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Direct numerical simulation study of the interaction

between the polymer effect and velocity gradient tensor

in decaying homogeneous isotropic turbulence*
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Direct numerical simulation of decaying homogeneous isotropic turbulence (DHIT) of a polymer solution is per-

formed. In order to understand the polymer effect on turbulence or additive-turbulence interaction, we directly inves-

tigate the influence of polymers on velocity gradient tensor including vorticity and strain. By visualizing vortex tubes

and sheets, we observe a remarkable inhibition of vortex structures in an intermediate-scale field and a small-scale field

but not for a large scale field in DHIT with polymers. The geometric study indicates a strong relevance among the

vorticity vector, rate-of-strain tensor, and polymer conformation tensor. Joint probability density functions show that

the polymer effect can increase “strain generation resistance” and “vorticity generation resistance”, i.e., inhibit the

generation of vortex sheets and tubes, ultimately leading to turbulence inhibition effects.
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1. Introduction

The turbulent drag reduction by a small quan-
tity of polymer additives was first reported by Toms!"
in 1949, and the drag-reducing effect of polymers
was thus named “the Toms effect”. Since then,
the turbulent characteristics and physical mecha-
nism of drag reduction (DR) by additives have
been intensively investigated in channel, pipe, and
boundary-layer flows through theoretical analyses, 23!
experiments,*=% and numerical simulations!”® due
to the wall-bounded natures of those flow geometries.
The phenomenon analogous to DR in wall-bounded
turbulent flow, i.e. turbulence inhibition, also occurs
in flows away from the wall such as grid turbulence (or
isotropic turbulence)®~16) and bulk turbulencel!”—2!]
of drag-reducing solutions, which were interpreted
based on elastic theory.?223] Note that the nomencla-
ture “drag reduction” has also been used for turbulent
flows without the wall effect.[12:20:21:24] Since drag is
usually connected with a solid-wall-fluid interface, in
order to avoid confusion, we rephrase “drag reduc-

tion or drag-reducing effect” for isotropic turbulence
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as “turbulence inhibition or turbulence-inhibiting ef-
fect” herein. By comparison with wall-bounded tur-
bulence, the most remarkable advantage of homoge-
neous isotropic turbulence (HIT) is that there is no
mean shear, hence polymers cannot change the mo-
mentum flux but can change the energy flux from
large to small scale. Therefore, the study on HIT with
drag-reducing additives is of fundamental importance
for studying the interactions between turbulence and
drag-reducing additives and understanding its physi-
cal mechanism. To understand the mechanism of how
drag-reducing additives influence turbulent structure
and turbulent kinetic energy cascading in decaying ho-
mogeneous isotropic turbulence (DHIT) with polymer
additives, we have carried out direct numerical simula-
tion (DNS) for Newtonian fluid and polymer solution
cases. In our previous numerical studies on DHIT, 24
we found that (i) with polymer additives the decay
of turbulent kinetic energy is faster than that in the
Newtonian fluid case; (ii) the classical Kolmogorov en-
ergy cascade is modified due to the release of the poly-
mer elastic energy into flow structure on a small scale
in the polymer solution case; (iii) both the enstrophy
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and the strain are smaller than those in the Newtonian
fluid case and the polymer effect on these two variables
is negative. According to our analysis, we proposed an
intuitive and natural definition for evaluating the tur-
bulence inhibiting effect by polymer additive (we used
the terminology of “drag reduction” in that paper) in
DHIT based on the statistical kinetic energy decay,

[20] and Perlekar

different from those in Kalelkar et al.
et al.[?1]

To study the dynamics of turbulence, we can in-
vestigate the dynamics of velocity gradient. In com-
parison with velocity, the field of the velocity gradient
is much more sensitive to the non-Gaussian nature
of turbulence or more generally to its structure, and
hence reflects more of its physics. It is also a Galilean
invariance containing significant fluid mechanical in-
formation independent of the reference of a moving
observer. Moreover, its dynamical behaviour governs
the mechanism of vortex stretching which in turn con-
tributes to the energy cascade process in turbulent
flows (as pointed out by Sagaut and Cambon:[?%! “The
turbulent kinetic cascade in Fourier space must be re-
placed with the generation of velocity gradients (i.e.,
both vorticity and strain) in physical space.)”. There-
fore, its evolution is of primary importance in the un-
derstanding of the kinematics and dynamics of turbu-
lence. The velocity gradient includes two parts: vor-
ticity, and strain. Taylor!®! pointed out the impor-
tance of vorticity in 1937, and the role of strain was
emphasized by Kolmogorov?” in 1941. Tennekes and
Lumley?8! argued that vortex stretching is the physi-
cal mechanism leading to the hypothesized energy cas-
cade from large to small scales. However, Tsinober!??!
noted that in physical space the mechanism of the
energy cascade is not due to vortex stretching but
due to vortex compression which contributes to large
strain generation. He also emphasized the importance
of strain (as pointed out by Kolmogorov in 1941) as
well as vorticity in the context of creation and mainte-
nance of turbulence. These two quantities should be
considered in parallel, as they are weakly correlated
in isotropic turbulence but tied by a strongly nonlocal
relation. [2%]

