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Abstract—A series of experiments were performed for the purpose of determining the heat transfer, and

friction coefficients in smooth and rough tubes for dilute solutions of Polyethelyne oxide (“Polyox”) in

water. Tests were conducted with solutions containing 10 ppm and 50 ppm of the polymer respectively.

Typical results for the smooth tube showed that the friction coefficient was reduced by a factor of 3 and

the heat transfer coefficient by a factor of 5. For the rough tube the coefficients were reduced even more

drastically. The effectiveness of the polymer decreased in the range of high Reynolds numbers and this
decrease was ascribed to the deterioration of the polymer.

NOMENCLATURE
C, polymer concentration;
<, specific heat;
Cr, friction coefficient;
Cy,  heat transfer coefficient;
D, tube diameter;
I Colburn factor;
k, thermal conductivity;
n, constant in Deissler’s equation;
Pr, Prandtl number, cu/k;
q, heat transfer rate per unit area;
Re, Reynolds number, DV /v;
T, temperature;
u, velocity;
u*, dimensionless velocity, u/\/1o/p;
¥V, average pipe velocity;
¥ coordinate normal to wall;
g, roughness dimension;,
&*, dimensionless roughness (e, /70/p)/v;
EM» turbulent momentum exchange coefficient;
ex, turbulent heat exchange coefficient;
v, kinematic viscosity;
2, density;
70, wall shear stress.

1. INTRODUCTION
By rar the largest part of experimental work in heat
transfer has been performed with rather simple, single-
component fluids and most often the fluid has been
air or water. This, of course, is entirely logical because
heat transfer to water and air is of most immediate
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interest in every day life as well as in industrial
processes. However, as our technology becomes more
and more sophisticated, design information on less
common and more complex fluids is needed. An
example of this type of development is the fact that
a considerable effort has already been devoted to the
heat transfer to liquid metals. Water solutions of
polymers have received widespread study in recent
years, after it was discovered {(Toms [1]) that tremen-
dous reductions of turbulent pipe friction could be
achieved by using dilute solutions of various polymeric
additives. The practical possibilities of using this
phenomenon—the Toms phenomenon—in several ap-
plications certainly justify the numerous efforts to
achieve a better understanding of the mechanisms
mvolved in drag reduction. Much of the early work
was carried out at naval establishments with a view
toward application in this field. Perhaps the most
immediate one is the drag reduction of ships, which
could be brought about by injecting small amounts
of the solute into the boundary layer around the
surfaces of the vessel. Other applications include the
use of polymer solutions instead of pure water for
fire fighting. In addition thought is being given to the
use of polymer additives in order to reduce the friction
in pumping oils, slurries, and irrigation water.

Most of the experiments conducted so far have been
concerned with the determination of friction. Heat
transfer data are still rather scarce. Most probably,
such information will, however, be needed in the future.
In some applications, for instance, water to which a
polymer has been added for the purpose of friction
reduction, may also be involved in a heat exchange
process; in other instances the polymer {or a similar
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drag reducer) may be dissolved in the water uninten-
tionally as a contaminant: and as a further example,
certain fluids involved in food processing, in the
production of paper. and the manufacture of chemicals
may inherently have drag reducing characteristics.
Furthermore, it is of importance to study the cffect
of roughened surfaces on heat and momentum transfer,
as roughness often occurs naturally cither from the
manufacturing process or from subsequent wear

The types of problems mentioned above have been
the stimulus for the present research program. The
program was designed so that it would vicld informa-
tion on friction and heat transler coetficients which
might be directly useful in certain engineering applica-
tions. In addition it was hoped that the interpretation
of the data would also zllow an insight into the
mechanism by which the polymer affects the friction
and heat transfer. The experiments were limited to
hydrodynamically and thermally fully established pipe
flow with negligible radial fluid property variations and
to roughness elements of a fixed type. In this way,
it should be possible to express the results i terms
of relationships between the friction coeflicient €y and
the heat transfer cocfficient Cy on the one hand. and
the Reynolds number, Re. Prundtl number. Pr rough-
ness ratio, &/D, the concentration. (. and u parameter
characterizing the shape of the polymer on the other.
The experiments were designed 1o allow a systematic
variation over a [airly wide range of Re. Prand o).

