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Abstract. In this contribution we present a low Reynolds number k- model, which has
been modified to predict drag reduction for FENE-P fluids. The predictions of the
model are compared with DNS data for fully developed turbulent channel flow of
FENE-P fluids as well as to predictions of a k-€ model of Resende et al. (Internal report
2008, FEUP, Porto). The viscoelastic closures were developed for the low and high
drag reduction regimes, respectively and the model compares favourably with the
previous k-¢ closures in terms of both the flow and polymer characteristics. In the new
closure, the models for the different viscoelastic terms were almost unchanged relative
to those used in the context of k-& and in the case of the nonlinear term in the evolution
equation of the polymer conformation tensor the numerical values of the parameters
were kept unchanged, indicating that its main physics was captured by the closure
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1 INTRODUCTION

The interest in developing turbulence closures for the prediction of flows with drag
reduction additives has grown over recent years and fostered a wealth of research on
Direct Numeric Simulation (DNS) of turbulent channel flows with viscoelastic fluids,
such as polymeric dilute solutions and surfactant solutions. In the DNS investigations
with polymer solutions [1-3] the rheology of the fluids has usually been modelled by the
Finitely-Extensible-Nonlinear-Elastic ~ constitutive = equation  with  Peterlin's
approximation (FENE-P), and less so by the Oldroyd-B [4] and Giesekus models [5],
whereas for the surfactant flow simulations the Giesekus constitutive equation has been
more often preferred [6, 7]. In some cases the DNS data was processed to provide
Reynolds average data [8, 9] or insight into the vortex dynamics [10, 11].

Regarding the development of turbulence closures, the earlier attempts were in the
1970s with ad-hoc modifications of mixing length models, as reviewed by Pinho et al.
[12]. Better justified closures were those of Malin [13] for purely viscous fluids of
variable viscosity and of Pinho and co-workers [14-17], who adopted a Generalized
Newtonian Fluid constitutive equation and introduced some extensional viscosity
effects via a dependence on the third invariant of the rate of deformation tensor.
However, this latter set of turbulence closures is not based on a true viscoelastic
constitutive equation with memory effects. Therefore, it is only natural that the
constitutive models which better describe the rheology of dilute polymer solutions, such
as the FENE-P model, are adopted for the development of turbulence closures, even if
there are still some discrepancies between the calculated (by DNS) and measured
intensities of drag reduction [18].

To our best knowledge, the first Reynolds average type of turbulence closure for
FENE-P fluids in the archival literature is that of Li et al. [9], even though some earlier,
and actually more sophisticated models, were presented at conferences [19, 20]. The
next step was the model of Pinho et al. [12], which is an extension of the low Reynolds
number k-¢ closure of Nagano and Hishida [21] for Newtonian fluids. In order to arrive
at a closed form turbulence model for FENE-P fluids, Pinho et al. [12] had to develop
closures for new terms appearing in the governing equations such as: the nonlinear
turbulence distortion term in the evolution equation of the conformation tensor, the so-
called NLT; term [10], the viscoelastic stress work and the viscoelastic-turbulent
diffusion appearing in the transport equation of turbulent kinetic energy. These earlier
closures were developed on the basis of DNS data, but the model only worked at low
drag reduction. More recently, this turbulence model was significantly improved by
Resende et al. [22], who extended its closures to the high drag reduction regime and
improved its general performance. To achieve this improvements, Resende et al. [22]
had to modify the closure for NLTj;, which is now based on its exact equation, and also
to modify the eddy viscosity closure, which includes also a polymer contribution.
Additionally, the transport equation for the rate of dissipation of turbulence by the
Newtonian solvent was also modified to incorporate a polymer effect, since the earlier
version of the model [12] used essentially the version of Nagano and Hishida [21] with
variable turbulent Prandtl numbers [23]. In addition to extending the k-¢ model to the
high drag reduction regime, the new closure of Resende et al. [22] solved various
deficiencies of the earlier closure of Pinho et al. [12], except the under prediction of
turbulent kinetic energy.

