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Abstract

Turbulence transport features in a heated drag-reducing surfactant solution (CTAC, 30wppm) channel flow was
investigated by simultaneously measuring velocity and temperature fluctuations in the thermal boundary layer. Mea-
surement was made at inlet fluid temperature of 304K and at three Reynolds numbers (based on channel height, bulk
velocity and solvent viscosity): 3.5x 10%, 2.5x 10* and 1.5 x 10*. Structural analysis showed that the drag-reducing
additives inhibited the motions associated with ejections of low-momentum fluid away from the wall and sweeps of
high-momentum fluid toward the wall (the second and fourth quadrant motion respectively) but had no obvious effect
on the outward motion of high-momentum fluid and wall-ward motion of low-momentum fluid (the first and third
quadrant motion respectively). The depression of wall-normal turbulent heat flux was due to the decreased contribu-

tions of the second and fourth quadrant motions.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

It is known for more than 50years that small
amounts of long-chain polymers or surfactants, when
added to turbulent water flows, have a dramatically
large macroscopic effect (the so-called Toms effect [1])
on reducing the pressure drop in a pipe flow. Although
the drag-reducing polymeric additives and surfactant
additives have similar ability to reduce frictional drag,
causing drag-reduction (DR) of even more than 80%,
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polymeric additives are susceptible to an irreversible
degradation of the drag-reducing ability in high shear
flows (e.g., when driven by a pump) whereas surfactant
additives are not. Therefore, surfactant additives are
more appropriate for fluid circulating systems, such as
hydronic district heating and cooling systems, in which
pumping power is necessary. The microstructure in a
carefully-made drag-reducing surfactant solution im-
parts viscoelasticity to the fluid, which is thought to
cause DR. Such microstructure is mechanically de-
graded when it flows through a pump, but it recovers
immediately after the high shear is released and this
recovery procedure can be repeated any number of times
after passing through the pump [2].
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Nomenclature

D hydraulic diameter of flow channel (m)
H channel height (m)

Pr molecular Prandtl number

q heat flux (Km/s)

Re Reynolds number based on bulk velocity,
channel height and water viscosity
Re, Reynolds number based on friction velocity

and half channel height

local fluid temperature (K)

bulk temperature (K)

inlet fluid temperature (K)

heated wall temperature (K)

friction temperature (K)

the streamwise velocity (m/s)

the streamwise velocity fluctuation (m/s)

SaNSNRSS

U, friction velocity (m/s)

v the wall-normal velocity fluctuation (m/s)
X coordinate in the streamwise direction (m)
y coordinate in the wall-normal direction (m)

Greek symbols

(2] local mean temperature difference, =T, — T
(K)

0 temperature difference fluctuation (K)

T shear stress (Pa)

Superscripts

“) root-mean-square value

oM normalized with wall units

In a heated drag-reducing flow produced by addi-
tives, heat transfer reduction (HTR) of the same order
of DR also occurs. The reduction of heat transfer in heat
exchangers is an important issue in a hydronic heat
transportation system. Hence, it is important to clarify
the mechanism of HTR as well as DR in solving the con-
flicting problems between HTR and DR (DR is benefi-
cial to save pumping energy whereas HTR reduces the
efficiency of heat exchangers), so as to broaden the
applications of drag-reducing additives.

In experimental studies of a cationic surfactant solu-
tion (aqueous solution of cetyltrimethyl ammonium
chloride, CTAC) channel flow [3-5], the characteristics
of DR and HTR, turbulence structures and turbulence
transport for momentum have been investigated. From
the previous experimental results, including those ob-
tained with drag-reducing surfactant and polymeric
flows by other researchers [6-10], a consensus under-
standing of the DR phenomena has been achieved, such
as the extension of inner layer and upward shift of the
mean velocity in the log-law layer of the velocity profile,
increase in the streamwise velocity fluctuation intensity
(normalized with the friction velocity) near the wall, de-
crease in the wall-normal velocity fluctuation intensity,
depression in the Reynolds shear stress, decrease in tur-
bulent kinetic energy production, decrease in frequency
of occurrence of bursting events, enlargement of dis-
tance between the near-wall low-speed streaks, and vari-
ations on the power spectrum of the streamwise velocity
fluctuations, i.e., the decrease at high frequencies and in-
crease at low frequencies, compared with a Newtonian
fluid flow.

