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Turbulent drag reduction by additives is a striking phe-
nomenon in which the presence of small quantities of addi-
tives in a carrier fluid can reduce turbulent friction greatly
compared with the pure fluid at the same flow rate. There
are several kinds of drag reducers including surfactants,
polymers, bubbles, and fibers, which are promising for saving
pumping energy in fluid transportation of pipelines. The key
issues related to the drag-reducing flow by additives are the
complicated microstructure, rheological properties, turbu-
lence structure, drag reduction and heat transfer character-
istics, and heat transfer enhancement. The purpose of this
special issue is to collect a series of papers to show the recent
advancement of these aspects. We received active submis-
sions from America, Australia, China, Japan, and Russia, and
finally 10 papers were accepted to publish in the special issue
after peer reviews.

The first two papers of this special issue review the ad-
vancement of turbulent drag reduction by additives from two
different respects. The first paper gives a full review on the
main advancements of drag reduction of fibers, polymers,
and surfactants during these 60 years, including background,
application, development, theory, and research methods of
the three different drag reducers and discusses future direc-
tions of development. The second paper summarizes the
turbulence drag reduction methods by joint use of compliant
coatings with other drag reduction means and shows fine
outlooks of turbulence management by joint use of compli-
ant coatings, riblets, polymer additives, and microbubbles.

Drag reduction and heat transfer characteristics of drag-
reducing flow are investigated experimentally by four papers
in this issue. The third paper investigates the drag reduction
performance of bacterial cellulose suspensions and observes
a maximum drag reduction ratio of 11%. Suspensions of nata

de coco, which is a layered form of bacterial cellulose, show
a higher drag reduction at lower concentrations. The fourth
paper studies the combined effects of temperature and Reyn-
olds number on heat transfer characteristics of a cationic
surfactant solution with different concentrations. The results
show that the heat transfer performance of cationic surfac-
tant solution is largely deteriorated and is greatly affected
by concentration, temperature, and Reynolds number. It is
supposed that temperature and shear stress are two kinds of
energy applied on the surfactant microstructure, which can
be helpful to the surfactant network formation or dissoci-
ation depending on their values. The fifth paper describes
the flow drag and heat transfer reduction characteristics of
organic (potassium acetate) and inorganic (calcium chlo-
ride) brine solutions. The nonionic surfactant oleyl dihy-
droxyethyl amine oxide (ODEAO) is used as a drag-reducing
additive. It is found that the formation of rod-like micelles
in a non-ionic surfactant is related to the ionic strength of
the brine solution. The sixth paper uses two methods, high-
efficiency vortex (HEV) static mixer, and Helix static mixer,
to enhance heat transfer performance of drag-reducing flow
of Ethoquad O/12 with sodium salicylate. It is found that the
Nusselt numbers by using the HEV are three to five times
those of normal drag-reducing flow without mixer with only
modest energy penalty.

The microstructure and rheology, and turbulence char-
acteristics of drag-reducing fluid flow are investigated by
three papers to reveal drag reduction mechanisms. The sev-
enth paper aims at gaining insights of interrelationships
among turbulent drag reduction rate, rheological properties
and micelle microstructures of drag-reducing surfactant
solution by measuring the aggregation number, turbulent
drag reduction and shear-rate-dependent shear viscosity of
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sodium dodecyl sulfate (SDS), and CTAC aided with sodium
salicylate. The eighth paper investigates zonal structures in
surfactant drag reducing flow. It is found that there appears
an area where the root mean square of streamwise velocity
fluctuation and the vorticity fluctuation sharply decrease
toward the center of the channel, indicating that two layers
with different turbulent structure coexist on the boundary
of this area. The layer in the near-wall region has a striped
structure, and the layer in the center of the channel has a
grained structure. The ninth paper mainly analyzes the Reyn-
olds shear stress in drag-reducing flow. The results show that
when drag reduction reaches the maximum value, Reynolds
shear stress disappears and reaches zero although the RMS of
the velocity fluctuations is not zero.

The final paper of this special issue evaluates surfactant
drag-reduction effect in a district heating system based on the
experimental data from laboratory. The results show that the
reduction of the pressure drop in the system reaches 23.28%
by the addition of surfactants, indicating a very good energy
saving effect and application prospective.

Jinjia Wei
Yasuo Kawaguchi

Bo Yu
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Since its discovery more than 60 years ago, the drag reduction phenomenon has achieved many notable energy saving effects.
These achievements have encouraged researchers to study drag reduction further and further so that it can be utilized better.
But due to the complex characteristics of turbulent flow, recent theories cannot explain all the phenomena of drag reduction. To
give an overview of drag reduction and corresponding heat transfer for further understanding, this paper summarizes the main
advancements of drag reduction during these 60 years, including background, application, development, theory, and research
methods of different drag reducers. Future directions of development are also discussed.

1. Introduction

1.1. Background of Drag Reduction. Forrest and Grierson
[1] were the first to report a reduction in energy loss in
the turbulent pipe flow of wood pulp fiber suspensions in
water. This first report of drag reduction was unnoticed.
Later, Mysels [2] found that the skin friction for gasoline
in pipe flow was significantly reduced by the addition of
an aluminum disoap (an anionic surfactant). This was the
first drag reduction result which was recognized. While do-
ing polymer degradation research, Toms observed that the
addition of a long chain polymer (polymethyl methacrylate)
in monochlorobenzene dramatically reduced the turbulent
skin friction drag by up to 80% [3]. At the First International
Rheological Congress, Toms [3] reported these results, the
first that identified polymers as effective drag reducers. He
observed that at constant pressure gradient, the flow rate
could be increased by the addition of the polymer. Therefore,
it is usually referred to as the “Toms Effect.” Later, Savins [4]
first used the term “Drag Reduction.” His drag ratio (DR)
is the ratio of the pressure gradient of the drag reducing
solution to that of the solvent at the same flow rate in the
same pipe:

DR = Δp

Δps
, (1)

where Δp and Δps are the pressure gradients for the drag
reducing solution and the solvent, respectively. Any fluid
whose drag ratio is less than one is a drag reducing fluid.
Thus, drag reduction can be defined by

DR% = (1−DR)× 100%. (2)

The first commercial application for high polymer drag
reduction was its use in the 48-inch diameter 800 mile long
Alaska pipeline carrying crude oil from the North slope in
Alaska to Valdez in the south of Alaska [5, 6]. Due to the
very slow recovery (days) after high shear through a pump,
aluminum disoaps were not practical as a drag reducer
[7]. Later, drag reduction in aqueous systems using sur-
factant additives were found to be effective and because of
rapid recovery after shear were of interest for recirculation
systems. Savins found anionic surfactants were good at
drag reducing and stable mechanically [8], but they had
precipitation and foam problems [9]. Zakin and Lui [10]
found that the effective drag reducing temperature range
of nonionic surfactants was very narrow which restricted
their application. Chou noted that cationic surfactants had
much broader effective drag reducing temperature ranges,
recovered rapidly after shear in a pump, and had fewer foam
problems, and thus they were more useful [11].
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A large number of publications has appeared since the
first research paper in 1931. Nadolink and Haigh collected
and summarized more than 2,500 references relating the
concept of “Skin Friction Reduction” [12]. Ge [13] analyzed
3,800 publications concerning “Drag Reduction” from 1950
to 2007 and found drag reduction research gained much
attention from the early 1960s, when polymer drag reduc-
tion researches were focused. Drag reduction publications
continued to rise and reached a peak around 1977, after the
first oil crisis in 1973-1974. By the 1980s, high polymers
in both aqueous and hydrocarbon systems [14] were the
main research interests. From the 1980s, district heating
and cooling (DHC) systems and other potential applications
were being developed for energy saving. Correspondingly,
research on surfactant drag reduction began to increase.
Around 2000, the number of publications each year recov-
ered to the 1977 peak and continued to increase. From
2000 to 2007, publication numbers had the largest increase
probably due to rising energy costs. Ge also pointed out
that research journal articles made up the majority of the
publications, 69%. Patents (12%) have been the second
largest contributor, since drag reduction has important prac-
tical applications. About 10% of the publications have been
reviews, reports, theses, and books.

Since drag reduction has a close relation to energy con-
servation. It will receive more and more attention as more
and more potential applications become practical.

1.2. Applications of Drag Reduction. The application of drag
reducing additives (DRAs) is greatly decreasing system en-
ergy requirements, reducing pipe diameter, or increasing
flow rate, etc. The first famous application of DRAs was in
transport of crude oil in the trans-Alaska (TAPS or Alyeska)
Pipeline in 1979. The pipeline is 800 miles long with 48-inch
diameter. After injecting a concentrated solution of a high
molecular weight polymer downstream of pumping stations
at homogeneous concentrations as low as 1 ppm [6], crude
throughput was increased by up to 30%. Polymer DRAs were
also successfully applied in other crude oil pipelines such as
Iraq-Turkey, Bass Strait in Australia, Mumbai Offshore [15]
and North Sea Offshore [16], and in finished hydrocarbon
product lines [17]. In each case, the polymer composition
had to be designed for the particular hydrocarbon to be
transported.

Polymer DRAs have also been proposed for the following
applications: oil field operations [18, 19], slurry or hydraulic
capsule pipeline transportation [20, 21], suppression of
atherosclerosis [22, 23], prevention of lethality from hemor-
rhagic shock [24], increased water flow and water jet focusing
in firefighting equipment [25, 26], prevention of overflows
of water in sewage systems after heavy rains [27], increase of
volumetric flow rate of water in hydropower and irrigation
systems [28], and as antimisting agents in jet fuel [29].

Drag reducing surfactants (DRAs) can be used in district
heating or cooling systems (DHC). These systems provide or
remove heat in buildings or a district by a recirculation of
water heated or chilled at a central station. The water recir-
culation energy requirements make up about 15% of the total

energy for a DHC. In order to decrease this large proportion
of the energy requirements, it is desirable to reduce friction
in the water recirculation system. Thus, drag reduction by
surfactants is an alternative choice to meet this purpose. Sur-
factant DRAs can reduce pumping energy requirements by
50–70%. The effectiveness depends on the kinds of additives
used and the layout of the primary system. The savings by
DRAs are greater if the pipeline has fewer branches or the
pipelines are longer or the number of fittings (e.g., valves,
elbows, etc.) is relatively small [30].

Surfactant DRAs field tests have been carried out success-
fully in large-scale district heating systems and reduced pipe
flow energy significantly. The representative applications are
Herning, Denmark [31], Volklingen, Germany [32], and
Prague, Czech Republic [33]. Surfactants have been tested
in district cooling systems at the University of California at
Santa Barbara [34] and in Japan. Takeuchi et al. [35] applied
surfactant drag reduction to the central heating/cooling sys-
tem of the building of the Sapporo City Hall. Saeki reported
using cationic surfactant DRAs in practical air conditioning
systems for energy saving using ice slurries [36]. Surfactant
DRAs were also used to prevent the agglomeration of ice
slurries which was also investigated [37]. The combination
of the ice-dispersion ability and drag reduction effectiveness
improved the performance of ice slurry systems in advanced
cold heat storage, transportation, and heat exchange systems
[38]. Recently, Saeki reported that cationic surfactants in
aqueous systems have bed used in over 130 buildings
throughout Japan and reduced pumping energy by 20% ∼
60% [39].

Besides DHC applications, a novel application of sur-
factant DRAs is preventing flow-induced localized corrosion
(FILC) [40, 41]. Surfactants can not only reduce wall shear
stresses at a constant Reynolds number, but also suppress
turbulent eddies near the wall, whose repeated impacts
cause intermittent stresses on the wall, leading to mechanical
damage to the surface material. Another promising novel
application of drag reducing surfactant systems is in hydrau-
lic fracturing fluids.

As mentioned above, there are three main kinds of drag
reducers: fibers, polymers, and surfactants. Drag reduction
by each of these types of drag reducers is reviewed in Sections
2 to 4.

2. Drag Reduction in Fiber Suspensions

Solutions with fibers of aspect ratio (l/d) of 25 ∼ 35 showed
drag reduction with high concentration of fibers [42, 43].
With increasing aspect ratio and decreasing fiber diameter,
the effectiveness of fibers increases [42–44]. Systems of fibers
mixed with polymers achieved up to 95% drag reduction
[45, 46]. This drag reduction level is higher than that for
polymers or for fibers alone. The polymer in this kind of
system was also more resistant to degradation.

Fibers are chemically and mechanically stable in an aque-
ous environment. Since they are insensitive to water chem-
istry, piping materials, and temperature, they can be effective
over a wide temperature range [42, 47]. Lee and Duffy [44]
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suggested that fiber drag reduction might be caused by sup-
pression of turbulent eddies in the turbulent core region.

However, use of fibers is limited by the drawback that
they can cause plugging problems in pipelines due to the
high concentration (as high as a few percent [42]) required
for drag reduction.

3. Drag Reduction in Polymer Solutions

Polymer solution drag reduction has been studied exten-
sively in both aqueous and hydrocarbon media by many
researchers [48–51]. Some important characteristics of poly-
mer drag reduction are summarized below.

3.1. Drag Reduction Types. Early work proposed two types of
drag reduction in dilute polymer solutions [52]. Very dilute
solutions display onset drag reduction that is in the fully
developed turbulence region, drag reduction only occurs
above an onset Reynolds number, where the friction factor
decreases below that for ordinary Newtonian turbulent flow.
At Reynolds numbers less than the onset value, no drag
reduction occurs. Thus, there is an onset shear stress and an
onset shear rate.

For more concentrated polymer solutions, drag reduc-
tion occurs by extension of the laminar region. In this
case, onset conditions are reached at low Reynolds numbers,
that is, the laminar-turbulent transition is not observed and
laminar-like behavior is extended to an extended laminar
region, in which the friction factor is lower than that of
ordinary Newtonian turbulent flow at the same Reynolds
number. Drag reduction here and also in onset drag reduc-
tion increases with flow rate until a critical wall shear stress is
reached [49, 53], at which the rate of polymer degradation
in the wall region exceeds the rate at which polymer is
replenished in this region and drag reduction diminishes.

The main difference between these two kinds of drag
reduction is the region where drag reduction occurs. The
former begins in the fully developed turbulent region. The
latter is observed in the extended laminar region. They were
later labeled Type A and Type B drag reduction by Virk and
Wagger [54].

The onset phenomenon in drag reduction is discussed
below. Some important effects, which affect drag reduction,
will also be discussed.

3.2. The Onset Phenomenon. For randomly coiled polymer
solutions, drag reduction does not occur until a certain wall
shear stress [50, 55] or shear rate [56, 57] is exceeded. This
is the onset phenomenon. Its mechanisms are presumably
stretching of the polymer molecules in the extensional flow
regions or the entanglement of many molecules reaching
the size of turbulent eddies [56, 58]. White [59], Virk [50]
and Hershey [60] found the onset shear stress was not de-
pendent on pipe diameter. The onset Reynolds number is
proportional to the 8/7th power of the pipe diameter. So the
same polymer solution has different onset Reynolds numbers
in different pipe diameters, reflecting the onset shear stress
or shear rate. Therefore, it is more appropriate to define the

onset phenomenon using the onset shear stress or shear
rate rather than the onset Reynolds numbers which are a
function of polymer parameters. It decreases with increase
of molecular weight and radius of gyration of the polymer
molecules [50].

In predicting the onset phenomenon, researchers pro-
posed three different hypotheses, namely, length scale, time
scale, and strain energy storage models. The length scale
model was proposed by Virk and Merrill [61] who proposed
that onset occurs when the ratio of the polymer length scale
(radius of gyration) to the turbulent length scale reaches
a certain value. In the time scale model, the onset occurs
when the time ratio (or Deborah number) is around unity.
The time ratio is defined as the ratio of polymer relaxation
time and the turbulent time scale. Most researchers preferred
the time scale model because polymer size is several orders
of magnitude smaller than the turbulent eddy size at onset,
while the polymer relaxation time is about the same order as
the turbulent time scale [51, 56, 57, 61]. In the strain energy
storage model based on Gaussian bead-spring theory, Kohn
[62] proposed that the polymer molecules stored energy
when they are strained by high shear stress near the wall, and
released it by relaxation when transported to the low shear
region at the core. The onset of drag reduction occurs when
strain energy convection is comparable to energy diffusion.
This model as well as the time scale model predicts a de-
crease in onset Deborah number as polymer concentration
increases which was confirmed by experiment [63]. The
length scale model does not.

3.3. Maximum Drag Reduction Asymptote. Early researchers
reported the existence of a maximum drag reduction asymp-
tote for dilute polymer solutions. Usually, the maximum
drag reduction can be achieved when concentration is tens
or hundreds of ppm [53]. Castro and Squire [64] studied
two different molecular weights of polyethylene oxide and
reported the following equation in power-law form as a max-
imum drag reduction asymptote:

Cf = 1.4Re−2/3, (3)

where Cf is the Fanning friction factor, Re(=ρUmD/μ) the
Reynolds number, ρ the solvent density, μ the dynamic
viscosity of the solvent, Um the mean velocity, and D the
inner diameter of the pipe. Giles and Pettit [65] proposed
another asymptote, also from correlating drag reduction data
for polyethylene oxide aqueous solutions:

C−1
f = 34.8 log10

(
ReC1/2

f

)
− 53.9. (4)

Virk et al. [66, 67] obtained an equation for the maximum
drag reduction asymptote (MDRA) by correlating the flow
data for different polymer solutions from a number of sour-
ces. This MDRA has been most commonly cited by drag
reduction researchers and is called Virk’s maximum drag re-
ducing asymptote. Different polymer-solvent systems require
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different polymer concentrations to reach the asymptote.
The equation is:

C−1/2
f = 19log10

(
ReC1/2

f

)
− 32.4, (5a)

or

Cf ≈ 0.58Re−0.58(4000 ≤ Re ≤ 40000). (5b)

Moreover, Virk et al. [66] derived an ultimate mean velocity
profile from (5a). They proposed a model for drag reducing
fluids in the turbulent region, analogous to those of Newto-
nian fluids. It can be summarized in the dimensionless form:

(a) viscous sublayer (0 < y+ < 11.6)

u+ = y+, (6)

(b) core region (y+
e < y+)

u+ = 2.5 ln y+ + 5.5 + ΔB, (7)

where u+ is the dimensionless velocity, y+ the dimensionless
distance from the wall, y+

e the joint point of the elastic sub-
layer and the core region, andΔB the velocity increment from
Newtonian flow. u+ is defined as

u+ = u

uτ
, (8)

where u is the time averaged mean flow velocity in the axial

direction at a distance y from the wall, uτ =
√
τw/ρ is the

friction velocity (or shear velocity) where τw is the shear
stress at the wall.

y+ is defined as

y+ = uτ
ν
y, (9)

where ν is the kinematic viscosity of the fluid.
One can easily compare the velocity profile of a drag re-

ducing fluid to the model and to a Newtonian fluid at any
Reynolds number. Virk et al. also proposed a velocity profile
asymptote of the ultimate elastic sublayer asymptote (11.6 <
y+ < y+

e ) for polymer solutions at the MDRA condition [66]:

u+ = 11.7 ln y+ − 17. (10)

For most polymer solutions, drag reduction curves (both
friction factors and mean velocities) are located in a domain
bounded by the Newtonian line and by Virk’s line. It is in-
teresting to note that some systems other than polymer
solutions have reported drag reduction which exceeds this
asymptote [45, 68, 69]. The reason for that is the polymer
equation was empirically derived from polymer drag reduc-
tion data [66]. Zakin et al. [70] proposed an alternate drag
reduction asymptote for surfactant systems:

Cf = 0.32Re−0.55. (11)

The limiting equation for the elastic sublayer (they found the
elastic sublayer expanded to y+ = 15 for surfactant solutions)
corresponding to (11) is

u+ = 53.9 log10y
+ − 65. (12)

3.4. Concentration Effect. Generally speaking, drag reduction
at a fixed velocity increases as polymer concentration in-
creases until a certain concentration is reached. This concen-
tration is usually called the saturation concentration. Above
this concentration, drag reduction falls off [71, 72]. The ini-
tial increase in drag reduction with concentration increase is
probably due to the increasing number of polymer molecules
which cause the damping of more turbulent eddies. The
decrease in drag reduction after the saturation concentration
is caused by increase in solution viscosity.

Concentration is quantitatively related to drag reduction
effectiveness of randomly coiled polymer solutions. It has a
relation to the slope increment, which has been defined as
the slope difference between a drag reducing solution and
the solvent in a von Karman plot. Virk [73] suggested the
slope increment is proportional to the 1/2 power of polymer
concentration. Berman and Yuen [74] observed a 2/3 power
relation when the polymer concentration is very low (less
than 1 ppm).

Many studies on the inhomogeneous drag reduction have
been performed. Hou et al. obtained inhomogeneous drag
reduction by polymer injection from the slot [75]. White et
al. [76] observed that the concentration of polymer is not
uniform in the streaks and the spatial distribution of the
polymer is related to the turbulent structure.

3.5. Molecular Weight Effect. When molecular weight is
less than 105, polymers are generally ineffective for drag
reduction [53]. For a given concentration and Reynolds
number, drag reduction increases with increasing average
molecular weight. Virk [50] concluded that for the same pol-
ymer species an increase in molecular weight resulted in a
decrease in onset shear stress and in the amount of polymer
required to obtain the same level of drag reduction. Paterson
and Abernathy [77] pointed out that the highest molecular
weight species in the distribution mainly determined drag
reducing effectiveness. Berman [78] and Jacobs et al. [79]
further studied the molecular weight effect, using modern
gel permeation chromatography technique, which allows
separation of the high molecular weight portions of the
polymer. Their results confirmed the conclusion reached
by Paterson and Abernathy [77]. Hunston and Reischman
[80] found that the highest molecular weight fraction of
polymer primarily determined the onset shear stress. They
confirmed this conclusion quantitatively by observing that,
when 2.5 ppm of a high molecular weight polystyrene (7.1
million) and 25 ppm of a low molecular weight polystyrene
(1.8 million) were mixed, the drag reduction was almost
identical to that using the high molecular weight sample
alone. However, when the amount of low molecular weight
polymer was increased to 100 ppm, low molecular weight
polymer made a significant contribution to the drag reducing
effectiveness of the mixture. McCormick et al. [81] also
suggested that good drag reduction can be achieved by low
molecular weight polymers if their concentrations are high
enough. However, they also pointed out that there might be
a low molecular weight limit for effective drag reduction.
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Liaw et al. [82] defined a critical concentration, which
separates dilute drag reducing polymer solutions (Type A)
and concentrated drag reducing polymer solutions (Type B).
When polymer concentration exceeded this critical concen-
tration, a laminar-to-turbulent transition was not observed
in their experiments. They also proposed that the ratio of
polymer molecular weight to critical molecular weight for
entanglements to occur [82, 83] is a useful measure of mo-
lecular weight for predicting drag reducing efficiency. Ac-
cording to Liaw et al. [82], good drag reduction was always
obtained if the ratio was greater than 50.

3.6. Molecular Conformation and Solvent Effect. Sellin et al.
[84] and Hoyt [53] found that linear polymers without
branches are more effective drag reducers than other poly-
mers. Polyoxyethylene and polydimethylsiloxane, the two
most flexible polymers, are the most effective polymer drag
reducers. The effectiveness of polymer solutions depends on
the stretching of individual molecules by the stresses in the
flow.

The molecular conformation can lead to different types
of drag reduction. For dilute less flexible randomly coiled
polymers, a transition from laminar to turbulent flow is usu-
ally observed and onset occurs in the turbulent region. On
the other hand, flexible polymers usually do not show a clear
transition. Drag reduction occurs in the extended laminar
region. This is probably because the onset shear rate or shear
stress has already been reached in the laminar or transition
zone [52, 58].

Many workers studied the effect of molecular confor-
mation on drag reduction by changing the interactions be-
tween polymer molecules and solvent. Hershey and Zakin
[52] found the drag reducing ability of polyisobutylene
was better in a good solvent-cyclohexane than in a poor
solvent-benzene. They indicated that drag reduction in good
solvents, which allow polymer molecules to expand more
freely in the solution, is greater than in poor solvents,
where the molecule’s volume is smaller. Later, Hunston and
Zakin [63] reported that the onset phenomenon occurred
earlier when polymer molecules were dissolved in a better
solvent. Poor solvents also affect the mechanical degradation
of polymers. They found that in a poor solvent, mechanical
degradation is more rapid than in a good solvent [85].

Virk [54, 86] and Rochefort and Middleman [87] dem-
onstrated that molecular conformation can also be altered by
changing the salinity of an aqueous polyelectrolyte solution.
They found that polyacrylamide in low salt aqueous medium
produced more drag reduction than in high salt solutions in
which molecules coiled. The polymer molecules expanded in
the former solution due to charge repulsions and coiled in
the latter solutions in which charges were neutralized. The
molecular conformation of polyacrylic acid can be varied
by changing the pH value of the solution. At low pH the
polymer molecules collapse due to protonation, while at
high pH the molecules expand due to charge re-pulsions.
The pH value reflects the concentration of the hydrogen
ion. Parker and Hedley [88] and Banijamali et al. [89]
reported greater drag reduction in high pH than in low

pH solutions, while Hand and Williams [90] found maxi-
mum drag reduction at low PH in PAA-water solutions.

3.7. Diameter Effect. For Newtonian fluids in the turbulent
region, the von Karman equation describes flow behavior
well. Each Reynolds number corresponds to a specific fric-
tion factor. However, for viscoelastic fluids at a given
Reynolds number, the same polymer solution in different di-
ameter pipes gave different values of the friction factor. In
general, the drag reduction observed in large pipes is smaller
than that obtained in small pipe systems [4, 58] because of
lower wall shear stresses and shear rates.

Viscoelastic theories predict a 1.1-power dependency of
critical solvent Reynolds number on diameter in apparently
Newtonian solutions [91]. Hershey and Zakin [52] noted in
their experiments that the critical solvent Reynolds number
varies with about the first power of diameter, in good agree-
ment with the predictions. Thus, for a solution which has
a critical solvent Reynolds number for drag reduction of
100,000 in a 2-centimeter diameter tube, the critical solvent
Reynolds number for an 8-centimeter tube would be about
400,000. Thus the larger the diameter, the higher the critical
Reynolds number needed to initiate drag reduction.

3.8. Stability of Drag Reduction in Polymer Solutions. Poly-
mers as drag reducers have a serious drawback in that they
degrade permanently when subjected to high shear or ex-
tensional stress. High molecular weight polymers are par-
ticularly sensitive to degradation [49], and the rate of me-
chanical degradation increases with increasing molecular
weight [49, 85]. This disadvantage prevents the application of
polymers in recirculation systems where high shear stresses
in pumps irreversibly degrade the high molecular weight
molecules.

4. Drag Reduction in Surfactant Solutions

In addition to fibers and polymers, surfactants are also ef-
fective drag reducers. Their advantage over high polymers is
that their nanostructures can self-assemble after breakup by
high shear.

4.1. Characteristics of Surfactant Solutions. Surfactants are
characterized by amphiphilic structures that consist of a hy-
drophobic group (nonpolar end) and a hydrophilic group
(polar end). In aqueous systems, when the concentration
exceeds a certain value, surfactant molecules gather into as-
semblies with their polar ends headed towards water and the
nonpolar ends headed to the center based on the rule “like
dissolves like”. The assemblies are called micelles. The critical
concentration is called the critical micelle concentration
(CMC). Surfactants form micelles in order to minimize the
hydrocarbon-water interface.

When surfactant concentration is the same as or slightly
above the CMC, the shape of micelles is spherical or ellip-
soidal. As the concentration increases, micelles are forced to
move closer to each other. This increases the system energy
due to electronic repulsions. To keep the system stable at
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a lower energy level, micelles tend to form nonspherical
shapes when the concentration reaches a second critical value
(CMCII). While they may form vesicles or disklike shapes
in some cases, they may also form long cylindrical shapes,
usually called rodlike or wormlike micelles. In the presence
of electrolytes, cosurfactants or organic counterions, the
charges on cationic surfactant head groups can be partly
neutralized or diluted and the micelles can be packed
more closely into a rodlike or wormlike shape. Examples
of these three materials are sodium halides, alcohols with
intermediate chain length, and salicylate, respectively [92–
96]. The rodlike shape of micelles is generally considered a
necessity for drag reduction [97, 98].

The forces, which hold the surfactant molecules together
in micelles, are much weaker than the primary chemical
bonds of polymer molecules. But these forces persist even
if the micelles encounter strong shear and break up. They
reform or self-assemble when the strong shear disappears,
while polymer molecules cannot reform after mechanical
degradation. Thus surfactants can be used in recirculation
systems containing high shear pumps as they self-repair. The
characteristics of surfactant solutions are affected by several
factors which are reviewed below.

4.1.1. Effects on the CMC and CMCII. The main factors
which affect the CMC in aqueous medium are the nature
of the surfactant and the presence of added salts, that is,
hydrophobic characteristics, hydrophilic group species, and
counterion effect. They will be discussed in detail below.

First, the CMC usually decreases with increase in the
hydrophobic character of the surfactant. In aqueous solution,
the CMC decreases as the length of the surfactant hydro-
carbon chains increases up to 16 carbon atoms. The CMC
decreases slowly above 16 carbon atoms and may stop at 18
carbon atoms. The CMC for surfactants with double bonds
in the hydrocarbon chain is higher than the corresponding
saturated chain [99]. For ionic surfactants with alkyl chains
and a common hydrophilic group, the CMC decreases by half
for each addition of a methylene group to the hydrophobic
chain [99, 100]. A relation between the CMC for straight
chain ionic surfactants and the number of carbon atoms (N)
in the hydrophobic chain was established by Klevens [101]:

log CMC = A− BN , (13)

where A and B are two positive constants for a particular
ionic head group and given temperature. They are tabulated
by Rosen [99] based on many results. The value of B (≈0.3)
is close to log 2 at 35◦C. This is consistent with Rosen’s con-
clusion that the CMC is halved for each increase in N .

Second, the CMC is also affected by the hydrophilic
group species. Stigter [102] examined the CMCs of five sur-
factants each having a different type of head group, and
proposed that the CMC was higher when the ionic charge on
the head group was closer to the α-carbon of the alkyl chain.
Head groups with the same charge will generate electrical
repulsion, which may be the reason that the CMCs of ionic
surfactants are higher than those of nonionic surfactants
[99].

Third, the CMC is affected by the counterions, including
inorganic salts, aliphatic salts, and aromatic salts. It decreases
due to their dispersion of the charge of the ionic head
groups thus diminishing their repulsion in the micelle [99].
Underwood and Anacker [103] found CMC had good corre-
lation with the hydration enthalpy and hydration size of the
inorganic counterions. They suggested that the most effective
anions in promoting micellization are those which interact
the least with water. For cationic surfactants, it has been
shown that increase in hydrophobicity of the aliphatic coun-
terion resulted in a decrease in CMC [104, 105]. Aromatic
acid counterions (such as benzoates, benzenesulfonates,
p-methyl-benzoates and p-methyl-benzenesulfonates) can
reduce CMC to an order lower than inorganic and aliphatic
counterions [104–106].

The CMCII increases very rapidly with temperature [98,
107]. It is reduced at high salt concentrations [108–110]. For
example, the CMCII for cetyltrimethylammonium bromide
(CTAB) in aqueous medium is approximately 0.3 M (10% by
weight) [111, 112]. However, it is reduced to 0.004 M if 0.2 M
sodium bromide is added. Rodlike micelles several hundred
nanometers long in the 0.004 M CTAB/0.2 M NaBr solution
were detected by dynamic light scattering measurements
[113].

4.1.2. Effects on Micelle Shape. The major types of micelles
are spherical, rodlike, lamellar, and vesicles [99]. The radii
of the spherical micelles are approximately equal to the fully
extended lengths of the hydrophobic chains [114]. Micellar
shape is spherical at the CMC, and the spherical shape is
retained even at low concentrations of inorganic salts [113,
115–121]. High salt concentrations can result in micellar-
shape transformation from sphere to rod [108–110]. A num-
ber of investigators used different experimental techniques to
show that the micelles in solutions of high ionic strength are
rodlike in shape. Debye and Anacker [108], using static light
scattering measurements, found the data for the CTAB/KBr
system were well fitted to a rodlike shape rather than a
spherical or a disklike shape. Young et al. [122] concluded
that the micelles in high concentration salt solutions were
rodlike by results from both static and dynamic light scat-
tering techniques. The rodlike shape of micelles was also
supported by results from nuclear magnetic resonance [123]
and magnetic birefringence [124]. Israelachvili et al. [125]
developed a theory of micellar structure. They considered
geometry and energy and proposed that the micelle shape
was determined by the dimensionless parameter, called the
packing parameter, V/(A0L0), where V and L0 are the volume
and length of the surfactant hydrophobic chain, and A0 is the
optimal surface area occupied by each surfactant head group.
According to Israelachvili et al., micelles were spherical for
0 < V/(A0L0) < 1/3, rodlike for 1/3 < V/(A0L0) < 1/2,
disklike for 1/2 < V/(A0L0) < 1, and V/(A0L0) > 1 gave
reversed micelles in nonpolar media. A shape transformation
from sphere to rod can be induced by the addition of salt
because the salt can reduce A0 by partially screening the
electrostatic head group repulsion.
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4.1.3. Effects on Micelle Size. Micelle size is affected by many
factors, such as the chain structure of the surfactant, the
head group of the surfactant, counterions, and temperature,
etc. It can be characterized by aggregation number, which
is the number of surfactant monomers aggregating to form
a micelle. The classical method for determining the aggre-
gation number is elastic light scattering [126]. It has been
observed that the aggregation number increases rapidly with
increase of hydrocarbon chain length and decreases with
increasing head group size [127].

The length of the rodlike micelles increases with decreas-
ing temperature and with increasing concentration of sur-
factant and salt [109, 113, 128]. Missel et al. [109, 110]
observed rapid increases of the aggregation number and the
hydrodynamic radius of micelles with increasing surfactant
concentration. With an increase in surfactant monomer
chain length, micelle length becomes more sensitive to the
variations of temperature and salt concentration [110, 113].

For surfactants with a common hydrophobic chain,
micelle size decreases with increasing head group size [129].
Geer et al. studied the effect by a light scattering technique.
In their study, they sequentially replaced the protons on the
decylammonium head group with methyl or ethyl groups.
They proposed that the larger head groups tended to make
it more difficult for the counterions to approach the charge
center and disfavored micelle growth leading to micelle
size decrease. Other researchers attributed this effect to the
increased difficulty in packing the head groups on the micelle
surface [130]. Rehage and Hoffman [131] explained the
effects of head groups on micelle shape using geometry. If the
area of the hydrophilic head group is larger than that of the
hydrocarbon chain, the system will tend to form aggregates
with convex curvatures. If both areas are the same, planar
structures will be formed. If the head group has an area less
than that of the hydrocarbon chain, inverse micelles will be
formed.

