
Case Study

Water Soluble Polymers as a Means to Increase Flow
Capacity: Field Experiment of Drag Reduction by

Polymer Additives in an Irrigation Canal
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Abstract: A drag reduction method by polymer additives was tested for the first time in a large scale open-channel watercourse. Ten and a
half tons of a water soluble polymer were injected during 15 consecutive hours in the upstream section of an irrigation canal in steady state,
leading to a 20 ppm concentration of polymer in the water. The evolution of the water depth was measured every 10 min for 18 h along ten
sections further downstream, up to a distance of 26.3 km from the injection section. The water depth at all sections remained constant until the
arrival of the polymer, at which time it strongly decreased, sometimes with a slight water-depth increase beforehand; the depth then remained
constant as long as the polymer injection remained. A maximum water depth reduction of 26 cm (i.e., 17%) was measured at the first cross
section (2 km downstream from injection). The water depth reduction decreased to 10% and 3% at 10 and 20 km downstream from the
injection, respectively. However, further downstream, at a distance of 26.3 km, the water depth increased by 5%. This paper also discusses the
environmental impacts of polymer injection through analysis of samples taken from the water and bed material before and during the experi-
ments. DOI: 10.1061/(ASCE)HY.1943-7900.0001904. © 2021 American Society of Civil Engineers.
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Introduction

Flow conveyance is a key design criterion for constructed open
channels such as irrigation channels or water transfer works. Tech-
niques to enhance the flow conveyance of such channels are of high
engineering relevance. Similarly, flow conveyance of natural water
courses is a critical parameter in flood hazard evaluation. One pos-
sible approach for increasing the discharge capacity of open chan-
nels is the use of drag reduction techniques.

Several drag reduction methods exist. Drag reduction due to
flow aeration has been studied both from a fundamental (Pang et al.
2014) and a more applied (Chanson 1994) perspective. Chanson
(1994) notably reviewed measurements of flow aeration in spill-
ways in which the friction factor could be divided by up to 10 when
aeration took place. Another drag reduction method involves the
use of sediment-laden flows. Best and Leeder (1993) reported a
32% reduction in shear velocity with a kaolinite and illite concen-
tration of 2.2 g=L added to sea water. Wang et al. (1998) measured
friction factors decreasing by up to 50% for clay concentrations of
8% in flows over rough beds, Li and Gust (2000) obtained up to a

60% reduction in shear velocity, and Amos et al. (1992) and Wang
et al. (1998) reported reduced friction coefficients for field studies
in rivers and deltas, respectively. A third available method for drag
reduction consists of modifying the surface texture of the bed by
adding riblets, Bechert et al. (1997) measured the effect of surface
texture/Garcia-Mayoral and Jimenez (2011) computed it, reaching
drag reductions up to 10%. So-called “drag reduction” by addition
of polymers to a fluid is a fourth method, effective in reducing the
friction head losses of a turbulent flow. This method was first
pointed out by Toms (1949); dedicated research works have been
regularly reviewed by Virk (1975), Graham (2004), White and
Mungal (2008), and more recently by Xi (2019). The following
brief literature review is only a short summary of the available
knowledge related to the present application. For more details,
readers can refer to the review by Xi (2019).

Drag reduction by addition of polymers is used in a variety of
applications, as listed by Brostow (2008): oil pipeline conduits, oil
well operations, flood water disposal, firefighting, field irrigation,
transport of suspensions and slurries, sewer systems, water heating
and cooling systems, airplane tank filling, marine systems, and bio-
medical systems (including blood flow). The drag reduction is not
based on any chemical reaction but is rather a consequence of
mechanical interactions between the polymer and turbulent flow
structures. When the solution is dilute enough, the chains of poly-
mers are so far apart that their interactions can be neglected (Xi
2019); the flow remains Newtonian, and its viscosity is hardly af-
fected. The onset of drag reduction appears with a sufficient amount
of added polymers (typically a few ppm). Drag reduction reaches
80% under optimum conditions; this is referred to as maximum drag
reduction. The interactions between the polymer chains and the flow
result in a weakening of turbulent vortices, a reduction of turbulent
stresses, and a modification of the mean velocity profile in the vicin-
ity of the walls. Warholic et al. (1999) revealed that the buffer layer
exhibits a higher slope and extends further away from the wall than it
does under the classical law of the wall without polymers. Xi (2019)
stated that the log layer follows the same slope but with a higher
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intercept. To summarize, the addition of polymers does not affect the
viscous shear stress at the wall but rather reduces the turbulent Reyn-
olds stresses, resulting in a global reduction of total stresses.