Recently, the characteristics of thermal turbulence
structures and turbulence transport for heat in a heated
CTAC solution channel flow were also investigated [11—

13]. The results will be summarized in Section 3. In this
paper, we continue experimental investigation of the
behaviors of HTR as well as DR in a heated drag-reduc-
ing surfactant solution flow, focusing on the structural
analysis of the wall-normal turbulence transports for
momentum and heat influenced by the drag-reducing
surfactant additives.

2. Overview of the experiment

A closed-circuit water channel is used in the present
study. The 10m-long channel is made of transparent ac-
rylic resin (except for the heating section), with a height
(H) of 0.04m and a width of 0.5m. The heating section
(consisting of backplate, heater and copper plate) is
0.9m long, located at 8.2m (measured from the front
edge) downstream from the channel entrance, as shown
in Fig. 1. The measurement station is in a central plane
in the spanwise direction and is located at 0.8m (20H)
downstream from the front edge of the heating section,
and thus 9.0m (225H) downstream from the channel

Measurement  TC Probe
Y position \
8.2m 0.8m
A\
Thermal boundary layer
ﬂﬂ; N\ |H=004m | _oemmm==m== 'J =
pA d X
A)Y
Heating plate
Measurement

volume of LDV

Fig. 1. Schematic diagram of the test section.
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entrance. A constant wall-heated flux is supplied on the
heating copper plate.

It has been documented that the length needed for
fully developed flow of drag-reducing surfactant solu-
tions is longer than that for water flow. Gasljevic and
Matthys [14] addressed that the point at 190D (D is
the hydraulic diameter) downstream in their experiments
was close to being hydrodynamically fully developed in
a drag-reducing surfactant solution flow. In the present
study, the measurement station is located 225H down-
stream, corresponding to about 122D. Hence, it is ex-
pected that the flow is hydrodynamically fully
developed at this position. To be thermally fully devel-
oped, drag-reducing flow by additives needs much long-
er distance [14]. However, in many heat transfer
measurements, it shows that the Nusselt number only
has large gradient with respect to the streamwise dis-
tance in a short entrance length for a drag-reducing flow
by additives. For example, in the experimental study of
[3], the Nusselt number changed significantly only up to
about 10H for a 30ppm CTAC solution flow. After
10H, the local Nusselt number slightly changed with
downstream distance (see Fig. 6 in [3]). It is then be-
lieved that at location of 20H downstream from the
entrance of heating section for the present case, the var-
iation of thermal field has no much effect on the mea-
surement although the flow is still thermally developing.

A dilute aqueous solution of CTAC/NaSal is used as
the drag-reducing fluid. The concentration of CTAC is
30wppm. NaSal (sodium salicylate), with the same con-
centration as that of CTAC, provides counter ions. Tap
water is used as the solvent. The thermo-physical prop-
erties of solvent are used for data reduction. A water
flow is also tested for a comparison.

The streamwise and wall-normal velocity compo-
nents, u and v respectively, are measured with a laser
Doppler velocimetry (LDV), and the temperature fluctu-
ation at the same location in the fluid is measured with a
fine-wire (22.54x 10~°>m) K-type thermocouple (TC)
probe. The time constant of the TC probe is estimated
to be about 5.0 x 10~*s at the tested conditions (at the
same conditions, the Kolmogorov time scale and Obuk-
hov—Corrsin time scale are 2.7 x 10™s and 7.6 x 10™*s
respectively). The separation distance between the junc-
tion of the TC wires and the measurement volume of
LDV is kept at 2.0x 10 *m (about 4 times the Kol-

mogorov length scale, and 5.5 and 3.0 wall units for
water and CTAC solution flows respectively). The
Doppler signals are processed with two synchronized
burst-spectrum-analyzers (BSAs). Signals from the TC
probe are sampled with an analog-to-digital converter
(AD-converter) after being amplified and filtered. The
AD-converter is triggered by the master BSA. The sig-
nals of velocity and temperature fluctuations are simul-
taneously recorded and transferred to a personal
computer.

