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SCOPE AND CONTr;NTSI 

\ This the3i'j I)re>lents nil expcrim"ntat,,,sudy of the 
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drng reduction effects obtained from injecting additive 

solutions into a turbulent boundary layer developing 

over a flot plate submerged in wnter. Roth direct tnject\on, 

from a reservoir through a slit adjacent to the flat 

plate test section, and ablative coating methods of 10-

tr~ducinG the additive w~re studied. 

Drag reduction data were obtained Cor polymeric 
, 

and micelle materials. The test conditions included ~nryinG 

the free strea~ velocity over the plnte Crom 1.9 to 5.4 

fps nnd injectins the ndditives in concentra~ions oCup 

to 2000 wppm nt rntes up to 50 mt/aec over ,the test section 

oC the flat plate. 

It was found that nlthouuh optimal Injection rates 

exist, drag reduction seems to be a function of how much 

addItive is present in the floF over a tes~ surface and 

not how it vas delivered there~ It was also found that 

ablative c~ti~llB of the type used for -these experiments 
... ' 

seem to have a lon8 life expectancy and produce noticeable 

drag reduction. 
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- _' CIlAPTEIl I 

1 NT 1l0DUCT ION I 
• 

• The production nnd applicntion of Mynthc~ic' bnd 

,orGnnl~ pollmers has expanded considcrably. That troce • 

addi~lons of high polymcrs in solution rcducc drog in 
; 

certain concentrutions has been well established. However, 

the ~ehnviour of polymer solutions. on flows other tl,on 

internal pipe flows h:.s llot yet be"" fully d~,'lc ":ith. 

At the time this research was instiGnted, tllerc were 

approxiru~tely ~i~ht papers avnilhble on drng r~duction 

over flat plates mos~ of which J;cnded"to be ciesc~ve 
or qualitative., Semi-i>mpiric relationships !We difficult 

to establish duc to differrini experimental tcchniqu~s. 
-M 

fcw corrclations nre available thnt,could possibly 

be used for actunl design crIteria. Ultimnte possible 

drag reduction ~redictions, bnaed upon internul flo~. 

datai are availnble. H~wever, the ultimnte drag predictions 

are seldom met and not all of the new polymers hnve 

been investlgnted. 

Some of the main-hinderances to" better understandinG 

of the flow phenomen~ involved nrid the d±fficulty in ob-

rainil'G universnl correlations for di lute polym'er flows are" 

for example, the extre~o\V concentration of the additives 

required lusunlly less thon.40 weicht parts per million), 

the complicated nature of the additive molecular structure 

'" or molecular weight dist~ibution, nn[l the extreme Ben8i~ ., 

I , 
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, 
ti~ity ot these tluids to mechanicol, chemicol and,bnc-

terinl deg~odotion, as well as specific type differences 

which orise from having 0 large number of ndditi"es thn·t 

form these tluids. 
" 

The concentrotinn of p~lymer odditive required tor 

drag reduction or other tlow control purposes is so low 

• 

that for nIl practicai purposes a solution will .etnin the 

thermodynamic nnd physical properties of the soh·cnt'. 
, ,. , 

Thus, even thouGh some polYmers are decidediy non-Ncwtonian 

at very low concentrations, most of the soiutions are 

Newtonian in their general behaviour but nrc seen to 

contoin long chnins at molecuies which appeor tc nIter 

• 
some of the fluid flow mechanisms. 

In the majority of' externnl flows it is obvioUS thot,' 

tor economical appl,icotion, t..,he additive' should be kept near, 

the 11'011. Boundary 10yer inje~tions ond ablotlve contings 
. 

permit such on application olthough the most efficient· 

methods for ~heir employment re~aln u~certain. Injection 

velocity and anGle, pulsing.ot injection and injection 

concentration must all be considered for drag reduction 

ef f ic i\ncy • 

, ~s thesis i8 one of ·0 ~ontinuing s~t of investi~ 

~ations being conducted -in this laboratory, the'present 

program 

data Oa 

of which, i2 "{-obtain empiric nnd theoreticol 

hiSh mOlecular\eight polymer addition flow8 a8 

well as dilute suspension flows and alternative solutions, 
( -in order to estnblish general relationships for determining 

, , 
( 
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skin fr·ictioll coefficient voriotion, oveJ;.o,ll drog reduction 

nnd turlrulent diffusion ch .. rocteriRticR for extern .. l .. nd· , , 
• 

intcrllul flow.a. Experim~tol dotitn were obtnincd in 0 sYRtem-

otic illvcstigotiol,l of 'l\duitive injection into" th~ boundar 1 uy .. r 
.., 

over n flot I,lote. TIte"e d .. to were used to further the 

nbov~mentiolled reltltiollShips. 

Ablotive coutinGs were ·mnllufacturetl and investiguted for 

dr:,!: reducing chnr"ctcrisitics, diffusion rnteH llnd li,fe eXI,ect-

111lCY D.~I 0 ,,_osHiulc economic ~uustitute for dru.g reduction by 

injection. .. 
Vi8C~sity duto were obtniucd for various concentrntiolls of 

lIetcn' 42.~, onc bf the polyncrylnmide"""-';,.ed in thi" , . investigation, ---

to .,c"tabl ish. its phys,icnl behnvior. 
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CHAPTER II 

LITERATURE SUIIVEY: , 

A brl~C survey of the more pertinent research 

on 'e:-:ternul ,Clows Qver Cin~ pintes will bc pres~nted 

here. For a more comprehensive review oC drag reduction 

usine high molecular weight additives ~t is ~ag&ested 

that ~efer~nce be made to recently published, review 

pnpers by -Jloyt (l) und Gudd \ ~)" FUrthermore, summuric,. of 

world literature on this to~ic,ure prepared by the U.S. 

Naval Ship Rese'arch and Development Center under the title 

"ProGress in Frictional Drag Reduction t" nnnual'ly. 

Most analyticul studies of polymer Dolution Clous 

over Clut plates huve been based upon the Bi~ilurities 

between pipe flow nnd flut plate flow, as internal flow 

~ata generally ~s mbre r~adily available. Granvillel3) 

and Glles(4) exploited these Bi~ilarities and ~btained 

a relationship predicting the minimum sk(n friction 

obtainable on a f)at plate by optimum employment oC 

draG-reducing polymerB~ T~e Gilesl4) result is expressed 

as, 

p. I) 

, 
These methods indicate maximum possible drag 

rriductions oC 8a percent or more at Reynolds numbers 

greater than 109• It must be realized'however, that 

a uniCorm concentration oC polymer l~ ensured withIn 

a pipe and that most data orisin~ting from internal 

4 
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fJows is not· length butdi~met~r' Reynolds nu~ber , 

dependent. Injections of polymcrinto developing boundary 

. iayers over flat plutes do not assume uniform concentru:', 

tiolls therein and nre found to diffuse into the'i~ee stream, 
~ 

, , 
thus decreasing in ~o~centration with distance trom their 

point ofintro~uction, ~atto(5). 

Most of the flnt plate drag m~~surenlent experiments 

used either towing tanks E"merson(6), Levy and naviS(7), 

or recirculating open channels Latta et .01.(8 ), White( 9). 

These Jnvestigatioris e~ployed uniform concentrations 

of polymer as the free stream medium and although the 

maximum drag reductionpredictcd by Gil~s was approached 

it was never a~tained. Gener,ally, maximal reduction erfectB~. \. 

a~concentrations of 15 weight parts per were noticed 

million (wppm) with additives having molecular weights of the 

order of 106• Increasing the Re~nold~ number was 'found to 

increase the effectiveness.of the additives. 

The most important series of experimen~s for the· 

purpose of this dissertation and for practical applications 

<J is that 'of 'polynier irijection into tb4 boundnry layer over 

nOat, plate. Love (10) ejected p~r fr,?m Riots 

on each side of the leading 
(). '\. 

situated in a reci~ulatin8 

edgc of a 1.5 ftlong plate. 

water channel. A wake survey 

, . 

estimated the friction reduction on the plate. A 50'pe~cent 

drag reduction was ~btained at low flow rates u~iriS n 50 

wppm average injection concentration/( 

A large amount of datil. were published by Tu\in and WU(14) 
• 

, 
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on ejection qunntities, polymer concentrntions, nnd slot 

'widths for 0 10 by 21 inch fint plllte~ n free strenm 

yeloclty of 8 fps. They, found that the 'optimum dischnq;" 

conc'entrot lon .WO,B 100 I.ppm, a nnrrolt Blot ·lYns best and 

~hnt the fluid should be ejected ot a flow rnte nenr thot 

of the viscous Bubl~yer. 

-'Kownlskl {)l) Investigntcd drn3 reductipn:on n ,19 
, ft 

funl boat with tile lIilll
lY

Or reu;,cillL\.lhc qll;,-nt.lticil 

of polymer required. The tutb1l1cnce wn~ observed ~ 

choulle from. smnll omplitude to lnq;er nmplitude'--

turbulen~vclocity fluct~ntions, with the introduction 

of polymers, He eugaeoted th~t the chonne in turbulent 

viscous drng ItOS due ~o the h!Uh frequency' energy dis

sipatinn edd~es shifting to loiter frequencies thue conser-
, 

vina energy. He oleo not~d thut ~n injection of one 

second dU,rotion followed by a teil second pnuse. wL'ls 

nlmost 019 effective in reducing drag os was that of a 

continuous injection. lie olso repprted finding thot In-

jectinn porollel to the'surfoce WDS abo~t ten times as 

effective os injecting normal to the lYoll. 
i 

Kilian(12) canted n' smooth l'~asB plnte with 

15000, wppm solutio'n of I'olyox I1SR-)Ol • . The solution dried 

on the surfnce ond the whole plnte "as d 
6 . 

towe nt Re.l0', . 
• 

Although thr-poly,mer woshed off after 25 seconds the, flnt 

, -
plnte resistonce \'tas lowerct'i by 10 percent.' 

, 

Tagori und Kim (13), usine a porous plate indicnted 

" 

I 
l 

,J 
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the draa reduction effect may be kept very efficient if 

the polymer is kept close to the vall. 

