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Reduction of friction in fluid transport: experimental investigation
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Drag reduction (DR) by the use of polymer and surfactant solutions is by far the most effective drag-reducing technique for turbulent flows (up
to 8-fold reduction in friction coefficients is possible on straight pipes). From a fundamental point of view, the study of theDRphenomenon
offers an opportunity for a better understanding of turbulence in general; from a practical point of view,DR can be used to save pumping
power. Commercial implementation of drag-reducing fluids has proved successful for oil pipeline transportation, and looks promising for
many other applications that are still under investigation,e.g. district heating or cooling systems, hydronic systems in buildings, sewers,
irrigation, industrial processes, etc. Our efforts have focused on two main areas: (A) experimental research on momentum and heat transfer
of turbulent flows of drag-reducing solutions, and (B) implementation of these solutions in hydronic cooling systems in buildings for energy
conservation purposes. This paper describes an overview of the typical experimental research that we conduct in our non-Newtonian fluid
mechanics, rheology, and heat transfer laboratory at UCSB.

Keywords: Drag reduction; heat transfer reduction; polymer; surfactant.

La reduccíon de friccíon o de arrastre (DR) mediante el uso de soluciones poliméricas o surfactantes es sin duda alguna la técnica de reducción
de fricción para flujos turbulentos en tuberı́as ḿas efectiva (es posible obtener reducciones de hasta un factor de 8 en los coeficientes de
fricción en segmentos de tuberı́as rectas). Desde el punto de vista fundamental, el estudio del fenómeno deDR ofrece la oportunidad de
comprender mejor flujos turbulentos; desde el punto de vista práctico, laDRpuede ser usada con propósitos de ahorro en potencia de bombeo.
La implementacíon comercial de estos aditivos se ha llevado a cabo conéxito en el transporte de petróleo, y la investigacíon necesaria para
la implementacíon de estas soluciones en muchas otras aplicaciones sigue en proceso, p.ej., en sistemas centrales de calefacción y aire
acondicionado, sistemas hidrónicos en edificios, desagües, irrigacíon, procesos industriales, etc. Nuestros esfuerzos se han enfocado en
dosáreas principales: (A) investigación experimental sobre la transferencia de momentum y calor para soluciones reductoras de fricción,
y (B) la implementacíon de estas soluciones en sistemas hidrónicos de enfriamiento en edificios con el propósito de ahorrar energı́a. Este
documento pretende dar una noción general de la investigación experimental que llevamos a cabo en nuestro laboratorio de dinámica de
fluı́dos no-Newtonianos, reologı́a, y transferencia de calor en la UCSB.

Descriptores:Reduccíon de friccíon y calor; poĺımeros; surfactantes.

PACS: 83.60.Yz; 47.50.+d; 47.27.Qb; 44.27.+g

1. Introduction

Since Toms observed the drag reduction phenomenon for the
first time in 1948 [1], the possibility of obtaining large reduc-
tions in friction and heat transfer in turbulent pipe flows by
the use of polymer and surfactant solutions have caught the
attention of many researchers. However, despite five decades
of research, a full understanding of the fundamentals of this
phenomenon is still far from complete. This lack of knowl-
edge is perhaps not so surprising, since the very nature of tur-
bulent flows and the rheology of viscoelastic fluids in much
simpler flow fields are ongoing fields of research. Neverthe-
less, as most of the advances in the studies of the turbulence
of Newtonian fluids, progress in the drag reduction field has
been made possible due to the development of semi-empirical
models that describe various aspects of the transport of mo-
mentum and heat. A few examples of these models are shown
below.

From a practical point of view, polymer and surfactant
drag reduction has been proposed as a viable resource to save
energy (e.g. oil transport, ship-drag, sewers, fire-fighting,
etc.). In some practical applications it has already produced
good results, particularly in those where, besides the reduc-

tion in friction, the corresponding reduction in heat is also
beneficial,e.g. oil transportation. However, there are still
many challenges regarding the appropriate implementation
of drag-reducing additives in many other applications, par-
ticularly those where the reduction of the heat transfer is not
desirable and, therefore, its control is critical for the success
of the application (e.g. district cooling and heating systems,
hydronic systems in buildings, etc.).

