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A drag-reducing surfactant solution flow in a two-dimensional channel is experimentally
investigated. Simultaneous measurements of the velocity and temperature fluctuations in the
thermal boundary layer are carried out. Two-component laser Doppler velocimetry (LDV) is used
for measuring the velocity components and a fine-wire thermocouple probe for the temperature
fluctuations at the same measurement location. The drag-reducing fluid tested is a dilute aqueous
solution of a cationic surfactant, cetyltrimethylammonium chloride (CTAC), with 30 ppm
concentration. Prior to measurement of the turbulent quantities, the gross flow characteristics of
this drag-reducing solution are studied. The simultaneous measurements of velocity and
temperature are made at inlet temperature of 31°C and at three different Reynolds numbers, Re =
3.5x10%, 2.5x10* and 1.5x10*, where the definition of Re is based on the channel height. The
hydrodynamic and thermal turbulence structures and the turbulence productions and turbulence
transport behaviors are then studied by analyzing the data sets of velocity and temperature
fluctuations. The following terms are investigated: velocity and temperature statistics, Reynolds
shear stress, turbulent heat fluxes in both the wall-normal and the streamwise directions,
turbulence productions of both turbulent kinetic energy and temperature variance, eddy
diffusivities for momentum and heat, and turbulent Prandtl number.

1. Introduction

The main objective of the present study is to clarify, through simultaneous measurements of instantaneous
velocity and temperature fluctuations, the characteristics of turbulent structures of velocity and temperature
fields in a drag-reducing flow by surfactant additives. The added surfactant gives functionality to the fluids and
works to suppress turbulence. In this sense, the surfactant and micro-bubble have common feature to control the
turbulence through the change of fluid property. This is the reason that the present work is expected to give hint
to the analysis of turbulent bubbly flow.

Since the discovery of the dramatic drag-reducing effect of adding a small amount of certain high molecular
weight water-soluble polymers or surfactants to water, the turbulence structures and mechanism of drag
reduction (DR) in drag-reducing flow by additives have been intensively investigated in pipe, channel and
boundary-layer flows. Some points of consensus have been obtained, such as the damping of fluctuations of the
velocity component normal to the wall surface, enhancement of the streamwise velocity, attenuation of Reynolds
shear stress due to the decorrelation between the wall-normal and streamwise velocity components, increase of
the space between low-speed streaks near the wall and so on (Sadanandan and Sureshkumar 2002, Warholic et al.
1999, Hetsroni et al. 1997).

One of the most attractive applications of drag-reducing flow by additives is to reduce the pumping power
required for circulating water in district heating and cooling (DHC) systems, especially by using surfactant
additives. In such applications, polymer additives cannot be used because irreversible degradation of the
drag-reducing ability of polymers generally occurs, caused by mechanical stress while passing through the
circulating pump. However, when applying drag-reducing surfactants to a DHC system the heat transfer
problem is inevitably encountered because the heat transfer rate of a drag-reducing flow by additives is also
significantly reduced due to the dramatic suppression of turbulence (the heat transfer reduction, HTR, is usually
so high as to be even larger than DR). Several attempts to enhance the heat transfer of drag-reducing flow by
additives have appeared in the literature so far (Li et al. 2001, Fossa and Tagliafico 1995, Qi et al. 2001).
Nevertheless, the problem of the contradiction between the heat transfer enhancement and the DR penalty of a
drag-reducing flow by additives in industrial applications has not been solved adequately. Furthermore, the
mechanism of the HTR itself in such drag-reducing flows has not yet been clarified. Therefore, the present



experiments set out to clarify the turbulent thermal as well as hydrodynamic structures of a drag-reducing flow
by surfactant additives, and thus clarify the heat transfer behaviors of such flow.