Astnrita nnd Nicodemol15) recoGniz~d that si!lnificaQt 

errors could Occur in measurement surveYG of velOCity 

distributions when polymers were (,resent. Total pressure tube 

errors in prilymer solutions were attributed to the rollowing 
-' 

pOints; norma1 stress term influences, the time average 
• 

of the fluctuatin~ stre9s~S nrc not slmi,ly relnted to 

-~ , 

the time oVeraue of the velocity distributions, the 
, . 

boundary-Ia$'er thickness on the pressure probe mny be 

large, compared with the probe nize, and possible entanGle-
, " 

ment of the lorse molecules,around the probe itself. A 

lar:ger instrument, in the order of 3/8 inch diameter, 

'-. 
was found to' have negliGible error in var,ious concentrtltions 

of polymer but, a correspondinG 10SB in accuracy of velo-

city profile mcasurement due, to averoging over a larger 

probe area' U'a3 encounterred. It is recommended that pitot-

tube type instruments be uBed only in situations where 

,~recise cnlibrati~ns nrc possible. 

Polymdrs olso tlffccl the flow and heat trtlnsf~r 

ctitlrncteristics' qf cylirtdel'F, thus bot wire type 'probes 

'show significnnt.crror when used in polymer solutions. , ' 

Hot film anemometers ,show mo~e promise but ore still " 

affected by molecular entnnslcments tlnd differing heat 

transfer rates. 

• 
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There is very little information, in the liternture, 

about the di~fusion of polymers in aqueous solutions, 

especially ~ith regard ~o injection from slits "or ~oint 

sources. Information on the effectiveness nnd methods of 

producing ablntive coatings is virtunlly non-existent; 

Comparing existing data is very difficult because flow 

c;onditions vnry markedly between different researchers 

and no dot" exists for the newer much h~llVier molcclllnr 

weight ndditives. 

It has been attempted wherever possible to estnblish 

th .. "results of th1!'Se experimental datn such thnt their 

effects could be trncenble to n particular amount of 

additive present in defineable flow situation. A number 

of additive ,ypes wer used, including one of "a moleculnr 
"I 8 

wei ... ht of/f:-h..,I ordcr of 10 , such that their effects 
~ --.. .. ~ 

I 

could be compared direct 

\ , 



CHAPTER II I 

EXPERIMENTAL APPAIIATUS: 

3~1 The Tilting Flume 

The free stream conditions were creoted within 
\ . 

a 30 foot long tilting flulne with u cross section of 

12.2 inch vi~th and approximnte 18 inch dcpth. A large 

tnnk :.311ppl·icd n CUr.ff~ant. prcs,tiur.:: !lc"-1d to til,.. flt.:r.lc .. ft 

wl\s continuously filled by·a 10 lip 1400· USGP:,! pump drawing 

from a 20()O.cubic foot reservoir into which the flume dis-
... J....,_. 

charged. 

The flume walls are of glass and pc'r"'it visual ob-

servations. Two rails nlong the top of the flume provide 

en accurate datum for l)1easurine instruinentation. It is 

possible to control tile flow by three mechanisms. The inlet 

head is controlled by nn 8 inch gate valve located directly 

below the supply tank, the flume discllarge is controlled 

by n tail gate, and additional head may be prOVided by 

tilting the flume itoelf. 

The syst~m had to be modified n~ it only produced 
I 

7 velocities of 2} fps. Reynolds numbers of 10 were required, 

but the limiting factor turned out to be the pump and 
6 . ~ . 

Reynolds numhers ot 5 x 10 could only be echieved. Higher 
• 

Reynolds numbers could be 6btained by decreaSing the 

hcight of thc flow which produced severely skewed velocity 
. 

.. 

prof~les. The modifications included altering the flume ~atch 

besi~.to prevcnt flooding, baffling the flume so us to reduce 
r ,," , 
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its cro~~1 section thuh~'C:,-lr..Jcinr. the requir("u mllS;; flo\v, 

n vortex dcgcllcr:1tor in the (.!ownpipc frorll the 

h"ader tunk to destroy the I [lr::" ,·o."tici,·s 'CliCh effeetiv,-Iy 

restricted hiGher "IDR" fl·o"·rntl!<', and tiltint; the ":~ 

flume to provide odtlitionn.l h,,"d. ~ 

3.2 The Flnt Plut~ 

The flt.t plntTe, I 'J. 8 lown ln 

boundary luyer wault! bl! formed over thc cnti re working 

Bection. 

Injection Fluid Inlet 
S~spen>lion Sprino 

TeBt Seetio 

. b 0 1 t:.:sj~t'Zllm;~ 
F1xec\_~ 
Plnte Side 

·"lBur~ 3.1 Flat Plnte Detnil , ~ 1 . Detail 

~he plnte is mude of ]/4 Inch stock aluminum, 1 foot 

".lile 0'111 9 feet lonu. There is 06 ineh wide workina 

aection" feet in length mountcd flush 'rith the frome 

plote. Th" workinG section is Buspc~ded from the frame by 

tour .OO~ inch t:ll·ck stl';nlccs steel sprlnl~B which prevent 

vertical movement of tl.e teBt Biction, ye t olio..!'" it to 



I. 

Ll 

move lonGitudinally a(lid"st their combined sprint: rate. 
( 
-

The test sectio(l is flat to withi~ .002 inches and has 

11 

water tight air pockets withi~ it which ~rovide a neutral 

bouyancy in 11ater and reduce the total ".-e r ght on the spring 

mechanism. The test section is connected to a Schae~itz 

linenr variable differentlal(transformer mounted so as 

to allow zero adjustment. A .005 inch, G inch wide 

injection slit, 'loca.ted-'·.lll~t upstream of ' the test section 

allows additive inje~tiuns La be mnd~ parol lei to the 

plnte surface. 
, 

Tubing connects the slit to the injection 

cylinder. I 
The' underside of the frame section'of the plnte 

is attnched to a~I/4 inch sheet of plexiglass using n 

l/a inch rubber gasket which prevents the test section --
from ~ouching the ,plexlglnss and forms a water tight , 

seal around the plate perimeter thus preventing drng 

on the underside of the test section. 

The whole nssembly, ns ,shown in Pigure 3.2, is loca-

ted such thnt the leading e1ge of the flnt plate is 

12 feet dowastream of the flume inlet dovnpipe. It is 

supported by two 9 foot lengths of It by t inch aillminum 

strip.which rest on the flume floor and allow flow under 

the plate. 

Thus the boundary layer. ~:hich is developing alone the 

flume floor passes IInderneath the plite and a reasonably 

uniform flail' field hS supplied to the leading edge. of the 

plate. 
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The resultant flaw impinges upon a blunt 1 1/& inch 

lending edGe whereupon it is subjected to 8 inches 
I /-t number 120 waterproor Bandpnpcr, thesc being turbulence 

tr~.Ping mechnnisms to ensure the flow ficld becoming 

tur~ent at the lo.cst possible Reynolds number of 

:-,. ../ 300, OO~lGurc 5.1 con>f irms thnt in fact turbulence 

was obtained ~t this Ueynolds num~er. Thus turbulent 

4 fcct downstrcnm of thc platcs lcading edge, even 

at frec strenm velocities of less thun 2 fps. 

LVDT---, 
Trnnsducer 

Sec t ion --ll""':::5-.,.:: 

To RegUlated 
",...- Pressure Supply 

Injection Cylinder 

Thc Flnt Plate nnd Auxilinry Equipment. 



3.3 Auxiliary Instrumentation 
• 
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The displacement measurement was accomplished uplnU 

n Schnevltz disl,lacement transducer thut was activated by.n 

SCholit">: 

amplifier 

':': 
Corrier Amplifier Inaicntor model Tr-IOD. The 

",os culibri,tcd usin{; n dend \"Jeinht calibrated 

sprinu ball:nce. Alth"uu h tile calib~ntion rcmained fairly 

constnnt the al'l'Ur"tuR ",ns cnlilJrntcJ bcfore lind ofter 

each set of tc~t3 to ensure'strict results nnd ~buerre 

~~'hCUH'C forci ..... /l l:l:.Jltcr had Lll..cl-fcrcu. \,'j lh t.he free 

movement of the Illrte. 

shoun "in Fi:.;ure 3.). 

3 
Load 

on 2 

Platc
l 

(oz) 

10 20 30 

A tYillcol colilJrotion chnrt is 

, 

40 . 50 60 10 80 

Amplifier Scale Divisions 

Fieure 3.3 Typical Force Calibration of Displacement 

Tranducer Amplifier 

Calibratiou thc transducer readout to provide 

direct draB force measurement eliminated the necessity 

or convertinB'displncement measurements. The tronsducer 

wos found to be insensitive to temperature Changes. 

The ambient temperoture fluctunted between 60 ond 10 

• 

: 

r 
; 
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deGrees F durins ·the Ij r.lolHh expcrimentotion p~'riod' 

but the cnlibr~tion chnrts did not· alter • 

. The fr~e strenm ~elocity on<l velocity profile men-

aurem~nts were mode usinG Novar-Nixon Strcnmflow'veloc~ty 

meters. Use is mnde of the fact thut elcctricrd conduction in 

a fluiu is a function of the speed of rototion of n 

propeller device which displaces the fluid ~ith 

i tH vnnCH. Th~ velocity probe determines th~ nvrrnce 

fiow velocity over 0 1/2 inch diameter.circulur resion 

every second, ten oeconds, or continuously dependinn on 

the fUnction selcct(oll in the displny nmplifler unit. 

0he probe is attnched to n three dimenHionol vernier 

trnverse mcchDllism locnted on the flume top rnlla 

BS shown in figure 3.2. Appendix I deals with the cnli-

brntion of these probes nnd discusses their merita. 

The injection appnrntus consIsted of n Ij inch 

dinmeter, Ij litre cnpncity plexiglnas tube. It ~as 

calibrated in 1100 ml sraduntions nnd wlll< connected to ( 

a finely regulnted pressure supply. The injection . . 

rnte wos controlled by ndjustinG the varinble pressure 

supply nnd meDsured by noting the elnpoed t ir.te~ for 0 

known volume of injection fluid to pnss, ~sinJ 8 stopwatch, 

The injection I<ystem WDB cnpnblc of ejecting up to 60 

ml/sec of highly viscous 2000 wppm ?t'lymer concentrations 

with rorrespondingl Y hiGher rnteli !'olisible for leaa 

viscous fltiids. Th~ great eat injection rntes uRed.were 
tkl 

50 ml/sec for most of the tents. 

r: 
i ' , . 



EXP.;U r~If;NT AI. PI/OCEDU IlES : 
\ 

4. 1 Ccno-"nlo(~lethoct 

CIIAPTEII IV 

, 
The flume flow conditionH were udjuHted Buch thnt 

the required free .trenm velocities were obtnlned nlonS 

with nn ndequnte depth such thnt the velocity profiles 

were not nffected by n inch minimum 

de:) t h , .. \:.'1 i t\ .• It r (> (\ for 

velocities might hnve been nttnined with.n lower depth. 

