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CHAPTER I 

I NTRODUCTTON : 

The effect on viscous drag due to the oresence of certain 

additives in aqueous solutions has been known for some time. Most 

of the information oresently available is concerned with internal 

flow~. such as nine flow. This oath has been followed mainly for 

reasons of convenience. Ho\'1ever, recently more emnhasis has been 

~laced on the effects of additives, for examnle lonq-chain rol~ners 

on external flows, such as that of liquids over a flat plate, or 

around blunt or streamlined bodies, as for example the case of shin 

hulls. 

Several investiqators have observed, in the laboratory, 

reductions in viscous drag of up to sn nercent but as yet are 

still unable to determine the exact mechanism by which the drag 

is reduced. This nhenomena of drag reduction ~as heen observed 

for concentrations of oolymer solutions which were sufficiently 

low (between 10 to 100 weiqht narts oer million oarts of water) so 

that the solution for all oractical purooses retains the orooerties 

of the 5olvent. This, to some extent, deoends on the ool.vmer 

tyne since some exhihit non-Newtonian characteristics at even 

l wppm, whereas, others have only slight prooerty changes at low 

concentrations. 

At nresent, low concentration polymer solutions are 

being used to reduce the drag in the oumpinq over long distances 

of oils, water, and other liquids. 
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Further, it is honed that, when better analytic or 

exnerimental methods are available to n.redict the effects of long 

chain polymers on boundary layer fl0\'1, polymer solutions will 

nrove to be a feasible way to reduce the draq on submarines or 

surface vessels. For merchant vessels this feasibility would 

entail a lowering of the transport costs, whereas for naval craft 

it could mean a higher maximum soeed and/or larger cruising 

distances. 

This thesis is one of a continuing set of investigations 

beinq conducted in this laboratory into the field of liquid 

boundary layer nhenomena and presents the results of an exoeri­

mental study of the boundary layer formed on a flat rlate situated 

in a free surface water channel. The flat nlate was subjected to 

flows of homogeneous rolyacrylamide solutions 1-Jith concentrations 

from n to 75 narts ner million by weight. 

Velocity profiles were obtained at a large number of 

nositions alonq the olate in order to determine the effect of 

11olvmer additives on the velocity distribution, growth and other 

houndary layer rarameters, and also to correlate the dra9 oredicted 

usi nq the velocity distribution \•tith direct draq measurements. 
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CHAPTER II 

LITER/\TUqE SURVEY: 

The use of lonq-chaih nolymers to reduce the viscous 

draq on bodies has been under investiqation for the last twenty 

vea rs. 

In 1948 , Toms (1)* ohserved that th'? flow rates in 

t urhulent nine flow of monochlorbenzene could be qreatly increased 

hy dissolvinq in the monochlorbenzene small accounts of l)Olymethyl­

rnct~accvlate. He attributed these results to the wall effects 

ntit fort·1ard hy Oldrovd (2),who suqqested that in the immediate 

ne iohbourhood of a solid wall, a preferred direction could be 

in t roduced into a normallv isotrooic fluid and in the case of 

these nolvmers, an abnormally rnobi1~ laminar sublayer might exist 

and nroduce an anoarent velocity of slin and hence an increase 

in t~e flow rate. During ~is exnerinents, Toms found that uo 

to a 50 nercent reduction in turbulent viscous drag could he 

ac hieved. 

Numerous su bsequent measurements have confirmed Toms ' 

di scoverv and have qeneralizerl it to include the neculiar behavior 

observerl in the turbulent flow of all high molecular weiqht 

nol vme r sol utions oast walls. 

l\ thorough theoretical analysis of the turbulent flow 

of non-elastic, time indeoendent, power law fluids was given by 

Dodqe and ~1etzner (3). They perfonned experiments using Carbonol, 

* (rlum hers indicate references in reference list). 



sodium carboxymethy cellulose {CMC), slurries of attasol and 

attanulqite clay which verified the original analysis. It can 

be fairly well concluded that the qeneral flow phenomena of the 

nseudonlastic. time indenendent, nurely viscous fluids have been 

solved. However, in their exoeriments, Oodqe et al. noticed 

that the friction factor obtained from the solutions of CMC did 

not aqree with their theory. They attributed this deviation 

to the fact that the CMC oossessed visc~-elastic properties while 

the other solutions tested were truly viscous liquids. 

White (4), in 1962, found from oioe flow exneriments 

\•tith Guar gu'l1 solutions in various concentrations, that drag 

reduction occurs only above a certain threshold Reynolds number 

which deoends on the nine diameter. Below this critical value 

of Reynolds number the fluid exhibits nonnal Mewtonian behavior. 

Elata and Tirosh (5) nut forward another correlation 

based on the results of their draq reduction exneriments usinq 

dilute aqueous quar qum solutions. For various concentrations, 

their data, when clotted on a qraoh of 1/ Cf versus ln(Red Cf), 

q~ve a family of straiqht lines, and since the slooe of such a 

straiqht line for a Newtonian liquid is suoposed to be inversely 

nronortional to Prandtl 's mixinq lenqth constant "k", they 

concluded that "k" was no lonqer a universal constant. Meyer (6) 

re-evaluated their work and oointed out that the constant "k" 

had not changed and that the variation in the slooes was due to 

a thickening of the laminar and buffer layers near the wall. 

4 



Hershey (7) explained the dra9 reduction nhenomena by 

the concept of relaxation times of the nol.vmer solutions. When 

a Newtonian nolvmer solution is flowinq turhulently, a typical 

Newtonian friction factor behavior would be observed, orovided 

5 

the relaxation times of the major oortion of the nolymer molecules 

are small cornnared with a time scale characteristic of the flow. 

If the latter value was smaller, high freouency eddies would 

transform into low frequency eddies hefore relaxation could 

occur. The enerqv dissinated would then be lower and thus cause 

turbulence suopression and drag reduction. 

Furthermore, Pruit and Crawford (8) found that for 

turhulent flow in nines, increased molecular weight, within any 

homoloqous nol.vmer series, increases the drag reducing efficiency 

of the no 1 vmer. 

Love (9) conducted an exnerimental invPstiqation into 

the effect~ of injecting non-NewtoniJn fluids into the turbulent 

houndarv layer fanned on a flat nlate. The drag on the plate was 

oht~ i ne rl hy comnutinq a momentum balance across a nlane in the 

1·iakt:. normal to the free stream flow direction, usin<i a velocity 

nrofil ~ at that nlan~. The ejection of weakly visco-elastic 

solutions of a macromolecular oolvmer at the leadinq edqe of the 

nlate decreased its draq coefficient by as much as 50 nercent. It 

\</as found that, for a given ejection rate and free stream velocity, 

there was a solution concentration for which the drag coefficient 

was a minimum. He conjectured that the relatively sharn loss of 



effectiveness for high concentrations may have heen due to 

insufficient mixinq of th~ additive into the turbulent bounrlary 

layer. 

6 

Love showed that ejection of neutrally bouyant snherical 

narticles, ~nnroximatelv the size of the macromolecules, had no 

effect on the rlraq of the olate, thus indicatinq t.,at the draq 

reduction is nrohablv .~ssociated \'dtb the visco-elastic nronerties 

of the solutions sturJiect. 

Emerson (1'1) te5terl shir morJels in a towing tank 

~avin~ a dilute aaueous nolymer solution in it. He renorted 

s11hstantial viscous draq reduct.ion wit., concentrations between 

10 and 1 0~ parts ner millicn. 

Dnve (11), in 1966, tested a ship model with injection 

t~rouo~ 90° slots in t~e sides of trc model and confirmP.d that 

draQ reductions can be nbtain~d when the additive is injected 

directly into the boundary layer. 