Salts play an important role in micellar growth. Certain
types of salts can strongly affect micelle size. In general,
the effect of salt on the aggregation number of rodlike mi-
celles increases with increasing lyotropic number of the
anion. Thus, those anions which can more effectively reduce
surfactant CMC are usually more efficient in inducing mi-
celle growth. This is because the formation of both the
spherical and the long rodlike micelles is strongly controlled
by the charges on the surfactant head groups. Salts with
greater ability to neutralize these charges are useful for both
micelle formation and size [99].

Aromatic acid anions are known to greatly promote
micellar growth. The influence of salicylate ions on the
properties of cetylpyridinium micelles has been extensively
studied by Hoffmann et al. [94, 95, 132–134] using electric
birefringence, static and dynamic light scattering, and small
angle neutron scattering. They found that, at a concentration
of a few millimoles of surfactant per liter, micelles grew to be
several hundred angstroms long with a few millimoles per
liter of salicylate [97].

4.1.4. Shear Effects. Surfactant solutions are very sensitive to
shear. Shear can induce reversible structural transformations

in the solution [135]. Shear effects appear as shear thinning,
shear-induced structures (SIS), shear-induced phase transi-
tions (in shear bands), gelation, and flow instabilities [136,
137]. The mechanisms of these phenomena are not fully
understood. However, these behaviors have both theoretical
and practical scientific importance [138, 139].

At low shear rates, surfactant solutions with rodlike or
threadlike micelles usually act as Newtonian fluids because
micelles rotate freely in the solution. At higher shear rates,
micelles start to align in the shearing direction causing shear
thinning [139, 140]. A particular phenomenon may occur
for some solutions at a critical shear rate at which the shear
viscosity and elasticity have a sudden increase. This phe-
nomenon is called shear-induced structure (SIS). The SIS
structure is orders of magnitude larger than the individual
rodlike micelles [141–146] and the solution is like a viscoelas-
tic gel [147]. However, as shear rate increases, the SIS is no
longer stable and viscosity begins to decrease with shear rate.
At the viscosity peak, it is believed that micelles are fully
aligned in the flow direction. This opinion was confirmed by
flow birefringence [140] and small angle neutron scattering
experiments [148–151]. The critical shear rate for SIS de-
pends on the surfactant concentration/chemical structure,
counterion concentration/chemical structure, temperature,
and also on the geometry of the rheological measuring
devices [152].

Several authors proposed that SIS may relate to the drag
reduction phenomenon in turbulent flow [138, 141, 142,
153]. SIS and phase separation were detected by Koch [154].
He hypothesized that the monomer surfactant concentration
increases rapidly with shear causing a coacervate phase to
form. Fischer [136] observed oscillations in the first nor-
mal stress difference and shear stress indicating that elastic
structures were formed and destroyed with SIS and the
induced new phase was more elastic than the initial one.
Butler [137] observed a new phase generated from the so-
lution at SIS and used the concept of shear banding to
distinguish the two phases. Shear banding is usually observed
at high micelle concentrations and is characterized by a stress
plateau at a critical shear rate. The shear stress becomes
independent of shear rate while a second phase appears. As
shear rate further increases, shear thinning occurs [98, 155].
In some systems, the proportions of old and new phases
change with shear when a second critical shear rate (γ̇2) is
reached. Above γ̇2, the stress once again begins to increase
with shear rate. Transient behavior from γ̇1 to γ̇2 includes
huge stress overshoots [137]. Hu et al. [156] proposed that
the growth of SIS is associated with shear thickening. They
also found strongly aligned structures with shear flow by
strong flow birefringence and highly anisotropic neutron
and light scattering [157]. According to their results, the
SIS forms, grows, and interconnects to form a network at
a particular stress. The viscosity is much higher than the
original micelle solution. Oda et al. [158] used cryo-TEM
to directly observe micelle aggregates and branches. They
concluded that SIS is not a phase transition caused by the
micellar alignment or elongation, but rather a shear-induced
inhomogeneity and phase separation.
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Despite the many studies made on the subject, the na-
ture of SIS is not well understood. Its relation to drag re-
duction needs to be further investigated. It is still unclear
whether a universal shear-induced structure indeed exists
for different surfactant solutions [153, 157] because there
are some surfactant systems that do not show any SIS in
the ranges of shear rate studied. However, it appears that in
surfactant solutions, SIS is only stable when shear conditions
can induce viscoelastic behavior in the solution [145].

4.2. Main Classes of Surfactants in Drag Reduction. There are
two broad classes of surfactants, namely, nonionic and ionic
surfactants. Ionic surfactants include anionic, cationic, and
zwitterionic surfactants.

4.2.1. Drag Reduction of Nonionic Surfactants. Nonionic sur-
factants do not carry charges. So they are less affected by
other ions. This property is an advantage for nonionic
surfactants compared to anionic surfactants. But nonionic
surfactants only show drag reduction in a narrow tempera-
ture range around their coacervation temperature or cloud
point. This characteristic limits the usefulness of nonionic
surfactants.

Zakin and Chang observed that nonionic surfactants
with straight chain alkyl groups were effective. They dis-
covered that some mixtures of nonionic surfactants at 1%
concentration were effective drag reducers at temperatures
around their cloud point. The mixtures had the chemical
structure of C18H35-(OCH2-CH2)n-OH. The cloud point
could be lowered by lowering the value of n or by the addition
of a multivalent salt such as sodium sulfate. Therefore,
the drag reduction temperature range can be lowered to
temperatures below the cloud point [159]. Deroussel [160]
measured drag reduction on nonionic surfactants contain-
ing saturated and unsaturated 12-carbons to 18-carbons
alkyl groups with 4 to 23 ethylene oxide groups at 1%
concentration. His conclusion was that the temperature of
maximum drag reduction is close to the cloud point of
the surfactant solution. With increasing length of the alkyl
group and decreasing number of ethylene oxides, the cloud
point and the effective temperature range for drag reduction
could be lowered. The drag reducing effective temperature
is also affected by the length of alkyl chain, the number
of ethylene oxide groups, and the concentration ratios in
mixed surfactant systems. Hellsten and Harwigsson [161]
tested two groups of ethoxylated fatty acid ethanolamides,
RMA-m and OMA-m. They found the RMA was effective at
high temperature and OMA was effective at low temperature.
This kind of surfactant is rapidly biodegradable and has low
toxicity against marine organisms. They suggested that OMA
would be a good candidate for use in district cooling systems
(5 ∼ 15◦C).

4.2.2. Drag Reduction of Anionic Surfactants. Since the early
observations by Mysels et al. [2] of drag reduction by alu-
minum disoap thickened gasoline, many researchers investi-
gated drag reduction of anionic surfactants in nonaqueous
media, primarily lithium, sodium, or aluminum salts of

disoaps. They are presently the only known effective surfac-
tant drag reducers in hydrocarbon media. To obtain good
drag reduction for this kind of surfactant, the concentration
usually needs to be very high (about a few thousands ppm)
[162, 163]. This leads to large costs and environmental prob-
lems. In aqueous solutions, anionic surfactants form foams
with air. Due to their sensitivity to calcium and magnesium
ions present in most tap water which cause precipitation,
anionic surfactants are not practical for most aqueous
applications [47]. Thus they have limited applicability. Savins
[8, 164] found that a critical shear stress exists for anionic
surfactants in water above which drag reduction was rapidly
lost. When the shear stress was reduced below the critical
value, drag reduction was completely regained without any
delay, different than the permanent degradation of polymer
drag reducers under high shear stress.

4.2.3. Drag Reduction of Cationic Surfactants. Cationic sur-
factants with appropriate counterions are insensitive to
cations and show much broader effective temperature ranges.
Thus, they have more potential applications. So a great
deal of research on cationic surfactants has been carried
out since the 1980s. Drag reduction in cationic surfactant
solutions is affected by surfactant structure, counterion, and
concentration, temperature, which will be reviewed below.

(a) Surfactant Structure Effect. In the family of cationic
surfactants, quaternary ammonium surfactants and those
with related structure (cetyl pyridinium salicylate) are
excellent drag reducers. The first cationic surfactant studied
in drag reduction was cetyl trimethyl ammonium bromide
(CTAB). White [165] and Zakin et al. [9] tested CTAB
with 1-naphthol at different concentrations and found drag
reduction increased until a critical wall shear stress was
reached and beyond which drag reduction decreased. This is
similar to Savins’ conclusion for anionic surfactants. Chou et
al. [166, 167] studied three cationic surfactants (Arquad 16-
50, Arquad 18-50, and Kemamine Q-2983C) and concluded
that the upper temperature limit for effective drag reduction
is dependent on the alkyl chain length. When temperature is
reduced below the upper critical temperature, drag reduction
effectiveness can be regained. Rose and Foster [168] and
Chou et al. [169] found the lower temperature limit depends
on solubility of the surfactant. Surfactants containing alkyl
bishydroxyethyl methyl can provide drag reduction down to
lower temperatures compared to those with alkyl trimethyl
because the former are more hydrophilic. Unsaturation
of the alkyl chain also improves the solubility of long
chain surfactants and thus can give drag reduction at low
temperature [168, 170, 171]. Chou and Zakin and Lu et
al. also studied the drag reduction effectiveness of mixed
cationic surfactant systems. They noted that the effective
drag reduction temperature range for long hydrocarbon
chain cationic surfactants extends to higher temperatures
than that for short chains which are effective at lower tem-
peratures. The temperature range can be extended when a
long chain surfactant and a short chain surfactant are mixed.
The lower temperature limit of the long chain surfactant can
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be greatly decreased by adding a small amount of short chain
surfactant, while the upper temperature limit is only slightly
reduced. Thus, cationic surfactants can have wide temper-
ature ranges suitable for both district heating and cooling
systems. The effects of mixed counterions were similar but
less dramatic [11, 172, 176].

(b) Counterion Effect. Counterions are added to cationic sur-
factant solutions useful for drag reduction because cationic
surfactants would not form long rodlike micelles without
counterions to disperse the head group charges. 1-naphthol
was the first counterion to receive wide attention. Elson
and Garside [173] investigated the counterion concentration
effect of 1-naphthol and concluded that the optimum
molar ratio of counterion to surfactant was 1 : 1 for high
concentrations of surfactant and more than 1 : 1 for low
concentrations of surfactant. Sodium salicylate is the most
widely studied counterion. Chou et al. [171, 174] found
that an Ethoquad O-12/sodium salicylate solution at a molar
ratio of 1.5 : 1 showed most effective drag reduction at 2◦C.
Excess quantities of sodium salicylate (0.2 wt.%) in the cetyl
trimethyl ammonium salicylate (CTASal) system (0.2 wt.%)
were observed by Rose et al. [168, 170] to increase the
critical Reynolds number (from about 20000 to about 50000)
and the critical temperature (from 50◦C to 70◦C). The ef-
fectiveness of drag reduction systems can be promoted by
hydrophobic substitute groups on benzoate compounds if
the hydrophobic substitute groups are widely separated from
hydrophilic substitute groups on the same carbon ring. The
orientation of counterion molecules at the micelle-water
interface is affected by the position of the substituent groups
on the benzoate ring. This was confirmed by Smith et al.
[175]. Chou [174] and Ge et al. [13, 176] observed increased
drag reduction temperature ranges with certain mixtures
of counterions. Chou et al. [169, 174] proposed a number
of counterions that may be very effective at temperatures
between 40◦C and 90◦C.

4.2.4. Drag Reduction of Zwitterionic Surfactants. Because
cationic surfactants are not easily biodegradable, zwitterionic
surfactant or combinations of zwitterionic with anionic sur-
factants have been studied as drag reducers. Zwitterionic
molecules have both positive and negative charges on differ-
ent locations of the molecules. Zwitterionic/anionic mixtures
containing up to 20% anionic are most effective drag reduc-
ers [177]. However, despite their potential as drag reducing
agents, only limited studies of them have been carried out.
Hellsten and Harwigsson [178] reported on a mixture of
2.5 mM alkylbetaine/0.5 mM SDBS which was effective as
a drag reducer from 6 to 60◦C for C16 and from 20 to
100◦C for C18. Zhang et al. [179] determined that an Akzo
Nobel alkyl ammonium carboxylate (zwitterionic)/SDBS at
molar ratio 4 : 1 was effective as a drag reducer in both water
and ethylene glycol/water systems. At low temperatures, they
reported that surfactant containing the oleyl group was even
more effective because of better low temperature solubility.

4.3. Diameter Effect. It is important to study scale-up to pre-
dict drag reduction performance in large pipes from small

diameter measurements because most practical flow systems
use larger pipes than those in the laboratory. However, while
the friction factor for Newtonian fluids can be predicted from
the Reynolds number, the friction factor for drag reducing
fluids is a function of both Reynolds number and pipe di-
ameter. Some research relating polymer drag reduction scale-
up was noted in Section 3.7. A few scale-up studies on sur-
factant drag reducers are reviewed below.

White [165] observed that the critical wall shear stress
was independent of pipe diameter. Gasljevic et al. [180]
found that drag reduction of Ethoquad T 13/27 (2000 ppm)/
NaSal (91740 ppm)+3.75 mMol/L of Cu(OH)2 in pipes with
five diameters (2 mm, 5 mm, 10 mm, 20 mm, and 52 mm)
was independent of tube diameter when plotted against bulk
(mean) velocity up to the wall shear stress corresponding
to maximum drag reduction. They also suggested that sur-
factant drag reduction scales even better with solvent shear
viscosity.

4.4. Stability of Drag Reduction in Surfactant Solutions.
Savins noted that drag reduction for anionic surfactants
was regained when the shear stress was lowered [8]. The
loss of drag reduction was presumably caused by breaking
up of the micelle nanostructure due to high shear stresses.
No permanent degradation was found after 88 hours of
continuous shear above the critical wall shear stress. Zakin
and Lui [10] found mechanically degraded nonionic surfac-
tant solutions quickly regained their drag reducing ability
after passing through a pump. White [165] and Zakin et al.
[9] found cationic surfactants that showed no permanent
mechanical degradation. These findings are important for
surfactant drag reduction applications and make surfactants
good agents for recirculation systems in which the fluid is
repeatedly passed through pump.

5. Heat Transfer of Drag Reducing
Surfactant Solutions

Along with drag reduction, the heat transfer ability of
surfactant solutions is also reduced significantly [84, 170,
181–189]. Aguilar et al. [183] showed that the reduction of
heat transfer is always a little larger than drag reduction.
In a tube-in-tube heat exchanger, Christensen and Zakin
[188] found that the heat transfer reduction of a Kemamine
Q-2983C/NaSal (2000 ppm/2200 ppm) drag reducing sur-
factant solution could reach as high as 90%. Heat transfer
reduction of drag reducing solutions is beneficial in trans-
porting crude oils that need to be heated to keep them flow-
ing. It reduces the need for heat insulation materials on
long distant pipelines. However, for DHC systems, the heat
transfer reduction is a major problem since heat exchange
in DHC is very important. Thus, techniques for enhancing
heat transfer of drag reducing surfactant solutions must be
developed for DHC systems.

5.1. Reasons for Heat Transfer Reduction. The mechanism of
heat transfer reduction of drag reducing surfactant solutions
is still not totally understood. However, it may be attributed
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to two characteristics observed in turbulent drag reduction
flows.

As mentioned in Section 3.3, the viscous sublayer of
drag reducing solutions is extended compared to Newtonian
fluids. Sellin et al. [84] suggested that this extended viscous
sublayer increases the thermal resistance between wall and
bulk fluid and therefore decreases the heat transfer ability of
the solution.

Another characteristic is that velocity fluctuations of
drag reducing surfactant solutions in turbulent flow in the
radial and tangential directions are greatly suppressed com-
pared with Newtonian fluids [190–195]. It is postulated
that velocity fluctuations in the radial direction are strongly
related to the heat transfer ability of the fluid. Thus, heat
transfer in the radial direction is greatly reduced because of
the decrease of radial velocity fluctuations.

5.2. Methods for Enhancing Heat Transfer Ability. There are
two methods to enhance the heat transfer ability of drag
reducing surfactant solutions by overcoming one or both
of the two possible reasons for heat transfer reduction in
Section 5.1. One is to modify the inner surface of heat
exchangers to cause disturbances to the viscous sublayer of
drag reducing flows. Another is to temporarily destroy or
alter the surfactant nanostructure by mechanical or other
means at the entrance to the heat exchanger to obtain
Newtonian, water-like flow behavior in the heat exchanger.
Self-assembly of the micelle nanostructure downstream of
the heat exchanger would restore drag-reducing behavior in
the pipeline flow.

5.2.1. Modify Inner Surface of Heat Exchanger. Plate heat
exchangers and fluted tube-in-tube heat exchangers can
enhance the heat transfer ability of drag reducing solutions
very effectively. Plate exchangers generate high shear stress
and their convoluted paths can cause extensional flows both
of which can cause micelles to break up. The special inner
surface of fluted tubes enhances the heat transfer ability of
surfactant solutions by altering the viscous sublayer [181,
188]. In the fluted tube-in-tube heat exchanger [181], the
spiral wall generates a swirling motion and extra shear stress
on the fluid. Both the high shear stress in the fluted tube and
the swirling motion increase the heat transfer ability of the
solutions.

Kishimoto et al. [196] and Sato et al. [197] investigated
heat transfer of drag reducing surfactant solutions using a
spiral grooved rough inner tube, a two-dimensional fence
plate, a saw-toothed plate, and a porous plate. They found
heat transfer enhancement can be achieved by changing the
geometry of these heat transfer exchangers. Investigators at
the UMSICHT Institute in Germany tried to enhance heat
transfer by inserting spring coils inside the inner tube of the
heat exchanger. But this method was not effective [198].

While some of these methods enhanced heat transfer, the
pressure drops of drag reducing surfactant solutions passing
through these exchangers are higher than straight tube-in-
tube heat exchangers due to their tortuous paths. This is the
price that must be paid. However, compared with other heat

transfer enhancement methods, the pressure drop penalty in
fluted tube-in-tube heat exchangers is small [181]. Thus the
fluted tube method is most applicable for heat exchangers in
new DHC systems. The economic viability of these methods
depends on the ratio of capital costs to operation costs and
the ratio of heat transfer ability to pressure drop penalty. All
of these depend on DHC design and user requirements.

5.2.2. Destruction of Nanostructure in Heat Exchanger. Five
different methods have been proposed to break up the mi-
celle nanostructure in drag-reducing surfactant solutions
before a heat exchanger.

The first method is to position a pump at the entrance
of the heat exchanger. The pump provides high shear which
would temporarily destroy the surfactant nanostructure and
enhance heat transfer in the heat exchanger. This is the most
convenient method but may not be possible for existing DHC
systems or for many newly designed systems.

The second method is to use ultrasonic energy to destroy
the surfactant nanostructure at the heat exchanger entrance.
While this method does not impart additional pressure drop
penalties to the flow as it does not change the flow field,
however, it does take a great deal of energy to breakdown the
micelle nanostructure and it is difficult to transmit ultrasonic
energy effectively to a large-scale flowing system [199, 200].

The third method is by insertion of small destructive de-
vices such as static mixers, honeycombs, or meshes at the
entrance to the heat exchanger [184, 201–203]. This method
is similar to the first method. The destructive devices can
generate large shear and extensional stresses on the surfactant
solution to destroy the micelle nanostructure. This method
is easy to install and uninstall in existing systems and should
be inexpensive. However, it may cause large pressure drop
penalties. In a similar approach, Li et al. [204] studied the
effectiveness of three types of wire meshes. Heat transfer en-
hancement largely depended on the Reynolds number and
concentration of surfactant.

Drag reduction recovery times for these methods depend
on the temperature, chemical structure, and concentration of
the surfactant [182] as well as the counterion. The self-repair
time of surfactant nanostructures can be estimated from
measurements of pressure gradients of the flowing solution
downstream from the destructive devices.

The fourth method is to increase wall shear stress in
the heat exchanger above the critical wall shear stress for
surfactant micelle break up. Pollert et al. [205] noted that
when the flow velocity of the solution through a heat ex-
changer reaches a certain level, heat transfer enhancement
is observed. Thus increasing the flow velocity of surfactant
solutions at the entrance of or inside the heat exchangers so
that the critical shear stress is exceeded will also destroy the
micelle nanostructure.

Wollerstrand and Frederiksen [198] tested this method
by installing small diameter tubes or orifices. Kishimoto et
al. [206] also tested it by increasing the flow velocity at
the entrance of the heat exchanger by decreasing the tube
diameter (from Di = 14 mm to 10 mm and 8 mm, resp.).
Heat transfer enhancement was observed for an Ethoquad
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O/12/NaSal solution at a flow velocity above 1.5 m/s in the
small tube but a large pressure drop penalty was incurred.
Moreover, this approach is probably not practical for existing
DHC systems because of the difficulty of tube replacement.

The fifth method is to use photorheological (PR) surfac-
tants as drag reducers. All of the methods above require large
energy input and major changes in the flow field. The ideal
result would be to reduce drag reduction ability in the heat
exchanger to enhance heat transfer and then regain their drag
reduction ability at the outlet of the heat exchanger without
large energy input. Recently, Raghavan’s group has developed
new photorheological counterions which are commercially
available and relatively inexpensive [207–209]. One of their
new PR counterions is the sodium salt of trans-O-Methyl-
o-coumaric Acid (trans-OMCA). They found the trans-
OMCA/CTAB system is viscoelastic but, when the trans-
OMCA is photoisomerized to cis-OMCA by irradiation with
ultraviolet (UV) light, the fluid viscosity is largely reduced
and viscoelasticity is lost. This is because the change in the
counterion from trans to cis configuration causes micelles
to rearrange into much smaller ones. Shi et al. [210] found
cationic surfactant solutions with trans-OMCA have good
drag reduction, while the solutions with cis-OMCA are not
drag reducing. Thus irradiating trans-OMCA or a similar
functional chemical counterion can enhance heat transfer
but it is necessary to convert the cis-OMCA back to trans-
OMCA to regain drag reduction behavior downstream from
the heat exchanger. They are exploring other PR systems.

This method requires a balance of heat exchanger
length, UV dosage, with low energy requirements surfactant
nanostructure recovery time and control of the surfactant
solution flow rate to achieve high heat transfer enhancement.

Determination of which heat transfer enhancement
method is most practical for drag reducing surfactant so-
lutions in a DHC system depends on the nature of sur-
factant solution, the temperature range, and the size of the
DHC system, and so forth. Minimum additional equipment
and energy penalty costs and maximum heat transfer en-
hancement effects are the targets of future studies.

6. Concluding Remarks

From the summary above, further drag reduction research
on mechanism and application covering fields, such as fluid
mechanics, heat transfer, turbulence, rheology, and chem-
istry, is needed to develop surfactant systems useful for DHC
and other applications. Advanced experimental methods
(such as particle image velocimetry) combined with ad-
vanced numerical methods (direct numerical simulation,
large eddy simulation, proper orthogonal decomposition,
etc.) are among the future directions for research. Field tests
of drag reduction and heat transfer are also needed to evalu-
ate the economy and efficiency in practical applications.
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The promising study of turbulence management by joint use of compliant coatings with other drag reduction means is proposed.
Its outlooks are conditioned by different considered factors and confirmed by the first experimental and theoretical results.

1. Introduction

The combined use of different means is one of the main prin-
ciples of nature development. The study of hydrodynamic
problems of bionics (Aleyev [1], Bushnell and Moore [2])
also convinces us of the correctness of this statement. Bionics
is the way from observations and astonishment at making
the first estimations (the conclusion about the paradox ex-
istence) to the explanation for the phenomenon.

The characteristic “nature” example of the study of bod-
ies with low drag is the investigation of dolphins, the sea-
rch of reasons of well-known paradox of Gray [3]. These
investigations showed that in consequence of long evolution
dolphins possess different variants of adaptation to different,
rapidly changing conditions of their inhabitation in sea
(Woodcock [4], Focke [5], Semenov [6], Alekseeva and Sem-
enov [7], Wu and Chwang [8]). Here, excellent variants
of economical swimming of dolphins were discovered
and described. For example, Woodcock [4] described the
“motionless” swimming of dolphins near the ship nosing.
Focke [5] investigated this fact. He showed by calculations
that dolphins (using pressure distribution near the ship nos-
ing) can swim with any ship velocity and without essential
energy losses (as “external passengers of ship-travellers
without tickets”). The other example: Wu and Chwang [8]
show by theoretical calculations that dolphins can obtain an
energy for their swimming from a wavy stream. So, they can
swim in sea waves with minimum energy losses (quoted work
permits to explain the physical essence of surf boards too).

Above-mentioned results requested to introduce new, addi-
tional conditions for selection of dolphin speed observations
(used for analysis of Gray’s paradox). But note: they cannot
explain Gray’s paradox for observations of high-speed swim-
ming of dolphins under conditions of the absolute calm, far
from ships. And here, the other conclusion is important.
As the result of long evolution, dolphins enjoyed different
variants of adaption to very different and often changed
residing conditions in sea. So, our aim is to search and study
many dolphins “secrets”. Here, the analysis of the dolphin
body shape (Young [9], Hertel [10]) was the important step
to explain the observed low drag. The other important step
was made by Kramer [11–13], who simulated the dolphin
skin compliance in delaying the transition to turbulence.
Semenov [14] gave the additional explanation for low drag
(of dolphin Tursiops Tursio Ponticus) taking into account also
the possibilities of joint use of compliant dolphin skin, water-
soluble secretions decreasing drag, and gas microbubbles
observed in experiments.

Technical progress is connected with this main principle
of nature development (the combined use of different
means) too. There are a lot of possible variants of the com-
bined use of different (and numerous) methods of drag red-
uction for different hydrodynamic conditions. Two passive
means (compliant coatings and riblets) and two active means
(polymeric additives and gas microbubbles) are considered
here in order to estimate outlooks for their joint action
investigations.
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2. Some Notes on Investigation Outlooks

These notes can be interesting to both research of near-wall
turbulence and representatives of industry who use scientific
successes. So, first of all, it is important to note that all
considered methods of turbulence management (compliant
coatings, riblets, air microbubbles, and PEO additives) satisfy
the ecology requirements.

Motivations of fine outlooks on joint use of the consid-
ered methods of drag reduction can be divided into four
groups.

2.1. Initial Approach. The initial approach to joint use of
different drag reducing means took into account only the
simplified dependence of possible drag reduction efficiency
Ψ for their joint action on their individual efficiencies Ψi

Ψ = 1− (1−Ψ1)(1−Ψ2) · · · (1−Ψn). (1)

This expression is correct if all considered drag reducing
means act independently and do not change the action con-
ditions for the others (here and further, drag reduction effi-
ciency is considered concerning turbulent friction coefficient
c f 0 for smooth hard surface: Ψ = 1− c f /c f 0).

In this case, the possible drag reduction efficiency for
joint action of different drag reducing means must be less
than the sum of their individual drag reducing possibilities

Ψ <
n∑
i=0

Ψi for Ψi > 0. (2)

The prognosticated negative deviation from the sum of in-
dividual efficiencies devΨ ≡ Ψ −∑n

i=0 Ψi depends on their
values and number n of means used jointly for turbulence
management.

These dependences can be analysed at ease for the variant
of equal individual efficiencies: Ψ1 = Ψ2 = · · · = Ψn. So, the
deviation from the sum of individual efficiencies is calculated
as

devΨ = 1−
n∑
i=0

Ψi −
(

1−
∑n

i=0 Ψi

n

)n

. (3)

This deviation increases for increasing n.
And for n� 1, it has the limit

lim(devΨ) = 1−
n∑
i=0

Ψi − exp

⎛
⎝ n∑
i=0

Ψi

⎞
⎠. (4)

Results of this prognosis are shown in Figure 1. The
prognosticated negative deviations are small when the sum
of individual efficiencies is less than 20%. But they are very
considerable for 80% sum: for example, devΨ = −0.16 for
two combined drag reducing means and devΨ = −0.25 for
n� 1.

This approach was used for our initial estimations. Vis-
coelastic coatings, riblets, gas bubbles, and polymer additives
are four well-known means for the action on near-wall tur-
bulence. Their actions for the decrease of the turbulence
production are very different.

0
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Figure 1: The deviation of drag reduction for joint use of different
drag reducing means from the sum of their individual efficiency
values: prognosis according to (3) and (4).

Compliant surface reacts on long-wave disturbances. Ac-
cording to the estimation of the interference theory of Sem-
enov [15] and experimental data of Kulik et al. [16] the real
viscoelastic coating is deformed by the pressure wave with
length more than one thousand viscous scales. Viscous scale
is ν/υd, where friction velocity is υd = (τw/ρ)0.5, ρ and ν
are density and viscosity of flow, and τw is friction stress
on a wall (Hinze [17]). Small additives in a flow put out
the microeddy turbulence for the turbulence linear scales
less than one hundred viscous scales (Greshilov et al. [18]).
Riblets manage microeddy structures too (Choi [19]). The
flowing screen of gas bubbles can destroy long-wave powerful
fluctuations going to the wall from the turbulent core and
background flow (Bogdevich et al. [20]).

It is known (Hinze [17], Cantwell [21]) that in the main
both microeddies of viscous sublayer and long waves of
turbulent core generate a new turbulence. So, the joint use
of considered methods of drag reduction gives possibility
to wait for new qualities of turbulence production decrease.
Therefore, the combined use of these four methods permits
to obtain the best results in turbulent drag reduction as
compared with above described prognosis.

2.2. Association of Useful Qualities. A study of joint use of
different methods of drag reduction is promising because
of a number of other reasons too. It is attractive as a pos-
sible origin of other useful properties (in addition to drag
reduction possibility) which are inherent in separate meth-
ods.

For example, drag reducing compliant coatings can have
high anticorrosion properties. One-layer coatings created in
Institute of Thermophysics of Russian Academy of Sciences
(Kulik et al. [22]) have the excellent immunity to a damage
by acids and alkalis.

Another example: tests carried out by Russian and Bul-
garian scientists (Malyuga et al. [23]) show that creation of
an air-bubble layer in a near-wall region is a sufficiently effec-
tive method for reducing the amplitudes of the propelled-
induced pressures and the plate vibrations for ships.

And thirdly, for joint use of compliant coatings, air
microbubbles, and polymeric additives, it is possible to
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suppress turbulent wall-pressure fluctuations in the very
wide frequency band that is impossible for any method used
separately. So, it is possible to believe that these combinations
will lead to the strong decrease of the hydrodynamic noise in
the very wide frequency band too.

2.3. Here, It Is Important to Take into Account the Economic
Factor. The turbulence management by compliant coatings
and riblets is particularly useful due to their passive nature.
As a result, additional energy is not required for the turbu-
lence control. The injection of gas microbubbles and polymer
additives is connected with consumption of some energy and
materials. Although drag reduction by the high-molecular
polymer additive use is realized for its very small concen-
tration in a flow, expenses for its use may be higher than
the economy (for example) of expenses for fuel. Therefore,
Berman [24] suggested to estimate the specific efficiency
ΨP/cP , determining the expediency of drag reduction. He
showed for a flow in a pipe that ΨP/cP decreased as the
concentration cP increased (for a flow with constant con-
centration of polymer additives) and was significantly less
at the friction minimization than the specific efficiency at
moderate values of drag reduction ΨP . It is connected with
nonlinear form of dependence of ΨP on cP and asymptotic
achievement of maximum value of drag reduction. Semenov
[25, 26] carried out analogous analysis for a flow with var-
iable concentration of polymer additives in a flow (for tur-
bulent boundary layer on a plate) and showed that from the
point of view of profit, it is worthwhile not to tend to the
drag minimization but to restrict drag reduction nearly twice
(ΨP < 50%). So, the combined investigations must be carried
out for variants of small consumptions of PEO too. And only
the joint use of the considered methods can permit to achieve
maximum and profitable efficiency of drag reduction.

The similar situation is realized for drag reduction using
gas bubbles. However, in this case, it is possible even to
achieve drag reduction “free of charge” by the use of engine
exhaust.

2.4. “Mutual Aid” of Different Drag Reducing Means. And
after all, here, it is necessary to enumerate to some other fac-
tors of an interaction between jointly used methods of turbu-
lence management. They are subject to a study as proposed
factors of “a mutual aid” promoting to an appearance of new
qualities.

The flowing screen of gas bubbles destroys powerful flu-
ctuations going to a wall from the turbulent core and back-
ground flow. So, the bubble screen defends polymer additives
acting with high efficiency just in a near-wall region. It de-
creases their ousting from this region.

The drag reducing polymers (polyethylene oxide, poly-
acril amide, etc.) are surface-active substances which de-
crease the surface tension and so the separation diameter
of a bubble at its generation on the porous injecting
insert. Besides, polymer additives in flow prevent the bubble
coalescence and also impede bubble rising. Note that it is
very important for drag reduction to have microbubbles with
diameter less than 0.2 mm. The decrease of microbubble

diameter leads to an improvement of screening properties of
a bubble layer, to a displacement of the peak concentration
of gas bubbles in a water flow to a wall, and to a decrease of
the bubble buoyancy velocity. Hence, one can expect that the
flow of high-polymer solutions aerated by gas bubbles will
result in mutual increase of effects of drag reduction on a
streamlined surface (Malyuga et al. [27, 28]).

Waves and eddies are responsible for the near-wall tur-
bulence production near a smooth surface. The wave action
role is decreased as a result of the surface roughness increase.
Compliant coatings respond to the pressure fluctuation
waves. So, the viscoelastic boundary action losses a physical
sense as a result of high roughness of a surface (Semenov
and Semenova [29, 30]). The increase of the viscous sublayer
thickness by polymer additives increases the permissible
roughness of a compliant surface that simplifies and cheap-
ens the coatings preparation technology.

Semenov and Semenova [29–31] have carried out the
first calculations for joint action of compliant boundary and
polymer additives in the turbulent boundary layer in order
to explain the obtained experimental results (Semenov et al.
[32, 33] and Kulik et al. [34, 35]). One of possible factors
of an interaction between two considered methods of turbu-
lence management is the action of compliant boundary on
mass transfer in a near-wall region. Carried-out calculations
show that the decrease (increase) of mass transfer, achieved
by the use of a viscoelastic coating, decreases (increases) the
polymer consumption a little. The other factor is the
influence of polymer additives in a flow on the interference
action of viscoelastic boundary on near-wall turbulence. The
calculations show that injected polymer additives extend
the phase-frequency region of positive action of compliant
boundary; that is, they extend possibilities of drag (and
noise) reduction by compliant coatings. These two problems
are described in Section 4 in details.

