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Abstract. Recent theories of drag reduction in wall turbulence assumed that the presence of the polymer
leads to an eﬀective viscosity, which increases linearly with the distance from the wall. Such a linear
viscosity proﬁle reduces the Reynolds stress (i.e., the momentum ﬂux to the wall), which leads to drag
reduction. For the usual ﬂexible polymers employed in drag reduction, the eﬀective viscosity is however a
strongly non-linear eﬀect that is diﬃcult to quantify. We therefore investigate the turbulent drag reduction
characteristics of a stiﬀ rod-like polymer for which any eﬀective viscosity changes are only due to the
orientation of the polymers. The results show that close to the walls the polymers orient and the viscosity
is low, whereas in the bulk the polymers are randomly oriented and the eﬀective viscosity is high. This
indeed leads to a reduction of the Reynolds stress and hence to a drag reduction.

1 Introduction
Polymer drag reduction has found applications in many
ﬁelds, primarily in pipe-ﬂows, but also in marine and
biomedical applications [1]. The drag reduction eﬀect is
generally achieved by using a minute amount of polymer
additive in a turbulent ﬂuid ﬂow; the addition of the polymer results in a large reduction in the frictional drag in
pipes and channels. Drag reduction by polymer additives
has been extensively studied because of the signiﬁcant
potential beneﬁts to many systems such as long-distance
transportation of liquids, oil-well operations, transportation of suspensions and slurries, district heating and cooling, ﬁre-ﬁghting operations and irrigation. The use of
polymer additives to enhance ﬂow in petroleum pipelines
has received the greatest attention due to its great commercial success. Despite a large amount of experimental
and simulation approaches, the nature of the drag reduction phenomenon is still incompletely understood and remains a matter of debate [2–5]. The classical explanation
of drag reduction is based on the notion of an increased effective viscosity. As suggested by Lumley [6,7], stretching
randomly coiled polymers increases the eﬀective viscosity
in (part of the) boundary layer. This increase in viscosity leads to a thickening of the buﬀer layer separating the
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viscous layer and therefore leads to a reduction in wall friction. Recently, much progress was by formulating a linear
eﬀective viscosity model for drag reduction [8–10]. Both
experiments and theory [8–10] agree with the idea that
the presence of the polymer leads to an eﬀective viscosity that increases linearly with the distance from the wall.
Such a linear viscosity proﬁle then reduces the Reynolds
stress in the elastic sublayer, resulting in a reduction of the
momentum ﬂux from bulk ﬂow to the wall compared to
that for Newtonian which in turn leads to drag reduction.
However the origin of the linear proﬁle is less clear. In [4,
8–11], the eﬀective viscosity proﬁle was evaluated from the
momentum and energy equations; after a number of approximations the eﬀective viscosity was estimated to be a
linear function of the distance from the wall. Such a linear
eﬀective viscosity proﬁle should then originates from polymer stretching in the wall-normal direction; this stretching
leads to an elevated elongational viscosity that is responsible for the increase in eﬀective viscosity in this layer, and
results in the drag reduction. In agreement with this idea,
drag reduction of polyelectrolytes increases with increasing concentration of added salt: the salt makes the polymers more ﬂexible, increasing the elastic eﬀects and drag
reduction at the same time [4,11]. However, the relation
between polymer stretching and drag reduction is diﬃcult
to study directly, because the polymer stretching is hard
to investigate simultaneously in both time and space, and
its eﬀect on the eﬀective viscosity is very non-linear [12].
In simulations this is in fact possible, and Benzi et al. have
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shown that indeed the presence of rigid polymers can lead
to a linear eﬀective viscosity proﬁle [13].
It is for this reason that we study rigid polymers here:
its changes in viscosity are much simpler to understand
and describe, since they are only due to the orientation of
the polymer molecule. At rest, the orientation of the polymers is random, and the resulting viscosity is high. In a
simple shear ﬂow (such as encountered in the viscous sublayer) the polymers orient, which facilitates the ﬂow, and
hence the viscosity decreases. Consequently, as a function
of shear rate the viscosity decreases: a suspension of rigid
polymers is simply shear thinning and shows no elastic
eﬀects due to polymer stretching [4,11,14–18]. One may
anticipate that in a fully turbulent ﬂow the polymers are
oriented randomly again, and then the viscosity is high
again [8–10].
Turbulent drag reduction by rigid polymers has obtained less attention than ﬂexible polymers [14,15]. Rigid
polymers are nonetheless of great interest, since they are
inexpensive, environmentally friendly and show signiﬁcant
resistance to mechanical degradation compared to ﬂexible
polymers with similar molecular weights. The aim of this
work is to investigate whether the linear viscosity mechanism for drag reduction also applies to rod-like polymers,
and to see whether this can be related directly to the eﬀect
of the orientation of the polymer molecules. We therefore
study the turbulent drag-reduction characteristics of the
rod-like polysaccharide Xanthan gum [19–21].
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to measure the ﬂow rate. The volumetric pump and valve
are used to adjust the ﬂow rate. The pump used here can
deliver up to 8 bar (for 0.95 kW). The temperature is measured when entering and exiting the system. The temperature is controlled by a heat exchanger and measured by
two sensors (ANALOG DEVICES, AD592CN). The velocity proﬁle experiments are performed at Re = 20000
and Re = 30000. For a better quality of results, the velocity proﬁles of the XG/water solution are determined in a
22.5 mm diameter channel at a temperature of 20 ◦ C.
The PIV experiments are performed by placing the
glass test tube section in a rectangular plexiglass box to
minimize the eﬀect of the refraction of the laser beams.
Measurements are taken at a distance of Lb = 70 cm from
the glass pipe inlet to the test section. The ﬂow is seeded
with the glass particles of 15 μm in diameter. An Nd-Yagtype laser is used as a source of illumination and a CCD
camera (1024×1280 pixel resolution) is used to record ﬂow
images. The velocity ﬁelds are measured by PIV using
DaVis software (from La Vision). The average velocity
ﬁeld parameter is calculated from several instantaneous
ﬁelds.