In the present study, experiments were carried out for the simultaneous measurement of the velocity and
temperature fluctuations in the thermal boundary layer region in a drag-reducing surfactant solution flow in a
two-dimensional (2D) channel. In Section 2, the experimental setup and measurement technique are described.
The experimental results are presented in Section 3, for investigations on: the gross flow quantities under
different temperatures and Reynolds numbers, and the influences of the drag-reducing surfactant additives on
the respective characteristics of turbulence quantities, including the velocity and temperature statistics, the
turbulent shear stress, —uv , and the turbulent heat fluxes in both streamwise and wall-normal directions, ué
and —@, the turbulence productions of both turbulent kinetic energy and temperature variance,

—utv* (8U+/8y+) and —v'0" (8@+/6y+ ), eddy diffusivities for momentum and heat, v, =—uv/(8U/dy) and
a, = —@/ (8@/ 6y), and turbulent Prandtl number, Pr. The conclusions are given in Section 4.

2. Experimental setup and method

2.1 Facility

The closed-circuit water channel used in the
present study is schematically depicted in Fig. 1. It
is made of acrylic resin and has a straight part with i Contraction
length of 10 m, height (H) of 0.04 m and width of Fﬂ}er 2D channel
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central plane in the spanwise direction and 0.8 m
(20H) downstream from the front edge of the
heating section, corresponding to 9.0 m (225H) downstream from the inlet of the channel. The coordinate system
is given in Figs. 1 and 2.

2.2 Working fluids

A dilute aqueous solution (30 ppm) of a cationic surfactant, cetyltrimethylammonium chloride (CTAC) with
chemical formula of C,¢H33N(CHj;);Cl, is prepared for the drag-reducing working fluid. The sodium salicylate
(NaSal) is added to the solution with the same weight concentration as that of CTAC for providing counterions.
Local tap water is used as the solvent. The thermo-physical properties of the solvent at the mean fluid
temperature are used for data reduction for the dilute CTAC solution. Water is also used as the working fluid for
comparison.

2.3 Measurement approaches

The velocity components in both the streamwise and the wall-normal directions are measured with a
two-component LDV (two-color, three-beam mode) using 488 and 514.5 nm wavelengths of laser light. An
argon ion laser (INNOVA 307C, Coherent Co.) is used as the light source. The dimensions of the measurement
volume are 0.1, 0.1 and 3.6 mm in the streamwise, normal and spanwise directions respectively. The Doppler

Fig. 2 Schematic diagram of the test section (top view)



signals are processed with two synchronized burst spectrum analyzers (BSA 57N21, Dantec). The LDV
measurement volume is positioned with a stage controller (Sigma Koki Co., Ltd.) in the wall-normal and
spanwise directions within £5 um respectively and with a micrometric manipulator in the streamwise direction
within 1 pm.

The temperature fluctuations in the fluid are measured with a fine-wire thermocouple (TC) probe (K-type,
Omega Co.). The fine-wire has a diameter of 25.4 um (0.001 inch) and is supported by two prongs made of the
same type of TC wire of diameter of 200 pum; the ratio of the diameter of junction to the wire is 3; and the time
constant is estimated to be around 8x10™s (which is smaller than the Kolmogorov time scale, about 2.7x107 s)
under the tested flow conditions. The output voltage signal of the fine-wire TC probe is amplified by a DC
amplifier and the signals with frequency of higher than 1 kHz are screened out with a low-pass filter, before
being sent to an analog digital converter (AD converter). The AD converter is synchronized with and triggered
by the master BSA. The position of the fine-wire TC probe is controlled with a digital micrometric manipulator
in the wall-normal direction within +1 um. The separation distance between the fine-wire TC junction and the
LDV measurement volume is set to be 0.2 mm for all the runs (around 47, where 7 is the Kolmogorov length
scale estimated under the flow conditions), which has been proved to be an adequate choice. Note that
Saarenrinne et al. (2001) showed that, away from the walls, grids of the order of 57 are sufficient for most
purposes in numerical simulations, such as prediction of the mean flow and second moments of turbulence and
all terms in the turbulent kinetic energy equation.

The heated-wall temperature of the heating section is measured with K-type TCs. All the TCs including the
fine-wire TC probe are calibrated prior to the experiments and found to have uncertainty of 0.1 K.