Semenov and Semenova [29, 30] considered the action
of drag reducing riblets for joint use with compliant coating
and concluded that it extends the phase-frequency region of
positive action of compliant boundary too.

The viscoelastic coating for drag reduction is the me-
chanical vibrational system with amplitude-phase-frequency
characteristic chosen for action on the near-wall turbulence
spectrum band responsible for the main production of new
turbulence. And, of course, this choice must take into ac-
count the existence of natural turbulence background con-
ditions. However, both for different usual experimental hy-
drodynamic installations and for practical objects (ships and
pipe-lines) the existence of additional strong pressure fluc-
tuations in a flow is quite possible. These additional pressure
fluctuations can swing the compliant coating in the fre-
quency region of its negative action very essentially. So, the
total production of new turbulence (for all frequency re-
gions) can be even increased. The important factor of the
gas bubble layer action is the defence of a near-wall region
of the turbulent boundary layer. So, the injection of gas
bubbles into a near-wall flow will ensure the stable drag
reduction action of viscoelastic coating for different exploita-
tion conditions.



4 Advances in Mechanical Engineering

4

x (m)

10

0

1

2 3

1 2 3 5

6 7

8

9 10

11 11

P

Figure 2: Scheme of the model with the dimensionless hydro-
dynamic pressure distribution. 1 nosing, 2 floating cylindrical
element, 3 stern part, 4 thrust tube, 5 knife strut, 6 ringed slot,
7 porous insert, 8 floating-drag balance, 9 piezoresistive pressure
transducer, 10 three-component balance, and 11 ringed slit.

Further, the following indexes are used for meaning:
compliant surface—C, polymer additives—P, air microbub-
bles—A, riblets—r, and joint use—their combinations.

3. Experimental Investigations

The quantity of experimental investigations is small still.
Only some variants of joint use of different drag reducing
means were considered.

Already the first experiments (carried out at the Institute
of Thermophysics RAS) for joint use of compliant coatings
and polymer additives (Semenov et al. [32, 33]) showed
fine outlooks of this study. There was obtained that the
total effectiveness of turbulent drag reduction is equal
to the algebraic sum of individual small efficiencies of
these methods of turbulence management. These successes
initiated new investigations.

3.1. Experimental Conditions. The experiments were car-
ried out in the saline lake Issyk-Kool, where 2.1 m—long,
0.175 m—diameter streamline body of revolution was towed
by the tow boat with speed U0 = 6–15 m/s.

This model (see Figure 2) was described in details for-
merly by Kulik et al. [16, 36]. It was equipped (in the
middle of its length) with 0.66 m—long “floating” surface
element for measuring the skin-friction drag. There were
tested different variants of these cylindrical elements. One
had a solid smooth surface, and the others were mounted
with compliant coatings. Careful measurement of friction
coefficient for the case of hard polished surface in water flow
c f0 was used for comparison as a standard.

The model nosing had a ring slot for polymeric solution
injection. The model was equipped with the 35-mm long
insert made from porous metal for air injection. Sizes of
injected microbubbles varied from 0.07 mm to 0.2 mm.

All experiments were carried out for low background
turbulence conditions. The spectrum analysis of measured
wall-pressure fluctuations (see the example in Figure 3) in
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Figure 3: The dimensionless spectra of wall-pressure fluctuations
measured behind floating element with hard surface. U0 = 9 m/s.

frequency band from 10 Hz to 10 kHz revealed strong peaked
deviation from smooth distribution in frequency only for
low frequencies (below 20 Hz), that is inessential for these
investigations.

All experimental conditions were described in details by
Semenov et al. [37].

3.2. Joint Action of Compliant Coatings and Polymer Addi-
tives. New results of these investigations were described
by Kulik et al. [34, 35] and Semenov et al. [37]. There
the mass consumption q of polyethylene oxide (PEO of
different molecular mass M) was varied. The corresponding
dimensionless parameter is qδ = q/(ρPπDδU0), where D is
diameter of the measured “floating” element, ρP : density of
PEO, δ: thickness of turbulent boundary layer calculated for
water flow (with temperature T) without polymer additives
for the middle abscissa of the “floating” element (with solid
smooth surface). According to Kutateladze and Leontyev
[38], the thicknesses of diffusion and dynamic turbulent
layers near this “floating” element are approximately equal.
So, qδ is like to the near-wall concentration of PEO for the
middle abscissa of the “floating” element.

The first experimental results of Semenov et al. [32, 33]
showed that ΨCP(qδ) is shifted concerning ΨP(qδ) so as
ΨCP(qδ) ≈ ΨC + ΨP(qδ); that is, the summarizing property
was discovered for the joint of compliant coating and
polymer additives that confirmed our initial prognosis for
small individual effectivenesses. However, contrary to initial
estimations, it was noted that for the case of the increase of
separate effects the magnitude of combined drag reduction
exceeded their sum. So, further, it is considered the deviation
of the drag reduction efficiency for joint action from the sum
of the drag reduction efficiencies for separate actions in order
to investigate this summarizing property.

Shown in Figure 4 are data (from Semenov et al. [37]) for
the joint use of different compliant coatings (both decreasing
and increasing the turbulent friction) and polymer additives
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Figure 4: Deviation of friction reduction for joint use of compliant
coating and polymer additives from the sum of their individual
efficiencies as a function of efficiency of joint action. For U0 =
9 m/s: Δ: coating N6 (from compound N1, H = 2 mm), T =
16 · · · 17◦C ΨC = −11.5%, M(PEO) = 3.5 mln., 2.1 · 10−6 ≤
qδ ≤ 1.2 · 10−5; +: coating A, T = 8.5 · · · 10.5◦C, ΨC = +2.6%,
M(PEO)= 4.5 mln., 6.0 · 10−8 ≤ qδ ≤ 5 · 10−7; •: coating N10
(from compound N2, H = 7 mm), T = 17◦C, ΨC = +6%, M(PEO)
= 3.5 mln, 1.6 · 10−6 ≤ qδ ≤ 1 · 10−5; ♦: coating N10, T = 10.5◦C,
ΨC = +12%, M(PEO) = 3.5 mln., 3.5 · 10−6 ≤ qδ ≤ 5.5 · 10−6;
For U0 = 7 m/s: T = 6.5 · · · 8.5◦C, M(PEO) = 4.7 mln, �: coating
N10, ΨC = +5%, 4 · 10−7 ≤ qδ ≤ 3.5 · 10−6; �: coating N7 (from
compound N2, H = 2.5 mm), ΨC = +9%, 4·10−7 ≤ qδ ≤ 3.5·10−6.

(for the great variation of polymer consumption and, ac-
cordingly, ΨP). These results witness the existence of three
zones:

(1) the zone of the exact sum of individual efficiencies
(ΨCP(qδ) ≈ ΨC + ΨP(qδ));

(2) the zone of positive deviation (ΨCP(qδ) > ΨC +
ΨP(qδ));

(3) the zone of negative deviation (ΨCP(qδ) < ΨC +
ΨP(qδ)).

Here, the zone of the exact sum is observed for all tested
variants till ΨCP < 20%. Zones of positive and negative
deviations follow the zone of the exact sum when polymer
consumption increases. But here, we see considerable differ-
ences for different tested variants.

Experimental results from Figure 4 are shown in Figure 5
again for their comparison with initial prognosis. Here, these
results are considered in dependence on drag reduction of
hard surface by polymer additives, that is, on individual
efficiency of polymer additives ΨP .

According to (1), ΨCP = 1− (1−ΨC)(1−ΨP). The prog-
nosticated deviation must be

devΨ ≡ ΨCP − (ΨC + ΨP) = −ΨCΨP. (5)

So, in this case, the deviation must be negative for a “positive
coating” (ΨC > 0) and positive for a “negative coating” (ΨC <
0).

The deviations prognosticated according to (5) (shown
in Figure 5 by lines) are contrary to experimental data for
the second and third zones. Thus, these results show the pres-
ence of an interaction of compliant coating and polymeric
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Figure 5: The comparison of drag reduction deviations calculated
according to (5) (lines) with measured deviations (signs). Δ: ΨC =
−11.5%, line 1; ♦: ΨC = +12%, line 2; •: ΨC = +6%, line 3; +:
ΨC = +2.6%, line 4; �: ΨC = +9%, line 5; �: ΨC = +5%, line 6.

additives. So, above-mentioned zones can be termed as

(2) the zone of positive interaction of two considered
methods of drag reduction (with ΨCP(qδ) > ΨC +
ΨP(qδ)),

(3) the zone of negative interaction of two considered
methods of drag reduction (with ΨCP(qδ) < ΨC +
ΨP(qδ)).

3.3. Joint Action of Air-Microbubbles and Polymer Additives.
Malyuga et al. [27, 28] carried out first experiments on drag
reduction using the injection of PEO (WSR-301)—solutions
aerated by air bubbles. They measured the friction in 3 points
of the hard flat plate from distance 0.25 m (N1), 0.99 m
(N2) and 2.23 m (N3) behind the slot for U0 = 5–10 m/s.
They determined that an aeration of injected PEO solutions
can lead to an increase of their efficiency of drag reduction.
The maximum additional increase of their efficiency was
measured: 36% in point N2 and 16% in point N3 but in point
N2 were measured both an increase and a decrease of drag
reduction efficiency. And here, the results were worse for an
increase of PEO consumption. It is important to note that
highly large consumption of injected air and polymer was
used in this experiment. The corresponding dimensionless
parameters were

1.3 · 10−3 ≤ CA = Q

(U0 · S)
≤ 1.7 · 10−3;

1.05 · 10−6 ≤ qδ ≤ 7.8 · 10−6.

(6)
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Figure 6: Deviation of friction reduction on hard surface for the
joint use of polymer additives and air microbubbles from the sum of
their individual efficiencies as a function of efficiency of joint action.
+: U0 = 9 m/s, M(PEO) = 4.5 mln., 1.0 · 10−7 ≤ qδ ≤ 4.6 · 10−7,
2.3·10−4 ≤ CA ≤ 3.2·10−4; •: U0 = 7 m/s, WSR-301, 1.0·10−6 ≤
qδ ≤ 2.7 · 10−6, 1.36 · 10−3 ≤ CA ≤ 1.73 · 10−3.

Here, S is the surface of studied plate part, and Q is the
volumetric consumption of injected air.

Some above-mentioned results and new data (Semenov
et al. [37]) obtained in experiments (described in Section
“Experimental conditions”) for very small consumption of
air and polymer are shown in Figure 6. Here, we can see the
same three zones: the zone of the exact sum, zones of positive
and negative interaction.

Note that the negative interaction zone corresponds to
very high consumption of PEO and air.

3.4. Joint Action of Compliant Coating and Air Microbubbles.
The first experiment is described by Semenov et al. [37]. One
compliant coating was tested for very small consumption of
injected air 2.1 · 10−4 ≤ CA ≤ 3.7 · 10−4. U0 = 9 m/s,
T = 8.5 · · · 10.5◦C. Drag reduction of hard surface by
air-microbubbles ΨA varied from 7% to 14%. There was
obtained that the total efficiency of turbulent drag reduction
is equal to the sum of individual efficiencies ΨCA = ΨC +ΨA.

3.5. Joint Action of Riblets and Surface Compliance. According
to theoretical estimations of Semenov and Semenova [29],
this combination must be the fine variant of passive (without
energy expenditure) methods of turbulent drag reduction.

But experimental data are still absent.

3.6. Joint Action of Riblets and Polymer Additives. The first
experimental results were described by Reidy and Anderson
[39] and Choi et al. [40]. They found out that individual
efficiencies of two methods of drag reduction are summed
up for their joint use. Note that they considered very small
consumption of polymers.

Koury and Virk [41] and Virk and Koury [42] inves-
tigated this problem in detail: for two polyethyleneoxides
(M = 5.3 · 106 and M = 7.9 · 106) and one polyacrylamide

(M = 7.4 · 106), in two hydraulically smooth pipes of
7.82 mm and 10.2 mm i.d. and in four riblets pipes formed
by, respectively, lining each of the smooth pipes with
0.11 mm and 0.15 mm V—groove riblets of equal height
and spacing. Within the polymeric regime, at moderate drag
reductions of order 50%, drag reduction in the riblet walled
pipe significantly exceeded that in the smooth pipe, by as
much as 15%. But the greatest drag reduction by riblets in
water was measured ∼10%. So, the positive deviation from
the exact sum of individual efficiencies is observed here. At
conditions of asymptotic maximum drag reduction, of order
80%, friction factors in the present riblet-walled pipe were
identical to smooth for h+ < 10 but departed off the smooth
asymptote in the direction of lesser drag reduction for h+ >
10. And here, the negative interaction is observed.

3.7. Joint Action of Riblets and Air Microbubbles. The opinion
about the promising study of this combination is based on
an expectation that riblets and air microbubbles manage with
very differed structures of turbulence. But both experimental
and theoretical investigations were not carried out still.

3.8. Joint Action of Compliant Coating, Air Microbubbles,
and Polymeric Additives. The first experiment is described
by Semenov et al. [37]. Russian scientists measured the
friction of a floating cylindrical element (see “Experimental
Conditions” here). They carried out tests for very small
consumption of air and PEO. They used the one-layer
compliant coating tested also by Choi et al. [43] after
this experiment. Results are shown in Figure 7. Here, the
positive deviation increases monotonously with increasing
consumption of air and PEO. It shows the presence of
an interaction of compliant coating, air microbubbles, and
polymer additives in the whole region of this investigation.

Note that the effectiveness of drag reduction for joint use
of compliant coating, air microbubbles, and PEO additives
exceeded the sum of individual efficiencies by as much as
11% (for ΨCAP = 35%).

4. Theoretical Analysis of Interaction between
Compliant Boundary and Polymer Additives

The discovered peculiarities of drag reduction using a com-
plex of different methods of turbulence management require
theoretical explanations.

Compliant coatings and polymer additives manage with
very differed structures of near-wall turbulence. So, both
methods of drag reduction are independent according to this
point of view.

But the other factor of an interaction between compliant
boundary and polymer additives is a possible reason of ob-
served contradictions between experimental data and initial
prognosis: a change of action conditions of one method by
other method of drag reduction.

4.1. The Considered Influence of the Viscoelastic Boundary on
the Turbulent Diffusion of Polymer Additives. One possible
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Figure 7: Deviation of friction reduction for joint use of compliant
coating A, air microbubbles and polymer additives from the sum of
their individual efficiencies as a function of efficiency of joint action.
T = 8.5 · · · 10.5◦C, U0 = 9 m/s, M(PEO) = 4.5 mln, 1.5 · 10−7 ≤
qδ ≤ 4.5 · 10−7, 2.0 · 10−4 ≤ CA ≤ 3.7 · 10−4.

factor of an interaction between two considered methods of
turbulence management is the action of compliant bound-
ary on mass transfer in a near-wall region. Here, the inte-
gral approach was used. The calculation analysis was carried
out on the base of approximate model [26] for a flat plate
analogous to the construction scheme tested in quoted exper-
iments [32–35] described here in Section “Experimental
Conditions”.

It is supposed that the slot injection of PEO solutions at
xi satisfies the conditions of pulseless injection of polymeric
additives into a near-wall flow [25]. Here, the constant ef-
ficiency of drag variation using compliant coating ΨC (inde-
pendent on polymer additives in flow) is considered from
x1 = 0.35L to x2 = 0.65L. L is the body length. For this part
of the body, it was calculated

ΨCP =
∫ x2

x1
(ΨC + Ψτ −ΨCΨτ)c f 0dx∫ x2

x1
c f 0dx

. (7)

The local friction reduction by PEO additives is determined
according to the formula grounded in [26]

Ψτ = 0.51 arc tg
(
3cWM0.85). (8)

The near-wall concentration of PEO may be determined
according to the experimental data of Fabula and Burns [44]
as

cW = 2qL
δΨ

. (9)

The thickness of turbulent boundary layer δΨ is deter-
mined as

δΨ = 9.441xi√
Rei

+
∫ x

xi

(1−Ψτ)(1−ΨC)
0.141

c f 0 dx, (10)

where Rei = U0xi/ν, ν is the kinematic coefficient of water
viscosity, ΨC = 0 for x < x1 and x > x2. Here, the existence of
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Figure 8: The estimation of the mass transfer change influence
by the viscoelastic boundary on drag reduction deviation (points).
Lines correspond to the initial prognosis according to (5).

laminar boundary layer from x = 0 to xi is proposed. In the
point of transition from laminar form a flow to a turbulent
one (at x = xi) the condition of continuity of momentum
thickness is written. On its base, the initial thickness of
turbulent boundary layer at x = xi is determined. Here, the
power form of the velocity profile with index 1/11 was taken.

So, the friction coefficient (without polymer injection) is
calculated according to the Falkner’s formula [45]

c f 0 = 0.0256
(
xU0

ν

)−1/7

. (11)

The system of (8), (9), (10) is solved for given molecular
M, dimensionless coefficient of PEO consumption q =
q/ρU0S, Reynolds number Re = U0L/ν. After its solution,
the drag variation ΨCP (for ΨC /= 0) and drag reduction ΨP

(for ΨC = 0) are calculated according to (7). On the base of
these calculations, the deviation of drag reduction for joint
use of compliant surface and polymer additives from the sum
of efficiencies for separate actions is determined.

Carried out calculations show that the mass trans-
fer decrease (increase) by the use of viscoelastic coating
decreases (increases) the polymer consumption a little. So, it
is unlikely that it is the main factor of the interaction between
these two methods of turbulence management. However, this
approach can and must be taken into account for future
investigations and accurate analysis.

One example is shown in Figure 8. We see that in both
considered cases (ΨC = 20% and ΨC = −20%), the cal-
culated deviations (points) differ from the initial prognosis
(lines) inessentially.

4.2. The Interference Action of Viscoelastic Boundary on Near-
Wall Turbulence in Flow with Polymer Additives. Here, the
other factor of interaction between two methods of drag
reduction (the influence of polymer additives in a flow on
the interference action of viscoelastic boundary on near-wall
turbulence) is considered.
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Figure 9: Dependence of PFRPA of smooth compliant surface on
drag reduction using polymer additives: (1) ΨP = 0, (2) ΨP = 5%,
(3) ΨP = 10%, (4) ΨP = 20%, (5) ΨP = 30%, (6) ΨP = 40%,
(7) ΨP = 50%, (8) ΨP = 60%; Re0 = 6.2 · 106; kz/kx = 1.0.

Formerly, the interference form of a compliant boundary
action was analysed by Semenov [15, 46] for a turbulent
near-wall flow of Newtonian fluids. He used the near-wall
turbulence model of Sternberg [47]. The main modeling
parameter (written by Semenov for solution of the problem
[46]) is the complex dimensionless compliance of a bound-
ary. He determined the region of this parameter values for
drag reduction [48–50]. This theoretical model was used for
modeling and choice of one-layer compliant drag reducing
coatings. These coatings provided up to 20% drag reduction
in experiments [16, 36]. They were used in above-written
experimental combined investigations of different methods
of turbulence management too.

Here, the interference approach is used for a compliant
boundary of a water flow with PEO additives. In this case
is suitable the former solution [46] of the problem on an
interaction between a viscoelastic boundary and the viscous
sublayer of a turbulent boundary layer. Here, we take into

account that PEO additives in a flow do not change long-
wave structures, the ratio of wave numbers for transverse (kz)
and main (kx) directions.

Drag reduction by polymer additives, a change of the ve-
locity profile U(y), viscosity and wave velocity are taken into
account in calculations. It is important to note that the
increase of the viscous sublayer thickness by polymer addi-
tives increases the region of permissible use of the linear the-
ory near a wall.

The complex compliance of the boundary (the modeling
parameter) is characterised by amplitude and phase of the
boundary displacement relative to the turbulent pressure
fluctuation. This parameter must be determined for the fre-
quency band of the main production of turbulence. The in-
crease of permissible amplitudes of viscoelastic boundary
oscillations follows the increase of thickness of a viscous sub-
layer.

The obtained solution [46] shows the restriction of the
phase regionΘ(ω) for positive action of a viscoelastic bound-
ary (for drag reduction). This positive action is connected
with the decrease of near-wall turbulence production. For
fixed frequency ω (ω = 2π f , where f is cyclic frequency)
the production change of the turbulence energy should be

−
∫ l

0

[
〈uv〉

(
dU

dy

)
− 〈uv〉C

(
dU

dy

)
C

]
dy ≥ 0. (12)

Index “C” corresponds to a compliant boundary. The inter-
ference action of a compliant boundary for fixed frequency
ω is neutral if this integral is equal to zero. According to the
near-wall turbulence model of Sternberg [47], the calculated
viscous sublayer thickness l is connected with the fluctuation
frequency as l ≈ 5/(ω/2ν)1/2.

For the neutral action variant, the mean velocity profile
U(y) is written according to the experimental data for a hard
wall.

The improved interference theory (presented by Sem-
enov and Semenova [29]) was used for first calculations of
joint action of a compliant boundary and polymer additives.

Neutral phase-frequency lines (calculated according to
condition (12)) restrict (from below) a region of Θ for pos-
itive action of compliant boundary (ΨC > 0). One example
for Re0 = 6.2 · 106 is shown in Figure 9 (for two variants of
the abscissa). The phase shift Θ of the compliant boundary
displacement relative to acting fluctuating pressure is on the
ordinate. The dimensionless frequency is on the abscissa.
In Figure 9(a), it is made dimensionless by the use of real
flow viscosity ν near a wall and real friction velocity υd. In
Figure 9(b), it is made dimensionless by the use of kinematic
viscosity of water νw and friction velocity without drag
reduction υdw in order to compare the different influences
of drag reducing polymer additives for identical conditions
of a water flow.

We see that injected polymer additives extend the phase-
frequency region of positive action (PFRPA) of compliant
boundary. This extension of PFRPA is maximum at ΨP ≈
40%.

The injection of drag reducing polymeric additives into a
flow leads to a displacement of PFRPA to the left that can lead
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even to the change of the action sign of compliant boundary
(from “+” to “−” and on the contrary).

We see that from ΨP ≈ 30% the right branch of the neu-
tral line is displaced distinctly to the left. So, minimum
velocity of possible drag reduction using compliant coating
must increase with the increasing individual efficiency of
drag reducing polymeric additives. For example, it must
increase to two times at ΨP ≈ 50%.

It leads to explanation of reasons of drag reduction
peculiarities discovered in experiments [32–35, 37] on joint
use of compliant coating and polymer additives.

The used theoretical approach does not permit still to
carry out a quantitative comparison. It is a problem for fu-
ture investigations.

5. Conclusion

So, this exposition shows fine outlooks of further study of
turbulence management by joint use of compliant coatings,
riblets, polymer additives, and microbubbles.
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Drag reduction due to bacterial cellulose suspensions with small environmental loading was investigated. Experiments were carried
out by measuring the pressure drop in pipe flow. It was found that bacterial cellulose suspensions give rise to drag reduction in the
turbulent flow range. We observed a maximum drag reduction ratio of 11% and found that it increased with the concentration of
the bacterial cellulose suspension. However, the drag reduction effect decreased in the presence of mechanical shear.

1. Introduction

In order to resolve various environmental issues, numerous
investigations are currently focusing on energy conservation
techniques. One topic of particular interest is drag reduction
in heat transport systems. The addition of drag reducing
agents leads to reduced frictional loss, and a corresponding
reduction in pumping power, and results in effective energy
conservation [1].

Additives such as polymers, surfactants, and fibers are
well-known drag reducing agents and offer a simple means of
reducing drag. Since Toms [2] observed drag reduction with
the addition of polymers in 1949, numerous investigations
into drag reducing agents under various conditions have
been carried out. Among these, surfactants [3–5] have been
researched intensively due to their effectiveness and low
mechanical degradation. However, as most of these additives
are synthetic chemicals, they contaminate rivers and soil
when solutions are drained directly, and therefore require
careful disposal. Although biopolymers [6–8] are not subject
to such disposal issues, they are not practical due to their
significant mechanical degradation. On the other hand,
fibers [9–11] such as asbestos or nylon are resistant to
mechanical degradation but have a disadvantage with regard
to environmental load, while pulp, which is a plant-based
fiber, requires high concentrations to achieve drag reduction
effects.

Bacterial cellulose, a type of fiber, is considered to have a
low environmental load, as it is a naturally derived cellulose

produced by acetic bacteria. In addition, nanometer-scale
fibers of bacterial cellulose produce large networks as a
result of complex interactions. Such networks are closely
related to the drag reduction effects induced by polymers and
surfactants. Therefore, drag reduction can also be expected
with bacterial cellulose solutions if their networks behave
similarly.

In the present study, the drag reduction effects of such
bacterial cellulose solutions are empirically evaluated.

2. Experimental Setup and Procedure

The syringe pump experimental setup is shown in Figure 1.
The piston operates in a range from 10 to 15 mm/s, and the
volume of the syringe is 200 mL. The velocity of the piston is
controlled by a personal computer. The range of Reynolds
numbers based on the viscosity of the solvent solution is
about 500∼8,000. The test pipe is made of aluminum, having
an inner diameter of 2.00 mm and a smooth internal wall.
The inner diameter of the pipe was measured in cross-section
using an optical microscope. Pressure taps with diameters
of 0.2 mm were placed 50 mm and 150 mm from the outlet
of the pipe. The length of the test section was 100 mm.
The pressure taps were connected to a Validyne differential
pressure transducer (DP15, ±0.25% F. S. accuracy) using
clear vinyl tubing. The entrance length was 150 mm. The
suspension was first taken up by the syringe and was then
pushed into the test section by the piston, after which the
pressure drop was measured. The reported value of the
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Figure 2: Flow curves for test fluids.

friction factor in the laminar flow range is the best estimate
of the result, and with a 95% confidence limit, the value is
believed to lie within ±0.89% of it.

The bacterial cellulose additive was made from com-
mercial nata de coco. Since this is preserved in syrup, that
is, contains sugar, it was soaked in tap water for over
24 hours in order to dilute the sugar before preparation
of the suspension. The desugared nata de coco was then
compressed under a load of ∼1 ton in order to extract the
water (a block of nata de coco contains 99% water and less
than 1% bacterial cellulose by volume) and to obtain dried
bacterial cellulose. Following compression, the mass of the
nata de coco was found to be 0.25% of the original mass. The
additive was then mixed with tap water and agitated with
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Figure 3: Frictional coefficient of bacterial cellulose suspensions.

a mixer. The weight concentration of the suspension, Cw,
was determined based on the mass ratio of compressed nata
de coco and tap water. Concentrations of 10, 50, 125, 200,
and 400 ppm were examined. In addition, solutions made
using the additive before compression were prepared and
examined for comparison. Their concentrations were 5, 7.5,
and 10 ppm, based on the mass after compression.

Figure 2 shows the flow curves for the tested bacterial
cellulose suspensions. The wall shear stress τ and shear rate γ̇
were calculated from the experimental data in the laminar
flow region. The solid line in Figure 2 indicates the value
obtained by the viscosity of water. The viscosity is seen to
increase with concentration, and the test tested bacterial
cellulose suspensions are considered to be Newtonian. The
values in Figure 2 were used to calculate the Reynolds
number.

3. Results and Discussion

Figure 3 shows the relationship between the Reynolds
number Re and the friction factor λ, based on the measured
pressure drops for 5 suspensions (10, 50, 125, 200, and
400 ppm). The data show that λ in the region of Re >2500
for the suspension decreases in comparison to the value for
water. On the other hand, the critical Reynolds numbers
for suspensions with concentrations less than 200 ppm are
smaller than that of water.

For biopolymers, the results may be affected by the
solvent. As the solution used in this experiment was also of
plant origin, experiments with different solvents (distilled
water and tap water) were performed, and the results are
shown in Figure 4. It can be seen that the experimental results
with the two solvents are very similar, and thus the influence
of the solvent is negligible.
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The relationship between the drag reduction DR, which
is defined by (1), and the Reynolds number Re is shown in
Figure 5:

DR (%) = λwater − λsuspension

λwater
× 100. (1)

In (1), λwater and λsuspension denote the friction factor for the
water and suspension, respectively. From Figure 5, it can be
seen that DR is almost constant against Re and its maximum
value is 11%. Figure 6 shows the relationship between DR
and the concentration of the suspension, Cw. DR is seen
to increase significantly with Cw under these experimental
conditions.

The relationship between f −1/2 and Re· f 1/2, where f
denotes the Fanning friction factor, is shown in Figure 7. It
can be seen that in the laminar flow regime, where Re· f 1/2
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Figure 6: Effects of concentration of bacterial cellulose suspensions
on DR.
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is small, the data is well fitted by a Newtonian laminar flow
curve (L). In contrast, in the turbulent regime, the data is
aligned parallel to the curve (N) in order of concentration
(higher concentrations are located higher in the graph). This
indicates a type B drag reduction, which can be seen in
fiber suspensions and polymer solutions. Generally, a type
B drag-reducing mechanism is associated with suppression
of vortices. For fiber suspensions, it is thought that flocs
produced in the flow field influence the fluid resistance,
and the fibers suppress vortices when they are uniformly
distributed in the flow direction, thus resulting in drag
reduction.

A micrograph of a bacterial cellulose suspension is shown
in Figure 8(a). The bacterial cellulose is in fiber form, and
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similar suspensions made from synthetic fibers, such as nylon
or rayon with aspect ratios of 40–100, show up to 20% drag
reduction at high concentrations (5000–20000 ppm). On the
other hand, asbestos fiber, which has an aspect ratio of
105, shows a high DR (20–85%) at low concentrations (25–
500 ppm). In the case of bacterial cellulose, although drag
reduction has been observed in the low concentration region,
similar to that for asbestos, its DR value is similar to that
for nylon or rayon. Although it is impossible to determine
the aspect ratio of bacterial cellulose based on the image, the
reason that the DR value of bacterial cellulose is lower than
those of asbestos fiber or biopolymers may be due to that the
fibers and/or their assemblies in the test fluid are shorter.

Bacterial cellulose forms nata de coco when bacteria
accumulate and stratify. Figure 8(b) is a micrograph of a
suspension of uncompressed nata de coco that was agitated
with a mixer. The fibers are closely associated and the assem-
blies are thick in comparison with those of bacterial cellulose.
It is clear from the traditional experimental results that the

0

2 4 6 8 100

10

20

D
R

(%
)

Re = 4000
Re = 5000
Re = 6000

Cw(ppm)

Figure 10: Effects of concentration of nata de coco suspensions on
DR.

thickness and aspect ratio of fibers have a large influence on
drag reduction. Hence, the drag reduction mechanisms for
the nata de coco suspension shown in Figure 8(b) differs
from those of the bacterial cellulose suspension shown in
Figure 8(a). Therefore, experiments with suspension made
from agitated nata de coco were performed in order to
investigate the influence of the bacterial cellulose fiber shape.

The results of the pressure drop measurements are
shown in Figure 9. Although drag reduction is observed,
similar to the case for the bacterial cellulose, the critical
Reynolds numbers for the examined concentrations are
smaller than that of water. The relationship between Cw

and DR for the nata de coco suspension is shown in
Figure 10. The DR value is seen to increase significantly
with concentration, in comparison to the bacterial cellulose
suspension (Figure 6). The higher drag reducing effect of
the nata de coco suspension at lower concentrations may be
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Figure 11: Experimental results for mechanical degradation: BC
denotes bacterial cellulose suspensions, and nata de coco denotes
nata de coco suspensions.

explained by the presence of thicker fiber assemblies (Figures
8(a) and 8(b)).

Figure 11 shows the results of a mechanical degradation
experiment for suspensions of bacterial cellulose and nata
de coco. For 400 ppm bacterial cellulose, the initial DR (N
= 1, where N is the number of passages of the test fluid)
was 11%, gradually decreased until N = 5, and thereafter
maintained an almost constant value of about 5%. DR
decreased immediately for the 50 ppm concentration. In
contrast, for the nata de coco suspension, both the 7.5 and
10 ppm concentrations exhibited a decrease in DR with
increasing N, and the drag reducing effect vanished for N =
30. These results suggest that bacterial cellulose suspensions
are less susceptible to mechanical degradation.

Micrographs after the degradation experiment are shown
in Figures 12(a) and 12(b). In comparison to the bacterial
cellulose suspension (Figure 12(a)), the degree of breakup
of fiber assemblies, which were closely associated before
degradation, was greater for the nata de coco suspension
(Figure 12(b)). Bacterial cellulose tends to contain gelled
assemblies (liquid), and nata de coco is composed almost
entirely of such ensembles. In addition, the degree of
conglutination between bacterial cellulose fibers increases
due to hydrogen bonding when the liquid in the gelled
assemblies evaporates. This occurs even when the bacterial
cellulose is in water. Since conglutination is weaker in nata
de coco than in bacterial cellulose, and the fibers are fragile,
the nata de coco suspension may suffer additional damage
(mechanical degradation) when the fluid passes through an
orifice or capillary.

4. Conclusions

Pressure drop measurements for bacterial cellulose suspen-
sions flowing in a circular pipe were performed, and the
following results were obtained.

100 μm

×150

(a) Bacterial cellulose suspension (N = 30)

100 μm

×150

(b) Nata de coco (N = 30)

Figure 12: Micrographs of test fluid (after mechanical degrada-
tion).

(1) The drag reduction of bacterial cellulose increased
with concentration and showed a maximum of 11%.

(2) The drag reduction decreased due to mechanical
degradation, and finally became constant.

(3) Suspensions of nata de coco, which is a layered form
of bacterial cellulose, showed a higher drag reduction
at lower concentrations, although the effects of
mechanical degradation were larger.
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The heat transfer characteristics of a dilute cationic surfactant solution, CTAC/NaSal aqueous solution, were experimentally
investigated in a fully developed two-dimensional water channel flow at different temperatures ranging from 15◦C to 60◦C and at
different mass concentrations, namely, 75, 100, and 200 ppm. The magnitudes of the maximum achievable heat transfer reduction
(HTR) at the above three different surfactant concentrations are all about 90%. The cationic surfactant solution showed a great
heat transfer reduction phenomenon, which was greatly affected by concentration, temperature, and Reynolds number. It was
supposed that temperature and shear stress are two kinds of energy applied on the surfactant microstructure, which can be helpful
to the surfactant network formation or dissociation depending on their values.

