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Large-eddy simulations of a forced homogeneous isotropic turbulence

with polymer additives”
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Large-eddy simulations (LES) based on the temporal approximate deconvolution model were performed for a forced
homogeneous isotropic turbulence (FHIT) with polymer additives at moderate Taylor Reynolds number. Finitely extensible
nonlinear elastic in the Peterlin approximation model was adopted as the constitutive equation for the filtered conformation
tensor of the polymer molecules. The LES results were verified through comparisons with the direct numerical simulation
results. Using the LES database of the FHIT in the Newtonian fluid and the polymer solution flows, the polymer effects
on some important parameters such as strain, vorticity, drag reduction, and so forth were studied. By extracting the vortex
structures and exploring the flatness factor through a high-order correlation function of velocity derivative and wavelet
analysis, it can be found that the small-scale vortex structures and small-scale intermittency in the FHIT are all inhibited
due to the existence of the polymers. The extended self-similarity scaling law in the polymer solution flow shows no
apparent difference from that in the Newtonian fluid flow at the currently simulated ranges of Reynolds and Weissenberg
numbers.
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1. Introduction

The phenomenon that adding a minute amount of long-
chain polymers or some kinds of surfactants to water or or-
ganic solvent flows can induce an obvious turbulent drag re-
duction (DR) was firstly reported by Toms (Toms’ effect(!).
This phenomenon has been extremely attractive since its dis-
covery due to the prospect of saving energy. It is repeatedly
found that there exists a dramatic frictional DR in the pipe and
channel turbulent flows of polymer or surfactant solution, >3]
and the DR rate can reach even more than 80% in some
situations.[*] Therefore, the drag-reducing effect has great po-
tential in the practical application systems. For example, in a
district heating/cooling system, it can lead to the decrease of
the pipe diameter, an increase of the flow rate, a reduction of
pumping power energy consumption, and so on.

In order to get an insight into the mechanism of the turbu-
lent DR, a large amount of studies have been carried out both
experimentally and numerically. By experimental efforts, the
rheological properties of the viscoelastic polymer or surfactant
solutions, the topological characteristics of microstructures in
the solutions under shear, the overall DR feature and its in-
fluencing factors, the statistical and structural characteristics
of the turbulent velocity fields, and convective heat transfer
behaviors in polymer or surfactant solution flows have been
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successfully obtained.>~13]

However, due to the limitations in even up-to-date exper-
imental techniques, the in-situ measurements of the confor-
mation field of microstructures (structured by either polymer
molecules in polymer solution or micelles formed by surfac-
tant molecules in surfactant solution) and the elastic stress field
in the viscoelastic fluid flow are unavailable as yet, which are
the key parameters (interacting with the turbulence) for ex-
ploring the mechanism of DR. Therefore, numerical simula-
tions are relied on for the purpose of obtaining thorough infor-
mation, including the microstructure conformation and elastic
stress fields as well as the velocity field in turbulent drag re-
ducing flows.

The direct numerical simulation (DNS) can resolve the
dissipation scale in a turbulent flow, so it should be the best
numerical simulation method for any turbulent flows including
the drag-reducing flow of viscoelastic fluid provided that the
computer can be powerful enough. Indeed, the DNS method
has been used in many studies to resolve the detailed char-
acteristics of drag-reduced turbulent flows and investigate the

mechanism of DR.H4-20

| However, high spatial and temporal
resolutions are necessary for the DNS of a turbulent flow to
resolve the dissipation scale, resulting in extremely large com-
putational consumptions, which is unaffordable for the cur-

rent computers if the flow Reynolds number is as high as that
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in most industrial application systems. Therefore, the DNS
approach is not suitable for the computation of engineering
problems. In practical engineering fields, Reynolds averaged
Navier—Stokes (RANS) models are commonly used to sim-
ulate complex turbulent flows. The idea of the RANS ap-
proach is to establish turbulence models to represent the re-
lations between high-order and low-order statistics. So far,
several RANS models have been proposed for the turbulent
drag-reducing flow of viscoelastic fluid. For example, Cruz
and Pinho!?!! presented a low Reynolds number k—¢ turbu-
lence model for a turbulent drag-reducing fluid pipe flow. It
was observed that this model can capture the dissipation rate
away from the wall, however the turbulent kinetic energy ob-
tained with this model deviates from the experimental results.
Cruz et al.* proposed a two-equation k—¢ turbulence model
for the turbulent pipe flow of viscoelastic fluid, which can ade-
quately predict the turbulent kinetic energy. Nevertheless, the
quantitative information from the RANS approach is limited
(only mean values of turbulence parameters are available).

In the 1970s, the large-eddy simulation (LES) method
was proposed, which makes up for the disadvantages of DNS
and RANS. Since the LES resolves turbulence eddies at scales
above a threshold length scale and models eddies below this
threshold scale, it can thus not only reduce the computation
burden compared with the DNS but also obtain more infor-
mation of the micro-scaled turbulent flow parameters than
the RANS. With these unique advantages, the LES has been
widely used in scientific and engineering fields to compute tur-
bulent flows at high Reynolds numbers. The principal work for
the LES is to establish a suitable subgrid-scale (SGS) model,
which is derived from the interactions between unresolved-
scale and resolved-scale structures and represents the effect
of the unresolved-scale structures on the resolved-scale struc-
tures. Up to now, many SGS models have been proposed, such
as Smagorinsky’s model,!*}! the dynamic model,** and the

1.125] These models have been widely used in the

mixed mode
simulations of the turbulent channel, pipe, and some compli-
cated geometrical flows of Newtonian fluids.