Up to now, based on the velocity gradient
(i.e., both vorticity and strain) much attention has
been paid to vortex structures, topological dynam-
ics, geometric study direct vorticity, and strain fields,
etc. Several coherent structures have been identi-
fied, such as, vortex ‘worms’ or ‘filament’ in isotropic
turbulence, 39321 vortex ‘braids’ in turbulent shear

layers, 3] quasi-streamwise vortices,** and ‘hairpin’
vortices in wall turbulence.”] By these observations,
it is confirmed that these typical vortex structures are
the dominant structures in turbulent flows. The struc-
ture and the evolution for velocity gradient are also
studied based on the topological approach introduced
by Chong et al.3 by not studying these tensors di-
rectly but investigating their invariants (the second
and third invariants of the velocity gradient tensor,
ie.,, @ and R, respectively). This method was first
used by Chen et al.*”) to study turbulent compress-
ible and incompressible mixing layer flows and now is
extensively used in isotropic turbulence,®®39 turbu-
lent mixing layer,[*?! and turbulent channel flows.!4!
Alignments are suited for events of any magnitude,
since they do not contain the amplitudes of quanti-
ties involved. Alignments are invariant in the sense
that they are independent of the reference system
and therefore, along with other invariant quantities
are most appropriate in studying physical processes
generally and in particular for the structural nature
of turbulent flows.[*?! Ashurst et all*?¥! first found
that the vorticity vector tends to be aligned with
the intermediate eigenvector of rate-of-strain tensor
and that strain in this direction is mostly positive for
isotropic flow and homogeneous shear flow. This phe-
nomenon has been proved in isotropic turbulence from
numerical*! and experimental results/*® and also in
boundary layer flow.[*5] Jiménez[*6! showed that this
vorticity-intermediate eigenvector alignment is an ex-
pected kinematic consequence of the presence of vor-
tex tubes. Besides, Tsinober et al.[*5! found that there
is a strong tendency towards the alignment between
the vorticity vector and vortex stretching vector in
the strict sense, i.e. a tendency towards their being
parallel but not antiparallel. This result along with
the positiveness of the enstrophy generation term is
the manifestation of the strong non-Gaussianity of the
field of velocity gradient.

For turbulent flows with polymer additives, ow-
ing to its elastic nature the presence of polymers sig-
nificantly modifies the turbulent characteristics rela-
tive to the Newtonian fluid flows, such as energy cas-
cade, behaviour of vortical structures, intermittency,
etc, leading to DR. According to the role of veloc-
ity gradient, it is of fundamental importance to study
the polymer effect on the parameters of vorticity and
strain and to understand the modification produced
by additives—turbulence interaction and the DR mech-
anism. Some studies have been carried out through in-

124702-2



Chin. Phys. B Vol. 20, No. 12 (2011) 124702

vestigating the vortical structures generated in turbu-
lent channel flow and HIT. The experimental results of
Kawaguchi et al.[*”) in turbulent channel flow showed
that for water flow, “streaming” structures are the
largest contributor among the four kinds of vortical
structures and only in the near-wall thin layer can the
probability of “shear” structure becomes the largest.
In contrast, drag-reducing surfactant solution flow has
a thick layer characterized by “shear” structure, where
the probabilities of “eddies” and “convergence” struc-
tures become small. Kim et al.[*®! found that the near-
wall vortical structures are weakened and elongated in
the streamwise direction by the polymer stress and the
three-dimensional distributions of conditionally aver-
aged polymer force around these vortical structures
showed that the polymer force components oppose the
vortical motion. Kim and Sirvientel*) argued that
the polymer structures can contribute to minimizing
the interaction between the inner and outer regions
of flow, which in turn, can contribute to the mod-
ification of turbulent coherent structures through a
detailed analysis of experimental data obtained us-
ing laser Doppler velocimetry. The DNS results of
Sibilla and Berettal®® showed that the mean vortex
near wall is weaker, less tilted and inclined, while
its length and radius are larger based on the Jeong
and Hussain’s vortex identification criterion.l®!l Re-
cently, proper orthogonal decomposition was used for
analysing coherent structures in drag-reducing turbu-
lent channel flows, suggesting that the basic shape
and strength of coherent structures existing in CTAC
(a kind of drag-reducing surfactant additive) solution
flow are more regular and weaker, respectively, than
those existing in water flow.®>53 In DHIT the nu-
merical results of De Angelis et al.l'”) and Perlekar et
al.?!l showed a decrease of small-scale vorticity fila-
ments and our previous study results also proved this
phenomenon. 24 Except for investigating the vortical
structures, researches have also been directly devoted
to the field of velocity gradient. Gyr and Tsinober(54
studied the behaviour of velocity gradient Ouy/0x4
(z1-streamwise coordinate) in channel flows and ob-
tained that both ((Ouy/0z1)?) and ((duy/dz1)3) are
an order of magnitude smaller in drag-reducing tur-
bulent flows of polymer and surfactant solutions than
those in pure water. Crawford et al.['®! addressed the
influence of polymer on some statistical properties of
the Lagrangian accelerations, which include a decrease
in acceleration variance and an increase in the smallest
time scale. Liberzon et al.['*] investigated the relation-

ship between vorticity vector and rate-of-strain tensor
including the angle between vorticity vector and vor-
tex stretching vector, and the angle between vorticity
vector and the first eigenvector of the rate-of-strain
tensor in bulk turbulence using three-dimensional par-
The results showed that
these angles are weak at later time in polymer solu-

ticle tracking velocimetry.

tion flow compared with the flow of pure water. Be-
sides, they found that the typical teardrop shape of
@Q—R topological map remained practically unchanged,
but stressed that the reduced values of strain, enstro-
phy, and their production co-occur in the region of the
teardrop “tail”.*4]

Recently, Watanabe and Gotoh!® investigated
the statistical properties and the dynamics of en-
sembles of polymers in isotropic turbulence from the
mean, variance, autocorrelation time and probabil-
ity density function (PDF) of the end-to-end vector
distance. The studies indicated that there exists the
Weissenberg number effect on the coil-stretch transi-
tion and the alignment of the end-to-end vector versus
the principal axis of rate-of-strain.