Virk (1971) observed that the level of drag reduction efficiency
depends greatly on the size of the wall roughness. Using the non-
dimensional roughness height kþs ¼ ksu�=ν, where ks is the
equivalent sand roughness height, u� ¼ ffiffiffiffiffiffiffiffiffiffi

τw=ρ
p

is the friction
velocity, τw is the shear stress at the wall, ρ is the fluid density,
and ν is the fluid kinematic viscosity, Virk (1971) showed that for
kþs > 50, drag r eduction efficiency decreases compared to a flow
over a smooth surface (for the same concentration of polymer).
This holds true up to the experimental limit of kþs of approxi-
mately 150. Mignot et al. (2019) recently confirmed this reduced
efficiency of polymers over a rough surface with kþs in the range
of 100–135.

Nevertheless, the addition of polymers to open-channel flows
has received relatively little attention. However, it has been applied
under specific circumstances in sewer systems, such as during the
2010 Winter Olympic games; the high number of fans visiting the
city of Whistler led to unusually large quantities of waste water
(Hart et al. 2011). Including polymer additives in the waste water
decreased the water depth and increased flow velocity, leading to
an increased discharge capacity of the sewers. The authorization
for releasing polymers in sewer flows was based on a materials safety
data sheet (MSDS) that indicated that the chemicals were nontoxic at
limited dose concentrations (Hart et al. 2011). Taking a more fun-
damental approach, Mignot et al. (2019) measured the efficiency of
polymer addition to one-dimensional (1D) open-channel flows in
smooth and rough prismatic channels at the laboratory scale, with
and without large-scale emerging obstacles. They concluded that by
adding a limited concentration of polymer (approximately 20 ppm)
to a steady flow without obstacles, the Darcy-Weisbach friction co-
efficient decreased by a factor of 2 in a flow over a smooth surface
and by a factor of 1.5 in a flow over a rough surface; however, the
friction coefficient was unaffected when flow resistance was domi-
nated by emerging obstacles. These results were fully in agreement
with the observations of Janosi et al. (2004) of dam-break flows
without and with polymers: “drag reduction is more efficient when
the turbulence is homogeneous (smooth boundary layer excitation)
and less efficient when it is strongly heterogeneous with wave break-
ing, bubbling, foaming, etc. (inertial excitation).”

This literature review suggests that this method may have some
potential for increasing the bank-full discharge in watercourses. A
main advantage of polymer inclusion compared to alternative drag
reduction methods is its relatively simple implementation at a given
site by simply delivering into the water polymers stored outside the
watercourse. However, while adding polymers to a flow has be-
come a common approach in engineering for reducing friction head
losses for pressurized flows (Brostow 2008), it has hardly been
tested in open-channel flow conditions and, to the best of the au-
thors’ knowledge, never at large scale (over tens of kilometers).

The aim of the present study was to assess the possibility of
substantially decreasing friction resistance and thereby increasing
the discharge capacity of a large-scale watercourse by adding pol-
ymers. As a proof of concept, the present study was based on a
single experiment; however, it was highly demanding in terms
of the quantity of injected polymer and in terms of flow monitoring
over a very large area (26.3 km) during a long experiment (18 h).

The paper is organized as follows. Next section presents the
study site, the polymer injection process, and the water depth mon-
itoring strategy. Following section then presents the time evolution
of measured water level along the canal and the corresponding fric-
tion coefficients. Discussions on environmental issues and conclu-
sions are finally provided regarding the increased discharge
capacity of the watercourse.