3 Results
The addition of small amounts of polymer to a turbulent
ﬂuid ﬂow causes a large reduction in the frictional drag
relative to a pure solvent at the same ﬂow rate. The Fanning friction factor f is deﬁned as

2 Experimental
2.1 Materials and experimental setup
Xanthan gum (XG), purchased from Sigma-Aldrich, Inc.,
is suspended in tap water. We present here only results
for a concentration of 500 ppm, as this is close to the optimum concentration; for the concentration dependence,
see [8–10]. The rheology of the XG solution is studied on
the Rheologica Stress-Tech. The viscosity of XG shows
a pronounced shear-thinning behavior (i.e., the viscosity
decreases with increasing velocity gradients).
The turbulent drag reduction characteristics of the
rod-like polysaccharide XG are investigated using a horizontal closed-loop system [22]. The system consists of
two main parts. The ﬁrst part is made from a stainlesssteel tube equipped with a deferential pressure transducer
(DRUCK, PDCR 2111). This pressure transducer is connected to two pressure taps, 6.2 m apart. The pressure taps
are controlled by two sensors arranged along the channel
to measure the pressure loss. The measurement range of
the pressure sensors is 0–350 bar. The second part is used
to visualize the ﬂow through Particle Imaging Velocimetry (PIV) in a transparent glass tube, around 1.2 m long
with a diameter of 22.5 mm. This tube is made from a
borosilicate pipe glass,. The ﬂuid ﬂow is driven by a volumetric pump (PCM, MR13I10) from a reservoir tank of
30 liters. To reduce pressure ﬂuctuations in the closed system, a pressure damper is installed at the outlet of the
pump. On the other side, a magnetic ﬂow meter is placed

f=

Δpπ 2 D5
32ρLQ2

(1)

which depends on the density of the solution ρ, the bulk
velocity U and the wall shear stress τw . It is experimentally calculated from our measurements of the ﬂow rate
Q, the pressure drop ΔP between two locations spaced at
a distance of L, and inner diameter D of the pipe. Drag
reduction (DR) then means that the pressure drop is reduced at the same ﬂow rate or if the ﬂow rate is increased
at the same pressure drop. The percentage of DR at a
constant ﬂow rate is deﬁned based on the friction factor
of the polymer solution and water:


fS − fDR
· 100,
(2)
DR% =
fS
where fS and fDR are the friction coeﬃcient of the solvent
and drag reducing solutions, respectively. We ﬁnd that
the drag reduction due to the addition of 500 ppm XG at
Re = 20000 (Re = 30000) amounts to 35% (40%).
Drag reduction is accompanied by changes in the velocity proﬁles. The velocity proﬁles are usually represented by
non-dimensional semilogarithmic coordinates of the ﬂuid
velocity U + versus distance from the wall y + deﬁned as
follows:
u
,
(3)
U+ =
Uτ
yuτ
y+ =
,
(4)
ν
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where u is the local velocity at a distance y from the wall,
ν is the kinematic viscosity of the ﬂuid and

