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A device was built to measure temperature profiles of turbulent pipe flows of various drag-reducing
fluids. It is easy to use and reliable. We measured temperature profiles over a range of conditions
leading to accurate measurements down to y*= 10, for tests carried over Reynolds numbers (Re)
between 10 000 and 90 000. The effects of high heat fluxes and buoyancy, in particular, were
quantified to ascertain the parameter range for accurate measurements. Temperature profiles
measured for type-A polymer solution and for cationic surfactant solutions allowed us to see strong
similarity between velocity and temperature profiles for drag-reducing surfactant solutions. A
comparison between the slopes of the thermal and velocity buffer layers resulted in calculated
turbulent Prandtl numbers between 6 and 9 for those drag-reducing solutions. We also used this tool
to investigate drag reduction for a nonionic surfactant solution, which showed a significantly
different fan-type profile, and also for a type-B drag-reducing polymer solution (Xanthan gum).
© 2007 American Institute of Physics. [DOI: 10.1063/1.2770257]

I. INTRODUCTION AND LITERATURE REVIEW

The drag reduction (DR) phenomenon is well-known. It
is characterized by a dramatic reduction of friction in turbu-
lent flow that can be achieved through the addition of very
small quantities of drag-reducing additives to water. It is cus-
tomary to express drag reduction numerically as

DR:lOOX(l——cf—> [%], (1)
Crw

where ¢, and c;,, stand for the friction coefficient of the
drag-reducing solution and the friction coefficient of the pure
solvent (e.g., water), respectively, at the same Reynolds
number. Only a few parts per million of the most efficient
drag-reducing additives, such as high-molecular-weight
polymers, can reduce turbulent friction in pipes by as much
as 80%. Significantly higher concentrations are needed for
the same level of drag reduction, however, if surfactants,
another class of widely used drag-reducing additives, are
used.

Although the major phenomenological laws of drag re-
duction based on global measurements of turbulent phenom-
ena were established some time ago,1 improved
measurements—facilitated by the use of laser Doppler ve-
locimetry (LDV)—were achieved more recently (addressed
below in more detail). Those measurements confirmed to a
large extent Virk’s velocity profile for drag-reducing solu-
tions and an almost full disappearance of the Reynolds
stresses at maximum drag reduction that is partially compen-
sated for by the appearance of elastic stresses. Velocity fluc-
tuations normal to the wall were found strongly dampened,
while streamwise velocity fluctuations were increased.

More recently still, continuum-level simulations offered
valuable information about turbulence in drag-reducing
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flows (i.e., its effect on mean velocity profile, turbulence, and
elastic stresses, and different turbulence statistics). A com-
monly used model for drag-reducing polymer solutions is the
FENE Peterlin model,> in which a polymer chain is repre-
sented by a dumbbell consisting of two beads connected with
a spring. The Oldroyed-B model has been used as well.?
Those models allow a coupling between polymer and flow in
two ways; the polymer is deformed by the flow and the re-
sulting stress in turn contributes to the stresses in the flow.
The results of those simulations are generally in good quali-
tative agreement with experimental observations. Yu and
Kawaguchi4 applied the Giesekus viscoelastic constitutive
equation to drag-reducing surfactant solutions to model the
interaction between the elastic network and flow. High levels
of drag reduction of up to 72% were achieved. They found
that the occurrence of large drag reduction requires large
elastic energy in a wide buffer layer (fluid with large relax-
ation time, i.e., Weber number, a large mobility factor (ef-
fects elongational viscosity) and a large solvent-to-solution
viscosity ratio.

Two main theoretical concepts have been proposed to
explain drag reduction by additives. The first suggested by
Lumley5 is based on the observation that randomly coiled
polymer molecules stretch in regions of strong deformation,
increasing the extensional viscosity of the solution. This in
turn results in damping of small turbulent eddies; i.e., reduc-
tion of Reynolds stresses and reduction of drag. The second
mechanism, offered by de Gennes® relies on the elastic char-
acter of the drag-reducing solutions, which can store elastic
energy in polymer molecules and lead to modifications of the
turbulent cascade when the elastic stresses become compa-
rable to the Reynolds stresses. The shear waves caused by
the elasticity of the solution could then prevent production of
fluctuations at the Kolmogorov scale.

Drag reduction is accompanied by an even higher level
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of heat transfer reduction. Similarly to the quantification of
drag reduction, heat transfer reduction can be expressed as

HTR = 100 X (1—;\1—“) (%] (2)

w

where Nu and Nu,, stand, respectively, for the Nusselt num-
ber of the drag-reducing solution and the Nusselt number of
the pure solvent (water in our case). Better quantification
parameters do exist,’ but will not be used here for simplicity.
Aguilar et al.® found that the ratio of HTR to DR in straight
pipes is a weak function of the Reynolds number (i.e., of the
flow velocity). The HTR-to-DR ratio decreases with increas-
ing Reynolds number, stabilizing at a value of 1.14 for Rey-
nolds numbers above 10*. (If one uses the improved param-
eters mentioned above, the ratios are essentially independent
of the Reynolds number.)

Modern and accurate methods for velocity measure-
ments, such as laser Doppler velocimetry and particle image
velocimetry, have been used successfully in the determina-
tion of the velocity profiles of Newtonian flows as well as of
turbulent drag-reducing flows. Velocity profile measurements
of turbulent drag-reducing flows have provided most of the
experimental evidence used for developing the phenomeno-
logical interpretations of drag reduction for both polymer
and surfactant solutions. Measurements of velocity fluctua-
tions and their correlations allowed indeed for descriptions
of drag reduction as a result of reduced Reynolds stresses, as
well as through identification of an elastic stress associated
with elastic properties of the drag-reducing solutions.
Through velocity profile measurements it has also been pos-
sible to calculate directly the values of the diffusivity coef-
ficients of momentum (g,).

For simple turbulent flows of Newtonian fluids, the Rey-
nolds and Colburn analogies successfully relate momentum
and heat transfer, resulting in similarity of temperature and
velocity profiles. The simplest and surprisingly adequate tur-
bulence model based on the Prandtl mixing length, does
quantify the turbulent heat diffusion by relating the momen-
tum and heat eddy diffusivities through the use of the turbu-
lent Prandtl number. This parameter does not deviate much
from unity, both for simple flows over a plate and also for
pressure gradient-driven developed flows in channels.’

It was long thought, however, that for drag-reducing tur-
bulent flows, an analogy between momentum and heat trans-
fer does not hold. Indeed, drag-reducing additives produce
higher levels of heat transfer reduction than of drag reduc-
tion. Heat transfer being affected more by drag-reducing ad-
ditives than momentum transfer suggests that the turbulent
Prandtl number for drag-reducing flows may be significantly
higher than unity. It was also thought earlier that the momen-
tum entry length for polymeric in drag-reducing pipe flows is
about 120 diameters, whereas as much as 500 to 1000 diam-
eters are needed for a steady level of heat transfer to be
reached. Cho and Hartnett'® calculated different diffusivities
for mass, momentum, and heat—decreasing in that order—
for drag-reducing flows, based on the increasing mass, mo-
mentum, and heat transfer entry lengths. More recently, how-
ever, it was shown'' that the development of momentum and
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heat transfer layers in drag-reducing flows take place simul-
taneously, for both nondegraded surfactant solutions as well
as for surfactant solutions recovering after degradation by
mechanical stress

Based on known velocity profiles, different expressions
were offered for the calculation of diffusivity coefficients for
momentum (g,,) in drag-reducing pipe flow.'™'*"* For
asymptotic drag reduction, all those expressions give rela-
tively consistent values of g, as a function of nondimen-
sional distance from the wall. Knowing the experimentally
established relationships between drag and heat transfer re-
ductions, one can then also estimate the diffusivity of heat
(ep), relate it to diffusivity of momentum, and then calculate
the value of the corresponding turbulent Prandtl number. Cho
and Hartnett'® and Yoon and Ghajar13 offered expressions for
the diffusivity of heat, analogous to their predictions of dif-
fusivity of momentum. Roethig and Matthys14 then calcu-
lated the turbulent Prandtl number as a function of Reynolds
number, including Mizushina’s and Usui’s model for &,, and
calculating £y by matching experimentally obtained values
of drag and heat reductions. Using the model proposed by
Mizushina and Usui led to a Pr, of 11.8, practically indepen-
dent on Re, whereas the other two models provided values
varying between 10 and 15, depending on the Reynolds
number. Generally, the turbulent Prandtl number estimates
were much higher than the values near unity that are typical
of Newtonian fluids.

Using this approach it is not possible to differentiate—at
least without a large uncertainty—the overall contribution of
the laminar and turbulent diffusivity coefficients to the tem-
perature profiles. Therefore, the inaccuracies associated with
the determination of the Pr, could be reduced if the velocity
and temperature profiles were measured directly and simul-
taneously, but only a few measurements of the temperature
profiles of drag-reducing fluids have apparently been con-
ducted until now. Resolving the issue of the value of the Pr,
for drag-reducing fluids may lead to a better understanding
of the drag reduction phenomenon and also provide a better
insight into the turbulence phenomena in general.

Measurements of the temperature profiles for a variety of
drag-reducing fluids under different flow conditions may also
offer an alternative to the velocity profile measurements used
until now for identifying different types of drag reduction. It
was recognized recently that drag reduction may also involve
velocity profiles different from Virk’s velocity model, with
the drag-reducing effects not being limited to the elastic
layer, but spreading to the core of the flow, even for drag-
reducing flows which are not asymptotic.ls‘16 The tempera-
ture profile measurements may indeed have advantages in
some cases over the velocity profiles for characterization
purposes, as will be discussed below.

A. Velocity profile measurements for polymer
solutions

Velocity profile measurements for drag-reducing poly-
mer solutions were originally carried out using Pitot tubes.
Based on a large database of velocity profile measurements
made by several investigators for various polymer solutions

Downloaded 07 Feb 2008 to 169.235.13.229. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



083105-3 Measurements of temperature profiles

under different flow conditions, Virk e al.' proposed what is
perhaps the best known velocity profile model for drag-
reducing fluids: the three-layer model. This model consists of
a viscous sublayer and a turbulent core (as for Newtonian
fluids), plus an elastic or buffer layer between these two, the
buffer layer being presumably where most of the drag-
reducing effects take place. As the level of drag reduction
increases, this layer thickens, reducing the size of the turbu-
lent core layer. This model was tested experimentally there-
after by other researchers'"'® and showed reasonably good
agreement with measurements.