Presentation of the Field Campaign

Study Site

Following the authorization of polyacrylamide (PAM) release given
by the Nebraska Farmer Irrigation District Office (FIDO), the field
campaign was conducted by SNF SA on April 10, 2019, in a 50-km
reach of the Tri-State Canal (Figs. 1 and 2), an irrigation channel
maintained by FIDO in Scottsbluff, Nebraska. It is a prismatic trap-
ezoidal meandering canal with a bottom width of 17 m and oblique
banks with a 1∶1 slope. The canal exhibits a mild slope S0 of approx-
imately 10−4. The banks are mostly covered with clay, while the bot-
tom of the channel is covered with a mix of alluvium, fine gravels,
and medium gravels with diameters of 8–13 mm (Fig. 1). The Man-
ning friction coefficient is about n ¼ 0.017 [or ng¼ 0.05 m1=6 fol-
lowing Yen’s (1992) notation]. The discharge was kept constant

Fig. 1. (a) The Tri-State Canal at Scottsbluff; and (b) sediment taken from the bed.
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during the whole day at Qwater¼ 9.653 m3=s by a mobile dam lo-
cated 34 km upstream from the study site, and no rain took place
during the campaign. The outside temperature was about 12°C. Be-
fore the injection of polymers, water depth h and the corresponding
width of the free surface bwere spatially varied along the canal from
h ¼ 0.85–1.50 m and b ¼ 18.7–21 m, resulting in cross-sectional
averaged velocity ranging between 0.35 and 0.64 m=s. The resulting
flow regime was steady, gradually varied, subcritical (with a limited
Froude number of 0.1–0.2), and turbulent (with a Reynolds number
of 1.8 × 106–2 × 106).

Polymer Injection Process

The polymer considered herein was a soluble anionic PAM of very
high molecular weight (20×106 Da) in powder form. Tests carried
out by Mignot et al. (2019) showed that drag reduction did not in-
crease for polymer concentrations exceeding 20–30 ppm, probably
corresponding to the maximum drag reduction asymptote. The pol-
ymer concentration of the solution introduced into the canal was set
to c ¼ 20 ppm by adjusting the mass rate of polymer powder to the
flow rate of the canal: Qm−polymer ¼ cρwaterQwater ¼ 696 kg=h, with
ρwater¼ 1,000 kg=m3. For an injection lasting 15 consecutive hours,
the supplied quantity of water-soluble polymer reached 10.5 t.

Before injecting the polymer into the canal, the powder was first
hydrated. The hydration installation comprised (Fig. 3) a hopper for
continuous feeding of the polymer powder, a metering device for
polymer dilution, and a polymer wetting cone connected to a water
inlet circuit fed with water from the canal using a pumping loop.
The wetting cone was also connected to a second adjustable flow
rate volumetric pump, ensuring the transfer of the dissolved poly-
mer solution in a hose with three connections for the supply of pol-
ymer solution to the canal. The three injection points were placed
regularly across the section at the center of the canal and 1.5 m
away from each bank (Fig. 3).

The polymer solution was continuously injected into the Tri
Sate Canal at the upstream section from 6:00 a.m. until 9:00 p.m.
using a hose laid through the canal width, firmly attached to the end
of the hose so as not to be taken away by the hydrodynamic forces
of the flow. To estimate the length required for homogenization of
the polymer, we applied the Rutherford (1994) method based on
the 5% criteria, assuming that the polymer would behave as a
passive tracer and considering the three injection points (Fig. 3).

Using a dimensionless transverse mixing coefficient εy=hu� ¼
0.17 (where u� is the friction velocity) and a ratio U=u� ¼ 10
(where U is the sectional-averaged velocity), the length for perfect
mixing equals about 1.1 km, that is, about half the distance from
injection to Bridge #1.

