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Vﬁfi::r,)water was fully developeo Drag reduction was deduced from wall pressure . j;
measurements and wail-layer concentration of the additive was deduced from =}
eolorimeter measurements. Additive concentration varied from 100 to 400 ppw, el
Injection flowrates ranged from 200 to 400 ml/min. The slot angle was either aa

15 or 25 degrees while the slot width was either 1.27 am or 2.54 mm. The "3
quantity which was optimized (the merit function) was the integral of the drag uF

reduction with respect to streamwise distance beginning at the initial location }.=
of positive drag reduction and ending at the location where the additive was ']
uniformiy mixed with the water. . ,

Statistical analysis of thé results showed that for the range of variable
studied, the merit function depends primarily upon the linear terms for
additive concentration and imjection flow rate. The product of additive
concentration and injection flowrate as well as the product of slot-angle and
slot width were significant but less important factaors in fitting the experi-
mental response. Tne analysis indicated that the largest increase in the
merit function would be achieved by increasing the injection flow rate and
additive concentration.

The results showed chat additive concentrations less than 1 ppm yield drag
reduction on the order of 20%. These results were achieved well downstream of
the injector where it is hypothesized that the additive molecules were in an
excel]ent conformation for reducing drag. _
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INTRODUCTION

It i3 well known that the presence of dilute solutions of

‘Wigh molecviar weight polymers in the noar—soll-rogton of dound

tutrbulent shear flows c;n reduce the wall shear stress. As théun
by recent studles at Purdue (1,2) and by McComb and Rabie (3).
the additives have a direct effect upon the flow s3atructures in
the buffer layer. 10 < y' < 100. The purpose of this study wes
to devslop experimr™»mmtally, optimum methods for the ingection of
polymer additives inta & turbulent water flow. The spoét!tc.
ob;octivo-'uoro to maximize the reduction of viscous drag down-
stresa -of ‘tho, injection |1§t and to build & data icto tor the

diftusion characteristics of the injected additives.

These vxperiments were conduét.d in 8 2.9 cu by 23 ca rec~-
t‘n.ular cross section :channol. The additive solutions were
fnjected into She fully dcvolopydb;urbblcnt water ¢low through
019'0 ;n the 29 cm walls. Drag roduct&on'uﬁs seduced from pres—
sure drop measurements made upstream and downstiream of the injec~
tlgn slots with and withous additive 1n4¢ct16n. 'Hoosﬁronontg of
the additive concentration in the near-wall region were ebtained
by withdrawing samples of flutd’!vﬁ. thts_riiton during injec-

tion.

The eptimization program was bqgun,@j testing all ceabina-
tions of twoe levels of sach independent variabloe geverning She
injection and ¢1ffusion processes. These were the angle and

widSh of She injection slet and She concensration ani}'louioio ef
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the additive solcution. The results of these experiments ware
analyzsd statistically vusing the techniques of response suréace
-othodﬁlogq to determine the most efficient way to approach the

optimum combination of these four variables.

There have been several other experimental programs where
the tn;ecttonv process has been gtudiud. For exasple Msus and
Wilhelm (4) examined thg effect of additive injection on drag  in
& pipe with five circumferential slotc located six inches apartl
While they varied injection flowrates and determined an opttdui
injection congontrltton for sach injection ﬁcttorn. thod did ﬁot

vary the design of the slots.

Halters and Wells (39) discussed the desirability of roducing
an anomalous drag increase detected in their studiqt of injection
through a porous wall. They varied injgection flowrate and tn;ccé
tion concentration for different lengths of porous wall ingec-

tion. However, similar to Maus & Wilhem there was not an

‘independent variation in the pdrotttu of the injector.

More recenily an anomalous. drag increase near the injector
was reported and dfscuilod by Fruman and Qalivel (6,7).  In addi-
tion to dacreases in mixing as concentration incroccos'-thoq

reported suqlitng of the injecteé material as it leaves the slos.

The studies of Wu and Tulin (8) and Wu (9) included sys-

- tematic’ variations in injection flowrate:. concentrasion of

injected ?luti and injector design. However, th'ﬁholo_ two stu-

dies the totel 'drng on & flat plate of fized streamwise length
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was noagurod. In this study the static wal!l pressure downstream
0of the injection was measured. Froa thi: streaswise pressure
distribution one directly measures any sdverse drag increase and
detarmines the 1§roaam1|o length over which the 1ﬁJ¢ctton is
o!'o(ttvo. The latter is crucial ¢or determining the need and

location for & second slot.

