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Abstract - Turbulence with a relatively larger vortex is obtained in drag-reducing surfactant solution, which
provides an excellent condition for the application of small scale grooves. In this work, the coupling drag
reduction performance of surfactant solution and grooves was experimentally investigated to explore the
complementary possibility between their drag reduction mechanisms. The cationic surfactant cetyltrimethyl
ammonium chloride (CTAC) mixed with the counterion salt sodium salicylate (NaSal) was experimented in
smooth or grooved channel, respectively, at the mass concentrations of 50-150 ppm. It was found that the
surfactant solutions gave more effective drag reduction in the grooved channel by the interaction between the
“restriction effect” and “peak effect” of grooves. Moreover, the critical temperature and critical Reynolds
number of the surfactant solution were smaller in the grooved channel, and the friction factor in the grooved
channel increased much more rapidly than that in the smooth channel when Re is larger than a critical value.
Keywords: Turbulence; Drag reduction; Surfactant; Groove; Interaction.

INTRODUCTION

In pipe or channel flows, a great part of the energy
loss is caused by skin friction. The focus of the cur-
rent research is therefore to find the solution of re-
ducing skin friction drag. Drag reduction can be
achieved either by adding small amounts of additives
such as polymers (Al-Wahaibi et al., 2013), surfac-
tants (Li et al., 2006), particles (Pang et al., 2011),
etc., which can alter the fluid composition and then
affect its flow resistance, or by using passive devices
such as grooves (Quintavalla ef al., 2013) or super-
hydrophobic coatings (Moaven et al., 2013) which
directly affect the flow without altering the fluid.

For additives, since the discovery of Toms’ effect
(Toms, 1948; Mysels, 1949), reduction of turbulent
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friction can be achieved by adding drag-reducing
additives to save the pumping power in fluid trans-
portation. Polymers initially used as drag-reducing
additives could reduce the friction drag by up to
80%. One successful application of drag reduction
by polymers was the Trans-Alaska crude oil trans-
portation pipeline, the flow capacity of which in-
creased by 15% with the same pumping power
(Burger et al., 1982). However, polymer solutions
are strongly affected by mechanical degradation,
which consequently shortens their lifetime of drag
reduction effectiveness and further limits their appli-
cation in a long-term circular pipeline. Surfactants
developed in the last three decades could also reduce
the frictional drag by 60-80% and are less vulnerable
to mechanical degradation than the former (Ohlen-
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dorf et al., 1986; Bewersdorff and Ohlendorf, 1988).
Therefore, surfactants are now used as the efficient
drag-reducing additives in the application.

Although the drag-reducing mechanism of surfac-
tants is still imperfectly understood, some physical
insights have emerged. Debye and Anacker (1951)
found that the micelle structures can change from
spherical micelles to rod-like or wormlike micelles
with increasing concentration above the Critical Mi-
celle Concentration (CMC). Rehage et al. (1986)
reported that the apparent viscosity of dilute surfac-
tant solutions increased significantly by increasing
shear stress. This phenomenon was called a shear-
thickening transition, resulting from the formation of
shear-induced structures (SIS). Kawaguchi er al.
(2002) performed a study on the spatial structure of
turbulence by PIV. They found that the formation of
a turbulent vortex was inhibited and that the scale of
the vortex became larger when the surfactant was
added to water. This suggested that a turbulent envi-
ronment with a relatively larger vortex was obtained
and thus provided an excellent condition for applica-
tion of other drag-reducing methods related to the
scale of the turbulent vortex. Recently, Hadri et al.
(2011) discovered that the interaction between the
surfactant chains and the turbulent structure was
related to the temperature and concentration, namely,
only in a certain range of temperature and concentra-
tion could the surfactants suppress turbulent vortices.

