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Coupling Between Heat and
Momentum Transfer
Mechanisms for Drag-Reducing
Polymer and Surfactant
Solutions

Drag-reducing solutions exhibir simultanepus friction and hear transfer reductions, vet it
has been widely believed that there is no direct conpling between the two. In this work,
we have conducted o study to re-examine this issue, using measurements of friction and
keat transfer over a wide range of flow conditions from onset to asympiotic, various pipe
diameters, and several polymer and swifoctant solutions. Contrary 1o some earlier
suggesiions, our lests show thar no decoupling of the momentum and hear tronsfer
mechanisms was seen at the onset of drag reduction, nor upon departure from the
asymptotes, but rather that the friction and hear transfer reductions change simulta-
reously in those regions. For asymptotic surfactant and polymer solutions, the ratio of
heat transfer and drag reductions was seen fo be constant over a large range of Reynoldy
numbers, i modified definitions of the reduction parameters are used. In the nonasymp-
fotic region, however, the ratio of hear transfer 10 drag reductions is higher and is a
Junction of the veduction level, but is approximately the same for polymer and surfactant
solutions. Thix variation is consistent with the concept of a direct coupling through a
nonunity constant Pr, as also suggested by our local measurements of temperature and
velocity profiles. We also saw that our diameter scaling technique for friction applies
equally well to heat wransfer. These findings allow us 1o predict directly the heat transfer
Sfrom friction measurements or vice versa for these drag-reducing fuids, and also suggesi

that a strong coupling exists berween the heat and momentum transfer mechanisms,

Cow,
[

1 Introduction .

It has been shown repeatedly that small amounts of polymers or
surfactant additives lead to reduced turbulent friction and heat
transfer coefficients compared to those of water. Early analyses
impiied that the drag reduction characteristics have a direct equiv-
alent in the heat transfer reduction; for example, that the maximum
drag reduction asymptote (MDRA) has an eguivalent maximum
heat ransfer reduction asymptoie {MHTRA). This could also mean
that the Reynolds analogy sugpesting that the turbuleat Prandtl
aumber (Pr,) is equal 1o 1, is as much applicable for these fluids as
it is for water (Poreh and Paz, 1968; Kale, 1977; Smith end
Edwards, 1981). &k was later suggested, however, by Cho and
Harmett (1982) and others, that this assumption is not proper
becavse the percentage reductions corresponding to the MHTRA
are always significantly larger than those for the MDRA. In addi-
tion, for nonasymprtotic fluids, the percentage of heat transfer

reduction (HTR) is normally higher than the percentage of drag

reduction (DR) at the same Reynolds numbet (Re). (The defini-
tons we use here for DR and HTR are

(Crur = Cr) (Nuw,r — Nu)
DR= ——— X 100; HIR=—FT—— % 100
CFI’.! ' Nuw,r
where “W, T stands for turbuleni flow of water at the same
. Reynolds number.)
' To whom cor dence should be add 4
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This difference in the reduction levels may indicate that a direct
coupling between the heat and momentum transfers through a Pr,
of about 1, does not hold for this type of fiuids. Indeed, various
eddy diffusivity models were developed, most of them predicting
a Pr; much greater than one (e.g., Kale, 1977, Mizushina et al,
1975; Yoon and Ghajar, 1987). Roethig and Matthys (1988), for
example, estimated valuss of Pr, on the order of 10-15 for as-
ymplotic conditions. Such a large diffecence between the eddy
diffusivities is a striking concept, and it is indeed a very interesting
issue worth looking at carefully because of the fundamental im-
plications that, it may have.

Other consequences of this apparently increased Pr, is a differ-
ence between heat and momentum developing lengths and a dif-
ference between the velocity and temperature profiles. With re-
spect to the entry lengths, Ng et sl. (1980} observed that the
thermal development region was at least three times longer than
that for friction for the fluids they studied, and that many of the
experimental setups used previously did not have the minimum
length needed for the development of the temperature profile. Toh
and Ghajar (1588) and Matthys (1991} also observed thermally
developing flow even after 600 D, with little or no effect of the
Reynolds number after appropriate nondimensionalization,

