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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 1Oppm and 50ppm 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 coefkients 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 

polymer concentration; 

specific heat; 
friction coefficient; 
heat transfer coefficient; 
tube diameter; 
Colburn factor; 
thermal conductivity; 
constant in Deissler’s equation; 
Prandti number, q/k; 

heat transfer rate per unit area; 
Reynolds number, DV/v; 

temperature; 
velocity; 

dimensionless velocity, u/G; 
average pipe velocity; 
coordinate normal to wall; 

roughness dimension;, 
dimensionless roughness (E&&)/V; 
turbulent momentum exchange coefficient; 
turbulent heat exchange coefficient; 
kinematic viscosity; 
density; 
wall shear stress. 

1. INTRODUCTION 
BY FAR 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 sophisticate, 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 [I]) 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 

involved 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 dete~ination 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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tfr-ag reducer) may hc dissolved in thr w;ttei- tiitinrm- 

tionally as a ~oiit~ttilin~nt: and as ;t further exomplc. 
certain fluids involved in food proccainf, in 111~ 
production of papa-. and the mar~ul'xtu~.c of chenl~c:~l~ 

may inherently have drag reducing characteristic>. 
F~‘urthermore. it is of importance to study the cA’ect 
of roughened surfaca on heat and ~l~L)~~~~~~turn transkr. 

;a roughness often occurs naturally cithcr from 111~ 

manufacturing process or from sLihsei~Lxnt wxr 

The types of prohlcm> rn~nti~~ned ,I~o\ c ha\ u lxxn 

the stimulus for the prcscnt rcscarcll program. The 

program wab dosigncd so that it wc~ul~i yiclci inforrna- 
tion on friction arid heat transrcr coci‘lizients whrch 

might be directly useful in ccrlain e~i~ifl~~~-~~i~ applica- 
fions. In addition it was hoped that the infcrpretatioii 
of the data would also ~:llna an insight inlo thr: 
mechanism by which the polymer alfectj the friction 
and heat transfer. The cxpcriments 11 crc limited to 

h~drod~n~rnic~iii~ and thermally full) established pipe 
flow with negligible radial fluid propcrt) ;.,tri;ttionx and 

to roughness elcmcnt~ of a ii-a~ type In thi\ \\;I!. 

it should bc possible to cxprehs the results in tc’rtn\ 
of rclafionships hctM,een the friction cocllicicnt 1’~ and 

the heat transfer cocffcicnt (‘,, on the one hand. XIIC! 

the Reynolds number, R~J. Prandti nurnbcr. PI, ~<wgll-~ 

1x3s ratio. s,f). the ~~~li~~ntr~iti~~ii. (‘. and ;I pir;ml~til~ 

characterizing the shape of the polymer on the o~ho 

The cxperimonts wcrc designed to all<>w a systcm:Lt~c 

\ariation ober il fairi? wide range of Kc>. /‘I. and ;: /I 

As nlen~iol~~d before. a great r~Li~nh~r cti‘ imesiip- 

(ions have been conducted into the fricttoii-r~dticin~ 
characteristics ol’ polymers and other additivch. It 11;1x 

been firmly cstablishcd that. dcpcnding on the IloM 
conditions. the surface stress may lx rcduccd h! lktorx 

of three or more. ‘The drag redrrsinp cttcct occurs in 

tufbufent flow <ml>-. and 1 t1c ~11~11~~i11~~10~1 ma> hc 

explained hi the concept that the additlccs incrcac 
the effective thickness of the \ iscous layer ad~nccnt to 

the wall. The results of clcperimcnts in which turbulent 
fluctuations were rncasurcd dircotlh. tcndcd to support 
this concept. 

iZ very careful and cxtensl\c rc\& 01 the iitcraturc 
on the fILlid mechanics of polymer solutions has hce11 

prepared by Hoyt [2]. For further ini’ormation the 
reader is referred to this cxccllent paper which ;IISO 

contains a very compktc bibliograph!. 
As to heat transfer 11 ith drag reducmg Ilui& the 

literature is nor nearly :IS extcnatbc and the r;rnge <if 
variables (Reynolds number. Prnncitl ntmihcr. difi‘er~l 

drag reducing agents. their concentration rungc and 
wall roughness) which has been in\cstigated is still 
limited. One or the first hcut transfer studies in Ihis 

