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ABSTRACT |

The effecﬁs of various dilute agueous linear high
polymer solutions on turbulent plipe flow were studled to
determine the polymer most suitable for testing as the
drag reducing component in the proposed coating. Results
of this study are presented Tor commerciel schedule 40 %
inch NPS black irzn pipe. zests vere cznducted at Reynolds

numbers of 6,2x10 , 8.3x10 and 9.8x10 .

Attempts were made to prepare & coating contalning a
friction drag reducing polymer - Polyhall 295 polyacryla-
mide -~ utilizing various techniques of polymer incorpora-
tion into the paint including several grinding and disper-
sion methods, adding the polymer in a water in oll emulsion
to a finlshed paint and adding the polymer in solution to

& finished paint.

Pipes were flow coated to a dry film thickness of two
to three nmils with coatings representative of each type of
incorporation method. The unmodified palnts were composed
of resins and pigmentations of which some components had
a certain degree of water solublility to aid the leaching

of the Polyhall 295 into the water.

Results of these tests showed negative results inso-
far as the dlspersions produced were very coarse and the
resultant films increzsed the friction loss in the pipes

whlle the solutlion and emulsion technliques allowed only a
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very small amount of the polymer to be added to the coating

and resulted in no effect on the frictional resistance at
all.

One apparently successful trial of a coating contain-

ing ten percent Polyhall 295 could not be duplicatéd.
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INTRODUCTION

In the past decade much work has been published con-
cerning drag reduction in the turbulent flow of dilute
linear high polymer solutions in both pive flow (intern=l
flow) and flat plate (external flow) studies, It has been
gufficiently demonstrated that the polymer additive need
only be ?resent at the wall tc obtain drag reduction-e.g.,
Wells (Ref.l.). Any polymer in solution present outside
the boundary layer contributes only to maintaining con-
centration constant throughout the system (internal flow)

and is lergely wasted 1n both pipe and plate flow regimes,

Techniques for injection of the polymer in solution
into external flow systems have been studied by Wells, Wu
and Kowalski (Ref. 1,2,3) with the conclusions that injee~
tion nearly tangential to the wall is the most efficient
and economical method and that injection which would simu-
late a permeable wall approaches the opntimum. Results of
field tests of injection methods appllied to ships for re-
ducing hull drag as well as injection into sewer 1ine§

have been reported which were quite remarkable., (Ref.4,)

Because of the economics involved in the utilization
of injectlon methods due to inefficient use of the polymer
and the amounts required to obtaln a substantial decrease
in fluid friction, there appears to be sufflcient need for

making a coating containing these friction reducing polymers
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that could be applied to the internal walls of pipelines
or the underwater exterior hulls of surface ships, sub-
marines,torpedoes and the like which would allow the poly-
mer to leach into the surroundings at a controlled rate
thus afrfording the maximum of effeciency and effectiveness,
Following is a description of the work performed to obtain

such a coating.,



EXFPERIVENTAL

I.Test Avperstus-Flow BDysten

The initlel problem wes to set up a system in whilch

o atudv the effectiveness

faa
o]
!

measurements could be obitzined

ot

o utilize the simplicity

o

of the cozting. It was declded ut
and extensive bsckzround of pipe Tflow systems to develop
the required inTormotion since skin friction dets mey be

obtained directly from pressure drop measurements,

-

The finsl test apparatus was constructed of schedul
40 % inch KPS black iron pipe with o removeble test
section of schedule 40 % inch NPS black iron pipe which
was forty inches long. Pressure teps were made by drilling
orifices 65 znd 90 pirpe dicmeters from the input end of the
test section, carefully debvurring the Internal openlngs
and soldering 1/8 inch copper tublng into the holes for

pressure taps.