Among passive drag-reducing devices, longitudi-
nal microgrooves have been extensively studied by
Walsh and his co-workers (Walsh, 1980; Walsh, 1982;
Walsh and Lindemann, 1984). They found first that
triangular grooves achieved the optimal drag reduc-
tion effect compared with the smooth surface when
the height of the groove equaled its spacing. Walsh
originally considered the grooves as “fences” which
isolated the low speed streaks near the wall, and then
inhibited the momentum transfer. Bechert et al. (1986)
and Choi (1990) proposed that grooves could restrain
the spanwise motions of streamwise vortex-pairs, re-
sulting in weaker bursts and lower shear stresses.
Koury and Virk (1995) also obtained the same results
as Bechert et al. (1986). They examined the V-grooves
and found that grooves could reduce turbulent kinetic
energy exchange and overall surface friction by im-
peding the formation of low speed streaks and the
spanwise motions of streamwise vortices, though
they increased the surface area. Recently, Chamorro
et al. (2013) suggested that, because the drag-
reducing effect of grooves was dependent on their
size, it is better that the scale of grooves s* (Zu.s/v,
where u, is the frictional velocity for water in the
smooth channel) matches up with the turbulent vor-
tex scale to ensure the drag reduction effectiveness.

With the analysis of the existing drag-reducing
mechanism of surfactants and microgrooves, the
drag-reducing performance of the microgroove being
dependent on the scale of the turbulent vortex points
to a restriction of the motions of turbulent vortices.
Moreover, drag-reducing surfactant solutions can
form a larger vortex environment, which means that
their mechanisms might be complementary. However,
there is little information available on the coupling
effect between surfactants and grooves. Other re-
searchers have carried out similar studies on the in-
teraction between polymers and grooves (Koury and
Virk, 1995). The coupling applications of surfactants
and grooves would be better than that of polymers
and grooves because of the irreversible mechanical
degradation of polymers, but their results may only
be used as a reference. For this reason, the purpose
of this study is to examine the coupling drag reduc-
tion effect of surfactants and grooves and to verify
the possibility of their complementary mechanisms.

EXPERIMENTAL
Test Facility

The experiments were performed on a closed loop
shown schematically in Figure 1. The system con-
sists of a storage tank, a stainless steel centrifugal
pump, a settling chamber, a 2D channel, a diffuser and
other necessary elements. The fluid temperatures are
controlled by a 6 kW heater installed in the storage
tank, and the accuracy of temperature is £0.1 K. The
low flow rate (0.7-3 m*/h) and high flow rate (>3
m’/h) are measured respectively by two parallel elec-
tromagnetic flowmeters (measuring accuracy of
0.001 m*h and 0.01 m’/h, respectively). The flow
rates are adjusted by the motor frequency of a stain-
less steel centrifugal pump. The pressure drop of the
test channel is measured by two pressure taps with a
distance of 1.1 m, using a differential pressure trans-
mitter (measuring range of 0-10 kPa and measuring
accuracy of 10 Pa).

The system was circulated by the pump. The aque-
ous solution was firstly supplied to the chamber, then
passed through the filter to remove the foam, and
flowed finally into the 2D channel through the honey-
comb. The 45 mm long honeycomb with 8x8 mm?
rectangular openings was used to remove the large
eddies. The 2D channel of 10 mm height, 125 mm
width and 3m length consisted of a fully developed
section and a test section. Each section was 1.5 m.
The aspect ratio of the 2D channel was more than 7
to insure a two-dimensional flow in the center of the
spanwise distance. The fully developed section was
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long enough to ensure that the fluid in the test
section developed a full turbulence. The test section
could be replaced by the smooth channel or the
grooved channel.

>} — -— SKe}

®)

Figure 1: Schematic of the experimental system. (1)
Storage tank; (2) stirrer; (3) heater; (4) stainless steel
centrifugal pump; (5) valve; (6), (7) electromagnetic
flowmeter; (8) filter; (9) contraction; (10) honey-
comb; (11) 2D channel; (12) test section; (13) differ-
ential pressure transmitter; (14) diffuser.

Microgrooves

A 2D grooved channel consisting of two longitu-
dinal microgroove surfaces (upper and lower surfaces)
was examined in the experiment. The longitudinal
microgroove surfaces are manufactured directly with
a milling machine. The cross-section of the micro-
grooves made of transparent acrylic resin is shown in
Figure 2. As shown in Figure 2, s and % represented
the spacing and the depth of the grooves, respectively.
o was the angle of the groove tip. Half of the depth of
the groove was defined as the datum plane, and two
grooved surfaces constituted the 2D grooved channel
of H=10 mm. The grooves of s=0.7 mm /#=0.4 mm,
0=53 were investigated in the experiment.