Domaradzki and Saiki?®! presented a velocity estimation
model, which substitutes the unfiltered velocity field by the
deconvolution of the filtered velocity field to estimate the SGS
stress. This idea is based on the fact that the filtering oper-
ation can be expressed as an invertible form when the poly-
nomials of the inverses reach a certain degree. Considering
the repeated applications of the approximate deconvolution of
the filtered data by the truncated expansions of the inverse fil-
tering operation, Stolz and Adams!?’! came up with the ap-
proximate deconvolution model (ADM), which was used to
simulate both incompressible and compressible fluids’ wall-
bounded flows.[?32°! In addition to the excellent LES results
obtained using the ADM, the computation cost is less than

that of the dynamic model and the velocity estimate model.
It was also suggested by Pruett®%! that the filtering approach
can be based on both space domain and time domain, which
is called the temporal LES. Relative to spatial filters, tempo-
ral filters have many advantages, such as, the independence
of the simulation grid for implicit methods and the accor-
dance with the process of the experiment. Taking into ac-
count the idea of a temporal filter in addition to the ADM,
Pruett ef al.®!) proposed a temporal approximate deconvolu-
tion model (TADM), which is proved to be comparable with
the fully resolved DNS (mean streamwise velocity in wall
units, Reynolds stress etc). The computation requirement for
the TADM is inevitably higher than that for the ADM because
of the larger storage of variable values in the TADM. Recently,
Thais et al.'*’! first attempted to perform the LES for a tur-
bulent drag-reducing channel flow of viscoelastic fluid using
the TADM. They confirmed that the TADM is able to exactly
express the residual stress. Moreover, they also presented the
relationships between the Reynolds stress and the temporal fil-
ter width, the ensemble-averaged mean and root-mean-square
fluctuations of conformation tensor, and the influence of the
filter width on those parameters. However, detailed informa-
tion in the viscous sub-layer was not discussed.

On the other hand, research on drag-reducing viscoelastic
fluid flows so far have focused on the wall turbulence, such as
pipe and channel flow, boundary layer flow, and swirling flow
in a cylindrical container. The existence of the wall can easily
arouse non-uniformity in turbulence, which brings about dif-
ficulties in the analysis of the interactions between molecular
micro-structures and turbulence structures in viscoelastic fluid
flows. The wall effect is eliminated in homogenous isotropic
turbulence (HIT) or grid turbulence. There have been a few
important results by the DNS and experiments on the HIT or

33371 However, as

grid turbulence in viscoelastic fluid flows.|
mentioned above, the DNS has its limitations in computing
flows at high Reynolds number.

In this paper, we report one of our continuous numeri-
cal studies on the drag-reducing turbulent flow of viscoelastic
fluid. Forced HIT (FHIT) in viscoelastic polymer solution is
chosen in order to eliminate the wall effect. The LES is per-
formed for the FHIT in viscoelastic fluid based on the TADM.
The finitely extensible nonlinear elastic in the Peterlin approx-
imation (FENE-P) model is adopted as the constitutive equa-
tion for the filtered conformation tensor of polymer molecules.
The present study has two main purposes. The first one is
to do another test on the TADM-based LES of turbulence in
viscoelastic fluid flow by choosing FHIT without the wall ef-
fect in addition to the TADM-based LES of wall turbulence as
originally performed by Thais et al.? After establishing a re-
liable LES method using the TADM for drag-reducing FHIT,
the second purpose is to investigate the statistical characteris-
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tics of the FHIT with polymer additives at elevated Reynolds
number (still moderate range though), as compared with our
previous DNS studies on low Reynolds number HIT of vis-
coelastic fluid flow. 33! In Section 2, we show the detailed gov-
erning equations of the TADM for viscoelastic fluid flows and
the calculation conditions. In Section 3, our in-house code is
at first validated for the Newtonian fluid and the polymer so-
lution flow cases. Then the characteristics of FHIT influenced
by viscoelastic polymer additives at moderate Reynolds num-
ber are discussed in detail. Conclusions drawn from this study
are given in Section 4.

2. Governing equations and calculation condi-
tions
2.1. Governing equations

2.1.1. Continuity and modified momentum equations

The continuity and the modified momentum equations for
the LES of FHIT with polymer additives based on the TADM

are as follows: 3!
ou;
=0 1
ox; ) ey
o _om _ 10p g Pu  g1-BIT)
ot T ox; p dx; ax]xj B dx;
oM;;
1—B IR
2P I . o)
+v B ox + fi; 2)
where %;(x;, ) is the filtered velocity; p(x;,) is the ﬁltered lo-

=0 [s] / ( + v[p])
is a dimensionless measurement of the dilute polymer solu-

cal pressure; p is the solution density; 8

tion concentration and a smaller  corresponds to a denser
polymer solution, here v is the solvent viscosity, and v/
is the polymeric zero-shear-rate viscosity (if § = 1.0, Eq. (2)
is the filtered momentum equation for the FHIT of the Newto-
nian fluid); T,[»l;] = (f(F)Cij — 1) /7, is the filtered elastic stress,
here C;; is the filtered conformation tensor; 7, is the polymer
3)/(1*—

tensibility, with / being the maximum chain extensibility; 7 7 is

relaxation time; f(7) = (1> — 72) ensures the finite ex-
the trace operator, 7= trace(a j); M;; is the modeled residual
Newtonian stress obtained by deconvolving the resolved-scale
velocity field; y, is the dissipative coefficient for the momen-
tum equation and x, = 1 for this study; R;; is a subfilter term
related to the nonlinear restoring force; and f; is the external
force.

