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Abstract. Polymer-induced drag reducing flow has been investigated for over 60 years. However, the phenomenon is not
completely understood. Some important issues are related to the development of turbulent structures and to the breaking
of the polymer molecules. These two phenomena impose a transient behavior on the polymer efficiency and the drag
reduction, DR, can be clearly divided into three periods of time: the very beginning period, the polymer degradation and
the asymptotic drag reduction. In the present paper, we study the drag reduction development from the very beginning of a
turbulent flow into a rotating cylindrical double gap device. TheDR is induced by three different polymers: Poly(ethylene
oxide) (PEO), Polyacrylamide (PAM) and Xanthan Gum (XG). The first two are known as flexible molecules while the
last one is considered rigid. The goal here is to compare the effect of the different polymers on the DR over time, paying
particular attention to the difference between the rigid and the flexible molecules. The tests are conducted for a range of
Reynolds numbers, concentrations and temperatures, from the very start to the time when the drag reduction achieves its
final level of efficiency.
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1. INTRODUCTION

Polymeric drag reducers have been successfully used in a number of applications for more than 60 years (see Fabula
(1971), Burger and Chorn (1980), Greene et al. (1980) and Sellin et al. (1982)). Over the years, researchers have been
successful in analysing this phenomenon and many remarkable papers with practical interest can be found (see Virk et al.
(1967), Virk et al. (1970), Virk (1975a), Virk (1975b) and Moussa and Tiu (1994)). Up to now, there has been no generally
accepted theory for the mechanism of drag reduction, despite the fact that many researchers have contributed with some
very significant papers(see Lumley (1969), Tabor and de Gennes (1986), Dubief et al. (2004) and Benzi (2010)). White
and Mungal (2008) is a good review of some recent progress in understanding the fundamentals of polymer drag reduction.

The drag reduction phenomenon is very dependent on the kind of drag reducer used. Commonly, fibrous particles,
surfactants and polymers are used. These last are very far more efficient and have been widely analyzed over the years.
Concerning their mechanical resistance, polymers can be divided into flexible and rigid molecules. The former are gener-
ally of hight molecular weight with a linear chain, among which Poly(ethylene oxide), Polyacrylamide and Polyisobuthy-
lene are examples which have been extensively tested over the years (see Virk et al. (1967), Paterson and Abernathy
(1970), Kenis (1971), Peyser and Little (1971), Virk (1975b), Berman (1978), Sellin et al. (1982), Deshmukh and Singh
(1986), Rho et al. (1996), Choi and Jhon (1996), Kim et al. (1997), Kalashnikov (1998), Kalashnikov (2002), Choi et al.
(2001) and Bizoto and Sabadini (2008)). An huge disadvantage, which is a great obstacle to the practical use of flexible
polymers is their mechanical degradation. A possibility that deserves our attention is the use of polysaccharides such as
Hydroxypropylguar, Gar Gum and Xanthan Gum (see Kim et al. (1985); Deshmukh and Singh (1986) and S. Chakrabarti
and Brunn (1991b)). Such molecules are rigid and much less susceptible to mechanical scission. The main problem in
this case is the biological degradation, though it is much less accelerated when compared to the mechanical scission.

Among the different rigid polymers known in the literature, Xanthan Gum seems to be of particular practical interest
in food, pharmaceutics, cosmetics, and the oil industry, in which it is widely used as a drag reducer in drilling well
operations. From the molecular point of view, XG possesses a linear main chain of (1-4)-β-D glucose, similar to cellulose,
with a trisaccharide side chain on every second D-glucose (see Bewersdorff and Singh (1988) for details). In fact, such
a complex structure is responsible for its rigidity and stability. Its structure is highly dependent on the temperature and

ISSN 2176-5480

8142



Anselmo S. Pereira, Rafhael M. Andrade, and Edson J. Soares
Drag Reduction Induced by Flexible and Rigid Molecules in a Turbulent Flow Into a Rotating Cylindrical Double Gap Device

salinity. At moderate temperatures and low ionic forces, XG presents a stable organized helical conformation resulting
in a rigid molecular structure, as reported by Morris (1977) and Norton et al. (1984). Such an organized structure can be
modified by increasing temperature or salinity. In such conditions, the ionic forces are altered and the helical configuration
changes to a recoiled one. In this new configuration, the Xanthan Gum’s capability to reduce drag drops dramatically.
In fact, temperature plays a complex role in the structural configuration of XG. Below a certain value of T , known
as the transition-midpoint temperature, an increase in T causes an increase in the mean molecule length, keeping the
helical structure stable as suggested by Sohn et al. (2001). The salinity also plays a very important role in the structural
configuration of XG. For more details of the mechanism and dynamics of XG’s structure, see Morris (1977), Norton et al.
(1984), and Muller et al. (1986).

