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SUMMARY

Problems

Long-chain poly mers have been demonstrated to reduce turbulent tlow triction
in water. The purpose of this investigation is "o study the ability ot biological poly -
mers produced by scaweeds, microscopic algac. and bacteria to reduce fnction in
water Now. Three arcas are of interest: CD Can poly mers of biological origin -
count tor the reported unexplainable variations in hy drodys pamic test acilities?
€2) Can biological polymers be used for triction-reduction applications? (3) Can
triction-reduction measurements be used to quantitate and chartacterize hological
polymers?

Results

Many seaweeds, microscopic algae, and bacteri were found to produce friction-
reducing materials into their culture medium. A water saeeples tested from imlband
and marine sources gamned friction-reduction abilits when enriched with sugar. as a
consequence of polysaccharide synthesis by bacteria. Biological poly mers, theretore.
are the probable cause of the unexpliainable variations i hy drodynamic test tacilities.
Bacterial polysaccharides were more effective than scawceed extract at low concen-
trations for friction reduction, but both were much fess eftective than sy nthetic poly-
mers. Turbulent-tlow frictional measurements were tound to be sensitive for detec-
tion. measurement. and partial characterization of long-chain polymers.

Recommendations

Water in hydrodynamic test facilities should be maintained free from algal
blooms and organic contaminants in order to prevent friction-reducing poly mer pro-
duction by algac and bacteria. Scawceed extracts and algal and bacterial poly sac-
charides could be used in friction-reduction applications: however svathetic poly-
mers are generally much more effective and less expensive. The friction-reduction
technique is a rapid and ettective procedure tor the detection and quantitication of
long-chain polymers. and turther uses in polymer chemistry and molecular biology
should be explored.
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INTRODUCTION

Drag reduction, friction reduction. or the Toms eftect are tenms used to de-
sribe the ow situation when high poly mers are present in Nowing hguids (Ret. 1.
2 3. and 4). High polymers decrease the turbulence intensity. and theretore allow
the liguid to low with less resistance. In many instances. only a few parts per nl-
lion of polymer is needed in order to reduce the friction by 8077 to 60"+ or more.
Thus numerous engineering applications seem possible these inchude increased flow
rates in pumping applications and increased speeds or decreased power requirciments
for a body traveling through water.

Uneaplainable variations in the turbulent-low propestics of water in hydro-
dy namic test tacilities and occan waters have perplened hydrody namacists for many
years. Newton (Ret. §) discussed Nuctuations in towing tanks and presented data
obtained between 1887 and 1965 from the Haslar towing tank in | ngland. The
same towing test model was used during this period with a manimum tluctuation of
14 decrease in friction measured from the original value. Fluctuations in water tric-
tion were also shown for the Fort Steyne towing tank. Fagland (Ret. 00, Other re-
ports have cited instances where a ship would have different power requirements at
ditferent times. or where sister ships would perform differently during trials. As
demonstrated in this report. these anomalies can now be explained i terms of the
drag-reduction phenomenon. and can be attributed to dissolved long-chain polysic-
charides exuded by algae and bacteria.

After the discovery that microbial polymers are effective in the reduction of
turbulent-flow friction. a scarch was begun for algal and bacterial polymers which
may be suitable for friction-reduction applications. The only long-chain biological
polymers which can be produced cheaply and in large quantities are the polysiac-
charides. and these were therefore studied in detail.

The turbulent-flow rheometer. a miniature pipe-low apparatus, was used for
friction-reduction tests. 1ts function is discussed in the following section. and its
uses as an analytical tool are clucidated in the Appendix. The next section deals
with friction reduction by scaweeds. phytoplankton, and bucteria. and suggests how
these biological polymers might attect hydrodynamic testing. And finally. there is
a discussion of the possible engineering applications of friction-reducing biological
polymers and the limitations of these polymers for such applications.




