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Abstract: In this work, the drag-reducing mechanism of high-Reynolds-
number turbulent channel flow with surfactant additives is investigated by
using large eddy simulation (LES) method. An N-parallel finitely extensible
nonlinear elastic model with Peterlin’s approximation (FENE-P) is used to
describe the rheological behaviors of non-Newtonian fluid with surfactant.
To close the filtered LES equations, a hybrid subgrid scale (SGS) model
coupling the spatial filter and temporal filter is applied to compute the subgrid
stress and other subfilter terms. The finite difference method and projection
algorithm are adopted to solve the LES governing equations. To validate
the correctness of our LES method and in-house code, the particle image
velocimetry (PIV) experiment is carried out and representative measured
results are compared with LES results in detail. Then the flow characteris-
tics and drag-reducing mechanism of turbulent channel flow with surfactant
are investigated from the perspective of drag reduction rate, mean velocity,
fluctuation of deformation rate, shear stress, transport and dissipation of
turbulent kinetic energy, and turbulent coherent structures. This research can
shed a light on the applicationof turbulent drag reduction technique in district
heating, petroleum transport, etc.

Keywords: Large eddy simulation; turbulent flow; drag reduction; hybrid
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1 Introduction

Turbulent flow is pervasive in nature and engineering systems, for example, motion of atmo-
sphere, flow of river, district heating, petroleum transport, nuclear engineering, etc. [1,2]. With
rapid development of relevant technologies, the research on turbulent flow is growing faster
nowadays than ever before. A wide range of applications has been found in nearly all aspects of
fluid dynamics associated with turbulent flow, which mainly focus on either the enhancement of
turbulence or the suppression of turbulence. Especially, as a major approach to relieve influences
of turbulence on fluid flow behaviors, the interesting phenomenon that adding a little amount
of additives (such as polymer, surfactant) to the turbulent flow would induce an appreciable
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reduction of friction drag, which is called the turbulent drag reduction (DR), has attracted
increasing attention from the academic and engineering communities [3–6].

Although the turbulent DR technique has been widely applied in many engineering problems
in past decades, considerable gaps still remain in the understanding of drag-reducing mechanism,
which is still open for discussion [7,8]. To investigate the drag-reducing mechanism induced by
various drag reducers (especially the surfactant) in more details, in addition to experimental
and theoretical approaches, the numerical simulation has been one of the most significant tools
for turbulent studies. Commonly used numerical methods include direct numerical simulation
(DNS) [9], large eddy simulation (LES) [10], Reynolds average Navier–Stokes (RANS) simula-
tion [11], and hybrid simulation method, such as the detached eddy simulation (DES) [12] in
which the closure is a modification to the production/destruction term of the original RANS
model, reducing to RANS in the attached region and to LES away from the wall. Among
the aforementioned numerical methods, DNS is capable to display detailed three-dimensional
(3D) results at any time and any space and provide much deeper insight into the physics of
microstructure-turbulence interaction. However, DNS has high demand on the computational
workload and resources. To alleviate the computational burden of DNS, LES and RANS have
been developed as efficient numerical techniques for the solution of turbulent flows in the presence
of limited computing resources and high-Reynolds number. Compared with RANS modeling,
LES strikes a satisfactory balance between the computational workload and simulation accuracy
from the perspective of mechanism studies of turbulent flow. Thus LES has gained extensive
attention and becomes the research hot-spot in turbulent simulations [13].

No matter for Newtonian turbulent flow or turbulent drag-reducing flow, current efforts in
LES studies are weighted toward the accurate subgrid scale (SGS) model. In the past 50 years,
the numerical modeling of SGS model for Newtonian turbulent flow has long been a subject of
interest, and there exists a large body of literature addressing this topic [14–17]. Up to present,
applications of LES in the numerical study of Newtonian turbulent flow are relatively mature.
However, the development of SGS model in the presence of non-Newtonian turbulent flow is still
in its infancy and more efforts are needed. Two notable problems associated with the SGS model
for non-Newtonian turbulent flow are that the prediction accuracy of SGS model is still unsat-
isfactory and the SGS model for constitutive equations is still lacking. Another difficulty arises
from the fact that the accurate modeling of rheological behaviors (such as apparent viscosity and
relaxation time) of non-Newtonian fluids is still a technical challenge in spite of that various
constitutive models such as Oldroyd-B model, Giesekus model, FENE-P model, etc., have been
put forward.