Flow rete was measured by a Wallace and Tiernen Glass
Tube Varea-ieter (plug type flow meter) and a Meriam 20
inch well type menonmeter, using mercury as an indicator
fluid, was utilized for pressure drop measurementis. A cen-
trifugal pump with e bypass arrengement was utllized for
providing flow and flow control In a recirculeting flow
system. A schematlc diagrem of the apparatus 1s shown on

a

Fizure 1,



been widely tested and evelusted as a Irictlon reducing poly-
mer, Solutions were

five percent in tep water by addition under 2 hignh sneed

nixer, The mixture wzs ellowed to stand for two dzys then

13}

Tl

0

ed in verious znounts to the Teed tonk contoining Tifty

é
rallons of tep water, mixed well znd allowed to stond Tor

03

fiTteen minutes belfore being wumped througr the system,

reduection of skin friction was obtaeined with

o)
2]
[ id
cr
}
5]
H
;_.J
&
8]
(e}

concentrztionsg of upr wo 250 parts wer willion (ppn) of the
Polyox &t Reynolds numbers from 21,000 to 96,000, After
several eculpment modifications, 1t was disccvered that

(WY, i o

this lack of effectiveness wos due to shear dec

of the polymer vinlle possing througr the centrifuzcl pump

in combinztlon with shear effects encountered during pre-
parstion of the concentrated solutions. The test avnaratus

wes then

solution into the flowing waie:
fitting located ot the entrarce to the test pipe. The
concentrated solutions were now prensred by adding the

polymer in small increments to = slovl

tainer of water. When &ll the polymer was 2dded asitotion
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wes storped cnd the nizture allowed to stand Teor seven days

to obtzin comrlete solution. The number of days in golution

wesg held constent to try to eliminate variables betwsen runs
of the same paterials, since polimer degradation in statlc
solution has been noted by sone resezrchers (Ref.5.).

The molymer solutiocns were injected into the system
relying on the turbulence in the entry lensth to eflect uni-

form dilutﬂon of the matericls belore they reached thne nine

ineh tegt section o

- o o 3 - - 2 = ~ R R
culated, Dota rezdincg were weken whille the solution wes

Tempereture effects and the elfects of s=lts, such os
are found in seawcter, heve been showm (Ref.6.) to be of
1ittle or no effect and no comnsideration was glven Lo
these Tazctors other then in the aspect of calculating Rey-
nolds numbers, The temperature of the test walter ranged

- o B NP

from 65 to 85 dezrees F, during the course ol the tests,

In arder +to determine the most elfective drag reducer
in the provosed system, & number of polymers Ifrom chemilcal

families noted Tor thelr drag reducinz potentlsl were eval-
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vated. Tnese included the previously mentioned Polyvox WSR-
301, a poly (ethylenc oxide) compound of 2.6 million mole-
cular weignt; Folyhall 295, a copolymer of volyzerylamide

and polyacrylic ccid with & moleculsr welch

(Ref.7.); Cysnaner F-25C,

o

homopolymer of acrylamide with

a molecular weizght of 5-6 million (Ref., 8

sodium cerpoxymethylcellulose polymers, including CMC TH

- =
TH4 znd 7L,renzing in moleculsar weight from 200,000 +

O
70,000 (Ref.9.).
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I. Polymer Effectivenesg-Test Results

Figures 2, 3 and 4 show plots of percent frict

e

B

@ re-—-

eoed

xZ
L &0

duction versus concentration Tor the Tolymers teste
Reynolds numbers of 98,000, 83,000 and 62,000 respectively.

Figures 5, 6 and T are plots of percent Triction reduction

-

versus veloclty at virious concentrations of the polymers,

Percent fricition rsduction is derived from the follow-
ing Tormule which 1s the definition of the drag reduction

(Ref., 10.).