These important previous studies mainly focused
on the consequences of introducing the polymer addi-
tives such as the modification of vortical structures
and energy cascade, the change of some important
parameters, and so on. We believe that in order to
understand the polymer effect or additive—turbulence
interaction, it is also necessary to build some relation
between turbulence characteristics and polymer con-
formation field. On the other hand, the relation possi-
bly leads to some new understandings and methods of
sub-grid modeling for turbulent drag-reducing flows.
So in the present paper, we mainly investigate the
relation and interaction between polymer conforma-
tion field and vorticity/strain fields. The rest of the
present paper is organized as follows. In Sections 2
and 3, numerical methods used in the simulations and
vortex identification methods are briefly introduced,
respectively. Then we show the results and analyses
on the basis of vortex structure visualization and the
interaction between polymer conformation and vortic-
ity /strain fields in Section 4. Finally, we draw some

conclusions and make discussion in Section 5.

2. Numerical methods

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

The governing equations for DHIT of polymer so-
lutions are as follows:[*4!

ou/ot+u-Vu = —Vp/p+V-TH /p
+V T p, (1)
dC /ot +u-VC = C-Vu+Vu'-C

- (e =D/, (2)

where u(x,t) is the velocity vector, p(zx,t) the lo-
cal pressure, p the fluid density, T = 2pvl*]S the
viscous stress due to the solvent, v[*! the solvent
kinematic viscosity, § = (Vu + VuT)/2 the rate-
of-strain tensor, Vu = du;/dz;, VuT = 0u;/0z;,
TP = pulPl (f(r)C —I) /7, the elastic stress due to
polymer additives, v!?! the polymer kinematic viscos-
ity, 7, the polymer relaxation time, and C;; the con-
formation tensor. In the FENE-P model, f(r) =
(L2 - 3) / (L2 - r2) ensures the finite extensibility,
r? = trace(C) and L (L = 100 in our simulations)
are the extension length and the maximum possible
extension of polymer, respectively.

To solve Eq. (1), a standard pseudo-spectral
code with 963 collocation points in the periodic cu-
bic domain of size | = 27 cm is used for spa-
tial discretization!®®57 with all the nonlinear terms
fully de-aliased by the 3/2 rule.
Adams—Bashforth scheme is adopted for time ad-

A second-order

vancement. To solve Eq. (2), for spatial discretiza-
tion a second-order central difference scheme is used
except for the convective term using the second-
order Kurganov-Tadmor (KT) scheme!®®! and for time
marching a second-order Adams—Bashforth scheme is
adopted. Initial turbulent kinetic energy spectrum
Eo(k) = 0.01k* exp(—0.14k?) is adopted, where k is
the wavenumber and the divergence-free initial veloc-
ity field @g(k) is generated in Fourier space accord-
ing to Rogallo’s procedure.[®] The variable with the
hat “A” represents that it is in Fourier space. For
initial conformation field, C’%(m,y, z) = 0, poly-
mers are assumed to be non-stretched.?!! The Tay-
lor Reynolds number Rey and the Weissenberg num-
ber Wi are defined as Rey = /206N™ /v/3vlsleNm,
Wi=r,+/eNm [vls], respectively, where ¢V™ and
V™ are the total kinetic energy and the energy-
dissipation rate for the Newtonian fluid case at t = t,,,
respectively.?!) In our previous studies,** we investi-
gated different values of 7, and 3 in numerical simu-
lations and found that there exists a maximum drag

reduction effect when 7, and 3 are 0.1 and 0.6, respec-
tively. So in this paper, the basic parameters are as
follows: Rey = 26.2, Wi = 0.62, 7, = 0.1 s, 8 = 0.6
(a dimensionless measure of polymer solution concen-
tration, and smaller 8 corresponds to denser polymer
solution) for polymer solution case and Rey = 26.2
for the Newtonian fluid case. In this paper, we choose
DNS data at three sequential instants at ¢ = 0.6 s
(at which the enstrophy for the Newtonian fluid case
reaches a maximum value), 2.0 s and 5.0 s (in the
energy decaying period). The detailed description of
numerical simulations can be found in Ref. [24].

3. Multi-scale method of identify-

ing vortex structure

The existence of coherent structures is one of
the most important characteristics in turbulence, and
coherent structures can be divided into two groups:
one has a tubular or filamentary structure (tube-like
structure or vortex tube) and the other has a non-
filamentary vorticity distribution (sheet-like structure
or vortex sheets), each of which undoubtedly plays an
important role in the overall dynamics and kinematics
of turbulence. As for vortex sheets the most promi-
nent characteristic is that in the region where strain
and vorticity are highly correlated with each other and
comparably equal in their magnitudes, and consid-
erable dissipation of turbulent kinetic energy which
is the final result of energy cascade takes place. In
a polymer solution flow the introduction of polymer
additives can significantly modify the behaviour and
properties of coherent structure, which is closely re-
lated to the physical mechanism for turbulent drag-
reducing flow. Extracting coherent structures from a
turbulent field is a fundamental way to investigate the
characteristics of coherent structure.

During the visualization of vortex tubes, several
methods have been considered based on the second in-
variant (@), discriminant (A) or eigenvalues (A2, As)

[51,59—61]

of velocity gradient tensor (Vu), which have

been widely used in the Newtonian fluid turbulent

[62] channel flow, (6]

flows, such as isotropic turbulence,
mixing layer, and backward-facing step flow.l%4 For
viscoelastic flows, Sibilla and Berettal®® investigated
the near-wall coherent structures in a turbulent chan-
nel flow using Ao criterion. In HIT with polymer ad-
ditives, Angelis et al.['”) and Perlekar et al.*Y studied

tube-like structures by A and vorticity |w| criterions,
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respectively. In our paper, we use the second invariant
Q@ method, which is shown as follows.

