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Abstract
This article provides a review of the recent progress in understanding and predicting additives-induced drag 
reduction (DR) in turbulent wall-bounded shear flows. We focus on the reduction in friction losses by the dilute 
addition of high-molecular weight polymers and/or fibers to flowing liquids. Although it has long been reasoned 
that the dynamical interactions between polymers/fibers and turbulence are responsible for DR, it was not until 
recently that progress was made in elucidating these interactions in detail. Advancements come largely from 
numerical simulations of viscoelastic turbulence and detailed measurements in turbulent flows of polymer/fiber 
solutions. Their impact on current understanding of the mechanics and prediction of DR is discussed, and 
perspectives for further advancement of knowledge are provided.
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1. Introduction

Over the last decades, there has been a steady increase 
in the number of scientific events and publications dedi-
cated to the phenomenon of Drag Reduction (DR) in tur-
bulent wall-bounded flows. The reduction in turbulent 
friction losses by the dilute addition of high-molecular 
weight polymers, fibers or other types of additives (e.g. 
surfactants) to flowing liquids has been extensively stud-
ied since the phenomenon was first observed over 70 
years ago. One of the reasons is the huge practical impor-
tance of turbulent DR in a wide range of process engi-
neering applications that are commonly found in the food, 
pharmaceutical, and biomedical industries (Han et al., 
2017; Bhambri et al., 2016; Jovanović et al., 2006). Indeed, 
almost all these applications, such as transport of crude 
oil in pipelines (Hart, 2014) or heat transfer and exchange 
(Tiong et al., 2015; Fsadni et al., 2016), involve the use of 
drag-reducing additives in gas-liquid/liquid-liquid flows.

It has long been argued that DR is determined by the 
dynamical interactions between additives and turbulence 
(see Lumley, 1969; Berman, 1978 for further details), yet 
it was not until recently that progress had been made in 

understanding these interactions and predicting DR in 
turbulent shear flows. Advancements have been granted 
by the possibility to perform high-fidelity simulations of 
viscoelastic turbulent flows and detailed measurements of 
turbulence in dilute/semi-dilute additive solutions, mostly 
via non-invasive optical techniques. Facing the applica-
tions quest for more quantitative information on DR 
mechanisms, numerical and experimental techniques 
characterized by unprecedented accuracy and access into 
the flow have been developed to disclose new features 
that are peculiar of additive-induced DR phenomena. In 
this review, we address precisely these phenomena, focus-
ing on the case of polymer- and fiber-induced DR in tur-
bulent wall-bounded shear flows. DR phenomena are 
discussed in connection with current physical understand-
ing of how polymers and/or fibers interact with the vari-
ous scales of turbulence: from the small scales resolving 
the flow in Lagrangian models to the large-scales of 
Euler-Euler models. Since the targeted field of research is 
extremely vast, we will cover only the issues relevant to 
the use of high-molecular weight polymers and fibers as 
Drag-Reducing Agents (DRA) in processes of industrial 
interest, leaving other types of additives (surfactants, 
micro-bubbles and compliant coatings) and applications 
out of the discussion.

2. Background: Phenomenology of DR

In this section, we will try to highlight current under-
standing of the microscopic interactions that occur  
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between the coherent structures of the flow and the addi-
tive, which govern the macroscopic features of DR phe-
nomena. The essential dynamical interactions were poorly 
understood and remained largely unknown until faithful 
direct numerical simulations (DNS) of polymer/fiber- 
induced DR in channel flows became feasible (Kim et al., 
2008). We will discuss such interactions considering the 
review by White and Mungal (2008) as the starting point 
to provide an update on the advancements that have been 
achieved over the last decade through numerical and ex-
perimental evidence. In their review, White and Mungal 
(2008) already established that DR produced by polymer 
and/or fiber additives can be described phenomenologi-
cally as the outcome of dynamic interactions that take 
place between the additive and the turbulent flow. This 
interaction leads to a significant modification of the near-
wall turbulence structure, as demonstrated, for instance, 
by the LDA measurements of viscoelastic polymer solu-
tions of Escudier et al. (2009), thus altering the nature and 
strength of the coherent structures that populate this re-
gion of the flow and play a crucial role in the self- 
sustaining mechanism of wall turbulence. The reader is 
referred to Marchioli and Soldati (2002) and Picciotto et 
al. (2005), and references therein for further details on 
these mechanisms. A nice pictorial view of this process, 
as induced by rigid neutrally-buoyant fibers, was given by 
Paschkewitz et al. (2004, 2005), and is shown in Fig. 1. 

Panels (a) and (b) of this figure show the effect of the fi-
bres on the near-wall vortices, which are usually referred 
to as Quasi-Streamwise Vortices (QSV) and are visual-
ized here using iso-surfaces of the second invariant of the 
velocity gradient tensor (Blackburn et al., 1996). In the fi-
ber flow, QSVs are both larger and weaker, and the con-
tours of the wall-normal velocity show an increase in 
spacing. The vortices are also spread out over a larger re-
gion in the wall-normal direction relative to the Newto-
nian flow. In the case of fibers, this happens because 
fibers that move through the high stress regions of the 
flow (phase I in Fig. 1), most pronounced in regions of in-
tense vortex activity, generate large stresses and body 
forces that oppose to vortex motion (phase II). This inter-
action weakens the vortices and enhances fiber alignment 
in the flow direction (phase III). Upon fiber reorientation, 
the reduction in local fiber stress allows the vortices to re-
emerge and the turbulence is sustained in a weakened 
state (phase IV).

A similar phenomenology is observed in the case of 
polymer-induced DR, and is summarized in Fig. 2, taken 
from Graham (2014). This figure refers to situations in 
which the ratio of the elastic forces to the viscous forces 
within the flow, parameterized by the Weissenberg num-
ber Wi (defined more precisely in the next section), are 
low to moderate. In the case of Newtonian turbulence, the 
flow is characterized by active intervals, dominated by 
strong three-dimensional, coherent vortical motions 
(Marchioli and Soldati, 2002), for the majority of the time 
and only occasionally enters hibernation intervals. Once 
Wi exceeds an onset value, indicated as Wio in the figure, 
these flow structures start to stretch the polymer chains. 
Such stretching weakens the near-wall coherent struc-
tures, thus leading to reduction of the friction drag (re-
garded as the primary mechanism operating at low levels 
of DR). Specifically, the polymers are stretched within the 
low-speed streaks and relax as they get rolled into the 

Fig. 1  Instantaneous visualization of near-wall vortices and wall- 
normal velocity contours for (a) single-phase Newtonian and (b) fiber- 
laden channel flow. Fiber parameters: Peclet number Pe = 1000,  
aspect ratio λ = 100, concentration nL3 = 18. Velocity contours are 
equally spaced in the range ±0.013Uc with Uc the centerline velocity. 
Panel (c): Mechanism for fiber-induced DR. I. Fibers align in inter- 
vortex regions. II. Fibers generate large stresses and body forces that 
oppose vortex motion. III. Vortex structures are dissipated and fibers 
realign in flow direction. IV. Vortices re-emerge and cycle repeats.  
Reproduced with permission from Paschkewitz et al. (2004).

Fig. 2  Schematic of the stochastic cycle displayed by viscoelastic tur-
bulent minimal channel flow at low Reynolds number (Re ∼ 3000) and 
moderate Weissenberg number (Wi ∼ 25). Reproduced with permission 
from Graham (2014).
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streamwise vortices. The resulting polymer force works 
to loosen the vortices. As Wi further increases, polymer 
stretching by turbulence becomes persistent and stresses 
accumulated over time reach: The polymer chain is de-
formed more rapidly than it can relax, so a threshold value 
beyond which the active turbulence can no longer sustain 
itself is reached: Flow hibernation sets in and allows the 
polymer molecules to relax again. Once the turbulence 
becomes active again, the cycle repeats. Note that this 
scenario implies that DR is primarily a near-wall phenom-
enon. Under these circumstances, a limiting state may be 
reached, in which turbulence must be entirely suppressed 
near the wall (Graham, 2014; Wang et al., 2014). The sce-
nario just described is in accordance with several studies 
(see Paschkewitz et al. (2004), Dubief et al. (2004, 2005) 
and Gillissen et al. (2008) among others) which revealed 
that the body forces due to polymeric stresses oppose the 
vortical motions of the QSV that populate the buffer layer 
that mediates momentum exchange between the near-wall 
region and core fluid in channels and pipes.