2. PREVIOUS WORK

As mentioned before, a great number of investiga-
tions have been conducted into the friction-reducing
characteristics of polymers and other additives. Tt has
been firmly established that, depending on the flow
conditions. the surface stress may be reduced by factors
of three or more. The drag reducing effect occurs in
turbulent flow only. and the phenomenon may be
explained by the concept that the additives increase
the effective thickness of the viscous layer adjacent (o
the wall. The results of cxperiments in which turbulent
fluctuations were measured directly. tended to support
this concept.

A very careful and extensive review of the literature
on the fluid mechanics of polymer solutions has been
prepared by Hoyt [2]. For further information the
reader is referred to this cxcellent paper which ulso
contains a very complete bibliography.

As to heat transfer with drag reducing fluids the

literature is not pearly as extensive and the range of

variables (Reynolds number. Prandtl number. different
drag reducing agents, their concentration range and
wall roughness) which has been investigated is still
limited. One of the first heat transfer studies in this
field was that by Gupta, Metzner and Hartnett [3]

and their work clearly shows the reduction in heat
transfer coeflicient which accompanies the reduction
in friction. In these experiments the additive was u
polvacrylamide (ET 597. Dow Chemical Co.) which
was used at concentrations from 0-01 to 0-8 per cent
in a 1'-82cm 1d. smooth tube. The results show that
at a given flow rate, the reduction in heat transfer rates
is greater thun the reduction in pressure drop. Alse
presented in the paper is a method of analysis of the
data {following Reichardt’s approach) which allows
some insight into the heat transfer mechanism, par-
ticularly close to the wall where the most important
changes in velocily and temperature occur. The same
polymer at concentrations of 600 and 1000 ppm wus
used by Marrucci and Astarita [4] and their data can
be reduced to

j=Cyx Pric= 0602

where j1s the Colburn factor.

McNally [5] working with Polyox WSR 301 at con-
centrations of 2. 10, 20 and 40ppm in a 19¢em id
smooth pipe over a 25000-167000 Reynolds number
range concluded that the heat transfer coeflicients
were reduced as drastically as the friction factor, the
Colburn analogy j = Cy x Pr¥® = 2 satisfactorily
relating the heat and momentum transport in these
solutions. provided @ normalization s made with
respect to the Reynolds number at the onset of drag
reduction. Smith, K. A. Keuroghlian. Virk and Merrilt
| 6]. using Polyox WSR 301 as well (0 ppm) found that
only the heat transfer coefficient corresponding fo the
maximum heal transfer obtained with the polymer
safutions obeyed a Colburn type analogy
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Experimental data of Cpand Cy with Polyox WSR 301
for concentrations of 5, 12-5 and t00ppm at tem-
peratures of 178 and 4-5°C are also available in {7.8].
This set of data, however, contains considerable scatter.
In addition, the range of Reynolds number is limited
to about 30 000.

A set of heat transfer data for a rough pipe was
obtained by White [9] who used a threaded pipe
of extreme roughness. The results show that Polyox
reduces the friction factor considerably. but leads to
aneven greater reduction in the Stanton number. Aside
from the ¢xperimental work a certain number of
analyses have been conducted in which friction coefhi-
cients as well as heat transfer coefficients are predicted
on the basis of various models of the boundary layer.

3. TEST INSTALLATION
A simplified diagram of the test facility as well as a
more detailed sketch of the test section are shown in
Figs. 1 and 2. The flow through the test section is
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F1G. 1. Schematic diagram of test installation. The num-

bered items represent: 1. Hydraufic cylinder; 2. Tube being

tested; 3. Fill line; 4. Discharge, line to reservoir; and
5. Electric power connection.

Y.

Fiow

To power
transformer

F1G. 2. Detail of test section. The numbered items repre-
sent: 1. Tube being tested; 2. Wall thermocouples; 3.
Pressure taps; 4. Pressure lines; 5. Pressure transducers;
6. Valves; 7. Copper electrodes; 8. Copper bus bars; 9.
Mixing chamber; 10. Inlet immersion thermocouple; 11,

Outlet immersion thermocouple; and 12. Electric insulation
sections.

supplied from a hydraulic cylinder operated by a
variable speed motor through a linear actuator. This
stmple displacement method of supplying the flow
was preferred to a pump in order to reduce possible
mechanical degradation of the solutions. At the same

time, the displacement of the piston in the cylinder is
used to determine the flow rate. After passing through
the test section, the fluid is discharged into a reservoir
tank. The apparatus is designed so that it can operate
at pressures exceeding one atmosphere. The solutions
were prepared either in the reservoir tank or in
auxiliary drums directly connected to the cylinder by
a flexible hose.