Water Depth Measurements

Over the studied domain, the canal is crossed by ten bridges (Fig. 2);
the bridges were used in this study as monitoring points for their easy
access to the centerline of the canal. A set of ten ultrasonic sensors
attached to the ten bridges measured the time evolution of the water
depth every 10 min. Three measurements were taken one after the
other over a few seconds and the averaged value was recorded with
an uncertainty estimated at about 0.5 cm. In addition, a time-lapse
camera was installed in front of a ruler to record the time evolution of
the water depth in the canal at 15 km downstream from the injection
point (video available at SNF-Group 2016).

Measurement Results

The time evolution of the water depth variation at the ten bridges is
depicted in Fig. 4. For the sake of efficiency, measurements started
late at the most downstream sections, and all measurements were
stopped a few hours after the end of the water depth variation.
Because the polymer injection was maintained at a constant value
during the whole measurement campaign, the present data permits
the effect of the arrival of the polymer cloud at the ten monitoring
sections and the steady flow with polymer addition to be analyzed
but not the back-to-normal conditions.

Fig. 4 confirms previous experiments in laboratory conditions,
that adding polymers to a large-scale watercourse reduces water
depth. As the polymer arrived at a cross section, water depth
decreased quite linearly with time and eventually reached a lower
plateau of maximum drag reduction with a constant reduced water
depth. However, at several sections a slight water depth increase
was observed just before the decreasing depth tendency; this can
presumably be attributed to the propagation of gravity waves fol-
lowing polymer injection.

Water depth was reduced by up to 26 cm at Bridge #1; this rep-
resents 17% of the initial water depth. However, the magnitude of

Fig. 2. Study site and identification of monitoring points.
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Fig. 3. (a) Polymer dispersion device located in a container installed next to the canal; (b) close-up view of the dispersion device, including hopper,
metering device, wetting cone, pumping loop, flow rate volumetric pump, and hose with three connections; (c) the three injection points; and
(d) close-up view of an injection point.

Fig. 4. Time evolution of water depth variation for monitoring Bridges #1 to #10. Water depth reduction at Bridge #6 exceeded that at Bridge #5 due
to a higher initial local water depth (1.17 m at Bridge #6 compared to 1.01 m at Bridge #5). Note that the measurement device did not work from
9:00 p.m. to 10:00 p.m. at Bridge #10.
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water depth reduction and the efficiency of drag reduction de-
creased heading downstream (Figs. 4 and 5). The relative water
depth reduction decreased almost linearly with distance from the
injection point and vanished at a distance of about 25 km down-
stream, at which the water depth was hardly affected by the poly-
mer addition. However, for the measurement section farthest
downstream at Bridge #10, the water depth increased after the
arrival of the polymer front and reached a constant plateau of in-
creased water depth 5.5% higher than the initial depth (see discus-
sion in the following).

The time interval from the beginning of injection (6:00 a.m.)
until the beginning of water depth reduction (full circle) is plotted
in Fig. 6 for all measurement points. This graph confirms that the
polymer front traveled from the injection point to the monitoring
sections at the cross-sectional averaged velocity. The square sym-
bols in Fig. 6 correspond to the time required to reach the maximum
drag reduction. The time difference between the arrival of the poly-
mer front and maximum drag reduction increased from 1.8 h at
Bridge #1 to 3 h at Bridge #9. This result was in fair agreement
with the well-known longitudinal dispersion process of a scalar
cloud (El Kadi Abderrezzak et al. 2015): the further downstream
from the injection point, the wider the curve of concentration versus
time at a given point in a watercourse.

Fig. 5 reveals that the increased sectional-averaged velocity
reached 23% at Bridge #1, and this increase in velocity decreased
approximately linearly to a value of zero at Bridge #9; velocity de-
creased at Bridge #10. The resulting sectional-averaged velocity
ranged between 0.43 and 0.76 m=s. These velocities can be com-
pared to the critical velocity at which bed erosion is expected to
take place. Critical velocity computed using the Zanke (1977) for-
mula (cited, for example, by Dey and Papanicolaou 2008) was

about 1.1 m=s, higher than the cross-sectional averaged velocities
at all monitored sections both before and during polymer injection.
No major erosion was expected, therefore; this was confirmed by
an on-site survey a few days after the experiments, when the canal
was emptied for the winter season, and by areal images taken from
a drone before and during the polymer injection. No major changes
in turbidity in the water column and, therefore, no major changes in
sediment discharge were evident (not shown here).