Km·1alski (12) tested the effect of injecting additives 

on thP. frictional resistance of a flat plate, and also two shin 

models. Polymer solutio"s were injPcted into the boundary layers 

of a tornedo shaned body and a 19 foot motor boat. A draq reduction 

of Jn ~ercent was observed for the former while the latter 

exoeriencerl at l~ nercent decrease in drag. 

Meyer (6), in 1966, obtained an eouation which 

satisfactorily correlated existing data for the frictional 

characteristics of the turbulent flow of a dilute, visco-elastic 

non-Newtonian fluid in a pipe. The equation included two parameters 
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which were characteristic of the visco-elastic fluid. one of which 

i·ias strongly deoendent on both !'.'Olyrner solute and concentration 

and the other arneared to be constant. and inde~endent of the 

nolymer solutes which were used for the research recorded in 

the report. 

~~eyer found that the data could be presented in the 

form of a universal logarithmic velocity profile, the turbulent 

nortion of which could be expressed mathematically in the form, 

~* = A log (.Y!-'*) + B 
. \/ 

which for !lewtonian fluids was given as 

A = 2.303/k = 5.77 

and B = 5.5 

The effect of non-Newtonian additives was found only to change 

the value of B. This lead Meyer to assume that the laminar 

sublayer had been made less sensitfve to disturbances in the 

fluid ahove it and thus it becomes thicker. 

Smallman (13) nerformed exoeriments on a disc rotating 

in aqueous nolymer solutions. He found that drag reduction 

caused by increasing concentrations of oolymer reaches a maximum. 

and reported that for polyacrylamides MRL-159 and MRL-295* this 

noint is reached when the concentration is hetween 100 to 200 

* (Manufactured by Stein-Hall Limited). 
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narts oer million, and he observed that at these concentrations 

even the most orecise viscometer {onerating in the laminar regime) 

fails to indicate any significant change in viscosity as compared 

to that for water. 

On the basis of his work, Smallman felt that the theory 

which best exnlained the drag reduction phenomena was the 

Turbulence Sunpression Theory which may be stated as: 

"in any flow oattern taking nlace in a fluid 
to which has been added certain nolymers in trace 
quantities, the flow characteristics of the fluid 
will be unchanged in the laminar flow regime, but 
the eddies occurring in the turbulent flow regime 
will tend to he Sijnpressed. The flow in the 
turbulent reqime will therefore tend to dissipate 
less energy than was the case before the addition 
of the nolymPr5." 

Sherman (14) correlated data on drag reduction in a 

oioe flow influenced by four tynes of oolyethylene oxide and two 

tynes of polyacrylamide. He found that t'1e draa reduction could 

be nredicted knowinq the molecular weight, the molecular structure, 

and the concentration of the solution. He also found that, at 

a qiven Reynolds number, the drag reducing effect increases 

1.·1i t h concentration to a maximum and decreases for hi gher concen tra-

tions. The concentration reouir~d for the maximum effect was 

nronortional to the nolymer molecular weight. He found that a 

qenera 1 i zerl curve could be obtained by plotting fractiona 1 drag 

aqainst the nroduct of concentration and the effective molecular 

lenqth to diameter ratio. 

Kowalski (15), in a second naner, investigated the 

nractical use of so-called non-Newtonian additives in reducing 
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draq on full size shin5 with the aim of reducinq the quantities 

of additives which were nreviously thought necessary. He nerfonned 

tests on the effect of the anglP. of injection, the effect of 

nulsinq the in.iection, and on the ~ffect of the nolvmers on the 

microscale of turbulence. The character of the turbulence was 

ohserved to change from a small amplitude (high wave number) to 

larqer amnlitude (low wave number) turbulent velocity fluctuations, 

':Ji th the introduction of no 1 ymer. 

Kowalski suqaested that thP. change in turbulent viscous 

draq was due to a shift from high freauency dissinative eddies 

to lower frequPncy oredominately energy conservinq eddies and due 

to an increase in the viscous sublayer thickness causing a 

reduction in velocity gradient at the wall and thereby a lower 

shP~r stress at the houndary. He also noted a nersistence 

P.ffect in which thP. effect of tlie nolvmer on the flow lasted 

a considerable lenqth of time after injection ceased. An 

injection of one second duration folloNed by a ten second pause 

was alnost as effective as continuous injection. He hyoothesized 

that if the boundary is saturated with nolymer, the time required 

for the nolymer to he washed off the surface would account for 

the nersistence effect and slin may occur which also reduces the 

draq. Furthermore, injecting the polymer almost narallel to the 

surface was found to be ahout 10 times as effective as injecting 

normal to the wall. 

On the basis of his research Kowalski felt that by 

combining narallel injection and a pulsing technique, 195 pounds 

.... ,. " 
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r'ler hour of oolymer could reduce the drag on a submarine b.v a 

very siqnificant amount. 

Goren and Norbury (16) correlated information, between 

1%4 and 1967, on the friCtional draq, velocity distribution, and 

concentration distribution based on RP.ynolds number and polymer 

concentration level for fully developed turbulent flow in a 

2 inch diameter nine. 

They obtained a maximum drag reduction of 71 oercent 

at a Reynolds number of 1.5 x 105 for solutions having a nolymer 

concentration of 1n weight oarts ner million. For higher concentra-

tions the rlraq reduction was found to be smaller. The drag reduction 

effect occurred only above some "critical" Revnolds number which 

was indenendent of concentration. They also found that the 

oolymer additives influenced the flow, as s!iown by altered velocity 

r'lrofiles, only in the neighbourhood of a solid wall. 

White (17) proooserl a correlation for flat nlates 

t'->ilsed on Meyer's (6) 1·1ork for nines. \>!hite assumed that Meyer's 

e<iuation in the form 

u 1 vU* U* LJ* = 1< ln (-·· -) + 5.5 + r1 ln {r-J *) 
v 0 

(where the subscriot o renresents the Newtonian case) holds for 

the boundary layer on a flat olate. When a = o the nrofile is 

that of a Newtonian fluid. From his analysis White gives the 

interoretation that the local skin friction coefficient on a 

flat plate with oolymer additive is equal to the Newtonian skin 



friction coefficient evaluated at an effective Reynolds number 

R~ I = 
U* ka. 

Re (u *) 
0 

This same relation was also found to hold for nipe 

flow. However, in aonlying this "effective Reynolds number" 

conceot, external flows hehave differently to internal flows 

hecause of the different manner in which U.* varies with the 

Reyno 1 ds number. For fl ow in a nine, U* increases with Reyno 1 ds 

numbP.r, so that the polymer causes a skin friction reduction at 

larqe Reynolds numbers. On the other hand, for flow over a 

flat nlate IJ* decreases with Rex' since u1 remains annroximately 

constant, hence the ool.vmer reduce!> plate friction only at low 

turhulent Reynolds numbers anrl the effect will not be noticed 

above some threshold Rex. 

Kowalski (1 8) presented a review of his work in January 

1a~q ~nd qave the followinq conclusions on turhulence within 

tl-ie hounrlar.v layer r~11ion. He stated that; "l1hf'!n a nolymer is 

11 

i nj Pcterl i) the enerqy spectra shifts towards lower frequencies, 
away from the dissinative end and towards the conserva­
tiv~ end of the snectrum. 
ii) microscale turbulent eddies are suonressed and large 
eddies ar~ enhanced. Since small eddies are responsible 
far conversion of enerqy into heat loss es, dissipation 
of enerav into heat is reduced. 
iii) transnort of turbulent momentum is reduced cutting 
down on the energy loss from the boundary. 
iv) velocity nrofiles become less steer at the 
boundary resultinq in a lower wall shear stress." 