The purpose of this work is to describe briefly some
of the problems that are currently studied in our laboratory
and their importance in the context of the practical imple-
mentation of drag-reducing fluids in real systems, partic-
ularly in Heating-Ventilation-and-Air-Conditioning-Systems
(HVAC), which constitutes the application we have been
most interested in. More details about our work may be found
elsewhere [2-5].

2. Experimental Research

2.1. Diameter Effect

The diameter effect problem in the turbulent pipe flow of drag
reducing solutions is the additional dependence of the fric-
tion coefficient (Cf ) on the pipe diameter, which is not fully
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taken into account by the Reynolds number (Re) as it is for
Newtonian fluids. For practical applications, this problem
means that it is not possible to predict theCf on a large di-
ameter pipe given theCf measurements readily obtained on
a small laboratory-scale pipe. Evidently, this problem is par-
ticularly significant for large systems, where it is not feasible
to perform drag-reducing tests on large pipes and, therefore,
smaller laboratory pipes need to be used to scale the prob-
lem. With this picture in mind, it is clear that there is a need
to develop appropriate scaling correlations.

Previous studies have produced satisfactory models and
correlations that have been partially successful in predict-
ing Cf for some polymer solutions [6-16]; however, they
are usually too computationally involving and cumbersome
to use. Moreover, polymer solutions are generally not used
for closed loops because they suffer permanent degradation.

Surfactant solutions—another type of drag-reducing flu-
ids, are better suited for this purpose, since they suffer only
temporal degradation when a certain critical wall shear stress
(τw,cr) is exceeded, but recover their drag-reducing ability
when the shear stress (τw) is reduced. Regarding the diame-
ter effect, some claims have been made that the same scaling
procedures usually applicable to polymers are not valid for
surfactants [17], and, therefore, with the growing interest in

FIGURE 1. Friction coefficients for five pipe diameters (52, 20, 10,
5 and 2 mm) as a function of solvent Reynolds number for an Etho-
quad T13/27 solution: 2,000 ppm, plus 1,740 ppm of NaSal, plus
3.75 mM/l of Cu(OH)2. The maximum drag reduction asymptote
(MDRA) for surfactants proposed by Zakinet al. [21] is shown as
a reference. Temp = 20◦C. The regions labeled with numbers I, II,
III, and IV represent thevicinity of the onset, intermediate, super-
critical, andasymptoticregions. Note that regions I and IV always
correspond to the vicinity of the turbulent Newtonian friction coef-
ficient, and the MDRA, respectively. Regions II and III may vary
for different Cf curves. Region III is only marked for the 20 mm
diameter pipe data.

FIGURE 2. a) Drag reduction level (DR) as a function of bulk ve-
locity (V) for the data shown in Fig. 1. b) Drag reduction level
(DR) as a function of the solvent shear velocity (u∗

s) for the same
data.

the application of surfactant solutions in real systems, the
problem of the diameter effect has to be reevaluated.

Figure 1 shows theCf measurements for a cationic sur-
factant solution measured in five pipes of different diame-
ters (2,5,10,20, 52 mm) plotted as a function of the solvent-
basedRe. The surfactant used in this experiment is a tris (2-
hydroxys-ethyl) tallowalkyl ammonium acetate (tallowalkyl-
N-(C2H4)OH)3Ac, from AKZO Chemicals, usually referred
to by its trademark: EthoquadTM T/13-27. This solu-
tion consists of 2,000 ppm of surfactant, plus 1740 ppm of
Sodium Salicylate (NaSal) used as counterion, and 3.75 mM/l
of Copper Hydroxide (Cu(OH)2), which is a compound that
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helps reduce the fluid viscosity to a water-like value, without
diminishing its drag-reducing ability [33]. TheCf curves
corresponding to laminar and turbulent Newtonian flows are
also plotted as reference. For clarity, we find it useful to dis-
tinguish the different regions that a typicalCf curve goes
through. These regions are not strictly defined, and are not
necessarily present in all drag-reducing fluids, but they fa-
cilitate the discussion in the forthcoming sections. Region I
describes thevicinity of the onsetof drag reduction (DR),
where the curve shows the first signs of reduction inCf ;
region II represents theintermediate region,where theCf