As with flexible polymers, the drag reduction obtained with the use of Xanthan Gum is an increasing function of
its concentration and molecular weight (see Bewersdorff and Singh (1988), Bewersdorff and Berman (1988) and Sohn
et al. (2001)). Also similar to other polymers, the level of DR achieves an asymptotic value with increasing c and Mv .
However, the drag reduction mechanism for rigid polymers seems to be considerably different. Such a difference can be
easily noticed observing the Fanning friction factor in Prandtl-Von Kármán coordinates, for example. After the onset,
the curves for XG are parallel to the Newtonian one, which suggests a weak dependence on the Reynolds number, as
reported by many authors who investigated rigid polymers (Virk (1975a), Bewersdorff and Singh (1988), Bewersdorff
and Berman (1988), Sohn et al. (2001), and Jaafar et al. (2009)). Such an effect is known as retro-onset and was discussed
by Virk (1975a). Retro-onset is generally associated with rigid molecules. According to Virk et al. (1997), drag reduction
can be divided into two very distinct mechanism: Type A and Type B. The former is associated with polymers that stay
recoiled at rest. Such materials need a certain level of turbulence to stretch and start to reduce drag. In contrast, the second
mechanism is related to polymers that stay extended at rest. Consequently, the onset of the drag reduction is expected
to occur early when the Type B mechanism is dominant. As suggested by Gasljevic et al. (2001), in the case of Type B
mechanism of drag reduction, polymer molecules may be fully stretched after the retro-onset, and, consequently, a further
increase in the level of turbulence could not result in a substantial change of molecular conformation. The mechanism of
drag reduction for Xantham Gum solutions is clearly of Type B.

A huge obstacle to attempts to obtain an accepted theory of the phenomenon of drag reduction is the mechanical
molecular degradation. This issue involves a strong interdisciplinary connection between chemistry and fluid mechanics.
This issue has received deserved attention over the years and many aspects of the problem have been studied, such as
the effect of concentration, molecular weight, Reynolds number and temperature on the efficiency of drag the reduction
(see Paterson and Abernathy (1970), Nakano and Minoura (1975), Yu et al. (1979), Tabata et al. (1986), Moussa and Tiu
(1994), Rho et al. (1996) and Pereira and Soares (2012)). Using an experimental turbulent pipe flow apparatus, Vanapalli
et al. (2005) performed some careful analyses to show that DR decreases as a consequence of polymer degradation but
reaches a steady state after a certain number of passes through the pipe flow apparatus. In other words, the molecular
scission stops after a long enough time. This tendency is supported by many other results, such as those reported by
Nakken et al. (2001), Choi et al. (2001), Kalashnikov (2002) and Pereira and Soares (2012).