L~tto (19) on further analysis of the work of Shen (20), 

also found that t'1e velocity nrofiles on a flat nlate with nolvmer 



injection obey the universal logarithmic profile law in the form, 

.!L = A 1 og ('yU*) + B 
U* " 

with the effect of the polymer beinq to increase the value of B, 

thereby anpearinq to show an increase in th~ thickness of the 

buffer and/dr viscous suhlayer. They also concluded that the 

iniection anale and injection velocity play an important role 

in the effectiveness of a given polymer solution. 

Virk et al (21) exa~ined the phenomena of onset of draq 

reduction in nine flow and found that there apoears to be a 

critical wall shear stress below which a polymer solution behaves 

essentially as a Newtonian fluid and drao reduction is not 

ohserved. They emhodied this findinq into the form of a critical 

wave number, Wc = 11~/v, which they evaluated as 470 and 53f1- ~m' 
' for two different sets of oipe flow rlata for aoueous solutions of 

a nolvacrylarnide with a molecular weinht of ahout 2.5 106. It 

was found that within any homologous series of a polymer thP. 

critical wave number varies as the inverse of the sqare root of 

the molecular weig~t. 

12 

1-lhite ( 22) nrooosed a m(ltbod nf rletermininq the critical 

1,mll shear stress by plottinq the wall shear stress of a polymer 

solution aqainst the wall shear stress for the solvent alone, 

where both values are evaluated for equal boundary layer thick­

nesses. A logarithmic plot of these values results in two regimes 

which are both described by a straight line. Relow the critical 



wall shear stress '. To , the wall shear for the polymer solution 

is equal to that of the solvent. Ahove this critical value the 

results may be described by an eqation of the form, 

Too = ( Tos)N . 
Toe Toe 

13 

Nhere ~. , is an exponent which depends on the ro lymer, type of sol vent 

and concentration. 



CHAPTER I II 

EXPERIMENTAL APPARATUS: 

1 . The Fl ow Sys tern 

The flow conditions were set up in a tiltinq flume 

which was oart of a recirculating flow system (Fig. 1 ). A 

huilt-in concrete reservoir beneath floor level served as a 

sumn. The maximum canacity of this reservoir is about 1900 

cubic feet. I\ sinqle staqe centrifugal pumo*, driven by a 

three-ohase, a.c. motor+ is used to oumo the water from the 
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sumo to a con~tant head tank located about 10 feet ahove the flume. 

A mesh screen serves as a filter to stop foreiqn matter from 

enteri nq the flume from the '1ead tank. At the entrance to the 

channel a honeycomb filter was used to align the flow, and as 

far as oossible, reduce the free stream turbulence in the test 

section. /\fter discharging through thP. flume, the water is 

returned to the sump via a drainage channel built into the floor. 

Another filter was incoroorated into this channel to prevent 

debris from enterinq the sump. 

2. lhe_Jqtinq Flume 

The flume itself is Jn feet long with a rectangular 

cross-section 12 inches wide and a maximum allowable fluid deoth 

of 18 inches (Fig. 2 ). It has a 10 foot convergent section 

* Canada Pumos Ltd. 1400 U.S. gal/min., 1150 r.o.m., 20 ft. head, 
10 H.P. 

+ Robbins and Meyers Co. 3q,, 55V, llA, 1140 r.p.m. 10 H.P. 
continuous duty. 



unstrearn of the flume which receives water from the constant 

head tank. The flume is hinged at the uostream end and is 

sunrorted mid way along its length by an adjustable jack which 

~llows the flume to be tilted with resoect to horizontal. 

The side walls of the channel are made of 1/4 inch 

thick qlass to allow visual observation of, and ontical 

measurements on the flow in the channel. Two accurately aligned 

rails are arovided on top of the side walls for instrumentation 

carriaqes. The floor of the channel, which is solid metal, has 

threaded holes at one foot intervals along its centre line for 

insertion of measurinq probes. 

A valve between the head tank and receiving section of 

the flume controls the volumetric flow rate into the channel, 

while a tail qate at the downstream end of the flume controls 

the fluid derth. 

3 . The Flat Plate 11.1odel 

A flat plate model (Fiq.3 \ 4) was <lesioned for this 

exneriment which consisted of two main sections, the sunnortinq 

structure and the working surfaces. 

15 

The sunportinq structure was constructed of alexiglass 

and 1:1as susrended from a oair of carriages above the flume. Two 

guard nlates were orovided, one on each side of the channel, to 

which the flat plate model was fastened, and which served to 

minimize the effect on the model of the channel side wall boundary 

layer ( Fi q • 5 ) . 



The moving part of the model was constructed of brass 

structural members with nlexiglass surfaces. The cross-section 

was G inches hv 3/4 inches and the flat top and bottom surfaces 

1·1ere 52 inches in lenqth. A thr~e inch long wed<ie nose niece 

anrl a 1 1/2 inch wedqe tail niece were provided to minimize the 

~ff~cts of form dra~ ( Fiq. 6 ) • 
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ThP model i·1as sunnorted in the ouard nlates by berylium­

conner leaf srrinq stock with th~ largest moment of area in the 

verti c~ l nl ane so as to nrovide su~ rort for the wei qht of the model 

(Fi q. 7 ) . !~ o.,.J~ver the main nurnose of these 11 c; nri nqs" \IJaS to 

all ow Movement in the longitudinal direction while actinq as 

snrings in this direction. A Schaevitz Engineering Comnany, 

li mited differential variable transformer (LOVT) 1·1as installed 

h"!tween t he tail sectior. and the solid sunoorting structure to 

Pl<'nsure disnlnc~rnents of' the mod~l \vith resrect to tt ·e sunf)ort 

in t he lon~itudinal direction. The combination of this disnlace­

rnr> nt transrlucr-?r and t'1" snri ng dfrct of the beryl ium-cooner 

5unnort svst~m nrovided an absolute ~ethod of measurinq draq. 

At 2 inch intervals along the centre line of the 

bottom of th~ ~l a te 2R nressure ta~s were drilled which were 

connecterl by vinyl tuhinq to a nressure sensinq annaratus. 

The anqle of inclination of the nlrtte could be adjusted 

at the noint ~~ere the structural members were connected to the 

travellinq carriaqes. The nlate was norrnall.v located about five 

inches from the bottom of the channel with its leading edgP. 

-



bet\,1een 11 and 15 feet from the beqinninq of the flume. 

4. Auxiliary Instrumentation 

Velocity C1rofiles WP.re measured using the hot-film 

anemo~eter technioue. The velocity sensitive nrobes used were 

manufactured hy Thermo-Systems Inc., U. S. /\. A constant 

temoerature anemometer, Disa, Constant Temoerature Anemometer, 

model 55A01, was used as a controlling unit. The outnut of the 

aner.iomP.ter was fed into a Honeywell model 6305, digital volt-

meter havinq a five fiqur~ numerical readout. 

The hot-film prohes were mounted throuqh one of the 

threaded •mJes in t!'ie hottom of the channel on a vertical 

traversinq mechanism 1tthich allowed measurements of movement in 

thr vertical direction of 0.001 inches. 

The eneroizinq and output readout system for the draq 

transrlucer was a Schaevitz model TR-100, Carrier Amnlifier 

Indicator. Th~ outnut from this control unit was fed into a 

Honeywell Two-Pen Electronic 19 Lah Pecorder. 