Based on the water depth decrease for a fixed discharge, the
effect of the polymer can be seen as a reduced Manning friction
coefficient. Fig. 7(a) plots the equivalent Manning coefficient com-
puted at the maximum drag reduction plateau for each measure-
ment section. As expected, the Manning coefficient reduction was
greatest in the upstream-most monitored sections and decreased
heading downstream. At Bridge #1, the Manning coefficient was
reduced by 40%. The discharge capacity of the canal (bank-full
discharge) was increased by more than 60% near the injection
point, but this enhanced capacity decreased heading downstream
[Fig. 7(b)]. At Bridge #9 the Manning coefficient was hardly af-
fected by the polymer inclusion, in agreement with previous obser-
vations that water depth hardly evolved with time at this location.
Finally, at the downstream-most measurement section (Bridge #10),
the equivalent Manning coefficient seemed to increase [Fig. 7(a)] and
the discharge capacity was reduced [Fig. 7(b)].

From the present data set, the reason for the increase in water
depth at Bridge #10 remains unclear. We examined two hypotheses
to explain such an increase but without a satisfactory conclusion.
On the one hand, the flow disturbance induced by the reduction in
water depth in the upstream part of the canal was likely to induce
the propagation of gravity waves. However, this would lead to a
behavior similar to the water depth augmentations recorded at
Bridges #1, #2, #3, and #7—that is, a temporary increase followed

Fig. 5. Relative maximum water depth reduction (circles) and cross-
sectional averaged velocity increase (crosses) as a function of distance
from injection.

Fig. 6. Time required for initiation of water depth increase (when avail-
able, triangles), initiation of water depth decrease (full circles), and in-
itiation of maximum drag reduction (open squares) as a function of
distance from injection point. Plain line represents the theoretical arri-
val time of flow based on mean cross-sectional averaged velocity.

Fig. 7. (a): Manning friction coefficient n computed for all measure-
ment sections once maximum drag reduction was reached (dots) along
with initial Manning coefficient (plain line); and (b) increase in dis-
charge capacity at maximum drag reduction.

© ASCE 05021003-5 J. Hydraul. Eng.
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by a reduction in water depth, not a plateau as measured at Bridge
#10. On the other hand, based on a mass balance consideration, the
transient water depth decrease in the upstream part of the studied
area (Bridges #1 to #9) should be balanced by a temporary increase
in flow discharge further downstream. Again, this should lead to a
temporary water depth increase further downstream, not to a pla-
teau. Consequently, no clear explanation for the water depth evo-
lution at Bridge #10 is available so far based on the current data set.
This effect requires further attention in subsequent field campaigns
and could possibly be better understood based on a validated com-
putational model of the canal.

Discussion: Amount of Injected Polyacrylamide and
Its Short and Long-Term Fates

During the test, for an injection lasting 15 consecutive hours, the
supplied quantity of PAM water-soluble polymer reached 10.5 t.
The European Commission (2002) reported that in the European
Union 100,000 t of PAM are used each year; about half of this
quantity is devoted to the water industry for water clarification,
waterworks sludge treatment, and sewage sludge thickening. PAM
is considered relatively nontoxic to humans, animals, fish, or
plants, but this is not the case for acrylamide (AMD, monomer)
(Joshi and Abed 2017), which is classified as a toxic compound
for terrestrial and aquatic organisms. Residual AMD content in
PAM is strictly regulated in Europe. The anionic polyacrylamide
produced by SNF and used in the present work, contains less than
1,000 mg=kg (0.1% in mass) of residual AMD (HES SNF 2017),
thereby satisfying European regulations (Guezennec et al. 2015).
In addition, because the concentration of PAM in the water was
20 ppm (about 20 mg=L), a maximum AMD concentration of
2.10−2 mg=L was delivered to the environment during the 15 h
of the present test.