whereas it was generally believed that the momentum entrance

tength was only about 100 diameters. Recently, however, we have
revisited the problem of the relationship between HTR and DR
within the developing region for surfactant solutions (Gaslievic
and Matthys, 1997) and we have seen that—conirary to what was
believed to be the case for most polymer solutions—the friction
and heat transfer coefficients for cationic surfactants were still
changing at the same rate 300 D downstream of the entrance, when
nondimensionalized by the “fully developed” valees measured at
meore than 650 D downstream. This finding could imply that the Pr,
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is not as large as that predicted by some carlier studies, at least for  in the supply manifold of the pipes for bulk temperature measure-
surfactant solutions. This notion is also supported by some of our  ments. This shielded probe was inserted perpendicular 1o the flow
recent studies on turbulent temperature profiles (to be presented  at the pipe entrance. The three RTDs for each pipe were connected
elsewhere). to a precision multimeter (Keithley 199 DMM/Scanner). Errors in
Besides the possibility of higher Pr,, there was also a possibility  the measurements were reduced by noise rejection and averaging
of complete decoupling of the two exchange mechanisms in some  techniques. A near-uniform wall heat flux condition was provided
limited regions. For instance, previous experimental evidence by two 20 kW DC power supplies connected directly to each pipe
seemed to suggest that there are different onsets for drag and heat by means of customized copper clamps providing very good
transfer reductions. To complicate the matter further, it was shown  electrical contact (jin order to prevent contact heating). The heat
(Ng and Hartnett, 1979; Matthys, 1991) that in the process of transfer measurement technique is described in more detail in
degrading an asymptotic polymer solution, the HTR begins to  Gasljevic and Matthys (1997). For better comparison, we con- -
decrease from its asymptotic level before the DR does, suggesting  trolled the heating in such a way that for each experiment the bulk
that in this region the DR and HTR are decoupled. We decided  temperature was about the same at the location where both DR and
therefore 10 investigate this latter issue further, and to look in more  HTR are measured. All these experiments were carried out in a
detail at the relationship between DR and HTR close to the gnee-through mode to avoid unintentional flow perturbations and
asymplouc regumes, ) . : fiuid degradation, and the flow rate was measured continuously by
Finally, we have recently studied the diameter effect on friction,  discharging the fluid into instrumented calibrated tanks.
and we have developed a simple correlation based on bulk velocity The equipment was calibrated for friction and heat transfer
that allow§ us to scale readily DR up or down with diameter. Ifa hessurements by running tests with tap water. The results were
fixed relationship between DR and HTR does not exist, the HTR  gyocessfully compared with some of the better correlations for
would likely nobbe well represented by the correlation applicable  Newtonjan fluids for friction coefficients (Blasivs, 1913;
to the DR. On die other hand, if a fixed relationship does exist, the  gjiomanko, 1954; Petukov, 1970); and for heat transfer coeffi-
diameter effect on heat transfer should be the same as that for DR. oy (Ka}:s, 1966; Petukov, 1970; Sleicher and Rouse, 1975). The
This issue still had to be resolved prior to the present study.  4oyracy of the flow rate measurement is about one 10 (o percent
To address the problem of relationship between the two transfer (Gasljevic, 1990). Altogether, the uncertainty of our experimental

mechanisms, we rely in this work on global measurements of the data fi A A
. g or water is estimated to be about five percent for the friction
friction coefficient and Nusselt number. Although local measure- measurements, and eight 1o ten percent l'o[:‘ethc Nusselt number

ments of velocity and temperature profiles {(which we will address " .
. - b ™ over most of the velocities covered, znd somewhat higher—
clsewhere) are best suited for direct determination of the Pr,, the between seven to eight percent for friction and 12 to 15 percent for

fil::almnéeasu@c?lzgts ::l};ﬁéniuf:ﬂgl;ai}& ﬁ;::lllotz:::t.d::ﬁ::; heat—for low velacities. The expected uncertainty is lower for the
I y &l drag-reducing solutions where the temperature differences be-

profile measurements become inaccurate because of the smailer .

velocity and temperature gradients. Global measurements are also lvifeen the wall and buil:: temperatures are bigger and' the uncer-
the best tool for resolving the problem of possible decoupling ainty l:!eoomcs pmpo_monal[y smalle. The uncertainty in the
during departure: from the asymptotes by dilution or degradation. calculation of the felatwc drag and heat wansfer reductions is also
The aim of the present work was therefore to analyze the rélﬁﬁmﬁ“aﬁouthalf ‘of thode for C, and Nu because the errors in some of the
ship between the DR and HTR by performing measurements of parameters cancel out when the HTR and DR ratios are calculated.