Later on, more accurate techniques for velocity measure-
ments were developed. The most common ones are laser
Doppler velocimetry and particle tracking techniques such as
particle image velocimetry, and a number of studies were
conducted in which velocity profiles have been measured
using these techniques is a relatively long one. Perhaps some
of the first thorough measurements using such techniques
were conducted by Reichman and Tiederman,lg who con-
ducted systematic LDV measurements of drag-reducing
channel flows and showed slight variations with respect to
Virk’s three-layer model. They concluded that there was no
evidence of viscous sublayer thickening, but rather that the
drag reduction results from a growth of the buffer layer, and
that the buffer layer did not follow a fixed slope in the u*-y*
coordinates, as proposed by Virk, but instead varied some-
what with the level of DR.

Other techniques have also been used. Li and
McCarthy20 used nuclear magnetic resonance imaging to
measure pipe flows of various polyacrylamide solutions.
Like the Reichman and Tiederman experiments, their results
for a 200 ppm polyacrylamide solution show a slightly in-
creased slope of the logarithmic layer, but, qualitatively, their
results are very close to Virk’s three-layer model. More re-
cent measurements with LDV?' also agree reasonably well
with Virk’s three-layer model.

Overall, despite the variations in the velocity profiles
that some researchers have pointed out with respect to Virk’s
three-layer model, most of the reported data seem to agree
reasonably well with this model. In any case, if those varia-
tions were to be considered and incorporated into the model,
they would not have a large effect on the overall drag reduc-
tion estimates, though they would add complications to the
calculation procedures. This is why most researchers have
used Virk’s three-layer model, and so will we for the analy-
ses of the polymer solutions data presented in this work.

B. Velocity profile measurements for surfactant
solutions

As the use of surfactants as drag-reducing fluids has be-
come more attractive, the velocity profiles for these fluids
have been studied increasingly. The velocity profiles for sur-
factant solutions®> exhibit a viscous sublayer and a New-
tonian turbulent core as do Newtonian fluids and polymer
solutions. They also exhibit a buffer layer, like polymer so-
lutions, but with a slope of about twice that of polymer so-
lutions. In the turbulent core region, some surfactant solu-
tions show profiles identical to the Newtonian logarithmic
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layer, though other profiles show an increased slope relative
to the Newtonian case. Similar characteristics of the velocity
profiles were also reported by Bewersdorff and Ohlendorf'®
for surfactant solutions measured in pipe flows. It has been
suggestedzé"25 that this change in the pattern of the core re-
gion of the profiles is associated with an increase of the
shear-dependent viscosity of the surfactant solutions. The
evaluation of local viscosity is a complicated issue with sur-
factant solutions, however, as these typically show an in-
creased viscosity compared to water (unlike most low con-
centration polymer solutions), and also a viscosity that may
be a strong function of flow history. To address this issue to
some extent, Bewersdorff and BermanZ® used a viscosity ob-
tained with a capillary viscometer, together with velocity
profile gradients, to calculate a “variable local viscosity.” In
this way, they showed that velocity profiles exhibiting appar-
ently lower nondimensional velocities in the buffer zone
could be shifted by this procedure, and thus resemble more
the typical asymptotic profiles for polymer solutions as in
Virk’s three-layer model.

Despite the variations in the proposed velocity profiles in
the nonasymptotic regime (and therefore in the frictional be-
havior) of surfactant solutions that appear in the literature, it
is generally agreed that there exists an asymptotic profile for
surfactant solutions, analogous to that for polymer solutions,
but corresponding to higher levels of drag reduction. For
example, Zakin et al.*’ have gathered data from various au-
thors and have suggested an asymptote for surfactant solu-
tions. In terms of the velocity profiles, this asymptotic profile
shows an slope of the buffer layer increased by a factor of 2
with respect to Virk’s asymptotic profile. It is interesting that
these surfactant solutions still show some Newtonian loga-
rithmic layer close to the pipe center, even when maximum
asymptotic conditions have presumably been reached. This
was also noted by Bewersdorff and Ohlendorf.'® Other cor-
relations for related asymptotic friction and heat transfer
have also been proposed.28

C. Temperature profile measurements

Regarding measurements of turbulent temperature pro-
files, there was significantly less work done for viscoelastic
fluids than for Newtonian fluids. On the Newtonian side, the
experiments along a flat plate for air” and water” suggest
that the Pr, tends to approach a constant value of about 0.85
in the far-from-the-wall region (beyond y*=30). However, in
both cases (for Pr=0.7 and 5.9, respectively), the Pr, in-
creases to about 2 closer to the wall (at a y* of about 6).
Similarly, temperature profile measurements®’  conducted
for the region beyond y*=30, show a reasonably good agree-
ment with a law-of-the-wall equation of the form
T+=2.075In y*+7.55 Pr**~3.95, in which the Pr, was as-
sumed to be 0.85. It is important to point out that they re-
ported the temperature measurement closest to the wall at
y*=3.5, and that up to a y*=6, the thermal sublayer is well
represented by the linear equation 7+=Pr y™.

Interestingly, despite the sophisticated techniques that
have been developed recently for the measurement of tem-
perature, thermocouple sensors are still used for the vast ma-
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jority of temperature measurements in fluid dynamic and
heat transfer experimental setups. Modern technologies, such
as liquid crystal thermography, have provided new tools for
temperature measurements through color visualization, but
their use in three-dimensional flows is difficult.

In contrast to Newtonian fluids, the work done on turbu-
lent temperature profiles for polymer and surfactant solutions
is very limited. Perhaps the first attempt was made by
Khabakpasheva and Perepelitsa.32 They measured simulta-
neously the velocity and temperature profiles for aqueous
polyacrylamide solutions in a square channel flow and esti-
mated the eddy diffusivities of momentum and heat for these
drag-reducing flows. They found that the Pr, exceeded a
value of 1 over a substantial portion of the test cross section,
and that it had an average value between 2 and 3, which is
much lower than the Pr, predicted by diffusivity models
based on the overall heat transfer coefficients'®'*'* which
typically give values of Pr, between 10 and 15.

More recently, Kawaguchi et al.® reported a series of
temperature profile measurements for surfactant solutions
such as (cetyltrimethylammonium cloride/sodium salycilate)
CTAC/NaSal. Interestingly, their measurements showed what
they called a double diffusivity fluid layer, meaning a region
of high diffusivity close to the wall, followed by a region of
low diffusivity (corresponding to a buffer layer). This behav-
ior was explained by the action of buoyancy effects (being
dominant in the region close to the wall), combined with the
suppression of the drag-reducing effectiveness of the fluid in
the same region due to the change of the rheological fluid
properties with temperature. Li et al.>* measured not only the
temperature and velocity profiles for the flow of a drag-
reducing surfactant solution in a channel, but also tempera-
ture and velocity fluctuations. Based on those measurements,
they calculated the turbulent Prandtl number as a function of
distance from the wall. This was a determination of the tur-
bulent Prandtl number for drag-reducing flows based on
measured Reynolds stress and turbulent radial heat flux.
They found that the turbulent Prandtl number for drag-
reducing fluid was increased relative to a Newtonian fluid
only in the region close to the wall, below y*=50, whereas
for distances further from the wall the turbulent Prandtl num-
ber was about 0.9 for both drag-reducing and Newtonian
fluids.

Aguilar1 and Gasljevic et al.® used temperature profile
measurements to support the proposed concept of two dis-
tinct types of pipe diameter effects on drag reduction exhib-
ited by two types of surfactant solutions (cationic and non-
ionic).

We know only of one study dealing with numerical
simulation of the temperature field in drag-reducing flows.
Using the (finitely-extensible-nonlinear-elastic) FENE-
Peterlin constitutive equation, Gupta et al.*® solved the un-
steady three-dimensional equations for mass and momentum
conservation, viscoelastic stress, and passive scalar (tempera-
ture) transport. The three parameters influencing drag and
heat transfer reductions were relaxation time, molecular flex-
ibility and the ratio of solvent to solution viscosity. The eddy
diffusivity for heat as a function of the distance from the wall
was found to be similar to the eddy diffusivity for momen-
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tum, showing an overall decrease with increasing level of
drag reduction, this similarity resulting from similar behav-
iors of the velocity and temperature fluctuations. However,
whereas the eddy diffusivity for momentum showed a strong
decrease further from the wall after reaching a maximum, the
decrease was much smaller for the eddy diffusivity of heat.
Consequently the turbulent Prandtl number varied with the
distance from the wall. For the highest modeled level of drag
reduction of 52.5%, the highest level of turbulent Prandtl
number calculated by the wall was 24, whereas towards the
center of the channel it dropped to about the value of the
molecular Prandtl number; i.e., 6. The normalized (with re-
spect to the Newtonian values) ratio of Colburn factors for
heat and friction jg/jr was a strong function of drag reduc-
tion, varying from 1 at DR=0 to 0.3 at DR=75. This con-
trasts with the measurements of the ratio of heat and drag
reductions conducted by Aguilar er al., which showed an
approximately constant value of 1.1, independent of the level
of drag reduction.

Il. EXPERIMENTAL SETUP AND PROCEDURES

In the research project discussed in this article, we ad-
dressed a wide range of issues related to drag-reducing flows
by means of temperature profile measurements. Although the
issue of turbulent Prandtl number may be the first one which
comes to one’s mind as an unresolved problem for drag-
reducing flows that is likely to benefit from temperature pro-
file measurements, there are others as well. As mentioned
above, there is strong evidence, based on velocity profile
measurements as well as drag reduction measurements in
pipes of different diameters, that the general phenomenology
of drag reduction for different types of drag-reducing addi-
tives may differ for each type. If a general relationship be-
tween velocity and temperature profiles of drag-reducing
flows can be established, one could use temperature profiles
instead of velocity profiles to classify drag-reducing flows.
One advantage of such an approach is that temperature pro-
file measurements may be more accurate in some cases than
velocity profile measurements. In any case, temperature pro-
file measurements can also shed light on the phenomenology
of drag-reducing flows, which until now was based exclu-
sively on the velocity profile measurements. The latter, al-
though numerous, still offer contradictions regarding such
issues as viscous sublayer thickening, variable slopes of
buffer layer, and the presence of the Newtonian core region.

