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This thesig prcsqnts o cxpcrimnntalx§£ydy of the
drag reduction effects obtained from injecting nddltlve_
solutjons into & turbulent boundary layer developing
over a flnt plate Bubmcrged in water. Both direct 1n4ccéhon,
from a reservoir through a Blit ad jacent to the flat
plate test section, and ﬁblntive coating methods of in-
_troducing the nddifivc were studied,

Drng reduction dﬁta were obtained for polymcfic

and micelle mntcrialh;.Thc test conditions included varylng
the [rce stream velocity over the‘piutc from 1.9 to 5.4

fps oand injecting tﬁc additives in concentrations of up

‘to 2000 wppm at rates up to‘SO mt/scc over the test sectlon
of the flat plate.

It was found that slthough optimal injection rates
exist, drag reduction seems to be a function of how much
additive is present in the flor over a tcat-aurfnCe,and
not how it was delivered there. It was also found that
ablat&vc cggti;ga of the type usecd for these ;xperiments
scem to have o longkilrc expectoncy and pr?ducc noticenble

drog reduction.
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SYMBOL : DESCRIPTION' ' UNITS

! Rex *  Reynolds number ?(%g)'“} e,
(ch%r_.Critical Reynolds number, : Q ;
below which only laminar :

flow exists

T,o vall ghef{'r stress = (g—;)yo - ]:bf/ftz
u Longitudinal velocity fpe
Wo Free stream velocity { fps
'Vl - Velocity of moving fluid {ps
. level in rheometer reservoir 1
* v, Velocity of moving fluid ' fps
. 5 level -in rheometer capillary
v Width of test section ‘ in or ft
wppm " Abbreviation for weight 7.
' - parts of additive per one -
million weight parts of N
solvent
x Distance along flat plote ft
' measured from leading edge :
Yy Distance normal to the plate ft"
surface ‘
A . ,
=
v



corgani¢ polymers has expanded considernobly. That trace

© . CHAPTERl T’

INTRODUCTION :

- _ w

The proddctién nnd.applicution of uyynthcetic &nd
additions of high polymcrs in Bolution rcduce drng in
certain éonccntrutiona h&s been well established. However,
the behaviour of polymer Bo{utioﬁs_on flows other than
internal pipe flqwé has not yet been fully dealc with, .
At the time this research was instigoted, there werc
;pproximntely piﬁht papers availnble on drag reduction

over flot platcs most of which tcndcd‘to be descriptive

or qualitative. Semi-ompiric relationshipe owre difficult
to establish due to difrcrring'expcrimcntal tcchniqués.
Few corrclations are available that could possaibly:

be uscd for actual design criteria. Ultimate possible

drag reduction predictions, based upon internal flow

T

data; are nvailable. However, the ultimate drag predictions

are scldom met and not all of the new polymers have

been investignted.

Some of the moin-hinderaonces to'L better understanding
[ . . .

of the flow phenomena involved and the difficulty in ob-

rﬁinipg universal correlations for dilute polymer f}ows ﬁre,_-

for example, the extremély low concentration of the additives -

required (usunliy less then 40 weight parts per.million),

the complicated nature of the additive molecular structure
~

or molecular wejipght distnibution. hqd the extrcme sensi-

-
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tivity of these fluids to mechanicnol, chemical and bac- )
. R ) »
terial degradation, as well as specific type differences
which arise from having a largé number of ndditives that

form these fluids. P

The concentration of polymer additive recquired for
drag rcductionlor other flow control purposes is so low
that for all practical purposes a aolutién will gyetain the
thermodynamic and ph}s?cal properties of the solvent.

Thus, cvcﬁ'though soqe‘polymcra are decidedly non-Ncwtonian
at very low conﬁéntrntions, most of fhc solutions are |

Newtonian in thelr general behaviour but are seen to

contain long chains of molecules which appénr tc alter

some of the fldid flow'mcéhanisms.

In the majority or'cxt:rnnl flows it is:obvious thnt,%
for ccanomicﬁl application, ipc ndditivc'shoh}d be kept near,
the wnll. Boundary lonyer injections and nblativ? contings
permit such on spplication although éhc_most cfficient
methods ror'thcir-cmplgymcnt remain udcertnin. Ingjection
velocity and Anglé, pulsing- of injection and injection
concentration must all be considered for drag reduction
efficiency. |

This thesis is one of-q;continuing set of investic
gations being condgctch-in.this lnborato;y. thc'prcscnt
program of‘which, ig - obt&in empiric and thecoretical
datn on high moleculn:‘\cight polymer addition flows as
well as dilute sﬁépcnsion flows and alternstive solutions,

‘ r
in order to establish general relationships for determining

~ - ‘ . ‘ N r 1
- ' . .
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gkin friction coefficient variation, ovcnu}l dray: reduction

and tu}bylcnt diffusion charncteristics for cxtcrnnl.nnd"

internaol flowa. Expcrimé%tnl dd&n werc obtained in a system— -

-

atic investigotion of nduitive injection into the boundar. layer
N .

over n flat plate. These data wcre used to further ihc

abovementioned relationships. - -
Abfutivc coutings were manufacturcd and investigated for

drap reducing chnrnctcrisitiés, diffusion rotcs and life expect-

nncy oy a posdible cconomic substitute for drayp reduction by

b
1n4cc}1on. - .

Viscosity dota werc obtained for various concentrations of

Heten 423, onc of the polyncrylnmidqp(ascd in this investigation, ”

to ,eatablish, its physical behavior.

L4 ‘ ‘L )
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~) . CHAPTER TI : :

LITERATURE SURVEY: ' -

A bri-f survey of the more pértincnt research
on evternol .flows over flat plnteé will be prcsénkcd
here. For a more comprchc;sivc rcvicw of drag rcd;ction
using high molecular weight additives it is =saggested
that fchrénce be made to'rcccntly.publisﬁcd_revicw
pavers by Hoyt(l) and Gadd(?)._Furthermorc, summuric; of
world literature on this topic ,are prepared by the U.S.
Naval Ship FeSehréh anq Dévciopmcnt Ccnfcf undér the title
"Propgress in Frictional D:ag.Rcdgction;"nnnunliy.

Most analyticul studies of polymer solution fi&wa

over flat plates have heen based upon the similaritica

lbcth?n pipe flow and flat plate flow, ag internal f(low
data generally iﬁ mbre réndily avnilabic; Cranviilel3)
and Clles(4) exploited these Sf?iIHQitiES and sbtained
a fcintionship predicting the minimum skin friction . \
obtninable on a f}at plate by optimum-cmployment'or
drag-rcducing polymecrs. Thc.Cilcs(4) result is expressed

C, = 0.315(ch (2.1) .

¢

. ]
Theue mcthods indicate maximum possible drag

reductions of 80 percent or more at Rcynolds numbers
greater than 109. It must be realized however, that

.Y unlform concentration of polymer is cnsured within

a pipe and that most data origiﬁéting from internal

‘ 4




flows is not-length But.diémetér‘gcynolda nﬁmbcr
_dcpcndcnt. Injccti&ns of:pglymcr'into dcveioping boundary
‘layers over flét-platesdo not assume uniform conccntréLl.
tions thercin and are found to diffuse into_thc:?(cc strean,
thus decreasing in ;oqccntration'with'digtandE from their
" point of~int}pquction, La;to(S).

Most of thc.fldt'platc drag mdpsurcment cxperimcnts
used cither towing tanks Emerson{§), Levy and Dav;s(?),
or rCC1rculat1ng apen chnnnels Eﬁtto ct 31(8), Yhite( 9)
Thcsc.}nvestlgutlons employed unxform'conccntrat1ons

of polymer as the free stream medium and although the

maximum drag rédudtion-prcdictcd by Giles vas approached

it was never aﬁ(aincd. Generally, maximal“rcducti§n crfcctgn\\
t

.were noticed at“concentrations of. 15 weight parts per

million (wppm) with additives having molccular weights of the
order of 106. Increasing the Rc&noldg number was found to
‘increase the cffectiveness.of the additives.

The most}important series of cipcrimcnts for the ..

" -

purpose of this dissertation and for practical appiicntions
is that of polynier }ﬁ%éction into thg boundéfy layer over

a fiat. plate. Love (10) cjectcd pulxg&r from slots

on cach sxdc of the lending cdgc of a 1.5 It long plntc

situatcd in uﬂrccif!ulntxng water channel. A wake survcy

catimntcd_thc friction reduction on the plate. A 50'pc?cenf
drng reduction was obtained nt low flow rates using a 50
wppm avcrage injection conccntratxongr

A large ampunt of data were publ;shcd by Tul;n and Uu(ld)

- i

. ® . |
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on ;jcction quantitics, polymer concnntrntlong, and slot
widths for o 10 by 21 inch Iint plutcigf n frece strenm
yelocity of 8 fpa. They. found that thc‘optﬁmum discharge
condcntrntion:wqu 100 wppm, & narrow slot .wvns best and

thaot the fluid should be cjected ot o flow rate necar that

r

of the viscous sublaycr. . :

“.Kowolski (11) investlgated drag reduction.on 0 19
fuot boant with the uim&or veducing. the quantitics

-of polymcr required. The turbtlence was obﬁcrved t
change from  small amplitude to lnrg;r nmpfitudcw
‘ turhulcnﬂgvclocity'fluctqntions, with the introduction
of polymcrs,_nc suggeoted tHUt the change in turbulent

~

viscous drag was due to the high frequency energy dis-

sipating eddéca shifting to lower frequencies thus conaer-
ving cnergy. He also noted tth d& lnjcétion of one

acéond duxat;on‘foliowed by o Fch sccond puus?, whas
‘nlmoat as effective 1h°reﬂucin3 drag dos was that of o
continuous injection. He also reported finding thot in-
jecting parallel to téc'surfnce wns about ten times os
efrectivc a8 injccting normal to the wall.