The back surface temperatures of the copper plate
are measured with K-type TCs. The surface temperature
attaching to the fluid is estimated based on the measure-
ment. All the TCs including the fine-wire TC probe are
calibrated and found to have uncertainty of 0.1K.
The estimated relative uncertainties of measured values
for velocity and temperature are +0.2% and *0.3%
respectively.

The experimental procedure and data processing
method are the same as those previously conducted.
Table 1 lists the test conditions. Note that yf; (normal-
ized with the inner wall variables) in Table 1 corre-
sponds to y/(H/2) = 1. The solvent viscosity is used for
data-processing throughout this paper, since the mea-
sured viscosity of solution as dilute as 30 ppm was al-
most the same as that of water [13].

Detailed descriptions of the experiment can be found
elsewhere [12].

3. Results and discussion

In the previous paper [13], we reported the character-
istics of thermal as well as hydrodynamic turbulence sta-
tistics and turbulence transport for heat as well as
momentum in a heated 30ppm CTAC solution flow.
At high DR or HTR level, a large temperature gradient
appeared at about 10 < y* <50, which can also be
thought of as a modification of the temperature profile
similar to that of the inner layer of the streamwise veloc-
ity profile. The peaks of both profiles of temperature
fluctuation intensity and the streamwise turbulent heat
flux were enhanced, whereas the turbulent heat flux
in the wall-normal direction, —v+0", was depressed
throughout the measured range in the drag-reducing
CTAC solution flow. Furthermore, the depression of

Table 1

Test parameters

Cases Ti, (K) Re u, (m/s) T, (K) DR (%) HTR (%) yéL
Water 304 2.5x10* 0.025 0.020 - - 262.9
CTAC (CA) 304 3.5x 10* 0.027 0.018 33.0 20.2 249.8
CTAC (CB) 304 2.5x10* 0.012 0.041 70.0 71.3 121.1
CTAC (CC) 304 1.5x10* 0.009 0.034 65.1 77.0 86.9
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—v+0" occurred in a similar way with that of the
Reynolds shear stress, —u* v+, i.e., the occurrence of dec-
orrelation between v and 0 compared with the occur-
rence of decorrelation between u and v, in addition to
the decrease of the fluctuation intensity v’. The turbu-
lence production of turbulent kinetic energy and that
of temperature variance are reduced in the drag-reduc-
ing CTAC solution flow. The estimated power spectrum
of temperature fluctuations implies that the drag-reduc-
ing surfactant additive depresses the turbulence at high
frequencies or at small scales, whereas it increases the
turbulent energy at low frequencies or at large scales.
The eddy diffusivities for momentum and heat in the
CTAC solution flows are both decreased. The turbulent
Prandtl number profiles deviated from that of the water
flow in the region corresponding to the high-tempera-
ture-gradient layer. The value of the turbulent Prandtl
number in this layer becomes close to the molecular Pra-

0 0.2 0.4 0.6 0.8
(a) YAH/2)

0.8 —

0.6 —

0 0.2 04 0.6 0.8
(c) YA(H/2)

ndtl number of the solvent, which is due to the lamina-
rization of the flow by the drag-reducing additives.