3. Results and discussion

It has been observed that the DR and HTR of a drag-reducing flow by additives strongly depend upon the fluid
bulk temperature and flow rate (or Reynolds number) as well as the concentration of additives. The DR and HTR
characteristics of the tested 30 ppm CTAC solution at different inlet temperatures and different flow rates are
therefore investigated first. The velocity and temperature fluctuations are then simultaneously measured
performed for several selected cases of the CTAC solution flows and water flows (see Table I for the test
conditions). The turbulent characteristics and the turbulence transports in a drag-reducing flow by surfactant
additives as well as in a water flow are investigated with the simultaneously measured velocity and temperature
fluctuations. Around 1000 to 10000 synchronized data sets of the velocity and temperature, depending on the
distance from the measurement location to the heated wall surface or on the data quality, are sampled for each
case.

Table I. Test parameters

Case Tiw('C)  Re(x10%)  uf m/s) T(C) DR (%) HTR (%)

Water 31 2.5 0.025 0.020 - -
CTAC (CA) 31 3.5 0.027  0.018 33.0 20.2
CTAC (CB) 31 2.5 0.012  0.041 70.0 77.3
CTAC (CC) 31 1.5 0.009  0.034 65.1 77.0

3.1 Gross flow characteristics

The relationships between the Fanning friction factor, f, Colburn factor, j;, and Reynolds number, Re (based on
the channel height, bulk velocity and viscosity of solvent), under different inlet temperatures are depicted in Figs.
3 and 4 respectively. Correspondingly, the DR and HTR values are plotted against Re in Fig. 5. The DR and
HTR are defined as, DR=1-f/f;,and HTR =1 —Nu/ NuO , where the Nusselt number, Nu, is based on the
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channel height and the subscript “0” represents the solvent flow only. Dean’s correlation of the friction factor for
a Newtonian fluid in a 2D channel (Dean 1978), f = 0.073Re % | and Zakin’s lower limiting friction factor
asymptote for nonpolymeric additive systems (Zakin 1996), f =0.315Re™* are included in Fig. 3. For the
hydrodynamically fully developed but thermally developing water flow in a smooth channel, Gnielinski

provided the following heat transfer correlation (Gnielinski 1976), Nu, = O.OIZ(Re%87 - 280)Pr0‘4 [1 + (D/ L)z/ 3 ],
where D is the hydraulic diameter of the channel, L the length of the heating section and Nup and Rep
respectively the Nusselt number and Reynolds number based on D. The Colburn factor calculated by using
Gnielinski’s correlation for water flow and Matthys’s lower limiting Colburn factor asymptote for polymer
solutions (Matthys 1991), j, =0.03Re ", are also plotted in Fig. 4 for comparison. The tested inlet fluid
temperatures are all in the effective drag-reducing range of the CTAC solution. For the 30 ppm CTAC solution
flow presently tested, it is shown that the effective ranges of both the DR and HTR are near to 39°C. For the case
of T;,=39°C, both f'and j are close to those of a Newtonian fluid flow throughout the range of Reynolds number
tested.

Seen from Figs. 3 and 4, f'and j for the dilute CTAC solution flow decrease with the increase of Re and then
reach a local minimum value. After that, the drag or heat transfer rate begins to gradually recover with the
increase of Re, even the flow completely loses its drag-reducing or heat transfer reducing ability under a high
enough Re (see the case of 7;,= 35°C). The increase of 100
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For the present measured cases, the variation of DR
and HTR after a local maximum value is the most striking
under 31°C. The maximum DR for this case occurs at
Reynolds number of around 2.5x10* (70%) and that of
HTR at Reynolds number of 2.3x10* (79%), as plotted in
Fig. 5.