Kilian(12) coated a’ amooth plfxlglass plate vith
15000 wppm solution of Polyox WSR 301. .-The solution drled
- on the surface nnd the whole plate was towed at Re- 106"‘
Although th?fpolymer woshed off nftcr 25 seconds the flot

plntc rcsistonce was lowered by 10 percent. r

Tagori and Kim (13), us=ing a porous plate 1ndiénted
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the drag reduction c¢fflfect may be kcpt-vdry efficicnt if
the polymcr is kept closc to the wall.

Astnrita and Nicodcmo(li)rccognlzéd that significagt
7

errors could occur in mecosurement surveys of velocity
distributions when polymers were present. Total pressure tube

errors in polymer solutions were attributed to the following

-

points; normol stress term - influcnces, the time average
N i

of the fluctuhting stresses nrc not simply relnted to

the time average of the velocity distributions, the
boundury—ld&cr thfckncss on the pressure probe may be
lafgcrcompnrcd with the probe size, and possible entangle-)

ment of the large molecules around the probe itself. A

larger instrumcnt, in the ordecr of 3/8 inch diameter,
was found to have ncgligiblc error in various concentrations
of‘polymcr but . a corrcesponding loss in accuracy of velo-
city ﬁrofilé mcasurement due to avcraging over n inrgcr
probec arca was encounterred. It is rccommended that pitot-
tube type instruments be used only in situations where
sprecise calibrations are possible.

Polymara alseo affcct the flow and hcpt transfecr
chnrncterist{cs‘qr cyliddefs, thus hot wirc type probes

‘show significant ecrror when used in polymer golutjons.
\ .

Hot film snemometers.show more promise but are still
affected by molecular entanglements and differing heat

transfer ratcs. *
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. There is very little information, in the litcraturc;
about the diffusion of polymers in aqucous solutions,
especially with regard to injcbtion from slits or pbint
gources. Information on the cffccti#cness and methods of
producing ablative coatings is virtually non-existent.
Comparing cxisting data is very difficult bccoause flow
conditions vary markcdiy betwéen different researchers
ﬁnd no datn cxists for the newer much henvier molcculnr
weight additives.

It has becn attempted wherever possible to cstablish
the results of th®8e experimental data such thnf their
effects could be traccable to.u particular amount of

additive preaent in

defineable flow situntion. A number
of additive ‘ypcs were used, including one of 'a molecular
' \
weight of the order of 10%, such that their effects
' .

could be compared dircct




~

CHAPTER III

EXPERIMENTAL APPARATUS:

3,1 The Tilting Flume

The free atrgam conditiens were créutcd vithin
a 30 foot 1opg tilting flume with & cross section of : =
12.2 inch width and approximate 18 inch depth. A large
inhk supplied o Eupstant presusure hcood té thre Tlume. ff
was continuously filled by .a 10 Hp 1400-ﬁSGPM‘pump drawing
from a 2000 cubic foot reservoir into which tﬁfglumc dis-
charged. \

The flume walls are of gloess and permit visual ob-

servations. Two rails along the top of the flume provide

an accurate datum for méasuring instrumentation. It is
poseible to control the flow by threec mecchanisms. Th& inlet
heed is controlled by an 8 inch gate valve located dircctly
below the supply t#nk, thc‘flumc diacharée is controlled

by a tail gate, and pdditionnl hcad may be provided by
tilting the flume itself.

" The Bystem had to be modified as it only produced
velocitics of 24 fps. Reynolds numbers of 107 were required,
but the limitiné factor turned out to be the pump and
Reynolds pumhera of 5 x 106 could only be adhicﬁcd. Hiﬁhcr
Reynolds numbers could bc'dbtpincd by decreasing the
height of the flow which produccd'severcly skcch-vclocity
proleéa. Thg.modificatlons included altering the flume gatch {

basin.to prevent flooding,‘bnffling the flume s0 as to reduce
[ :

\
9 -



10

its crosn section thusrcducing the reguired mass o,
providing na vortex degenerator in the wownpipe from the

header tunk to destroy the large vorticies Yhich cffecetively
restricted higher maoss flowrates, and tilting the q#&i&:\~‘\\h-b
[lume to provide additionan) hend. ‘

3.2 The Flat Plate : =

» The fint pin¥c, shownDin Figure 3.1 was designed
for thi: experiment such that a fully'dc\vlopnd turbulent
boundary layer would be formed over the euntire working

scction.

—Injection Fluid Inlet
/[_.SUSpcnqion Spring

?E—’ﬂ ——— s N —

j:

T, . ‘
.—F R - A :! { i ﬂ' _ﬂ %——r A
L b
; "~ - -
\ —>“ \. | - Trons-
1l Q : ] ducer
- £
o1t — I
Rubbe - Tent .
Gasket { \[:Test Sectio 7 ‘rSection ;
Plexiglaan ‘
Underscction spring
‘bolt |
l S . Fixed Holder g
_ _ _ Plate Sidc Top
f?igure\3.| Flat Plate Detail Detail B
' .

The plu(c is mande of 3/4 inch stock aluminum, 1 foot
wilde and 9 feet long. Th?rc is o 6 inch wide working
scction 4 fcet in length mounted flush with the fraome
plate. The vorking mcction is suspended from the frame by
four .005 inch taick atuinlces steel springs which prevent

vertical movement of the test section, yet alloy it to

¥
Y
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move longltudinally agoinst their combined apriné rate.
The tcst‘scction is flat to withiﬁ .OOEHlnchcs and has

vater tight air pockets within it which provide a neutral

bouyancy in water and reduce the total weight on the Sprlny

mechanism. The test section 1s connected to a Schacvltz
linenr variable diffcrcntinlttrnnsformcr mountcd 30 as

to allow zcro ad justment. A .005 inch, 6 inch wide
1nJcct10n slit, locat;d JUSt upstronm of "the test sectxgn
allows additive injections Lo be made paruallel to the
plate surface . Tubing connects the glit to the injection

cylinder, }

The: underside of the frame scction of the plate
is attached to e2“1/4 inch sheet of plexiglass using o
1/8 inch rubber gasket which prevents thcltcst section
from iouchinglthc/plexiglnss and forms a water tig;t
scal around the platc perimetecr thus ﬁrcvcnting drné
on the undcrsidé of the test scétion.

The whole assembly, as shown in Figure 3.2, is loca-
ted such that thcrlcnding elge of the flat plate isr
12 feet down;trcnm of the flume inlet downpipe. It is
supported by two 9 foot lengths of 1% by 4 inch nlﬁminum
.strip.vhich rest on the flume floor and allow flow under
the plate. '

Thus the boundary lhyer,which is dechOping‘nloﬁg the
flume rléor pnsses underneath the plate and a reasonably

uniform flow field éﬁ supplied to the leading edge of the

platec. \
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The resultant liow impinges upon a blunt 1 1/8 inch
- leading edge whereupon it is subjected to 8 inches
: i: number 120 waterproof sandpapcr, thesec being turbulence

t§°pping mechanisms to ensure the flow ficld becoming

turbulent at the loveut possible Heynolds number of

-
300,06h;,?3gurc 5.1 cornfirms thaot in fact turbulence

was obtained at this Reynolds number. Thus turbulent

flow is obtained over the test scction, vhich is locuted

4 fcect downstrecam of the plates leading ecdge,

-

cven

at free stream veclocities of less than 2 fps.

Yelocity

LVDT Meter

Transducer

;Curriagc

Velacity

obe To Regulated
: - Pressure Supply

Injection Cylinder

Transducer
Deflecction
Amplificr

Section—4

Injectid
S1lit
irection
s \I\ of
:Flow

-

Figure 3.2 . The Flaot Plate ond Auxilinry Equipment.
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3.3 Auxilijary Instrumcntation

x
’
DY

The diaplnccmcﬁt_ measurement waé Qccomplished ugiﬁg

n Schaevitz displacement transducer that was uctivnt;d by“;
Schtjkitz Corricr Amplifier Indicator mgacl Tr-100, FThc
amplifier was calibriated using a dead weight calibrated
spring balunce. Although the calibqntidn remained faoirly
constant thélappurutus was calibrated belore nnd ofter
'cnch-sct of tecsts to cnsurcﬁstrict results and obuerve
whetiher Torcign matter had iaterfered with Lh? I'rec .
movement o( the pl;tc. A typicul calibrntion chart is

shown in Figure 3.3.

"y

L g

N
LS S B Bn 2 an 2 mm m

Tty

-0 10 20 30 40 " 50 GO 70 8o
Amplificr Scalc Diviaions

Figure 3.3 Typicsal Forcc'Calibration of Displacement
Tranducer Amplifler '

‘Calibrating the transducer rcadout to provide
dircct drapg force mcnaurcmcnt climinated thc necessity’
of'convcrting'diSpinccmcnt meusurements. The transducer
was fouéd'to be insenﬂitch'to fcmpcrnturc changes,

The ambicut tempecrature fluctunted bctween 60 and 70



14

-

degrees F during "‘the 4 month cxperimentation period
but the calibration charts did not-alter.

- The free strcum velocity and vclocity profile mea—

surements were made using Novar-Nixon Strcamflow velocity

metern. Use is mnde of the fnct that electricnl conduction

a fluid is a function of the gpcced of rotution of a
propcller device which displaces the fluid with

itas vancu,. The velocity probe determines the avernage

flow vclocity over a 1/2 inch diameter circular recgion .

every sccond, ten aeconds, or continuously depending on

the function selcction in the display amplifjer unit.

2 The probe is attnched to a three dimenusionsl vernier

traverse mcchanism located on the flume top ralls

ns shown in FPigure 3.2, Appendix I &cnls with the caliji~

bration of thcac'probcs and discusaesa their merits.
The injection apparatus consisted of o 4 inch
dinmctcr; 4 litre capncity plcxiglgds tube. It was
calibrated inTlOO ml graduations and was connected to
a finely rcgulated pressure supply. The injcction-
ratc was controlled by adjusting the vnrinblé prcssuf&

supply and meosurecd by noting the c¢lapsed timcy for a

known volume of injection fluid te pass, usiny s stopwatch,

The injection uystem was capable of ejecting up to 60

ml/sec of highly viscous. 2000 wppm polymer conccntrafions

with oorrespondingly higher rotcs possible for less

viscous fluids. The greatest injection rates used .were
&‘ .