The test section is heated by passing alternating
current through the wall of the tube. As the electrical
resistance of the wall is only about 0-002€}, a relatively
large current (of the order of 1000A) is required,
which is supplied through a special set of trans-
formers. The heat transfer rate to the test fluid is
determined from the electrical dissipation in the pipe
wall

The pipes for the present experiments are the same
as those used by Dipprey in his work with distilled
water [10]. All of the pipes are made of nickel, a
material of thermal conductivity sufficiently well estab-
lished to permit accurate calculation of inner wall
temperature from measurements on the outer wall;
their inside diameter is about 0-95 cm. The rough tubes
were constructed by electroplating nicke! onto & sand-
covered mandrel and by subsequently dissolving the
mandrel with chemicals leaving a pure nickel shell
which served as the test tube. More details on the
basic tube construction are presented in [10].

The roughness of the tube is characterized by their
hydraulic behavior in the “fully rough” regime and
the values are noted in Table 1. The friction drop is

Table 1. Tube dimensions

Wall Roughness*
Designation Length  thickness ratio
“Smooth” 5 0-44m 0051 cm —
tube
“Rough” 4 4 0d44m  0047cm 0049
tube

*Equivalent sand grain roughness based on friction
coefficient in the fully rough regime.

determined from pressure readings taken at smooth
portions of the wall provided just upstream and down-
stream of the heated length. Temperatures on the outer
surface of the wall are measured by thermocouples
and the corresponding temperatures at the inside wall
are computed taking into account the conduction and
heat dissipation in the wall. These data together with
the flow and heat transfer rate provide the principle
information for determining the friction and heat
transfer coefficient.
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Fi6. 3. Friction coefficient vs Reynolds number. 30 ppm Polyox solution. Smooth
tube. Curve 1isfor pure water at all Prifor comparison). Curves 2.3 and 4 correspond
to Prof 4-38.6:16 and 10-3.

4. EXPERIMENTAL RESULTS

{a} The smooth tube

The experimental results obtained for the smooth
tube are summarized in Figs. 3-6, which shows the
friction and heat {ransfer coefficients respectively. as
functions of the Reynolds number, for two different
concentrations.

Let us first consider the friction coefficient for a
50 ppm solution as given in Fig. 3. Curve No. { on this
graph corresponds 1o pure water and is in excellent

agreement with the data in the literature, particularly
with those by Dipprey [10]. This pure water curve
has been given [or reference purpeses only. The data
for the 50 ppm solution are presented by three curves
which, however, are separated only slightly. The data
for each curve were taken at a particular Prandtl
number. Pr. which was obtained by operating at a
particular temperature. The temperature for Pr = 4-38
was T = 40:5°C, for example and that for Pr = 103
was T =45 C. Although the Pr does not have any
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F1G. 4. Heat transfer coefficient vs Rceynolds number. 50 ppm Polyox solution.

Smooth tube, Curves 1, 2 and 3 are for pure water (for comparison) and correspond

to Pr of 438, 6:16 and 10-3. Curves 4. 5 and 6 are for the Polyox solution at
Pr4-38.6:16 and 10-3.
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FI1G. 5. Friction coefficient vs Reynolds number. 10 ppm solution. Smooth tube.
Curve 1 is for pure water at all Pr (for comparison). Curves 2, 3 and 4 correspond
to Pr of 4-38, 616 and 10-3.

direct relation to the friction coefficient, the tempera-
ture does seem to have a slight influence on the effective-
ness of the solution. The reduction in friction is slightly
less at the higher temperature but for the present tests
the differences are very small. A significant reduction
in friction is indicated by all three curves. Selecting a
Re of 80000 as typical the ratio of the friction
coefficient of the solution to that of clear water is
about 0-28. This finding is in general agreement with
those of earlier experiments (1).