1. Introduction

Since the drag reduction phenomenon is discovered by Toms
in 1948 [1], polymers and surfactants as two drag-reducing
additives were studied by many researchers [2–4]. Polymer
drag-reducing additives have been used extensively in crude
oil pipelines of companies such as Shell and Conoco to
increase the throughput and to save pumping energy [2].
However, due to the permanent decrease of drag reduction
performance of polymer after passing through high shear
stress sections of pipelines, they are not effective in closed
circuit systems such as district heating and cooling (DHC)
recirculation system. In contrast to polymers, the mechanical
degradation of surfactants is only temporary [3].

In addition to the drag reduction effect, another notice-
able effect of surfactant drag-reducing additives is the heat
transfer reduction that occurs between a solid boundary and
the flowing fluid [4–6]. Wei et al. [6] showed that heat trans-
fer reduction is always a little larger than drag reduction. This
reduced heat transfer behavior of drag-reducing surfactant
solutions is an obstacle to their application in DHC systems
since heat exchange in heating or cooling is essential.

Some research focused on the effect of the Reynolds
number [7] and the concentration [8] on the drag reduction

and heat transfer induction of the surfactant solutions. But
there are few details, systematic investigations, and deep
analyses of the concentration, the Reynolds number, and
the temperature effects on the heat transfer reduction of
the surfactant solution. In this paper, the combined effects
of concentration, Reynolds, and temperature on the heat
transfer behavior of CTAC/NaSal surfactant solution were
experimentally investigated and analyzed from the viewpoint
of thermal energy and shear stress energy in detail.

2. Experimental Apparatus and Procedure

2.1. Test Facility. The water channel test facility for heat
transfer experiments was a closed loop shown schemati-
cally in Figure 1. The system consisted of a reservoir tank
(0.45 m3), a stainless steel centrifugal pump, a settling cham-
ber equipped with a nozzle, a two-dimensional channel, a
diffuser, an electromagnetic flowmeter with a resolution of
±0.01 m3/min, the stainless steel tube, and some necessary
components to connect the equipments. In order to get
different fluid temperatures, a control system with a 4.4 kW
heater was installed in the reservoir tank. The temperature
of the fluid was controlled to ±0.1 K around the prescribed
value.
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Figure 1: Schematic diagram of two-dimensional water channel.

The surfactant aqueous solution was circulated by the
pump and supplied to the settling chamber. The chamber
was equipped with a perforated pipe, stainless steel mesh,
and 1/17 contraction nozzle. At the entrance of the test sec-
tion, a 45 mm long honeycomb with 8 × 8 mm2 rectangular
openings was used to remove large eddies.

The two-dimensional channel was 10 mm high, 125 mm
wide, and 3 meters long (inside measurement), which was
connected straightly by two sections of 1.5 meters each. The
channel walls were of 20 mm thickness and made of trans-
parent acrylic resin except for the heating wall. The heating
wall consisted of a 2-mm thick stainless steel plate and five
independent strips of electric heaters each of which was made
by gluing a Nichrome heating wire (3 mm thick, 10 m long,
200◦C resistance temperature, and 1000 W peak power) on
the outer surface of the base plate by using an electrically
insulating but highly conductive adhesive (Dow Corning
Silicone, Dow Corning Co., Ltd., America). The five heaters
having the same spanwise width as the channel width were
total 1.40 meters in length located 1.60 meters downstream
from the entrance of the channel, and thus all the five heaters
were 280 mm long along the flow direction. Each heater was
independently heated by an AC power supply. The voltage
and electric resistance were measured to calculate the local
wall heating power Q. On the midline of the channel span,
five T-type thermocouples were embedded into the outer
surface of the stainless steel plate with the positions corre-
sponding to the centers of the heater patches for local wall
temperature measurements. An independent heater-sensor
circuit was designed for each heater to control the local wall
temperature Tw. In the experiments, the local wall tempera-
tures of all five parts of the stainless steel plate were set to the
same value, making the heating plate serve as an isothermal
heater. One thermocouple was set at the entrance of the
heating section corresponding to the first part of the heating
plate to measure the inlet bulk temperature T0. The local
bulk temperatures Tf corresponding to the other parts of the
heating plate were estimated from the heat balance between
the heating power and temperature increment of the flow.
A data acquisition unit, PXI 6221 (National Instruments
Co., America) having a high A/D resolution of ±20,000, was
connected to a personal computer that automatically con-
verted the thermocouples’ output voltages into temperatures.

Temperatures were monitored to ensure that data in the
steady state was being acquired. All the temperature readings
were obtained and averaged over about ten minutes.

2.2. Sample Material. In the experiments, the tested cationic
surfactant was cetyl trimethyl ammonium chloride (CTAC)
(Shandong Fusite Chemical Co., Ltd., China, 70% purity),
with a molecular weight of 320.0 g/mol, which is less
affected by calcium and sodium naturally existing in tap
water. Sodium salicylate (NaSal) (Yixing City Shenguang
Medicine Chemicals Co., Ltd., China, 99% purity), with
molecular weight of 160.1 g/mol, was used as the counterion
to stabilize the solution structure. The surfactant solution
was prepared by adding the same mass concentrations of
surfactant and counterion to the desired tap water for the
heat transfer measurements. The surfactant solution is
marked by the concentration of CTAC, and solutions of
three mass concentrations (75, 100, and 200 ppm) were
made for the heat transfer reduction (HTR) measurements.

2.3. Heat Transfer Reduction. The local Nusselt number was
determined as

Nux = hxH

λs
= H

λs
· Qx

WL
(
Tw − Tf

) . (1)

In this paper, we used the averaged Nusselt number which
was determined as

Nu = QH

LWλs
=
(∑5

x=1 Nux

)
5

, (2)

where Qx is heating power, H the channel height, W the
channel width, L the total length of the heaters along the
flow direction, λs the thermal conductivity of the surfactant
solution, Tw the local wall temperature, and Tf the local bulk
fluid temperature. Here, the thermal conductivity of solvent
was used instead of that of surfactant solution. One reason
is that the surfactant concentrations involved in the experi-
ments were so low that the thermal physical parameters were
almost the same as those of solvent; another reason is that the
comparison of the experimental results between pure solvent
and surfactant solution becomes convenient. According
to Ohlendorf et al. [9], the shear-reduced structure (SIS)
made up of rod-like micelles exists as long as the solution is
sheared and disappears at once after the shear is stopped. It is
generally believed that SIS is essential for drag reduction and
hear transfer reduction through suppressing the turbulence
in the turbulent flow at high Reynolds number [10, 11].
For a given test facility, the local heat transfer coefficient hx
mainly depends on the heat convection; however the thermal
conductivity λs is just decided by physical property and
temperature of drag-reducing fluids. So using the thermal
conductivity of water instead of that of surfactant solution
can be convenient to understand the turbulence suppression
degree of the surfactant additives. Furthermore, in the most
application-oriented studies, such a treatment is convenient
for comparing the heat transfer results of the solvent with
the surfactant solution under the same situations of flow and
heat flux [10]. The viscosity and thermal conductivity values
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used in various nondimensional numbers are obtained
at the temperature corresponding to specific experimental
condition. For example, for the 15◦C experimental condition
of the bulk fluid, the viscosity and thermal conductivity are at
15◦C.

The heat transfer reduction of the drag-reducing flow
from that of solvent flow was defined as HTR:

%HTR = Nus −Nu
Nus

× 100, (3)

where Nus is the Nusselt number of solvent.
In order to test the reliability of the experimental system,

the test result of the tap water solvent was compared with
the Gnielinski’s formula [12] under the same experimental
condition. The Gnielinski’s formula is expressed as

NuD = 0.012
(

Re0.87
D − 280

)
Pr0.4

f

[
1 +

(
D

L

)2/3
]
ct, (4)

where ct = (Pr f /Prw)0.01, Pr f /Prw = 0.05∼20, D the
hydraulic diameter, L the total length of the heaters along the
flow direction, ReD Reynolds number based on the hydraulic
diameter D, Pr Prandtl number, the suffix f represents bulk
temperature, and suffix w represents wall temperature.

3. Results and Discussion

Figure 3 shows the variation of averaged Nusselt numbers
of 75, 100, and 200 ppm CTAC/NaSal surfactant solution
flow with Reynolds number in the 2D channel at several
different temperatures ranging from 15◦C to 60◦C. For
comparison, the Gnielinski’s equation for the heat transfer
of Newtonian turbulent flow in the hydraulic fully developed
and thermally developing region is also shown by a solid line
in the same figure.

Figures 2(a)–2(c) show similar variation trends of Nus-
selt numbers with Reynolds number. The measured Nusselt
numbers of water flow agree very well with the curve
of Gnielinski’s equation, validating the reliability of the
experimental system. In a certain Reynolds number region,
the Nusselt number of the surfactant solution is smaller than
that of water, showing a great heat transfer reduction (HTR)
phenomenon. It is also shown that the Nusselt numbers
are very small in the lower Reynolds number region with a
value about 2 and increase slowly before a certain Reynolds
number, above which the Nusselt numbers increase rapidly
up to higher values about 100 but still a little lower than the
curve of Gnielinski’s equation. It is suggested that the heat
transfer performance is improved with increasing Reynolds
number, and the improved level is high in the higher
Reynolds number region. The Reynolds number above which
the Nusselt number begins to increase rapidly, in other
words, the HTR begins to decrease rapidly is so called the
critical Reynolds number (Rec). Heat transfer performances
are different at different temperatures, indicating an obvious
effect of temperature. For the same concentration, the critical
Reynolds number increases as the temperature increases,
and thus the heat transfer reduction range is enlarged.

However, the critical Reynolds number starts to decrease
with temperature when the temperature exceeds critical
value depending on the corresponding concentration. The
temperature above which the HTR begins to increase rapidly
is defined as the critical temperature (Tc).

The relationship between the critical Reynolds number
and temperature is shown in Figure 3 at different concen-
trations. We can see that at lower temperatures, the critical
Reynolds number just shows little difference among the three
different concentrations. As the temperature is increased,
low-concentration solution will reach the maximum critical
Reynolds number (corresponding to the critical tempera-
ture) very quickly, and then the critical Reynolds number at
this concentration decreases rapidly with further increasing
temperature. The increase in concentration increases the
critical Reynolds number and also the critical temperature.
For example, the critical temperatures for 75, 100, and
200 ppm surfactant solutions are 40, 45, and 50◦C, respec-
tively, and the critical Reynolds numbers corresponding to
the critical temperatures increase from 13400 for 75 ppm to
18000 for 100 ppm, and then to 30900 for 200 ppm. This
phenomenon has also been noticed by other researchers
[6, 10, 13].

Figures 4(a)–4(c) show heat transfer reduction (HTR)
measured at different temperatures, Reynolds numbers,
and surfactant mass concentrations in a two-dimensional
channel. It can been seen in Figure 4(a) that the HTR is
higher in lower Reynolds number region, exceeding 90%
and does not decrease until critical Reynolds numbers above
which the HTR decreases very quickly to a very small value.
At lower temperatures, the Reynolds number can reach
the critical value easily and the heat transfer performance
increases with further increasing Reynolds number above the
critical value. The range of low heat transfer performance is
enlarged as the temperature is increased up to the critical
temperature above which the heat transfer performance is
improved sharply. This phenomenon is so called temperature
effect, as mentioned above.

Also, we can see in Figure 4(a) that for all temperatures
not exceeding the critical value, the maximum HTRs are
all about 92%. The same phenomenon can be seen in
Figures 4(b) and 4(c). Comparing Figures 4(a), 4(b), and
4(c), we can find that at the same temperature below the
critical temperature of the solution, the higher concen-
tration solution has the wider range of low heat transfer
performance: for instance, for 75 ppm surfactant solution
at the temperature of 40◦C, the Reynolds number range
of low heat transfer is from 3000 to 15100; however, the
Reynolds number ranged from 3000 to 21200 for solution at
the concentration of 100 ppm and the temperature of 40◦C
and the Reynolds number ranged from 5000 to 31500 for
200 ppm surfactant solution at 40◦C. Thus it can be seen
that the heat transfer characteristic was greatly affected by the
surfactant concentration. In a small range of Reynolds num-
ber, the HTR increases to, and keeps in the maximum value
before and then decreases with further increasing Reynolds
number above the critical value. The range of low heat
transfer performance is enlarged as the temperature increases
before a critical temperature above which the expansion
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Figure 2: Averaged Nusselt numbers at 75, 100, and 200 ppm.

of low heat transfer performance has a setback with further
increasing temperature.

Since the heat transfer reduction behavior is closely
related to the micellar network in the surfactant solution,
these phenomena may be explained by the effects of Reynolds
number (shear stress) and temperature (thermal/Brownian
motion) on the micellar network. We consider that the main
energy applied to the solution consists of two parts, the
thermal energy (H) and shear energy (S). For cationic sur-
factants, under the right conditions of surfactant/counterion
chemical structures, ratios, concentrations, and tempera-
tures, they form rod-like micelles [14]. The length of rod-

like micelles is about dozens of times diameter of the micelles
which is about several nanometers, and the length of rod-like
micelles increases with increasing surfactant concentration
[9]. Under a proper shear stress, the rod-like micelles form a
network structure called shear-induced structure (SIS) [15]
and align themselves along the flow direction to suppress
turbulent flow near the wall [9], which is often stated to
be responsible for the occurrence of heat transfer reduction
[10, 16, 17]. Both the shear action and temperature can
affect the formation and destruction of the shear-reduced
structure (SIS). For dilute surfactant solutions, at a certain
shear rate, the viscosity remains relatively constant for
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a period of induction time before beginning to increase
due to the free rotation of the spherical micelles, then
the shear thickening was observed by acquiring sufficient
energy which is the combination of the shear rate and the
flow duration [18, 19]. What is more, the induction time
is approximately inversely proportional to the shear rate
[20], and Zhang et al. [21] have pointed that the negative
correlation between the induction time and the shear rate
accords with power law mode with the exponent of −0.1.
When the shear rate exceeds the second critical shear rate, the
SIS is destroyed by mechanical breakdown [18, 19]. Similarly,
at lower temperature below the critical temperature of the
solutions, the increase of temperature can intensify the
Brownian motion of micelles so that the micelles can get
enough energy through the collision to overcome the mutual
exclusion to aggregate, forming the supermolecular shear-
reduced structure (SIS) which need more shear energy corre-
sponding to bigger critical Reynolds number to be destroyed.
When the temperature increases to a certain level, the SISs
transform to spherical micelles, which has been proved
by Lu et al. [11] using transmission electron microscopes
(TMEs). This is the reason that when the temperature
increases to a critical value, the critical Reynolds number
decreases.

Through comparing Figures 3 and 3, we can find that
the Nusselt number increases slowly and the HTR keeps in
a considerable value before the critical Reynolds number,
which can be explained by the theory that turbulent flow is
suppressed to a state which is in between the laminar and
turbulent flow states. Because the levels of suppression are
almost the same for a given surfactant concentration with
different temperatures below the corresponding values, the
HTR is almost invariant before critical Reynolds number
for different temperatures, as shown in Figure 3. With
further increasing temperature above the critical value, some

of the SISs fracture and transform to spherical micelles,
which reduces the proportion of superorder rod-like micelle
structures and enhances the turbulence intensity of the flow,
so the heat transfer performance can be improved in lower
Reynolds numberrange.

From Figure 3, we can see that the critical Reynolds num-
ber increases with increasing temperature whichis below the
corresponding critical temperature for a given concentration
surfactant solution. Considering the fact that the Brownian
motion is enhanced with increasing temperature, we may
conjecture that the shear-induced structure (SIS) is easily
formed in the surfactant solution and the strength of these
big structures are increased. Therefore, a larger Reynolds
number is needed to improve the heat transfer performance;
in other words, a larger shear stress is needed to disassociate
micellar networks. However, when the temperature exceeds
the critical value, the corresponding critical Reynolds num-
ber decreases with further increasing temperature above the
critical value. The reason for this phenomenon is that the
SISs transform to spherical micelles because of the larger
thermal energy added to the solution. At the same time, we
can see in Figure 3 that the critical temperature and critical
Reynolds number increase as the concentration increases. It
is suggested that the rod-like micelles are longer and stronger
with increasing concentration and need more thermal
energy to disrupt SISs to spherical micelles and more shear
stress energy to destroy the net structure SISs adhered to
the wall.

The heat transfer reduction of CTAC/NaSal solutions
with the same proportion in terms of mass ratios has also
been studied by Zhou et al. [22] and Zhang et al. [23]
in the 50 × 500 mm and 20 × 250 mm two-dimensional
channel, respectively. They found that the maximum HTRs
for fully developed thermal boundary layer were 55% and
68%; however the HTR is 92% in the present experiment
conducted in 10 × 125 mm two-dimensional channel. It
suggests that the HTR increases with the decreases of the
size of two-dimensional channel, according to the finding
that DR increases with the decrease of the pipe diameters
[24]. According to Zhou et al. [22], the reduction of
heat transfer rate of surfactant solutions increases as the
concentration is increased and then keeps a maximum value
without further increasing with the concentration. This
critical concentration is about 80 ppm; this agrees with the
present experimental findings that all the maximum HTRs
are about 92% for 75, 100, and 200 ppm surfactant reducing
solution.

The same concentration, temperature, and Reynolds
number can work together to impact on the heat transfer
performance of the surfactant solution both positively and
negatively: under the condition of the critical temperature
(Tc) and the critical Reynolds number (Rec), the two major
energies constitute the critical energy of the solution for
a given concentration of solution. Therefore, in practical
engineering fields, the goal of energy savings can be achieved
by controlling the temperature and Reynolds number of
the flow. When the solution temperature is lower, the best
heat transfer performance can be got by increasing Reynolds
number to a value exceeding the critical Reynolds number.
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Figure 4: Heat transfer reduction characteristics of CTAC/NaSal solution.

Otherwise when the solution temperature is close to the
critical temperature, in order to get the better heat transfer
effect, the solution can be heated to a temperature just a little
higher than the critical temperature. Of course, the study in
this paper is just a qualitative analysis of the interesting heat
transfer reduction phenomena; the relationship between the
shear and thermal energy and their contribution to the heat
transfer reduction remain to be further studied.

Such experimental data obtained in this experiment as
temperatures in Figure 3 and Reynolds numbers in Figures 3

and 3 do not reach the same value on the right side of the
abscissas; it is because the variation trend can be reflected
by the obtained data and it is not necessary to get more
data.

4. Conclusions

Turbulent heat transfer characteristics of CTAC/NaSal sur-
factant drag-reducing flow with concentrations of 75, 100,
and 200 ppm in a two-dimensional channel at various
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Reynolds numbers and temperatures were experimentally
investigated. The main conclusions drawn from this study are
as follows.

(1) There exists a critical temperature in each different
concentration solution, below which the critical
Re, the efficient rang of drag reduction, the drag-
reducing characteristics of the solution increase with
increasing temperature.

(2) For a surfactant solution with a given concentra-
tion, there exist two factors of temperature and
Reynolds number affecting the heat transfer char-
acteristic greatly. In order to get the quantitative
analysis of influence exerted by these two factors, we
defined critical Reynolds number (Rec) and critical
temperature (Tc) which increase with increasing
concentration.

(3) For Re < Rec, the HTR increases to a considerable
maximum value about 92% quickly due to the
shear-induced structure SIS formed at a suitable
Reynolds number (shear stress) range. The micellar
network can be destroyed by the higher shear stress
corresponding to the critical Reynolds number, and
the destruction is intensified with further increasing
Reynolds number. Therefore, the heat transfer per-
formance increases remarkably as the Reynolds num-
ber increases on the condition that Reynolds number
exceeds the critical value at a given concentration and
a given temperature.

(4) The temperature affects the heat transfer perfor-
mance because of the thermal motion of surfactant
micelles. For T < Tc, the Brownian motion of
micelles gets intense with increasing temperature and
the formation of SIS becomes more and more easy,
resulting in wider and wider range of low heat trans-
fer performance. When the temperature reaches the
critical value, the heat transfer coefficient comes to
the minimum value and then starts to increase with
further increasing temperature. The reason is that
when the temperature exceeds the critical one, the
Brownian motion is so intense that the shear-induced
network structure SISs transform to spherical
micelles.
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Flow drag and heat transfer reduction effects are useful in heat energy transportation systems and can lead to lower pumping
energy requirements. The purpose of this research is to describe the flow drag and heat transfer reduction characteristics of
organic (potassium acetate) and inorganic (calcium chloride) brine solutions. The nonionic surfactant oleyl dihydroxyethyl amine
oxide (ODEAO) is used as a drag-reducing additive. The pipe friction coefficient and heat transfer coefficient are investigated
experimentally in a straight pipe for each type of solution with ODEAO. These coefficients are found to be lower than those of
water in the turbulent flow range. However, the rod-like micelles of ODEAO, which are necessary to induce the flow drag reduction
effect, are not readily formed in these solutions. Hence, the flow drag and heat transfer reduction effects are measured only under
limited conditions and it is difficult to apply these solutions practically as heat transfer media.

1. Introduction

Recently, there has been some interest in flow drag and
heat transfer reduction effects as a practical means of
reducing energy consumption. Previous studies have verified
the energy conservation capabilities of flow drag and heat
transfer reduction effects [1]. If a surfactant used as a flow
drag reduction fluid is capable of lowering the pipe friction
coefficient by up to 78%, the energy consumption efficiency
of the surfactant solution will decrease by 44% compared to
water. The flow drag and heat transfer reduction effects of
organic brine solution are particularly useful for transport
energy conservation, since the high viscosity of organic brine
solution requires high pumping power for transportation.
The reduced heat transfer coefficient of the flow drag
reduction fluid not only decreases the heat loss from the pipe,
but also degrades the performance of the heat exchanger.
Heat transfer enhancement methods have been proposed by
Kawaguchi et al. [2], Sato et al. [3], and the present authors
[4] to increase this reduced heat transfer coefficient.

When a surfactant is added to water, rod-like micelles
can be formed by the functioning of the hydrophobic and
hydrophilic groups of surfactant molecules [5]. In previous
studies of the flow drag and heat transfer reduction effects of
this phenomenon, suppression of the small-scale turbulent
eddies of the solution caused the turbulent flow to laminarize
[6]. Moreover, a surfactant was verified to be the most suit-
able additive, since its micelles are thermodynamically stable
and self-assemble quickly after degradation [7]. Accordingly,
there have been a number of reports on flow drag and heat
transfer reduction effects.

In our previous research (e.g., [1, 8–11]), the nonionic
surfactant oleyl dihydroxyethyl amine oxide (= ODEAO,
C16H35N (C2H4OH)2O = 371.6) was used as a flow drag
reduction additive. ODEAO has less sterilization (acute oral
toxicity: LD50 > 5,000 mg/kg [1]) and a low environmental
load. Nakata et al. [1] used transmission electron microscopy
(TEM) to confirm the shape of ODEAO micelles. Figure 1
shows an electron micrograph (photographic magnification:
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400 nm

160 nm

Figure 1: Rod-like micelles of ODEAO.

60,000) of the rod-like micelles of ODEAO. This specimen
was prepared from an aqueous solution of ODEAO at a
concentration of 5,000 ppm. The figure indicates rod-like
or worm-like micelles (400 nm long and 160 nm wide) of
ODEAO (or an entanglement network of rod-like micelles).

Our previous studies [8–11] have investigated the flow
drag and heat transfer reduction effects of a surfactant
(ODEAO) in organic brine (ethylene glycol (EG, C2H4(OH)2

= 62.1)) and (propylene glycol (PG, CH3CH(OH)CH2OH =
76.11)) solutions. Aggregation of the rod-like micelles of the
surfactant was reinforced by a polar-nonpolar solubilization
between the micelles and the EG or PG molecules. Therefore,
the flow velocity range in which flow drag and heat transfer
reduction effects occurred was much greater for EG or PG
solution with surfactant than for an ODEAO water solution.

Inorganic brine (= calcium chloride (CC, CaCl2 =
111.0) solution) has been used in actual heat energy
transportation systems until recently, even though it presents
some problems (including corrosion of steel and damage
to equipment). CC solution is a strong acid and strong
base solution. Potassium acetate (PA, CH3COOK = 98.15)
solution has been developed as a new type of brine for use
in place of EG or PG solution, since its biodegradability
is more rapid than that of glycol-based solutions and the
environmental load is relatively small [12]. PA solution is a
weak acid and strong base solution. However, there is very
little quantitative data on the flow drag and heat transfer
reduction effects of PA solution and CC solution. In order to
apply flow drag and heat transfer reduction effects to these
brine solutions, it is important to clarify the flow drag and
heat transfer reduction characteristics of PA or CC solution
with surfactant. In this paper, the pipe friction coefficient
and mean forced convection heat transfer coefficient are
investigated experimentally in a straight pipe for each of
these solutions with surfactant, relative to the measurement
parameters of brine concentration, surfactant concentration,
and temperature of the brine solution.

2. Viscosity Measurement

It has been reported previously that EG and PG solutions
with ODEAO are non-Newtonian fluids [5]. Thus, it is
necessary to investigate the viscous characteristics of PA
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Figure 2: Relationship between γ and τ of PA solution with
ODEAO.

solution with ODEAO. In this study, the apparent viscosity
of the solution was measured using a rotational (torsional)
rheometer with a double gap cylinder sensor system (Vis-
cotester VT550, Thermo Haake, Germany). This sensor
system was able to measure low viscosity (0.5–104 mPa·s)
of a small sample (4.5 cm3) while a stepwise increase in
the shear rate was imposed. The accuracy of the apparent
viscosity measurements could be maintained within 6.0% by
calibration with viscosity standards.

Figure 2 shows the relationship between the shear rate
γ (1/s) and the shear stress τ (Pa) of PA solution with
ODEAO (ODEAO concentration: Co = 790 ppm and PA
concentration: CPA = 20 mass%) for various solution tem-
peratures (To = −5–30◦C). The shear stress τ at To = 30◦C
indicated an increase in the high shear rate range (γ >
3000 1/s). This increase was caused by the generation of
Taylor flow. With the double cylindrical rotor, Taylor flow
was generated under low-viscosity and high-speed rotational
conditions. However, the viscosity could not be measured
under these conditions. Therefore, data indicative of Taylor
flow was omitted from the viscosity measurements. As
Figure 2 shows, the shear stress τ (Pa) at To = 30◦C varied
linearly with the shear rate γ (1/s). However, the shear stress
τ (Pa) did not vary linearly with the shear rate γ (1/s) at
lower solution temperatures (To < 20◦C). This indicates that
PA solution with ODEAO is a non-Newtonian fluid, except
when To = 30◦C.

In order to quantify the viscosity characteristics of PA
solution with ODEAO, the relationship between the shear
stress and shear rate was fitted to a power-law model (τ = K
γn, where K (Pa·sn) is the pseudoplastic viscosity and n is the
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power-law exponent). Figures 3 and 4 show the relationship
between K, n, and To for PA solutions with ODEAO and
CPA = 20 mass% and CPA = 30 mass%, respectively. As these
figures indicate, a decrease in the solution temperature led to
a decrease in the power-law exponent n and an increase in the
pseudoplastic viscosity K of the solution. These results show
that a decrease in the solution temperature increased the
non-Newtonian characteristics of PA solution with ODEAO.
If the power-law exponent n was equal to 1 at higher solution
temperatures, the solution became a Newtonian fluid under
such conditions and the pseudoplastic viscosity K was equal
to the viscosity μ.

The apparent viscosity of CC solution with ODEAO was
not measured with the rotational rheometer. One reason for
this was to avoid breakdown of the rheometer due to the
corrosive effects of CC solution. Another reason was to verify
that the apparent viscosity of CC solution with ODEAO
was almost consistent with that of plain CC solution. From
the nondimensional experimental result shown in Figure 14,

the relationship between the pipe friction coefficient and
the Reynolds number of CC solution with ODEAO without
flow drag reduction effect was in agreement with the Blasius
resistance formula in the turbulent flow range if the viscosity
of CC solution was used as the apparent viscosity of CC
solution with ODEAO.

3. Experimental Apparatus and Procedure

In order to examine the flow drag and heat transfer
reduction characteristics of brine solutions with ODEAO,
it is necessary to measure the pipe friction coefficients and
mean heat transfer coefficients of these solutions. Figure 5
shows a schematic of the experimental apparatus used in
this research. Since the apparatus was the same as that used
in our previous work, only the main points are noted here.
It was comprised of four units: a stainless steel test section
(1.74 m length (L) × 0.016 m inside diameter (di)), a pump
for circulating the test fluid, a low-temperature thermostatic
water bath (with a minimum water temperature of −20◦C ),
and an AC power supply unit for the heat input.

To determine the flow drag reduction effect, the pressure
loss (ΔP) of the test fluid between the input and output of the
test section was measured via a differential pressure gauge
and manometer. The mean velocity (Um) of the test fluid
was measured with a magnetic flow meter. The pipe friction
coefficient (λ) was then calculated from

λ = ΔP

L/di · 1/2ρU2
m

, (1)

where ρ is the density of the test fluid. The experimental
uncertainty for the pipe friction coefficient (λ) was ±5.3%,
allowing for other experimental uncertainties such as tem-
perature ±0.1 K, pressure loss ±24 Pa, flow rate ±0.001 kg/s,
and so forth.

The heat transfer characteristics were examined under
constant heat flux conditions, provided by Joule heat. The
mean heat transfer coefficient hm (W/(m2·K)) was calculated
using the integrated equation (2). The local heat transfer
coefficient (hx(x)) in (2) was evaluated from the pipe wall
temperature (Twx) at the position (x) along the pipe, the
bulk temperature of the test fluid (Tb), and the heat flux
(Q/A, where Q is the input heat (W) and A is the heated
area (m2)). The wall temperatures were measured with 20 T
thermocouples over the pipe length

hm = 1
L

∫ L

0
hxdx = 1

L

∫ L

0

Q

A · (Twx − Tb)
dx. (2)

The experimental uncertainty for the mean heat transfer
coefficient (hm) was ±7.5%, allowing for other experimental
uncertainties (temperature ±0.1 K, heat flux ±0.8 W/m2,
flow rate ±0.001 kg/s, etc.).

In order to conduct non-dimensional analysis of the
experimental results, the Reynolds number Re and Prandtl
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Figure 5: Schematic diagram of the experimental apparatus.

number Pr were determined from the following equations in
the case of a Newtonian test fluid:

Re = ρ ·Um · di
μ

,

Pr = μ · Cp

κ
,

(3)

where μ is the viscosity, κ is the thermal conductivity, and
Cp is the specific heat. When calculating Re and Pr for
brine solutions with ODEAO, the values of the thermal
conductivity κ, specific heat Cp, and density ρ of the
brine solution (= solvent) were used, since the ODEAO
concentrations were very low. The viscosities μ are shown as
the pseudoplastic viscosity K in Figures 3 and 4, because the
pseudoplastic viscosity K was equal to the viscosities μ in the
case of a Newtonian test fluid.

In the case of a non-Newtonian fluid, the modified
Reynolds number Re′ (4) and modified Prandtl number Pr′

(5) were calculated using the K and n values of the brine
solutions with ODEAO:

Re′ = 81−n
[

3n + 1
4n

]−n[ρ ·U2−n
m · dni
K

]
, (4)

Pr′ = Cp · [(3n + 1)/4n]n · K · [(8Um)/di ]n−1

κ
. (5)

If the test fluid was Newtonian (n = 1), the equations for
Re′ and Pr′ reduced to the equations for Re and Pr.

Finally, the non-dimensional heat transfer coefficient (=
Nusselt number) was defined by the following equation in
these non-dimensional plots:

Nu = hm · di
κ

. (6)

4. Experimental Results and Discussion

4.1. PA Solution with ODEAO (CPA = 20 mass%). Figures
6 and 7 show the non-dimensional pipe friction coefficient
(λ) and heat transfer coefficient (Nu/Pr′ 1/3), respectively, of
a PA solution with ODEAO (ODEAO concentration Co =
790 ppm and PA concentration CPA = 20 mass%) for various
solution temperatures (To). The solid lines represent the
pipe friction coefficient and heat transfer coefficient of a
Newtonian fluid in a laminar ((7) and (9)) and a turbulent
flow ((8) and (10)):

λ = 64
Re

, (7)

λ = 0.3164 · Re−1/4, (8)

Nu = 1.86 · (Re ·Pr)1/3 ·
(
di
L

)1/3

·
(

μ

μw

)0.14

, (9)

Nu = 0.027 · Re0.8 · Pr1/3 ·
(

μ

μw

)0.14

, (10)

where μw is the apparent viscosity on the wall. As these
figures indicate, the pipe friction coefficient (λ) and heat
transfer (Nu/Pr′ 1/3) at To = 20 and 30◦C decreased according
to (8) and (10) in the turbulent flow. These results imply
that a PA solution with ODEAO at To = 20 and 30◦C could
show flow drag and heat transfer reduction effects. On the
other hand, a PA solution with ODEAO at To = 0 and 10◦C
exhibited almost no drag reduction over the entire range of
the modified Reynolds number.

Figure 8 shows the flow drag reduction rate (DR) and
heat transfer reduction rate (HDR) of a PA solution with
ODEAO, which could be used to evaluate the reduction rate



Advances in Mechanical Engineering 5

Re

Co = 790 ppm

λ

CPA = 20 mass%

To = 30◦C

To = 20◦C
To = 10◦C

To = 0◦C
To = −5◦C

1 10 102

Equation (7)
Equation (8)

10

100

×103

×10−3

Figure 6: Relationship between Re′ and λ (CPA = 20 mass%, Co =
790 ppm).

Re

Co = 790 ppm
CPA = 20 mass%

To = 30◦C
To = 20◦C
To = 10◦C

To = 0◦C
To = −5◦C

1 10 102

0.1

1

3
×102

N
u

/P
r

1/
3

Equation (10)

Equation (9)

×103

Figure 7: Relationship between Re′ and Nu/Pr′/3 (CPA = 20 mass%,
Co = 790 ppm).

2 10 60
×103

0

20

40

60

80

D
R

,H
D

R
(%

)

Re

DR, To = 20◦C
DR, To = 30◦C

HDR, To = 20◦C
HDR, To = 30◦C

Figure 8: Relationship between Re′ and DR, HDR (CPA =
20 mass%, Co = 790 ppm).

of the pipe friction coefficient and the heat transfer. The DR
and HDR values were defined by the following equations:

DR =
(

1− λ

λw

)
× 100,

HDR =
(

1− Nu
Nuw

)
× 100,

(11)

where λw and Nuw are the pipe friction coefficient and
heat transfer value of water under the same experimental
conditions. Figure 8 indicates that DR at To = 30◦C reached
a maximum value of 65% at Re′ = 10000 and HDR at To =
30◦C had almost the same value as DR. The range of Re′ in
which the drag reduction effect existed was equal to the range
of Re′ in which the heat transfer reduction effect appeared. In
contrast, the maximum values of DR and HDR at To = 20◦C
were about 50% at Re′ = 4000, less than the value at To =
30◦C and Re′ = 10000.