both, under wide experimental cenditions and for various drag- We used three different. drag-reducing fuids, one polymer and
. . two surfactant solutions, each in a number of concentrations:

reducing fluids. . . ; .
Separan AP-273, a hydrolized high-molecular weight polymer by
L Dow chemicals; SPE 95285, a nonionic surfactant developed in
2 Experimental Setup and Procedure collaboration with Dr. M. Hellsten at Akzo Nobel Chemicals; and
The experimental setup consists of four stainless steel bes of  Ethoquad T13-27, a cationic surfactant by Akzo Nobel Chemicals.
2, 5, 10, and 20-mm inner diameters, These tubes are fed from a  The water used as solvent was deionized or tap water, and in the
pressurized (ank by a distribution line, The pipes are 1000 diam- case of the 50 ppm Separan solution small amouants of NaCl were
eters long each, except for the largest pipe which is 680 diameters  2added to the tap water in order to illustrate the effect of salts on the
long. This setup was previousty used for studies of the diameter drag-reducing ability of the fluid. We have also examined data

effect on friction (for details on this setup see Gasljevic (1990) and  from other authors.

Aguilar (1995), dnd only additional instrumentation was needed When working with drag-reducing fluids, it is often critical to
for the heat transfer measurements. measure and take properly into account the viscosity il we want to
The pipes were fitted with temperature sensors (miniature 100  avoid large errors. We have therefore systematically measured the
{1, 10 X 2 mm RTDs), cemented on top of die outer wall at 860  viscosity of the fiuids either with Coueite or high-shear capillary
and 960 diameters downstream of the entrance, and at 634 and 675  systems. For the polymer solutions with concentrations of 50 ppm
diameters for the 20-mm pipe. Another RTD (100 Q) was placed  or less, the viscosity was found to be very close to that of water at

Nomenclature
C, = 27,/pV* = friction coefficient u* = V1, /p = shear velocity (m/s) p = density (kg/m’)
D = pipe diameter (mm) V = bulk velocity (m/s) t,, = shear stress at the wall (N/m?)
h = g"fAT,, = heat transf; fficient
s i o SO Grosk Letters Subscripts
k; = fluids thermal conduc- a = kipC = thermal diffusivity H = relative to heat
Gvity (W/mK) (m*/s) L = relative to laminar flow
Nu = 2D/k, = Nusselt number € = eddy diffusivity (m%/s) M = relative to momentum
Pr = wa = Prandd number AT,., = wall to bulk temperature T = relative to turbulent flow
Pr, = €y/ey = turbulent Prandtl num- difference (°C) W =relative io the solvent (water)
ber v = kinematic viscosity :
Re = VD/v = Reynolds number (m%s)
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shear rates comparable to those encountered in the pipe runs; for
polymer concentrations of 100 ppm, the apparent wall viscosity
was used to compute the Reynolds number and the comresponding
DR and HTR values, For the 4000 ppm nonionic surfactant solu-
tion, the viscosity at room temperature was about twice as high as
water, but at the temperature used in the tests (33-35°C), the
viscosity was also found 10 be close o that of water, To maost of the
Ethoquad T13-27 solutions, we added 3 mMA of copper hydroxide
Cu(OH), in order 10 increase the stability of the fluid and to reduce
the viscosity to the water level as well. When this approach was
not followed, the apparent wall viscosity of the surfactant solution
was used to compute the Reynolds number, DR and HTR values
(as in Figs. 7 and 8). Except for the test with the 4000 ppm
nonionic surfactant, all the other fluids were tested at rgom tem-
perature (approx. 20°C.) Uniess otherwise indicated, all fluids
exhibited a molecular Prandtl number of about 6 during these tests.

