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ABSTRACT:

In this paper, we present a novel method we have developed for measuring the drag reduction in a dilute polymer solution,
based on the triboelectricity phenomenon. The presence of a small quantity of polymer with high molecular density in a liquid
decreases the friction of the liquid on solid walls. This property defines drag reduction. The friction itself produces electricity
intheliquid known as triboelectricity. In this work, we show that drag reduction can be measured by measuring the triboelectric
voltageinthe solventandinthe polymersolution. The method was tested on well characterized dilute solution of polyethylene
oxide (PEO) and the results obtained agree qualitatively well with those available in the literature, notably showing that for
given flow rate, drag reduction by PEO increases with polymer concentration until reaching a plateau. Also, for given concen-
tration, drag reduction increases with flow rate in the range of concentration and flow rate tested. More generally, a similar
behavior is expected for any polymer solution obeying the power-law rheological model.
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1 INTRODUCTION

Liquidin a pipeline generally flows according to the tur-
bulent regime and, therefore, generates high-energy
dissipation due to high friction at the solid walls [1]. To
reduce process costs, engineers need to reduce energy
dissipation using drag reduction (DR). Two types of DR
exist, known as active and passive [2]. Active DR relies
on the introduction of a small quantity of an appropri-
ate additive to reduce the drag coefficient. These exter-
nal agents can be polymers, surfactants or fibers [3-8].
Passive techniques consist in modifying the geometry
of the surface (coatings and riblets) to alter the flow
characteristics. However, these passive techniques are
much less efficient than the active ones [9].

Some explanations have been proposed for the
drag reduction phenomenon. Shefty and Solomon [10]
noted the presence of aggregates in freshly prepared
solutions and the drag reduction was attributed to the
destruction of these aggregates. Virk [11] proposed a
modification of the velocity profilein ducts, introducing
an elastic sublayer between the usual Newtonian vis-
cous sublayer and the logarithmic velocity profile. As
the elastic sublayer increases, the logarithmic velocity
profile decreases and the DR increases to its maximum
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value. Polyethylene oxide (PEO), which we chose to use
astheadditiveinthisstudy, has been much studied the-
oretically, numerically and experimentally forcommer-
cial applications such as fire prevention and marine
propulsion because of its low cost, high availability, as
well as its linear and flexible molecular structure. DR is
defined as

fslv

DR =
(1)

where f;;, and f,,, are the drag coefficients in the sol-
vent (suspending liquid) and polymer solution, respec-
tively, while each drag coefficient is defined as

T

T 2
5 1Y Umoy

f:
(2)
where tisthe shear stress, Umoy the mean velocity and

p the fluid density [12]. In the literature, authors gener-
ally measure the shear stress at solid walls in the water
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Figure 1: Experimental apparatus.

and solution and derive DR by the use of Equations 1
and 2. To date, experimental measurement of shear
stress has used multicomponent single point Laser
Doppler Velocimetry (LDV) [13-16], and instantaneous
planar maps of the velocity field using Particle Image
Velocimetry (PIV) [17—20]. The measurements provided
by these techniques are reliable and accurate. Unfortu-
nately, theequipmentis costlyand suitable onlyforlab-
oratoryexperimentsdoneintransparent pipes.Theaim
of the present work is to initiate the development of a
new method for measuring DR in dilute polymer solu-
tions that could be used in industrial conditions (e.g. in
an opaque pipeline) as it would be based on the mea-
surementofinherenttriboelectricity generatedinflow-
ing liquid. The only instrumentation required is a mul-
timeter and a flowmeter.