curve is progressively reduced asReincreases; region III rep-
resents thesupercritical region, whereCf shows an increase
after reaching a minimum value, and is usually related to fluid
degradation (in this Figure, this region is only marked for the
20 mm diameter pipe data); finally, region IV, is referred to
as theasymptotic region, whereCf reaches an empirically-
determined minimum value, independent of pipe diameter,
fluid type, concentration, etc. This region is bounded by
the maximum drag-reducing asymptote (MDRA), also shown
in Fig. 1 (note that none of the experimental curves shown
herein reached the MDRA). In practical terms, it is only
meaningful to talk about the diameter effect in theinterme-
diate region, since, on the one hand, thevicinity of the onset
andasymptotic regionsare bounded by the Newtonian fric-
tion coefficient and the MDRA curves, respectively, and these
curves are only a function ofRe. On the other hand, thesu-
percritical region denotes fluid degradation, which implies
that the properties of the fluid may be different in different
diameter pipes at the sameRe. Clearly this fluid is a good
example of a drag-reducing solution with a strong diameter
effect.

Figure 2a shows the same data as Fig. 1 plotted accord-
ing to our proposed scaling procedure [4],i.e., DR vs.V .
where V stands for bulk velocity, and the drag reduction
level, DR [%], is used as the dependent variable, which is
calculated as:

DR[%] = [(Cfw − Cfs)/Cfw]× 100 (1)

The subscriptsw ands refer to water and the solution, respec-
tively. An analogous expression may be used to account for
the diameter effect on the heat transfer, whereCf is replaced
by the heat transfer coefficient (usually expressed in terms of
the Nusselt number,Nu, or the Colbourn factor,jH), and the
DR is replaced by the heat transfer reduction (HTR). Up to
about 6 m/sec (the intermediate region), all data seem to be
very well correlated by one single curve. This correlation is
perhaps the simplest and most accurate developed until now
(accuracy better than 10% inCf ). Interestingly, besides the
success of this correlation for scaling this surfactant solution,
it proved to be equally successful when applied to the scal-
ing of various polymer solutions, indicating that, even though
polymer and surfactant solutions may show distinctive rheo-
logical and drag-reducing characteristics, both kinds of addi-
tives may follow the same scaling laws in some cases. For
bulk velocities above 6 m/sec (supercritical region), the scal-

ing procedure does not work any longer, and smaller diameter
pipes show a lowerDR for the sameV . For this region, how-
ever, the wall shear stress (or shear velocityu∗s =

√
τw/ρ)

defines better the level ofDR for a given fluid in all pipes, as
illustrated in Fig. 2b. It is known from numerous tests that the
temporary degradation of surfactant solutions starts at a crit-
ical wall shear stress,τw,cr, independent of pipe diameter.
Therefore, it is reasonable to think that in thesupercritical
region the dominant process would be the fluid degradation,
which is primarily dictated by theτw.

FIGURE 3. a) Wall shear stress as a function of bulk velocity for a
4,000 ppm non-ionic surfactant solution (SPE 95285). The straight
lines are the theoretical values corresponding to Newtonian fluids
(water). b) Drag reduction level (DR) as a function of bulk velocity
(V) for the same data. Note how this choice of variables fails to
predict the diameter effect by as much as 30% between the 2 and
20 mm diameter pipes, and how smaller diameter pipes show larger
DR than bigger ones.
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Figure 3 shows another interesting case, where a differ-
ent drag-reducing solution does not follow the same scaling
correlation as the surfactant solution shown in Fig. 2. These
data correspond to a biodegradable non-ionic surfactant so-
lution (SPE 95285 by AKZO Chemicals), which was specif-
ically developed to work in cooling systems,i.e. to have a
high drag-reducing efficiency at low temperatures. The pre-
sentation in the form ofτw vs. V (top) shows all the data
fitting very well on a unique straight line forV between 3
and 8 m/sec (except for a few data points at the highestV
which are presumably showing signs of degradation, as men-
tioned before). The Newtonian curves corresponding to each
of the pipe diameters are also shown for reference. This is the
procedure that was first introduced as a general scaling corre-
lation applicable to all surfactant solutions [17]. In contrast,
the scaling procedure ofDR vs. V (Fig. 3b) does not work
satisfactorily because, for a given velocity, there is up to 30%
moreDR in the 2 mm than in the 20 mm tube.