3 Resulis and Discussion

3.1 Diameter Effect on Drag and Heat Transfer Reduction.
We have recently ¢onducted 2 study of the diameter effect on
polymeric drag-redycing fluids (Gasljevic et al., 1999), According
to our results, the DR data measured in various pipe diameters for
these fiuids can be represented by a single curve if plotied as a
function of the bulk-xelocity. It was then decided to investigate the
diameter effect on the heat transfer, and to verify the validity of the
same correlation for heat transfer reduction. For this purpose we
performed simultaneous measurements of DR and HTR under
various conditions. Figure 1 shows our results for a nonasymptotic
20-ppm polyacrylamide (Separan AP-273) solution measured in
four pipes of 2, 5, 10, and 20-mm inner diameter. As can be seen
in the upper graph, the HTR scalgs with bulk velocity just as well
as DR does, which means that the Fatio between HTR and DR does
not depend on the pipe diameter in this representation. The ratio
does, however, de;icnd on the flow velocity, as seen in the lower,

graph, with a ratio tending to about 1.}5 at high DR levels. o' -

previous article (Aguilar et al,, 1998), the data scatter at low
velocities was attributed to lhe difficulty in conducting these
measuremerts in that region, but it was later observed that this
scatier was more likely due to viscosity and bucyancy effects, as
discussed befow.

This independence of the HTR/DR ratio on the pipe diameter
suggests that the diameter cffect on heat transfer is the same as that
on friction, essentially eliminating the diameter effect on heat
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Flg. 1 Diameter and veloclly effects on DR, HTR, and the HTR/DR ratio
for a polymer solution
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Flg.2 Maximum drag reduction asymptote (MDRA) and maximum heat
{ransfer asymptote {MHTRA) from Cheo and Hartnett (1982) plotted as DR,
TRD, HTH, and TRH versus Reynolds number. The ratios hetween the
comesponding heat transfer and friction parameters are also shown in
the lower graph,

- transfer as a separate problem. In addition to its usefulness for

predictions, this finding has theoretical implications in that it
suggests that a strong coupling does exist between the heat and
momentum transfer mechanisms. The dependence of the HTR/DR
ratio on velocity indicates that this coupling may not be a simple
relationship, however.

3.2 Maximum Drag and Heat Transfer Reductions (As-
i"'mptotlc Reglme) T:lgure 2 shows the maximum drag and heat
trapsfer asympiotes (MDRA and MHTRA) proposed by Cho and
Harinett (1982} for polymer solutions. The asymptotes are pre-
sented in two ways; on the one hand in terms of the usual DR and
HTR (solid lines}, and on the other hand, in terms of the param-
elers that we have recently referred to as “turbulence reduction-
drag” (TRD) and “turbulence reduction-heat” (TRH) (the dashed
lines). These latter quantities are defined as follows:

{C.er C )
—"—*——X 100,
(Cer__ CFI\'L]
(N r — Nuj

TRH = x 100

{Nuy; — Nuy,)
where the subscript T stands for turbulent flow, L for laminar flow,
and W for the solvent {(water),

(Regarding the second representation, similar parameters have
been proposed in earlier studies as an alternative to the percentage
reduction parameters (DR and HTR). The former are indeed phys-
ically more meaningful since they reflect the degree of witbulence
reduction with respect to full laminarization rather than to an
artificial zero-viscosity fluid (Astarita et al., 1969; Schmitt, 1988).
They were disregarded early on, though, because they incorporate
an additional parameter {the laminar friction coefficient) and be-
caunse the difference between these and the DR and HTR param-
elers is in some cases small. We have recently shown (Gasljevic
and Matthys, 1999), however, that although both representations
are equally useful in providing information in some cases, in some
others the TRH and TRD definitions may indeed be much better
than DR and HTR.}

The ratio of the two reductions is calculated for both presenta-
tions and shown in the lower graph of Fig. 2. We can sce that the
ratio between HTR and DR is dependent on the Reynolds number,
whereas TRH/TRD is about independent of the Reynolds number
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Fig.5 TRH versus TRD for two suifactant solutions: Elhoquad T13-27
and SPE 95285 (salld symbeols) and for the polymer solution data shown
in Fig. 4 (hallow symbols). The upper dashed llne shows the predicted
TRH based on a threedayers temperature profile model assuming a
constanl Pr, = 5. The TRHTRD ratio is shown at the bottom for the
experimental data (symbols) and the model predictions (dashed line}
(pipe ID = 20 mm).

levels of TRD approaches the constant valie measured for asymp-
totic conditions (about 1.06).

