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1 Introduction 

Turbulent flows observed in nature and engineering generally involve the transport of small 

objects, such as the grains of sand in a river, volcanic ash in the atmosphere, droplets of water 
or ice crystals in a cloud, or bubbles or polymers in turbulent pipe flow of liquid. Understand 

the physics of particle-laden turbulent flows is one of the challenging issues of the study 

of turbulence because the wide range of scales of turbulent motion cause the complicated 

?ehavi?r of p~rticles ~n sp~ce ~~d time. The_ velocity ?~ad~~~t i~ turb~lence represents hi~hly 
intermittent fluctuations, leading to anomalous particle diffusion and strong concentrations 
of particles. Particles in fluids also modify the什owfield through momentum coupling, which 

yields complex interactions between the particles and the carrier fluid. Therefore, many 

efforts have been made to elucidate the nature of particles in turbulence, not only in terms 

of the fundamental physics but also for the purpose of developing practical applications [l]. 
Recent advances in high-performance computing allow us to conduct simulations of par-

ticulate flow such that the disturbed flow around each particle is accurately resolved [2]. 

However, the computational cost of such simulations under realistic conditions is consid-
erably high, even when conducted using state-of-the-art supercomputers. If the particle 
diameter d is smaller than the smallest size伍 ofan eddy in turbulence, it is acceptable 

to approximate the particle motion by that of a point particle. In computational studies 
of particulate turbulent flow, the equation of motion of small particles derived by M邸 ey

and Riley [3] has been used to clarify particle statistics, such as binary collisions [4] and 

preferential concentration [5]. Under point-particle approximation, interactions between an 
ensemble of particles and turbulence can also be evaluated by a two-way coupling method, 

in which momentum coupling is evaluated for a Lagrangian point particle and the surround-

ing computed grid points of the fluid [6]. Turbulence modulation by small solid particles 

has been extensively investigated by direct numerical simulation (DNS) of turbulence with 

two-way coupling [7, 8]. 
One of the important applications of the two-way coupling method for particulate tur-

bulent flows is to clarify polymer-turbulence interactions in which a long-chain polymer is 

modeled by point particles connected by nonlinear springs [9]. A polymer solution flow shows 

peculiar flow properties that cannot be observed in a Newtonian fluid. One of the important 

features of this observation is that a few parts per million of polymer additives can reduce 
the skin friction of turbulent wall flow by approximately 70%, a phenomenon that is referred 

to as Tom's effect[lO, 11, 12]. This phenomenon is actually applied to the turbulent flows 

observed in fluid machinery in industry. Another important feature of polymer solution 
flow is observed in low-Reynolds-number flows, in which the creeping flow becomes unstable 

and emerges as an unsteady random flow when long-chain polymers are added to the fluid 

[13]. This phenomenon is referred to as elastic turbulence[14, 15] and has been investigated 
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from fundamental to applicable viewpoints with the goal of enhancing mixing in micro-fluid 

devices [16, 17]. 
There exist the characteristic length and time scales of polymers in flow. The radius of 

gyration R9 and contour length lcntr for a typical long-chain polymer used in an experimental 
study of drag reducing flow are approximately R9 = 0.5 μm and lcntr ~ lK, which is the 
representative length in turbulence at small scale, called the Kolmogorov length. On the 

other hand, the typical time scale of a polymer is characterized by the relaxation time T, 

which is defined as the time until the extended polymer relaxes to the equilibrium state. 

Note that T reaches the order of the eddy turnover time in the inertial range of turbulence, 

although lcntr is on the order of the smallest representative scale in turbulence. 
An important parameter by which to control the polymer-turbulence interactions is the 

Weissenberg number W i, which is defined as the ratio of the polymer relaxation time T to the 

flow time scale Tflow, as Wi = T /TJlow• Polymers are stretched by strong shear in turbulence, 
but shrink toward an equilibrium state when they are in less turbulent situations. This is 

the coil-stretch transition [18, 19]. Thus, there exists a critical Weissenberg number at which 

the polymer configuration drastically changes. 

