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Abstract

Cetyltrimethyl ammonium chloride (CTAC) surfactant additives, because of their long-life characteristics, can be used as
promising drag-reducers in district heating and cooling systems. In the present study we performed both numerical and experimental
tests for a 75 ppm CTAC surfactant drag-reducing channel flow. A two-component PIV system was used to measure the instan-
taneous streamwise and wall-normal velocity components. A Giesekus constitutive equation was adopted to model the extra stress
due to the surfactant additives, with the constitutive parameters being determined by well-fitting apparent shear viscosities, as
measured by an Advanced Rheometric Expansion System (ARES) rheometer. In the numerical study, we connected the realistic
rheological properties with the drag-reduction rate. This is different from previous numerical studies in which the model parameters
were set artificially. By performing consistent comparisons between numerical and experimental results, we have obtained an insight
into the mechanism of the additive-induced drag-reduction phenomena.

Our simulation showed that the addition of surfactant additives introduces several changes in turbulent flow characteristics: (1)
In the viscous sublayer, the mean velocity gradient becomes gentler due to the viscoelastic forces introduced by the additives. The
buffer layer becomes expanded and the slope of the velocity profile in the logarithmic layer increases. (2) The locations where the
streamwise velocity fluctuation and Reynolds shear stress attain their maximum value shifted from the wall region to the bulk flow
region. (3) The root-mean-square velocity fluctuations in the wall-normal direction decrease for the drag-reducing flow. (4) The
Reynolds shear stress decreases dramatically and the deficit of the Reynolds shear stress is mainly compensated by the viscoelastic
shear stress. (5) The turbulent production becomes much smaller and its peak-value position moves toward the bulk flow region. All
of these findings agree qualitatively with experimental measurements.

Regarding flow visualization, the violent streamwise vortices in the near wall region become dramatically suppressed, indicating
that the additives weaken the ejection and sweeping motion, and thereby inhibit the generation of turbulence. The reduction in
turbulence is accomplished by additive-introduced viscoelastic stress. Surfactant additives have dual effects on frictional drag: (1)
introduce viscoelastic shear stress, which increases frictional drag; and (2) dampen the turbulent vortical structures, decrease the
turbulent shear stress, and then decrease the frictional drag. Since the second effect is greater than the first one, drag-reduction
occurs.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction a long-chain polymer into a liquid such as water can
significantly reduce turbulent friction drag. This phe-

‘Toms Effect,” named after its discoverer (Toms, nomenon is useful for reducing energy consumption,
1948), occurs where the addition of a minute amount of increasing flow rate, and decreasing the size of pumps,

etc. in turbulent pipe flow systems. One of the most
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Nomenclature

c conformation tensor

C mean conformation tensor
C friction factor = 2t,,/pU?

h half-height of the channel

p pressure

P mean pressure

q general turbulent quantity

Rey Reynolds number = 2pUyh/x;
Re, Reynolds number = pU,h/n;

R, two-point correlation coefficient
t time

u velocity

U mean velocity

Uy mean bulk velocity

U, friction velocity = /1w/p

. M
We., Weissenberg number = pAU?/#,
X1, X streamwise direction

X2, ¥y wall-normal direction

X3, Z spanwise direction

Greeks
o mobility factor
p ratio = 1, /n;

& extensional rate

P shear rate

Na dynamic shear viscosity of surfactant contri-
bution

N dynamic shear viscosity of solvent contribu-
tion

Mo shear viscosity of the surfactant solution at

zero-shear rate = n, + 7,

A relaxation time

p density

v kinematic viscosity

T viscoelastic shear stress

Ty statistically averaged wall shear stress
Superscripts and subscripts

() fluctuating component

()" normalized by U,, p and 1,

()" non-dimensional coordinate

( )ms root-mean-square fluctuations

accomplished by the addition of polymers rather than
by constructing additional pumping stations. Motivated
by an understanding of the Toms Effect, drag-reducers
have been applied to save energy, and many drag-
reducing additives have been found so far. Generally, all
of the additives can be classified into three groups: (1)
fiber, (2) polymer, and (3) surfactant. In the past 30
years, extensive studies have been carried out for the
drag-reduction of polymer solutions. Their effectiveness,
however, is often degraded by mechanical and thermal
effects, which lead to irreversible changes in polymer
structures with the elapse of time. The degradation of a
polymer’s effectiveness can make them unsuitable for
circulation systems. Surfactant additives also suffer from
temporary mechanical and thermal degradations, but
they have the capability to ‘repair’ themselves in the
order of seconds. They are the most promising agents for
reducing the pumping power needed in district heating
and cooling systems. Although surfactant additives have
an advantage for circulation systems, in contrast to
polymer solutions, investigations into the characteristics
of the heat and flow in the drag-reduction caused by
surfactant additives have only been performed in recent
years. Our research group is motivated by the promising
applications of surfactant additives and is carrying out
both experimental and numerical tests to study the
mechanism of additive-induced drag-reduction.