The tuhes from the pressure tanrings were fed into a 

Scani-Valve Cornn. 48P3 - 453, 48 nort valve. The chosen port 

was routed to a Scani-Valve Como. PDCR4, ! 0.2 PSID oressure 

transducer. The above mentioned Honeywell 2-pen recorder was 

also utilized for port identification. The readout of the 

nressure transducer was ohtained by a Scani-Valve Como. POCA3, 

P-Ducer OSC-Carrier AMP, and displayed on the previously mentioned 

Honeywell digital voltmeter. 
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EXPERIMENTAL PROCEDURE: 

1. ?vstem PreDaratio~ 

CHAPTER IV 

It was initially necessary to comoletely clean the water 

circulation system before using it, as any contamination could 

affpct the results. The water was drained off and then starting 

at the hiqhest noint all of the walls of the tanks were scrubbed 

with a coarse brush and then hosed down. The walls of the channel 

were cleaned to remove any accumulated grime. The sumo was then 

filled with mains water 1:Jrich was circulated through the system 

for a short neriod. This water was then drained off to avoid 

the oossibilitv of dirt, which had settled in the mains while 

not in use, from affecting the tests. All the surfaces of the 

storage tanks and channel were aqain washed down to insure the 

ahsP.nce of contaminants. Finally the surm reservoir v1as filled 

anain with untreated mains water. 

If, at any time durin9 the ensuinq exoerimental work 

it was felt that the fluid nronerties could have been chanqed 

due to the riresence of foreiqn matter or degraded 11olymers the 

~hove ~rocedure was reneated. 

2. Solution Prenaration 

The exoerimental work was perfonned using the flow of 

a horiogeneous aqueous nolymer solution through the circulating 

system. The nolymer used was a non-ionic, high molecular weight 

nolyacrylamid~ sunrlied by Stein-Hall limited under the trade 
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name Poly Hall r.mL-402, and was sunnlied in a fine qranular form. 

The moisture content of the samole was determinect by 

weiqhin~ a small ~uantitv nrior and after baking it. Th~ bakin0 

oneration consisted of nlacinq a saml'lle in a refractory furnace 

for tl'm ho1Jrs at a teml'lP.rature of 22() de11rees fa'1ren'1eit, the 

time .:.tnd temnerature as recommP.nd~d tw th~ manufacturer. 

Kno111i nq the t-ase area of the StJmn tank, the vo 1 ume 

Cf')ntainerl, and therefore the 1r1eiaht of water could be assessed 

frotn t h2 derith of the fluid. To this 1·1ater was added a 1:1eiqht of 

nolvmrr w~ich would, after the effect of moisture content was 

de te~nine~. yield a ha~ogeneous solution of dPsirPd concentration. 

T~12 ~inal concentrations used 1r1ere n, ?.5 and 50 narts of l"\Olymer 

'1Cr riillion 11;:irts of \:!ater f'y \ICiriht. 

It was found th~t, anl"\arcntly, the most effective ~!thod 

of dissol vinn the nolymrr was to finely s~rinkle the nowder into 

the wat0 r casc~ rlina from tlie end of th2 flume as it was heinq 

rc•c: irculated throurih th~ svsteM. This af"DP.ared to eliminate the 

f~ncul'1tion effect tliat v1as observed 1t1hen tlie .,nlvmer wac; added 

t ori rnliescent or even an aerated solvent wfiicl1 was h<?in"! aoitated. 

The hot-f i 1 m nrohes us rd v.Jere tvne ~!o. 1212-6'1111 general 

nurnose orobes manufactured hy Thermo-Svstems Inc. Since the Disa 

anernometer 1·1as not v1el 1 matched to the nm..ier requirements for the 

TSI orohes, an overheating ratio was chosen so that at a maximum 

water velocity of three feet per second the anemometer volta9e 

outnut 1·1as anrroximately 20 volts. 
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It was found that variations in tlie water temnerature 

had a nronounced effect on the nrobe characteristics which could 

not he comnensaterl for, due to the fact that the Disa anemometer 

harl only a three decade resistance variation. This nroblem was 

overcome by installinq an auxiliary continuously variable 

nntentio~eter in series with the lowest decade. 

The nrohes were calibrated in the workinq solution by 

establishinq a velocity in the channel and com~aring the outout 

of the nne111omete r \•1 ith the V'!locity determined hy a combination 

of nitot nrobe and visual observations of the velocity of neutral 

den~ity narticles. 

For low velocities (less than about 1.5 ft/sec) the 

vel ocity was obtained bv determini~q the time reauired for 

neutrallv houvant oarticles to travel a given distance with the 

water flow. For hiqher velocitiPs a nit0t nroh~ was used to 

determine the velocity. For velocities between l and 2 feet oer 

second, there was close aqreernent between thP calibration methods. 

It was found that, after a neriod of use in the homo­

geneous solution, the hot-film sensor output decreased, which was 

annarently due to a build uo of polymer molecules on the probe. 

Hm·1ever, creatinq a disturbance upstream in the flow, or brushing 

the film with a soft brush appeared to remove the molecules and 

the orobe resumed its normal operating characteristic. 

4. Dra9 Transducer Calibration 

The draq measurement set up was calibrated while the 
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nlate was submerqed in quiescent water to negate any houyancy 

effect. 

The draq measurement system was cali11rated by aoplyinq 

weights to a fine thread which was nassed over a frictionless 

oulley at the tail gate and attached to the rear end of the plate, 

and noting the relative displacement. This rrocedure 1-Jas employed 

before and after any draq measurements were made to ensure 

renroducihility of the measurement svstem. 

5. Test Procedure 

Ry adjusting the solution flow rate and denth of solution 

in the channel, a free stream velocity of 2.21 + 0.01 ft/sec was 

achi~ved in the test section. 

The flat nlate model was then located with its leading 

edge over the hot-film .,robe which vias mounted throuqh the bottom 

21 

of the channel and a velocity nrofile traverse was made ~eroendicular 

to the nlate. The model was then moved forward alonq the rails and 

another velocitv traverse was made. The plate was moved forward 

a total of 14 increments of 1 1/2 inches for each solution 

conc~ntratinn vieldinq data for 35 velocity nrofiles for each set 

of flm1 conctiti0ns. r1eam·1h ile, the outrut from the rlisrilacernent 

transducer was continually observed in order to ensure that no 

chan~e had taken nlace in draq, which would h~ve indicated a 

chanqe in the effect of the flow media. 

Initially, the nressure distribution along the nlate 

was ohserved but was found to be smaller than the accuracy of the 
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a~sociated measurin<J eouinment and was tlierefore neglectP.d. 

~!ormally, the teri11eraturr. of tlie solutions varied 

~·rt1·1r.en 7°°F anrl 82°F durinq the tests. I\ variation of temnerature 

insirle this ranne had no noticeable effect on the instrumentation 

but if a variation outside this ranoe occurred no results were 

Finally, the variation of draq with concentration and 

tim~ \'1as d"'t~mi n~d over a nP.ri od of 3 davs for concentrations of 

1, ~5, Sf' and 75 wprm. 

fniti~lly, the rlraq with zero concentration was detennined 

usinn untreated mains water. Th~ concentration ~·1as then increased 

to ?5 wnnn and th~ drag was recorded over a 24 hour neriod. The 

tests 1:1r.rc re"' ea ted using concentrations of 5() 1·inrm and 75 wrnm. 

These concentrations were ohtaine~ ~v a~dina more oolymer to the 

nr~vious solution. 
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CHAPTER V 

PROCESSING THE EXPERIMENTAL DATA: 

This discussion is limited to the methods emoloyed to 

corre·late the raw exoerimental data into a form which would show 

the effects of oo 1 ymer on boundary 1 ayer fl ow. 

For each value of distance x along the flat plate model 

a non-dimensional velocity orofile, u/U1 versus y, was drawn using 

the calibration curve for the hot-film orobes and the output voltages 

from the anemometer. Typical orofiles are shown in Fig. ( 8, 9, 10) 

where the station number corresponds to one of the 35 profiles 

taken along the olate for a given concentration. 

