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ABSTRACT

Drag reduction in decaying homogeneous isotropic
turbulence (DHIT) with polymer additives has been observed,
which leads to weaker turbulent characteristic quantities.
Coherent structures play an important role in the understanding
of turbulent dynamics, and the introduction of polymer
additives can significantly modify their behavior. It is believed
the modifications are closely related to drag reduction
mechanism. In the present study, we mainly focus on
investigating the influence of polymers on coherent structures
from phenomenological and energetic viewpoint for DHIT with
polymers based on direct numerical simulation (DNS). The
results show that polymers can not only suppress the increase
rate of the enstrophy and strain but also their productions,
leading to a remarkable inhibition of coherent structures
especially at fine scale.

NOMENCLATURE

A symmetric second-order velocity gradient tensor
C conformation tensor of polymers

E turbulent kinetic energy at single wavenumber
k wavenumber in Fourier space

| computation domain

P first invariant of velocity gradient tensor

p local pressure

Q second invariant of velocity gradient tensor

r? extension length of polymer molecule

R third invariant of velocity gradient tensor

Re Reynolds number

S rate-of-strain tensor

S total strain

T stress tensor

u velocity vector

T Corresponding author

W  rate-of-rotation tensor

Wi Weissenberg number

Greek Letters

discriminant of velocity gradient tensor
enstrophy

measure of polymer solution concentration

turbulent energy dissipation rate
the egienvalue of velocity gradient tensor

kinematic viscosity
total turbulent kinetic energy

solvent density
relaxation time of polymers
vorticity vector
Subseript
i,j,k  index of Cartesian coordinate
p index of polymer solution
m instant time when the decaying rate of turbulent kinetic
energy reaches the maximum value
Taylor microscale

g™y mOb

index of the largest remaining eigenvalue

index of the smallest remaining eigenvalue

th index of the positive threshold

index of the eigenvalues associated with eigenvector
that is maximally aligned with velocity vector

Superscript
N index of Newtonian fluid

I+ N

N

p index of polymer solution
] index of solvent

T transposition of the vector
INTRODUCTION

Turbulent drag reduction (DR) by additives is an intriguing
phenomenon discovered by Toms [1], which shows that adding
a small concentration of polymer or some kind of surfactant
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additives may cause a dramatic frictional DR. Since then
numerous attention has been paid to figure out the turbulent
characteristics and DR mechanism with additives [2][3][4][5].
To interpret DR phenomenon two famous theories have been
proposed. Lumley [2] proposed the viscous theory (i.e. ‘time
criterion’ approach), in which he emphasized highly the major
role of wall. However, some grid-turbulence experiments of
dilute polymer solutions have shown that DR can occur without
the presence of wall (or far from the wall) [6][7][8]. Then
Tabor and de Gennes [9][10] proposed an elastic theory based
on homogeneous isotropic turbulence, which neglects the
viscous effect in Lumley’s theory. This theory has received
some supports in recent experiments [11][12] and numerical
simulations for homogenous isotropic turbulence [13][14].
These studies showed that with the presence of polymers there
exists remarkable inhibition effects of vortical structures, a
reduction of turbulent energy dissipation and a significant
modification of the classical Kolmogorov energy cascade in
HIT without wall effect. But, since the problem is actually a
combination of two most complicated and poorly understood
problems, turbulence and polymer solution dynamics, in spite
of enormous efforts from different aspects, the physical DR
mechanism is still poorly understood and needs further
research.

As is known, there exist coherent and ordered structures in
turbulent flow since the direct observation of these structures in
turbulent shear layer by Kline [15]. They can be roughly
divided into two groups: those with tubular or filamentary
structures (vortex tubes) and those with nonfilamentary
vorticity distributions (vortex sheets). Researches show that
vortex tubes play an important role in the overall turbulence
dynamics such as vortex ‘worms’ or ‘filament’ in isotropic
turbulence [16][17][18], quasi-streamwise vortices [19] and
‘hairpin’ vortices in wall turbulence [20]. The formation of
vortex tubes is often attributed to rolling-up of the vortex
sheets due to the Kelvin-Helmholtz instability. As for the sheet-
like structures the most prominent characteristic feature is that
in the region the strain rate and vorticity are highly correlated,
their magnitudes are comparably equal, and considerable
dissipation of turbulent kinetic energy which is final result of
energy cascade takes place [21]. The existence of coherent
structures is one of the most important characteristics in
turbulence. And in polymer solution flow the introduction of
polymer additives can significantly modify the behavior and
properties of coherent structures. We believe the modifications
are closely related to DR mechanism. So in this paper, we
mainly focus on investigating the influence of polymers on
vortex tubes and sheets from phenomenological and energetic
viewpoint for decaying homogeneous isotropic turbulence
(DHIT) with polymer additives based on direct numerical
simulation (DNS).