The similarity between the phenomenological interpre-
tations of Paschkewitz et al. (2004, 2005) and of Graham 
(2014) highlights the fact that polymer and fiber stress 
tensors show the same characteristics, at least in the low 
drag reduction regime as noted by Boelens and 
Muthukumar (2016). In particular, because fibers cannot 
store turbulent kinetic energy in their backbone, this 
mechanism has to be explained by viscosity effects. The 
macroscopic manifestation of the mechanism just dis-
cussed is a reduced wall friction, namely a modified mean 
velocity profile, a redistribution of the shear stress inside 
the boundary layer and a reduction in the energy dissipa-
tion rate at length scales close to the lower end of the en-
ergy cascade yet still within the inertial range (de 
Chaumont Quitry and Ouellette, 2016; Xi et al., 2013; 
Ouellette et al., 2009).

Further evidence of the above-mentioned mechanisms 
has been provided by the analysis of the effect of elasticity 
on the coherent flow structures, which suggests that the 
self-sustaining process of wall turbulence becomes 
weaker because the additive is able to counteract both the 
biaxial and uniaxial extensional flow regions around 
QSVs (Roy and Larson, 2006). Above the buffer layer, 
however, hairpin vortices are more prevalent than QSV. 
In Newtonian flows, hairpins can regenerate to form hair-
pin packets that produce large amounts of streamwise ki-
netic energy, as well as multiple ejections resulting in 
turbulent bursts and formation of new QSVs (Adrian et 
al., 2000). Further, hairpin vortex packets significantly 
contribute to the mean Reynolds shear stress (Jodai and 
Elsinga, 2016; Ganapathisubramani et al., 2003), which 
has two parts: the coherent stress caused by non-linear in-
teractions among individual vortices within the packet 
and incoherent stress originated from velocity fluctuations 

induced by each vortex (Lee and Sung, 2011; Adrian et 
al., 2000). In drag-reduced flows, the hairpins in the log 
layer are weakened by the counter torques produced by 
the additive (Kim et al., 2007), similarly to what happens 
to QSV in the buffer layer. Kim et al. (2008) have exam-
ined the time evolution of hairpin packets interacting with 
a polymer conformation field, showing that the non-linear 
threshold of initial vortex strength required to trigger  
auto-generation of new hairpins increases as the flow vis-
coelasticity increases, especially in the buffer layer. In 
other words, the generation of new vortices is suppressed 
by the polymer stresses, thereby decreasing the turbulent 
drag. Similar findings were obtained by Guan et al. (2013) 
and Fu et al. (2014). Guan et al. (2013) used time-resolved 
particle image velocimetry to investigate the effect of 
DRA on the spatial topological character of coherent vor-
tices in wall-bounded turbulence. Although the (polymer) 
additive solution was not found to affect the spatial topo-
logical shape of these vortices, a drastic decrease of the 
associated fluctuating velocity and velocity derivatives in 
the solution was observed. The resulting reduction of the 
wall friction was ascribed to the suppression of vortex oc-
currence and intensity. Fu et al. (2014) used particle image 
velocimetry in combination with planar laser induced flu-
orescence to investigate DR in turbulent channel flow 
upon inhomogeneous injection of polymer solution from 
one channel wall. The focus of the study was polymer dif-
fusion, which controls the local polymer concentration 
and was found to be suppressed due to turbulence inhibi-
tion compared to the diffusion of a passive scalar in un-
laden turbulence.

Very recently, Elsnab et al. (2019) have provided new 
experimental evidence of the effect of DR on the structure 
of turbulence in channel flow. These authors have shown 
that, for the DR between 6.5 % and 26 %, several fluid 
velocity statistics (e.g. the mean profile slope in the iner-
tial sublayer or the peak value and peak position of the 
streamwise r.m.s.) tend to increase with DR in a continu-
ous and essentially linear manner, whereas the relation-
ship between the injected polymer concentration and the 
level of DR is nonlinear. According to Elsnab et al. (2019), 
a primary effect of polymer is that it limits near-wall vor-
ticity stretching and reorientation, and thus attenuates/
delays the three-dimensionalization of the vorticity field. 
This scenario is corroborated by the observed onset of the 
inertial layer at large-enough wall distance, as well as an 
increase in the scale of the organized vortical motions, 
and, finally, a reduction in the overall scale separation in 
the inertial range.
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3. Onset of DR, maximum DR and available 
theoretical frameworks

Two features of DR due to additives have been considered 
extensively in archival literature: the onset of DR and the 
so-called Maximum Drag Reduction (MDR) asymptote. 
In this section, we will recall these features showing how 
the physical mechanisms of DR and the underlying dy-
namical interactions between additives and turbulence 
have been incorporated in suitable criteria to predict DR.

Scaling arguments and experimental data have led to 
devise a time criterion for polymer-induced DR in wall-
bounded flows (Hershey and Zakin, 1967; Lumley and 
Kubo, 1985), which requires that for DR to occur, the 
polymer relaxation time must be longer than a representa-
tive time scale of the near-wall turbulence, i.e., s
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 τ
>  

 
  

, 
where Tz is the average time taken by a stretched polymer 
to return to a coiled configuration, μs and ρs are the vis-
cosity and the density of the solution, and w s/u  τ =  

 
  

 
is the wall friction velocity, with τw the wall shear stress. 
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, where N is the 

number of repeating monomers in the polymer molecule, 
a is length of a single monomer (the repeat unit from 
which a polymer is built), kB is the Boltzmann constant, 
and T is the solution temperature (Flory, 1953). According 
to the classical formulation of the time criterion, onset of 
DR occurs when the ratio of the polymer timescale to the 
timescale of the near-wall turbulence, defined as the wall-

shear Weissenberg number 
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, is of order unity. 

Whenever this condition is met, the polymer molecule 
undergoes the so-called coil-stretch transition (Somani et 
al., 2010): Molecules become abruptly stretched and the 
elongational viscosity increases, up to several orders of 
magnitude. Elongational viscosity increases preferentially 
near the wall, where the extensional strain rates are the 
highest, and acts to suppress turbulent fluctuations, in-
crease the buffer layer thickness and eventually reduce 
wall friction (Sher and Hetsroni, 2008). The flow-induced 
coil-stretch transition of high molecular weight polymers 
has generally been considered to be of first order (Ghosal 
and Cherayil, 2018). However, there is evidence of signifi-
cant slowing down in the rate at which the polymers relax 
to equilibrium in the vicinity of the transition: This sug-
gests that the transition may be more complex, since the 
slowing down effect is typical of a second-order transi-
tion, and characterized by a broad spectrum of conforma-
tional states (Ghosal and Cherayil, 2018).