To accomplish this goal, we built an experimental setup
that allowed reliable and relatively simple measurement of
temperature profiles. The flow channel was a stainless steel
tube of 19.95 mm inner diameter. The circular cross section
of the channel—rather than a square one—improved radial
symmetry of the flow, and allowed a relatively smaller cross
section of the channel, because of the elimination of the cor-
ner effects present in the square geometry. Consequently, the
flow rates at a given flow velocity were kept low, as were the
amounts of solutions to be prepared. This was important,
because we intended to test a larger number of drag-reducing
solutions, at different concentrations and flow velocities.
This tube flow geometry also allowed for symmetrical radial
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heat flux, long entry region (thanks to a relatively small cross
section) to ensure fully developed conditions regarding fric-
tion and heat transfer, as well as easy and accurate drag and
heat transfer reduction measurements. The circular cross sec-
tion of the flow channel did impose a strict requirement of
temperature probe alignment with the flow direction, how-
ever. (The probe was L-shaped and the distance from the
wall to the temperature sensor, placed on the tip of the probe,
was very sensitive to this alignment, particularly at locations
close to the wall.)

A. Flow loop and global friction and heat transfer
coefficient measurements

Avoiding mechanical degradation was a major concern
for most of our experiments, and various design require-
ments and procedures were implemented for this purpose.
First, the concentrated polymer solutions were gently poured
and mixed in water for several minutes. The solutions were
then allowed to rest in the tank for a minimum of 24 h, so
that small lumps of concentrated polymer (or surfactant)
would be completely dissolved. Later, the fluid was slowly
fed by gravity from a 1 m? plastic tank into a large 2.5 m?
closed steel tank. This steel tank could then be pressurized
by up to 7 bar to drive the solutions through the tubes. PVC
feed pipelines of relatively large inner diameter compared to
the test pipe, were then used to minimize mechanical (and
possibly chemical) degradation during the run.

The test pipe was built of 304 stainless steel and had a
calibrated inner diameter of 19.95 mm. It could be fed by the
pressurized tank or, alternatively, by centrifugal variable-
speed pumps (3 and 7.5 HP). The large 2.5 m? volume of the
supply tank ensured a negligible change in the pressure in
the tank during the test runs, so that a practically constant
flow velocity could be maintained. When a fluid was fed by
the pump, it first passed through a 15 m long pipe of a
52 mm diameter, prior to reaching the test tube, so that it
could recover from any mechanical degradation which may
have occurred in the pump. The length-to-diameter ratio of
the test tube was 680.

Very smooth and uniform pressure tap holes are essential
to avoid viscoelastic hole pressure errors when measuring the
pressure drop in the tube, and these holes were therefore
drilled by electric discharge machining. The pressure drop
measurements were taken by Validyne DP 15 variable-
reluctance differential-pressure transducers. To ensure hydro-
dynamic and thermally fully developed conditions, the pres-
sure drop and temperature measurements were taken as far
downstream from the tube entrance as possible, typically be-
tween 630D and 6675D. Adjacent upstream pressure drop
measurements were also taken to check for fully developed
conditions.

We used the once-through mode for all tests, meaning
that the fluid made only one pass through the test tube during
a run, again to avoid degradation. Depending on the test
conditions and the expected flow rate, one of two calibrated
tanks (of 0.1 and 0.30 m inner diameter) were used to collect
the fluid at the end of the test pipe. Continuous measurement
of the height of the collected fluid (via hydrostatic pressure)
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during a run was used for the calculation of the flow rate.
This procedure is the simplest and perhaps the most accurate
bulk velocity measurement for viscoelastic fluids (about 1%
accurate in this case).

For the heat transfer reduction measurements, the test
tube was instrumented with six temperature sensors (minia-
ture RTDs 10 X2 mm, 100 ) cemented on the outer wall of
the test tube, three at 634 diameters, and another three at 675
diameters from the tube entrance. The three RTD sensors
placed at each longitudinal location on the test tube were
located at the top, bottom, and side of the tube to provide
redundancy for the tube wall temperature measurements and
to allow the detection of possible buoyancy effects on the
heat transfer measurements. Another RTD (shielded probe,
100 Q) was inserted perpendicular to the flow in the supply
manifold of the pipe, for inlet fluid temperature measure-
ments. A two-wire configuration was used to measure the
RTD resistances by a high-accuracy, multichannel, digital
multimeter (Keithley 199). Short and thick connecting wires
were used to minimize the wires-to-RTD resistance ratio.
The constant wall heat flux heating was provided by two
Hobart 20 kW DC power supplies connected in parallel,
which could provide currents of up to 1000 A, by passing the
current lengthwise through the wall of the test tube. To mini-
mize the contact resistance at the points of connection be-
tween current carrying cables and the test tube, two precisely
machined clamps were coated with a 0.2 mm thick layer of
soldering tin, which when tightened accommodated to the
shape of the test tube eliminating possible air gaps. To avoid
heat losses, two layers of polyurethane pipe insulation cov-
ered the pipe all the way from the entrance to the discharge.

Data collection for all pressure drop and flow rate mea-
surements and both voltage and current inputs, was achieved
by a Validyne UPC608 data acquisition card. The acquisition
control was handled by Labtech Notebook software. All tem-
perature measurements were taken and temporarily stored in
the standalone Keithley 199 digital multimeter.

B. Temperature profile measurements

The choice of appropriate sensors was determined
mostly by size requirements. RTDs were preferred over ther-
mocouples for the wall temperature measurements because
of lower noise pickup. However, the smallest sizes of com-
mercially available RTDs are many times larger than sensors
one can obtain (or fabricate) using thermocouple wires. This
is an important issue for the temperature profile measure-
ment. Two devices for fluid temperature measurements were
therefore built with thermocouples, differing in the way the
thermocouple wires were attached to their support. All sen-
sors used were homemade type E (Chromel™-Constantan)
that provided the largest response (=60 mV/°C) possible.
The choice of the wire thickness was an important design
consideration. On the one hand, a small sensor tip (or bead)
is needed to ensure high resolution for the temperature mea-
surements, as well as to minimize disturbances to the flow.
On the other hand, the noise pickup is proportional to the
wire resistance, which in turn increases inversely proportion-
ally with the square of the cross-sectional area. Therefore, a
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Thermocouple i
o P — Micrometer

(0.1 mm scale)

Displacement I €———  Metal Clamp

yea— Ball Bearing
<«——  Support
Y 2mm
4
o 1/8”
Flow Direction -]l (32mm)
/"' D =20 mm
30 mm

FIG. 1. Temperature sensor design and location in the test tube (not to
scale).

very tiny wire would have been a bad choice considering the
noisy environment that the currents of up to 1000 A used for
heating the tube could generate, and also because very small
sizes would have been difficult to handle. Wires of 0.003 in.
(0.0076 mm) diameter were decided on as the best compro-
mise. This wire thickness also provided enough rigidity to
the sensor tip, so no additional support was needed as will be
described below.

Two devices for temperature profile measurements were
built and tested. One was made from a thin mica sheet, span-
ning the diameter of the test tube, with 15 thermocouple
sensors attached to it across the radius of the tube, spaced in
uniform increments starting at 0.25 mm from the wall. All 15
temperature sensors could be scanned simultaneously. The
other device contained only one temperature sensor, placed
at the tip of a thin tube of 0.7 mm diameter. This sensor was
moved across the pipe during a run, and temperature mea-
surements were taken at each location. After numerous tests
the second device was found to provide better temperature
profile measurements, mostly due to lesser disturbance to the
flow—particularly in the region close to the wall—and ad-
justable location, although at the price of a more tedious
experimental procedure. All temperature profiles reported in
this paper were measured using this latter device.

This device is based on a thermocouple junction of type
E with leads of 0.003 in. (0.076 mm) thick, and a bead of
approximately spherical shape with a mean diameter of
about 0.007 to 0.008 in. (0.17 mm). A sketch of this arrange-
ment is shown in Fig. 1. In order to avoid the effect of large
disturbances to the flow, the sensor bead had to protrude
upstream of the horizontal support tube. A protrusion of 1 to
2 mm was found to be satisfactory, both in order to assure
that the wires had enough rigidity to keep the sensor at a
fixed position in the flow, and to avoid the risk of short-
circuiting the wires electrically through the fluid. To
strengthen and electrically insulate the wires, a thin coat of
glue was applied to them. The bottom of the bead was kept
free of the glue, however, to allow for an electrical contact
with the wall during the calibration of the sensor position
(see below).

Finally, the support tube was attached to a vertical
traverse brass tube (of 3.2 mm diameter) at a small angle
(about 15°) relative to the horizontal (see Fig. 1). This small
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angle was chosen as a compromise between two require-
ments. On the one hand, the disturbance to the flow due to
the relatively bulky tubing right behind the sensor was mini-
mized by its nearly horizontal position. On the other hand,
the calibration of the sensor positioning was made simpler by
having this angle larger.

Other provisions were also taken to minimize electrical
noise. For instance, extension thermocouple wires were
kept short and were made of larger diameter than the short
wire used for the tip of the thermocouple. Two thermo-
couples measuring the wall-to-local temperature difference
T,—T(r)] were connected in series to increase common
mode noise rejection. With this arrangement, not only was
one voltage output eliminated, but the measured voltage was
also directly proportional to T,,—T(r); i.e., the temperature
difference used for constructing the temperature profiles. Fi-
nally, since only the average mean temperature was of inter-
est, the temperature fluctuations of the signal were filtered by
the built-in running-average filter of the digital multimeter
used for the data acquisition (Keithley 199 DMM/Scanner).

C. Test procedure

To avoid the need for simultaneous measurements of ve-
locity and temperature profiles, we took advantage of the
existence of a large number of velocity profile measurements
that have been obtained in the past for certain drag-reducing
solutions. We used some well-established velocity profile
models in combination with our drag reduction, heat transfer
reduction, and temperature profile measurements to investi-
gate the possible similarity of velocity and temperature pro-
files, and to obtain estimations of the turbulent Prandtl num-
ber (Pr,). This procedure was only followed for those fluids
with well-documented velocity profiles; namely, drag-
reducing solutions that conform to Virk’s three-layer model.