- 

and their work clearly show:, the reduction in hat 
I ransfcr coetficient which accompanies the reduction 
in friction. In these experiments the additive ua‘; ,L 
pol~~~crqlamidc (ET 597. Do\{ Chemical Co.) which 
was used at concentrations from 0.01 to 0.X per cent 
in ;I l.X3cm id. smooth tube. The results shon that 
;tl ;f given flow rate. the reduction in hcijI transfer rate- 

is greater than the reduction in pressure drop. A.I.QI 
prcscniod in the paper is a method ld’ an;dqsls of [hi 

data (follow inp Reichardfs approach) which ;IIIw~ 

some insight into the heat transfer mechanism. par- 
ticularly close to the wall where the most important 

changes in %eiocit) arid temperaliire ixxiir. 7‘hc s:mk‘ 

polymer ;iL ~~~n~enlr~~t~~~ns of 600 and lo00 pprn \\:I> 

used by Marrucci and Astarita [4] and their data con 
be reduced to 

where j is the Coiburn factor. 

~~N~ll~ [5] working with Polyox WSR 301 at cot?- 
ccntrations of 2, IO, 10 and 3Oppm iii ;I 1.9crli i,ti 

w~onfh pip- CMX ;L 25 OOO- 167000 Reqnoids numbcl 
range concluded that the heat transfer coetlicienls 
u t‘rt’ rcduccd ah drastically as [he friction factor. the 
(‘oiburn analog> j = C’ ,, x Pr’ .’ .= (‘l. 7 satisfactoril) 
r-elating the hart and momentun~ transport in these 
~oititictns. pro\ idcd it normali~:ation is made ~,,ith 
rcspcct 10 tirt: Keynolds number at the onset of drag 

IY~~I~~IUII. SmrLh. K. I. Kcuroghlian. \!lrk and Mcrrili 
16 J. usmg Polkox WSR 301 as well ( IOppm) found that 
t~nl~ the heat transfer coefficient corresponding to the 
1~1~lxi~lit1~1i heat transfer obtained with the polymer 

wluti~ms obe’;txi ;I Co&urn type analog\i 

Lxpermientul data of C‘Fand C’,,\%lth Poljox WSR 301 
tbr concentrations of 5. 12.5 and 1OOppm at tcn- 
peratures of 17.X and 4.5 CI are also availabie in 17.81. 
This set ofdata, however, contains considerable scatter. 
in addition, the rnngc of Reynolds number is limited 

to about 3OOOO. 
A VA of heat transfer data for a rough pipe wab 

c~llt;111u1 by White 191 who used a threaded p~pc 
of cxtrcme roughness. The rewits show that Poiyctx 
reduces the friction factor considerabl>. but leads to 
;~nt’ven grcatcr reduction in the Stanton number. Aside 
from the experimental work a certain number nl 

;malyses haye been conducted in which friction cdfi- 

cients as ~+ell as heat transfer coefficients are predicted 
on the basis of various models of the boundary layer. 

3. TEST INSTAI.I,ATIO~ 

A simplified diagram of the tat [iicilit! 2s well iis LI 
more detailed sketch of the test section :II-C showtl in 

Figs. I and 7. The flow through the test section is 
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FIG. 1. Schematic diagram of test installation. The num- 
bered items represent: 1. Hydraulic cylinder; 2. Tube being 
tested; 3. Fill line; 4. Discharge, line to reservoir; and 

5. Electric power connection. 

transformer 

FIG. 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 
simple 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 0.002Q a relatively 
large current (of the order of IOOOA) 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 bipe 

wall. 
The pipes for the present experiments are the same 

as those used by Dipprey in his work with distilled 

water [lo]. 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 nickel onto a 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 [lo]. 