Thetriboelectricity phenomenonisthe generation
of electric current by friction between two objects that
can be two solids (e.g.: a metal with a metal, a metal
with an insulator (non-ionic or with mobile ions), an in-
sulator with an insulator (with mobile ions present or
both non-ionic)) [21-25]. Also, triboelectricity can occur
in a contact between a liquid and a solid. In the past, it
was thought that the triboelectricity effect or charge
transfer between two materials in friction would occur
only when the liquid rubbing against the tube surface
was slightly conductive [26 -29]. Under these condi-
tions, triboelectricity should depend on the electron-
affinity of the fluid and the solid wall with which itisin
contact. However, consideringthat charge transfers de-
rive from the extracting of electrons by the friction of
the liquid on the solid wall, Ravelo et al. [30—31] revis-
ited the tribology concept and proposed a hydroelectric
model for a Newtonian liquid even if this liquid is insu-
lating. Knorr [32] presents analogies between triboelec-
tricity occurring at fluid flow/solid interface and
streaming current/potential phenomena that can be
described as follows: At the contact between the aque-
ous liquid and the pipe, a physico-chemical phenome-
non creates a charge separation known as “electrical
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double layer” which polarizes the liquid/solid interface.
lons of one sign appear on the solid surface while ions
of the opposite sign are distributed in the liquid in two
layers.Some of these counterionsaccumulateinanim-
mobile layer (the Stern layer) close to the surface of the
solid. Theremaining counterions along with otherelec-
trolyte ions, form the Gouy-Chapman layer that ex-
tends into the electrolyte solution. The total interfacial
region is electrically neutral while the distinction be-
tween mobile and immobile ions is responsible for sev-
eral phenomena known as electrokinetic phenomena.
Ifthe aqueous solutionis putin flow inside the pipe, for
example with the help of a pump or an inclination of
the pipe, the ions located in the Gouy-Chapman layer
will move with the liquid, while the ions located in the
Stern layer will remain static. The origin of the charge
separation at the solid/liquid interface is still not yet
well understood. Specific adsorption, desorption, cor-
rosion, impurities existing in the liquid, etc. are hypo-
thetical mechanismsinvolved [33—-38].Indeed, both tri-
boelectric effect and streaming current/potential phe-
nomena consist in contact electrification at fluid
flow/solid wall interface, meanwhile they are different
in that triboelectric effect is caused by rubbing [39],
while streaming current/potential is caused by trans-
port [40]. Ravelo’s hydroelectric model [30—-31] will be
presented below and generalized to a liquid obeying
the power-law rheological behaviorin orderto measure
the drag reduction in a polymer liquid. Then, an exper-
imental study of the rheology of the polymer solutions
used (PEO) and the measurement of drag reduction via
triboelectriceffect will be presented and the results will
be compared to those available in the literature.

2 THE HYDROELECTRIC MODEL OF
TRIBOELECTRICITY

2.1 THE MODELIN A LIQUID

The hydroelectric model of triboelectricity considers
the Poiseuille flow of an insulating Newtonian liquid
(e.g. tap water) in a cylindrical tube. A hydraulic circuit
of this type was designed in the present work and is
shown in Figure 1. Recently, it was established by
Touchard and his team [33-34] that the system pre-
sented in Figure 1is electrically equivalent to an RC-cir-
cuit controlled by a current source, with the asymptotic
expression of the maximum voltage given by

_ NeAP
8non 3)
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where o is the conductivity of the tested fluid, e = 1.6 -
10 C, and N is the number of electrons caught by the
fluid from the pipe. Equation 3 shows that the maximum
voltage issued fromtriboelectricity is proportional to the
pressure drop in the pipe. For a Newtonian liquid with
dynamic viscosity i, the flow rate Q is given in [41] as:

e
128 (4)

where L is the tube length, D its diameter and AP is the
pressure drop. Equations 3 and 4 show that, for the
Newtonian liquid used as solvent in this case (subscript
‘slv’),the maximum voltage of triboelectricity is propor-
tional to flow rate according to:

16Nel
" Do 2
(5)

while the shear stress for a Newtonian fluid is defined
by 74, = 77y with

49

nR3 (6)

Using Equations 5 and 6, the following linear relation
isderived between shearstressandtriboelectricity volt-
age for a Newtonian fluid

= 4nﬂ-o—R Vslv

slv

In the next section the previous hydroelectric model
will be extended to a polymer solutionin ordertoderive
drag reduction.