Figure 5 shows results for sujfactant solutions, including data
close to onset, together with our data for the polymer solutions
shown in Fig. 4. The results for surfactants arc close to those for

polymer solutions. Bath surfactant solutions used in these exper-

iments had water-like viscosity {see Section 2), which we endeav-
ored to achieve to eliminate the effect of strong viscosity depen-
dence on the shear rate in the caleulations of friction and heat
transfer ceefficients. In this case the fluids were found to show a
Pr, of approximately 5. We also see that TRH/TRD increases
significantly at very low levels of drag reduction. (It should be
noted, however, that the measurement uncertainty is larger in this
region.} As we see, for both polymer and surfactants, a Pr, of about
5 in the mathematical model gives predictions that fit well the
experimental data. For the surfactants, it was possible te obtain
measurements closer to the onset, which show a sharper increase
in TRH than in TRD, as was indeed predicted by the model, Since
the surfactants used for these tests had water-like viscosity, a
practical advantage of knowing this ratio is that it can also be used
to determine whether or not other more viscous solutions are in
reality asymptotic. Viscosity affects TRD and TRH in opposite
directions, which means that the fluid might have a high viscosity
if the expected TRH/TRD ratio is not obtained in simultaneous
drag and heat transfer tests.

Overall, these results suggest that although TRH/TRE seems to
be a function of the level of drag-reducing effects (TRD}, there is
indeed a strong coupling between the heat transfer and friction
reductions for these fluids through a constant, or approximately
constant, nonunity Pr,. In additien, it appears that both surfactant
and polymer solutions exhibit very similar TRH/TRI} ratios.

(A word of caution is appropriate here, however. All our results
reported here, except for those shown in Fips. 7 and 8, correspond
to fluids with a molecular Prandt]l number of about 6 around
ambient temperature. Some later tests conducted with fluids ex-
hibiting significantly higher Pr (e.g., 40 to 60 for some surfactant
solutions) showed a somewhat higher TRH/TRD ratio at low Re,
however. We are presently investigating further this issue through
direct measuremeats of the temperature profiles and the prelimi-
nary findings suggest that the viscous layer may be significantly
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thickencd for some fluids, which would indeed cause the molecular
Prandt! pumber to affect the TRH/TRD ratio, These results will be
published elsewhere.}

3.4 Onset of Heat Transfer and Friction Reduction Phe-
nomena. A possible decoupling between heal transfer and fric-
tion has been thought to take place at the onset of drag and/or heat
transfer reductions, each of which could conceivably occur at a
different shear stress. Different onsets means that there would be
same drag reduction without heat transfer reduction, or vice versa.
This was apparently ohserved in some previous studies {Mizushina
and Usui, 1977, Kwack et al., 1982}, This concepl is puzzling,
however, if one thinks in terms of the physical flow/fluid interac-
tion mechanisms behind turbulent viscoelastic drag reduction, and
one might think it rather unlikely. Accordingly, we undertock
investigations to reexamine this issue. In these cxperiments, the
heat transfer and {riction coefficients were measured in pipes of
various diameters and with various flow velocities. The velocity
was lowered systematically, so that the TRD for all pipes was
reduced until Newtonian terbulent friction coefficients were de-
tecled (i.e., DR = TRD = 0 percent}).

Some data for a surfactant solution are shown in Fig. 6, where
we plot TRD (hollow symbols) and TRH (solid symbols) as a
function of shear velacity, i.e., of shear stress, Dala for both a
I0-mm and a 20-mm pipes are shown. The TRD data are as
measured, but the TRH data have been corrected by a constant
Nusselt number multiplicator coefficient (different for each pipe)
to remove a small positive constant offset {ten percent or less, ie.,
within the limits of uncertainty for that region) in TRH observed in
the data before onset. This is not necessary for the purpose of
estimating the onset of drag and heat transfer reductions, but it
makes the figure much clearer and we have therefore decided o
include it here for better illustration of the onset effect. (Practically
speaking, this correction only shifts the curves vertically in this
graph.) This offset may result from buoyancy effects (described
elsewhere) or from instrsmentation calibration errors, but its con-

“$tancy before onset over a wide range of velacities clearly suggests

that it is indeed purely a measurement offset rather than a true
viscoelastic reduction effect, and is therefore not affecting our
onset evaluation.