Accelernted flow nnd skewed.velocity profilen were encoun~ 

tered with the shollow depth teuts nnd drns results 

could not be compared to theoreticnl predictions, vherens 

• the 12 inch minimum depth requirement enDured ndherence 

to theoretienl drng relntionshlps. 

Once thc "flow condition "'IIR well est('olished the 

drno on tho plnte wns'noted from the di"pl~cement trnns-

ducor displny. 'Injections of 125, 2)0, 500, 1000, nnd 

2000 "'ppm were mnde uj num~rous injection rntes ransing 

from 0 to 60 ml/sec. InjectIon solutions were"prepnred by 

diluting 2000 wppm coneentrntions of Ret en 423 (Union Cnr-

• 
bide), Sepernn AP-30 (Dow Chemicnl), Polyhnll 295 lstein-

.lIn11), Polyox WSR-JO nnd nn equimolnr micellnr ~lution 

or·CTAB nnd I-napthol. Five sets of dntu lI'cre obtnined 
• 

by noting the drno modificntionn due to 'inJecti~8 ench 

'or the ·above "o~into the f~ce strenm ndj.ncent to 
--c. 

the flnt plote test section. The free streom velocities 

15 

I 
I 

! 
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were var.ied bet\leen 1.5 and 5.6 fps. 

4.2 Ablative Coatin~ 

The coatings, which ~ere produced by adhering a, 

polymer coating to 6 by 24 
.,.., , 

inch strips ~f blotting 

paper, were prepared three 'different \Tnys. Tile first 

involved soaking the blotting strips in 20,000 .,ppm 

solutions of Heten 423, Heten 42] was applied directly 

to the blotters as nn nlcohol suspension ~hereupon their 
" 

entire surfaces were wette~ in the s~cond metllod and in the 

third the poymeiic powder was sprinkled directly unto 

the wet blotters. 

The effects of unco-ated blotters on the-'test section' 

were checked prior to USing the coatings. The uncoated 

blotters were substituted in piuce of the ablative 

coatings and the resultont drag'charocteristies were 

noted 08 .... 1IIay be seen in (he initial sections, prior to 

teo, of Figures 5.1 and\5.a. In all cnses the blotters 

were nllowed to dry before installation and w~re fixed 

to the plate using rubber cement. 

An investigation into tile effective concentrntion 

of ~he polymer solution in the vicinity adjacent to the' 

blotters 

surfaces 

\"IUS ottempted by ctilleetinu H~m~les over their 
.. ,~ 

and comparing the visco'silie'" 'to 
-# 

known ones. The reNults were interestinG but not v,ry 

Bubstnntiable as .1~rHe volume sa~ples could not be 

taken for dn,u efC,'ctivenem; stutlie,", nnd there is e\'idence· 
\ 

;Which indicate," poiymer,may lose effectivenes.: ".itll 
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dcgradntion but not ncc,"':~~:;arily \piHcosit:.-. 

The blotters "'erl' al30 allo\ ed to dry "fter n test 

-c nnd then rcuticd. The te~,s wer~ eunduel~d.uith frce 

strcum veloeit.ies of 1 fps for periods of time up to I 

hour ,in duration to in,"cstignte the- blotter degradution 

chnrnctcrioticB. 

4.3 I'olymer Solution Prepnrntion 

were prep -.red simi lnri ly, by dispersjn~~ a weighed 

. , 
" , 

quantity of polymer in .,leohol ",,<I then Gently stirring • 

it into;). Inrgc container of 'OJjutcr f~l1ch thp..t n 2000 1":"p,'m 

concentration wnH obtained. 

Al thout;h the solutions ."ere used ,..-j thin 18 hours 

of I)re~rirution no noticcnb e ,lifferenees Were prel;~nt 

U"1th Hctcn ·123 over 11. thr C \7ccL period of storl'.t;c. 

4.1 ~Iicelle Solution Prepa fttion 

The solutions' were 'prepnred, by firnt dissol"int; 

the wcislled qunntity of eTA" in vnter,' to produce n 

5080 wppm totnl eoncelltration with n solu~ion of l-nnphtllol 

which had been previously dissolved in nleohol nnd added 

drop by dro~ ns the ~hole mixture vns beinc stirred. An 

insoluble precipitate could be obtnined if the l-~aphthol-

alcohol solutioll wns ~dded too quickly. Sunlight 

seemed to Give the ~olutions n brumide colourinG· 
../ 

Aginn 

ch'>rncteris tics 

\ 
qunntities lert 

of the sol.utions wcre unkno~n, although 

in storoce ~ere found to 10R~ nil drag .. , 

i, 
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reducinG pr.:>perties. hencc the "olutio"s ..-ere used 

imediately afler their preparation. , 

4.5 Velocity Profiles 

) 
/ 

The velocity mcte .. described ill Scction 3.3 provided 

a direct m~nHu~r~~nt of velocity profile over tllc ~Intc. 

Vhcn required, profilcs l"Iert! taken by placillG the probe 

heau'" llS ncar the plate surfucc os prSiblC anll raising 

. it :.,·()~rt:., ;1 ..... <~1.Y \~ i t~, the \crdi!:r, ~\!)Lill~; \"t:l,.\~·j t it.J .. , 

the head was 1/2 inch ill diameter averuue velocitics 

could not be obtain6d closcr thDII .25 inches from the 

. . 
1\ ... 

tC9t plutc surface. Although lilc ViSC9U" sublayer could 

not bc invc!'ltigatcd·sood· pl"ofiles were obtained uoth 

durln~ injection of additives und at normal free strenm 

condition"". The vi!lcous sublnyer thickncss waB determined 

theoretlc-.111y: for flows with no injcction nnd taken to 

be twice that for flows wiih injcction aB BUH8eBted by 

Hoyt(I). The fluid veiocit)es ut tlle8e distances from 

the wall ~:erc obtained thc.oretically and plotted on th; 

ve.loclty profi Ie plots. A Linear velocity relntlonshlp 

was assumed within the vJscou~ Bublayer. 
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CHAPTER V 

EXPERIMEKTAL RESUl~SI 
il 

All the drag measurements were obtained -from 

the flat plate whi~h ~~rl a surface area of 2 squnre 

-feet. The data, to be presented, uscs,"a" thc, indicat ion 
\ 

oC dr~c, drac on the plate in ozjrt 2 ,which was obtained by 

halvinG 01.1 
2 the data obtained from the 2 rt plate. 

'Figure ~. 1" preseats the d..raC ,charuc tcristics of 

i;hG, apparatus and compares them to theor.\etical values 
( , 

as predicted -by equation 5.1 which considers laminar 

Clow ovcr the initial -le~gth oC n f16t plnte up to. 

a critical llcrnolds number. Tile critical Reynolds 

num,bcr used was 300,000, being thc lowest possible 

for this situation as described by Schlichting(16). 

O.O·(<i 

, Rei" 
L 

Also sh~,wn in ~'i8ure' 5.1 are' thc ll-rag relationships 

for tu~bulcnt flow with no laminar portion assumed 

as defined ,by Equation 5.2, 

F
tot

= O~036 ~ U; L / Rt~/5 
and complete laminur flow as shown by, 

F tot = 0.644 (p ~,U!. L)~. 
. The drag is calculatcd by ev~luatin8 each ot the 

above equations for an 8 foot lone plate and then 

tor a 4 foot long, plate. The difference results in the 

drag on the lost 4 feet of on 8 foot plate. The above 

19 ' 

, (5.1) 

(5.?) 

(5.3) 



) 

l 

, . 

20 

2. 

2. 

2. 

2. 

1.8 

1.6 

1.4 
Dro!; 

., 
1. 

on 

Plnte 1.0 
• 2 

(oz!ft ) 

0.8 

0.6 

0.4 

o. 

o. 
'0. 

0 I 2 3 4 . 5 

Free Stream Velocity, U_(fps) 

Figure 5.1 Comparison of Experimcntal Dras Measurements 

with Theoretical RelntionShiPY. 

• '" 

equations arc for a rlat~ of ~nit width. Slncc the 

'exp;rl';;cntal plate is 1/2 foot widt:, the results' thus 

\. 
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, . 

obtained must 'be halved. 

The apparent agreement between equation 5.1 and 

the experimental data indicates that transition occurs 

at a ~eynolds numb~r ncnr 300.,0.00. and that a turbulent 
J 

-: 
',boundary layer 

/ 

is/ensured 
.

over'the'test section even 

," 

I.i 
at frue ~tream velocities of 2 fps, as well,asin*icating 

that the apparatus is measuring draS reasonably well • 
. 

Tile 5~2 ~~ri~R of fi~\lrOti '~rcscnt tile llrLL~ rcdllctjOll 

data obtained using Reten 423 as a function of injection 

'rate lind concentration,' and free stream velocity. The 

t.D, or change in' drag C,"gures, "ere obtnined by 8ubtractinG 

/the injection drag values Crom the non-injection drag 

values,and dividing them in half to get the drag per square 

toot. The reproducibility of the data in Ficure 5.1 was 

virtuaily 10.0. per cent and absolute drae values may be 

~,bY subtractinn the 5.2 AD values Crom the 

0..6 
-6D 

0..5 
Change 

0..4 
in Dras 

on 0..3 

I',late 0.:2 

l~) 0..1 

Ft 2 
0..0. 

10. 20. 

Injection Rate 

~:"_...{ir--- u .. -4.9 C ps 

3D 

l 
40. 

ml/sec) 

,u.. - 4 tps 

50. 

.-I,sure 5.2a Oran Reduction Data for 20.0.0. wppm Reten 42,3 
,,~ 
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.Figure 5.2c 500 _ppm Reten 423 Injection Rate (ml/sec) 

~~--~~------~--~~----~--~~--~~ 

0.5 

0.4 

0.3 

0.1 

0.0 
10 20 30 40. 

Injection Rnte lml/aec) 

50 

r 
5·4-s 

4 r 
B 

60 . 

Figure 5.2d Urag Reduction uata for 250 wppm Reten 423 
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f 
_--0&----<:>---0--5.4-

~ s 

J.9s!-
r S 

3-

20 30 40 50 60 

Injection Rnte tml/sec) 

Dr,ag Reduction Dntll rnr 125 "PP'" Reten ,121 

corres~ondini values there. 

The dinsrams in Fig. 5..>2 ShO~ the effect of increllsinG 

velocity for n'siven inj"ectio"; rtl,:1 and concentration. The 

5.3 series of figures present the d\\Ll!l reduction dat'a ~ 
,toined for Seper.an AP-30 and POI);hll1h-~5. These figures 

are p1~tted Cor constont velocities and show the efrect of 

increasing concentration at apecjCic lnjection rotes. 