A recent development of the time criterion for DR has 
been put forth by Boelens and Muthukumar (2016), who 
investigated numerically the drag-reducing mechanism in 
the onset regime for both flexible polymers and rigid fi-

bers. Based on the similarity of the polymer and fiber 
stress tensors in turbulent flow, these authors infer that a 
common drag-reducing mechanism exists, and suggest 
that it must be associated with a viscous effect. In particu-
lar, they find that all terms in the stress tensor are negligi-
ble, except the off-diagonal terms associated with rotation: 
Therefore, DR arises from rotational motion of fibers and 
partially stretched flexible chains. Based on these obser-
vations, the rotational orientation time is proposed as the 
unifying time scale to characterize DR by both types of 
additive. This time scale can be defined as τr = KVrμs/kBT, 
where K is a proportionality constant including terms re-
lated to the shape and the volume of the rotating molecule, 
and Vr is the free space per molecule. The rotational ori-
entation time of rod-like macromolecules can be obtained 
either directly by dielectric measurements or by relaxation 
of dichroism, or indirectly by viscoelastic measurements 
(Boelens and Muthukumar, 2016).

The time criterion for DR is generally confirmed by 
numerical and experimental data, yet the omission of 
polymer concentration represents a serious limit to the 
application of the criterion for predictive purposes. In-
deed, several works in which mono-disperse polymers 
characterized by a single value of TZ (instead of a distri-
bution of TZ as found for poly-disperse polymers) have 
demonstrated that the onset of DR depends systematically 
on polymer type and concentration (Campolo et al., 2015; 
Yang and Ding, 2013). The contribution of concentration 
in determining the onset of DR has been accounted for in 
the context of the so-called elastic theory developed by 
De Gennes and co-workers (Tabor and De Gennes, 1986; 
de Gennes, 1990) based on the elastic behaviour of 
stretched polymers. According to this theory, DR by coil-
stretch transition occurs when the elastic energy stored by 
the partially-stretched polymers, which increases with de-
creasing length scale of turbulence (i.e. increased stretch-
ing characteristic of turbulence dynamics), becomes 
comparable to the energy of the turbulent flow, which de-
creases with the scale size. When this situation occurs, 
the elastic energy interferes with the turbulent cascade 
mechanism preventing it to proceed all the way to the 
Kolmogorov scale (Xi et al., 2013). This can lead to buffer 
layer thickening and reduced drag. Experimental mea-
surements by Ouellette et al. (2009, 2016), who studied 
the effect of long-chain polymers on the Eulerian struc-
ture functions in a turbulent von Kàrman swirling flow, 
support this framework as they indicate that the introduc-
tion of polymers into the flow modifies the energy cas-
cade by extracting turbulent kinetic energy from the flow 
and partially dissipating it directly (Valente et al., 2014). 
As a result, the rates of energy injection, transfer and dis-
sipation for the turbulence are no longer all equal, as they 
must be in Newtonian turbulence where viscosity pro-
vides the only mechanism of energy dissipation.
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When the elastic theory is applied to homogeneous iso-
tropic turbulence, one might expect that, for a given com-
bination of the polymer and the flow and using the same 
notation as in Sreenivasan and White (2000), a turbulent 
length scale r* exists, whose corresponding time scale τr* 
matches TZ, as sketched in Fig. 3(a). This length scale can 
be expressed as r* = ur*TZ, with ur* the velocity scale 
characteristic of the scale r*. Following Kolmogorov 41 
theory, such velocity scale can be expressed as ( )*

1/3*
ru r=   

 
  

 
( )*

1/3*
ru r=   

 
  

. Polymer molecules are expected to undergo 
stretching by all scales smaller than r* and to affect the 
flow only at scales smaller than r**. The scale r** is 
smaller than r* and can be determined assuming that the 
elastic energy per unit volume stored by the polymer 
equals the turbulent energy per unit volume that can be 
associated to that scale, as sketched in Fig. 3(b). Another 
crucial result of the elastic theory is the relation that con-
nects the elastic energy with the power law scaling of 
polymer stretching, which reads as **

** 5/2 2 ** 2/3
s sr[ ( )] ( )TG r u r  = =   

 
  

**
** 5/2 2 ** 2/3

s sr[ ( )] ( )TG r u r  = =   

 
  

 (Sreenivasan and White, 2000), where 
G = ckT/N is the elastic energy (c being the polymer con-
centration in units of monomers per unit volume) and the 
quantity on the right-end side is the turbulent kinetic en-
ergy at scale r**, which can be expressed via the energy 

transfer rate per unit mass through the inertial range, ϵT. 
Note that, in non-Newtonian turbulence, ϵT differs from 
the energy injection rate through the cascade and from 
the energy dissipation rate due to viscosity, since poly-
mers can provide a non-viscous mechanism for draining 
energy from the cascade (de Chaumont Quitry and 
Ouellette, 2016). When concentration is very small, the 
scale r** will be smaller than the Kolmogorov scale η and 
the turbulence will be unaffected by the polymer. A mini-
mum concentration exists for which r** = η, and onset of 
DR occurs. Following the onset, for a fixed value of the 
flow Reynolds number Re, DR initially increases with 
polymer concentration but saturates beyond a certain 
value. This threshold value for concentration corresponds 
to the so-called Maximum Drag Reduction (MDR), which 
is generally attributed to the dynamics being reduced to a 
marginal yet persistent state of subdued turbulent motion 
(Virk, 1975; Li et al., 2015; Choueiri et al., 2018). In the 
literature, the MDR asymptote is found to be identical for 
different types of polymer-solvent combinations (Calzetta, 
2010). For a fixed value of polymer concentration, DR ini-
tially increases with increasing Re, following a unique 
concentration-dependent trajectory up to a certain Re af-
ter which an abrupt change of trajectory is observed. Such 
change indicates the location at which the DR curve 
merges with the MDR asymptote.

One scenario is that MDR occurs when the concentra-
tion of the polymer is high enough to allow for un-
stretched coils to overlap. This implies (see also 
Sreenivasan and White (2000) for experimental valida-
tion) that 2 1

m sG u Wi −
τ= ⋅  

 
  

 where Gm is the elastic energy 
when concentration is equal to the value cm at which DR 
data cross over the MDR asymptote. Since this expression 
for Gm neglects the dependence on the scale r**, the fol-
lowing additional expression for the energy can be de-
rived (Sreenivasan and White, 2000):

1/3
m 5/6

2
s

  ,G Wi Re
u



 


    
 

  

	 (1)

where Reτ = uτR/ν is the shear Reynolds number of the 
flow (R being the characteristic size of the flow domain, 
e.g. the pipe radius in pipe flow) and β is a constant that 
can be determined upon comparison with experiments. 
For pipe flow, the best agreement with available data is 
obtained for β≃ 1, which implies that r** near the MDR 
asymptote scales with R. The interpretation of this scaling 
is that, at the MDR asymptote, a small amount of stretch-
ing (characteristic of length scales of order R) will be 
enough to make the elastic energy of the polymer compa-
rable to the turbulent kinetic energy of the fluid. When 
this condition is met, polymers cause the growth of the 
buffer layer thickness across the entire boundary layer.

In spite of the apparently sound theoretical ground on 
which the theory is based, and despite the agreement with 

Fig. 3  Schematic representation of the elastic theory for the onset of 
DR. Panel (a) shows the time scales in homogeneous turbulence, in-
cluding the onset length scale r*. The 2/3 power law is valid for scales 
larger than the Kolmogorov scale η, L being the largest flow scale. 
Panel (b) sketches the condition for which the scale r** can be deter-
mined, namely when the turbulent energy per unit volume, which 
scales as r2/3, is equal to the elastic energy per unit volume, which be-
gins to grow at r* and scales as [λ(r)]5/2, with λ(r) = (r*/r)n the power 
law of polymer stretching for r < r*. Reproduced with permission from 
Sreenivasan and White (2000).
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several experimental datasets, the phenomenological ex-
planation just discussed is not able to provide a unique 
bounding mechanism of MDR. First off, the theory is not 
self-consistent since it assumes that, whenever stretched, 
polymers can drain energy from the flow but also that 
they can affect the flow only at scales r < r** < r*. This 
inconsistency was addressed by Xi et al. (2013), who pro-
posed to modify the original elastic theory framework by 
balancing the rate of energy transfer rather than the en-
ergy itself. By doing so, these authors were able to iden-
tify the scale at which the additive is expected to affect 
the energy cascade and use this scale to collapse their ex-
perimental DR data on a single master curve. The same 
model, referred to as energy flux-balance model, has been 
assessed by de Chaumont Quirty and Ouellette (2016), 
who focused on the characterization of concentration ef-
fects on the Eulerian and Lagrangian structure functions. 
One example of their results is provided in Fig. 4, which 
shows the compensated velocity transverse structure 
function, DNN, expressed as:

