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A new mixed subgrid-scale model for large eddy simulation of
turbulent drag-reducing flows of viscoelastic fluids*
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A mixed subgrid-scale (SGS) model based on coherent structures and temporal approximate deconvolution (MCT) is
proposed for turbulent drag-reducing flows of viscoelastic fluids. The main idea of the MCT SGS model is to perform spatial
filtering for the momentum equation and temporal filtering for the conformation tensor transport equation of turbulent
flow of viscoelastic fluid, respectively. The MCT model is suitable for large eddy simulation (LES) of turbulent drag-
reducing flows of viscoelastic fluids in engineering applications since the model parameters can be easily obtained. The
LES of forced homogeneous isotropic turbulence (FHIT) with polymer additives and turbulent channel flow with surfactant
additives based on MCT SGS model shows excellent agreements with direct numerical simulation (DNS) results. Compared
with the LES results using the temporal approximate deconvolution model (TADM) for FHIT with polymer additives, this
mixed SGS model MCT behaves better, regarding the enhancement of calculating parameters such as the Reynolds number.
For scientific and engineering research, turbulent flows at high Reynolds numbers are expected, so the MCT model can be a
more suitable model for the LES of turbulent drag-reducing flows of viscoelastic fluid with polymer or surfactant additives.
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1. Introduction

In 1948, turbulent drag-reduction (DR) by polymer ad-
ditives, the so-called Toms’ effect,[!] was first reported. It
is well known that the addition of flexible long-chain poly-
mers (or some kinds of surfactants discovered later on) into a
turbulent flow of water or organic solvents at only a minute
concentration can induce significant DR. In wall-bound turbu-
lent flows of viscoelastic fluid, significant frictional DR has
been repeatedly discovered.”>71 And in some cases, the DR
can exceed 80%.%] Many academic communities have paid
much attention to this phenomenon after it was discovered,
since this technique can straightforwardly save energy. The
most suitable application for turbulent DR technique in daily
life is a district heating/cooling circulation (DHC) system:
an overall benefit including reduction of pumping power, de-
crease of pipe diameter, etc., can be obtained by addition of
drag-reducing surfactant additives into a DHC system. How-
ever, apart from the fact that there is more to be known re-
garding turbulent drag-reducing flow by additives, such as
the mechanisms of DR, turbulence scaling characteristics of
drag-reducing flow, interactions between turbulence and mi-
crostructures in the solution, etc., there are already reliable
and robust theoretical or numerical estimation tools for tur-
bulent drag-reducing flows at Reynolds numbers as high as
those required for application in real systems. This is one of
the critical issues for drag-reducing additives to be utilized in
industrial applications.
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With the rapid development of computer hardware and
software techniques, numerical simulations of turbulent drag-
reducing flows have been carried out in many studies. Direct
numerical simulation (DNS) is always the preferred approach
for turbulent flows, including drag-reducing flows, since DNS
can directly resolve all scales of turbulence in a turbulent flow
without any models. Sureshkumar et al.!®! first used DNS to
simulate a turbulent drag-reducing flow with the finitely exten-
sible nonlinear elastic in the Peterlin approximation (FENE-
P) model by using a pseudospectral method. Dimitropoulus
et al.'"% then applied the pseudospectral method to simulate
turbulent flows with polymer additives at various flow condi-
tions. They found that for a Giesekus fluid the pseudospec-
tral method is more suitable for high concentration solutions.
After those pioneering efforts, more and more DNS studies
have been carried out to investigate the detailed characteris-
tics of drag-reducing flows and research the mechanism of the
DR phenomenon. =21 Nevertheless, DNS study on turbu-
lent flows needs high spatial and temporal resolutions in order
to calculate the wide range between the largest and smallest
turbulence scales, resulting in extremely large computational
consumption. If the Reynolds number (Re) of turbulent flows
is as high as that in most industrial applications (Re > 10%),
DNS can be unaffordable for current computers. Therefore,
DNS method is inadequate for solving engineering problems.

In practical situations, the mean information of turbulent
velocity field is paid more attentions than the detailed informa-
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tion of turbulence generation and development. In these cases,
Reynolds averaged Navier—Stokes (RANS) models are gener-
ally selected to simulate turbulent flows with complex geom-
etry in engineering applications. The idea of the RANS ap-
proach is to build turbulence models bridging the relations be-
tween high-order and low-order statistics. So far, a few RANS
models for turbulent drag-reducing flows of viscoelastic fluid
have been proposed. A low-Re k—€ turbulence model was put
forward by Cruz and Pinho?!! for drag-reducing pipe flow. It
was obtained that this RANS model can reflect the dissipation
rate and the Reynolds shear stress well, but it fails to capture
the turbulent kinetic energy distribution and its peak position,
as compared with experimental results. Then Pinho!??! pre-
sented a new low-Re k—€ model, which takes into account the
strain thickening of the extensional viscosity in the general-
ized Newtonian fluid framework. This model performed well
in the predictions of shear stress and decay rate of turbulent
kinetic energy. For the sake of improving the model reported
in Ref. [21], Cruz et al.!*’! came up with a two-equation k—
€ turbulence model for drag-reducing pipe flows, which can
adequately describe turbulent kinetic energy. Recently, Ma-
soudian et al.**! proposed a viscoelastic k—e—12— f turbulent
flow model for turbulent channel flow of drag-reducing di-
lute polymer solutions, which performs well as compared with
DNS data in terms of mean velocity, turbulent kinetic energy,
and viscoelastic stresses at all ranges of DR. However, the
quantitative information about turbulence obtained from the
RANS method is still limited (only average values of turbu-
lence parameters are available) for real applications.

To compensate for the disadvantages for DNS and RANS,
the large-eddy simulation (LES) was proposed in 1970s. For
LES, the crucial work is to construct a subgrid-scale (SGS)
model based on the information about the interaction be-
tween resolved turbulence scales and unresolved turbulence
scales. The SGS model directly reflects the impact of un-
Since the LES ap-
proach calculates turbulence scales only above a threshold

resolved scales on the resolved scales.

value and uses an SGS model to describe the scales below
the threshold value, it can both cut down the computational
cost compared with DNS approach and get much more in-
formation for turbulent parameters compared with the RANS
approach. Owing to these unique advantages, LES has been
widely used in both scientific and engineering fields to simu-
late turbulent flows at high Re. The most commonly used SGS
model (an eddy-viscosity model) was presented by the mete-
orologist Smagorinsky,>! and was originally applied to de-
scribe large scale atmospheric motions. Smagorinsky’s model
(SM) was used to simulate turbulent flows with constant and
positive model parameters. It was proved that this model
could give interesting results for isotropic turbulence and free-
shear flows but miscalculated the wall-bounded turbulence,