For Newtonian fluids, it is known that in the k-¢ turbulence models there are
problems due to the lack of natural boundary condition of &, and the appearance of
higher-order correlations in the balance of the dissipation rate at the wall, forcing the
used of higher-order derivatives of the turbulent kinetic energy, which leads to a not
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asymptotic behaviour and consequently to numerical stiffness. A possibility is to
arrange an alternative to &. Wilcox [24] developed the k-w model where the exact
viscous terms next to the wall do not require modeling, thus leading to better predictions
without the use of damping functions typical of k-¢ closures. In addition, the k- model
leads to more robust computaions, Wilcox et al. [25]. Nevertheless the Wilcox model
behaviour is asymptotically incorrect, because he neglected the contribution of the
viscous cross-diffusion term. According to Menter [26], although the k-« model predict
better wall-bounded flows than the standard k-¢ model, in free shear layers the k-w
model shows some deficiencies, because it is very sensitive to the free stream
conditions. Improvements to the original k- model involve the inclusion of the exact
term of viscous cross-diffusion and damping functions to obtain a correct asymptotic
behaviour, as was done by Speziale et al. [27] and Menter [28]. Their models improve
the predictions in turbulent boundary layers specially under adverse pressure gradients.
Further improvements were made by assessing the numerical values of the model
parameters and revised damping functions to better predict complex flows with
recirculation, as done by Peng et al. [29] and Bredberg et al. [30], who also used DNS
data to eliminate the dependence on a wall-function, while predicting the correct
asymptotic behavior near walls.

In this work we propose a k- turbulence model for FENE-P fluids that is also valid
for the low and high drag reduction regimes. The developed model is a modified form
of the k-w model of Wilcox [25], as presented by Bredberg et al. [30], incorporating
new terms associated with fluid elasticity. The model is also calibrated using DNS data
for fully-developed channel flow provided by Li et al. [3, 9] and Kim et al. [11] for the
low and high drag reduction regimes (DR < 30% and 30% < DR < 70%, respectively).

The paper is organised as follows: the governing equations for the k- turbulence
model, for fluids represented by the FENE-P rheological constitutive equation, are
presented in section 2. Section 3 presents the closures that are required to close this
viscoelastic turbulence model, in particular those terms affected by the non-Newtonian
viscoelastic fluids which are explained in more detail. Then, section 4 presents and
discusses results of the model for fully-developed channel flow and compares the
predictions with DNS data. The paper closes with the main conclusions and
recommendations for future work.

2 GOVERNING EQUATIONS

In what follows capital letters and overbars denote Reynolds-averaged quantities,
whereas small letters and primes denote fluctuations. A caret is used to identify
instantaneous quantities. The equations are written in the indicial notation of Einstein,
with 5, =0 when i#; and 6,= 1 for i=.

In the context of Reynolds average turbulent flow calculations, solving for a
turbulent flow problem of an incompressible FENE-P fluid requires the solution of the
continuity and momentum equations (1) and (2), respectively,

ouU,
i 1
= (1)
oU. ou.  op o’U, o [ —\ 07,
—ltpU —t=—Lypnp —1 —— (puu, |[+—2L, 2
P P e, oy, omaw, o, (puss) ox, @

where 7, , is the Reynolds-averaged for mean polymer stress, U, is the mean velocity,

pis the mean pressure, p is the fluid density and - puu, is the Reynolds stress tensor.
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The fluid rheology is described by the FENE-P model, where the extra stress is the sum
of a Newtonian solvent contribution of viscosity » with a polymeric contribution, as in

equation (3) below. This total extra stress has already been incorporated into the

momentum equation (2).
_ ou, ou, | _
T.=n|—L+ +7, 3
J 773 { axj axi ] y,p ( )

The mean polymer stress 7,, results from Reynolds-averaging the FENE-P stress

equation relating the instantaneous stress and conformation tensors as given by equation
(4). The mean conformation tensor (C;) is determined by Reynolds averaging its

instantaneous evolution equation leading to equation (5), where the first-term inside
brackets on the left-hand-side is Oldroyd's upper convected derivative of C;.

Tip zz_p[f(ckk)cij _f(L)é‘,j]—i-%m (4)

oC, oC, : oU. oc, , Ou, T
{ L+U, ”—CjkaU’—Cik ’JJruk S _ ckj%%rciki = _liw ®)
ot ox, ox, ox, ox, ox, ox, n,

The functions appearing in these equations are

F(Cu) =5 and £ (1) =1 ©

where L denotes the maximum extensibility of the dumbbell model. Alternative
formulations of these functions are possible, but the issue is largely irrelevant here [12].

The other parameters of the rheological constitutive equation are the relaxation time
of the polymer 2 and its viscosity coefficient 7, . The following three terms on the left-

hand-side of Eq. (5) are denoted as

, ou, ) : oU,
NLT, :ckA%chik—J; CT, o, oy 0 M, =CkA%+Cik L,
7V ox, ox, e Y ox, ox,

and include the viscoelastic cross-correlations for which adequate closures are
developed in this work, namely NLT;j and CTj;.