3/2
NN

2/3
2

3 ( )   ,
4 T
D r
C r

    
  

 
  

	 (2)

where C2 is a known scaling constant. The figure com-
pares the compensated structure function for pure water 
with that obtained for polymer solution at varying con-
centration ϕ, expressed in ppm, at high Re but moderate 
Wi. As ϕ increases, the structure function reaches a pla-
teau at larger length scales and the value of this plateau is 
different from that measured in pure water. The important 
points, however, are that (1) data for different polymer 
concentrations are found to collapse when curves are res-
caled by the factor ϕ2/5 (see Xi et al. (2013) for further de-
tails), and (2) data collapse on two distinct curves: One 
for concentrations below 5 ppm and one for concentra-
tions above 10 ppm. Such different ϕ-dependent behaviour 
was ascribed to the possible onset of interactions between 
individual polymer chains, which are favoured at higher 
concentrations and are more likely at small Wi (e.g. below 
the range for which a sharp coil-stretch transition is ob-
served). Based on these findings, which were observed to 
hold also for structure functions in the time domain, de 
Chaumont Quitry and Ouellette (2016) concluded that the 
energy flux-balance model seems to be able to capture the 
essential effect of polymer concentration on turbulence, 
even if its application should be limited to dilute solu-
tions.

In addition, there is evidence of situations in which 
MDR occurs when the Reynolds stresses are due primar-
ily to the fluctuating stresses of the additive (see White 
and Mungal, 2008 for further details) and situations in 
which the polymer concentration field is inhomogeneous, 
e.g. in injection experiments: The theory does not take 
such inhomogeneities into account. Most importantly, 
however, the difficulty in predicting MDR comes from 
the fact that the flow, at the onset of MDR, does not reach 
a purely laminar state: Rather, turbulence is reduced (ei-
ther via elastic or viscous effects or both) to a marginal 
state at the edge between laminar and turbulent motion. 
This may suggest the existence of a peculiar self-sustaining 
transitional flow regime in which the stresses produced by 
the additive play a key role and promote DR mechanisms 
that are inherently different from those known for 
Newtonian f luids. Indeed, very recent results from 
Choueiri et al. (2018) provide evidence of a dynamical 
disconnection of the asymptotic state from ordinary tur-
bulence: These authors show that, for an appropriate 
choice of parameters, additives can reduce the drag be-
yond the MDR limit, eliminating turbulence and giving 
way to laminar flow. At higher polymer concentrations, 
however, the laminar state becomes unstable, resulting in 
a fluctuating flow with the characteristic drag of the MDR 
asymptote. At sufficiently high Reynolds numbers, such 
flows are observed to be structurally different from 

Fig. 4  Panel (a): Compensated transverse velocity structure function 
as a function of r/ηw, with ηw the Kolmogorov scale in flow of pure wa-
ter. Panel (b): same data as in panel (a) with length rescaled by a factor 
ϕ2/5, derived from the energy flux-balance model. Reproduced with per-
mission from de Chaumont Quitry and Ouellette (2016).
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Newtonian turbulence albeit being characterized by 
streak patterns that are similar to those resulting from 
elastoinertial turbulence at Reynolds numbers well below 
the threshold for Newtonian turbulence. This type of be-
haviour has brought to a new interpretation of MDR, 
which is based on the idea that the dynamics of the flow 
upon onset of MDR are driven by the elastoinertial insta-
bility for high-enough polymer concentrations (Choueiri 
et al., 2018; Samanta et al. 2013). In other words, the MDR 
limit and the characteristic approach towards it may be 
seen as the result of two states of turbulence: Newtonian 
turbulence and elastoinertial turbulence. When these two 
turbulent states coexist, a transition from one to the other 
is observed. Based on such observations, Choueiri et al. 
(2018) have proposed a state map for Reynolds number 
versus polymer concentration, in which the different man-
ifestations of turbulent flow observed for a specific type 
of additive (polyacrylamide) are summarised. This map is 
reported in Fig. 5 and shows a number of interesting fea-
tures. First, the onset of turbulence (the left lower branch 
in Fig. 5) is delayed by the action of polymers. Second, as 
Re is increased, turbulence sets in as localized turbulent 
puffs and, subsequently, to growing turbulent slugs pro-
vided that polymer concentration remains below a certain 
threshold of concentration (C < 20 ppm in Fig. 5). The 
onset of puffs and slugs is delayed compared to 
Newtonian fluids, and leads to mixed state which then 
eventually approaches MDR instead of allowing for com-
plete relaminarization of the f low. Third, above the 
threshold for concentration, fluctuations set in more uni-
formly in space and lack the spatial intermittent character 
of the Newtonian transition scenario. For a further in-
crease in concentration (C > 90 ppm in Fig. 5), this insta-
bility occurs at Re significantly smaller than the lowest 
value for which Newtonian turbulence would be observed. 

The important finding here is that, at intermediate con-
centrations, elastoinertial instability sets in before MDR 
is reached.

The discussion made so far highlights that drag reduc-
tion may be characterized by relatively few dimensionless 
groups, notably the f low Reynolds number and the 
Weissenberg number. Such parameter space has been 
nicely summarized by Graham (2014), and the schematic 
proposed by this author is shown in Fig. 6. In this figure, 
Ex is the extensibility number, representing the maximum 
value of the ratio between the extensional stress due to the 
polymer and the extensional stress due to the solvent, 
β = μs/(μs + μp) with μs the solvent viscosity and μp the ad-
ditive viscosity, while El = Wi/Re is the elasticity number 
(El = 0 for Newtonian flow). For a given set of experi-
ments, Ex and β  have constant value the schematic pro-
vides the DR map as a function of Re and Wi only. Each 
oblique line in the figure is characterized by constant El 
and represents a series of experiments at increasing flow 
rate. As Re increases, transition from laminar to turbulent 
flow occurs. The lowest oblique line, labeled “A”, corre-
sponds to small El. As flow rate increases, transition to 
turbulence occurs first, then at some higher flow rate, Wi 
becomes sufficiently large for the polymers to stretch and 
DR to set in. This onset Weissenberg number, denoted as 
Wio in the figure, is around 10–20. The MDR regime is 
eventually reached at Re much higher than those consid-
ered in the plot. The line labeled “B” corresponds to 
larger El, and refers to a situation in which transition oc-
curs at a sufficiently high Wi to prevent Newtonian turbu-
lence: Polymer relaxation is slow enough to leave the 
turbulence unaffected by viscoelasticity, yet the flow rate 
must still increase beyond transition to reach MDR. The 
line labeled “C” corresponds to values of El large enough 
to let the flow enter the MDR regime directly upon transi-
tion to turbulence. Finally, the line labeled “D” corre-
sponds to the case of elastoinertial turbulence (referred to 

Fig. 5  State map for Reynolds number versus polymer concentration. 
While Newtonian turbulence is controlled by the Reynolds number, 
elastoinertial turbulence and its instabilities are controlled by the rela-
tion between shear rate γ  

 
  

 and concentration. Iso-γ  
 
  

 lines are shown in 
the portion of the map where elastoinertial instabilities are observed. 
Reproduced with permission from Choueiri et al. (2018).