- 4D 
0.2 2000 wppm 

1000 " 
(~ ) 0.1 500 11 

Ct
2 250 " 

,0.0 
r 10 20 30 1\0 50 60 

Figure 5.30 Po lyhall- 295 ot u .. ;'2.8 fps, In,icct ion rote m 

0,2 :1000 "pp01 

- AD 1000 "Pl'm 
0.1 500 "'ppm 

(~ ) 250 .,ppm 
tt 2 

0.0 
10 20 30 40 50 ) 60 

In Jee t i on rote (ml/sec) 

Figure '5.3b Drn~eductlon Onto Cor Seperan AP-30 at 

a Free Stream Velocity or 2.8 Cpa. 

r r 

s) 
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O.O~ ____ ~ ______ ~ ____ ~ ______ ~ ____ ~ ______ ~~ 

o 10 20 30 40 50 

, Injection na~e (ml/see) 

FiBure 5.3d DrUB Reduction Datn for Sepera~ AP-30 at a 

Free stream Velocity of 3.B rps. 
, 

Absolute draB values may be obtnlned ·fro~ tho 5.3 

flnures by usinU FInure 5.1. 

or the polymers tested Polyox-~RS 30 was found , 

60 

to be least effective at the concentrations tosted. Drag 
. 

reduction erfectlvenoss WDS found to Increase with concen-

trot Lon but a 2000 wppm concentration was the maximum 

tested and~' is ftpparent thl\t althoush greater concen

trations "oul.d produce more dran reduction they would also 

• 
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decrease economical employmeni' Fi8ure 5.4 sho~s the 

effect of 2000 wppm Polyox WSR ]0. Although dotn was 

availahle for les~er conccntrations 'it Is uot prcsented 
, 
• 

the mo~~ng effects ,..er~ very slir:ht. 

0.] 

0.2 

O. I 

0.0 
o 

,,_---<:>--:=~:::::==~t= '). ') f!, S " 3.7 fp' 

2.8 fps 

10 20 30 40 50 

Injection Ratc(ml/sec) 

Figure 5.4 Orne Reduction Unto for Polyox WSR 30 

60 

" ,.. 
It ~~ld be noted thot Reten, Sepernn, nnd Polyholl 

are 011 polyncrylnmides'and thnt Polyox iRO polyethylene-

oxide. Polycthylenc oxide is 0 completcly linear molecule 

whereos the polyocrylomides nrc bronched. Altbough Polyox 

WSR 30 hns heen fOllnd lesseCfectivc thon the polyncrylomldc!l 

oth~r polyetbylene oxides mny be more effective. doyt(l) 

compared the concentrations of mntcrinl required to ochieve 

61 per~ent drug.reduction, in pipc flou nt Re.14000 and 

-stoted thut 10 wppm of Polyox IVSR 301, 

not used for tbese experimcnts), would be equivalent 

to Polyball 29) at a concentration of 20 wppm. 

A micelilar type of materinl, Cetyltrimethylnmmonlurn 

'bromide-l-nllpht~CTAB), wos also exnmined for,dl'as 

reducing characteristics, the results of which nre shoun 

in FICtLre 5. 5. ~' 
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u .. - 5 fps 
U .. a 3.7fps 
u. ~2~8rpB 

0.0 0 10 20 30 40 50 60 

FiGure 5.5 

"Injection Rate (ml/see) 

, , 
Drog Reduction Dato for an equlmolar solution 

p r Cetyl tri'a~thJ: lamr.laa i l:;a h,·oln.i(tc· .:tnU l-'I:.p~ltit;)! 

to give a total concentration of 5080 "pplll. 

~. DUring thc course of e~perirnent[\tlon the recirculating 

\Yater supply for the flume "a~: foulled with,-fine alumln'um 

researcher. The particles were a few ten , 
thousnndths of an Inch in diameter nnd their concentration 

wao e~tilnuted to be approximately 200 particles per cubic 

inch of vater. Figure 5.6'sho\Y~ . I hog thc olumiuumndditi~e 

mo~lfles the drug as obtained in Fiuure 5.1.' 

1.0 

0.5 

-<>-0-Pure water (fig 

~AJumlnum powder 

. . 
.. 

0.0L-____ ~~ __ ~ ______ L-____ ~ __ ~-L----~ 

o 1 2 3 4 
Free Stream Velocity 

5 
(fps) 

Figure 5.6 Errec~ of a lIom!>seneouB AluClinum Powder Solution 

on the drug over a Flat Plate. 

/ 



Further experimentation vns, or course, resumed 

afte,r removins the aluminum powdcr from the system. 

The temperature of the injcction fluid rras also 

-
found to have nn cffect on thc mcasured drne in thnt 

differenti.} expansion lor contrnction) Occurred. The 

portIon of thc plate which provided the ttame to suspclld 

the test section did not have contnct with the injccti~n~ 

t',\l!:1 it rc.n,'..itH"c1 ,-,I. thr- rree !;i:tr(",-~n t~r.I!H:rllturr. Thf~· test , 

\section rapidly assumed the injection fluid tempcrature 

during injection nnd its ~enuth vas modifled. AR the men-

surlns instrumentation was housed by the frame portion 

of the plnte a displncement could have been noticed by 

just olteri~G the teml'erat~re of the test section; 

It was iound thnt keeping thc irijection iluid bt the iree 

stream temperature avoided this eiiectand all tIle solutions 

were brouuht to the free strenm tcmpcrature beio~e use. 

Tests ~lsO indicatcd thnt thc drng,chnracteristics 

remained unnltered by injecting water,lnto the boundary 

layer over the test I>ection~ Since'''vatcr-vlls the solvent 

for nil the ndditives tested it must be nssumed that ,what-

ever C1odifications'took place were due to thc presence'of 

the additives themselves. ' ~ 
Figure 5.7 shows the dra~ modification chnrnctetistics \ 

of 011 'ablative surfnce mOUn!~d direc:tly upstreom of 

the test section. The in~al section,of the drna reduction 

curve, up to t.O, vas obtnined uslne nn untreated blotter 

,~ see hov its presence 'uffected the drag resulting 

. , 

\ 



o,oer the test section oC the Clot plote. The 

experIment '\1as conducted ot 'r..= 4 fps, ond it moy 

be noted thot 0 slight ·increose~in· drng is experienced 

over that plotted in Figure 5.1. The dummy blotter was 

then removed and thrcooted b""lotter set in its· place. 
I 

At t.O, the flov was started and brought up to the 

free stream velocity of 4 fps as quickly as possible. 
Q 

The resultnnt drug modification is interc"t ins in thnt 

it continues for a long time. AS the abln~ive cooting 

28 

wos wetted, it grew a geletinous covering which adhered 

to the surface ond \1ould not wash off unless scraped. 

The experiment .WOB. discontinued ofte,r 1 hour and the 
• 

coating was allowed to dry. 1'he geletinous c.oating dried 

up and the test was repeated. The some efCect wos noticed 

as in the first test. No time tribls were performed 

but the blotters seem to have a very long life expectancy., 

,2.0 
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, Force 1.5 

on 1.0 
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(2.! ) 0.5 

rt 2 

0.0 

Figure 5.7 
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.~ 
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and cooting 
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dry I 
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Time (min) 

Drag RedUCing EfCeets or Ablative Surrnee 

1oI0unted Directly Upst'renm of Test Section 

• 
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Figure ')'.8 shows the results of the same experiment 

as described for Figure 5.7 eicept that the Ilblntlve 

surface, which measured} by .2 feet wn~ mounted on the 

upstream hnlf of the test section. 

, 

" , ~
,FIOW ,started over 

ablative surface 
drag ,... . 0 0 o~ __ ~Q~ __ -OO----·1 

Force 

on 

l'late 

all dUIJ~y blotter 
~ 

2.0 • 

,..drag on test 
.,~ section with no 

attached blotters 

1.01-

0.5 I-

0.0 
, • , 

o 10 20 30 
Time 

• 

u .. = 4 fps 

40 50 60 70 

(min) 

Figure 5'.8 Drag Reducin8 Effects of Ablat'ivc Surface 

MQ,!,nted D,ireetly On Test Section. 
. '>, 

Durine the test illustrated by ~13ure 5.8 a number 

of fluid samples were obtnined at various points over the 

\ 
test section using a pitot .tube. The ,viscosities of the 

samples were obtnined using a Brookfield c~p nnd'cone 

viscometer nnd compared to those of known concentrations 

of R~ten 423. 'It is not known whether degrad'ation, if 

any, occured and it ~ifficult to substantiate equoting 

viscosities to concentrations ~ithout performing actual 
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! 

drug measuring experiments vhic~ would cequire much 
, 

larger amounts of snmple. The results/of that invest i-
'" 

gat Ion along with rheoloSical dutn Cor Heten 423 nrc 

presented in 
, 

, 

. I 

" c 



ell APTEfI V I 

DISCUSSION OF RESULTS: 

This research was concerned ~ith producing us~tilr 

drQ~ rcdllctioll dutn. This laborotory 15 filso investic~tinc 

the' dirfusivit~ of, P?lymer injections in liquid boundary 

loyers. The results of thot p~rticulor investization 

moy extend the d"tll presented in Chapter V to allo". pre-

dictinG draG reductions over greater lengths thon 4 feet 

conducted with 0 four root long plnte, it must be under-, 
stood that when drUG forces are given per square foot 

they we~e obtained by dividinG the totol drag force' on 

the plote by two. The exoct distribution of drng oVer 
• 

the length of the plate is not known although an attempt 

to determine it was made by doing velocity traver,ses 

during injectiolls and cstimating thc drog .from 0 momentum 

thickness anolysis. as shown in Appendix II. 