In a review of the literature, the mechanism of addi-
tive-induced drag-reduction has not been clearly

described. For polymer solutions, two theoretical expla-
nations are given. One was proposed by Lumley (1969,
1973), who postulated that the increased extensional
viscosity due to the stretching of randomly coiled poly-
mers tends to dampen the small eddies in the buffer layer
and thicken the buffer layer, to give rise to the drag-
reduction. Lumley emphasized that drag-reduction oc-
curs only when the relaxation time of the solution is
larger than the characteristic time scale of the turbulent
flow. The other important theory was proposed by De
Gennes (1990), who criticized the earlier scenario that
used extensional viscosity, and argued that the elastic
energy stored in the macromolecules causes drag-reduc-
tion. For surfactant solutions, generally, the super-order
network structures made up of rod-like micelles show
elasticity, and cause drag-reduction. Nevertheless, these
explanations are qualitative. Recently, direct numerical
simulation (DNS) has been used to quantitatively analyze
the turbulence transport mechanism. With DNS, the
instantaneous flow structures near the wall can be calcu-
lated accurately, which are difficult to measure precisely
in experiments. The instantaneous extra stress associated
with the deformation of macromolecules/network struc-
tures can be calculated which has not yet been directly
measured in experimental conditions. The quantitative
data obtained by DNS are helpful in analyzing the
mechanism of drag-reduction. Moreover, in contrast to
experiments, the effects of various physical properties can
be easily isolated and studied by numerical simulations.
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Main conclusions drawn from previous DNSs on the
drag-reducing flow caused by additives are summarized
below. Orlandi (1995) and DenToonder et al. (1997)
carried out DNS using extensional viscosity models for a
channel, and a pipe flow, respectively. Their results
qualitatively agree with most experimental observations.
Nevertheless, the inelastic characteristic of such exten-
sional models cannot examine the onset phenomenon,
an important feature of drag-reducing flow caused by
additives. Sureshkumar et al. (1997) and Dimitropoulos
et al. (1998) performed direct numerical simulations for
a fully developed turbulence channel flow by using vis-
coelastic models (the FENE-P and the Giesekus mod-
els), and verified Lumley’s hypothesis that drag-
reduction is primarily an effect of the extension of the
polymer chains where the increase in the extensional
viscosity leads to the inhibition of turbulence-generating
events. They also proposed a criterion for the onset of
the drag-reduction. Angelis et al. (2002) further con-
firmed the ability of the FENE-P model to reproduce
most of the essential effects of polymers in dilute solu-
tions on the wall turbulence. Min et al. (2001) studied
the role of elastic energy in turbulence drag-reduction
caused by polymer additives using an elastic Oldroyd-B
model. Yu and Kawaguchi (2003) studied the effect of
the Weissenberg number on the turbulence flow struc-
ture using a Giesekus model.

All of the above studies using viscoelastic models
(Sureshkumar et al., 1997; Dimitropoulos et al., 1998;
Angelis et al., 2002; Min et al., 2001; Yu and Kaw-
aguchi, 2003) show that the onset and drag-reduction
rate are closely associated with relaxation and exten-
sibility of macromolecule chain or network structures.
In all of these numerical studies, however, the param-
eters in the constitutive equations were set artificially,
so that comparisons made between the numerical and
experimental results did not exactly correspond. Suzuki
et al. (2001) attempted to use the model parameters
that were well-fitted to the apparent shear viscosities to
calculate the drag-reducing flow of a surfactant solu-
tion, but did not find drag-reduction. In the present
study, we carried out both experimental and numerical
studies for a turbulent channel flow of the 75 ppm
CTAC solution. A Giesekus constitutive equation was
used to calculate the extra stress caused by the sur-
factant additives and model parameters were obtained
by well-fitting the measured shear viscosities of the
75 ppm CTAC surfactant solution. Hence, in the
numerical part of the present investigation, we directly
connect realistic rheological properties (such as relax-
ation time, and extensibility of the network structure
in the surfactant solution) with the drag-reduction
rate. Our objective is to understand the mechanism of
the additive-induced drag-reduction by directly com-
paring the numerical analysis and experimental mea-
surements.

2. Experimental
2.1. Surfactant solution

The surfactant solution used in the present study was
cetyltrimethyl ammonium chloride (CTAC) dissolved in
tap water with a concentration 75 ppm. Sodium salicy-
late was added to the solution to provide counter-ions
with a weight concentration equivalent to that of
CTAC. CTAC surfactant is effective in drag-reduction
at temperatures ranging from 10 to 40 °C. The experi-
mental measurements were carried out at a constant
solution temperature of 30 °C.

2.2. Test loop

We used PIV equipment to measure the flow char-
acteristics. The PIV measurement system consisted of a
double pulse laser, laser sheet optics, CCD camera,
timing circuit, PC and software. The details of the
arrangement of the PIV system and the measurement
procedure are described by Kawaguchi et al. (2002).
Fig. 1 schematically shows the closed loop flow facility
used in the present experiment, in which the pump drives
fluids through the storage tank, the contraction of the
filter, and the test channel and diffuser in circulation.
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Fig. 1. Schematic diagram of the fluid loop and PIV measurement: (a)
fluid loop and (b) two-component PIV measurement.
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The channel is 0.04 m high, 0.5 m wide, and 10 m long
(inside measurement). To remove large eddies, a hon-
eycomb of 0.15 m length was employed at the entrance
of the test section. The flow rate and pressure drops were
measured by an electromagnetic flow meter with an
uncertainty of 1.67x10~* m3/s and a precise pressure
gauge. Experiments were carried out at Rep, = 11,350
for the CTAC solution.

3. Numerical procedure

The composition of the surfactant solution is more
complicated than the polymer solution. Due to its
complexity, no constitutive equations have been devel-
oped to describe the surfactant solution until now.
Fortunately, the rheological properties of the surfactant
solution are similar to those of the polymer solution
despite the different microstructures, both of which
show shear-thinning, and extensional thickening.
Therefore, the models developed for the polymer solu-
tions may be used to deal with the surfactant system.
The apparent shear viscosities and extensional viscosi-
ties of the CTAC surfactant solution were measured
with an Advanced Rheometric Expansion System
(ARES) rheometer and an RFX instrument, respec-
tively. The Giesekus model was able to qualitatively
describe the measured shear viscosities and extensional
viscosities (Kawaguchi et al., 2003). Applying the
Giesekus model, the governing equations for dynamic
motion of the surfactant solution are:

Continuity equation:

Ou;
i 1
o 0 (1
Momentum equation:
Ou; Ou; op 0 [ Ou 0t
iy =& — 2
p(aﬁ“faxj) ax,.+'7sax,<ax,>+ax, @)
Constitutive equation:
oty  Ouyty; O Ou; o
ij ;L — T m*—j mi — Limtmj
Ty + <6t+ ox, ax,,,T’ axmr +nr 7:/>
au,- @u,
(g + 5 ()

where J and o are, respectively, the relaxation time and
the mobility factor. 5, and 5, are solvent and addi-
tive contributions to the zero-shear rate solution vis-
cosity.