To the best of authors’ knowledge, most of the existing LES studies on the turbulent flow
focus on the Newtonian fluid by applying the spatial SGS model, such as the Smagorinsky
model [10]. Only few literature have been devoted to developing appropriate SGS models for
the non-Newtonian turbulent flow. The representative literature are summarized as follows. Thais
et al. [18] proposed to use a temporal LES (TLES) to study the polymer-induced turbulent drag-
reducing channel flow using a temporal filter [19,20] and a temporal approximate deconvolution
model (TADM) [21,22]. The representative simulation results were in good agreement with DNS
results, indicating that TADM was an effective SGS model for polymer-induced non-Newtonian
turbulent flow. Wang et al. [23] explored the approximate deconvolution model (ADM) and
TADM, and found that TADM can offer more advantages over ADM in LES of non-Newtonian
turbulent flow. In her work, TADM was applied to study the forced homogeneous isotropic
turbulence (FHIT) with polymer additives and favorable numerical performances were achieved.
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Li et al. [24] developed a mixed SGS model coupling a coherent-structure Smagorinsky model
(CSM) and TADM, which was named as the mixed CSM and TADM (MCT) model. The
cornerstone of MCT is to filter the continuity and momentum equations using the spatial CSM
and filter the constitutive equation using the TADM, respectively. LES results of FHIT and
turbulent drag-reducing channel flow demonstrated MCT is a successful mixed SGS model. To
further improve the prediction accuracy of MCT, in 2017 Li et al. [25] improved the energy-
decay suppression function of CSM and developed a mixed SGS model namely MICT (mixed
ICSM and TADM), in which the improved CSM (ICSM) was used instead of the original CSM
within MCT SGS model. According to the literature published in recent two years, the research
on LES focuses on more wide turbulent types and engineering problems. For example, Ruettgers
et al. [26] adopted the LES to investigate the turbulent flow over the DrivAer fastback vehicle,
Lian et al. [27] performed the LES of turbulent flow over and through a rough permeable bed,
and Chen et al. [28] studied the turbulent flow past stationary and oscillating square cylinders
using LES. Evrim et al. [29] adopted the LES to simulate the turbulent thermal flow mixing in
a vertical T-Junction configuration. Although above recent published literature have extended the
LES to more wide application scopes, the turbulent flows in these studies are all Newtonian fluid.

In addition, for LES of non-Newtonian fluids only the single relaxation timescale constitutive
model is considered in most scenarios. Rare work has been done on the hybrid SGS model for the
non-Newtonian turbulent flow considering the multi-timescale constitutive model. Furthermore,
the turbulent drag-reducing mechanism of turbulent flows at high-Reynolds-number is still open
for discussion and gaps in the understanding persist, and the numerical performances of hybrid
SGS model need to be further verified. Therefore, this paper will be devoted to carrying out
numerical investigations of drag-reducing mechanism of high-Reynolds-number turbulent flow
with surfactant additives using LES approach. The applications of hybrid SGS model, MICT,
and multi-timescale constitutive model, N-parallel FENE-P model [30], are further investigated.
Then drag-reducing mechanism is comprehensively explored from various aspects.

The structure of this work is organized as follows. In Section 2, the governing equations
of LES, hybrid SGS model, and numerical methods are introduced. In Section 3, we validate
the correctness of current LES method by commonly-used PIV experiments. The numerical cases
at high Reynolds number with different solution concentrations are simulated and analyzed in
Section 4. Summary and future work are presented in Section 5.

2 Governing Equations and Numerical Methods

In this study, the 3D incompressible single-phase turbulent drag-reducing channel flow is
considered as the model problem, in which the turbulent drag reduction is induced by surfactant
additives. The sketch map of computational domain and domain sizes along different directions
are shown in Fig. 1.

2.1 LES Governing Equations
The governing equations of incompressible turbulent drag-reducing channel flow under

isothermal condition include continuity equation, momentum equation and constitutive equation.
To describe the rheological behaviors of non-Newtonian fluid with surfactant additives, the N-
parallel FENE-P model proposed in [30] is adopted in this work. The core idea of N-parallel
FENE-P model is to connect N FENE-P models with single relaxation time in parallel, then
the stress-strain relation of different microstructures formed in non-Newtonian fluid can be
modeled more truly compared with the traditional Giesekus model and FENE-P model with
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single relaxation time. The N-parallel FENE-P model is capable to characterize the anisotropy of
the relaxation-deformation of microstructures in non-Newtonian fluid and has been demonstrated
a good prediction accuracy benefiting from the multiple relaxation timescales. Furthermore, for
convenience of results discussion and to widen the application scope of our finding, here only the
dimensionless form of governing equations are presented as follows, interested readers can refer
to [24] for more details on the non-dimensionalization process, which are beyond the scope of
present work.

∂u+i
∂x∗i

= 0 (1)

∂u+i
∂t∗

+ u+j
∂u+i
∂x∗j

= δ1i− ∂p+′

∂x∗i
+ 1
Reτ

∂

∂x∗j

(
∂u+i
∂x∗j

)
+

N∑
m=1

βm

Weτ ,m

∂
[
f (rm)c+ij,m

]
∂x∗j

(2)

∂c+ij,m
∂t∗

+ u+k
∂c+ij,m
∂x∗k

− ∂u+i
∂x∗k

c+kj,m−
∂u+j
∂x∗k

c+ki,m = Reτ
Weτ ,m

[
δij,m− f (rm)c+ij,m

]
(3)
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h denotes the half-height of channel and uτ stands for the friction velocity, uτ = √
τw/ρ; the

subscript i denotes the coordinates, i= 1∼3; m denotes the mth FENE-P branch; N is the total
number of FENE-P branch; βm denotes the contribution of the mth FENE-P branch to the
zero-shear viscosity of the flow; Reτ stands for the friction Reynolds number, Reτ = ρ uτh/ηN ;
Weτ ,m denotes the Weissenberg number, Weτ ,m = λmρu2τ /ηN ; λm is the relaxation time of the
mth FENE-P branch; c̄+ij,m denotes the component of conformation tensor; f (rm) is the non-
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L2− 3

)
/
(
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(
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))
; L is the

maximum stretching length of the microstructures formed in non-Newtonian fluid.