50 ml/sec for most of the teats,

in
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CHAPTER IV

EXPERTMENTAL PRUCEDURES 1
. .

4.1 Gcnqral*Method

—

The {lume flow canditlons vere ad justed such that
the required frec stream velocities were obtuined nlonﬁ

with an adequate depth such that the velocity profiles

were not affccted by a Bhnllowccilin?f”ﬂ 12 inch minimum

depth wvhwa insurced for ﬁll thvltcrtw adthough reater
Vcloclticé might have been attained with a lower depth,
Accelernted flow and skcwcd;Vcloeity profilcs werc encoun=-
terecd with the shallow depth tents and drag results

could not bc‘comparcd to thecoretical predictions, wher;ns.

the 12 inch minimum depth requirement cnﬁuréd adherence

to thcorcticni drhg rclntionships.

Once thcrflow condition wns well cstgﬁlishcd‘thc
drag on the plnt? was noted from the displocement trans—-
ducer  display. ‘Injections of 125, 250, 500, 1000, and
2000 wppm ﬁ;rc_madc at nuﬁprous 1ﬁjcction rates ranging
from 0 to 60 ml/scc. injcction solutions were preparcd by
diluting 2000 wppm councentrations of Reten 4237(Union Car~
bidc), Seperan AP-30 (Dow Chemical), Polyhall 295 (Stein-

" Hall), Polyox WSR-30 and an cqulmoiar micellar sglutioﬁ
of -CTAB and l-napthol. Fivc scts of dntu'wbrc obtaincd
by ﬂoting thé drag medificationn ducg to-{njcctiﬁg.cuch
of the-abové so{:ﬁlﬁpﬂffﬂto the ffcc st;cam ndiaccnt to

-t , .
the flat plate tegt scction, The free strcam velocities

, 15 ' | | - 
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were varied between 1.5 Bnd 5.6 fps. <\

4.2 Ablative Coating

The coatings, which were produced by adhering a.
polymcr coating to 6 by 24 inch strips Gfdblolting-
pﬁpcr, were prepared three 'different ways. The first
involv;a soaking the blotting atripé in 20,000 wppm ' ’
solutions of Reten 423, Reten 423 wans applied directly
 to the blotters as an alcohol suspension whcg:upon thcir.

cntire surfaces were wetted in the sgcond method and in the

third the pdymcﬁic povder was sprinkled directly unto

-

the wet blotters.

m

.

The effccts of uncoated blottcrs on the test section- *
were checked pridr to using the coatings. The uncoated
blotters wc}c gubstituted in pluace of the ablative
coatings nnd-thc resultant drag characteristics were
noted assmay be scen in he initial sections, prior to
t=0o, of Figures 5.7 nnif;.8. In all cnses thé blotters
wcre nllowed to dry before installation and vere fiicd

te the platc using rubber cement. \3 -

An investigation into the ¢ffective concentration
of thc polymer solution in the vicinity adjacent to the-

biotters was attempted by collecting nampics over their
: . " -‘:Q ‘ ) ‘ N ) ) ) .
surfaces and comparing the sample viscosities to
‘ _ v
known oncs. The results were interesting but not v:ry

substantiable as large volume somplecs could not be

tokcen for drug cfrcctivcans studics and therc is evidence

which indicates polymer may losc crfcctivcncsh with
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degradation but not necessarily viscosity.

The blotters werc also nlloved ‘to dry after o test
and then reused. The ten s werce conduclted with free
strcum velocitics of 4 [ps for pecriods of time up to 1

hodr_in duration to investigante the blotter decgradation

-]
characteristics.

4.3 Polymer Solution Preparation

The polynoer=s used Lece witlied 100 soction 2.1,
werc pGCwréd similarily, by dispersing a weighed
quantity of polymer }n zlcohel and then gently stirring 4
it intoe a largc contninc; of water such that a 2000 Wpﬁm
concentration was obtnincq.

Although the solutions were used «within {8 hours

u

of prcparation no noticcable diffecrences were present

with Reten {23 over 4 thrge veell pecriod of sterongce,.

4.4 Micelle Solution Preparation

The solutions were 'preparcd by firat dissolving
the weighed guantity of CTAB in water,» to produce a
5080 wﬁpm total conceéntration with a solution of il-naphthol
which‘had been previously dissolved in alcohol and addcd
drop by drop ns thc ~hole mixture was‘hcing stirred. An
insoluble precipitate could be obtnined if the l-naphthol-

alcohol solution was ndded too quickly. Sunlight

scemed to give the solutions o bromide colouring. Aging

churncteristics of the solutions were unknown, although

quantitics left in storoge were found to losc all drag

!

!




reducing propertics, hence the solutions werec usecd
imedintcly after their prcparntion.. : S ¥

-

4.5 Yelocity Profiles

The vclocity hctcr described in Scction 3.3 provided
a dircc£ mensurcment of velocity proflile over the ﬁln{c.
When réquircd, profiles were taken 5y placing the probe
hcadfas ncar the plate surfacc ns;wrmiblc and raisaing
"1t pengre.cavely widh the veratrer, woling veloriticsg.
‘the head .was 1/2 lnch in diometer average velocitics
?ould not be obtaincd closcr than .25 inches from éhc
test plute surface. hlthough_thc viscous sublayer could

not be invecstigated good profilecs wert obtained both

during injection of nadditives and at normal frce strenm

conditions. The viumcous sublayer thickness was determined
thcorctlcmﬂl&{ for flows with no injc;tioﬁ aad taken t;
be twicce that for flows with injecction as suygested by ,
Hoyt(l). The fluid Qciocitjcu ut theae distnnceq from

the wall rere obtained theoretically and plottc‘d on thc/

vedocity profilec plots. A lincar velocity reclationship

was assumed within the viscous sublaycr.




» CHAPTER V

EXPERIMENTAL RESULTS:

"
All thc;drng mcasu;lmcnts werc obtained T}om

the flat plate whic“ k~d @ surface arca of 2 squarc

feet. The data, to be presented, uscs:as the. indication

A

of drag, drag on the piatc in oz]ftz.which vas obtained by

halving ul)-the data obtajned from the 2 ft2 plate.
“Figure 5.1 prgéqnts the d:ug.churactcristit; of

thg upparatus nng c?mparcs them to thcd?ct}cnl vuluca“

\

as prcdiétcd'by cquation 5.1 which considers laminar

1]

flow over the initial length of a flat plate up to
a critical Hcynolds number. The critical Reynolds
numbér uscd was 300,000, being the lowest possible R

for this situation as described by Schlichting(l6]}.

F

1.328 > 0.074 0.074
o (=2=={Re_)* + = -
tot ReL x‘cr . Re RcL

S 2 ‘
I ) g UZL). T (5.1)
. \ L

4
(ch)cr

Also shown in Figurc.S.l are the Drag relationships
fo; tufbulcnt_flow.with no laminar portion assunecd

ag defined by Equntion‘S.Z,

- 2 1/5 : -
Frop 0036 @ V3L /mel® . (5.2)
and comblctc laminar flow as shown by, _ :
. 3 + . ' ' -
Ptota 0.644 (x ¢ VU L)< ‘ (5.3)

- The drag is calculated by evaluating each of the
above equations for an 8 foot long plate and then

for o 4 foot long plate. The difference rcsults in the

drag on the last 4 fect of on 8 foot plate. The above

19 © T »



20

2.6}

0.6}

Free Stream Velocity, Ug,{fp3)

Figure 5.1 Comparison of Expériméntnl Drag Mcashremcnts
“ with Theoretical nelationahip7/

L]

equations arc for a plate of unit width. Since the
“experimcntal plate is 1/2 foot wide, the results thus

~

.‘G

g |
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Y

abtaincd must be halved. -

The apparent agrecement betwceen cquntioﬁ 5.1 and

the experimental data indicates that transition occurs .

-~

at a ﬁcynolda number near 300,000 and thot a turbulent
s . _» A=

<
\bQundE}y layer isfénsurcd'ovcr‘thc-tcst section cven
F . o .
at frec stream velocitics of 2 fpa, as well as indicating
that the apporatus is measuring drag reasonably well,

The 5.2 seriss of figures prescent the drag reduction

—_—

datn.obtaincd using Reten 4231&5 o fﬁnction of injection
rate &nd concentration, and frce stream velocity. The

AD, or change in“drég figures, were obtained by subtracting
“the injection drag values from the non-lisnjection drag
values and dividihg them in half to get the drag per square
foot. The reproducibility of the dota in Figurc 5.1 was

virtunlly 100 per cent and absolute drog vaolues mny be

qbtgizzi'by subtracting thc 5.2 aD values from the
. >

. U, =5.4fps o |
) 0.6 t : . £ ) U, =4.9fps ) }
-b6D fg ' | e o - o | ﬂ
. - 0.5 | o, ‘ \, -
Change - © e 4 fps
004 - ) I\ A ;
in Drag o o A |
on 0.3 ™ A & . 3 : __f_-‘ u,.-j.Sfpj
Plate 0,:2- B ’ r - _ - &/ K/ '~U.¢=2.8fp8
o A - ol - Oureme U 2450 ps
. ‘2_:_'.) 0.1 I/ - Oy ‘' . i, S G U.- 2 fps
'th 0.0 i Il i - ' 4
' ' .10 20 30 40 50

Injection Rate ( ml/sec) :
ngure’5.2n Drap Reduction Data for 2000 wppm Reten_423 '

o kil



10 20. 3 10 5 0 606
Figure 5.2b 1000 wppm Reten 423 Injection Rute [ml/sec)

000 . iendh - . ‘ A

10 20 _ 30 40 50 60
.Figure S5.2c¢c 500 wppm Reten 423 Injection Rate (ml/scc) i
005' f
s
0.4
-aD
2 .
r¢e= -
' ’ \0.2
0.1
I
0.0 ‘ P Y k. 13
' 10 20 30 _40. 50 60

Injection Rate (ml/sec)

Figure 5.2d Urag Reduction VLate for 250 wppm Reten 423‘
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1
0-4' . - h
0.3} ) .
- 4AD — 49-—5.4;
—f o 3.95~-
- 3_
- y ar x 2y
10 20 30 40 50 60
Injection Rate (ml/scc)

corresnonding values therec.
The diagrams in Fig.