Three invariants for velocity gradient tensor Vu
are introduced as

P = 5;P =S, Q= (P>—28;;S;—Wi;Wy) /2,
R = (—P°+3PQ — S;SnSki
— 3Wi; Wi Whi) /3, (3)

where S;; = (0u;/0x; + Ou;/0x;) /2 is the rate-of-
strain tensor and W;; = (Ou;/0x; — Ou;/0x;) /2 is the
rate-of-rotation tensor.

For the incompressible flow,

P=0, Q= W;W;—5;5;)/2,
R = (—SiijkS]ﬂ‘ - 3WZJijWk1) /3 (4)

The second invariant @) reflects the relative strengths
of rotation and strain. The first term on the right-
hand side of @ expression in Eq. (4) is proportional to
enstrophy density and the second term is proportional
to dissipation rate. The positive () isosurface isolates
the areas where the strength of rotation is larger than
that of strain, thus a tube zone can be defined as a
region with the positive @ isosurface.59:61]

However, unlike vortex tubes, very few identi-

(65,66] for vortex sheets have been

fication methods
proposed because vortex sheets are more disorga-
nized than vortex tubes and susceptible to small dis-
turbances, which makes it fairly difficult to be ex-
amined in turbulent flows. Recently, Horiuti and
Takagil®”l proposed a new definition based on the
eigen-decomposition of symmetric second-order veloc-
ity gradient tensor, A;; = S Wi + 51 Wi, for vortex
sheets. Since A;; = 0, the eigenvalues of A;; are ob-

tained from the equation:
1‘3 — (Al]AjZ)I/2 - AijAjkAki/S =0. (5)

Then, let [A;;]., [Ai;l+, and [A;;]— denote the eigen-
value associated with the eigenvector that is maxi-
mally aligned with the velocity vector, the largest re-
maining eigenvalue, and the smallest eigenvalue, re-
spectively. It is observed that vortex sheets can be
examined based on the criterion:

[Aijl+ > {[Aij]+ Fen, (6)

where {[A;;]+}sn is an arbitrary positive threshold.
In this paper, we use this method (hereinafter it is re-
ferred to as H-T method) to identify vortex sheets in
DHIT.

Usually, applying the above vortex-identifying
methods to the whole flow field, the results have a
tendency to show only vortex structures in the whole
flow field. So the characteristics of vortex structure
in a large-scale field and an intermediate-scale field
can be difficult to study. Firstly, the velocity field is
transformed into Fourier space by fast Fourier trans-
formation, then the high frequency components are re-
moved at two different thresholds and finally returned
to physical space.[%8 The velocity field (t = 0.6 s) is
filtered in Fourier space by different cut-off frequen-

cies:

u(@) = Y ke, (7)

k| <k

where all modes greater than the cut-off wavenumber
k. are set to be zero. In our study, the flow field is
divided into three parts of different scales: large-scale
field (0 < k < 4), intermediate-scale field (0 < k < 8),
and small-scale field (the whole flow field). The en-
ergy spectrum is calculated for each scale field using

the same energy spectrum function.

4. Results and discussion

4.1. Multi-scale coherent structure visu-
alization

We first visualize vortex tubes and sheets in three
fields with different scales for DHIT at ¢ = 0.6 s with
and without polymers based on @ criterion®®-61 and
H-T method, ¢ respectively, as shown in Figs. 1 and
2. Usually different choices of the threshold value
change the appearance of vortex structure, for in-
stance, raising the threshold value too high will re-
sult in losing some important vortices and setting the
threshold value too low will cause an unclear visual-
ization. Such a threshold value is chosen that a large
number of vortices can be visualized and at the same
time different vortices are distinguishable.[®? In the
present paper, the isosurface of @ and [A;;]+ with a
threshold Quy = 2Qns and {[Ay]+} = 2{[Aij]+ e
where Q"

! s and {[A;;]4 }., . are the average root mean

squares of the @ and the [A4;;]+ fluctuations, respec-

tively.
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2
Y

Fig. 1. Constant @ isosurface for I Newtonian case and II polymer solution case in the fields with three different scales
i.e., (a) large-scale filed (Q = 0.9141), (b) intermediate-scale field (Q = 4.6695), and (c) small-scale field (Q = 9.4685).

Fig. 2. Constant [A;;] " isosurface for I Newtonian case and II polymer solution case in three fields with different
scales, i.e., (a) large-scale field ([A;;], = 0.6682), (b) intermediate-scale field ([A;;], = 3.6454), and (c) small-scale

field ([A;;], = 11.2406).

As is known, vortex structures play an essential
role in turbulence dynamics such as the generation of
turbulence, and the enhancement of the transport of
mass, momentum and kinetic energy of fluid. From
Figs. 1 and 2, a remarkable decrease of vortex tubes
and sheets in intermediate-scale and small-scale fields
can be observed in DHIT with polymer as compared

with the Newtonian fluid case. Nonetheless, in the

large-scale field the inhibition effect by polymers is not
so distinct as that in other scale fields. In the vortex
sheet region the polymer effect is the most dominant
since the distribution of the polymer elastic energy is
primarily concentrated along vortex sheets (as inter-
preted in Subsubsection 4.2.1), which finally results in
a depression of vortex sheets in intermediate-scale and
small-scale fields as shown in Fig. 2II. In the vortex
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tubes region, the polymer effect also plays an inhibit-
ing role in its generation (as interpreted in Subsubsec-
tion 4.2.2). At other instants the same phenomena are
found and not shown here for brevity. It is known that
the formation of a vortex tube is generally attributed
to rolling-up of a single sheet due to Kelvin—Helmholtz
instability, but Horiuti et all% argued that a vor-
tex tube is formed through the interaction between
two different vortex sheets. The depression of vortex
sheets (as shown in Fig. 2II) will cause the decrease of
the interaction frequency between two different vortex
sheets, thus preventing the sheet-tube transformation.
As pointed out by Horiuti et al:[9 “By terminat-
ing an occurrence of this sheet-tube transformation
and subsequent energy cascade, the turbulence gener-
ation may be annihilated”, when polymers are intro-
duced into the flow, turbulence generation is inhibited
(also interpreted in Subsubsections 4.2.1 and 4.2.2).
What is more, vortex tubes and sheets are also very
important for energy dissipation and cascade. Their
depression especially in intermediate-scale and small-
scale fields, implies the decrease of dissipation rate and
modification of energy cascade to some extent.[24]