Figure 1: Sketch map of computational domain

To obtain the governing equations for LES, we need to filter the Eqs. (1)∼(3) (filter the
turbulent flow into a large scale part and a small scale part) using appropriate filters. In this
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work, a non-uniform filter is used for equation filtering and a hybrid SGS model developed in [25]
is used to close the filtered governing equations, in which the ICSM SGS model is applied to
filter and close the momentum Eq. (2) and the TADM SGS model is used to filter and close
the N-parallel FENE-P model Eq. (3), respectively. The filter operation yields following LES
governing equations,
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where the bar ‘−’ denotes the filter operation; τij denotes the SGS stress of ICSM; Rij,m denotes
the subfilter term concerning with the nonlinear restoring force; Pij,m and Qij,m denote subfilter

terms induced by the stretching of microstructures in non-Newtonian fluid; χc

(
γ̄ij,m− c̄+ij,m

)
is a

regularization term standing for the kinetic energy transfers between the scales that cannot be
recovered by the deconvolution procedure, χc = 1 in this work. To close above LES governing
equations, the periodic boundaries are set on streamwise (x) and spanwise (z) directions, and the
no-slip boundary is imposed on the channel wall.

To model the SGS stress, in ICSM SGS model the traceless SGS stress tensor is defined by,
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where CICSM is a fixed model constant, CICSM is 1/16 for Newtonian fluid and 1/14 for non-
Newtonian fluid, respectively; F� denotes the energy-decay suppression function, F� = 1− |FCS|;
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model parameter C a small variance and be positive, |FCS| ≤ 1.
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It should be mentioned the N-parallel FENE-P model is filtered on time domain, then the
filter of variables in Eq. (6) reads,
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where Δu and Δc represent the temporal filter width of velocity and deformation rate, respectively;

u∗i denotes the deconvolution velocity, u∗i =
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times, in this work p = 3 and q = 2, Cr and Dr are deconvolution constant corresponding to p
and q.

In Eqs. (5) and (6), the subflter terms Pij,m, Qij,m, Rij,m are unknown and should be calculated
with the filtered variables following below formulas,
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2.2 Numerical Methods
In this part, the numerical methods used to solve LES governing equations are

briefly introduced.
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• Discretization of computational domain. In turbulent channel flow, the channel wall would
exert great effects on flow development and flow properties (wall effect). In order to capture
flow details accurately along the channel wall, in this work the uniform mesh is used in
streamwise and spanwise directions while the non-uniform mesh is adopted in wall-normal
direction, respectively. In this study, a mesh system with 32× 64× 32 grid points is applied
to discretize the 3D channel domain at the same time to save computation time and storage
space, which has been verified by grid-independent solution [25].

• Discretization of governing equations. The LES governing equations can be discretized using
pseudo-spectral method, finite difference method (FDM), finite volume method (FVM),
etc. In this study, the commonly-used and easy-implemented FDM is applied. For the
discretization of unsteady term, we use the Adams–Bashforth scheme, which is an explicit
scheme with second-order accuracy. All diffusion terms are discretized by the second-order
central difference scheme. In order to accurately solve the N-parallel FENE-P model and
avoid overshoot/undershoot of conformation tensor, the high-resolution bounded scheme,
MINMOD scheme [31], is adopted to discretize the convection terms of constitutive model.
It should be mentioned that the staggered grid system is used in this study, where the
pressure and conformation tensor are placed on the cell center and the velocity is placed
on the cell face, respectively.

• Solver. Compared with the simulation of laminar flow, it requires much longer time and
more computing resources to simulate the turbulent flow. Therefore, the time consumption
of DNS or LES is always unfavorable or sometimes is unacceptable in engineering commu-
nity. In order to speed-up the computation, the multigrid method [32] is applied to solve
the discrete LES governing equations in present work.

• Algorithm. To decouple the pressure and velocity in LES of turbulent flow, the projection
algorithm is applied in this work. The cornerstone of projection algorithm in solving LES
governing equations is stated as follows: first construct and implicitly solve the pressure
fluctuation equation, then solve momentum equations in two steps: the first step is to
solve the momentum equations without the gradient term of pressure fluctuation explicitly,
and then the intermediate velocity can be obtained; the second step is to substitute the
intermediate velocity into the pressure fluctuation equation, then we get the full velocity.
Based on the obtained pressure fluctuation and velocity, the N-parallel FENE-P model can
be solved explicitly.

3 Validation Using PIV Experiment

In this work, the LES of turbulent drag-reducing channel flow with surfactant additives is
carried out using in-house FORTRAN code. Before LES, first the correctness and reliability
of in-house code results are validated by the PIV experiment, which plays a significant role
in the visualization and measurement of flow field (others include laser doppler velocimetry
(LDV), stereoscopic PIV (SPIV), planar laser-induced fluorescence (PLIF), etc.). A large body of
literature have reported this mature technique, readers of interest can refer to [33] for more details
of PIV. Here, only the experimental apparatus and experimental parameters used in this work are
briefly introduced.
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3.1 Experimental Apparatus
The PIV experimental system used in this study is composed of a channel flow part and a

PIV measurement part.