Althoughdato is scnrcC, it is known. that'polymer con-

centration decreascs with distancc downstream ~r' injection ! . . 

ond that the nmount of drng rcduction is concentration 

dependent~ D~c injcction studics i'ndicoted hOlfc,'er" thnt 

theinjcction remoins roirly coherent onec 0 basi~ amount 

of d i r,fusion, "hieh Is frce stream velocity depe'ndcnt, 

h,ad occurrcd. The cohercnt injection travcllcd the l-cngth '> 

" of thc flume upon lcaving thc tcst section (about 10 fcct) 

but it is not wcll cstablished whether the dyc, drffusi~C 

into the free stream, gavc n falsc impression to the limit 

) 
31 
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'o'f the injectt.on boundary by diffu«tng be"yond pcr-

ception. A photogrnphic nnnlysis is ::iven 'in Appendix IV. 
, 

Of, prime iriterest in this study .ns,llo~ the polym~r 

co'nccntrntion nnd Its inject i'OIl rote nffected the drng 
/ 

modificntiolls. The duta pre3:9"ted in the 5.2 series 
",'"' 

of figures muy be" condensed into Figure 6.1. This con-

donsution is possible because the dutn presented in FiGure 
/ 

C).~ in,lic~t·.~ tlli.\tO inj':ctill;~: ~·:'()()D \~'J)il;,t-'C()ilCr::lltr;\t,ir)~ or 

polymer nt 20 ml/sec .. is equivnlent to inject~o "ppm 

t!t 40 ml/sec or 2000. "'ppm ot 10 ml/\eC"1"i th re.B;>ect to 

the ~o~al drng reduction possible. This is especinlly true . , , \ 

with the more wnter Bolunble p~lyucrylnmides. 

050 ml/sec injection rotc 

840 ml/sec ~a 5.4 fps 
0.6 630 ml/scc 

0:10 " 
0.5 

010 4.6 fps ~Q . 

0.4 
AD tt.~ 3.8 fps 

0.3 .--, 
' ....... 

(~ ) u_= .:!.8 fps 
ft~. 2 '-

, 
u..~ 1.9 Cps 

0.0~~~ __ -L~~ ____ 4-__ ~ __ ~ __ ~~ __ ~ __ ~ __ ~ ____ L-J 

o .01 .02 • OJ .04 .05 .06 ~07 .08 .09 .1 .Il 

Totnl Injection ~C Reten 42j" Ism polymer/sec) 

Figure 6.1 Drng RcdllCtioll Chnrnc.teristics of Re,;en 423 
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Thc tothl injection, os sl1o"'n in fil;urc 6.1 is 
a 

obtained by, tnkint; the product of the inj<!ction 'rotc 
a 

nnd ,the uddi ti\'C c_oncentn,tion sho,."n i:1 c:.'l!;h, dfram of 

Fiuure 5.2. This operution yicld~ unitH of wppm-ml/sec, 

but since the mol~culnr wC~Hht of polymer solutions is 

~sscriti"lly the sUr.le u;> thut for ,,."ter., 
I 

the units Lecomc 
,-,/ 

wppm-gm/scc'. InjcctinG 2UOO wppm nt 50 ml/sec intr~duces 

thc boundary loycr aver the plutc •. 

IncrcnGin(J the injection concentration t:,o the paint 

"here '\(.Iditi~ol\ul viscou" dfUG forces will ou'h:eiUh the" 

additional drUG 'reduction pro\'ided by ndding polymer, 
. . -' 

, 

el,ouJd be a function of the total concentrntion present. ,-1 
," , • ! , , 

Tht: dnto, pub! ished b,' 'rulin ,....w \fu(l-!), iad; cntea tl1"t .' 

mDximll~ ~rng rcductiollS OCcur nt illjcctlon rates ~r 

npproxilnotely 55ml/sec/-}ft 'plnte "'i<lth. This optinllll 

injection rntc- <loeB n~t vary enough -to 'CO;lll'cnsntc 

injection cOllccntrntion varinncc in n ~'tr.ct'~ati~. \ 

Their <Intn indi.cotes n ~otio of 3 between the optimum 

injectioll "rate of 50 ,!pi,m lind 300 "ppm, ,,,herena, 16 times 
. 

more 50 wl'"m' conccntrotion adlll'tiou' 8:'0,,1<1 he injecte~ 

to introduce the snme omount of "i101ymer us ':ou1d on g"il 

. , 
,..ppm solutlon. In t e r nr 1 r low u at 0" so C1C 0 f ' .. i1 i eh i a ' 

1 ' 

show,o in Appen<lixV, indicote t,hnt optimlH:l reduction is 

:n ~ct co,,-C'cntrntio'n dependcnt., Thus t-he oppnrsnt 

1 t 't>' v 0 r i ::n, ceo \" ern r In t 'p 1 n't c ' rna, ,.' be optimn ~oncen rn 1?n .. • 

due to con~entrntion arodlents exist inc ulond its length. 
" 
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Very fel: of the injection ,"ntcE; pres~ntcd in 

Chnpter V exc<:ed ',50 IlIl,!:sec nnd nll:lou~h Olost ,of the 
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stnrted to decrenoe. In fnct the IlroS reduction curves 

of 21100 "'PPIlI !let" n 012' nrc stIli increasing (It fn

jection rnt .. " Gre~ter than 5(/Oll/s"c I;hen subjec.ted to 

free .,'trenm v<,loci~ie" !,;rC'lItcr' thnn .\ fps. The,drn!! 

for 800 "PPIlI concenlorlltions, werc found to decr.cnse nbove 
. , . 

injection r'nt" .. of 20.m1/sec. It mu~t be noted however, 

" 'l 
thut they were"usinU l'olyox W~R-301, 10 "wJlpm oC which is, 

reported by 'Hoyt( I ), n's efC,ecti've ns 20 Iyppm,of Polyhall 

If Figure ~.2b is compnred to FiGure 5.3c it mny 

be noted thut 2000 WPP'" Po1yhull 295 eive red uc'li ong 

e'lulv~l,-nt to 1000 "Pl~l Retell. i.s the nctulll drnl! modi-, 

flcntion occtirs over the plnte, the n~ount of Reten 123 

preHe~t-11l the, boundtiry lnyer should be compared 

to the DnlOunt of Poiyhnll required to prodUce the snme 

effects there.- Fi'gure, 1;'.2 show" II 9.:> ""ppm concen-

trntion of !leten In ti,e boundary 1uy~r for II r"rr,e s trcn'" , "r 
velocity of ).B ~ps nndllll inje~tionrnte or 50 ml/scc 

uslllG.n IIIO(1 "PI'~ l"itiul eonc~ntrntion~ 'Under these 
, 4 

snmeCJndltions n 2000 wp,~ concentration of Polyholl 

was io~nd to hnve the snme drag rcduclnu efr~ets~ Thus 

n 20 wppm co~centrnilon of Pol~hllll is equivalent to n, 

.111 "p,lIn concentrntion of lIet,'cn. lIence Reten 42) and 
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Polyox WSH-]Ol m~y have. the same effcctlveness in equal 

concentrations. 

It must also~bc noted that.thc Tulin hnd ~u(ll) 

experiments werc conducted at a free st~eam veloCity of 

8 fps. The 5.2, 5.], and S~ures all indicate th~t _. 
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thc drag reduction curves begin to level ofC at progres-

sive~y increasing injection ratcs with increasing 

fr-cc ;,t.r(";nr.l vclocitic!"cs. Thi~ .. C"ff~ct i!~dtru.'f:eR thut tll~~ 

polyacry,lamldes tested may offer less viscous drag 

than Polyox WSH-JOI since even at lower free qtrenm 

velocities',much greater concentrations injected into 

the boundary 1 nyc .. , did not cause the dr"~ reduction 

curves to decrease. 

The"viscosityof Retaa 42] does·inctease with" " " 

t~ncentration, as shown in Fieure 15.3' so a decrease 

in drag reduction is expected in all the 5.2 Figures 

ai particular injection rates. These inject~on,rate 
" 0 . 
limits may be surpassed in trying to obtnin .Jlny of the 

Total Injections ~rred to in Figure 6.1. This could 

produce 'points which fall below the '"fnitlcated data. 

Hence injection rntes greater 'than 50 ml/sec should 

'not bc uscd in predicting the Toto' Injections. 

It also seems thnt the, ultimate reductions have becn 

." f{lirly. well reached ,in Figure 6.1 and greater Total 

~njections' may result in "lo~er drn8 readctions, thus 

Total Injection Rates should remain below .11 gm polymer, 
?-

per second. 

\ , 

f 
1 
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The tew points which deviate substantially from 

the curves in rlgure 6.1, do eo because they orialnated 

trom hiGh concentratioa, Iov rate injections, at re-

latJvely high free stream velocities, all beins con-

ditions vhich prevent good mixlnU with the boundary 

layer liquid and result in less drng reduction. 

The first attempt at producing an equntion for 

Figure 6.1 rCHulted'in n linear npproxim~t(on which is 

shown in Equation 6.1 and fitted to Figure 6.1 in Figure 

6~lb. 
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. . 
The linear approximation of FiGure 6.lb suggests 

a 2nd or 3rd orde~ polynomial may fit the experimental 

data quite well but it is interesting to note thnt the 

draB reduction is a rather simple fUnction of the total 

polymer injecti"1\ rate nnd, as expected, the free stream 

velocity. Similar procedures seem applicable for the 

othe~ polymerB ~hich were tested· and perllups a series 

of similar equations mny be Ge~ernted emptoyinn n 
I 

constant which would vary from polymer to pOly~er de-

pending on its effectiveness. 

F~gur~ 6.2 is obtained from the concentration 

analyses presented in Appendices 111 and IV for Retan 423. 

Grouping towards the 17 wppm a3ymptote aGrees with the 

internal flow data concluBion that maX}fUUr.l drag reduction 

is obt',ined at t\ 20 wppm concentration, ns shown in 

0.6 'i' 17 wppm 

Q 13.5 wppm 

0.5 0 10 wppm 

AD Ii;, 6.7 vppm 

l~ ) 
0.4 

~ 3,) .ppm 

ft2 
0.3 Q 1.7 wppm 

C> .67 wppm 

0.2 

0.1 

0.0 
0 1 2 3 4 5 

Free Stream Velocity lfps) 

Fi~ure 6.2 Approximated Boundary L.ayer Polymer Concen-

tration Effects .n Drag Reduction 

r 
1 

"J 



Appendix V. Ejections which wouid hove produced conccn

tTations grenter than 20 wppm were not attained nt 

the h~gher rree IItretij veiocities bU~"'here cxcecded 

at low tree stream velocities there is'no indication 

ot less drng reductionll although thcre is no apparent 

increase either. It Is expcctcd, however, that the 

curves shown in 'rigure 6.1 and 12.2 will begin to drop 

once concentrutions of about 30 wppm are exceeded. 