The paper is organized as follows. In section II and III the
numerical method for DNS and vortex-identification methods
used in the paper are introduced. In section IV the results and
discussion based on the enstrophy and strain analysis and the

visualization of vortex structures at different scales are
presented. Section V gives the conclusions of our study.
NUMERICAL SIMULATION

We carried out DNS for incompressible fluid with and
without polymer additives based on Navier-Stokes (N-S)
equation coupled with the finitely extensible nonlinear elastic
Peterlin (FENE-P) model.

The governing equations for DHIT of dilute polymer
solutions are as follows:

ou/ot+ueVu=-Vp/p+V-T"/ p+V-T"/p, (1)

oC/ot+ueVC=CeVu+Vu' oC—(f(nNC-1)/7,, (2)
where u(x,t) is the velocity vector; p(x,t) the local
pressure; O the fluid density; T =2p0"'S the Newtonian
stress due to the solvent, "' the solvent kinematic viscosity
and S=(Vu+Vu')/2 the rate of strain tensor the rate of

strain tensor; T!" :pu“’](f(r)C—I)/rD the polymer stress,
v'? the polymer kinematic viscosity, 7, the polymer
relaxation time, Cij the conformation tensor. In the FENE-P
f(r)=(LC-3)/(L-r?)

extensibility; r’> =trace(C) and L are the extension length and

model, ensures the finite

the maximum possible extension of polymer, respectively.

To solve Eq.(1), a standard pseudo-spectral code with 96°
collocation points in the periodic cubic domain of size | =27
is used for spatial discretization [22][23] with all the nonlinear
terms fully de-aliased by the 3/2 rule. Note that in the
simulations the spatial resolution is sufficient to capture the
information at the smallest scale (i.e., Kolmogorov scale). A
second-order Adams-Bashforth scheme is adopted for time
advancement. To solve Eq.(2), for spatial discretization a
second-order central difference scheme are used except for
convective term using the second-order Kurganov-Tadmor
(KT) scheme [24] and for time marching a second-order
Adams-Bashforth scheme is adopted.

The initial velocity field is obainted based on Rogallo’s
procedure [22] and the initial energy  spectra
E, (k) =0.01k* exp(—0.14k?). For initial conformation field,

polymers were assumed non-stretched, corresponding to
Cij.’(x, Y,2) =0 [25][26]. In Fourier space, the turbulent

. . 2

kinetic energy spectra E(k’t)zkfl,wz-(kmjuk' (t)| /2, the total

kinetic energy §(t)=ZkE(k»t)’ and in physical space

g(t):J ui(x,t)/2dV 5 the energy-dissipation rate in Fourier
B 4

space g(t):u”]zksz(k,t) , and in physical space

e(t) = J' v*'S2dV . The Taylor-microscale is defined as
I} i

A =150 <u® >/g(t) , where <u?>=2&(t)/3 is turbulent

fluctuation intensity. The Taylor-microscale Reynolds number

Re, and the Weissenberg number Wi are defined as
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_ N, [s] N, : m s
Re, =/20£"" /{30570 and  Wi=z """/,
respectively, where the energy-dissipation rate ¢"" is chosen at

t=t,_ in Fourier space; here, t corresponds to the moment at

which € reaches to its maximum amplitude; the superscript
“N” represents the Newtonian fluid case. In this paper, the
basic parameters are as following: Re, =26.2, Wi=0.62,

r,=0.1s, B=06 (a dimensionless measure of dilute

polymer solution concentration, and smaller 4 corresponds to

denser polymer solution) for polymer solution case and
Re, =26.2 for Newtonian fluid case.