Fig. 6  Parameter space of turbulence and DR in dilute polymer solu-
tions. Boundaries are in general fuzzy and oblique. The linear stability 
limit Re = 5772 is also shown but is not relevant for the present discus-
sion. Reproduced with permission from Graham (2014).
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as early turbulence): In this case, transition can occur at 
significantly lower Re than in Newtonian flow. As men-
tioned by Graham (2014), the detailed correspondence be-
tween this regime and the MDR regime is still poorly 
understood. Experiments suggest the existence of a con-
tinuous transition from the laminar flow curve to the 
MDR curve, driven by the occurrence of some kind of 
linear instability of the laminar state at sufficiently high 
Re and El: To the best of our knowledge, however, no sim-
ulation data obtained from available viscoelastic constitu-
tive models has provided evidence of such linear 
instability yet.

4. Recent analyses of DR onset and MDR in 
wall-bounded turbulence

In this section, we provide a survey of both numerical 
and experimental analyses of DR onset and MDR in wall-
bounded flows, with a twist towards viscoelastic effects, 
to highlight current trends and research pathlines in the 
study of turbulence-additives interaction. Shahmardi et 
al. (2019) investigated the turbulent flow of a polymer 
solution in non-axisymmetric square ducts, using the 
FENE-P model to simulate the presence of polymers. The 
main macroscopic effect associated to the presence of the 
polymers is to modify the secondary flow by increasing 
the circulation of the streamwise main vortices and mov-
ing the location of the maximum vorticity towards the 
centre of the duct. In addition, the low- and high-speed 
streaks that characterize the fluid velocity distribution 
near the wall are found to grow in size and coherence. As 
far as the viscoelastic behaviour of the flow is concerned, 
the Weissenberg number is found to influence strongly 
the flow (as also shown in Zhou and Schroeder, 2016): 
The cross-stream vortical structures grow in size and the 
in-plane velocity fluctuations are reduced as flow elastic-
ity increases. Overall, the viscoelastic flow is less uniform 
than its Newtonian counterpart, even if the direct contri-
bution of the polymer stress term in the energy budget is 
found to be small in amplitude. The same type of numeri-
cal approach, namely direct numerical simulation of an 
incompressible FENE-P fluid, was employed by Li et al. 
(2015) and Teng et al. (2018) to study DR in both turbulent 
Poiseuille and Couette flow in a plane channel. Focus of 
the analysis was the additive-induced modification of the 
near-wall flow structures. In Poiseuille flow, the ratio of 
polymer relaxation time to the time scale of vorticity fluc-
tuations in the mean flow direction is found to remain 
close to unity in the near-wall region, from the onset of 
DR to MDR. Moreover, the average axial energetic vortex 
convection time is observed to increase with increasing 
DR while its rotation speed decreases. Since the rate of 
decrease in the rotation speed is found to exceed the in-

crease of the vortex convective time, MDR is achieved 
when these two time scales become nearly equal. A simi-
lar DR mechanism is observed in Couette flow only in the 
near-wall region. In the core region of the flow, differ-
ences are found, the most intriguing being the significant 
polymer stretching that arises from a more intense mutual 
exchange between the elastic potential energy and the 
turbulent kinetic energy of the flow (Teng et al., 2018). 
Also, the spanwise and wall-normal components of the 
conformation tensor are found to reach their peak value: 
Such finding is in contrast with that observed in Poiseuille 
flow, where polymer stretching and elastic/kinetic energy 
exchanges in the core region are negligible and peak val-
ues of the conformation tensor components occur near the 
wall (Teng et al., 2018).

White et al. (2018) also investigated polymer drag- 
reduced flow in a wall-bounded domain, focusing on the 
redistribution of mean momentum and the mechanisms 
underlying the redistribution processes in channel flow. 
From a mechanistic perspective, the experimental obser-
vations of White et al. (2018) indicate that polymers re-
duce the intensity of near-wall vorticity stretching, thus 
leading to an outward migration of the peak in the Reyn-
olds shear stress and its gradient. In turn, such migration 
leads to a reduced mean velocity gradient at the wall, a 
more gradual decay of the mean vorticity, and causes the 
wall-normal position where inertially dominated mean 
dynamics occurs to move outward from the wall. At high 
enough DR, the inertial sublayer runs out of physical 
space and ceases to exist: This implies that the state of 
MDR is attained only upon annihilation of the inertial 
sublayer.

Owolabi et al. (2017) investigated experimentally the 
turbulent DR mechanism in flow through ducts of circu-
lar, rectangular and square cross-sections using two 
grades of polyacrylamide (a flexible linear polymer) in 
aqueous solution having different molecular weights and 
various semi-dilute concentrations. The authors explored 
the relationship between DR and fluid elasticity, exploit-
ing the polymer mechanical degradation1 to vary the rhe-
ological properties of the solution. Under controlled 
degradation conditions, streamwise velocity profiles at 
various levels of DR indicated a thickening of the buffer 
layer, up to the entire cross-section at MDR, in agreement 
with previous studies (Gillissen and Hoving, 2012; 
Paschkewitz et al., 2004). Based on their measurements, 
Owolabi et a. (2017) were able to derive a quantitative 
prediction of DR from the knowledge of polymer relax-
ation time, flow rate and geometric length scale (using ei-
ther the Newtonian pressure drop combined with rheology 
data, or the average shear rate as an initial guess to  

1Mechanical degradation and its effects on DR will be discussed in 
Sections 5 and 6.
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determine Wi, combined with an iterative procedure). 
This prediction reads as:

c
c

1% 2
1 exp( )

DR C Wi
Wi Wi

     
　  

 
  

	 (3)

with C∞ the approximate limiting value of DR % as 
Wi→∞ and Wic the critical Weissenberg number for the 
onset of drag reduction (set to be Wic = 0.5, in agreement 
with the theory of Lumley, 1973). In observing a working 
functional dependence of DR % on Wi alone, the depen-

Fig. 7  Fanning friction factors at different flow rates and pumping times for (a) pipe, (b) rectangular channel and (c) square duct. Dotted lines repre-
sent the appropriate laminar flow equations for Fanning friction factor; dot-dashed lines represent the correlations of Blasius for pipe and square duct 
and of Dean for rectangular channel; solid lines represent the correlations of Virk (1975) for pipe and rectangular channel and of Hartnett et al. (1986) 
for square duct at MDR; the shaded regions represent f = ±10 % of MDR. Reproduced with permission from Owolabi et al. (2017).

Fig. 8  (a) Combined f-Re data for cylindrical pipe, rectangular channel and square duct (symbols and colours as in Fig. 7). (b) Variation of DR % 
with Weissenberg number. The solid black line represents Eq. 3. Reproduced with permission from Owolabi et al. (2017).
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dence on the ratio β of solvent to total viscosity, on inertia 
(i.e. on the flow Reynolds number) and on other viscomet-
ric functions, e.g. first or second normal-stress differ-
ences, is neglected. In spite of these approximations, the 
prediction fits reasonably well with the data, as shown in 
Figs. 7 and 8. It must be noted that, in the MDR limit, 
some weak Reynolds number dependence remains, as 
DR % scales roughly as Re0.1 in this limit, and there is a 
spread in the literature for data nominally at MDR 
(Graham, 2014), highlighted by the grey region in 
Fig. 8(b). Given the quality of the data collapse illustrated 
in Fig. 8(b), however, the authors concluded that both β 
and Re should be regarded as second-order effects, at least 
for the concentrations and range of Re investigated.