Ea ' L
vclocity for a given injection rat

5.2 show\ the effect of

and concentration.

Drfg Reduction Data for 125 wopm Reten 423

The

5.3 series of [ligures prcacnf the d ag erHCtLOH datn ch\

“tained for Sepcran AP-30 nnd Polyhnlf

N

295. These flgurcs

are plotted for canstant velocities and show the cffect of

increcasing concentration at speccific injection rates,

inecreasing

~ aDd . 2000 wppm
. W - 1000 v
oz y, V—— x— 500 "
re? AP 250 "
- 10 20 30 40 50 60
Figurc 5.3a Polyhall-295 at Up=2.8 {ps, Injcétion-rntc(m
, 0,2} S =200 wppm
- aD 1000 wppm
500 wppm
(222 250 wppm
ft
1 ’l 'y '] i
10 20 3o 40 50 60
Injection rate {(ml/scc)

Fipure 5.3b Drag

cduction Datao for Scpcrah AP-30 at

a Free Streasm Velocity of 2.8 fps.
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) 2000 wppm
! - . 1O ~
1000 wppm
0.2h -~
_aD 50? wppm
. v v 250
oz pany 50ppm !
__2) J .
ft. 0.1
0.0 . : s ;
| 0 10 20 30 40 50 60 -,
Figtee S5.%¢ Polybhal=-29% at .. 3.8 rm Injectlon Rais () "3y
| 2000wp pm
&
0;2 ! 1000wppm
- AD . ey
oz ) N - . : a==500wppm
—, VT 250ppm
ft 0.1 Pp
0.0 — . . 1

0 10 20 30 40 50 60
Injection Rate (ml/scc)

Figure 5.3d Drag Reduction Data for Scpcrnn AP-30 at o i

Prcc Strecam Vclocity of 3.8 rpa.
L

Absolute drag values muy be obtnincd-from the 5.3

flgurcs by using Figure 5.1,
Of thc polymers tecated Polyqx—wﬁs JO wns found

to be lenat effective nt the concentrations tested, Drag

_reduction effectivencss was found to incrense with concen—

.

tration but a 2000 wppm concentration was the maximum
teated and<&&—+a—nppurenf that nlthough greater concen-

frntions would produce more drag rcduction they would aolso

-
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decrenase cconomical cmplothn}. Figure 5.4 shows the -

effect of 2000 wppm Polyox WSR 30, Although datn was -

avoilable for lesser concentrations it is not prescnted

as the mo?&f??ng effects werey very alight.

-AD 0.3
(22,)
re? —O=—Q———0—""-3 17"
i un ey o
r ) 2.8 fps
1 ' ] I
0 10 20 30 40 50 60

Injection Ratc .(ml/sec)
Figure 5.4 Drag Reduction Datn for Polyox WSR 30
It effduld be noted that Reten, Seperan, and Pothnll
are nall polyacrylnmldcs nnd that Polyox is a polyeth}lcnc—

oxide. Polycthylene oxidc is n completely linear molecule

whereas the polyncrylamidca‘nrc brnnéhcd. Although Polyox
¥SR 30 has hccﬁ found less effective thunvthc p&lyacrylnmidcs
other polyethylene oxides may be more effcctivc. Hoyt (1)
compared the conccntratlona of matcrlnl requircd to achieve
67 percent drog .reduction in pipc flov at Rc=14000 and .
stated thot 10 wppm of Polyox WSR 301, (which was

ﬁot used for these experiments), would be equivalent

to Polyhall 295 at a conécntrntion of 20 vppm.

A mxccPInr type of matcrlnl, Cctvltrimcthylnmmonlun .

‘bromide- 1—nuphthe+4pTAB), vos also exnmnncd for-drag

reducing characteristics, the results of which are shown

in Figure 5.5. -

£
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-AD =D (s Up= 5 fps
oz Or=t>=frs U,=3.7(ps
(?:2) 0.1 ===l U, «2.8fps

1 . 1

0 10 20 30 40 50 60
‘Injcction Rate (ml/secc)

Figure 5.5 Drog Reduction Data for an ecquimolar solution

.Pf Cetyltrimethy lummoniwn bromide and loazphtnol

to give a total concentration of 5080 wppm.

_3 + During the course of experimentation the recirculating
.wntcr supply for the flume was foulled with-Tine alumiq’um
powder ¥y nn%thcr resecarcher. T‘he particles were a few ten
thousandths ‘of an inch in dismecter and their concentration
_ wae estimated to be a;‘)prox.imntcly 200 particles per cubic
inch of water. Figure 5.6'81\0"’.8 how tl}clnluminum.ndditivc

modifies the drang as obtained in Figure 5.1.: +

—O—0-Pure water (fig 5.1)
1.0 —O—&=-Aluminum powder
- AD
==,)
2
ft
0.5
0.0 '. 1 4 . . m—
0 1 2 3 4 5

Frcc Stream Velocity (fps)

Figure 5.6 Effect of a !Iomogcnct)un Aluminum Powdcr Solution

on the drag over a Flat Platc .
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Further experimentation was, of coursc, resumed
aftcr removing the aluminum powder from the systcme.

Tﬁc temperature of the injection fluid was also
rouqd to have an effect on the mcasurcd drag in that
differential cxpansion (or contracfion) occurred. The -
portion of the plate which provided the frame to suspend
the test scétion did not huve contact with the 1njcctfon&
thes it renained ol the frece strean tempernture. Thnjtesg
\acctiOn ropidly a=s=sumed the injccti;n flujd temperature
during injection and its length was modified., Ar the men-
suring instrumentation was housed by the frame portion
of the plate a displacement could have been noticed by
3ust altering the temperature of the test section.

If was found that keeping the injection flﬁid at the frcp
stream temperature avoided this effect and all the solutions
were brought to the frece strenm temperature before use.

Tests also indicated that the drag characteristics
rcmﬁincd unalterced by injecting woter into the Soundnry

inycr over the test séction. Since water was the solvent

for all the ndditives tested it must be assumed that,whn}-

- ]

ever modifications took pluce were due to the pfcﬂencc\of

the additives themselves.

Figurc 5.7 shows the drag modification chnrnctcflsticsK\

of on ‘ablative surface mounted diregtly upstream of
the test scction. The ini Yal scction of the drag reduction
cufvc, up to t=0, vas obtained using an untrcated bloftcr

¢ sce how its prescnce affected the drag resulting

-

N

AN
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over the test section of the flat plate. The
experiment 'was conducted at Us= 4 fps, and it may

be noted that a slight inc}casc»in-drng is cxperienced
over that plotted in Figure 5.). The dummy blotg;r'wu;
then rcmo;cd and tﬁ;'coatcd Blotter set in itS'blacc.

At t=0, the flovw wés étartcd and brought up to the
.frcc‘strcam vélocity of 4 fps as quicklf as possible,

The resultant drag modification is intercsting in that
it continues for a long time. As the ablative coating
was wetted, it 3réw a geletinous covering vhich adhered
to the surface and would not wash off unless scraped.

The cxpcrimcnt.wus'discontinucd nftﬁr 1 hour and the
coating was allowed to dry. The geletincus conling dried
up and the test was repeated. The same cffect was noticed

a8 in the first test. No time trials were performed

but the blotters seem to have a very long life expectoncy.:

U,= 4 fpa
- 2e0r © Test
| ,dummy blotter test
Drag resumcd
flow started over B
Force 1°9f ablative surface B QQh
on 1.0 . . 'rcs‘t\
' | ' stopped
Plate : ] ‘and coating
oz 0.5 - allowed to
———2) o . . dry |
re | » -
0 0 Y A L A A A 1 1 L

0. 10 200 30 40 50 600 5 10
- ' Time (min)
Figure 5.7 Drag Reducing Effects of Ablative Surfnce
Mounted Directly Upstrcam of Test Section

&
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Figure 5.8 shows the results of the same cxperiment
as dcscribed for Figure 5.7 except that the sablative
surface, which mecasured L by 2 feet wias mounted on the

upstream halfl of the test section. .

'Flow_staftcd over
; pblativc surface
_ 2:5 drag :
Drng on dunmy blotter
Force 2.0 . A Up= 4 fps
on - drag on test
1e5 beéfscction with no
Plate attached blotters '
(22 1.0F
2
ft
0-5"
0.0 ;4 i 1 [ 1 1 i L
0 10 20 30 40 50 60 70
| Time {min}

-

Figure 5.8 Drag Reducing Effects of ablative Surface

Maounted Directly On Teat Section.
' \\I .

Duriég thc‘tcatiliustrntcd by Migure 5.8'n number
of fluid samples wcrévobtnincd at various points ovc; the
test section using a pitot tubec. Thc.viscositiga of the ‘
samples werc obtained using a Brookfield cup and cone
viscomctcr and compared to those of known concentrations
of Reten 423. ‘It is not known vhether d_egrad'au'c.n, if
any, occured and it g difficult to substantiate cquating

~

viscosjities to concentrations vithout performing actual



drag measuring cxperiments vhich would ccquire much
. - - . Al
larger amounts of somple. The rcs'q_lts_"of that investi-

o

gation along with rhcologicn.l data for Reten 423 are

presented in A&Jcndix VI.

—

a1




CHAPTER VI

NDISCUSSION OF RESULTS:

This rcsearch was concerned with producing usgulc
drag reduction data. This laboratory is dls; invéstignting
thc'diffusivity of polymer injccti§n5 in liquid boundary
loyers. The results of that particular investigation
may cxtend the data prescented ‘in Chapter V to allow pre-
dicting drag reductions o;cr greater lengths thaon 4 fcet
dowvnstreuam ol the injection s}it; AS Llhe experinent vas
conducted with a four foot long plntc,_ it must be under-
stood that when drag forces are given pecr adunrc fo;t
they were obtained S} dividing the total drag force on
the plate by two. The exact distribution of drag over
the length of the plate is not known although hn attempt
fo.detcrminc it waos made by doing velocity traverses
during injections and estimating the drag from a momentum
thickness analysis. as shown in Appcﬁdlx II.