VORTEX-IDENTIFYING METHODS
To identify vortex tubes, several local methods have been
considered based on the second invariant (Q), discriminant

(A) or eigenvalues (4,,4;) of velocity gradient tensor (Vu)
[27][28][29][30]. In our paper, we use the invariant Q method
to identify vortex tubes.

In turbulent flow studies, velocity derivatives play an
important role studying exploring turbulent dynamics. The
velocity-gradient tensor can be split into symmetric and anti-
symmetric parts [27][30]:

Vu= Sij +Wij, 3)
where S, :(aui /Ox, +0u, / 5X.)/2 the rate-of-strain tensor
and W, = (aui / Ox, —du; / 0, ) /2 the rate-of-rotation tensor.

The eigenvalues of ou, / ox, satisfy the characteristic equation:

A +PA*+QA+R=0, “)
where the three invariants are
P=S,, Q=(P*=8;S; -W,W,)/2, (5).(6)

R=(-P’+3PQ-5;S,S, —3W,W, W, })/3.

i jk
And for incompressible flow,

P=0.Q=WW,-S;S;)/2.

1

R=(-5;5Sq — 3W,W,W,)/3. (7

The second invariant Q reflects the relative strength of rate
of rotation and rate of strain. The first term of Q is proportional
to the enstrophy density and the second term is proportional to
the dissipation rate of kinetic energy. The positive Q
isosurfaces isolate the areas where the strength of the rotation
are larger than that of the strain, thus an tubelike zone can be
defined as a region with the positive Q isosurfaces [287][30].
Additionally, the pressure in the eddy region is required to be
lower than the ambient pressure. Though Q>0 does not
guarantee the existence of a pressure minimum inside the
region identified by it [29], in most cases the pressure condition
is satisfied.

However, unlike vortex tubes very few identification
methods [31][32] for vortex sheet-like structures have been
proposed because the vortex sheets are more disorganized than

the vortex tubes and susceptible to small disturbances, which
makes it fairly difficult to be examined in turbulent flows.
Recently Horiuti and Takagi [21] proposed a new definition
based on the eigendecompostion of the symmetric second-order

velocity gradient tensor, A, =S W, +S, W, - Since A, =0,

the eigenvalues of AU' are obtained from the equation:

X3—(A1jAji)X/2—AjAjkAki/3:0. (8)
Then, denoting [A;],, [A;],> and [A;] as the eigenvalues

associated with the eigenvector that is maximally aligned with
the velocity vector, the largest remaining and the smallest
eigenvalue, respectively. It is observed that vortex sheets can be
examined based on the criterion:

[Aij]+ >{[AJ]+}th’ (9)

where {[ Al is an arbitrary positive threshold.

RESULTS AND DISCUSSION

The enstrophy indicates the strength of vortex structures and
mainly generated by the stretching of vortex tubes which is
regarded as the impetus of turbulence maintenance. Tennekes
and Lumley [33] argued that vortex stretching is the physical
mechanism leading to the hypothesized energy cascade from
large to fine scales. However, energy dissipation (the final
results of energy cascade) is directly associated with total
strain. Tsinober [34] noted that in physical space the production
of strain or dissipation is not exactly due to vortex stretching
but due to vortex compression. He also emphasized the
importance of strain as the vorticity in the context of creation
and maintenance of turbulence. Anyway it is necessary to study
the properties of both strain and vorticity to explore turbulence
nature. So to figure out how the polymer additives act on
turbulent vortex structures in DHIT, we firstly research the
alterations and productions of the enstrophy and strain,
respectively, after adding polymer additives. Then the
visualizations of vortex tubes and sheets at different scales in
DHIT for both Newtonian fluid and polymer solution cases are
shown to give an intuitive understanding.
Enstrophy analysis

Based on Eq.(1), it is easy to deduce the enstrophy transport
equation of DHIT for polymer solution case, as follows [14]:

