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With a highly water-repellent wall pipe in the drag reduction of polymer solutions, a
flow system in which drag reduction is obtained in both laminar and turbulent flow
ranges was realized. Experiments were carried out to measure the pressure drop in pipes
with a highly water-repellent wall and an acrylic resin wall by a pressure transducer. The
basic material of the highly water-repellent coating is fluorine-alkane-modified acrylic
resin with added hydrophobic silica, which was left overnight in air after it was coated to
the pipe wall. The diameter of the pipe was 6 mm. The polymer solutions tested were
PEOI5 aqueous solutions in the concentration range of 30~ 1,000 ppm. The drag-re-
duction ratio for laminar flow was about 11~ 15%. To understand this effect, the pres-
sure drop was measured by using surfactant solutions and degassed water, and by pres-
surizing tap water in the pipeline. The laminar drag was not reduced in surfactant
solutions, although degassed water and pressurizing tap water in the pipeline had no
effect on the reduction. In the laminar flow range, the friction factor of a power-law
fluid with fluid slip was analyzed by applying the modified boundary condition on fluid
slip at the pipe wall, and the analytical results agreed with the experimental results in the

low Reynolds number range.

Introduction

The reduction of fluid frictional drag is one of the impor-
tant hydrodynamic problems from the point of view of practi-
cal applications, and many studies on drag reduction have
been done over the years. It is well known that polymer solu-
tions undergo drag reduction in the turbulent flow range,
which was first observed in a circular pipe by Toms (1948).
Thereafter, many studies related to the Toms effect have been
reported. Drag reduction has been realized using such addi-
tives as fiber, fine solid particles, and surfactant solutions,
and by changing the shape of the solid surface, such as using
the riblet. As is generally known, the aforementioned cause
drag reduction in the turbulent flow range by reducing the
disturbance; however, they do not reduce frictional drag
compared with the value obtained when only solvent is used
in the laminar flow range.
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On the other hand, if fluid slip occurs at the solid bound-
ary, a new drag reduction can be obtained. Watanabe et al.
(1996) were the first to report drag reduction in the laminar
flow range of Newtonian fluids flowing in square and rectan-
gular ducts with highly water-repellent walls by measuring the
pressure drop. However, this type of drag reduction does not
occur in the turbulent flow range, although the precise mech-
anism is unknown at present. Similar laminar drag-reduction
phenomena have been observed in a circular pipe (Watanabe
et al., 1999), an enclosed rotating disk (Watanabe and Ogata,
1998), and two concentric rotating cylinders (Watanabe and
Akino, 1999), all with highly water-repellent walls.

Furthermore, for a duct (Watanabe et al., 1998) and a cir-
cular pipe with highly water-repellent walls, the velocity pro-
files of Newtonian fluids suggested that the velocity did not
become zero at the wall and that the finite velocity at the
wall could be the slip velocity. The friction factor with fluid
slip at the wall has been obtained analytically, and agrees
qualitatively with the experimental results.

AIChE Journal



Therefore, if a highly water-repellent wall pipe were ap-
plied in the drag reduction of polymer solutions, a flow sys-
tem with drag reduction in both laminar and turbulent flow
ranges could be obtained.

The purpose of this study is to estimate the effect of drag
reduction in both laminar and turbulent flow ranges by mea-
suring the pressure drop of polymer solutions in a pipe with a
highly water-repellent wall. In order to clarify the influence
of the physical characteristics of the wall surface on laminar
drag reduction, we measured the pressure drop of surfactant
solutions, degassed water, and pressurized water. Further-
more, we analyzed the friction factor with fluid slip at the
wall for a power-law fluid, and compared the results with the
experimental results.

Experimental Apparatus and Method

Figure 1 shows the experimental pipeline system. As indi-
cated in the figure, the test fluids in the pressure tank were
forced through the pipe by a compressor. Fully developed
steady flow was obtained in the test section. The flow rate
was controlled by valves installed at the pressure tank exit
and the pipeline exit, and was measured with a digital count-
ing scale. Polymer solutions passed once through the pipeline
were discarded to avoid the effect of the degradation on the
pressure measurement value. For measurements of surfac-
tant solutions, the test fluids were circulated in the same
pipeline by a centrifugal pump installed in the pipeline.

The circular pipe with a highly water-repellent wall that
was tested was 6 mm in diameter and 430 mm in length. The
basic material of the highly water-repellent coating is fluo-
rine-alkane-modified acrylic resin with added hydrophobic
silica, which was left overnight in air after it was coated to
the pipe wall. The thickness of the water-repellent coating
was about 10 wm, and the diameter was determined to be
the mean value of the inlet and outlet diameters of the test
pipe, as measured by a micrometer. Furthermore, a smooth-
walled pipe of the same dimensions, and with an acrylic resin
wall, was used for comparison with the experimental results
under no-slip conditions.