D — AP solution
r AP solvent constant flow rete

golution to the

)

It is the ratio of pressure drop of
pregssure drop or the pure solvent at the same flow rote.
If the drag ratio 1s less than unity the solutlon is szid

to be drag reducing.

s

The most effective polymer was Tound to be Polyhell
295, the polyacrylamide-polyacrylic aclid copolymer.
Although egual in molecular weicht to the Cyanamer P-250
polyecrylamide homopolymer, its slightly enlionic nature
appears to have rendered 1t veastly more effective, This
polymer exhibited a peak drag reducing efficiency of about
65% =t a concentration near 60 ppm &t Reynolds number of

83,000. The peak friction reduction at a Reynolds number .
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98,000 was about 60% =nd also occurred at a concentra-

tion near 60 ppm, Mo meximum wes achleved at the 62,000

Reynolds nunmber level due to 1nsuffic

o~
L

1..!.

ent develorment O

shear at that flow conditicn,.

-

Figures 5, 6 and 7 show & decrease in effectiveness

-~

of drag reductlion based on egual concemtretiong alfter &

velocity of 29,5 feet ond (Reynolds number 83,000) has

~
Iys]
D
[@]

been obtained., This 1is en indicztlion of polymer degrade-

tion by sheear in the turbulent boundary layer, since

€.

concentrations at increasing Reynolds nunbers,
ag shown in Figures 2, 3 end 4, give learger percent dreg
reductions 1in 21l cases exceplt where moxlinuns have Deen

recched anrd further polymer addlition ig lneffective,

o+
~
E0e,

[0

See tables 1 and 2 for exrverimental
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COATINGS COMTAINILG POLYEALL 295

I. Tyoes and Preporstions

There are two basgic tyres of co2tings into which

incorporation of Polyn2ll 2595 was attempted, The Tirst we
en insoluble natriz type bosed on & chemlicolly cured epox
vehicle sysienm with a pigmentation such that the critical
pigment volume concentration (CFVC)-the point at which there

is no longer a sufficient amount of vehicle to wel 2ll the

s ]
@
@

lgment surfaoces and 111 all volds-was exceeded, thus

[

}..'a

3

e

[

ving o permeckle film ellowing water to reasch the Poly-
hall 295 and dissolve 1t into the boundary leyer., The criti-
cel PVC was determined empliricelly, by partially immersing
test panels pair

of dyed water for twenty
capillery tyre conveyance of molsture up thrcﬁgh the porous

film,

Incorvoration of the Polyhell 295 was attemplted in two
different ways, nemely ary and webt addition., The dry addi-
polymer to part of
the proposed costing and milling in & steel ball mlll for
eightesn hours, This resulted iIn no dlspersion and was dis-

ce.rded,

The second method was &

gsolution into the finished xzaint. A solvent combinztion

esd
=
{
[}
N
O]
[¢)]
)
O
(o]
]
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ct
(@]
(o)
[}
n
ﬁ
F
..J
(3
}.Js
[)
o
ck
-
e
b
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ot
0]
"
=
;_..Lu
n
e
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o
=
0]
n
O
ct
by
[§8]
ot
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e golution of the npolymer in water and solvent could be
added withoutl ceousing lncompetibility in the final cozting.
This solvent lineup consisted of ethyl cellosolve, butanol

and xylol. The polymer soluticn solvent

=
o
03]
=
o]
ch
[ O]
K
[aV]
5
jo7)
(0]
ck
=y

<4
I,.J

cellogolve, Due to the high viscoslity of the polymer
solutions, a meximum of one half of one percent of the

polymer could be added to the naint by weight before appli-
cation by spray aand handling became too difficult. Tris con-

cluded the work with insoluble metrix type paints

fod

[$¥]
;_J.