Another correlation to predict the upper limit of DR us-
ing polymers as DRA has been proposed recently by 
Zhang et al. (2018), for the case of turbulent pipe flow. 
The main equation of the model computes the average 
drag reduction as:

2

1% (1 ) 1
12

DR
Wi

      
 

　   

 
  

	 (4)

where β is the ratio of the solvent viscosity to the liquid 
viscosity after the polymer is added at the zero shear rate, 

and ( )
21 /
321 /

c c l

c l

− −

−
==  

 
  

, with c the trace of the conformation 

tensor and l the dimensionless maximum length of the 
polymer in the solution. Since c and l cannot be mea-
sured, the above equation must be used assuming c = 0 to 
make it useful for practical engineering applications. The 
model assumes that all vortex structures disappear in the 
turbulent flow, i.e. complete laminarization is achieved. A 
slightly older work on DR in dilute polymer solutions was 
carried out by Xi and Bai (2016). These authors investi-
gated the laminar-turbulent transition of the solution 
showing its connection with MDR. The idea of the study 
comes from the speculation (prompted by the universality 
of MDR) that the MDR asymptote might be associated 
with a class of weak or marginal turbulent states that al-
ready exist in Newtonian flows but only become un-
masked at high levels of polymer elasticity. As fluid 
elasticity increases, the transition to hibernating states 
becomes much more frequent, resulting in them taking up 
a larger proportion of the overall statistics or a flow more 
dominated by features of MDR. This idea clearly hints to 
the already-mentioned DNS results (Graham, 2014; Xi 
and Graham, 2012) on the intermittent transitions be-
tween strong active turbulence and weak hibernating tur-
bulence. Xi and Bai (2016) identified the marginal state 
associated to the weakest form of turbulence that can be 
sustained as a dynamical edge state consisting of travel-
ing waves and relative periodic orbits. The dynamics of 
such state are characterized by low-frequency fluctuations 
and exhibit regular bursts of turbulent activities separated 

by extended quiescent periods. The flow field is domi-
nated by elongated vortices and streaks, with weak exten-
sional and rotational motions. Flow structures and ES 
kinematics match hibernating turbulence and, according 
to Xi and Bai (2016), offer explanations for the existence 
and universality of MDR. Yet, the quantitative magnitude 
of MDR still remains unsolved.

Fujimura et al. (2017) studied numerically the influence 
of the polymer aggregation length on turbulent DR in 
channel flow. Polymer aggregation was modeled using a 
bead-spring chain model. The authors find that the local 
polymer relaxation time increases as the natural length of 
the polymer increases and the spring constant decreases, 
and observe that DR increases logarithmically with the 
relaxation time. Based on this logarithmic dependency, 
the authors speculate that the drag-reducing effect of the 
polymer occurs when it is longer than the diameter of tur-
bulent vortical structures: Longer polymers are found to 
induce higher energy dissipation upon interacting with 
the flow structures and tend to suppress turbulent fluctua-
tions. The role of polymer length was also examined by 
Yang and Dou (2010) in connection with wall roughness 
effects. These authors proposed and validated a theoreti-
cal formula to describe the flow resistance in laminar, 
transitional and turbulent flows from the hydraulically 
smooth regime to the fully rough one. This formula was 
developed based on the findings that, while polymers in 
smooth pipe flow increase the viscous sublayer thickness 
(thus leading to DR), polymers in rough pipes also in-
crease the near-wall velocity when compared to Newto-
nian flow conditions, implying that roughness has a 
negative effect on DR. Indeed, larger roughness tends to 
narrow the gap between the resistance in viscoelastic 
flows and that in unladen flows.

As far as analysis of fiber-induced DR is concerned, 
Moosaie and Manhart (2011, 2013) used a sophisticated 
rheological model based on direct Monte-Carlo solver to 
compute fiber orientation dynamics and study the effect of 
Brownian diffusivity and fiber aspect ratio on the 
non-Newtonian stress generated by the fibers. The model 
enables stochastic simulation of the Fokker-Planck equa-
tion, in contrast to the moment approximation simulation 
approach used by Paschkewitz et al. (2004), which re-
quires a closure model. Application of the model to turbu-
lent channel flow shows a shift of the logarithmic law 
region of the mean velocity profile, indicating a thicken-
ing of the viscous sublayer. The streamwise velocity  
fluctuations are enhanced, while the spanwise and wall- 
normal ones are attenuated. However, there are discrep-
ancies with the results of the moment approximation  
approach. The closure model required by the moment  
approximation approach provides wrong estimates of the 
mean non-Newtonian shear stress at the wall: This has a 
direct effect on the wall stress deficit and hence on the 
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amount of DR (Moosaie and Manhart, 2013).
Fiber-induced DR has been investigated also by 

Gillissen and Hoving (2012). These authors performed 
pipe flow experiments showing that turbulent DR in plug-
flow of concentrated suspensions of macroscopic fibers is 
a self-similar function of the wall shear stress over the fi-
ber network yield stress. This behaviour was modelled in 
terms of a central fiber network plug, whose radius is de-
termined by the yield stress. The pipe cross section can 
then be divided into a solid plug for r < rc, with rc the ra-
dial coordinate at which the surface of the plug is located 
(corresponding to the point in the pipe where the shear 
stress of the fluid equals the fiber network yield stress), 
and a Newtonian annulus for r > rc. The plug constrains 
the size of the turbulent eddies in the surrounding annu-
lus, thus reducing the friction factor as compared to 
Newtonian flow. Note that, if the notion that a large aspect 
ratio is key for DR, then one should expect polymers and 
fibers to reduce the drag by similar mechanisms. The ex-
periments by Gillissen and Hoving (2012), however, 
showed marked differences, e.g. in the profiles of the 
mean flow. Polymers act in the near-wall, buffer layer, ef-
fectively thickening the viscous sublayer, while leaving 
the momentum transfer in the turbulent core unaffected. 
Macroscopic fibers, on the other hand, act in the turbulent 
core, and have little effect in the near-wall region. This 
difference stems from the different lengths of polymers 
and fibers. Polymers are usually of sub-Kolmogorov 
length scale and, on the scale of the near-wall vortices, 
can be regarded as a continuum that induces an additional 
viscosity and acts to reduce the momentum transfer of the 
near-wall vortices (Voth and Soldati, 2017). Fibers, on the 
other hand, are rarely below the Kolmogorov scale. 
Rather, they are usually orders of magnitude larger than 
the near-wall vortices and, instead of inducing internal 
friction, tend to impose external constraints on the near-
wall vortices, which are thus forced to restructure them-
selves.

5. Predictive correlations for DR in wall-
bounded flows

In the previous sections, we focused on the phenome-
nology of polymer/fiber-induced turbulent DR and on the 
theoretical frameworks that have been developed to ex-
plain the underlying physics. In this section, we focus on 
one aspect of practical relevance for the design of indus-
trial systems exploiting DRA, namely the predictive cor-
relations that are available to determine amount of DR 
expected for a given DRA concentration in a specific sol-
vent. The amount of DR can be predicted using two types 
of correlations: those that simply fit the experimental data 
(typically collected in small-scale pipes), whose predict-

ability for industrial scale applications is however rather 
limited (Campolo et al., 2015), or those developed based 
on physics of the DR phenomena which appear more 
promising in the industrial practice (Dubief et al., 2005). 
Given the wealth of correlations for drag-reducing flows 
that are available in the literature, we will purposely focus 
only on those providing the friction factor. Specifically, 
we will discuss results from unpublished experimental 
tests made with polymers (polyethylene oxide, PEO) in 
pipes of different diameter, equipped with centrifugal 
pumps to assess the predictive capability of some wide-
ly-used correlations, discussing the efficacy of the tested 
additives as DRA. Tests were performed under controlled 
conditions: A pre-mixed homogeneous mixture of addi-
tive and solvent was introduced in the test rig and pumped 
along the loop using a low-shear pumping system in order 
to avoid peaks of shear stress, which could prematurely 
degrade the additive (Elbing et al., 2009; Choi et al., 
2000). Details on the experimental facility are provided in 
Campolo et al. (2015).