Values of u/u1, for 35 predetermined values of y, were 

ounched onto Fortran compatable computer cards using a Benson­

Lehner Oscar analogue to digital converter. This converter divides 

a preset soan, in either coordinate direction, into a thousand 

intervals and when the axes of the instrument is nlaced over a 

ooint the coordinates of that ooint in either or both directions 

may be read onto a nunched card. To simplify calculations and 

increase accuracy, predetermined values of y were chosen prior to 

using the converter. 

Using this data, the function (~ - (~ )2) was evaluated 
1 1 

for the chosen values of y and numedcally integrated from -M- = O 
l 

to ¥,- = n.99 usino a trapezoidal annroximation method to yield the 
l 

momentum thickness. These determinations wPrP oerforme~ on a computor 
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for all stations alonn the nlate, so that the outout enahlerl a nlnt 

of e versus x to be drawn. A corrPlation between e anrl x was 

obtainerl in the fonn of a nolynomial hy makinn use of a least 

squares curve fitting subroutine on the ·IBM 7040 computor. Points 

which lay sinnificantlv further than two standarrl deviations from 

the fitte~ curve were dis carde~ as heinq suspect and the remaininq 

points v1ere fitted 1t1ith a polynomial. This deriverl function for e 

is shown in Fi~ures (1, 9, 10, 11, 12, and 13). 

For a boundary layer with zero pressure 0radient and u1 

is a constant, \\le may \·trite the "on Ka rman '·1omentum Inteoral 

e~uation in the form 

anrl since 

then r:;: = 

11 2 de 
· 1 rJx 

2 de 
rlx 

and therPfore the local coefficient of friction mny be determined 

from the momentum thickness orowth nrofiles for any value of x. 

The friction velocity !!* rriay he exnresseri as 

11*
2 = 2 Tof P 

2: 0 
I' 2 = - x nu 2 

_. , 

1 

or 1.1* = (C )1/2 x u, f . 



Then, the data for u/U1, y, u1, x and e were entered, 

together with a final comouter program which was used to evaluate 

the parameters U+ and y+ in the Universal Logarithmic Velocity 

Profile: 

u+ = A ln y+ + B 

where u+ = u 
U* • 

u+ is evaluated from the equation, 

u u x u, 1 
U* = u,- x U* 

and y+ = yU* 
\I 

These logarithmic orofiles are shown in Figures (14, 15, 16). 

This program was also used to determine the Reynolds 

number (Rex)' and using the trapezoidal approximation, the frictional 

drag of the nlate was evaluated. The drag was calculated from the 

exoression 

L 2 
o = t f cf u1 dx. 

0 

The variation of Cf with Rex for the three concentrations 

used is shown in Figure (17 ) while the variation in draq with 

polymer concentration is shown in Figure (18 ). 
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CHAPTER VI 

DISCUSSION OF RESULTS: 

It is difficult to compare the results of the exoerimental 

work reported here with that of previous researchers, since at this 

embryonic stage of development, very little information is available 

on the effects of aqueous polymer solutions on the boundary layer 

Phenomena in external flows. Most of the published information 

on oolymer solution flow is general and since in the majority of 

cases the oarticular conditions under which orevious research was 

carried out are unavailable, only ~ualitative comparisons can be 

made. 

1. Polymer 

Some workers in this field of endeavour have made use of 

different tyoes of polymers which cover a large range of molecular 

weights and prooerties . This research was oerformed using a ooly­

acrylamide Polyhall MRL-402 (a non-ionic, high molecular weight 

rolyacrylamide, supnlied by Stein-Hall Limited), since it combined 

the advantages of hiqh molecular weight (of the order of 6 to 

7 x 106), relative stability and a comparat·ively large solubility 

in water. This tyoe of polymer was also chosen in consideration 

of future research since it is felt that the polyacrylamides are 

one of the few types of polymer presently available which may be 

analysed by gel oermiation chromatographic or electron microscopic 

techniques and whose properties and molecular distribution may 

be reoroducible from one batch to another . 
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2. Degradation 

At the beginning of the research it was feared that 

degradation of the polymer solution may oresent a definite problem. 

Very little is known about degradation of polymers at present but 

researchers have felt that any or all of the following factors may 

nromote degradation;aqing, mechanical shear, or chemical or 
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bacterial action. There was no reasonably simple method of simulating 

the effects of degradation eQuivalent to the degrading forces in 

the flow system. However, it is felt that no appreciable degradation 

occurred during each test. One solution was used over a oeriod of one 

week and the data taken at the end of the week agreed well with the 

results taken five days earlier. Since this was the lonqest period 

over which a solution was used before the t anks were cleaned and a 

new solution made, it may be safely assumed that degradation was 

not an imoortant factor. Also in the tests in wh i ch drag readings 

were continuously recorded over a 24 hour period, the directly 

measured draq did no t change a noti ceabl e amount . 

3. Velocity Profiles 

The major analysis of this reoort is based on the velocity 

orofiles taken in the boundary l ayer and therefore, measurement of 

the hot-film probe position and anemometer output were of the utmost 

imnortance. 

The output of the anemometer was fed to a Honeywell 5 

figure display, digital integrating voltmeter which was set to integrate 

over a one second period. The variation in this voltage reading was 



observed until the output could be evaluated to the fourth figure. 

This ,outout was always greater than ten volts with an uncertainty 

of the order of 0.05 volts and this would infer a maximum error of 
+ -1/2% in the voltage. In converting this voltage to velocity by 

using the calibration curve for the orobe the maximum error in the 
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velocity would not exceed 1.5%. There was also difficulty in 

determining the position of the hot film sensor. The sensor supoorts 

could be made to just touch the flat olate surface by observing 

the mirror image of the orobe, which resulted in a small gap between 

the sensor element and t~e plate. This small but finite distance 

was estimated using the sensor diameter (0.006 inches) as a comoarison 

and aooeared to be aporoximately 0.002 inches which meant that the 

hot-film centre line was about a minimum of 0.005 inches from the 

olate. However, due to the effect of the solid surface at this 

close nroximity to the olate, the velocity determination could not 

be ascertained with any accuracy and therefore a larqe error in the 

profile in the viscous sublayer could have been incurred. At larger 

distances from the nlate the solid surface was assumed to have a 

neqliqible effect on the performance of the hot film probe. 

Ty~ical developing velocity orofiles for the three 

concentrations O, 25 and 50 woom are shown in Figures ( 8, 9, 10). 

It is noticed that the profiles for a polymer solution have a 

larqer boundary layer thickness and a lower velocity gradient at 

the wall than for oure water which would suggest a lower skin 

friction coefficient. 
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It is generally agreed that the censtant A in the logarithmic 

law eouation, u+ = A ln y+ + B,is reasonably universal at a value 

of about 2.50. However values for the constant B have been reoorted 

varying between 3.7 and 5.5 for pure water. The value for B obtained 

in this research is 3.43 (Fig. 14 ). For a 25 wrmm polymer solution, 

the value of Bis increased to 4.55, Fig. ( 15 ). 

The variation in the values of B for pure water may reflect 

on the water used in the determination as any foreign matter would 

tend to change the fl ow structure. Since a standard orocedure has 

been used in this exoerimental work and the water used is from one 

source, it may be assumed that the change in the value of B is due 

solely to the effects of the polymer on the flow phenomena. 

Comparing the universal logarithmic profiles for pure 

water and the 25 wnpm aqueous oolymer solution, the qualitative 

results are as exrected. The value of A is aroroximately 2.Sn in 

both cases and the increase of the value of B with the addition 

of polymer to the water appears to indicate an increase in the 

thickness of the laminar sublayer. This is in agreement with the 

deductionr; of previous investigators such as Meyer (6), White (17) 

and Latta (19). However, when the logarithmic profile for the 

50 wppm solution is examined, a marked deviation from what might 

be expected occurs, Fig. ( 16 }. A single curve is no longer 

sufficient to describe the profile. It appears that for each value 

of x it may be possible to draw a straight line through the data. 