performing too dissipative close to the wall.[*’! To improve
upon the weaknesses of SM, a dynamic Smagorinsky model
(DSM)[?7 was proposed. For DSM, the advantages are that
the model parameters can be dynamically obtained from a sim-
ilarity law and the dissipation rate near the wall can be cal-
culated well. However, DSM also has disadvantages that the
model parameters may become negative at some locations re-
sulting in numerical instability, and the computational cost is
larger than that of SM.[?%! Kobayashi®®! put forward a sim-
ple coherent-structure Smagorinsky model (CSM) based on
the coherent structures (CS) extracted by the second invari-
ant of the velocity gradient tensor in order to make up for the
drawbacks of DSM. CSM can be easily used in engineering
fields since the model parameters can be not only locally de-
termined but are also always positive. And CSM was demon-
strated to be of great success in LESs of magnetohydrody-
namic turbulent duct flow!**3% and normal turbulent chan-
nel flow.[?8! Ohta and Miyashita®!! modified SM to be an ex-
tended SM for wall turbulence in non-Newtonian viscous flu-
ids and found that their model can accurately predict the SGS
stress for both shear thinning and shear thickening fluid flows.
The abovementioned SGS models are all eddy-viscosity mod-
els, and spatial filters were utilized in those LESs, which are
the most commonly used approaches to decomposing veloc-
ity field into resolved and unresolved scales. There are several
other kinds of spatial filter approaches, such as the SGS model
based on approximate deconvolution or the way of discretiza-
tion scheme. A velocity estimation model was proposed by
Domaradzki and Saiki.!*?! The idea of this model is derived
from the fact that the filtering operation can be described as
the invertible form when the polynomials of the inverses reach
a certain degree. In this model, the deconvolution of the fil-
tered velocity field is adopted to substitute the unfiltered ve-
locity field, and then achieves the aim of estimation of the SGS
stress. Stolz and Adams!33! thought that the process of approx-
imate deconvolution of the filtered values could be repeatedly
applied. Based on their opinion, the approximate deconvolu-
tion model (ADM) was proposed, The ADM performed ex-
cellently on simulating wall-bounded turbulent flows of both

34351 and it consumed

incompressible and compressible fluids, |
less computational resources than the dynamic model and ve-
locity estimation model. Hickel et al.,’® using a new non-
linear discretization scheme, offered an adaptive local decon-
volution method (ALDM) for implicit LES, showing that this
model can perform at least as well as other explicit models.
With the development of the SGS models based on spa-
tial filter, researchers considered whether or not temporal filter

t137] confirmed

can be applied as a filtering approach. Pruet
this opinion that the temporal filter is available for LES, and
this is the so-called temporal large-eddy simulation (TLES).

Compared with spatial filters, temporal filters have some par-
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ticular advantages, such as the consistency with the procedure
of experiments, the independency on the numerical grid.[?’!
Pruett et al.®¥ considered that applying a temporal filter in
ADM is feasible, and so they proposed a temporal approxi-
mate deconvolution model (TADM). On account of the large
storage for variables in the numerical process of TADM, the
computational burden is inevitably higher than that for ADM.
Recently, in their first attempt for TADM in LES of turbulent
drag-reducing channel flow with polymer additives,*® Thais
et al. verified the correctness of TADM by both a priori and
posteriori analyses. This model was confirmed to be able to
exactly describe the residual stress. Meanwhile, the influence
of the temporal filter width on the Reynolds stress, root-mean-
square fluctuations of conformation tensor and so on was also
discussed.

So far, the SGS model particularly suitable for LES of tur-
bulent drag-reducing flows of viscoelastic fluid is very scarce.
TADM is the only example that can be used to calculate turbu-
lent DR phenomenon in viscoelastic fluid turbulent flows. Us-
ing the TADM SGS model, we previously performed LESs of
forced homogeneous isotropic turbulence (FHIT) in polymer
solution and investigated the variations of the characteristics in
turbulent flows influenced by drag-reducing additives.[*") Tn
addition to the proposal of TADM, Thais et al.** presented
that the one possible path for future LES study of viscoelastic
fluid is to replace subfilter terms by some method for spatial
LES, indicating that the mixture of spatial LES and temporal
LES is one of the future development trends for LES. As a
follow-up work of Ref. [40], we aim at presenting a new SGS
model particularly for LES of turbulent drag-reducing flows
of viscoelastic fluid in this paper: a mixed SGS model based
on the considerations for both CSM and TADM, namely, a
mixed SGS model based on coherent structures and temporal
approximate deconvolution (MCT). The purpose of doing so
is to mix the spatial filter and the temporal filter together to get
more effective SGS models for LES of turbulent flows of vis-
coelastic fluid at high Re in engineering applications. In order
to benchmark the proposed MCT model for LES of turbulent
drag-reducing flow, FHIT in polymer solution and turbulent
channel flow with surfactant additives are chosen as the pro-
totype turbulent flows. The advantages of this mixed model
are also discussed in this paper by comparing the LES result
for FHIT in polymer solution based on MCT with that based
on temporal filtering only. In Section 2, we detail the concept
of MCT, governing equations based on MCT SGS model and
the calculation conditions for turbulent drag-reducing flows of
viscoelastic fluid. In Section 3, our in-house LES codes based
on the MCT model for FHIT and channel flows are first vali-
dated for turbulent drag-reducing flows by posteriori analyses.
By comparing the LES results of FHIT in the Newtonian fluid
and polymer solutions based on MCT model with that only

using TADM SGS model, the merits of MCT model are then
analyzed in detail. Finally, conclusions in this work are pro-
vided in Section 4.

2. Governing equations and calculation condi-
tions

2.1. Concept of the MCT SGS model
For a turbulent flow of an incompressible Newtonian

fluid, the filtered momentum equation for LES is given by
19p %u; I
Soxjx;  0x;

ou; N ot ji;
ot 8xj

where the superscript

5o T +fi, (D)

“~” represents the filtered value; vy is the
viscosity; 7;; is the traceless SGS stress tensor, which needs to
be calculated by the SGS model. For 7;;, the CSM[28! a5 an
eddy-viscosity model with clear physical meaning (see the ex-

planations as below) is adopted
72 —_——
T;j =2CA" |S|Si), )

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

(AiA A3,
— 8ﬁj o,
5= (9?@' " 3xj>/2

is the filtered rate-of-strain tensor;

§| is the magnitude of S;;,
|S| = 1/25,;Si;. The key issue about obtaining 7;; is to deter-
mine C in the computational process. For SM, Cs = VCisa
constant (Cs = 0.2 for homogeneous isotropic turbulence and
Cs = 0.1 for turbulent channel flow[*!1), resulting in excessive
dissipation near the wall. In CSM, C can be locally determined

and is always positive, which is defined as follows:[*®!
C = Csm|Fes|/? Fo, 3
with
Fcs = Q Fo=1-K 4
cs=5> Fa=l-Fcs, 4)
1 — = = 1 du; Ju;
0= 2 <WijWU_Slj ”) T2 8x]- 8xl-’
i OXj
R NS
E=—(W;W:+S::S:: :< J) , 3)
2( ijWij T oij lJ) 2\ 9x;

where Ccsm = 1/22 is a fixed model constant; Q is the sec-
ond invariant used for extracting CSs in turbulent flows based
on the so-called Q-method*>#!| E is the magnitude of the
velocity gradient tensor; Fq is the energy-decay suppression

_ aﬁj ou;
Wij = (axi— 3xj)/2

is the filtered vorticity tensor. As is well known, CS has re-

function; and

lationships with the turbulent energy dissipation in turbulent
flows[4>46] and the positive Q can represent vortex tubes. So
Q or the second invariant also has relationships with the en-
ergy dissipation in turbulent flows regardless of its value being
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negative or positive. Therefore, the essence of CSM is that the
model parameter C can be locally determined and can reflect
vortex structure in turbulence at every grid and every time step
by the absolute value of Q, leading CSM to be a SGS model
with physical significance. And for the sake of steadiness in
numerical simulation process, small variation range and being
permanently positive for the model parameter C are needed,
such that the upper and lower limits of Fcs and Fq are speci-

fied, respectively?®]

—1<Fes<1, 0<Fp<2. (6)

In this way, the appropriate model parameter C can be
obtained by solving Eqgs. (3)-(6). CSM performs to be a sim-
ple SGS model, because the local model parameter C can be
determined only by using the partial derivatives of velocity
components.