2.2 DRAG REDUCTION IN A POLYMER SOLUTION

The introduction of a small quantity of a polymer into
aliquid can modify its rheological behavior. Notably, in-
creasing the rate of strain decreases the viscosity. Such
rheological behavior, known as a pseudoplastic or
shear-thinning behavior, can be described by a semi-
empirical law such as Spriggs law, Carreau’s law or hy-
perbolic tangent law [42]. Meanwhile, the power law is
more generally used in modeling than these semi-em-
pirical laws. Indeed, despite its lack of relevance to re-
ality at low shearing rates, the power-law model [43]
generally leads to satisfactory approximations and al-
lows analytical resolution. If rdenotes the stresstensor,
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€ thestrainingratetensor, /;the unittensor, K theliquid
consistency, mthe power-law index, and pthe pressure
field, the power-law equation of state is written

T=-pl, +Ke"

(8)

Considering the axial Poiseuille flow in the tube of Fig-
ure1,with velocityfield v(o, 0, w(r))ina (r,6,z) cylindrical
coordinate system and pressure drop AP, this is gov-
erned by the equation of conservation of the momen-
tum which is written

divr = -gradp + Kdivé™
graap ()

while the continuity equation is identically satisfied.
Equation g can be solved analytically and gives the fol-
lowing axial velocity
1+1/m
r
1_ p—
d

The flow rate is derived from Equation 10 in the form

w(r)=

m [LA_P]VMRHﬂm
m+12K L

(10)

. m (1 APY"
Q:27rfw(r)rdr:7r [— ] R3tm
]

3m+1(2K L
()

Introducing Touchard’s formula given by Equation 3in-
to the previous formula for flow rate, we obtain the fol-
lowing equation for the hydroelectric characteristic of
the polymer solution

NP,,,,e

v = L (3m+1)"

m
pim R1+3m l O
470 pyy mn

<

(12)

where subscript ‘pIm’ refers to the polymer solution.
Fromtheequation ofstate,tne shearstressinapolymer
solution is given by 7, = Ky withy = (3m +1)Q/(maR3)
Usingthe above equations, the followinglinearrelation
is obtained relating the shear stress and the triboelec-
tric voltage for a pseudoplastic fluid

_ 4n0 KR

T =
plm plm
N, el

(13)

In the equation of state of a pseudoplastic fluid given
by Equation 8, Newtonian behavioris obtained form =1
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while consistency is equal to dynamic viscosity. We can
see that shear stress in water can be obtained from
Equation 13. Using the definition of DR given by Equa-
tions1and 2andthe expressions of shear stress in New-
tonianand pseudoplasticfluids given by Equation7and
13, respectively, we obtain the following expression for
DR.Forgivenflowrateand polymerconcentration,drag
reduction can then be derived and we see that it is de-
termined by the measurement of the relative triboelec-
tricity in the polymer and solvent,

(14)

Let S, and S, denote the slopes of the hydroelectric
characteristics in a Newtonian fluid (given by Equa-
tion 5) and in a pseudoplastic fluid (given by Equa-
tion12). The o/N ratios appearing in Equation 14 are de-
rived from Sy, and Sy, respectively. Finally, we obtain
the following formula for DR in a polymer solution.

DR:1755¢

Splm (7TR3 )m 4

7R3 l[3m+1]’"5\/ﬂ
m nV

slv

3 EXPERIMENTAL STUDY

Inthissection, the polymersolutionischaracterized using
rheometry. Drag reduction is measured in relation to PEO
concentration using the hydroelectric characteristics.

3.1 RHEOLOGICAL CHARACTERIZATION OF DILUTE
POLYETHYLENE OXIDE SOLUTIONS (PEO)

The polymer solutions used were prepared by dispers-
ing a pre-mixture of PEO powder (Aldrich, 8 - 10 g/mol)
with isopropyl alcohol in water. The composition of the
solventis 95 % tap water and 5 % isopropyl alcohol. The
PEO solutions can be characterized using a microchan-
nel pressure driven flow [44] or a rotating rheometer.
Inthis case, rheometry tests were brought out using an
AR2000 Rheometer (TA Instruments), for different con-
centrations of PEO. The results presented in Figure 2
show that the shear viscosity decreases when the
shearing rate increases beyond a critical value. Such
rheological behavior is called shear thinning and we
note that (i) for a low shearing rate up to a certain crit-
ical value vy giticai, the viscosity is constant (Newtonian
plateau), and (ii) for a high shearing rate, the viscosity
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Figure 2: Viscosity of the PEO solutions vs. shear rate for
different concentrations.
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Figure 3: Viscosity of the PEO solutions on the Newtonian
plateau versus concentration.

decreases following a power law.