4.2. Interactions between strain rate,
vorticity, and polymers

4.2.1. Interactions between polymer conforma-
tion and strain field

The above visualization of vortex structures ex-
hibits a remarkable inhibition effect on both vortex
tubes and sheets by polymers, especially in the small-
scale field. As introduced before, the rate-of-strain
tensor is a very important parameter in investigating
vortex sheets, and it directly relates to the dissipation
rate. Moreover, the development of small-scale tur-
bulence highly relies on the evolution of rate-of-strain
tensor, and in particular on the behaviour of the in-
termediate eigenvalue and its associated eigenvector.
Here, it is found that for the turbulence with poly-
mers, the characteristics of turbulence such as vor-
tex sheets, dissipation, and development of small-scale
motions are markedly inhibited. So, to understand
the inherent mechanism produced by polymers, in the
present paper we directly investigate the interactions
between polymer conformation field and strain field.

Let e; (i = 1, 2, 3) denote the three eigenvec-
tors of rate-of-strain tensor S and «; (i = 1, 2, 3)
represent the corresponding eigenvalues reordered
so that a7 > as > ag which can be regarded as

the strength of strain in the corresponding direction
determined by e;. The incompressibility constraint
yields a3 + az + ag = 0, meaning that there is at
least one positive eigenvalue (a;) and one negative
eigenvalue (ag). However, the intermediate eigen-
value g can be either negative or positive, and it is a
very important parameter to determine whether the
local flow structure is tube-like (ae < 0) or sheet-
like (g > 0).[%1 Then, PDFs of these eigenvalues at
t = 0.6 s for both the Newtonian fluid and polymer
solution cases are shown in Fig. 3. For polymer so-
lution case PDFs values of three eigenvalues are all
reduced in the regions of large eigenvalues, i.e. large
strain, but increased in the regions of small eigenval-
ues, i.e. small strain as compared with its Newtonian
counterpart. It indicates that the ensemble strength
of the strain in each direction is weakened by poly-
mers. Moreover, for both the Newtonian fluid case
and the polymer solution case the intermediate eigen-
value (a) is positively skewed, adequately suggesting
that most regions (two positive eigenvalues) in the
flow field are vortex sheets.["%) At other instants the
same phenomena are found and not shown here for
brevity. From this viewpoint it shows the importance
of vortex sheets for both the Newtonian fluid case and
the polymer solution case. Similarly, let a; (i =1, 2,
3) denote three eigenvectors of polymer conformation
tensor reordered by the magnitudes of three eigenval-
ues (N\;, 1 =1,2,3, A1 > Aa > A3). Here, \; (1 =1, 2,
3) shows the strength of polymer deformation in the
corresponding direction a; (i = 1, 2, 3), respectively,
and their PDFs at ¢ = 0.6 s are shown in Fig. 4. It is
obtained that A\; > 1 and A3 < 1, i.e., polymers are
stretched and coiled in the directions of a; and as,
respectively. But Ay can be either Ao > 1 or Ay < 1,
Under the

simulating conditions, it is found that Ay is skewed at

determined by the local flow motions.

A2 > 1, suggesting that polymers are mostly stretched
in the directions of a; and as, but coiled in other di-
rections (this phenomenon will be interpreted later).
To show how the polymers interact with the strain
of the flow field intuitively, PDFs of cosf(e;,a;) at
t = 0.6 s are shown in Fig. 5. It is shown that the
directions of polymer conformation tend to be aligned
with the corresponding strain directions of flow field
and the PDF values around cosf(e;,a;) = 1 are
much larger, showing a strong relevance between the
two tensors. At other instants the same phenomena

are found but not shown here for brevity. Consider-
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ing the alignment of the corresponding eigenvectors

100

PDF

—10 0 10 20
o

Fig. 3. PDFs of three eigenvalues for rate-of-strain tensor
at t =0.6 s.

10() L

Fig. 4. PDFs of three eigenvalues for polymer conforma-
tion tensor at £ = 0.6 s.

a(s)
ot

strain production

where the operator (-) denotes ensemble average,
S = 8;;5i;/2 the total strain, Sgr = —SixSk;S:j
the strain production from strain self-amplification,
Wetr = w;w;S;;/4 the enstrophy production effect
on the total strain, Vi, = U[S]SijV2Sij the strain
viscous dissipation, Sp;; = 82Ti[,f]/ O0z0x; the poly-
mer effect tensor influencing the generation of strain,
Dstr = Spi;S;; the polymer effect due to the inter-
action between strain and polymer elastic stress (or
polymer conformation) and does not appear in the
Newtonian fluid case.

PDFs of strain 5’5152[;’] /2 at sequential instants
are shown in Fig. 6 for both the Newtonian fluid

vortex stretching effect

between the two tensors, obviously there should ex-
ist a strong relevance and consistency between the
corresponding eigenvaules of these two tensors, which
show the deformation strength of flow field and that
of polymer conformation field, respectively. As given
in Fig. 3, in the turbulence with polymer additives, ay
and as are positively skewed, which in some way indi-
cates that Ay and A\ are skewed at \; > 1 and Ay > 1,
i.e., the polymers are mostly stretched in two direc-
tions in vortex sheets. On the other hand, it suggests
that polymers play a more important role in vortex
sheets.