This evidence seems to suggest that there are at least two
distinctive types of drag-reducing behaviors, which are not
necessarily related to the nature of the fluid,i.e. polymer or
surfactant. To provide information about such different be-
haviors, we decided to take measurements of the temperature
profiles of these fluids, which could presumably allow us to
look at the cause for these differences. The results are pre-
sented in Sec. 2.4.

2.2. Maximum Drag and Heat Transfer Asymptotes for
Surfactant Solutions

Another example of phenomenological models that have
been largely developed for polymers, but which have not
yet been proven to be equally applicable to surfactants, are
the MDRA and the maximum heat transfer reduction asymp-
totes (MHTRA). The knowledge of these asymptotes is par-
ticularly interesting from a practical application standpoint,
since they represent the maximum reductions in drag and
heat transfer which can be possibly attained by progressively
adding an additive to a given solution. Various researchers
have proposed MDRA and MHTRA correlations for polymer
solutions [18-20], while some others have recognized that the
maximum MDRA and MHTRA of surfactants show some-
what larger reductions than those of polymers. Recently, a
MDRA was proposed for surfactant solutions [21], but no
MHTRA has yet been reported for this kind of fluid. Be-
cause of the growing interest in surfactant solutions, we have
also tried to develop a MHTRA correlation for surfactants.

Figure 4 shows experimentalCf measurements for var-
ious surfactant solutions plotted as a function of the solvent
Re. Along with our results, a recently proposed MDRA for
surfactants [21] is also presented. As may be seen, our mea-
surements show slightly lower values than those predicted by
that MDRA, presumably because the solvent viscosity was
used for the calculation ofRe,whereas in reality the fluid may
have had a higher viscosity. This is a very important issue be-
cause, unlike polymer solutions, surfactant solutions usually

have higher shear viscosity, which is in turn highly shear rate
dependent and, therefore, makes it more difficult to define
the Reunequivocally. Bearing this in mind, all our surfac-
tant solutions were intentionally prepared to have water-like
viscosity in the range of theRemeasured (2×103 - 80×103).

The asymptotic friction coefficient defined by our data in
terms of the Prandtl-Karman-type equation can be given as:

1√
Cf

= 23.9 log
(
Re

√
Cf

)
− 40 (2)

approximated by the power law:

Cf = 0.18 Re−0.50 (3)

over that range ofReand also shown in Fig.4.
Figure 5 represents the results of simultaneous heat trans-

fer measurements of the same fluid in terms of the Colbourn
factor (jH=Nu/(RePr1/3)). As may be seen, thejH mea-
sured for surfactant solutions are lower than those measured
for asymptotic polymer solutions [19, 20] (shown as dashed
and dotted lines for reference). Provided that the shear vis-
cosity is properly taken into account, a new asymptotic heat
transfer correlation applicable to these surfactants and, pre-
sumably to a large variety of them, can be well represented
by the following power law:

jH = 0.164Re−0.649 (4)

for the range of 12×103 < Re< 80×103.

FIGURE 4. Friction coefficient measurements for three cationic
surfactant solutions (Ethoquad T13/27): (A) 1000 ppm, plus 870
ppm NaSal, plus 1.5 mM/l Cu(OH)2; (B) 1500 ppm, plus 1300
ppm NaSal, plus 3.0 mM/l Cu(OH)2; (C) 2300 ppm, plus 1740 ppm
NaSal, plus 3.75 mM/l Cu(OH)2, and a non-ionic surfactant (SPE
95285): 4000 ppm, plotted as a function of the solvent Reynolds
number. Both kinds of surfactants showed water-like viscosity for
these experimental conditions.
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FIGURE 5. Colbourn factor (dimensionless heat transfer coeffi-
cient) measured under the same experimental conditions and for
the same surfactant solutions shown in Fig. 4.