The friction coefficient for the 10ppm solution

(Fig. 5), shows results very similar to those for the more
concentrated one. The only noticeable difference is a
change of slope in the curves at Re > 150000 par-
ticularly for the data taken at the highest temperature
(T = 40-5°C, Pr = 4-38). This change is attributed to a
deterioration of the polymers. This deterioration is
believed to be related to the wall shear, which increases
with the Re, and it is plausible that the solution of
low concentration at the highest temperature should
be most susceptible.

The principal purpose of the present work was, of
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Fi1G. 6. Heat transfer coefficient vs Reynolds number. 10 ppm Polyox solution.

Smooth tube. Curves 1, 2 and 3 are for pure water (for comparison) and correspond

to Pr of 4-38, 6-16 and 10-3. Curves 4, 5 and 6 are for the Polyox solution at
Pr4-38,6-16 and 10-3.
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course, the investigation of the heat transfer charac-
teristics and those for the smooth tube at a concen-
tration of 50 ppm are summarized in Fig. 4. In this
graph the heat transfer coefficient €y is given as a
function of Re for three different Pr numbers. For
comparison the data obtlained for pure water are also
shown. It is seen that the addition of Polyox greatly
reduces the heat transfer cocflicient. As an example
one may again consider the values at Re = 80000.
At this Re the heat transfer coefficient for alt three Pr
is reduced to about 20 per cent of its value for clear
water. Of interest also is the ratio 2C,,/Cy which gives
some measure of the relative performance for heat
transfer as compared to friction. For a Pr =438 ut
Re = 80000 this ratio changes from 045 for clear
water to 0-37 for the 50 ppm solution. indicating that
the heat transfer mechanism is even more strongly
affected by the polymer than the friction mechanism.
The corresponding figures for Pr == 616 are 0-38 and
0-28, and for Pr = 10-3 they are 0-28 and 0-21.

The heat transfer cocflicient for the 10 ppm solution
is given in Fig. 6. The reduction in this coefficient is
almost as great as for the more concentrated solution,
except at the higher Re. where the effects which were
ascribed to deterioration begin to be noticeable.

(b)  The rough tube

Although tests were conducted with two tubes of

different roughness. it will be sufficient for our purposes
to present the data for the roughest tube only. Again
the more concentrated solution will be considered first.
The friction coefficient is given in Fig. 7 and the heat

transfer coeflicient in Fig. 8. The values for clear water
arc shown for comparison. From Fig. 7 it is then seen
that the friction is reduced drastically. at least for Re
below about 80000, In that region the reduction
amounts to a factor of about 6 which exceeds the
reduction ratio obtained in the smooth tube. At Re
above 80000 the coefficient gradually increases. This
trend again is thought to be connceted with de-
terioration of the polymer and will be discussed lurther
in Section 5. The reduction ratio of the heat transfer
coeflicient at the lower range of Re (Re <2 80000} 15
unexpectedly large. and s of the order of 10 for ali
three Prandtl numbers. The cause lor the increase of
'y at higher Reynolds numbers is belicved to be the
same as that responsible for the inercase in (o and
both begin at about the same value of Re. The
behavior of € and Cy; for the 10 ppm solution is very
similar to that for the more concentrated solution. At
the lower Reynolds numbers the [riction cocficient ¢
is reduced by a factor of about 6 and the heat transfer
coefhicient 'y by a factor of nearly 10 The trend of
these coefficients to increase begins already at a Re of
50000 compared with Re = 80000 for the 30ppm
solution. As before. it is suspected that the low con-
centration is more susceptible to deterioration.

5. DISCUSSION OF RESULTS
(ay  The smooth tube
The fact that small amounts of Polyox dissolved in
water drastically reduce friction and heat transfer has
been shown by many experimenters. The present results
confirm these findings and at the same time provide
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FiG. 7. Friction coeflicient vs Reynolds number. 50 ppm Polyox solution. Rough

tube. Curve 1 is for pure water at all Pr (for comparison). Curve 2 (also for com-

parison) is for purc water and the smooth tube. Curves 3. 4 and 5 are for the Polyox
solution at Pr of 4:38, 6-16 and 10-3.
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F1G. 8. Heat transfer coefficient vs Reynolds number. 50 ppm Polyox solution.