The second type of paint attempted wes the solur

W

ey

matrix type besed on film forzmers such ag fish oll, vinyl
and polyamide resins with socluble vehicle additions such

as rosin cnd pigmert solubles such as cuprous oxide, zinc
oxlide and ccleciunm sulfate. The witer sensitlve meterials

were to aid in the leaching out of the Polyhall 295 by

dissolving away from ithe polymer thus excosing it to water.
[ P o

The type of zeint selected fTor the initial

o]
ck

tempts of poly-

mer addition was high in water sensitive neterizls and based

fl)

on fish o0il as the film former, Attenpts at dry incorpora-

tion of the Polwhal

(,\4
-

295 included hisgh speed dlsrversion,
gand grinding, steel ball and pebble nmilling. None of

these methods showed any tendency to disrerse the polymer,

b

On the contrzry, the finished product showed agzlomeration
of the Polyhall 295 in snall clusters rather than a disper-

N

gion, Addition of surfactaznts, meinly the non-ionic and

anionic types, was attexnted to provide wetting of ihne
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polymer by the venicle and solvent system, Thls produced

{-te
]

no imvroverent disversability. Another area of attsck
was to prepare an erulsion of a Polyhall 295 solution end

add it to the i:

a3
{-e
n
Y
D
[o])
K
0
foto
)
ck
*
=]
)
[de
5]
©
[62]
M

yvater in 0il
emulsion, prepcred by making a concentrated solution of

the polymer in

-t
=5
[}
ct
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O
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{
j-te
g
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H
i
M
o
e
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ot
0

slow incorporetion of an sromatic solvent under low speed

ezitation until the nizture "turne

Q;
O
)
]
O]
e
Q
¥
o
ct
7
6]
g
0
1
.
5
2
h
1!

295 golution waos enmulsified. Ey tnls approach 't wa.s hoped
to be able to 2dd larger amounts of thne polymer into ine
finished peint with no effect on viscosity and result in

an ez2slly apprlled smooth f11m. The emulsion technicgue proved
to have a limited success, increasing the amount of gpolymer

in the coating up to about 4 or 5 percent on 2 solids basils,

end ens b11 ne 2 sgmooth film to e cast.

A veriation on the soluble matrix type peint is a hot
melt composition in which there are no solvents and the
meterizls are sollds at room temperature, To be applied,

this type of cozting must be heated untll sulficiently

vehicle system consisting of rosin, wex and
A mixture of rogin end wax was heated to arcproximately
200 degrees F. alfter which Polyhall 295 was added under

agitation. The mixture was heated Lo over 370 degrees F.

and no solution ol the Polyhall 295 wag obtalned, Even
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E o)

this temperature is too high to meke this means of coeot-

-

ing prerperstion and epplication a practical one, There-
oF r

fore this appnrozch was abandoned.

w
jte
O
o
O

The last zttempt to get & disper

R

7as Lo perd

-t

tion of Polyhall 295,

1

in a vehicle heving & chemicazl composition somewhet simi-

lar to thet of the rolyrer. A high molecular wel

4

amide resin of the type used in hot melt &ap

(U

selectaed., A solvent solubion was prevared into which the

Hd
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no dispersion was obtained, only small agglomerstes of
. The next step would be to test t

5
ings which hed been made in 2 vipe flow system.

II. Testing of Coatings Containling Polvhall 295

s
?{j

D

[]
w

Before any costings were epplled to the test p

-

each pipe was checked in the flow system for agreement

k3 =

with the theoreticel pressure drop at various {low rates,

A varistion of ten vercent was allowed but most plves were

Y

‘,.J

oy A
(¥

ﬁey 4

o
[

i

within five rpercent of the theoretical. Calibration

+
¥

may be found in table 3.

A test section was cozted with a paint not containing
any Polyhall 295 to test the method of application and

the effect of the cocting on the pressure drop. Applica-

&)

tion was performed by sealing one end of the pipe with



cap end qucg ng the pressure teps down to the well of the
pipe, then Tilling the pipe completely with & meosured

ES

emount of peint, Afiter standin

The ripe wos tilted and rotated zeriodically to insure es

the »ipe wes known., After bteinz allowed to dry for ore weelk,

for pressure drop &t various flow rates,

glight difference betwsen the conted and uncoated condi-

There was only

N

tion, with the cozted nize showing ebout & five percenu de-

ES

crease in pressure drop comnared to its original uncozted

condition, See table four for nurericzl resulls.