3.2 Effects of drag-reducing surfactant additives on turbulence statistics

3.2.1  Velocity statistics

The measured time-mean streamwise velocity (normalized by the friction velocity, u, =4/z,,/p , where 7, is
the measured wall shear stress) profiles for both the CTAC solution and water flows are presented in Fig. 6. Note
that the superscript “+” represents normalization with inner variable(s) hereafter. It is clearly seen that the
measured mean velocity profile for water flow is in close T
agreement with the turbulent velocity law-of-the-wall profile 60 _:U 2 51”3’ +5 5 1
in the logarithmic region for Newtonian flow. For the CTAC FeeU” 11 7iny-17. O(Vlrk) L.
solution flows, the velocity profiles in the near-wall region 40 + 2 8§ = ’ i
extend along with the laminar profile U'=y" to a more distant o CC / ’
position compared with those of the Newtonian flow, which is [
one of the typical characteristics of drag-reducing flow by 20
additives and is often referred to as the thickening of the inner
region. The difference between the velocity profile of the )
drag-reducing CTAC solution flow and that of water in the 10°
logarithmic region increases with the DR level. The velocity

profiles of the drag-reducing flow in the present experiment Fig. 6 Mean streamwise velocity profiles
are all enclosed by Virk’s ultimate curve (Virk 1975).

The turbulent intensity profiles for the streamwise and wall-normal velocity fluctuations are shown in Figs. 7
and 8 respectively. It is seen that the location of the maximum value of u'" shifts to further away from the wall
surface in the drag-reducing CTAC solution flow (from y*= 12 to y*=23-30) and the peak levels of u'" profiles
are larger in drag-reducing flows compared to that in water flow. This is also a typical feature of the
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drag-reducing flow by additives when the drag reduction is large enough. In contrast to the u'* results, the
profiles of v'* for the drag-reducing surfactant solution flow, as shown in Fig. 8, are all depressed and the
depression becomes more serious with the increase of DR level, which indicates the damping of the fluid motion
normal to the wall by the drag-reducing surfactant additives. These results are consistent with those of previous
studies on drag-reducing flow by either polymer or surfactant additives.

3.2.2  Temperature statistics

The profiles of the measured mean temperature difference (& = T,,-T, where T,, is temperature of heated wall and
T is fluid temperature) normalized by the friction temperature, 7, =gq,, / (pcpur), where ¢, is the specific heat
capacity, for both water and the CTAC solution flows are plotted in Fig. 9. It shows that the mean temperature
profile for water flow in the present measurement agrees quite well with Kader’s correlation for Newtonian flow
(Kader 1981). For the CTAC solution flows, however, the mean temperature profiles are significantly different
from that of water flow. For cases CB and CC, it is clearly seen that a large temperature gradient exists when y"
is smaller than about 50. In the experiments of drag-reducing fluid pipe flows carried out by Gasljevic et al.
(2001), similar phenomenon was observed and they named this high-temperature-gradient layer as the elastic
layer, which is analogous to the elastic layer of the velocity profiles in Virk’s 3-layers model. In the outer region,
the gradient of the temperature profiles becomes very small for the CTAC solution flow when the HTR level is
high enough. The HTR of case CA is much smaller than those of CB and CC, and its temperature profile also
varies from that of water flow but the change is still insignificant.
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Fig. 9 Mean temperature profiles Fig. 10 Temperature fluctuation intensity

Figure 10 shows the profiles of the root-mean-square of the temperature fluctuations. Because the present
experimental investigation focus on the coupling information of the velocity and temperature fluctuations, such
as the turbulence transport for momentum and heat, the temperature measurement is also terminated when the
LDV reaches its “acceptable measuring distance” very near to the wall. In the previous experiments (Li et al.
2002), the temperature profile was measured over a broader range in the close vicinity of the heated wall surface.
The peaky structure of @' was clearly obtained. Similar to the velocity fluctuation profiles, the maximum
values of @' also were larger for the drag-reducing CTAC solution flows and after those peaky points, 8"
dropped quickly until it became lower than that for water flow in the outer region. Although the turbulence



intensity profiles of temperature fluctuations for CTAC solution flows do not show a peaky part within the range
of the present measurements, Fig. 10 shows that the maximum value of 6" should be higher for the CTAC
solution flows than that for water flow and the measured profile shows excellent repeatability compared to our
previous experiment.