In order to obtain M;; and the dissipative regularization
term ), (W; — ;), the deconvolved velocity v; and w; is defined
to approximate the unresolved-scale u;. So v;, M;;, and w; are

modeled as?

Z C,li m+l 3)

Mij =vivj—vivj, “
L)
wi= Y Dyii;"" . 3)
m=0
The filtering method of the TADM for the momentum
equation is as follows: 3]
aﬁ(m—}—l) ﬁ(m) _ﬁ(m-‘rl)
lc?t = Aul , 1 <m<max(p,q), (6a)
i vi—V
Z 6b
5 A (6b)
ViV _ vivj —Vivj
5 A (6¢)
ow;  wi—w;
2 6d
> A (6d)

where A, is the filter width for the momentum equation.
The initial conditions for the velocity filtering are ;(0,x) =
12 (0,x) = 53 (0,x) = 1™ (0,x) = u;(0,x), ¥(0,x) =
wi(0,x) = u;(0,x), and ¥;v;(0,x) = u;u;(0,x).

In this study, we use degree-3 deconvolution for p
p=3
According to the binomial theorem, the

and degree-2 secondary regularization for ¢, i.e.,
and g = 2.
optimal deconvolution coefficients are [Cy,Ci,C2,C3] =
[0,/6,V/4+2V6 — 2/6,1 — /4426 + 6] and

[Do, Dy, D] =[15/8,-9/8,1/4].31

2.1.2. Conformation tensor transport equation

The conformation tensor transport equation using the
Dumbbell model®®! for the FHIT of polymer solution flow
for the LES based on the TADM is given by

o, oci
ot I

= lkg +ck,§”’+P,,+Q,, Rij+ xe (% — Ci))
_*[O‘f( )CiCj + (1 — @) £ (F) 54 Crj
_ocC,-k5kj—( —a)8;], 7

where P;; and Q;; are the subfilter terms caused by stretching;
R;;j is a subfilter term related to the nonlinear restoring force,
which is the same as that in the momentum equation; ¥, is
the dissipative coefficient for the conformation tensor trans-
port equation and y. = 1 for this study; « is the mobility fac-
tor; and &; j 1s the Kronecker mark.

For the sake of gaining subfilter terms and the second or-
der regularization term x.(%; — C;;), the deconvolution confor-
mation tensors ¢;; and y;; which represent the approximation

of the unfiltered conformation tensor are built as[3?!

9ij = Z Y ®)

,}/U Z D Cm-H : (9)

where p and ¢ are the same as those used in the momentum

034701-3



Chin. Phys. B Vol. 23, No. 3 (2014) 034701

equation, p = 3 and ¢ = 2; and the coefficients C,, and D,, are
also consistent with those in the momentum equation.

Then the subfilter terms P;; and Q;; are built from the
deconvolution velocity v; and the deconvolution conformation

tensor ¢;; as3?!
ENE 8v,
8v1 8\/,
Qlj ax ¢kl ax ¢k[ (11)

The R;; exists in both the momentum equation and the
conformation tensor transport equation. For this subfilter term,
a deconvolution elastic stress T;; is defined to approximate the

unfiltered elastic stress!32
T = M, (12)
Tp
— f(9)g;—1
Rj=T;———"1—. (13)
Tp
The filter of the variables above is also based on the time
domain[*%
o) i dﬁ_dﬁ” 1<m< 14
at = A ;1 <m<max(p,q), (l4a)
90ij ¢ —Pij
s = 14b
5 A (14b)
%  %i—Ti
—_—t = 14
% A (14¢)
o /dv; 1 /0v; EE
. 14d
o (8xk o) A (8xk % o T ) (14d)
8vj 1 /dv; 8\},
= 14
8t(8x ) Ac(ax %= 50 o). (14¢)
dT; _T;-T;
= 14
5 A (141)

where A is the filter width for the conformation tensor trans-
port equation. It is worth mentioning that it is not necessary for
A, to be equal to A,. The initial conditions for the conforma-
tion tensor filtering are C;;(0,x) = @(2) (0,x) = @(3) (0,x) =
C;(0,x) = C;(0,x). 6;;(0,x) = %j(0,x) = C;;(0,x), and
T;j(0,x) = T;;(0,x).

The velocity field and the conformation tensor field can
be obtained by solving the coupled Egs. (1), (2), and (7).

2.2. Computational model and related conditions
2.2.1. Computational model

In this paper, we use a periodic cubic domain of size
R = 27 cm with 323 and 64 collocation points. A standard
pseudo-spectral code is programmed. For Eq. (2), 3/2 rule is
adopted to eliminate the aliasing error caused by the pseudo-
spectral. In order to maintain the symmetrically positive def-
inite of the conformation tensor, a second order Kurganov—
Tadmor scheme!*’! is used for the convective term in Eq. (7).
For other terms in Eq. (7), a second order central difference

scheme is employed. In both the momentum and the con-
formation tensor transport equations, a second order Adams—
Bashforth scheme is adopted for time marching, and a second
order Runge—Kutta scheme is used for filtering on the time
domain. %]