in helf lengthwise to pernlt insvection of the psint film.
Film thicliness wzs checked with & Gereral Electric Dry Film

Thickness Tester. Visually the Tilm apreared smootn and

even with no ridges or cther imperfections. The measured
film thickness ranged from two to three and one hzlf dry

mils, which wos consicdered satisfeactory for the type =npli-~

Since rzints were to te applied which contained zgglo-



nerstes of Polyhall 295, therefore introducing surfeace
rouchrcss to the test section, e pelnt wes zprepcred wnich

(=l

contzined pumice of a size and amount whic

g
6
oot
1 4
j]
e
]
}-te
®
ot
0,
i

film somewhat similar to the Tilms wlith the polymer ezgre-

gates., This peint was arrplied iIn the sane nanner as the
1

~r
{

o

previou Zescribed stenderd

[62]

ization paint, then tested Tor

pressure drop, A lar riction wee obtained

and maxizur flow rate in the test section woes reduced Lv

Peints containing 10 and 15 percent by welpght of total

YT oA

vhall 295 were prepored by dry acdition and

a paint containing rercent vy weizht of total solids of
Polyhell 295 was prepared Dy the emulsion adéition metrod,
The paints were then anglied, allowed to dry and tested,



15,

ITI. Test Results

ure drop, tre pipe coated with a paint conteining no poly-
ner additive showed &an average five percen
friction, the pine cocted with the ten percent dry addition
of Polvhell 295 (solids basis) showed a 66.7% decrease in

pressure drop at e Reynolds nrumber of &3,000 and a velocity

of 29,5 ft/sec, Sce tebles 6 and 7.

ressure Arop Aid not occur linedis

[
o
0]
ja N
[©)]
o
e
[0
13
[}
[0
}.Jo
)
*d
L}

=R

1y, but rather after 2 running time oI a2bout three minutes.

ey ke

The pressure drop then remeined constant for apsroximotely

tion was removed Trom the apperstus end dried. Alter one

coated similerly to those in ih

the painted pice with no polymer sdded showed e small de-
& £ ~ Wi
crease in skin friction., The vipes cozted with paints con-

inCOfJOPw: -d by frv =ddition showed no decrecss in dreg
J o ]

(=
o
®
)
ck
o
"
¥
0
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cose, up to 50 percent, probebly due
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leachins rete, the pipes were placed in & constaent flow heat

exchanger piping system for arpvroximately three veeks and
re-tested in the flow systen. The plipe conteining no Poly-

211l 295 remoined unchenzed from the previous test and the
pipe containing 20 percent Polyhall 295 continusd to give

readings approxinately 50 percent higher then in the uacoat-
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CONCLUSIONS

1, Polyhall 285 1is & very effectlive drzg reducer a2t low

4

concentrations when =zdded to Tlowling water stresmg in

dilute solution,.

Kone of the polymers tested showed any tendency to be
readlily dispersed 1n an olecoresinous paint system. All

were easlly dissolved in water.

Coatings containing Folyl

Q

211 295 in emoun o% of ten to
twenty percent by weignt of dry film, showed luncreases
in frictional dreg due to irncreased roughness of the
wall surfzce with one exceptlion which was non-reproduc-

ible.

1

¥Wo explanation is readily avallable or definitive for

the one successful trisl, except that portion of the

@

Folyhell 295 mey have been reodily svellable at the sur-

face Tor lezching initi=lly end later became inzccessllble

or not zvailable in lsrge enough amounts to produce

drag reduction after the Tilm had cdried out.



18.

