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To explore the drag-reducing characteristics of turbulent channel flows with surfactant additive at relatively
high Reynolds number from the perspectives of energy spectrum and multi-scale resolution, the two-dimen-
sional fluctuation velocity fields of turbulent channel flows with/without surfactant additive at Reynolds
number of Re


= 590 obtained by large eddy simulation are decomposed by two-dimensional proper orthog-

onal decomposition (POD) and wavelet transform (WT). POD results show that the low-order eigenmode
occupying most energy can be used to capture large-scale vortex structures, and fewer eigenmodes can be
employed to capture coherent structures (CSs) in surfactant solution case compared with that in the New-
tonian fluid. The spatial structures depicted by POD eigenmode state that buffer layer has a tendency to
move towards the center of the channel in surfactant solution. Through wavelet analysis of fluctuation
velocity fields in the streamwise-wall-normal planes, it is found that CSs mainly distribute in the near-wall
region and the amount of CSs is smaller in surfactant solution. The results of local Reynolds shear measure
(LRM) show that local contribution of CSs to the intermittency in turbulent channel flow of surfactant solu-
tion decreases, indicating the inhibition of intermittency by surfactant additive. In order to investigate the
drag-reducing characteristics at different locations along the wall-normal direction, the fluctuation velocity
fields in the streamwise-spanwise planes at different wall-normal locations are decomposed by two-dimen-
sional WT. The results show that surfactant additive mainly affects the flow in the near-wall region (espe-
cially in the buffer layer) and thus induces drag reduction effect.

Keywords: drag-reducing characteristics, proper orthogonal decomposition, wavelet transform, turbulent

channel flow, surfactant additive

1. Introduction

Turbulent drag-reducing phenomenon that adding a

small number of polymers into turbulent Newtonian sol-

vent can induce a prominent frictional drag reduction

(DR) has been discovered by Toms (1949). Since that, the

turbulent DR effect of viscoelastic fluid has been widely

recognized. Numerous numerical and experimental studies

reported that the significant frictional DR with a maxi-

mum rate of 80% (Bewersdprff and Ohlendorf 1988) was

obtained in turbulent isotropic homogeneous flow, turbu-

lent channel flow, and turbulent pipe flow of viscoelastic

fluids (Burger et al., 1982; Cai et al., 2010; Li et al., 2005;

Walker and Tiederman, 1990; Wang et al., 2017c; War-

holic et al., 1999). The advantages of turbulent drag-

reducing phenomenon, e.g., energy saving, have attracted

many researches with the focuses on the flow character-

istics and drag-reducing mechanism.

Viscoelastic fluid can be obtained by adding polymer or

some certain surfactant into water or other Newtonian

fluid. Compared with the flexible long-chain structures in

the polymeric liquids which play an important role in the

turbulent DR, the shear-induced structure (SIS) formed in

the surfactant solutions (with the aid of counterions) has

the self-repairing ability that the SIS broken by the strong

shear or high temperature can form again after removing

the strong shear or lowering the temperature (Li et al.,

2012). Up to now, turbulent drag-reducing technique uti-

lizing surfactant additive has been employed in district

heating or cooling system for the energy saving and

improvement of economic benefit (Burger et al., 1982; Li

et al., 2012; National Institute of Advanced Industrial Sci-

ence and Technology, 2007). However, the limited under-

standing of drag-reducing mechanism, especially for that

at high Reynolds number, restricts its wide applications in

practical engineering.
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In order to investigate the turbulent drag-reducing mech-

anism of surfactant solution in detail, experimental and

numerical studies in combination with statistical post-pro-

cessing methods have been performed. Compared with

experimental method, numerical method has the advan-

tages of being prone to implement and less cost. Thus,

many numerical researches employing direct numerical

simulation (DNS), Reynolds-averaged Navier-Stokes (RANS)

model and large eddy simulation (LES) have been con-

ducted on turbulent drag-reducing flow to analyze the

drag-reducing characteristics. Since DNS can resolve the

smallest Kolmogorov scale in turbulent flow, its compu-

tational cost is so huge that the achievable Reynolds num-

ber for DNS is limited. For RANS, in spite of relatively

small computational cost, only the average information of

velocity fields can be obtained, leading to the restriction in

analyzing the characteristics of turbulent flow. In order to

further achieve more useful information of turbulent flow,

LES with different subgrid-scale (SGS) models has been

widely used to simulate turbulent flow. However, there are

few attempts for turbulent drag-reducing flow of visco-

elastic fluid due to the difficulty in the development of

suitable SGS models. Thais et al. (2010) and Li et al. (2015)

proposed temporal approximate deconvolution model

(TADM) and mixed SGS model based on coherent struc-

tures and temporal approximate deconvolution (MCT),

respectively. These two SGS models were used to simu-

late turbulent channel flow with surfactant additive at high

Reynolds number, and proved to be suitable for the inves-

tigation of the drag-reducing characteristics. It was shown

that surfactant additive would change the turbulent kinetic

energy cascading process. Moreover, coherent structures

(CSs) become more regular and the amount of CSs is

reduced in turbulent drag-reducing flow of surfactant solu-

tion.