For steady, simple shear flow and extensional flow,
the apparent shear viscosity and extensional viscosity
may be analytically derived as

4(1 — o)
VIF IV + T+ V2(1 - 20)]

n=ns+mn, 4)

HE = 3’75 + 37]3
326+ (1 — 248 + 80t — /(1 + 28)° — 4t
X e
200&
(5)
where

£= 1416201 — )%

The RFX equipment, which employs two opposing
nozzles to generate extensional flow, is currently the best
instrument to measure extensional viscosity, but the
error for a low concentration solution is large and the
measured extensional viscosity is not sufficiently accu-
rate to determine the numerical values of constitutive
parameters. For this reason, the model parameters 4, n,,
and o in the constitutive equation (Eq. (3)) were deter-
mined by fitting reliable apparent shear viscosity data.
The apparent shear viscosity was measured at the same
temperature as in the experiments for drag-reduction.
Fig. 2 shows the shear viscosities of a 75 ppm CTAC
surfactant solution vs. shear rates, at a temperature of
30 °C, which are fitted to the curve of the Giesekus
model with the parameters listed in the figure. The
relaxation time A, mobility factor o, and additive con-
tribution to zero-shear-rate viscosity are 0.3 s, 0.005,
and 3.2x107% Pas, respectively. The viscosity of water
at 30 °C is §x10~* Pas, which contributes 20% to the
zero-shear rate viscosity. The contribution of the addi-
tives to zero-shear-rate viscosity in the present study is
large. Previous DNSs, reported by Dimitropoulos et al.
(2001), Angelis et al. (2002) and Ptasinski et al. (2003)
for polymer solutions, were made for low concentrations
of polymer, and the ratio of the solvent viscosity to the
zero shear-rate viscosity was usually artificially set to be
0.9. The contribution of the additives to zero-shear-rate
viscosity is small. Hence, the shear-thinning in those
studies was slight. From the present calculations, the
contribution of surfactant additives is dominant in the
zero shear-rate viscosity and the solution is apparently
shear-thinning, as shown in Fig. 2.

0.0040 4 Experimental

—— Numerical
10=0.0040 Pas
1,=0.0032 Pas
1,=0.0008 Pas
0=0.005, A=0.3s
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0.0025

0.0020

0.0015 -

1 (Pa.s) (shear viscosity)
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Fig. 2. Shear viscosity vs. shear rate.
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By introducing the following non-dimensional vari-
ables:

* X t* ! + ui
X = - - U =7+
h’ WU U
p—P
Pr=T G = At Oy ©

The governing equations can be written in dimensionless
forms as follows:

Ou’
o )
auf+u+©uj__ap+ 1 0 <6uz+>
ot* 7 o 0x;  Re. Ox} \ Ox;
B ac;
T e oy T (8)
ocf;  Qucr 0wl _auf .
or T ax,  owr ™M dx M
Re. [ . . )
+ e, [Cij — 0y +alc — 6im)(cmj —3,)| =0 9)

where p* is the excess hydrostatic pressure, J;; is the
mean pressure gradient, and ¢, is the conformation
tensor associated with the deformation of the network
structure formed by long, rod-like micelles in the sur-
factant solution. It also has a simple relationship with
the extra stresses t; as t; = 1,/A(c;; — 0;;), wWhere the
force n/40;; is a contribution from Brownian motion of
surfactant particles. Four important non-dimensional
parameters are used in the governing equations: Re.,
We., o and . Re, (Re, = pUh/y,) is the frictional
Reynolds number based on the frictional velocity and
half of the channel height. We, (We. = pAU?/n;) is non-
dimensional relaxation time. The mobility factor o
indicates the extensibility of the network structures in
the surfactant solution. f§ is a ratio defined as § = n,/n,,
where 1, and 5, are the surfactant contribution and the
solvent contribution to the zero-shear rate viscosity of
the solution (1, =y, + 1), respectively. Note that the
Reynolds number and the Weissenberg number are
based on the viscosity of the solvent. A solvent-based
Reynolds number, rather than a solution-based Rey-
nolds number is adopted in the present study because it
shows directly the overall effect of surfactant additives
in relation to the solvent. This definition is useful for
practical applications. By setting =0, the Navier—
Stokes equation for a Newtonian fluid is recovered. A
calculation was carried out for surfactant solutions at
Re, = 12,080 (Re, = 300). The bulk Reynolds number
is similar to that in the experiment (Re, = 11,350). By
using values of 4 and 7, from the above, we have
We, =54 and f§ = 4.

A computational box 104 x 24 x 5h in x, y and z
directions was chosen. The computational domain in
wall units (y,, U; and p) is 3000x600x1500. A grid
system of 96x128x96 (in x, y and z) meshes was
adopted. Non-uniform grids in the wall-normal direc-
tion were used with grid-spacing of Ayt varying from
about 0.45 next to the wall to 9 at the center. Uniform
grids were used in the x and z directions and the corre-
sponding  grid-spacings were Axt =31.3 and
Azt = 15.6, respectively.