RECO:. EWDATIONS

A method for incorgcoratlion of friction-reducing poly-

mers into solvent type Toints, which would gzive adeqgusate

dispersion to produce smooth film surizces, 1s recuired to

.

make thils eppr

O

ach to gkin fricilon reduction praciical,

HY]

$m

Since hisgh shear conditions ceuse breziidown of the polymer
chain, any dispersions would have to be cone in the dry

state, One method whicn may be applioable'could be to cast
a thin free film of a dilute sclution of the polymer, dry

it and pulverize the remszinder, ITf thls proved feasible,

Hh
o
ks
ck
v

8
M
H
n
ct
[l
[oN)
ot
0]
n

into the dry incorporstion could be storted,

In the absence of a method to incorrporate the polyrer
into 2 paint £ilm, 1t would =ppesr worthwhile to try to

study uncontrolled leaching from a well by coating the wall

with & solution of the polymer, allowing 1t to dry and
then testing Tor frictlonszl resistence. Some Iinteresting

date may be obtelined from such = test, since theoretically

2ll of the polvmer in the test section would be effective.



SAVFLE CALCULATIONS

COEDITION A: Water at 77 degrees Fo flowling et 11.3 gallons
per minute through clecn £'' Schedule 40 pipe.
Pressure teps loceied nine inches arart record

ressure recoding of 11.45 inches

0
jo)
=
=
by
[
)
D
s
ck
e
1y
fond
o]

of mercury on a well itype manometer.

ORJECTIVE A: Compare this rezding with the theoreticel press-
& (-}

ure drop expecited under the z2bove conditions.

D = .364inches = .0303T% . g = 11.3221/min

_ 11,3 =2l/zin
1 hr x .000727t x 7.48 gal T 126,000ft/hr
60 nin 3 ’

Tt
' 3 6 2
Gz Ve = 120 000Tt/hr x 62.41b/ft = 7.87x10 1b/hrit

6 2
¥ =— D G —.0303ft x 7.87 x 10 1p/hrft — 98,000
Re A —2.421p/Tthr

K/D — .000157t — ,005 f = .0066
— L0303ttt
2
H — 217
s Dz
]
2 2 -
H _ 2 x .0066 x .75Ft =(35) (ft/sec) — 12.187t-1b
fs ™ L030370 x 32.17:t-10 — _ T
3 1b
1b sec



20,

P-p = H p =12.187t-1b /1t x 62,4 1b/Tt
a b Ts T
: 2 2
=7701b /£t = 5.381b /in

A

—5.38ps1

5.38psil x 2.04 in Hg —10.95 in Hz Theoretlical Pressure Drop
1 psi -

= 11.45 (62.4 x 13.6-62.4 x 1,0)

12,0
2 2

= 7501b/ft = 5.201b/in

= 5.20psi = 2,04 in He T 10.60 in Hz Observed Pressure Drop
1 psi




CONTDITICH B:

21.

Weter contelining 18 ppm of FPolyhzll 295 ig
flowing under the same conditions s in A, The

menometer reads 9.45 inches of mercury.

OBJECTIVE B: What 1s the percent dreg reductlon ccused by
the addition of the Polyhz2ll 2957
AP =R (f - )
m f%g Cé o
2
— 9,45 (62,4 x 13.6-62.4 x 1.0)
12,0
— 9.45 (786)
12.0
2
T 620 1p/ft
= 4,31 psi x 2.04 in Hz
1 psi
= 8.80 in Eg
%Dr — [1- ap solution| x 100
’ AD solvent
~{1i- 8.80 x 100
10.60
= 017 x 100
=177
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TLELE OF MCUENCLATURE

Symbols
D Diemeter, It
_ 2
G Mess velocity, VP 1b/nr It
g Newton's-law conversion fzctor, 32,174
c 2
: ft-1b/1o sec
il
k Roughness porameter, It
& Z 3
L Lensth, Tt
2
je . Pressure, 1b /Tt ; p , &t upstrean statlon;
T a
P , &t downstrezm stetion
b
q Volumetric flow rate, g2l/min
Rm Rezding of nmenometer, It
2
S Cross section of conduit, Tt
v Volumetric average veloeclty, ft/ar
Greek Letters
A Viscoslty, z2bsolute 1b/ft-hr