Turbulent characteristics including the velocity fields

and CSs in turbulent drag-reducing flow were mainly ana-

lyzed by traditional statistical post-processing methods

(Burger et al., 1982; Cai et al., 2010; Li et al., 2005; Li et

al., 2012; Walker and Tiederman, 1990; Wang et al.,

2017c; Warholic et al., 1999). However, as we all know,

turbulence is dominated by CS activities and related tur-

bulent events. It is a series of turbulent fluctuations which

contain more energy than turbulent average field. It was

proved that turbulent velocity fluctuation can be used to

investigate the characteristics of CSs at different scales in

detail. In order to detect more information of CS through

the post-processing of turbulent velocity fluctuation, two

mathematical methods, proper orthogonal decomposition

(POD), and wavelet transform (WT), have come into eyes.

In the early stage, POD was just employed to solve

mathematical problems. As a pioneer attempt, Lumley

(1967) adopted POD to extract CSs in turbulent flow.

Then it was proved to be a suitable method to capture or

detect the characteristics of CS in turbulent flow due to its

energy optimum property (Yang, 2010). Although POD

shows good performance in the analyses of turbulent flow

at different eigenmodes, the corresponding computational

cost is very huge. In order to increase computational effi-

ciency, the snapshot POD method was proposed by

Sirovich (1987a; 1987b; 1987c) and applied to the engi-

neering field, such as wake flow (Shi et al., 2010) and jet

flow (Bernero and Fiedler, 2000). For turbulent channel

flow, Moin and Moser (1989) found that CS captured by

POD accounted for over 70% of turbulent kinetic energy.

Similar result that the first 25 POD eigenmodes contain

more than 75% of turbulent kinetic energy was reported

by Ball et al. (1991). For turbulent drag-reducing flow,

Cai et al. (2012) explored the polymers effect on CS in

forced homogeneous isotropic turbulence by combining

POD and discovered that the number of eigenmodes that

is required to capture 90% of turbulent kinetic energy is

smaller in polymer solution than that in Newtonian fluid.

Wang et al. (2011; 2012) investigated the characteristics

of CS and heat transfer in turbulent drag-reducing channel

flow of surfactant solution with Re

= 150 by POD. It was

reported that large-scale structures were enlarged in the

streamwise direction and aligned with the spanwise direc-

tion. Besides, the turbulent kinetic energy transport pro-

cess was changed.

Compared with POD, WT is later adopted in the anal-

ysis of turbulence characteristics, which uses some basic

wavelet function to decompose the original signal on both

time and frequency domains. For turbulence analyses,

since WT has the advantage of reflecting local vortex

structures, it was firstly employed to investigate the rela-

tion between CSs and intermittency in homogeneous tur-

bulent flow (Farge and Rabreau, 1988). After the first

report about the utilization of WT in analyzing turbulence

characteristics, many researchers paid attention to WT and

considered it to be a suitable post-processing method.

Bacry et al. (1991) indirectly measured the multifractal

behavior of turbulent velocity fields by directly obtaining

the scaling exponents at the inertial-range scales using

WT on the basis of the wind tunnel experimental database.

Camussi and Guj (1997) analyzed the velocity fields of

turbulent jet flow and uniform grid turbulence and found

that strong intermittency was related to small scale sig-

nals. For turbulent drag-reducing flow, Wang et al. (2012)

and Wu et al. (2013) used one-dimensional WT to explore

the characteristics of flow structures in turbulent channel

flow with Re

= 150 based on DNS data. We also reported

the successive applications of one-dimensional and two-

dimensional WT in the investigations of the influences of

drag-reducing additive on CSs and intermittency based on

LES database of homogeneous isotropic turbulence with

polymer additives (Wang et al., 2017b) and experimental

database of turbulent channel flow with surfactant addi-
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tives (Wang et al., 2017a). It was shown that local con-

tribution to the intermittency was smaller in turbulent

drag-reducing flow.

In this study, based on LES database of turbulent flows

at relatively high Reynolds number (Re

= 590) obtained

by MCT, drag-reducing characteristics of turbulent chan-

nel flow with surfactant additive are analyzed by combin-

ing POD and WT. Although a few papers mentioned

above have stated the influence of surfactant additive on

CSs in turbulent channel flow, the detailed information of

CSs in streamwise-spanwise planes at different wall-nor-

mal locations (covering the linear substrate layer, buffer

layer, logarithm layer, and outer layer) are not yet reported,

which is significant for exploring the turbulent drag-reduc-

ing mechanism. Therefore, this paper focuses on the com-

prehensive analyses of drag-reducing characteristics in

turbulent channel flow of surfactant solution by two-

dimensional POD and two-dimensional WT, especially

the characteristics of CSs at different scales in different

streamwise-spanwise planes by WT. The fluctuating energy

distribution and eigenmodes for capturing turbulent kinetic

energy in streamwise-wall-normal plane are obtained by

POD, and multi-scale decomposition, flatness factor, and

Reynolds shear stress in the streamwise-wall-normal and

streamwise-spanwise planes at different scales are obtained

by WT. Then the mechanism of drag reduction by surfac-

tant additive is explored by analyzing these parameters.