The dependence of drag reduction on time is not exclusively related to molecular degradation. As reported by Dim-
itropoulos et al. (2005), the turbulent structures take some time to rearrange following a polymer deformation and theDR
does not achieve its ultimate level instantaneously. In fact, DR is a complicated function of time. Fig. 3 shows schemat-
ically the development of a polymer induced near-wall drag reduction, defined as DR = 1 − fp/f0, where fp is the
friction factor of the polymeric solution and f0 that of the solvent. This kind of figure can be constructed by monitoring
the drag reduction along a pipe or channel after the polymer injection or by using any rotating apparatus. The last strategy
is evidently easier. As sketched in Fig. 3, the available results concerning flexible polymers suggest that at the very start
of the test, the DR decreases from DR0 to DRmin before achieving its top level of efficiency atDRmax. Since polymers
extract energy from the vortices and release energy to the mean flow in a coil-stretch cycle, we presume that the maximum
drag reduction occurs when a sufficient number of the molecules are in this coil-stretch cycle (Dubief et al. (2004)) and
a state of equilibrium with the turbulent structures has been achieved. We will refer to the time to achieve DRmax as the
developing time, denoted td. The increasing friction factor at the beginning of the process is related to an instantaneous
increment of the local extensional viscosity after a high polymer stretching. Following td, we observe a constant value
of DR for a period of time, which is denoted by tr, the resistance time. Finally, after this period, DR begins to fall,
reaching a minimum level after a long enough time, when the degradation process has reached its steady state and DR
assumes an asymptotic value, DRasy . The time to reach DRasy , ta, is relatively large compared with the stretching time
of a single molecule, because the molecules are stretched and degraded step-by-step (see Elbing et al. (2011)). Thus, we
could presume that during tr the increasing number of molecules in the coil-stretch cycle is balanced by the molecular
degradation, and the ultimate level of drag reduction is sustained. Following that, with a continuous degradation, the
turbulent structures depart from their equilibrium and start to increase until achieving the final steady state in which the
level of drag reduction assumes a constant value, DRasy. This theory seems to be quite reasonable for flexible polymers
but does not explain the behavior of DR(t) for rigid polymers. The coil-stretch process, for example, probably does not
play an important role in this kind of material, once the rigid molecules stay almost well-extended at rest.
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There have been a number of papers treating DR as a function of time. Recently, Pereira and Soares (2012) showed
a great number of data in an attempt to understand the effect of the temperature, Reynolds number, concentration, and
molecular weight on td, tr, and ta, but most of the data is related to PEO solutions. In the present paper, the experiments
were conducted in an attempt to provide a direct comparison between PEO, PAM, and XG. The last polymer is a rigid
molecule and the results related to it is particularly interesting and it is the main goal of this research.

2. EXPERIMENTAL APPARATUS AND PROCEDURE

In the present work we decided to use a cylindrical double-gap geometry as that used by Nakken et al. (2001). A
scheme of the apparatus is shown in Fig. 1. Because its large contact area, we can obtain a quite good accuracy with this
kind of apparatus and measurements can be obtained in a very small values of Reynolds number. The tests were carried
out using a commercial rheometer model HAAKE MARS II manufactured by Thermo Scientific, Germany. The sample is
located between the two rigidly interconnected coaxial and stationary surfaces with axial symmetry. The rotor, a coaxial
thin-walled tube, is located between these two fixed cylindrical surfaces and can rotate over the sample holder axis of
rotation symmetry with a given angular velocity. The radii R1 = 17.75 mm, R2 = 18.00 mm, R3 = 21.40 mm and
R4 = 21.70 mm and the rotor height L = 55.00 mm, shown on Fig. 1, are the important scales of our test section. The
sample volume is 6.3 ml.

Figure 1. Schematic illustration of the axial symmetric double gap utilized in the present paper.

For a given angular velocity (ω), the mean shear rate (γ̇) is determined by Eq. (1) as a function of n, the rotor speed
of rotation, and K = 2R4
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The measured torque on the rotor is related to nominal shear stress, τ , by Eq. (2).
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Where δ = R4/R3 = R2/R1 is an aspect ratio. Thus, we can calculate the Fanning friction factor based on the mean
radius R̄ = R2+R3

2 as follow.
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=

2τ

ρ
(
ωR̄
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The Reynolds number is defined by Eq. (4):

Re =
ρh̄u

η
=
ρ
(
h̄
) (
ωR̄

)
η

, (4)

where η is the solution’s viscosity, ωR̄ is a characteristic velocity and h̄ is the average gap given by ((R2 −R1) + (R4 −
R3))/2.

In order to distinguish the distinct flows in the double-gap geometry, for a range of analyzed Reynolds numbers, we
used the Taylor number given by Eq. (5)

Ta =
R̄h̄3ω2

ν2
, (5)
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where ν is the cinematic viscosity.
We tested solutions of Poly(ethylene oxide), Polyacrylamide, and Xanthan Gun. The molecular weight of the first