DESCRIPTION OF THE TURBULENT-FLOW RHEOMETER

Lhe tarbulent-Now theometer. an instrument developed at the Naval Undersea
Research and Development Center (NUC) has proven valuable tor many applications
i by drody namie testing, poly mer chiemistry . and biological rescarch. 18 was used to
measute the trictionsreduction abality of algal and bacterial cultures., puriticd poly-
mers, and water from test facilities. The use of the turbulent-flow cheometer as an
analy teal tool is discussed in the Appendin.

sSince the turbulent-flow rheometer was a key equipment item in obtaining the
results described in this report. a brict deseription of the instrument and its principle
of operation is included here. AlL other experimental details as. for example. to
media and mcubation techniques may be found in the publications listed as refer-

VIS,

Fagure 1 isa schematic diagram of the turbulent-flow rheometer. In essence the
apparatis consists of o motor-drisen syringe that torces the test solution through a
simall pipe. of dismeter d. at a given velogity. Fosuch that, with g the Kinematic vis-
conity . the Rey nolds number Re = Fd/n is completely in the turbulent regime. The
Rey nobds number in the NUC tests was maintained at 14.000. The percent of

fitling cup
pressure taps \\ auxiliary, larger diometes
filting pipe
test pipe 0.909cm

inner diameter

three way valve

hypodermic syringe

constant-speed 1/2-hp motor

gear box /
brake

Figure 1. Schematic of turbulent-flow theometer. The
evperimental measurement consists of recording differential
pressure at the points marked “pressure taps.™
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friction reduction was determined by measuring the ditterential pressure. A/ at
two points along the pipe. first for the test solution and then tor the solvent
(water or culture media). Then

Percent friction reduction = 100cE A2, /A1)

where A2, is the difterential pressure measured with the test solution and A/,

is that pressure measured under the same conditions with the solvent. EFxpen-
mentally it is known that at the Reynolds number of the instrument o maxunum
friction reduction of 6585 to 70¢7 can be obtained. (AL higher Revnolds numbers,
higher friction reductions are possible.y Thus in the use of the nstrument it s
occasionally necessary 10 dilute i test solution by factors of 10 or more in order
(o demonstrate. as in bacterial cultures, the continual production of drag-reducing
polymer. Otherwise the polymer would accumulate in such a quantity that .
maximum drag-reducing measurcnient could not be obtained.

Finally. it is possible to repeat the turbulent-flow rheometer measurement
over and over Crmultiple passes’™ ). Repeated measurements induce repeated me-
chanical shear on the macromolecules in solution, breaking a certain proportion
of the polymer chains and reducing the average molecular weight, The friction-
reducing effect is then diminished as a function of the number of passes through
the instrument.  The rate of diminished triction reduction is dependent. howeser,
on the type of polymer present, since some molecules are much more resistant to
swission than others.

FRICTION REDUCTION BY BIOLOGICAL POLYMERS

The ability of scaweeds. phytoplankton. and bacteria to produce measurable
quantitics of friction-reducing materials has several implications.  Onge ot the more
important of these implications is that biological poly mers present in hy drody -
namic test Gacilities may alter the frictional propertices of the water. A basic
understanding of organisms capable of producing triction-reducing polymers is
thercfore essential.

Scawceeds

Seaweeds were examined for triction-reducing capabilities by using hot water
to extract polymer from intertidal specimens and by testing commercially availuble
seaweed derivations (Retl. 2 and 71, Table 1 shows the restdts obtained from inter-
tidal seaweed extracts. Many specimens were found to possess extractable polymers
which reduced turbulent friction up to 60/, Experimentally it has been shown that




Fable 11 tion reduction of extracts from intertidal cotlections (1 gram dry weight
wwaweed per 1O0-ml water).
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0-5
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Fabde 1. Contd.