For quaternary ammonium salt cationic surfactants, the
length of the rod-like micelles can be changed by increas-
ing the solution temperature. When this type of solution
contains aggregations above 40 nm in size, a large drag
reduction effect is observed [13]. However, the effect sud-
denly disappears below an aggregate size of 30 nm. Assuming
that the aggregation length changes with increasing solution
temperature, aggregations of ODEAO rod-like micelles at
only To = 20 or 30◦C can result in an additional resistance
against vortex stretching and turbulent eddy growth over the
entire range of Re′. It can be inferred that the aggregation
length of ODEAO rod-like micelles is more suitable for
producing flow drag and heat transfer reduction effects at
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To = 30◦C than at To = 20◦C. When To = 0 or 10◦C, the
aggregation length is too long or too short to suppress vortex
stretching and turbulent eddy growth, or else the micelles are
not formed when the temperature decreases beyond a certain
level.

In contrast, the flow drag and heat transfer reduction
effects at CPA = 20 mass% were refuted qualitatively at other
ODEAO concentrations (Co = 1980, 4970, and 8000 ppm).
The reason for this seems to be that the rod-like micelles are
transformed into lamellar or oblate micelles by increasing the
ODEAO concentration and lamellar or oblate micelles can-
not suppress vortex stretching and turbulent eddy growth.

4.2. PA Solution with ODEAO (CPA = 30 mass%). Figures
9 and 10 show the variation of the flow drag and heat
transfer reduction effects of a PA solution with ODEAO (To

= 15◦C and CPA = 30 mass%) with respect to the ODEAO
concentration (Co). When CPA = 30 mass%, the flow drag
and heat transfer reduction effects were confirmed only for
Co = 7860 ppm, and there were no drag reduction effects
under other experimental conditions (Co = 2740, 5240, and
10580 ppm).

In a PA solution, potassium acetate molecules are
hydrolyzed into potassium ions (K+), hydroxide ions (OH−)
and acetic acid (CH3COOH). Acetic acid is slightly ionized
into acetate ions (CH3COO−) and hydrogen ions (H+).
Since the hydrophilic group (= hydroxyl group −OH) of
an ODEAO molecule is hydrated by K+ and CH3COO−,
we inferred that ODEAO molecules could not form rod-
like micelles at a low ODEAO concentration. Therefore,
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Figure 10: Relationship between Re′ and Nu/Pr′1/3(To = 15◦C, CPA

= 30 mass%).

the flow drag and heat transfer reduction effects were lost
at Co = 2740 and 5240 ppm. In contrast, flow drag and
heat transfer reduction effects could be observed at a high
ODEAO concentration (Co = 7860 ppm). This tendency
was due to the formation of rod-like micelles of ODEAO
after saturating the hydration reaction. However, the flow
drag and heat transfer reduction effects were lost at Co =
10580 ppm, because increasing the ODEAO concentration
transforms the rod-like micelles to lamellar or oblate micelles
[5].

When the ODEAO concentration was decreased (CPA =
20 mass%), flow drag and heat transfer reduction effects of
a PA solution with ODEAO were confirmed only at Co =
790 ppm. This result indicates that rod-like micelles can be
formed at a lower ODEAO concentration. This is because
there is less K+ and CH3COO− in the solution with CPA = 20
mass% than in the solution with CPA = 30 mass%, and hence
the ODEAO concentration decreased when the hydration
reaction was saturated.

Figures 11 and 12 show the relationship between the flow
drag and heat transfer reduction effects of a PA solution
with ODEAO (Co = 7860 ppm and CPA = 30 mass%) and the
solution temperature (To). The flow drag and heat transfer
reduction effects were measured in a range of solution
temperatures from 15 to 20◦C, due to the increasing length
of the rod-like micelles with increasing solution temperature.
However, the length transition of the micelles at CPA = 30
mass% was different from that at CPA = 20 mass%. Therefore,
the drag reduction temperature ranges at CPA = 30 mass%
and CPA = 20 mass% were different. The flow drag reduction
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rate (DR) and heat transfer reduction rate (HDR) of a PA
solution with ODEAO (Co = 7860 ppm and CPA = 30 mass%)
are shown in Figure 13. The maximum values of DR and
HDR were about 60% and were almost the same as those of
Figure 8 (CPA = 20 mass%). However, the maximum values
of DR and HDR at CPA = 30 mass% occurred at To = 15◦C,
which was different from the case of CPA = 20 mass%. We
hypothesized that this temperature difference was caused
by a critical length change of the rod-like micelles with
increasing PA concentration.

Taking these experimental results into account, we
inferred that it would be difficult to use PA solution with
ODEAO as an actual heat transfer medium. The reason is
that flow drag and heat transfer reduction effects can only be
exhibited under particular conditions.

4.3. CC Solution with ODEAO. Figures 14 and 15 show the
experimental results for the pipe friction coefficient (λ) and
heat transfer (Nu/Pr 1/3) of a CC solution with ODEAO
(CCC = 10 mass% and Co = 3000, 6000, and 9000 ppm), and
Figure 16 shows the relationship between Re and DR, HDR.
Figures 14 and 15 indicate that flow drag and heat transfer
reduction effects appeared at To = 20 and 30◦C for Co =
6000 and 9000 ppm. In particular, at around Re = 1.2 × 104,
the pipe friction coefficient (λ) and heat transfer (Nu/Pr1/3)
increased markedly with slightly increasing Re (Re ranging
from 1.25 × 104 to 1.26 × 104) in the case CCC = 10 mass%
and Co = 9000 ppm. This is caused by breakage of the rod-like
micelles due to wall shear stress. This result indicates that the
wall shear stress at the minimum value of the pipe friction
coefficient (λ) has been estimated precisely. Comparison of
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Figure 14: Relationship between Re and λ (CCC = 10 mass%).

Figures 8 and 13 shows that the DR and HDR tendencies of
the CC solution with ODEAO (CCC = 10 mass% and Co =
9000 ppm) were almost the same as those of the PA solution
with ODEAO.

However, the Reynolds number range for flow drag and
heat transfer reduction effects in a CC solution with ODEAO
was smaller at Co = 6000 ppm than at Co = 9000 ppm. No
flow drag and heat transfer reduction effects occurred at Co =
3000 ppm. This tendency is probably due to the fact that the
length or number of rod-like micelle aggregations increases
with increasing ODEAO concentration and the length or
number of rod-like micelle aggregations is most suitable
for flow drag and heat transfer reduction effects at Co =
9000 ppm.

In contrast, flow drag and heat transfer reduction effects
in case of increasing CC concentration (CCC = 20 mass%)
were not confirmed. This is due to the decrease in the cloud
point of the CC solution with increasing mineral salt (CC)
concentration. If the solution temperature exceeds the cloud
point, dissolved surfactants are no longer completely soluble
and it is difficult to form surfactant micelles.

When CC is added to another nonionic surfactant
solution [14], the cloud point atCCC = 10 mass% is estimated
to be about 30◦C and the cloud point at CCC = 20 mass%
is estimated to be about −48◦C. Therefore, a CC solution
with ODEAO at CCC = 10 mass% and temperatures of 20
or 30◦C is capable of exhibiting flow drag and heat transfer
reduction effects, since these experimental temperatures are
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Figure 17: Relationship between To and τ max of PA and CC
solutions with ODEAO.

lower than the cloud point (30◦C). On the other hand, at CCC

= 20 mass%, the experimental temperatures are higher than
the cloud point (−48◦C), and hence rod-like micelles cannot
be formed in this case.

Finally, the experimental results indicate that flow drag
and heat transfer reduction effects of a CC solution with
ODEAO occurred only at CCC = 10 mass% and Co =
9000 ppm. This suggests that it would be difficult to use CC
solution with ODEAO as a heat transfer medium.

4.4. Critical Wall Shear Stress. Previous research (e.g., [5])
has indicated that drag reduction disappears when the wall
shear stress exceeds a critical value. In order to understand
the flow drag reduction effect of a PA or CC solution with
ODEAO, the critical wall shear stress (τ max) at the minimum
value of the pipe friction coefficient (λ) was investigated and
compared with the critical wall shear stress (τ max) of the
ODEAO water solution. The wall shear stress (τ max) in a fully
developed pipe flow is related to the pressure drop (ΔP) by
the following equation:

τmax = ΔPdi
4L

. (12)

Figure 17 shows the relationship between To and τ max

for a PA or CC solution with ODEAO, as well as for an
ODEAO water solution. This graph indicates that the critical
wall shear stress (τmax) of the PA solution with ODEAO was
higher than that of the ODEAO water solution. This increase
in τmax is probably due to solubilization between the PA
molecules and the rod-like micelles of the ODEAO. As a

result, the PA molecules are slightly mixed with the micelles
and the micelles are reinforced by this mixture.

The critical wall shear stress (τmax) of the CC solution
with ODEAO was slightly less than that of the ODEAO water
solution. This result suggests that there is no solubilization
between the rod-like micelles of the ODEAO and the
CC molecules and that the micelles become weak in a
strongly acid brine solution such as CC solution. Hence, we
hypothesized that the formation of rod-like micelles in an
ODEAO is related to the ionic strength of the brine solution.

5. Conclusions

Pipe friction coefficients and mean heat transfer coefficients
were measured to investigate the flow drag and heat transfer
reduction effects of potassium acetate (PA) solution and
calcium chloride (CC) solution with the surfactant ODEAO.
The experimental parameters considered were PA concentra-
tion, CC concentration, ODEAO concentration, and solution
temperature. The following conclusions may be drawn from
the results and discussion.

(1) The flow drag and heat transfer reduction effects
of PA solution with ODEAO and PA concentration
= 20 mass% were confirmed only under particular
conditions (ODEAO concentration of 790 ppm and
solution temperatures of 20 and 30◦C). The reason
for this result is that the length of the rod-like
micelles of ODEAO in the solution is not always
suitable for producing a drag reduction effect, since
the aggregation length of the micelles is dependent on
the solution temperature and ODEAO concentration.

(2) When the PA concentration = 30 mass%, the ODEAO
concentration that produces flow drag and heat
transfer reduction effects (= 7860 ppm) was larger
than in the case of 20 mass% concentration (=
790 ppm). This increase in PA concentration also
increased the saturation concentration of the hydra-
tion reaction.

(3) CC solution with ODEAO at a CC concentration of
10 mass% could produce flow drag and heat transfer
reduction effects, but there was no drag reduction
at a CC concentration of 20 mass%. This is due to
the decreasing cloud point of the CC solution with
increasing CC concentration.

(4) The critical wall shear stress of a PA solution with
ODEAO was larger than that of an ODEAO water
solution, whereas the critical wall shear stress of a
CC solution with ODEAO was slightly less than that
of an ODEAO water solution. For a strongly acid
brine solution such as CC solution, there was no sol-
ubilization between the rod-like micelles of ODEAO
and the CC molecules and the micelles became weak.
Therefore, it can be concluded that the formation of
rod-like micelles in a nonionic surfactant is related to
the ionic strength of the brine solution.

(5) In view of these findings, it would be difficult to
put PA and CC solutions with ODEAO to practical
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use as heat transfer media, since the flow drag and
heat transfer reduction effects of these solutions only
appear under limited conditions.
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A novel high-efficiency vortex (HEV) static mixer was used to locally enhance the heat transfer coefficient of a drag-reducing fluid,
Ethoquad O/12 (EO12) (3 mM) with sodium salicylate (NaSal) (5 mM). Significant enhancement of heat transfer coefficients was
observed. The Nusselt numbers were three to five times those of normal drag-reducing flow without mixer and were close to those
of water at high Reynolds number with only modest energy penalty. In contrast, a Helix static mixer increased Nusselt number
slightly with very high pressure loss. A performance number was used for comparisons among the HEV static mixer, the Helix static
mixer, and water without mixer. The HEV static mixer had a performance number comparable to that of water. The enhanced heat
transfer by the HEV static mixer resulted from streamwise vortices generated by the inclined tabs, which increased the convective
heat transfer in the radial direction.

1. Introduction

Many solutions of polymers [1, 2] or surfactants [3] show
reduced pressure loss compared with water at the same
Reynolds number (based on water or solvent). This reduc-
tion in pressure loss, known as turbulent drag reduction
(DR), can be utilized to reduce energy requirements for
pumping the fluids. Polymer drag reducing agents (DRAs)
have been utilized in the Trans-Alaska crude oil pipeline
[4, 5] and in fire fighting [6] and have been studied for
many other applications [7]. However, polymeric DRAs
lose drag reducing effectiveness in pumping because their
relatively long molecules are degraded in high shear stress
regions of piping systems [8]. Therefore, to maintain their
drag reduction effectiveness, polymeric DRAs have to be
replenished after each pumping station. Surfactant drag
reducing solutions, on the other hand, retain their drag
reduction ability even in recirculation systems without the
constant addition of surfactant DRAs, because the surfactant

wormlike micelles, which are essential to induce drag
reduction [3, 9–11] can reassemble after being temporarily
broken up by high shear stress [3, 12]. Thus, surfactant DRAs
are promising for use in recirculation systems such as district
heating or cooling systems (DHCS) [3, 13, 14].

However, drag reduction is accompanied by heat transfer
reduction for both polymeric [15–19] and surfactant [12,
20–23] DRAs. Heat transfer reduction is found to be always
greater than drag reduction for a given Reynolds number
[17, 24, 25]. Aguilar et al. [26] examined the coupling issue
between drag reduction and heat transfer reduction (HTR)
for both polymer and surfactant DRAs. They found the ratio
between the heat transfer reduction and drag reduction was
nearly constant from the onset of DR to the departure from
the asymptotic regime. They [27] also determined the ratio
of the maximum heat transfer reduction asymptote to the
maximum drag reduction asymptote to be 1.06 for Re >
20, 000.
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The mechanism of the reduced heat transfer has been
investigated. Sellin et al. [28] found the viscous sublayer
region in drag-reducing surfactant solutions was significantly
thicker than that in Newtonian fluids. This thicker viscous
sublayer provides greater thermal resistance between the bulk
drag-reducing fluid and the wall of the heat exchanger, and
therefore decreases the heat transfer ability of the solution
[29]. At the same time, the velocity fluctuations in the
radial direction in turbulent flow are also greatly suppressed
[30, 31], resulting in reduced heat transfer in the radial
direction [29]. A few other characteristics of Newtonian
turbulent flow were observed to be different in drag re-
ducing flow. With the aid of particle imaging velocimetry,
the disappearance of strong vorticity fluctuation [32] and
reduced strength and inhibited frequency of turbulent bursts
[33, 34] were observed. And reduced wall-normal (radial)
turbulence intensity was also observed by Laser Doppler
velocimetry [35, 36]. In short, the reduced heat transfer
is due to the thickened viscous sublayer and the inhibited
radial turbulence, which are caused by wormlike micelles in
surfactant drag reducing solutions.

This reduced heat transfer ability is a serious drawback in
applying DR surfactant solutions to DHCS. So it is necessary
to enhance the heat transfer ability locally in heat exchangers
of DHCS without incurring a major energy penalty. Many
devices have been studied to temporarily enhance the heat
transfer ability of surfactant drag-reducing solutions either
by destroying the wormlike micelles or by disturbing the
flow to enhance turbulence. To break the wormlike micelle
structures of surfactant solutions, ultrasonic energy [21]
was used, and heat transfer was enhanced slightly, but this
method was not economical in energy cost. Other methods
such as fluted tube heat exchanger [20], wire meshes [37],
static mixers [12], and impinging jets [38] were aimed to
temporarily break the wormlike micelles; they actually
also disturbed the flow, but their relative contributions to
enhanced heat transfer are not clear. To disturb the flow,
still other methods employed were contracted channel [39],
grooved tubes [40], wire coils [41], helical pipes [42], and
vortex generators [43].

However, the secondary flow and vortices generated by
these methods are randomly directed, which means there
exists mixing in the flow direction as well as in the direction
normal to the flow. Since heat transfer in heat exchangers is
essentially in the normal direction, the mixing in the flow
direction does not help enhance heat transfer. Therefore,
the brute and unorganized disturbance by the above devices
costs unnecessary energy losses by inducing unnecessary
mixing in the flow direction. A novel static mixer [44],
commonly called a high-efficiency vortex (HEV) static mixer,
has been designed to generate organized streamwise vortices,
which promote mixing in the direction normal to the flow.
This static mixer consists of arrays of tabs inclining from the
conduit wall in the flow direction at a certain angle, so that
streamwise and counter-rotating vortices interconnecting
neighboring ones can be naturally generated at the tab tips.
These special vortices are designed to enhance the mixing
process and heat transfer between the conduit wall and the
bulk fluid. The turbulent flow structure modified by an

HEV static mixer has been studied. Both intensified and
inhomogeneous or anisotropic turbulent structures were
observed [45]. Counter-rotating vortices behind the tabs
were shown both by experiments and simulations [46–48].
An HEV static mixer enhanced heat transfer and mixing
in chemical reactions in integrated chemical reactor-heat
exchangers [46, 49, 50].

Due to the organized streamwise vortices, which enhance
radial convective transfer, HEV static mixers cost signifi-
cantly lower pressure drop or energy loss than other con-
ventional mixers to achieve equivalent performance in var-
ious applications [51]. Fasano [52] reported that an HEV
static mixer required only one twelfth to one third of
the pressure drop of other conventional mixers to achieve
the equivalent blending performance and thermal mixing
efficiency. In some emulsification processes, an HEV static
mixer was 1000 times more energy efficient than other mixers
[45, 53]. It was also energetically efficient in enhancing heat
transfer between two immiscible liquid phases in turbulent
flow [54].

Surprisingly, HEV has not received attention in enhanc-
ing heat transfer in drag reducing flows despite its energet-
ically economical applications in mixing and heat transfer.
In this paper, the effect of an HEV static mixer on the heat
transfer of a drag reducing surfactant solution, namely,
EO12/NaSal (3 mM/7.5 mM), was studied experimentally
and compared with a common inline static mixer. The
rheological properties and drag reduction ability of the
surfactant solution were also measured.

2. Experimental

2.1. Materials. The surfactant studied, EO12 (Ethoquad
O/12 PG, donated by AkzoNobel), is a mixture of oleyl
bis(2-hydroxyethyl)methyl ammonium chlorides (75 wt%)
and propylene glycol (25 wt%). NaSal (sodium salicylate,
purity > 99.8%) was purchased from Fisher Scientific.
Surfactant/counterion solutions were prepared for drag re-
duction and heat transfer experiments by stirring in a con-
tainer for 8 hours at room temperature by a high shear dis-
perser (Janke & Hunkel IKA Ultra-Turrax SD-45), followed
by overnight storage at rest. Smaller solutions were prepared
using magnetic stirrers in a beaker before rheological
measurements.

The inner diameter of the tube-in-tube heat exchanger
is 10.2 mm. Since the commercially available HEV static
mixers from Chemineer, Inc. are 2 inches in diameter or
larger, a small HEV static mixer was fabricated. Tabs were
first shaped by cutting the wall of a stainless steel tube
with a 10 mm outer diameter and 9 mm inner diameter
(purchased from McMaster-Carr), and then were pushed
inwards and they formed a 30◦ angle with the tube wall.
As shown in Figure 1(a), the isosceles trapezoidal tabs are
5 mm high and 5 mm and 3 mm in the wall base and the
end base, respectively. A group of three tabs are evenly
distributed around the circle of one cross section of the tube.
(Figure 1(b) is the cross section view of a tab group). 32 such
groups are evenly spaced at 28 mm intervals along the tube.



Advances in Mechanical Engineering 3

3 mm

5 mm

5 mm

(a)

(b)

Figure 1: (a) Tab dimensions, (b) cross section view of a group of
three tabs.

The distance between the wall base of the first tab group and
the downstream end of the HEV tube is 868 mm, illustrated
in Figure 2(a). Figure 2(b) is the overall view of the 1009 mm
long HEV static mixer tube, which was inserted inside the
tube-in-tube heat exchanger.

The plastic Helix static mixer, purchased from Cole-
Parmer, had 10 helix elements, each element twisted in the
opposite helical direction to the neighboring elements. Each
element is 10 mm long and has an outer diameter of 10 mm
(Figure 2(c)). This Helix static mixer was mounted inside the
entrance of the tube-in-tube heat exchanger in some of the
experiments.

2.2. Rheological Measurements. The first normal stress dif-
ference (N1) and viscosity of the micellar solutions as func-
tions of shear-rate were measured on an ARES rheometer

28 mm
868 mm 11 mm130 mm

Heat exchanger

Flow

(a)

(b)

(c)

Figure 2: (a) HEV static mixer tab locations, (b) partial view (left)
and overview (right) of the HEV static mixer tube, (c) an original
12-element Helix static mixer.

(TA instruments) using a 50 mm cone-and-plate geometry
(0.02 rad cone angle). The measured N1 readings were
corrected for inertial effects according to the following
relation [55]:

N corrected
1 = Nmeasured

1 + 0.15 ρω2R2, (1)

where ρ is the density of the solution, ω is the angular
velocity, and R is the radius of the cone.

2.3. Recirculation System. Figure 3 shows a schematic of the
recirculation system for drag reduction and heat-transfer
experiments. This recirculation loop consists of a centrifugal
pump (PROCON), a reservoir tank, an electric heater
(TrueHeat 1500 W), two heat exchangers, and a magnetic
flow meter (TOSHIBA LF404) connected by smooth stainless
steel tubes of 10.2 mm inner diameter (ID) and 12.7 mm
outer diameter (OD). The recirculation loop has a total
length of about 25 m and can hold up to 16 L of liquid. The
reservoir tank has a volume of 14 L.

The pump rotation rate can be controlled in the range of
0 to 1969 rpm by a motor controller (BALDOR Adjustable
Speed Drive). The flow rate (0.04 to 0.35 L/s) is monitored
by the magnetic flow meter. The electric heater maintains
the main loop temperature from room temperature up to
∼60◦C. A chiller (Bay Voltex) in the annulus loop of the
fluted tube-in-tube heat exchanger (with a coolant of 50%
ethylene glycol and 50% water) cools and maintains the
temperature of the main loop as low as 0◦C. The inner tube
of the 0.914 m long tube-in-tube heat exchanger is 10.2 mm
and 12.7 mm in ID and OD, respectively. The ID of the outer
shell is 50 mm. Heat transfer measurements are taken on this
tube-in-tube heat exchanger. The temperature of the shell
side of this tube-in-tube heat exchanger is mediated by the
circulators (NESLAB RTE-111 and VWR 1160) connected in
series and can be varied from 0◦ to 90◦C. The flow rate in
the shell side of the tube-in-tube heat exchanger is preset for
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Figure 3: Schematic of apparatus for drag reduction and heat transfer experiments.

each experiment to keep the heat transfer resistance on the
shell side constant.

All the tubes, pipes, and heat exchangers are insulated
with Nomaco K-Flex polyolefin to minimize heat exchange
with the environment. Temperatures at all locations are
measured by T-type thermocouples (T1 through T4 and
T9 through T12). The differential pressures of straight
pipe sections are measured by the pressure transmitters
(P1 through P10) (OMEGA PX2300 series). Transmitters P1

through P9 measure consecutive sections of straight pipe.
P1 measures the pressure difference across a section of 50
pipe diameters. P2 measures the differential pressure across
a pipe section of 180 diameters, including the tube-in-tube
heat exchanger. P3 through P9 each measures differential
pressures across 80 diameters length downstream of the
tube-in-tube heat exchanger. All the thermocouples, pressure
transmitters and flow meters are connected to the data
acquisition system described by Ge [56].

2.4. Drag Reduction and Heat Transfer Measurement. To
obtain %DR, pressure drops were measured in a range of
flow rates at fixed temperatures. The friction factor was
calculated according to the following equation:

f = ΔPD

2ρLV 2
, (2)

where f is the friction factor, ΔP is the pressure drop across
the test section, D is the inner diameter of the pipe, ρ is the
density of the solution, L is the length of the test section,
and V is the mean flow velocity. Since ρ was essentially
identical for the solutions and the solvent (water), the extent
of DR (relative to water) could be calculated according to the
following equation:

%DR = fwater − f

fwater
× 100%, (3)

where %DR is percent drag reduction and fwater is the friction
factor of water. For direct comparison, fwater and f were

taken at the same solvent Reynolds number (Re), based on
the viscosity of water.

Heat loss per unit time in the annulus and heat gain per
unit time in the inner tube were measured to ensure they
were balanced. The difference was generally less than 5% and
was mostly less than 3%. The average of these two quantities
was used to calculate heat transfer coefficients. The inlet
temperature (T3) was controlled at 10 ± 0.3◦C, and the log-
mean temperature difference between the annulus and tube
was controlled at 25 ± 0.1◦C. Thermocouple (T4) at the exit
of the tube-in-tube heat exchanger was placed at the center
of the flow to measure the mean temperature of the fluid. To
avoid the radial temperature gradient established in the fluid
once it got heated by the inner wall of the heat exchanger, a
6-element Helix static mixer was placed just upstream of T4
so that the fluid was well-mixed before reaching that point.
This 6-element Helix static mixer was in position for all heat
transfer measurements of drag-reducing solutions with and
without any static mixer. Good heat balances could then be
obtained under approximately steady-state conditions. The
modified Wilson-plot method was used to calculate the heat
transfer coefficient and Nusselt number (Nu) of the solution
[29]. Heat-transfer reduction (relative to water) was then
calculated by the following equation:

%HTR = Nuwater −Nu
Nuwater

× 100%, (4)

where %HTR is percent heat transfer reduction and Nuwater

is the Nusselt number of water. Nuwater and Nu were taken at
the same solvent Re.

The physical properties of water were used to calculate
Re and Nu values. For the calculation of Nu for the HEV
static mixer, the sum of heat transfer resistances of the heat
exchanger wall and the HEV tube was used. Since the HEV
tube was tightly fitted against the inner wall of the heat
exchanger, the total wall thickness was assumed to be 3.5 mm
and the effect of holes that tabs left behind in the HEV tube
and the wall-wall interface were ignored.
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Figure 4: (a) Experimental Fanning friction factor (◦) compared
with von Karman Equation (—). (b) Experimental Nusselt number
(◦) compared with Dittus-Boelter Equation (—).

3. Results and Discussions

3.1. Water Baselines. To validate the drag reduction and heat
transfer measurements, baselines of water were obtained and
were compared with existing correlations. The fwater was
measured and the data were in agreement with the von
Karman Equation for water flowing in smooth circular pipes
(5) at Re > 10, 000 (Figure 4(a)). Therefore, this equation
was used to calculate subsequent fwater and %DR,

1√
fwater

= 4.0 log
(

Re ·
√
fwater

)
− 0.4. (5)

Experimental results for Nu versus Re for water at 10◦C
for Re > 10, 000 were also in good agreement with the Dittus-
Boelter equation (6) for water heated in a smooth tube
(Figure 4(b)). Therefore, this equation was used to calculate
subsequent Nuwater and %HTR,

Nu = 0.023 Re0.8Pr0.4, (6)

where Pr is the Prandtl number, defined as the ratio of
viscous diffusion rate to thermal diffusion rate.

3.2. Viscoelasticity and Drag Reduction of EO12/NaSal
(3 mM/7.5 mM). Drag-reducing surfactant solutions are
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Figure 5: (a) Shear viscosity of EO12/NaSal (3 mM/7.5 mM)
at 10◦C ( ), 20◦C ( ), and 30◦C (◦). (b) N1 of EO12/NaSal
(3 mM/7.5 mM) at 10◦C ( ) and 20◦C ( ).

usually shear thinning and show viscoelastic behavior [3]
such as first normal stress differences (N1). Figure 5(a)
shows the shear viscosity, η, of EO12/NaSal (3 mM/7.5 mM).
This solution showed shear thinning behavior in the shear
rate range of 50 s−1 to 1000 s−1 for 10 and 20◦C. η at
20◦C was slightly lower than that at 10◦C, but it was
significantly lower at 30◦C, where a shear-induced structure
in viscosity was observed near 100 s−1. The N1 of EO12/NaSal
(3 mM/7.5 mM) is shown in Figure 5(b). N1 values at 10 and
20◦C increased above 100 s−1 with higher values at 10◦C. At
30◦C N1 was essentially zero (data not shown here), in the
range of shear rates we could measure (0.1 to 1,000 s−1), a
surprising result in view of Qi et al.’s observation [57] that
N1 increased at shear rates near those at which shear-induced
structure was observed.

Figure 6 shows the good drag reduction of EO12/NaSal
(3 mM/7.5 mM) from 10◦C to 60◦C. Drag reduction
increased rapidly at solvent Reynolds number of 20,000 for
all temperatures and leveled off near 80%. Thus, this solution
has a wide range of effective drag reducing temperatures.

3.3. Heat Transfer Reduction of EO12/NaSal (3 mM/7.5 mM).
Figures 7(a) and 7(b) show the Nusselt number and %HTR
of the EO12/NaSal (3 mM/7.5 mM) solution with no mixer,
Helix static mixer, and HEV static mixer, and Figure 7(a) also
shows water with and without HEV static mixer. In the tube-
in-tube heat exchanger without any mixer, this solution had
very low Nusselt numbers, ranging from 12.3 to 27.9 in the
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Figure 7: (a) Nusselt number of EO12/NaSal (3 mM/7.5 mM) with
Helix mixer (+), no mixer (•), HEV ( ) and water with no mixer
(◦) and HEV ( ). (b) %HTR of EO12/NaSal (3 mM/7.5 mM) with
Helix mixer (+), no mixer (•) and HEV ( ).

Reynolds number range of 2,300 to 22,000. Therefore, the
heat transfer reduction for this solution was high, starting
from 55% at Re=2,300 and increasing to 83% at Re = 22, 000.
Compared with %DR at 10◦C, %HTR is slightly greater,
confirming that the reduction in heat transfer is larger than
that of drag.
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Figure 8: Ratio of %HTR to %DR of EO12/NaSal (3 mM/7.5 mM)
at 10◦C.

Figure 8 shows the ratio of %HTR to %DR of
EO12/NaSal (3 mM/7.5 mM) at 10◦C. Because heat transfer
and drag reduction experiments were not carried out
simultaneously, the %HTR and %DR were not at the same
Reynolds number, so %DR was obtained by interpolation
to calculate the ratio. This ratio decreased from 3.0 at Re =
6, 300 and approached 1.1 as the Reynolds number increased
to 22,000. This result is in agreement with the result reported
by Aguilar et al. [27].

The Helix static mixer slightly increased the rate of heat
transfer of the solution (Figure 7(a)). The maximum Nusselt
number it reached was 39 at Re = 17, 000, which was
approximately 1.6 times that without any mixer. The %HTR
was still high near 70% for Re > 12, 600. This Helix static
mixer had opposite helical elements. As the fluid passed by,
it was first divided and followed the twist of the first element
in one direction. When it came to the second element, the
fluid was divided again and was forced to follow the twist in
the opposite direction. The constant dividing and alternately
changing of twisting direction generated disturbances and
extra shear stress in the flow. The disturbances should
enhance the momentum and mass transfer in the radial
direction and thus enhance heat transfer. And, if the shear
stress was high enough, the wormlike micelles would be
broken, and the solution should become water like and have
higher heat transfer ability. While the heat transfer in the
Helix mixer region may be enhanced, the enhancement over
the whole heat exchanger was not significant. Heat transfer
reduction was apparently restored shortly downstream of
this mixer. A Helix mixer as long as the tube-in-tube heat
exchanger could be used to enhance the overall heat transfer
throughout the heat exchanger but this would result in
extremely high pressure drop across the long Helix static
mixer. The pressure drop penalty of this Helix static mixer
will be discussed in the following section.

The HEV static mixer with water enhanced the Nusselt
numbers, compared with water without the HEV static
mixer, especially at the Re > 15, 000 (Figure 7(a)). The
HEV static mixer with drag reducing solution had Nusselt
numbers close to those of water at Re < 10, 000. At
Re = 20, 000, it again approached the Nusselt number of
water (Figure 7(a)). The Nusselt number with HEV static
mixer with drag reducing solution ranged from three to
five times that of the solution without mixer. This significant
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enhancement of heat transfer was due to the HEV static
mixer’s disturbance to the drag reducing flow. As discussed in
the introduction section, tabs in the HEV static mixer cause
intensified turbulence and streamwise counter-rotating vor-
tices behind the tabs near the wall [45–48]. The streamwise
counter-rotating vortices bring the heated fluid near the wall
to the axis of the flow, and at the same time, the wall region
is replenished with cold fluid from the center of the bulk
flow to receive heat from the wall. Thus, the radial mixing
and heat transfer were significantly enhanced. In this HEV
static mixer, there were three tabs in each group at one cross
section. The three tabs generate three pairs of vortices, that is,
three streams of fluid flowing from the bulk to the wall and
three streams flowing from the wall to the bulk. As the fluid
flows downstream, the streamwise vortices also move and
become weaker. But when this portion of fluid hits the next
group of tabs, new vortices are generated, enhancing radial
mixing and heat transfer. This mechanism also explains the
higher Nusselt number of water with HEV static mixer.

The high Nusselt number in the low Reynolds number
range was unexpected. This might have resulted from the
inaccuracy of temperature measurement because of the
inhomogeneous temperature distribution of the viscoelastic
solution flowing very slowly. The steep increase in the high
Reynolds number range might be due in part to the breakup
of wormlike micelles at high shear stress, as a high shear zone
was observed at the top of HEV tab tips [45].

3.4. Pressure Drop Penalty. Pressure drops across the heat
exchanger with mixers installed and an additional section
downstream were measured by P2 (refer to Figure 3). The
total length of this section was 180ID (1836 mm). Figure 9
shows that the pressure drop for the 10-element Helix static
mixer was three times that of the HEV static mixer, although
this Helix mixer was only 100 mm long. If a Helix static
mixer as long as the heat exchanger (914 mm) was used, the
pressure drop would be extremely high. So the Helix static
mixer was not energetically effective. In contrast, the HEV
static mixer had a smaller pressure drop, while it enhanced
the heat transfer much more. The pressure drop of the DR
solution was also slightly lower than that of water with
HEV static mixer. Without any mixer, both water and the
solution had very low pressure drop. Figure 9 also shows that
the maximum Reynolds number that water achieved at the
maximum pump rate was 22,700 and 20,100 for no mixer
and HEV static mixer, respectively. Although the pressure
drop at P2 for solution with HEV static mixer was higher than
that of water without mixer, the solution could be pumped
at a maximum flow rate of 0.26 L/s (Re = 25, 000) compared
with 0.24 L/s (Re = 22, 700) for water.