Although datn is scarce, it is known, that polymer con-
antratién decrecases with distance downstrecam of injection
nhd that the amount of drag rcduction is concentration
dependent. Dye injection studies indicated howcver, thnt
the injection remains fairly coherent oace & basic smount
of diffusion, which is frec étrcam velocity dependent,
had occurred, The cohcrent injéction travelled the length Eh
of the flumchﬁpon leaving the test scction (about lq.fcct)
but it is not well established whcther the djc, diffusing

into ihé frce stream, gave 0 false impression to the limit

J |

32
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‘of the injectton boundary by diffusing beyond per-
ception. A photogronphic analysis is given-in Appcndix iv.
Of primec interest in this study was-how the polymer
concentration and its injection rate affected the drag
/
modificationa. The data prc;;cntcd in the 5.2 =series
= ‘ .
of figures may be condenscd into Figure 6.1. This con-
densution is possible because the dutn presented in Figure
5.2 indicate that iajecting a*2000 wppm-concanlenting of
polymecr at 20 ml/sec is equivalent to injcctMO wppm
L .
vt 40 ml/sec or 2000. wppm at 10 ml/icc.with respect to
the toi.u].odrng reduction posaible. This is cspecially truc
, - \
with thc more water soluable polyacrylamides. ‘
© 50 ml/sec injcction ratce _
¢ CJ40 ml/sec U-;_15-4 fps_r\.
0«51 A 30 ml/sec o D omarOg hd =
o;_)o no X WV )
0.5t Yol -
‘ -0 ' ot o : 0,
0.4 &Y O - . :
. ’ ) = 3.8 f 8
AD} & A . , u._ﬁ : P =
”~ - () ) L
0.3F O D l‘ a2y,
. '.—"\-A_.
S ft0.2 op - . I py ! o
¢ &n o 0 A ™ an \)—
’0 . () £y o L .
9. 1} ALY ‘ ' Uw= 1.9 fps
Y S0 - A O O
037 o IO : | .
Yo ,
0.0 v 1 i L i 1t 1 a4 s A 5 1

o .01 .02 .03 .04 .05 .06 .07 .08 .09 .1 .1}
Total Injection of Reten 423 (gm polymer/sec)
Figure 6.1 Drag Reduction Characteristics of Reten 423

N . R



ésscﬁtinlly the same as that for wutcer, the unita become

maximum drag reductions occur at injection ratcs of

approximately SSml/Bccfﬁfi'p]ntc vidthe. This optimnl

The totnl injection, as shown in figurc 6.l ié
s . - .
obtoincd by. taking the product of the injuctién Tate
ndh'thc udditinggpnccutrLtion shown in‘Cﬂgh diférnm of
Figure 5.2. ¥hisA6perétion yiclds units of wppm-ml/sec, o0

but since the molecular weight of polymer solutions is
1

S

prm—gm/scd. ‘InjcCtiﬁé 2000 wppm at 50 ml/scc introduces
[EVEEIITAR ".'.";,r;-. i;z[/r;uc cm/ml oor 0.1 gmfoce of poiiacs into
the bounddry loyer over the plate. . o i
Incrcacing the jnjcction conccntration‘hp_the point
whcr; additional viscous drug forces will outveigh the"

additional drag reduction provided b} adding polymer,

should be a function of the totaL_concchtration present.

', | | _ B
The data, published by Tulin :wd Vu(l4), indicntes thut = .

injection rate does not varjAcnough-dd compensate
injcc{ion concentration variance ih p_difnct'fatip.
Their dnt; indicates n ratio of 3 bectween the optimum -
injecfioﬁ-ratc of 50 wppm and 300 vppm, whereas, 16 times

-

. : Yy . .. ’
more 50 wppm concentration solutiouw should be injeccted

. to jntroduce thc same smount of polymer as vould an 810

wppm solution. Intcrnrlinow dateo, somé of ?hioh_is"
’ 1 . :
shown in Appendix 'V, indicate that optimum reduction is

in fhet concentration dependent.. Thus the apparant
oPtimAI q0nccntrn{ipn varinnce over a f}pt'plntc~mqyrbc
due to concentration grandients cxisting along its length.

e . i

— z €
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chy feu of the injecctlion rotes presented in
Chapter V exceed 50 mlfscc.und nlthough-most.of the
corrcaponQing drﬁg,rcduction rutcg“ﬁnvc“lnnclled,rnqne the
atur;cd to dccrcdsc. In fact thg dfng rcduction curv;;
o(rzuno wppm RReten 423 arc éti;l incrégsing nt ‘In—
Jection rates greater than Suém{/scc vhen sub jected tb-
frec stream vhlqcitiqs greater than J fps. The drag
reduction. havncHeriatLes ‘0!):”::“.':_:1! by Tolia oaad wuf ”);
for 800 &ppm conccnf;utions, were fdpnd to dcc&gnsc above
injcction rates of 20 ml/scc. It must be noted however,
thut they were-using Polyoi"WSR-SUf, 10 “vppm of which lI=s,
reported by Hoyt( 1}, as effecctive ns 20 wppm.of Polyhall

295. If Figure 5.2b i8 compoarcd to Figurp 5.§c it may

be noted thut 2000 wppn PolyhallJEQS give fcduétioua
cquivqlént to 1000 wppm Reten., As the u?tuul drag médi;.
ficotion occurs over the plhtc, the wsmount of Rctcn'42] _ !
prcscirt. in the boundary layer should‘bc compared

to the nmount.oﬂ Polyhall required to prodgcc'thc_snme
cfrcc{s theres,~ Figure.12.2 sh;wn‘n—9.5 wppm concen-
.trntion of Rcten in the bouﬂdury 1nybr for a free streap
velocity of 3.8 fps and un injection rate of 50 mi/sec
using. a 1000 wppm Initial concentration, ‘Under @heaF.

A

same. conditions a 2000 Wp_l:m concentration of Polyhall A
\ . '

wnsﬂfo&nd‘to have the same drag rcducing eflfcets. Thus
. : : . £
a 20 wppm concentration of Polyhall is cquivalent to a. . -

Ju wppm concentration of Retgn. - UHence Reten 423 and

kl M
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Polyox WSR-301 may have the same effcctivencsa in equal
COQCcntrationa. .
It must alsoibcAnotcd that the Tulin and Vu(ll)

experiments werc conducted at a frce strcumrvcloeit¥ of

8 fps. The 5.2, 5.3, and 54 Figures all indicate thot
the drag reduction curves begin to lcvci of;‘nt progres-
gively increasing injection rates with increcasing

frece sirenm veolocities. Thiw cffccﬁ indlrutcé thet the
;ﬁolyécrxlamidcs tested may offer léss viscous drag

' ﬁhun Polyox WSR-301 since even at fowcr free gtream
velocities much grcatcr.conccntrations injceted into

the boundory layey did not couse the drag reduction

curves to decrease.

Thcf;is;oaity'ot Retan 423 does increasec with'l‘-
¢oncentration, as shogn in Figure 15.3r "so a decrcase
in drag reduction is expected in ail the 5.2 Figures
nflpartiﬁslar injéction }atcs. Thesc.injcct;on‘rnte
iimits may bc'surpasséd in trying‘to obtain any of the
Tetal Iajecctions 7&££;rcd te in Figure 6.1. This could
produce points which fall below the intticated data.
_chée injection rates 3reatcr'thnn SO ml/scc'ahould
‘not be uscd in predicting the Tota! Injcctions._

It nlso seems that the  ultimate reductions have been
f;irly.well rcached in Figure 6.1 and greater Total
’iﬂjections'mny result in'io;er drag reductions, thus
Total Injection gptes should remain bélow ;11 gm polymer.

per second.
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The fcw points which deviate substantially from
the curves in Figure 6.1, do so bechuse they originated
from high qonccntration, low rate inject;ona, ot re-
latively high free atream velocitiesy all being con--
ditions which prcvent.good mixing with the houndary
layer liquid and result in less drag reduction.

The first attempt at producing an equation for

Figure 6.1 rcsulted in a llnear approximatiton which is

shown in Equation 6.1 and fitted to Figure 6.1 in Figure

6.1b. .

. _ ) :
AD -« (0.017 + 0.05 Oin) U, for 0, 3 0.027 6.1)
‘aD = (0,01 + 0.4 om) uf for 0.5% omﬁo.oz

. o
A 1 2 N A A A A A 1 .

0 .01 .02 .03 .04 .05 .06 .07 ‘.08 .09 .10 .11

Q

in' Total Injection Rate {gm polymer/sec)
n _ .

Fieure 6.1b Corrglation between Figure 6.1 and Linear

. - Approximatjon Equation 6.1

|

[
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The linear nbproximhtion,of Figure 6.1b suggests
& 2nd or 3rd ordcf polynoﬁlal ﬁay fit the experimental
date quite well but it is interesting to note that the -
drag reduction is n rather simblc function of the total
polymer injectivon rate and, as expcctcd: the free stream
velocity. Similar procedures @ccm applicable for the
other polymers which werc tested and pérhups a series
of simiinr cquations mny be gcqcrntcd cmploying o
constant which would vary £ rom polymer to polyher de-

pending on its effectivencas.

analyses prcééntcd in Appchdiccs IIT and IV for Retan 423.
Crouping towards the I7 wppm asymptote agrees with the
internal flow data conclusion that moxjtium drag reduction

is obt-ined at a 20 wppm concentration, as shown in

0-5.'

0.3

Free Stream Vclocity (fpe)

Figure 6.2 Approximanted Boﬁndary Layer Pn;ymcr Concen-

tration Effects #n Drag Reduction 7 ’
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Appendlx V., Ejections which would have produced c;nccn- J
trations grenter ihan 20 wppm were not uttnincd nt | ?
the higher frece strea: velocitics but wherc exceeded
at lgw frec stream vclocitics.thcre.;:'no indication
of lcss drag reduétions nlthougé there is no nppnrant‘
" increase either., It is expected, howc@qr, that the
curves shown in ‘Figure 6.1 and-12.2 will begin to drop
once cbnccﬁtrutions of obout 3O wppm mre exceeded.