Rough tube. Curves 1, 2 and 3 are for pure water (for comparison) and correspond

to Pr of 4-38, 6:16 and 10-3. Curves 4. 5 and 6 are for the Polyox solution at
Pr4-38. 616 and 10-3.

a rather complete set of data covering two concen-
trations, three Prandtl numbers and a range of
Reynolds numbers. The results, however, may also be
used to gain some information on the mechanism by
which the polymers act. Generally, the effect of the
polymers has been explained by postulating that the
long chain molecules reduce the turbulence near the
wall and increase the thickness of the effective viscous
layer. To examine this point of view one may analyze
the relation

Cp &y

2Chem W gy
: oM =J 8“ —w
(—HPr-—1> Ce2 1+ peM
EM EM v

In this equation ez and ey represent the turbulent
exchange coefficients for heat and momentum respec-
tively and u¥ is the velocity at the center of the pipe
in dimensionless terms. This expression may be derived
directly from equations for the shear and heat transfer
near the wall which are

To du
—=(vtem) - @
P dy

i‘(pi'f' ar 3
pc \pe ou dy 3)

with the usual definitions of the friction coefficient,
Cr, and the heat transfer coefficient, Cy. The assump-
tions involved are minor and not central to the present
discussion.

and

Consider now as a typical set of data for pure water
those obtained at Re = 100000 and Pr = 6:16. Assum-
ing y/ep to be unity and using the experimental data
for Cr and Cpy, the left hand side of equation (1)
becomes equal to 7-9. The right hand side is of course

" expected to equal this number by virtue of the equality.

(The expression increases to 87 if ey/eny is taken to be
1:5 and decreases to 3-1 for ey/ey = 0-5.) Taking next
the experimental values of Cr and Cy for a 50ppm
polymer solution, the left hand side of equation (1)
increases to 28-1, again with eg/ey set equal to 1-0.
(Setting ey/em equal to 15 and 0-5 changes the ex-
pression only to 29-1 and 23-8 respectively.) It is not
reasonable to postulate much wider changes in the
ratio &g /ey . The value of the integral on the right hand
side will, of course, have to match that of the left hand
side. Examining this integral it is seen that no reason-
able variation in gy/ey can account for the increase
that the value of this integral has to sustain when the
polymer solution takes the place of pure water. Study-
ing the other features of the integral, it has to be
realized first that the velocity increases with the
distance from the wall, and as u* increases the term
eum/v appearing in the denominator of the integral in
equation (1) becomes very large; the integrand then
approaches zero rapidly, and beyond a certain distance
from the wall, the value of the integral remains
essentially constant. This general behavior applied
both to clear water and to the polymer solution. One
may conclude then, that a change in the value of the
integral must be caused by changes in the variation
of ep/v in the wall region. More specifically, starting



i Paur M. DesrULE and RoLF H. SABERSKY

at the wall. &y must increase much more slowly in the
polymer solution than in the pure water: in other
words. in the polymer solution the viscous stresses
will remain of importance in a layer near the wall which
is much thicker than the corresponding layer for pure
water. Thus the viscous region in the polymer solution
exceeds that for pure water. This rcasoning, even
though indirect, gives a rather strong substantiation to
the prevailing assumption that the polymers act o
reduce the turbulent fluctuations near the wall and to
increase the thickness of the viscous layer.

After this generalized analysts of the results let us
next cxamine a more detailed flow model in the light
of the experimental findings. The model to be con-
sidered is of the simple “two layer™ type. In the layer
near the wall the velocity is assumed to be lincarly
related to the distance from the wall. Beyond that point
the velocity is given by the expression

u* = 41ny*+ B+ Au* {4)

In this expression 4 and B are constants, 4 representing
the slope of the familiar logarithmic profile. In general
one would have to expect 4 to depend on some
characteristic of the polymer and on the concen-
tration (3), however, in view of the available measure-
ments it seems justifiable to assume that A does not
change from its value for pure water. and a constant
value of 246 was, therefore. selected for A4 in our
considerations. The constant B was set equal to 6-01.
which corresponds to the constant in the logarithmic
profile of pure water. Finally. Au* in equation (4) is a
positive value representing the shift in the velocity
profile caused by the presence of the polymer. With
these assumptions and cxplanations, the logarithmic
profite is parallel to the onc for pure walter but shifted
towards higher values of the velocity by a constant
increment. The velocity very near the wall is still
assumed to be a linear function of distance and as Au*
increases the intersection of lincar profile with the
logarithmic one will take piace at larger values of the
distance v*. This intersection may be taken as an in-
dication of the extent of the viscous layer and the
viscous layer, therefore, increases as Au* increases. For
pure waler Au* is equal to zero, and the expression
reduces to the familiar logarithmic profile.