2.3. Relationship between DR and HTR

Previous studies indicated that the analogies between friction
and heat transfer that are valid for Newtonian fluids do not
hold for drag-reducing fluids [22-23]. This issue has been
explained by the possibility that the turbulent Prandtl num-
ber (Prt), i.e. the ratio of the eddy diffusivity for momentum
(εM ) to that of heat (εH), is somewhat higher than one for
these fluids, as opposed to what happens for Newtonian flu-
ids where,Prt ≈ 1. Moreover, it has been reported that, at
least under certain circumstances, a decoupling between the
DR andHTRoccurs [20,24-25]. The research work we have
conducted in this direction is more important from a funda-
mental point of view than a practical one, but a byproduct of
this work is the development of correlations that relate the
DR to theHTR, which allow us to estimate the value of one
of them through the measurements of the other. To assess this
relationship, we have conducted systematic measurements of
Cf andNu for pipes of various diameters, for various fluids,
as well as for the different regions of the flow field,i.e. in
regions I, II, III, IV, as illustrated in Fig. 1.

To understand better the relationship between theDRand
HTR in theintermediate regime(region II), it was considered
desirable to examine the effect of thePrt on theHTR/DR ra-
tio. To do this, we first decided to represent theDR andHTR
in terms of slightly different variables, referred to as Tur-
bulence Reduction-Heat (TRH), and Turbulence Reduction-
Drag (TRD), which are defined as:

TRD =
(Cf W,T − Cf )

(Cf W,T − Cf W,L)
× 100;

TRH =
(NuW,T −Nu)

(NuW,T −NuW,L)
× 100, (5)

where the subscriptT stands for turbulent flow,L for laminar
flow andW for solvent (water). The latter definitions are in-
deed physically more meaningful than those ofDR andHTR
since they reflect the degree of turbulence reduction with re-
spect to full laminarization rather than to an artificial fluid
with zero viscosity [26]. Secondly, we developed a math-
ematical model, which allows us to predict the shape of the
velocity profile based only on the measurements of TRD. Our
model assumes that the velocity profiles are modified with
increasingRe according to the Virk’s 3-layer velocity pro-
file model [18] for drag-reducing fluids. This model consists
of a viscous sublayer (similar to that of Newtonian fluids)
followed by a buffer or elastic layer. The latter layer grows
in thickness as the level ofDR increases. If this layer ex-
tends all the way to the center of the pipe, it leads toasymp-
totic DR,corresponding to the MDRA referred to above. Fi-
nally, a third layer is present for intermediate levels of reduc-
tion. This is an unaffected portion of the logarithmic layer
(but shifted upwards towards the pipe center) and approxi-
mately parallel to the Newtonian logarithmic layer (the shift
is usually represented by the term∆B+). Our model fur-
ther assumes that the viscous and thermal sublayers remain
unaffected, that the buffer layers of the velocity and temper-
ature profiles are of the same thickness, and that the buffer
layer slope of the temperature profile varies proportionally to
that of the velocity profile (the proportionality constant being
given by a constant Prt). By doing so, it is possible to com-
pute the variation ofTRHas a function of theTRDfor various
Prt. Details of this model may be found elsewhere [27].

Figure 6 shows the series of curves obtained from our
model by performing the computations just described. The
values ofPrt were varied from 1 to 10, assuming aReof

FIGURE 6. TRH vs.TRD computed from the mathematical model
described in Sec. 2.3 for values of the Prt varying from 1 to 10.
Re=67000, Pr=6.
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FIGURE 7. TRH vs. TRD correlation for various polymer (Poly-
acrylamide solutions: hollow symbols) and surfactant solutions
(Ethoquad and SPE 95285: solid symbols). The dashed line rep-
resents the estimated TRH based on a 3-layers temperature profile
model analogous to Virk’s 3-layers velocity profile model, assum-
ing a constant Prt = 5. The TRH/TRD ratio is shown at the bottom
for experimental data (symbols) and the model (dashed line).

67,000 andPr = 6. The top portion of Fig. 6 shows a larger
increase in TRH than in TRD at low levels of reduction,
which is more noticeable as the value ofPrt increases. The
bottom of Fig. 6 shows the ratioTRH/TRD also plotted as
a function ofTRD on a logarithmic scale, so that the large
variation of this ratio at low levels of reductions can be seen
well.