Maximum effects ure probably unttained with a
. 20 vpém conccnfrntlon but since the drag is béing measured
‘ovcr a 4 foot length of plate a consistant concentration
cannot be nssumed over it. Thc c¢onstant concentration
annlysis presented in Appendix III dqcs‘not account

for n diatribution'providiné 40 wppm concentration at’

the lendiny edge of the test section and 0 wppm at the

trajling cdge. This would not produce on average 20

L

wppm conccntration over the whole platc but would have

i
i
'
b
Hl
L
'

the leading edge being acted upon by a concentration

which produces less drag reduction than that at .the trailing
edge, As long?as the relative proportions of these two
factors remain balanced the total drag redﬁction_ovcr the
pinte will remanin unchanged. It is cxpected however that
once more than half of the plate is experiencing a flow
with concentration 3:edtcr than 20 wppm a decr?aae in

drag reduction will occur. and Figure 6.2 wiltk have

curves of greater coucentrntion.fhan the ' nsymptotic

value produciﬁg less drag recduction.
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At 5.4 fpﬁ, Flgu}e 6.2, indicntes that n 10 times
dilution of & 17T wppm concentration resulte in only
a 30% loas in drag reduction, This effect becomesn
more pronounced with incrensing free strean velocity.
It i8 realized thoat more drag reduction is possible
at higher U, but it scems thnt thé posslible drng
reduction decreases due to dilution will nlso be lesser.
Since trnce particles produce such significant
smounts of drng reduction it seems that injections
over very large lengths should be very effective,
Injecting concentrations much largef thnﬁ necessary
at the leading edges of large surfnces would produce
some drag reduction, thcg ns dilution progressed, there.
would be an incremse in dfug reduction untijl the-Optlmum
coucentrntloﬁ was rcnched.whercupon there would be n de-
crcase until no' trace remaincd. " From a;pmcrged
jet studies, White( 9 ), nnd from the dyc astudies in
Appendix IV, ;:'ucema that even though there
is n fairly rapid dilution occuring‘ncgr thc,lnjéctiﬁn
point, this dilution reaches B concentration ot some N
point downstreom which does not dilute very ropidly
with distance. It is suggested that n study be undertnken
to determine the concentration of injected solutions
JO or more fect doinafrcnﬁ of injection, especinlly at

. higher frec etream velocities. ' _ . \

j
A
1
i

!
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Figure 6.3 Summary of Maximum Drag Reduction Data

Figure 6.3 gives a summary of all the injection

data prescntcd iﬂ“Chapter V. It may be noted that

A
although at lower free stream velocities ‘it is less
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« -~
effective than the other additiv;a. Ret€n 423 is more
effective at higher frcf atrcnm veloclities. This is
probably due to its highér molecular weiéht, which is of
the 10_ order, whereas Polyhnll nhp-Scpcran are 106.

The CTAB drag reduction is not found to be
free strcam velocity dependent, but it is cxpected that
at some velocity it vili bccome ineffective becouse
nicetlar solutigns arc shear thinning fluids and behave
as ordinary Ncwtonin; fluiﬁé above a limiting Reynolds
number which is dependent on the flow conditions and the
micelle concentration, white (9 ).

The moximum drag reduction, as predicted by Giles
in Equation 2.1, is not uppfonched. it is cxpcﬁtcd
however that greater reductions are possible at higher
frece strecam velocitices with Reten 423 as the curve with
injection in Figure 6.3 is beginning to diverge from
fhe curve with no injection. Additive drag ;eduction im

thought to be bamed upon some form of turbulence guppression.

_Since the experimentation was conducted necar the Tranai -

tion Region, due to inadequate free strcam velocities,
maximal reductionsa can not bc-expectcd.

.Pigure 6.4 ;hova percentage drag reduction for
Reten 423 as o function of total injection rate and
freec stream velocjity. It may be noted that . sajithough

ﬁighcr percentage reductjons nre attalned ot U » 1.9 fpe

than at 5.4 fps, the rAte of change of decrease is

.
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decrcasing and jt is expected that the percentage drag

. ]
reduction will-rise with higher frec strcam velocities,

0 : L X 1 A A i B

R - A i

0 .01 .02 .03 .04 .05 .00 .07 .08 .09 .1

Total Injection Rate (gm polymer/sec)

Pigdrc 6.4 Percentage Drag Reduction Curves for Reten 423

as & function of Injection Rate and Free Strcam

VYelocity.

Figure 5.6 indicates thut drag rcdﬁction_mny be

obtanined with aluminum powder present in a flow. The
" actual mechanism for reduction is not known, but‘*it
is expected that the pnrticies of aluminum act similerly

to the long chain molecules of the other additives in

thnt they suppress turbulence to some degree.
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CONCLUSION S | ' _,/

CHAPTER VII - -

|
i
I

As o summary of the foregoing discussions, the

following conciuaionﬂ con be drawn: | -

(1) The amount of drag reduction which will occur
over a flat plate is dependent upon the
.conccntrntion of the drag rcducing‘aﬁditivc
present in iif vicinity aoad iPdupcndcnt of
the concentration or rate of{injcction of the
<additive prior to it being found there.

(2) A concentration of 20 wppm secms to be the
optimum concentration for maximum drang reduction

in boih internal and external flowe for NHetan 423.

(3) One wppm of Retuon 423 con produce Bubstantinl drng

reduction, ~ albeit 505% less than at the optimal
.concentratlion of 20 wppm, at the ffcc strcqp
velocitifs tcstcd,_ Since this cffec¥ is

,/ihh{fnsing with increasing freec streom velocity,
it seems that :.economical cmpld?ﬁnnt of ndditives
may‘be o?faincd for/full size ships.

(4) The composite blotting pﬁper-polymer ablative coatings
¢t meem to be very durnblc andmahpm promise of an
cvc; more economicnl additive cmployment on

a largé ecale.
{5) Drag reducﬁion was found to be o functicn of

the square of the free strcam velocity, a8 well

a8 the total injection rate. For Reten 42) being

43



(6)

({7)

(8)
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injected into o developing boundary layer over

'a flnt plate (which was 4 ft long and } ft wide),:

the decrease in skin friction drag over its

surface may be approximated by;

N N 2 h -
AD = (0.0{7+o.050h1nb for .11301na0.02
2
4b = (0.01+0.401n) Yo for .005%50, £0.02

where Qin = totnl injection rate
of Reten 423 (gm/sec)

tbe = free satream velocity
g {(fps) (and should be
less than 6 fps).

Immedintely after being injected a concentra-
tion o} ndditive rolution diffuses rapidly but
gradunlly attoaina a concentrantion dependent
upon both the flow and injection conditions,
which diffuses véry slowly.

Rcten 423, being of higher molccular weight

was found to be more cffective than the other

andditives tcsted in reducing drag, especially

with increasing free stream velocity,

Calibration of the vclocity @cter propeller

probe indicates that propeller efficicncy is
>

reducced with polymer addition ‘as expected,

resulting in a lower frequency of rotation

at n glven velotity. _ : -

et ot
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VELOCITY PROBE CALIBRATION:@

a

A 10 foot diameter 2 foot dcep tank wos cooatructed
which had‘ubovc it a oupport system with;o 4 ‘foot long
~arm which could propcl the probe concentrically. nround
“"the tank at llncar velocitxcs of up to 20 feet per- second.
Twe photo-~senaitive relays were located dinmetricnlly-
opposite each other. and enoblcd accurate time measurement

for wholc or half revolutions. Some of the measurements

were condUCted using a two pen plotter, one pen recor-—

(9

ding the probe output and the other the time intervnl -

between relays. Thus, using the plottcr timing mechanism,

eccurnte'probe vclocities were computable and could be

¢tompared to the probe signaltdieplny; The tank wos filled
withh woter and various polymer concentrations..

The calibration chart used “for the.

3

1

plate veloéity mcnsurcmento'is shown in Figure 10.l..
< b

During thc courae or culibrutlon it was dxscovered that‘ L
‘the: posxtxon of the calxbrotion curve wasg,very dependcnt

on the ad justment of thc fjne Jewelled benr;ng wh;ch

located the propeller axle. Ir thé beurings were tod-loose
the propelicr would spin too rnpidly and a hreakdawn of

conductxou occurred nt Some velpcity resulting in nn

-

incorrcct reading. 1f thc\bcnrings were tightened until
the propellcr axle atuck nnd thcn backed off alightly

the calibration: churt would nssume the fq}m of Figure 10 1.

“41‘ -
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After 20 houras of uae the probo wan found. to necd benrlng

rc-ndJuntmeut ns the cnllbrntiéﬂkchnrt nlope wam round

to dccrease. The probes were cnlibrnted bcrore and after

any prolonued cxporlmuntntloh porlod t% enaure accurncy.