1ok taeen tuadug Bheen,

Genus L osation® Month
Ta distilted
In wwaw atee

wialvg
(8 Placophy ta tcentd)
Pelvetia Pacitic Growe \up WIS LT 20
Pelvetionsis bt Beagy \ugp 203 Ju-3n
Felyetiopsis Loinidad \ug d0-0en .0
Cvstoscirg San Clemente . Auy "ed UL
1) Rlissdosphis 1
Porphyvra be Boapy \ug 0.0 du-0.00
Porphyra Mogro Bay g 2040 dis-000
Porphyvra Pacitic Grne Aug 20-4n 2-4u0
Porphyra Laguna uly 2040 Jh-du
Porphyra Laguna July $-20 220
Porphyra Laguna Aug L SR AT =20
Bossiella Lncinitas Moy 0"-¢ ([T
Bossiclla Cabnillo ban 20 ([T
Corallina Incinitas July 0-¢ "-4
Corallina Cabrillo Jan Ju-00 0w
Coralling Cabnllo Ieh 2u-d40 e
Corallina Pacitic Grove Il $-20 et teved
Lithrothrix Cabrillo Mat 20 not tosted
Gratchipia Morro Bay Aug 40-00) 2o
Prionitis Cabrillo Jan -0 2.4
Prionitis Cabillo e 20-4u0 L)
Prionitis Cabrillo Ded -4 "<
Plocamium Cabrillo e 0-$ -4
Plocamium Laguna June 20311 $-20
Gymnogongms Cabrillo Jan FYTAL 2040
Gyniogongrs Cabrillo Da Judn FYI™AT
Stenogramma Laguna July Jud 2300
Stenogramma Pacitic Grove Aug 2.4t SYTAT
Givarting® e S 2040 -4
Halosaccion Fr. Brapgy Aug 2040 £-20
Rhadymeria Lake Dark Harbor, N 18 000l NI TR
Rhodvmenia Trinidad Aug 200400 .00
Callithamnion Laguna Aug €20 et

;'All locations are in Califormia excopt as otherwise noted.

Y- : - : . : .

Fwenty-two samples were collected from vatious points in Californs and they por:
cent of friction reduction was averaged.

polymers having molecular weights above SO.000 must be present to produce this
effect (Ref. 3). Friction-reduction ability varies considerably within cach genus.

Of the 95 intertidal samples collected, over 8077 produced substantial friction
reduction when extracted in cither distilled water or seawater. The red seaweeds

I




wore especially pronminent in this regard: over Y070 of the red algal showed pro-
nounced triction reduction. In fact. over half of the Rhodophyta samples showed
Inchion reduction above 4077,

Resalts tor 0.1 solutions ot scaweed derivations are shown in Table 2, and
Iriction-reduction effectiveness of four extracts as a function of concentration is
dlustrated in Figs 20 These polysaccharides can reduce triction more than 507 at
mcreased concentrations. Nevertheless, much greater concentrations are required
for scawced polyvsaccharides than for many other polysaccharides to produce the
same friction-reduction effectiveness.

Lable 2. 1 oetion reduction of 0,197 solution of seawceed derivatives.,

Iriction

Name Iy pe Source . .
reduction, %
Cartageenan Sea kem 7 Marine Colloids, Ine. 46.0
Carrageenan Gelearin HWG Marine Colloids, Inc. S1.6 ,
Calcium carragecnan Gelearin HMR Marine Colloids, Ine. SL.S ‘
Sodivm carrageenan Viscarin 271206 Marine Colloids, Inc. 62.0
L ambda carragecnan Viscarin 402 Marine Colloids, Inc. 53.0
Carrageenan Stabiloid 15 Stein, Hall Co., Inc. 57.0
Carrageenan Stamere NK Meer Corp. 58.0
Cuarrageenan IK-I VP Burtonite Co.. Inc. 60.0
L ucheuma cottonii RELA §166 Marine Colloids, Inc. 29.5
Agardhichla RELA S167 Marine Colloids. Inc. 59.5
1 ucheama spinosum Gelearin S1 672106 Marine Colloids, Inc. 32.0
I urcellaran Series No. 44 A Burtonite Co.. Inc. 46.5
Codiom alginate oL Norwegian Inst,
Scaweed Res. 61.5