2.2.2. External forcing

In order to obtain the statistically stationary variables, an
external force is added in Eq. (2) to the large scales to maintain
the turbulence. The substance of the external force is to keep
the largest scales’ energy constant. There are many kinds of
methods to realize the addition of the external force. In this
paper, the realization method of external force proposed by
Chen et al.'*! is chosen for both the Newtonian fluid and the
polymer solution cases. This method states that the total en-
ergy in each of the first two wavenumber shells (1 < k < 2 and
2 < k < 3) is maintained invariant in time evolution. Therein,

the energy spectrum is expressed as!*!]

k) = ZS(k) u(k

where S(k) is the computational domain in the shell; and ¥ ;)

as)

is the energy in one wavenumber shell (k < |k'| < k+1). For
keeping the energy constant, the energies with £} = 0.305684
and E, = 0.130452 are injected into the first and the second
wavenumber shells, respectively. For each time step, by solv-
ing the momentum equation without the external force in spec-
tral space, we obtain the velocity u}(k)(z+ 8¢). Then by means
of multiplying u}(k)(¢ + 8¢) with the wavenumber between
1 < k < 2, the updated velocity can be obtained as follows: [!]

(k) (1 +0t) = uj(k)(t 4 61)/E1 JE(1)(1), (16)
where ;(k)(t + 5t) is the updated velocity field; and E(1)(¢)
is the total energy for 1 < k < 2 calculated by u}(k)(z + o).

For the velocity field in wavenumber 2 < k < 3, a similar pro-
cedure is performed.

2.2.3. Computational cases and parameters

Firstly, we define two important parameters, the Taylor
micro-scale Reynolds number Re; and the Weissenberg num-
ber Wi based on the Newtonian fluid as a reference, which are
expressed as

V20EN
Re; = A7 (172)
3plsleN]
(N]
Wi= 1y o (17b)
vl
where
1 l

S] / k2

are the turbulent kinetic energy and the turbulent energy dis-
sipation rate in the Newtonian fluid flow, respectively. The
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initial turbulent kinetic energy spectrum is chosen as Eg(k) =
0.01k*exp(—0.14k?) in this study.

We have simulated the Newtonian fluid and the polymer
solution cases with 323 and 643 collocation points, respec-
tively. The simulation parameters are listed in Table 1. Nu-
merical results for the cases of N1 and V1 with 323 collocation
points are used for code validation. Results for the remaining
cases, N2, V2, and V3, with 642 collocation points are utilized
for investigating the characteristics of the FHIT.

Table 1. Parameters for all simulations.

Run [ vBl/cm?.s7! Tp/s B Re) Wi
N1 0 1072 0 1.0 46 0
N2 0 3x1073 0 1.0 90 0

V1 100 1072 0.1,0.2,0.3,04 0.6,0.7,0.8,09 46 0.340
V2 100 3x1073 0.05 0.6,0.7,0.8,0.9,0.95 90 0.357
V3 100 3x1073 0.12 0.8,0.9,0.95 90 0.857

3. Results and discussion

Before analyzing the characteristics of the FHIT, the LES
code for the Newtonian fluid (Run N1) and the polymer solu-
tion (one case in Run V1) flows based on the TADM is vali-
dated by comparing the LES results with the DNS results. 33!
Under the current simulation conditions, the 323 collocation
points for LES and the 96° collocation points for DNS are
comparable, because the Taylor micro-scale Reynolds num-
bers Re; ’s are the same for the two cases. For the polymer so-
lution case, the flow at Wi = 0.34, B = 0.8 is chosen for com-
parison. The turbulent kinetic energy spectrum and the prob-
ability density function (PDF) of the velocity gradient tensor,
which are the two key parameters for the FHIT, obtained by
LES and DNS are compared, as shown in Figs. 1 and 2. Due
to the isotropy of the FHIT, we just give the PDF of du/dx.
From Fig. 2(a), it can be observed that E (k) stays constant in
the small scale range for the polymer solution (compared with
E (k) for DNS in Fig. 1(a)), straightforwardly indicating that
the turbulent kinetic energy transfer process for the Newto-
nian fluid has been modified in the FHIT with polymer addi-
tives. However, due to the limitation of the simulated grid in
LES (323), the available wavenumber k cannot reach the ex-
tent of that in DNS (96%) so that the interesting phenomenon
(E(k) for DNS in Fig. 2(a)) cannot be captured. Neverthe-
less, it can be seen that the turbulent kinetic energy spectrum
at small wavenumber and the PDF of the velocity gradient ten-
sor show good agreements between LES and DNS results for
both the Newtonian fluid and the polymer solution fluid cases.
This sufficiently indicates that our LES code using the TADM
for the FHIT of the Newtonian fluid and the polymer solution
are accurate and reliable. The polymer effect on the turbulent
characteristics of the FHIT at moderate Re, is then analyzed
based on the LES database as follows.
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3.1. Statistical characteristics of the FHIT influenced by
polymer additives

One of the most important features of the FHIT, as com-
pared to the decaying HIT (DHIT), is that statistically station-
ary turbulent quantities can be obtained when the numerical
simulation on turbulence reaches the statistically stable state.