Theviscosity can be described by generalized New-
tonian model asits equation of state described by Equa-
tion 8 can take a Newtonian form r =1n(€ )€ [45-47] but
with viscosity depending on shear rate following Ost-
wald's equation given by n = ,y™" when y > ¥ gitical
where 7, is the viscosity on the Newtonian plateau or
consistency K. The experimental data fitted using Gnu-
plot software (Fig. 2) provided an exponential variation
of consistency versus concentration in PEO noted cwith
the following expression (Figure 3) K = 0.93 x e%0026¢
and a linear variation of power-law index versus poly-
mer concentration with the following expression m =
0.995 - 0.0001c. The reduced viscosity is defined by the
following relation:

n,e,j — 770 — nslv
C’?;/v
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Figure 4: Reduced viscosity of PEO solutions versus concentration.

where 155, = 0.93 - 103 Pa s is the solvent viscosity (95 %
water + 5 % isopropyl alcohol). For o < c < 400 ppm, the
reduced viscosity increases according to the PEO con-
centration (Figure 4) following a linear law of the form:

Nrea = [770 ] +ac (17)

where @ = 310 ppm™ and [1,]= 2.4 - 103 ppm™ is the
intrinsic viscosity of a macromolecule of PEO dissolved
in the solvent. The recovery concentration is calculated
using the Graessley relation:

. O
C=—"5=321ppm

.77
7] (18)

For concentrations ¢, such that ¢ < ¢* the PEO solutions
areinadiluteregime. Therefore,the PEO solutions test-
ed in this work are diluted because the maximum con-
centration used is almost equal to the recovery concen-
tration.

3.2 HYDROELECTRIC CHARACTERIZATION

Fig. 5 presents the experimental device designed and
built to measure drag reduction via triboelectricity. The
pipe (black piece) is 1.20 m long and has a diameter of
10 mm; it is made of steel. The hydraulic circuit is fed by
a JAPY JEV 302/303 centrifugal pump (red piece) of
5.8 m3/h maximum flow rate associated with aso Itank
(green part on Figure 5). The flow rate is measured with
the help of a YOKOGAWA Rotameter RAKD that pro-
vides a suitable measurable flow range, say 0.11/h < Q
=<8o00I/h.Itismountedinline at the outlet of the pipe
and it is equipped with a controller that allows main-
taining a constant flow rate irrespective of any process
pressurefluctuations. The voltageis measured usingan
EX 350 EXTECH Instruments Multimeter with a preci-
sion of 0.5 % placed on a table, and related to two elec-
trodes introduced in two holes drilled (1 m far from one
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Figure 5: Experimental device.

another) in the pipe. The procedure for measuring drag

reduction involves 11 steps:

(1) Takethetubeoutoftheset-up,fillit withtap water
and close its 2 outlets. Then, measure the steady
static voltage in the water denoted here V4t

(2 Reconnect the tube in the set-up and fill the tank
with 4o loftap water. Prepare 8 different test tubes
each containing 2 ml of the polymer solution (PEO
dissolved in the solvent described in Section 3.1).

(3) Startthe pump and fix the flow rate at 0.2 1/s and
then turn on the multimeter. Let the voltage in-
crease until its maximum and steady value, denot-
ed here Vi, meqs- It is the sum of the triboelectric
voltage Vg, with the static voltage V,._sq: for the
flow rate considered.

(4) Increase the flow rate to 0.4 /s and repeat the 3
step.Further,increaseit successivelytoo0.6,0.8,1.0,
1.2,and 1.4 /s.

(5) Stop the pump and collect the whole water resid-
inginthetank.Then, pouronetesttube of polymer
solution and mix with a glass stick.

(6) Take the tube out of the set-up, fill it with the ap-
propriate quantity of the previous solution con-
tainedinthetankandcloseits2outlets. Then, mea-
sure the steady static voltage in the polymer solu-
tion forthe concentration tested and denoted here
Vpim-stat- Return the solution in the tube into the
tank and reconnect the tube in the set-up.

(7) Startthe pumpandfixthe flow rate ato.21/s,then
turn on the multimeter. Let the voltage increase
until its maximum and steady value, denoted here
Vpim-meas- It is the sum of the triboelectric voltage
Vpim With the static voltage V)yjp,.sq: for the concen-
tration and for the flow rate considered.