and second materials is Mv = 5.0 x 106 g/mol, whereas that of the last one is Mv = 2.0 x 106 g/mol. All our chemical
supplies were provided by Sigma-Aldrich. We obtained the molecular weight by calculating the intrinsic viscosity using
the Huggins equation (for details see Flory (1971)) and our measurements were very close to the values quoted by Sigma-
Aldrich. The measured intrinsic viscosity, [η], was also used to estimate the overlap concentration for PEO and PAM by
means of the relation c∗[η] = 1. For the PEO solutions, the calculated value was c∗ = 3125. For the PAM, the overlap
concentration was around c∗ = 100 ppm. This procedure was not used for the XG solutions, as it is highly shear-thinning.
An attempt to obtain the overlap concentration of this polymer was conducted by measuring its zero-shear viscosity at
different concentrations. There is a value of concentration for which the variation of η0 is considerably increased, and we
suppose that the overlap concentration, c∗, is below such a value. We conducted here the same procedure used by Jaafar
et al. (2009). By means of this technique, we estimated the overlap concentration of the Xanthan Gum to be c∗ = 940
ppm. In fact, this technique is not very precise and c∗ could be smaller. By means of the same technique Wyatt et al.
(2011) found c∗ around 70 ppm using a Xanthan Gum with the same molecular weight used by this work. The maximum
polymer concentration used in this work was 100 ppm which suggests we are working with diluted solutions. Using
deionized water as a solvent, the polymer powders were gently deposited on the solvent surfaces. Each test was carried
out after 24 hours, time for complete natural diffusion. This procedure was adopted to avoid any polymer degradation
before the beginning of the test.

The solution viscosity was measured with the HAAKE MARS II for a range of rotations in which the flow was
viscometric. The values measured were compared with that obtained from a capillary viscometer and quite a good
agreement was observed. For concentrations smaller than 100 ppm, for both PEO and PAM, no significant shear-thinning
behavior was noticed. Such behaviour was only observed for very hight concentrations, larger than 1000 ppm. Differently,
the Xanthan Gum viscosity has a significant shear thinning behaviour, even for very small concentrations. The shear-
thinning behaviour of PEO, PAM (at high concentrations) and XG is quite good fitted by a Carreau-Yasuda like equation.

The maximum rotational speed of the rotor used was n = 3000 rpm (revolution per minute). The flow field becomes
unstable in Ta, Eq.(5), close to 1700. This value of Ta is achieved when n is close to 500 rpm. This corresponds to
Re = ρh̄u

η ≥ 350. Drag reduction is only observed for values of Ta beyond this critical value. In the main tests, the
rotational speed was kept constant to display the drag reduction as a function of time which was extended over 7000
seconds and around 5400 shear stress values were measured.

3. RESULTS AND DISCUSSION

The tests were conducted in attempt to highlight some quantitative and qualitative differences between two types of
drag reducers: flexible (PAM and PEO) and rigid (XG) polymers. The results are displayed considering variations in the
Reynolds number, concentration, and temperature. We present our results in three parts. In subsection 3.1, we show the
Fanning friction factor in Prandtl-von Kármán coordinates for a range of concentrations of each polymer. Subsection 3.2
presents DR(t) over time from the very beginning of the test until reaching its asymptotic value after a long enough time.
Finally, in subsection 3.3, we present the time dependent relative drag reduction, DR′(t), where the loss of efficiency,
eventually caused by the degradation mechanism, is more clearly discussed..

3.1 FANNING FRICTION FACTOR IN PRANDTL-VON KÁRMÁN COORDINATES

Fig. 2 shows the Fanning friction factor in the Prandtl-von Kármán coordinates for a range of concentrations (1 ppm
≤ c ≤ 50 ppm) of PEO, PAM, and XG with the temperature fixed at 25oC. The rotation was gradually increased from
0 to 3000 rpm over 5 minutes. As widely reported by a number of researchers, the friction factor falls and the onset of
drag reduction occurs at smaller values of Reynolds numbers with increasing concentration. This is clearly observed for
the flexible polymers (PEO and PAM) and also for the rigid one (XG), Fig. 2A, B and C. It is also clear that the values
of the coefficient (1/

√
f) are more pronounced in the PEO solutions. The smallest values of this parameter are observed

in the XG solutions. However, what is worth noting here is the fact that the phenomenon for XG solutions seems to be
considerably different. For PEO and PAM solutions, it is clearly observed that the curves at distinct concentrations are
moving away from each other with increasing Reynolds number. In contrast, the lines displayed for each concentration
of XG, after the onset, seem to be parallel. It is also noticeable that the onset of drag reduction occurs at a much smaller
Reynolds number in XG solutions. This is easily perceived for c = 50 ppm. This observation suggests that the Reynolds
number plays a weak role in Xanthan Gum solutions. Results reported by Bewersdorff and Singh (1988) and Bewersdorff
and Berman (1988), using Xanthan Gum, and more recently by Jaafar et al. (2009) using Scleroglucan (another well-
known rigid-chain polymer), also indicate such an effect of the Reynolds number on the friction factor. The reason for
these observations is related to the fact that XG is a rigid polymer and is already extended on its equilibrium state at rest.
Hence, our observation is in agreement with the idea of a Type B mechanism of drag reduction reported by Virk et al.
(1997).
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Figure 2. Effects of concentration on Fanning friction factor, f , as a function of Reynolds number, Re. The rotation was
gradually increased from 0 to 3000 rpm. The measurements were carried out for PEO, PAM and XG, respectively, A, B
and C, at different concentrations, and with the temperature fixed at 25oC. The molecular weight for PEO and PAM was