Phy toplankton

Phytoplankton cultures were effective in friction-reduction ability when grown
in defined medium or soil extract medium (Ref. 7 and 8). Table 3 shows that repre-
sentatives of many major phytoplankton groups could be found which excrete
friction-reducing materials into their culture media. These algae were found by trial
and crror: closely related species often did not produce friction-reducing materials.
For example, among the diatoms, Chactoceros didvmus and C. affinis were definitely
riction-reducing while C. pelagicus. C. lorenzianus, C. compressus, and C. decipiens
cnhibited only traces of reduction or no reduction at all. In some species (for ex-
ample. Prorocentrum micans) the friction-reduction materials were found to be most
pronounced as the cultures approached senescence.  In other species, such as
Clactoceros, the extracellular materials production accompanied exponential growth.
In Porphyridim the extracellular friction-reduction material was secreted copiously

O
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Figure 2. Typical drag-reduction curves obtained
with solutions of commercial seaweed extracts,

Table 3. Friction reduction of phy toplankton cultures.

Friction

Organism p—
£ reduction ®

Chlorella stigmataphora. 1.3 993 40-60
Bacillariophy ta

Chactoceros didymus 20-40

Chactoceros affinis §-20
Py rrophy ta

Exuviclla cassubica §-20

Prorocentrum micans. LB 1003 §-20

Rhodophy ta

Porphyridium cruentum. 161 40-60
Porphvridium sp. (Lewin), 637 40-610)

FAverage of over 28 cultures extending over at least

1 year.




from the time the culture was inoculated (Fig. 3). A culture of Porphyridium
cruentun. stored in the refrigerator for over a year, retained a friction-reduction
vitue ot o0

70

L N T T
60 Ll
5 50 =
5]
=
o 40 ~
=]
\E
® 3o -
<
3]
& 20 =
a
1L Porphyridium sp. {Lewin), 637 A
ol 1 L 11 1 1
0246 810 20 30 40

Culture age, days

Frgure 3. Drag reduction obtained with cultures
ot Porphyriditm sp.

Bacteria

Several pure bacterial cultures were grown in a nutricnt medium containing
protein hydrolysates, yeast extract, sugars. and glycerol to show that extracellular
poly mers produced by bacteria could change the friction. Friction reduction was
measured during the growth cycle. Bacterial growth was measured by the optical
density of the culture. Three different trends were noted.

Pscudomonas sp. (Fig. 4) exhibited a continuous increase in friction reduction
during the logarithmic growth phase with no further increase during subsequent
srowth. The culture of Bacillus sp. (Fig. §) showed an increase in friction-reduction
ability to the start of the stationary growth phase. after which a substantial decrease
took place. Friction reduction for Neisseria sp. increased many hours after the
start of the logarithmic growth phase (Fig. 6). By diluting the bacterial culture
1510 with additional media it was possible to show. as in Fig. 6. that polymer pro-
duction continued well atter the logarithmic growth phase. The above results illus-
trate that friction-reducing extracellular polysaccharide synthesis and degradation
oceuts in bacteria. Polymer production is variable during the growth cycle accord-
ing to species (Ret. 9y,

R G L




Growth, log (optical density at 660 mu X 100)
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Figure 6. Drag reduction by Neisserig species
in relation to growth.

Drag-reducing polymer can be produced by psychrophilic (optimum growth
temperature below 20°C). mesophilic (optimum between 20°C and 45°C). and
thermophilic (optimum above 45°C) bacteria. The marine psychrophile. 20-PFID-
2. an encapsulated gram-negative rod isolated from Antarctic waters, had a growth
optimum of 15°C and a maximal temperature for growth of 35°C (Fig. 7). The
optimum temperature for drag-reducing polymer production of the culture was
also 15°C. Vibrio marinus MP-1. a marine psychrophilic bacterium with an opti-
mum growth temperature of 15°C and a maximal growth temperature of 20°C.
exhibited no drag reduction at 15°C until 10 days. after which drag reduction in-
creased to above 507,

Mesophile isolates PE-3 and SLI-1 had growth and drag reduction optima of
approximately 30°C (Fig. 8 and 9). The thermophilic fresh water bacterium,
Bacillus stearothermophilus, with a growth optimum of 60°C and a minimal growth
temperature of 40°C. produced drag reductions greater than 15% after 48 hours
when grown in broth. These studies demonstrate that drag-reducing polymers can
be produced from bacteria and can exist in aqueous psychrophilic. mesophilic. and
thermophilic environments (Ref. 10).