The Reynolds stress tensor appearing in the momentum equation is modeled by
invoking the Boussinesq turbulent stress-strain relationship (7)

—pu; =2pvrS, —%pk&ij (7
where £ is the turbulent kinetic energy and v, is the eddy viscosity. This is where this
work differs from the earlier works of Pinho et al. [12] and Resende et al. [22], which
relied on a model for the eddy viscosity based on the turbulent kinetic energy (k) and its
rate of dissipation by the Newtonian solvent (&"). Here, instead of &" the eddy
viscosity closure uses the specific rate of dissipation (®" ) as in equation (8),

w=g0£%, ®)
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where the specific form of the function g() is discussed in section 3.1. The quantities &
and @" needed to be obtained from their transport equations.

The transport equation for the turbulent kinetic energy, a contraction of the Reynolds
stress transport equation written originally by Dimitropoulos et al. [8], is given by Eq.

)

Dk —oU, ok Op'u, 0’k 6u ou, 0 (—, » ou, 9
P + puu, =—pu, - /s -+t T i)_ T ( )
Dt ox, ox,  Ox, Ox; ax ox, Ox, ox,

Introducing the definition of instantaneous polymer stress (see [12]), Eq. (9) is
rewritten as

Dk _ EGU 6k+6pu N 82k 6u ou, Ou;
Ppr~ P o, P ox,  ox s 8x,f 8xk ox,
H/_J %,_J
P PO pD) pe”
77_‘” a |:Cikf(cmm + cmm )ui +cikf(cmm +c ) | - (10)
A Ox, -
p0”

m, ou, ou,
—|C, f(C,,, +Cpm )+, f(C,,, +C, !
/1 |: zkf( mm mm)axk zkf( mm )axk |

v
pE

The left-hand side of equation (10) represents the advection of k and the remaining
terms on the right-hand side have the following meaning, following the notation of
Dimitropoulos et al. [5]: B, - rate of production of k; O, - turbulent transport of k& by

velocity and pressure fluctuations; D,’ - molecular diffusion of k associated with the
Newtonian solvent; &" - direct viscous dissipation of k by the Newtonian solvent; Q" -
viscoelastic turbulent transport; & - viscoelastic stress work, which can be positive or

negative, acting as a dissipative or productive mechanism, respectively.
The specific rate of dissipation by the Newtonian solvent (") is defined as

N
o =5 (11)
C k

Its transport equation, which has not been deduced before for a FENE-P fluid, can be

obtained from this definition and the transport equation for k£ and &" .The exact form of
the transport equation for the rate of dissipation of turbulent kinetic energy is Eq. (12),
originally derived by Pinho et al. [12] for a FENE-P fluid.

ox 8xm 8x ax 8xm Oxm

0" oV o {6U du, ou, 8U ou, 8u] 2 o*U. 8u

+pU
o T e T "ok eV ax,

n‘au" Ou, uy _ 0 [pung'+2v‘
‘Ox Ox, Ox = Ox L :

l

-2nv
7 8xk8xk ¢ SOxmaxk 8xmaxk

' 2 N 2 2
op 8uk}r s, ou, Ou,

k

e & 0 {af,,, [/(c.) f(app)cquc,,k}} (12)
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All terms, but the last on the right-hand-side, are found also in the corresponding
equation for a Newtonian fluid. This last term is a viscoelastic contribution. This
equation is never used in this form, but in a modelled form, so it is adequate to rewrite it
as in Eq. (13).

ope"  opU.e &y o°U,
22 :ﬁCSITPkHLV (1- f){ +

ot ox, O0y0oy
PP€N
; PRy (13)
P ¢ ¢ v
— || n, +L C p—+E",
ax,.H”‘ - }8,} S:Cop=—+E,
%/_/
- PP N
p(Dg’\' +Q£N ) ’

where for compactness we used the definitions of Pg v as the rate of production of eV,
O, 1s the turbulent transport of &" by velocity and pressure fluctuations, Djﬁ, is the
molecular diffusion of &" associated with the Newtonian solvent, o, is the
destruction and E;’N is the viscoelastic term, which is here assumed as a destruction

term since the DNS data has show that &" is reduced with the viscoelasticity and drag
reduction.
Following Bredberg et al. [30], we derive Eq. (11) and obtain

Do’ DI &) 1 De¥ " Dk

Dt DtLCkJ Ck Dtk Dt (14

Back-substituting the transport equations of k£ and ¢" into this expression, we arrive
at the following transport equation of "

D"
=P,-® +0 +D\ +E . (15)
Dt o
Finally, the direct viscoelastic contribution to the balance of ® is given in Eq. (16)
and has three contributions: the viscoelastic destruction term from the &" - equation and
from the k- equation the viscoelastic turbulent diffusion and the viscoelastic stress work.