3.1.1 Channel Flow System
Fig. 2 shows the channel flow system which mainly consists of a transparent 3D channel,

three tanks, a pump, a flow meter, a honeycomb rectifier, etc. In this system, the working fluid
is circulated in the closed-circuit loop and is heated to the required temperature to provide a
developed and stable turbulent drag-reducing flow. More specifically, water, tracer particles, and
surfactant additives can be added and supplemented into the circulating system through tank A
and are well mixed by the agitator. The temperature of the whole flow system is keep constant by
a heater in tank A. With the tank B, the surfactant solution can steadily flow into the channel.
The function of honeycomb rectifier installed at the right side of tank B is to destroy large
turbulent vortex structures and remove all the bubbles in the loop to yield a well-developed
turbulent flow in front of the measure window. The bulk flow rate can be measured by the flow
meter and the adjustable frequency pump is set to the required working condition. The sizes of
transparent channel along x, y and z directions are 4500 mm, 40 mm and 500 mm, respectively.
As shown in Fig. 2, there is a removable measure window located at the channel wall, the center
of which is 3650 mm away from the channel entrance. Along the upstream and downstream of
the measure window, there are two ports used to measure and monitor the pressure difference.

Figure 2: Sketch map of channel flow system (unit:mm)

3.1.2 PIV Measurement System
Fig. 3 displays the PIV system adopted to measure turbulent flow fields in a x–y plane, it

is composed of a synchronization device, a double-pulse Nd: YAG Laser, a charge-couple device
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(CCD) camera and a computer with the image processing and analysis software, etc. The basic
principle is that the light scattered by tracer particles is acquired and the moving trajectory frames
of tracer particles are recorded. Then the PIV images of turbulent flow fields are analyzed using
the cross-correlation technique, which relies on two consecutive frames obtained during a period
between laser pulses. Note that in the image acquisition process, the CCD camera and YAG Laser
should be controlled by the synchronization device to avoid mismatch.

Figure 3: Sketch map of particle image velocimetry measurement system (unit:mm)

It should be mentioned that to reduce the uncertainty factors in PIV measurement, the stan-
dard calibration board should be used to calibrate the focal length of CCD camera. In addition,
it is also significant to select appropriate tracer particles because the quality of acquired flow
field images and the accuracy of the measurement heavily depend on tracer particles. Generally,
the tracer particle should possess good following performance and light-reflection property. In
this work, we use a polyethylene powder named UF-20S as the tracer particle, the density is
0.92 g/cm3 that is approximate to water with good following performance and the mean diameter
is 20 μm that offers good light-reflection property.

3.2 Experimental Parameters
In our PIV experiment, a cationic surfactant, Cetyltrimethyl Ammonium Chloride (CTAC),

is selected as the turbulent drag reducer. The chemical formula of CTAC is C16H33N(CH3)3Cl
and the molecular weight is 320. To maintain the stability of microstructures formed in CTAC
solution, the Sodium Salicylate (NaSal) with same weight concentration is added into CTAC
solution to provide counter ions, whose chemical formula is C7H5O3Na with the molecular weight
of 160. During the PIV measurement, the weight concentration of CTAC/NaSal solution is fixed
at 60 ppm and the temperature of CTAC/NaSal solution is maintained at 298 K, the purpose of
this setting is to produce a stable experimental results in the channel flow. The measured zone is
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a x–y plane at the channel center with the size of 48 mm× 40 mm. In this work, 500 images
of the instantaneous turbulent flow velocity fields were acquired with a time interval of 1000 μs
between two laser pluses for each case. The frequency of photograph acquisition is set as 5 Hz.

In order to make the LES results be comparable with PIV experimental data, the calculation
parameters of LES should be set properly and carefully. In this work, a double-parallel FENE-P
model proposed in [30] is applied to describe rheological behaviors of the CTAC/NaSal solution.
Through the channel flow system, the bulk Reynolds number is adjusted to approximate 1.5×104,
thus the friction Reynolds number can be set about 300 in LES. It should be noted that it is
difficult to accurately measure the apparent viscosity of 60 ppm CTAC/NaSal solution by the
rheometer due to the tiny difference of apparent viscosity between 60 ppm CTAC/NaSal solution
and water, thus it can be inferred that the apparent viscosity of CTAC/NaSal solution is almost
same as that of water. It is also reported that the measured relaxation time of CTAC/NaSal
solutions with the weight concentration less than 75 ppm was in the range of 0.1∼0.4 s under
the temperature of 290∼301 K. By comparing the experimental conditions with the work of Li
et al. [34], we found the relaxation time of CTAC/NaSal surfactant solution with similar weight
concentration is around 0.3 s. Thus, in this work the Weissenberg number Weτ is calculated to
be around 40.

3.3 Results Comparison
In this part, PIV measured results are compared with those simulated by LES. Note that in

the PIV experiment only two-dimensional flow fields in x–y plane were measured, thus the full
details of turbulent flow characteristics cannot be obtained. Here, part of representative measured
results such as streamwise mean velocity, wall-normal velocity fluctuation, and Reynolds shear
stress are displayed and compared, as shown in Fig. 4.