10
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BIOLOGICAL POLYMERS AFFECTING
HYDRODYNAMIC TESTING

In view of the desirability of maintaining constant test conditions in hydro-
dyiamie test tacilities, it is important to realize the potential of algac and bacteria
in the alteration of turbulent water friction. Cases of reduced friction in towing
tanks have been reported (Ret. S and 0). Although friction-reduction anomalices
have not been detected in water samples taken directly from testing facilities. many
aleae and bacteria with the ability to synthesize friction-reducing polymers have
been isolated from these water samples (Ref. 7.8, 9,10, 11 and 12). Under labo-
ratory conditions algae and bacteria may reduce frictional properties of their medium
by more than SO0 To preclude the occurrence of altered frictional properties in
test tacilities. algal blooms should be prevented.




Table 4 shows several algae isolated from 4 test tacilities, and Table 5 lists
bacterial isolates from T fucilities, all organisms being effective drag reducers.,

Table 4,

I-acility

Ship tow tunk,
National Physical Laboratory |
Feltham. | ngland

Tow tank,
Hassin 31 ssais des Carenes,
Pans. | ranee

Underwater cableway, Motris Dam,
NUC Test L aahty,
Arusa, Calit,

Fransducer calibration tacility,
Lake Gem Mary, Underwater Sound
Reference Division, Naval Rescanh
Laborston . Orlando. 1,

Algac isolated from test Lacthities,

: : Mavunum dray
Predominant algae present . .

reduction,
Boght green, sphencal 661
Chlovococciom ool

Green, sphenical. 7.8 diam. 8.3
(unknown),

Nuvicula notha:

Anhistrodesmies sp

Green. elliptical R
Asterococcus, Svnedre
Green, spiny i6h.6

Golenhpna, green, Ty diam
tunknown)

As will be discussed in the next section. bacteria which can synthesize triction-
reducing polymers are present in natural waters when satticient organic con-
tamination exists. 1t is therefore recommended that sanitary conditions be main-
tained in test facilities so as to avoid contamination by organic material.  As a
final check in precise hydrody namic testing, o water sample should be tested by
a sensitive turbulent-low rheometer to detect possible variations i trictional
propertics and. if necessary. corrections should then be made.

Table S, Drag-teducing bacteria trom by diody namic test facilitaes.

Isolate

Facitiny ; .
designation

Rotating-beam channel, RBC-ARL -]
Admiralty Rescarch RBC-ARD 2
1 aboraton ., RUC-ARD-D
Teddington, | ngland

Ship tow tank, NPES-)
National Phy sical NPESS
Laboratory, NPLW

F-eltham, 1 ngland

Colony

consstency P Drag

a1 K
Morpholopy Caprule Py X
day S davs
tod MB P Q)
rond MB M 13
tond ¢ ¢ * 40
1o M \ ¢ 14
tod MEis MR ¢ 3N
TSV ¢ § ¢ 9
vontd
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Table §. Contd.

Colony
) Isolate , cnnsi\lcm‘y“ . Drag
a s, b 1y apsulet ; -
e designation torphology - : Capsule reductiond ¢
1 day S dayy

Garticld Thomas GWI-A rodd M M 16
water tunned, GWD-D rod B B 8
State College, Pa.
ttow tunnel, LSt -2n rod P M + S0
Naval Underwater USE-S rod MB MB + S
Sound 1 aborgtorn
New London, Conn,
Mamn toning basin, DIMB-3 rod P P + 50
Naval Ship Research DIMB-4 rod MB MB k)|
atd Development
Center, Carderod k. M,
Low tanks, S22 rod MR i + 46
Stevens Institute ot N N REM rod MB MB + S6
Technology SIE3-3 rod M P + 14
Hoboken, NG
Wates tunnel, 612 COCCHN MB MB + 7
Naval Ship Rescarch lo-1-3 COCCUS M M + 52
and Development 36-1-p Tod MU P + §7
Center, Casderock . Ml
Lransducer calibration LGM-2 rod M M + 47
tacihty . Lake Gem Many . 1.GM< tod M P + k1 ]
Underwater Sound LGM-S rod B I 39
Reterence Division,
Naval Rescarch
i abotatorny,
Otlando, § .
low tank., P rod B MB +
Basan $°F ssns des P} rod MB MB + 1
Carenes, Paris 1 rance PLi-s CoOvCUs B P + §2
Open water tunnel, il rod M M + 32
Calivtomia Institate of 112 roxd MB MB 28
Technoloe
Pasadena, Calit,
Underwater cablewas . MDIS-) rond M M + 30
Maors Dam, NUC Test Mhw4 rend M Mi 8