Figure 2: Schematic of the microgrooves.

Surfactant

The cationic surfactant used in this study was ce-
tyl trimethyl ammonium chloride (CTAC) with the
chemical formula of C;sH33N(CH3)3Cl and a molecu-

lar weight of 320.0 g/mol. The counter-ion salt sodi-
um salicylate (NaSal) with the chemical formula of
C;HsNaO; and a molecular weight of 160.1 g/mol
was used in this study with the same weight concen-
tration as that of CTAC. The solvent was tap water
and the surfactant solution is represented by CTAC
concentration. Several mass concentrations (50, 70,
100, 150 ppm) of CTAC solution were tested at dif-
ferent temperatures and Reynolds numbers in the
experiment.

Data Processing

The Fanning friction factor C, was defined as:

C,- ZTW2 _ ?PHW (1)
©opUy pUy (H+W)L

where 7, is the wall shear stress, p the density of
solvent, U, the bulk mean velocity, AP the pressure

drops over a certain streamwise distance L of two
pressure taps, H and W the height and width of 2D
channel, respectively.

The drag reduction rates of grooves without sur-
factant, surfactant and the combination of them were
defined respectively as:

C,-C
DR,% =~/ x100% )
Cy
C,-C
DR, % =—L— +100% 3)
Cr
c,-C,
DRy, % =118 x100% (4)
Cs

where Cris the Fanning friction factor of water in a
smooth channel, and subscripts g, s and gs represent
the conditions of groove, surfactant and both of
them, respectively.

Because the spanwise width of the 2D channel is
much larger than the height, the Reynolds number
was determined as follows:

U %
e=—L"— H
v

R Q)

where v is the kinetic viscosity of solvent, depending
on the bulk temperature of the solution.

Uncertainty Analysis

In the present study, the measurement uncertainty
of C; and DR can be estimated as follows:
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where Cy; can be replaced with Cp, C and Cpy men-
tioned above. A represents the uncertainty of the
physical quantity.

RESULTS AND DISCUSSION
Drag Reduction Performance

The drag reduction curves of 70 ppm CTAC solu-
tion in the smooth and grooved channels are respec-
tively presented in Figure 3. The Fanning friction
factor Cyand Reynolds number Re are calculated by
Egs. (1) and (5) respectively. The Dean line (Dean,
1978), which was appropriate for the turbulent flow
of a Newtonian fluid, and the Zakin line (Zakin et
al., 1996), which represented the maximum drag
reduction asymptote of surfactant, are cited respec-
tively for comparison in the following figures. In
order to guarantee the correctness of the experi-
mental results, all experiments are repeated at least
two times and the results are an average of them. As
shown in Figure 3(a), the friction factor for water
obeys Dean’s (1978) experimental formula, indi-
cating the experimental system is reliable. Moreover,
it can also be seen from Figure 3 that the surfactant
solutions in both the smooth and grooved channels
show excellent drag reduction effectiveness compared
with water. For a certain temperature, for example 20
°C, the friction factor increases at Re=17000 (seen
from Figure 3(a)), which is defined as the critical
Reynolds number Re.. Similar phenomena occur at
other temperatures. Figures. 3 and 4 show that the
critical Reynolds numbers for both the smooth and
grooved channels firstly increase with increasing
temperature, then decrease as temperature continues
to rise. The reason is that, for surfactant solutions,
the shear-induced structure (SIS) could be formed
under the action of shear stress, which was perceived
by many researchers as the drag-reducing mechanism
of surfactants (Zhou et al., 2011; Qi et al., 2011).
Furthermore, the Brownian motions of molecule are
enhanced as temperature increases. So is the capacity
to form the shear-induced structure. Meanwhile, it
indicates that the ability to resist shear failure is

degree (defined as the critical temperature T), the
Brownian motion is more severe, and then the shear-
induced structures are destroyed (Hadri et al., 2011),
resulting in a decrease of the Reynolds number. Wei
et al. (2012) also discovered the similar phenomena
of the critical temperature and the critical Reynolds
number in surfactant solutions. Similar phenomena
can also be found in the results of 100 ppm and 150
ppm CTAC solutions, thus we will not repeat here.
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Figure 3: Drag-reducing performance of 70 ppm
CTAC. (a) Smooth channel. (b) Grooved channel.
The Dean line and Zakin line are from Dean (1978)
and Zakin et al. (1996), respectively.