Fig. 4a presents the comparison of dimensionless streamwise mean velocity obtained by PIV
and LES. It can be clearly observed that overall the LES result can match with that of PIV result.
In the logarithmic layer and channel center, the PIV result is slightly larger than that of LES.
Although this small deviation exists between the PIV result and LES result, it can be acceptable
from the perspective of engineering. In Fig. 4b, the root-mean-square (RMS) of dimensionless
wall-normal velocity fluctuation of PIV experiment and LES are compared in detail. From the
comparison it can be seen that the LES result is a little larger than that of PIV in logarithmic
layer and main flow region. However, the variation trend of RMS of dimensionless wall-normal
velocity fluctuation obtained by these two methods are almost same with each other, and the
peak positions of the two dimensionless wall-normal velocity fluctuation RMS are same, too.
It indicates the LES approach used in this study is capable of predicting the turbulent drag-
reducing flow accurately. Fig. 4c compares the dimensionless Reynolds shear stress calculated by
LES and measured by PIV experiment. Overall, the LES result can match with the PIV measured
result despite that the simulated Reynolds shear stress is slightly larger than the measured one
in logarithmic layer. The peak positions of Reynolds shear stress obtained by LES and PIV are
same with each other.

From above comparisons, it can be concluded that the results of LES can match with
measured results of PIV experiment overall, and the deviations only exist at some specific loca-
tions. The main reasons for these deviations can be attributed to: (1) The parameter settings
of LES cannot be guaranteed all same with PIV experimental conditions. As mentioned in
last subsection, it is difficult to measure the apparent viscosity and relaxation time of 60 ppm
CTAC/NaSal solution accurately, thus there would be some errors for the Weissenberg number
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Weτ and viscosity ratio β1+β2 used in LES compared with the real condition in PIV experiment.
Such errors between simulation parameters and experimental parameters will introduce deviations
between LES simulation results and experimental results; (2) Compared with DNS, in LES the
turbulent flow is first filtered and then only the large scale vortex structures are simulated by
solving the filtered equations but the small scale vortex structures are solved using subgrid scale
models. Due to that different SGS models can offer different prediction accuracies, the LES itself
would introduce numerical errors to a certain degree depending on the selection of SGS model.
In conclusion, it is reasonable that some deviations exist between LES results and PIV results.

(a) (b)

(c)

Figure 4: Comparison of LES results and PIV results. (a) Streamwise mean velocity. (b) RMS of
wall-normal velocity fluctuations. (c) Reynolds shear stress

4 Case Studies and Results

4.1 Case Description
In this part, we investigate the drag-reducing mechanism of high-Reynolds-number turbulent

channel flow with surfactant additives using the verified LES method through seven numerical
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cases, among which the case C0 is a Newtonian turbulent flow used for comparison and
cases C1∼C6 are non-Newtonian turbulent flow with surfactant additives. In these cases the
double-parallel FENE-P model (L= 100) is adopted to describe non-Newtonian fluid properties
and the friction Reynolds number is set as 600, the other parameter settings are presented in
Tab. 1. In the simulation, a 32× 64× 32 mesh system is applied and the grid independence test
can refer to [18,24,25]. For the hybrid SGS model used in LES, the width for spatial filter is
set as 0.0634, and the width for temporal filter of both velocity and conformation tensor is
set as 10Δt∗.

Table 1: Simulation parameters setting for cases C0∼C6

Case Δt∗ Weτ ,1 β1 Weτ ,2 β2

C0 5× 10−4 – – – –
C1 1× 10−4 10 0.1 10 0.1
C2 1× 10−4 20 0.1 20 0.1
C3 1× 10−4 30 0.1 30 0.1
C4 1× 10−4 40 0.1 40 0.1
C5 1× 10−4 20 0.15 20 0.15
C6 1× 10−4 20 0.2 20 0.2

It should be noted that the initial conditions should be given in this unsteady turbulent flow
simulation, which are shown below,

ū+
(
0,x∗,y∗, z∗

)= ū+(2) (0,x∗,y∗, z∗)= ū+(3) (0,x∗,y∗, z∗)= ū+(4) (0,x∗,y∗, z∗)= u+
(
0,x∗,y∗, z∗

)
(19)

v̄+
(
0,x∗,y∗, z∗

)= w̄+ (0,x∗,y∗, z∗)= u+
(
0,x∗,y∗, z∗

)
,u∗i u

∗
j

(
0,x∗,y∗, z∗

)= u+i u
+
j

(
0,x∗,y∗, z∗

)
(20)

c̄+ij
(
0,x∗,y∗, z∗

)= c̄+(2)
ij

(
0,x∗,y∗, z∗

)= c̄+(3)
ij

(
0,x∗,y∗, z∗

)= c̄+(4)
ij

(
0,x∗,y∗, z∗

)= c+ij
(
0,x∗,y∗, z∗

)
(21)

φ̄ij
(
0,x∗,y∗, z∗

)= γ̄ij
(
0,x∗,y∗, z∗

)= c̄+ij
(
0,x∗,y∗, z∗

)
(22)

4.2 Results Discussion
4.2.1 Turbulent Drag Reduction Rate

First the drag reduction (DR) rate of cases C0∼C6 is presented in Tab. 2, which is
defined as,

DR=
CD
f −Cf

CD
f

× 100% (23)

where Cf denotes the Fanning friction coefficient of the surfactant solution, Cf = 2/
(
U+
b