3
14 Density, 1b/Tt



TARLE OF ICHENCIATUEE(con't)

Dimensionless Groups

Ap solution
Dr Drag reduction, percent, (1l-ap solvent ) x 100

2

iy Fanning frictlon fector, B Dg /2LV
fs ¢
N

Re Reynolds number, IC
- A



Decrecose

TADLE 12

riction vs Concentration

Conc., AP

Polymer

Dpm
Polyhall 295 18
Polyhall 295 38
Polyhall 295 68
Polvhall 295 146
Cyensmer P-250 19
Cvenzmer P-250 41
Polyox 301 20
Polyox 301 34
Polyox 301 115
CKCc THL 23
CiC TH4 48
ClMC TH 10
CMC TH 48

Stad
in Hg

10.60
10,60
10,60
10,60

10.60

10.60

10.60
10.60
10.60

10.60
10.60

10.60

9.95
9.85
9.75

10,20

10.50

10,20

24,



25,

LBLE 1b

Decrease in Skin Friction vs Concentration at ¥ = 83,000
Re
Polymer Conc. AP AP % Drag Reduction
Std obs
ppm in Hg in Hg
Polynall 295 18 7.80 6.80 13
- Polyhell 295 33 7.80 5.55 29
Polyhell 295 82 7.80 2,80 64
Polyha1ll 295 170 7.80 3.00 62
Cyanemer P-250 24 7.80  7.20 8
Cyanamer P-250 62 7.80 6.70 14
Polyox 301 22 T7.80 7.10 9
Polyox 301 57 7.80 7.00 10
Polyox 301 130 7.80 6.90 12
CMC TH4 22 7.80 T30 6
CHMC TH4 54 7.80 £.95 11
CiMC TH 10 7.80 7.60 3
CLC TH 20 7.80 7.60 3

CHC TH 51 7.80 7.35

(0)



TAELE lc
Decrecse in Skin Friction ve Concentrstion at N = 62,000
Re
Polymer Conc., AF AP % Drag Reduction
5td obs
ppm in Hg in Hg
Polyhall 295 26 4,60 4,05 12
Polyhall 295 40 4,60 3.50 23
Polyhell 295 46 4,60 3.30 29
Polyhall 295 117 4,60 2,10 55
Cyeramer P-250 38 4,60 4,40 5
Cyenzmer P-250 77 4,60 4;45 3
Polyox 301 29 4,60 4,60 0
Polyox 301 72 4,60 4,50 2
Polyox 301 170 4,60 4,30 7
CHC TH4 32 4,60 4,55 1
CMC THA4 70 4,60 4,20 9
CliC TH 22 4,60 4,55 1

CrC TH 65 4,60 4,40 5



TLBLE 2a

27

Decrsase 1n Skin Friction vs Velocity a2t Concentration =

30 wppnm (from grazhs 2, 3 and 4)

Polymer

Polyhell
Polyhall

Polyhall

Cyanemer
Cysnamer

Cyznamer

P-~-250
P-250

P-250

Polyox 301

Polyox 301

Polyox 301

CMC THA
cue TEL
CHC THA

—

v
t1/sec

22,2
29.5
36.0

22,2
29.5
36.0

22,2
29.5
36.0

22,2
29.5
36,0

% Dreg FReduction



28.

TATLE 2D
Decresase in BSkin Friction vs Veloeclty 2t Concentretion =

45 wopm (from srechs 2, 3 2nd 4)

Polymer v % Dreg Reduction
ft/sec
Polyhall 295 02,2 30
Polyhall 295 29.5 33
Polyhall 295 35.0 35
Cysnamer P-250 22.2 5
Cyanamer P-250 20.5 12
Cyenamer P-250 36,0 11
Polyox 301 22,2 1
Polyox 301 29.5 10
Polyox 301 36.0 7
CMC TH4 22.2 3
CMC TE4S 29.5 11

CHC TES 36.0 8



Decrezse in 8

75 wppn (from graphs 2, 3 and 4)

Polymer

Polyhall 2095
Polyhnall 295

Folyhz1l 295

Polyox 301
Polyox 301
Polyoxz 301

29.