maintained at 5.0 x 106 g/mol whereas there was used a XG with Mv = 2.0 x 106 g/mol.

3.2 DRAG REDUCTION DECAY

In this subsection, we display the drag reduction over time to take into account the phenomenon from the very start of
the test until the asymptotic value of DR is achieved. The tests were carried out for each polymer at a range of Reynolds
numbers, concentrations and temperatures. The dependence of the drag reduction on time can be, at least, divided into
three distinct periods. A sketch of DR(t) is shown in Fig. 3. From the very beginning of the test, the DR increases
before reaching its maximum efficiency. DRmax is not achieved instantaneously because a period of time, the developing
time td, is required for the turbulent structures to arrange after the high degree of polymer deformation at the very start of
the test. Such a mechanism was for the first time numerically computed by Dimitropoulos et al. (2005) and, as far as we
know, experimentally observed by Pereira and Soares (2012). The maximum level of efficiency is sustained for a while,
the resistance time tr. Supposedly, when the degradation becomes important, DR starts to decrease until achieving its
asymptotic value, a time during which the polymer scission stops and the molecular weight distribution reaches a steady
state. A discussion concerning the effect of the Reynolds number, concentration, molecular weight, and temperature on
the developing time and the resistance time was reported by Pereira and Soares (2012). The author’s analysis considers
turbulent flows of PEO and PAM solutions. The explanation for the complex behaviour ofDR(t) is related to the delay of
the rearrangements of the turbulent structures after the polymer stretching and the mechanical degradation process. Here
our main interest is to highlight the main difference between the molecules PEO, PAM, and XG from such a point of view.
As mentioned previously, the first and the second are flexible molecules whereas the last is considered a rigid one.

Figure 3. Sketch of the evolution over time of the polymer-induced drag reduction.