The data for both pipes are seen (o be very similar, as expected
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Fig.6 TRH (corrected) and THD: onset of drag and heat transfer reduc-
tions {solvent: tap water}
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Flg. 3 Asymptélic values of drag and heat transfer plotted as DR, TRD,
HTR, and TRH versus Reynolds number for various surfactant concen-
trations, The MDRA proposed by Zakin et al. {1996) is shown for com-
parison (dashed line). The ratios between the comesponding heat and
frictlon parametprs are also shown in the lower graph. All solutions
showed water-ikb viscosity under the test condltions {solvent: tap water,
pipe 1D = 20 mm}.

(since both TRD and TRH are as well), and is about 1.06G. (If
Virk’s asymptote is used for friction instead of Cho and Hartnett's,
a slightiy hlgher value in the atio is obtained, i.¢., about 1.12.) The
HTR/DR ratio decreases here from about 1.2 to 1.1 as the Reyn-
olds number increases, in good agreement with Fig. 1.

Figure 3 (top) shows data for asymptotic fiction .and. heat .
expressed both in terms of DR and HTR (hollow symbols) #hd in
terms of TRD and TRH (solid symbols) for various asymptotic
surfactant solutions. The HTR/DR and TRE/TRD ratios are also
shown (bottom). As it has bean frequently observed, higher'levels
of reductions are achieved with surfactant than with polymer
solutions. It is'also seen chat the power-law asymptatic correlation
proposed by Zakin et al, (1996) fits our data reasonably well. The
TRH/TRD ratio is again practically independent on Re, showing a
value of approximately 1.07, very close to that for the polymer
solution asymptotes (1.06). This difference between the ratios
obtained for the surfactant and potymer solutions may be consid-
ered to be well within the limits of experimental error.

3.3 Intermediate Drag and Heat Transfer Reductions
(Nonasymptotic Regime). We have seen ahove that a constant
ratio between the reductions in heat and drag holds for asymptotic
drag reduction if our “turbulence reduction parameters™ (TRH and
TRD) are used. However, in the nonasymptotic regime, the
HTR/DR ratio clearly depends on velocity (as does the HTR/DR
ratio for any asymptotic reductions—although much less as seen in
Fig. 2). We decided then to examine the generality of the ratio
between TRH and TRD (or HTR and DR) for, nonasymptotic
fluids, including both polymers and surfactants. Figure 4 (top)
shows results of simultaneous heat transfer and friction measure-
ments for polymer solutions, presented as TRH versus TRD. The
TRH/TRD ratio (which was independent of Reynolds number for
asymptotic conditions} is also shown (bottom) as a function of
TRD. This is 2 convenient representation becanse it allows us to
see easily the relative variation of TRH with TRD, and it is also
independent of the fiuid drag-reducing ability.

Data from three sources are presented: Various polyacrylannde
(Separan AP-273) solutions of different concentrations prepared in
our laboratory; a 20 ppm Separan AP-273 solution used by Mat-
thys (1991) at three different levels of degradation; and two*
polyethylene oxide solutions (Polyox)} used by Yoon and Ghajar

Journal of Heat Transfer

(1987). The results of Matthys and of Yoon show a practically
constant TRH/TRD, whereas our data show an increased ratio at
low levels of TRD. The difference in results is likely not due to
different solutions, because Matthys® and ours were the same type
of polymer. In an earlier article (Agnilar et al., 1998), we plotted
all these results together and considered TRH/TRD to be approx-
imately constant with Re, although with a relatively large scatter at
low reduction levels. However, after a detailed analysis, we de-
cided to distinguish the two groups of results, and it is seen here
that all our solutions show a stronger variation of the ratio com-
parzd to the measurements of Yoon and Ghajar or Matthys, which
show more constant values. The reason for this discrepancy is nat .
yet fully known, but it is likely that it originated in the variations
of the experimental conditions, including differences in the quality
of the salvents.