In order to compare more directly the relation-
ships between temperatures, and the critical Reynolds
numbers for different concentrations of CTAC solu-
tions in the smooth and grooved channels respectively,
some relevant data are extracted from Figure 3 and
the results for 100 ppm and 150 ppm CTAC solu-
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tions to plot Figure 4. It can be obviously seen that,
at the same concentration, the critical Reynolds
numbers and critical temperatures of surfactant solu-
tions in the grooved channel are smaller than those in
the smooth channel and that the difference of the
critical Reynolds numbers between smooth and
grooved channel increases with temperature. Because
the shear stress at grooved tips is larger than that on
the smooth surface at the same Reynolds number
(Goldstein et al., 1995; Zhang et al., 2011), here we
call this phenomenon the “peak effect” of grooves.
The shear-induced structures (SIS) are destroyed more
easily by the larger shear stress, resulting in smaller
critical Reynolds numbers and critical temperatures
in the grooved channel. Moreover, the increase in the
difference of the critical Reynolds numbers is caused
by the increasing influence of temperature on the
thermal motions of molecule.

—&— 70ppm CTAC
—+— 70ppm CTAC-grooves
a ¥— 100ppm CTAC B
40000 7 100ppm CTAC-grooves >
94— 150ppm CTAC e
—<— 150ppm CTAC-groove e
35000 4 ppm grooves |

30000
8” 25000 4
B~

20000

15000

10000 T T T T T T T

Figure 4: Critical Reynolds number versus tempera-
ture at different CTAC concentrations.

Furthermore, the critical Reynolds numbers and
critical temperatures also increase with the rise of
surfactant concentration whether the channel is
smooth or grooved. The critical temperatures at dif-
ferent concentrations are listed in Table 1. It is
speculated that the SIS are easier to form and harder
to be destroyed with increasing concentration, re-
sulting in the rise of Re. and T.. This speculation is
further verified by the experimental results obtained
by Hadri et al. (2011) and Wei ef al. (2012). This
feature of lower critical temperature in the grooved
channel is beneficial for the application in the field
of heat transfer. The drag-reducing effect of
surfactant could decrease and the heat transfer
performance could rise if temperature slightly
exceeds T.. Moreover, lower T, temperature ensures
its feasibility in practice and a high potential value
in the field of heat transfer.

Table 1: The critical temperatures at different
CTAC concentrations.

C/ppm 70 100 150
Smooth channel 35°C 45°C >50°C
Grooved channel 30 °C 40 °C 45 °C

Figure 5 shows the drag-reducing performance of
0-150 ppm CTAC solutions in the smooth and
grooved channels at 20 °C. It can be seen that there
is no drag-reducing effect in the entire range of ex-
perimental Reynolds number for the grooves without
surfactant. However, Bechert et al. (1997) obtained
the drag-reduction effect when s* was smaller than
27 with almost the same shape and dimensionless
size of grooves (riblet) by using a precise measure-
ment. There is a discrepancy between his results and
ours. Detailed analysis shows that the discrepancy
may mainly be caused by different smoothness of the
grooved surfaces. In their study, the riblet surfaces
were relatively smooth by using the plastic riblet
film (Bechert et al., 1997). However, the grooved
surfaces used in the present study are manufactured
directly by a milling machine. The small size of the
grooves makes it impossible to completely remove
some small burr structures and some accidental ma-
chining errors may occur during the machining pro-
cess, resulting in a relatively poor smoothness of the
grooved surface (seen from Figure 2). So the friction
factor is larger than that obtained by Bechert et al.
(1997) under the same conditions, resulting in the
disappearance of the drag-reducing phenomenon at
low Reynolds numbers in the present study. Never-
theless, in practical industrial pipeline transportation,
the pipeline system constructed mainly from steel
pipes will undergo corrosion as time goes by and be
subject to deposition of fouling on its surface, and
finally leading to development of roughness. Thus
the less-smooth grooved surfaces used in this study
are more approximate to the conditions of industrial
grooved pipes after long-term use, and therefore the
present results can be a guidance for the practical
application of grooved pipe.