M",dmllm effecL, tire probabiy uttained wi til u 

38 

20 wppm concentrntion but since the drng is bcing mcasured 

over a 4 root length or platc u consistant conccntration 

cannot be ussumed over it. Thc constant concentration 

annlysis {)resented in Appcndix III d~es not account 

tor a distribution providing 40 wppm concentration at 

the leadinu edge of thc tcst scction and 0 wppm at the 

trailing edgc. This would not produce an Average 20 

wppm concentration over the ~'hole plate but would have 

the leading eds~ being acted upon by a concentrntion 

which produces lesll drag reduction than that at .the trailing 

edge. As long.as the relntive proportions of these two' 

ractors remai~ balanced ~he total drag reduction over t~e 

plate wl11 remnin unchanged. It is expected however that 

once more than hair or the piate is experiencing a flow 

withconcentrntion 8re~ter than 20 wpp~ a decrease in 

drag r~duction will occur, and Fig,re 6.2 will have 

curvell of greater cOliccnt-ration .than the . IlSymptotic 

value producing less drag reductJon. 

• 
, 

r ] " 
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At 5.4 fps, Yigure 6.2, in,licates that n 10 times 

dilution of nlf wppm concentration results in only 

n 30~ loss in drag reduction. This effect becomcM 

more pronounced with increasing free strca~ velocity. 

It io real ized. thnt more drag reduction ie possible 

nt higher u.. but it seemo that the poesible drng 

reduction decreases due to dilution will also be lesser. 

Siuce trnce partlclee produce such slgniflcnnt 

amounts of drng reduction it seems that injections 

over very lurge lengths should be very effective. 

Injecting concentrations much larger thnn neccssary 

at the lending edges of lurge surfnces would produce 

aome d~aG reduction, then as dilution progressed, there, 

would be nn incrense in drug reduction until the optimum 

concentration wns reached whereupon there would be a de-

creuse until no truce remained. 'FroM 9ubmersed 

jet 'studies, White ( 9 ), I\nd from the dye studies in 

". 
Appendix IV, it seems that even though there 

ie a fajrly rapid dilution occur ins ne~r the, injection 

point, this dilution'reachea-o concentration at some 

point downstream which docs not dilute very rapidly 

with distnnce. It is suggested thnt a Btuny be uJ~ertnkeu 

to determine the concentration of injected solution~, 

)0 or more feet do~nstream of injection, especially at 

higher free' stream ~elocitles. ' 

fi 
~ ! 

j 
-! 
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Figure 6.) Summary of Maximum Drog neduction Data 

~igure 6.) gives a summary of ftll thc injection 

data presented in'Chapter V. It may be noted that 
, 

although at lower free stream velocities ·It is less 

40 r • , 
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effective than the other additives, Heten 423 is more 

effective at hieher fr~~ stream velocities. This i8 
.:' 

41 

probably due to its hieher molecular weight, whiCh is of 

thc 108 order, whereas Polyhall and Seperan are 106 • 
, 

The eTAB drng reduction is not found to be 

free stream velocity dcpendent, but it is expected that 

at some velOCity it will become ~neffective because 

~icell~r ~oiuti~n~ ure 3hear tllinninU fluidH nnd bellnve 

as ordinary Newtonian flui~B above a limiting Reynolds 

number which is dependent on the flow conditions and the 

micelle concentration, IIhite 19). 

The maximum drag reduction, as predicted by Giles 

in Equation 2.1, is not approached. It is expected 

however that greater reductions are pOSSible at higher 

free Htreom velocities with Reten 423 as the curve with 

injection in Flnure 6.3 is beginning to diver&e from 

the curve,with no injection. Additive drag reduction is 

thought to be based upon some form of turbulence suppression. 

,Since the experimentation'waa conducted near t~e Tranai 

tion Region, due to inadequate free stream velocities, 

maXimal reductiona can not be expected. 

Figure 6.4 shoya percentage drag reduction for 

Reten 423 OB n function of total injection rate and 

tree stream velocity. It may be noted that .although 

higher percentoge reductIons ore .attained at U - 1.9 fpa 

than at 5.4 fpa, ot chanse of decrease 1. 

f 
1 

) 



decreasing a~d it is expected that the percentage drag 

reduction will-rise with higher free stream velocities. 

40 
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0 .01 .02 .0) .01 .05 .06 .07 .08 .09 • I 

Total Injection Rnte tsm polymer/sec) 

Vigure 6.4 Percentage Drag Reduction Curves for Reten 423 

OS 8 function of Injection Rnte and Free Strenm 

Velocity. 

Figure 5.6 Indicn~es thut drag red~ction"mny be 

obtained with .oluminum powder present in a flow. The 

actual mechanlsm "for teduction is not known, but'it 

is ~xpected thnt the pnrticles of aluminum nct Bimilnrly 

• 
to the long chain molecules of the other additives in 

thnt they suppress turbulence to some degree. 

" 



l CHAPTER VI I 

cm:CLUS I ON S,l 

As a summn,y of the foregoing discussions, thr. 

follo~inG conclusiona cnri be drnwnl ' 

• 

(1) The amount of drag reduction ~hlch will occur 

over 0 flot plote Is dependent upon the 

concentration of the drag reducing"addltive 

I'rc"ent in its "icintty Dil.l in,I,,~endent of 
, ,...., / 

the concentration or rate DC (inJection of the 

.additive prior to it beine founa there. 

(2) ,A concentration DC 20 vppm seems to be the 

optir.lum concentroti.l>n for maximum drag reduct ron 

in both internnl nnd externol flows for Retnn 423. 

(3) One wppm of Retnn 423 cun produce Rubstnntlol drng 

reduction, albeit 50~ less thnn nt the optimal 

,concentrotion ot 20 wppm, at the free stream 

velocities tested. Since this efCect is 

/lri~osins with incrensinG tree streom veloci ty, 

it seems that .,economical emplo'~nt of ndditives 

may be o~rained for JfUll Size' ships. 

(4) The coinposite blot.tlng paper-polymer oblnt,ive coatings 

seem to be very durable and sho, .. promise of an 

even more economical additive ~mployment on 

a laq~e scole. 

15) DraG reduction was found to be a functicn of 

the square of the 'free stream velocity,os well 

'aR the total inject Ion rate. For Reten 423 being 

43 
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injected into D developing boundary loyer over 

a flnt plate (which was 4 rt long and} Ct wide),· 

the decrease in skin friction druG over its 

surCnce may be approximated bYI 

where 0in. to~ol injection rote 
or iieten 423 lc;mjHec) 

~ • Cree stream velocity 
" (Cpa) (Dnd should be 

less thnn 6 fpR). 

l6) Immediately after beine injected a concentrD-

tion oC additive ~olution diffuses rapidly but 

grodunlly nttains n concentrntion dependent 

upon both the Clow and injection conditions, 

which diCfuses very slowly. 

n) Reten 423. beinG of higher mo"lecu1c.r weight 

was found to be more effective than the other 

additives tes"ted in reducihg drOll. es~ciolly , 

with increasiog free strcam velocity. 

l8) Calibra~ioll of the velocity meter propellcr 

probe indicates thot propeller eCficiency is , 
reduced with polymer addition.~s expected, 

resulting in a lower frequency.oC rotation 

at a given velotity. -

I , 
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.: APPEN1H~ I 

VELOCfTY PIlODE CALIDRATION J 
A 10 foot dil'lmeter 2 foot de~p tanl: WDS constructed 

which had abo've ita support system wi th. a 4 "foot long 

"arm which could propel the probe concentricD'lly. Dround, 

-'the tank nt linear ~elocitieB of up ~o 20 feet per second. 

Two photo-sensitive relnys were located diDmetricDlly 

opposite ench: other, and, enabled :lccurnte ti:n.,. mensllre:nent 

for whole or holf revolutions. Some of the measurements 

were conducted using a two pen plotter,. one pen recor-

ding the probe output and the other the time intervai 

between relnYs. Thus, usine tneplotter timing mechanism, 

Accurnte 'probe velocities \fere computable and could be 

eomp~red tb t~e probe ~iBnaldisploy~ The tDnk VDS filled 

witft water. and vnribus ,olymer concentrations. 

The c~libration chart used 'to~ the. 
" 

plate v~lo~ity meDsurements is shown in Figure IO.~. 
~ ) 

During the c'ourse of cDlibration it was discovered tllat 

'the' pOSi t i on of the cal i brat ion curve W.DBv,~ery depend en t . . .: 
on the adjustment of tM:~j.n5" jewelied b~'aring which 

y 

... ~ 

;. . ... 
losnted the propeiler "axte~ It th6', be~~inLls':,,.~re ,tood, 100"" 

" \ - ,', . . ~.' 

the propeller would spin too rapidly and a breokdo.wn of . . . 
, 

conduction occurred nt spme velpcity resulting 1n an 

incorrect reDding~ If ~ti'e. bcnring:,,\f~-rc t,ight<;ned until. 
~ . ,- .' 

the propeller n~le siuck and-the~ b.ckcd off slightly 
, '~. " 

the calibration chart- would l\ssume the falm ,of Figure 10.1. 
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FAilure 10.1 Vn'loclty Mct~r ClIl!bratlonChnr,t 

Arter ~n hours·ot· URe the probe wan found to nocd ,bearing 

rO:-lId Juotmel\t 1111 the "call,b~atiOfl'-chQrt 1I1cipe wall round 
• 

to deercnRe. The probeR wer~ ca1ibratod bcr~re And atter 
1 , Any prolonoed experimentation period tn ~nnUTe aecurac,. 

! figure 10.lp~ovi~e. cnllbrntl~nror the \lBe of th~ 

probll in various. j)olymerlc rio" ,&!lnclition". If tho con-. 
I 
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r' /' 
./ , 

centration.of the flow can be approximated, or is known, 

th~n accurate velocity measurements can be mode with 

relntiye ease., Problems, such as those encountered 

with pitot-probcs and hot wire anemomctcrs m~asurinG 

polymeric flows due to molecular entnnulcments about thc 

probes and diffcre~eat transfer rntcs, are overcome 

using this type of piobe. Calibrtitions of concentrations 

less th~n 20 wppm proved almost indi3tinauishublc from 
) 

those of woter moking this instrument ideol for measuring 

vclocity profiles in the boundary layer ovcr a flat'plate 

experiencing n polymeric injection since concentrations 

greatcr than 20 wppm are seldom encounter~1 there. 

The moin d~wback of this type or instrument is that 

l~s a relatively larue size, thc propeller being. 3 

inches in diameter. Thus, velocity rcadings must be 

averaGed over'the prohe orea. n'.ld' finer differentiations 

nrc not directly possibl~. It is possible, howeVer, to 

traverse in very fine stcps ~aking mony overage velocity 

readings,_ and produce reasonably accurate profiles. 