2. Numerical and Mathematical Methods

2.1. Governing equations of LES and calculation

conditions

2.1.1. Governing equations

The suitable SGS model of LES for turbulent drag-

reducing flow of viscoelastic fluid is very scarce. We pro-

posed an effective SGS model named MCT (Li et al.,

2015), which can dynamically reflect vortex structure in

turbulence at each grid and each time step. This SGS

model has been verified for both forced homogeneous iso-

tropic turbulence with polymer additive and turbulent

channel flow with surfactant additive (Li et al., 2015).

According to the focus of this paper, MCT model for tur-

bulent channel flow with surfactant additive is briefly

described here for the reader’s convenience. The detailed

concept and equations of MCT model can be referred to

our previous work (Li et al., 2015).

For turbulent channel flow with surfactant additive, the

governing equations contain the continuity equation,

momentum equation, and conformation tensor transport

equation. Giesekus constitutive model is adopted due to its

good prediction for the rheological properties of surfactant

micelles (Beris et al., 1992). The corresponding dimen-

sionless filtered governing equations of LES are given as

follows.

(1)

(2)

(3)

The variables are normalized as :

, , , , ,

, (4)

where superscript  represents filtered value; superscript +

represents dimensionless value;  is the filtered velocity;

 is a dimensionless measure for the concen-

tration of dilute surfactant solution, herein,  and  are the

dynamic viscosities of solvent and surfactant solution,

respectively; Re

 is Reynolds number defined on the basis

of the friction velocity; We

 is Weissenberg number based

on the friction velocity; ij is the traceless SGS stress ten-

sor;  is the filtered conformation tensor; Rij is a subfilter

term related to the nonlinear restoring force in the filtered

conformation tensor transport equation; Pij and Qij are sub-

filter terms caused by stretching;  is a second

order regularization term considering the kinetic energy

transfer between the scales that cannot be recovered by the

deconvolution procedure;  is the dissipative coefficient

for conformation tensor transport equation and c = 1 (Li

et al., 2015);  is the mobility factor; ij is the Kronecker

symbol; h is half height of the channel; u

 is the friction

velocity and ; w is the wall shear stress.

One advantage of MCT model is the combination of the

spatial filtering and temporal filtering (which is also its

essence), in which Eqs. (1) and (2) are filtered on spatial

domain and Eq. (3) is filtered on temporal domain. Another

advantage is the adoption of “Q-criterion” which is used

for extracting vortex structure in turbulence so as to cal-

culate ij in Eq. (2), achieving the description for CS at each

grid and each time step in MCT model. ij is expressed as

(5)

with 

, , (6)
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, , ,  (7)

,

(8)

where C is the model parameter;  is the filter width,

;  is the filtered rate-of-strain tensor;

CCSM is a constant and ; 

is the filtered vorticity tensor.

For the temporal filtering of Eq. (3), the deconvolved

value that approximates the unfiltered value should be

firstly calculated by the same values at current and earlier

time. Then the deconvolved velocity vi, the deconvolution

conformation tensors ij and ij are built as follows, respec-

tively.

, , (9)

where Cm and Dm are the optimal deconvolution coeffi-

cients which are dependent on p and q. In this study,

degree-3 deconvolution for p and degree-2 secondary reg-

ularization for q are chosen, leading to =

 and 

 according to the binomial theorem.

Then the subfilter terms Pij, Qij, and Rij on the basis of the

deconvolution value defined above can be expressed as

, (10)

, (11)

 Finally, the temporal filterings of corresponding vari-

ables in Eq. (3) are given by

(12a)

(12b)

, , , 

 (12c)

,

(12d)

where u and c are the filter widths for velocity vector

and conformation tensor, respectively.

2.1.2. Computational model and conditions

The computational domain with 10h × 2h × 5h for tur-

bulent channel flow is presented in Fig. 1, in which x, y,

and z represent the streamwise, wall-normal, and spanwise

directions, respectively. The uniform grids are adopted in

both the streamwise and spanwise directions, while the

non-uniform grid is employed in the wall-normal direction

to obtain the conformation information and to capture the

turbulent events including ejection and sweep motions.

The grid generation function for grid refinement near the

wall in the wall-normal direction is given by

(13)

where a is the parameter related to the density of the grid

and a = 0.95; j is the number of grid node in the wall-nor-

mal direction; Ny is the total number of grid nodes in the

wall-normal direction. The grid number for turbulent

channel flow in this work is .

The adoption of denser grid in the wall-normal direction

is to obtain comprehensive information of velocity and

conformation fields near the wall, which is significant for

exploring drag-reducing mechanism.