Qur measurements of temperature profiles for Auids which are
believed to be well represented by Virk's three-layers velocity
profile model, such as these low concentration Separan solutions,
indicate that the Pr, is about constant and equal to 5 or 6 across the
region of the pipe radius where drag-reducing effects occur (the
elastic layer, according to Vick's three-layers model). Based on
this finding, we have made use of a simple mathematical model to
calculate the TRH and TRD using Virk’s three-layer velocity
profile, a constant Pr, = 5, and the assumption of equal thickness
for the momentum and thermal elastic layers. The results of these
calculations are shown as the upper dashed line on Fig. 4 (top),
indicating that TRH should increase faster than TRD with increas-
ing level of reduction right after the onset. The values of TRH/
TRD computed with this model are also plotted as a dashed line in
the lower partion of Fig. 4 showing a reasonably good fit with our
data. (The difference between the modeled and the measured
values couid be reduced or eliminated if the thickness of the
thermal elastic layer is reduced relative to the thickness of the
momentum ¢lastic layer in the model, or if the Pr, is somewhat
reduced in the region closer to the wall. For our purposes here,
*however, the pdint was not to improve the model (e.g., by tning
Pr,}, but rather simply to show that the variation of TRH/TRD
which we measured is reasonable.) As expected, TRH/TRD at high
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Fig. 7 Relationshiptbetween TAH and TRO in the asymptotic and non-
asymptotlc regions: eflect of & decrease in concentration for a surfactant
solution, (TRHon and TRD,. are calculated by using the solution appar-
ent viscosity at the wall, rather than the solvent viscosity as used for TRH
and TRD} {pipe ID = 20 mm).

in this representation. To quantify better the onsets. we show
calculated linear regressions through both pipe data, both before
and after the sharp increase in TRH and TRD, Whereas such a
procedure is approximate, we neyertheless clearly see through the
extrapolated intersections of the“regressions that the onsets for
both friction and heat transfer reductions take place at about the
same shear stress {corresponding to about «* = 0.15 mfs in this

case) i.e., simuitaneously. This is ir sharp contrast to the concept -

that heat transfer and friction might depart from Newtonian be-
havior under different low conditions, as some have sugpested. It
is also interesting to see that the data confirm that the onsets take
place at the same shear stress for both pipe diameters.

3.5 Departure' From Asymptotic Behavior. Aaocther ap-
parent contradiction with the idea of coupling through constant Pr,
is an observation reported by some authors (Ng and Hartnett, 1979,
Matthys, 1991) that HTR departs from its asymptotic value sooner
than DR dusing the process of degradation. If this is indeed the
case, then the momentum and heat transfer mechanisms would not
be coupled in this region. [t appears that relatively small uncer-
tainties in viscosity estimations might account for the apparent
initial decrease in the friction and the apparent rapid increase in
heat transfer after the start of degradation shown in Ng and
Hartnett (1979). Once compensated for, this viscosity effect would
indeed lead to data consistent with simultanaous depasture of heat
transfer and friction coefficients from their asymptotic values. This
viscosity effect would not explain the data in Matthys (1991}, but
it is possible that the latter may have been affected by buoyancy
effects as described above. In an attempt to clarify these issues, we
conducted dedicated experiments with the same polymer solution
(Separan AP-273) and with a surfactant solution (Ethoquad T13-
27). In both cases we started out with a fivid showing asymptotic
TRD and TRH, but the procedure by which we departed gradually
from the asymptotic conditions was different. Figure 7 shows the
experimental data for the surfactant solution, which was gradually
diluted uniil a clear decrease of TRD and TRH occurred. This
sudden change results from the critical shear stress for micellar
breakup becoming smaller at that reduced concentration than the
actual shear stress in the pipe. Samples of each concentration were
tzken in order to measure the viscostty in a capillacy pipe viscom-
eter at the same apparent shear stress as the flow in the pipe. The
corresponding molecular Prandd number ranged from about 15 at
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high concentration 10 about 6 at low concentration (and similar
numbers for the polymer solution discussed in Fig. 8 al no and high
degradation, respectively.) The TRD and TRH values with no
correction for viscosity are shown in Fig. 7 as the hollow symbois
(assuming a constant viscosity equal to that of the solvent),
whereas the solid ones are cajcvlated with the actual solution
viscosity, It should be noted that the viscosity corrections affect
heat transfer and friction in opposite directions. The effect is not
large here, because we have used a fluid with a viscosity close (o
that of waler, which is advantageous il we want to reduce the
passible errors due 1o the complex issue of appropriate cheice of
viscosity. Throughout alf levels of dilution we see a constant ratio
of approximately 1.07 again (with larger scatter after the sudden
drop because of calculation uncertainties there). It is also apparent
that both heat transfer and friction drop off suddenly a1 the same
concentration, suggesting again that they are coupled in the near-
asymptote region and that departure form asymiplotic conditions
takes place simultaneously for drag and heat transfer.