The present experiments were conducted in the fully
deviloped region of a turbulont cb¢nn;l flow. Consequently Shey
differed significaniiy from the studies at Colovadoe State (10,11)
where the drag-reducing additive was injected into the strong .

favorable pressure gradiont in the ent-ance region of a pipe.

There have also been several studies where the diffusicn of
a ‘drag-reducing additive #rom the wall region has been studlo“
(12413:i4.15). While these studies have pravided - valuadle
insights, 1including ¢he conclustqn that large injection concen— .
trations can yield unnecessarily large concentrations {n the wall
Teglion (14), they have not yet lead to aethods for aeﬁtovtng-cav

epcioym design for the injection process.

T e e+ e e——————
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EXPERIMENTAL APFARATUS AND PROCEDURES

Agoaratus

The experiments wers po;Géraod in the rs:(rcul‘ttn. f#low
loop shown in Figure 1. The flow loopAtngorporatO| a ctambination
0f a perforatad plate. lc.'scro§ﬁ4spongo--croon' cdcttonf smooth
contractions and #l@u strdijhfohors to ensure & smooch flow at
the inlet of the two dimensional chanﬁol. The flowrats in the
Achannol is monitored vusing an orifice meter connected to an

inverted U-tube manometer.

" The %test seciion of tho.chonnnl has a rqctangulcr. cross;
section, with intarnal dtnonlibns of 2.9 cm by 2 cm recsulting in
an aspect ratio of ton‘to nno; Tre in;o:tton slots are located
aore th;n one hundred channel utdthi downstrsam o the inlet and
‘approximately eighty channel widths upstream of the exit.  Conse-
quently., the flow at th.llﬂhJﬁtf‘QH point tq typical of fully

developed. two-dimensionsl channel flow.

Tho‘addiigvo solutions were injected through r-aovabl§ .lots
located in bqtﬁ of th.ias cm i.llo oi,th; foat ioétlon; Pro:ourol
"drop agasurenents were gbtntﬁol Ofo- Shiriean pressure taps
located along the Icontorltno of one of the 23 cm uill-;- The
rolatfvo loccttbﬁo o¢ the slots npd pressure taps are showm in
Figure 2. The injection sloss. aleo shdwn in Figure 2 are in
brass inserts Shat span the channel in the 33 ca éolxl. ThS
nlots hcvp a length, in the spanwisse dtro;t;ons a¢ 22.446 ca and

Shair geomesry is defined by the |lpt.ui¢ti (d) measured (n. She

H
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streamwise direciion and the angle of inclination of the outlot
to the flow direction in the chennel (x>, The siots are mechined
with an 16cludod angle of five degrees and the angle of inclina-
tion is measured to the bisector of this includey angle. For
this study. slot widths of 2. 54 ma ond 1.27 om were usod along

with slot angles of 13 and 29 degrees.

Prassure drop wmeasuvrements were made with ¢twa Gilaont
micrometer amanaometers. The manocmeter ¢fluid used was carvbdon

tetrachloride resuvlting in a measurement sansitivity of 0.019 mm

 of water.

The additives werae dilute soluttoﬁs of BEPARAN AP-273, a
poluacrqltnido aenufactured by Dow Chemical Corp. Solutions
with concentrations of 100 ppm and 400 ppm by weight were graviiy
fed to the injector slots from an overhead roqorvotr. Tq. injec~
tion flowrate was regulated using a metering valv..bnd a Otinont
rotanctgr' flow meter for @ocn 3lot. The flow meters were cali-~

orated for sach concontrogion of the additivo.‘

Concentration measuremenss were made uvsing a Bavech and Load
Spectronic ao'spoctrophotonotor t0 mesasure the dye concentratsion

in samplos drawn fr;-'thovchanﬁol while injocting yod additive

,Qo[ut!on:. Ostngv an initial dys concentration| of 2 g/1 of
Flourescein disodium salt resulted in an uncertainty at 30 ¢o 1

0dés of four percent for measured dye concentrations greater %than

one percent of the initial dyo eoncontration. . The uncorta!nfu

tn:rc¢1§¢ to twenty vpnreontv'foi measured dye ¢ ncontrottons"




,‘r

between one~tenth of cone percent and one pevcent of che initial

‘dye concentration.

Erocedures

Prior (o an exporiment, filtered softened tap water for the
flow loop was deaerated by heating to approximately 50°C in a
separate hold;ng tank. This water war then cooled to room tem—

perature before being introduced into She flow looap.

Preparvation of the additive solutfons consisted of 'tub
it;ps; .The loiuttonn ware initially mixed to a concentrotion of
2670 pb. and allowed to hydrate for twslve to twenty—four hours.
These ‘solutions were then dilutodlto their final concentration.
either 100 ppm or 4CO0 ppm, and allowed to hydrate for &nother
twelve to twoenty—four hours before boing used. Fiftorod tap

water was used in the preparation of all solutions.