In the process of numerical simulation, the periodic
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Fig. 1. Schematic diagram for the model of turbulent channel

flow.

Fig. 2. (Color online) Mean streamwise velocity profile in tur-

bulent channel flow of the Newtonian fluid at Re

= 590 obtained

by LES and DNS (Moster et al., 1999) ( ).y
+

 = yj

+
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boundary conditions are used in the streamwise and span-

wise directions, while non-slip condition is imposed in the

wall-normal direction. Meanwhile, staggered mesh is

applied to avoid coupling loss in computing velocity and

pressure fields. Other information including discretization

schemes was introduced at length in our previous work

(Li et al., 2015). In order to verify the feasibility of MCT

model, the mean streamwise velocity profile of turbulent

channel flow for the Newtonian fluid at Re

= 590 obtained

by LES is compared with DNS data obtained by Moster et

al. (1999), as shown in Fig. 2. It can be seen that the

dimensionless mean streamwise velocity profile based on

MCT model is consistent with that by DNS except minute

difference. Besides, the detailed validations for the turbu-

lent flows of the Newtonian and viscoelastic fluids at

other Reynolds numbers can be referred to the previous

work (Li et al., 2015). In this work, turbulent channel

flows at Re

= 590 are discussed for Newtonian fluid and

surfactant solution with We

= 20 and  = 0.8, respectively.

2.2. Proper orthogonal decomposition (POD)
As an effective method for the extraction of large-scale

vortex structure, POD has been widely used in the anal-

ysis of turbulent flow at present due to the advantage of

the reflection of CSs from the viewpoint of energy spec-

trum. The idea of POD is that a series of eigenfunctions

are mathematically calculated to describe CS and its

development. Since the energy proportions occupied by

each eigenmode and ignored by higher eigenmodes can be

known in advance, POD can be utilized to analyze the

flow characteristics objectively, and can approximate the

original turbulent flow field more accurately. The brief

introduction of POD is as follows.

Firstly, a function related to spatial value, the linear

combination of a series of eigenfunctions (x), is defined

to represent CS. This function can possess the maximum

energy under some certain conditions, i.e., the expression

 can reach the maximum value at some

certain (x). Herein,  and ( f, g) =

;  is the flow domain.

At the situation of , we can obtain the

maximum  based on the following

equation

(14)

Herein, , then it can be obtain-

ed that . Through

further definitions of  and

, the above-mentioned problem is

translated into finding such a suitable (x) that Eq. (15)

can reach the maximum value.

(15)

Based on the mathematical derivation, we can ultimately

obtain

, i.e., (16)

where .

According to these eigenfunctions, the velocity field can

be reconstructed as follows

(17)

where .

The corresponding turbulent kinetic energy is given by

 (18)

On the basis of the above-mentioned , the com-

putational cost will be very huge due to a lot of velocity

vectors contained in velocity field. Therefore, snapshot

POD (Bernero and Fiedler, 2000) is employed in this

study because of its relatively small computational cost.

2.3. Wavelet transform (WT)
WT, also known as wavelet analysis, refers to the intro-

duction of a finite or fast attenuating oscillation waveform

(which is also called mother wavelet) to analyze the orig-

inal signal at multi-scale. Although WT is similar to short-

time Fourier transform which can analyze the original sig-

nal on both time domain and frequency domain, WT is

more effective for time resolution at high frequency and

for frequency resolution at low frequency. As a result,

more valuable information of local characteristics can be

acquired. For turbulent flow, the characteristics of CSs and

intermittency at multi-scale can be observed by WT.

For WT, there is a mother wavelet function or wavelet

basis function  and . In the meantime,

the Fourier transform  must satisfy the following

condition.

(19)

As reported in the previous literature (Wang et al.,

2017a; Wang et al., 2017b), (x) can be flexed and shifted

by scaling factor a and shift factor , respectively. The

wavelet basis function and its wavelet coefficient on the

basis of a and  can be expressed as 
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(20)

(21)

where  and  are the wavelet basis function

and its conjugate function, respectively; f(t) is the original

signal. 

WT can be classified into continuous WT (CWT) and

discrete WT (DWT). The former is obtained with contin-

uous a and , while the latter is obtained with discrete a

and . The computational cost of CWT is relatively large

and there are some redundant wavelet coefficients in

CWT. Moreover, all numerical and experimental signals

for turbulence are discretely obtained. Hence, it is better to

investigate turbulence signal by DWT. If a and  in Eq.

(20) can be defined as  and  

 the wavelet basis function for DWT can be

given by:

(22)

Then a and  should be continuously adjusted to adapt to

the non-stationary of signal caused by the variations of

time and frequency resolutions. Herein,  and .