The results of this model were then compared to our data.
Figure 7 shows the results of two surfactant solutions (solid
symbols) plotted along with polymer solution data (open
symbols). Both surfactant solutions shown here had water-
like viscosity, and the averagePr corresponding to all these
fluids was about 6. As may be seen, the reduction in heat is
always larger than that in drag, so theTRH/TRD ratio is al-
ways greater than one. However, theTRH/TRDratio is larger
at low reduction levels and it diminishes asTRD increases
(see bottom of Fig. 7). In fact, the value ofTRH/TRDat high
levels ofTRDapproaches the constant value calculated from
the asymptotic conditions presented above;i.e. 1.06 to 1.07,
as was expected. It is remarkable to note that, using a unique
value ofPrt of 5 in the model described above, the computed
TRH (dashed line) fits the measured experimentallyTRHex-
tremely well. Furthermore, practically the sameTRH-TRD
relationship seems to hold for the two types of drag-reducing
fluids (polymer and surfactants).

Overall, our results suggest that, althoughTRH/TRD
seems to be a function of the level of drag-reducing effects
(TRD), there is indeed a strong coupling between the heat
transfer and friction reductions for these fluids through a con-
stant, or approximately constant,Prt of about 5.

FIGURE 8. Temperature profiles for a 400 ppm Ethoquad solution
diluted in tap water plus 2.5 NaSal/Surf. molar ratio as counterion.

2.4. Temperature Profile Measurements (Determination
of Prt)

In order to estimate the local diffusivity coefficients (εM

andεH) and, therefore, to deduce the relationship between
momentum and heat transfers on a local level, one needs to
provide measurements of the velocity profiles, as well as the
mean temperature profiles. Many velocity profile measure-
ments are now available for various solutions of both types of
additives (polymers and surfactants) [28-31]. However, there
is only one temperature profile reported in the literature that
we know of Ref. 32. Given the results of the model computa-
tions, and the global measurements that suggest thatPrt has
a value of about 5, we found it necessary to supplement this
material by providing the missing part,i.e. additional mea-
surements of the local temperature profiles.

Figure 8 shows four temperature profiles for a 400 ppm
Ethoquad solution diluted in tap water plotted in the univer-
sal wall coordinates (T+ vs. y+), whereT+ is the dimen-
sionless wall-to-local temperature difference, andy+ is the
dimensionless distance from the wall. In terms of the scaling
procedures, this particular fluid conformed well to theDR
vs. V correlation (Fig. 2a). As mentioned before, this is
the same correlation that applies to many polymer solutions
that showed a good fit with the Virk’s 3-layer velocity pro-
file model. Therefore, it was expected that the temperature
profiles of this fluid would behave analogously to the 3-layer
model in the intermediate regime as well. Indeed, in all the
profiles, the increase in theTRH associated with an increas-
ing velocity is related to an approximately parallel shift in the
Newtonian logarithmic layer. Also, the thermal sublayer ap-
pears to remain unaffected, and the buffer layer seems to be
well represented by a straight line with a slope of approxi-
mately 69 (in these coordinates). As a reference, a solid thick
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line with the slope of the asymptotic profile is also drawn.
The resemblance to the 3-layer model of the velocity profile
is noticeable. The resultingPrt calculated from the buffer
layer slope had a value of about 5, just as the model shown in
Fig. 7 predicted.

Figure 9 shows the profiles measured in the intermedi-
ate regime for a 2000 ppm non-ionic surfactant (SPE 95285).
Evidently, each of these profiles corresponds to a different
level of TRH. However, note that rather than having one sin-
gle region close to the wall where most of the interaction
takes place, as in the classical 3-layer profiles (the buffer
layer), the effect of theTRH is spread all the way to the cen-
ter, even at low levels of reduction. This is what we have
referred to as a “fan-type” behavior. Note that even small
variations at low levels of reduction seem to manifest them-
selves by significantly affecting the buffer layer slope, and,
in contrast with the 3-layer profiles, no plug layer is visible
close to the center for any of the profiles.