Through the above descriptions, it can be conjectured that
the CSM is quite suitable for LES of turbulent drag-reducing
flows. In turbulent drag-reducing flows of polymer or sur-
factant solution, it has been well documented that the inter-
action of viscoelasticity with turbulence results in a modified
turbulent kinetic energy cascading process and modified turbu-
lence CSs.[!'=291 The CSs become regularized and the popula-
tion density of CS is reduced in drag-reduced turbulent flows.
Since the values of the model parameters of CSM are cal-
culated using the information of local velocity gradient ten-
sor and can reflect the information of CSs in turbulence, the
variations of CSs influenced by drag-reducing additives in a
turbulent flow at each time step of LES will be quickly and
naturally transferred to the next time step until a statistically
steady state of drag-reduced turbulent flow under certain con-
ditions is established. We are therefore motivated to adopt the
idea of CSM to develop a new SGS model for LES of turbu-
lent drag-reducing flow of viscoelastic fluid, and CSM is then
used to filter the momentum equation. In order to numerically
simulate a viscoelastic polymer or surfactant solution turbu-
lent flow by LES, an additional constitutive equation must be
solved together with the momentum equation. The constitutive
equation of viscoelastic fluid, which is normally very compli-
cated, describes the transport of the conformation tensor of
microstructures formed by drag-reducing additives. However,
CSM SGS model is not proper for filtering the constitutive
equation. This calls for some other ideas in addition to those
from CSM to establish a new SGS model especially for LES
of turbulent drag-reducing flow of viscoelastic fluid.

Currently, LES can be divided into spatial filtering and
temporal filtering approaches. LES with CSM belongs to spa-
tial filtering approach. Thus, a novel SGS model, mixing spa-
tial and temporal filtering approaches, can be considered, i.e.,
the constitutive equation is filtered by a temporal filter. For vis-
coelastic fluid, the only applicable SGS model is TADM, 3%:40]

which plays a good work in turbulent channel flow and FHIT
with drag-reducing additives. Therefore, in our present work,
CSM and TADM were used to filter the momentum equa-
tion and transport equation of the conformation tensor, respec-
tively. In this way, a new SGS model, MCT is established,
as mentioned in Section 1. A brief procedure of performing
temporal filtering is given in the following section, and for its
details one may refer to Refs. [39] and [40].

2.2. Governing equations

In order to verify the newly established MCT model,
drag-reducing FHIT with polymer additives and turbulent
drag-reducing channel flow with surfactant additives are cho-
sen as prototype flows. For FHIT in an incompressible and
viscoelastic fluid with polymer additives, the governing equa-
tions are as follows:

8ui
8)(?,'
du;  duju;
W ax j

7laip+v azui
P 3x,» S&xjxj
8(‘,‘] &C,‘j
o %oy
auj 8u,~ 1
= Gy TG T Tlof () e

+ (1 =) f(r) Gicyj — e — (1 —

=0, )

L+ f, ®)

) &ij, (9)

where B = v,/(vs+ V) is a dimensionless measure of vis-
coelastic fluid concentration and larger 3 corresponds to dilute
polymer solution; v, is the polymeric zero-shear-rate viscos-
ity; Tigp }is the additional elastic stress tensor caused by addi-
tives, and for FHIT in polymer solutions

oo _ S()cij =8,
ij 2 ’
¢ij is the conformation tensor; 0; ; is Kronecker symbol; A

is the relaxation time of drag-reducing additives. In order

to get Ti[]-p] s

Oldroyd-B, Giesekus models and so on, having been proven

a suitable conformation model, such as FENE-P,

to be accurate, efficient and ensuring numerical stabilities,
should be used. There have been some successful applications
of these conformation models for turbulent drag-reducing
flows.[*72] Through analyzing the numerical simulation re-
sults, the FENE-P model has been verified to be relatively ac-
curate in representing polymer dynamics, less complex than
other models and better to show turbulent DR behavior of
polymer solution flows. Therefore, the FENE-P conforma-
tion model is adopted herein for the LES of FHIT, in which
f(r) = (1> =3)/(¢* — ) ensures the finite extensibility and
o = 0 (¢ is the maximum chain extensibility; 2 is the trace
operator of conformation tensor, r = trace(c;;)).
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Based on the MCT model, the filtered governing equa-
tions for the resolved scale in turbulent drag-reducing solution
flow are expressed as

% =0, (10)
@ 8ﬁjﬁi
ot 8xj
[Pl
19p P _poT?
_ p+ v, u; + g1 B

pox; dx; B axj

BTI-, ﬁ &R,j
+ 8xj +‘Us B 8x., + fi, (11
8aj _ 86,7
W ik 8xk

Ju; ou;

= Ctka +Ck18 +Pl]+QlJ z]+Xc‘(7ij76ij)

- X[O‘f (F)Cix Cxj+ (1 — @) f (F) Gy
—(Xfik5kj—(1—06)5ij], (12)
where Tl[lj)-] is the filtered elastic stress,

UL

R;;j is a subfilter term related to the nonlinear restoring force;

2

%, 7 = trace(c;)),

P;; and Q;; are subfilter terms induced by stretching; x.(7; i
¢i;) is a second-order regularization term considering the ki-
netic energy transfer between the scales that cannot be re-
covered by the deconvolution procedure; . is the dissipative
coefficient for the conformation tensor transport equation and
Xc = 1 in this work. The reason for adding the subfilter term
R;; in Eq. (11) is to maintain the closure of the filtered mo-
mentum equation and the consistency with the filtered confor-
mation tensor transport equation based on TADM.3%40] Here,
T;; in Eq. (11) can be obtained by Egs. (2)—(6).