The pressure drop in the test section was measured by
means of a pressure transducer and a U-tube manometer;
the diameter of the pressure hole was 1 mm. Measurement
was repeated several times. The reported value is the best
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Figure 1. Experimental pipeline system.
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estimate of the result, and with a 95% confidence limit, the
true value is believed to lie within +3.15% of the estimated
value in the laminar flow range.

The test fluids were PEO15 aqueous solutions in a concen-
tration range of 30 ppm~ 1,000 ppm as the polymer solutions,
and Ethoquad O/12 aqueous solutions in the concentration
range of 27 ppm~109 ppm as the surfactant solutions. The
Ethoquad O/12 solutions contained equimolar amounts of
counterions (sodium salicylate). The solutions were mixed in
the solvent (tap water) with gentle stirring, and used three
days later. The physical properties of the PEO15 solutions
were determined from the flow curves obtained using a tube
viscometer, and kinematic viscosity was measured with a
Ubbelohde viscometer in the case of the 30 ppm~200 ppm
concentration range.

Degassed water was used in order to examine the effect of
air in tap water on the laminar drag reduction. Tap water in
the pressure tank was degassed by a vacuum pump and the
test fluids were held for about 6 h in vacuum. Subsequently,
the test fluids were forced through to the pipe by a compres-
sor under constant pressure. Two test fluids, set at—300
mmHg and —600 mmHg in a vacuum tank, were used. For
measurements using pressurized water, tap water was pres-
surized after filling the pipeline. The flow rate was controlled
by a valve installed at the pipeline exit. Two test fluids, set at
0.1 MPa and 0.2 MPa, were used.

Figure 2 shows a micrograph of the surface of a highly wa-
ter-repellent wall. The existence of many fine grooves on the
surface increases water repellency. The width of the grooves
is about 10 pm.

Figure 3 shows the comparison of droplets on the test highly
water-repellent wall. PEO1S solutions have the same contact

0.3mm

Figure 2. Surface condition of test highly water-repel-
lent wall.
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(a) Tap water

(b) PEO15 400ppm solution

(c) Ethoquad O/12 109ppm solution

Figure 3. Comparison of droplets on the test highly wa-
ter-repellent wall.

angle of about 140° as tap water. On the other hand, the
contact angle of the Ethoquad O/12 solutions was decreased
compared with that of tap water, because of the decrease in
surface tension. In general, the largest contact angles
recorded for a smooth surface are 112°~115° (Moilliet, 1963),
and the effect of the fine grooves does not occur on the re-
pellency for the surfactant solutions.

Results and Discussion

The experimentally determined friction factors of PEO15
solutions are shown in Figures 4 and 5. In these figures, the
solid lines indicate A= 64/Re for laminar flow, the Blasius
equation, A=0316Re ™% for turbulent flow, and Virk’s
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Figure 4. Experimental values of A for dilute PEO15 so-
lutions.

equation (Virk, 1975) for maximum drag reduction of poly-
mer solutions. It was confirmed that the experimental data
for tap water in the acrylic resin wall pipe fit the A= 64/Re
value and the Blasius equation in the laminar and turbulent
flow ranges, respectively. Drag reduction in the laminar flow
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Figure 5. Experimental values of A for concentrated
PEOQ15 solutions.
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range was observed in the highly water-repellent wail pipe,
but not in the acrylic resin wall pipe.

On the other hand, no difference was recognized between
the experimental results for the acrylic resin wall pipe and
those for the highly water-repellent wall pipe in the turbulent
flow range, but turbulent drag reduction occurred for all so-
lutions, known as the Toms effect. The friction factors of
high-concentration solutions fit the Virk’s equation according
to the increase in the Reynolds number, Re.

Figure 6 shows the relationship between Re and A-Re. For
low-concentration solutions of 30 ppm~ 100 ppm, the transi-
tion Reynolds number of the pipe with a highly water-repel-
lent wall increases slightly. This tendency has also been ob-
served for Newtonian fluids. However, this delay in transi-
tions was not observed for solutions with concentrations
higher than 200 ppm. For Newtonian fluids, the friction fac-
tor A of the highly water-repellent wall pipe decreased paral-
lel to the A of the acrylic resin wall pipe; however, this is not
observed for polymer solutions of any concentration. The
laminar drag-reduction ratio decreased with an increase in
Re. This tendency was especially noted with high-concentra-
tion solutions of 400 ppm and 1,000 ppm. The probable rea-
son is explained as follows. Fluctuation of static pressure was
observed in the laminar flow range for PEO solutions, and as
a result, laminar flow could easily become unstable compared
with Newtonian fluids. This fluctuation cannot be neglected
for slip velocity at the wall and the effect probably appears,
because the experimental results for the acrylic resin wall pipe
almost agree with A= 64/Re.