From the graph, it is aoparent that the slopes of any of these lines 



are much Qreater than the slooe obtained for untreated water or 

the 25 wnom oolvmer solution. It also aooears that the further 

alonq the olate in direction of flow (station 1 is at the leading 

edqe, 35 at the trailing edge) the larger the value of B for the 

50 wonm aQueous nolvmer solution. 

30 

Kowalski {23) observed a similar behavior for hiqh 

concentration injected flows. His experiments consisted of ejecting 

nolymer solution from the nose niece of a flat plate into the boundary 

layer. He exnlained the difference in the profiles as beinq the 

result of diffusion of the rolymer solution into the free .., L1t:Jm. 

For the injection of larqe concentration solutions, the solution 

would diffuse into the free stream and thus concentration qradients 

would be established both normal and oarallel to tlie main flow. 

Therefore, each orofile would be representative of different concent­

rations and concentration qradients ~nd would not be P.xnected to 

qive a universal orofile. The data of Latto (19) shows this same 

tendency for hiqh concentration injected flows . 

The data for this research was taken for a homoaeneous 

ariueous nolvmer solution and consequently, this arqument would not 

annear to anrlv. The oersistance effect which Kowalski ~ 15) oostulated 

mav nossihly exnlain some of the results of this renort. That is, 

if the nolvmer was attracted to the nlate surface a larger concentration 

of nol .vmer may accumulate near the olate which would lead to a 

polymer concentration qradient near the surface. This attraction 

may nossibly he due to electrr ~ tatic charqes on the flat plate 

model and a nolarizing tenden1 y of the oolymer molecule . This 

electrostatic attraction could well describe the nersistance effect 



renorterl hy Kowalski. 

4. Momentum Thickness and nraq 

The qrowth in the momentum thickness is shown in Fiqures 

{ 8 to 13 ). The momentum thickness for the 25 wppm polymer solution 

when compared to that for water is larger for low values of x but 

31 

the qrowth curves cross at some value of x. The momentum thickness for 

the 5() 1r.1ppm solution, however, is always greater than for pure water. 

This n.henomena was also ohserved hy Latto {19) in his reoort on 

in j ectecl flows. l!e noticed the tendency for the momentum thickness 

t o he 1 arqer at l 01·1 values of x than for pure water anrl that the greater 

thP. amount of polymer inJectP.rl the larqer the momentum thickness. 

These momentum orowth profiles for the pol .vmf'r solution nev"t crossed 

eac h other but all had a tendency to cross the curve for cure water 

at some laroe value of x. 

The da t a for the 25 wppm solution are not significantly 

different, in a statistical sense, from that of water, havinq between 

a 10 anrl lS~ chance of the difference between the two being due to 

rando!ll errors (see 1~f'rend i x II). However, the rlata for the 50 ~<1pom 

solution are found to be siqnificantly different from that of water. 

Of more imnortance, however, is the slooe of the momentum 

thickness nrofile which is directly pronortional to the local 

coefficient of drag. The relationship between Cf and Rex is shown in 

Figure ( 17). It can be seen that the local coefficient of skin 

friction for the 25 wppm solution is predominantly lower than that 

for watPr hut converges as P.ex is increased. This is in aqreement 



w1th the work of others who have noticed that there is a critical 

Reynolds number above which no drag reduction is felt. 

The Cf curve for the 50 wppm solution is different from what 

might be expected; the values for this concentration being 

predominantly larger than the case for untreated water. The 

measurements for this particular concentration were repeated using 

a different type of hot film probe and the results of both runs were 

in agreement. It must therefore be assumed that the results indicate 

the actual characteristics of the flow. An explanation of this will 

be attempted in a later paragraph. 

The directly measured total drag as a function of concentration 

is shown in Figure (18) and the form of the curve is as expected; 

the drag reduces as the concentration of the polymer is increased 

until a limit of drag reduction is reached and thereafter the drag 

increases above the minimum value, as the amount of polymer in solution 

is increased. The drag due to viscous shear, as calculated from the 

skin friction curves (Figure 17) is compared to the total drag in the 

following table. 
·-
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CONCENTRATION SKIN FRICTION DIRECTLY APPARENT PROFILE 
(wppm) DRAG MEASURED DRAG 

( lbf) TOTAL DRAG ( lbf) 
( lbf) 

0 0.082 o. 110 0.028 
25 0.083 0.088 0.006 
50 o. 114 0.072 -0.042 

The drag variation with concentration obtained from the veloci ty 

profiles does not show the same behaviour as that obtained by direct 

measurement. As the concentration is increased, the viscous drag 

calculated from the velocity profile data becomes a larger portion of 

the total dre[lg, and at 50 wppm the calculated viscous drag is larger 

than the directly measured drag. 

------------·-----·-----·----- --------------·-··---~---·-----------···---·- ·-·-·--- ---··· --·---- - --- --- ---- --·-·----- ····-· ---·-· -- ------- --------- ------ -----
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Fro~ the a~ove, it can be seen that the measured total rlraq 

relationshin anrears to he in complete aqreement with that ohtained 

hy orevious researchers. However, the variation of the velocity 

nrofiles and their dependent alaehraic parameters, the momentum 

thickness, the skin friction coefficient rin<i inteqrated draq 1: 0 not 

he have as \·inul rl he exrected, but no other data are anparentl y 

available to make comnarisons with. 

All bodies of finite thickness exnerience eddy sheddina 

when suhi~cterl to the flow of a real fluid which results in profile 

draa on the hodv. Tl1e introduction of nol.vmer into the fluirl 

ann~rentlv tenrls to decrease the loss of enerqy in turhulent erldies. 

Thus, if the eneroy lost due to eddy shec'dinq is re<iucerl by the 

nresence of nolymer in the flow a net r0duction in rrofile c'raq will 

result. This phenomena most likely accounts for the reduction in the 

total draq that has heen observed. 

5. rritical Wall Shear Stress 

A loqarithmic olot of wall shear stress for the 25 wpam 

nolvmer solution versus the Willl shear stress for the solvent alone, 

as nut forwarc! hy 1-'hite (?2) is shown in Fiqure (lq). It is seen 

that the curve has two reoions. At low values of wall shear the value 

for Pie l)Olyrier solution is identical t0 the value for the solvent . 

. l\hove the so-calle(I critical i.1all shear stress 'Oc• the value of the 

shear stress for the polymer solution is lower than that for the 

solvent. The ~ivision hetween the two reqions for this solut;~n was 

found tn occur at a wall shear stress of Toe = n.n111 lbf/ft2 . For 



shear stresses above 'De' the curve can be fitted with a r0lationship 

of the fonn, 

anrl for the nolyacrylamirle solution of concentration 25 wopm, ~! is 

found to have a value of N = 0. 9'16 • 

f'eferrinq to Fioure (17), the valt1e of r.f at which the 0 

and ?5 wnof11 ctirves cross is '1.0n22 which corresoonds to a critical 
? 

wall shear stress of o.n1n~ lhf/ft'-, or a critical friction velocity 

of 0,0736 ft/sec. Fxnressinq this friction velocity in the form of a 
1 1 wave num'>er, \·Jc = 7f.7n ft = 252 -cm llssuminn that the critical 

•·1ave numher, 111ithin any homoloa,ous nolymer series, varies inversely 

as t he sauare root of the nolymer molecular \'1einht, as pronosed !:>y 

Virk, t he eauival ent critical wave number correcterl for a molecular 
F. 7 1 weiqht of 2. 5n x in .) from lQ has a value of ~le= ~04 cm' This 

aqrees favourably with the values obtainerl by Virk for a 

rol yacrylamide of molecular weiqht 2.5 x 10°, t 11at is, 47'1 anrl 

53n -1- for two different sets of pipe flow data. crn 

The analysis of this thesis is hased on the assumntion 

that since the polymers are added to the water in very minute 

ouantities the behavior of the resultinn solution ~rill he essentially 

that of the solvent. That is, thenno-physical properties of the 

solution are not appreciably different from those of nure water, 

and since the mass ratio of polymer to \'later is of the order of 

S x 10-s, it would appear that this is a plausible assumntion. 