(8) Increase the flow rate to 0.4 I/s and repeat the 7th
step.Further,increaseit successivelytoo0.6,0.8,1.0,
1.2,and 1.4 I/s.

(9) Stop the pump and collect the whole water resid-
ing in the tank. Pour a second test tube of polymer
solution and mix with a glass stick and repeat steps
6to 8.
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Figure 6: Triboelectric voltage versus flow rate for the solvent.

(10) Repeat step g successively with a 3" to an 8t test
tube.

(1) Disconnect all devices, empty the solution con-
tainedinthetankandcleanalltheequipmentsand
instruments.

The wet part of the electrodes was 1 mm long so they

did not introduce disturbances in the flow. The mea-

surements were repeatable. Table 1 gives the variation

of the measured voltage according to the flow rate of
the solvent. The hydroelectric characteristic in the sol-
vent derived from Table 1is written V;, =S,,Q where the

slope is obtained from a linear regression, S, = 101.2262

as shown in Figure 6. Similarly, for flowing polymer so-

lution at given flow rate Figure 7 provides the variation
of the triboelectric voltage in a polymer solution accord-
ing to the reduced flow rate Q™ for given PEO concen-
tration. The respective slopes of the hydroelectric char-
acteristics for polymersolutions forassigned concentra-
tion with the general form V,,, = 5,,,Q™ are derived
from Figure 7 and presented in Table 2.

3.3 DRAG REDUCTION DERIVATION
Using Equation 15, DR can be obtained for assigned

polymer concentration where the maximum steady
values of the voltage in the solvent and in the polymer

Q(I7s) Vsiv-mea (MV) ¢ (ppm) Spim

o 0.51 50 100.24

0.2 20.8 100 97.51

0.4 41 150 91.80

0.6 62.5 200 83.54

0.8 80.2 250 7725

:'2 1929'8 300 71.67

. 4

14 142 350 68.79

400 72.02

Table 1: Variation of mea-
sured voltage according to
the flow rate of the solvent.

Table 2: Variation of the slope
of hydroelectric characteris-
tics of PEO solutions for given
concentration.
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Figure 7: Variation of triboelectric voltage according to reduced
flow rate for different concentration of PEO solution: a) ¢ = 50
ppm, b) ¢ = 100 ppm, ¢) ¢ = 150 ppm, d) ¢ = 200ppm, e) ¢ = 250
ppm, f) ¢ = 300 ppm, g) ¢ = 350 ppm, and h) ¢ = 400 ppm.

Vs and V), are given in Figures 6 and 7, respectively.
Theslopes ofthe hydroelectriccharacteristicsinthe sol-
ventandinthe polymersolutions andtriboelectric volt-
age are given by S, = 101.2262 and in Table 2, respec-
tively. Figure 3 gives the consistency K of the polymer
solution for concentration ¢ and the solvent viscosity
for c = o. For all the flow rates tested, the variation of
DR against polymer concentration follows a similar
shape as in Figure 8 which is obtained for Q = 1.4 I/s,
wheredragreductionreachesits maximumvalueinthe
experiment. Notably, DR increases with polymer con-
centration for ¢ < 250 ppm and tends towards satura-
tion for 250 ppm < ¢ < 400 ppm.

4 DISCUSSION AND CONCLUSIONS
4.1 DISCUSSION

An important issue to discuss in this work is the non-
zero voltage measured in static liquid (solvent or poly-
mer solutions) contained in the tube and this is not the
casewhen measuredinanopenvessel.Indeed, the tube

Q (1/s) Vpim (MV) ¥ (1/5) Re DR (%)
0.2 15.3 2040.8 16399 2.16
0.4 29.0 4081.6 31354 7.05
0.6 42.9 6122.3 45807 1018
0.8 52.9 8163.1 509045 13.84
1.0 62.9 10204 73852 17.9

1.2 73-4 12245 87578 22.85
1.4 80.4 14285 101160 26.24

Table 3: Triboelectric voltage, shear rate, Reynolds number
and drag reduction for c = 400 ppm for flow rates lying in the
range 0.2 1/s < Q < 1.4 1/s.
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Figure 8: Drag reduction in PEO solution according to poly-
mer concentration.

