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In this paper, we present a direct numerical simulation (DNS) of elastic turbulence of viscoelastic fluid at vanishingly
low Reynolds number (Re = 1) in a three-dimensional straight channel flow for the first time, using the Giesekus constitutive
model for the fluid. In order to generate and maintain the turbulent fluid motion in the straight channel, a sinusoidal force
term is added to the momentum equation, and then the elastic turbulence is numerically realized with an initialized chaotic
velocity field and a stretched conformation field. Statistical and structural characteristics of the elastic turbulence therein
are analyzed based on the detailed information obtained from the DNS. The fluid mixing enhancement effect of elastic
turbulence is also demonstrated for the potential applications of this phenomenon.
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1. Introduction

In recent years, dynamics of viscoelastic fluids and its po-
tential applications have attracted lots of researchers to study
both experimentally and numerically. A well-known exam-
ple associated with viscoelastic fluid dynamics is the turbu-
lent drag reduction realized by adding a small quantity of vis-
coelastic drag-reducing additives to the Newtonian solvent.[!]
For a Newtonian fluid flow, the nonlinear inertial term (its
strength depends on Re, the ratio of inertial force to viscous
force) in its governing momentum equation drives the flow to
be turbulent provided that the Re is large enough. However, in
the viscoelastic fluid flow, the viscoelastic effect caused by the
presence of high molecule-weight polymers or the microstruc-
tures (usually named shear-induced structures'?!) formed by
surfactants in the viscoelastic solutions provides another non-
linear term, the so-called nonlinear elastic term (depending on
the Weissenberg number, Wi, defined as the product of relax-
ation time of the viscoelastic fluid and the shear rate of the
flow), for its governing momentum equation in addition to the
nonlinear inertial term. This additional elastic effect to the
turbulent flow could be regarded as the main reason for the
abovementioned turbulent drag-reducing phenomenon. So far,
numerous research studies from the experimental, theoretical,
and numerical viewpoints (in Refs. [3]- [11], and references
therein) have been carried out to clarify its intrinsic character-
istics and physical mechanism. As obtained in this case, the
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intensive turbulent fluid motions driven by the nonlinear iner-
tial force at a high Reynolds number are damped to a certain
extent by the nonlinear viscoelastic stress.

Besides, it is noteworthy that these two nonlinear effects
presented in a viscoelastic fluid flow do not necessarily co-
exist. This indicates another striking phenomenon generated
solely by the nonlinear elastic effects. It has been verified
that at an extremely low Re when the nonlinear inertial effect
can be neglected, the nonlinear elastic effect can also result in
unstable or even turbulent flow by itself, the so-called purely
elastic instability or elastic turbulence. So far, purely elastic
instability or elastic turbulence has been obtained and investi-
gated mainly by experimental approaches, such as, in swirling
flows between two disks,'>~1#! Taylor—Couette flows!!>16] be-
tween two coaxial cylinders, and also micro-scale flows in

I7.18] When Wi exceeds a critical thresh-

curvilinear channels.!
old value, flows in these systems become unstable, showing
a deviation from the laminar flow regime. With the further
increase of Wi, some features of developed large-Re turbu-
lence (or inertial turbulence), e.g., randomly fluctuating fluid
motions excited in a broad range of spatial and time scales,
significant increase in the rates of momentum transport and
mass transport, etc., are exhibited and observed. This flow
phenomenon was termed elastic turbulence and known at the
beginning of this century.'?! The investigated flow configu-

rations mentioned above!!218] show a common feature, i.e.,
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the flow passage geometry is not always straight but with cur-
vature, forming curvilinear streamlines at least at some loca-
tions in the flow. The presence of curvilinear streamlines in
the flow was considered to be important for the occurrence
of elastic turbulence.'”! It is believed that the elastic instabil-
ity was caused by the additional elastic force acting on the
fluids towards the direction of curvature, the so-called hoop
stress, which originates from interactions between the curvi-
linear streamlines in the flow, and the first normal stress differ-
ence of viscoelastic solutions.['®! Elastic instability or elastic
turbulence is induced when the elastic stress becomes larger
than the viscous stress or dominant in the viscoelastic fluid
flow.