n

)

A rclation between the friction coefficient and the
Reynolds number may be derived from this latter
expression by integrating over the pipe radius. Neglect-
ing the deviation from the logarithmic profile in the
intermediate vicinity of the wall onc obtains the well
known results

¥ = Alny*+B. {

el
[ T = AlnRe Cp8—f+B (6)
NG

where f§ 1s the dimensionless difference between the
centerline velocity and the average velocity, which
difference 1s independent of B. For polymer solutions
an analogous approach may be followed. which.
making use of equation (4) leads to
"
o= AlnRe |
NG A
For the present development this expression together
with the experimental results for Cp were used 1o
determine Au*. {(One may recall that in the derivations
for € the logarithmic profile is generally assumed to
extend to the wall. With the thickened viscous layers
which occur in polymer solutions the validity of this

[Cr «
! ¢ BB +An i

assumption may be questioned. For this reason an
alternate relation was developed for equation (7),
taking into account the linear portion of the velocity
profile near the wall. A comparison showed that no
corrections to equation (7) were required in our case.)

Having determined Au*, the heat transfer process
will now be examined. Equation (1) will again be used
as a basis. with gy/ey set equal to unity.

In principal the right hand side of equation (1) can
be evaluated if the distribution of ¢y is known, and
£u 10 turn is obtainable from the relation

T du
()Zl\'+flu) - (:)

,» dy
provided du/dy is known with sufficient accuracy. The
assumption of a linear velocity profile throughout the
viscous layer leads to the conclusion that gy =0 in
that region. Although such an assumption was per-
missible when discussing friction it removes from
consideration the key factor characterizing the differ-
ences between transport mechanisms of the fluids
under consideration. To obtain a better representation
of the flow in the region near the wall, Deissler many
years ago proposed the following empirical relationship
for &4 In the viscous layer:

& Luyl / uy .\
P [ l-- cxp( —n? )—’ {5}
v/

v v

Setting 1 = 0124 he was able to predict very accurately
the heat transfer coefficients (as well as mass transfer
coefficients) for a wide range of Pr {or Schmidt
numbers). Because of this success Deissler’s approach
was followed for the interpretation of the present data;
instead of taking his value of n. however. n was
allowed to assume different values depending on the
concentration. the temperature (related to Pr in the
present experiments) and the Reynolds number. For
each flow condition (as determined by Re. Pr, and
concentration). the right hand side of equation (1) was
then cvaluated using equation (%) as an expression
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for ¢y. Various values of n were tried and the par-
ticular value of n was then determined which would
fit best the left hand side of the equation which was
evaluated from the experimental results.

The results of the computation show that the value
of n is indeed drastically reduced by the polymer
indicating a reduction in the turbulent transfer co-
efficients eu or ey. Instead of n = 0-124, which was
the value for pure water, typical values of n for the
polymer solutions are between 0-030 and 0-040 for the
50 ppm solution and between 0-040 and 0-050 for the
10 ppm solution. This drastic change in » then adds
further to the credibility of the concept that the
polymers act to reduce turbulent fluctuations near the
wall.

Thus it has been possible to obtain some insight
into the detailed mechanism by which the polymer acts,
from measurements of only macroscopic quantities
such as heat transfer rates, pressure drops, and flow
rates.

(b) The rough tubes

The friction coefficient of the rough tube for a
50 ppm solution is shown in Fig. 7 and the curve
obtained with pure water in the same tube is also
shown. For pure water Cr is essentially independent of
Re for the entire range indicating that the flow is in
the “fully rough” regime. It has been demonstrated
that for Newtonian fluids at least, fully rough flow
takes place if the roughness height exceeds the thickness
of the viscous sublayer by a factor of about 6, where
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the viscous sublayer is defined as the intersection of
the linear velocity profile with the logarithmic one as
it exists in a smooth tube. Taking into account the
increase in this layer brought about by the polymer,
fully rough flow should be expected under the present
conditions for Re > 100000. Any transition to the fully
rough behavior should take place at Re below this
value and the friction coefficient should be constant
for Re > 100000. Instead of reaching a constant level
beyond this Re, however, the coefficient of friction
begins to increase steadily, and the polymer seems to
lose its effectiveness in reducing drag. Because of the
high Re at which this increase begins, it is doubted
that the observed behavior represents a transition to
fully rough flow and the explanation for the increase
in Cris most likely a deterioration of the polymer. This
explanation is the more plausible, as the shear velocities
at which the loss in effectiveness occurs is greater than
about 1-0m/s, and it has been reported that Polyox
solutions are degraded significantly for shear velocities
over 0-5my/s.