Prior ¢t each experiment the diag reducing capabil!tq' o
each batch of additive was established using o horizontal 1. 409
cm I.D. tube. The additive was gravity ted to th.'tubo n(th the

flowrate controlled by a valve at the tube vutlet. 7ho flouraﬁo

, thrduyh the tube wes measured along with the pressure drop across}'

two - taps. one located MoTe than ) tube diameters dounstream 2¢

the inlet and $ne othiar more thoa 13 diame.ers upstream of the

‘outlet. The distev.e bDetween these taps is two meters. The

viscosities of tha additives ware measured with a Wells~

Brookfield LVUT-SCP 1.%63° cone and plate micro viscoseter at

shear reies of 115 and 230 sec ..
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Drgg roductioﬁ was calculated from pressure drop measure-
ments taken with and without additive injection. The sequence of
staps for the ﬁrassuro drop measurements weve as follows. First
with the pumps turned off and water in the channel. a zevo read~-
ing for the manometer was taksn. The loop was th06 started and
the pressure drop across a pair of taps was msasured. Once the
“uithout—in;octton' ﬁroisuro drop was measured, the injectors
were turned on and the pressure drop with additive injection was
measured. The injection was then ter "inated and the “without- ‘
1n40ction' pressure drop was remesvured. Finally the flow was
stopped and the xo?o«uoq ro.oaiurod. I# the second “without—-
injection® pressure drop and iero measurements were in agreement
with the first ones, the ncnoﬁctor was connected to the nexts pair
of pressure taps in preparation for ? e next soqupaco of asasure-
ments. In the event that the repeated readings did nas roprodqu
the initial moasursaents: the sequence was #opoot;d for that pair

of taps.

8ince taese experiments were conducted in 2 rocireuloting'
flow loop: there s ‘the potential for an accusulation of additive

in the uafor.'rctulting in drag reduction without (injecsion.

Therefare. the condition of the woter in she flow loop during an

olportnony was sonitored b§ portodlcailq measuring the proiouvo
drop across a specified p;!r of pressure taps. A decrease in the
seasured pressure Jrop .crois She e Swo t;pl would indicaie that
drag  reduction due to adéitive accumulation uu‘ oc:urring; I

should be noted that this prodlem was not encountered during
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‘thoso esxperiments.

The additive solution usel far wall :on:ontfntxon asasure~
ments was dyed with 2;0 grams per liter Flourescein disadium
salt. Samples were drawn from wall) taps during the injection of
the dyed solution and the dye corcentration of the samples was
mossured. The saaa!tng rate for all concentration -:‘uuroaonts

was 20 ml/min.  The r.ttona!o‘for this sampling rate iz discussed

in Appendix A.

L
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RESULTS

In «ll of the experiments, the water toiporoturo in the
channel was saintained at 24°C and the chanmel floerate sas 249
liters ior ainute yielding a Reynulds number of 17,800 Ddased on
channcl. width, All comdinations of two levels for sach of the
independent variables were tnytod. - The {indepindent variables
‘were slot angle: slatl width, injection flowrate and injecsion
concontrnttén. The levels 0® these variables and the combina-

tions tested are summarized in Table 1.

Table 1. Experimental conditions

SLOT ANGLE S8LOT WIDTH INJECTION INJECTION
, ’ FLOWRATE CONCENTRATION
{degrees> Cam) (al/mind {pom)d
aS Q.54 - 400 400
[ ] " o , ‘“
» L] a00 400
- » L] 1“
. " 1.37 400 400
L] L] . [ J 1“
- - 200 400
- - " 100
13 a.954. 400 400
- ] - ‘w
- - . 200 400
[ ] - [ ] x“
hd 1.3? 400 " 400
" " B 100
» L 200 400
[ ] ‘- L] ‘“

As stated previcusly, dreg reduction sas deduced froa pres-
sure. drop eessuresents made in the chemmel. These avesurenents
provide .ﬁ lndtro¥t‘-ocouro of the wvall shear stress in She chanw-
nel and therefore o sessuTe of the chanpe is segnitude of the
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viscous drag stan the additive solution is present. For & fully
developed channel {low. the average .u011lshoar stress over a
given length of the channel] is proﬁorttopll to the pressyre drop
over that length. The €fully Jovolopod assumption is not appiica~
ble in the vicinity of the insection siots when #luid is being
injectad, nontho;o;: the pressure drops still yield the Dest
pattaato of the viscous drag. Hence, in this study drag reduc-

tion {s calculated from

wvhere 6?) is the prossuro drop when an oddttivo is being
injected and &P is the pressure drop for the fully developed

chammel flow without injection.