EVN:LEV__DV a) V

16
) S S (10)

The k-w model of Bredberg et al. [30] differs from that of Wilcox [25] in that they
keep the viscous and turbulent cross-diffusion term, Eq. (17), in Q ., which Wilcox

neglected. Keeping the cross diffusion term describes better the asymptotic near-wall
behaviour for k~y* and w~y™', and consequently a reduction in the number of damping
functions to a single one. The remaining damping function in the ® equation depends on

the turbulent Reynolds number, defined as Re :k/ (Vsa)) , avoiding the ambiguity of
defining a distance to a wall in complex geometries.

p& i—i—v 8k 60) (17)
k\p 6x 6x



P. R. Resende, F. T. Pinho, B. A. Younis, K. Kim and R. Sureshkumar

The final forms of the transport equations of turbulent kinetic energy and its specific
rate of dissipation are Egs. (18) and (19), respectively.

opk  opU k oU, 8 v, | ok v
I T oy — +n,+p—L |— |- pC.0k+0O" —ps” (18
Ot Ox, o kaxk Ox, Km e pakjé’x,} P O —pe (18)
opw OpUw 0O v, |Ow 0] 2
— = +n,+p—|—|+C, —P -C, po+
o ox ax[("s (L P R I
(19)
p& l_’.vT %a_a) EV\
k\p ox; O, “

3 NON-DIMENSIONAL NUMBERS AND DNS CASES

The development of the various closures is carried out on the basis of DNS data for
fully development channel turbulent flow of FENE-P fluids. In this exercise various
non-dimensional numbers are used, which are defined as follows: the Reynolds number
Re, =hu./v, is based on the friction velocity (u, ), the channel half-height (/) and the

zero shear-rate kinematic viscosity of the solution, which is the sum of the kinematic
viscosities of the solvent and polymer (v, = v, + v, ). The Weissenberg number is given

by We, = Au? /v, and B (B=v,/v,) is the ratio between the solvent viscosity and the

solution viscosity at zero shear rate.

The two DNS sets of data used in the calibration are characterized by a Reynolds
number of Re_, =395, a solvent to total zero-shear-rate viscosities ratio of f=0.9 and

a maximum extensibility [* =900. The Weissenberg numbers are We =25 and
We_, =100, corresponding to drag reductions of 18% and 37%, respectively.

4 CLOSURES OF THE VISCOELASTIC TURBULENCE MODEL

4.1 Momentum equation closures

The Reynolds average polymer stress is given in Eq. (4) and is a function of the
average conformation tensor and a double correlation involving fluctuations of the
conformation tensor, Pinho et al. [12] have shown the impact of this double correlation
to be small at low drag reduction, but even though Resende et al. [22] found it to be
non-negligible at high drag reduction it is nevertheless neglected here since the present
model is only valid at low and high drag reductions, and so the Reynolds average
polymer stress reduces to Eq. (20).

Tij,P ~ yi

To determine the Reynolds average conformation tensor it is necessary to solve Eq.
(5), which contains several terms requiring an appropriate closure, These are the two
terms containing fluctuations of the conformation tensor, which are designated by C7j;
and NLT};. Previous work of Pinho et al. [12] and Resende et al. [22], have shown the
CT}; term to be negligible at low and high DR in comparison with the remaining terms
of the equation. To calculate its NLT;; Resende et al. [22] developed an explicit closure
which is able to capture the behavior of all its components at low and high DR, which is
adopted here without any modification.

|:f(ckk Cy f ] (20)
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+ —X
S(C) | We 15 (v, +v, x 3

The parameters and damping functions of NLTj; model are listed in the Table 1.

C C C C C

F1 F2 F3 F4 &p

1.0 0.0105 0.046 1.05 2

S :[1—0.8exp(—;}—0J S :[l—exp(—;—sn

Table 1: Parameters and damping functions of the NLT; model.