" 
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APPt:NOIX II 

)lOm:NTUM Til ICKNESS' ANALYSIS I 

EstimotJon of the urog distribution over the 

tlnt p.ate was attempted by tnklnu " number of velocity 

profiles durlna nn inJection. The total drnu obtained 

trom this onulysis should RIBO confirm th~t obtained 

/ by the dIrect meosurement procc~ure. 

a Velocity Protilel 

Momentum tllickncBB is defined nSI 

dy .-tll.l) 

where all th,e quantities nrc defined i,n t1&"rc 11.1. 

NormalizIng both DXt:B, ytelds rtgure 11.2 and c'Iul\t!on 

11.2, which Is 

6
2 
.6( u u 

U .. ll -u,1 d\ w,here '\- ~ lll.2) 

.... --u .. ~.---t 

T 
y 

u 

FigUre 11.1 Velocity Protile 

wherc ~ u boun,dnry loyer 
thickncss 

1.0 --_ .. ,---,. 

, I 
1. . --A 

~ 

u 
U. 

.• 0 

FIuurc 11.2 Normalized 

Velocity P.rotllc . 
. ' l 

From F18~ro 11.2 1t may be seeQ that 
u 

A • n .. 
so 

n , , 
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Expand ins Equation 11.2 results in Equation 11.3. 

noted 

I • 2 
~2 a Jr~'\ -j(ltl d , (11.3) 
o (> • 

moy be obtoined by compulinu the uren desi8-
, 2 

in Figure 11. 2. ~(ul d~ moy be obtnin~d 
2 • 

simi1nrly by plotting values of ,(TI.! nGIlinst y 
i in 

Figure 11.2 and then computing 'the corre3ponding 
• 

!lreo. Subtracting the t"v lIr.ou" from Cl\(;;\ olller "nel 

multiplying the refJult' by \) results in u value for 

~2' (S is obtained by notina the distance at which 

t1". occurs neorest the p,lote.) Plotting the vnlues 

of $2 so obtained ut vnriouR pO~ltions olons n flot 

plate results 1n Figure 11.3~ 

, 

~ .. ~ III .~ 

.I.fft.J~ l 
~ I 

r-

~o, 

Distance a'long Plate. 

FiSure 11.3 Momentum Thickness olong the Length of 
II Flat P1ntl>. 

Vall Shear Stress may be defined ns 

'(~.~q; ~ .. , 
lind since the drllg on the plate may be defined na 

D where: ... K plate 
width 
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,. 

the drall on the plate moy be computet! by .. .., 
D D wt~!~X U2 rd~ • Wj ioO ~ di x • (11.6) 

Ir the slope8:~f the curve are tnken rrom Figure 

11.3 nnd plotted against x as shown in F1sure 11.4. 

J~dX m.OYb~ obtained by taking the orea under 
~. " 

the curVe So oht:linf:d.<; 

Figure 11.4 Determlnoti";; ar dl~x from a plot 
dx 

d~~ vs x. ax 

11~2' Draa Approximation u;iQ6 Experimental Velocity 

Prot! les I 

Four velocity profiles were token in 0 flow 

over the rIot plate at a stream velocity or 4.15 fps 

and, ot the some locutions, during 0 50 ml/see injection 

of 1000 wppm concentration of Reten 423. The profiles 

were token at the .lending edgc ot the t.CHt scc.tion 

and .1, 2, and 4. teet downstrcam of it. Figurc 11.5 

prcsent~ the normal.izet! data for flow without Injection 

and Finurc 11.6, the dnto with injection. 

" ., I 

:1 
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, FiUure 11.6p{~ J 2 versus X such thnt the 

slope or the curve may be measured nnd plotted 

. dl~ 
in Figure 11.7 as d vs x. The orca unuer the 

x 11£ • 
cUr,(e in Figure 11.7 yieids <rxi1x c .00936 ft. 

" . The total urn3'on the p~atc is now obtaineu using 

11.6, that (s; . 

D : "j ~f:~h 
l62.4,"4· lr)2 

= .! j 2.2 .) 

• ~156 lbr /Ut 2 

2 
m 1.25 OZr/rt. 

(.0091';) 
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Thisreiult comp~res to 1.45 OZt/tt 2 , as obtained 

by direct measurement. The diacrepency is uue to 

averaging the veiocitles over the probe nrea nnd not 

having enough sample velocity proCiles. 

11.9 and 11.10 correspond to 
. / 

11.5,·11.6 and 11.7 respectiveiy but ro~ tlo~ with 

an i~jection ot 1000 "ppm Heten 423 at 50 ml/sec. 

A similar analisis yi~ds 1.480zt /tt
2 tor urug 

over the test section ror this condition. The measured 

drag Cor this test condition is found to be 1.2 Oz/tt
2 

trom FiSure 5.2b. Other resenrchern h~ve noted a slmilar 

)iscrep.nncy using \omentum. thickness analyses tor dras 

prediction. Collins(lH) noted the decrease in boundary 

.layer thic~S "ith ro1ymer Injection yet drng reduction 

~s· not evident trom analysis. Shen (19) did 

not obtain evidence or dra3 reduction ylth injected 

polYllle.r solutions in some .or . hia' tests Crom momentum 

Ii , 
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theorem analyses. In the present work, "Culler" volocity 

profiles were' obtained COr Clow over the flnt.plate 

experiencing injection thun for the cnHC DC no injection. 

This implies that, Since less draB is expected from "tuller" 

velocity profiles,as the body produ~inB thc drug has 

less influence in disturbing the free stream. than n 

body in n situntion ;'ith. 1\' le'ss full vef'ocity profile, 

less drag, for the fullcr velocity profiles, obtained 

Crom the flow with polymer addition. This may indicate 

that the determination of S may be erroneous or that 

more precise vclocity profiles nre neecssnry. 

It is suggested however, that momentum thickness 

analys~B may not be appropriate for estimating draB 

if polymcrs'are presept in the flow. 



APPENDIX I II 

APPIlOX BlAT ION OF IN JECTED POL YI.IER CONCENTIlATIO'l IN 

ROUNDARY LAYERI, 
, 

57 

This method assumes that complete dilution occurs 

> "i thin the boundary layer. Tho.t i .. , if 0.' boundo.ry 

layer frowrate of 3000 ml/sec is occurring o.nd a 2000 "ppm 

polymer concentration is introduced,at a rate of 30 ml/sec, 

a uniform concentr~tion of 20 wppm will re~ult; Althol'gh 

there is no rtaBo~ for the injection to remain within 

the boundary layer and although concentration gradients 
J 

are known to exist this type of approximation viII give 

some insight into thc quantity of polymer tcqulred within 

" the boundary la~er to produce the measured draG effects 

presentcd in Chapter V. 
<, ' 

The boundary layer flowro.te will be simply approxi

mated by e~uation 12.1. 

0bl-tAverage boundary layer velocity)tAverage houndary 

laye~ thickncss over thc plate) 

lwidth of thc plate) (12.1) 

The averagc boundary layer velocity, baaed upon the ve-
\ 

\ 
locity profiles taken, waS assumed to be 0.9 U_. 

The boundary layer will be assumed fully turbulent 

and the averagc thickncss "ill bc approximated by taklng 

half thc s~m of th~ leadina~d trailinu edue thicknesses 

as prcdictcd by e\quation 12.2, which mny be found in any 

fluid.mechanics tcxt. 

I. • O.319!\Re )1/5 
x x 
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Yicure 12.1 lists ~he tlowrntes obtnined by this 

method OVer 'n nU/aber of tree stream ,-eloci ties • 

• 

U.o ltps} 5.4 4.5 3.8 2.8 1.9 

Obi lrnl/sec} 795:1 7000 5959 '3960 3000 

Yicure 12.1 Boundary Inyer flowrnte approximation 

Lir~e3 oj" constnnt COflceut!"atillU .Iny n')~' he plott..:u 

tin Yigure 6.1. ~ flowrate of 300r ml/sec requires 

60,000 wppm-rnl/sec to be introduced into it for a 

concentrntion of 20 wppm to result. ThuH Fieure 12.2 

is obtaied by noting thnt .01 gm polymer e 10,0&0 wppm • 

0.6 

0.5 

AD 
0.4 

l~ ) 
tt 2 

, 0.3 

0.2 

0.1 

0.0 
0 

.. 

1 2 3 4 5 

Total Injection 

r 
.-2.8" 

t 
U c 1.99 

Figure 12.2 Lines ot Constant Concentrntion plotted 

against the Drag neduction Data ,ot .'igure 6.1 



APPENDIX IV 

PHOTOCRAPIlIC STUDY OF 1]\ n:CTEI!. POLYMF.II COl'! C.ENT IIATI 011 : 

Photographs such a8 that shown in Figure 13.1 

were used to obtain Figures 13.2 and 13.3. The visible 

extent of the dye was traced onto a known scale and 

measurements were token from the photographs by comparing 

the distances invol\-ccl. As may be seen the injection rote 

doe8 llut ~eem to hnve u IJredictnlllc cfiect 0:1 the siz~ 

of the injection envelope. This moy be explained by the 

dye diffusing beyond perceptio~! although core was taken 

to include equal amounts of dye for euch injection. 

The concentration of the injeeted polymer was 

500 wppr.t and Figure 13.2 sho\l'.s the· injection envelopell tor 

a free stream velocity of 2 fps while Figure 13.3, that 

for 5.4 fps •. 

Figure 13.1 Photograph of 500 wppm Reten 423 Injection 

Into a 2 fps ~·rec. IItream at 27 rd/sec. 
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u,.,= 2 fps 

- ----

0. ~ 27 mljsec 
J 11 1 

O. ~ 37 ml/Gec In 2 
o. .. 25 ml/sec 

in 3 

~§~·5; 
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0 ..• - 35 ml/sec 

O. 5. 10 ml/sec In 

6 l' 2 <ft)- 3 4 

Figure 13.2 Injection Profiles nt U .. = 2 fps for 

.... 
IV 

1~ 
Vl 

Various Injection Rates. of 500 wppm Reton 423. 
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Figure. 13.3. Injection profiles at V .... 5.4 fps 
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riuure 13.4 may no~ be druwn usine the mid 

point of each cluster of injection envelopes uS a 

datum. Information was obtained fOr flowR of 2 nnd 

5.4 fps only. As the intermediate injection thick.,Csses 

are unknown u linear rel~tionsblp will be psiumed but 

dra~n usinG a broken line. 

4 

Visible 

Averaue 3 I-

Extent 

.of Dyed 2 

Injection 

1 I-
(lnches) 

0 
OL~ 1 

.' 

" ' 

' .... 
ft dwnstrn 04 

03 ft 

8 2ft 

0 1rt 

B. " .... '0... ............. , , .... ..... , , 
.. "8..., ............... ~'" 

, -""'- '....' 
---- ''0. -..... .... ...." 