In order to clarify the behaviors of turbulence trans-
ports, and so the mechanisms of DR and HTR, struc-
tural analyses have been performed for the turbulence
transport terms for both momentum and heat. The fol-
lowing sections describe the shear stress balance, wall-
normal turbulent heat flux balance, quadrant analyses
of —uw and —v0. Note that the measurement technique
employed in the present experiment shows good repro-
ducibility of the quantities illustrated below. For exam-
ple, for water flows at Re = 2.36 x 10* and Re = 2.5 x 10*
reported in [12] and [13] respectively, the differences be-
tween the two independently measurement by using the
same technique were less than about 0.5% for U" (indi-
cating a good reproducibility of U /dy"), 8% for ©F
(indicating a good reproducibility of d@*/dy™), 11%
for —utv™ and 25% for —v+0", and the difference was
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Fig. 2. Shear stress contributions as a function of y/(H/2): the solid line represents the total shear stress, 7;.; O, the Reynolds shear
stress, 7; @, viscous shear stress, ty; A, elastic shear stress, 7. (a) water; (b) CA; (c) CB and (d) CC.
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thought to be mainly due to the different sampling
spaces between the two measurements.

3.1. Shear stress balance

In the investigation of drag-reducing flow by poly-
meric or surfactant additives, the so-called Reynolds
shear stress deficit has been repeatedly observed. An
elastic stress or Reynolds shear stress deficit term is
therefore introduced into the total shear stress balance
[8,10], i.e.,

Tm =7T1 +Tv + T (1)

where 1, represents the total shear stress, tt the Rey-
nolds shear stress, Ty viscous shear stress and tg elastic
stress. For a hydrodynamically fully developed two
dimensional channel flow, normalized with inner wall
variables, the total shear stress balance becomes,

th=1—y"/Re, =15 + 1§ +1¢ (2)
74 = —utv* is obtained from the instantaneous stream-

wise and wall-normal velocity components measured by
LDV. The estimated uncertainties of —uv at a 95% con-
fidence level is <0.7%. 13, = 0U ™ /0y is calculated from
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Fig. 3. Schematic diagram of the categorization of turbulent
fluid motions (quadrant motions). The viewer is moving with
the fluid in the u—v coordinate system. Thus, motions in the
streamwise direction represent high-momentum fluid, and
opposite the streamwise direction represent low-momentum
fluid.

0.5 ~ —
o ]
04 L ! ®e .0 o0 *°, o QI |
L R ° Ooo A Q2 i
0.3 ‘jAA VN XQ3
=~ ++++++++++++++ Q4
< 02 ® Sum
X L 4
|2 o1 .
0.0
WWWQ&& ]
_02 . 1 . 1 L
0.6 0.8 1.0
(b) Y/ (H/2)
0.5 — T T T T T T T
i ool |
04T aQ ]
03+ X Q3 -
~ + Q4
= L ‘ ]
T 0af &gﬁﬁ% éﬁ% o sun -
T 01F %e g
0.0
R e ]
0.2 i . 1 . 1 . 1 . 1 . ]
0.0 0.2 0.4 0.6 0.8 1.0
) YAH/2)

Fig. 4. Fractional contributions of the Reynolds shear stress from different quadrant motions: (a) water; (b) CA; (c) CB and (d) CC.
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the measured time-mean velocity profile. The mean
velocity profile, U" versus y*, is at first regressed by
means of least-square method, and then 1, is calculated
from the smoothed profile of U". Based on root-sum-
square method [15], the estimated uncertainty of i is
+10.1%. tf is determined by subtracting the measured
7F and the calculated 7y from the total shear stress,
7, and has an uncertainty of +10.7%.

In Fig. 2, the measured and calculated shear stresses
for both water and CTAC solution flows are plotted. In
water flow, the elastic stress is zero and the sum of
and 13 is equal to the total shear stress. In the drag-
reducing flows, as shown in Fig. 2b-d, the sum of
and 7y no longer equates to t}; the contribution of elas-
tic stress, tf;, to 7> occurs, which is named as the occur-
rence of “Reynolds stress deficit”. The elastic stress 1t
increases with an increase in DR level.