To facilitate the comparison between the solution with
HEV static mixer and water without mixer, a performance
number, p, was defined by (7). It represents the heat transfer
performance per unit pressure drop for a defined section of
the heat exchanger region. Based on the same idea, a similar
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Figure 9: Pressure drops at P2 for EO12/NaSal (3 mM/7.5 mM)
with Helix mixer (+), no mixer (•), HEV ( ) and water with no
mixer (◦) and HEV ( ).

“Hydrodynamic Performance Ratio” was defined [58] to
evaluate the combined thermo hydrodynamic performances,

p = Nu

2
∑8

i=3 ΔPi + ΔP2
, (7)

where ΔP2 is the pressure drop across the heat exchanger and∑8
i=3 ΔPi is the total pressure drop of the 400ID (4080 mm)

section downstream of P2. This pressure drop was doubled to
include the pressure drop of the 400ID section upstream of
the heat exchanger. Since the total length of the recirculation
loop is more than 20 m, this estimation is conservative.

Figure 10 shows that as the Reynolds number increased,
p for water without mixer decreased to 1.39 × 10−3 Pa−1,
while p for solution with HEV is roughly constant at about
1.39 × 10−3 Pa−1. This means that for a tube-in-tube heat
exchanger with 400ID sections upstream and downstream,
the performance of the HEV static mixer was comparable
to water without mixer for Re > 20, 000. If the distance
between neighboring tube-in-tube heat exchangers is larger
than 800ID, the solution with HEV would have less energy
consumption than water without the HEV static mixer to
achieve the same Nusselt number for Re > 20, 000 at 10◦C
Thus, in longer flow systems, the HEV static mixer with
solution will have a larger p than water without mixers. In
short, the HEV static mixer enhanced the heat transfer of
the drag-reducing surfactant solution with a relatively lower
energy penalty. The tabs of the HEV static mixer generate
streamwise vortices, which enhance heat transfer in the radial
direction. Few vortices in other directions, which would
not be effective in enhancing heat transfer, are generated in
the HEV static mixer and therefore, energy is not wasted
in generating ineffective vortices, and the energy consumed
is mainly used to generate streamwise vortices effective in
enhancing heat transfer.

4. Conclusions

(1) The surfactant solution showed viscoelastic behavior at
10 and 20◦C and had excellent drag-reducing ability, up
to 80%, from 10◦C to 60◦C. The heat transfer ability of
this solution was, however, reduced significantly. The ratio
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of %HTR to %DR decreased with Reynolds number and
approached 1.1.

(2) The HEV static mixer mounted in the tube-in-tube
heat exchanger enhanced the heat transfer of EO12/NaSal
(3 mM/7.5 mM) significantly throughout the range of
Reynolds numbers tested. At high Reynolds number, the
Nusselt number was close to that of water without any
mixer. The heat transfer enhancement was due to the stream-
wise vortices generated by the HEV static mixer. The re-
latively low pressure drop was because the vortices were
mainly streamwise. Pressure loss vortices in other directions,
which could not enhance the radial heat transfer, were not
generated. The HEV static mixer’s ability to break up the
micelles was not clear in our study, as it was not possible to
observe the structures of the micelles in the turbulent flow in
the heat exchanger. However, because of the relatively small
pressure penalty, we believe micelle destruction was not the
major contributor to improvement in heat transfer by the
HEV static mixer.

(3) A Helix static mixer was also used to enhance
the Nusselt number of EO12/NaSal (3 mM/7.5 mM) by
destroying the wormlike micelle structures. This mixer may
enhance the heat transfer in the mixer region, but did not
enhance the overall heat transfer significantly. The extremely
high pressure drop was due to the brutal disturbance to the
flow and generation of vortices that did not improve heat
transfer in the radial direction.

(4) A performance number was used to evaluate the
heat transfer ability at the price of pressure loss. Under as-
sumed conditions, the HEV static mixer performance
number nearly matched that of water without mixer. If
the neighboring tube-in-tube heat exchangers were spaced
further apart than the assumed distance (800ID), the drag-
reducing solution with HEV static mixer should have less
energy consumption than water without mixer to achieve the
same Nusselt number for Re > 20, 000 at 10◦C.

(5) By adjusting the design parameters, such as the tab
angle, the tab group distance, and the tab size, an even better
performance number might be achieved.

Acknowledgments

The authors would like to thank Professor R. S. Brodkey
in the Department of Chemical Engineering at The Ohio
State University for discussion and advice. Thanks also go to
Paul Green for his dedication and skill in making the HEV
static mixer. The authors greatly appreciate Leigh Evrard’s
technical support and maintenance of the recirculation
system.

References

[1] J. L. Lumley, “Drag reduction in turbulent flow by polymer
additives,” Journal of Polymer Science: Macromolecular Reviews,
vol. 7, no. 1, pp. 263–290, 1973.

[2] R. H. Nadolink and W. W. Haigh, “Bibliography on skin
friction reduction with polymers and other boundary-layer
additives,” Applied Mechanics Reviews, vol. 48, no. 7, pp. 351–
460, 1995.

[3] J. L. Zakin, B. Lu, and H. W. Bewersdorff, “Surfactant drag
reduction,” Reviews in Chemical Engineering, vol. 14, no. 4-5,
pp. 253–320, 1998.

[4] E. D. Burger, L. G. Chorn, and T. K. Perkins, “Studies of drag
reduction conducted over a broad range of pipeline conditions
when flowing prudhoe bay crude-oil,” Journal of Rheology, vol.
24, no. 5, pp. 603–626, 1980.

[5] E. D. Burger, W. R. Munk, and H. A. Wahl, “Flow increase in
the trans Alaska pipeline through use of a polymeric drag-
reducing additive,” Journal of Petroleum Technology, vol. 34,
no. 2, pp. 377–386, 1982.

[6] A. G. Fabula, “Fire-fighting benefits of polymeric friction
reduction,” Journal of Basic Engineering, vol. 93, no. 3, pp. 453–
455, 1971.

[7] R. H. J. Sellin, J. W. Hoyt, and J. Pollert, “The effect of drag
reducing additives on fluid flows and their industrial appli-
cations. Part 2: present applications and future proposals,”
Journal of Hydraulic Research, vol. 20, no. 3, pp. 235–292, 1982.

[8] C. A. Kim, J. T. Kim, K. Lee, H. J. Choi, and M. S. Jhon,
“Mechanical degradation of dilute polymer solutions under
turbulent flow,” Polymer, vol. 41, no. 21, pp. 7611–7615, 2000.

[9] D. Ohlendorf, W. Interthal, and H. Hoffmann, “Surfactant
systems for drag reduction: physico-chemical properties and
rheological behaviour,” Rheologica Acta, vol. 25, no. 5, pp. 468–
486, 1986.

[10] H. Rehage, I. Wunderlich, and H. Hoffmann, “Shear-induced
phase transitions in dilute aqueous surfactant solutions,”
Progress in Colloid & Polymer Science, vol. 72, pp. 51–59, 1986.

[11] H. W. Bewersdorff and D. Ohlendorf, “The behaviour of drag-
reducing cationic surfactant solutions,” Colloid & Polymer
Science, vol. 266, no. 10, pp. 941–953, 1988.

[12] Y. Qi, Y. Kawaguchi, R. N. Christensen, and J. L. Zakin,
“Enhancing heat transfer ability of drag reducing surfactant
solutions with static mixers and honeycombs,” International
Journal of Heat and Mass Transfer, vol. 46, no. 26, pp. 5161–
5173, 2003.

[13] K. Gasljevic and E. F. Matthys, “On saving pumping power
in hydronic thermal distribution systems through the use of
drag-reducing additives,” Energy and Buildings, vol. 20, no. 1,
pp. 45–56, 1993.

[14] J. Yang, “Viscoelastic wormlike micelles and their applica-
tions,” Current Opinion in Colloid and Interface Science, vol.
7, no. 5-6, pp. 276–281, 2002.



Advances in Mechanical Engineering 9

[15] K. A. Smith, G. H. Keuroghlian, and P. S. Virk, “Heat transfer
to drag-reducing polymer solutions,” AICHE Journal, vol. 15,
no. 2, pp. 294–297, 1969.

[16] A. White, “Heat transfer characteristics of dilute polymer
solutions in fully rough pipe flow,” Nature, vol. 227, no. 5257,
pp. 486–487, 1970.

[17] R. Monti, “Heat transfer in drag-reducing solutions,” Progress
in Heat and Mass Transfer, vol. 5, pp. 239–261, 1972.

[18] P. M. Debrule and R. H. Sabersky, “Heat transfer and friction
coefficients in smooth and rough tubes with dilute polymer
solutions,” International Journal of Heat and Mass Transfer, vol.
17, no. 5, pp. 529–540, 1974.

[19] E. F. Matthys, “Heat transfer, drag reduction, and fluid
characterization for turbulent flow of polymer solutions:
recent results and research needs,” Journal of Non-Newtonian
Fluid Mechanics, vol. 38, no. 2-3, pp. 313–342, 1991.

[20] Y. Qi, Y. Kawaguchi, Z. Lin, M. Ewing, R. N. Christensen,
and J. L. Zakin, “Enhanced heat transfer of drag reducing
surfactant solutions with fluted tube-in-tube heat exchanger,”
International Journal of Heat and Mass Transfer, vol. 44, no. 8,
pp. 1495–1505, 2001.

[21] Y. Qi, L. K. Weavers, and J. L. Zakin, “Enhancing heat-transfer
ability of drag reducing surfactant solutions with ultrasonic
energy,” Journal of Non-Newtonian Fluid Mechanics, vol. 116,
no. 1, pp. 71–93, 2003.

[22] J. Wei, Y. Kawaguchi, B. Yu, and Z. Feng, “Rheological
characteristics and turbulent friction drag and heat transfer
reductions of a very dilute cationic surfactant solution,”
Journal of Heat Transfer, vol. 128, no. 10, pp. 977–983, 2006.

[23] J. J. Wei, Y. Kawaguchi, F. C. Li et al., “Drag-reducing and
heat transfer characteristics of a novel zwitterionic surfactant
solution,” International Journal of Heat and Mass Transfer, vol.
52, no. 15-16, pp. 3547–3554, 2009.

[24] C. S. Wells, “Turbulent heat transfer in drag reducing fluids,”
AICHE Journal, vol. 14, no. 3, pp. 406–410, 1968.

[25] M. Poreh and U. Paz, “Turbulent heat transfer to dilute
polymer solutions,” International Journal of Heat and Mass
Transfer, vol. 11, no. 5, pp. 805–818, 1968.

[26] G. Aguilar, K. Gasljevic, and E. F. Matthys, “Coupling between
heat and momentum transfer mechanisms for drag-reducing
polymer and surfactant solutions,” Journal of Heat Transfer,
vol. 121, no. 4, pp. 796–802, 1999.

[27] G. Aguilar, K. Gasljevic, and E. F. Matthys, “Asymptotes of
maximum friction and heat transfer reductions for drag-
reducing surfactant solutions,” International Journal of Heat
and Mass Transfer, vol. 44, no. 15, pp. 2835–2843, 2001.

[28] R. H. J. Sellin, J. W. Hoyt, and O. Scrivener, “The effect of
drag-reducing additives on fluid flows and their industrial
applications part 1: basic aspects,” Journal of Hydraulic
Research, vol. 20, no. 1, pp. 29–68, 1982.

[29] Y. Qi, Investigation of relationships among microstructure,
rheology, drag reduction and heat transfer of drag reducing sur-
factant solutions, Ph.D. dissertation, The Ohio State University,
Columbus, Ohio, USA, 2002.

[30] J. Myska, J. L. Zakin, and Z. Chara, “Viscoelasticity of a
surfactant and its drag-reducing ability,” Applied Scientific
Research, vol. 55, no. 4, pp. 297–310, 1995.

[31] A. Gyr and J. Bühler, “Secondary flows in turbulent surfactant
solutions at maximum drag reduction,” Journal of Non-
Newtonian Fluid Mechanics, vol. 165, no. 11-12, pp. 672–675,
2010.

[32] Y. Kawaguchi, T. Segawa, Z. Feng, and P. Li, “Experimen-
tal study on drag-reducing channel flow with surfactant

additives—spatial structure of turbulence investigated by PIV
system,” International Journal of Heat and Fluid Flow, vol. 23,
no. 5, pp. 700–709, 2002.

[33] F. C. Li, Y. Kawaguchi, B. Yu, J. J. Wei, and K. Hishida,
“Experimental study of drag-reduction mechanism for a dilute
surfactant solution flow,” International Journal of Heat and
Mass Transfer, vol. 51, no. 3-4, pp. 835–843, 2008.

[34] W. H. Cai, F. C. Li, H. N. Zhang et al., “Study on the
characteristics of turbulent drag-reducing channel flow by
particle image velocimetry combining with proper orthogonal
decomposition analysis,” Physics of Fluids, vol. 21, no. 11,
Article ID 021911PHF, pp. 1–12, 2009.

[35] S. Tamano, M. Itoh, T. Inoue, K. Kato, and K. Yokota,
“Turbulence statistics and structures of drag-reducing tur-
bulent boundary layer in homogeneous aqueous surfactant
solutions,” Physics of Fluids, vol. 21, no. 4, Article ID 045101,
2009.

[36] S. Tamano, M. Itoh, K. Kato, and K. Yokota, “Turbulent drag
reduction in nonionic surfactant solutions,” Physics of Fluids,
vol. 22, no. 5, Article ID 055102, 12 pages, 2010.

[37] P. Li, Y. Kawaguchi, H. Daisaka, A. Yabe, K. Hishida, and M.
Maeda, “Heat transfer enhancement to the drag-reducing flow
of surfactant solution in two-dimensional channel with mesh-
screen inserts at the inlet,” Journal of Heat Transfer, vol. 123,
no. 4, pp. 779–789, 2001.

[38] H. Mizunuma, T. Kobayashi, and S. Tominaga, “Drag reduc-
tion and heat transfer in surfactant solutions with excess
counterion,” Journal of Non-Newtonian Fluid Mechanics, vol.
165, no. 5-6, pp. 292–298, 2010.

[39] P. W. Li, Y. Kawaguchi, and A. Yabe, “Transitional heat transfer
and turbulent characteristics of drag-reducing flow through a
contracted channel,” Journal of Enhanced Heat Transfer, vol. 8,
no. 1, pp. 23–40, 2001.

[40] A. Kishimoto, H. Suzuki, and H. Usui, “Influences of the
inner-surface conditions of circular tubes on the heat transfer
in a surfactant drag-reduction system,” Kagaku Kogaku Ron-
bunshu, vol. 27, no. 3, pp. 350–351, 2001.

[41] H. Inaba, N. Haruki, T. Nakata, A. Horibe, N. Furumoto, and
K. Sato, “Heat transfer enhancement of water flow in a straight
pipe with drag reduction surfactant by using wire coil,” Nippon
Kikai Gakkai Ronbunshu, B Hen, vol. 68, no. 666, pp. 481–488,
2002.

[42] W. I. A. Aly, H. Inaba, N. Haruki, and A. Horibe, “Drag
and heat transfer reduction phenomena of drag-reducing
surfactant solutions in straight and helical pipes,” Journal of
Heat Transfer, vol. 128, no. 8, pp. 800–810, 2006.

[43] T. Zhou, K. C. Leong, and K. H. Yeo, “Experimental
study of heat transfer enhancement in a drag-reducing two-
dimensional channel flow,” International Journal of Heat and
Mass Transfer, vol. 49, no. 7-8, pp. 1462–1471, 2006.

[44] C. R. Smith, “Static fluid flow mixing method,” US patent 88-
224690, 1991.

[45] T. Lemenand, P. Dupont, D. Della Valle, and H. Peerhossaini,
“Turbulent mixing of two immiscible fluids,” Journal of Fluids
Engineering, vol. 127, no. 6, pp. 1132–1139, 2005.

[46] C. H. Phillips, G. Lauschke, and H. Peerhossaini, “Intensifica-
tion of batch chemical processes by using integrated chemical
reactor-heat exchangers,” Applied Thermal Engineering, vol.
17, no. 8-10, pp. 809–824, 1997.

[47] H. Mohand Kaci, T. Lemenand, D. Della Valle, and H.
Peerhossaini, “Effects of embedded streamwise vorticity on
turbulent mixing,” Chemical Engineering and Processing: Pro-
cess Intensification, vol. 48, no. 10, pp. 1459–1476, 2009.



10 Advances in Mechanical Engineering

[48] A. Mokrani, C. Castelain, and H. Peerhossaini, “Experimental
study of the influence of the rows of vortex generators on
turbulence structure in a tube,” Chemical Engineering and
Processing: Process Intensification, vol. 48, no. 2, pp. 659–671,
2009.

[49] S. Ferrouillat, P. Tochon, C. Garnier, and H. Peerhossaini,
“Intensification of heat-transfer and mixing in multifunc-
tional heat exchangers by artificially generated streamwise
vorticity,” Applied Thermal Engineering, vol. 26, no. 16, pp.
1820–1829, 2006.

[50] C. Habchi, T. Lemenand, D. D. Valle, and H. Peerhossaini,
“Alternating mixing tabs in multifunctional heat exchanger-
reactor,” Chemical Engineering and Processing, vol. 49, no. 7,
pp. 653–661, 2010.

[51] H. Mohand Kaci, C. Habchi, T. Lemenand, D. Della Valle, and
H. Peerhossaini, “Flow structure and heat transfer induced by
embedded vorticity,” International Journal of Heat and Mass
Transfer, vol. 53, no. 17-18, pp. 3575–3584, 2010.

[52] J. B. Fasano, “Kenics HEV mixer sets a new standard for
turbulent mixing efficiency,” in Mixing XIII Conference, Banff,
Alberta, Canada, June 1991.

[53] T. Lemenand, D. Della Valle, Y. Zellouf, and H. Peerhossaini,
“Droplets formation in turbulent mixing of two immiscible
fluids in a new type of static mixer,” International Journal of
Multiphase Flow, vol. 29, no. 5, pp. 813–840, 2003.

[54] T. Lemenand, C. Durandal, D. Della Valle, and H. Peerhos-
saini, “Turbulent direct-contact heat transfer between two
immiscible fluids,” International Journal of Thermal Sciences,
vol. 49, no. 10, pp. 1886–1898, 2010.

[55] C. W. Macosko, Rheology: Principles, Measurements, and
Applications, VCH, New York, NY, USA, 1994.

[56] W. Ge, Studies on the nanostructure, rheology and drag reduc-
tion characteristics of drag reducing cationic surfactant solutions,
Ph.D. dissertation, The Ohio State University, Columbus,
Ohio, USA, 2008.

[57] Y. Qi, E. Kesselman, D. J. Hart, Y. Talmon, A. Mateo, and J.
L. Zakin, “Comparison of oleyl and elaidyl isomer surfactant-
counterion systems in drag reduction, rheological properties
and nanostructure,” Journal of Colloid and Interface Science,
vol. 354, no. 2, pp. 691–699, 2011.

[58] B. V. N. R. Rama Kumar and B. V. S. S. S. Prasad, “Experi-
mental investigation of flow and heat transfer for single and
multiple rows of circular jets impinging on a concave surface,”
in Proceedings of ASME Turbo Expo: Power for Land, Sea, and
Air. Volume 4: Heat Transfer, Parts A and B, pp. 921–929,
Berlin, Germany, June 2008.



Hindawi Publishing Corporation
Advances in Mechanical Engineering
Volume 2011, Article ID 345328, 5 pages
doi:10.1155/2011/345328

Research Article

On Relationships among the Aggregation Number,
Rheological Property, and Turbulent Drag-Reducing
Effect of Surfactant Solutions

Ying-Bo Zhou,1 Na Xu,2 Ning Ma,2 Feng-Chen Li,1 Jin-Jia Wei,2 and Bo Yu3

1 School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001, China
2 State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an 710049, China
3 Beijing Key Laboratory of Urban Oil and Gas Distribution Technology, China University of Petroleum-Beijing,
Beijing 102249, China

Correspondence should be addressed to Feng-Chen Li, lifch@hit.edu.cn

Received 31 May 2011; Accepted 29 June 2011

Academic Editor: Yasuo Kawaguchi

Copyright © 2011 Ying-Bo Zhou et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this study, turbulent drag-reducing effect, rheological characteristics and micelle aggregation number of aqueous solutions
of anionic surfactant, sodium dodecyl sulfate (SDS), and cationic surfactant cetyltrimethylammonium chloride (CTAC) aided
with sodium salicylate (NaSal). SDS solution was experimentally investigated at various concentrations in CMCs (critical micelle
concentration) with and without sodium chloride. 200 ppm (ppm means part per million) CTAC/NaSal (mass ratio 1 : 1) solution
was tested within temperature range from 20◦C to 80◦C. We were aiming at gaining insights into relationships among turbulent
drag reduction rate, rheological properties and micelle microstructures of drag-reducing surfactant solution. Experiments on
aggregation number, turbulent drag reduction and shear-rate dependent shear viscosity were performed for solution of SDS and
200 ppm CTAC/NaSal, respectively. The relationships among these three parameters were analyzed and discussed. The results are
of importance from both theoretical and practical viewpoints for micellar transitions of surfactant solution.

1. Introduction

By dissolving a minute amount of additives such us polymers
and surfactants in water, the frictional drag of turbulent flow
through pipes and channels can be reduced dramatically [1–
3]. This phenomenon is called turbulent drag reduction.
For drag-reducing surfactant solutions, it is proposed that
the transition of large aggregates into rod-like micelles is
responsible for the onset of drag reduction behavior of these
systems [4, 5]. The drag-reducing effect is determined by
many factors, such as the chemical structure of surfactants,
counterions, the concentration, and the ratio of counterions
to surfactants. The number of surfactant monomers forming
a micelle is a structurally relevant parameter that contains
indirect information on the micelle geometries. Most sur-
factant drag-reducing systems form rod-like micelles in the
quiescent state and have distinctive rheological properties
such as high zero-shear viscosities, shear thinning behavior
with increasing shear rate, and shear-induced structure

represented by a local increase in both shear viscosity and
the first normal stress difference at a certain shear rate range
[6, 7].

In order to clarify the factors influencing on the turbulent
drag-reducing ability of surfactant additives, we measured
the aggregation number, drag reduction rate of turbulent
pipe flow, and shear-rate-dependent shear viscosity of aque-
ous solutions of anionic surfactant sodium dodecyl sulfate
(SDS) with/without addition of NaCl and cationic surfac-
tant cetyltrimethylammonium chloride (CTAC) aided with
sodium salicylate (NaSal). This study focuses on investigating
the inherent relationships among the aggregation number,
rheological property, and turbulent drag-reducing effect of
surfactant additives.

2. Experimental Setup and Procedures

2.1. Working Fluids. Aqueous solution of anionic surfactant
SDS (Chengxin Ltd.) with/without addition of sodium
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chloride (NaCl, Sigma Chemical Company) and 200 ppm
(ppm means part per million) CTAC/NaSal (mass ratio 1 : 1)
was tested in the present study. The SDS and CTAC were
used after repeated recrystallization from an ethanol-water
mixture. No minimum in surface tension versus concentra-
tion plot was observed in the purified surfactant. Pyrene
99.0% pure, benzophenone 99.0% pure (Aldrich, USA), and
triple-distilled water were used for preparation of solutions
in which benzophenone was used as the quencher and pyrene
for probing. The temperature of working fluid was controlled
to be 40◦C for SDS solution measurements and be from 15◦C
to 60◦C for CTAC/NaSal solution measurements.

2.2. Test Facility

2.2.1. Aggregation Number Measurement. Steady-state flu-
orescent quenching method was utilized for measurement
of aggregation number, Nm, of surfactant. The steady-state
fluorescent quenching technique belongs to fluorescence
probing methods, which uses a fluorescent probe, commonly
pyrene in the case of aqueous solution. Nm of surfactant, that
is, the number of surfactant monomers forming a micelle,
is a structurally relevant parameter that contains indirect
information on the micelle geometries [8].

Steady-state fluorescence quenching experiments of
anionic surfactant SDS and CTAC/NaSal were performed
with a spectrofluorometer (Tianjin Gangdong Company,
China), which is usually equipped in most chemistry lab-
oratories. The excitation source was successive xenon light.
Take SDS for example, there exist five emission wave crests
at wavelengths of 373 nm, 379 nm, 384 nm, 390 nm, and
393 nm [8, 9], among which 393 nm was chosen to be
emission wavelength. Fluorescence emission spectra were
recorded using an excitation wavelength of 335 nm. The
aggregation number, Nm, is determined from the slope
obtained from the plot of ln(I0/I) versus CQ according to
some mathematical assumptions, where I0 and I are the
fluorescence intensities in the absence and presence of a
quencher, respectively, and CQ is the quencher concentration
[9].

2.2.2. Measurement of Turbulent Drag Reduction. Drag
reduction was measured in two closed loop fluid flow
facilities. The test sections are acrylic resin tube with inner
diameter of 0.025 m and length of 1.4 m and channel with
height of 0.01 m, width of 0.125 m, and length of 3.0 m,
respectively [10]. The pressure drop was measured with a
differential pressure transducer, and flow rate was measured
with an electromagnetic flow meter. The system was tem-
perature controlled, which allows for the experiments being
carried out at a temperature range of 5◦C to 90◦C. The
turbulent drag reduction rate is defined as DR% = (( fs −
f )/ fs) × 100%, where fs is the pressure drop of solvent flow
and f is the pressure drop of solution flow at the same flow
rate [4]. Before experiments, the reliability of this loop has
been verified: the measured friction factor for water flow
agrees very well with commonly accepted correlation for

turbulent pipe flow (Cf = 0.0791 Re−0.25) or channel flow
of the Newtonian fluids (Cf = 0.073 Re−0.25).

2.2.3. Shear Viscosity Measurement. The shear-rate-depend-
ent shear viscosity of SDS and CTAC/NaSal solutions was
measured with a stress-controlled rheometer AR-G2 (TA
Instruments). Parallel plate and cone-and-plate geometries
offered by TA Instruments are available for AR-G2. The cone-
and-plate measuring system has the best advantage of the
shear rate across the entire surface being uniform. In this
paper, we choose the cone-and-plate geometry with 60 mm
cone diameter, 2◦ cone angle, 58 μm gap for the rheological
measurements. The sample is loaded between the cone-and-
plate discs. The upper cone is driven by an oscillatory force
on the axis normal to the plate surface.

3. Results and Discussions

3.1. Aggregation Number. Figure 1 shows the variation of
aggregation numbers of SDS solution with addition of
NaCl, in which aggregation numbers are plotted against
concentrations at 40◦C. The concentration range within
which the solution has a fluctuation in a narrow range is
called “stabilized zone” in this study. At each stabilized zone
the tested aggregation numbers increase by small degree.
Between stabilized zones there exist some concentration
ranges where aggregation numbers have a sharp increase.
Contrasting to other researcher’s cryo-TEM results [11], in
salt-free system, micelle shapes transform from spherical
to rodlike, then to hexagonal, till lamellar [4]. Every sta-
bilized zone corresponds to one micelle configuration, that
is, concentrations less than 15 CMCs stand for spherical,
bigger than 17 CMCs but less than 47 CMCs stand for
rodlike and hexagonal, and bigger than 60 CMCs stand for
lamellar shapes, respectively. When the concentration goes
on increasing, transmittance of the solution decreased too
much to determine aggregation numbers.

Figure 2 shows the variation of aggregation numbers of
SDS in water without addition of NaCl, in which aggregation
numbers are plotted against concentrations at 40◦C. Salt-
free systems have similar stabilized zones with salt systems.
Generally, without counterions, cationic surfactants would
not form rod-like micelles which are necessary for drag
reduction at low concentration. In most cases organic salts
play a role of counterions in cationic surfactant solution,
and inorganic salts play a role of counterions in anionic
surfactant solution. Therefore, the addition of NaCl has
great effects on micelle aggregation ability of surfactant SDS.
For instance, in salt-free system rod-like micelles appear at
75 CMCs (94 mM) in SDS solution, while in salt system they
turn out to be 17 CMCs (64 mM). Inorganic salts make less
powerful effects than organic salts in bonding surfactant
monomers. For the same concentration, salt system has
larger aggregation number than that of salt-free system, that
is to say, micelles in salt system may be stronger and get more
powerful shearing ability [4]. As the concentration increases
to 360 CMCs, phase separation happens so that aggregation
number increases suddenly.
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Figure 1: Steady-state fluorescent quenching method for SDS
solution Nm measurement with NaCl.
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Figure 2: Steady-state fluorescent quenching method for SDS
solution Nm measurement without NaCl.

Figure 3 shows the variation of aggregation numbers
of 200 ppm CTAC/NaSal solution, in which aggregation
numbers are plotted against temperature. When temperature
is varied from 15 to 30◦C, aggregation number increases
slowly in a stabilized zone (lager than 95 but smaller than
100). As temperature goes on rising to 50◦C, micellar
aggregation number enters into another stage (average size
120) in a narrow temperature range. This maybe presents two
different kinds of micellar structures.

3.2. Shear Viscosity. Figure 4 shows the measured zero-shear
viscosity for the case of SDS solution without NaCl (the
aggregation number replotted together with viscosity for
comparison). It can be seen that in every stabilized zone shear
viscosity has an increase-then-decrease tendency. When
aggregation number rises towards the local maximum values,
shear viscosity in those stabilized zones turns to be larger.
In the first half of each stabilized zone representing micelle
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Figure 3: Steady-state fluorescent quenching method for 200 ppm
CTAC/NaSal solution Nm measurement.

shape formation, the corresponding viscosity increases obvi-
ously, which might be caused by more monomers arranging
in order. In the last half of shape-changing stage, the
corresponding viscosity decreases, which is probably due to
more monomers being arranged disorderedly.

Figure 5 shows the measured shear viscosity versus shear
rate of 200 ppm CTAC/NaSal solution at different temper-
atures. We can see that the shear viscosity first increases
sharply and then decreases gradually with increasing shear
rate at 20◦C and 30◦C in the present measurement. The
increase of viscosity at very low shear rate might be due
to the system error of the rheometer during operation,
since from zero-shear rate, there should be a plateau
range characterizing the zero-shear viscosity. The effect of
shear rate becomes small, and the measured shear viscosity
is close to that of water when temperature is increased
up to 40◦C and 50◦C. Generally speaking there exists a
critical temperature exceeding which rheological properties
of 200 ppm CTAC/NaSal solution are the same as those of
water.

3.3. Drag Reduction in Surfactant Solution Flows. Measure-
ment of drag reduction characteristics was performed for
flows of SDS solution at a concentration from 17 CMCs
to 60 CMCs with NaCl and from 75 CMCs to 300 CMCs
without NaCl within a temperature range from 10◦C to 50◦C,
and 200 ppm CTAC/NaSal solution at a Reynolds number
range from 20000 to 120000 at 20◦C in pipe and at a Reynolds
number range from around 2600 to 50000 and within a
temperature range from 15◦C to 55◦C in channel.

It is concluded that no obvious drag reduction phe-
nomenon occurs in SDS solution flows. Most researchers
argued rod-like micelles were responsible for drag reduction
behavior. In this experiment, however, rod-like micelles are
found [4], but no turbulent drag reducing effect is observed,
which implies that the formation of rod-like micelles only is
not enough for the occurrence of turbulent drag reduction.

Obvious drag reduction phenomenon is observed for
200 ppm CTAC/NaSal solution cases. Figure 6 shows the drag
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viscosity of SDS solution without NaCl.
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Figure 5: Shear viscosity of 200 ppm CTAC/NaSal at temperature
from 20◦C to 50◦C.

reduction measurement results for 200 ppm CTAC/NaSal
solution flow at 20◦C in pipe. Due to the limitation of
this pipe-flow facility, lower Reynolds number was not
realized (as shown in Figure 6(a)). All the measured Reynolds
numbers have been in the range over the optimum drag-
reducing state for 200 ppm CTAC/NaSal solution. However,
obvious turbulent drag-reducing effect still exists for all the
measured runs, which can be used for comparative analysis
with the shear viscosity.

As shown in Figure 6(b), the abscissa is changed to be
average shear rate (mean velocity divided by the diameter
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Figure 6: Drag reduction effectiveness of 200 ppm CTAC/NaSal
solution at 20◦C in a pipe flow.

of pipe) corresponding to each measured Reynolds number.
It can be seen that the average shear rates for all the
measurements are all in the range at which shear thinning
becomes serious as shown in Figure 5. The phenomena of
both the decrease of turbulent drag-reducing ability and the
serious shear thinning appearing in the shear viscosity within
the measured shear rate are closely relevant to each other.

Figure 7 shows the results of drag reduction measure-
ment versus the Reynolds number for 200 ppm CTAC/NaSal
solution flows within a temperature range from 15◦C to 55◦C
in a channel flow [10]. It can be seen that, for the two cases at
temperatures of 50◦C and 55◦C, the turbulent drag-reducing
effect of 200 ppm CTAC/NaSal solution is significant in
a much broader range of the Reynolds number. In the
aggregation number measurement, as shown in Figure 3,
it has been demonstrated that from 50◦C Nm begins to
increase and reaches to a local maximum plateau value (120)
from around 55◦C. The above-mentioned two phenomena
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Figure 7: Drag reduction rate versus the Reynolds number for 200
ppm CTAC/NaSal solution at different temperature in a channel
flow [10].

appearing in drag reducing ability and aggregation number,
again, are closely relevant to each other, that is, a larger aggre-
gation number corresponds to stronger microstructures in
the surfactant solution flow that shows significant turbulent
drag-reducing effect in a broader Reynolds number, or in
other words, a higher shear stress is needed to destroy
the microstructures in a surfactant solution with larger
aggregation number.

4. Conclusion

Aggregation number, turbulent frictional drag, and shear
viscosity characteristics of SDS solution with and without
NaCl and of 200 ppm CTAC/NaSal solution at various tem-
peratures were experimentally investigated. The relationships
among the shear viscosity, turbulent drag reduction, and
aggregation number that can indirectly characterizes the
micellar microstructures in surfactant solution have been
analyzed. The main conclusions are as follows.

(1) There exist stabilized zones according to the changing
of aggregation numbers, which corresponds to the
micelle shape change process. In every stabilized
zone, shear viscosity has an increase-then-decrease
tendency. This phenomenon is probably caused by
formation and breakdown of the micelle network
structures.

(2) The pipe flow test of 200 ppm CTAC/NaSal solution
at 20◦C indicates that the shear-rate-dependent shear
viscosity and drag reduction efficiency exhibited a
close relevance. Experiments on SDS solution flows
imply that the formation of rod-like micelles only
is not enough for the occurrence of turbulent drag
reduction.