0.50}
g 0.40rp g
5 3
~
e
=<
0.30}
¢ —eo— Newtonian fluid
—=— Wi=0.357, 3=0.6
0.20 - - - - -
0 20 40 60 80 100 120
t/s
g
&}
~
~
—o— Newtonian fluid
1.0 ——Wi=0.357, = 0.6
0 20 40 60 80 100 120
t/s
1.4
(c) —e— Newtonian fluid
—e— Wi =0.357, 8=0.6
1.2+
q
@
g
o
~
up
0-0——=20 40 60 8 100 120
t/s
0.40
(d) —o— Newtonian fluid

—=— Wi=0.357, 8=0.6

0 20 40 60 80 100 120
t/s
Fig. 3. (color online) Time evolutions of basic parameters: (a) Tay-

lor micro-scale; (b) turbulent integral scale; (c) turbulent kinetic
energy; (d) energy dissipation rate.

Based on the LES of the FHIT, we analyze the following tur-
bulent quantities: Taylor micro-scale, turbulent integral scale,
turbulent kinetic energy, and energy dissipation rate. The Tay-
lor micro-scale and the turbulent integral scale are defined as
Ar = /1508 (u?) /e and L = (u?)3/2 /e, respectively. The
time evolutions of these four quantities are shown in Fig. 3.
It can be seen that At and L first increase and then attain the
statistically stable state for both the Newtonian fluid and the
polymer solution flows, whereas & and € first decrease and
then reach the stable state. Compared with the Newtonian fluid
case, At and L are larger, and £ and € are lower for the poly-
mer solution case due to the existence of viscoelasticity. All
these parameters reach a statistically stable state after r = 15 s.
In order to study the influence of the polymer solution concen-
tration and Wi on these four quantities, their statistical aver-
age values are calculated based on the data from # = 15 s to
t = 120 s, as shown in Fig. 4. It shows that Ay and L both
increase with the decreases of 8 (increase of the solution con-
centration) and Wi (Figs. 4(a) and 4(b)); £ increases with the
increase of B and the decrease of Wi (Fig. 4(c)); € increases
with the increase of 8 but has nonvisible change within the
range of simulated Wi (Fig. 4(d)). The increase of L means
that the turbulent kinetic energy possessed by the large-scale
vortex structures in turbulence is increased, causing the change
of the large-scale vortex structures. Along with the increase of
the polymer solution concentration, the viscoelasticity effect
is more and more intense, leading to the decreases of £ and €.
This will be elucidated in detail later.

As is known, the velocity gradient tensor is an appropriate
parameter used for exploring the kinetic and dynamic charac-
teristics of a turbulence due to its connection with the vortex
structures and energy cascade process. The velocity gradient
tensor can also be divided into strain and vorticity tensors.
First, the time evolutions of strain and vorticity are given in
Fig. 5. It is found that both strain and vorticity are lower in the
FHIT of the polymer solution than those in the FHIT of the
Newtonian fluid caused by the polymer effect. Then we study
the impact of B and Wi on the strain and the vorticity, and
analyze the PDF, as shown in Figs. 6 and 7. It is shown that
the strain and the vorticity have the same decrease tendencies
with the decrease of 8 and the increase of Wi (see Figs. 6(a)
and 7(a)). Also, the larger the polymer solution concentration
is, the more the PDF distribution of strain moves to the small
value of strain (see Fig. 6(b)), indicating that the polymers can
reduce the region of large strain and augment the region of
small strain. Similar results about the PDF of vorticity can
also be found in Fig. 7(b).
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Fig. 4. The influences of  and Wi on basic parameters: (a) Tay-
lor micro-scale; (b) turbulent integral scale; (c) turbulent kinetic
energy; (d) energy dissipation rate.

As mentioned above, the addition of polymer decreases
the turbulent kinetic energy (see Fig. 3(c)). The decreased
portion of the turbulent kinetic energy is absorbed by the
polymers, causing the decrease of the turbulent energy dissi-
pation rate (see Fig. 3(d)). As analyzed below, the same as that
in the DHIT,”! the turbulent drag-reducing effect by polymer
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Fig. 5. (color online) Time evolutions of (a) strain and (b) vorticity.
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Fig. 6. (color online) The influences of B and Wi on (a) the strain
and (b) the PDF of the strain.

additives also appears in the FHIT without wall shear stress.

In our previous study,*’! we proposed a definition of DR for

the FHIT of polymer solution

DR =

034701-7
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where A = (&r + &ini) — Eeq» in which the bracketed term is
the total initial turbulent energy including the original added
energy & (&p = E| + E») and the initial turbulence kinetic en-
ergy &ini (&ini = Ly Eo(k)), and & is the statistical turbulence
kinetic energy at the stable state as shown in Fig. 4(c). The
superscript p represents the polymer solution flow. For both
the Newtonian fluid and the polymer solution cases, the to-
tal initial energy is the same, whereas ée[é’] < ée[g], resulting in
AEP > AENI and a positive DR rate. The definition of DR
in this way directly exhibits the ability of the drag-reducing
additives in suppressing the turbulence. Figure 8 shows the
estimated DR as a function of f and Wi. It can be clearly
seen that the DR increases with the increases of the polymer
solution concentration (decrease of 3) and Wi.
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Fig. 7. (color online) The influences of B and Wi on (a) the vorticity
and (b) the PDF of the vorticity.
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Fig. 8. DR rate versus 3 and Wi (inset).

3.2. Turbulence coherent structures in FHIT influenced by
polymer additives

The extraction of coherent structures for turbulent flows,
including both wall-bounded turbulent flow and HIT, has
played an important role in understanding the characteristics
of the turbulence.!*>! The turbulence coherent structures
can be divided into vortex tubes giving rise to the intermit-
tency and vortex sheets where a large quantity of turbulent ki-
netic energy dissipates due to the existence of a strong strain.
Exploring the characteristics of vortex tube and vortex sheet
in the FHIT with polymer additives is of great importance in
understanding the mechanism of turbulent DR in viscoelastic
fluid flows.