For Eq. (12), the idea of TADM is adopted, and its prin-
ciple is to take advantage of values at current and earlier time
steps to calculate the deconvolved values, which approximate
the unfiltered values. In order to gain subfilter terms and
¢;j) in Eq. (12),
the deconvolved velocity v;, the deconvolution conformation

the second-order regularization term X (7; i~

tensors ¢;; and ¥;;, representing the approximations of the
unresolved-scale u; and the unfiltered conformation tensor, re-

spectively, are established as follows: [3%40)
p
=Y ", (13)
m=0
4 1
9= Y Cut"*Y, (14)
m=0
Y%= Z Dy, (15)

In this paper, degree-3 deconvolution for p and degree-

2 secondary regularization for ¢, ie., p =3 and g =

2 are adopted. On the basis of the binomial theorem,

the optimal deconvolution coefficients for C,, and D,, are
[Co,C1,C2,C3] = [0,v/6,V4+2v/6 —21/6,1 — /4 +2/6 +
V6] and [Dy,Dy,D;) = [15/8,—9/8,1/4],13%4% respectively.
Then the subfilter terms P;; and Q;; are obtained by the
deconvolution velocity v; and the deconvolution conformation

tensor ¢;;, as[39:401
v . Ovi—
1)11 ax ¢kj ax ¢kj7 (16)
v v ov; IV
Qij &x (Pkl 8)6 (Pkl (17)

In order to calculate R;;, a deconvolution elastic stress T;;
is built at first to approximate the unfiltered elastic stress in
FENE-P model for FHIT in polymer solution3%40]

f(9)ij — &;

Tij= 1 ; (18)
PO ()1 9)
A
Filtering of the above variables is based on time-domain
a,(erl) ﬁ(m) - (erl)
l — l ] < <
5 A , 1 <m<max(p,q), (20a)
Ivi  vi—V
o A (20b)
gl glm) _ glm+1)
ij _ i ij <m<
P A , 1 <m<max(p,q), (20c)
a‘Pz] (Pl] (Plj
5 A (20d)
%, i Y
o A (20e)
d [ dv; 1 { dv; Iv;
at (axk (Pk]) 7Aic <axk ¢kj ax ¢k]> ) (ZOf)
d [ dv; 1 [dv; Ivj
5 ( e (sz) = A < 7 %6 5y, % | (20g)
oy _Ti—Tyj (20h)

ot Ac

where A, and A, are the filter widths for velocity and confor-
mation tensor transport equation, respectively. The velocity
and conformation tensor filter width ratios are defined as
Ay Ac

Ry = Ea R. = E’
respectively. It is worth mentioning that A; needs not be
the same as A,. Here, for FHIT with polymer additives,
Ry =R, =20.

Through the above descriptions, the filtered velocity and
conformation tensor field for FHIT with polymer additives can
be obtained by solving the coupled Eqgs. (10)—(12).

For numerical simulation of a turbulent channel flow

with surfactant additives, the Giesekus model®3! is adopted
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herein to describe surfactant molecular (micelle) dynamics,
since the measured rheological properties of surfactant solu-
tion agree well with those in a Giesekus fluid>*>3! and it has
been demonstrated that the Giesekus model can capture the
changes of structures in turbulent flow caused by surfactant
additives.'91 The dimensionless continuity, momentum and
conformation tensor transport equations for turbulent channel
flow of an incompressible fluid with surfactant additives used
for DNS are as follows:

au;r
o =0, 21D
aul?*_’_ +(9ulfF

u’

ott J 8x}“

ot B o (o),
~ Jx7  Re; 8)6}L Qx;f
ac;; QLL:C;;
ott ax,':
ou’ au; Re;

+ i +
= C, . +C. _— —|—
kj 8)62_ ik 8x,': We,

x |8~ — (e — &) (e — &) ] (23)

=B (¢
We. <8x;’ + 611, (22)

by non-dimensional variables

+_ X oy _ W G !
X; h7 u; ur7 Cl] n ) /’l/l/lr7
h 2
pr=Lo Ree=PM e =2 P )
pi2 w+n w+n

with the friction velocity u; = (T, /p)'/? and 7, is the wall
shear stress.

By filtering Eqgs. (21)—(23) based on the MCT model, the
governing equations for LES of a turbulent channel flow with
surfactant additives are as follows:

ou;
L= 25
o ) (25)
Jduj _, odu;
gt " oxt
_ort b0 (om) 1-p (9
N ox;  Req 8x}L 8x7 We, 8x7
&Tij 1— ﬁ aR,’j
= + 61, 26
ax;“ We: ax;“ +ol (26)
@ Jujc};
ott ax,j
— & 9 —+E Req
Ok ax,j ik ax,': We:
X [5,"—575—06(?; -6 ) (E]:rj—&(j)}
Ref — —+
R0y Ryt e (T ) &)

The SGS stress tensor 7;; in Eq. (26) is also obtained by
Egs. (2)~(6). And P;j, Qi;. and X (7,. ’ ,E;j) in Eq. (27) can
be solved by Egs. (13)—(17). In Giesekus model applied for
turbulent channel flow with surfactant additives, the additional
elastic stress tensor
cij — N6ij
7

For getting R;; in Egs. (26) and (27), a deconvolution elastic

b _
Ty =

stress T;; is defined at first to approximate the unfiltered elastic
stress in Giesekus model

T;; = ¢ij — Oij, (28)
Rij=Tij—(¢;; — 8))- (29)

The filtering of these variables is also in the temporal do-
main by using Egs. (20a)—(20h). And for turbulent channel
flow with surfactant additives, R, = R. = 20. From the above-
mentioned descriptions for turbulent channel flow, the dimen-
sionless filtered velocity field and conformation tensor field
can be obtained by means of the MCT model.

It is worth mentioning that when 8 = 1, equations (10),
(11), (25), and (26) shrink to the governing equations for the
Newtonian fluid flows, and MCT model changes to be CSM.

2.3. Computational method and conditions

For FHIT with polymer additives, we adopt a periodic
cubic domain of size R3 = (27)® with 323 and 643 collo-
cation points in this paper, respectively. In FHIT, external
force presented by Chen ef al.!%! to large turbulence scales
is added in Eq. (11) in order to maintain the turbulence,
which is for obtaining statistically stationary variables. For
Eq. (11), our in-house code is programmed by a standard
pseudo-spectral method, and 3/2 rule is applied to remove
aliasing error caused by the pseudo-spectral method. We em-
ploy a second-order central difference scheme for the terms
in Eq. (12) except for the convective term by a second-order
Kurganov—Tadmor scheme.”) In addition, a second-order
Adams-Bashforth scheme and a second-order Runge—Kutta
scheme is adopted for time evolution and the filtering in time-
domain, respectively. Table 1 gives the simulation parameters
for FHIT cases. For the purpose of better verifying the MCT
SGS model through comparisons with the corresponding DNS
results (as presented in Section 3.1.1), two important param-
eters for FHIT in polymer solution are defined: the Taylor
micro-scale Reynolds number Re) and the Weissenberg num-
ber Wi

(30a)

(30b)
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where subscript “N” means the value in the Newtonian fluid
case;
1,, 1 r=
b= (@) =5 | Ewak

is the turbulent kinetic energy and ey = s [ k*E(k)dk is
the turbulent energy dissipation rate; E (k) is the energy spec-
trum. The initial turbulent kinetic energy spectrum is equal
to Eo(k) = 0.01k*exp(—0.14k?) in this study. The case V5 (as
shown in Table 1) with 323 collocation points is utilized to val-
idate the correctness of the code. The remaining cases (N1-N4
and V1-V4 listed in Table 1) with 64> collocation points are
adopted for analyzing the merits of MCT as compared with

the LES results based on TADM (as shown in Section 3.2),
which is, to our best knowledge, the only existing SGS model
for LES of viscoelastic fluid turbulent flow. Here, it is wor-
thy to mention that the parameters upon which comparisons
are made for MCT and TADM SGS models for polymer solu-
tion cases are the computational Reynolds number Re = 1/,
polymer relaxation time A and the dimensionless measure of
dilute polymer solution concentration 8, since the two calcu-
lated parameters Re; and Wi become quite different (as shown
later) for various SGS models, due to a big distinction implicit
in turbulent energy dissipation calculated by different models.