The variation of the Reynolds stress with drag reduction has been established along
ago in experiments, like those of Ptasinski et al. [18], and is also quantified in direct
numerical simulations. Resende et al. [22] developed and calibrated, based on DNS
data, a Reynolds stress closure that is capable to predict correctly the reduction of the
shear stress with the increase in DR. The same theories and constants values are used
here.

In the context of first order turbulent closures, the Reynolds stress is modelled using
the Boussinesq turbulent stress-strain relationship,

—puu; =2pv.S, —%pké‘ (22)

[j b

where v, is the eddy viscosity.

Not all components of the Reynolds stress tensor decrease with DR, but most do and
in particular the shear Reynolds stress. In order to incorporate the correct influence of
the DR on the Reynolds stress Resende et al. [22] showed the need to modify the eddy

viscosity model which is divided into Newtonian (v,") and polymeric (v,”)

contributions as in Eq. (23).
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Ve =V —Vr (23)

The Newtonian contribution is modelled by the typical low Reynolds number
turbulent viscosity modified by the use of the specific rate of dissipation as in Eq. (24)
for the k- model (Wilcox [24]), i.e.,

k
VTN:C/‘Xf#XF’ (24)

where the Newtonian parameters and damping functions are those of Bredberg et al.
[30] presented below, with a difference in the damping function f, where one of the

coefficients changed from 25 to 28, to improve the predictions of velocity in Newtonian
turbulent channel flow.

1 R 2.75 k
Cﬂ =1.0 and £, :0.09+(0.91+R—;j{1—exp{—(2—éj H with R = o, (25)

The polymeric contribution to the eddy viscosity has the same physical dependency,
but also depends on viscoelastic quantities, namely the conformation tensor via its trace,

v, =f(WeT0,y*)><Cmmnyxf#x§ (26)

In spite of this modification, and in order to better represent the variation of the eddy
viscosity with wall distance and drag reduction Resende et al. [22] found it necessary to

correct the model with a function f (Wero,y+) incorporating wall damping and

Weissenberg number effects

f(WeTO,yJ'):fﬂPfoRP with f#P =0.00045{1+2.55xexp(—%ﬂ and

R P _We,, 4>< 25 |7 @7
Pr Pl7 625 We.,

These function developed by Resende et al. [22] in the context of a k-¢ model, are
used here without any modification.

This eddy viscosity model is capable to predict the correct evolution shown by the
DNS data in both LDR and HDR, namely a decrease in v, as DR increase, visualized in

Figure 1 (a).
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Figure 1: Comparison between the model predictions (lines) and DNS data (symbols: A DR=18% and
o DR=37%) for turbulent channel flow with Re_, =395, L* =900 and 8= 0.9 : (a) the turbulent
viscosity normalized by v ; (b) the velocity predictions of the (—) present model and (- —) Resende et
al. model [22]

4.2 Kinetic energy transport equation closures

The original model of Pinho et al. [12] suffered from a problem at low Weissenberg
numbers, where it predicted a shift in the velocity profile below the Newtonian profile.
This problem was associated with a deficiency in the model of molecular diffusion term,
which was addressed in the modifications of Resende et al. [31] in the scope of a k-¢
model. However, these modifications were not sufficient in the scope of the k- @ model
and the solution was the direct incorporation of an extra molecular diffusion associated
with the zero-shear-rate polymer viscosity in the transport equations of k£ and @. This
philosophy was also adopted by Iaccarino et al. [32] in their k-& v’-f viscoelastic
turbulence model. At this low Weissenberg numbers, the fluid viscoelasticity has still a
very small impact on the turbulence model and the viscosity is the main rheological
property affecting the flow via the dissipation rate at the near-wall region. Resende et al.
[22] solved this deficiency by changing the wall model for the rate of dissipation of
turbulent kinetic energy and also by introducing shear-thinning of the viscosity, v, . In

the k- turbulence models this term does not exist and the problem must be sorted out
differently. We found that inclusion of molecular diffusion terms, associated with the
zero-shear-rate polymer viscosity in the transport equations of & and @ is an equally
efficient strategy to solve this problem. And for this reason we introduced the polymeric
contribution, v,, into the Q", Eq. (28), keeping the energy distribution balance of

production and destruction as we increase drag reduction.