)2
, U+

b

is the dimensionless streamwise mean velocity; CD
f represents the Fanning friction coefficient of

the Newtonian flow, CD
f = 0.073Re−0.25

b , Reb is the bulk Reynolds number, Reb= 2ReτU
+
b .
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From Tab. 2, it can be obviously seen that a good turbulent drag reduction is obtained in
this study. For example, in case C1 with small Weτ and β the DR is up to 51.07%. We can also
observe that in cases C1∼C4, the effect of Weissenberg number is not so strong compared with
the turbulent flow at low Reynolds number, where with the increase of Weissenberg number, the
DR increases with the same trend. The main reason is that in high-Reynolds-number turbulent
flows, the DR depends not only on Weissenberg number, but also on the ratio of Weissenberg
number to friction Reynolds number. It means that the effect of Weissenberg number is sup-
pressed in high-Reynolds-number turbulent flows. Similarly, cases C5 and C6 also illustrate the
effect of concentration is not always positive, actually the solution concentration has dual effects
on DR rate. In our studied cases, with the increase of solution concentrations, the DR rate will
first increase and then decrease. The reason for this interesting phenomenon can be explained as
follows: when the solution concentration increases (more surfactant is added into the solution),
more microstructures are formed in the surfactant solution, then much stronger elastic drag would
be introduced. When the introduced elastic drag is larger than the reduced flow drag, the overall
DR rate will decrease. Therefore, when the solution concentration exceeds a threshold, the DR
rate will decrease with the increase of solution concentration.

Table 2: Turbulent drag reduction rate of cases C0∼C6

Case C0 C1 C2 C3 C4 C5 C6

DR(%) 0 51.07 51.91 53.60 54.52 49.65 45.49

4.3 Streamwise Mean Velocity
The mean velocity along streamwise direction is a main flow field characteristic in the

turbulent drag-reducing flow. Fig. 5 displays variations of dimensionless streamwise mean velocity
U+
b with y+, where the dimensionless streamwise mean velocity is defined as U+

b = Ub/uτ (Ub
is the streamwise mean velocity) and y+ is defined as y+ = ρyuτ /η, respectively. From Fig. 5 it
can be seen that there are some distinctions in the dimensionless streamwise mean velocity for
the turbulent drag-reducing flow and Newtonian turbulent flow. In viscous sublayer, both U+

b and
its gradient of turbulent drag-reducing flow are smaller than those of Newtonian turbulent flow.
It indicates the surfactant additives change the distributions of U+

b and its gradient in viscous
sublayer. In transition layer, compared with the Newtonian turbulent flow, both the gradient
of U+

b and the thickness of transition layer increase in the turbulent drag-reducing flow. In

logarithmic layer and main flow region, U+
b and its gradient of turbulent drag-reducing flow are

larger than those of Newtonian turbulent flow. Furthermore, with increase of the elastic effect
(concentration), the difference in U+

b and its gradient between the surfactant-turbulent flow and
the Newtonian turbulent flow becomes more obvious.

4.3.1 Deformation Rate
The elasticity strength of turbulent flow with surfactant additives can be characterized by

the dimensionless RMS of deformation rate fluctuation of microstructures formed in surfactant
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solution. Compared with the diagonal component of conformation tensor, c̄+xx, the fluctuations

of other components of conformation tensor is very small, thus the c̄+′
xx plays dominant role in

the deformation of microstructures in surfactant solutions. Fig. 6 presents the profiles of RMS
of c̄+′

xx with y+, in which the curve with dramatic change part is enlarged.

(a) (b)

Figure 5: Dimensionless streamwise mean velocity profiles. (a) Different Weτ in different cases. (b)
Different β in different cases

(a) (b)

Figure 6: Profiles of root-mean-square of c̄+′
xx with y+. (a) Different Weτ in different cases. (b)

Different β in different cases

From Fig. 6, it is clear to see that more closer near the channel wall, much more larger
the c̄+′

xx is, and the maximum value of c̄+′
xx is achieved on the channel wall. This is because near

the channel wall the shear stress is much stronger than that in the channel center. Meanwhile,
it demonstrates that the influencing zone of surfactant additives in turbulent flows is the near-
wall region, the viscoelasticity exerts great effects on the viscous sublayer and transition layer
near the channel wall. It is also worth noting that the numerical instability of LES of turbulent
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drag-reducing flow mainly attributes to the fluctuation of deformation rate. To vividly visualize
the distribution of c̄+′

xx, the contour of c̄+′
xx in x∗–y∗ plane located at channel center of cases C2

and C4 is presented in Fig. 7. We can see that the two-dimensional distribution of c̄+′
xx agrees with

the profiles of c̄+′
xx along wall-normal direction. In addition, with the increase of surfactant con-

centration, the deformation of microstructures in turbulent drag-reducing flow becomes stronger
and thus c̄+′

xx increases.

x*
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1
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(a)

(b)

Figure 7: Distributions of c̄+′
xx in x∗–y∗ plane. (a) Case C2. (b) Case C4

4.3.2 Shear Stress
One reason for the drag reduction in turbulent flow is that the surfactant additives in turbu-

lence change the balance of shear stress and lead to the redistribution of shear stress. Therefore,
it is essential to analyze different shear stresses in turbulent flow, as shown in formula (24),

τtotal = τR+ τV + τE =−
〈
ū+

′
v̄+

′〉+ 1
Reτ

∂U+
b

∂y∗
+

N∑
m=1

βm

Weτ ,m
f (r̄m) c̄+xy,m (24)

where τtotal stands for the total shear stress; τR = −〈ū+′
v̄+′〉 represents the Reynolds shear

stress; τV = 1
Reτ

∂U+
b

∂y∗ denotes the viscous shear stress; τE =
N∑
m=1

βm
Weτ ,m

f (r̄m) c̄+xy,m denotes the elastic

shear stress.