It is known that aaueous polymer solutions can he visco-elastic, 
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however the degree of visco-elasticity is somewhat dependent on 

the concentration. The degree of divergence from Newtonian fluid 

behavior and the criterion for determining the concentration at 

which the solution can be considered aooreciably non-Newtonian 

are vague. Some oolymers aopear to exhibit visco-elastic effects 

in concentrations as low as 1 wopm while other polymers do not 

have an aooreciable effect on the viscosity of the solution when 

dissolved in higher concentrations. ~lthough there is no data at 

nresent available on the visco-elastic oronerties or the thenno­

nhysical nronerties of aoueous nolyacrylamide solutions, it i s 

felt that, in light of the data ohtained in this work, changes 

in these nrooerties may be the key to the mechanism of drag 

reduction. 

Since there is no evidence to the contrary, and the 

results of this research aonear to be reoroducible, the as-; 1_.m:i~ ~-ion 

that the ohysical nrooerties of the solution are not significantly 

different from those of the solvent must be at fault. This may exnlain 

the annarent contradiction that the viscous drag, calculated from 

the velocity orofile dat~ for the 50 wpom solution is larger 

than the total drag measured directly as well as the deviation 

of the loq-law orofiles, from the universal form that has been 

observed by other exnerimenters and is also confinned by the 25 

woom solution. It is felt that much more research needs to be 

carried out on the thenno-ohysical orooerties of aqueous polvmer 

solutions. 



The results of this exoerimental work aonear tc ~ n~ icate 

that much more work needs to be carried out in the area of reducinq 

draq by using polymers but much oromise is given for future aoplica­

tions. It seems that, at this stage, it is important that the 

microscooic behavior of the boundary layer in polymer solution flows 

be examined more thoroughly to gain an insight into the mechanism 

of drag reduction. From the ex~erimental data, it would apoear 

that, even though the nolymer is dissolved in the water in minute 

auantities, it may considerably affect some of the thermo-physical 

oronerties of the solution. Unfortunately, at the time of the 

research there were no simole methods available for determining 

these nrooerties. 

Since this is apparently the first attempt at assessin0 the 

effect of pol ymers on external boundary layer phenomena throuqh 

extensiw~ velocity 11rofile rlata, a nositive contrihution has been 

:nilde. It has f' P"r shmin that there is il critical wall shear stress 

wh ic h must he exceeded before nolyrners have any effect on viscous 
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draCJ and is ana 1 ogous to the onset criterion for nir:ie fl O\IJ. f'.t oresent 

t his criterion can he deV~rmined exrerimentally only by the analysis 

of extensive data on external flows. A comparison has heen 1 .a, '".\ 

between rlirect total drag measurements and indirect viscous draq 

calculations which has inferr~rl that the introduction of polymers 

into the flow effects not only the viscous draq but also the profile 

draq. 



CH/'iPTER VI I 

coru:1.11s1n ~.1s: 

/'l.s a summary to the previous discussion, the followinq 

conclusions may be drawn: 

1) Draq reduction was observed as expected. The maximun 

draq reduction was of the order of 33o/, which occurred for a 50 wpprn 

concentration of nolyacrylamide with a lenqth Reynolds numher of 

about 
F. . 

l "5 ,,, .... • .' . x . 

2) ft critical wall shear stress, analogous to the onset 

shear stress in ripe fl ow work, was observed. For the polyacryl amide 

of molecular l'IP.if!ht H/, this critical shear stress was determiner! to 
2 have a maqnitude of 0.011 lbf/ft . For wall shear stresses below 

this valuf', the oresence of ool.vmer has no effect on the viscous draq. 

3) /\, critical wave number was determined which had a value 

of 252 -1 for tre ro 1 yacryl amide used. Hhen corrected for the cm 
~olecular weiqht effect, this value aqreed with the values r~ r a 

pnlyacr.vlamide determined by · l.firk (20). 

") Profile (Iraq is apparently reduced \I/hen rolymer is 

arlrle0 to external flows due to t~e reduction of enerqy losses caused 

by e~dy s'ieddinq. 

S) The thickness of the viscous sublayer of the boundary 

layer is arirarently increased hy the addition of nolymer to the flow. 

n) The momentum growth profiles for aaueous polymer 

solutions form a family of non-intersectina curves, which intercect 

the solvent curve at increasinq distances alonq the olate as the 

concentration is increased. 
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CHAPTER VI II 

RECOMMENDATIONS: 

One of the most noticeable observations of this experi­

mental work is the lack of available data on the effects of the 

controllinq variables on the results, for examole temperature, 

nol .vmer deqradation, contamination, injection techniques, 

electrostatic effects, etc. Therefore, before more research of 
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the oresent nature is carried out, methods of detennininq the thermo­

nhvsical rrooerties of the solution and the effects of the external 

variables on the solution should he examined. It would be extremely 

useful if simple methods were available for determining the concentra­

tion of the nolymer, the absolute viscosity and molecular weiqht 

distribution of a given samole so that useful correlations could be 

made. 

If more research is to be carried out, similar to this 

work, the author would advise the investigation of different methods 

of measuring velocity nrofiles, such as the use of laser anemometers 

or at least the use of different smaller hot-film nrobes which 

should yield better results in the sublayer. Also, methods of 

determining the local viscous shear on the surface of the o1ate 

would yield data which could be correlated with the skin friction 

coefficient calculated from the velocity orofiles. Finally, means 

of attaining higher Reynolds numbers would allow a better inter­

oretation of the data. 
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APPENDIX 1 

Error Analysis 

The error analysis ·shown here does not attem~t to show the 

magnitude of all the errors but attempts to indicate the relative 

significance of each of the errors. This is because the calculations 

involved tend to be statistical in nature and the errors are 

difficult to evaluate. 

1. Calibration of Hot-film Probes. 

Using the nitot probe at a velocity of about 

2'/sec, the manometer reading is about 2.0 ! 0.001 cm difference, and 

the anemometer output is about 17.40 ! 0.05 volts,then, since the 

velocity varies as the souare root of the manometer readino, tha t is 

the ner cent error in velocity is } (2~~6) x 100% = 0.025%. 

Usinq the neutrally houyant particle calihration 

method for low velocities, at 1 foot ner second 

AX is about 18 ! 1/12 ft. 
+ · l1t is about 18 - 0.1 second. 

{V = L\X) 
tit 

The oercentage error in velocity is then 1%. 

The anemometer voltaqe reading at a fluid velocity of about 2.2 
+ feet oer second was about 18.0 -0.05 volts. The largest error would 

be encountered at higher velocities, since the velocity varies most 

ranidly with voltaqe in this ranqe of the calibration curve. Taking 

into account the error in the calibration curve, the maximum error 
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that would he exoerienced in the velocity is 1.5%. 

2. Momentum Thickness. 

From the above analysis it can be seen that the 

maximum error in calculatinq ~ is about 3%. Because of the way 
l 

the momentum thickness varies with position along the plate it 

is difficult to give one analysis which satisfies all nrofiles. 