Table 1. The parameters for all simulations in FHIT.

Runs SGS model 14 A B Re;, Re Wi
N1 CSM 0 0 1.0 - 333 0
N2 TADM 0 0 1.0 - 333 0
N3 CSM 0 0 1.0 - 1000 0
N4 TADM 0 0 1.0 - 1000 0
Vi MCT 100 0.05 0.6,0.8 - 333 -
V2 TADM 100 0.05 0.6, 0.8 - 333 -
V3 MCT 100 0.06, 0.1 0.7,0.9 - 1000 -
V4 TADM 100 0.06, 0.1 0.7,0.9 - 1000 -
V5 MCT 100 0.1,0.2,0.3,0.4 0.6,0.7,0.8, 0.9 46 - 0.34,0.68, 1.02, 1.36

The domain of the simulated turbulent channel flow is
L, x Ly X L, = 10h x 2h x 5h, where x, y, and z represent
the streamwise, wall-normal, and spanwise directions, re-
spectively. Periodic boundary conditions are imposed in the
streamwise and spanwise directions and non-slip condition
is imposed on the walls. To solve the governing equations
for a turbulent channel flow by LES/DNS, a finite difference
scheme code is programmed. In order to maintain the symmet-
rically positive definiteness of conformation tensor and obtain
high spatial revolution, the MINMOD approach is used for the
discretization of the convective terms in Egs. (26) and (27).
And for other terms in governing equations, a second-order
central difference scheme is employed. For time evolution, a
second-order Adams—Bashforth scheme is adopted in both the
momentum equation and conformation tensor transport equa-
tion except that the implicit method is adopted for the pressure
term. For LES/DNS of a turbulent channel flow, the staggered
grid system is used: the velocity components are all at the
boundary of the cell and other values are located at the cen-
ter of the cell. Uniform grids are applied in the streamwise
and spanwise directions, while non-uniform grid is used in the
wall-normal direction, which is denser near the wall. For the
purpose of verifying MCT SGS model in comparisons with
the corresponding DNS results, the simulated cases for turbu-
lent channel flows are shown in Table 2. Compared with DNS
cases, the grid numbers in the streamwise and spanwise di-
rections for LES are decreased, while the gird number in the
wall-normal direction is the same as that in DNS in order for

capturing the small eddies near the wall. Here, the time-steps
are 0.0014/u; in LES and 0.00014/u; in DNS for surfactant
solution flows.

Table 2. The parameters for all simulations in turbulent channel flow.

B o

Runs Model NyxNyxN; Re; Weq

D1 DNS 64x64x64 150 30 0.9 0.001
D2 DNS 64x64x64 180 25 0.6,0.7,0.8,0.9 0.001
D3 DNS 64x64x64 180 40 0.6,0.7,0.8,0.9 0.001
M1 MCT 32x64x32 180 25 0.6,0.7,0.8,0.9 0.001
M2 MCT 32x64x32 180 40 0.6,0.7,0.8,09 0.001

3. Results and discussion

3.1. Posteriori analyses

3.1.1. Forced homogeneous isotropic turbulence

In order to verify our in-house LES codes based on MCT
SGS model, we select FHIT as the first simulated prototype
target, which is an ideal and very simple turbulent flow. Note
that our LES code based on TADM SGS model was veri-
fied previously.[*’! The validations of our LES code for poly-
mer solution (V5 in Table 1) of FHITs based on MCT are
performed by comparing results between LES and DNS. 38!
Under the current simulation conditions and parameters of
DNS cases, 323 collocation points for LES and 963 colloca-
tion points for DNS are comparable, since Re, s are the same
for these two cases. For viscoelastic fluid flows, the case at
Wi=0.34 and B = 0.8 is selected as a representative example
for comparison.
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The turbulent kinetic energy spectrum and the probabil-
ity density function (PDF) of velocity gradient tensor are im-
portant in analyzing the multi-scale features of any turbulent
flows. These two parameters obtained by LES and DNS are
compared for the polymer solution case, as shown in Fig. 1.
Because of the isotropy of FHIT, only PDF of the velocity
gradient tensor in the x direction is given. It is shown that
the turbulent kinetic energy spectrum and PDF of du/dx ob-
tained from the LES results coincide well with the correspond-
ing DNS results, which on one hand demonstrates the correct-
ness of the LES code based on MCT SGS model for FHIT
in the polymer solution. Note that, due to the limitation of
the simulated grid number in LES (323) and the truncated tur-

100,
L 10-°
&
;3 10-10
=
=
RISTRE

1020 .
100 10! 102
k/cm™!

bulence scale, the resolved wavenumber k cannot reach the
high value corresponding to the dissipation scale as obtained in
DNS (96°), so that the plateau-like structure in E (k) profile of
polymer solution case obtained by DNS as shown in Fig. 1(a)
(which was reported in our previous DNS study of decaying
homogeneous isotropic turbulence!!!) cannot be captured in
the current LESs based on MCT.

When turbulence comes into a statistically stable state in
FHIT, some statistically stationary turbulent quantities, such
as the Taylor micro-scale At = /1505 (u?) /€, the turbulence
integral scale L = <u2>3/ ? /e, the turbulent kinetic energy (£
in Eq. (30a)), the energy dissipation rate (€ in Eq. (30b), etc.,
can be acquired. At is also considered as the characteristic
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Fig. 1. (color online) (a) Turbulent kinetic energy spectrum; (b) PDF of du/dx for the viscoelastic fluid flow at Wi = 0.34, = 0.8.
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Fig. 2. (color online) Four turbulent basic parameters for the viscoelastic fluid flow at Wi = 0.34, B = 0.8. (a) Taylor micro-scale;
(b) turbulent integral scale; (c) turbulent kinetic energy; (d) energy dissipation rate.
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scale of turbulence dissipation, owing to its correlation with
the dissipation of turbulent kinetic energy. L reflects the size
of vortex structure at large-scale in turbulence. & and € em-
body turbulent fluctuation intensity and energy transfer be-
tween turbulent eddies, and are indirectly related with vortex
structures. The increase of turbulent kinetic energy implies
the augmentation of turbulence integral scale and the change
of large-scale vortex structures. The correctness of our LES
code based on MCT is then validated by comparing these four
statistically stationary turbulent quantities with DNS results.
Figure 2 gives the time-evolutions of these four quantities,
obtained from LES and DNS. It shows that when the turbu-
lence evolutions for viscoelastic fluid case become stable after
t = 20 s these four statistically stationary turbulent quantities
obtained by LES and DNS agree well with each other. In order
to make quantitative comparisons, we provide statistically av-
eraged values of these four quantities calculated from the data
between r =20 s and ¢ = 110 s, and the discrepancies between
LES and DNS results, as provided in Table 3. It is known that
the LES results show only small discrepancies as compared
with DNS results, which from another aspect, validates our
LES code based on MCT SGS models for simulating FHITs
in polymer solution.

z/cm

z/cm

Fig. 3. (color online) The Q = 3 isosurfaces for extracting vortex tube
structures for the Newtonian fluid at = 80 s, based on (a) CSM and (b)
DNS.