First, we tested polymer solutions with well-known
velocity profiles. One was a polyacrylamide solution
(Separan™ AP-273, a product of Dow Chemical), which is
well represented by the three-layer velocity profile model.!
Similarly, the velocity profiles of some cationic surfactant
solutions have been established**?’ showing a steeper slope
of the buffer layer compared to polymer solutions and a
somewhat larger sublayer thickness (which seems to be a
consequence of the increased slope of the buffer layer). As
mentioned above, simultaneous global measurements of DR
and HTR were taken together with the temperature profile
measurements. From the drag reduction measurements and
the three-layer velocity model, an estimated velocity profile
was then calculated. Note that an accurate drag reduction
quantification (based on two redundant measurements of
pressure drop), together with the three-layer model (proved
valid by many measurements by different authors), may
likely provide more trustworthy information on the velocity
profile than a single velocity profile measurement done si-
multaneously with the temperature profile measurement
could, since large errors can be made in measuring local
velocities. This estimated velocity profile was then used, to-
gether with the temperature profile, to compute an corre-
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sponding overall heat transfer coefficient or the heat transfer
reduction HTR. As the heat transfer reduction was also di-
rectly calculated from the global measurements (tube wall
temperature and bulk fluid temperature), a comparison with
the heat transfer measurement based on the temperature pro-
file can be made. We found a good match between the global
HTR measurements and the heat transfer coefficients com-
puted through the integration of the temperature and velocity
profiles. This good match—typically within 3%—suggests
that the procedure is appropriate. We used the cationic sur-
factant Ethoquad® T13-27 (a product of AKZO Chemicals),
which is a tris (2-hydroxy-ethyl) tallowalkyl ammonium ac-
etate, with sodium salicylate(NaSal) as a counter-ion, for
these experiments.

Once we had both temperature and velocity profiles (for
the fluids which conform to the three-layer velocity profile),
the similarity of the velocity and temperature profiles was
examined. As will be discussed below, the similarity of the
profiles allowed us to generate estimates for the turbulent
Prandtl number. Since velocity and temperature fluctuations
were not directly measured, we assumed that momentum and
heat eddy diffusivities are not a function of location in the
buffer layers of the velocity and temperature profiles. The
assumption of constant eddy diffusivities in the logarithmic
buffer regions of the velocity and temperature profiles is not
exactly correct for pressure-driven channel flow, but may
still be acceptable because in drag-reducing flows we are
expecting an average turbulent Prandtl number of the order
of 10, rather than 1 as is the case for Newtonian fluids, and
the error due to the incorrect assumption of constant eddy
diffusivities will not be too severe.

For the fluids for which there is no velocity profile avail-
able, the temperature profile measurements, along with the
overall HTR/DR ratio measurements, were used to determine
the characteristics of the velocity profiles, based on the as-
sumption of a similarity between the velocity and tempera-
ture proﬁles.35 Following this procedure, we have deter-
mined that some temperature profiles and, thus, their
corresponding velocity profiles may be in some cases very
different from those described by the three-layer model.
Those temperature profiles allowed us to investigate some
important aspects of the drag reduction phenomenon, par-
ticularly those that cannot be explained in more detail
through global friction and heat transfer coefficient measure-
ments alone. Those are, for example, the existence of differ-
ent drag-reducing mechanisms, the difference in the diameter
effect between different solutions, the effect of contaminants
on the diffusivity coefficients, etc. Therefore, the temperature
profiles can become as powerful a tool for the analysis of
certain aspects of the drag reduction phenomenology as the
velocity profiles are, and in some cases even better. Two
drag-reducing additives were used in this category of tests,
with unknown velocity profiles: a biodegradable nonionic
surfactant (SPE95285) and the biopolymer Xanthan gum.
The nonionic surfactant SPE95285, a proprietary mixture of
two surfactants, was developed by AKZO-Nobel Chemicals
for us as a drag-reducing additive for low temperatures.
Some information on its composition can be found in Ref.
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35. The polymer Xanthan gum we used is a polysaccharide
manufactured by Kelco Corp. by aerobic fermentation with
the bacteria Xanthomonas campestris.

To obtain the temperature profile measurements, the bulk
velocity was usually maintained between 1 and 2 m/s for
this particular diameter pipe, corresponding to Reynolds
numbers between 20 000 and 40 000 for fluids with water-
like viscosity at room temperature conditions (for fluids with
higher viscosity, the velocity was increased). Several objec-
tives were achieved by this choice. First, ensuring a large
enough Reynolds numbers for the experiments to be carried
out beyond the transition region from laminar to turbulent
flow, but, at the same time, not so large that the dynamic
force exerted by the fluid on the sensor could produce me-
chanical oscillations. On the other hand, a relatively low
Reynolds number allowed for proportionally thicker viscous
and thermal sublayers, and thus permitted better resolution in
the region close to the wall (i.e., obtaining measurements at a
lower y*). Furthermore, the range of velocities between
1 and 2 m/s happens to be the range of interest for many
practical applications. Nevertheless, for some runs the Rey-
nolds number was increased up to 100 000.

The wall heat flux (g/) was controlled so as to maintain
a wall-to-bulk temperature difference (AT, ;) of about 2 °C
for most tests. With this temperature difference, the effect of
the radial temperature variation on the fluid viscosity was not
more than 4% for average test conditions, and much less for
other thermophysical properties such as heat capacity and
density. For most drag-reducing fluids, the effect of this tem-
perature variation on their drag-reducing ability was negli-
gible as well. However, perhaps the most important reason
for keeping the AT, , small was to avoid possible large dis-
tortions of the flow due to natural convection.”’

The fluid viscosity () was an important parameter to
consider for shear-thinning drag-reducing solutions. On the
one hand, the uncertainty in defining the viscosity at different
locations in a varying velocity field makes fluids with water-
like viscosity the best choice. On the other hand, a fluid with
higher viscosity provided thicker viscous and thermal sub-
layers at the same flow conditions, which in principle offers
the opportunity to obtain measurements in the near-wall re-
gion. It was decided that it was most important for our pur-
poses to focus on the accuracy of the Pr, measurements, and
the fluid viscosity was therefore kept as close as possible to
water for most runs, except in some special cases where the
effect of an increased viscosity was either desirable (e.g., in
tests of the temperature sensor in the laminar flow) or un-
avoidable (for the Xanthan gum solution).

To determine the position of the sensor inside the pipe, a
12 V AC transformer was connected to the thermocouple
and to the test tube, using each as an electrode. The thermo-
couple was then moved towards the wall of the (empty) pipe,
and the point of contact (at y=0) was detected by the closed
electrical circuit. AC voltage was chosen for this purpose
rather than DC to avoid possible polarization of small resi-
dues of liquid that could affect the repeatability of the elec-
trical resistance readings at the contact position and in turn
result then in bent probe and inaccurate height measure-
ments.
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FIG. 2. Effect of Grashof number (i.e., heat flux) on turbulent temperature
profiles measured along the vertical plane in the bottom half of the test pipe.
Drag-reducing fluid: 400 ppm Ethoquad® plus 300 ppm NaSal in tap water.
The drag reduction level for both runs is 73%.

Besides the temperature profile, drag and heat transfer
reductions were also measured for each run, at a location
50 mm upstream of the temperature profile measurement.
Drag reduction was calculated from the flow velocity and
pressure drop measurement, using Eq. (1). Heat transfer re-
duction was calculated using Eq. (2), while the Nusselt num-
ber was evaluated from the measured bulk fluid temperature,
heat flux and wall temperature measurements. The wall tem-
perature was measured at three locations on the perimeter of
the test tube, bottom, top, and center, to check for buoyancy
effects. The calculated Nusselt number (based on the gross
parameters) was compared with the Nusselt number calcu-
lated from the temperature profile and velocity profile (con-
structed from the measured drag reduction) and the two were
found in good agreement for all reported runs (typically dif-
ference less than 3%). For the presentation of the results, a
nondimensional temperature and the distance from the wall
in the usual wall coordinates were used.’’ The turbulent
Prandtl number was then calculated by comparing the slopes
of the temperature and velocity profiles.

D. Calibration procedures and accuracy

The two main types of distortions found in the measured
temperature profiles were caused by buoyancy and by distur-
bances of the flow field due to the presence of the tempera-
ture sensor. The buoyancy effect is more important in turbu-
lent flows of drag-reducing fluids than in Newtonian flows,
due to the reduced convection in the former. To test the
buoyancy effects in our experimental installation, one tem-
perature profile was measured at low wall heat flux ¢/, (small
temperature differences) and another one at high ¢/, (under
conditions where buoyancy effects could be expected), in
both cases keeping the bulk velocity constant. Figure 2
shows the effects of the increase in Grashof number (Gr) on
the measured temperature profile, for a 400 ppm cationic sur-
factant solution ( Ethoquad® T13/27 by AKZO-Nobel),
which provides slightly less than asymptotic drag reduction
in the range of Reynolds numbers covered. For the profile
with the low heat flux, the AT, is about 1.6 °C (corre-
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sponding to a g, =755 W/ m?), whereas for the profile with
high heat flux, the AT, , was 5.2 °C (corresponding to a
q!=2100 W/m?). The temperature profile with the low heat
flux does not show a shift of the coldest point (maximum
T"), which is good indicator of the symmetry of the tempera-
ture profile. The profile with the high heat flux shows a slight
shift of the coldest point towards the bottom wall, however,
indicating asymmetry caused by buoyancy. Another conse-
quence of buoyancy is the asymmetry in the radial heat flux.
For an average wall-to-bulk temperature difference of about
2 °C, it was estimated, based on the pipe geometry and ther-
mal conductivity, that the radial heat flux (¢],) would not
vary by more than 2% between the top and bottom sides of
the pipe. This implies that one could use the constant heat
flux approximation for turbulent flow conditions without in-
troducing a significant error. The overall buoyancy effect on
the flow asymmetry can be seen from the measurements of
Nusselt number. For the two runs shown in Fig. 2, the
Nusselt number was calculated from the fluid bulk tempera-
ture and the inner wall temperature measured at both top and
bottom of the test pipe. For the run at lower heating power,
the difference between Nusselt numbers calculated using the
top and bottom wall temperature was only 2% (Nu,,=15.1,
Nug,=15.5), whereas for the run at higher heating power the
difference was 10% (Nu,=12, Nug,=13.2). A more detailed
analysis of the buoyancy in turbulent pipe flows of drag-
reducing solutions and its effects on the measurement of
temperature profiles can be found in Ref. 37. Our tempera-
ture sensor, although small, does affect the flow to some
degree, and introduced an error in the measurement; in par-
ticular, close to the wall. This effect was reduced by placing
the sensor support downstream from the thermocouple bead.
In turbulent flows, most of the temperature difference be-
tween the wall and the fluid takes place close to the wall,
although somewhat less so for drag-reducing than Newtonian
flows. This is why an error in the temperature measurements
due to disturbance by the sensor is significant. Tests of the
sensor are possible only in the viscous sublayer of the turbu-
lent flow or in the laminar flow. For the temperature sensor
test, we decided to use a solution of Separan™ polymer with
a very high concentration of 1500 ppm, but one which was
mechanically degraded before the test. This solution showed
somewhat lower drag reduction than asymptotic, and its vis-
cosity was about ten times the viscosity of water at the wall
shear stress corresponding to a flow velocity of 1 m/s in our
20 mm test tube. This fluid enabled us to have laminar flow
in our test pipe at flow velocities up to 1 m/s.