According to the studies on the flow in rough
pipes by Virk (1971), Bewersdorff et al. (1993),
Yang & Dou (2010) and Roézanski (2011), the drag-
reducing phenomenon could not be found in rough
pipes for water and similar drag-increasing results
also occured. So the present grooves seem to be
merely regarded as a "rough" wall. Moreover, their
studies (Virk, 1971; Bewersdorff ez al., 1993; Yang
and Dou, 2010; Roézanski, 2011) on the drag reduc-
tion of polymer or surfactant solutions in rough pipes
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showed that the drag reduction effects were lower in
rough pipes than in smooth pipes for both polymer
and surfactant solutions. However, the phenomenon
that the longitudinal grooves can enhance drag re-
duction is found in the present experiment based on
drag-reducing surfactant solution. This phenomenon
will be discussed later. Moreover, Koury and Virk
(1995) carried out an investigation on the drag reduc-
tion of polymer in a pipe lined with longitudinal
riblets and found that longitudinal riblets could en-
hance the drag reduction of polymer, the conclusion
of which is similar to ours. It becomes evident that
the longitudinal grooved surface used in this experi-
ment should not be merely regarded as a “rough”
wall, because it still remains the character of the
restricted turbulent vortex, although it cannot reduce
drag for water. It shows a character of “rough” wall
due to a larger size of groove and relatively poor
smoothness of the grooved surface. This result veri-
fies the conclusion that grooved surfaces could be
considered as transitionally rough under certain con-
ditions (Tani, 1988; Saravi and Cheng, 2013).
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Figure 5: Drag reduction performance of surfactant
in the smooth and grooved channels at 20 °C. The
Dean line and Zakin line are from Dean (1978) and
Zakin et al. (1996), respectively.

Grooves decrease the drag by restricting the
spanwise motions of turbulent vortices near the wall.
In order to achieve drag reduction, the scale of the
turbulent vortex should correspond to the drag-
reducing scale range of grooves (Bechert et al,
1986). For water, the turbulence is a complicated
system with a large number of multi-scale turbulent
eddies, the sizes of which still remain undetermined.
It can be seen from other literature that the scale of a
turbulent vortex near the wall is approximately 20-40
wall units while vortices of 3-4 wall units also exist
(Adrian et al., 2000). However, for the grooves used
in this experiment, its scale s* extends with increas-

ing Reynolds number. The range of the grooved
scale in this study is larger than 12. Because the
grooved scale is similar to the scale of turbulent vor-
tex near the wall, the grooves cannot restrict effec-
tively the motions of turbulent vortices, and thus the
smaller turbulent vortices could intrude into the val-
ley of grooves and scour the sidewall, representing
an increase in frictional area and drag. By comparing
the grooved scale with the turbulent vortex scale, it is
speculated that the former is smaller than the latter
when the drag reduction can be achieved, but the
accurate drag-reducing scale range of grooves still
needs to be determined by further experiments. Lee
et al. (2001) conducted a study on the turbulent
structures over the longitudinal semi-circular riblet
surface by the particle image velocity (PIV) tech-
nique. They found that the longitudinal riblets could
restrict the spanwise motions of streamwise turbulent
vortices near the wall when riblets reduced drag at a
lower Reynolds number, and discovered the phe-
nomenon that turbulent vortices intruded into the
valley of grooves and scour the sidewall when the
drag-increasing case occurred at a higher Reynolds
number. To some extent, their results could verify the
reliability of the experimental results and analysis in
the present study.