We have found that this profile pattern can be related to
the previously proposed scaling correlation for surfactant so-
lutions, where theτw scales withV [17]. Being able to relate
the scaling correlations to the local temperature (and veloc-
ity) profiles through the measurement of the local diffusiv-
ity coefficients allows us to understand more about the ef-
fect of these additives in the structure of turbulent flows. For
instance, we have shown that theDR vs. V correlation is
applicable to any fluid showing a 3-layer profile pattern, for
which the drag-reducing effect is mostly manifested through
the thickening of the buffer layer—a near-wall region. In
contrast, thefan-typepattern is an indication that the drag-
reducing effect may also be manifested throughout the whole
cross section of the profile, even at low levels of reduction.

FIGURE 9. Temperature profiles for a 2000 ppm non-ionic surfac-
tant solution diluted in tap water. In this case, the increase in the
DR (and HTR) level is reflected as an increase in the slope of the
buffer layer, even at low levels of reduction. These are theFan-Type
profiles.

FIGURE 10. Computed variations of the buffer layer slope in dif-
ferent diameter pipes for the fluid which scaled according to theτw

vs.V scaling procedure seen in Fig. 3. The V is arbitrarily kept
constant at 5 m/s, and theτw is calculated in accordance to the
power law correlation obtained from the scaling procedure shown
in Fig. 3.

To illustrate the effect of the pipe diameter on the profiles,
Fig. 10 shows the estimated velocity profiles for various di-
ameter pipes based on a modified velocity profile model that
resembles thefan-typepattern just described in Fig. 9. In
this model, the viscous sublayer is maintained invariant, the
buffer layer slope is allowed to vary to achieve the necessary
level ofDR, and there is no Newtonian logarithmic layer. The
bulk velocityV has been arbitrarily chosen to be 5 m/s, and
the correspondingτw is derived from the power law that re-
sulted from the scaling correlation for the 4,000 ppm non-
ionic surfactant solution shown in Fig. 3a. As can be seen,
the profiles are a function of the pipe diameter, as opposed to
the 3-layer profiles where the∆B+ shift remained approxi-
mately invariant with diameter for a given bulk velocity.

3. Summary and Conclusions

A simple and accurate correlation,DR vs. V, was proposed,
and it proved to be successful in correlating the diameter ef-
fect problem for some polymer and surfactant solutions. With
this correlation, we are now able to predict theCf in a large
pipe diameter, given the measurements we can readily per-
form on smaller pipes in our laboratory.

An MDRA for surfactant solutions was proposed
[Eqs. (2)-(3)]. This MDRA allows us to estimate the maxi-
mum drag reduction as a function ofReonly. Also, a new
MHTRA for surfactant solutions was proposed (Eq. 4). In
this case as well, the complications of higher viscosity solu-
tions were eliminated through the use of solutions with water-
like viscosity.
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By using a 3-layer velocity and temperature profile model
and assuming a similar thickening of the buffer layer, as well
as a constant value for thePrt, a TRH-TRD relationship can
be obtained where theTRH/TRD ratio decreases with an in-
creasingTRD. If a constant value of about 5 is chosen for
Prt, the decreasingTRH/TRD ratio converges to a value of
approximately 1.06, which is the value obtained from the ra-
tio between the experimentally derived asymptotic correla-
tions [Eqs. (3)-(4)]. Moreover, with this value ofPrt ≈ 5,
good agreement of the model with the polymer and surfactant
experimental data is seen throughout the wholeintermediate
region(region II). Furthermore, this estimate is reinforced by
the measurement of asymptotic temperature profiles, where
Prt= 5 was also measured.

The surfactant solution that scaled according to theDR
vs. V correlation (Ethoquad) showed a 3-layer temperature
profile. This finding, along with other velocity profile mea-
surements for polymers and surfactants published in the lit-
erature, suggests that the aforementioned correlation may be

applicable to any drag-reducing solution that conforms to the
3-layer model.

A non-ionic surfactant solution showed a different pat-
tern of temperature profiles: a “fan-type”. This pattern
in turn, corresponds to fluids that scale according to the
scaling procedure proposed earlier for surfactant solutions,
τw vs.V [17]. In this case, the drag-reducing effect is spread
all the way from the wall to the center, even at low levels of
DR, contrary to the 3-layer pattern where most of the effect
of DR is concentrated in the vicinity of the wall.
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