In the present paper, we study turbulence modulation by small particles in isotropic 
turbulence through large-scale simulations. In particular, we focus on examining polymer-

turbulence interactions and polymer scission in isotropic turbulence by performing two-way 

coupling simulations for polymers (particles) and turbulence (fluid). Polymers are subject 
to mechanical degradation under intermittent strain-rate fluctuations. Intermittency causes 

stretching of polymers, leading to polymer scission [20]. As such, the efficiency of polymers as 
drag-reducing agents diminishes in time. This has a strong impact on industrial applications 

for the design of drag reducing flow. We herein demonstrate turbulence modulation by 

polymers [21, 22] and discuss the statistical nature of polymer scission and its effect on the 

carrier fluid [23]. 
The remainder of the present paper is organized as follows. In section 2, we present 

governing equations motion for examining polymer-turbulence interactions by means of two-

way coupling simulations. The numerical setup for direct numerical simulations of turbulence 
and their parameter settings are briefly described in section 3. In section 4, we present the 

results for the statistical nature of polymer scission and turbulence modulations by polymer 

additives upon their breakup. Finally, we summarize the results obtained in the present 

study in section 5. 

2 Governing equations of motion 

In this section, the governing equations of motion for polymers in turbulence are presented. 

The motion of a long-chain polymer in fluid is described by the beads-spring model [24]. We 
consider the dumbbell model, in which the elastic nature of a polymer chain is represented 

by two beads connected by a nonlinear spring [9]: 

dR(n) 
(n) （n) 

1 R(n) 
dt =叫 -U2 ―冴(n)f(IL/）応＋畠 (Wl(n)-wJn))' (1) 

耐n)=］ (叩 +U(n)）＋ req (W四＋wり）， U（n) （n) 
dt -2 ¥ ~1 I ~2 凶

a 三 u（X~nJ(t),t), (2) 
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whereR叫t)and r炉(t)are respectively the end-to-end vector and the center-of-mass vector 
of the n-th dumbbell. The function f (z) determines the elastic nature of a dumbbell and 
is expressed by the finitely extensible nonlinear elastic (FENE) model f (z) = 1/(1 —丑）．
Here, Lmax is the maximum extension length of the dumbbell because f (z→1) = 00. 

(n) 
The term W{~J(t) indicates a random force representing the Brownian motion of particles 
in the solvent fluid, which obeys Gaussian statistics with a white-in-time correlation of 

〈W虚汽t)〉＝ 0and〈W虞？（t）W閏］（s)〉＝似吟ij6mn6(t-s), where〈...〉 denotesthe ensemble 
average. The subscripts a,(3，i, j, n, and m are assigned values as (a, (3) = 1 and 2; 
(i,j) = 1, 2, and 3; and (n,m) = 1, 2,・・・, NP. Moreover,叱denotesthe Kronecker delta. 
The constant r eq =.,/J冨亭 isthe equilibrium length of the dumbbell under u(x, t) = 0, 
where k is the spring constant and kB and Tare the Boltzmann constant and temperature, 
respectively. 

In the present study, the dumbbell is considered to be broken by turbulence if its extension 
length R(n) exceeds a breakup length lsc even once. This means that polymer scission in 

turbulence is modeled by means of the relaxation time of n-th polymer T(n) as follows: 
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where T =〈／4kand t似isthe smallest time such that R(n) = lsc・
The turbulent velocity field acts as an incompressible fluid and the Navier-Stokes (NS) 

equations 

▽ •u=O, 
OU 

at — +U· ▽U= ―▽p 十町▽切＋▽ •TP. (4) 

Here, PJ is set to unity and equals the density of bead Pp• In addition, T叫x,t) is the polymer 
stress tensor due to the force acting on the fluid from the dispersed dumbbells, defined by 

冗(x,t)=~。工予） 1 [炉R;n)f(|R叫
ふ(0) ~ T(n) I r; 

n=l 

~f (~)-c5ijl c5（⑦ーぐ）， （5) 

where Np(O) is the total number of dumbbells at t = 0 used in our simulations. In addition, 
Lbox is the linear size of the domain, and 7) is the ratio of the zero-shear viscosity lip of the 

polymer to the solution viscosity町(n＝咋／町）． Notethat 7) is proportional to the volume 
fraction of dumbbells虹 by7) = (3req/4a)2虹V・ Moreover, 1/T(n) in eq. (5) means that the 
dumbbells stop affecting the turbulent velocity field after their breakup. 

3 Setup£ or numerical simulations 

The two-way coupling simulations of eqs. (1) through (5) are performed in a periodic box 

with periodicity Lbox = 21r using the pseudo-spectral method in space and the second-order 
Runge-Kutta method in time. A total of 1283 grid points are set to solve the NS equations. 