Comparing the curves for CTAC solutions in the
smooth channel with that in the grooved channel, we
find that the drag reduction effectiveness of surfac-
tant solutions in the smooth channel is better than
that in the grooved one for 50 ppm; however, it is
just the opposite for 70-150 ppm CTAC solutions.
This is an exciting discovery. In order to explain the
above phenomenon easily, four effects of grooves
should be defined in the present study as follows:

(1) The “positive restriction effect”— grooves can
decrease the drag by restricting the spanwise motions
of turbulent vortices near the wall, when the turbu-
lent vortex scale matches up with the scale of
grooves at a lower Reynolds number.

(2) The “negative restriction effect”— grooves
cannot restrict the spanwise motions of turbulent
vortices near the wall and the smaller turbulent
vortices could intrude into the valley of grooves and
scour the sidewall at a higher Reynolds number,
resulting in an increase in drag.

The existence of the above two effects have been
verified by Lee et al. (2001) as mentioned above.

(3) The “positive peak effect”— the grooved tip
could promote the formation of SIS by providing a
larger shear stress at a lower Reynolds number.

(4) The “negative peak effect”— the grooved tip
destroys the formation of SIS by a larger shear stress,
especially at a higher Reynolds number.
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The influence of shear stress on the SIS in a sur-
factant solution was reported in the literature by
Zhou et al. (2011) and Qi et al. (2011), and the
characteristic of a larger shear stress at grooved tips
was reported in the literature by Goldstein et al.
(1995) and Zhang et al. (2011). To some extent,
these previous investigations could provide the basis
for the possibility of these two “peak effects” men-
tioned above. However, it is noted that these two
“peak effects” are speculative in the present study,
and need further investigation to verify them. These
four effects above will be summarized to explain the
results obtained in the present experiment and the
interaction between grooves and surfactant solutions
in a simpler way.

For 50 ppm surfactant solution, the number of
surfactant molecule is too few due to the lower sur-
factant concentration, resulting in a weaker SIS and
“positive peak effect”. Moreover, the weaker SIS
cannot inhibit the formation of small turbulent vorti-
ces effectively. Therefore, the turbulent vortex scale
is smaller than the grooved scale, leading to the
“negative restriction effect” of grooves. Furthermore,
grooves exhibit a larger “negative peak effect” at a
higher Reynolds number. As a result, the overall
drag-reducing effectiveness is weakened.

In contrast, for 70 ppm or higher concentrations,
the “positive peak effect” is intensified with increas-
ing numbers of surfactant molecule at a lower Reyn-
olds number. Moreover, the SIS is more effective to
inhibit the formation of small turbulent vortex, re-
sulting in an increasing scale of turbulent vortex, so
the “positive restriction effect” is obtained. As a re-
sult, drag reduction effectiveness of surfactant solu-
tion in the grooved channel is enhanced by the inter-
action of the two effects before the critical Reynolds
number Re..

Figure 5 also shows that the drag-reducing en-
hancement effect is the best for 70 ppm, and then de-
creases in the order 100 ppm, 150 ppm and 50 ppm.
For the 50 ppm case, there is no enhancement effect.
This indicates that the drag-reducing enhancement
effect becomes weaker with increasing surfactant
concentration. In summary, the “restriction effect”
and the “peak effect” of grooves change with Reynolds
number and concentration of surfactant solution, and
the drag reduction effectiveness of surfactant solu-
tion in a grooved channel depends on the interaction
of the two effects. This implies that surfactant and
grooves reduce drag by separate mechanisms, and
they can enhance drag reduction by mutual promo-
tion, that is to say, there is a synergistic effect, which
expands the range of applications and their potential