Another contribution of Resende et. al. [22] was in the energy balance, of %,
specifically in the viscoelastic diffusion of k. Here he found that one of the
contributions, originally neglected by Pinho et al. [12] for low drag reduction (C, FU,
in equation (28)), was not irrelevant at higher drag reductions. Consequently, Resende
et al. [22] developed a new closure for this contribution and the full model for the
viscoelastic diffusion in this model is now given by equation (28), where the closure for
the CU,, is that of Pinho et al. [12].

10
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oty i, 1M, 0 C.FU +CU. %k
14 E& ~tr T C ik i ukj + 28
0 = 1o {f ( )( 2 Tr o2 )

—0C, ——oC.
CU['k = _Cﬂl 25 ﬂl uium g +u 'um 8C1k -
’ WeTO f (Cmm) axm ’ a'xm

We ) — —
—Cm[ 25”) £\lC i, | (29)

CikF Ui = CFU Wero Cik aunu,, (30)
2 N 25 Ox,

1

and

Parameters, C; =0.6, C; =0.05 and C,, =1, are modified to include a

dependence on Wesseinberg number to correct the predictions by the wvarious
contributions of the energy balance as DR increased. These coefficients and functions
are the same as in the k-¢ model of Resende et al. [22] and were obtained through
calibration against DNS data.

The viscoelastic dissipation model, Eq. (31), was developed by Pinho et al. [12] for
low drag reduction. Resende et al. [22] analysed extended its performance to high

We 4 We 0.095
regime, introducing a drag reduction function f,,' = {1 - exp(— . 2T5° ﬂ x[ 25“’ } to

correct the behaviour for different Wesseinberg numbers.

1 . ou n NLT
—7, —Lx137xf =L f(C )——mm 31
p ik,p axk fDR pﬂ f( mm) 2 ( )

g =

The closure of viscoelastic terms, & and Q" , of the k equation, (18), are based on

the closures of Pinho et al. [12] and Resende et al. [22], for low and high DR. These
models are capable of accurate predictions using the same numerical values of their
coefficients, and the behaviour they predict are the same as in the k-¢.

4.3 Dissipation kinetic energy transport equation closures

As in the transport equation of k, there are modifications in the transport equation of

" . The first change is an extra molecular diffusion of @" associated with the polymer
viscosity coefficient, thus complementing the molecular diffusion by the Newtonian

solvent. The second modification concerns the term EZN , defined in Eq. (16), which

contains the viscoelastic destruction of & (E:A, ), given by Eq. (32) [22].

n, ou o [0 N
e T EGOUCO SN

The closure for EZV is based on the closure developed by Resende et al. [22] for

EZV , but this time there are modifications in the damping function f,,° and in the

11
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numerical values of coefficients C,,, and C,,,. More details on the development of the

closure of EEVN can be found in [22].

And additional modification to the closure of E;N refers to a new development of

this closure which in contrast to the original model of Resende et al. [22], is now able to
consider also variations in the polymer concentration, and in the polymer molecular

weight. This is achieved via the introduction of the factor ( B/ 0.9)5'23 and term (L*-3),

respectively.

 (B/09)7 (1-p)

E;N & —fox frp % We. (LZ _3) X
gV g’ RS X )
XT Cgleg_NX(L _3) +Copy X G, Xf(cmm) (33)

The wviscolastic damping functions for the new closure of E:’N is

f5:[1—exp(— b /50)], the drag reduction effect is introduced by

for = [l—exp(—WeTO/16.25)]l/4 and by the coefficients C,,, and C,,, which become

C,py =0.44(We,,/25)" and C,,, =1.0(25/We,,) ", respectively.
2
B, =— g _2py +2 4, 0 . (34)
Nk Tk TR ox,

The capacity of this closure to predict well in both the k-¢ and k- turbulence
models, using the same coefficients, suggests the fairness of the assumptions invoked
by Resende et al. [22] in its developments.

The values of the turbulent Prandtl numbers and of the Newtonian parameters are
show in Table 2, here based on Bredberg et al’s. [30] model, with a correction in the
coefficient C_ for which we use 1.0 rather than 1.1. Note that this change in C_ is with

the same principle used before in damping function f,, to improve the Newtonian

predictions.
C, C, C, C, C,, o, o,
1.0 0.09 1.0 0.49 0.072 1.0 1.8

Table 2 — Newtonian parameters of the turbulence model.