The data for the 10 ppm solution are shown in Fig. 9.
The Re beyond which fully rough flow might be ex-
pected is Re > 80000. Again the rise in friction co-
efficient starts beyond that value and again deterio-
ration of the Polymer is a probable explanation. For
the highest values of Re in the present series, the
Polymer seems to have entirely lost its drag reducing
ability.

Of more basic interest, possibly, are the results for
the range below about Re = 80000. As discussed
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F1G. 9. Friction coefficient vs Reynolds number. 10 ppm Polyox solution. Rough

tube. Curve 1 is for pure water at all Pr {for comparison). Curve 2 (also for com-

parison) is for pure water and the smooth tube. Curves 3, 4 and 5 are for the Polyox
solution at Pr of 4-38, 6-16 and 10-3.
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F1G. 10, Heat transfer coefficient vs Reynolds number. 10 ppm Polyox solution.

Rough tube. Curves 1. 2 and 3 are for pure water (for comparison) and correspond

to Proof 4380 6:16 and 10:3. Curves 4. S and 6 are for the Polyox solution a:
Prof4-38.6:16 and 103

above, the flow type in this range is at least close 10
the “fully rough™ condition, and nevertheless a very
substantial drag reduction is achieved. Now, the general
concept of fully rough flow is that the viscous layer is
completely destroyed and that the turbulent flow
characteristic of the core extends to the tips of the
roughnesses. The wall shear, of course, has to be sus-
tained by the rough surface and it is largely made up
of drag over the surface elements. The fact that drag
reduction is obtained for rough surfaces with polymer
solutions, indicates that the flow between and around
the roughnesses is affected by the presence ol the
polymer. For pure water the pipe friction coefficient

will depend only on D and become independent of
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for sufficiently large values of this parameter, which is
formed from a roughness height ¢, the shear velocity
\,f"/ro/p, and the kinematic viscosity, v. Whether or not
the behavior for a polymer solution is similar is not
definitely known at this time. It is likely, however, that
the friction coefficient for the solution is not only de-
pendent on ¢* and ¢/D. but also on a parameter
containing a length of the polymer. If the friction
coefficient for the polymer solution were to reach an
asymptotic value, this value still could differ from that
for the pure fluid.

The behavior of the heat transfer coefficient at the
two concentrations is generally similar. The increase of

Cp at the higher Re may again be ascribed to de-
terioration. In the lower portion of the experimental
range perhaps the most remarkable finding is that the
roughness does not increase the heat transfer coefficient
beyond that for a smooth tube and in fact for Reynolds
numbers smaller than about 50000 it is below the value
for the smooth tube. This behavior contrasts with that
of the [riction coefficient. as Cy for the rough tube
consistently exceeds that for the smooth tube. It also
contrasts with the experience obtained with pure water
for which roughness increases both ¢ and € even
though not to the same extent. One may infer from
this fact that the flow around the roughnesses must be
particularly unfavorable to heat transfer. A series ot
experiments (11) in which the flow over a set of cavities
was visualized for values of ¢* that arc typical for pipe
fiows. illustrates the type of phenomenon that might
occur. In these experiments the cavitics were to simulate
the roughness elements and 1t was scen that for values
of ¢* in neighborhood of the “fully rough” conditions.
periodic large-scale fluctuations promoted the ox-
change of fluid between the cavities and the main flow.
Such an exchange would certainly promote heat
transfer. and the presence of polymers might inhibit
cxchanges of this kind.