0.8 NN

0 0.2

0.4

0.6

YA(H/2)

0.8

3.2. Quadrant analysis of Reynolds shear stress

Quadrant analysis [16] of —uv is conducted in order
to provide the detailed information of the contribution
to the total turbulence production from various events
occurring in the turbulent flows, and to provide infor-
mation on the influence of drag-reducing surfactant
additives on such contributions. Fig. 3 schematically
shows the categorization of fluid motions according to
the signs of u and v. The contribution of each quadrant
to —uv is calculated with # and v only located in the indi-
vidual quadrant in the velocity fluctuation coordinates
(u,v), designated as —uw; for the ith quadrant, where
i=1,2,3 and 4. In the first quadrant, # >0 and v >0,
representing outward interactions of fluid (outward mo-
tion of high-momentum fluid, Q1 motion); the second
quadrant, # <0 and v >0, contains ejections of low-

(c)
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0.4 0.6
YAH/2)
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0.2 0.4 0.6 0.8 1
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Fig. 5. Turbulent heat flux contributions in the wall-normal direction as a function of y/(H/2): the dash line represents the measured
total heat flux normal to the wall for water flow (thermally developing flow), (¢;,)y; the solid line represents the measured total heat
flux in the wall-normal direction in CTAC solution flows, (g;;)c; O, the wall-normal turbulent heat flux, ¢f; @, the conductive heat

flux, g¢. (a) Water; (b) CA; (c) CB and (d) CC.
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moment fluid from the wall (Q2 motion); the third quad-
rant, # <0 and v <0, contains wall-ward interactions of
fluid (wall-ward motion of low-momentum fluid, Q3
motion) and the fourth quadrant, ¥ > 0 and v <0, con-
tains sweeps of high-moment fluid toward the wall (Q4
motion).

Fig. 4 plots the distributions of —uv; (i = 1,2,3 and 4)
and the sum, —uv = Z?:I — uv;. In water flow, Q2 and
Q4 motions are dominant in generating the turbulent
shear stress, as shown in Fig. 4a. For all the three cases
of CTAC solution flow, however, the contributions
of Q2 and Q4 motions vary significantly. With the in-
crease of DR level, both —uv, and —uv, are increasingly
depressed, whereas —uv; and —uv; have almost no differ-
ences from those in water flow, as shown by comparing
Fig. 4b—d with Fig. 4a. Thus, the sum, —uv, i.e., the Rey-
nolds shear stress, decreases in the drag-reducing
flow. This indicates that the drag-reducing surfactant
additives inhibit the processes of ejection of low-momen-
tum fluid from the wall and the sweep of high-momen-
tum fluid toward the wall, but do not affect the
processes of both outward and wall-ward interactions
of fluid.
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3.3. Balance of wall-normal heat flux from heated wall
to liquid

The heat flux contributions in the wall-normal direc-
tion for both water and CTAC solution flows are shown
in Fig. 5. The dash line in Fig. 5a—d represents the mea-
sured total heat flux normal to the wall for water flow,
(¢h)w = ¢F + ¢¢, in the present study, where g7 is the
wall-normal turbulent heat flux, ¢¢ the conductive heat
flux. gF = —v*0" is obtained directly from the simulta-
neously measured v and 0. The measured total heat flux
in CTAC solution flows, (¢;')c = g7 + g¢, is plotted by
the solid line (smoothed) in Fig. 5b—d. The estimated
uncertainty of g+ at a 95% confidence level is <5.5%.
g& = (1/Pr)- (007* /0y") is calculated from the mea-
sured time-mean temperature profile (the procedure is
similar to that performed for 13). The estimated uncer-
tainty of ¢ is £8.6%.