Then,  and  ( , where N

is the length of the input signal) at each grid node are

applied to form a widely used DWT, binary wavelet,

which has the advantage of microscope functionality (Sar-

acco and Tchamitchian, 1988). The wavelet basic function

and its wavelet coefficient for binary wavelet are built as:

(23)

(24)

In this study, we focus on the analyses of drag-reducing

characteristics in streamwise-wall-normal plane and stream-

wise-spanwise plane by DWT. Thus, the original signal in

turbulence is f(x, y) or f(x, z) and the corresponding wave-

let basis function and wavelet coefficient are as follows

 or

(25)

or 

(26)

Since there are various kinds of wavelet basis function

for binary wavelet, the orthogonal discrete Daubechies wave-

let with three-order vanishing moment (db3) (Daubechies,

1988) is selected in combination with Mallat algorithm

(fast wavelet transform algorithm) (Mallat, 1989).

3. Results and Discussions

Before POD and wavelet analyses, some parameters

evaluating DR performance of turbulent channel flow in

macroscopic fashion are firstly presented. A key charac-

teristic of viscoelastic fluid is turbulent drag-reducing

effect, which can be quantitatively measured by DR rate.

The expression of DR rate is as follows

(27)

where  is the friction factor evaluated by Dean’s cor-

relation (Dean, 1978); Cf is the friction factor obtained by

LES in this work. The parameters for the Newtonian fluid

case and surfactant solution case in this work are given in

Table 1. The turbulent drag-reducing flow of surfactant

solution with  and  has a DR rate of

35.99%, illustrating that surfactant additive plays a role in

DR.

Another important parameter is the root-mean-square

velocity fluctuation which reflects turbulent fluctuation

intensity. Their distributions along the wall-normal direc-

tion are shown in Fig. 3. It can be clearly seen that 

increases while  and  decrease for surfactant solu-

tion case compared with the Newtonian fluid case, indi-

cating that surfactant additive increases the turbulent

fluctuation intensity in the streamwise direction and weak-

ens those in the wall-normal and spanwise directions. In

addition, the locations of the maximums of , , and

,
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Table 1. The parameters for the Newtonian fluid and surfactant solution cases.

Case Nx × Ny × Nz Re


We


  DR%

The Newtonian fluid 32 × 64 × 32 590 - - - -

Surfactant solution 32 × 64 × 32 590 20 0.8 0.001 35.99
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 tend to move towards the center of the channel for

surfactant solution case, indirectly indicating that the buf-

fer layer becomes wider and the amount of CS near the

wall reduces in turbulent channel flow with surfactant

additive.

3.1. POD analysis
In order to explore the influence of the number of POD

eigenmodes on turbulent flow and to choose the proper

number of POD eigenmodes, LES results for the center

plane in the z direction (i.e., x-y plane) obtained within the

time interval of 40-120 s are selected, ensuring that the

turbulent flow is fully developed. Moreover, POD eigen-

modes with 60, 100, and 200 snapshots are used in snap-

shot POD, respectively. POD is strictly calculated on the

basis of the mathematical distribution rules so that the pro-

portion of turbulent kinetic energy occupied by different

POD eigenmodes can be known. 

Figure 4 shows the distributions of turbulent kinetic

energy of the single POD eigenmode under different POD

eigenmodes for the Newtonian fluid case. It is found that

a larger proportion of turbulent kinetic energy is occupied

by the lower-order eigenmodes (M < 15), due to the exis-

tence of the large-scale structures in turbulence. On the

contrary, the percentage of turbulent kinetic energy at the

higher-order eigenmodes is smaller and its distribution is

more uniform, which is resulted from the small-scale

structures in turbulence. When POD eigenmodes with 60

and 100 snapshots are selected to analyze turbulent flow

field, the energy is unreasonably distributed and occupied

by each eigenmode, making it impossible to correctly

reflect the turbulence characteristics and to reproduce the

real turbulence by using the snapshot POD. Besides, the

percentage of the turbulent kinetic energy for the eigen-

modes with M = 200 has a uniform distribution for M >

100, and the percentage of the energy occupied by the

higher-order eigenmodes is less than 0.2%, indicating that

the snapshot POD can be used to reproduce the turbulent

channel flow. Therefore, the eigenmodes with M = 200 are

selected for snapshot POD to analyze the turbulent flows

of the Newtonian fluid and surfactant solution.

As mentioned above, the proportion of turbulent kinetic

energy occupied by each eigenmode can be obtained.