The periodic boundary conditions were imposed for
both the streamwise (x-) and spanwise (z-) directions,
while a non-slip condition was adopted for the top and
bottom walls. Unlike the velocity component, the con-
formation components at the walls evolve over time and
have values that are determined from Eq. (9) by setting
the velocity components at the walls to equal zero. An
instantaneous velocity field of a Newtonian fluid with a
Reynolds number Re, = 150 from our previous work
(Yu and Kawaguchi, 2003) was adopted as the initial
velocity field. The initial fields for pressure and confor-
mation tensor were simply set as a zero field.

The computational algorithm is a fractional step
method using the Adams—Bashforth scheme for the time
advancement. For spatial discretization, a second-order
finite difference scheme was employed. A high-resolution
scheme, MINMOD, was used to make discrete the
convective term in the constitutive equation to enhance
the numerical stability (Yu and Kawaguchi, 2004). To
avoid a zigzag pressure field, staggered grids were em-
ployed in which pressure and conformation components
were stored at the cell center while velocity components
were located at the cell borders.

4. Results

Ensemble averaging in the periodic direction and time
were carried out to obtain statistical steady turbulent
quantities:

kN

@ =, 0 00 Dgte (10)

0

In our simulation, flow reaches a steady state. Cal-
culations were carried out for a further 60005,/pU? and
2500n,/pU? time units for the surfactant solution and
Newtonian flow for statistical averaging. To make the
averages, 100 statistical independent fields were saved at
equal intervals.

In the numerical simulation, the mean Reynolds
numbers Re, = 12,080 was calculated to be slightly
larger than Rep, = 11,350, as measured in the experi-
ment. Although we could adjust Re, in the calculations
to make the mean Reynolds number almost the same as
those in the experiments, this would be unnecessary
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Table 1
Friction factor and drag-reduction rate for 75 ppm CTAC surfactant
solution

Reb Cf CP CP] DR%

12,080 (Numer.) 0.00493 0.00696 0.00248 29
11,350 (Exp.) 0.00346 0.00707 0.00258 51

since small variations in the Reynolds number only
slightly alters turbulence characteristics such as the
friction factor, root-mean-square velocity fluctuations,
and the Reynolds shear stress. The Fanning friction
factor was adopted to evaluate the friction coefficient. In
Table 1, C¢ was the measured or calculated friction
factor, CP was evaluated by Dean’s correlation (Dean,
1978) and Cty is the limited friction factor asymptote
(Virk et al., 1970). The drag-reduction rate is defined as
the reduction of the friction factor with respect to the
Newtonian fluid at an equal mean Reynolds number
Rey, 1€

cP -
DR%:fCinx 100% (11)
f

Table 1 shows that the measured drag-reduction rate
of 51% is larger than the predicted value of 29%. Both
the numerical and the experimental friction factors were
larger than Virk’s asymptotic friction factor (Virk et al.,
1970).

For Newtonian fluid, we did calculation and experi-
ment at Rep, = 13,070 (Re; = 380) and Re, = 10,800,
respectively. The correctness of these results was
checked by comparisons with values reported in the
literature and these results are included for comparison
with the surfactant solution.

Fig. 3 compares the mean streamwise velocity profiles
of the fully developed turbulence flow of a Newtonian
fluid with that of the CTAC solution, for which the well-
known relationships of Newtonian fluids—linear law in
the viscous sublayer ut =y*, logarithmic law
ut =2.5Iny" +5.0 in the inner layer, and Virk’s
asymptote velocity profile for the drag-reducing flow—
are given for comparison. The numerical and measured
mean velocity profiles of the Newtonian fluid are in
good agreement with u™ = y* in the viscous sublayer
and with ™ = 2.5Iny™ + 5.0 in the logarithmic layer as
shown in Fig. 3(a) and (b). Both calculated and exper-
imental results show that the addition of surfactant
additives dramatically decreases the mean velocity val-
ues as well as decreases their gradient in the viscous
sublayer. The mean velocity profile of surfactant solu-
tion is also shifted upwards in the logarithmic layer with
a steeper gradient than that of the Newtonian fluid, and
a narrower logarithmic layer (a wider buffer layer) is
established with the additives. Interestingly, the velocity
profile of the surfactant solution (Fig. 3(b)) more closely
approaches the Virk’s asymptote velocity profile, com-

301 U'=2.5Iny +5.0 L

404-- -~ U'=11.7Iny"-17.0 (Virk, 1970) -~

.7 Surfactant
301 -

=)
20+
104
0 Newtonian
1 10 N 100
y
@)
504= == U'sy'
40: - U+=2.51ny++5.0 Surfactan; .
————— U'=11.7Iny"-17.0 (Virk, 1970)\ -~
+ 307 / -7
IS} P
20 7 o
7
104 e ;_/...;l'.'.f’h
I T Newtonian
[ i *
1 10 100
y+
b)

Fig. 3. Mean velocity profiles: (a) numerical and (b) experimental.

pared to that shown in Fig. 3(a), which corresponds to a
higher drag-reduction rate.

From Fig. 3, the linear relationship u™ = y™* is clearly
not satisfied if the wall scales are based on the viscosity
of the solvent. An effective dynamic viscosity may be
introduced as follows:

=g — (- w7
Nefr = U+ s (12)

oyt

The effective viscosity is shown in Fig. 4(a), where the
effective viscosity is seen to be much larger than the
solvent viscosity and increases with wall distance. By
using the effective viscosity at the wall, the rescaled wall
unit becomes yt =y Re’ =y Ren /Ny With the
adoption of y™, u™ = y*™* is recovered in the vicinity of
the wall, as shown in Fig. 4(b).