The statistically isotropic turbulence is accomplished by imposing linear external forcing 

i匹 t(k,t) = A(t)u(k, t) within the wavenumber shell 1 ~ lkl ~ 2 and is zero otherwise, and 
the amplitude A(t) is determined by maintaining the energy input rate Ein to be constant in 

time. We set Ein = 0.5 and v = 0.015, which yields the Taylor-microscale Reynolds number 
Re入＝ 51in the c邸 eof one-way coupling. 
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The number of dumbbells Np(O) = 4 x 108 is dispersed into the fluid with T/ = 4 x 10-2 
after the statistically steady turbulence is obtained. The time at which the dumbbells are 
dispersed into the flow is t = 0. The maximum extension length and critical scission length 
are respectively set as Lmax = J面而reqand lsc = 0.8Lmax・ The dumbbells are uniformly 
and randomly distributed over the computational domain. The initial configuration of each 
dumbbell is set according to R(ml(o)＝v'3reqn(m), where n(m) is a unit vector, the orienta— 

tion of which is randomly distributed. Three cases of the Weissenberg number W i = 0.6, 0.8, 
and 1.0, which is the non-dimensional polymer relaxation time入T defined using the Lya-

punov exponent of the Newtonian turbulent flow, are considered for the cases of one-way 
and two-way coupling simulations. 

The fluid velocity at the bead positions u(”炉） isevaluated using the tri-linear inter-
polation scheme, whereas the delta function appeared in the polymer stress term (5) is 

approximated by the weight function 

with 

8△(x -r~n)) = d△(x1 -rt{)d△(x2ーバ虚）d△(x3-r；悶），

崎）＝｛t(1-誓）
゜

(lxlさ△）
(lxl>△） 

(6) 

(7) 

where△was chosen based on the grid spacing△x [6]. The weight given by (7) is the 

same as that used in the tri-linear interpolation for evaluating u（允炉）． The computation 
is performed using parallelized code written by Message Passing Interface (MPI) and Open 

MP. For more details on parallel computation, please refer to the reference [25]. 

4 Results and discussions 

4.1 Poly mer scission statistics in isotropic turbulence 

Temporal decays of the fraction of unbroken dumbbells NP(t)/Np(O) obtained by one-way 

(passive polymer, thin lines) and two-way (active polymer, thick lines) coupling simulations 
are shown in figure 1. In the case for one-way coupling, the decay is exponential exp(-t/T.叶
with a time scale Td, as seen in the theoretical prediction [23]. Moreover, Td also decreases 

with increasing Wi, being in agreement with the theory [23]. In the cases for two-way 

coupling, on the other hand, the scission process is composed of two stages: (i) an early-time 
regime in which the dumbbells break up much slower than in the case of one-way coupling and 

(ii) a long-time regime in which the active dumbbells show the exponential decay, just like 

passive dumbbells. In the early-time regime (i), the fraction of unbroken dumbbells decays 
as 1 -k(t -t*) with t* /T17 = 23 and kTT/ x 103 = 0.315, 1.10, and 2.41 for Wi = 0.6, 0.8, 
and 1.0, respectively, as presented in figure l(b). Thus, the decay rate k increases with Wi, 

indicating that the onset of the exponential decay regime is hastened with increasing Wi. 
Figure 2 shows the time-integrated probability density function (p.d.f.) of the end-to-

end distance R = IR叫 ofunbroken dumbbells for (a) Wi = 0.8 and (b) Wi = 1.0, 
respectively. The p.d.f. clearly displays a power-law form P(R)～炉 forR ≪ ¥!'3r eq for 
both cases of one-way and two-way coupling simulations. This originates from the fact that 
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Figure 1: Temporal evolution for the fraction of unbroken dumbbells Np(t)/Np(O)邸 afunc-
tion of non-dimensional time t / TT/ using Kolmogorov time TT/: (a) plotted on a semilogarithmic 

scale and (b) plotted on a linear scale. Thin curves show the results obtained for one-way 
coupling c邸 es.

the dumbbell dynamics is dominated by thermal agitation, being independent of the nature 
of turbulent flows and the value of Wi. On the other hand, the right-hand tail of the p.d.f., 

R ≫嘉req,shows power-law decay similar to R-1, which is theoretically predicted by the 
case of Wi > Wier・ Note that Wier = 1/2 is the value whereby the ensemble of dumbbells 
indicates the coil-stretch transition [19]. In the range R ≫ ¥1'3req, it is theoretically shown 
that P(R) ~ R-1-a with 0: = 3(Wi-1 -2)/2 when Wi < Wier or P(R) ~ R-1 when 
Wi > Wier [23]. For the curves obtained by two-way coupling simulations, on the other 
hand, the power-law decay cannot be observed in the range R ≫ ¥l'3化q(blue lines) as the 
one-way coupling. This observation is attributed to the turbulence modulations by unbroken 

dumbbells, as described in a later section. 