Therefore, it is necessary to investigate the cumulative

contribution of the eigenmodes to the turbulent flows of

the Newtonian fluid and surfactant solution by POD anal-

ysis, as shown in Fig. 5. It can be observed that the cumu-

lative energy percentages captured under the same eigen-

mode in the Newtonian fluid and surfactant solution are

obviously different. Turbulent kinetic energy spectrum for

turbulent channel flow of surfactant solution converges

more quickly than that for the Newtonian fluid. Some lit-

eratures (Cai et al., 2012; Wang et al., 2011; Wang et al.,

2012) reported that a linear accumulation of each order

eigenmode which occupies more than 90% of turbulent

kinetic energy can be adopted to reflect CSs in turbulent

flows, and that the number of eigenmodes needed to cap-

ture CSs can indirectly describe the complexity of the

velocity field in turbulent flow. 90% of turbulent kinetic

'

rms
w



Fig. 3. Distributions of dimensionless root-mean-square velocity

fluctuations (normalized by u

) along the wall-normal direction in

turbulent channel flows of the Newtonian fluid and surfactant

solution (a) ; (b) ; (c) .
'
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u
 '

rms
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Fig. 4. (Color online) Distributions of turbulent kinetic energy of

the single POD eigenmode under different eigenmodes for the

Newtonian fluid case.
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energy is cumulatively captured by 107 and 97 eigen-

modes for the Newtonian fluid and surfactant solution

cases, respectively, showing that the number of the eigen-

modes required for surfactant solution to capture CSs till

smaller scale is smaller than that for the Newtonian fluid.

This illustrates that the velocity field in turbulent channel

flow of surfactant solution is more regular than that of the

Newtonian fluid due to the suppression of CS in turbulent

flow by viscoelasticity, which agrees with the experimen-

tal results for the turbulent channel flows with/without

CTAC (cetyltrimethyl ammonium chloride) obtained by

particle image velocimetry (PIV) (Li et al., 2006; Li et al.,

2008).

For POD analysis, the spatial structures in turbulent

flow can be depicted by the POD eigenmodes. From Figs.

4 and 5, it is known that low-order (less than 10-order)

eigenmode occupies relatively more turbulent kinetic

energy due to the large-scale structures. Hence, the veloc-

ity fields and contours of swirling strength ci (Adrian et

al., 2000) obtained by the first three orders for both the

Newtonian fluid and surfactant solution cases are shown

in Fig. 6, as well as those obtained by 105-order eigen-

mode (occupying 0.2% turbulent kinetic energy) for the

Newtonian fluid and 94-order eigenmode (occupying

0.2% turbulent kinetic energy) for surfactant solution.

Herein, the contour of swirling strength ci is used to iden-

tify the vortex structures. The relatively large-scale vortex

structures in the flow field are acquired by the first three

orders eigenmodes, while the 105-order eigenmode in Fig.

6a and 94-order eigenmode in Fig. 6b capture the rela-

tively small-scale vortex structures. Meanwhile, the amount

of CSs increases with the increase of the order of eigen-

mode, especially for the relatively small-scale CSs, which

is due to the continuous dissipation of large-scale vortices

into small-scale vortices that can be captured by high-

order eigenmode. The comparison between the results for

the Newtonian fluid and surfactant solution cases depicted

in Figs. 6a and 6b shows that at the same order eigenmode

the number of CSs in turbulent channel flow of surfactant

solution is smaller and the size of CSs is larger. There are

only 3 CSs in the turbulent channel flow of surfactant

solution under 1-order eigenmode as shown in Fig. 6b,

indicating the inhibition of CS and thus more regular flow

in turbulent channel flow with surfactant additives. Li et

Fig. 5. Distributions of cumulative turbulent kinetic energy of

POD eigenmodes for the Newtonian fluid and surfactant solution

cases.

Fig. 6. (Color online) Velocity vector fields and contours of

swirling strength ci in the turbulent channel flows of (a) the

Newtonian fluid and (b) surfactant solution obtained by different

orders of eigenmode.
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al. (2008) also reported the same phenomenon based on

the instantaneous velocity fields in the streamwise-wall-

normal plane of turbulent channel flow with surfactant

additives by PIV. Furthermore, through the comparison

between the results of the Newtonian fluid and surfactant

solution cases obtained under high-order eigenmode (105-

order in Fig. 6a and 94-order in Fig. 6b), it can be

observed that there are 40 and 31 CSs near the walls in the

turbulent channel flow of the Newtonian fluid and surfac-

tant solution, respectively, showing that CSs near the wall

are inhibited by surfactant additives. Moreover, most CSs

in the turbulent channel flow of surfactant solution are far

from the wall, indicating that buffer layer has a tendency

to move towards the center of the channel due to the effect

of surfactant additive. This is consistent with the results in

Fig. 3.

3.2. WT analysis
In order to investigate the influence of surfactant addi-

tive on the drag-reducing characteristics at different loca-

tions in turbulent channel flow, the average velocity

fluctuations in the intermediate plane along z direction (x-

y plane) and in the x-z planes with , ,

, and  (which are located in linear

substrate layer, buffer layer, logarithm layer, and outer

layer, respectively) are analyzed for the Newtonian fluid

and surfactant solution cases in detail by two-dimensional

WT with db3.

3.2.1. Wavelet multi-scale decomposition

For WT analysis, wavelet multi-scale decomposition is

the most basic and representative feature, and its expres-

sion is as follows.