0<Q> - dw
ot —<a)isija)j>+u <wi8x6x >
N Y P9
enstrophy increase rate i ) enstrophy dissipation ’ (10)
o°TwY
+<o, — €
OX,,0X,

polymers effect

where the operator <-> denotes ensemble average; €y the
permutation symbol; ¢, the ith component of the vorticity
o=Vxu; and Q=ww /2 the enstrophy; S_ = WS,

the enstrophy production, which is due to the interaction
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o’w

between vorticity and strain; V. =0 ——— the enstrophy
OX,0X;
S o TP .
dissipation; and P =0 - gj o the polymers effect, which
Xm Xﬂ

is due to interaction between voticity and polymers elastic
stress (or polymer conformation) and does not appear in

Newtonian fluid case.
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Firstly joint probability density function (JPDF) of the
enstrophy production S/ versus the enstrophy Q" for

polymer solution case at t =0.6s (the enstrophy reaches the
maximum value at this time) is shown in Fig.1(a), from which a
strong positive correlation can be observed. It confirms the
contribution of vortex stretching (SP'> 0) to the enstrophy

Q". And to interpret the influence of polymers P on the
enstrophy Q" and its production S/*), their JPDFs are shown

in Figs.1(b) and 1(c). It can be clearly seen that the polymer
effect P is also strongly correlated with the enstrophy Q"

and its production S!. The polymer effect pI" is negatively

skewed, which suggests that the polymers conformation
counters to the rotation of flow structures so as to increase the
“vortex stretching resistance” of flow structures. It also has a
similar order of magnitude to that of the enstrophy production,
indicating a strong baffling feedback on flow structures
because of its elastic nature, which can almost counteract the
effects of vortex stretching. Finally due to the elastic nature the
enstrophy (strength of vorticity) and its production (a source of
turbulence maintenance) are undoubtedly reduced with the
presence of polymers as compared with that of Newtonian fluid
case to produce the DR phenomenon. From the
phenomenological viewpoint, the introduction of polymer
additives inhibits the generation of tubes, where the vorticity
dominated. The results can be validated by the visualization of
vortex tubes at different scales (as shown in Fig.4).
Strain analysis

We also deduced the mean strain transport equation of DHIT
with polymer additives [14]:

0<S > 1
:_<Sikskjsij __<wiszij>+
ot THTHTIT 4
— strain production ~ ~———————~——— (11)
strain increase rate vortex slrelczhmg[eptl]’ecl s
o <8 VIS, >+ < —L_§,
— —_ 0%, 0X;

strain viscous dissipation

_—
polymers effect

where S:Sijsij/z the total strain; S, =-S,S,S, the

ik “kj “ij
strain production which is from strain self-amplification;
W, =0nS, /4 the enstrophy production effect on the total

strain; 'V, :U[S]SijVZSij the strain viscous dissipation;
aZT[p]
— ik
str
OXOX;
interaction between strain and polymers elastic stress (or
polymers conformation) and does not appear in Newtonian
fluid case.
Similarly we study the JPDF at t=0.6s for the corresponding
term of Eq.(9) in order to expatiate the effect of polymer

additives on the strain, as shown in Fig.2. The JPDF of the
strain production S[:r] versus the strain SEJ.'”S[J."] /2 in Fig.2(a)

S, the polymers effect which is due to the

shows a strong positive correlation indicating that the main
source of the strain is from its self-amplification. And the
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JPDFs of the polymers effect P on the total strain S[J'”S[Jp‘ /2
and its production S® are shown in Fig.2(b) and 2(c),
respectively. As expected, the polymers effect PP is

negatively skewed, which means the polymers conformation
mostly counters to the strain of flow structures so as to increase
the “strain generation resistance” of flow structures. Besides,
we observed that the polymers effect P has a similar order

of magnitude to that of the strain production S*', indicating

that the effects are pronounced and can counteract the strain
self-amplification to some extent. In this way the strain in the
polymer solution case can be suppressed, then the strain self-
amplification reduced and so on. From the phenomenological
viewpoint, the introduction of polymer additives inhibits the
generation of vortex sheet-like structures, where the strain
dominated and most energy dissipation occurs. The results are
validated by the visualization of vortex sheet-like structures at
different scales (as shown in Fig. 5).
Coherent structure visualization