SUMMARY AND CONCLUSIONS
A fairly extensive sct of data was obtained for the
heat transfer and friction coefficients of Polyox solu-
tions in a smooth tube. A rather wide runge of
Reynolds numbers was covered and cxperiments were
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conducted at three different Prandtl numbers. All ex-
periments were performed in the same installation
using the same measurement techniques which facili-
tates the assessment of the trends caused by the several
parameters. An analysis of the data was carried out
with the purpose of obtaining an indication of the
mechanism by which the polymer influences the flow.
The results tend to substantiate the thought that the
action of the polymers consist of damping the turbulent
motion pear the wall and of increasing the effective
viscous sublayer,

The results with the rough tube were of particular
interest. Both the friction coefficient as well as the heat
transfer coefficient were reduced drastically, that is by
factors of 6 and 10 respectively. Furthermore, this
reduction seemed to persist even in the range in which
the flow was thought to be hydraulically “fully rough™.
This indicates that the polymer also influences the
flow in between and around the roughness elements.
The results at high Re are somewhat clouded because
the polymer is believed to deteriorate at the high shear
rates which correspond to these flow conditions.
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COEFFICIENTS DE TRANSFERT DE CHALEUR ET DE FROTTEMENT DANS
DES TUBES LISSES ET RUGUEUX AVEC DES SOLUTIONS DILUEES DE POLYMERE

Résumé— Une série d’expériences & été pratiquée sur des solutions aqueuses diluées d'oxyde de
polyéthyléne (“Polyox”), dans le but de déterminer les coefficients de transfert thermique et de frottement
dans des tubes lisses et rugueux. Les essais ont été faits avec des solutions contenant respectivement
10 et 50 ppm de polymére. Des résultats typiques pour le tube lisse ont montré que le coefficient de
frottement est réduit par un facteur de 3 et que le coefficient de transfert thermique Vest par un facteur
de 5. Quant au tube rugueux, les coefficients sont réduits beaucoup plus radicalement. L'efficacité du
polymére diminue dans le domaine des grands nombres de Reynolds et cette diminution est attribuée a
la détérioration du polymeére.

WARMEUBERGANQS— UND REIBUNGSKOEFFIZIENTEN FUR VERDUNNTE
POLYMER-LOSUNGEN IN GLATTEN UND RAUHEN ROHREN

Zusammenfassung —Zur Bestimmung der Wirmeiibergangs- und Reibungskoeffizienten fiir verdiinnte
Losungen von Polyéthylenoxid (“Polyox™) in Wasser, in glatten und rauhen Rohren wurde eine Reihe
von Experimenten durchgefiihrt. Die Versuche wurden mit Losungen von 10 und 50ppm Poly-
merbestandteilen ausgefithrt. Typische Ergebnisse fiir das glatte Rohr zeigten, daB der Reibungskoeffizient
um einen Faktor 3 und der Wirmeiibergangskoeffizient um einen Faktor 5 vermindert wurde. Fiir
rauhe Rohre wurden die Koeflizienten sogar noch drastischer vermindert. Die Wirkung des Polymers
lieB im Bereich hoher Reynolds-Zahlen nach und die Verminderung wurde dem Zerfall des Polymers
zugeschrieben.
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KO2POPGUIUMEHTBE TENAOOBMEHA W TPEHNSA B 1 TAAKNX W HWEPOXOBATBIX
TPYEAX NMPU TEYEHWUUW PA3BABJIEHHbIX PACTBOPOR MNOAMMEPOB

Annotams —- B onpiTax onpeneiictibl KOYDOUUHEHTH! TCI1IO00OMCHA H TPEHUAS B [NIAAKUX M LLIEPO-

xoBaTbix TpyBax npu redennn pazbapICHHbBIX BOAHBIX PACTBOPOB NMONMITHACHOKCHaA (T Polyox ™) ¢

koHueHTpaursMa 10 ® 50 ppm. [lng rnaakux Tpyd OKa3anoce, 410 KOYGMUUAEHT TpeHHs yMceHb-

waeTes B TpHU pasa, a koddduuuent tennoobmena — B 1s8Th pal. B ciyyae mepoxosaThix Tpyd ITH

KOYDBULAEHTB CHHINIIUCH elie cHiibHee, DOMeKTUBHOCTE NOMUMEPOB YMEHbIIANACH MPH O0:1bINNX
yucaax PelHoaLACA, YTO OTHOCKTCS 33 CHéT Aerpajaiii NonmmMepa.