The root-mean-square velocity fluctuations obtained
from the numerical simulations and the experiments are
presented in Fig. 5(a) and (b), respectively. In Fig. 5(b),
only two components (. and v/ ) are given because
our PIV measurement is two-dimensional. Both the
numerical and experimental results show that, with the
addition of surfactant additives, the peak positions of
the streamwise velocity fluctuation intensity u . are
located wider apart from the wall than those for the
Newtonian flows. In the experiment, surfactant addi-
tives decrease u; , but in the numerical calculations,

they increase it. For larger Reynolds number
Rep, = 3 x 10%, and the experimental results show that
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Fig. 4. Effective viscosity and velocity profile with respect to the re-
scaled wall-normal distance for surfactant solution: (a) effective vis-
cosity and (b) mean velocity profile.
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Fig. 5. Root-mean-square velocity fluctuations: (a) numerical and
(b) experimental.

ut o is enhanced compared to the Newtonian fluid.

Thus, the decrease or increase of u/! . is not an essential
feature of the drag-reducing flow caused by surfactant
additives, while the shift of its peak-value position to the
bulk flow is an essential feature, which is consistent with
a wider buffer layer. Both the numerical calculations and
the experiments show that v/ . decreases appreciably for
the surfactant solution. A decrease in w/ ., by adding
surfactant additives, is also seen in Fig. 5(a). The de-
crease in the velocity fluctuation intensities in the wall-
normal and spanwise directions, as will be shown later,
is due to the energy redistribution.

The total shear stress can be used to confirm if the
calculation has reached a statistically steady state. When
a steady state is reached, the following balance equation
is satisfied:

+ U+ C;rv
€:

Trotal = 1 — 1);—61 = —utut A oy+ +p We
The last term on the right hand of Eq. (13) is the vis-
coelastic stress, which is equal to zero for the Newtonian
fluid flow. The mean velocity gradient in the viscous
sublayer that becomes gentler with the surfactant addi-
tives can be explained by Eq. (13). In the viscous sub-
layer, the Reynolds shear stress is negligible, due to the
positive viscoelastic stress (as shown in Fig. 6), where
the mean velocity gradient becomes smaller to satisfy the
balance equation. By integration from the wall, the
mean velocity must have values that are less than those
of the Newtonian fluid.

(13)

— Newtonian
Total shear stress
104 -~=-Surfactant
™% Reypolds shear stress
0.8 ~3 . .
§ X Viscoelastic shear stress
S
7 Viscous shear stress
3
P
= —fee
7] ~
0.4 0.6 0.8 1.0
y’h
(a)
1.24
=  Newtonian
@ 1.0
2 ¢ Surfactant
&
@»n 0.8+
]
g
= 0.6
7]
2
= 0.4+
=]
5y
I~ 0.2+
0.0
0.0 0.2 0.4 0.6 0.8 1.0
y/h
(b)

Fig. 6. Budget of shear stress: (a) numerical and (b) experimental.
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Statistically steady states were confirmed for both the
Newtonian fluid and the CTAC surfactant solution (Fig.
6(a)). Viscous shear stress is seen to increases apprecia-
bly, except for the decrease in the vicinity of the wall
(y" < 10), with the addition of surfactant additives. The
Reynolds shear stress decreases dramatically with its
maximum value around half that of the Newtonian
fluid, and the location where Reynolds shear stress
reaches its maximum value shifts from the wall region to
the bulk flow. The decrease of the Reynolds shear stress
is due to the increase in the viscous shear stress and the
positive contribution made by the viscoelastic shear
stress, with a greater effect from the latter. The visco-
elastic stress is the largest component in the near-wall
region, where the Reynolds shear stress decreases most
appreciably. The viscoelastic stress is about 50% of the
total shear stress in the whole region of the channel,
indicating that a small amount of additives greatly
changes the balance of the stress budget. The decrease in
the Reynolds shear stress was observed (Fig. 6(b)), and
the measured Reynolds shear stresses were smaller than
the predicted values.

Drag-reduction is often attributed to a decrease in the
Reynolds shear stress. This explanation is somewhat
crude, however, and from Eq. (13) and Fig. 6(a), besides
the decrease in the Reynolds shear stress, a positive
mean extra viscoelastic shear stress is induced that is
associated with the deformation of network structure
formed by the rod-like micelles of the surfactant solu-
tion. The presence of viscoelastic shear stress must
introduce frictional drag and the frictional drag actually
is derived from three components: viscous shear stress,
Reynolds shear stress, and viscoelastic shear stress. To
quantitatively identify the contributions made by each
of these components to the frlctlon factor, a twofold
(double) integration is applied fo Jo dy*dy* to Eq. (13).
Transforming the multiple integration to a single inte-
gration is performed by applying the integration by
parts, to obtain an integration expression for the friction
factor,

Cf = 12/R€b

viscous contribution

Jr6/01 (—W)(l—y*)

dy”
U,?
turbulence contribution
N (- (14

v1scoelastlc contribution

This integration was first proposed by Fukagata et al.
(2002) (referred to as the FIK integration) to evaluate
active turbulent control and we extend it to describe the
drag-reducing flow caused by additives. The above
equation shows that the friction factor is decomposed
into a viscous contribution, which is identical to the

laminar solution, the turbulence contribution, and the
mean extra viscoelastic stress contribution. The turbu-
lence contribution is proportional to the weighted
average of the Reynolds shear stress, for which the
weight linearly decreases with the distance from the wall.
This fact quantitatively supports the observation for
turbulent flow that turbulence structures that appear
closer to the wall than the position of maximum Rey-
nolds shear stress are more responsible for the frictional
drag in wall turbulence. The viscoelastic contribution is
also proportional to the weighted average viscoelastic
shear stress with the weight decreasing linearly from 1 at
the wall to zero at the center of the channel. For the
Newtonian and viscoelastic flows, the fractional contri-
bution made by each part is shown in Fig. 7(a).
Apparently, at the same bulk Reynolds number, the
absolute value of the viscous contribution is the same as
that of the Newtonian fluid. Thus, the addition of sur-
factant additives dramatically decreases the turbulence
contribution to friction drag, and introduces frictional
drag by the viscoelastic contribution. Surfactant addi-
tives therefore have dual effects on frictional drag to: (1)
introduce viscoelastic shear force, which has the func-
tion to increase frictional drag; and (2) dampen the
turbulent vortical structures, to decrease turbulent shear
stress and then decrease frictional drag. The drag-
reduction occurs because the second effect exceeds that
of the first. Fig. 7(b) shows the cumulative contributions
made by the Reynolds shear stress and viscoelastic shear
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Fig. 7. Fractional contribution and cumulative contribution to friction

factor in calculation case: (a) fractional contribution and (b) cumula-
tive contribution.
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stress. The decrease of the Reynolds shear stress con-
tribution and the increase of the viscoelastic contribu-
tions occur primarily in the buffer layer.