The theoretical variation of friction factor expected in 
the polymeric regime when polymer degradation is negli-
gible reads as (Shetty and Solomon, 2009; Virk, 1975):

( ) ( )*10 10
1 (4 )log 0.4 logRe f Re f
f
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where δ is the slope increment and ( )*Re f  

 
  

 is the onset 
Reynolds number, defined as:
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where D is the pipe diameter, νs is the kinematic viscosity 
of the solvent, τw is the wall shear stress and γw is the wall 
shear rate. Fig. 9 shows the results of tests performed in 
the pipes using PEO (Polyox WSR-301 by Dow 
Chemicals), and hydrolized Polyacrylammide (HPAM, 
Magnafloc 1011 by Basf) as water-soluble polymer. Each 
panel in the figure shows the variation of friction factor, 
1/ f  
 
  

, for a given polymer concentration (symbol) as a 
function of wall Reynolds number, 2Re f Reτ=  

 
  

, in 
Prandtl Karman coordinates. The black line represents 
the Prandtl-Karman friction factor (P-K) for pure water 
and smooth pipe; the gray line in the top left corner rep-
resents Virk’s MDR asymptote. Dashed lines shown to-
gether with the experimental points represent the 
theoretical variation of friction factor given by Eq. (5). 
The experimental data follow the polymeric regime up to 
a threshold value of ( )*Re f  

 
  

 above which they depart 
from theory due to mechanical degradation. The latter 
can be ascribed to two different phenomena: the mechani-
cal degradation due to turbulence and the mechanical 
degradation due to the injection system. Mechanical deg-
radation due to turbulence is associated to breakage of the 
monomers of the polymer chain produced when the shear 



Cristian Marchioli et al. / KONA Powder and Particle Journal

12

rate exceeds the threshold value *
w  

 
  

 which is a function of 
polymer molecular weight, Mw: *

w w
BA M = ⋅  

 
  

, with A and 
B coefficients that depend on polymer type (Elbing et al., 
2009). For PEO: A = 3.4·1018 and B = –2.20; for HPAM: 
A = 1.16·1023 and B = –2.73. We remark here that, follow-
ing Tabor and De Gennes (1986), the onset condition 
identifies a value of the fluid time scale, usually equal to 
1/γw, matching the relaxation time scale of the polymer, 
which depends on the polymer molecular weight. This 
yields 1

w wM −∝  
 
  

. The use of such relation assumes that 
the onset of drag reduction is independent of polymer 
concentration. This assumption has been widely used 
since Virk (1975) showed a negligible influence over a 
wide range of polymer concentrations. However, other 
studies (see Elbing et al. (2009) and references therein) 
have shown that weak concentration dependence may be 
observed under certain conditions. Winkel et al. (2009) 
and Vanapalli et al. (2006) found that 1

w wa M −= ⋅  
 
  

 with 
a = 3.35·109 for PEO, as derived from the experimental 
data reported by Campolo et al. (2015). Elbing et al. 
(2009) report τw = 1.68 ± 0.60Pa for HPAM having 
Mw = 5.5·106 from which one can calculate a = 9.25·109. 
The slope increment δ depends on molecular weight and 
concentration, whereas it should not depend on pipe di-

ameter (Campolo et al., 2015) and a specific slope incre-
ment δ/C0.5 can be defined to characterize the drag 
reducing ability of a polymer-solvent pair and an intrinsic 
slope increment Π = δ/(C/Mw)0.5 can be defined which de-
pends only on the species skeletal structure. Based on 
these assumptions, one can use experimental data to iden-
tify the value of onset Reynolds number and slope incre-
ments.

The second mechanism for polymer chain degradation 
is due to the injection system, characterized by locally- 
large values of strain rate, ss /D u d=  

 
  

, with uss and d the 
velocity of polymer master solution and the injection pipe 
diameter, respectively. Recent experimental evidence (El-
bing et al., 2011) has demonstrated that individual poly-
mer chains are stretched and fractured on a relatively 
short time scale (order of milliseconds in the cited experi-
ments), whereas changes in the mean molecular weight 
occur on a significantly longer time scale (order of tenths 
of seconds). This large time scale separation is ascribed to 
the fact that, at any instant in time, a relatively low per-
centage of polymer chains are significantly stretched.  
According to Vanapalli et al. (2006), polymer chain deg-
radation under elongational flow is triggered by strain 

Fig. 9  Prandtl-Karman plot of friction factor variation produced by polymer injection: different symbols refer to different polymer concentrations; 
each row shows the effect of polymer type: WSR-301 (top row) and Magnafloc 1011 (bottom row); each column shows the effect of pipe diameter 
(D = 30 mm, left column; D = 100 mm, right column); colours represent concentration (0.25 ppm, red; 0.50 ppm, blue, 1.00 ppm violet; 2.50 ppm, 
green; 5.00 ppm, brown; 10.00 ppm, purple). Results from the Authors.
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rates exceeding a threshold given by: E
D wD M= ⋅  

 
  

, where 
D and E are also coefficients, e.g. E = 4.2651·1010 and 
D = –1.23 for PEO; D = 1.64737·1011 and E = –1.27 for 
HPAM (Vanapalli et al., 2006). These data on polymer 
mechanical degradation can be used to identify and plot 
in P-K coordinates the limiting value of shear stress and 
elongational stress the polymer can be exposed to before 
being degraded by the flow. Fig. 10 shows these curves 
together with the experimental data collected for PEO 
(WSR-301) at 1 ppm concentration in the three different 
pipes. TC (red line) is the theoretical line corresponding 
to the polymeric regime (Eq. 5); OP (green line) is the 
curve corresponding to one-pass scission; SS (blue line) 
corresponds to steady state scission and INJ (purple line, 
visible only in the largest pipe) corresponds to degrada-
tion produced by the injection system. The agreement be-
tween experimental data (red symbols) and reference 
curves for degradation is quite good and indicates that 
drag reduction in real systems can be predicted with some 
confidence also for situations in which ( )*Re f Re f≥  

 
 

. 
Mechanical degradation leads to the alteration of the mo-
lecular weight (Yang and Ding, 2013). To determine the 
local molecular weight of the injected polymer, Elbing et 
al. (2011) proposed the following scaling:
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where Mw is the local molecular weight, Mws is the steady-
state molecular weight (defined as the minimum Mw that 
can be obtained at a given γw), Mwo is the non-degraded 
value of Mw at the point of injection, and tf = (X – Xinj)/U∞ 
is the polymer residence time in the flow, (X – Xinj) being 
the distance travelled by the polymer, and U∞ the convec-
tion velocity. Fig. 11 shows the accuracy of this scaling 
for different characteristics of polymer degradation within 
a turbulent boundary layer. Changes in mean molecular 

weight occur on a time scale proportional to the polymer 
residence time. In addition, Mw tends to a finite level with 
increased residence time and shear rate, and the key pa-
rameters that control the degradation process appear to be 
the shear rate, polymer residence time in the TBL flow, 
Mwo and Mws (Elbing et al., 2011).

6. Additive DR from a physico-chemical 
perspective

As mentioned in the previous section, mechanical deg-
radation represents an important aspect of DR phenomena 
because of its practical implications for the design of ac-
curate experiments (Wyatt et al., 2011). Mechanical deg-

Fig. 10  Reference curves for DR prediction in industrial loop. TC (red line) is the theoretical line corresponding to the polymeric regime; OP (green 
line) is the curve corresponding to one-pass scission; SS (blue line) and INJ (purple line, visible only in the largest pipe) correspond to steady state 
scission and degradation due to the injection system, respectively. Symbols correspond to WSR-301 solution at the reference concentration of 1 ppm. 
Results from the Authors.