The laminar drag-reduction ratio is defined as

l‘~ a

DR =

X 100(%), 1)

where A, and A, are the friction factors of pipes with highly
water-repellent wall and an acrylic resin wall, respectively.
The laminar drag-reduction ratio was about 11~15%, and
increased slightly with increasing concentration.

From Figures 4 and 5, it is seen that polymer solutions
with concentrations lower than 200 ppm are effective for ob-
taining laminar drag reduction in the pipe with a highly wa-
ter-repellent wall. On the other hand, high-concentration so-
lutions can be used to obtain higher laminar drag-reduction
ratios in the low Reynolds number range, but not in the high
Reynolds number range.

Figure 7 shows the relationship between the viscosity and
the laminar drag-reduction ratio. In this figure, the experi-
mental results for Newtonian fluids are also shown for com-
parison. For solutions with concentrations lower than 200
ppm, the laminar drag-reduction ratio is the range average of
up to Re = 1,600. For the 400 ppm and 1,000 ppm solutions,
it was difficult to determine the average, and values at Re =
730 and 430, respectively, were obtained. When Newtonian
fluids and non-Newtonian fluids of the same order of viscos-
ity were compared, a higher drag-reduction ratio was ob-
served for the former.

For non-Newtonian fluids, the drag reduction ratio in-
creases gradually with an increase in viscosity, and finally
plateaus. This result suggests that there is a limit to the
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Figure 6. Comparison of ( A-Re) for dilute PEO15 solu-
tions.

drag-reduction ratio in the case of laminar drag reduction in
a pipe with a highly water-repellent wall.

If we consider the non-Newtonian viscosity of polymer so-
lutions, analysis applying the power-law fluid would be of sig-
nificance in engineering calculations. In this study, we ana-
lyze the friction factor for the power-law fluid with fluid slip
at the pipe wall.
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Figure 7. Comparison of drag-reduction ratio for vis-
cosity.
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For the case of a steady and fully developed flow in a cir-
cular pipe, the equation of motion is given as follows:

S sema=-(%), @

where 7,, is the shear stress.

Inserting the power-law fluid model 7,, = K(— du/dr)" into
Eq. 2, and integrating under the following boundary condi-
tion, we obtain Eq. 3:

r =0: u is finite
r=Riu=U

dp I/n nR(n+ 1yn y \(n+1yn
—'(—-'—-) Py — 1—-(—“) +‘L@. (3)
dz | 2Y"KY(n+1) R

The slip velocity U, is determined in order to modify Navier’s
hypothesis (Navier, 1816), which proposes that the wall shear
stress is proportional to the slip velocity. Thus, we assume it
as the following equation:

T = Buy. (4)

Then, the velocity profile is obtained as follows:

Ap \Y"pRU+ Y r\(ntiym RAp w
) 3
(2KL) n+1 { R ZBL

&)

where (Ap/L) is the pressure gradient, and is equal to
(- dp/dz).

Based on the measurement results of torque acting on an
inner rotating cylinder with a highly water-repellent wall, it
was found that N in Eq. 4 is almost equal to n of the power-
law fluid model (Watanabe and Akino, 1999). Thus, if we
assume N = n, the friction factor A is obtained as follows:

64 1 ]
SR [ @Grankv ] ®)
nRpBYV"

where Re* is the generalized Reynolds number, and is de-
fined as

n, gn=2-n
N 8n'pd"u

TS @

Here, A of Newtonian fluids is equal to the following equa-
tion if we insert n =1 into Eq. 6:

64 1
W(_‘ﬂ- (8)

14+ —
RpB

If the flow does not exhibit fluid slip, Eq. 6 gives A = 64/Re*
on substituting B =<« into the equation.
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In order to calculate the friction factor using Eq. 6, it is
necessary to determine the value of the sliding coefficient B.
Therefore, we determined B by substituting the experimen-
tal results of A into Eq. 6.

Figure 5 shows the results of Eq. 6, calculated by substitut-
ing the value of B. The results agree with the experimental
results at Reynolds numbers less than 800 for a PEO1S5 solu-
tion of 400 ppm. With an increase in the concentration, the
experimental results deviate from the analytical result in the
low Reynolds number range. Thus the relationship between
the wall shear stress and the slip velocity for non-Newtonian
fluids can be approximated to the power law in this range.

Figure 8 shows the relationship between the viscosity and
B. In this figure, the experimental results for Newtonian fluid
in pipes of ¢6 and ¢12 are also shown for comparison; B is
the experimental value for ¢12 and the inferred value for ¢6.
Here B is not of the same order of magnitude for the same
fluid when pipes of ¢6 and ¢12 are compared. Moreover, 8
increases with an increase in viscosity for all fluids. For a
pipe of ¢6, however, the increase in B of non-Newtonian
fluids is gradual compared with that of Newtonian fluids.