applications. The possible synergistic mechanism is
that, in the surfactant solution, the scale of turbulent
vortex becomes larger due to the inhibition of SIS
compared with that in water, and grooves can restrict
the penetration of the larger vortices into the grooved
valley more effectively at the appropriate surfactant
concentration and Reynolds number, and thus fewer
turbulent vortices scour the grooved surface and the
momentum exchange decreases compared with the
smooth surface. Moreover, the larger shear stress at
the grooved tips can make the formation of the near-
wall SIS easier before the Re.. As a result, friction
drag can be reduced again by grooves on the basis of
the drag-reducing surfactant solution. For the
grooves used in this study, the optimal concentration
of surfactant is 70 ppm, the drag-reducing effect of
which is enhanced by grooves by 5% on the basis of
drag-reducing surfactant solution (the maximum
drag reduction rate is about 66% for 70 ppm solution
without grooves, and it is about 71% for the combi-
nation of surfactant and grooves at 20 °C). In order
to verify that the enhancement effect of 5% is not
caused by the uncertainty of measurements, an un-
certainty analysis is used as an explanation. For ex-
ample, the maximum enhancement effect is obtained
at Re=15200 for 70 ppm, and the measurement un-
certainty of DR can be calculated by using Eq. (6),
Eq. (7) and the relevant data (such as the measure-
ment uncertainty of flux and pressure drop, the pres-
sure drop, flux, etc. at this time). They are about
1.1% and 1% for smooth and grooved channel re-
spectively, thus the maximum measurement uncer-
tainty of DR between smooth and grooved channel is
about 2.1%, indicating that the enhancement effect is
valid.

It can also be found from Figure 5 that, at the
same concentration of surfactant solution, the fric-
tion factor rises much more rapidly in the grooved
channel than in the smooth channel when Re is larger
than Re.. It is understandable that the “negative peak
effect” of grooves is too strong to destroy the SIS
more quickly, especially at a higher Reynolds num-
ber, and thus the friction factor increases faster in the
grooved channel. The mutual inhibition between
drag-reducing effect and heat transfer effect of sur-
factant may benefit its application in the field of heat
transfer. The surfactant solution can enhance heat
transfer performance and reduce drag reduction per-
formance quickly in a groove channel by increasing
the Reynolds number slightly over Re. in the heat
transfer system. Furthermore, the drag reduction en-
hancement performance of grooves in surfactant so-
lution can be used in pipeline transportation. Though
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the four effects of grooves mentioned above cannot
be observed directly in this experiment, they can be
verified indirectly by other researchers’ discoveries
(Zhou et al., 2011; Qi et al., 2011; Goldstein et al.,
1995; Zhang et al., 2011). It is understandable that
these four effects of grooves are used to explain our
results. Unfortunately, in the present experiment,
because of the rough and poor light transmittance of
the grooved surface manufactured directly by a mill-
ing machine, it is not appropriate to measure by the
particle image velocimetry (PIV) technique and it is
difficult to accurately measure the turbulence struc-
tures of the cross section near the grooves due to the
small size of the groove. Thus, our speculations can-
not be verified directly by the present experimental
results due to the absence of corresponding visuali-
zation results. In order to verify directly the validity
of the conjecture, additional studies such as a direct
numerical simulation (DNS) method or other effec-
tive measurement techniques are necessary to visu-
alize the turbulent structures of drag-reducing surfac-
tant solution over the longitudinal grooved surface.
The next step of this study is to make a qualitative
research and try to verify the conjecture of this paper
by the DNS method in the future.

Chonghai Huang and Jinjia Wei

Drag Reduction Rate (DR)

Drag reduction versus Reynolds numbers for sur-
factant solutions in the smooth channel or grooved
channel at different temperatures and concentrations
are respectively presented in Figures 6-8. Drag re-
duction rates (DR) at different conditions are calcu-
lated by Eqgs. (2)-(4), separately. It can be seen from
Figures 6(a), 7(a) and 8(a) that, for a certain surfac-
tant concentration in the smooth channel, the maxi-
mum drag reduction rate (DRmax) grows with in-
creasing temperature until the temperature reaches
the point of T, and the comparison of the three con-
centrations proves that the range of maximum drag
reduction rate increases with surfactant concentra-
tion. For 70 ppm, DRpax=66-69%; for 100 ppm,
DRpax =68-71%; and for 150 ppm, DRuyax =70-74%.
Before the temperature rises to Tc, the thermal
Brownian motions of molecules intensify, and the
number of surfactant molecules rises with increasing
surfactant concentration. Both of them can make the
formation of SIS easier and stronger, and thus the
inhibition effect on turbulence is enhanced, resulting
in the slight increase in DR. This finding corre-
sponds to the result obtained by Wei et al. (2012).
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Figure 6: Drag reduction versus Reynolds numbers for 70 ppm CTAC. (a)
Smooth channel. (b) Grooved channel.
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Figure 8: Drag reduction versus Reynolds numbers for 150 ppm CTAC. (a) Smooth channel. (b)

Grooved channel.