"Figures 3 through 6 show the variation of drag reduction as
8 function qﬁ dimensionless distance (x')> downstresa of the
injection slos. Tho‘dt-tanco (x) is normsalized .tth tho shear
velocity of the Ch.ﬁﬂ.l flow without tnjoctton and she ktno-attc

‘ vlaco.ttg of she channel water. Tho level of drag reducsion

soasured bDetween two tSaps ‘ts tnd!eatod by & horizontal line,
spamning the distance bewween the $aps, with a versical bar at
esch end. The vertical 1ine wiih horizomtal bars Shrough the
point indicates the uncorintn‘g fﬁr.o > 4 cow'td‘u:o interval.
The poims are plotted st the stresavise location aideay bateeen
the two taps. Kach p:go,. compares the por!oé.anco’-o the veri-

ous slot 900.00910. for a given injection 'lo-r-to and cencont*o-

siom. The Oeur '190?0. cover the rango of 'loor.ios and

. S TR RN D LIRS ————
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concentrations testad in this study.

The dominant characteristics of Figures 3 through &6 is the
small influance of the slot width and slot angle upon the resul -

ing drag reduction. The lack of gooaotrié dependence shown in

Figures 3~6 could Le the result of a constraint introduced in the

choice of the fnitial levels of ého four independent variables.
It was known from previous experiments that when the injaction
momentum fluz through a 0.1293 an sios that was normal to the flow
direction exceeded approximately 1/30 the streamwise momentum

tlux thfough the viscous sublayer that the injected +fluid would

not turn and +$low downstream along the wall put would Jot out

into the main #low. In the interest of keeping <he injected
solutloQ: in the near-wall region for as long as possidle, the
combinationi of flowrates and slot goometries for these initial

sxperiments were chosen so that the normal momentum fluzes were
of the order of 1730 the oubiaqov streamwise wmomentum #lux.

D;aonstoﬁloss normal momentua fluxes <N'> for oaéh flowrate -
slot geometry combination are tabulated in Table 2. Since slot

widsh s, tq'-di'inition. measured in the streamwise dirvection,

| norsal momentum flux is dependent ‘on  slot widsh dnlq and s

tﬁlopondont of slot angle. The values of momentum #luz are nor-

aalized gtfh 1/30 the sbblaqof uouoﬁtuo #lusn,

2

=1
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Table é. Dimensionliess normal momentum flux of injected solutions.

INJECTION FLOWRATE ' SLOT WIDTH H+
(ml/min) (mm)
400 ; 2. 94 . 1.80
400 1.27 3. &0
200G ‘2. 94 0. 43
200 1. 27 0. 90

This constraint on the injection normal ,Qo-ontua flux did
yield injections that initially rcnltneﬁ in the ncarfdall region.
This was confiruod by side view flow visuvalization of dyed injec~
tions. For all of the goomitrios studiec, the additive lo?trthq

injection slot as a thin shoof flowing over the downstream edge

of the injector. There was no svidence of a et smanating ¢from

any of tho injectors tested. 8ince the combinations of injection

. flowrates and slot goomotrioq that were tested did not cauvse the

additive solutions to Jot away from the wall, the only influence
of slo¢ geometry was to modify the initial mixing of the injected

additive with the water flow.

thuros 7 through 10 show comparisons of the performance o!
& given slot uhon to.tod at vcrtuus 1n4¢¢t£on flowrates and con-
centrations. The four tigures cover the range of slot gooaotrtpo
tbstoi' ‘ !t can be sesn from ih.ib"1|0?00 that. in |onoral. tho
levels of drag roduction -oasurod 1ncro¢so with mass flow ratt of
polymer. It is also evident ~that drag roductlon does not

increase linearly wiih the product of injection flow rats ond

concentration.

It should be ﬁoeod tht' Figure 10 shows two experisents.

o, . . Sa T -l
R S R o —h‘," : Aol e s W i - .
. . : \ . . ) Bt
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where ¢the injection flowrate was equal ¢to 400 ml/ain for an
'inJoction concentration of 400 pm. This comparison demonstrates

the tiproduccabtlitq of the data.

In addition to the drag reduction data, measureaments of
additive concentration in the nucr—nalxlrogion at variou. points
downstream of the injection slot were made during ¢the injection
process for :;;oral " combinations of.tﬁb independent vartaﬁl.s.
Figure 11 shows a tqptc;l plot of near~wall concentration,. as a
function of distancol downstream of the thQcttonAllotc. As
_before the distance {s normalized with th§ no-injection channel
shear velocity and the kinematic viscosity of the channel water.
Peak values of concentration for various oliortuoﬁtal conditions
. are presented in Table Ji & more comprehensive compilation of

concentration data is contained in Appendix B.