Fig. 4 displays DR against time for each polymer (PEO, PAM and XG) for a range of Reynolds numbers at two
different concentrations. The temperature was maintained at 25oC. From the top to the bottom, the results are displayed,
respectively, for PEO, PAM and XG. We can observe, comparing the figures A and B that the Reynolds number plays a
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more important role for the less concentrated solution of PEO. We can clearly see that the curves for the less concentrated
solutions are more separated from each other. This is expected considering that the drag reduction by polymers is bounded
by a maximum drag reduction asymptote (MDR) and 100 ppm of PEO is very close to the MDR asymptote. Thus, an
increase of the Reynolds number value at the less concentrated solution could provide a more significant change of the
DR. Moreover, the developing time, td, seems to be delayed when the concentration is increased. Such an effect is
apparent for PEO solutions, as could be observed comparing the black symbols in Fig. 4A and B, in which the Reynolds
number is exactly the same. Such an effect was also reported by Pereira and Soares (2012). The authors argue that an
increasing concentration causes a more intense flow disturbance at the beginning of the process and consequently the time
to reach a steady state turbulent structure is also increased. In PAM and XG solutions the effect of concentration on td
was not very noticeable. The developing time seems to be very related to the polymeric flexibility. In other words, td
seems to be very short for solutions of rigid molecule. Fig. 4B, D and F are displayed to provide a direct comparison
between each polymer. The tests were carried out for the same range of Reynolds number and the same concentration
and temperature. Considering PEO and PAM, (B) and (D), we can see that DRmax is slightly larger in PEO solutions,
but DRasy is considerably more pronounced in PAM solutions. This is evidently related to the fact that the degradation
is more intense in PEO solutions. Even though higher levels of DR are achieved with use of PEO, the mechanical
molecular scissions act more intensely in such a polymer and its final level of drag reduction is greatly reduced. It can
also be concluded that the highest level of drag reduction is achieved more quickly in PAM solutions with increasing
Reynolds numbers. This fact can be perceived by analysing the change of the Reynolds number from its smallest value
(Re = 733) to the intermediate one (Re = 1047). The blue and black curves are closer to each other for PAM. A direct
comparison between XG and the other molecules are not evident because the results for this polymer were obtained with
a smaller molecular weight. However some comparisons can be highlighted. The first one is concerned with the loss of
efficiency, which is more pronounced in PEO solutions, which have higher molecular weight. The second conclusion is
related to the Reynolds number effect. As with PAM, the increase in DR with increasing Re is less significant with XG
than with PEO. The results displayed in (E) and (F) confirm that the Reynolds number is, in fact, much less effective in
XG solutions, as reported by Bewersdorff and Singh (1988) and Bewersdorff and Berman (1988). It seems that Re = 733
is very close to the onset and an increase in this parameter moves DR to a value very close to its maximum, for the
specific concentration. This is consistent with the idea that XG’s structure at rest is already extended and can work even
at a low level of turbulence, the Type B mechanism of drag reduction reported by Virk et al. (1997).
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Figure 4. Effect of Reynolds number on DR as a function of time.
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Fixing again the temperature (T=25oC) and Reynolds number (Re = 1360), Fig. 5 shows the effect of the concen-
tration on DR(t) for our three drag reducers (PEO, PAM and XG). As expected and widely reported by a number of
researchers, DR increases with an increasing concentration. This is evident in all drag reducers used here. Concerning
PEO and PAM, (A) and (B), the concentration of 100 ppm seems to be close to the MDR asymptote. Thus, the DRmax
for both materials is very close to each other (approximately 0.23). For any other value of the concentration, the ultimate
level of drag reduction is higher in PEO solutions. It is worth noting that a very small amount of PEO (2 ppm) causes
a significant reduction in the drag (maximum value of 0.14). The same quantity of PAM provides the maximum drag
reduction of 0.07, just one-half of the previous one. When the concentration of both polymers is continuously increased,
we observe clearly that the growth of DR is more pronounced in PAM solutions. In other words, the curves of different
concentrations of PEO are closer to each other. With respect to the XG solutions, Fig. 5(C), the changes in DR with
concentration are gradual, as in PAM solutions. However, as the molecular weight in this case is smaller, this is not a
conclusive comparison. An interesting point that deserves our attention is the fact that, with 100 ppm of XG, the DRmax
achieves a value around 0.27. For PEO and PAM, the maximum value of DR achieved is 0.23, which is, supposedly,
close to the MDR. Thus, possibly, the XG solution of 100 ppm is providing a drag reduction beyond the MDR asymptote.

Figure 5. Effect of concentration on DR as a function of time.

It is interesting to note that td seems to have a rather weak relation to the concentration of XG and PAM, whereas
the relation between td and c is very strong in PEO solutions, as reported by Pereira and Soares (2012). For PAM and
XG solutions, DRmax is achieved in less than 3 seconds, even for the highest concentration of each polymer. This
is probably related to molecule rigidity and it is worthy of attention. As reported numerically by Dimitropoulos et al.
(2005), the turbulent structures take time to rearrange and achieve their final form after a large polymer deformation. In
fact, we suppose that the steady state flow is achieved when the necessary number of molecules is working in a state of
equilibrium with the turbulent structures. Definitely, this state of equilibrium is sensitive to the molecular scission and to
any change in the molecular structural configuration and the developing time increases when degradation or changes in
the molecular configuration plays a important role in the process. Hence, smaller values of td are to be expected for PAM
and XG solutions as these two kinds of polymers are more mechanically resistant. Especially for the XG, its molecular
configuration does not change significantly at the beginning of the test. Hence, this very fast developing time observed
for XG is consistent with the idea of a Type B drag reduction mechanism.

