takes place in the turbulent
flow range, the onset of drag reduction along with an increase in pipe diameter is noted at
higher values of the Reynolds number, resulting in the emergence of the diameter effect.
Type B of drag reduction is characteristic of rigid-chain polymers which occur in an uncoiled
form in steady-state solutions. As there is no need for polymer molecules stretching, drag
reduction occurs every time with the end of the laminar flow range.

Figure 7 presents a photograph of a measuring cylinder containing a sample of a
CAPB/DEA solution with a concentration of 0.12%/0.12%, collected from the test facility.
Initially, the surfactant solution is cloudy within the entire volume, however two distinct
phases can be noted after 48 h. The upper phase, which has a much smaller volume,
most likely contains a major proportion of CAPB and DEA. Another experiment was also
conducted to measure the pressure drop during the flow of a CAPB/DEA solution which
was left undisturbed for 48 h. The data in Figure 8 show that immediately after pump
activation pressure drops recorded during the flow of the CAPB/DEA solution were similar
to pressure drops accompanying the flow of pure water. Nevertheless, as the time elapses,
the pressure drops become smaller and after ca. 200 s they stabilize at a constant low level.
If the flow of the fluid is stopped, and the pump is activated again after 10 min, pressure
drops settle almost immediately at a constant low level.

Figure 7. Image of CAPB/DEA solution, directly after sampling from the experimental set-up (a)
and after 48 h (b).
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Figure 8. Pressure losses as a function of time for CAPB/DEA solution.

Results obtained in that experiment demonstrate that the precondition for drag reduc-
tion during the flow of cloudy CAPB/DEA solutions is the presence of a surfactant-rich
dispersed phase. At the same time, the presences of critical wall shear stress values 7y o
indicate that changes in the microstructure of fluid occur during the flow, which lead to
a reduction in pressure losses. From the data shown in Figure 3 it follows that the drag
reduction in CAPB/DEA solutions begins at the end of the laminar flow range already at a
temperature of 15 °C, even though the solution did not become clear until the temperature
level of 9 °C. In this case, the value of the shear stress 7y, required for the formation of
drag reduction microstructure was most probably achieved within the laminar flow range.

It should be noted that, based on the results of pressure loss measurements and rheo-
logical tests presented in this paper, it is impossible to explain the reasons for the occurrence
of the critical Reynolds number Re, 9. Understanding the changes in the microstructure of
CAPB/DEA solutions during the flow requires understanding the morphology of cloudy
solution in the rest and flow.

The weight ratio of the components of the CAPB/DEA mixture also affects the value
of the lower temperature at which drag reduction is observed. The data in Figure 9b show
that at a temperature of 10 °C the DR parameter in the DEA concentration range between
0.072 wt% and 0.12 wt% achieves the level of ca. 70%. However, already at 3 °C the
maximum value of the DR parameter determined for DEA at a concentration of 0.072 wt%
is only 27% (Figure 9a).

From the viscosity curves shown in Figure 2 it follows that at 3 °C the solution of
CAPB/DEA at a concentration of 0.12%/0.072% had the lowest viscosity, which proves
indirectly that it was affected by the formation of the shortest wormlike micelles. A reduc-
tion in the length of wormlike micelles accompanying a decrease in DEA concentration at
a given temperature may be an outcome of an increase in micelle surface charge density,
which leads to an increased electrostatic repulsion [43].
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Figure 9. The effect of DEA concentration on DR parameter at 3 °C (a) and 10 °C (b).

4. Conclusions

Rheological tests and measurements of pressure drop performed during the flow of

aqueous solutions of the CAPB/DEA mixtures lead to the following conclusions:

1.

The slope of the viscosity curves generated for aqueous solutions of CAPB/DEA
points to the occurrence of the shear thickening range, which is evidence for the
formation of shear-induced structure (SIS) and can indicate the presence of wormlike
micelles or multilamellar vesicles in the solution.

The phenomenon of drag reduction occurs during the flow of CAPB/DEA solutions
in the temperature range from 3 to 45 °C, whereby the level of drag reduction that
approximates the MDRA described by Virk et al. [38] is noted in the temperature
range between 3 and 25 °C.

In the range of higher temperatures, the onset of drag reduction during the flow of
CAPB/DEA solutions occurs above a certain critical value of the Re, g number, whose
value depends on the temperature of the solution, diameter of the pipe and the weight
ratio of surfactants. At the same time, the critical value of the wall shear stress Ty,co
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corresponding to the critical value of the Re. o number is approximately independent
of pipe diameter.

4. The presence of a surfactant-rich disperse phase is a precondition for the emergence
of drag reduction during the flow of CAPB/DEA solutions. The critical value of the
wall shear stress Ty,¢o is most likely responsible for the transformation of solution
microstructure during the flow.

5. The lower temperature limit at which drag reduction occurs depends on the CAPB
and DEA weight ratio in the solution. However, when the excess of CAPB is too
large, it gives rise to an increase in the surface charge of the micelles, leading to their
shortening and disappearance of drag reduction.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/en14092683/s1, Figure S1: Shear viscosity vs. time for CAPB/DEA solutions with a con-
centration of 0.12/0.072 wt% and a tempereature 3 °C (a); 10 °C (b) and 25 °C (c), Figure S2: Shear
viscosity vs. time for CAPB/DEA solutions with a concentration of 0.12/0.1 wt% and a temperature
3 °C (a); 10 °C (b) and 25 °C (c), Figure S3: Shear viscosity vs. time for CAPB/DEA solutions with
a concentration of 0.12/0.12 wt% and a temperaure 3 °C (a); 10 °C (b) and 25 °C (c), Figure S4:
Shear viscosity vs. time for CAPB/DEA solutions with a concentration of 0.12/0.88 wt% and a
temperature 3 °C (a); 10 °C (b) and 25 °C (c), Figure S5: Comparison of the measurement results of
the dependencies of friction coefficient on Reynold number obtained with the experimental set-ups
presented in Figure 1a and Figure 1b for CAPB/DEA mixture solutions, Figure S6: Dependence of
the friction coefficient on the Reynolds number for single-component solutions of CAPB and DEA.
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Nomenclature

D inner diameter, (m)

DR drag reduction ratio, (%)

L distance between the two pressure taps for AP measurements, (m)
Re Reynolds number, (UDp)/#

u bulk velocity, (m/s)

Greek letters

AP pressure drop, (Pa)

A Darcy friction factor

0 fluid density, (kg/m?)

n shear viscosity, (Pa-s)

T shear stress, (Pa)

Tw wall shear stress, (APD)/(4L), (Pa)
v shear rate, (s~ 1)

Subscripts

c critical

s surfactant

t turbulent flow
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