3.3 Effects of drag-reducing surfactant additives on turbulence transports

3.3.1  Turbulence transport for momentum

It has been confirmed by many investigators, both experimentally and numerically, that for drag-reducing flow
by polymer or surfactant additives the turbulent momentum transfer could be significantly influenced by the
additives, so the Reynolds shear stress profile would substantially decrease compared to that for a water flow.
Furthermore, as stated by Hoyer and Gyr (1996), the reduction of the Reynolds shear stress is also the result of a
decorrelation between the two velocity components involved in the calculation of the Reynolds shear stress term;
the reduction of the turbulence intensity in the wall-normal direction alone would not completely explain the
reduction in the Reynolds shear stress. Figure 11 shows the Reynolds shear stress profiles presently measured.
The Reynolds shear stress for each of the three CTAC solution flows is less than that for the water flow, and the
reduction of —uv evidently increases with the DR level. A decorrelation between u and v is also observed in
our experiments, as shown in Fig. 12.
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In order to provide detailed information on the contributions to the total turbulence production from various
events occurring in the turbulent flows, and to provide information on the influence of drag-reducing surfactant
additives on such contributions, quadrant analysis (Lu and Willmarth 1973 ) of the Reynolds shear stress, —uv,
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Fig. 13 Fractional contributions of the Reynolds shear stress from different quadrants.



has been conducted. The contribution of each quadrant to —wuv is calculated with » and v only located in that
individual quadrant in the velocity fluctuation coordinates (u, v) and is designated as —uv; for the ith quadrant,
where i = 1, 2, 3 and 4. Following Nagano and Tagawa (1988) and Kim et al. (1987), in the first quadrant > 0
and v > 0, which represents outward interactions of fluid and is named Q1-motion; the second quadrant, u < 0
and v > 0, contains ejections of low-moment fluid from the wall (Q2-motion); the third quadrant, # <0 and v <0,
contains wall-ward interactions of fluid (Q3-motion) and the fourth quadrant, # > 0 and v < 0, contains sweeps of
high-moment fluid toward the wall (Q4-motion).

Figure 13 plots the distributions of —uvi (i=1, 2,3 and 4), and the sum of these four terms that is equal to
the Reynolds shear stress, for both water and drag-reducing CTAC solution flows. For the water flow, 02 and Q4
motions are dominant in generating the turbulent shear stress, as clearly shown in Fig. 4a. Adding the
drag-reducing additives to water, the turbulence transport behaviors are obviously changed. In all the three cases
of CTAC solution flow, it is found that the distributions of Q1 and Q3-motions to the turbulent stress have nearly
no differences from those in water flow, comparing Figs. 4b-4d with Fig. 4a. However, the contributions of 02
and Q4-motions are changed significantly. With the increase of DR level, both —uvy and —uvy are depressed,
so the sum, i.e., the turbulent shear stress, decreases in the drag-reducing flow. This indicates that the
drag-reducing surfactant additives inhibit the processes of ejection of low-momentum fluid from the wall and the
sweep of high-momentum fluid toward the wall, but do not affect the processes of both outward and wall-ward
interactions of fluid.

3.3.2  Turbulence transport for heat
A.  Turbulent heat flux in the wall-normal direction

_Figure 14 shows the turbulent heat flux profiles in the wall-normal direction. It can be seen that the
—v*0* profile has been depressed by the drag-reducing surfactant additives in the whole measured region and
the depression increases with the HTR level. It is clear that the decrease of the Reynolds shear stress directly
results in the drag reduction. It is conjectured that the heat transfer reduction may be due to the decrease of the
wall-normal turbulent heat flux, for the wall-normal turbulent heat flux plays a similar role in the turbulence
transport for heat as the Reynolds shear stress does in the turbulence transport for momentum. Additionally, from
Fig. 14 and Fig. 11 the —v*@" profiles of the drag-reducing CTAC solution flows show a similar trend in
variation as the —u*v" profiles. The term —v*@" seems to be influenced by the drag-reducing additives in
the same way as the term —u*v* | that is, the loss of correlation between the temperature and wall-normal
velocity component fluctuations (one¢ can see that the temperature fluctuation itself is locally enhanced by
drag-reducing additives whereas —v*@* is depressed). The measured profiles of the cross-correlation
coefficient between v and & in both water and CTAC solution flows, as shown in Fig. 15, support the
aforementioned conjectures obviously. Decorrelation between v and 8 occurs. In addition, the profiles of R,y and
R,, exhibit similar shapes through the measured range, which also shows the similarity between the variations of
—uv and —v@ influenced by the drag-reducing additives.