A practical aspect of the problem that is worth attention is concerned with the resistance of the highly concentrated
solution of PAM. In Fig. 5B we observe that the maximum level of efficiency is maintained over all the test time for the
solution of 100 ppm. This observation contributes to the hypothesis that PAM solutions are stronger than PEO solutions
(see Elbing et al. (2011)). Regarding the solution’s resistance, the results for XG are quite curious. In contrast to the
other polymers, XG solutions with very small concentrations (c ≤ 5 ppm) showed no loss of efficiency, suggesting that
molecular degradation does not play an important role in these solutions. In fact, what is more curious is that the loss of
efficiency appears when the concentration is increased. Clearly, the period of time in which the maximum level of DR
is maintained falls with increasing concentration. Such a fall is abrupt at very high values of concentration, c ≥ 75 ppm.
It is also worth noting that the curve of c = 100 ppm is quite different from all the other results. After the abrupt DR
decrease at the very beginning of the test, the drag reduction achieves a constant level before it starts to decrease again.
Such observations concerned with the effect of concentration in XG solutions are considerably distinct from those noticed
in the other polymers, PEO and PAM. The particular way in which the XG decay curve appears is worth attention. There
are clearly two power-law regions between DRmax and DRasy, whereas in PEO and PAM only one power-law region is
seen. We will return to this point again.

The effect of temperature on drag reduction, DR, as a function of time, t, is displayed in Fig. 6. The measurements
were carried out for PEO, PAM and XG at a fixed Reynolds number (Re = 1360) in two different concentrations. For
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each polymer, the temperature seems to play a more important role for the less concentrated solution. In other words,
an increase in the temperature causes an increase in DR more pronounced at smaller concentrations. Such evidence can
be observed when comparing the black and blue curves in Fig. 6C and D. When T is changed from 25oC to 35oC, the
growth of DR in the PAM solution of 10 ppm is significantly larger. The same conclusion can also be seen by observing
the black and red curves of the PEO solutions, (A) and (B). The evidence is not clear for XG. Observing the data for each
material, Figures (B), (D) and (F), we have an impression that the drag reduction is more affected by temperature in XG
solutions. Regarding the data in (E), we can conclude that DR is, in fact, highly influenced by temperature. From 20oC
to 40oC, DR changes significantly its decay function. At 20oC, the green symbols, it is easy to perceive three power-law
regimes in DR(t) between its maximum and asymptotic level. The curve for 25oC, black symbols, is characterized by
two power-law regimes, whereas in temperatures larger that 30oC only one power-law regime is perceived. Up from this
level of temperature, the XG decay function is quite similar to that observed for PEO solutions. It is worth noting thatDR
is considerably increased in PAM and XG solutions. Increasing the temperature from 250C to 450C, the value of DRmax
in PEO, PAM and XG solution was increased by, respectively, 20%, 26% and 35%. As to the XG solutions, increasing the
temperature below the transition-midpoint temperature provides an increase in the mean length of the molecule, which
probably causes an increase in DR.
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Figure 6. Effect of temperature on drag reduction, DR, as a function of time, t.

3.3 The relative drag reduction decay

In this subsection we display the relative drag reduction against the time from the maximum level of efficiency to its
asymptotic value after a long enough time. Hence, DR′ varies between 0 and 1. This style of data exhibition is an attempt
to look directly at the loss of efficiency related to the mechanical molecular scission.

Using data from Fig. 4, Fig. 7 shows DR′ against time to clarify the effect of the Reynolds number on the loss of
efficiency, Lef = 1 − DR′asy. A fall of Lef is expected with increasing concentration. This is clearly observed in the
PEO and PAM solutions, but not in the XG solutions. The black and blue curves of the more concentrated solution of PEO
and PAM, respectively, (A) and (D), are closer to 1. In contrast, observing (E) and (F), it seems that the two curves are
very similar to each other. In fact, DR′asy for the two concentrations of XG, at the same Reynolds number, are practically
identical. We will return to this point later when the effect of the concentration of XG is reported. Comparing the different
polymers, it is very clear that the PAM solutions present the smallest loss of efficiency. At the maximum Reynolds number
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(Re = 1360), Lef is only 20% in PAM solutions, whereas it is 50% and 55% for XG and PEO solutions, respectively.
As the maximum efficiency is expected for the smallest Reynolds number, DR′ at Re = 733 behaves strangely, at least
at first glance, in the PEO and XG solutions. We suppose this value of Re is very close to the onset of the drag reduction
and, after a period of time, a great amount of degraded molecules, or tangled in the case of XG, stop being stretched and
interact with the turbulent structures. In other words, the Re = 733 is below the onset Reynolds number for a significant
number of degraded or tangled molecules. We suppose this is the cause of the abrupt fall of efficiency and the observed
intersection of the curves.
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Figure 7. Effect of Reynolds number on DR′ as a function of time.