Table 3. Statistically stationary turbulent quantities for LES and DNS
in the Newtonian fluid and viscoelastic fluid.
Case SGS model At L 13 €
MCT 0.795  2.608 0574  0.093
Wi=0.34,=0.8 DNS 0.781 2540  0.584  0.096
discrepancy 1.758% 2.688% 1.657% 2.876%

z/cm

z/cm

Fig. 4. (color online) The Q = 3 isosurfaces for extracting vortex tube
structures for the viscoelastic fluid at r = 80 s, based on (a) MCT and
(b) DNS.

In this study, the MCT model makes use of the idea re-
lated with the Q method defined for extracting CSs in turbu-
lence. The positive Q signifies a vortex tube, which can give
rise to the intermittency of turbulence. Extraction of CSs for
turbulent flows, including homogeneous isotropic turbulence
and wall-bounded turbulent flows, has been of great help in
investigating the characteristics of turbulence.®®-%%! Research
on the variation of vortex tubes in FHIT influenced by polymer
additives is significant for exploring the mechanism of turbu-
lent DR in turbulent drag-reduced flows. In order to further
validate the MCT model and the LES code, comparisons of
turbulent vortex tubes based on LES and DNS databases have
been carried out for the Newtonian fluid and polymer solu-
tion cases, as shown in Figs. 3 and 4, respectively. (Here,
figure 3 is for the Newtonian fluid case, which serves in the
role of the comparative object to illustrate the effect of drag-
reducing additives on vortex tubes.) It can be seen that the vor-
tex tubes extracted from the LES database are not as smooth as
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those from the DNS result, which is caused by the coarse grid
number (323) used for LES as compared with the grid num-
ber 963 used for DNS. It is also reasonable that the quantity
of the extracted vortex tubes in FHIT of the Newtonian fluid
and viscoelastic fluid by LES is less than that by DNS at the
same conditions, which is obviously caused by the nature of
turbulence-scale truncation performed by LES. Regardless of
the above factors, the study shows that the characteristics of
vortex tubes in LES and DNS results are similar to some ex-
tent, and importantly, LES as well as DNS can resolve the
salient phenomenon in FHIT affected by drag-reducing ad-
ditives: the quantity of vortex tubes decreases in viscoelas-
tic fluid flow compared with that in the Newtonian fluid flow
(comparing Fig. 3(a) with Fig. 4(a) for LES, and Fig. 3(b) with
Fig. 4(b) for DNS). Therefore, the results obtained by our LES
code based on MCT are correct from the viewpoint of extract-
ing vortex tubes as well, which validates one more time our
LES code for simulating FHIT in polymer solution.

3.1.2. Turbulent channel flow

First, an overview of our DNS results for turbulent chan-
nel flows with surfactant additives is presented and some com-
parisons between our DNS results (D1 in Table 2) with the
published data by Yu and Kawaguchi!'?! are also performed.
Our DNS results for the case D1 are obtained in a 64 x 64 x 64
grid system with Axt =23.4 and Azt = 11.7 in the stream-
wise and spanwise directions, respectively, and 0.45 < Ay™ <
9 in the wall-normal direction, which is the same as those in
Ref. [13]. For the viscoelastic fluid case, we obtain 41.5% DR,
(U™) =23.9 at the channel centerline and (—ut'v*") = 0.56 at
yT ~37.9 for the D1 case, which are all close to those obtained
by Yu and Kawaguchi,['*) i.e., DR = 42.8%, (U*+) = 24.1 at
the channel centerline and (—u™'vt") = 0.55 at y™ ~ 37.9 (see
Table 2, Figs. 3(a) and 3(b) in Ref. [13]). By the above men-
tioned comparisons, it is proved that our DNS results are cor-
rect and can be used as the benchmark for verifying the MCT
SGS model.

Then the validation of our in-house LES codes for turbu-
lent drag-reducing channel flows based on MCT SGS model is
performed by comparing LES results with the corresponding
DNS results. For surfactant solution flows, the two cases at
Wer =25, 3 =0.8, and We; =40, § = 0.8 at Re; = 180 (D2,
D3, M1, and M2 in Table 2) are chosen from all the simulated
cases as the representative examples used for comparison.

Figure 5 shows profiles of the non-dimensional stream-
wise velocity obtained by LES based on the MCT model and
DNS, respectively. It is clearly seen that profiles of the mean
velocities by LES using MCT SGS model agree quite well
with those by DNS for the two cases. Only a small discrep-
ancy exists: the MCT SGS model slightly underestimates the
mean velocity in the logarithmic layer as compared with DNS.

Since the CSM SGS model, which is adopted to filter the mo-
mentum equation in the present MCT SGS model, slightly
overestimates the mean velocity of the Newtonian fluid tur-
bulent channel flow in the verification of CSM, 28! the under-
estimated phenomenon shown in Fig. 5 could be influenced by
the addition of the conformation tensor transport equation.

25

20

15

U+

10

ot

100 10! 10?

30

(b)
25

20

U+
—
ot

—= DNS |

100 10! 102

Fig. 5. (color online) Distribution of non-dimensional mean velocity
with y* for viscoelastic fluid at (a) We = 25, § = 0.8; (b) We, = 40,
B =0.38.

In order to better verify the MCT SGS model, the com-
parison of pulsating quantity is essential. Turbulent intensi-
ties are typical pulsating quantities for turbulent channel flow,
and the comparative results are shown in Figs. 6 and 7 for the
two selected viscoelastic fluid cases and their Newtonian fluid
counterpart, respectively. It is shown that the profiles of all
components of the turbulent intensities by LES using the MCT
SGS model are in good agreement with those by DNS. All the
typical phenomena appeared in the profiles of turbulent inten-
sities for a drag-reduced turbulent flow by additives have been
excellently resolved: the peaky positions of the streamwise,
wall-normal and spanwise velocity fluctuations in viscoelas-
tic fluid move far away from the wall as compared to those
for the Newtonian fluid case; the peak-value of the streamwise
velocity fluctuation (normalized with the friction velocity) in
viscoelastic fluid is higher than that in the Newtonian fluid,
while the wall-normal and spanwise velocity fluctuations are
all decreased (as clearly shown in Figs. 6 and 7). This demon-
strates that the currently proposed MCT SGS model is able
to accurately describe the turbulent pulsating quantities in a
drag-reduced turbulent flow of viscoelastic fluid.
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Fig. 6. (color online) Normalized velocity fluctuation intensities (“N”
and “V” represent the Newtonian fluid and viscoelastic fluid at We; =
25, B = 0.8, respectively). (a) u;h,, (b) vig, and (¢) i,