Quadrant analysis is also conducted for —v6 to understand the behavior of turbulence transport for heat in
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the drag-reducing flow. By calculating the fractional contributions to —v6 from different quadrant-motions
categorized in (u, v) plane, the influences of drag-reducing surfactant additives on thermal turbulence transport
during different events, i.e., ejection, sweep and interactions, have been investigated.

Figure 16 shows the results of quadrant analyses of —vé@ for both water and CTAC solution flows. For
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Fig. 16 Fractional contributions of wall-normal turbulent heat flux from different quadrants.

water flow, Fig.16a shows that contributions of Q2 and Q4- motions (ejection and sweep), to —v@ are also
predominant. The negative contributions of O1 and Q03- motions (outward and wall-ward interactions) are quite
low in absolute value (more evident if compared with those of Q1 and O3 motions to —uVv). For the heated
drag- reducing CTAC solution flow, it is observed that the fractional contributions of 02 and (Q4-motions are
greatly decreased, but those of Q1 and 93-motions do not have much change compared with those in water flow,
which results in the depression of —v6 in drag reducing surfactant solution flow. The decrease of contributions
of 02 and Q4-motions to —v@ increases with the HTR level (Figs. 16B, 16C and 16D).

B.  Turbulent heat flux in the streamwise direction

The measured profiles of turbulent heat flux in the streamwise direction, normalized by the friction velocity and
temperature, are plotted in Fig. 17 for both water and CTAC solution flows. Comparing Fig. 17 with Figs. 7 and
10, it is seen that for the water flow the maximum value of u*@" occurs at a location close to where the
maximum values of u#'" and @'" occur (around 10 wall units). With the addition of drag-reducing additives to
water, the profile of 6" is also enhanced in the region corresponding to the high-temperature-gradient layer.
In addition, the enhancement of u*@" is also due to the fact that # and@ do not lose their correlation in this
layer in CTAC solution flow compared with that in water flow, which is confirmed by the cross-correlation
coefficient between u and@ as shown in Fig. 18. Although the maximum values are not obtained in the limited
measurement range for cases CB and CC (the peaky structure in the profile of u*6" was observed in Li et al.
2002), it is evident from Fig. 17 that the maximum value of #*@* in a drag-reducing flow by surfactant
additives is enlarged and it increases with the HTR level. After the maximum value (cases CB and CC exhibit
the tendency), the streamwise turbulent heat flux drops quickly to zero or even slightly negative value, where the
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cross-correlation of R,y is also significantly decreased (Fig. 18).

3.4 Effects of drag-reducing surfactant additives on turbulence productions
34.1  Production of turbulent kinetic energy

In the budget equation of turbulent kinetic energy, u*u™ / 2, the production termis —u"v* (8U * / oy* ) , which is

calculated from the measured Reynolds shear stress and the time-mean streamwise velocity profile. It can be

deduced that —u"v" (8U+/8y+1 =0.25 for Newtonian fluid flow, at —u*v* =05 and oU*/ay* =0.5.
The influence of drag-reducing surfactant additives on the turbulence production of kinetic energy is shown

in Fig. 19. Clearly, the production of kinetic energy is reduced in the drag-reducing CTAC solution flows and at

high DR level (case of CB or CC) the reduction is quite significant. At the same time, the peaky structure moves

away from the wall surface with increase of DR level. These results are in agreement with those obtained by

other researchers in drag-reducing solution flows, e.g., Walker and Tiederman (1990) and Wei and Willmarth

(1992) among others.