The impact of polyacrylamide and acrylamide on living organ-
isms and their fate in the environment have been studied by authors
such as Caulfield et al. (2002), USEPA (2007), and Harford et al.
(2011). The European Commission (2002) reported results from
dedicated tests and reviews from the literature regarding acute tox-
icity to a selection of fishes (in their Table 3.13), to aquatic inver-
tebrates (Table 3.14), and to plants, microorganisms, amphibians,
and other fauna/flora. This report summarized the available 24-,
48-, and 96-h median lethal concentration (LC50) and no-observed-
effect concentration (NOEC) of acrylamide. For instance, the report
indicated that Petersen et al. (1985) measured a 24-h LC50 for rain-
bow trout (Oncorhynchus mykiss) of 300 mg=L of acrylamide and
a 48-h NOEC for Daphnia magna of 60 mg=L of acrylamide; these
concentrations vary from one species to another depending on
parameters such as the size or age of the organisms or the water
temperature. Other authors have reported lethal concentrations
of PAM itself (not AMD). For instance, De Rosemond and Liber
(2004) reported a 48-h LC50 for Ceriodaphnia dubia equal to
218 mg=L of PAM. Harford et al. (2011) reported much smaller
values—an inhibitory concentration of 10 mg=L for cladocerans—
indicating that LC50 can be attributed also to modifications of the
physical properties of water or food by the polymer. Petersen et al.
(1985) reported a half-life elimination from the trout metabolism of
several days.

To study the midterm fate of PAM, in situ samples were col-
lected from the water and the bed sediment. Water samples were
taken (1) the day before, (2) at 8:00 p.m. on the day of injection—
that is, 14 h after the beginning of polymer injection—at each of
the ten monitoring points, and (3) the day after the experiment.
Samples were then analyzed by the SNF laboratory in France to

evaluate the PAM concentrations and assess the impact of the
PAM injection on the physicochemical properties, acrylamide con-
centration, and flocculation tendency of the water; the results are
listed in the following. Table 1 reveals that the water samples taken
before and after polymer injection had the same physicochemical
properties. Second, the analysis of the water samples taken at the
ten measurement points during polymer injection did not permit
any AMD detection, because the AMD concentrations were below
the detectable limits of quantification of the technique, that is, less
than 0.1 mg=L. Third, Fig. 8 reveals that the injection of PAM did
not cause flocculation in water taken at Bridge #2. Flocculation
could reduce the available nutrient concentration for fauna/flora liv-
ing in the watercourse. Fourth, Fig. 9 compares the appearance of
water samples taken at the injection point, at Bridges #3, #5, and
#8, and plain water from the canal with a controlled added concen-
tration of 20 ppm of PAM. This comparison seems to indicate that
the sample taken at the injection point contained more than 20 ppm
of PAM (higher compaction, maybe due to a nonperfect injection
process), while samples taken at the bridges further downstream
contained less than 20 ppm (lower compaction, maybe due to some
deposition on the bed).

In an initial aim to estimate the deposits of PAM on the bed
of the canal, sediment samples were collected just after the trial.
Nevertheless, although there are a number of published methods
for identifying PAM in soils, many methods suffer from technical
challenges when measuring low concentrations (Kang et al. 2014).
Consequently, estimates of the adsorption of anionic polymers by
the sediments of the watercourse cannot be provided. However, the
canal was emptied at the end of October 2019, and no visual evi-
dence of PAM deposits could be observed either at the injection
point or further downstream.

The midterm fate of injected compounds in water was examined
by Guezennec et al. (2015) in a dedicated review paper. The authors
stated that the amount of acrylamide in the water should not increase
over time, because generation of AMD through PAM degradation is
not expected, as previously studied by Soponkanaporn and Gehr
(1989). The review indicated that PAM should be adsorbed rapidly
by bed sediments and detailed the different mechanisms (mechani-
cal, chemical, bacterial, enzymatic) for its degradation. The review
also indicated that AMD is hardly adsorbed by beds and should re-
main within the water column, where its degradation can take several
days. The rate and possibility of degradation appears to be dependent
on conditions such as soil nature and content, pH, temperature, and
so forth. The main finding was the lack of pertinent and detailed data
about the behavior, fate, and impact of PAM-based flocculants in the
environment. More recent reviews have addressed the same topics
with about the same conclusions (Joshi and Abed 2017; Xiong et al.
2018), adding more recent specific studies on biodegradation of
PAM and AMD. Wennberg et al. (2017) added that biodegradation
of PAM decreases with its molecular weight, affecting the possibility
of its biodegradability in seawater.