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” 
tube 

“Rough” 
tube 

E-3 0.44 m @05 1 cm 

A-4 044m @047 cm 0049 

*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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1. EXPERIMENTAL RESULTS 

(a) 7% .smooth mhr 
The experimental results obtained for the smooth 

tube are summarized in Figs. 3-6. which shows the 

friction and heat transfer coefficients respectiveij. as 
functions of the Reynolds number, for two different 
concentrations. 

Let us first consider the friction coefficient for a 
Wppm solution as given in Fig. 3. Curve No. I cm Ihis 

graph corresponds tct pure water and is in esccllen~ 

agreement with the data in the literature, particularly 

with those by Dipprey [IO]. This pure water curve 
has been given for reference purposes only. The data 
ror the 50 ppm soiution are presented by three curves 
which. howev!er, are separated only slightly, The data 
for each curve were taken at a particular Prandtl 
number. PI. which was obtained by operating at a 
particular temperature. The temperature for l+ = 3.38 
was T = 40.5 C, for example and ihat for Pr = 103 
was T = 4.5 C‘. Although the Pr does not have an! 

FIG. 4. tIcat transfer coefficient vs Reynolds number. 5Oppm Polyox solution. 
Smooth tube. Curves I. 2 and 3 arr for pure water (for comparison) and correspond 
to Pr of 4.33, 6.16 and 10.3. Curves 4. 5 and 6 are for the Polyox solution al 

IV 4.38. 6.16 and 10.3. 
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Re x 10-3 

FIG. 5. Friction coefficient vs Reynolds number. 1Oppm solution. Smooth tube. 
Curve 1 is for pure water at all Pr (for comparison). Curves 2, 3 and 4 correspond 

to Pr of 4,38,6.16 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 028. This finding is in general agreement with 

those of earlier experiments (1). 
The friction coefficient for the 1Oppm 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 = 405”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 

FIG. 6. Heat transfer coefficient vs Reynolds number. 1Oppm 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 

Pr 4.38. 6.16 and 10.3. 
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course. the investigation of the heat transfer charac- 
Izristics and those for the smooth tube at ;i conceti- 

tration of 5Oppm are summarized in Fig. 4. III this 
graph fhc heat transfer coefficient (‘,, is given ;15 ;I 

function of RCJ for three difTeren1 Pi, numbers. t.ot 
cotnp3rison the d~rt~t obtained for pure water arc ;rlsci 

shou II. It is seen that the addition of Polyox gt-cat11 
reduces the heat transfer cocfticicnt. AS an cxamplc 
one may again consider the ~alucs at Kc = X0000. 

At this Rc the hat transfer cocffcien~ for all three I’r 

is reduced to :ibwt 20 per cent 01 il\ \;kluc for clwi 

water. Of intcrcst also is the ratio 7C,, C’, which ~IIL-S 

some measure of the relati\ e performance for heat 

tntnsfer as compared to friclion. 1.01 ;I I’r = 4-H ai 

Rc = 80000 this ratio changes from 0.4.5 for cleat 

water to 0.37 for the 5Oppm solution. indicating th;tI 
the heat transfer mechanism is c\‘en more strongi) 

a&ted by the potytner than the friction mechanism. 
The corresponding figures fot- Pr =; 6.16 are 03S and 
0.28. and for Pt. : 10.3 they at-c @3X and 0.2 I. 

The heat transfer coctticieni for the IO pptn 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 Rc. where the eficcrs which were 
ascribed to deterioration begin to be noticeable. 

Although tats were conducted with IWO tubes 01 

different roughness. it will bc sufficient for our purpose? 
to present the data for the roughest tube only. Again 
the tnorc concentrated solution will be considcrcd firsl. 
The friction coefficient is given in Fig. 7 and the he;tr 

transfer coeficient in Fig. 8. The values for clear water 

arc shown for comparison. From Fig. 7 tt is then seen 
that the friction is reduced draskall!. at least for KC, 

below about X0000. In that region 11~: reduction 
~itmounts to ;I factor of about 6 \vhich ~~ectls ~ht‘ 
reduction ratio obtained in the smooth tube. ,21 Xr 
above X0000 the coefficient gradualI! tttzrt’ases. ‘1‘1~1~ 