3.4.2  Production of temperature variance

The production term in the budget equation of temperature variance, 6*8*/2 , reads as

u*H*f@<T +> / ox”* )— vio* (6@* / oy* ) With the assumption of zero temperature gradient in the streamwise

direction (e.g., as treated by Teitel and Antonia 1993), the turbulent energy production of temperature variance

can be estimated once the wall-normal turbulent heat flux and the time-mean temperature profile are known. It

can also be deduced that —v+49+(8@+/8y+1 =Pr/4 for Newtonian fluid flow, at —v'0* =0.5 and

max
00" [oy* =Pr/2.
Figure 20 shows the profiles of —erH*(a@+ / 8y+) in both water and drag-reducing CTAC solution flows.

For water flow, the maximum value is 1.28, at y" = 11 in our measurement. Similar to the profile of production of

turbulent kinetic energy, the production of temperature variance is also reduced by the drag-reducing additives.
However, the reduction in the profile of —v* 6" (6@*/ 6y+) is not as significant as that in the profile of
—utv*t (8U * / 8y+) in the region corresponding to the high-temperature-gradient layer. Additionally, the peaky

structure does not have a clear trend of moving away from the heated wall.
3.5 Effects of drag-reducing surfactant additives on turbulence diffusivity
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3.5.1  Eddy diffusivity for momentum and heat

The eddy diffusivities for momentum and heat are defined as v, =— E/ (6U/dy) and a, = —v_ﬁ/ (00/ 6y).
Figure 21 shows the profiles of the momentum eddy diffusivity and Fig. 22 depicts those of the thermal eddy

diffusivity. Note here that the figures show the dimensionless forms defined as v,” = —F/ (6U - / 8y+) and

af =—vo*loe" [ay*).
It is found that the profiles of the eddy diffusivities for momentum and heat in the drag-reducing CTAC




solution flows are both decreased across the whole measured range compared with those in the water flow. With
the increase of the DR or HTR level, the depressions of v,” and «, profiles become more significant. These
variation trends are consistent with those of the turbulence transport terms, such as the Reynolds shear stress and
the wall-normal turbulent heat flux for the drag-reducing CTAC solution flows. On the other hand, it is seen that
up to about y =50, the discrepancy from the water flow is more significant for the «, profile than that for the
v, profile, which results in the deviation of the turbulent Prandtl number profiles of the CTAC solution flows
from that of the water flow, as explained below.
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The turbulent Prandtl number is defined as the ratio between the eddy diffusivities for momentum and heat,

Pr, =v, [a, =uv/v0-(66/dy)/(0U/ay).
The calculated turbulent Prandtl numbers are shown in S ——— ——r
Fig. 23. For water flow, the Pr, profile obtained in the Water
present measurement shows a peak value of about 2.0, at
13.8 wall units. Away from this position, it drops to less than
unity in the outer flow, which agrees in trend with the data
measured by Kang et al. (2001) for the upward flow of

Turbulent Prandtl number
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liquid Refrigerant-113 in an annular channel, although the
amplitude has some difference.

For the drag-reducing CTAC solution flows, the
estimated profiles of Pr; are quite different from that of the
water flow. From about y+ = 50, the Pr, profiles are close to

10° |

107!
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that of the water flow. Approaching the wall surface from 50
wall units, Pr, increases quickly till the measuring range
(more than 10 wall units for the CTAC solution flows),
which is just the consequence of the variation tendency of both the profiles of «,” and v, . Recalling the mean
temperature profiles shown in Fig. 9, it can be seen that the high turbulent Prandtl number region has good
correspondence to the layer with high temperature gradient. Out of this high-temperature-gradient layer, the
profiles of Pr, in CTAC solution flow are in similar amplitude with that in water flow.