(3) The channel flow test of 200 ppm CTAC/NaSal
solution at different temperatures shows that the
aggregation number and drag-reducing ability of a
surfactant solution flow have close relevance, that
is, larger aggregation number corresponds to a
larger range of effective Reynolds number for drag
reduction.
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The spatial structure of a drag-reducing channel flow with surfactant additives in a two-dimensional channel was investigated
experimentally. We carried out detailed measurements of the instantaneous velocity in the streamwise wall-normal plane and
streamwise spanwise plane by using particle image velocimetry (PIV). The surfactant used in this experiment is a kind of cationic
surfactant CTAC. The weight concentrations of the CTAC solution were 25 and 40 ppm on the flow. We considered the effects
of Reynolds number ranging from 10000 to 25000 and the weight concentration of CTAC. The results of this paper showed
that in the drag-reducing flow, there appeared an area where the root mean square of streamwise velocity fluctuation and the
vorticity fluctuation sharply decreased. This indicated that two layers with different turbulent structure coexisted on the boundary
of this area. Moreover, these layers had characteristic flow structures, as confirmed by observation of the instantaneous vorticity
fluctuation map.

1. Introduction

It is well known that adding a small amount of polymer or
surfactant additives to water flow causes a dramatic reduc-
tion in turbulent drag. This phenomenon is called the Toms
effect [1]. If we could apply this phenomenon to industrial
applications, it would have the great benefit of saving fuel
and mitigating environmental problems. For instance, drag-
reduction using a polymer solution has been applied to
the oil pipeline system [2]. By adding a certain amount
of polymer solution to the crude oil in the pipeline, the
desired discharge of two million barrels per day could be
achieved without constructing additional pumping stations.
However, with drag-reduction by a polymer solution, the
network structure of the polymer solution which causes
the drag-reduction is broken easily due to mechanical shear
stress of the pump, and the drag-reducing effect is lost [3].
Therefore, the polymer is not effective for an application with
a closed circuit system. On the other hand, some kinds of
surfactant additives have a self-repairing ability and can keep
the drag-reducing effect through mechanical shear stress. In

the surfactant solution, rod-like micelles are formed under
moderate conditions of fluid temperature and concentra-
tions of surfactant. Moreover, suitable shear stress assists the
formation of a micellar network, and this network expresses
the viscoelasticity of the surfactant solution [4]. This state
is known as a shear induced structure (SIS). There have
been several studies on the rheological characteristics and
chemical structure of viscoelastic fluid, which is believed to
cause drag-reduction [5, 6]. Hu and Matthys [7] investigated
the formation and the relaxation of the SIS under conditions
of shear and normal stress. They revealed that the buildup
times of the SIS were inversely proportional to the shear rate.
Moreover, the buildup times and final state depended on flow
geometry.

The micellar network which is formed in the surfactant
solution leads to a large drag-reduction. Moreover, even if
this micellar network is broken by the large shear stress, this
network structure is repaired quickly and the drag-reducing
effect can be sustained. Thus, surfactant additives are very
useful for applications having a closed-circuit system, such as
air-conditioning systems or district heating/cooling (DHC)
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systems [8]. For instance, Takeuchi et al. [9] applied sur-
factant additives to a central heating/cooling system and re-
ported that pumping energy consumption was reduced by
65% in winter heating and by 47% in summer cooling.

Because of this background, there has been intense
research on drag-reduction with surfactant additives since
the discovery of the Toms effect. In particular, the spatial
structure of the drag-reducing flow has been extensively in-
vestigated in many studies. The slight viscoelasticity of the
surfactant solution affects the energy dissipation process of
the flow, and drag-reduction occurs. Therefore, it seems
that the drag-reducing flow has a unique structure which
is different from the turbulent structure or the laminar
structure of Newtonian fluid. However, there is not enough
knowledge about this, and the actual mechanism of drag-
reduction has yet to be fully explained. Therefore, it is worth
investigating in more detail the structure of the drag-re-
ducing flow of the viscoelastic fluid experimentally.

Recently, many studies on drag-reducing flow with
surfactant additives and polymer have been conducted [10–
13]. In the drag-reducing flow of the polymer solution, White
and Mungal [14] investigated experimentally the detail of
dynamic interactions between polymer and turbulence in the
drag-reducing wall-bounded shear flow of a diluted polymer
solution. In their research, polymer was found to disrupt
the near-wall turbulence regeneration cycle and reduce the
turbulent friction drag. Therefore, it was concluded that
vortex suppression leads to drag-reduction except in the case
of low Reynolds number.

On the other hand, regarding the drag-reducing flow of
the surfactant solution, Kawaguchi et al. [15] investigated the
turbulent statistics in a two-dimensional channel flow with
surfactant additives by using two-component laser-doppler
velocimetry (LDV) and particle image velocimetry (PIV).
They found that two components of velocity fluctuation were
suppressed and Reynolds shear stress almost disappeared in
the surfactant drag-reducing flow. Yu et al. [16] and Wu et al.
[17] investigated turbulent characteristics in a drag-reducing
flow with surfactant additives by direct numerical simulation
(DNS). They obtained instantaneous flow structures near the
wall, which are difficult to measure precisely in experiments.
Thus, various characteristics including turbulent statistics
and coherent structures in the drag-reducing flow have been
revealed. Li et al. [18] analyzed the Reynolds number depen-
dence of the turbulent structures in a drag-reducing flow
by PIV. They measured precisely the velocity of streamwise
components u, and wall-normal components v, in the x-
y plane at different Reynolds numbers. This revealed the
relationship between the dynamic process of the SIS in the
solution and turbulence. They also categorized Reynolds
number dependence on the drag-reduction into four flow
regimes considering that the drag-reduction rate and turbu-
lent statistics were different in each regime, despite similar
drag-reduction rates. Itoh and Tamano [19] and Tamano
et al. [20] investigated the influence of the drag-reducing
flow with surfactant additives on the velocity fields of the
turbulent boundary layer using a two-component LDV and
PIV. They found the existence of the additional maximum
of the streamwise turbulent intensity near the center of the

boundary layer. They also proposed a bilayered structure
model. The near-wall region has an SIS and viscoelasticity,
but the region away from the wall does not have these due to
mixing potential and turbulent flow. Therefore, an additional
maximum of the streamwise turbulent intensity may appear.

As mentioned above, several studies on the spatial
structure of the drag-reducing flow with surfactant additives
have been conducted by using PIV. However, there have been
few studies of PIV measurement in the x-z plane because of
the difficulty. To discuss the spatial structure of the drag-
reducing flow of the viscoelastic fluid in more detail, it is
important to measure precisely the turbulent statistics in
the x-z plane in addition to the x-y plane. Therefore, in
this study, we carried out detailed measurements of the
instantaneous velocity in the x-y plane and x-z planes by
using PIV. In order to analyze the flow pattern in both planes,
turbulent statistics including mean velocity profiles, spatial
distribution of RMS of velocity fluctuation components u,
v and w, Reynolds shear stress, and vorticity fluctuation
were calculated. Based on these measurements, the three-
dimensional spatial structure in the drag-reducing flow of
the viscoelastic fluid was discussed.

2. Experiment

2.1. Experimental Facility and PIV Procedure. Figure 1 shows
the flow system of our experimental facility, and Figure 2
shows the PIV system arrangement for measurements (a)
in the x-y plane and (b) in the x-z plane. The experiments
were performed with a closed-circuit water loop as shown
in Figure 1. The test section was a two-dimensional channel
made of transparent acrylic resin, which was 6000 mm
in length, 500 mm in width, and 40 mm in height (2δ).
A honeycomb rectifier was set at the channel entrance
to remove large eddies. In order to measure the flow
rate Q, an electromagnetic flowmeter with an accuracy of
±0.01 m3/min was installed in the flow path. The bulk
mean velocity Ub was estimated from Q/A, and A was the
cross-sectional area in the channel. The storage tank in the
flow path contained a heater and an agitator in order to
adjust the temperature of the fluid, which was maintained
at 25◦C with an accuracy of ±0.1◦C. The PIV measurement
was carried out at a position located 5000 mm downstream
from the entrance of the test section. In this position, the
channel was equipped with two circular glass windows which
were 150 mm in diameter on both side walls and with two
rectangle glass windows on the top and bottom of the
channel. As shown in Figure 2(b), two pressure taps were
attached on one side of the channel wall at a distance of
1650 mm. The static pressure gradient between these two
taps was measured in order to estimate the drag-reduction
rate. Wall shear stress and friction velocity were calculated
from this pressure gradient.

The PIV system consisted of a double-pulse laser, laser
sheet optics, CCD camera, synchronizer, and a computer
with image-processing software (Dantec, Dynamics Studio
version 2.30). The double-pulse laser (New Wave Research
Co. Ltd., MiniLase-II/30 Hz) was a combination of a pair
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Figure 1: Flow system.

of Nd : YAG lasers, each having an output of 30 mJ/pulse
and wavelength of 532 nm. The pulse interval was set to
range from 300 μs to 500 μs considering the displacement
of particles while measuring flow velocity. The laser sheet
thickness and spread angle were set to 0.6 mm and 20◦,
respectively. The synchronization device communicated with
the CCD camera and the computer, and generated pulses
to control the double-pulse laser. The CCD camera had a
resolution of 2048 × 2048 pixels and pixel pitch of 7.4 ×
7.4μm. The camera lens had a focal length of 60 mm and
an aperture of 2.8. The flow was seeded with acrylic colloids
to act as tracer particles. These particles were 0.1–1 μm in
mean diameter. The particle concentration was adjusted so
that more than 10 particles were observed on average in the
interrogation area for each experiment. The interrogation
area was 64 × 64 pixels with a cross-correlation with each
interrogation area overlapping by 75%.

In this study, we measured the instantaneous velocity u-v
in the x-y plane and u-w in the x-z plane by using PIV. For
the measurements in the x-y plane, the measurement field
was set to 70 mm (streamwise direction) × 40 mm (channel
height). We obtained 125 × 65 vectors for each direction in
the instantaneous velocity fields. Turbulence statistics were
calculated from 500 velocity vector fields. On the other hand,
for the measurements in the x-z plane, the instantaneous
velocity was measured at 40 positions in the y direction,
0.5 mm to 20 mm from the wall at intervals of 0.5 mm,
presuming the flow was symmetrical. The measurement field
was set to 80 mm (streamwise direction)× 80 mm f(spanwise
direction). There were 125 × 125 vectors in the x-z plane in
each measurement field. Turbulent statistics were calculated
from 100 velocity fields at each y position.

The Reynolds number was defined by the following
equation based on the channel height and ranged from 10000
to 25000:

Re = UbH

v
, (1)

where H is the channel height and ν is the kinematic viscosity
of water. Because we used a dilute surfactant solution in

our experiment, the kinematic viscosity of the surfactant
solutions was not so different from that of water [21].

2.2. Surfactant Solution. The surfactant used in this exper-
iment was a cationic surfactant, cetyltrimethyl ammonium
chloride (CTAC: C16H33N(CH3)3Cl), which had a molecular
weight of 320.0 g/mol. Local tap water was used as a
solvent because CTAC is hardly affected by the metallic
ions of calcium and sodium which naturally exist in tap
water. Sodium salicylate (NaSal), with a molecular weight
of 160.1 g/mol, was added to this surfactant solution in the
same weight concentration in order to provide counter ions.
A diluted surfactant solution can produce drag-reduction
due to counter ions being in a lower concentration than the
critical micelle concentration (CMC). The concentration of
the surfactant solution was 25 ppm or 40 ppm.

3. Results and Discussion

3.1. Drag-Reduction Rate. Table 1 shows the drag-reduction
rate in each experimental condition. We performed PIV
measurement in the x-y plane with different Reynolds
numbers, but the Reynolds number was fixed at 20000 for the
measurement in the x-z plane. In this paper, the experimental
results for each condition are shown by the code name listed
in this table.

The drag-reduction rate is defined by the following
equation:

DR = Cf ,w − Cf ,s

C f ,w
× 100 (%), (2)

where C f is the friction coefficient, and the subscripts w and
s represent water and surfactant solution, respectively. The
friction coefficient was calculated by

Cf = τw
1/2ρU2

b

, (3)
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Figure 2: PIV system arrangement for measurements (a) in the x-y plane and (b) in the x-z plane.

where τw is the wall shear stress obtained from the static
pressure gradient of the channel, and ρ is the density of the
water.

The drag-reduction rate increases with increasing Rey-
nolds number, and a 62% maximum drag-reduction rate
was obtained. Generally speaking, drag-reduction is related
to the existence of a thread-like micelle network in the
surfactant solution. Wunderlich and Brunn [22] report-
ed that long thread-like micelles form under high shear
rate in the surfactant solution and a shear induced state
(SIS) occurs. These thread-like micelles are formed under
suitable conditions of steady shear, surfactant concentration,
and temperature. It is well known that there is a critical

Reynolds number which has a maximum drag-reduction rate
in surfactant drag-reducing flow as shown in Figure 3. Li
et al. [18] categorized the relationship between Reynolds
number and friction coefficient in the case of CTAC 25
ppm at 30◦C into the following four regimes: (i) laminar,
(ii) increase of drag-reduction rate, (iii) decrease of drag-
reduction rate, and (iv) loss of drag-reduction rate as shown
in Figure 3. In regime (ii), the drag-reduction rate increases
with increasing Reynolds number because moderate shear
assists the formation of the micellar network. However, in
regime (iii), the micellar network cannot be formed because
of the large shear stress. Therefore, the drag-reduction rate
decreases in this regime. Moreover, they concluded that a
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Table 1: Drag-reduction rate.

Code Measurement Fluid Re DR(%)

W-10 x-y Water 10000 —

W-15 Water 15000 —

W-20 Water 20000 —

W-25 Water 25000 —

C25-10 x-y CTAC 25 ppm 10000 33

C25-15 CTAC 25 ppm 15000 48

C25-20 CTAC 25 ppm 20000 59

C25-25 CTAC 25 ppm 25000 62

C40-10 x-y CTAC 40 ppm 10000 32

C40-15 CTAC 40 ppm 15000 34

C40-20 CTAC 40 ppm 20000 52

C40-25 CTAC 40 ppm 25000 59

W-20-z x-z Water 20000 —

C25-20-z CTAC 25 ppm 20000 59

C40-20-z CTAC 40 ppm 20000 57

Cf

Water
Surfactant solution

Rec Re

I II III IV

Figure 3: Schematic relationship between friction coefficient and
Reynolds number.

critical Reynolds number with a maximum drag-reduction
rate exists between regime (ii) and regime (iii). The value
of the critical Reynolds number is affected by the surfactant
concentrations and temperatures.

Figure 4 shows the result of detailed measurement of the
friction coefficient for each concentration of CTAC solution
at 25◦C. In this figure, the solid line represents the friction
coefficient of the two-dimensional rectangular duct flow
obtained by Dean [23]:

Cf = 0.073Re−1/4. (4)

The critical Reynolds number shifts to a large value with
increasing surfactant concentrations. In our experiment, the
critical Reynolds number does not agree with the results ob-
tained by Li et al. [18], but the trend corresponds to their re-
sults. Because the critical Reynolds number is over 25000 in
both concentrations, the drag-reduction rate increases with
increasing Reynolds number in both concentrations, and this
trend corresponds to the regime (ii).
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Figure 4: Reynolds number dependence on the friction coefficient.
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Figure 5: Mean streamwise velocity profiles of the water flow and
the drag-reducing flow.

3.2. Mean Streamwise Velocity. Figure 5 shows the mean
streamwise velocity profiles in the water flow at Re =
25000 and in CTAC solution for each Reynolds number. U+

is defined as the mean velocity U normalized by friction
velocity uτ and y+ is defined as position y normalized by
ν/uτ .

The solid line in this figure represents the linear profile
and log-law profile of streamwise velocity for Newtonian
turbulent flow. The viscous sublayer is expressed by the
following equation:

U+ = y+. (5)
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Figure 6: Distribution of RMS of streamwise velocity fluctuation
for the 25 ppm surfactant solution.

In addition, the buffer layer and the logarithmic layer are
expressed by

U+ = 2.4 ln y+ + 5.5. (6)

For comparison with our experiment, Virk’s ultimate profile
in the polymer drag-reducing flow, which was obtained by
Virk et al. [24], is plotted using a dashed line in Figure 5. This
line represents the following equation:

U+ = 11.7 ln y+ − 17. (7)

In the water flow, the measured velocity profile is in
good agreement with the log-law profile of the turbulent
flow of Newtonian fluid. In the drag-reducing flow, the mean
velocity profiles are upshifted in the log-law layer with a
larger gradient compared with that in the water flow. Of
particular significance is that the profile has the same grad-
ient as Virk’s ultimate profile at the high drag-reduction
rate. According to Warholic et al. [25], if the drag-reduction
rate is more than 35% (large drag-reduction), the velocity
profile is displaced upward and the gradient increases with
increasing drag-reduction rate. Therefore, our result with the
homogeneous surfactant solution corresponds to the experi-
mental results with the homogeneous polymer solution
obtained by Warholic et al.

3.3. Turbulent Intensity. Figure 6 shows the effect of the
Reynolds number on the distribution of the RMS of the
streamwise velocity fluctuation urms normalized by the
friction velocity uτ for 25 ppm surfactant solution. The
horizontal axis is normalized by half of the channel height
δ. In the water flow, the streamwise velocity fluctuation
monotonously decreases from the near-wall to the center
of the channel. On the other hand, in the drag-reducing
flow, the streamwise velocity fluctuation has a larger value
than that of the water flow. Notably, an area appeared where
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Figure 7: Same as Figure 6 for C25-20 obtained by the measure-
ment in x-z plane.

the streamwise velocity fluctuation sharply decreased toward
the center of the channel in the drag-reducing flow. For
example, in the case of C25-10 (i.e., Re = 10000 and CTAC
25 ppm), this area exists in the range of y/δ from 0.4 to
0.8. This indicates that two different layers coexist on the
boundary of this area.

Figure 7 shows the same as Figure 6 obtained by the
measurement in the x-z plane. Although the value of the
velocity fluctuation is slightly different from the results by
the measurements in the x-y plane, the trend corresponds to
Figure 6. This figure represents more clearly the structure of
the two layers as mentioned in Figure 6.

In this paper, we define these two layers as “Layer A”
and “Layer B” as shown in Figure 7. Moreover, hA is defined
as the thickness of Layer A. Comparing Layer A with Layer
B, the value of the streamwise velocity fluctuation of Layer
A is larger than that of Layer B. As shown in Figure 6,
Layer A seems to expand to the center of the channel as
the drag-reduction rate increases. A similar tendency was
observed with a CTAC of 40 ppm. Therefore, the thickness
of the two layers depends on the drag-reduction rate. A
detailed discussion of this bilayer structure will be given
in another section. In the case of turbulent boundary
flow, a characteristic distribution of the streamwise velocity
fluctuation was also observed in the drag-reducing flow
[19, 20]. However, the detailed structure of these peaks has
not been discussed.

The distribution of RMS of wall-normal velocity fluc-
tuation vrms normalized by the friction velocity for the
25 ppm surfactant solution is shown in Figure 8. In the drag-
reducing flow, the wall normal velocity fluctuation is much
smaller than that of the water flow throughout the channel
height. In addition, the decrease level of the wall normal
fluctuation is much higher than the increase level of the
streamwise velocity fluctuation. This fact suggests that the
turbulent energy transport between the different directional
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Figure 8: Distribution of RMS of wall-normal velocity fluctuation
for 25 ppm surfactant solution.

components is inhibited by the effect of additives. Therefore,
the directional components become anisotropic in the drag-
reducing flow.

Moreover, we observed a slight peak in the wall normal
velocity fluctuation at y/δ = 0.2 in the water flow. This peak
almost disappeared and the wall normal velocity fluctuation
slightly increased toward the center of the channel. This
seemed to indicate that the buffer layer expands to the center
of the channel in the drag-reducing flow. Yu and Kawaguchi
[26] investigated the drag-reducing channel flow by DNS
and reported that adding surfactant additives to the water
flow altered the energy redistribution. Surfactant additives
inhibit the input energy transfer from mean flow to turbulent
production, and inhibit energy transfer from the streamwise
velocity component to the wall-normal and spanwise velocity
components because of the large extensional viscosity. A
similar result seems to have been obtained in our experiment.

3.4. Reynolds Shear Stress. Figure 9 shows the distribution of
the Reynolds shear stress of the water flow and the drag-
reducing flow of the 25 ppm surfactant solution, normalized
by the friction velocity. In the drag-reducing flow, Reynolds
shear stress is almost zero throughout the channel. This
indicates that the momentum transport mechanism of the
drag-reducing flow is quite different from that of the
Newtonian fluid flow. A similar tendency was also found for
the 40 ppm surfactant solution.

The viscoelastic effect of the surfactant solution also
appears to increase the velocity fluctuation. Actually, in the
drag-reducing channel flow with surfactant solution, the
correlation between the streamwise velocity fluctuation and
the wall-normal velocity fluctuation decreases, as does the
Reynolds shear stress due to the effect of the surfactant
solution. A similar result of an increase in fluctuation was
reported in turbulent boundary layer experiments with
a surfactant solution conducted by Tamano et al. [20]. In
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Figure 9: Distribution of Reynolds shear stress for the 25 ppm
surfactant solution.

addition, an increase in the Reynolds number corresponded
to an increase of the Weissenberg number defined by
relaxation time and friction velocity. Tsukahara et al. [27]
and Yu and Kawaguchi [28] carried out a DNS study of
the drag-reducing flow using the Giesekus model for sur-
factant solutions and investigated the relation between the
Weissenberg number and drag-reduction. According to their
calculations, high drag-reduction can be achieved by sup-
pressing the production of turbulence for a high Weissenberg
number. Therefore, our experimental results match those of
their DNS study.

3.5. Vorticity Intensity. We calculated turbulent statistics of
vorticity fluctuation ω′y . ωy is defined in the following
equation:

ωy = ∂w

∂x
− ∂u

∂z
. (8)

In this study, the calculational procedure of ωy is based on
the circulating volume of the surrounding 8 velocity values
as shown in Figure 10. Therefore, ωy in the position (i, j) is
expressed with the following equation:

(
ωy

)
i, j
= 1

A
Γi, j = 1

A

∮
l(X ,Z)

(U ,W) · dl, (9)

where A represents the circulation pathway.
Figure 11 shows the effect of the surfactant concentration

on the distribution of the vorticity fluctuation ω∗yrms for Re =
20000. ω∗yrms is normalized by the following equation:

ω∗yrms =
ω′yrms · (H/2)

Ub
. (10)

This figure indicates that the vorticity fluctuation mono-
tonously decreases from the near-wall to the center of
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Figure 10: Calculation route of vorticity in the position (i, j).
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Figure 11: Effect of surfactant concentration on the distribution of
the vorticity fluctuation at Re = 20000.

the channel in the water flow. On the other hand, the vor-
ticity fluctuation in the drag-reducing flow is much smaller
than that in water flow throughout the channel height. This
suggests that the turbulent vortex is suppressed in the drag-
reducing flow, and drag-reduction occurs. Similar to the
distribution of the streamwise velocity fluctuation, Layer A
and Layer B can be observed in the same area. In addition,
the value of the vorticity fluctuation of Layer A is larger than
that of Layer B.

Figure 12 shows the instantaneous vorticity fluctuation
map in the water flow obtained by the measurement in the
x-z plane. In this figure, (a) and (b) show the structure in
the near-wall region (y/δ = 0.025) and at the center of the
channel (y/δ = 1.0), respectively. The contour is determined
from the value of the vorticity fluctuation at each position,
and a positive value indicates a clockwise rotation. In the
case of the water flow, although the value of the vorticity
fluctuation is different, the flow patterns are similar to each
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Figure 12: Instantaneous vorticity fluctuation map of the water
flow at Re = 20000; (a) y/δ = 0.025 and (b) y/δ = 1.0.

position. In addition, similar patterns were also observed at
all other positions in the water flow.

On the other hand, Figure 13 shows an instantaneous
vorticity fluctuation map in the drag-reducing flow at the
position (a) y/δ = 0.025 (i.e., the near-wall region), (b)
y/δ = 0.4 (i.e., edge of Layer A), (c) y/δ = 0.6 (i.e., edge
of Layer B) and (d) y/δ = 1.0 (i.e. center of the channel),
respectively. In Layer A (see Figures 13(a) and 13(b)), the
distribution of the vorticity fluctuation pattern shows a
striped structure. In contrast, quite a different structure was
observed in Layer B (see Figures 13(c) and 13(d)). It had
a grained structure and this structure was similar to the
pattern of the water flow but the spatial structure scale
was much smaller (see Figure 12). In Layer A, the striped
structure seemed to stretch along streamwise, and streaks
with a variety of lengths were observed. The pattern was not
very different from that for other Reynolds numbers or con-
centrations.
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Figure 13: Instantaneous vorticity fluctuation map of the drag-reducing flow for Re = 20000; (a) y/δ = 0.025, (b) y/δ = 0.4, (c) y/δ = 0.6,
and (d) y/δ = 1.0.

In our previous study [29], we measured the instanta-
neous velocity of the drag-reducing channel flow in the x-
y plane by using a PIV system with a large measurement
field. As a result, in the drag-reducing flow, there were large-
scale fluid lumps in the near wall region. These structures
extended toward the streamwise direction and were inclined
at approximately 10 degrees to the channel wall. These
characteristic structures were only observed in the case of
high drag-reduction rate, and the tendency of these stru-
ctures did not change with varying Reynolds number. The
striped structure which stretches to the streamwise direction
corresponds to this large-scale structure.

3.6. Discussion of the Bilayer Structure. Figure 14 shows
the schematic interpretation of the relation between the
thickness of two layers and the drag-reduction rate. When
the drag-reduction rate increases, the thickness of Layer A
spreads to the center of the channel. On the other hand, in
the case of a low drag-reduction rate, Layer A is thin. This
characteristic difference of structure seems to be attributed

Layer A

Increasing DR

Non-SISLayer B

SIS

Decreasing DR

y

x

Figure 14: Schematic interpretation of relation between thickness
of two layers and the drag-reduction rate.

to SIS, which is characteristic of viscoelastic fluid. In Layer
A, SIS occurs and contributes to the drag-reduction. In
contrast, Layer B does not contribute to the drag-reduction
and SIS does not occur because the instantaneous vorticity
fluctuation map is similar to the water flow in this layer.
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Yu and Kawaguchi [30] and Wu et al. [17] investigated
drag-reducing channel flow using the Giesekus model by
DNS. They applied a bilayer model, in which Newtonian and
non-Newtonian fluids coexist. In their calculation, the inter-
face between two layers sets to parallel to the wall and normal
stress balance equation was satisfied. If the network structure
(non-Newtonian fluids) exists in the near-wall region, the
thickness of this layer spreads with increasing drag-reduction
rate. Comparing the distribution of turbulent intensity
between our experiment and their DNS results, they found
that the distribution of the streamwise velocity fluctuation
had the same or a larger value compared to the water one,
but the distribution of the wall normal velocity distribution
was smaller than the water one. Similar results were obtained
in our experiment except for the area where the streamwise
velocity fluctuation sharply decreased toward the center of
the channel in the drag-reducing flow.

Figure 15 shows a schematic interpretation of the relation
between the thickness of the two layers and the friction coef-
ficient (i.e., drag-reduction rate). When the drag-reduction
rate increased (i.e., a friction coefficient decreased) before
the critical Reynolds number, the Non-Newtonian fluid (SIS)
which contributed to drag-reduction existed in the near-wall
region due to moderate shear stress, and the thickness of
this layer spread to the center of the channel like (A) and
(B) as shown in Figure 15, and in the region away from
the wall (i.e., Newtonian fluid), shear stress was not enough
for SIS to occur. Then, as the Reynolds number reached
a critical point, the Non-Newtonian fluid spread all over
the channel represented as (C) and the drag-reduction rate
reached the maximum. Beyond the critical Reynolds num-
ber, drag-reduction rate decreased and non-Newtonian fluid
existed in a region away from the wall, like (D) and (E). This
was because the shear rate near the wall was so large it could
not form a network structure in the near-wall region. Finally,
as the Reynolds number increased more, drag-reduction
vanished due to the high shear rate all over the channel and
the non-Newtonian fluid disappeared as shown (F).

In our experiment, because a large drag-reduction
occurred, the flow structure seemed to be like (B) or (C). In
addition, we observed that the flow pattern of Layer B was
similar to the water flow. Although there is no conclusive

evidence that Layer A has similar characteristics to the non-
Newtonian fluids, the bilayer structure observed in our
experiment corresponds to these DNS results. More detailed
experiments will be performed to clarify the flow structures
of the two layers in the drag-reducing surfactant flow in the
future.

3.7. Summary of the Zonal Structure. Finally, we describe
briefly the zonal structure of the drag-reducing channel flow
observed in this study and previous studies [29]. As shown
in Figure 7, there appeared an area where the streamwise
velocity fluctuation sharply decreased toward the center of
the channel in the drag-reducing flow. Therefore, two layers
having different structures appear to coexist on the boundary
of this area in the drag-reducing channel flow. The structure
near the center of the channel (Layer B) has a grained pattern,
which is similar to the pattern of the water flow. On the other
hand, the structure in the near-wall region (Layer A) has a
striped pattern which extends in the streamwise direction.
The pattern is not so different at other Reynolds numbers
or concentrations but the thickness of Layer A spreads to
the channel center as the drag-reduction rate increases.
According to our previous study [29], sweep and ejection
are greatly suppressed and large-scale inclined fluid lumps
appear alternately in Layer A. In contrast, these fluid lumps
do not appear in the center of the channel (Layer B). For the
same CTAC concentration, the scale and inclination angle
of these large-scale structures did not depend on Reynolds
number and rheological parameters.

4. Conclusions

Characteristic zonal structures of the drag-reducing channel
flow with surfactant additives were investigated experimen-
tally. We performed PIV measurement of the instantaneous
velocity in the x-y plane and in the x-z plane with changing
Reynolds number and the weight concentration of CTAC.
The following conclusions on the drag-reducing flow were
obtained.

(1) The distribution of the wall normal velocity fluctua-
tion in the drag-reducing flow was much smaller than
that of the water flow and Reynolds shear stress in the
drag-reducing flow was almost zero throughout the
channel.

(2) The streamwise velocity fluctuation monotonously
decreased from the near-wall to the center of the
channel in the water flow, but an area appeared where
the streamwise velocity fluctuation sharply decreas-
ed toward the center of the channel in the drag-
reducing channel flow. This indicated that two layers
having different structures appeared to coexist on the
boundary of this area. The distribution of the vor-
ticity fluctuation also sharply decreased in the same
area.

(3) The layer in the near-wall region had a striped stru-
cture, and the layer in the center of the channel had a
grained structure. This grained structure was similar
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to the flow structure of the water flow. The thickness
of the layer in the near-wall region expanded toward
the center of the channel as the drag-reduction rate
increased. These characteristic differences seem to be
attributed to the SIS and viscoelasticity of the fluid.
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Dilute surfactant solution of 25 ppm in the two-dimensional channel is investigated experimentally compared with water flow.
Particle image velocimetry (PIV) system is used to take 2D velocity frames in the streamwise and wall-normal plane. Based on
the frames of instantaneous vectors and statistical results, the phenomenon of zero Reynolds shear stress appearing in the drag-
reducing flow is discussed. It is found that 25 ppm CTAC solution exhibits the highest drag reduction at Re = 25000 and loses drag
reduction completely at Re = 40000. When drag reduction lies in the highest, Reynolds shear stress disappears and reaches zero
although the RMS of the velocity fluctuations is not zero. By the categorization in four quadrants, the fluctuations of 25 ppm CTAC
solution are distributed in all four quadrants equally at Re = 25000, which indicates that turnaround transportation happens in
drag-reducing flow besides Reynolds shear stress transportation. Moreover, the contour distribution of streamwise velocity and the
fluctuations suggests that turbulence transportation is depressed in drag-reducing flow. The viscoelasticity is possible to decrease
the turbulence transportation and cause the turnaround transportation.

1. Introduction

If small amounts of polymer or surfactant are added into the
water, the friction will decrease in a large degree in turbulent
flow. This phenomenon of drag reduction is named “Toms
effect” because it was firstly reported by Toms in 1948 [1]. Li
et al. reported that ultimate 80% frictions were reduced in the
very dilute aqueous solution of cetyltrimethylammonium-
chloride (CTAC) while the concentration was only 30 ppm
[2, 3]. For the energy conservation purpose, surfactant
solution has increasingly received the significant attention
during the past some decades studying by experiments
and simulations in order to clarify the mechanism of drag
reduction [4, 5]. Gyr and Tsinober summarized the dynamic
characteristics of drag-reducing flow, and concluded that
the small scale part of the flow (both in time and space)
was suppressed, and the streamwise velocity fluctuations
remained approximately the same whereas the transverse one
was strongly reduced [6].

Reynolds shear stress is important to the turbulence
transportation in wall-bounded flow [7], but it was strongly

reduced in drag-reducing flow and some researchers ascribed
the phenomenon to the less correlation between the two
velocity fluctuations. Moreover, surfactant solution flow
exhibited that the cyclic turbulent bursts were inhibited and
the vortex structures were modified [8]. Kawaguchi et al.
found that the penetration of the fluid from the low-speed
fluid region into the high-speed region almost disappeared,
and the strong fluctuations of spanwise vorticity near the
wall also disappeared in surfactant solution channel flow
[9, 10]. Li et al. found that the inclination angle of the low-
momentum region below the hairpin vortices decreased and
the frequency of bursts was reduced, which indicated the
inhibition of bursting events by surfactant additives [11, 12].
However, all these studies have not given the reasonable
explanation to the appearance of zero Reynolds shear stress.

Rheology of the solution, such as the viscoelasticity, was
always considered to modify the turbulent structures and
lead to the phenomenon of drag reduction [13], because sur-
factant additives added into the water would form the cross-
linked micellar networks under a proper shear stress [14, 15].
The investigation by Cryo-TEM proved that the solution
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Figure 1: Schematic diagram of solution circulation system in
experiment.

with wormlike micella displayed rich rheological behaviors
such as drag-reducing agents and viscosity enhancers [16].
But the micella have not been tested dynamically because of
the shortage of present measure method.

This paper will aim at the modification of turbulence
transportation in the drag-reducing channel flow and ana-
lyze the disappearance of Reynolds shear stress. PIV is used to
measure the velocity field in streamwise-wall-normal plane.
The dynamic characteristics of the surfactant solution flow
are studied based on the statistic results and instantaneous
velocity distribution.