(28)

where f(x, y) and f(x, z) are the two-dimensional original

signals for the x-y and x-z planes in this study, respec-

tively; n is the scale for wavelet multi-scale decomposi-

tion; An is the averaged component reflecting the low

frequency information in the original signal; Dn is the

detailed component reflecting the high frequency infor-

mation in the original signal. 

Li (2000) reported that the high frequency information

of the original signal in turbulent flow can reproduce the

distribution of CSs at different scales. Figure 7 gives the

two-dimensional wavelet multi-scale decompositions of

the average velocity fluctuations in the x-y plane for the

Newtonian fluid and surfactant solution cases. Although

the original signals of average velocity fluctuation have

been decomposed into 8 scales, only the results for 4 scales

are shown here. It can be clearly seen that the detected

vortex structure enlarges and its amount decreases with

the increase of decomposition scale (a), which can be

ascribed to less information provided by the detailed com-

ponents. Besides, most detected vortex structures are

located near the wall, and the number of CSs in turbulent

channel flow with surfactant additives at the same scale

becomes smaller than that in the Newtonian fluid, espe-

cially for those near the wall, which can also be observed

in POD analysis (Fig. 6) and the published experimental

results by Li et al. (2008). This demonstrates that surfac-

tant additive inhibits the generation of CS and mainly

affects the flow near the wall, and then resulting in DR

effect.

In order to analyze the characteristics of CSs at different

locations in the wall-normal direction, the wavelet multi-

scale decompositions of the average velocity fluctuations

in the x-z planes with , , ,

and  for the Newtonian fluid and surfactant
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Fig. 7. (Color online) Two-dimensional wavelet multi-scale

decompositions of the average velocity fluctuations in the x-y

planes for (a) the Newtonian fluid case and (b) surfactant solution

case at the scales of , , , and .1
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solution cases are discussed, respectively, as shown in Fig.

8. Similarly, only the first two scales are selected from 8

decomposition scales and presented since they contain the

main information, which can also be observed in the pro-

cessing for x-y plane shown in Fig. 7. For both the New-

tonian fluid and surfactant solution cases, the amount of

the detected CSs at the same scale decreases with the

increase of the distance to the wall, showing that the tur-

bulent intensity and intermittency primarily concentrate in

the region near the wall. Moreover, there are fewer vortex

structures in the planes with  and  for

surfactant solution case compared with those for the New-

tonian fluid case, while the gap between the numbers of

vortex structures in the plane with  becomes

smaller and the numbers of vortex structures in the planes

with  for the Newtonian fluid and surfactant

solution cases are almost the same. This illustrates that

surfactant additives mainly take effect and then induce DR

effect in the region near the wall, i.e., the linear substrate

layer and buffer layer. The results for the plane with

 show that the relatively large-scale CSs play a

dominant role, while the relatively small-scale CSs are

inhibited in turbulent channel flow of surfactant solution,

indicating that the influence of surfactant additives on CSs

is more obvious in buffer layer, which can also be inferred

from the results shown in Fig. 3.

3.2.2. Flatness factor

Based on the above-mentioned analyses, it can be seen

that DR effect has a significant influence on the flow in

the near-wall region of the turbulent channel flow, espe-

cially in the buffer layer. In order to further analyze the

effect of surfactant additives on various regions in the

wall-normal direction, the flatness factor which can describe

the intermittency and CSs in turbulent flow is employed,

which is defined as (Meneveau, 1991),

(29)

where  represents the average value within the plane.

Figure 9 shows the flatness factors of the streamwise

and wall-normal velocity fluctuations in the x-z plane with

 in turbulent channel flows with and without sur-
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Fig. 8. (Color online) Two-dimensional wavelet multi-scale decompositions of the average velocity fluctuations in the x-z planes with

, , , and  in turbulent channel flows of (a) the Newtonian fluid and (b) surfactant solution

at the scales of  and .
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factant additive, in which the dashed line represents

Gaussian distribution at each scale ( ). It can be

seen that the flatness factor of the wall-normal velocity

fluctuation is greater than 3 at  and increases with

the decrease of the scale, as shown in Fig. 9b. Although

the flatness factors of the streamwise velocity fluctuation

has similar tendency (Fig. 9a), it has the maximum value

at  for both the Newtonian fluid and surfactant solu-

tion cases and deviates from the Gaussian distribution at

. Besides, the flatness factors of the streamwise and

wall-normal velocity fluctuations for the Newtonian fluid

case are both larger than those for surfactant solution case.

These phenomena quantitatively illustrate the existence of

intermittency in turbulent channel flow of both the New-

tonian fluid and surfactant solution. Moreover, its intensity

increases with decreasing scale. Moreover, the intermit-

tency is suppressed by surfactant additive.

Figure 10 shows the flatness factors of the streamwise

and wall-normal velocity fluctuations in the x-z planes

with , , , and 

for surfactant solution case. The smaller the distance to the

wall, the greater the flatness factors of the streamwise and

wall-normal velocity fluctuations. It indicates that the

intermittency in the linear substrate layer is the strongest.