The feature of the profiles of Pr, in CTAC solution flow in the near-wall region suggests that, near the heated
wall, there must have been formed some unique fluid layers by the drag-reducing additives, which changed the
flow state locally. Firstly, the high-temperature-gradient layer (Layer B) locating between y'=10 and 50 is one of
such unique layers, in which the eddy diffusivity for heat is much more depressed by the additives than that for
momentum and Pr; is enhanced. The eddy diffusivity for heat being smaller than that for momentum also means
that the eddy transporting momentum does not efficiently transport heat in the aforementioned layer in CTAC
solution flow. Temperature is therefore not a passive scalar anymore at least locally. Secondly, although we did
not get information on the simultaneous velocity and temperature field in the close vicinity of the heated wall, it
can be conjectured that there is another unique fluid layer (Layer A) in between the lower end of Layer B and the
heated wall surface (i.e. y'=0 to 10), which may change the flow state there and consequently affect the
turbulence transport characteristics out of it. In the experimental study by Kawaguchi et al. (2001), the
instantaneous temperature fluctuation in a heated CTAC solution flow was measured. The temperature profile

Fig. 23 Turbulent Prandtl number



was obtained in the very close vicinity of heated wall till about y* = 1.5. In layer A, heat diffusivity was
evaluated to have large value because the mean temperature gradient in this layer showed very low. This
high-thermal diffusivity layer in CTAC solution flow does not appear in Newtonian fluid flow. On the other hand,
during the experiment, we visualized the very near-wall region in heated CTAC solution flow in the spanwise
direction. Complicated simmering motions were found on the heated wall. The flow state could have been
changed there, for example, when the network structures of the rod-like micelles in the solution were changed by
heat, although recorded evidence is not provided herein. It needs energy to change the flow state. Therefore, the
thermal energy supplied by the heated wall may be partly consumed by microstructures in the solution layer B. It
is then conjectured that the interface of layer A and layer B corresponds to the interface of micellar phase change
and consumes heat flux through the latent heat. These postulations remain to be evidenced by the future studies.

4. Conclusions

The following main conclusions are drawn from the present study:

A. The behaviors of friction factor and Colburn factor for the dilute surfactant solution flow tested show two
kinds of critical phenomena, i.e., the existence of an upper critical temperature and an upper critical
Reynolds number over which the flow loses the effectiveness of DR and HTR.

B. Typical hydrodynamic characteristics of drag-reducing flow by additives, such as expansion of the buffer
layer, up-shift of the U™ profile in the log-law layer, enhancement of u'* and depression of v'* were
obtained. The thermal turbulence structure of such drag-reducing flow was also investigated. At high HTR
level, a large temperature gradient appears when y* < 50 in the present measurement. The temperature
fluctuation intensity, €', is also enhanced in the drag-reducing flow by surfactant additives.

C. The Reynolds shear stress is strongly decreased by drag-reducing additives. Quadrant analysis shows that
the 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.

D. Turbulent heat flux in the wall-normal direction is also strongly decreased in the heated CTAC solution flow.
Quadrant analysis shows that the depression of —v@ is resulted from the decreases of contributions of the
second and fourth quadrant-motions, which is similar to the behavior happens to —uv.

E. Turbulent heat flux in the streamwise direction in CTAC solution flow is enhanced in the region
corresponding to the high-temperature-gradient layer, where u and 8 do not lose much of their correlation.

F. The turbulence productions of turbulent kinetic energy and temperature variance are reduced in the
drag-reducing CTAC solution flows. The former is reduced more significantly. The peaky structure in the
profile of —u*v* (6U * / 8y+) moves away from the wall, but that in the profile of —v*6* (8@* / 6y+) does
not clearly show such a trend.

G. The profiles of the eddy diffusivities for momentum and heat in the drag-reducing CTAC solution flows are
both decreased, which is consistent with the depression of the turbulence transport terms. The discrepancy
from the water flow is more significant for the «, profile than that for the v, profile in a region
corresponding to the high-temperature-gradient layer. This directly results in the deviation of the turbulent
Prandtl number profiles of the CTAC solution flows from that of the water flow in this layer.
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