Of interest here ;o the -agﬁttugo .Q' the Iraj reduction
schieved for the levels of concentration measured from x' e
30: 000 to 70.000. Drag reduction ;ovoln .ro,dn t@o ordar of 0%
.for’ concentrations less than § ppm. The measured cdn?ontrdttbnl'
(0.6 ppm) are typical of the fullgy mized concbntratton  for Jnise
injection flowrate and tn;ictton cbncontratton, -These results
demonstrate the of!-ettvo;oso of the oddt‘tyo once 1t h;s

.attatnod a drag f.ductn. confornatton sven 1?‘tho oddtgiQo con=-

contration is at a very low level.
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Table 3. Psaik concontrattcns

Injection Injection . Caoncentration
Flowrate Concentration
(ml/ain) ' (ppm) - (ppm)
'Slot angle=as® Slot widthe2.S4 aa
400 400 .1
200 400 2.9
Slot angle=1s® Slot width=2.54 aa
400 . 20.0
400 100 24.39
200 400 10. 8
200 100 10.3
Slot angle=is® 'Slot widthe=1.27? s
400 400 . 14.0
400 100 4.9
200 400 s.1
200 100 33
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REORES3ION ANALYSIS

Optimization of the additive injection pracess was conducted
veing the toébniquos ot ro:ponsd surface -othojolo'u based upon
icctorial experimentation. To implement these methods, experi-
sents were performed over & small, but ct.nt?lcant. range of the
independent variables and the response (the quantity to be marim—
12ed) was measured. - Thase rTesulss were then used %o fit a
sathematical model of the responae over this range using a suis-
able regression technique. Once tﬁo asthematical wmodel was
detsrmined: the importance of a gtéon indepondent variadble in
dot.r-tning the response was evaluated statistically. Aiso: She
direction of movement in thoinpa:o of the indapendent variables

which will produce the largest increase {(n the response was

‘dothnthod. The lat%er result is of prime  isporsance in ¢he

optimization process.

Since the purpose of this study is te maximize $he drag-

reducing performance of the additive injection proceres, & vis-

-able measure of the wmerit of & given oiport-ontbl \con'l.uratiqn

was ;dowtsod. This qoosurt,tor.cd the serit function, was defined
as the ares 6ndof the dri.'roduétton curve from the jpeint where
posisive drag reduction begins (x_ ) %o the poimt shere the injec-
tion process ceases to e effective. This definttien s
oqutvnlon; to thi product oF the average drag-reductisn and the
dimensionless 3treemwise length over which the slet injection {s

effective.
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With the injection of an additive into an external bdoundary
layer, onca the additive diffuses from the near-~wall region it is
dispersed into the free-stream and lost as a drag reducer. In a
channel flow the additive is contained and continuvally it:ol back
into ého near-wall region until eventually., thoro‘is only a Avoru

dilute homogeneous mixture of the additive. Once this homogene~-

- ous condition is reached., any drag reduction that occurs s due

only to the presence of the additive and is neot & function of how
the additive was delivered to the flow. The point where this

homogeneous Tegion begins marks where the diffusion away from the

-near-wall reagion {s coaaiot.l. Since only tshe effect of She

tn;octton‘ process is of interest., the 1ntigratton for Ihe merit
function stops where the Olpu becomes ANomogensous. Examination
of wall concentration and drag reduction iata indicates Shat ¢this
Point is in the vicinity of x* = 30,000 for the conditions exas
ined In ¢this ﬁtudq.' In -prnetth fho nuaerical values of the
merit function defined above are quite large because the unit for
non—-dimensionalizing the iength is small. Consequently tho'Ouncf
tion Cy> used in this report was sultiplied by 10° 3. Thus the.

merit functicn is

Merit functions wers calculated for all ef the Q:bort-onto‘
and She risults were statistically analyzed utiﬁ. the Sechniques

‘of response iuf!nco methodalagy. As discussed :bo Hunser (t&)g
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the first step in the analysis is to define a set of normalized
coordinate: with the origin located in the center of the range of
interest «f the independent variables. These coordinates are

defined as:

¢slot angle - 20%)/5°

Xx-

xq = (slot width -~ 1.88 an)/0.63 as

Xy = Cinjection flowrate - 300 al/ain>/100 al/ein
X, = ¢injection concentration -~ 250ppm>/1350 ppm

. The above definitions are chosen so that ¢the levels 5¢ ¢the

independent variables investigated poconc plus and ainus one for
all of the independent variables. The levels and ?onbtnations of
variables tested (n terms of tHhese new variables are ;rosonto‘ 16
Tadble & along with the corresponding o;pbrtaont.l merit function

(g) for each combination.