In [3], it was obtained that the profiles of the mea-
sured Nusselt number versus the downstream distance
for a 30ppm CTAC solution flow and water flow
were similar in shape, i.e., they were nearly parallel to
each other everywhere, and the Nusselt numbers at a
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Fig. 6. Fractional contributions of wall-normal turbulent heat flux from different quadrant motions: (a) water; (b) CA; (c) CB and (d)

CC.
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streamwise location of 20H only slightly changed with
downstream distance. On the other hand, we also ob-
tained that the turbulent Prandtl numbers in the thermal
boundary layer were almost the same in both 30ppm
CTAC solution flow and water flow [13]. These indicate
that the developing situation of thermal field for both
water flow and drag-reducing CTAC solution flow could
be similar with each other at location of 20H down-
stream from the entrance of heating section. By compar-
ing with the measured profile of (g7 )y, in water flow, the
typical characteristics of turbulence transport for heat in
a drag-reducing CTAC solution flow in the thermally
developing region can thus be investigated.

As compared with water flow, the drag-reducing
CTAC solution flow shows quite different characteristics
of heat fluxes normal to the wall in the developing ther-
mal boundary layer (Fig. Sb—d), although the measure-
ments are performed at the same streamwise location.
The profile of g5 in a drag-reducing flow is increasingly
depressed with the HTR level throughout the measured
range, which has been reported by Li et al. [12,13]. The
profile of g& with similar value moves away from the
wall compared with water flow. Note that, g& will de-
crease with further decreasing the distance from the
heated wall surface. Kawaguchi et al. [11] and Li et al.
[12] plotted the mean temperature in a broader range
(closer to the heated wall) and observed that the temper-
ature gradient was quite low near the wall, indicating the
existence of a local high-heat-diffusivity layer. The pro-
file of (g} )c is increasingly deviated (depressed) from
that of (¢;)y, with HTR level. The decrease in ¢F, con-
sequently the decrease in (g, directly results in the de-
crease in heat transfer rate. In a drag-reducing solution
flow, the additives inhibit eddy motions normal to the
wall in a turbulent channel flow, and so turbulence
transport for heat as well as for momentum is inhibited
because the turbulent eddy motions also play essential
roles in thermal turbulence transport.

3.4. Quadrant analysis of wall-normal turbulent heat flux

Quadrant analysis is also conducted for the wall-nor-
mal turbulent heat flux, —v0, to understand the behav-
ior of turbulence transport for heat in a drag-reducing
flow. By calculating the fractional contributions, —v0;
(i=1,2,3 and 4) to —v0 from different quadrant motions
categorized in the (u,v) plane, the influences of drag-
reducing surfactant additives on thermal turbulence
transport during different events, i.e., ejection, sweep
and interactions, are investigated.

Fig. 6 shows the results of quadrant analyses of —v0
for both water and CTAC solution flows. In water flow,
the contributions of Q2 and Q4 motions (ejection and
sweep) to —v0 are also predominant (Fig. 6a). The neg-
ative contributions of Q1 and Q3 motions (outward and
wall-ward interactions) are quite low in absolute value.

In the heated CTAC solution flows, it can be seen that
the fractional contributions of Q2 and Q4 motions are
greatly decreased at high HTR level, whereas those of
Q1 and Q3 motions change little compared with water
flow, which results in the depression of the wall-normal
turbulent heat flux, i.e., the sum, —v0 = Zf:l — 00,

4. Conclusions

The following main conclusions are drawn from the
present study:

(1) An elastic stress occurs in a drag-reducing solution
flow, which increases with DR level.

(2) The drag-reducing additives inhibit the processes of
ejection of low-speed fluid from the wall and the
sweep of high-speed fluid towards the wall, but do
not affect the processes of both outward and wall-
ward interactions of fluid, causing the decrease of
—uv.

(3) —uv0 is also strongly decreased in a heated CTAC
solution flow, which results in a decrease of total
heat flux normal to the wall, causing HTR.

(4) Quadrant analysis shows that the depression of —v0
results from the decreased contributions of the sec-
ond and fourth quadrant motions, which is similar
to the behavior for —uv.
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