Since the purely elastic instability or elastic turbulence
is caused by the elastic stress independent of Re, it can thus
be generated in the micro-scale areas where the Re is usually
extremely low. Excitation of chaotic fluid motion of elastic
instability or elastic turbulence could be an effective way for
enhancing the mixing of fluids'!”-'821 or improving the effi-
ciency of heat transfer in a low-Re flow system, such as in a
microfluidic channel or lab-on-a-chip device.

Despite its great fascination to the researchers and the ex-
tensive range of potential applications in the future, the elas-
tic instability and elastic turbulence are still poorly under-
stood. Limited by the experimental techniques and measure-
ments available nowadays, some detailed information, which
is of great importance for investigating the flow mechanism of
viscoelastic fluid, is currently difficult to obtain, such as the
conformation and elastic stress tensor field. Direct numerical
simulation (DNS) has been a complement to the experimental
approach for any turbulent flow for many years. By directly
solving the governing equations of viscoelastic flow at all the
scales, all the flow information could be acquired in a detailed
and complete way, which is impossible for the experimental
approaches at present.

As far as we know, few numerical studies of pure elas-
tic turbulence have been carried out. Elastic turbulence was
obtained numerically for the first time by Berti et al. ! in a
two-dimensional Kolmogorov flow of viscoelastic fluid. The
basic phenomena observed in laboratory experiments were
reproduced through numerical simulations, e.g., an increase
of the drag with Wi and a power-law energy spectrum. A
three-dimensional (3D) simulation of Kolmogorov flow of vis-
coelastic fluid was carried out by Zhang et al.[*?! finding that
the elastic turbulence occurs at a smaller critical Weissenberg
number Wi., compared with the two-dimensional case. Flow
characteristics of elastic turbulence and its underlying mecha-
nism, such as energy transfer between the solvent of viscoelas-

tic solutions and the polymers, intermittent behavior of the tur-

bulent flow, etc., are then analyzed and investigated.*”]

As mentioned above, almost all the studies on elastic tur-
bulence so far have been carried out in flow systems with
curvilinear streamlines, and no elastic instability or turbulence
has been observed in rectilinear shear flows, except for sev-
eral reports about experimental studies on transitional shear-
banding flows of viscoelastic fluid in a micro-scaled rectilin-

ear channel [23-24

1 However, for the Newtonian fluid, any flow
becomes unstable as long as Re is high enough, including
rectilinear shear flow, such as Poiseille flow and plane Cou-
ette flow. Similarly, from the mathematical viewpoint, when
the nonlinear elastic effect is strong enough, it is also reason-
able to generate elastic turbulence at sufficiently strong enough
Wi, in the rectilinear shear flow without curvilinear geometry,
which has been verified in a ‘theoretical’ flow without wall
effect.”:>2 However, either the polymer molecules with long
chains in polymer solution or the shear induced structures in
the viscoelastic surfactant solution are easy to degrade or de-
stroy in a strong shear flow, leading to a significant reduction
of the microstructures (imparting viscoelasticity to the fluid).
So, it is difficult to reach a very high Wi required for the occur-
rence of elastic instability or turbulence in a rectilinear shear
flow without any activating efforts in reality, resulting in the
lack of observations in laboratory experiments so far.

In this paper, we present a DNS study of elastic turbu-
lence in a 3D straight channel. This is for the first time to
obtain elastic turbulence in a rectilinear shear flow with wall
effect, which is realized by applying a sinusoidal force in the
streamwise direction. The well-known Giesekus model is cho-
sen for the constitutive equation for viscoelastic fluid herein.
The statistical and structural characteristics of the obtained
elastic turbulence, such as the velocity field information, vor-
tex structure, conformation of microstructure, intermittent be-
havior of the flow, etc., are illustrated and investigated. The ap-
plication of elastic turbulence in enhancement of fluid mixing
is demonstrated as well. The forcing exertion manner as nu-
merically demonstrated in the present study also provides the
evidence and suggestions on how to design a physical experi-
ment in order to elaborate the elastic turbulence phenomenon
and its particular applications, such as by designing actively
controlled additional devices in a rectilinear channel flow.