bacilite . Azusa, Calit,

SN solates were gram negative,

U Aot 1-butters - MBentenmediate between moist and buttery ; P-pituitous tmanifested by colony
stichinge tomnoculating loop, producing a steing-like extension).

CCapsules weie discerned from agar-gromn colonies after 10 days by indicect staining.

AL i drae redud ion mcasured in broth cultures up to § days.




ENGINEERING APPLICATIONS OF
FRICTION REDUCTION

The use of algal polysaccharides for engineering applications of friction reduc-
tion does not appear promising due to the relative high concentrations needed to
produce good reductions (see Table 2 and Fig. 2). The bacterial polysaccharides are
more promising than scawceed extracts, but still much less effective than synthetic
polymers. Figure 10 compares four effective bacterial polysaccharides: the plant-
derived polysaccharide, guar gum: and two etffective synthetic polvmers. poly(ethylene
oxide) and polyacrylamide. The synthetic polymers are much more effective than
the polysaccharides, thus making the use of the latter questionable. A study of the
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Figure 10, Dragereduction effectiveness of bacterial poly saceharides, guar
pum, and sy nthetic polymers during one pass theough the tarbulent-Now
theometer.




stability of bacterial polysaccharides. however., showed possible applications under
conditions ot high turbulent low exposure. Atter prolonged exposure to turbulent
ow a 40-ppin solution of Nanthomaonas campestris (a bacterial polysaccharide) was
as effective as polviethy lene oxide), which degraded substantially (Fig. 11). How-
cver. the same bacterial polysaccharide was much less effective than the same con-
centration of polvacrylamide atter prolonged shearing. Xanthomaonas compestris,
with its high stability atter prolonged exposure to turbulent flow may serve as a
suspending medium in oil-well-drilling applications. and may be usetul for special-
ized friction-reduction applications (Ref. 13 and 14).

When partially purified bacterial polysaccharides are prepared trom broth cul-
tures for evaluation as friction reducers, it is desirable to have the highest polymer
concentration possible. During several attempts at polysaccharide production the
culture medium became acidic with no measurable drag reduction. The addition of
sodium bicarbonate. which raised the pH of the medium to about 8, often initiated
drag-reducing polyvmer synthesis. Two freshwater isolates and one soil isolate were
investigated for etfects of pH on the production of bacterial extracellular drag-
reducing polymers (Ret. 15). Figures 12 and 13 show that acidic conditions inhibit
polymer production by two isolates, while acidic conditions permitted polymer
sythesis by another (Fig. 14),

Buttering is reccommended to prevent acidification of the culture medium.
The addition of buffers to maintain the pH of the growth medium above 7 is de-
sirable in the isolation and screening of bacteria as possible sources of drag-reducing
polymers. This addition will prevent possible inhibition of friction-reducing poly-
mer synthesis which may occur under acidic conditions.

The possibility of an in-situ technique for lessening the turbulent flow fric-
tional propertices of water became apparent during water-sugar enrichment studices.
It was found that all water samples tested, from inland, ocean, and tap water sources,
exhibited friction reduction after sugar enrichment. Apparently bacteria were pres-
ent that were capable of synthesizing drag-reducing polymers from added sugars.
Table o lists the percent of drag reduction for sugar-enriched water samples after
30 days. All water sources tested yielded reductions in frictional properties after
30 days. ranging from 877 to 587%. Unfortunately. after 18 months several of the
samples lost their friction-reduction properties, indicating the unreliability of the
technique over extended periods. Then, too, friction reductions for several samples
were only about 107 at 30 days. which is too low to be very useful.