Many methods for extracting the vortex tube have been
presented so far. The so-called Q method***8] is adopted
herein to exact the vortex tube. For the velocity gradient ten-
sor Vu of a turbulent flow, the equation of its eigenvalue, A,
is written as

A3 4+ PA% 4+ QA +R=0, (19)
where P, @, and R are the three invariants of
Vu, and P:S,'i, Q = (P2 _Siiji —VV,‘J'W]'I')/Z, R =

(—P3+3PQ—SiijkSki—3"Vl‘jokai)/3. Here §;; =
(Quj/0dxj+du;/dx;)/2 is the strain tensor and W;; =
(duj/0dx;—du;/dx;)/2 is the vorticity tensor. For an in-
compressible flow, P = 0, Q = (W;;W;; —S;;S;i)/2, and
R = (—Si;SjkSki — 3WijWjWy;) /3. Since Q is relevant to both
local enstrophy and local strain or energy dissipation rate, and
can reflect not only the rotation intensity but also the defor-
mation intensity of the fluid element, the basic idea of the Q
method is to extract the vortex tubes by identifying regions
where the second invariant Q > 0.

There are fewer methods for identifying vortex sheet
structures in turbulent flows compared to that for vortex tube
structures due to the unsteadiness of the vortex sheet. We
adopt a method proposed by Horiuti and Takagi(*” to extract
vortex sheets in our simulated FHIT. Creating a symmetric
tensor using the strain tensor S and the vorticity tensor W,
A =SW + WS, and because of A;; = 0, the equation of its
eigenvalue, x, is written as

x> — (AijAj1)x/2 — AijA Ak /3 = 0. (20)

Then, [A;j], [Aij]+, and [A;;]— are used to represent the eigen-
values whose eigenvectors are the most parallel to the velocity
vector, the largest, and smallest in the remaining eigenvalues,
respectively. The identification of vortex sheet structures is by
the criterion

[Aijl+ > {[Aij]+ s (21

where {[A;j]+ } is an arbitrary threshold value.
The extracted vortex tube and sheet structures in the
FHIT for both Newtonian fluid and polymer solution cases are
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Fig. 9. (color online) Constant Q isosurfaces (Q = 20) for extracting vortex tube structures at = 80 s for (a) Newtonian fluid case
and polymer solution cases at (b) Wi = 0.357, B = 0.6; (c) Wi =0.357, B = 0.8; and (d) Wi = 0.857, B = 0.8.

Fig. 10. (color online) Constant [A;;] isosurfaces ([A;;]+ = 35) for extracting vortex tube structures at t = 80 s for (a) Newtonian
fluid case and polymer solution cases at (b) Wi = 0.357, B = 0.6; (c) Wi = 0.357, B = 0.8; and (d) Wi = 0.857, 8 = 0.8.
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shown in Figs. 9 and 10, respectively. It is seen from Fig. 9
that the amount of vortex tubes in the polymer solution flow
becomes apparently less than that in the Newtonian fluid flow,
and decreases with the decrease of §. This indicates the de-
crease of enstrophy caused by viscoelasticity, which is in ac-
cordance with the strain (half of enstrophy) shown in Figs. 5(a)
and 6. Since the vortex tube structures are closely related to the
intermittent characteristics of turbulence as mentioned above,
Fig. 9 also indicates that the addition of polymers restrains the
turbulence intermittency (as depicted later). Within the lim-
ited range of currently simulated Wi, the influence of Wi on
the vortex tube structures is not obvious (see Figs. 9(c) and
9(d)). The vortex sheet structures show a similar phenomenon
as the vortex tubes as shown in Fig. 10, i.e., the vortex sheets
are also inhibited in the polymer solution flow compared with
that in the Newtonian fluid flow, and the inhibition is more
serious at a denser polymer solution concentration. In a nut-
shell, the addition of polymer additives restrains both vortex
tube and vortex sheet structures, and decreases the turbulent
energy dissipation rate (see Fig. 3(d)).

3.3. Turbulence intermittency in FHIT influenced by poly-
mer additives

From both spatial and temporal viewpoints, the turbu-
lence is a nonlinear phenomenon containing coherent struc-
tures, which results in the intermittent characteristics. The ex-
tracted vortex structures indirectly suggest the occurrence of
intermittency. Quantitative analyses of the small-scale inter-
mittency in the FHIT of both the Newtonian fluid and the poly-
mer solution cases are performed with the consideration of
high-order velocity derivative correlations, such as the skew-
ness and flatness factors. The expression of the high-order
velocity derivative correlation is

(5))
Fo = %, 22)
(&)

where (---) is the operation of the ensemble average. When
n=73, F,,3 becomes the skewness (or S, ), and F; 4 is the flat-
ness when n = 4. For a Gaussian distribution of the fluctuat-
ing velocity field, F,s = 0 and Fj 4 = 3. The F} 3 reflects the
asymmetry appearance on the PDF profile of random variables
in turbulent flows and the nonlinearity in the Navier—Stokes
equation. It also represents the production rate of vorticity by
vortex stretching, and is closely related to the turbulent energy
dissipation rate. The F}, 4 represents the small-scale intermit-
tency in turbulence. For the Newtonian fluid and the polymer
solution cases, F,3 and F) 4 are computed and shown in Ta-
ble 2.