The rest of the present study is organized as follows. In
Section 2, the numerical procedures are described in detail.
Results and discussion are illustrated in Section 3 for the statis-
tical and structural characteristics (statistics of velocity and its
derivative, vortex structures, spectrum of fluctuating velocity
and intermittent behaviors) of elastic turbulence and its mixing
enhancement in the simulated straight channel. Conclusions

drawn from the present study are summarized in Section 4.
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2. Numerical simulation procedures

The 3D flow configuration for DNS of purely elastic tur-
bulence of viscoelastic fluid at a vanishingly low Re is shown
in Fig. 1. The x, y, and z represent the streamwise, wall-
normal, and spanwise directions, and u, v, and w are the veloc-
ity components in the corresponding directions, respectively.
The lengths of the computational domain in x, y, z directions
are 10h, 2h, 5h, respectively, where £ is half the height of the
channel. Periodic conditions are imposed on the boundaries
of both the streamwise and spanwise directions, and for the
top and bottom walls no-slip boundary conditions are adopted.
The temporally random but spatially smooth feature of elastic
turbulence indicates that only vortices whose sizes are large
compared with the dimension of flow passage exist, which
allows the utilization of coarser mesh in numerical simula-
tions. The current simulations are conducted in a mesh with
64 x64x64 grids, which has been verified to be fine enough
for capturing all the desired information about a very-low-Re
elastic turbulence and is suitable for the computing resource
available.

| 10h |
o | |

Y streamwise
< z —
I z

Fig. 1. Schematic plot of the flow geometry and coordinate.

In the momentum equation, a force
F = (Fysin(2my/h),0,0)

with an amplitude F, is added as a source term to generate the
strong rectilinear shear flows needed for inducing elastic tur-
bulence in the channel and compensate the energy dissipation
by viscous and elastic effects. Dimensionless governing equa-
tions are used. The half-height of the channel, 4 and the imag-
inary laminar velocity amplitude under the given additional
force F, h/uy, and pu2 are chosen as scales for length, veloc-
ity, time, and stress, respectively. The imaginary laminar ve-
locity amplitude, u; can be calculated by u) = Fyh?/ (47172115),
where 1) is the solvent viscosity. The dimensionless govern-
ing equations describing the flow of viscoelastic fluid includ-
ing continuity equation, momentum equations, and Giesekus
constitutive equations are as follows:

V.-U=0, (1)
a—U+U~VU

ot

= -V +LV2U+ P V. (C—-I)+F* )
PT Re ReWi ’

€ u.ve
ot

=C-VU+VU'.C

B I+a(C-1))-(C-1I)
Wi '
In the simulation, B is set to be 0.5, which is the ratio

3

of kinematic viscosity contributed by the solute (1p) to that
by the solvent (1s); C is the dimensionless conformation ten-
sor of the viscoelastic solution normalized by np; I is the unit
tensor; o is the mobility factor of Giesekus constitutive model
and set to be 0.001 in the simulation; Re and Wi are defined as
Re = uih/(np+ns), Wi = Auy/h, respectively, with A being
the relaxation time; F™* is the dimensionless additional force
and defined as 5
F* = Rif sin(2my).

Besides, to simulate the fluid mixing, a transport equation of
concentration field c is also solved after the flow has reached
a statistically fully developed state, and given as

%—I—U-Vc:Vzc/(Re-Sc), )
where Sc is the Schmidt number, defined as Sc = (np + 15)/D
with D being the mass diffusion coefficient of fluid.

The initial conditions for velocity and conformation fields
in this study are obtained by converting those of the simulated
3D viscoelastic Kolmogorov flows!??! in a developed turbu-
lent (elastic turbulence) state. For the spatial discretization
of the momentum equations, a second-order central difference
scheme is used, while a composite high solution scheme MIN-
MOD is used for the convective term in the Giesekus consti-
tutive equation and the concentration equation. For time ad-
vancing, the Adams—Bashforth scheme is used to guarantee
a second-order accuracy in time. The pressure is obtained by
solving the Poisson equation based on an implicit method. The
details of the numerical procedures can be found in Ref. [7].