Fig. 8 depicts the profiles of three different shear stresses with y+ regarding cases C0,
C2∼C4. From Fig. 8, it can be concluded that the surfactant additives substantially change the
balance of shear stresses in turbulent drag-reducing flow. In the near-wall region, the τR in
Newtonian turbulent flow is much larger than that in turbulent drag-reducing flow, the peak
value is around two times of that in turbulent drag-reducing flow. This is also the main reason
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why the friction drag of Newtonian turbulent is far larger than that of turbulent drag-reducing
flow. Furthermore, the peak position of τR curve in turbulent drag-reducing flow moves towards
the main flow region, corresponding to the increase of transition layer thickness. Similar to
the Newtonian turbulent flow, the influencing zone of τV in turbulent drag-reducing flow is the
near-wall region. It decreases quickly when moving away from the near-wall region. One small
distinction is that τV in turbulent drag-reducing flow is little stronger than that in Newtonian
turbulent flow. Different from the low-Reynolds-number turbulent drag-reducing flow, the peak of
τE curve in the near-wall region cannot be observed clearly. In turbulent drag-reducing flow, the
existence of τE , the decrease of τV and τR finally reduce the frictional resistance in channel wall
and induce the drag reduction.

(a) (b)

(c)

Figure 8: Profiles of different shear stresses with y+. (a) Reynolds shear stress. (b) Viscous shear
stress. (c) Elastic shear stress

4.3.3 Transport and Dissipation of Turbulent Kinetic Energy
Compared with Newtonian fluid, the elastic effect of turbulent drag-reducing flow induced

by the surfactant drag reducer changes the transport and dissipation of turbulent kinetic energy
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(TKE). To investigate the production, transport and dissipation of TKE as well as their relation
with the drag-reducing mechanism, here the TKE transport equation is presented below,

D
Dt

〈
ū+

′
i ū

+′
j

〉
=PK ,ij+DV ,ij +DT ,ij + εK ,ij+DP,ij + εE,ij (25)

where PK ,ij denotes the TKE production, PK ,ij = −
〈
ū+

′
j ū

+′
k

∂Ū+
i

∂x∗k
+ ū+

′
i ū

+′
k

∂Ū+
j

∂x∗k

〉
; DV ,ij denotes

the viscous diffusion, DV ,ij = 1
Reτ

∂2
〈
ū+

′
i ū+

′
j

〉
∂x∗2k

; DT ,ij denotes the turbulent diffusion, DT ,ij =

− ∂
∂x∗k

〈
ū+

′
i ū

+′
j ū

+′
k

〉
; εK ,ij represents the TKE dissipation, εK ,ij = 2

Reτ

〈
∂ ū+

′
i

∂x∗k

∂ ū+
′

j
∂x∗k

〉
; DP,ij indicates

the pressure diffusion, DP,ij = −
〈
ū+

′
j

∂ p̄+′

∂x∗i
+ ū+

′
i

∂ p̄+′

∂x∗j

〉
; εE,ij denotes the elastic dissipation,

εE,ij =
N∑

m=1

βm
Weτ ,m

〈
ū+

′
i

∂
(
f(r̄m)c̄+jk,m

)
∂x∗k

+ ū+
′

j

∂
(
f(r̄m)c̄+ik,m

)
∂x∗k

〉
, this term doesn’t exist in the Newtonian

turbulent flow.

As shown in Fig. 9, the profiles of different terms related with the production, transport
and dissipation of TKE mentioned in Eq. (25) are presented. From Fig. 9a, we can see that the
TKE production in turbulent drag-reducing flow is far smaller than that in Newtonian turbulent
flow, the peak value of PK is only 30% of that in Newtonian turbulent flow. The reason for
the dramatic drop of PK can be attributed to the decrease of Reynolds shear stress in turbulent
drag-reducing flow. Fig. 9b indicates that no matter for the Newtonian turbulent flow or the
turbulent drag-reducing flow, the influencing zone of viscous diffusion focuses on the near-wall
region. In transition layer, the viscous diffusion achieves the minimum value, which means the
energy dissipation induced by viscous diffusion is maximum. In the main flow region, the viscous
diffusion can be neglected. The peak value of DV in turbulent drag-reducing flow is reduced
obviously compared with that in Newtonian turbulent flow. From Fig. 9c, it can be observed
that the turbulent diffusion in Newtonian turbulent flow is stronger in the near-wall region than
that in turbulent drag-reducing flow. In turbulent flow with surfactant, the turbulent diffusion
tends to be stable after the negative peak, it implies the turbulent fluctuation is suppressed and
reduced in turbulent drag-reducing flow, the turbulent fluctuations and fluctuation kinetic energy
decrease gradually and tend to be stable. Fig. 9d demonstrates the profile of TKE dissipation
along the wall-normal direction. It can be observed that no matter in Newtonian turbulent flow
or in turbulent drag-reducing flow, εK is always negative, which means the turbulent kinetic
energy is dissipated. The εK is large in the near-wall region and is reduced away from the
channel wall. Furthermore, εK in turbulent drag-reducing flow is smaller than that in Newtonian
turbulent flow because the viscoelasticity changes the transport of TKE and thus the dissipation
of TKE is suppressed and reduced. From Fig. 9e, it can be found the variation trend of pressure
diffusion is similar to that of turbulent diffusion. Fig. 9f shows the elastic dissipation profile,
which only exists in turbulent drag-reducing flow with non-Newtonian fluid (surfactant solution
in this work). From Fig. 9f, we see that the elastic dissipation is relatively small, and the peak
of elastic dissipation exists in the transition layer of turbulent drag-reducing flow. It indicates the
elastic energy mainly dissipates in transition layer and contributes to the increase of thickness of
transition layer.
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(a) (b)