From Table 2, it can be found that F} ; for all cases are
close to —0.5, implying that the velocity gradient fields in the

FHIT for both the Newtonian fluid and the polymer solution
cases are obviously asymmetrical. For both the Newtonian
fluid and the polymer solution cases, Fj,4 is larger than 3,
representing the existence of small-scale intermittency in the
FHIT. The flatness factors in the FHIT of polymer solutions
are all lower than those for the Newtonian fluid case, indicat-
ing that the small-scale intermittency is inhibited by the addi-
tion of polymers.

Table 2. Skewness and flatness factors of velocity derivatives.

Fau3 (Sou) Fout

Newtonian fluid —0.4283 4.8654
Wi=0.357,8=0.6 —0.4568 4.7735
Wi=0.357,8=0.7 —0.4680 47738
Wi=0.357,8=0.8 —0.4410 4.6595
Wi=0.357,3=0.9 -0.4307 4.6736
Wi=0.357, B =0.95 —0.4281 4.6710
Wi=0.857,3=0.8 —0.4536 4.7453
Wi=0.857, =09 —0.4337 4.7074
Wi=0.857, B =0.95 —0.4237 4.6209

Furthermore, we explore the intermittency at different
scales using the discrete wavelet transform (DWT) approach.
There are many kinds of models for the DWT. Daubechies
not only proved the existence of orthonormal bases of com-
pactly supported wavelets and constructed them (so-called

Daubechies wavelet),?0]

but also provided the well-done
Daubechies wavelet bases for the first time.’!! In Daubechies
wavelet, the smoothness of the scaling and the wavelet func-
tions can be improved by increasing the vanishing moment.
However, the computation cost is also increased with the in-
crease of the vanishing moment. In this paper, we use the
Daubechies wavelet with three-order vanishing moment to de-
compose data into 15 scales (the scale is 2"). The definition of
flatness factor for different scales in the DWT is
(W (a,0)1*)

(W (a,0P)?’

where (---); is the time average betweenz = 15sandr =120's

FF(a) = (23)

for 105,000 sampling points with the interval time 0.001 s (af-
ter LES reaching statistically steady state); and W (a,t) is the
wavelet coefficient for different scale a. The flatness factors
of the streamwise velocity fluctuations in the FHIT for New-
tonian fluid and polymer solution cases are plotted in Fig. 11.
It can be seen that the intermittency exists at all scales, and
the flatness factor gradually decreases with increasing scale
a. Overall, for the polymer solution flow, the flatness factor
is slightly lower than that for the Newtonian fluid case. The
same as that observed in the analysis of high-order velocity
derivative correlations, it indicates that the small-scale inter-
mittency is restrained by polymers. Figure 11 also shows that
the flatness factors deviate from 3 before scale 2! and the de-
viation increases with the decrease of the scale, implying that
there exists stronger intermittency at smaller scales.
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Fig. 11. (color online) Flatness factors of streamwise velocity fluc-
tuations for different scales in DWT.

The above analyses of small-scale intermittency are based
on fluctuating velocity fields. We also investigate the inter-
mittency based on some other physical quantities. Siggial>*!
proposed that all four-order velocity derivative correlations in
HIT can be expressed by four rotational invariants consisting

of the velocity-strain tensor and the vorticity tensor
h=(8Y), h=(W$), Is=(WiS;ySuWe), Is=(W"), (24)
where §% = ):Siz, §t = (52)2, and W2 = ZWiz. Then these

four correlations are normalized into dimensionless values as

follows:
15 L 53
F=—-5>5, h=3+—5"5+
P s T T w(sey
L 9 Iy
R=3—  F=-—"_ 25
=y s )

In Eq. (25), F; is the flatness factor of energy dissipa-
tion rate or strain; F> and F3 represent the relationship between
strain and vorticity; and Fy is the flatness factor of enstrophy
or vorticity. These four parameters for the Newtonian fluid
and the polymer solution flows are shown in Table 3. It can
be seen that the four rotational invariants in the polymer solu-
tion cases are all lower than that in the Newtonian fluid case.
The Fj is always larger than F; for both the Newtonian fluid
and the polymer solution flows, indicating that the vorticity
field has stronger intermittency than the strain field in both the
Newtonian fluid and the polymer solution flows.

Table 3. Four rotational invariants.

F 2] F Fy

Newtonian fluid 47926  5.5077 0.2759 6.7519
Wi=0.357,8=0.6 47769  5.5040 0.2555 6.6888
Wi=0.357,=0.7 47256 54107 0.2608  6.6333
Wi=0.357,=0.8 4.6183 5.2342 0.2635 6.4462
Wi=0.357,8=0.9 4.6259 5.1915 0.2728  6.3975
Wi=0.357,8=095 4.6192 51642 0.2752 6.4100
Wi=0.857,=0.8 4.6805 5.3092 0.2705 6.4804
Wi=0.857,=0.9 4.6544 52197 0.2718  6.4205
Wi=0.857,3=095 45955 5.1521 0.2707 6.3353

3.4. Turbulence scaling law of the FHIT with polymer ad-
ditives
The statistical properties of turbulence small scales can
be described by the distribution of velocity increment du(r) =
u(x+ r) — u(x), where u(x + r) and u(x) are the velocities
along the x axis within r interval. The p-th order velocity in-
crement is called the p-th order structure function

Sp(r) = ([8u(r)]”) = (Ju(x+r) —u(x)[").