Fig. 11  Normalized difference between measured and steady-state mo-
lecular weights scaled with the product of residence time and wall shear 
rate. Results refer to rough (solid symbols) and smooth (open symbols) 
surfaces. The solid curve is the fit to the data and is provided by Eq. 7, 
namely Eq. (3.12) in Elbing et al. (2011). The error bars were deter-
mined from standard error propagation analysis. Reproduced with per-
mission from Elbing et al. (2011).
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radation pertains the physico-chemical aspects of DR, 
which are in strong connection with the rheological and 
fluid mechanics aspects already covered. We believe that 
discussing physico-chemical aspects is thus important to 
provide a coherent picture of the intrinsic complexity of 
DR phenomena.

Regarding mechanical degradation, a crucial issue is 
the polymer resistance to chain scission, which poses an 
upper bound to the level of DR that can be achieved by 
the additive as well as the time/distance over which the 
additive is effective as drag reducer (see Choi et al., 2000; 
Elbing et al., 2009; Soares et al., 2015). When polymers 
are added to the flow as a homogeneous mixture in a 
wall-bounded flow, protocols (e.g. batch mixing by low 
shear impeller or tumble blenders, in line mixing by recir-
culation using low shear pumps, as in Campolo et al., 
2015; Japper-Jaafar et al., 2009) are typically enforced 
during polymer mixture preparation to avoid mechanical 
degradation. When polymers are injected at the wall, 
small information is generally given on details of the in-
jection system used which, per se, might induce degrada-
tion. Whichever the origin of mechanical degradation, the 
limiting value of the shear rate able to produce chain scis-
sion can be measured by experiments. Scaling relation-
ships have been derived to link the limiting shear rate to 
the polymer molecular weight and to the strength of 
chemical bonds (Vanapalli et al., 2006). As demonstrated 
by Vanapalli et al. (2006), in a system properly designed 
to avoid any local degradation, the local stress at the 
Kolmogorov scale able to generate the molecular tension 
leading to polymer covalent bond breakage inside the pipe 
can be evaluated and the effect of polymer mechanical 
degradation can be accounted for. The loss of efficiency 
of the additive as the mechanical degradation proceeds 
has been analysed by Choi et al. (2000) in a rotating appa-
ratus and by Soares et al. (2015) in pipe flow. Whichever 
the flow configuration, the physical mechanism governing 
degradation is independent of geometry. Kalashnikov 
(2002) found that for low enough additive concentration, 
the initial value of the friction coefficient and its varia-
tions in the course of degradation are also independent of 
the Weissenberg number. A half-degradation time can be 
defined from theoretical considerations and measured in 
connection with the flow hydrodynamics and network 
characteristics to estimate the span over which periodic 
polymer injection should be performed to maintain a de-
sired level of DR.

A recent investigation focusing on the deformation of 
polymer molecules is reported in Shaban et al. (2018), 
who used planar PIV to gather detailed measurements of 
the turbulent flow field in a channel when polymers 
(PAM) are exploited as DRA. Their data, together with 
the rheological characterization (shear and elongational 
viscosity) of the polymeric solution allowed to character-

ize the interaction between the polymer molecules and 
turbulence. Measurements of mean flow, second-order 
turbulence statistics, and local strain-rate and rotation rate 
obtained using time-resolved 2D-PIV, showed that the ex-
tent of polymer deformation strongly depends on the 
wall-normal location, and is caused mainly by the stream-
wise strain rates. In the log-layer, polymer molecules do 
not exhibit significant stretching, since they were found to 
sample regions of strong rotation more often than regions 
of strong shear. At a high polymer concentration, rotation 
and shear were found to be in balance both in the buffer 
layer and in the log layer.

Another important physico-chemical aspect of DR is 
represented by the polymer microstructure, which nowa-
days can be designed ad-hoc to support the synthesis of 
well-defined macromolecules able to achieve desired supra- 
molecular characteristics (D’hooge, 2015). Wever et  
al. (2013) used controlled synthesis to produce high mo-
lecular weight branched polyacrylamides, PAM, to be 
used as drag reducing agents. The equilibrium conforma-
tion of polymers having the same molecular weight but 
different microstructure were analysed using Dynamic 
Light Scattering (DLS) to measure their hydrodynamic 
volume; their intrinsic viscosity in solution was measured 
by viscosity tests. Results showed that the molecular ar-
chitecture of more branched (13 and 17-arm PAMs) poly-
mers was more extended in solution than that of their 
linear (4 and 8-arm analogues) counterpart; as a conse-
quence, the elastic response of polymers solutions was 
enhanced, leading to an improved thickening efficiency 
that supported the use of branched PAMs for application 
in Enhanced Oil Recovery and DR. Controlling the mi-
crostructure of the polymer may also allow controlling its 
extensional viscosity, which according to many authors, 
can become much higher than the intrinsic viscosity (see 
Housiadas and Beris (2004) and references therein). An 
abrupt increase in the extensional viscosity that depends 
on the extensional strain rate is therefore deemed to be a 
key factor in turbulent DR (Hidema et al., 2013). Polymer- 
induced DR under different extensional strain rates  
have been analyzed by image processing calculating the 
curvature histogram of the interference pattern, which is 
related to the distribution of the velocity fluctuation. Re-
sults indicate that different processes of energy transfer 
reduction are activated depending on the polymer type 
(flexible/rigid). Flexible polymers are stretched and ori-
ented parallel to the streamwise direction, whereas rigid 
rod-like polymers are only re-oriented parallel to the 
streamwise direction without extension. In the normal di-
rection, the energy transfers are prohibited by orientated 
polymers. The stretching process of flexible polymers 
(PEO) increased the extensional viscosity, which also pro-
hibits energy transfer in the streamwise direction (Shaban 
et al., 2018). Hidema et al. (2013) developed ad-hoc tests 
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in two-dimensional turbulence made by flowing soap 
films to investigate DR by flexible polymers (e.g. PEO) 
and rod-like polymers (e.g. HPC, hydroxypropyl cellu-
lose) in the absence of shear flow. Using a grid to generate 
extensional strain in a flowing solution containing poly-
mers, Hidema et al. (2013) recorded the interference pat-
tern of soap films with a video camera to observe the 
effect of polymer stretching and polymer re-orientation on 
2D turbulence. Fig. 12 shows the corresponding interfer-
ence images of the turbulence in flowing soap films of 
PEO-added solution at different extensional rate.

7. Conclusions and future perspectives

The discussion proposed in this review highlights a 
number of crucial challenges for future research. Many 
experimental and numerical results indicate that the 
structure of a turbulent flow laden with polymers and/or 
fibers can be modified over a wide range of length scales 
even for very small concentrations of the additives. Addi-
tionally, effects due to additives depend strongly and not 
straightforwardly on the concentration: While the flow 
statistics in the dissipation range of turbulence change 
smoothly as a function of additive concentration, there is 
evidence that the inertial-range values of the structure 
functions are modified only when the concentration ex-
ceeds a specific threshold (which is flow and polymer-type 
dependent). Open issues are therefore related to the lack 
of a clearcut explanation of the qualitative change in the 
effect of the additive above the critical concentration, and 
to the need for a better understanding of the exact ways in 
which the additives affect the energy cascade. Consider-
ing that the time criterion for the onset of DR does not 
hold in the bulk of the flow, a physical mechanism by 
which the polymers can affect scales much larger than 
their size has yet to be identified. A promising route to 

achieve this goal seems to be represented by the possibil-
ity to describe the effect of the polymer/fiber additive 
through models derived from viscoelastic turbulence the-
ory. In terms of available scaling laws, it appears that 
more comprehensive datasets (both experimental and nu-
merical) are needed to develop truly universal relations. 
Datasets need to be expanded by including a wider range 
of polymer types, molecular weights, injection conditions 
(for processes involving polymer degradation) and flow 
parameters to properly assess the universality of the scal-
ing. This would lead to further improvement of existing 
correlations, which aim to predict mechanical degradation 
and the resulting loss of efficiency of drag reducers in-
duced either by turbulence or by the injection system.
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