(c) (d)

(e) (f)

Figure 9: Analysis on the balance of turbulent kinetic energy. (a) Production of TKE. (b) Viscous
diffusion. (c) Turbulent diffusion. (d) Dissipation of TKE. (e) Pressure diffusion. (f) Elastic
dissipation

Based on above analyses, we can conclude that compared with Newtonian turbulent flow,
the addition of surfactant drag reducers to the turbulent flow obviously changes the production,
transport and dissipation of TKE. Especially, the surfactant additives mainly affect the TKE in
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the near-wall region but has little influence on the main flow region. The reduction of turbulent
drag has close relation with the dramatic decrease of production of TKE.

(a)

(b)

Figure 10: Comparison of coherent structures of C0 (left) and C2 (right). (a) Q= 50. (b) Q= 250

4.3.4 Coherent Structures
To reveal the underlying drag-reducing mechanism, the relation between drag reduction and

coherent structures is discussed here. Fig. 10 shows the turbulent coherent structures of C0
(Newtonian fluid) and C2 (non-Newtonian fluid with surfactant) with Q= 50 and Q= 250, where
the vortex tube structures exist when Q > 0 according to the Q method [35]. From Fig. 10,
it can be clearly observed that with the same Q value, the number of vortex tube structures
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in Newtonian turbulent flow is much more than that in non-Newtonian turbulent flow. This
phenomenon indicates that the surfactant additives can substantially suppress the formation of
turbulent coherent structures in high-Reynolds-number turbulent channel flow. Thus after the
surfactant is added into the turbulent flow, the intermittency of turbulent flow is suppressed and
the frequency and intensity of turbulent burst events are reduced and weakened appreciably. With
the increase of Q value, the number of coherent structures decreases both in Newtonian and in
non-Newtonian turbulent flows.

4.3.5 Skewness Factor and Flatness Factor
To quantitatively clarify that the intermittency of turbulent flow is suppressed by the surfac-

tant additives, Fig. 11 presents the average skewness factor and flatness factor of the streamwise
velocity fluctuation in the LES simulation. The skewness factor can describe the deviation between
turbulent flow field and the Gaussian flow field where the skewness factor is 0. Fig. 11a shows
that both Newtonian turbulent flow and non-Newtonian turbulent flow deviate from the Gaussian
flow field, but larger deviations and higher asymmetry are found in non-Newtonian turbulent
flow. In addition, with the increase of Weissenberg number, the skewness factor will increase
too. Generally, the flatness factor can represent the overall intermittency of turbulent flow. From
Fig. 11b it is easy to see that the flatness factor of Newtonian turbulent flow is larger than
that of turbulent drag-reducing flow with surfactant additives, indicating that the probability
density function of streamwise velocity in turbulent drag-reducing flow is flatter than that of
Newtonian turbulent flow, the reason can be attributed to that the intermittency is suppressed
and weakened by surfactant additives. From the analysis of skewness factor and flatness factor,
it can be concluded that the overall intermittency of turbulent channel flow is suppressed and
the turbulent fluctuation and burst events are obviously weakened with the adding of surfactant
drag reducer.

(a) (b)

Figure 11: Average skewness factor and flatness factor. (a) Average skewness factor. (b) Average
flatness factor

5 Conclusions

In this study, we implement the LES investigation of turbulent drag-reducing channel flow
with surfactant additives using a hybrid subgrid scale model and a double-parallel FENE-P
constitutive model. In the hybrid subgrid scale model, ICSM is applied to filter the momentum
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equation and TADM is used to filter the double-parallel FENE-P model. The LES governing
equations, numerical methods and algorithm are introduced in detail. The LES is first validated
through commonly-used PIV experiments, in which the PIV measured results validate that the
LES approach can offer a good prediction accuracy. Then seven numerical cases at high Reynolds
number (the fraction Reynolds number is up to 600) and different solution concentrations (the
Weissenberg number is 10∼40 and β is 0.1∼0.2) are simulated by the verified LES. Simulation
results are displayed and drag-reducing mechanism is analyzed in detail from the perspectives of
DR rate, streamwise mean velocity, RMS of deformation rate fluctuations, shear stress, transport
and dissipation of turbulent kinetic energy, coherent structures, etc. It is noted that there exists
distinctions in flow characteristics and drag-reducing mechanism between turbulent drag-reducing
flows at high Reynolds number and low Reynolds number.

In this work, we have presented the application of a hybrid SGS model and N-parallel
FENE-P model within LES to study the turbulent drag-reducing channel flow. As our next
step, we aim to study the application of presented method for more complicated simulation
conditions, such as different concentrations and different branches of parallel FENE-P model.
Other possible research directions include extensions to the multiphase turbulent drag-reducing
flow and turbulent flow with supercritical fluid.
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