The integrated balance equation for mean kinetic
energy can be derived as follows:

Ly ' Ut Ydut dut
d * I+ d *
/_1 Re. " /_ T ay+ 4 +/_1 dyt dy*
1 111
L dut
1
/ 5 d (15)

The work done by the average pressure gradient (I) is
equal to the work of deformation by the Reynolds shear
stress (II) and the dissipation (IIT) of mean flow energy
by viscosity (we name it viscous dissipation) and the
work by mean viscoelastic stress (IV). For Newtonian
flow, the last term at the right hand of Eq. (15) is zero.

The integrated balance equation for turbulent kinetic
energy can be derived as follows:

' pUut U7 oult

ot —— dvt = : B
[ =[G ) (5 )
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)(axk
v
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o (

———7
. Ou;
Cik a

VI

>dy* (16)
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For Newtonian flow, production of turbulence is lost
by the dissipation due to the fluctuating velocity (V, we
name it turbulent dissipation). With the addition of
surfactant additives, turbulence is not only lost by tur-
bulent dissipation but also through the effect of fluctu-
ations in viscoelastic stress (VI).

The integrated balance equation for elastic energy
can be derived as

1 1 A+
p ouU+ B
0 — -+ * i /+ *
_ We, Oyt Cody | We, 0x + dy
v I
L[k [(3 —CH) —a(Ch — 8, )2]d , (17)
2W2 im Y

VII

The last term (VII) of Eq. (17) is elastic dissipation.
From Egs. (15)—(17), the input energy by the mean
pressure gradient is clearly seen to be dissipated by
viscosity and elasticity. To identify the energy distribu-
tion quantitatively, each term in Egs. (15)—(17) is cal-
culated for both a Newtonian fluid and the surfactant
solution. Their fractional contributions are listed in Fig.
8. Clearly, the energy transportation process for sur-
factant solution is quite different from that of the
Newtonian fluid. The input energy by the mean pressure
gradient is dissipated through Path 1 and Path 2. Path 1

Input energy 100%
(by mean pressure gradient)

D

Viscous dissipation

| Turbulent production | 53%
Y, 47% 11
| Turbulent dissipation | | Viscous dissipation
(@)
I
Path 2 Input energy 100% Path 1
(by mean pressure gradient)
A 7 g 0% | [
i 52% i |Turbulent production i
v Vi e 28% |
E Work by mean E Turbulence-elasticity E 8.4% E
i elastic stress i interaction ; E
VIl @63‘6% L v 11

(b)

Work by mean
viscous stress

Fig. 8. Comparison of the energy transportation process for: (a) Newtonian flow and (b) surfactant solution.
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is identical to the Newtonian case. One interaction is
present between the two paths, namely, energy transport
from turbulent production to a turbulence-elasticity
interaction. Due to the addition of the surfactant addi-
tives, viscous dissipation becomes much smaller. Sur-
factant additives inhibit energy transfer to turbulent
production and inhibit energy transfer to turbulent
dissipation. Most of the energy is transferred to the
work by the mean elastic stress and to the work by
fluctuating elastic stress, and finally dissipated by the
relaxation of the deformed network structure to its
equilibrium state. The following equations present de-
tails of the energy budgets.

The budget terms of Reynolds stress u’*uf, in the
fully developed channel flow field, can be expressed as

D,
Dr (u“ru“r) =P+ T; + Dy +1I;; — & + Ey (18)

where the terms on the right-hand side of the above
equation are identified as follows

P,=—|utu" U7 +ultul" an production rate
v TR o PR o

o0
T,»f =—57 (u’*u’*u}j) turbulent transport rate
Xk

.0 op'* .
;= _< uj 6p+ +ut ai;) vel.—press.-gradient term
J

viscous diffusion rate
ou'™ ou'r

& =2 ! —L dissipation rate

Y ( ox;f Ox; P

E:i u’+%+u’ ac;‘r
YU We, \ 7T xS oxyf

turbulence—elasticity interaction

In Eq. (18), as compared to Newtonian fluid, there is an
extra term, called the turbulence—elasticity interaction.
By setting i = j in Eq. (18), summing the index 7, and
dividing the sum by 2, the balance equation of mean
turbulent kinetic energy is obtained.