--.A" , ~.:&; Y--';'--- . "--- ' .---~\ 
, \ .~~ 

, 
2 3 4 5 6 

tl.I"n~ttn 

tiwnstm 
dttnst';' 

'( 

'.·rec Streum V,cloeity tfl':'!) .. 
Figure 13.4 Summary of Injection Envelope Thi~k~eB3cs 

, 
" 

, , 

It is, obviouB that the lineur relationship io incorrect 

as it insinuntes no thickness nt some U •• , 

Assuming uniform drffusion and U i~ t~e region ncar 

the ~nll about .9 u.. 'nnd a 50, ml/aec Injection rate, t'fgurc 

13.5 mny be drown,' 
~~------~--~----~----" 

2. 
, 2. 

1. 
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The percentage of the original concentrption is 
o 

oBtained.bY dividing the inj~ctio~ flowrate brtbe flowrate 
9 

from Yigdre 13~4 at each of the indicated positions •. 

The flowrate is obtained by multiplying the injection 

cross sectlo>lal Orea by' the assumed. 9U .. , ncar the Ifall. 

It is fiow possible to predict whot the concentration 

is over the plate. Consider a 500 .ppm concentration 

b~lnR injected nt 5n ml!sec. Thio yields n totol 

injection rote of 25,000 wppm-ml/sec. lf the free 

strenm velocity is 2 fps, Figure 13.5 predicts that 

0.5~ of the originnl inJection concentrntion which is 

2.5 wppm, s_hould be fOU~<L 4 feet downstream. _ At32 ]P!3, 
Figure 12.2 predicts a uniform conccntrotioll of 8.5 "'ppm. 

If the concentrations arc determined for the ot 
/....-, 

posi t'1-~is along the. platt; an averDue concentrntion of 

ab6ut 8 "'ppm ia obtained. 

Figures 13.~ and 13.5 are rather crude but they 

provide reasonable information pnd it is suggested thot 

the method shown here c·ould' be very useful. and rigorous 

if Figure 1].4 were obtained in more detail. 
,f" 

Figure 13.6 shows the rredicted concentrations over 
, 

a plnte "ith 500 "ppm· injection into U a 2 fps,,> 

Figure 13.6 'Estimated Con- r-.....---'--,.----'--, 
centr~tion resulting from 
inject ine 500 "'ppm " 10 
Ret.an,intp a Estimated· 

5 
frel! stream of 
2·fp~ at 50 
ml/aec • Concent ra tl trn 

("ppm) "0 
o 1 2 3 4 (It) 

Dist~nce Downstream From Injecti?n • 

• 
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APPEl\IH X V 

INV,:STICATION OF Rf.TAN "23 Efn:CTIVr:Nl·:SS [~ INn:l!llAL 

FLO\"i CONDITIONSI 

14.1 Description of Appnratusl 

A "simple rheometer, which produced turbulent flow 

. 
in n tube, wos.used to messure the overooe akin friction 

coefficient for 0 numbe~ of Reton 42] concentrations. 

The rheometer COli'll",,, of " :dr.tpLc vO'Ltllo" c:lL Ibrnt"',L 

reoervoir which can be pres9urized to 30 poi BuaBe 

presnur~ by menn~ of a reGulnted compressed oir supply 

working through n low prefiGure precision regulator. A le([lth 

of known din~eter stainless steel capillary ~ubln8 ' 

~D attDched to tho bottom of the reGervoir. A IItrniuht , 
through vDlv~, mounted. bt th6 e~d of thecnpillary, allows 

on-ofr flow control. 

14.2 Theotetlcnl Corislderationn: 

Consider l~vel(IJ to be the top l~vel of the 

fluid in the reacrvolr and level(2) to be the bottom 

of t-lte capiliDry tube. for t h I II nrrDn[lement nernouilits 
, 

e<Juntion mDy be written DB, 

"V 2 V2 ky2 2 
Pl 1 P2 2 .j. 

2 t2C f V2L 

T + - + III • "f" +- 11 2 '+ -- + 
28 . 28 2[\ U[l. 

ky2 
where 1 is the heud' iO"9 nt the inlet of the tub .... 

28, d r d"' (~). and C
f 

io the friction rnctor e itle DR • _"~ 
h V 2 

Since' the dntum line cnn be plDCed ut .. " :-.; 
i~ zero. neCRUSe tile dinmeter or the 

,. 
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rcscr.oir is lnrgc Coml'"rcu to the thnt for the cnl'illnry, 

VI i8 ncgligiblc. (he velocity In thc tube V
2 

I~ 

culculutcd frt"iI the totnl v(Jlulnc pn!lscu, the crON ... 

8ectionnl nren of the clll'illoq' nnd the t Intc Intervul 

required rlor plI"sn;;e. Let V
2

"V, thus, 

A'I' C ( PI -1-9 III - P 2 ) , 

"nd Dernoulli'" cquutioll may bc rcwrltten "" 

611 - (1-1-") 

or Cf • (AI' (I+k) 

2 
CrY [. 
1)-"-

o 

2 
~) 
23 

• 

The vulue of k wllich is tile foctor for Inlet loooeo 
,/ 

is taken aM 0.'(8 P'(), whilc Ai' for the cxperiment Is 

evaluated f,rom thc foll(lwillt; C(IU:ltlol'l 

whcre I' • sucgc I'reouure , g 

P t - ntm~spheric prcHHure 
11 m 

Pea correction for pre,:ou.-., lluur,e 

"1- height ~f fluid nbove the exit 

end ,of, the tube 

Bernoulli '" equ!,tion can be. ap'jllicd to both lornl"'or 

nnd turbulent fioTI condition .. und' the ubovc eXl'rellolon for 

C
f 

can be uoed over u rnnne of Ueynoldo numborH. 
I 

The coml'uter prDGrnm' includcd at, the end of this 

Appcndl'x wae used to '" calculatc the values of C
f 

and 

Reinolds riumber which are plotted III Figure 14.1 for 
I , . 

ovcr n ranae of polymer solution concentrntlonH. 

'~ 
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Figure 14.1 Friction Fl\ctor- lleynoldA numbcr corelotl~1l 

tor vnrious concentratlollR of Retell 423. 
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14.3 Discussionl . ~ 

It mny be noted thnt mnXimUlii/~~-;uction of C
f 

occurs, in Flp,ure 14.1, for ;/Zc~:ltrntion of 20 

wppm. This indlcntea that ~~centrntions beiow this 

nre too dilute while coA'ntrntionH nbove become 

more viscous to .the point thnt incrensed viscous 

Ylgure6.2 chows nn npproximnted concentrntlon 

66 

effectivenens relationship for I!etcn 423. It. Is InterestinB 

to note thnt 20 wppm Is bein~ nppronched no n mnxlmum 
, . 

drnn nsymptote. Althou8h none of the injected flows 

exceeded n 20 wppm concentrntion In the boundnry 

lnyer over the fl nt plnte it is expectcd thnt concen-. 

trntlono HI exccss of. 20 wppm would show n dcfin ltc 

decrcnsc In drns cffectivene~B. 

, 

• 

11 
, , 

._--/ 



,, 

/ 

APPENOIX VI 

C ONCEN T lIA '£ 1 ON l'IU:1l J cor T ON IlY V I scm; I TY m;ASlJ I!f:MF:~ T I 

Durinu tlYe nblntive c'oatlnR experiment six 

namplcA werc collected nt vnrlo •• ~ polnt~ over the 

tcet "cctlon no till 0'''. in Finure l'j.1. A pltot probe ;' 

wns po~itloned nt the required alte, nuction wnn 
, 

npplied to <Irnw the "lImp\" through" t .he ntlnc1\",1 

to the probe nnd 'n quantity .. of the fluid wou 'ollo"e<1 

to collect In a test tube. This procedure waH 

reJlented ot the other .. iteo nnd the II the \'I"co-..Jtlcs 

of the snmples were token at 20 nnd 2M dC3reea C 

us1n8 n Drookflcld cup and cone viacomefcr. Tho rCHult~ 

arc shown In Fi8ur~ 15.2 Dnd plotted IIgnlnBt the 

viscoAltie~ of known concentrations in Fieure 15.). 

, 

" 
, 

I j • (6) '--1/8"/ 
" 0, I / 

~- ---24" , -
Fieure 15.1 Location of Sumpli~c Bites 

Site I 
, 

2 3 4 5 no. 

Viscoslty 11' 200 e (cpu) 1.12l 1.;J15 1;211 ' 1. 17 -1 • 165 

VIAcoslty \':' 2auC (c ps\ .911\ • 994 .9'1 .9') • 94 -

Figure 15.2 Viucoslty Dota ns collected over Ablotlve 
Surface. 
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Snmp 1 e [! G 

Snmp I e /I ,1 

60 '(() 

T t I of) cmpern u,re , 

Bo 

) 

Fieure IS; 3 \'iseosity dntll for Ileten 423, showing 
snmplcs tnken over nblntive coutine 
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90 

coml'nred to known eoncentlntion \'t"eoal ties. 

It 1'1 not knolYn IYhether degradntion occurs nR 

Il reilult of the nblntivc CO:ltine, tcch-nique of, polymer 

ndditlon or how m~ch deurndntion tnkes plnce within 

the flow. It is not possibie to test tile snmplcsfor 

drna reductIon effectivcness, pB much lnrg~r snmplc 

sizes would be re,:ulred. 1'he concentrntion d'lstributl,on 

llluR'trnted in Figure 15.4 seem" rellRonuble iyhe 

a-mount of drua reducti,nf ohtained with the nbilltive 

conting is considered. 
~, 

1 

I 
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sY" ppm 
) ;C)"I' pm 

~V",pi'm 

tWI'pm 

c 
: .. 6wppm 

[Ieure 15.4 AI'I'roxlm l·te concentrntion dintributl~\ 
',bove te~l section with nblntive contine 
mountJld.bnsed upon viscoolty compo'rlaon. 

Since there ia eVidence thut the polymeric 

effcctivel\CS8 decrcuscn with deerndntion, nccurnte 

sompline of effective cOllcentrn-tion Is importnnt,' 

lIowcvt"r, <Iegrneliltlon mny proeluce IIViflCOAlty whleh 

II< nut intlicntivc of true concel\lrntlon. 

If decrndutlon Rtuelies Indlc~te tllut viRcosity 

in indicative or tile druG reduction effectiveneoR 

of 1\ polymer eOllcentrotion or Ir no deGrndullon Clln . . 
be insured, then thlB method of detcrmialnu concentrntlonA 

may be very uDefu1 due to itA simplicity. 