τw
(5)
uτ =
ρ
(with τw the wall shear stress) designates a wall friction
velocity.
Figure 1 shows the measured velocity proﬁles in the
dimensionless coordinates of eqs. (3)–(5) where the solvent viscosity was used to calculate the length scale y + .
The measured velocity for pure water shows good agreement with the law of the wall U + = 2.5 ln y + + 5.5.
The velocity proﬁles shows signiﬁcant changes upon addition of the XG polymer that are in fact similar to those
reported for ﬂexible polymers; the proﬁles go towards
Virks’ maximum drag reduction velocity proﬁle [23–26]:
U + = 11.7 ln y + − 17.0, that was originally conceived to
account for drag reduction of ﬂexible polymers.
The diﬀerence between the velocity proﬁles of the water/XG solution and pure water ﬂows in the logarithmic
region increases with DR level and is accompanied by a
thickening of the buﬀer layer. Further away from the wall
the velocity of the water/XG solution increases compared
to pure water, as is expected since the solution shows drag
reduction. The result of the velocity proﬁle measurement
clearly demonstrates a thickening of the buﬀer layer and
an increase in the slope of the logarithmic proﬁle in the
wall region.
The drag-reduction eﬀect is accompanied by the modiﬁcation of the turbulent structure. The turbulence intensity of the streamwise and wall-normal velocity ﬂuctuation for water and water/XG solution are presented in
ﬁg. 4. Non-dimensionalization of the streamwise and wallnormal velocity ﬂuctuations are made by a friction velocity (uτ ):

uu

,
(6)
urms =
u
 τ
vv

vrms
=
,
(7)
uτ
where uu and vv are turbulence intensities.
Figure 2 shows that the location of the maximum value
of streamwise ﬂuctuations for water is very close to the
wall and that these velocity ﬂuctuations monotonously
decrease from the near-wall to the center of the channel. In drag-reducing ﬂows, the turbulence intensity in
the vicinity of the wall is damped in comparison to pure
water ﬂow whereas in the buﬀer layer an increase of the
streamwise turbulence intensity occurs. As can be seen in
ﬁg. 3, the peak levels of the streamwise velocity ﬂuctuations are shifted away from the wall for drag-reducing
solutions and the most characteristic changes occur in the
near-wall buﬀer zone. The normalized turbulence intensity in the streamwise direction in the drag reducing ﬂow
shows a shift of the maximum ﬂuctuations towards larger
wall distances and the peak itself is broader than for water. On the other hand, the streamwise velocity ﬂuctuations monotonously decrease toward the center of the

Fig. 1. Average velocity gradients of pure water at Re = 30000
(+ symbols) and water/XG solutions at Re = 20000 (×) and
Re = 30000 () in the usual dimensionless coordinates. The
highest line corresponds to Virks’ theory, the dotted line to the
law of the wall for Newonian ﬂuids.

Fig. 2. (Top) Streamwise velocity ﬂuctuations and (bottom)
wall-normal velocity ﬂuctuations for water at Re = 30000 (×),
and water/XG solutions at Re = 20000 () and Re = 30000 (∗).

channel. This behavior of the streamwise intensity is similar to that found for drag-reducing ﬂexible polymers by
Berman [27]. The dimensionless ﬂuctuations in the wallnormal direction are higher for water than for the water/XG solutions. This suggests that the turbulent energy
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Fig. 3. Proﬁles of Reynolds shear stress for pure water at Re =
30000 (+ symbols) and water/XG solutions at Re = 20000 (×)
and Re = 30000 (). The solid line corresponds to total shear
stress.