The effect of active polymer feedback on turbulence can also be seen in the p.d.f. of 

the lifetime of dumbbells P(Tsc), as shown in figure 3, in which the p.d.f.s are evaluated 

for the (a) one-way and for (b) two-way coupling cases, respectively. Here, Tse is the first 
passage time when the dumbbell extension length R(n) exceeds lsc• In the case of one-way 
coupling (passive dumbbells), P(Tsc) decays exponentially, and its decay rate increases with 

increasing Wi. In fact, P(T,叫 isrelated to the number density of unbroken dumbbells by 
1-Np(t)／芯(O)＝ J。~P(Tsc) dTsc, representing that the decay rate of P(Tsc) is same as that 
of NP(t). Whereas, in the case of two-way coupling (active dumbbells), we can observe a 

plateau in the smaller Tse range, which corresponds to the early-time regime found in figure 
1. This behavior is also consistent with the observation of decay law 1 -k(t -t*) in figure 

l(b). The amplitude of P(Tsc) in this plateau is evaluated by kT11 x 103 = 0.315, 1.10, and 2.41 
for Wi = 0.6, 0.8, and 1.0, respectively. In the long-time regime, on the other hand, P(T,叫
exhibits the same exponential decay as NP(t) in figure l(a) and in the one-way coupling case 

of P(Tsc) in figure 3(a). 
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Figure 2: Time integrated p.d.f. of the end-to-end distance of unbroken dumbbells in the 

cases for (a) Wi = 0.8 and (b) Wi = 1.0, respectively. Red (blue) curve shows the result 

obtained for one-way (two-way) coupling cases. 

4.2 Effect of polymer scission on turbulence statistics 

The kinetic energy of fluid motion E(t) and the elastic energy of the ensemble of dumbbells 

U(t) are respectively defined as follows: 

1 
E(t) =-〈|ul2〉V,
2 

U(t)=-(~Y ~)ゞ） ~ln[1-（町m):］）]
(8) 

(9) 

Temporal evolution for E(t) and U(t) are then governed by the following equations: 

dE 
=i-= -s(t) -Ep(t) + E;n, (10) 
dt 

d 
~U(t) =五（t)-Es(t) + EB(t). 
dt 

(11) 

The term Ep(t) in the right-hand side of eq. (8) represents the polymer effects on the kinetic 

energy variation and is defined by 

旱t)=〈OiUj冗〉v=〈sij冗〉v, (12) 

where sij = (OiUj十むui)/2. This term originates from the polymer stress field added to 
the NS equations and contributes to the energy exchange between the turbulence and the 

ensemble of dumbbells. Here, c(t) = v〈(Vu)2〉vandらnare respectively the mean kinetic 
energy dissipation rate due to the viscosity of fluid and the energy input rate originated from 

the external forcing. The term E訊t)is defined by 

叫
呵 1

Np(O) 
1 =~ふ(O) 〗 T(m) （%（平）一％（X炉））凡;")!( IR叫E)・ (13) 
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Figure 3: Probability density function for the lifetime of dumbbells for Wi = 0.6 (red), 
Wi = 0.8 (green) and Wi = 1.0 (blue) obtained by (a) one-way coupling and (b) two-way 
coupling simulations, respectively. 

Note thatぢ(t)equals Ep(t) (12) because of Newton's third law. Ifぢ(t)> 0, then the 
dumbbells absorb kinetic energy from the turbulent fluid motion, while forぢ(t)< 0, the 
elastic energy stored in the ensemble of dumbbells is released and transferred to the fluid. 
If the fluid motion plays only a minor part in the dumbbell dynamics, then, as is the case 

for Wi ≪ 1, we expect thatぢ(t)~ 0. In this case, the dumbbells remain in a thermal 
equilibrium state. The terms Es and EB are the work performed by the elastic force and the 

work performed by the thermal agitation, respectively [21]. The term Es(t) acts to suppress 

the increase in elastic energy due to the elastic force among the beads, and Es(t) > 0. 
Figure 4 shows the temporal evolution of both the mean kinetic energy E(t) of turbulent 

fluid and the elastic energy U(t) evaluated by the ensemble of dumbbells for the two-way 

coupling simulations. In the early-time regime observed in figures 1 and 3, E(t) rapidly 
decreases with time and then gradually increases up to the level of the initial state of tur-

bulence. This feature is clearly seen for Wi = 1.0 when compared to the case of Wi = 0.6. 
This is due to the fact that the higher Wi(> Wier) dumbbells are more greatly stretched 

by turbulence, leading to both the stronger impact on the decreasing turbulence intensity of 

fluctuation and obtaining several chances to exceed the breakup length lsc・ Therefore, E(t) 

is gradually increased with time once the number of broken dumbbells increases. This can 

also be recognized in the behavior of U(t) in figure 4(b), where U(t) increases fort< 100T'1 
due to the increase in the number of stretched dumbbells, whereas U(t) decreases with time 

as the number of surviving dumbbells decreases. 