4.4  Boundary conditions

The usual non-slip boundary conditions are used at the wall, U=0, k=0, except for @
which is not defined on that basis. According to Wilcox [24] near a wall @ must follow
the asymptotic behaviour of Eq. (35), and this requires the use of a fine mesh inside the
viscous sublayer having at least 5 computational cells for y* < 2.5 to guarantee
numerical accuracy. In our case we ensured between 5 and 10 points existed in that
region where this expression was imposed.
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2(vg+v
a)—>(s—;’) (35)

G-y
Since the polymer solution has a viscosity given by the sum of the solvent and
polymer viscosity, Wilcox’s [24] asymptotic expression, which only contains the
Newtonian viscosity, had to be modified to incorporate the local total viscosity by the

inclusion of the corresponding polymeric contribution (v, ) defined in Eq. (36)

P

VTP = le aU (36)
pi

Oy

5 RESULTS OF THE MODEL AGAINST DNS DATA

The turbulence model was tested against DNS data for in a viscoelastic turbulent
channel flow at 18% and 37% drag reduction (We,, =25 and We_, =100, respectively),

all other parameters being constant, namely the Reynolds number (Re , =395),

maximum extension of the conformation tensor (L*=900) and the viscosity ratio
(#=0.9). For accurate results to within +1%, a mesh of 99 non-uniform

computational cells from wall to wall was used, containing about 10 cells within each
viscous sublayer.

The predictions are compared with the DNS data for the following proprieties:
velocity, turbulent kinetic energy, conformation tensor, NLTj; tensor, Reynolds shear
stress and the polymer stress tensor, respectively. A parametric analysis was also carried
out to assess the capabilities of the turbulence model. Its results are compared with the
predictions of the function developed by Li et al. [9] based on the DNS data, by
changing the Wesseinberg and the Reynolds numbers for the same L* and .

In Figure 1 (b) the predicted velocity profiles are compared with DNS data for 18%
and 37% DR and show good agreement, and the monotonic shift of the log-law region
with the DR is captured, as expected. Also the correct evolution in the buffer-layer is
well predicted.

The corresponding profiles of the turbulent kinetic energy profile are plotted in
Figure 2 (a). The predicted peak values decrease with DR, in contrast with the DNS
data, and represents a deficiency of the model. We suspect this is related to the inability
of the k~-w model (as well as of the k-¢ model) to capture the increased anisotropy of the
Reynolds stress tensor as DR is increased, due to the isotropic theories invoked in these
two first order models. A second order turbulence model needs to be considered to
correct this problem.

The profiles of the rate of the kinetic energy dissipation are presented in Figure 2
(b), the predictions are similar in both models next and away from the wall, for 18% and
37% DR, capturing qualitatively the correct behaviour, when comparing with DNS data.
Note that even for Newtonian fluids there are differences in the predictions of &"
obtained with k-¢ and k- turbulence models. This difference forces a correction in the

coefficient values of the E:N closure, which has a direct impact on the predictions of

V.

13



P. R. Resende, F. T. Pinho, B. A. Younis, K. Kim and R. Sureshkumar

7 0.25
W |@ We,, DR[%] , | ® We,, DR[%]
Kew: 0 zw O —k-w: 0
61 OOOQO ' m] A ——kw:25 18
(¢} ——k-w: 25 18 0.2 1 O 2N
o o —e—k-w: 100 37
—e—kw:100 37 /A
51 0, AN OO k-¢ [1], DR=0% 7 —  keelf), DR=0%
- = sy =0"%
ACTBN fe) // 0o —>—k-¢ [1], DR=18%
O ——ke [1], DR=18%

—+— k- [1], DR=37%

—+— k-¢ [1], DR=37%

1 10 100 + 1000

y 0 1 10 100

1000

Figure 2: Comparison between the model predictions of the present model, Resende et al. model [22]
(lines) and DNS data (symbols: o Newtonian, A DR=18% and o DR=37%) for turbulent channel flow

with Re_, =395, L’ =900 and 8 =0.9 : (a) the kinetic energy; (b) the kinetic energy dissipation.

Figure 3 (a)-(e) shows for 18 and 37% DR, the predictions of NLT}; for both the k-w
and k-¢ models. The predictions components are similar and their main features are the
increase of the peak value with DR and its shift away from the wall, which becomes
more intense in the log-zone. For all normal components an underprediction of the peak
value for 37% DR is detected, except in shear component where there is an
overprediction.