Figure 3 shows the result of the temperature profile mea-
surements in laminar flow through the test pipe. The tem-
perature difference between the inner wall and the fluid was
measured close to the wall in the bottom half of the pipe.
Measurements were taken at three levels of heating power:
460, 1750, and 3790 W. For the lowest heating power, 11
measuring points were used, from 0.08 to 1.9 mm from the
wall. One can see that above 0.2 mm from the wall, the
measurements are in good agreement with the theoretical
prediction. The effect of increased heat flux was tested for
two locations: 0.78 and 1.88 mm from the wall. The increase
in temperature difference is approximately proportional to
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FIG. 3. Test of the temperature sensor in the near-wall region: temperature
difference between the wall and the fluid as a function of the distance from
the wall. Laminar pipe flow of a drag-reducing surfactant solution (a solu-
tion of 1500 ppm of aged Separan™ polymer in water). At the lowest heat
flux 11 measuring points were taken, while at the two higher heat fluxes the
temperature was measured only at two locations (0.78 and 1.88 mm from
the wall). The theoretical temperature profile at the lowest heat flux is shown
for the comparison.

the increase in heating power at 0.78 mm from the wall, but
less so at 1.88 mm from the wall. The reason for the devia-
tion at the location further from the wall is likely due to
buoyancy effects, which become even stronger toward the
pipe center (not shown). As far as disturbance of the flow by
the presence of the temperature sensor is concerned, we con-
cluded that our sensor can be used as close as 0.2 mm from
the wall, which in most cases corresponds to a y* between 5
and 10; i.e., at the edge of the viscous sublayer.

To investigate further the issue of the sensor reliability in
the region close to the wall, we performed another test with
the same fluid, this time in the critical region between 0.1
and 0.3 mm from the wall and with varying flow velocity.
Figure 4 shows the temperature difference between the wall
and two locations in the flow field (0.15 and 0.28 mm from
the wall) with flow velocities varying between 0.1 and
5 m/s. One can see that the temperature measurements taken
at 0.28 mm from the wall are in very good agreement with
the theoretical prediction (which is very accurate for the
laminar profile deep into the viscous sublayer thickened by
the high fluid viscosity) for flow velocities above 3 m/s. The
large deviation from the expected result at a velocity of
1 m/s is most likely caused by the laminar to turbulent tran-
sition, which is expected exactly at this flow velocity. The
measured temperature difference for 0.15 mm from the wall
is too high, however, compared with the predicted value.
Apparently, the temperature sensor was causing some flatten-
ing of the temperature profile when placed too close to the
wall, and this should be kept in mind when interpreting the
temperature profiles measurements.

As will be shown below for measurements in the turbu-
lent regime, a few measuring points very close to the wall
may show a flat temperature profile, a result of fluid mixing
caused by the presence of the sensor. In most measurements,
however, temperature measurements taken further from the
wall coincide with the theoretical laminar temperature profile
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FIG. 4. Difference between the inner wall and fluid temperatures measured
at 0.15 and 0.28 mm from the wall, as a function of flow velocity. Drag-
reducing solution of 1500 ppm of Separan™ polymer, mechanically de-
graded by long term circulation. Both locations were inside the viscous
sublayer and theoretical values of the temperature difference were calculated
for the laminar flow. The wall heat flux was 4000 W/m?2. The peak seen
around v=1 m/s seems to be related to the laminar to turbulent transition
(Re=2800).

of the viscous sublayer, as expected. In general, we can say
that our measurements can be considered trustworthy starting
from the outer edge of the viscous sublayer, or from about
y*=38, for fluids with water-like viscosity, as most of our
drag-reducing solutions were.

The uncertainty in the sensor location is primarily af-
fected by the inaccuracy in detecting the wall position
(y=0), by misalignment of the probe with the direction of
the flow, and by the resolution of the micrometer. Note that
the error in the sensor position due to misalignment of the
probe is a consequence of the L-shaped probe and circular
cross section of the channel. The probe was built with an
indicator of its direction relative to the direction of the flow,
and the uncertainty in direction of the probe was estimated to
be about 1°. The overall uncertainty in the sensor location is
estimated to be about 1y* or 2y* wall units for most runs.

Altogether, we expect our uncertainty margin for the cal-
culated drag-reduction level (DR) to be about 2% or 3%.%
This relatively high accuracy is due to the fact that the errors
in pipe diameter cancel out in the calculation of DR. The
level of uncertainty on the flow velocity is 2% or 3% (mostly
due to uncertainty in the inner diameter of the test tube),
and considering that the fluids used had mostly water-like
viscosity, the uncertainty is about the same for the Reynolds
number.

The uncertainty in heat transfer measurements depends
strongly on the test conditions (flow rate, heat flux, etc.). By
measuring directly temperature differences rather than abso-
lute temperatures, and by applying techniques for electrical
noise reduction, we have been able to reduce the uncertain-
ties in the temperature measurements to +0.05 °C. Despite
the efforts taken to improve the accuracy of the temperature
measurements, the accuracy of the heat transfer coefficients
(Nusselt numbers) could not be improved much beyond
10%, however. This lower limit is imposed by an error of 2%
to 3% in the flow rate.**® Somewhat better accuracy is

Downloaded 07 Feb 2008 to 169.235.13.229. Redistribution subject to AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



083105-10  Gasljevic, Aguilar, and Matthys
300 .
275 { |0 T1, Re=12,000, DR=41%, HTR=55% sapint1
250 1 |o T2, Re=29,000, DR=60%, HTR=74% T'=69InY*-75
225 1| A T3, Re=56,000, DR=69%, HTR=83% o o °
200 1
- — 720 —aa A
175 | [0 T4 Re=90,000, DR=73%, HT'R 88%, A AD
+ Lamtnar
— 150 T o
125 | Trei= 21-22°C ; % o ©°
Pr=6.6 . °
100 - 4 o
(]
75 AO O
50 1 P bt 7 Tlrbulent, water
25 | T
o+ . .
1 10 100 1000

FIG. 5. Temperature profiles measured for a drag-reducing solution of Sepa-
ran™ polymer. A relatively high concentration of 50 ppm of polymer was
needed because the polymer was chemically degraded by aging. Salt
(0.5% NaCl) was added to tap water to ensure a coiled conformation of the
polymer molecules.

achieved for the HTR, because some systematic errors—such
as the pipe diameter—cancel out. Buoyancy, as a possible
source of error during the tests is not included in these fig-
ures, but should not be an issue with appropriate limitations
on heat flux, as discussed above. Errors in the temperature
profile measurements are mostly due to errors in the posi-
tioning of the temperature sensors and flow disturbances. Al-
though the tests in laminar flow were satisfactory, some un-
certainties do remain for measurements in turbulent flow.

More details on the experimental installation, as well as
some measured temperature profiles not reported in this ar-
ticle, can be found in Aguilalr.3 0

lll. RESULTS AND DISCUSSION

A. Three-layer type profiles
1. Polymers

Figure 5 shows four temperature profiles measured for a
50 ppm solution of Separan™ AP-273 polymer dissolved in
tap water with 0.5% of NaCl added to ensure a coiled mo-
lecular configuration and therefore type-A drag-reducing
behavior.”’ This is a relatively high concentration for this
Separan™, which normally provides asymptotic drag reduc-
tion at concentrations below 10 ppm. However, our Sepa-
ran™ sample was about 10 years old and had therefore suf-
fered from chemical degradation, so that the 50 ppm solution
showed less than asymptotic drag reduction. For each veloc-
ity profile, drag and heat transfer reductions were measured
simultaneously with the temperature profiles, and are shown
in the graph. At the flow conditions corresponding to all
these runs, the shear viscosity at the wall was water-like, and
the Prandtl number varied between 6.5 and 6.7 for all the
profiles.

All temperature profiles can be approximated as being
composed of three distinct layers: a viscous sublayer (for
which no measurements were taken, but which certainly ex-
ists), a buffer or elastic layer, and a Newtonian-like core. The
increase in the HTR associated with increasing velocity is
related to an approximately parallel upward shift of the
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FIG. 6. Velocity profiles corresponding to the measured temperature profiles
shown in Fig. 5, calculated from the measured drag reduction using the
three-layer model velocity profile for drag-reducing polymer solutions. The
buffer layer (u*=11.7y*—17) grows with increasing level of drag reduction,
displacing the turbulent core region.

Newtonian-like cores. The thermal sublayer appears not to
be significantly thickened compared to the Newtonian pro-
file. The thermal buffer layer (analogous to the momentum
buffer layer) for these four profiles seems to be reasonably
well represented by a straight line in these semi-logarithmic
coordinates, with a slope of approximately 69; i.e.,
Tt=69 In(y*)—75 in this case.

Figure 6 presents the estimated velocity profiles corre-
sponding to the temperature profiles presented in Fig. 5.
Those velocity profiles were constructed based on drag re-
duction measurements taken simultaneously with the tem-
perature profiles, and using the Virk’s three-layer model as a
basis for the velocity profile. Considering that this model has
been verified for Separan™ solutions many times by differ-
ent authors, it is very likely that a velocity profile constructed
in this way is as reliable as a direct measurement of the
velocity profile, if the drag reduction measurement is accu-
rate. (Figure 11 shows the measured overall friction coeffi-
cients corresponding to each of the profiles shown in Figs. 5
and 6, along with measurements using other solutions dis-
cussed below. These measurements indicate that the four
profiles shown in Fig. 6 were taken well inside the nonas-
ymptotic regime.)

The resemblance of the temperature profiles with the
known velocity profiles is obvious. The temperature profiles
for polymer solutions exhibiting a typical type-A behavior,
such as this Separan™ solution, seem to be well represented
by a three-layer model with a buffer layer analogous to that
of the velocity profile, and with a Newtonian core region
close to the pipe center. This similarity of velocity and tem-
perature profiles suggests a coupling between the diffusivity
mechanisms of momentum and heat; i.e., a constant Pr,.