It is felt that the maximum error in evaluatinq the momentum 

thickness is of the order of 0.001 inches. In fitting a least 

snuares curve through the data the error in the resulting curve 

is estimated to be reduced to 0.0001 inches which would reoresent 

a maximum error of about 10% for low values of x and about 2% for 

laroe values of x. 

3. Skin Friction and Drag Reduction. 

It is assumed that the:? error in any oarameter 

deduced from the momentum thickness orofile will have an error 

aooroximately the same as the error in the momentum thickness. 

That is, the uncertainty in the loc~l skin friction coefficient 

will be about 10% for low values of x and 2% for high values of 

x as will be the case for the friction velocity. 

The evaluation of the uncertainty in the 

calculated total drag is difficult to evaluate since it will involve 

a statistical formulation. 

The error in the directly measured drag consists 

of the uncertainty in the calibration of the displacement transducer 

and the error in the instrument reading. This uncertainty is of 

the order of 1%. 
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4. Universal Logarithmic Velocity Profile. 

The errors in the oarameters for this plot are 

dependent on the errors discussed so far. Since most of the Profiles 

olotted are for larqe values of x uncertainties due to errors in 

the momentum thickness will be of the order of 2%. 

Then the maximum uncertainty in the parameter 

LI* will be 6% while the uncertainty in y+ will be of the order of 

3%. 
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APPFMDIX I I 

Statistical Analvsis of ~esults 

This analysis is hasP.d on the difference hetween the various 

rlata noints for the momentum thickness and the best fit curve for the 

nure water data. That is, thP results roe oure water are taken as 

the nari:-nt familv to which comnarisons are made. 

For thP data for our~ water the average weiqhted residual 

is 5 x 10-rn feet with a standard devfation of o.oon373 feet. 

Since the hest fit curves for the momentum thickness for 

nure 1.-1ater and hte 25 wnpm solution cross near mirl-way alonq the 

olate, the data were analysed in two sections. 

For the first section of the curve, the averaqe of the 

residuals of the data for the 25 wopm solution is 0.000103 feet. 

makinq the hypothesis that the data for the 25 wppm solution is the 

same as for pure water and apnlying Student's "t" test, the value 

t = 1.13° is ohtained. For this value oft and 17 deqrees of freedom, 

it is found that there is a 15! orohability that the difference 

hetween the rlata could he cfu!" to chance which is qenerally taken to 

mean t~at the 0.ata are not statistically sionificantly rlifferent. 

For the second section of the curve, a value oft= l.5q is 

ohtained, which for 14 deqrees of freedom yields a lOr orobnt::1 it.v 

level which is considered not qreatly sianificant. 

Perfonning the same calculations for all the 50 wppm 

solution data, the average residual is 0.00108 feet and the value of 

t is 15.6. This value oft corresponds to a significance level much 

smaller than 0.1 % which is interoreted as beinq highly sianificant. 



APPENDIX III 

r~oistur€" Content of Polvmer Samole 

The nolvmer used \'/as a Stein-Hall nolvacrvlamide, Polvhall 

4r)?. The rnethorl 11sP.d is as outlim~d in Chaoter IV-2. 

1·1eiriht of dr.v crucihle 

We iqht of crucihle nlus moi~t samnle 

Meiaht of crucible rylus dried ~amnle 

Moist11re content 

l·Jeiqht of dried nolvmer 

Per c~nt moisture in samryle 

28.56195 qm. 

37 .13810 rim. 

36.85420 qrn. 

n. 28390 om. 

8.29225 11rn. 

3.313 



.I\ PP ENO IX IV 

Calibration Curves 

Calibration curves for the hot-film orobes used are 

shown in Fii:ture (20). The overheating ratio for the cylindrical 

orobe was 0.0057. For the conical orobe the overheating ratio 

was n.100. 

The calibration for the draq measurinq system is shown 

i n Fi qure ( 21) . 
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APPENDIX V 

Data Tables 

The exoerimental data for the three concentrations, 0, 

25 and 50 woom are shown in Tables 1, 2 and 3 respectively. 

In each table the upoer three numbers are the coefficients 

of the polynomial, o = x1x2 + X2x + X3. The number on the second 

line reoresents the number of velocity nrofiles for the narticular 

concentration. For each orofile the first ouantity is the 

corresnondinq value for x, the second is the calculated momentum 

thickness and the third is the velocity at the edge of the outer 

houndarv layer. The subsequent 35 numbers (left to right) reoresent 

the magnitudes of the velocity ratios u/U1 for the values of y 

qenerated hy the computer program. 

Tahles 4, 5 and 6 show the values of the derived parameters 

for the concentrations 0, 25 and 50 wpom resoective.ly. The first 

column of numhers is the station number along the nlate which 

aonears in FigurP.s (8, 9, 10, 14, 15, 16}. 
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DATA FOR CONCENTRATION 0 wppm 
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10.09 0.00204 0.00211 0.005208 0.125181 2.45 
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23"'56 0 .. 00472 0 . 00475 0.004208 0.117192 2.56 
25.06 0.00517 0.00501 0.004096 C.115856 2.56 
26.56 0.00571 0.00526 0.003985 8:·l~ji:2 2.56 
28.27 0.00559 0.00554 0 .. 003858 3. 04 
29.82 0.00574 0 .. 00579 0 .. 003743 0.136487 3ol6 
31.00 0.00608 0.00597 0.00365.5 0 .. 110081 2.57 
32.50 0.00542 0.00620 0 .. 003544 0.108559 2 .. 58 
34.00 0.00614 0.00641 0.003432 0.107086 2. 59 
35 .. 56 o .. 00664 0.00663 0.003316 0.105381 2.59 
37.09 0 .. 00736 0.00684 0.003202 0 ... 103 758 2.59 
38.50 0,.00680 0.00703 0.003098 O.l02l30 2.59 
40.06 0 .. 00807 0.00122 0.002982 0 .. 100314 2 .. 60 
41.50 C.00730 0.00740 0 . ...-002 8 75 Os098577 2.60 
42.88 0 .. 00744 0.00756 0.002773 0.0<}6884 2~60 
44. 56 0.00813 0.00775 0.002647 o.oq4704 2. 60 
46.13 0.00814 0.00192 0.002531 o. oq.2640 2.60 
47.56 0.00791 0.00807 0.002lt24 o. 090699 2.60 
49.CO 0.00851 0.00821 0.002318 0.088713 2. 61 
50.50 0 .. 00807 0.00835 0.002206 0.086554 2.61 
52.00 0.00862 0.00849 0.002095 0.084372 2.61 
54.06 0.00849 0 .. 00866 o.001q42 0.081226 2.61 
55.94 0.00641 0.00881 0.001802 0 ... 078288 2 .. 61 

O. ll 35E 00 LBF 

TABLE 6 

r.ALCIJLd.TED Pl\RAMETERS FOR CONr.ENTRATrr'lN 50 \'mnm 

RE 

1. 6000E 04 
l.1988E 05 
l.5085E 05 
l.8291E 05 
2.1494E 05 
2.4732E 05 
2.8211E 05 
3. l 553E 05 
3. 5068E 05 
3Q7853E 05 
4 .. 1892E 05 
4. 5446E 05 
4.8824E 05 
5.2260E 05 
5. 5696E 05 
5.9121E 05 
7.4711E 05 
8.1663E 05 
b.9293E 05 
7 .. 2758E 05 
7 .6293f 05 
7.9893E 05 
8.3494E 05 
8.6725E 05 
9.0350E 05 . 
9. 3663E 05 . 
9.6841E 05 
l.0069E 06 
l.0426E 06 
l.0755E 06 
l.1085E 06 
l.1424E 06 
1.17.0SE 06 
l.22'35E 06 
l.2664E 06 

::xi 
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