transfer perpendicular to the wall direction is decreased
by the polymer additive, and that the velocity ﬂuctuations
become strongly anisotropic in the drag-reducing ﬂow, the
main eﬀect taking place in the buﬀer layer.
It is widely believed that (ﬂexible) polymer drag reduction is the combined eﬀect of a dampening of the Reynolds
stress without generating additional resistance in the viscous sub-layer. Recent studies have conﬁrmed both experimentally and theoretically that Reynolds shear stresses
that characterize the turbulent momentum transport are
reduced when the drag-reducing polymers are added to
the solution. Figure 3 presents the proﬁles of the Reynolds
shear stress u v  normalized with the wall friction velocity:
UV

+

u v 
= 2 .
uτ

(8)

As revealed by the ﬁgure, the measured Reynolds stress
for water ﬂow is in close agreement with law of the wall.
The addition of the XG polymer results in a decrease of
the Reynolds stress. As can be seen, the Reynolds stresses
are found to be close to zero. This indicates that the momentum transport mechanism of the drag-reducing ﬂow is
quite diﬀerent from that of the Newtonian ﬂuid ﬂow. This
is a similar result to the observations of Warholic et al. [28,
29], who found the Reynolds stress to be very close to zero
for both surfactant and ﬂexible polymer drag-reducing solutions.
The decrease of the Reynolds stress could be explained
by a decoupling of the streamwise (urms ) and wall-normal

) velocity ﬂuctuations. The cross-correlation coeﬃ(vrms
cient for water and water/XG solution is deﬁned as follows:
u v 
,
(9)
Ruv = 

urms vrms

are the velocity ﬂuctuations in the
where urms vrms
streamwise and wall-normal directions and u v  is the
Reynolds shear stress coeﬃcient. As can be seen from

Fig. 4. Cross-correlation coeﬃcients Ruv between urms and

vrms
velocity ﬂuctuations for pure water at Re = 30000 (+
symbols) and water/XG solutions at Re = 20000 (×) and Re =
30000 ().

ﬁg. 4, the cross-correlation coeﬃcients between the
streamwise and wall-normal ﬂuctuations are drastically reduced with polymers compared to water alone. The loss of
correlation between the streamwise and wall-normal velocity components decreases the Reynolds stress, which then
leads to drag reduction. Our results for the reduction in
Reynolds stress due to a decorrelation between urms and

velocity ﬂuctuations are consistent with the descripvrms
tions in the literature by Hoyer and Gyr [30], again for
ﬂexible polymers.
3.1 The eﬀective viscosity proﬁle for water/XG
To understand the nature of the drag-reduction phenomenon, it is important to know the role played by the
eﬀective viscosity. In a recent theory of drag reduction
in wall turbulence, it was suggested that the presence of
polymers leads to an eﬀective viscosity, which increases
linearly with the distance from the wall. Such a viscosity
proﬁle could decrease the Reynolds stress in the elastic
sublayer, resulting in a reduction of the momentum ﬂux
to the wall more than it increases the viscous drag, which
in turn leads to a net drag reduction. The Reynolds stress
deﬁcit occurs in ﬂows of drag-reducing polymer solutions
where solvent shear viscosity is employed in the calculation of the distance from the wall (y + )
−

dU +
y
u v 
−
=
1
−
− G,
u2τ
R
dy +

(10)

where G is the Reynolds stress deﬁcit [31]; here G is the
additional stress due to the rigid polymers. Another way of
expressing this would be to say that turbulent ﬂow structures are altered so that they can be dominated by viscosity up to higher distances from the wall. The quantity
G could then be interpreted by a wall-distance–dependent
eﬀective viscosity η:
νef f
.
(11)
η=
ν0
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Fig. 5. Eﬀective viscosity of water and water/XG at Re =
30000.