trend again k thought to be conncc~ctl with & 
(et-ioraGon of the polymer and will bc discus& I‘urth~t 
tn Section 5. The reduction ratio ol the heat tran\fct 

coetiicient at the IoMcr range of Kc I/& --- 1;OWO) i\ 

uncxpcctcdl\ lat-gc. vnd is of the order <)t‘ IO lor ;I/; 

three fktndtl numbers. The C;LLISC for tltc tncrcac‘ #): 
C‘,, at hiphcr Reynolds numbers is hchc\cd to be the c 
~tmc ah that responsible for the incrcCtic tn ( ! <ttld 
both begin at about the same palm: ijf Rt, The 

behavior of (‘t and C‘,, for the IO ppm s~lluttoii ib \cr\ 
simktt- to that foi- the tnore conccntratcd botution \I 
the lower Reynolds numbers the friction cc~ctficicnt i i 
is reduced hi a factor of about 6 and thu llc;~t tranxfct 

. 
coefficient (‘,t bq a factor of ncur14 lit The tt-end ?)I 
these coefficients to increase begins aIrcad> vt it RP II~ 

50000 compared with Rr = 80000 for the 50pptn 
solution As before. it is suspected that the Ion con- 
centration 15 more susceptible to detcrtc,r;tti(a 

The fact that small amounts of Pol>o\ dt~olved in 
water drastically reduce friction and hat transfer Ita\ 
been shown by man) experimenters. The present results 
confirm these findings and at the SIII-IC lime providi 

I-‘IC;. 7. Frtctton coefticient \s ~cynolds numbet-. 50 ppm Polyox solution. ROLI~II 

lube. Curve 1 is for pure water at all Pr (for compartsonl. Curve 7 (also for cont- 
parison) is for pure water and the smooth tube. Curves 3. 4 and 5 arc for the Polyo\ 

\oluti~,tl ar Pi, of 4.3% h-16 and 10~7 
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FIG. 8. Heat transfer coefficient vs Reynolds number. 50ppm 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 

Pr 4.38. 6.16 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 

Jo 

In this equation Ed and Ed 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 

;= jvfer)$ 
and 

(3) 

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

Consider now as a typical set of data for pure water 

those obtained at Re = 100000 and Pr = 6.16. Assum- 
ing E~/E,,, to be unity and using the experimental data 
for CF and CH, 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 8.7 if E”/E~ is taken to be 
1.5 and decreases to 3.1 for &H/E,,., = @5.) Taking next 

the experimental values of CF and CH for a 50ppm 
polymer solution, the left hand side of equation (1) 
increases to 28.1, again with .Q,/E~ set equal to 1.0. 

(Setting E~/E~ equal to 1.5 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 +/E~. 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 E”/E~ 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 
E.&J 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 EM/I/V in the wall region. More specifically, starting 
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<ii the ~l,all. J:.,, must increase much more slowly in the 
polymer solution than in the pure water: in other 
not& in the polymer solution the viscous stresses 
will remain ofimportance in a layer near the wall M hicli 
i\ much thicker than the corresponding layer for pure 
water. Thus the viscous region in thu polymcl- solutic)n 
cxcceds that l’ol- pure water. This reasoning. e~cn 
though indirect. giles a rather strong substantintiotl IO 
the prevailing assumption that the polymers xt LC’ 
rcducc the turbulent fluctu;trions near the wall anti to 
increase the thickness of the viscous layer. 

:Zl’ter this generalized analysis ol” the results Ict u\ 
next examine ;I more detailed flow model in the light 
of the experimental findings. The model to be con- 
sidercd is of the simple “two layx” type. In the lays 
near the wall the velocity iz assumed to be lincarlq 

related to the distance from the wall. Beyond that point 
the velocity is given by the cxprcssion 

ii* = Aln,.*~B~Al/“. (4) 