In the inertial range < r < L (n is the Kolmogorov

(26)

scale, N = (v3/€)!/*), the modified Kolmogorov scaling law
has the following form:

Sy (r) o 6P, 27

For the original Kolmogorov theory (K41 scaling law) without
considering turbulence intermittency, §(p) = p/3.

Equation (27) is only suitable for turbulence in high-
Reynolds-number flows. Benzi et al.’3! came up with a
kind of scaling law named the extended self-similarity (ESS),
which is valid not only for high-Reynolds-number turbulent
flows but also valid for moderate- and low-Reynolds-number
turbulent flows, and has an extended suitable range of scale.

The ESS has the following form:

Sy(r) o< S, (r)sP)/6@), (28)

Since in the K41 scaling law, {(3) = 1, ¢ = 3 is usually
adopted for the ESS

Sy(r) o S3(r) 5P (29)

For turbulent drag-reducing flows by additives, although
a vanishing Reynolds shear stress phenomenon has been re-
ported in some experimental studies on the turbulent drag-
reduced wall-bounded flow (e.g., Refs. [54] and [55]), it is
still at the turbulent flow state due to the non-zero intensity
of velocity fluctuations, the appearance of turbulent bursting
events, and the existence of turbulent coherent structures. Be-
ing still at the turbulent state, the drag-reducing flows by ad-
ditives should also satisfy some kind of scaling laws. In our
previous paper, 37! for the first time, we investigated the scal-
ing properties of the velocity structure functions for a turbu-
lent drag-reducing flow in an ESS manner. In that study, the
ESS analysis was performed using a DNS database of a low-
Reynolds-number FHIT with polymer additives, and it was
obtained that, within the range of DNS-simulated Reynolds
number (Re; ~ 46) and Weissenberg number, the scaling law
of turbulence in a fashion of ESS in the FHIT with polymer
additives shows similar characteristics to that of the Newto-
nian fluid case. The scaling properties are also investigated
for the currently LES-simulated drag-reducing FHIT at the
Reynolds number around two times (Re; = 90) higher than
that in the previous DNS study. We first show S3(r) versus
r/n in a log-log plot, as shown in Fig. 12. It can be clearly
seen that the inertial range at which S3(r) o< r for the polymer
solution flows becomes narrower than that for the Newtonian
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fluid flow. Also, at very small scales (r < 1), the velocity dif-
ference is regular (du(r) o< r) for both the Newtonian fluid and
the polymer solution cases.

(a)

0Or Newtonian fluid

logyo(r/7)

(b)
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Fig. 12. Log-log plot of S3(r) versus r/n for (a) the Newtonian
fluid case and polymer solution cases at (b) Wi = 0.357, § = 0.8;
(c) Wi=0.357, B =0.95; and (d) Wi = 0.857, 8 = 0.8.

Then the relationship between S,(r) and S3(r) for both
the Newtonian fluid and the polymer solution flows is explored
in a fashion of ESS, as shown in Fig. 13. It shows that the ad-
dition of polymers has a nonvisible effect on the scaling law of
the simulated FHIT, which is the same as that observed in our
previous DNS study. To clarify that either this phenomenon is
the truth for the turbulent drag-reducing flows by additives or
it is due to the limited ranges of the simulated Wi and/or Re;,
calls for further studies.
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Fig. 13. Log-log plot of S, (r) versus S3(r) for (a) the Newtonian
fluid case and (b) the polymer solution case at Wi = 0.357, = 0.6.

4. Conclusions

LES studies of the FHIT in the Newtonian fluid and the
polymer solutions based on the TADM have been carried out.
It is verified that the TADM is a suitable SGS model for LES
to simulate the turbulent drag-reducing FHIT in a viscoelastic
turbulence. The LES and the DNS results are in good agree-
ments for validation cases of the FHIT of the Newtonian fluid
and the polymer solution. Analyses of statistical and structural
characteristics and the scaling law of the FHIT with polymer
additives have been conducted based on the LES database.

It is observed that the characteristics of the FHIT are re-
markably altered by the addition of polymers. With the in-
creases of the polymer solution concentration and Wi, the Tay-
lor micro-scale and the turbulent integral scale in the FHIT are
increased, and the turbulent kinetic energy and the energy dis-
sipation rate are decreased. Both strain and vorticity in the
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FHIT of the polymer solution are obviously lower than those
in the Newtonian fluid case. In addition, the polymers can
reduce the regions of large strain/vorticity but augment the re-
gions of small strain/vorticity. The turbulent DR is obtained
in the FHIT without the wall effect. The DR rate is increased
with the increase of the polymer solution concentration and
Wi. The extracted coherent structures, i.e., vortex tube and
sheet, visually show that the turbulence in the FHIT with poly-
mer additives is significantly suppressed as compared with that
in the Newtonian fluid case. The inhibition of turbulent in-
termittency by polymer additives has been quantitatively ana-
lyzed by calculating the flatness factor at different scales based
on the DWT method as well as the flatness factor of the veloc-
ity derivatives. The ESS scaling law has been investigated for
the FHIT in both the Newtonian fluid and the polymer solu-
tion flows. Within the simulated ranges of Re; and Wi, the
addition of polymers has a nonvisible effect on the scaling law
of the simulated FHIT in a fashion of ESS. Further studies are
necessitated to clarify whether this phenomenon is true for the
turbulent drag-reducing flows by additives or occurs due to the
limited ranges of the simulated Wi and/or Re}, .
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