The temporal evolutions of (a) E(t) and (b) Ep(t) obtained for the case of two-way coupling 

simulations are shown in figure 5. Note that Ein =乞＋写underthe statistically steady state. 
The feedback force on turbulence by dumbbells is fairly strong at short times (t < 100祉
leading to a significant reduction in kinetic energy dissipation E and the amplification of 

energy transfer to the ensemble of dumbbells (Ep(t)). Reduction of E(t) means that the 

amplitude of the rate of strain S;j is also decreased, yielding weaker stretching of dumbbells 
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Figure 4: Temporal evolution for (a) the volume-averaged kinetic energy offluid E(t) and (b) 
the elastic energy of the ensemble of dumbbells obtained by the two-way coupling simulations. 

and a lower probability of their scission, as observed in the early-time regime of figure 1. 

However, the concentration of unbroken dumbbells continues to decrease until the feedback 

force on turbulence becomes negligibly small. Then, c(t) returns to the value expected 
in the case of Newtonian fluid turbulence, and Ep(t) becomes zero. In this later regime, 

active dumbbells are broken by turbulence under a similar condition to one-way coupling 

calculatio~s, r~sul~in~ in ~xponenti~l -~ecays. ?f bot?芯(tj"and. P(Tsc) obtaine~_by two-
way coupling simulations that are similar to those obtained for the one-way coupling case. 

Dumbbells break more easily for higher Wi values, indicating that the time needed for the 
feedback force to vanish decreases with increase of Wi, as shown in figure 5. In the case of 

Wi = 0.6, breakup events proceed slowly and the reduction of energy dissipation lasts for a 
longer time. 

5 Conclusion 

In the present paper, we have examined the statistical nature of polymer scission in turbu-

lence and its effect on turbulence modulation by performing Eulerian-Lagrangian simulations 

for the ensemble of dumbbells (particle-based polymer model) dispersed in steady isotropic 

turbulence. The concentration of unbroken dumbbells was found to decay exponentially in 

time when the feedback force from the ensemble of dumbbells is neglected (one-way coupling 

case). On the other hand, for the two-way coupling simulations in which the feedback force 
of dumbbells is considered, we found that the temporal decay of Np(t) is characterized by the 

two kinds of regime (early-time and long-time regimes). We found that a long-time regime 

shows exponential decay, the decay rate of which is close to that obtained by one-way cou-

pling. In an early-time regime, on the other hand, it was shown that Np(t) decays linearly 
asN川）／芯(0)= 1-k(t-t*). The decay law i in an early-time regime could also be clarified 
in the behavior of the lifetime p.d.f. of dumbbells in the shorter time range. Modification of 
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Figure 5: Temporal evolution for (a) the mean dissipation rate of the kinetic energy of fluid 
c(t) and (b) the rate of energy exchange between the ensemble of dumbbells and turbulent 

fluid今(t)obtained by the two-way coupling simulations. 

scission statistics of dumbbells by two-way coupling was found in the right-hand tail of the 
time-integrated p.d.f. for extension length R(n) of dumbbells, where we could not observe 

power law decay such as P(R) ~ R-1, which is predicted by the theory and by the one-way 
coupling simulations. 
Turbulence modulation was also examined by investigating fundamental statistical quan-

tities appearing in the evolution equations for the kinetic energy of turbulent fluid and the 
elastic energy of the ensemble of dumbbells. The volume-averaged kinetic energy decreased 

with time in the shorter time range and then returned to the turbulent state of the Newto-

nian fluid in the later time range. The elastic energy of the ensemble of dumbbells, on the 
other hand, increased with time in the shorter time range due to the stretching of dumbbells. 

However, in the later time range, dumbbells were easily broken by turbulence, which leads 

to the decrease in both U(t) and the feedback force. This feature was also clarified in the 
behavior of the mean dissipation rate of kinetic energy and the rate of energy exchange be-

tween the ensemble of dumbbells and turbulent fluid. Reduction of s(t) caused by stretching 

dumbbells became larger for larger Wi in a shorter time, and the value of s(t) gradually 

returned to that obtained by Newtonian fluid turbulence. 
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