102 T .

05 0 0.5 1.0

cosf(e;, a;)

Fig. 5. PDFs of the cosine of the angle between e; and
a; (1=1,2,3) at t = 0.6 s for polymer solution flow.

To further show the contribution of polymers to
the strain, we investigate the mean strain transport

equation of DHIT with polymer additives:(4

1 [s] 2 o°Ty)
5 = ZWOikSkiSi) = wiwiSi)  + o vtHSEVISy) 5 =S ), (8)
—_——— N— ——

8$kal’j

strain viscous dissipation
polymers effect

|
It is obtained

that the addition of polymers leads to a remarkable

case and the polymer solution case.

decrease in the regions of large strain with only a
few regions (near the origin) increased weakly. As
is known, for both the Newtonian fluid case and the
polymer solution case there is a strong positive cor-
relation between strain generation and strain, i.e.,
the main source of the strain generation is its self-
amplification.!?®! In the previous study we found that
for the polymer solution case, the polymer effect is
negatively skewed, i.e., the presence of polymers can
inhibit the strain generation.!*l Here, to make a com-

parison between the polymer effect and strain self-
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amplification, joint PDF (JPDF) of py, and s is
shown in Fig. 7, which can be divided into four quad-
rants as follows: i) the first quadrant, in which pgt, > 0
and sg]r > 0, and both the polymer effect and the

strain self-amplification contribute to the strain gen-

eration; ii) the second quadrant, in which pg, < 0

(P]
str

the strain generation, but the polymer effect resists;
iil) the third quadrant, in which pg, < 0 and sgﬂ <0,
both the strain self-amplification and the polymer ef-

and sg, > 0, strain self-amplification contributes to

fect resist the strain generation; iv) the fourth quad-

[p]
str

rant, in which pg; > 0 and sy, < 0, the polymer ef-
fect contributes to the strain generation but the strain
self-amplification resists. In DHIT with polymers (as
shown in Fig. 7), JPDF of pg, and sgf]r mostly con-
centrates in the second and third quadrants, espe-
cially in the second quadrant, which implies that self-
amplification is mostly conducible to strain generation
but polymers mostly hold back the strain generation,
thus increasing the “strain generation resistance” to
flow structure. Besides, considering the amplitudes of
two factors, we observe that the polymer effect pg, has

a similar order of magnitude to that of the strain pro-

[p]
stry
and can counteract a remarkable part of siﬂ. In this

way the strain in the polymer solution case can be sup-

duction sg,, indicating that this effect is pronounced

pressed, then the strain self-amplification is reduced,
and so on. From the phenomenological viewpoint, the
introduction of polymer additives inhibits the gener-
ation of vortex sheets, where strain dominates and
most energy dissipation occurs. The results are vali-
dated by the visualization of vortex sheets on different
scales (as shown in Fig. 2).

100

102

PDF

104

10-6

Fig. 6. PDFs of the strain in DHIT for Newtonian fluid
and polymer solution cases. (o) Newtonian fluid case, ()
polymer solution case at ¢t = 0.6 s, and the solid line for
Newtonian fluid case, the dashed line for polymer solution
case at t = 2.0 s; inset: the solid line for Newtonian fluid
case, the dashed line for polymer solution case at t = 5.0 s.

0.3 S B
Sstr < U, Sgty > Sstr > 0, Sgtr >0
I
ool ’K- I |
0.17
EN 0= — - I
—0.17 \
[p] I
Sstr < 0, Sgtr <0 Setr > 0’ Sgl;]r <0
—0.2 -
—0.2 —0.1 0 0.1
Pstr

Fig. 7. pstr versus sl for JPDF at ¢ = 0.6 s in polymer

str

solution case (Wi = 0.62, 8 = 0.6).

4.2.2. Interaction between polymers and vor-
ticity

According to the above analyses, rate-of-strain
tensor and polymer conformation tensors exhibit close
correlation, and the strain generation is inhibited due
to the interaction between polymers and strain, lead-
ing to the reduction of the strength of the vortex
sheet, energy dissipation, and so on. Except for vor-
tex sheets, vortex tubes related to vorticity also play
an important role in turbulence and have also been
found to be inhibited due to the presence of polymers
as shown in Fig. 1. To obtain the inherent mecha-
nism, we study the interaction between polymers and
vorticity next.

Among the most basic question about the prop-
erties and dynamics in turbulent flows is the relation
between vorticity vector and rate-of-strain tensor (ge-
ometric study). Several investigations on the New-
tonian fluid turbulent flows have been carried out.
For DHIT with polymers, the results are shown in
Fig. 8, from which we can clearly see that the ten-
dency towards the alignment between es; and w is
similar to that for the Newtonian fluid case, but some
slight changes can be found. PDF values are reduced
for the completely parallel and antiparallel cases, i.e.,
01 = 0° (where 0 is the angle between e and w) and
f, = 180°. Besides, PDF value is slightly decreased
for the completely vertical case (i.e. 61 = 90°). At
other instants the same phenomena are found but not
shown here for brevity. Neglecting the variation of
magnitude, in DHIT with polymers, the presence of
polymers does not modify the shape of PDF, suggest-
ing that it does not greatly influence the alignment
characteristics of the relationship between vorticity

vector and rate-of-strain tensor for Wi in our simu-
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lation.
2.5 .
—e—(w,@l),N
2.0% _E_(w’el)’p
——(w, e2), N |
1.5 _*_(wa 62)71)
B ) ——(w,e3),N
o % ——(wes3),p |
1.0 ¥
0.5
':A“ 1 1 1
—1.0 —0.5 0 0.5 1.0

cos H(w, e;)

Fig. 8. PDFs of the cosine of the angle between w and
e (1=1,2,3)att=0.6s.