The Reynolds analogy, which states that the eddy diffu-
sivity for momentum and the eddy diffusivity for heat are
identical, results in a similarity of temperature and velocity
profiles for flows without pressure gradients. For flow over a
plate, with linear velocity and temperature profiles (in the
semi-log presentation), the Pr, can be calculated simply as a
ratio of the slopes of the temperature and velocity profiles.
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For channel flow, the Reynolds stress and its heat diffusion
equivalent are not constant in the radial direction. This
means that for an accurate estimate of the Pr, one has to
measure the correlation between flow velocity oscillations in
the flow and normal directions for the evaluation of the Rey-
nolds stress, as well as the correlation between temperature
and velocity oscillations, as has been done by Li et al.** For
simple developed flows in pipes with a pressure gradient,
however, there is reasonable similarity between velocity and
temperature profiles, both being close to logarithmic near the
wall, even though the similarity of momentum and heat
transfer equations is not strictly preserved as is the case with
simple external flow over a plate. If one neglects those com-
plexities, one can still calculate the turbulent Prandtl number
in pipe flows of Newtonian fluids to be close to 1. This is in
agreement with the more rigorously calculated Pr, in flow of
water, which is generally found to deviate no more than 20%
from 1, except in the narrow region around y+ =10, where it
likely close to 2 for both flows over a plate and in a pipe.9

Based on this analysis, we considered it acceptable to
calculate the Pr, for drag-reducing flows by comparing di-
rectly the velocity and temperature profiles, which conve-
niently turned out to show a constant slope in the buffer
region in the semi-log representation. From the slope of our
temperature profile estimated at 69 and the slope of Virk’s
velocity profile being 11.7, we calculate the constant Pr, for
the buffer region to be 6. This is certainly an approximation,
having neglected the variation of Reynolds stress and
equivalent turbulent heat flux with distance from the wall,
but the error is likely not large in relative terms, considering
that the Pr, is so large.

The turbulent Prandtl number for the Newtonian core
region is approximately equal to 1, since both temperature
and velocity profile slopes are the same as for Newtonian
fluids.

We can compare our results with the turbulent Prandtl
number calculated by Gupta et al.*® They used direct numeri-
cal simulation applying the Peterlin model, which in their
previous work on momentum transfer showed a very good
agreement with experimental results achieved with polyeth-
ylene oxide and other polymers complying with Virk’s ve-
locity profile. Although they simulated passive scalar trans-
port in general, they specifically consider the temperature
field as their passive scalar, so their results can at least quali-
tatively be compared to ours. While our turbulent Prandtl
number for the asymptotic drag reduction is the same across
the whole section of the pipe, they calculated the same nu-
merical value as ours (about 6) for the major part of the outer
duct cross section. However, in the region close to the wall
their Pr, sharply increasing with approaching the wall, reach-
ing up to 48. This difference between our and their result
may be explained by a possible error introduced in our tem-
perature profile by the presence of the temperature sensor in
the region close to the wall, which may have caused mixing
and flattening of the temperature profile. A numerical method
is certainly advantageous in that respect to any intruding
experimental method, at least in qualitative terms. On the
other hand, it should be noted that temperature profile calcu-
lated by Gupta et al.*® for an asymptotic case at a low Rey-
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FIG. 7. Temperature profiles measured for a drag-reducing surfactant solu-
tion (cationic surfactant Ethoquad® T13/27 at a concentration of 1500 ppm,
with 2.5 NaSal/surfactant ratio). No CuOH, dissolved in tap water. The
solution was 1 month old, showing somewhat lover levels of drag reduction
than the fresh solution, with the benefit of water-like viscosity.

nolds number showed a heat transfer reduction level which
may have been excessively high compared to usually mea-
sured values as well as to the value of calculated drag reduc-
tion. This would mean that the average turbulent Prandtl
number would be too high as well. Despite of this eventual-
ity, the possibility that the turbulent Prandtl number may be
higher close to the wall than in the rest of the buffer layer
should be given serious consideration.

2. Surfactants

Figure 7 shows temperature profiles measured for a
1500 ppm solution in tap water of the cationic surfactant
Ethoquad®, with sodium salicylate added as a counterion in a
2.5 NaSal/surfactant molar ratio. This solution was used in
previous tests and was about one month old, with some
chemical degradation due to chemical contamination having
taken place. We intentionally used this degraded fluid be-
cause we have seen that the viscosity of the solution was
reduced close to the viscosity of water due to effects of aging
(chemical degradation), whereas the drag reduction ability of
the fluid, although reduced, remained still high. The viscosity
of this fluid was indeed practically the same as that of water
at the wall shear stresses achieved in all runs. This is a sig-
nificant advantage when constructing the nondimensional
temperature profile, because the uncertainties in calculating
an appropriate shear-dependent viscosity are avoided. The
overall friction coefficient measurements corresponding to
each of these profiles are listed in Fig. 11, showing high—
but less than asymptotic—Ievels of drag reduction.

The temperature profiles for this surfactant solution
show the following distinctive characteristics. (1) A thick-
ened thermal sublayer up to at least a y* of 20 or 30, in
contrast to the Separan™ polymer solution, which showed
an unaffected sublayer (compared to the Newtonian case)
extending only to y*= 10. (2) The slope of the buffer layer of
all these profiles is about three times larger than the slope
measured for the polymer solutions. In terms of wall coordi-
nates, an average thermal buffer layer for all these profiles
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can be expressed as T"=2101In(y*)-600. (3) All profiles
show a remaining logarithmic core layer, displaced approxi-
mately parallel to the Newtonian layer, even the profile TS,
which is very close to asymptotic. Note that all four runs
were conducted at relatively high fluid temperature, the ref-
erence temperature (the average between bulk and wall tem-
peratures) being between 36 and 45 °C. The run with the
highest temperature (45 °C) is the one with temperature pro-
file labeled T7. This surfactant solution started to show signs
of temporary thermal degradation. This is likely the reason
why the drag reduction for T7 (Fig. 11) is not increasing
relative to TS5 despite an increased Reynolds number, the
temperature profile T7 lying in fact below T5.

We may now compare these temperature profile charac-
teristics to some of the velocity profiles measured for cat-
ionic surfactants in the past, in order to determine whether a
similarity between velocity and temperature profiles can be
established for drag-reducing cationic surfactant solutions.
The first characteristic of our temperature profiles—the
thickened thermal sublayer—does not seem to agree with the
surfactant velocity profiles of Povkh et al.,”* who claimed
that the viscous sublayer remained the same as for Newton-
ian fluids. This characteristic does not agree with the velocity
profiles presented in Ref. 23 for a (tetradecyltrimethylammo-
nium bromide) TTAB+NaSal solution, which shows an un-
affected viscous sublayer followed by a buffer layer extend-
ing all the way to the pipe center. The difficulty with both of
those velocity profiles is that their buffer layer, which started
at y*=5, crosses the theoretical viscous sublayer at both
y*=5 and y*=30. This means that within that region (which
they consider to be the buffer layer) there is even a lower
diffusivity than a purely molecular diffusion process (i.e., a
laminar profile) would have, which appears physically im-
possible. Since the authors have used a constant viscosity (at
low shear rates) for the determination of y*, a possible ex-
planation for their conclusion is that they have overestimated
the actual shear viscosity and thus obtained a profile that is
shifted towards the y* axis.

The second characteristic we noted—the slope of the
buffer layer—is qualitatively in good agreement with the in-
creased slope of asymptotic velocity profiles for surfactant
solutions, e.g., as in Ref. 27, where proposed slope of the
velocity buffer layer for surfactants is 23.4 (instead of 11.7
for polymer solutions). In fact, it is because of this increased
slope that the increment in the sublayer thickness becomes
almost a necessary requirement. Otherwise, it would have to
be accepted that the gradient of the profile is at some point
larger than that for a fully laminar profile.

Finally, the turbulent Newtonian-like logarithmic core
seems to show up in velocity profiles of various surfactant
systems as well. Results by Bewersdorff and Ohlendorf'® and
Chara ef al.” consistently show that—unlike most polymer
solutions—this Newtonian-like logarithmic layer is always
present in the velocity profiles of surfactants, even at what
they considered to be asymptotic conditions.

Figure 8 shows the calculated velocity profiles corre-
sponding to the four temperature profiles shown in Fig. 7.
The calculations are based on the level of drag reduction
measured simultaneously with each temperature profile, and
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FIG. 8. Velocity profiles corresponding to the measured temperature profiles
shown in Fig. 7, calculated from the measured drag reduction using the
three-layer model for velocity profile. The buffer layer (u*=23.4y*-65),
proposed by Chara er al. (Ref. 25) for surfactant solutions, grows with
increasing level of drag reduction, displacing the turbulent core region.

the assumption that the elastic layer for surfactant solutions
has a slope of 23.4 in the semi-log coordinates, as proposed
by Zakin et al.*’ (We used a transition region between the
viscous sublayer and buffer layer for integration.) If one ac-
cepts this three-layer profile for velocity, there appears to be
similarity between temperature and velocity profiles, just as
it is the case with polymer solutions. The turbulent Prandtl
number calculated as a ratio between the slopes of the tem-
perature and the velocity profiles is calculated to be 9. This
value can be assigned up to the y* at the end of the elastic
layer, i.e., 150. The match between the temperature and ve-
locity profiles beyond that point is hard to ascertain because
of inaccuracies of the procedure. In any case, the region to-
wards the center of the pipe appears to have much less effect
on the friction and heat transfer than the region closer to the
wall.

It is interesting to compare our result with the result for
Pr, found by Li et al. * Li et al. calculated Pr, for the cationic
surfactant solution by measuring the velocity and tempera-
ture profiles, as well as the Reynolds stress and turbulent
heat transfer normal to the wall. Their results were very dif-
ferent from ours. For one of their three runs, the one with the
highest level of drag reduction, their calculated Pr, was high-
est at y*=13, with a value of about 18, falling to about 1 at
y*=60, and remaining at somewhat below 1 (as for water)
for the rest of the measured profile up to y*=350. One note-
worthy issue is that the temperature and velocity profiles
measured by Li ef al. are very dissimilar from each other. On
the one hand, their velocity profile above the sublayer has a
constant slope—increased relative to the Newtonian profile,
but lower than Virk’s asymptotic profile—and reaching to the
very center of the pipe. On the other hand, the slope of their
temperature profile in most of the measured region was prac-
tically the same as for water. The whole upward shift relative
to water in their temperature profile appeared to take place in
the region of y* between 10 and 25. The main reason for the
difference between the results for turbulent Prandtl number
by Li et al. and our results, is likely not our assumption of
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FIG. 9. Asymptotic temperature profiles measured for a fresh solution of
Ethoquad® T13/27 surfactant. This solution contained 1500 ppm of the sur-
factant with a 0.6 NaSal/surfactant molar ratio, and also 0.5 mM/I of
Cu(OH),, dissolved in tap water. Asymptotic levels of drag and heat transfer
reductions were measured simultaneously with the temperature profiles.

constant eddy diffusivities of momentum and heat with y™,
but rather the dramatic difference between their and our tem-
perature profiles. While our temperature profiles were similar
to the known velocity profiles, with the slope being six times
higher than the slope of the velocity profile in the whole
region above the sublayer, the slope of their temperature pro-
file was about four times lower than the slope of their veloc-
ity profile for y* above 25. It is very hard to explain this large
difference between the temperature profiles measured by Li
et al. and ourselves. One can only conclude that more tem-
perature profile measurements are needed over a wide range
of drag-reducing solutions and flow conditions.