Since only twe lavels of sach fnloptnlont Vlrtqilos were

tested:, the model chosen 1is lluocr with first order interactions.

veb, e * byry * byxy + byt byx;xy

by Xg ¥ By gXiXe * PagdaXg * BagXgde * Paga®e
The last six teras of this model represent interactiens between
thoa§ tn‘opindont variables. Each coefficient toproiontl the
relative portion of the %otal variance in the response ¢that can
be attrf.utod to & givan ;ndopoo(oﬁt variable. A variable is sig-

nificant only i She variance due %o that variable 1 - greater

than that due to randoa ervror. b § | shouli be noted Shat since all
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the experiments were not replicated. there is no way to separate
random error f-~om failure of the model tc fit the data. There-

fore all variance away from the fitted model is treated as random

————— o~ b e

error.
Table 4.  Experimental and modelled values of merit
function for factorial design

X4 *a *3 Xe v Y W

1 1 1 1 820 a1 8?7
1 b 1 -1 Sas 360 499
1 1 -1 1 714 733 674
1 1 -1 -1 e 39 343
1 -1 1 1 7261 766 Q7
1 -1 1 -1 498 303 499
1 -1 -1 1 672 680 674
1 -1 -1 -1 349 04 348
-1 1 1 1 743 766 8?7
-1 1 1 -1 50?7 508 499
-1 1 -1 1 213 600 674
-1 1 -1 -1 226 204 3438
-1 -1 1 1 848 . 821 a7
“« 5 -1 -1 S99 560 - 499
-1 -1 -1 1 730 733 6724
-1 -1 -1 36? 39 343

Mhen this sodel was fit $0 the experisental data using a

lesst 3quares regression and the statistical significance of the
estisated coefficients was tested, the only coefficients which,

%0 93X confidence, are significantly different froa zero were b,,

b and °34'_ The coefficiems t)‘a and b3‘ ave significantly

e’ P12
different from zero but play only a ainor part in predicting the

' response; the bulk of tho variation in the response is accoumted

for by the coefficients by and b,. The final fora of the sodel

-4
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uy 586,13 + 76.78xy + 164. 2%,
+ 7. 70% %y = 33.63x3x4
Examination of this abd§1 in terms of the definitions of the
variables reveals that in this range of the independent vari-
ables, the response to'do-tnptqd by the effects of injection
flowrate anq goncontr.tion. The fourth and £ifth teras in the
model show that there is to some extent an interaction of slot
angle and slot width, and injection flowrate and concentration
but statistically these are of secondary importance to the main

effects due to condontratton and floUPOQQ.

For the levels of the independent veriables tested in this
study, the response predicted by this aodel (u“) is also
presented in Table 4 along with prodtctiont calcylated using just

the linear portion of the model.

W - 566.13 + 76.75x3 + 164.25x4

1t can be seen thaé the ﬁf.dtctton'oO the five-tera model is in
very '.ood aogoo-oﬁe with t‘o o:port.onécl rcsu{tq. The rosultiv
predicted by the enr..-e.i- linear madel ahow that this model
accounts Oo; She .lulti‘of the variance in the response. This
result of the regression analysis confirms §ho conclusions based
upon 1ﬁ|po¢tton of the drcg'riducttan plo?ol!n Figures I3 through

6.

In addition to identifying the relative importance of the

independent variables %0 the amerit function, the regressicn
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analysis provides vaiucblo information for.fha bpetntiotton pro-
cess. If the szact asthematical nqtur§ oé tﬁc.rclponso ie knoem.
one ucg.to roach an optiaum response would be So_thoqto a sfirt-
ing point and ‘at that point cnlculitdl tﬁo gradient of the
Tesponse with respect to the 1ndoponddhjvy¢riiilot. This divec~

tional derivative gives the direction in the domsain of the

41nlopondont variables which ¢ields fho greatest increase in the

response. The response is then calculated at intervals olon' the

. path prescridbed by the gradient until d'poat is reached. Once

this peak occurs, the gradient tltroc.ltulatod and the search
takes a ﬁcu direction. This sequence would bde repeated vuntil a

aaximum is reached.

This procedure also c¢can be followed in an on.drtpont.l
optimization. An evaluation of the response function is replaced

by an experiment and an evaluation of the gradient is replaced dy

the sequence of factorial experiments described previously. The

regression analysis is the kay step iﬁ ovnlulting this gradient.