Using data from Fig. 5, Fig. 8 displays DR′(t). Figures A, B and C show that the efficiency of drag reduction is
strongly dependent on the concentration c. For PEO and PAM solutions, Lef is considerably reduced with increasing
c. Supposedly, the loss of efficiency for flexible polymers is related to polymer degradation and the solution resistance
increases with increasing concentration. Thus, such an effect on DR′ is expected. It is interesting to note here that the
PAM solution of c = 100 ppm does not lose efficiency. In other words, DR′ is kept at its maximum level over all the test
time, around 2 hours. Comparing (A) and (B), we can conclude that the efficiency of PAM solutions is notably larger than
that of the PEO solutions. The data for the XG solutions, depicted in Fig. 8C, show an effect of concentration considerably
different from the other polymers and quite curious, at first glance. For the range of concentration 2 ≤ c ≤ 37.5 ppm,
DR′ falls with increasing c. After c = 37.5 ppm, the effect of concentration is similar to that observed for PEO and
PAM, and DR′ rises with an increase in this parameter. As mentioned before, we believe this effect is related to changes
in the microstructure of XG with increasing concentration. At very small values of c, in this case c ≤ 5 ppm, the XG
microstructure is helicoidal, there is no change in its microstructure during the test, and Lef is equal to 1. Increasing the
concentration, the helical form becomes unstable under turbulence and some of the molecules change their conformation
from the helical to the tangled form. We suppose the change of configuration is intensified by the turbulence and a loss of
efficiency is perceived. Hence, possibly, a great part of the loss of efficiency observed could be related to changes in the
microstructure of the Xanthan Gum.

Fig. 9 shows the effect of temperature on the relative drag reduction using the data from Fig. 6. The effect of tempera-
ture on the drag reduction efficiency is really complex. For PEO solutions, whose results are displayed in (A) and (B), we
can observe that an increasing temperature accelerates the loss of efficiency, but the asymptotic value of DR′ increases
with temperature, at least for the range of temperature below 45oC. It seems that DR′asy starts to fall for increments of T
above this value. The dependence ofDR′ on temperature is quite similar in PAM solutions. DR′asy also increases with an
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Figure 8. Effect of concentration on DR′ as a function of time.

increasing temperature. The role of temperature at the smallest concentrated PAM solution, (C), is more pronounced than
in the solution of 37.5 ppm, (D). Such a difference is not observed in the PEO solutions. Temperature also plays a very
significant role in the XG solutions, especially in the less concentrated solution, where the difference in DR′ between
25oC and 45oC is clearly more pronounced. The shape of DR′(t) changes considerably from 20oC to 25oC in the more
concentrated solution, (E). As in other polymers, DR′asy increases with an increasing temperature.
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Figure 9. Effect of temperature on the relative drag reduction, DR′, as a function of time, t.

4. FINAL REMARKS

We have analyzed the evolution of the drag reduction over time for three polymers, PEO, PAM and XG. The first and
second are flexible polymers and the third is a rigid polymer. A wide range of Reynolds numbers, concentrations, and
temperatures were studied from the very beginning of the test until the asymptotic value of DR was achieved. The main
results were displayed in an attempt to provide a direct comparison between all three polymers.
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As reported by many researchers, our results show that the Reynolds number plays a weak role in DR and DR′ for
Xanthan Gum solutions. This is very different from what is observed for PEO and PAM, where Re is quite important.
In fact, the mechanism of drag reduction in rigid polymers is very different from that in flexible ones and it is related to
the molecules’s microstructure, as reported by Virk et al. (1997). Concerning the concentration, it is worth noting that no
loss of DR was observed for high values of c in the PAM solutions. This suggests that PAM is more resistant than PEO,
though the last one provides higher values ofDRmax. As expected, the level of drag reduction,DR, and the its efficiency,
DR′, increases with an increasing concentration for PEO and PAM. However, the relative drag reduction dependency on
concentration for Xanthan Gum solutions showed a considerably different behavior. With an increasing concentration,
DR′ falls before starting to increase again. We believe such an effect is mostly related to a change in the microstructure
of the XG from the helical form to the tangled configuration, which is helped by the flow.

Temperature plays a very important role in DR, specially in XG solutions. An increase in T below the transition-
midpoint temperature causes a significant gain in the efficiency of Xanthan Gum. At 450C, the loss of efficiency is only
slightly perceived.
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