The predictions of the viscoelastic dissipation in Figure 3 (f) confirm the calibration
of this closure by Resende et al. [22] for 37% DR, which belongs to the high drag
reduction regime, with the same underprediction of the maximum value due to the
deficit in the predictions of the NLTj.
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Figure 3: Comparison between the model predictions of the present model, Resende et al. model [22]
(lines) and DNS data (symbols: A DR=18% and o DR=37%) for turbulent channel flow with Re_, =395,
I =900 and 8 =0.9 : (a) NLTy, ; (b) NLT» ; (c) NLTs; ; (d) NLT},"; (¢) NLTy ; (f) the viscoelastic
dissipation.

The correct predictions of the NLTj tensor model have a direct impact in the
prediction of the conformation tensor, as can be observed in Figure 4 (a)-(d). In
particular, for the component zz there is a deficit in C.. as a consequence of a deficit in
NLT.., when comparing with DNS data. Again we suspect this to be essentially a
consequence of invoking turbulence isotropy inherent to the model. An overprediction
is observed for C,,, next to the wall, at 18% DR, which decreases when DR increases to
37%. For the C,, component there is an overprediction next to the wall and a
underprediction away from wall. The underprediction is stronger at large DR. The
predictions of C,, are fair due to the correct prediction of NLT,,, but deficiencies
observed with NLT,, are carried over to C,,, for example the underprediction of the
maximum value of NLT,, is also detected in C,,. The trace Cy can be compared through
function f{Cy) plot in Figure 4 () where an overprediction of the maximum value is
seen as both DR= 18% and 37%.
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Figure 4: Comparison between the model predictions of the present model, Resende et al. model [22]
(lines) and DNS data (symbols: A DR=18% and o DR=37%) for turbulent channel flow with Re_, =395,

L’ =900 and 8 =0.9: (a) C}; ; (b) Cp; (c) Cs3; (d) Cy2; (&) f{Cii)-

Equation (37), developed by Li et al. [9], allows the determination of the drag
reduction intensity as a function of the Weissenber number (We, ), the Reynolds

number (Re, ) and the maximum molecular extensibility of the dumbbell (L), where
We, .=6.25 and Re, , =125. To verify the correct evolution of the present model by

changing the Weissenber number, constant Re,_, L* and B, Table 3 compares the DR of
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the present model with the DR calculated by Eq. (37). It can be observed that for low
drag reduction there is an overprediction which can be explained by the underprediction
in Eq. (37) for low regime, but for high DR the values become more close due to the
accuracy of the equation (37) for high and maximum DR regimes, more details can be
found in Li et al. [9].

DR =80 x| 1—exp(—0.0275L) |x

1 0.025(We, —e, ) Re, o (37)
xq1—exp| —0. e —We

p 7 7(,C Rez_n’r

We,
’ 14 25 44 100 153

DR(%)
Present model 9.3 18 27.6 37 43.8
Li et al. [9] equation 6.2 13.6 23.3 37.6 42.3

Table 3 — Comparison between the DR (%) of the present model with Li et al. [9] equation for
I’ =900, ReTn =395 and £=0.9.

6 CONCLUSIONS

The present k-@ turbulence model is able to predict the drag reduction in both the
low and high drag reduction regimes. The predictions were compared with two sets of
DNS data pertaining to these two flow regimes, for turbulent channel flow of FENE-P
fluids, characterized by the following nondimensional numbers:

Re,,=395,L’=900and p=09 for We, =25 (drag reduction of 18%) and
We_, =100 (drag reduction of 37%), respectively. We were also able to predict the

variation of the DR with Weissenberg number as given by the expression of Li et al. [9]
developed using DNS data.

The evolution of the velocity profile and of the eddy viscosity with DR is well
predicted, especially in the buffer-layer. In general, the conformation tensor is well
predictand the main effects are captured, namely the increase of the maximum value and
its shift away from the wall, as in Resende et al. [22] for the k-¢ turbulence model. These
are also a consequence of the correct prediction of the non-linear viscoelastic NLTj,
which is required by both the conformation tensor equation and the model for the
viscoelastic stress work appearing in the @ equation.

This work also showed that the various viscoselastic closures developed in the
context of the k-& model by Resende et al. [31] can be used with minor modifications in
the context of other first-order turbulence models.

However, the main problem detected by Resende et al. [22] remained, namely the
reduction of the turbulent kinetic energy as DR increases. In spite of improvements in
the prediction of £, the current model also sees a decrease in the peak value of k as DR
increases. This is a limitation of the first order turbulence models, where the assumption
of turbulence isotropy leads to an incompatibility between the variations of eddy
viscosity and £ with drag reduction, the solution of which requires closures that do not
rely on turbulence isotropy, i.e., second order turbulence models.
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