, Figurc ;o.l'p}ovldée calibration for the use of bh?

probe in #nrlqua.polymcric fibw_&gndgtionn. If the coﬁ-a

. Y



o . . - {'.
~
P 4

centration.of the flow can bc approximnted,

then anccurante velocity mecasurcmentsa can be

49

relativc ease.. Problems, such as those encountered

with pitot-probes and hot wire anemomcters

&
/J- i 3
or is known, f
mide with :
measuring - . N

polymeric flows due to molecular entanglements about the

’

probes and diffcreQiSPent t}angfer rntes, are overcome

uaing this type of probe. Calibrations of

concentrations

less then 20 wppm proved almost indistinguishuble FrOm

thoge of water making this instrument idenl for measuring

velocity profiles in the boundaryﬂlnyer over o flut‘p;ntc

experiencling n polymeric injection msince concentraotions

greater thdn 20 wppm arec seldom chountcrﬂl

The main dﬁgwback of thia type of inatrument ig that
.tﬂJpna a rclntively lnrgc size, the propeller being .3
inches in dxametcr, Thus, veloclty rcadings must be

averaged over the probe area and finer differentiantions

sre not diréctly possible. It is poasible,

thcrc.

however, to

traverse fin very finec steps taking many average velocity

readingsl. and produce reasonably occurate

profiles., )
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APPENDIX 1I

MOMENTUM THICKNESS ANALYSIS:

Estimnt{on of the drag dlutribution over the
fint platec was attempted by taking n numhcf of velocity
profilea during nn injectibn. The totnl ang obtnined
from this onulysis should nlso confirm that obtained

(’!by_thc dircct mensurement procedure,

11.1 Theoretical Developmeat of Dra;s Measueement nynf

1

a Vcloclty Profile:

Momentum thickness is delfined nmgp /

-

™ . ‘
s, .SO{L‘n-a) dy | A11.1)
1

where nll the quantitles aré¢ defincd in figure 11,1,

Normalizing both axém, ygélds ftﬁurc 11.2 and equntion

11.2, which I8

u u : h
62 .SE‘ U..(.l_-U..’ dn where 0\« 3 (11.2)
' . where § » boundary loyer

thickneas

-

Figure 11.1 Velocity Profile Figure 11.2 Normalized

_ 'VelocltyPrnfL%o.
From Figure 11.2 it may be secp thaot

- u
A=v.

50
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~

Exponding Equation 11.2 rcsults in Equation 11.3,

] Yoa
S, = j.l‘iar\ -](ﬁ‘)d\ o {11.3)
.1 o ¢

lqu may be obtnined by computing thc bren desig-
2
nated by A in Figure 11,2, 1}Ul dn may be obtained
2

similarly by plotting values of jU; ngn|th % in
Figure 11.2° and thel computina'thé corresponding
trea. Subtrnctlng the two vrcas from cuncen ;thnr and
multiplying the rcsultlw's recsults in o value for
S2. {3 is obtained by noting the distance at which

Usr occurs ncnrest the platc.) Plotting the vntiues

of 82 8o obtained at varioun pobitiéns along n flat

plate results in Figurc 11,30 [ .
. . d
Blope » §& 2
o 5
s T
o3

Distance along Plote.

Figurc 11.3 Momentum Thickness along the Length of
: ~a Flat Plnte.

Wall Shcar Stress may be defincd ns

2 d&;

1: gq; (11.4)

and since the drng on the plnte may be defincd an

‘ -
n tlt; dx where w = plinte (11.5)
. width C Ay
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the drag an the plate may be computed 5y
r L 4

D n w ,'lfggé-'dx
2 [“eb,
- wely l:%id*' ' (11.6)

If the slopes..of the curve are tnken from Figure
11.3 and plotted sgainst x as shown kn Figure 11.4,
e
Jgédx moy ‘be obtained by taking the area under
[ ] ' . N

the curve 4o obtained,s

gL e |
' | Area.-}}édx

\

Lt de
Figure 11.4 Determinatioen af Eﬁﬂx from a plot

%%‘vs X. 0t

11.2 Drag Approximation using Experimental Velocity
Profilcé: |

Four Vclécity profiles were taken In a flow
over the flat piato at a stream velocity of 4.15 rps
and, at thc same ioautlona, during a 50 ml/sec injcction
of 1000 wppm concentration of Reten 423. The profiles
were tnken ot the leading cdge of the tent section
and .1, 2, and 4. fcet downstrecam of it. Figure 11.5
‘prcseﬁts the normalized datn for flow without injection

and Figure 11.6, the dnta with injection.
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% Figure 11.6Ap1§%‘|é2 versus x such that the

slope of the curve moy be measured nnd plotted

in Figure 11.7 as %;* ve x. The area under the

curve in Figure 11.7 yieldsn Eéﬁx = .009316 ft.

_ x

The total drag on the platc is now obtaincd using
equation 11,6, that is; .

D - v quﬁéé&x

62.
= ‘32 4'4 15)2 (.00916)

+156 1b /’ft
1.25 Ozr/ft.

This result compares to 1.45 Ozr/ftz, ns obtnined
by dircct mcasurement. The discrepency ia due to
averaging the velocitics over the probc area ond not
having cnough sample velocity profilcs.

Figures i:.a, 11.9 and 15.10 correspond to
11.5,11.6 and 11.7 rcsﬁcct1Veiy but for flow with’
an injection of 1000 wppm Reten 423 at 50 ml/sec.

A similar analyeis yiqﬂda“l.48“0zr/rt2 for drag

over the test section for this condition. The measured

drag for this test condltion is found to be 1,2 Or./rt2

from ilgure 5.2b. Other rescurchcra have noted a aimilnr
iscrepancy using (momentum thlckncsa annlyacs for drag

prediction. Collins{18) noted thc decrecase in boundary

layer thicﬁhgfs with polymer injection yct drng_reduct?on'

qpa not cvident from annlylla. " Shen (19) did
not obtanin evidence of druJ reduction vith injected

polymer solutions in some,of "his’ tests from momentum
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theorem analyses. In the present work, 'fuller" velocity
profiles were obtained for flow over the flat.plate
expericncing 1pjcction ghun for the case of no injection.
This implies that, sgince less drag is'cxpcctcd‘from "fuller®
velocity profiles,as the bedy produging the drag has -
less influence in disturbing the free stream.than a |
body in a situation‘éiih.h‘léés full velocity profile,
the rcuul'ts n'[‘ ﬁ.hc"morﬁcntum nnalysis r;lll\tlld have indicated
icas drng,for the fuller velocity profiles, obtained
from the flow with polymer addition. This may indicate
thot the determination of § may be erroncous or that
more precise velocity profiles are nceccesanry.

It is suggestcd however, that momentum thickness
analyseés moy not be approprinte for cstimoting drag

PR

if polymers are presept in the flow. ‘\\\
' \
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APPENDIX III

APPROXIMATION OF INJECTED POLYMER CONCENTRATIOY IN

ROUNDARY LAYER:‘

fhis method assumes that complecte dllution.occuré
within the boundpry loyer. That is, |if u'boundurf
layér flowrate Jf 3000 ml/sec is occurring and a 2000 wppm
poelymer concentration is intrqduccd_nt a rate of 30 ml/sec,
a uniform concentration of 20 wppﬁ will reault. Although
there is no reason for the injecction to yemnin‘wlthin
thé boundary layer ond although concentrotion gradients
are known to exist thism type of approximation wfll give
some insight into the qunntity of polymer required within
the boundary layer to produce th;-mcnsurcd drag éffccta

presented in Chaopter V.

Toe

The boundary layer flowrate will be simply approxi-

" mated by eduation 12.1, . T

- K

ObI-(Averugé boundary layer veleocity)(Average houndﬁry
layer thicknesé over the plufe}
(width of the plate) S (12.1)
The average bouﬁ;nfyrinycr“vc10city,‘?nscd upon the ve-
10¢1¥y proflles token, was nesumed to be 0)9 U
The boundary layer will be assumed fully turbulent .
and the average thickness will be approximated by taking
hulf the sum of the leadina‘ nd #railinu cdge thicknesses
as predicted by dquation 12,2, wvhich may be found in any
fldid,mechnnica text;

4 . / ’
5 . 0.379/tre '/ (12,2



Figure 12.1 lists the {lowrates obtnined by this

method over a8 nusber of free stream vclocitics.

£

U, (fps) 5-4 4.5 3.8 | 2.8 1.9

0,, (ml/sec) [7959 17000 {5950 F'3960 | 3000

Figure 12.1 Boundary laycr flowrate approximation

Lines ol coustant concéutrutiun iy oy be plottaed
on Figure 6.1. A flowrate of 300C ml/sec rcquires

60,000 wppm-ml/sec to be introduced into it for =

concentration of 20 wppm to result. Thus Figure 12.2

is obtnicd by noting that .0l gm polymer = 10,080 wppm.

0 1 2 3 4 5 6 1 8 P |
Totnl Injection (EBE%%Elx 104)

Figure 12.2 Lines of Constant Concentration plotted

agﬁlnst the Drag Reduction Data of Figure 6.1
¢



APPENDIX 1V

PHOTOGRAPHIC STUDY OF IMNJECTED POLYMER CONCENTRATION:

Photographs such as 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
meosurements were taken from the photographs by comparing
the distances involved. As may be seen the injection rate
doe§ not sszem to have a predictnble c¢frfect on the size
of the iﬁjcctiOn envelope. This may be explained by the
dye diffusing beyond perception, ﬁlthough care was taken
to include equal amounta of dye for cach injcétion.

The concentration of the injected polymer wae

500 wppm and Figure 13.2 shows the injection enveclopes for

a free stream velocity of 2 fps while Figure 13,3, that

for 5.4 fpa.

Figure 13.1 Photograph of 300 wppm Reten 423 Injection

Into o 2 fps Frec stream nt 27 ml/sec.
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G, 27 ml/sec
— Oin 5" 37 ml/sec
Uep= 2fp5 Qi 3= 25 ml/sec

sveer

fL- 35 ml/ﬂcc

2727 7272 7 7777 7/

//////7_//////////l!///////l

Q,, 5= 10 ml/scc

L i

2 (ft)— 3 - 4

Figure 13,2

Injection Profiles at U,= 2 fps for

Various Injection Ratcsg of 500 wppm Retan 423. .

‘ Oin 1® 20 mlﬁacc |
_— ' y. = 35 ml/sec C
U,= 54 fps in 2 :
] Oin 3" 20 ml/sec
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v
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i"igur‘e 13.4 may new be drawn us‘ing the mid
point of each cluster of injcctiOt\ envelopes .as o
“datum .. Info_:;mation was .qbtuinlcdﬂfor‘ flows o‘f 2 and i *
5;4 fps only. As the intermediate injg:ction thicknesses
are unknown a lincgr,rcln'tior;ahlp w'ill be pssumed but e

~

drawvn using a broken. line.