3. Results and discussion

In this simulation, the Reynolds numbers for all the cases
are set to be 1 and so the channel flow of Newtonian fluid is
definitely laminar. A sharp increase of the flow resistance or
mean power injection is an important feature of the onset of
elastic turbulence, and also a sign of transport enhancement
of mass, momentum, and energy. The flow resistance is in-
directly quantified by the momentum ratio between the elas-
tic turbulent flow and a laminar flow of the Newtonian fluid
at the same Re. By defining the momentum ratio r = U2 /U2,
where U} and U, are the mean velocity amplitudes in the corre-
sponding laminar flow and elastic turbulent flow, respectively,
a sudden increase in r indicates the onset of elastic instabil-
ity: flow resistance suddenly increases due to the onset of flow
instability, in consequence the mean velocity amplitude also
suddenly decreases, resulting in the sudden increase of r. Fig-
ure 2 shows the momentum ratio  and the ensemble root mean
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square (RMS) of all the fluctuating velocity components E, de-
fined as

E= \/‘1//// ((u—ﬁy)2+(v—vy)2+(w—wy)2)dv,

where V is the volume of the flow domain; iy, vy, and wy

represent the local mean velocity components at different y-
locations in the streamwise, wall-normal and spanwise direc-
tions, respectively; note that, for laminar flow of Newtonian
fluid, £ = 0, each as a function of Wi. An abrupt increase
of E can be observed when the Wi is above a certain critical
value Wi, which is estimated to be 5 in this simulation. This
symbolized the beginning of the transitional process from the
laminar regime to an elastic instability, which can also be ver-
ified by the increase of r. From the curve of momentum ratio
r, two transitional points (at Wi = 5 and 30, respectively) can
be observed, which is qualitatively in agreement with the ex-
perimental results of elastic turbulence in curvilinear flows.!6]
When Wi exceeds 5, the flow becomes unstable and the mo-
mentum ratio increases gradually; further, as Wi exceeds 30, a
sudden increase of r is observed. A fully developed turbulent
state of elastic turbulent flow can then be expected at a suffi-
ciently large Wi though no simulation results are available now
because of the breakdown of calculation at higher Wi numbers.

sl .. 10.18
—.— lo.15
30} E
lo.12
251 —
N 10.09 @
20}
10.06
15} loos
ope= . Hooo
0 10 20 30 40 %0

Fig. 2. Values of momentum ratio r = U2 /U and ensemble root mean
square of all the velocity components E each as a function of Wi, show-
ing the onset of pure elastic turbulence.

The contributions of the viscous, elastic, and inertial
stresses to the momentum budget are shown in Fig. 3. In the
laminar regime (Wi = 0), the flow is dominated by the viscous
stress. As Wi increases, the roles of viscous stress and elas-
tic stress are exchanged. The elastic stress begins to grow at
the transition Wi, and reaches a proportion much larger than
the viscous contribution, and it is supposed to be dominant
at a higher Wi. In elastic turbulence, the elastic stresses play
similar roles to those the Reynolds stresses play in an inertial
turbulence. Note interestingly that, at Wi = 30 when the sud-
den increase of momentum ratio » occurs (Fig. 2), the viscous
and elastic stresses have just changed their roles played on the
flow, i.e., the elastic stress just becomes larger than the viscous
stress. It is then conjectured that the second transitional point

appearing in Fig. 2 can be more precisely located at Wi right
corresponding to the crossing point of the curves for viscous
and elastic stresses as shown in Fig. 3 (Wi ~ 28). The contri-
bution of inertial stress is always vanishingly small compared
with the elastic contribution due to the small Re.
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Op s : : . :
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Fig. 3. (color online) Force balance among the elastic, viscous, and
Reynolds stress (normalized by the amplitude of the additional force)
as a function of Wi.