Figure 8 shows the data for the polymer solution experiment, A
refatively high concentration of Separan AP-273 (100 ppm} was
used to provide enough resistance to mechanical degradation,
resulting in 2 noticeable increase of the fiuid viscosity. In this case
the fluid was gradually degraded by recirculation in a loop includ-
ing a near-closed valve generating high shear stresses. Simuita-
necus TRD and TRH measurements in the loop were conducted at
various times. As with the surfactant solution, samples of fiuid
were taken at every stage and their viscosily was measured with a
capillary viscometer at approximately the same apparent shear
stress as in the pipe. Again, the TRD and TRH values with and
without correction for viscosity are shown. We sce that the depar-
wre from asymptotic conditions occurs at the same time for
friction and heat transfer, and that further decreases appear to
oceur in paralle), The TRH/TRD ratio is indeed again remarkably
constant throughout the whole range of degradation levels and
again remains, at g value very ciose to 1.07. These data again
Téinforce the notion that a strong coupling exists between heat and
friction under asymptotic and near-asymptotic conditions. These
resufts for both polymer and surfactant solutions all do indeed
appear to be contradicting the notion suggested in some carfier
studies that heat transfer reduction may depart earlier {from its
asympiote than the friction.
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4 Summary and Conclusions

In this work we investigated the coupling between drag and heat
transfer reductions for polymer and surfactant selutions through
the use of global flow parameters (friction and heat transfer coef-
fictents),

In the asymptotic regime an approximately constant value of the
TRH/TRD ratio is found if modified definitions of the level of
reductions are used. The ratio of these modified reduction defini-
tions, which we referred as turbtlence reduction-heat (TRH) and
turbulence reduction-drag (TRD) was found to be about 1.06 for
polymer and surfactant solutions.

In the nonasymptotic regime, however, TRH/TRD is a function
of the level of drag reduction. At high levels of TRD the ratio is
equal to its value measured for asymptotic regime, whereas it
increases with decreasing TRD. The reason for this behavior is
likely that TRH increases much faster than TRD with increasing
velacity after the onscl.

A simple mathematical medel based on a three-layers velocity *
profile model, on our measurements of temperature profiles for the
same fluids (showing a Pr, of about 5 or 6 within the elastic layer),
and on the assumption of the same thickness for both thermal and
momentum elastic Jayers, would predict the same type of behavior.
Altogether, a strong coupling between the heat and momentum
exchange mechanisms is indeed suggested, although certainly not
as simple as the Newtonian Reynolds analogy of a unity turbulent
Prandt] number. |

Decoupling of the two exchange mechanisms was also sug-
gested by some authors in the region close to the onset and in the
vicinity of asymptotes. OQur tests with both surfactant and polymer
solutions in both regions showed the opposite, i.c., a strong cou-
pling of the two exchange mechanisms: In simuitaneous measure-
ments of heat transfer and friction.al increasing flow velocity, drag
and heat transfer reductions appe‘arcd to begin to take place at the
same onset shear stress. In tests in a circulation loop with asymp-
totic fuids, the first signs of departure from the asymptotes due (o
either mechanical degradation or dilution appeared at the same -
time for drag and heat transfer.

On the theoretical side these results are very interesting in that
they suggest a much stronger coupling between heat and momen-
tum transfer than was generally believed recently, but yet not the
full physical coupling (Pr, = 1) seen for Newtonian fuids.

On the practical side, these findings are also very useful. As the
ratio TRH/TRD appeared to be a unique function of TRD even for
very different fluids such as polymer and surfactant solutions, one
can readily predict the heat reduction based on measurements of
drag reduction, or vice versa, This may also be particutarly useful
for surfactant solutions which exhibil a strong dependence of the
viscosity on shear rate. For example, if simultaneous measure-
ments of friction and heat transfer reductions are made, one could
easily check if the viscosity used in evaluating both friction and
heat transfer coefficients is appropriate by testing for the expected
ratio of reductions. This is particularly convenient for the asymp-
totic regime, for which the ratio is a constant.

Qur study of the diameter effect on heat transfer for drag-
reducing fluids showed that the scaling procedure proposed for
friction holds just as well for heat transfer; i.e., that the ratio
between heat transfer and drag reduction does not depend on pipe
diameter.

Finally, the observation that the same ratio holds for both the
surfactant and polymer solutions does support the notion that the
drzg reduction phenomenon involves similar physical mechanisms
for both type of solutions.
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