It has been well documented that the flow resistance in a
turbulent channel flow can be greatly decreased by the addi-
tion of drag-reducing polymer/surfactant additives, leading to
DR, -10:45.631 and the Reynolds shear stress has a direct quan-
titative relationship with the turbulent contribution to the fric-
tion factor in a wall-bounded turbulent flow.[0*! Therefore, the
quantitative prediction of the Reynolds shear stress is of cru-
cial significance for turbulent channel flow with drag-reducing
additives. Figure 8 plots the distributions of the Reynolds
shear stress obtained by LES based on the MCT SGS model
as compared with that obtained by DNS, showing quite good
agreement. And the salient feature appearing in the profile
of the Reynolds shear stress for a turbulent drag-reduced flow
by additives is captured: the Reynolds shear stress is greatly
decreased, particularly in the buffer layer region, by the addi-
tives, as compared with the Newtonian fluid counterpart. This

indicates on one hand that the MCT SGS model is capable of
precisely capturing the flow resistance in a turbulent channel
flow with drag-reducing additives.

rms

uwt

+
Wrms

0 50 100 150 200
yt
Fig. 7. (color online) Normalized velocity fluctuation intensities (“N”

and “V” represent the Newtonian fluid and viscoelastic fluid at We; =
40, B = 0.8, respectively). (a) u;h, (b) v, and (c) wih.

The DR rate for a turbulent drag-reducing channel flow
by additives is defined as
CP —C;

P

DR% = x 100%, (€20
where CP is the friction factor evaluated by Dean’s correla-
tion, and CP = 0.073Re,, 0'25;[63] Ct is the measured friction
factor, and Cy =2/ sz. The friction factors and calculated DR
rate for the cases at We; =25, = 0.8 and We; =40, =0.8,
respectively, obtained from LES based on MCT SGS model as
compared with those from DNS are given in Table 4, showing
close agreement with each other, with only slight differences.
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Fig. 8. (color online) Distributions of the Reynolds shear stress with
yT for viscoelastic fluid cases at (a) We; = 25, 8 = 0.8; (b) We, = 40,
B =0.8 (“N” and “V” represent the Newtonian fluid and viscoelastic
fluid, respectively).

Table 4. Friction factors and DR rate.

Cases Model  Rey Cy CP DR/%
MCT 7058 0.005203 0.007964 34.67
Wer =25,8=0.8
DNS 7156 0.005061 0.007937 36.23
MCT 787 .00417 .00774 46.
We, =40, B = 0.8 C 876 0.004176 0.007749 6.08
DNS 7947 0.004104 0.007732 4691

Figure 9 shows profiles of the autocorrelation coefficient
of the streamwise velocity component Ry, in the spanwise di-
rection, which reflects a quantitative measure of the spanwise
distance between two neighboring near-wall low-speed streaks
in a wall-bounded turbulent flow: the corresponding spanwise
distance at the first peaky structure of R, profile is approx-
imately the spanwise separation spacing between two neigh-
boring low-speed streaks. Again, quite good agreements of
the R, profiles between the results obtained by LES based on
MCT SGS model and those by DNS can be observed. Due
to the coarse grid used for LES, the location of the minimum
R, obtained by LES deviates slightly from that obtained by
DNS. With the increase of the Weissenberg number, the span-
wise separation spacing of the near-wall low-speed streaks is
increased, indicating a weakening effect of the turbulent burst-
ing event by the drag-reducing additives.

In a turbulent flow of drag-reducing surfactant solution,
the viscoelasticity in the flow is generated with the stretching
of the microstructures formed by surfactant molecules (mi-
celles), and the stretching strength can be reflected by the

conformation fluctuation intensity. Figures 10 and 11 show
profiles of the root-mean-square of the conformation fluctua-

tions C;l s

and C

xXyrms

distributed in the wall-normal direction,
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s

—0.4 . . - -
0 100 200 300 400

2t
Fig. 9. (color online) Two-point spanwise correlations of the velocity
component in the streamwise direction at y™ = 6 for viscoelastic fluid
at (a) We; =25, B =0.8; (b) We; =40, B =0.8.
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Fig. 10. (color online) Distributions of root-mean-square fluctuations
for conformation component Cy,,,, with y* for viscoelastic fluid at (a)
Wer =25, 8 =0.8; (b) We; =40, B =0.8.

074701-12



Chin. Phys. B Vol. 24, No. 7 (2015) 074701

respectively. Note that in a turbulent channel flow of viscoelas-
tic fluid C,,,; plays the most important role. Compared with
Cyims» the fluctuation intensities of other conformation com-
ponents are very small. So only the distributions of C,,.. and
C;;,rms obtained by LES using the MCT SGS model and DNS
are shown as typical examples, as given in Figs. 10 and 11,
respectively. It is seen that the computations of the conforma-
tion fluctuation intensities C,,,c and C,\-';mls (also other compo-
nents which are not shown here) by LES based on MCT SGS
model are also in quite good agreement with those obtained by

DNS.

+
nyrms

+
nyrms

Fig. 11. (color online) Distributions of root-mean-square fluctuations

for conformation component C;g,rms with y* for viscoelastic fluid at

(a) Wer =25,8 =0.8; (b) We; =40, =0.8.

3.2. Features of MCT SGS model regarding its perfor-
mance

In the preceding subsection, validations of our LES code
based on the MCT SGS model for viscoelastic fluid turbulent
flows were elaborated. As a new SGS model particularly de-
signed for turbulent drag-reducing flow, MCT has many ad-
vantages stemming from the spatial and temporal filtering pro-
cedures. In order to explore the typical features of the MCT
model, the LES results based on MCT for FHIT in a viscoelas-
tic fluid and drag-reduced turbulent channel flow are further
discussed below.

For MCT, since the filtering approach for CSM is used to
filter the momentum equation, the merits of CSM are naturally
imparted into MCT. One of the advantages is that the param-
eter C is locally determined as shown by Eq. (3). Figures 12
and 13 show the instantaneous Fcs and C at each grid cell

along the centerline in the x direction and the time evolutions
of Fcs and C at the center point for the case V5 in Table 1
at Wi = 0.34 and 8 = 0.8 for FHIT with polymer additives,
respectively. The model parameter C can be easily acquired by
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Fig. 12. Fcs (a) and C (b) for each grid at t = 80 s based on MCT for
FHIT in a viscoelastic fluid.
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Fig. 13. The time evolutions of Fcs (a) and C (b) based on MCT for
FHIT in a viscoelastic fluid.
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the second invariants Q and E, which are calculated from the
partial derivatives of the velocity field. Since the positive Q
is used for extracting CSs and has relationships with the SGS
energy dissipation, it indicates that C is indirectly related to
the energy dissipation. Meanwhile, C is computed dynami-
cally, i.e., different values of C can be obtained on different
grid nodes at every time step, as shown in Figs. 12 and 13. As
aresult, C can indirectly but exactly reflect the energy dissipa-
tion in a turbulent flow at different locations and times, unlike
Cs:ﬁ in SM, being a constant. From Figs. 12 and 13, it
can also be seen that C is always positive, which guarantees
the stability of the numerical procedure due to the defined up-
per and lower limits for Fcs and Fg in MCT as described in
Eq. (6). Note that although the model parameter in DSM is
also locally defined the problem encountered in LES based on
DSM SGS model is the unsteadiness on account of possible
negative model parameters at some locations.!?’! For turbu-
lent channel flow with drag-reducing surfactant additives, fig-
ures 14 and 15 demonstrate the instantaneous F and C in the
wall-normal direction for the two cases at We; = 25,8 = 0.8
and We; = 40,8 = 0.8 (as listed in Table 2), respectively. For
these two cases, Fg, is about 1.1 at the channel centerline and
becomes 1.0 at the walls, i.e., Frs is about -0.1 at the channel
centerline and is zero at the walls as shown by Eq. (4), which is