Besides, the flatness factor of the wall-normal velocity

fluctuation in the buffer layer (i.e., the x-z plane with

) is drastically reduced compared with that in

the linear substrate layer, illustrating that surfactant addi-

tive mainly affects the flow in the buffer layer.

3.2.3. Local Reynolds stress measure (LRM)

Fluid transport is very common in the industry and daily

life, such as oil pipelines and the central heating/cooling

systems. In these systems, the flow resistance induces the

power consumption. Thus, the reduction of flow resis-

tance is the primary and ultimate goal. Fukagata et al.

(2002) reported the relationship between flow resistance

and Reynlods shear stress in wall-bounded flow. Willmarth

and Lu (1972) pointed out that Reynolds shear stress in

the near-wall region mainly originated from turbulent

burst events. Therefore, it is necessary and also significant

to investigate the effect of surfactant additive on Reynolds

shear stress at different scales. In WT, local Reynolds

stress measure (LRM) was proposed by Li (2000) and its

expression for two-dimensional WT is given by (take the

x-y plane as an example)

(30)

where the symbol  represents the average value within the

plane;  and  are the wavelet coefficients

for the streamwise and wall-normal velocity fluctuations,
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Fig. 9. (Color online) Flatness factors of (a) the streamwise velocity fluctuation and (b) the wall-normal velocity fluctuation in the x-

z plane with  in turbulent channel flow of the Newtonian fluid and surfactant solution.5.65y




Fig. 10. (Color online) Flatness factors of (a) the streamwise velocity fluctuation and (b) the wall-normal velocity fluctuation in different

x-z planes in turbulent channel flow with surfactant additives.



Lu Wang, Zhiying Zheng, Weihua Cai and Fengchen Li

12 Korea-Australia Rheology J., 32(1), 2020

respectively. It is proved that there exist large-scale CSs,

large Reynolds shear stress and strong intermittency for

.

LRMs at  and  in the x-y plane for the New-

tonian fluid and surfactant solution cases are given in Fig.

11. The sizes of the regions with large LRMs for the New-

tonian fluid case are obviously smaller than those for sur-

factant solution case at the same scale, showing that both

Reynolds shear stress and flow resistance in turbulent

channel flow of surfactant solution are reduced. Li et al.

(2004) also observed the depression of Reynolds shear

stress in the turbulent channel flow of surfactant (CTAC)

solution obtained by a two-component laser Doppler

velocimetry. Meanwhile, through the comparison between

the results of the Newtonian fluid and surfactant solution

cases, one can discover that the reduced regions with large

LRMs mainly distribute in the main flow region (i.e., the

center region of turbulent channel flow) and the near-wall

region, especially in the upper-wall region. These phe-

nomena indicate that the addition of the surfactant addi-

tive significantly reduces Reynolds shear stress, the

number of CSs and turbulent intermittency, especially for

those in the near-wall region, thereby resulting in turbulent

DR effect.

4. Conclusions

In order to characterize the turbulent DR effect induced

by surfactant additives, the characteristics of turbulent

channel flow at  are analyzed by means of two-

dimensional POD and WT based on LES database, with

special focus on CSs in streamwise-spanwise planes at

different wall-normal locations. The main conclusions are

drawn below.

(1) POD can capture large-scale turbulent structures by

POD eigenmode in an optimal way from the perspective

of energy spectrum. POD analyses for the streamwise-

wall-normal plane show that the number of eigenmodes

required (97 eigenmodes) to capture CSs for surfactant

solution case is less than that for the Newtonian fluids

case (107 eigenmodes), and there are fewer CSs in the

near-wall region, indicating that the turbulent channel

flow of surfactant solution is more regular and orderly due

to the inhibition of CSs by the addition of surfactant addi-

tive. 

(2) WT is appropriate to extract the turbulent structures

and to analyze the intermittency and Reynolds shear stress

at multi-scale from the viewpoint of multi-scale resolu-

tion. The results of wavelet multi-scale decomposition for

the velocity fluctuations in streamwise-wall-normal plane

and different streamwise-spanwise planes show that the

surfactant additives mainly take effect and induce DR

effect in the near-wall region which corresponds to the lin-

ear substrate layer and buffer layer. The relative large-

scale CSs play a dominant role and the relatively small-

scale CSs are inhibited in buffer layer for turbulent chan-

nel flow of surfactant solution. These indicate that surfac-

tant additive mainly affects the buffer layer in turbulent

channel flow.

(3) All the flatness factors at different scales for surfac-

tant solution case are smaller than those for the Newtonian

fluid case, and those in the buffer layer of turbulent chan-

nel flow of surfactant solution decrease dramatically,

showing that the intermittency in the buffer layer is sig-

nificantly reduced by surfactant additives. 

(4) The results of LRM show that the inhibition by sur-

factant additives mainly takes effect in the main flow

region and the near-wall region, indicating that flow resis-

tance in turbulent channel flow with surfactant additive is

obviously decreased, which ultimately results in DR effect.
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