Another key feature of elastic turbulence is the strong ex-
tension of the microstructures existing in the viscoelastic solu-
tions, which is usually represented by the trace of conforma-
tion tensor C'. Figure 4 shows the (tr(C')), the mean trace of
C at different Wi numbers. It can be seen that {tr(C)) in-
creases rapidly with Wi (linearly with a slope of about 13)
above the critical value Wi, indicating that the microstruc-
tures are strongly stretched from the original coiled state.
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Fig. 4. (color online) (tr(C)) as a function of Wi.

In this study, the added sinusoidal force to the momentum
equation leads to a sinusoidal distribution of the mean stream-
wise velocity Up, (averaged in time and in the x—z plane) as
shown in the inset of Fig. 5. Figure 5 displays the distribu-
tions of the root mean squares (RMS) of the three velocity
components and velocity derivative (du/dy) across the chan-
nel height, where

Urms = \/; //(u —ii)2dxdz,
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Vims = \/; //(v—ﬁ)zdxdz,
Wims = \/li //(W—W)dedz,

du 1 (du di\?
— =4/ |5 ——= ) dxdg,
<dy>rms \/ff <dy dy)

and A is the x—z plane area. As seen from the figure, there

exist several small peaks in each RMS profile of velocity
component corresponding to the local regions away from the
top and bottom walls at which shear rates are large. This
phenomenon is more evident in the RMS profile of velocity
derivative shown in Fig. 5(b). The RMS of the streamwise
velocity is much larger than those of the spanwise and wall-
normal velocities because the sinusoidal force is applied in
the streamwise direction. The maximum velocity fluctuation
RMS can reach nearly 30% of amplitude of the mean velocity,
suggesting that an unstable flow deviates far from the lami-
nar regime, which can also be ascertained by the pictures of
vorticity and the vortex structures illustrated in Fig. 6. We
can see that the vorticity field distribution in the x—y plane
shows streak-structures stretching in the streamwise direction
(Fig. 6(a)), and the vortex tube structures are also elongated
in the same direction (Fig. 6(b)). These could be attributed
to the force added to the momentum equations. Due to the
periodic additional force, the vorticity field distributed in the
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Fig. 5. (color online) Average values of RMS of velocity (a) and ve-
locity derivative (b) in different x—z planes, Wi = 30. Inset of (a) is
distribution of average velocity component u.

x—y plane can be divided into several similar layers includ-
ing two near-wall layers along the wall-normal direction, and
three layers of vortex structures formed in the corresponding
positions that are also the exact regions where three signif-
icant peaks of RMS profile of velocity derivative emerge as
shown in Fig. 5(b), namely the regions with great velocity
gradients or large shear rates. Figure 6(c) shows the distribu-
tion of tr(C)/{tr(C)), trace of conformation tensor normal-
ized by its mean value. It can be seen that the microstructures
are strongly extended by the local velocity gradients mainly
in the regions mentioned above. During the stretching pro-
cess, energy is absorbed from the flow and stored in the mi-
crostructures, then the energy is transferred back to the flow
through the relaxation of the microstructures after its satura-
tion has been reached, finally unstable or even turbulent flow
could be induced by such a process. Large velocity gradient
or shear rate existing in the flow domain is essential for the
extension of microstructures, which is related closely to the
occurrence of elasticity-induced unstable or turbulent flow.

Ll
=]
Yy

Fig. 6. (color online) Coherent structures and polymer extension in
elastic turbulence, showing (a) vorticity field in the middle x—y plane,
Wi = 30, (b) vortex structures obtained by a Q method, Q = 0.1 the
upper is the 3D image, (c) the distribution of Q in the middle x—y
plane, and (d) distribution of normalized extension tr(C')/(tr(C)) of
microstructure in the middle x—y plane.