(28] The consequences for Fq

the same as Kobayashi’s results.
and Fcs are because the second invariants used for the calcula-
tion of Frs become zero on the walls in wall-bound turbulent
flows. In addition, C in Figs. 14 and 15 is also always positive

according to the limits given in Eq. (6).
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Fig. 14. Distributions of Fg, (a) and C (b) with y* at We; =25, =0.8
by LES based on MCT SGS model for viscoelastic fluid in a turbulent
channel flow.
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Fig. 15. Distributions of Fg, (a) and C (b) with y™ at We; =40, 8 =0.8
by LES based on MCT SGS model for viscoelastic fluid in a turbulent
channel flow.

To gain further insights into the typical merits of MCT,
comparisons between LES results for FHIT in viscoelastic
fluid based on MCT and TADM SGS models, respectively,
are presented as follows. Figures 16 and 17 plot the turbulent
energy spectra for the Newtonian fluid and viscoelastic fluid
cases based on CSM, MCT and TADM SGS models for Runs
NI1-N4 and V1-V4 (as listed in Table 1) at the same Reynolds
numbers (Re = 333 and 1000), respectively. Figure 16 shows
that at a relatively small Re (Re = 333), the turbulent en-
ergy spectra obtained by CSM, MCT and TADM models are
similar to each other and close to the Kolmogorov theory
E(k) ~ k=3/3 within the inertial range. This indicates that
both MCT and TADM perform quite well in simulating FHIT
with polymer additives at relatively small Re. Figure 17 shows
that at relatively large Re (Re = 1000), the turbulent energy
spectra obtained by CSM and MCT models are in accordance
with the Kolmogorov theory E (k) ~ k~>/3 within the inertial
range. However, the energy spectra obtained by TADM in the
Newtonian fluid and polymer solution of FHITSs are apparently
deviated from the Kolmogorov theory E(k) ~ k>3 in a range
of k = 15-35. In order to explore this phenomenon, time evo-
lutions of the turbulent kinetic energy and energy dissipation
rate for the Newtonian fluid and viscoelastic fluid are given in
Figs. 18 and 19. We can see that the turbulent kinetic energy
for MCT and TADM are essentially the same, but the energy
dissipation rate for TADM is obviously higher than that for
MCT. This means that the dissipated energy in FHIT is over-
estimated by the TADM SGS model, resulting in the deviated
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energy spectrum for TADM at Re = 1000, even for the New-
tonian fluid case. This indicates that LES based on the TADM
SGS model does not correctly predict the turbulent energy
dissipation rate at relatively high Re, while that based on MCT
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Fig. 16. (color online) Turbulent energy spectrum for (a) the Newtonian
fluid case and (b) A = 0.05, B = 0.8 in viscoelastic fluid at Re = 333
(the dotted line represents the Kolmogorov hypothesis E (k) ~ k=3/3).
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Fig. 17. (color online) Turbulent energy spectrum for (a) the Newtonian

fluid case and (b) A = 0.1, B = 0.9 in viscoelastic fluid at Re = 1000
(the dotted line represents the Kolmogorov hypothesis E (k) ~ k=3/3).

model does. Therefore, it can be concluded that the newly
proposed MCT SGS model is superior to TADM in LES of
high-Re turbulent flows of viscoelastic fluids. This is impor-
tant to the applications of LES in academic research, where

1.2 T T - -
(a) ——CSM
—=s—TADM
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Fig. 18. (color online) Turbulent kinetic energy for (a) the Newtonian

fluid case and (b) A = 0.1, B = 0.9 in viscoelastic fluid at Re = 1000.
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Fig. 19. (color online) Energy dissipation rate for (a) the Newtonian
fluid case and (b) A = 0.1, B = 0.9 in viscoelastic fluid at Re = 1000.
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one hopes the Reynolds number to be as high as possible and
in engineering applications, where the Reynolds number is al-
ways very high.

4. Conclusion

A novel SGS model named MCT, particularly for LES of
turbulent drag-reducing flows of viscoelastic fluids, has been
proposed, which combines the ideas of CSM with spatial filter-
ing and TADM with temporal filtering. The essence of MCT is
to use CSM to filter the momentum equation with an additional
subfilter term in the space domain and apply TADM to filter
the conformation tensor transport equation in the time domain.
The MCT SGS model can be easily realized for the LES of
turbulent flows of viscoelastic fluids because only the partial
derivatives of velocity field are needed to filter the momen-
tum equation, and the filtering of conformation tensor trans-
port equation can be obtained only by utilizing the information
before and at subsequent time steps.

In order to validate the correctness of the MCT SGS
model, FHIT and turbulent channel flow of viscoelastic fluids
are selected as prototype turbulent flows to perform LES. The
present LES results of the turbulent energy spectrum, PDF of
du/dx, statistically stationary turbulent quantities and turbu-
lent vortex structures for FHIT with polymer additives, as well
as the mean velocity, velocity fluctuation intensities, Reynolds
shear stress, friction factor, DR rate, two-point spanwise corre-
lation and fluctuation intensities of conformation tensor com-
ponents for turbulent channel flow with drag-reducing surfac-
tant additives are all compared with those of the corresponding
DNS results. From the comparative consequences, it is man-
ifest that the above parameters obtained from LES based on
the MCT model are all in quite good agreement with those
from DNS, indicating the correctness of our LES codes and
the newly proposed MCT SGS model. So the features of MCT
have been explored from several aspects. The locally deter-
mined model parameter C for MCT has a relationship with
the energy dissipation in turbulent flows, and so it correctly
reflects the turbulent energy dissipation at every time step and
every grid cell. Furthermore, C is always positive due to its up-
per and lower limits, ensuring the steadiness of the numerical
simulation process. By comparing the LES results based on
the MCT and TADM SGS models, respectively, for polymer
solution cases, at the same conditions, it is obtained that LES
based on the TADM model fails to correctly simulate FHIT
in both the Newtonian fluid and viscoelastic fluid at relatively
large Reynolds numbers, but when based on MCT, it succeeds.
Therefore, this new mixed SGS model MCT designed particu-
larly for LES of turbulent flow of viscoelastic fluid shows su-
perior potential in solving both academic problems and engi-
neering application issues about turbulent drag-reducing flows
at high Reynolds numbers.
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