To understand the mechanism of the occurrence of fluid
slip at the highly water-repellent wall, observations from a
microscopic viewpoint are necessary, because the wall has
many fine grooves on its surface, as shown in Figure 2. If the
occurrence of fluid slip is due to the existence of the gas
phase in the fine grooves, the effect may be clarified by test-
ing surfactant solutions and degassed water, and by pressuriz-
ing tap water in the pipeline.

The experimental results of the friction factor of surfactant
(Ethoquad O/12) solutions are shown in Figure 9. The viscos-
ity of water was used to calculate Re. For surfactant solu-
tions, the difference in the friction between the acrylic resin
wall pipe and the highly water-repellent-wall pipe is not rec-
ognized in both laminar and turbulent flow ranges, so that
the laminar drag reduction does not occur.

The reason is thought to be as follows. From the micro-
scopic viewpoint, the main reason for the fluid slip is the re-
duced molecular attraction between the liquid and the solid
surface. Because the free surface energy of the solid is very
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low, the contact area of the liquid is decreased compared to
that of a conventional smooth surface due to the presence of
the many fine grooves on the solid surface. It can be consid-
ered that air is trapped in the fine grooves, and that air plays
an important role in the occurrence fluid slip. Liquids such as
surfactant solutions fill the fine grooves when the surface
tension decreases. Figure 3 shows that the contact angle is
decreased, and that the high water repellency was not ob-
served for surfactant solutions. As a result, fluid slip does not
occur and laminar drag reduction cannot be recognized.

The result of Figure 2 normalized for the area of the
grooves by means of a digital computer is shown in Figure 10.
In the figure, the dark parts indicate that groove. The ratio of
the groove area for the total wall area is about 12.8%. The
laminar drag-reduction ratio is about 11~15%. Although we
cannot simply conclude by comparing only these values, it
also can be considered that the groove plays an important
role in the occurrence of fluid slip.

The experimental results of the friction factor of degassed
tap water are shown in Figure 11. In this figure, the results at
atmospheric pressure indicate the results for nondegassed tap
water. The values measured under the three conditions al-
most agree, and drag reduction is observed in the laminar
flow range. Thus, it can be concluded that degassing the wa-
ter has no effect on drag reduction.

The experimental results of the friction factor of pressur-
ized tap water in the pipeline are shown in Figure 12. The
values measured under the three conditions almost agree, and
drag reduction is observed in the laminar flow range. Thus, it
can be concluded that compressing the air trapped in the fine
grooves by increasing the pressure in the pipe in this pressure
range has no effect on drag reduction.

AIChE Journal

February 2001

Figure 10. Normalized picture of highly water-repellent
wall.

Conclusions

Polymer solutions flowing in a circular pipe with a highly
water-repellent wall were experimentally investigated. The
basic material of the highly water-repellent coating is fluo-
rine-alkane-modified acrylic resin with added hydrophobic
silica. There are many fine grooves on the highly water-repel-
lent wall. The polymer solutions were PEO1S aqueous solu-
tions in the concentration range of 30 ppm~ 1,000 ppm.

Laminar drag reduction of polymer solutions was verified.
However, no difference in the friction factor between an
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Figure 11. Experimental values of A for degassed tap
water.
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Figure 12. Experimental values of A for tap water with
pressurizing pipeline systems.

acrylic resin wall pipe and a highly water-repellent wall pipe
was recognized in the turbulent flow range. That is, we can
obtain drag reduction in both the laminar and turbulent flow
range for polymer solutions in the highly water-repellent
coating pipe.

It can be seen from the macroscopic viewpoint that lami-
nar drag reduction occurs by fluid slip at the pipe wall, and
the analytical results for power-law fluids with fluid slip agree
qualitatively with the experimental data in the small Reynolds
number range. Since no difference in the friction factor be-
tween an acrylic resin wall pipe and a highly water-repellent
wall pipe was found either in the laminar flow or turbulent
flow range for surfactant solutions, such as laminar drag re-
duction does not occur in surfactant solutions, this fact sug-
gests that air is trapped in the fine grooves of the pipe filled
with a liquid, and that this plays an important role in the
occurrence of fluid slip.
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Notation

K =power-law coefficient, Pa-s"
L =length of test section, m
n = power-law exponent
P =pressure, Pa
A p =pressure drop, Pa
R =radius of pipe, m
Re = Reynolds number
Re* = generalized Reynolds number
U =velocity in the z-direction, m/s
U, =slip velocity at pipe wall, m/s

Greek letters

B =sliding coefficient, Pa-s/m
y =shear rate, 1/s

A =f{riction factor

p = viscosity, Pa-s

v =kinematics viscosity,m%/s
p =density, kg/m?
7,, =wall shear stress, Pa

r, 8, z =cylindrical coordinates
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