In order to give more evidence for turbulent characteris-
tics of the flow and investigate the distributions of turbulent
kinetic energy on different spatial scales, the power spectra
of fluctuating velocity obtained in different x—z planes (one is
near the wall at about 0.0784, and the other is in the bulk flow
region) are given in Fig. 7. As can be seen, the spectra each
exhibit a broad range of power law decay with an exponent
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about —4, confirming that turbulent fluid motions have been
excited in a broad range of spatial scales. The exponent of the
power law obtained in this study (—4), which is quite close
to (but slightly smaller than) that given by Ref. [18] (—3.5)
and that from simulation of a two-dimensional Kolmogorov
flow!?! (—3.8), is much smaller than the power law exponent
—5/3 at which the power of velocity fluctuation in inertial tur-
bulence decays. This indicates that the turbulent energy in
elastic turbulent flow is dissipated much more quickly than in
inertial turbulence because of the effect of microstructures ex-
isting in the viscoelastic fluids. Furthermore, the power spec-
trum of fluctuating velocity near the wall is lower than that of
the bulk flow, especially at larger wave numbers, which means
that fluctuating velocity near the wall is smaller and decay
is faster than those in the bulk flow. This is consistent with
the distribution of RMS of velocity components displayed in
Fig. 5. It is possibly attributed to the existence of the top and
bottom walls, which stabilizes the chaotic motion of fluid lo-
cally, regardless of apparent polymers stretching.

102

—o— near wall
S —2— bulk

10-4} 2N
S S =2
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1 —10 a1 " " " PRI | N e
0 1 10

Fig. 7. (color online) Power spectra of fluctuating velocity in different
x—z planes, Wi = 30.

Turbulent motion of the fluid is an irregular flow condi-
tion under which various quantities show a random variation
with time and space coordinates. However, turbulence is
not just a simple random motion and the flow intermittency
is one of its salient features, which is also of great impor-
tance for fully understanding the mechanism of turbulent flow.
The probability density function (PDF) and flatness factor
B = (a*)/{a?)? of a random variable are the quantities often
used to show the intermittency. If a flow is intermittent, the
PDF of the velocity derivative will deviate from the Gaussian
distribution, and the flatness will be larger than 3. Figure 8(a)
shows the PDF of du/dy at a fixed point in the bulk flow. It
shows that this PDF for elastic turbulence deviates from the
Gaussian distribution, confirming the existence of intermit-
tency in elastic turbulence also, which can also be verified by
the flatness shown in Figs. 8(b) and 8(c). Figure 8(b) gives the
flatness of du/dy along the wall-normal direction at different
values of Wi’s. As can be seen, there is nearly no intermittency

in the flow when Wi is 10 (slightly higher than the transitional
Wi ), at which the unstable flow is just induced. When the
values of Wi are 20 and 40, the values of flatness are above
3 at almost all the positions, and become higher with the
increase of Wi number, which means that the intermittency
exists in most of the flow domain and turns stronger with Wi
increasing. Furthermore, the intermittent behavior is a little
stronger in boundary layers near the wall than in central re-
gions of the channel. The values of flatness of velocity deriva-
tive du/dy each as a function of wave number k at Wi = 40
are presented in Fig. 8(c). The flatness is above 3 at most
of the wave numbers except a few small wave numbers, and

16F (a)

—— du/dy
—— Gaussian
12F

= 8F
A
[al}
4+
oF
1 1 . 1 1
—0.2 —0.1 0 0.1 0.2
du/dy
10
(b) —e—Wi=10
N —a—Wi=20
Wi =40
2 61
Q A-A
E \\‘\ VamN
A 4 kA—-A-A..A.A,_A~ e, A"/‘/‘-AA'A kAs.A,.A—A
N,
2r o-o-o-o-o—o-o-l-""/ .—.-\o-o-.-o-c-o—o-a.._./'/.
0 L L L L
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Y
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Fig. 8. (color online) Intermittent behavior of elastic turbulence, show-
ing (a) PDFs of velocity derivatives, Wi = 40. (b) Flatness values of
velocity derivatives each as a function of y coordinate, and (c) flatness
factor each as a function of wave number k, Wi = 40.
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becomes bigger with the increase of wave number k. It means
that the intermittent behavior is excited on almost all the spa-
tial scales, and is stronger on small spatial scales, which is
similar to the case of inertial turbulence.