2. Experimental Facility

Experiments are performed on a closed-circuit water loop
as shown in Figure 1. The tested fluid is through a two-
dimensional channel made of transparent acrylic resin with
the length (L) of 10 m, height (H) of 0.04 m, and width
(W) of 0.5 m. A honeycomb rectifier with length of 0.15 m
is set at the channel entrance for removing large eddies. The
test segment lies 6 m downstream from the entrance of the
channel. An electromagnetic flow meter with uncertainty
of ±0.01 m3/min is installed upstream of the channel for
flow measurement. The water tank in the flow loop contains
an electrical heater for heating the circulating solution with
uncertainty of ±0.1◦C when the fluid temperature is below
25◦C. The wall shear stress was estimated from the static
pressure gradient which is tested between two pressure tabs
which are located on the vertical side wall of the channel with
1.5 m distance and the uncertainty of ±0.1 Pa.

The surfactant added to the water in this experiment is
one kind of cationic surfactant, cetyltrimethylammonium-
chloride (CTAC). Sodium salicylate (NaSal) is added to the
solution with the same weight concentration with CTAC for
providing counterions. The CTAC concentration of 25 ppm
is selected in this experiment.

PIV system consists of a double-pulsed laser, laser
sheet optics, charge-coupled device (CCD) camera, timing
circuit, image-sampling computer, and image-processing
software. The double-pulsed laser isa combination of a pair
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devices
Nd-YAG
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Rectangle
channel

Laser head

x

y

z

Figure 2: Optical configuration of PIV system.

of Nd-YAG lasers. The timing circuit communicates with
the CCD camera and computer and generates pulses to
control the double-pulse laser. The CCD camera used in the
experiment has a resolution of 2048 × 2048 pixels. Figure 2
shows a schematic of the optical configuration of PIV to
measure the flow on the streamwise and wall-normal (x-y)
plane. Cartesian coordinates are also shown in the diagram.
The laser sheets are aligned at z = 250 mm, where z = 0
represents the plane at the bottom of the channel. The tracers
seeded in the flow are white water-based synthetic resins
coatings with a diameter of 0.1–1 μm. When adding tracers
to the solution, particle density is adjusted and on average
at least 10 particle pairs will be observed in an interrogation
window.

In the experiments, five hundred of PIV image pairs are
taken for one condition case. The photograph acquisition
rate is 4 Hz. The picture frames cover the full width of
the channel with the size of about x × y = 58 × 42 mm2.
The interrogation area is set as 32 × 32 pixels with 75%
overlap in each direction. As a result, the vector numbers
are about 127 × 90, respectively, in x and y direction. The
spacing between adjacent vectors in both directions is about
0.45 mm.

3. Results and Discussion

This section will analyze the instantaneous velocity images
and the statistic results based on five hundred of 2D frames
of velocity vectors in streamwise-wall-normal (x-y) plane.
Water and CTAC solution with the weight concentration
of 25 ppm are compared under the Reynolds number from
10000 to 40000. Reynolds number is defined as Re = UbW/μ,
where Ub is the bulk velocity of the flow, W is the width of
the channel in y direction, and μ is the dynamic viscosity of
the solution. However, the CTAC solution of 25 ppm is very
dilute, so the dynamic viscosity of the solution is selected as
same as the water.

3.1. Frictional Drag Factor and Drag Reduction Rate. Fanning
friction factor and drag reduction (DR) are defined as
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following equations where the subscripts of “W” and “C”
represent water and CTAC solution, respectively,

Cf = τw(
1/2ρU2

b

) ,

DR =
(
Cf ,W − Cf ,C

)
Cf ,W

× 100%.

(1)

The profiles of friction factor and DR are presented in
Figure 3. At the same time, Dean’s correlation of friction
factor for a Newtonian fluid in a two-dimensional channel
[17]

Cf = 0.073Re−0.25 (2)

and Virk’s ultimate correlation of friction factor for polymers
solution flow [18]

Cf = 0.58Re−0.58 (3)

are also included in Figure 3 for comparison.
The figure exhibits that the friction factors of water obey

Dean’s equation well especially during the high Reynolds
numbers. The friction factors of CTAC solution are markedly
smaller than the water and reach the profile of Virk’s ultimate
friction factor before Re = 27000. According to the division
of DR state [19], the Reynolds number at which DR reaches
the maximum is called the 1st critical Reynolds number and
at which DR disappears completely is called the 2nd critical
Reynolds number. As a result, Re = 25000 where DR reaches
the maximum nearly 80% is the 1st critical Reynolds number
for 25 ppm CTAC solution at the temperature of 25◦C in
this experiment. When the Reynolds number is larger than
the 1st critical Reynolds number, the friction becomes large
and DR decreases quickly while Re increases which indicates
the degradation of drag reduction. DR almost disappears at
Re = 40000.
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Figure 4: Distributed profiles of U+ across the channel.

3.2. Mean Velocity and Fluctuations. At the same Reynolds
number, five hundred of velocity frames are used to do
statistical average. Then ensemble average is performed along
streamwise direction based on about fifty thousand of vectors
at one identical y coordinate.

Figure 4 presents the profiles of mean streamwise veloc-
ities handled dimensionlessly with friction velocity (uτ)
which is marked as the superscript “+”. Because the CTAC
solution of 25 ppm exhibits the maximal DR at Re = 25000
and drag reduction degradation at Re = 40000, these
two Reynolds numbers are selected for comparison with
Newtonian.

The log law equation of mean velocity for Newtonian
turbulent flow

U+ = 2.4 ln y+ + 5.5 (4)

and the ultimate velocity profile of polymeric solution flow
suggested by Virk

U+ = 11.7 ln y+ − 17.0 (5)

are included in Figure 4, where y+ = yρuτ/μ.
Figure 4 shows that mean streamwise velocities of water

are distributed in close agreement with the profile of (4)
for Newtonian turbulent channel flow. This phenomenon
also appears in the case of 25 ppm CTAC solution at Re =
40000 because drag reduction disappears completely. At Re =
25000, the mean streamwise velocities of 25 ppm CTAC
solution are distributed upward and close to the line of (5).

Root mean square (RMS) is defined as (6), where
N represents the number of the vectors. RMS is usually
regarded as the representation of turbulence intensity.

RMS =

√√√√√ 1
N

N∑
i

(
u+
i −U+

)2
. (6)
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Figures 5(a) and 5(b) exhibit the RMS-distributed pro-
files, respectively, of streamwise velocity fluctuations (u+′)
and wall-normal velocity fluctuations (v+′). The abscissa of
the figure is the wall-normal coordinate (y∗) in the channel
where the superscript “∗” represents the dimensionless of
geometry by the half of channel width (y∗ = 2y/W).

Small difference appears in the distribution of streamwise
velocity fluctuations of the two fluids at two Reynolds
numbers in Figure 5(a), whereas the wall-normal velocity
fluctuations decrease in a large degree for 25 ppm CTAC
solution at Re = 25000. This phenomenon indicates that
the wall-normal fluctuations are depressed in drag reducing
flow. As mentioned above, some references suppose that
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Figure 6: Distributed profiles of Reynolds shear stress (−u+′v+′)
across the channel.

the viscoelasticity of the micella in the solution suppresses
the turbulent fluctuations toward the bulk flow when drag
reduction appears. The decrease of wall-normal velocity
fluctuations in 25 ppm CTAC solution at Re = 25000
will confirm this assumption. Although 25 ppm CTAC
solution at Re = 40000 almost loses DR, the wall-
normal velocity fluctuations are also smaller than the water
in the centre of the channel, which indicates that the
suppression also happens in CTAC solution and the micella
degrade only near the wall because of the high shear
rate.

Figure 6 shows the statistical correlation coefficients
between streamwise and wall-normal velocity fluctuations
which represents the Reynolds shear stress in turbulence. As
we know, the sum of Reynolds shear stress and viscous shear
stress obeys the equation of τ = 1 − y∗, and Reynolds shear
stress dominates in the main flow because the shear rate
and viscous shear stress decrease quickly. The water agrees
well with the law, but the Reynolds shear stress of 25 ppm
CTAC solution at Re = 25000 is diminished and surprisingly
approaches zero. This phenomenon is called “zero Reynolds
shear stress.” In Figure 5, the auto-correlations of both
streamwise and wall-normal velocity fluctuations are not
zero, but the cross-correlation of the two fluctuations
almost becomes zero. Some researches explained this
phenomenon with the reason of correlation degradation.
In fact, this phenomenon relates to special fluid motions of
the solution.

3.3. Distribution of Velocity Fluctuations. In turbulent flow,
the distribution of velocity fluctuations is categorized in
four quadrants according to the plus-minus of fluctua-
tions as shown in Figure 7. The abscissa of the figure is
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Figure 8: Distribution of velocity fluctuations (u+′-v+′) at Re = 25000.

the streamwise velocity fluctuations (u+′), and the ordinate is
the wall-normal velocity fluctuations (v+′). The plus or
minus of velocity fluctuations in two direction is dependent
on the fluid motions in the flow.

Figures 8 and 9 show the statistical categorization of
velocity fluctuations based on one group of 2D velocity
frames, about ten thousand of vectors in one identical
y position. Three positions in y direction within the
channel flow are selected for comparison. In water flow, the
fluctuations are distributed mainly in the second and fourth
quadrants with elliptical shape. And with the increase of y

position, the horizontal angle of ellipse also increases because
the streamwise velocity fluctuations (u+′) become weak.
However, the fluctuations of 25 ppm CTAC solution at Re =
25000 are equally distributed in all quadrants. Moreover,
the characteristics are almost not changed versus different y
positions.

It should be pointed out that the products of the two
fluctuations are both minus in second quadrant (u < 0
and v > 0) and fourth quadrant (u > 0 and v < 0). As
a result, the Reynolds shear stress of water channel flow
will be larger than zero based on this definition. At the



6 Advances in Mechanical Engineering

2

1

0

−1

−2
−5 −2.5 0 2.5 5

v+
′

u+′

W Re = 40000 y+ = 25

(a)

2

1

0

−1

−2
−5 −2.5 0 2.5 5

v+
′

u+′

W Re = 40000 y+ = 75

(b)

2

1

0

−1

−2
−5 −2.5 0 2.5 5

v+
′

u+′

W Re = 40000 y+ = 175

(c)

2

1

0

−1

−2
−5 −2.5 0 2.5 5

v+
′

u+′

C25 Re = 40000 y+ = 25

(d)

2

1

0

−1

−2
−5 −2.5 0 2.5 5

v+
′

u+′

C25 Re = 40000 y+ = 75

(e)

2

1

0

−1

−2
−5 −2.5 0 2.5 5

v+
′

u+′

C25 Re = 40000 y+ = 175

(f)

Figure 9: Distribution of velocity fluctuations (u+′-v+′) at Re = 40000.
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Figure 10: Schematic diagram of turbulence transportation.

same time because the fluctuations of drag-reducing flow are
equally distributed in all quadrants, the products of the tow
fluctuations will be minus in second and fourth quadrant,
plus in first and third quadrant, then the sum will probably
be zero.

In Reynolds turbulence transportation as shown in
Figure 10(a), if the fluid jumps from the location P0 to P1

(v′ > 0) and mixes with the local fluid, the streamwise
velocity fluctuation is minus (u′ < 0). This case will lie in
the second quadrant. In contrast, if the fluid jumps from
the location P0 to P−1 (v′ < 0) and mixes with the local
fluid, the streamwise velocity fluctuation is plus (u′ > 0).
This case will lie in the fourth quadrant. Consequently,

the fluctuations of water are mainly distributed in the
second and fourth quadrants as shown in Figures 8 and 9
because Reynolds transportation as shown in Figure 10(a)
dominates the turbulence transportation in the water
flow.

In 25 ppm CTAC solution flow at Re = 25000, the
fluctuations are distributed not only in the second and fourth
quadrants but also in the first and third quadrants, which
indicates that there is another type of turbulence transporta-
tion besides Reynolds transportation. Figure 10(b) exhibits
the assumption of the new turbulence transportation. When
the fluid jumps from the location P0 to P1 and does
not mix enough with the local fluid then turns back to
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Figure 11: 2D distribution of streamwise velocity (u/ub) in x-y plane.

the location P1/2 at once, the fluctuations will show u′ < 0
and v′ < 0 in location P1/2 which lies in the third quadrant.
At the same time, the fluid jumps from the location P0 to
P−1 and does not mix enough with the local fluid then turns
back to the location P−1/2 at once, consequently u′ > 0 and
v′ > 0 which lies in the first quadrant. So two important
events occur in drag-reducing flow that the mixture process
of fluids is delayed and turnaround transportation happens
by some stress driving. In other words, the fluids in drag-
reducing flow are vibrating during its flowing toward.
Because the wall-normal fluctuations are small, vibration
is slight. It is supposed that turnaround transportation in
drag-reducing flow possibly relates to the viscoelasticity of
the solution.

3.4. Instantaneous 2D Velocity Distribution. Figure 11 shows
the instantaneous 2D contour of streamwise velocity (u/ub),
where ub is the bulk velocity. Large difference appears
between drag-reducing flow and water flow. The contour
lines of the velocity in 25 ppm CTAC solution flow at Re =
25000 are regular and almost parallel to the wall surface,
whereas the contour lines in water flow are irregular. Because
25 ppm CTAC solution flow at Re = 40000 loses drag
reduction, the contour lines are also irregular as same as the
water.

The regular and parallel contour lines indicate that
turbulence transportation is depressed in drag-reducing
flow. But it does not imply that there is no turbulence
transportation which causes the zero Reynolds shear stress.
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Figure 12: 2D distribution of streamwise velocity fluctuations (u+′) in x-y plane.

On the other hand, the regular and parallel contour lines also
indicate the possibility of the above-mentioned vibration.

Figure 12 shows the contour lines of streamwise velocity
fluctuations. It clearly exhibits that the contours of stream-
wise velocity fluctuations are band-like in drag-reducing
flow, but block-like in water flow. Moreover, the bands
as shown in Figure 12(a) are developed toward streamwise
direction with small declined angle. This phenomenon
indicates that turbulence transportation is prevented from
the wall toward the main flow by the viscoelasticity of the
solution. During this progress, the micella will produce
deformation, and the counter elastic force will drive the
fluids turning back and then vibrating.

But when the Reynolds numbers is high enough, the
micella cannot sustain the large deformation and then break.
In this case, the contour of fluctuations exhibits the large
declined angle, and high turbulence transportation occurs
as shown in Figure 12(b), which is the degradation of DR at
Re = 40000.

4. Conclusions

The velocity fluctuations of water and dilute CTAC surfac-
tant solution flow in a two-dimensional channel are studied
experimentally by using a PIV system. The phenomenon of
“zero Reynolds shear stress” is analyzed by the categorization
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in four quadrants. The following conclusions are drawn from
the present study.

(1) The dilute CTAC surfactant solution with the con-
centration of 25 ppm exhibits the high drag reduction
when Reynolds number is below 25000, and then DR
degrades quickly and disappears completely at Re =
40000. When DR reaches the highest at Re = 25000,
the Reynolds shear stress of the solution decreases
and reaches zero at the same time, but the RMS of
both two velocity fluctuations is not zero.

(2) The fluctuations are analyzed by the categorization
in four quadrants. The fluctuations are distributed
in all four quadrants equally for 25 ppm CTAC
solution at Re = 25000, but distributed mainly
in the second and fourth quadrants for water. It
is indicated that Reynolds transportation dominates
the water flow during the turbulence transportation,
whereas turnaround transportation also happens
besides Reynolds transportation in drag-reducing
flow.

(3) Turbulence transportation is depressed in drag-
reducing flow, which leads to the regular and parallel
contour lines of the streamwise velocity. Band-like
contour lines with small declined angle of streamwise
velocity fluctuations are found in drag-reducing flow.
The phenomenon and turnaround transportation are
supposed to depend on the viscoelasticity of the
solution.
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A scale-up method proposed by Hoyt was used to evaluate the flow resistance of working fluid in a district heating system
(DHS) after a surfactant drag reducer, CTAC/NaSal, was added. The measured drag reduction data of 100 ppm surfactant solution
obtained from an 18.5 mm diameter pipe in the laboratory were used for the evaluation. The results show that the reduction of
the pressure drop in the system reaches 23.28% by the addition of surfactants, indicating a very good energy saving effect and
application prospective. Comparing with the effect of 100 ppm solution, it is found that the drag reduction will not be further
improved obviously in the system with increasing concentration. It was also found that the local pressure drop takes a large
proportion in the total pressure drop of the DHS, which could not be reduced by adding the surfactants.

1. Introduction

District heating systems (DHSs) are widely used in engineer-
ing fields. The energy consumption of DHS is a main branch
of the whole world energy consumption, so the study on
the energy-saving method of DHS is quite necessary. The
application of the drag reducer to the district heating system
can reduce turbulent flow friction drag, increase flow rate,
and save energy [1–4]. Jiao et al. [5] pointed out that the drag
reduction effect of the whole pipe system should be obtained
in the specific DHS with drag reducers.

As is well known, the drag reduction data are usually
obtained in small diameter pipes in laboratory, which cannot
be directly used to evaluate the drag reduction performance
of fluid flow in large diameter pipes of the district heating
system due to the pipe diameter effect of surfactant drag-
reducing flow. Therefore, the scale-up method is needed to
calculate the drag reduction performance of larger diameter
pipe in the industrial fields based on the data measured from
the smaller pipe diameters in the laboratory. In the present
study, we evaluate the drag reduction performance of the
CTAC/NaSal surfactant flow in the DHS by using scale-up
method.

2. Experimental

2.1. Surfactant Solution. The cationic surfactant used in
the present study was cetyltrimethylammonium chloride
(CTAC) (Shandong Fusite Chemical Co., Ltd., China, 70%
purity), with a molecular weight of 320.0 g/mol, which is
less affected by calcium and sodium naturally existing in
tap water. Sodium salicylate (NaSal) (Yixing City Shenguang
Medicine Chemicals Co., Ltd., China, 99% purity), with
molecular weight of 160.1 g/mol, was added to the solution
with the same weight concentration as that of CTAC to
provide counterions. The surfactant solution is marked
by CTAC concentration. Two mass concentrations of 100
and 200 ppm of the surfactant solution were used in the
experiment by dissolved CTAC and NaSal in tap water.

2.2. Test Facility. Figure 1 schematically shows the closed
loop flow facility used in the present experiment, in which
the steel centrifugal pump derived fluids through the
reservoir tank (0.45 m3), the stainless steel tube, the settling
chamber equipped with a nozzle, the two-dimensional test,
channel and the diffuser. In order to get different fluid
temperatures, a control system with a 4.4 kW heater was
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Figure 1: Schematic diagram of two-dimensional water channel.

installed in the reservoir tank. The temperature of the fluid
was controlled to ±0.1 K around the prescribed value.

The two-dimensional channel was 10 mm high, 125 mm
wide, and 3 meters long (inside measurement), which was
connected straightly by two sections of 1.5 meters each.
Most of the test section was made of transparent acrylic
resin having thickness of 20 mm. To remove large eddies, a
honeycomb of 45 mm length was employed at the entrance
of the test section. The flow rate and pressure drops were
measured by an electromagnetic flowmeter with a resolution
of ±0.01 m3/min and a precise pressure gauge with an
uncertainty of±0.1 Pa. The distance of two pressure tabs was
1.10 meters in length located 1.65 meters downstream from
the entrance of the channel.

3. Pipe Diameter Effect and Scale-Up Method

3.1. Pipe Diameter Effect. For turbulent flow of Newtonian
fluid through a smooth pipe, the friction resistance coeffi-
cient is only a function of Reynolds number and is expressed
as

1√
λ
= 0.873 ln

[
Re
√
λ
]
− 0.8. (1)

The above equation is the Karman-Prandtl resistance for-
mula which is suited to fully developed turbulent flow
through smooth circular tubes, where λ is friction resistance
coefficient and Re is Reynolds number.

However, for drag-reducing fluids in the nonasymptotic
region, this is not the case, even for the same drag reducer,
the effects of friction reduction are different for different
pipe diameters. This is the so-called “diameter effect” for
drag-reducing fluids [6]. This effect indicates that the friction
resistance coefficient is not only dependent on Reynolds
number but also dependent on the pipe diameter. The
friction resistance coefficient or Fanning friction factor Cf

can be expressed as

Cf = λ

4
= f (Re,D). (2)

This effect is a vexing issue from the practical point of
view. It is not very difficult to measure the drag-reduction
level (DR) for a given fluid in tubes with diameters from 10
to 60 mm in the laboratory, but it is not easy for much larger
pipes. In a hydronic system of a building, the pipe diameters
vary from 40 mm to 350 mm, so it is better to predict DR in
such a building system by using scale-up method [7].

3.2. Scale-Up Method. To solve the problem of “diameter
effect” existing in the drag-reducing flows, some scale-up
models and mathematical derivation methods have been
developed in order to reduce or eliminate the “diameter
effect” of the fluids. In 1968, Whitsitt et al. [8] proposed a
method that correlates DR with the solution friction velocity
(u∗p ), based on the assumption that the wall being shear
stress is the mechanism that controls DR, where the friction
velocity is defined as u∗p = (τw/ρ)0.5, with τw and u∗p the wall
shear stress and friction velocity, respectively, then plotted
the drag-reduction level DR as a function of the solution
friction velocity (u∗p ). This is the so-called “correlate model
of DR and u∗p .” This procedure has the drawback that both
variables (DR and u∗p ) contain the unknown parameter (τw),
and an iterative procedure is therefore necessary to predict
the DR of the solution. A number of other researchers, for
example, Astarita et al. [9], Lee et al. [10], and Savins and
Seyer [11], then simplified Whitsitt’s procedure by using the
solvent friction velocity (u∗w) instead of the solution friction
velocity (u∗p ) and proposed “correlate model of DR and
u∗w .” After that, Schmitt et al. [12] proposed two different
empirical correlations for surfactants depending upon the
shear stress level: DR versus τw for high stresses and τw versus
V (bulk velocity) for low stresses. Gasljevic and Matthys [13]
proposed a new correlation model on the diameter effect of
drag-reducing flow by correlating drag-reduction level (DR)
with bulk velocity.

All the methods discussed above except for Schmitt’s were
developed for, and tested with, polymer solutions data. All
these four models have very similar characteristics: there
exists no theoretical or empirical formula; therefore, the
specific analysis of these models can only be done after
getting corresponding experimental data. Gasljevic et al.
[6] proved that Schmitt’s procedure was not universal; in
other words, the fitting results have great distinctions for
different surfactant solutions. Hoyt [14, 15] proposed a scale-
up method for polymer additives pipes by introducing an
additional term (ΔB) in the nondimensional pipe velocity
profile. He simplified his scaling procedure by using the idea
of negative roughness. ΔB is a function of the type of drag-
reducing polymer, polymer concentration, pipe roughness,
and so forth. The core equation and finally scale-up equation
of this scaling procedure are as follows.

The core equation of this method is

1√
λlarge

= 1√
λsmall

+ 2 log
Dlarge

Dsmall
. (3)

The scale-up equation is

Relarge = Resmall

⎛
⎝√λsmall√

λlarge

⎞
⎠(Dlarge

Dsmall

)
. (4)

This scaling procedure appears to have an excellent
accuracy based on a series of experimental data obtained by
Hoyt. By using this scaling procedure, the predictions are
almost consistent with each other and consistent with the
experimental results. This behavior is illustrated in Figure 2,
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Figure 2: Fanning friction factors versus Reynolds number. Solid
triangles are the measured data of 119.4 cm diameter pipe. Solid
squares are predictions of the 119.4 cm diameter pipe based on the
2.664 cm diameter pipe data, and solid circles are predictions of the
119.4 cm diameter pipe based on the 5.250 cm diameter pipe data.
The solid line is the Dean line.

where the Fanning friction factor Cf is plotted as a function
of Reynolds number, Re.

4. Test of the Scale-Up Method Proposed by Hoyt

Through the above discussion we can know that the scaling
procedure proposed by Hoyt has great advantage compared
with others. Therefore, in this study, we try to use this
scale-up method to analyze and process the size effect of
the CTAC/NaSal (Hexadecyl Trimethyl Ammonium Chlo-
ride/Sodium salicylate) surfactant flow. The ratio of CTAC to
NaSal is 1 : 1 by weight. At the same temperature of 30◦C and
the same concentration of 100 ppm, the friction coefficient
of CTAC surfactant solution shows great differences for
different pipe diameters, which indicates that the CTAC
surfactant solution has a strong size effect. The data for
D1 = 18.5 mm (the equivalent diameter of 10 × 125 mm2

rectangular cross-section of a channel) obtained in the
laboratory and the data for D2 = 74.1 mm (the equivalent
diameter of 40 × 500 mm2 rectangular cross-section of a
channel) got from the literature [16] are shown in Figure 3.
The “Dean line” [17] for Newton fluid turbulent flow is also
shown for comparison.

Figure 4 shows the prediction of friction factors of
CTAC/NaSal surfactant flow in 74.1 mm diameter pipe from
the measured data of D1 = 18.5 mm pipe at 100 ppm
and 30◦C, and the predicted values are compared with the
actual test data for the larger pipe of D2 = 74.1 mm. At
the beginning, the predicted values have some difference
from the experimental values, but the difference becomes
smaller and smaller with the increase of Reynolds number.
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Figure 3: Measured friction factors for 100 ppm surfactant solu-
tions in pipes of 18.5 mm and 74.1 mm diameters.
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Figure 4: Comparison of measured friction factors of 74.1 mm
diameter pipe with scale-up prediction based on the measured
friction factors of 18.5 mm diameter pipe.

The prediction agrees well with the measured data generally.
Therefore, this scale-up method can be used in an actual
districting heating system.

5. Prediction of Drag Reduction
Performance of a District Heating System
with Surfactant Additives

In consideration of the good applicability of the scale-up
method proposed by Hoyt, we apply this method to predict
the drag reduction performance of an actual district heating
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Figure 5: Schematic diagram of the DHS in a community.

system with surfactant additives of CTAC/NaSal and thus
evaluate the energy saving effect of the DHS by adding
surfactant to the working fluid in the system.

The schematic of the district heating system in a commu-
nity located in Qingdao City, Shandong Province, China, is
shown in Figure 5, and the solid circles the connection points
of different pipe diameters. The lengths, diameters, and flow
parameters are shown in Table 1. Since the layouts of pipe
networks in houses of users are not clear, we do not consider
the branch pipes (shown as the thinner lines connecting
buildings and comparative thicker lines in Figure 5) leading
into specific houses. For example, the flowrate of pipe no. 15
is not equal to the flowrates in pipes no. 16, no. 17, and 18;
it is because some of the fluid coming from pipe no.15 flows
into building 1 which is not considered. The steam coming
from the boiler enters the heat-exchanging station where the
working fluid (water) gets heat from the steam to become hot
water and then is supplied to the community users.

The hot water pipes which are connected to the heat-
exchanging station are divided into two branches: one branch
is to the buildings in a comparative intensive residential area,
and the other is to some worker dormitories. Temperatures of
the supply and return water are 50◦C and 41◦C, respectively.
The pipes used in this district heating system have several
different diameters of 300 mm, 250 mm, 200 mm, 150 mm,
125 mm, 100 mm, and 80 mm. The diameter and length
of the pipes and the corresponding flowrate are shown in
Table 1.

Figure 6 shows the plot of the measured Fanning friction
factors (Cf ) as a function of Reynolds number (Re) for
a 100 ppm CTAC/NaSal surfactant solution in the channel
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Figure 6: Fanning friction factors of seven different diameters in the
DHS predicted from the experimental data of the 18.5 mm diameter
channel.

with the hydraulic diameter of 18.5 mm, and the correspond-
ing predictions of friction factors by using (3) and (4) for
seven different pipe diameters are also shown in Figure 6. The
predicted curves shown in Figures 6(a) and 6(b) are based
on the experimental data obtained in the 18.5 mm diameter
channel at 50◦C and 41◦C, respectively.

For both Newtonian fluid and non-Newtonian flow in
the fully developed turbulent flow region, the wall shear
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Table 1: Parameters of the pipes in the DHS.

No. Flowrate (m3/h) Diameter (mm) Length (m) No. Flowrate (m3/h) Diameter (mm) Length (m)

1 77.91 300 4.80 12 17.50 250 60

2 77.91 300 14.40 13 17.50 250 24

3 60.41 300 7.20 14 167.41 300 27.60

4 60.41 250 151.80 15 71.05 200 12

5 1.41 125 60 16 32.46 200 13.20

6 29.88 125 36 17 32.46 200 37.20

7 29.88 100 35 18 32.46 100 31.80

8 29.12 200 54 19 96.36 200 32.40

9 21.7 150 63.60 20 52 200 4.20

10 7.42 200 6.60 21 52 150 69

11 7.42 80 42

stress (τw) and Fanning friction factor (Cf ) are defined as
follows:

τw = ΔPD

4L
, (5)

Cf = ΔPD

2ρu2
bL

, (6)

where ΔP is pressure drop, D is equivalent diameter, L is
distance between pressure taps, ρ is the fluid density, and
ub is bulk velocity. In the engineering field, however, the
commonly used parameter is friction resistance coefficient
(λ) which is defined as

λ = 2ΔPD
ρu2

bL
. (7)

Comparing (7) with (6), we see that λ = 4Cf . We have two
empirical formulas for the friction resistance coefficient, (1)
and (2). Equation (1) is an implicit function of λ. In order
to make λ a function of Re, Nikuladse proposed an empirical
equation which is fitted in the region of 105 < Re < 3 × 106

as follows [18]:

λ = 0.0032 +
0.221
Re0.237 . (8)

For Re < 105, we use the Blasius equation, thus

λ = 0.3164 Re−0.25. (9)

Before adding surfactant, we can calculate the pressure drop
of pure water in a pipe by using the following equation:

ΔP = λ
ρu2

bL

2D
. (10)

The results show that the pressure drops of water in the
supply and return pipes are 13209.12 Pa and 13667.51 Pa,
respectively, and the total pressure drop is 26876.63 Pa.

After adding surfactant, the Fanning friction factor (Cf )
for different pipe diameters can be obtained from Figure 6
and can be transformed to friction resistance coefficient
(λ) according to (2). The pressure drop for the surfactant

flow in the pipes can also be calculated by using (10). For
the 100 ppm CTAC/NaSal surfactant solution, the pressure
drops in the supply pipes and return pipes are 6758.30 Pa
and 6842.10 Pa, respectively, and the total pressure drop
is 13600.40 Pa. For the 200 ppm CTAC/NaSal surfactant
solution, the pressure drops in the supply pipes and return
pipes are 7498.54 Pa and 7164.89 Pa, respectively, and the
total pressure drop is 14663.44 Pa.

All the above calculations are carried out only in straight
pipes. In addition, there are two methods to calculate the
local flow resistance of the district heating system: resistance
coefficient method and equivalent length method [14]. We
adopt the equivalent length method in the present study. The
equation of this method is

ΔP = λ
ρu2

bLe
2D

, (11)

where Le is equivalent length of local fittings such as elbows,
tee shape fittings, and valves. This method transfers local
fittings to straight pipes which are Le long and have the same
diameters with fittings, and then (11) is used to calculate
the flow resistance. The equivalent lengths of different local
fittings in the district heating system can be obtained in a
relevant literature [14]. The calculated results of local fittings
show that the pressure drops in the supply and return pipes
are 5596.70 Pa and 24550.90 Pa, respectively, and the total
pressure drop is 30147.60 Pa.

The analysis of the drag reduction of local fittings
through the laboratory experimental study was given in
detail in [19]. The results showed that the drag reduction
effects of local fittings were not only affected by all factors
affecting the drag reduction of straight pipe but also
affected by two other factors: dimensionless local resistance
coefficient and own structures of local fittings; what more,
the increase in local resistance decreased the drag reduction
effect until the drag reduction effect disappeared. Consid-
ering the average effects of all the local fittings on the drag
reduction of surfactant solutions, Jiao [19] proposed that the
drag-reducing behavior of CTAC/NaSal surfactant solution
flow is observed just in the straight section of pipes rather
than in local fittings. Therefore, we can calculate the rates
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of drag reduction for the 100 ppm and 200 ppm surfactant
solutions as follows:

(i) for 100 ppm

DR% = (ΔPw − ΔPc)
(ΔPw + ΔPe)

× 100%

= (26876.63 Pa− 13600.37 Pa)
(26876.63 Pa + 30147.56 Pa)

× 100%

= 23.28%,

(12)

(ii) for 200 ppm

DR% = (ΔPw − ΔPc)
(ΔPw + ΔPe)

× 100%

= (26876.63 Pa− 14663.44 Pa)
(26876.63 Pa + 30147.56 Pa)

× 100%

= 21.42%,

(13)

where ΔPw is the total pressure drop of straight pipes before
adding surfactant, ΔPc is the total pressure drop of straight
pipes after adding surfactant, and ΔPe is the total pressure
drop of local fittings.

The drag reduction rates of both 100 ppm and 200 ppm
are approximately 20%. Furthermore, the drag reduction
effect of the 100 ppm CTAC/NaSal surfactant solution is a
little larger than that of 200 ppm. The actual pressure drop in
the district heating system in Figure 5 had been measured by
Jiao et al. [5]. The results showed that with the same running
frequency of the circulation pump, the water circulation
flow rate in the tested system is increased by 11.7% and,
with a constant flow rate, the pumping power (electricity
consumption) could be reduced by 28.4%. These data are
corresponding to a drag reduction of 24.7%, which agree well
with our prediction.

In addition, the above analysis shows that the pres-
sure drops of local fittings are considerable, but the drag
reduction effects are extremely weak. Therefore, the designer
should try to avoid using local fittings when designing the
district heating system in order to improve drag reduction
performance of the system by adding surfactant.

6. Conclusions

The drag reduction effects of CTAC/NaSal surfactant in a
community district heating system was evaluated by using
the scale-up method proposed by Hoyt, and the main
conclusions are as follows.

(1) The scale-up method of Hoyt is applicable to the
CTAC/NaSal surfactant solution, and the data ob-
tained in our setup confirms that the pressure drop
in the system is reduced after adding surfactant in this
system.

(2) The drag reduction rates of the 100 ppm and 200 ppm
CTAC/NaSal surfactants in the DHS are 23.28% and

21.42%, respectively, which are much lower than
the drag reduction rates measured in the laboratory.
This is due to the existence of local fittings in
the DHS in which the flow resistance takes a very
large proportion in the whole system but cannot be
reduced by surfactant additives.
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