The budget terms of turbulent kinetic energy are
plotted in Fig. 9 as a function of the dimensionless wall
distance y* for both the Newtonian fluid and the CTAC
surfactant solution. The production rates calculated by
the measured instantaneous velocity fluctuations are also
included for comparison. It is clearly seen that the
magnitudes of the budget terms significantly decrease
with the addition of surfactant additives. The positions,
where production rate reaches its maximum value,
molecular diffusion and turbulence diffusion reach their
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Fig. 9. Budget of turbulent kinetic energy: (a) Newtonian fluid and
(b) surfactant solution.

minimum values, shift towards to the bulk flow region.
For example, the peak value-position of the production
rate shifts from y™ = 10 to 50. These shifts are consistent
with the expansion of the buffer layer. The maximum
value of the production decreases by 83% as compared to
Newtonian flow. This decrease must be due to the de-
crease of Reynolds shear stress. The wall friction factor is
related to the turbulent production, as the turbulence
level is decreased, the frictional drag also decreases. For
Newtonian flow at y™ > 30, the production term is bal-
anced with the dissipation term. For the surfactant
solution, however, the balancing is much more compli-
cated. At 30 < y* < 100, the production term becomes
balanced with the sum of the turbulent diffusion,
molecular diffusion, dissipation, and viscoelastic contri-
bution terms. At 100 < y* < 150, the production term is
balanced with dissipation and turbulence-elasticity
interaction terms. For y* > 150, the turbulent diffusion
term becomes a large-gain term, and at the core region, is
the largest producing term. At y* > 250, the turbulent
diffusion term is balanced with the dissipation term and
turbulence—elasticity interaction term. The turbulence—
elasticity interaction acts as a strong sink-term along the
channel height. Moreover, the negative peak position of
the turbulence—clasticity interaction is almost the same
as that of the production rate at y* = 50, which shows
that the effect of the surfactant additives on turbulence
flow is primarily in the buffer layer. Due to the strong
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turbulence—elasticity interaction, the percentage decrease
of the dissipation term is larger than that of the pro-
duction rate. For example, its peak value decrease by
93%. Although the surfactant additives significantly
change the values and distribution of the budget terms,
the production, turbulent diffusion, molecular diffusion,
and other terms show identical trends in variation for
both the Newtonian fluid and surfactant solution, with
the terms in the latter varying flatly. The measured
production rates of the Newtonian fluid agree well with
the numerical predictions except in the near-wall region,
where the experimental values are larger. The agreement
of the production rates of the CTAC surfactant solution
between experimental and numerical calculations is
qualitatively good.

The budget terms of the Reynolds normal stress
u'tu't, v+t and wtw't are shown in Figs. 10-12. The
magnitude of all budget terms becomes smaller and their
peak-value positions are located closer to the bulk flow
than those of the Newtonian flow, due to the addition of
surfactant additives. The decrease in amplitude of the
budget terms of v+v/'+ and w+w'* are larger than those
of w'*u'*. The production rate of u/+tu'* is twice that of
the turbulent kinetic energy because production rates are
zero for the normal component v"*v'+ and the spanwise
component wtw'*. For Newtonian flow, at y* > 50, one
half of «/+u/'* that is gained by production, is lost by the
dissipation rate, whereas the other half is redistributed to
v'+v't and w'tw't through the pressure strain correlation.

0.8 Production
- === Turbulence diffusion
s e Vel.-p. grad. corr.
5 0.44 ( Pressure strain )
- Molecular diffusion
0.2+ ------- Dissipation
i}
0.0 i",.’.z .;,._._--—‘
g W
N -0.2 1 .’"
-04 T T T T T 1
0 50 100 150 200 250 300
+
y
(a)
0.20- Production
- - - - Turbulence diffusion
o 0169 e Vel.-p. grad. corr.
g ( Pressure strain )
Q 0.124 . e
Molecular diffusion
0.084 ------- Dissipation

--------- Turbulence-elasticity interaction

Loss

T T T T ,
0 50 100 150 200 250 300
+

(b)

Fig. 10. Budget of Reynolds stress /*u/+: (a) Newtonian fluid and (b)
surfactant solution.
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Fig. 11. Budget of Reynolds stress v'+v'+: (a) Newtonian fluid and
(b) surfactant solution.
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surfactant solution.
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With the addition of surfactant additives, the produc-
tion is primarily lost by the turbulence—elasticity inter-
action term and the dissipation term. A very small
amount of energy in the production rate is lost by the
pressure strain. Thus, compared to the Newtonian fluid,
the energy transferred from the u/tu/'* to v'+v/+ and
wtw' T becomes much smaller. Since the cross-flow
gained less energy from the bulk flow, the velocity fluc-
tuation in the wall-normal and spanwise directions de-
creases, resulting in weakened streamwise vortices. Fig.
13 compares the streamwise vortices in cross-section.
With the addition of surfactant additives, the vortical
structure becomes much larger and its strength becomes
weaker. The violent streamwise vortices in the near wall
region are significantly reduced and the vortical struc-
tures are evenly distributed in cross-section. The weak-
ening of the streamwise vortices indicates that the
additives significantly suppress the ejection and sweep
motions occurring near the wall, which results in the
suppressed turbulence production and Reynolds shear
stress, indicating that the spacing between the high- and
low-speed streaks becomes larger. Figs. 11 and 12 show
that normal and spanwise velocity—pressure gradient
correlations (no direct production term is available for
v+tv't and w'tw't, as the velocity—pressure gradient
correlations are usually considered to be pseudo-pro-
ductions) of surfactant solutions are less than one-tenth

0.41
0.28
0.15
0.m
-0.12
-0.25
-0.38
-0.52

(b)

Fig. 13. Comparison of instantaneous streamwise vorticity for New-
tonian flow and surfactant solution at a y—z cross-section: (a) Newto-
nian fluid and (b) surfactant solution.

of the values of the Newtonian fluid. Thus, v} and w
for the surfactant solutions decrease significantly as
compared to the Newtonian fluid. The changes of the
budget terms of the Reynolds normal stress v'*v'* and
wtw't are flat, which explains the flat distribution of the
vfs and wt = along the channel height (Fig. 5). The
turbulent diffusion of v'*v'+ for the surfactant solution
becomes negligible, indicating that the turbulent trans-
portation in the normal direction becomes very weak
with the addition of the surfactant additives. In the
Newtonian fluid, the dissipation terms are almost bal-
anced with the velocity—pressure gradient terms in the
budget of v*v/* and wtw't. With the addition of sur-
factant additives, however, the dissipation term becomes
very small and the turbulence-elasticity interaction be-
comes a dominant dissipation term, to balance the
velocity—pressure gradient term. All of these observations
show that viscoelasticity plays an important role
in the redistribution of the budget of Reynolds stress.