Earlier, Giesekus [32] suggested that such elastic stresses
are attributed to increase the local viscosity, and eq. (8)
becomes:


νef f dU +
y
u v 
u v 
− 2 = 1− − 1+
− 2
+
uτ
R
ν0
dy
uτ
νef f dU +
y
= 1− −
,
(12)
R
ν0 dy +
where R is the radius of the pipe, νef f is the eﬀective
viscosity and v0 is the kinematic viscosity of the solvent.
If we consider Reynolds’ equation [33] and take into
account that the viscosity is variable and that the viscosity
ﬂuctuations are low, it becomes


y+
νef f dU +
u v 
,
− 2 =1− + − 1+
uτ
R
νw
dy +
where νw is the wall viscosity. As the results of ﬁg. 3 indicate, u v  can be neglected and a formula for the spatial
variation of the viscosity can be deduced. Figure 5 shows
the resulting eﬀective viscosity as a function of the dimensionless wall distance. It reveals that there is an increase in
eﬀective viscosity when moving away from the wall when
the XG polymer is added. The eﬀective viscosity grows
approximately linearly with the wall distance y + up to a
value of about 30. Outside the buﬀer layer, the eﬀective
viscosity becomes constant. Based on this experimental
result, the drag reduction by rigid polymers can be interpreted as an increase in the local eﬀective viscosity that
is small at the wall and increases with increasing distance
from the wall.

4 Conclusions
In this work, the turbulent drag-reduction characteristics of the rod-like polysaccharide Xanthan gum (XG)
were investigated. We performed the drag-reduction measurements using a horizontal closed-loop system. Dragreduction reduction characteristics of 500 ppm water/XG
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solution were studied at a temperature of 20 ◦ C at two
diﬀerent Reynolds numbers. The mean velocity proﬁles
were investigated to understand the nature of the dragreduction phenomenon attributed to the XG polymer. For
drag-reducing ﬂows, it was found that the addition of XG
causes the velocity gradient near the walls to decrease.
This decrease also indicates a thickening of the viscous
sublayer and gives rise to a lower shear stress or drag
when the polymer is added to the ﬂow. Our velocity-proﬁle
analysis demonstrates that the interaction between polymer molecules and the turbulent structures takes place in
the buﬀer layer. Further away from the wall the velocity
of the water/XG ﬂow increases compared to the Newtonian case, which is consistent with drag reduction. In addition to the velocity-proﬁle measurements, we performed
measurements of the turbulence intensities in order to understand the mechanism of the interaction of polymer additives with turbulence. Our results show that the drag
reduction leads to a modiﬁcation of turbulent structures
and energy, particularly in the buﬀer layer. The turbulent
kinetic-energy proﬁles show that the production of kinetic
energy is reduced in the drag-reducing water/XG solution
ﬂows due to depression of the Reynolds shear stress. In
addition, the Reynolds shear stress proﬁles clearly demonstrate that the Reynolds shear stresses (which characterize the turbulent momentum transport) are drastically
reduced by the addition of the drag-reducing XG. The
decrease of the Reynolds stress could be explained by a

decoupling of the streamwise urms and wall-normal vrms
velocity ﬂuctuations. This is suggested to directly lead to
a decrease of turbulence production and a reduction of the
frictional drag.
Our ﬁndings for the XG rigid polymer are very consistent with previous measurements on solutions of ﬂexible
polymers, despite the fact that the rheologies of ﬂexible
and rigid polymers are very diﬀerent [16–18]: dilute solutions of ﬂexible polymers show a low shear but a high elongational viscosity, whereas rigid polymers show exactly the
opposite: a large shear viscosity (in addition to a strong
shear thinning) and a low elongational viscosity [16–18].
Our determination of the eﬀective viscosity proﬁle clearly
demonstrates nonetheless that the addition of the rod-like
polymer in the Newtonian ﬂuid leads to an increase in the
eﬀective viscosity, as for ﬂexible polymers. The increase
of this eﬀective viscosity then leads to a similar mechanism for drag reduction for ﬂexible and rigid polymers, as
indeed proposed in [5,11]. The mechanism itself for the
eﬀective viscosity gradient however has to be diﬀerent between the ﬂexible and rigid polymers. For the former it is
believed to be due to polymer stretching. For the latter, it
has been speculated [34] that the shear thinning may be
at the origin of the eﬀect: in the shear ﬂow of the inner
part of the boundary layer, the molecules are aligned and
consequently the local, eﬀective viscosity is low, whereas
in the bulk of the turbulence the molecules are randomly
oriented and consequently the eﬀective viscosity is high.
The viscosity proﬁle that we report here is fully consistent with this idea. It is now an interesting question to
see whether this also applies to other types of drag reduction, e.g. with surfactants [35] or polyelectrolytes [36].
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