#

\\‘_. '04 ft dwnstm'"
4k ‘& 33 1t dwostm -
SN A2 It dvastm
Yiasible Y O 1 ft dwnstm - RS
\\\ o : :
Avcrage 3 ‘ \\ \\.\ T

Extent - | \ 'Q\ ‘ T '
. ) ~ o _ ;

of Dyed 2 } . DTN

Injection \\\ g

{inches) | . "—""‘"(} B N
oo 2 3 4 5 6 1

“Free Streaom \’clocxty (qu)
Figure 13-l4 Summary of Injection Envclopc Th1ckncsaca
It is;pb'vious that the linear rclntio:xshilp:,iu.’fincorrec't
as it insir;uutcs.no- “thicl::ncas at somec Ug. " -
Assumxng utuform drffusLon ‘and U .ln the rcgnon ncnr

the wall about 9 Uy nnd a 50 nl/ﬂcc ancctlon ratc, I-‘igurc

13.5 may be drawn.’ - . - ? e oot
2. . \ o4 £t dwatd .
2. I E—— ~O-—=" @}, It dwstey :
o of A - a2 ft dwstm S
' 1. . o! Tt dwstad
. Or'iginal 1. __.é________.---—é-—“:-&"‘" “ : A . -
‘ Injcc*‘tl‘o‘:rf_)'s :'mugf_-:—__-
0.  ——. . . A
Conc. - -1 2 34 5 6: 1 _:';f;*i=-

¥t

U fps L - i
F‘i};ufe 13. 5\\ Perccnt of In.]ection Conccntrntaon mt \"ﬂr}’oua
B ,__’f*', Positions assuming SO ml’\/nec InJccthn R‘n{c. -f:':.t‘
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The percentage of thé original concentration isg °
obtained by dividing the injection flow?atc by';hc flowrante
fromgFiQUrc 13.4 at each of the }ndicatcd posikions.

The fléwratc is obtained by multiplying the injection
cross sectional aren by the assumed .9Qu near the wall,

It is now ﬁbssiblc to predict what the conccntrntion
is over the plate. Consider a 500 prm concentration
being injc;tcd at Sd.mlfscc. This vielda a fota}
-injcction rate of 25,000 wppm-ml/sec. 1f the }rcc
strcam velocity is 2 fps, Figure 13.5 predicts that
0.5% of thc_oriﬁinni injection concentration which is
2.5 wppm, should be found. 4 fcet downstrcnm.‘At u ‘2‘fpp,‘“

. : '~y
Figure 12.2 predicts a uniform concentration of 8.5 /wppm.

Ir thc_conécntrutions are dctcrmincd‘rpr the ot
positrgﬁs along the plate an av?rhgc concentration of
about 8 wppm ie oﬂtained. 1

Figurecs 13.4 and 13,5 arc rn@ﬁcr crude but they

provide rcnsonnb{c information and itiis suggested that
. the mCthDAIShOWn hcrc'éﬁuld‘bc very useful. and rigorous

if Pigure 13.4 ve}e obtoined - in more dctuil..

‘ ‘ . . _

Figuré 13.6 shows the nrcdictpd concentrations over

o pfntc with 500 wppm-ipjcction into U = 2 fpsé

Figure 13.6 - Estimated Con-

centration resulting from }

injecting 500 wppm .‘ .10 }

Reton.into o Estimated |

free strcam of - . A

2:fps at 50 : 3T

ml/sec. . Concentration ¢ ' .
{wppm}. S

0 1} 2 3 4 (frt)
Distance Dowastrcam From Injcctipn.



APPERDIX ¥V

) fl

INVESTICATION OF RETAN 423 EFFECTIVENESS IN INTERNAL

FLOV CONDITIONS:

14.1 Description of Apparatus:

A simplc rhcometecr, which prdduccd tﬁrbulcnt fiow .

in a tube, - wqaluaed to measure the average skin frictioﬁ
coefficient for n number of Reton 423 concentrations.
The rheometcr conyials of n Qimplc volune calibrnicd

A

regservolr which con be pressurizcd to 30 pai guage

pressure by mcons of o regulated compresaed nir supply
working through a 1ow presasure precision regulator. A leﬁéth'
of known dinmeter stainless steel capillary tubing

is attached to tho bottom of the rcserveir., A stroight

o \
throdgh valve, mountcd. at the end of the capillary, nllows

on-off flow control.

14.2 Theoreticnl Conasiderations:
C;nsidcr level(l} toibc the top level of the
fluid in the rescrvoir und level(2) to be the bottom
of the capillary tubc:'Por thin ;rrnngcmcnt Bernoulli's

cquation moy be written as,

2 2
Py vi P2 V3 kVa RC, VoL
—_— + + Hl m mme pe— H2 + +
1 28 . -3 2B 20 Lg. 7
N 2 . ' . : -
where V1 is the heud ivugy at the inlct of the tubeg,
28. To

and Ce is the friction factor delfincd an (—__T)'

Since the datum linc can be placed at

level (2), H2 is zero. Becausc the dinmeter of the

s

N -
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rescrwolr is lurge compureu to the that for the capillary,

V1 is negligible,’ the velocity in the tube V2 iu Rl

culculated frem the totul volume poaused, the cross
scctional areca of the enpillary and the time interval

requlred for pusanﬁc. Let vznv, thus,

apP = {py + gl — py),
and Dernoulli's equation may be rewritten as
2 2
ap - (1) 9¥ L CeV L
. 1 [y
V2 ‘Dp
or Cgp = (ap - (1+k) ) - . : )
| | T2 a2 -

The vanlue of k which Is the factor for inlet loascy

L

is token as 0.78 (17), whileAp for the cxperiment fu
evaluated from the followlug ecquationyg

ap = (p, + P +P) sl - P

g8 atm atm

wherc = QUEBHIC presuure
ere po )

Patm' atmospheric pressurc g,/

Pe = correction for prec.suse gunge

HI' height of fluid nbove tﬁc exit
end of the tube
Bernoulli's equntion can be applicd to both laminar

and tufbulcnt flow conditions and the ubove cxpresnion for

C,. cen bc used over o ranpc of Rcynolda numbers,

f :
. . / .
The computer program' included at the end of this

Appendix was used toicalculate the volues of C, and
Reynolds number which are plotted in Figurc 14.1 for
. | ' - .

over a rnﬁgc‘or polymer solution concentrations,



0 }Lclonizcd wvoter

Q@ 500 wppm Reten 423
100 wppm Reten 423

5 wppm Reten 423
A0 wppm Reten 403

oo

20 wppm Hettn 423

1 Y ' 1 h Y A 1 [y LY 1

2 ¥ 4 5 6 7 8910 15

Reynolds numbcr(x103)_

.Plgure 14.1 Friction Factor- fReynolds numbcr cn?elntiqn

for varlous concentrations of Recten 423.
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14,3 Diacussion:

It may be noted that maximum teduction of Cy

occurs, in Figure 14.1, for a_€oncentration of 20

wppm. This indicates that gﬁgzcntrutiona below this
/

arc too dilute while couégntrhtions above become
more viscous to the point that increansed viacous
drayg otheiuhu any additional deap reduction.,

) Figure 6.2 shows an wspproximated concentration

effcctivenens reclationship for Reten 423. It is interesting

to notcrthntlzo wppm is bcing appronched as n moximum
drag nayﬁptotc. Although none of the injected flows
cxceeded o 20 wppm coﬁc?ntrntlon‘in the boundary
layer over the flnt plate it is cxpccted that concen-

trationa Ih e€xcess of 20 wppm would show a decfinjte -

decrease in drag cffectivencus.

|




APPENDIX V1

CONCENTRATION PREDICTTION DY VISCOSITY MEASUREMENT :

During the ablative counting cxperiment six
qnmplca chc collected at varlous poiats over the
test section ne shown in Fipgurc 15.1. A pitot probe /
was positioned ot the requlred sitc, nuction wan
npplicd.to draw the nample theroupgh n tabe attaghed
to the probe nnd 'n quantity , of éhc fluid waw nllowed
to collect in o test tube, This procedurec was

rcycnted nt the other sltes nnd then the viscomitics

of the samplea were token at 20 nnd 28 degreea C
using o Brookficld cup and cone viscometfcr. The rewulta:)
arc shown in Figurc 15.2 and plotted ngninst the

viscomiticy of known concentrations in Figure 15.3.

A1
W

e ‘t “‘ '“ ""12" "' "" . . "'"

Figure 15.1 Location of Sompling uvites

Site no. - 172 3 4 5 6 |
Viscosity @ 20°C (cped | 1.121 1.215 1:211° 1.17 1.165 1.14
Viscoaity © 28°C (cps) c914 L9944 L9 <95 .94 .93

Figure i5.2 Viscosity Data ns collected over Ablative
Surfance, :
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4 f
Pe
3 o
2 -
Yiucos?'}
lcpu)
1 | g
. umple # 2
9 Sample # 3
* I Sample ff 4——
Sample #g- -
.8 t Sample ff 6 -
il Sample # .1
1 A L 1
50 60 70 . 80 90
Temperature (°F) , >

Figure 15.3 Viscosity dnta for Reten 423, showing
samplca token over nablative conting
comparcd to known concentration viucosities.
It is not known whcther degradation occurs ns
a reiult of the ablativec coating tecchnique of polymer
addition or how much degrandntion tnkes placec within
the flow. It is not poseible to test the samples for
dray reductlon effectivencss, U8 much largér sample

sizes would be recuired. The concentration distribution

N

i1lustrated in Figurc 15.4 sccms reasonable it/;hc

- amount of dritg reductiun obtained with the ablutjive

coating is considered, L
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1ovppm ) wppm )
: :! ewppm,ls'ppm ¢ Gwppm dwppm
_

Figure 15.4 Approximete concentration dintributidh
nbove tent secction with ablntive coantling
mounted, based upon viscouity comparison.

~

Sincc there it evidence that the polymeric
cffcctivencss decrcnsdcs with dcgrndntion,_nccurntc
sampling of cffcctiv; concentrantlion s importunt,’
However, deprndation may producé n'vinéoaity which
ig not indicative of true conccnirntiou.

If degrodation studies indicate that viacosity
in indicative of thc—drug reduction effectivencss
of o polymcr concentration or il no degradation cun
be insurcd, then this mecthod of determldiing concentrationn

may be very uscful duc to its simplicity.
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