To our knowledge, this is the first report on the
budget terms of Reynolds stress and kinetic energy of
the viscoelastic fluid flow, using a Giesekus model.
Previously, Dimitropoulos et al. (2001), Angelis et al.
(2002), and Ptasinski et al. (2003) presented budget
terms for a polymer solution by employing an FENE-P
model. They found the viscoelastic contributions to be
of a smaller magnitude with respect to the production
and dissipation terms. For our study, the viscoelastic
contribution term is of the same order of magnitude as
the production term. The dissipation term becomes a
smaller term in the budget of Reynolds normal stress
vfv'T and wtw't. In addition, the magnitudes of the
budget terms for our results are much smaller than those
reported by Dimitropoulos et al. (2001), Angelis et al.
(2002), and Ptasinski et al. (2003) and the peak value
positions shifted further toward the bulk flow. The lar-
ger differences are the result of two factors, namely, the
differences in the model and the computational param-
eters. In this study, the solution is more shear-thinning
than the solutions used by Dimitropoulos et al. (2001),
Angelis et al. (2002), and Ptasinski et al. (2003), which is
a major factor causing the large differences in the
redistribution of kinetic energy.

5. Discussion on uncertainty

In this section we analyze the uncertainty sources in
the simulations. The uncertainty comes from both the
simplified modeling of the network structures and
numerical error. The poor quantitative agreement is
primarily due to the Giesekus constitutive equation. We
may choose other models, for example, FENE-P model
or multimode model to improve the agreement. But we
did not attempt to do it, because for the usage of any
model, we need rheological data to obtain the model
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parameters which cannot be precisely measured for di-
lute surfactant solution at the time being.

Another source of uncertainty is the numerical
method. In this study we adopted a second-order finite
difference scheme (Yu and Kawaguchi, 2004). The finite
difference method has a lower-order accuracy than the
spectral method. We employed this method rather than
spectral method is because for spectral method, artificial
terms have to be added in the constitutive equations to
avoid numerical breakdown (Dimitropoulos et al.,
1998). It is found the finite difference method proposed
by Yu and Kawaguchi (2004) is more stable and accu-
rate than the artificial spectral method. We believed
once most of the smallest turbulence scales are solved,
the resolution is acceptable. The grid and time resolu-
tions of the present study were shown to be acceptable
by comparing them with Kolmogorov scales.

The Kolmogorov length scale is

3\ /4 4N 174
1
Nt = (L) U _ (i) =0 (19)
& v ev (8+)/

From the present simulation, ¢* is seen to vary from
0.0159 near the wall to 0.00115 at the center of the
channel (Fig. 9). Thus the Kolmogorov length scale in
wall units has the smallest value of around 2.82 near the
wall and the largest value of 5.43 at the center of the
channel. The grid size in the wall-normal direction is
smaller than in the Kolmogorov length scale at the near-
wall region and comparable to the Kolmogorov length
scale in the center region. In the streamwise and span-
wise direction grids, sizes are larger than in the Kol-
mogorov length scale.

The Kolmogorov time scale in wall units is

2
r=(0) = 20
€ Vo (&) 12
It has the smallest value of 7.93 v/U? near the wall and
the largest value of 29.5 v/U? at the center of the
channel. The time step size used in the present study is
0.15 v/U?, which is much smaller than that of the
Kolmogorov time scale. A more restrictive criterion for
time increases requires the time-step size to be propor-
tional to the time taken by a small-scale eddy passing a
fixed point when advected by a macro-structure velocity,
ie.,, nt/ut. Our simulation also met this criterion. We
must point out that the length scales are based on sol-
vent viscosity. Also, since we know that the shear vis-
cosity of the drag-reducing flow decreases with increases
in the shear rate and finally reaches the viscosity of the
solvent, a more suitable definition of length scale is
based on the effective viscosity at the wall. Fig. 4 shows
that the effective viscosity at the wall is 1.44 times larger
than the solvent viscosity. Hence, the grid-spacings
based on effective viscosity in the streamwise and
spanwise directions are Axt =12.8 and Az" =64,
respectively, and the grid-spacing Ay* varies from about

0.18 next to the wall to 3.7 in the center. These grid
spacings are closer to those reported by Kim et al.
(1987), who used Ax™ =12, Az" =7 and Ay", varying
from about 0.05 to 4.4 for a Newtonian fluid.

In a word, as compared to the uncertainty of the
model parameters, the uncertainty of numerical scheme
is relatively small.

6. Conclusions

DNSs and experiments were performed for the fully
developed turbulence flow of a Newtonian fluid and a 75
ppm CTAC surfactant solution in a channel. Realistic
rheological properties were considered in the constitu-
tive equations. The following conclusions can be drawn:

(1) Numerical results are in qualitatively agreement
with the experimental data;

(2) Surfactant additives have dual effects on frictional
drag to: (i) introduce positive mean viscoelastic
shear stress, which has the function to increase fric-
tional drag; and (ii) weaken the ejection and sweep
events, to decrease frictional drag. The second effect
is a major effect and thereby causes drag-reduction;

(3) Surfactant additives greatly alter the energy redistri-
bution. Additives inhibit the input energy transfer
from the mean flow to turbulent production, and in-
hibit the energy transfer from a streamwise velocity
component to the wall-normal and spanwise velocity
components. 64% of the energy supplied by the
mean pressure gradient is dissipated to heat through
the relaxation of the deformed network structures to
their equilibrium state, and 36% of the energy is lost
by viscosity and turbulent dissipation. The redistri-
bution of energy due to elasticity changes leads to
the lowered turbulence.
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