However, there exists an interesting phenomenon.
It can be found from Figures 6(b), 7(b) and 8(b) that
the temperature and surfactant concentration have
little influence on the maximum drag reduction rate
of surfactant solution in the grooved channel before
T¢, and the DRpax is about 70% (it can reach about
73% only occasionally at a temperature higher than
T¢). This can be explained by the fact that, when the
temperature and concentration are lower, the surfac-
tant solution itself has a lower drag reduction rate,
the “positive peak effect” and the “positive restriction
effect” of grooves are thus more effective (refer to the
analysis on the four effects of grooves), resulting in a
higher drag reduction rate (DRmax =70%). However,
with the increase of temperature and concentration,
the surfactant solution itself has a higher drag reduc-
tion rate because the SIS is easier to form. Therefore,
the “positive peak effect” and the “positive restriction
effect” of grooves are inhibited, also resulting in the
total drag reduction rate of about 70%. With further
increase of temperature and concentration, these two

effects disappear. As a result, the maximum drag
reduction rate might only exhibit the maximum drag
reduction rate of the surfactant solution itself or even
be weakened slightly.

CONCLUSIONS

In the present study, the complementarity of drag
reducing mechanisms between surfactant and grooves
was confirmed by experimentally investigating the
drag-reducing performance of surfactant solutions in
smooth and grooved channels, respectively. The
conclusions can be summarized as follows:

1. The surfactant solution has an excellent drag
reduction in both smooth and grooved channels.
Except for 50 ppm solution, the drag-reducing effect
of surfactant solution is enhanced by grooves, but the
enhancement effect decreases with increasing surfac-
tant concentration, and furthermore, at a higher con-
centration, even the total drag reduction effect is
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weakened. This comes from the interaction between
the “restriction effect” and the “peak effect” of
grooves. It is noted that the “restriction effect” and
the “peak effect” may be the positive or negative
effect at different Reynolds numbers or surfactant
concentrations, and the “peak effect” of grooves has
no drag reduction enhancement effect in the Newto-
nian fluids compared with surfactant solution. For
the grooves used in this study, the optimal concentra-
tion of surfactant is 70 ppm, the drag-reducing effect
of which is enhanced by grooves by 5% on the basis
of drag-reducing surfactant solution at 20 °C.

2. The critical temperature and critical Reynolds
number of surfactant solution are smaller in the
grooved channel than in the smooth channel. Moreo-
ver, the friction factor in grooved channel rises much
more rapidly than that in the smooth channel when
Re is larger than Re.. These two features may con-
tribute to the application in the field of heat transfer,
especially in the pipeline system with fluid transpor-
tation and heat transfer. The combination of surfac-
tants and grooves can either enhance the drag-
reducing effect in fluid transportation or reinforce the
heat transfer effect in the heat exchanger, which ex-
pands the range of their potential applications.

3. The temperature and surfactant concentration
have little influence on the maximum drag reduction
rate of surfactant solution in the grooved channel
before T., which differs from the surfactant solution
in the smooth channel.
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NOMENCLATURE
Ce Fanning friction factor of water in a smooth
channel, (-)
D Equivalent diameter, (m)

DR Drag reduction rate, (-)
DRmax  Maximum drag reduction rate, (-)

h Depth of grooves, (m)
H Channel height, (m)
L Distance of two pressure taps, (m)

Re Reynolds number, (-)

Re:. Critical Reynolds number, (-)
Spacing of grooves, (m)
(u,$)/v, ()

T Temperature, (°C)

T. Critical temperature, (°C)
u, Frictional velocity, (m.s™)
Uy Bulk mean velocity, (m.s™)

W Channel width, (m)

Greek Letters

a Angle of grooved tip, (rad)

v Kinetic viscosity of solvent, (m?.s™)
P Density of solvent, (kg.m™)

T, Wall shear stress, (N.m™)

AP Pressure drop, (Pa)

Subscripts

g Groove

gs Groove and surfactant

s Surfactant
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