Since Re = 1, the channel flow of the Newtonian fluid is
definitely restricted in stable laminar regimes, under which the
convection of fluid is vanishingly weak and the transports of
mass and energy rely mainly on the molecule diffusion. How-
ever, the unstable or turbulent flow of viscoelastic solution that
can be excited at extremely low Re if Wi is large enough pro-
vides an effective way to enhance mass and energy transports.
In our study, the transport equation of concentration c is solved
to study the mixing enhancement effect. The initial value of
concentration c is set to be 0 and 1 for the upper half and lower
half region of the straight channel, respectively. The concen-
tration c is then transported by the convection and diffusion of
the flow. To estimate the mixing effect quantitatively, a mixing
\/ ):i\/:] (ci— Cm)z/N’
where ¢y, is the average of initial ¢ over the flow domain
(ecm = 0.5), and N is the number of grid points. The fluid
is mixed uniformly if ¢y equals 0, while ¢;ps = 0.5 corre-

index is defined as RMS of ¢, i,e., ¢yms =

sponds to a completely unmixed condition. The distribution
of ¢ in a middle x—z plane of the channel at dimensionless
time ¢t* = 160 is displayed in Fig. 9(b) to demonstrate the
mixing results of viscoelastic solutions when elastic turbu-
lence is induced as compared with the mixing of Newtonian

fluid shown in Fig. 9(a). As displayed, the mixing effect

W] I e
0 0.4 0.8

0.50
0.45+ viscoelastic fluid
—— Newtonian fluid
, 0.40r
0.35
0.30+
025 1 1 1 1 1 1
0 30 60 90 120 150 180

t*

Fig. 9. (color online) Mixing of fluids in a straight channel, t*= 160,
showing (a) contour of ¢ for viscoelastic fluid at Re = 1 and Wi = 30,
(b) contour of ¢ for Newtonian fluid at Re = 1, and (c) mixing index
¢rms as a function of dimensionless time ¢*.

of viscoelastic fluid flow is much better than that of Newto-
nian fluid flow (still clearly layered), because of the strong
convection transport in elastic turbulence, which is absent
in Newtonian fluid flow at low Re. The mixing index as
shown in Fig. 9(c) descends rapidly with time going by for the
viscoelastic fluid case, confirming the enhancement of mass
transport by the elastic turbulent fluid motion, while for New-
tonian fluid, the decrease of mixing index is extremely slow,
suggesting a very weak mixing through molecule diffusion
only.

4. Conclusions

DNS of purely elastic turbulence in rectilinear shear flow
in a 3D straight channel is presented for the first time in this
paper. The elastic instability and elastic turbulence are realized
in the straight channel with wall effect numerically by intro-
ducing a sinusoidal force term into the momentum equation
for viscoelastic fluid flow and also into the Giesekus consti-
tutive equation. It indicates that purely elastic instability and
elastic turbulence can be induced in rectilinear shear flow as
long as the Wi of viscoelastic flow is sufficiently high. The
flow resistance (represented by the momentum ratio) and the
root mean square of velocity components are found to increase
abruptly when the elastic turbulence occurs. The vortex struc-
tures mainly lie in the regions where large shear rates or ve-
locity gradients exist, and these are also the regions where the
microstructures are strongly stretched. So the large shear rates
are of great importance for generating the elastic turbulence.
The elastic turbulent motion is excited in a broad range of spa-
tial scale and the turbulent kinetic energy decays much faster
than the inertial turbulence, with an exponent of —4 for the for-
mer as compared with —5/3 for the latter. Besides, the inter-
mittency of elastic turbulence is also investigated by showing
the PDF and flatness of the velocity derivative, indicating the
flow exhibits intermittent behavior in most of the flow domain
and in a large range of spatial scale provided that Wi is large
enough, especially in the region near the wall. The potential
application of elastic turbulence in enhancing fluid mixing is
also demonstrated. A significant improvement on mixing effi-
ciency is found compared with the laminar flow of Newtonian
fluid at the same Reynolds number.
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