In this expression A and B are constants, A representing 
the slope of the familiar logarithmic profile. In general 

one would have to expect .-I 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 2.46 was. therefore, selected for il in WI- 

considerations. The constant B was set equal to 6.01. 
which corresponds to the constant in the logarithmic 
profile of pure water. Finally. Ai/’ in equation (4) is ;I 

positive value representing the shift in the velocity 
profile caused by the presence of the polymer. With 
thcsc assumptions and explanations. the logarithmic 
profile is parallel to the one for pure water but shifted 
towards higher V~IILICS of the \&city bq a constant 
increment. The hclocit) \cI-~ near the wall is still 
assumed to be a linear function of distance and as AU” 
increases the intersection of linear profile with the 

logarithmic one will take piace at larger values of the 
distance I’*, This intersection ma) be taken as an in- 
dication of the extent of the \iscnus layer and the 
viscous layer, therefore. increases ax AI,* increases. I‘ot 
pure water AM* is equal to zero. and the expression 
reduces to the familiar logarithmic profile. 

,,:‘- _ .-I In I,*: t 13. (5) 

A relation 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 
intcrmediatc vicinity of the wall nnc obtains the well 

known results 

where I; is the dimensionless ditl‘erence between the 
centerline \,elocity and the average velocity. which 
dilTcrence is independent of B. For polymer solutions 
an analogous approach may bc followed. which. 
making use of equation (4) leads to 

For the prcjcnt ricvclopmcnt this cxprcsslon togethci 
with the experimental results for C‘i. \\,ere used ti, 
detcrminc AU*. (One may recall that in the derivation 
for C, the logarithmic profile is generally assumed to 

cxtcnd to the wall. With the thickened viscous layers 
which occur In polymer solutions the validit) of thrs 

assumption may bc questioned. For this reason an 

alternate relation was developed fol- equation (71. 
taking into account the linear portion of the \,elocit! 
profile near the wall. A comparison zhowed that no 
corrections to equation (7) were required in our cast.) 

Having determined AU*. the heat transfer process 

will now be examined. Equation (1) will again be used 
as a basis. with cR c ,i set equal to unit). 

In principal the right hand side of equation (I) can 

be evaluated if the distribution of c,~ is known, and 
i:,Vf in turn is obtainable from the relation 

(2) 

provided dir dj, is known with sufficient accuracy. The 
assumption of a linear velocity profile throughout the 
viscous layer leads to the conclusion that l;,,, = 0 in 
that region. .4lthough such an assumption was pcr- 
missiblc when discussing friction it removes from 

considcratinn the key factor characteric.ing the differ- 
ences between transport mechanisms of the fluids 
under consideration. To obtain a bettor rcprescntation 
of the Row in the region near the wall. Dcisslcr manq 

years ago proposed the following empirical relationship 
for E,, in the viscous layer: 

Setting II = 0,124 he was able to predict very accurately 
the heat transfer coefficients (as well as mass transfer 
coefficients) For a wide range of PI- (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’ II. however. II was 
allowed to assume different values depending on the 
concentration. the temperature (related to PI in the 
present experiments) and the Reynolds number. For 
each flow condition (as determined by Rc. Pr. and 
concentration). the right hand side of equatron (I ) wab 
then cvaluatcd using equation (S) ;I\ an expression 
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for Ed. Various values of n were tried and the par- 
ticular value of II 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 E.,., or E”. 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 
50ppm solution and between 0040 and 0.050 for the 
1Oppm solution. This drastic change in II 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 
50ppm solution is shown in Fig. 7 and the curve 
obtained with pure water in the same tube is also 
shown. For pure water CF 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 

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 CFis 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 l.Om/s, and it has been reported that Polyox 
solutions are degraded significantly for shear velocities 
over 0.5 m/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 

10-3_ I I,,,, 4 I,,,, 
20 50 100 200 

Rex10-3 

FIG. 9. Friction coefficient vs Reynolds number. 1Oppm 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 al Pr of 4.38. 6.16 and 10.3. 
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above, the Aow type in this range is at least CIOX to 

the “fully rough” condition. and nevertheless a vcrk 

substantial drag reduction is achiebcd. Now. the general 
concept of fully rough flow is that the viscous layer is 

completely destroyed and that the turbulent flo\+ 
characteristic of the core extends to the tips of the 
roughnesses. The wall shear. of course. has to bc sus- 
tained by the rough surface and it is largclq 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 hq the presence 01‘ the 
polymer. F’or pure water the pipe friction coethcicnt 