TABLE 2¢

ety

kin Friction vs Velocity at Concentrztion =

——

v % Dreg Reduction
ft/sec

22,2 45

29.5 59

356.0 55

22.2 6

29.5 10.5

36.0 7.5



SBtenderdization of

10.29
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9.30
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7.19
6.20
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31.
TAZLE 4

Test Data Tor Coated Pipe - Ilo Folymer Added

Pipe AP AP % Dreg
No,. sStd act "Reduction
4 in Eg in Hg

11.6 10.8 6.9
10.3 9.8 4.9
9.3 8.7 6.5
7.6 7.2 5.3
6.0 5.7 5.0
4.6 4.5 2.2
3.2 3.1 3.1

106 105 6.2



32

LELE B

Test Deta for Cdated FPipe -~ Punlce Added

Pire AF AP % Dreg
No. std act Reduction
T in Hg in Hg

12.5 - -

11.2 - -

10.2 o”f scale -

8.5 19.5 : -130 (increcsge)
6.3 not run -

4.9 not run -

3.2 ‘not run -

1.6 not run -



TAETE

Teat deta for Cozted Plpe - 5

Pipe
No

3

AP
std
in Hg
12.5
10.9
2.7
8.0
6.0
4.5

3.2
1.7

6
% Polyhall 285 added b
AP 4
act Re
in Hg
12.1
1C.5
9.4
T.7
5.9
4.2
3.0
1.5

33.

3.8
1.7
€.7
6.3
11.7



Test Date for Coated FPipe -~ 10 %

Pipe AP

I‘\i’ O .
1

stad
in Hg
11.7
10.6

9.6
7.7

5.8

4.3
3.0
1.5

AP

act
in Eg
@ init.

off
off scale

off scels

O
PN
]
6]
[¢]
j$8
}..J
[}

i

i

AP
act
in Hg
@ 3 min.

FPolyhsll 295 by Dry Addition

AP % Dreg Reduction
act

in Hg

@ 1 week init 3 min 1 week

1305 - - “"27
9.0 - 66-7 ""17
6.8 - - -17
500 - - ""16
3.6 - - ”2@



Test Data Tor Cozted Fir

Pipe AP
No. std
5 in Hg

12.2
1C.7
9.6
7.9
6.0
4.5
3.2
1.7

35,

1 295 by Dry Addition

% Drag
Reduction

=26

(increcse)
(increase)
(incrcese)
(incresse)
(increzse)
(increcse)
(increzse)

(increcse)



36.
TABLE 9

Test Data for Coated Plpe - 20% Polyhall 295 by Dry Addition

Pipe AP AP % Dreg
No. st act Reduction
6 in Hg in Hg
11.5 17.1 -49 (increecse)
10.5 14.9 ~42 (increzse)
9.4 13.5 ~-42 (increase)
7.5 9.7 - =32 (incrcase)
5.6 T3 ~30 (increase)
4.2 5.7 -36 (increzse)
3.0 | 4,0 -33 (increase)

1.5 2.1 ~40 (increase)



37

-

-~ QUG

sde], sansse

J010URURY QW%
N

SuTqn Y

1}

umgay oN Mu®]l, posg | OATEA
ssedlg

~/

/
MQMppﬁm
88vRIY

UOT309g 359

\@Hﬂu

v

J940 MOTJ

¥X

SNLYYVddY LSYL
T Jd0DId

i



% DRAG REDUCTION
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% DRAG REDUCTION
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% DRAG REDUCTION
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% DRAG REDUCTION
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O POLYHALL 295

o POLYOX 301 | FIGURE 6. |%DRAG REDUCTION vs VELOCITY foy
U CYANAMER P-25(C VARIOUS HIGH POLYMERS at 45 WPPM
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