Note that a thickening of the viscous sublayer relative to
the Newtonian case—if present to the same extent in both
velocity and temperature profiles—would cause higher levels
of heat transfer reduction than drag reduction, even at a tur-
bulent Prandtl number equal to 1, for fluids with a molecular
Prandtl number higher than 1 (as for water which has a Pr of
about 7 at 20 °C). Indeed, many researchers who measured
velocity profiles of drag-reducing fluids reported a sublayer
thickening.41 The issue of the thickening of the viscous sub-
layer is still somewhat elusive, because of problems associ-
ated with measurements close to the wall. As we have seen
in the temperature profile for Ethoquad® (and similarly in the
velocity profile), an apparent sublayer thickening appears in-
evitable for the larger slopes of the buffer layer pertaining to
surfactant solutions. This thickening would have to be very
large to account for the measured difference in the overall
heat transfer and drag reductions, however, if the slopes of
velocity and temperature profiles out of the sublayer were the
same.

a. Effect of Cu(OH), and aging on cationic surfactant
solution. We have seen that the presence of copper ions in
cationic surfactant solutions has strong effects on their drag-
reducing properties. The addition of copper hydroxide
Cu(OH), reduces the viscosity of solutions of Ethoquad®, as
well as its drag-reducing ability at lower Reynolds numbers,
but increases its resistance to mechanical degradation and its
drag reduction at high Reynolds numbers. With aging, cat-
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FIG. 10. Temperature profiles measured for a weak surfactant solution. The
solution used for these measurements was the same solution of Ethoquad®
used for the measurements of the temperature profiles shown in Fig. 9, but
3 months old.

ionic surfactant solutions generally see a decrease in their
drag-reducing ability.

We measured the temperature profile of a freshly pre-
pared solution of Ethoquad® T13/27 at a surfactant concen-
tration of 1560 ppm, plus sodium salicylate as counter-ion in
a 0.6 NaSal-to-surfactant molar ratio, and with an added
0.5 mM/1 of Cu(OH),. The viscosity of this solution was
essentially the same as for water, and any variations in
Prandtl number were due to variations in temperature. After
we used the same solution for 3 months of testing mechani-
cal degradation and recovery, we measured the temperature
profiles again, and saw that the solution became weak; i.e., it
was easily degraded. About 100 s were also necessary for the
drag and heat-reducing effects to develop fully in the pipe
after the start of the flow, at a flow velocity of 0.6 m/s. This
long time is attributed to slower development of micellar
structures or shear-induced state.

Figure 9 shows temperature profile measurements at two
flow velocities, i.e., 0.6 and 1 m/s, for the freshly prepared
fluid with Cu(OH),. Global measurements of HTR for both
flow velocities (as well as those calculated by integrating
temperature profiles) showed asymptotic values, as was the
case with measured drag reduction (Fig. 11) as well. One
interesting aspect of the temperature profiles shown in Fig. 9
is that the whole cross section of the flow is affected by the
HTR effects; i.e., there is no noticeable turbulent core region
up to the last datum, which is close to the center of the pipe.
This suggests that the Newtonian-like core region that was
measured in most cases of asymptotic velocity and tempera-
ture profiles for surfactant solutions, but which did not typi-
cally appear in asymptotic profiles of polymer solutions and
is also missing here, may not necessarily imply any essential
difference between polymer and surfactant drag-reducing so-
lutions. The slope of the logarithmic temperature profile in
the elastic layer is about 210, basically the same as for
Ethoquad® solution without addition of copper hydroxide.
The type of profile is different from that seen in Fig. 7 for the
same surfactant without the Cu(OH),, however.

Figure 10 shows similar measurements about 3 months
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FIG. 11. Drag-reduction characteristics (C; vs Re) for various drag-reducing
solutions used for our temperature profile measurements. All the measure-
ments were conducted in a test pipe tube with an inner diameter of
19.95 mm, at a location more than 500 diameters from the tube entry.

later, using the same fluid. For flow velocities up to 0.9 m/s,
the global HTR measurements as well as overall drag reduc-
tion measurements (Fig. 11) show somewhat lower than
asymptotic values, but the temperature profiles include one
datum, possibly suggesting a small turbulent core region. For
velocities higher than 0.9 m/s the degradation in the test
tube during the run is obvious. The heat transfer reduction
decreases with increasing flow velocity with a displacement
of the temperature profile towards lower values of 7* and
closer to the profile of water. The slope of the elastic layer is
215, again basically the same as for all other Ethoquad®
solutions.

B. Fan-type profiles

We now turn to the measurements of temperature pro-
files for drag-reducing solutions for which velocity profiles
are not well established. Figure 12 shows nonasymptotic
temperature profiles for a solution of a custom biodegradable
nonionic surfactant (SPE 95285 by AKZO-Nobel) diluted in
tap water. The nominal surfactant concentration was
2000 ppm, plus 500 ppm initial concentration of biocide
(Nalco 2810). The changes in the profiles due to an increase
in velocity show a very distinctive behavior in comparison to
those of the cationic surfactant solutions seen before. Each of
these profiles corresponds to different levels of HTR, but
rather than having one single region close to the wall where
most of the drag and heat transfer reduction effects take
place (i.e., a buffer layer as in the classic three-layer pro-
files), the heat transfer reduction effects are seen all the way
to the center, even at low levels of reduction. This is what we
refer to as a “fan-type” behavior.™ Higher levels of HTR are
achieved here by increasing the slope of the temperature pro-
file rather than by increasing the thickness of the buffer layer.
(Note that for all these profiles, the pipe center is only be-
tween 25 and 75 wall units away from the last datum point).
Even at low levels of reduction, no significant Newtonian
logarithmic layer is seen (the pipe center in terms of y* var-
ies for each profile).
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FIG. 12. Temperature profiles for a water-based solution of the nonionic
surfactant SPE 95285. All profiles, except T21, were measured for a solution
with surfactant concentration of 2000 ppm dissolved in tap water. For pro-
file T21, 200 ppm of sodium salicylate was added to the surfactant solution
used for the other runs. The molecular Prandtl number varied between 5.5
and 6.5. The runs corresponding to temperature profiles T16, T19, and T21
showed asymptotic levels of drag reduction.

Hoyer and Gyr15 reported a similar fan-type pattern of
velocity profiles for heterogeneous drag reduction (where a
highly concentrated streak of polymer is ejected in the pipe
core). They concluded that such a velocity profile pattern
was associated with “an entanglement of multiple polymer
molecules capable of affecting the entire pipe diameter even
at low drag reduction levels.” For both types of fluids, i.e.,
homogeneous and heterogeneous solutions, it seems likely
that a critical shear stress or turbulence dynamics would play
a role, although additional factors like stress history may
complicate the picture in a different way for the two kinds of
drag-reducing fluids.

Another implication may be related to scaling
correlations.” We have shown that a 4000 ppm solution of
the same SPE 95285 surfactant did not follow the scaling
correlation based on DR versus flow velocity—which most
polymers and the cationic surfactant solution complied
with—but rather an alternative one given by 7,, versus ve-
locity, as also proposed by Schmitt et al. 2 supposedly for all
surfactant solutions. An analysis of the differences between
these two correlations was undertaken by Aguilar.39 It was
shown for friction that the difference between the two scal-
ing procedures had to be related to either a variation in the
onset of drag reduction (i.e., a different wall shear stress at
the onset) for different pipe diameters and/or a variation in
the slope of each of the friction coefficient curves for the
different diameters. It was further shown that fluids exhibit-
ing a AB*-type profiles do scale according to the DR versus
velocity correlation, and those fluids exhibiting a fan-type
velocity profile scaled according to the 7, versus velocity
correlation. Interestingly, the velocity profile measurements
carried out by Bewersdorff and Ohlendorf'® for CTAB sur-
factant solutions showed an apparent fan-type velocity pro-
file analogous to the fan-type temperature profiles that we
measured for the same fluid that Schmitt ef al.** used to
show the validity of the 7,, versus velocity scaling procedure.
This finding does strengthen our conclusion of a relationship
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FIG. 13. Viscosity of Xanthan gum at concentrations of 400 and 90 ppm.
The measurements were taken in capillary tubes of inner diameters 0.723
and 2 mm.

between AB*-type profiles with the DR versus velocity scal-
ing correlation, versus—on the other hand—fan-type profiles
with the 7,, versus velocity scaling correlation.

C. Type-B drag reducer (Xanthan gum)

Virk and Wagger40 introduced the concept of type-B
drag reduction. This type of drag reduction is exhibited by
stretched and rigid polymer molecules, contrary to the coiled
polymer molecules that exhibit type-A drag reduction. Some
polymers may show both type-A and type-B drag reduction
depending on the salt content in the solution, the salt facili-
tating coiling of the molecules. The difference in drag reduc-
tion characteristics between a type-A and a type-B drag re-
ducer in the Cy-Re presentation is that drag reduction of a
type-A solution increases with increasing Re, starting from
the onset point at which wall shear stress becomes large
enough to cause stretching the molecules, whereas a type-B
solution shows asymptotic drag reduction immediately after
the transition from laminar to turbulent flow. The retro-onset
point for a type-B drag reducer is the point at which drag
reduction stops increasing with increasing Re, with the drag
reduction remaining constant with further increases of Re
until mechanical degradation occurs.