In this part we visualize the vortex tubes and sheets at
different scales for DHIT with and without polymer additives
based on Q method [27][30] and Horiuti & Takagi method [21]
respectively, shown in Figs.4 and 5. Usually the choice of the
threshold value changes the appearance of the flow field, for
instance, raising the threshold value too high will result in
losing some important vortices and setting the threshold value
too low will cause an unclear visualization. The threshold value
is chosen so that a large number of vortices could be visualized
and at the same time different vortices could be distinguishable
[35]. In the present paper, the isosurface of Q with a threshold
Q, =2Q! , where Q! is the average root mean square of the

Q fluctuation [37]. However, it is found that applying the above
votex-identifying method to the whole flow field, the results
have a tendency to show only the fine-scale vortical structures.
So, the characteristics of the large-scale and intermediate-scale
coherent eddy structures will be difficult to study. In order to
research the influence of polymers on coherent structures of
these scales, low-pass filtering by Fourier transformation is
carried out against the flow field shown in Fig.3. First, the
velocity field is transformed into Fourier space by FFT, then
the high frequency component are removed at three different
thresholds and finally returned to physical space [35]. The
velocity field at t=2s (i.e. the time in the energy decaying
period) is filtered in Fourier space by different cut-off
frequencies:

u(x) = ackye™, (1)

[k|<k,
where all modes greater than the cut-off wavenumber |(C are
set to zero. In our study, the flow field is divided into three
parts of different scales: large-scale (0 < k <4), intermediate-
scale (0 <k <8) and fine-scale (the whole field). The energy

spectrum is calculated for each scale using the same energy
spectrum function.

0355 01 ppl O 0.1

str
Fig.2. JPDF at t=0.6s for polymer solution case (Wi=0.62,
B=06). (@ S vs. grsti/a; (b) PPovs.

SEjp]SEjp] /25 (C) Ps[ll:] VS. Sifr]'

From Figs.4 and 5, a remarkable decrease of intermediate-
scale and fine-scale vortex tubes and sheets can be observed in
DHIT with polymer additives as compared to Newtonian fluid
case. However, at large-scale, the inhibition effect by polymer
additives is not as distinct as that at other scales. Based on the
above analyses of the enstrophy and the strain, this is not
surprising. It is relevant to the negative influence of polymer
additives on the enstrophy and the strain production which can
be regarded as the impetus of fine-scale vortex tubes and
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sheets. And from micro-perspective, it shows that polymer
additives can directly act on the structures at fine-scale and
even terminate subsequent energy cascade to modify the
turbulent feature for polymer solution case.

<
w —e—fine-scale
10 —v—intermediate-scale
107 —*—large-scale
0 0 v L 1 2
10 10 k 10

Fig.3. Sketch map for Fourier decomposition

66 5] 5]

Fig.4. Constant Q isosurface for (I) Newtonian fluid case
and (Il) polymer solution case in three different
scales field at t=2.0s. (a) large-scale filed
(Q=0.9141); (b) intermediate-scale field
(Q=4.6695); (c) fine-scale field (Q=9.4685).

6™~"8 [l
Fig. 5. Constant (Al isosurface for () Newtonian fluid

case and (Il) polymer solution case in three
different scale field at t=2.0s. (a) large-scale field
([Aj 1,=0.6682); (b) intermediate-scale filed

([A1j 1,=3.6454); (c) fine-scale field
([A,- 1, =11.2406).

CONCLUSIONS

According to the above analysis, we obtain the following
conclusions. From the viewpoint of JPDF between the
correlation terms in Eqs.(8) and (9), it is obtained that polymer
effects are strongly correlated with them. The polymers elastic
conformation mostly opposes to the rotation and strain of
coherent structures with a pronounced magnitude so as to
suppress the increase rate and productions of the enstrophy and
strain, respectively. The results are confirmed by the
visualizations of vortex tubes and sheets, which show a
remarkable inhibition of intermediate-scale and find-scale
vortex structures. From micro-perspective, polymer additives
can directly act on the structures at fine-scale, causing
important modifications of turbulent nature as compared with
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that of Newtonian fluid case. And the modifications refer to
weaken turbulent characteristic, which leads to DR effect.
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