will dcpcnd only on I I> and hccomc indcpcndcnt 01 
, B. \J,,,crc <, 

for sufficiently large values of this parameter. 1% hich is 
form@ from a roughness height C. the shear velocity 
\ ~~:p. and the kinematic viscosity. 1’. Whether or not 
the behavior for a polymer solution is similar is not 
definitely known at this time. It is likely, howekcr, that 
the friction coeficient for the solution is not only de- 
pcndent on I:*’ and 2. ‘D. but alho on a paramctet 
containing a Icngth of the polymer. If the l’riction 

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 

CH at the higher Rr may again be ascribed to de- 
terioration. In the lower portion of the cxperimentai 

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 
numberssmaller than about 50000 it is belou, the value 
for the smooth tube. This behavior contrasts with that 
of the friction coefficient. as (‘ , t’ot- the rough tube 
consistently exceeds that for the smooth tube. It aIs,: 
contrasts with the experience obtain4 with pure match 

for which roughness increases boll-i t , and ( ‘,, mui 
though not to the same extent. One maq infer f’rolli 
this fact that the Row around the roughnesses mu\t bc 
particularly unfavorable to heat transfer. A scric\ i)i 

cvperimcnts ( I I) in which the AON o\er a set of cavitlcx 
was visualized for values of C* that arc‘ typical TOI- pipe 

flows. illustrates the type of phenomenon that might 
occur. In theseexperiments thccavitic\ \+crc to 4mulati~ 
the roughness elements and it was \c:i’n that for \aluch 
of c* in neighborhood of the “full? rough” condition>. 
periodic large-scale fluctuations promoted the I:\- 
change of fluid between the cavitie\ ;~nd the main Ilo\! 
Such an exchange would certainly promote heat 
transfer. and the presence of polymers mlpht inhibit 
exchanges of this kind. 

Sl_:MMARY AND CON(‘1.I SIOW 

:4 Cdirly extensive set of data LV;I~ obtained lor the 
heat transfer and friction coefficient\ of Polyox \;olu.- 
Cons in a smooth tube. A rather wide range o! 
Reynolds numbers was cohered and c~uperimcnt\ LVXC 
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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 near 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 hydrauli~lly “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 RUGLJEUX AVEC DES SOLUTIONS DILUEES DE POLYMER!? 

Resume-Une serie d’exptriences B tte pratiquee sur des solutions aqueuses diluees d’oxyde de 
polyethylene (“Polyox”), dans le but de determiner les coefficients de transfert thermique et de frottement 
dans des tubes lisses et rugueux. Les essais ont tstii faits avec des solutions contenant respectivement 
10 et 50ppm de polymtre. Des resultats typiques pour le tube lisse ont montre que le coethcient de 
frottement est reduit par un facteur de 3 et que le coefficient de transfert thermique I’est par tm facteur 
de 5. Quant au tube rugueux, les coefficients sont riduits beaucoup plus radicalement. L’efBcacite du 
polymtre diminue dans le domaine des grands nombres de Reynolds et cette diminution est attribuee B 

la deterioration du polymtre. 

WARMEUBERGANGS- UND REIBUNGSKOEFFIZIENTEN FUR VERDijNNTE 
POLYMER-L~SUNGEN IN GLATTEN UND RAUHEN ROHREN 

Zusammenfassung-Zur Bestimmung der Warmeiibergangs- und Reibungskoeffizienten fiir verdiinnte 
Losungen von Polyathylenoxid (“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 ausgefihrt. Typische Ergebnisse fir das glatte Rohr zeigten, dal3 der Reibungskoeffizient 
um einen Faktor 3 und der Warmeiibergangskoethzient urn einen Faktor 5 vermindert wurde. Fur 
rauhe Rohre wurden die Koeffizienten sogar noch drastischer vermindert. Die Wirkung des Polymers 
lie8 im Bereich hoher Reynolds-Zablen nach und die Verminderung wurde dem Zerfall des Polymers 

zugeschrieben. 