Table 1. Characteristics of canal water taken at Bridge #3 collected the day
before trial, at 5∶30 p.m. during the trial, and the day after injection

Time

Dynamic
viscosity

(10−3 Pa · s)
Turbidity
(NTU) pH

Electrical
conductivity
(S · m−1)

Before
injection

1.01 3.20 6.8 0.045

During
injection

1.06 3.27 6.8 0.045

After injection 1.03 3.25 6.8 0.045
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However, none of the published works on the toxicity and
lethality in hydrosystems of residual monomer (AMD) involved
the injection of high volumes of PAM (even at low concentration)
as was the case in the present work, in which about 10.5 t were
delivered on the same day (at a 20 mg=L concentration) at a given
location of a watercourse. Although no evidence of accumulation
on the bed or of fish and invertebrate lethality was observed, more
work should be undertaken on the environmental consequences of
very high PAM volume released in geophysical open channels
(even at relatively low concentrations) possibly leading to local pol-
ymer accumulation in the bed before the procedure proposed herein
is further considered for application in the field.

Conclusion

The present paper aimed at assessing the possible drag reduction by
injection of a polymer in a large-scale open-channel watercourse
and at measuring the water depth decrease and gain in discharge

capacity. A quantity of 10.5 t of polymer was continuously injected
in an irrigation canal under steady inflow discharge over 15 h, and
the water elevation along the centerline of the canal was recorded at
10 sections downstream over a 26-km-long reach. Most measure-
ment sections exhibited a reduction in water depth, with the most
efficient reduction being obtained at the upstream-most section
but with a decreasing drag reduction efficiency downstream.
However, the downstream-most measurement section exhibited
a slight water depth increase. An estimate of the Manning friction
coefficient during the release confirmed a maximum reduction in
friction coefficient near the injection point. Finally, as expected,
analyses of water and soil samples indicated that the concentration
of the residual monomer (acrylamide) was very low in the water
and the soil.

Drag reduction appears to be effective in large scale and high
Reynolds number configurations. However, the selected canal was
particularly adapted to drag reduction, given the limited number of
emerging obstacles (such as emerging vegetation), its quite pris-
matic shape, which limited the number of geometrical singularities

Fig. 8. Flocculation test results with water taken below Bridge #2 (a and c) the day before the polymer injection; and (b and d) at 8:00 p.m. during the
experiment.

Fig. 9. PAM analysis by flocculation method for samples taken at 8:00 p.m. during the trial.
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(enlargements, dead zones, dikes, etc.), and the relatively smooth
nature of the bed. The present work was performed in a man-made
channel, and the transfer of the technique to a more natural water-
course should be performed with care.

The experiment presented here was a proof-of-concept of drag
reduction by polymer injection at large scale. From a technical per-
spective, more experiments are required to assess the robustness of
the method and to enable the prediction of water depth reduction as
a function of time, distance from injection, flow discharge, polymer
discharge, sediment load, and so forth. For potential flood control
applications, the optimal timing of polymer injection needs to be
further studied in order to mitigate any detrimental effects in down-
stream sections of a watercourse. Before considering application of
this technique in the field, thorough impact assessments are re-
quired to account for the particular vulnerability of the ecosystems
in a considered watercourse and its floodplains and downstream
areas, notably in terms of risk for water use for agriculture and
drinking water and for fauna and flora in the river and the bed.
Any field application would need to be implemented in agreement
with authorities and under the condition that risks and benefits have
been carefully balanced and that wide societal acceptance has been
gained.

Data Availability Statement

All data that support the findings of this study are available from the
corresponding author upon request.
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