Likewise, the alignments between vorticity vec-
tor w and the three eigenvectors (a;, ¢ = 1, 2, 3)
of polymer conformation tensor were investigated ac-
cording to PDFs of cosf(w, a;) at t = 0.6 s as shown
in Fig. 9. The results show that vorticity vector tends
to be aligned with the first and the intermediate eigen-
vectors of polymer conformation tensor and in the two
directions along which polymers are mostly stretched
with Ay > 1 and A2 > 1 (as shown in Fig. 4). At
other instants the same phenomena are found but not
shown here for brevity. This is similar to the result of
alignment characteristics between vorticity vector and

c’)!)/(% = (wiiji')
———r

- v[s]<(8wi/8xj)2) + (wi(BQTE;/axmaxn)snﬁ%

rate-of-strain tensor as shown in Fig. 8. Besides, the
vorticity vector tends to be vertical to as. The above
results manifest a strong relevance between vorticity

vector and polymer conformation tensor.

PDF

0.5 1.0

cos f(w,a;)

Fig. 9. PDFs of the cosine of the angle between w and
a; (1=1,2,3)att=0.6s.

The enstrophy indicates the strength of vortex
structure and is mainly generated by the stretching
of vortex tubes, which is regarded as the impetus of
turbulence maintenance. Therefore, in order to un-
derstand the interaction between polymers and vor-
ticity more deeply we study the enstrophy transport
equation of DHIT in the polymer solution case, as
follows:[24]

enstrophy production

where €,j; is the permutation symbol, w; the i-th
V xXu, 2 =
w;w;/2 the enstrophy, Sens = w;w;S;; the enstrophy

component of vorticity vector w =

production due to the interaction between vorticity
and strain, W; = w;S;; the vortex stretching vector,
Vens = U[S](awi /(%cj)2 the enstrophy viscous dissipa-
tion, W = (62T7£f;-/8xm8$n)5
]

the polymer effect

nji
vector, and Pens = wiWi[p the polymer effect due to
interaction between vorticity vector and polymer con-
formation tensor and does not appear in the Newto-
nian fluid case.

First, we show PDFs of the enstrophy in Fig. 10
at three sequential instants. Compared to its Newto-
nian counterpart, the addition of polymers leads to a
decrease of the PDF value for the major part of large
enstrophy and an increase of PDF value only in a nar-
row part near the origin. This phenomenon is more

remarkable at t = 2.0 s and 5.0 s, which is similar to

enstrophy dissipation

polymers effect

that for the strain (see Fig. 6).

10°

PDF

0 100

Fig. 10. PDFs of the enstrophy in DHIT for Newtonian
fluid and polymer solution cases. (o) Newtonian fluid case,
(O) polymer solution case at t = 0.6 s and the solid line for
Newtonian fluid case, the dashed line for polymer solution
case at t = 2.0 s; inset: the solid line for Newtonian fluid
case, the dashed line for polymer solution case at t = 5.0 s.
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Like self-amplification to strain, the enstrophy
production term is very important for vorticity gener-
ation in the Newtonian fluid case and is found to be
essentially positively skewed,[?* which is regarded as a
consequence of the prevalence of the vortex stretching
process over vortex compression. This irreversible ten-
dency can be characterized locally by considering the
PDF of the cosine of the angle between w and W as
shown in Fig. 11(a). The PDF value of cos 8(w, W) is
much larger in the region around 63 = 0° (where 05 is
the angle between vectors of w and W) than in the re-
gion around 65 = 180°. In other words, there exists a
strong tendency towards alignment between w and W
in the strict sense, i.e., a tendency towards their being
parallel but not antiparallel to each other, indicating
that the vortex tubes are mostly stretched by W. For
the polymer solution case, shown in Fig. 11(a), the
tendency is the same as that for the Newtonian fluid
case with only a slight change for PDF value in the

2.5

——Newtonian fluid case, t=0.6 s
—W;=0.62, 8=0.6,t=0.6s
—+—Newtonian fluid case, t=2.0s
—+W; =062, 5=06,t=2.0s
——Newtonian fluid case, t =5.0 s 4
— W, =0.62, $=06,t=5.0s

2.0

1.5

PDF

—05 0 0.5 1.0
cos Ow, W)

regions around #>; = 0° and 6, = 180°, qualitatively
similar to the experimental results of Liberzon et al.['?!
It suggests that polymers would not change the char-
acteristics of the interaction between w and W. In
DHIT with polymer additives, there also exists poly-
mer conformation acting on the vortex tubes by W»l.
The relationship between w and W! is also charac-
terized locally by considering the PDF's of the cosine
of the angle between them, as shown in Fig. 11(b).
Contrary to the relation between w and W, the PDF
values of cos f(w, WP!) in the region around 3 = 180°
(where 03 is the angle between w and WP!) are much
larger than in the region around 63 = 0°, at three
different instants. With the angle Os3approaching to
zero, the PDF value of cos §(w, WP!) reduces quickly.
It suggests that the polymer effect vector tends to be
antiparallel to the vorticity vector, which compresses
vortex tubes, thus inhibiting the generation of new
vortex tubes especially on a small scale.

1.0
—-—1t=0.6s

—=1t=2.0s

0.8

PDF

0.6

0.4

(b)
0.2

~05 0 0.5 1.0
cos B{w, Wrl)

Fig. 11. (a) PDFs of the cosine of the angle between vorticity (w) and vortex stretching vector (W) for Newtonian

fluid and polymer solution cases; (b) PDFs of the cosine of the angle between vorticity (w) and polymer stretching or

compressing vector (W[p]) for polymer solution case.