It provides a wsathematical onproos@on'aquo:t-attng the local

variation of the fooponso;

For shis siudy, the estimated gradient ot the -tospﬁnio
(meris funciion) :uhén - evaluated at the oélitn of fio coentored
coordinates yields a result which is independent of  slot
geometry. Figure 12 shows $he ¢irection of steepest ascent in
the KX plono along with tho octt.atod local vcrtatton in she
ro-ponno as prodictod by the linear .odol ‘“L’ It is along this
line of steepest ascent (xsno 4?x4> _that future experisents
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‘Figure 12. Superposition of dimensional and non-dimensional flowrate-
concentration| (qy-C4) planes showing estiamted contours
of merit function and direction of steepest ascent.
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conducted in order to approach an optimum most effi-
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CONCLUSIONS AND RECOMMENDATIONS

The results of this study indicated thof tor the renge of
slot gooaotrtis. injection flowrates and additive concentrations
examined, the performance:, depends primarily vpon the linear
terms of ingection concentration and injection flow rate. The
product of 1n40ction concentraticon and flow rate as well 'as the
product of slot angle and slot width were itgntflcant but less -
1§portan§. The statistical trcatment of the results als; qioldod
an estimats of the local grldioht which in turn provides the
divection in the domain ot the independent variables to move in
Qrdér to realize the largest tnﬁroaso in the merit function. The
direction indicated involves increases in injection #lowrate and
f additive concentration from the current Iov;lc. The increase in

nondimensional flowrate <(x.) should be approxisately one half the

3
incresase in nondiaonslopal concentration (x4).

Since the path Ooy future q:por!aoneattod tndtcacod,ld this

’ study will invalve increases in injection flowrate, hence injec~
t1an momentum flur, the question of whether the injection process
N ' . '11 rinhorontlu' independent of injector geometry. or was rendered
| . 90 by a constraint imposed on novmal io-antu-‘ ¢tluz from - the

injector, uill be answered during the course of Oorthorloupor£~_

sentation.

i
{ .

: } It 1is also i{mportant to note that additive concentrations
! v

less  than 1 ppm yielded drag reduction of 20X. It s

/o hypothesized that this occurred in Shese ezperiments iocouso' the
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additives bhad attained an excellent conformation for drag reduc-

tion by the time they reached the 1locations where *zis result

gccurred.
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Appendiz A -~ Concentration SBampling Technigue

Concaentration measureamants chc aade as part of this study

in order to establish a data base ?or future investigation of the

‘diffusion characteristics of these additives. Since it has been

shown r:centhvln our lab&ratorq (1,.2) and indepandently verified
(3) that these additives have a direct effect on the ssructure of
the buffer rsgion of the flow, the additive concentraticn in this

region is the quantity of interest.

All concongrctton asasurements were aade using samples of
#luid drawn from the near-wall region through taps located flush
with the surface of the chopnol wall. The taps were 1.6 am ({n
diameter and‘ the samples wers collected at a rate of 20 al/ain
aver ‘a time period of ono.to one and one hal? minutes. This sam—
pling rate ts'fho lowest practical rate which can bde saintained

using the present facilities.

The raticonale for using this sampling rate <°’>, and not a

‘higher one is demonstrated in Figure A-1, which compares measured

concontratt;nt for tqo oo.pl;ni rates. It can bde seen froa fthis
plot that when the sampling rate is increased from 20 al/ain %o
40 ml/min there is & marted decrease in measured concentration in
the region 4,000 < x' < 10000. If pesk drap reduction, which
accurs in thtc‘rogtoﬁo“tu oquivolont-tolu_poci in bduffer ro'lon
concentration then this decrease in ssasured concohtrqtiin would
indicate thﬁﬁ the fluid sempled pt‘lo‘.l/-tnltncludod fluid  troe

outside She. Duffer region, hence eutside the area of interess.
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the lower of the two flowrates was chosen.

Thus,
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‘ Appendiz B ~ Concentration Results
: slot angle: 29 degrees
; slot width: 2.94 o
: injection flowrate: 200 ml/ain
. injaction concentration: 400 ppm
. -3
x %10 concentration
(ppm)
2. 00 11. 60
10. 00 0. 48
.22.00 0. %6
34,00 0. 36
| slot angle: 23 degrees
; slot width: 2. 954 an
4 injection flowrate: 400 al/min
; injection concentration: 400 ppm
; .
: + -3
! ' x %10 concentration
P Cppm)
i 2.00 36. 47
T &. 00 14. 30
A 10. 00 9. 42
SR 14. 00 3.32
o 22. 00 1.13
A 30. 00 . 99
L 38. 00 . 99
2 44. 00 .34
. 6&2. 00 . 49
- 70.00 . 49
-~ |
|
iy