For type-B drag-reducing fluids, the variations of veloc-
ity profiles with increasing flow velocity are not known. To
investigate this issue, we measured temperature profiles of a
type-B drag-reducing solution, taking advantage of a likely
similarity between velocity and temperature profiles as was
demonstrated for type-A solutions of Separan™ polymer and
Ethoquad® surfactant. Two solutions of a typical type-B
Xanthan gum drag-reducing polymer were prepared in
deionized water, at concentrations of 90 and 400 ppm. Stud-
ies of the drag-reducing characteristics of Xanthan gum
showed that this is indeed a good example of a type-B
fluid.® Because of the relatively low molecular weight of
Xanthan gum, the solution viscosity is necessarily higher
than water viscosity if significant levels of drag reduction are
to be achieved. Figure 13 shows results of shear viscosity
measurements for both Xanthan gum solutions used in our
tests, as measured in capillary tubes with diameters of 0.723
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FIG. 14. Drag-reducing characteristics of the 90 and 400 ppm Xanthan gum
solutions in deionized water. Drag reduction is constant with respect to the
Reynolds number, as is typical for type-B drag-reducing solutions, except
for run T1, for which the level of drag reduction was limited by the
asymptote.

and 2 mm. As one can see, in the range of shear rates be-
tween 1 and 20 s~'—which is the range applicable to our
tests—the viscosity of both solutions is several times higher
than the viscosity of water and this will have to be consid-
ered in the nondimensionalization of the temperature pro-
files. Figure 14 shows drag reduction measurements for all
runs in which the temperature profiles were measured, for
both 90 and 400 ppm solutions. The constancy of DR at high
Reynolds numbers is clearly seen.

Figure 15 shows a series of temperature profiles corre-
sponding to various Reynolds and Prandtl numbers for the
400 ppm solution. The Prandtl numbers corresponding to
each profile are computed based on an apparent viscosity at
the wall calculated from laminar data. The Newtonian lami-
nar profiles corresponding to Pr=15, 22, and 33 are plotted
as reference. The Prandtl numbers are given for each run,
depending on the wall shear stress for that particular run. The
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FIG. 15. Temperature profiles measured for a 400 ppm solution of Xanthan
gum in deionized water. Constant levels of drag and heat transfer reductions
were measured for all runs (DR=60%, HTR=70%), except for run T1 at the
lowest flow velocity, for which the reductions were limited by the asymp-
totes (DR=52%, HTR=55%). The thermal buffer layers found as best fit for
the temperature profiles of the Separan™ polymer solution (7t=69 In y*
+ (") are shown for comparison.
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viscosity corresponding to the wall shear stress was used for
the calculation of the nondimensional temperature profile re-
gardless of the nondimensional distance from the wall y™,
despite shear-thinning effects. Drag and heat transfer reduc-
tions were the same for all runs (DR=60%, HTR=70%),
except for the run at the lowest velocity (T1), for which DR
was 51% and HTR was 55%. For run T1 the measured tem-
perature profile was close to the laminar profile at the same
Prandtl number of 33. As the flow velocity increases, the
temperature profiles get closer to the temperature profile of
water, a necessary requirement to maintain a constant level
of heat transfer reduction. For all temperature profiles except
T1, a thickening of the viscous sublayer appears to be the
dominant feature of the profiles corresponding to heat trans-
fer reduction. For instance, for profile T8 (that with the low-
est Prandtl number, i.e., the highest flow velocity), a thick-
ening of the sublayer to y*=12 is observed, whereas for
profiles T2 and T3 (those with the highest Prandtl number
and lowest velocity after T1) ,the sublayer reaches a thick-
ness of about 10 wall units (y*=10). According to well-
established heat transfer correlations, the corresponding sub-
layer thicknesses for Newtonian fluids with similar Prandtl
number as those of profiles T8 and T9 are about 6 and 4 (in
y* units), respectively. This means that the sublayer in both
cases was thickened between 2 and 3 times compared to a
Newtonian fluid, significantly more than for the type-A drag-
reducing polymers.

Considering asymptotic runs such as T2 and T3, we
would expect for a type-A polymer solution that the elastic
layer would be linear and would extend to the center of the
pipe. (An elastic layer with a slope of 69 in semi-log
coordinates—as found for our type-A drag-reducing polymer
Separan™—is shown for reference in Fig. 15). Instead, we
see that the increase of the nondimensional temperatures
caused by the apparent thickening of the sublayer is negated
by a reduced slope towards the center of the tube. (This is
because T;—the temperature at the location corresponding to
the bulk velocity—is known for a given level of heat transfer
reduction at a given velocity.) The effect of the increased
flow velocity is seen as a lowering of the logarithmic tem-
perature profile, as is necessary to maintain the constant level
of drag and heat transfer reductions seen in this type-B so-
lution (Fig. 14).

Outside of the sublayer, compared to the type-A profile
one could interpret the overall lowered type-B profile as be-
ing either a lowered slope elastic layer extending to the cen-
ter, or alternatively as an elastic layer of similar slope fol-
lowed by a Newtonian core in the outer region. The data are
ambiguous in this respect.

One can attempt to explain this apparent difference be-
tween the temperature profiles for type-A and type-B surfac-
tant solutions by a different effect of the elongated molecules
(characteristic of the type-B behavior) versus coiled ones
(characteristic of the type-A fluids). However, considering
that the difference in temperature profiles for type-A and
type-B polymer solution is not so large, one may also
consider the effect of the significantly increased viscosity of
the Xanthan gum solution relative to the viscosity of the
Separan™ solution. Significant sublayer thickening have
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FIG. 16. Temperature profiles measured for a 90 ppm solution of Xanthan
gum in deionized water. The viscosity of this solution is much closer to the
viscosity of water and much less shear-dependent than the viscosity of the
400 ppm solution. The thermal buffer layer found as best fit for the tem-
perature profiles of Separan™ polymer solution (7*=69 In y*+C) is shown
for comparison.

also been observed by some researchers through the mea-
surement of velocity profiles for surfactant solutions, and this
thickening has usually been attributed to an increased shear
viscosity—which is generally much larger in the case of sur-
factant solutions than in high molecular weight polymer so-
lutions (typically 4 times or more). Some ambiguity in de-
fining the relevant apparent viscosity as that corresponding
to the wall shear stress, as well as neglecting the variation of
viscosity as function of the distance of the wall, certainly do
introduce some uncertainty in evaluating the nondimensional
temperature profile of solutions with increased shear-
dependent viscosity. The reference model of the temperature
profile of Newtonian fluids used in our graphs is certainly a
crude—although generally used—approximation, based on
the artificial distinction of the purely viscous and turbulent
regions in the flow.

We have also tested the solution of Xanthan gum with a
lower concentration of 90 ppm in order to reduce the effect
of increased viscosity. Unfortunately, the level of drag and
heat transfer reductions for those runs were only 40% and
45%, respectively, which is much lower than for the runs
with the 400 ppm solution. Some temperature profiles for
those runs are presented in Fig. 16. For profile T11 at a flow
velocity of 3 m/s, the Prandtl number is 7.7 and the viscos-
ity is only slightly higher than for water. An elastic layer
with a slope of 69, as found for the type-A Separan™ solu-
tion, is shown for reference. The low level of heat transfer
reduction does not, however, allow us to differentiate be-
tween a thickening of the sublayer and a thin elastic layer
profile of type-A slope followed by a Newtonian core layer.
For the temperature profile T10, measured at a velocity of
1.15 m/s, the measured points close to the wall penetrate
inside the viscous sublayer, indicating problems with the
temperature measurements close to the wall, as expected for
fluids with increased viscosity.

Altogether, the difficulties resulting from the increased
viscosity of this solution prevents us from obtaining more
definitive conclusions about the nature of the profiles for this
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type-B fluid, besides shifting of the drag reduction effects
towards the wall, such as an apparent thickening of the
sublayer.

IV. SUMMARY AND CONCLUSIONS

Measurements of temperature profiles for a polymer so-
lution showed that the temperature profiles were similar to
Virk’s three-layer velocity profile, with a thermal buffer layer
analogous to the velocity buffer layer. A temperature model
analogous to the three-layer velocity model offers a good
description of how the HTR level increases with increasing
Reynolds number. The appearance and increase in HTR is
related to the appearance and growth of a thermal buffer
layer (of slope 69 in the semi-logarithmic coordinates) which
causes a displacement of the Newtonian logarithmic layer.
This latter layer is progressively shortened until it practically
disappears when asymptotic HTR is reached.

Similar profiles are seen for a cationic surfactant solution
( Ethoquad® T13/27), except that in this case the thermal
sublayer is thickened by a factor of 2 to 3 relative to the
Newtonian case, whereas it remains essentially unaffected
for the Separan™ solution. The thermal buffer layer slope of
210 in the semi-logarithmic coordinates is three times larger
for this surfactant solution than for the polymer solution.
This increased slope of the temperature profile can be seen as
a reason for the apparent thickening of the sublayer. Even for
asymptotic temperature profiles, a relatively unaffected re-
gion far away from the wall (a remaining Newtonian-like
logarithmic layer) is still observed. Altogether, the character-
istics of the drag and heat transfer reduction phenomena for
this group of fluids (polymer and surfactant solutions) do
match well with the classic model where apparent drag re-
duction effects take place within a buffer (elastic) layer.

In general, temperature profiles are analogous to the ve-
locity profiles which are well documented for those fluids,
resulting in an estimated Pr, of about 6 for a polymeric so-
lution and 9 for a surfactant solution. The supported assump-
tion of a constant Pr, allows us then to use temperature pro-
file measurements for other fluids—for which we do not
know the velocity profiles—as a tool for the general analysis
of drag reduction phenomenology.

Aging and contamination with chemicals, particularly
copper compounds, do strongly affect drag-reducing proper-
ties of cationic surfactant solutions. A fresh solution of
Ethoquad® surfactant treated with copper hydroxide showed
a continuous linear temperature profile practically to the cen-
ter of the pipe, and without significant Newtonian core.
Three months old solutions showed the same linear slope for
the temperature in the elastic layer, but with a Newtonian-
like core.

The temperature profiles of a nonionic surfactant solu-
tion (SPE 95285) showed a pattern very different from all
previously measured temperature profiles. These profiles
show a fan-type pattern. Even at low levels of heat transfer
reduction, the whole profile stretching from the wall to the
pipe center is changed relative to the Newtonian profile, with
no remaining Newtonian-like core region. Consequently,
there are no distinctive elastic and core regions as in the
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Virk’s model. Instead of a thickening of the elastic layer, the
slope of the linear temperature profile (in the usual semi-log
coordinates) is increasing with increasing levels of heat
transfer reduction.

Temperature profiles measured for the type-B drag-
reducing polymer Xanthan gum showed some differences
with the profiles measured for the type-A drag-reducing
polymer Separan™. The asymptotic profile for a 400 ppm
solution of Xanthan gum showed a thickening of the sub-
layer and a somewhat smaller slope further from the wall,
compared to temperature profiles for Separan™. The differ-
ence, however, was small and may be attributed to the effects
of increased and shear-dependent viscosity of that solution.
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