To further show the influence of the polymer ef-
fect pens on enstrophy production sl[f;]s, the JPDF at
t = 0.6 s is shown in Fig. 12, which can similarly be di-
vided into four quadrants as follows: a) the first quad-
rant, in which pe,s > 0 and s[égs > 0, and both polymer
and vortex stretching vectors are parallel to vortic-
ity vector, thus stretching the tubes and contributing
to the vortex generation; b) the second quadrant, in
which peps < 0 and s[e’fl}g > 0, and the vortex stretch-
ing vector contributes to the vortex generation, but
polymer effect vector is antiparallel to vorticity vec-
tor, thus compressing the tubes and resisting the vor-
tex generation; c) the third quadrant in which pens < 0

and SL%]S < 0, and both polymer and vortex stretch-

ing vectors resist the vortex generation; d) the fourth
quadrant, in which pe,s > 0 and s‘[fﬂs < 0, and the
polymer effect vector contributes to the vortex gener-
ation, but vortex stretching vectors resist it. As shown
in Fig. 12, in DHIT with polymers, the contributions
of s([ﬁl]s and pens mostly focus in the second quadrant,
implying that vortex stretching vector tends to be con-
ducible to the vortex generation but the polymer effect
vector tends to increase the “stretching resistance” of
vortex tubes. Besides, the amplitudes of the two fac-
tors are of the same order of magnitude, indicating a
strong feedback of polymers on flow structure because
of its elastic nature, and polymers almost counteract

the effect of vortex stretching in DHIT with polymer
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additives. Finally due to the elastic nature, the en-
strophy (strength of vorticity) and its production (a
source of turbulence maintenance) are undoubtedly re-
duced in the presence of polymers as compared with
that of the Newtonian fluid case (Ref. [24]). From the
phenomenological viewpoint, the introduction of poly-
mer additives inhibits the generation of vortex tubes,
where the vorticity is dominant. The results are vali-
dated by the visualization of vortex tubes on different
scales (as shown in Fig. 1).

Pens < 0, SL%]S >0 Dens > 0, SLI;]s >0

[p]
Pens < 07 Sens < .O I Pens > O, SQ;ES <0

—-0.05 0 0.05 0.10

—0.10
pens

Fig. 12. pens versus S[e%]s for JPDF at t = 0.6 s in polymer

solution case (Wi = 0.62, 8 = 0.6).

5. Conclusion and discussion

In order to understand the polymer effect or
additive-turbulence interaction, we investigate the re-
lationship between turbulence characteristics and the
polymer conformation field by the DNS of DHIT with
and without polymers. Through visualizing vortex
tubes and sheets and investigating the interactions
among polymer conformation tensor, vorticity vector,
and rate-of-strain tensor, we can draw the following
conclusions.

(I) There exists a remarkable inhibition of vortex
structures in intermediate-scale and small-scale fields
but not for large-scale field in DHIT with polymers,
which can even terminate subsequent energy cascades
to modify the turbulent features for the polymer so-
lution case.

(ITI) In DHIT with polymers, the stretching and
the compressing strengths of the flow field are weak-
ened in all the directions determined by eigenvectors
of the rate-of-strain tensor due to the polymer effect.
The eigenvectors of the polymer conformation tensor
tend to be aligned with those of the rate-of-strain ten-
sor, implying a close relationship between them. Sim-

ilar to flow structure, polymers are mostly stretched

in two directions in vortex sheets, suggesting that
polymers may have a strong feedback among these
structures. As compared with its Newtonian counter-
part, a reduction of strain is observed. Through plot-
ting JPDF of the polymer effect term pg, versus the
strain production term sgﬂ
port equation of DHIT, it is obtained that during the

strain generation, the polymer effect and strain self-

in the mean strain trans-

amplification can be similar in order of magnitude but
opposite in sign (negative for the former and positive
for the latter), which increases “strain generation re-
sistance” and inhibits the generation of vortex sheets,
especially on a small scale.

(ITI) Analogous to the relationship between the
vorticity vector and rate-of-strain tensor, the vortic-
ity vector tends to be aligned with the first and the
intermediate eigenvectors of the polymer conforma-
tion tensor, especially with the intermediate eigenvec-
tor. As compared with its Newtonian counterpart,
a reduction of enstrophy is observed in DHIT in the
presence of polymers. During its generation, the angle
between the vorticity vector and vortex stretching vec-
tor it is skewed at 0°, but between the polymer effect
vector and vorticity vector is skewed at 180°. Through
plotting JPDF of the polymer effect term pe,s versus
the enstrophy production term sgﬂs in the enstrophy
transport equation of DHIT, it is obtained that pepns
and sgﬂs can be similar in order of magnitude but op-
posite in sign (the former is negative and the latter is
positive), which straightforwardly increases “vorticity
generation resistance” and inhibits the generation of
vortex tubes, especially on a small scale.

In summary, our study suggests a strong rele-
vance among vorticity vector, rate-of-strain tensor,
and polymer conformation tensor, and the relevance
inhibits the vorticity (or enstrophy) and strain gener-
ation, finally leading to the turbulence inhibition. It
is noticeable that in spite of the existence of polymers
the interaction between vorticity vector and rate-of-
strain is unchanged. We believe that by establishing
and studying their inherent relationships, the dynam-
ics of the polymer solution, and the mechanism and
phenomenon in turbulent drag-reducing flows can be
further understood. Our long-term goal is to establish
some methods associated with sub-grid modeling for
large eddy simulation of turbulent drag-reducing flows
by additives through a series of very detailed studies

of the viscoelastic effect on turbulence, as done in this
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paper. The present findings may contribute to this

purpose.
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