plays the role of an antenna that transmits to the con-
tained liquid, the electromagnetic waves (mobile
phone, etc.) propagating in the room. To cancel them
and get zero voltage in static liquid, the measurement
must be brought out in a Faraday cage. In this case, the
voltage measured in static liquid was substracted from
the voltage measured in flow in order to get the tribo-
electricvoltage,i.e.thevoltage duetofriction. As stated
in previous sub-section, for given flow rate, DR increas-
es versus polymer concentration and tends to a plateau
(asshown in Figure 8). To explain this property, itis sug-
gested that the polymer chains are stretched by shear
andthe induced laminarization of the flow is increased
by a higher concentration in polymer. Meanwhile for
250 ppm < ¢ < 400 ppm this effect is competed by the
chains interactions, therefore, DR tends to a plateau in
that range of concentration. Such results agree quali-
tatively with those existing in literature [48 - 50].

Moreover, for given concentration, DR increases
againstflowrate with asimilarshape, soonly the graph
for 0 =1.41/s where DR is at its maximum is presented.
The increasing of drag reduction versus flow rate is
shown in Table 3, for c = 400 ppm which is the concen-
tration where DR is maximal. In Table 3 also important
dynamic flow characteristics such as shear rate and
Reynolds number are calculated. Here, the shear rate is
given by

(3m+1)Q

mnR3? (19)

while the Reynolds number Re is defined by Re =
UpmoyD/v where the mean velocity Uy, is given by Upy,,
= Q/A with A = 7R The fluid kinematic viscosity v and
p the fluid density are given by v = n/p and p = pg, (1 + ¢).
The fluid dynamic viscosity 7 is given by n = nyy ™" and
the solvent density is equal to py, = 0.982 - 103 kg m’.
Table 3 shows that DR increases with Re. This result is
due to a better alignment of the polymer chains with
increasing Re. An importantissue revealed by Table 3 is
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the high values of shear rate and Reynolds number as
well. Such values are due to the high values of flow rate
and diameter of the tube and that order of magnitude
has been operated in literature for DR measuring [48,
51-53]. To investigate drag reduction at high shear
rates is important for industrial applications where for
instance in pipelines, pipe diameter and flow rate can
have higher values.

The corresponding values of shear stress are much
higherthanthose operated in rheometry tests (Figure 2).
Indeed, in rotating rheometry, the rheograms are gen-
erally presented uptoy =100s"becauseforhighershear
rate (y =130s"inthis case), instabilities occurinthe form
of vortices making the shear stress diverge and the mea-
surement meaningless. Meanwhile, the rheological be-
havior stated at low shear rate remains valid at high
shear rate. Rheometry at high shear rate can be pro-
cessed using an extensional rheometer [54] and itis not-
ed that at high shear rate, viscosity does not collapse to
zero, but tends asymptotically to solvent viscosity [17].

4.2 CONCLUSIONS

To measure drag reduction in dilute polymer solution,
the existing methods perform well under laboratory
conditions. In this work, we developed a new method
that can be used in real conditions, say in opaque and
long tubes. The polymer tested was PEO (Polyethylene
oxide). To characterize the PEO solutions, rheograms
showed that the fluids tested have a pseudoplastic be-
havior and the model parameters were obtained. Then,
an experimental set-up was designed and built that
aimed to make a hydroelectric characterization of PEO
solutions. The voltage was measured in static solvent
and polymer solution. Moreover, in static solution, no
variation of the voltage was detected with increasing
polymer concentration in the range tested. In flow, tri-
boelectric voltage is due to friction of liquid (solvent or
polymer solution) on pipe wall. It was plotted vs. flow
rateinthe solventand reduced flow rate in the polymer
solutions and the respective linear characteristics were
plotted. A model developed in this work gives the drag
reduction from the slopes of these characteristics, the
triboelectric voltages, the rheological characteristics of
the solvent and the polymer solution tested and the
pipe diameter as well. It was found that for given flow
rate drag reduction increases with polymer concentra-
tion for ¢ < 250 ppm and tends toward saturation for
250 ppm <c <400 ppm. Moreoverthatvariationofdrag
reduction against concentration is similar for all flow
ratestested. While, for given concentration, dragreduc-
tion increases with flow rate and is maximum for Q =
1.4 /s in this study. These results agree qualitatively
with those existing in literature.
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