|

o

'
y |
-l /o
i 'i/
2!
‘ !
L
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slot angle: 19 degrees
slot width: 1.27 s
injection flowrate: 200 ml/min
injection concentration: 400 ppm
x*x10™3 concentration
. (pam)
2.00 20. 84
10. 00 1.84
22. 00 . 64
94. 00 - -]
slot angle: 1S degrees
slot width: 1.27 em
injection flowrate 400 ml/ain
injection concentration: 400 ppm
x'x10”3 concentration
(ppm)}
2. 00 96. 92
10. 00 9. 44
22. 00 1. 24
94. 00 0. 64
tlot angle: 19 degrees
slot width: . 1.27 am
injection flowrate: 290 ml/ain
injection concentration: 120 ppm
* -3 ' ,
x %10 concentration

" (ppm)
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slot angle: 19 degrees
slot width: 1.27 »m
injection flowrate: 400 mal/ain
injection concentration: 100 ppm
+ -3
x %310 concentration
(ppm)
2. 00 9. 01
10. 00 .38
22. 00 .23
34. 00 . 11

slot angle: 13 degress

slot width: : 2. 54 e
injection flowrate: 200 al/min
injection concentration: ' 400 ppa
+ -3
x %10 concentration
(ppm)
2. 00 ~ 42. 48
10. 00 2 20
22. 00 , . &4
94. 00 . 48

slot angle: 13 degrees

slot width: : 2. .34 am
injection flowrate: 400 mal/ain
fnjection concentration: 400 ppm
x*x1073 concentration
(ppm)

a. 00 - 79.92

10. 00 3. 80 .

aa. 00 1.36

34. 00 .72
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slot angle: 15 degrees
slot width: 2.94 am
injection flowrate: 200 al/min
© injection concentration: 100 pom
+ -3
x %10 concentration
' (ppm)
2. 00 10. 23
10. 00 . &9
a2. 00 . 10
94. 00 .08
slot angle: , ' 13 dagrees
slot width: 2.954 am
‘injection flowrate: - 400 ml/min
injection concentration: 100 ppm
+ =3
x x10 concentration
4 (ppm)

2. 00 24. 39
; 10. 00 1.87
22. 00 1.00
: s4. 00 . 26

&
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Appendix C ~ List of Publications and Presentaton

The following list summarizes the publications and preienta~-
tions during the period 01 March 1983 to 29 Febdruary 1984,

.1, Luchik, T7.8. and W.0. Tiederman. Bursting Rates in Channel

Flows and Drag-Reducing Channel Flows, Presented at the Sym—

. posium on Turbulence, University of Missouri-Rolls: Sep~-
.. tembor 226. 1983.
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Appendix D - Distribution List

Dr. Michael M. Reischman, Code 432
Office of Naval Research
Arlington., VA 22217

Oftice o Naval Research Resident Repressntative
The Ohio State University Research Center

1314 Kinnear Road

Columbus. Ohio 43212

Director:, Naval Research Laboratory
ATTN: Code 2627 ‘
Washington, DC 20373 (&6 copies)

Defense Technical Information Center
Bldg. 9. Cameron Station
Alexandria, Virginia 22314 (12 copies)

Mechanical Engiﬁooring Business Office
Purdue University
W. Latayette, IN 47907

James H. Green, Code &34
Naval Ocsan Systems Center
8an Diego., CA 92132

Dr. R.J. Hansen. Cude 5844
Naval Resesarch Laboratory
Washington, DC 20379

Dr. D. L. Huuston ‘

Polymer Sciences & Standards Divl:ton
National Bureau of Standards
Washington, DC 20234

Mr. G.Q. Jones

Code 33W3

Naval Sea Systems Command
Washington, DC 20362

Dr. 0.C. Lauchly

ARL

Pennsylvania stote Univorrttu
®. 0. Box 30

State College, PA 1690!

Q. Leal

Departaent of Chootstrv & Choatccl Engineering
California Institute of Technology

Pasadena, CA 11293
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Justin H. McCarthy

Code 1940 ' g

David Tayglor Naval Ship R&D Canter
Bethesda, MD 20084

Professor E. WN. Merrill

Department of Chemical Engineering
Maidsachusetts Institute of Technology
Cambridge, MA 02139

Dr. T.E. Pierce
Code 63R31 '
Naval Sea Systems Command
Kashington. DC 2:362

Professor W. W. Willmarth
Department of Aerospace Engineering
University of Michigan

Ann Arbor, MI 48109