Figure 15 shows the results for sucrose enrichment of § gallons of tap water
with and without the addition of | gram of garder soil. Friction reduction ability
for tap water without soil continued to increase steadily and reached 439 friction




L
[

8

Percen | desg redecion

Synthetic polymers
® polylethylene oxide)
O polyacrylamide
Polysaccharides
QO Xanthomonas campestris
@ guar gum

1 |
20 25
Pass number

Figure 11, Dragaeduction effectiveness of bucterial poly saccharide. guar gum,
and synthetic polymers during repeated passes through the tutbulent-flow
thecometer.




epuns sew sanfea Hd yroqae

(UMOYS 10U) YINn0I4) "Yinoid pur ‘pd ‘uono>npal ivip 10y
SAUM SNOURA IR S[1J24IP PAISIL MaM sunlnd ylog suon
-IPUO? JIPLIT PUR JUIEN[E IapUn H3T 21NN 01 UONB[aI Ul
A7-TS,) MPjost Imemysayy iq uononpar dex ¢ Mndt)

uONINpA Beap uadiag

G

i

'l

I¥r

o€

y ‘awny

074

(0} 9}

o
ot
o'

0%

o
=
Hd

ro

aiut

wree WOl
anws= o 0

— 0Ll

UOIINPAI BEIP 1LY

“SUOTIIPUOD MPIOE IIPUN S$3] A[QRIIPISUOD SEM (UWOYS 10U) (IWOIT)
-(pwold pur ‘jd "uoNONPII FEIP O Wl SNOUEA JF Apoanp parsal
3124 SANIND IO§] “SUORIPUOD DIPIOR PUr dUlEYE Iapun ade anpnd
01 UORETM Ul ¢-G ] [ -] MTJOSE IDNEMYSII) Aq uonNanpal Feaq g1 andg

y ‘awiny

Doy OB Or 0w i o L

Sl

(074

S _

mpmn oy W
mirjEam o 0O

og
e
o'w
o
o
04
an
06
oot
okt

ol

Hd

I8




pH

Percent drag reduction

8.0

BO

10

6.0

5.0

4.0

T

0O A alkaling
= & ane
=Y
o &
=
& &
“w ¥
=
. i
5
= T -
A \ "'i 1
p! &
1 i o
0 10 20 30
Time, h

Figure 14, Drag reduction by soil isolate HES-1 in relation
to culture age under alkaline and acidic conditions. Both

cultures were tested directly at various times for drag re-

duction, pH. and growth. Growth inot shown) at both pH
values was similar.

50

40

30

20

10

0

i 1 I 1 1 | | i | | |
- L
- =
O without soil
@ with soil added
[ p— | R U S N I
0 10 20 30 40 50 60 70 80 90 100 110 120

Time, days

Figure 15. Drag-reduction effectiveness of 547 sucrose-
enriched tap water.
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Lable 6. Drag reduction by sugar-enniched natural waters.

; Pereent
Souree onf R
drag reduction
Walden Pond, Muass. oo e e s 15
Klootchic Creek. Oreg. Lo . weoo 00000000000000939a0 41
Fake Gem Many . Orlando, Llae oo 48
San Gabriel River Calitf. e 16
Own Head Springs, Death Valley cCalifs oo oo 33
Saratog Springs, Death Valley . Cabf. oo oo 10
Ocean water near Catahima, Calit, oo o o oo i e 2
Lake Arrowhead, Calit. e 10
Warm Springs Creck, OQreg. oo 54
Cotfinberry Fake, Orege oo oo 46
Zan 2o RiVOT OICE. o 30
Cublaby Lake, O1eg. oo 46
Santiam River, O, .ot 53
Neieonie Fake  ORCg. oo e 25
Morris Dam, Caltd. .o 40
St. Anthony Lalls, Minn. ..o o S7
Ocean water near Palos Verdes. Calit. oo S5
Ocean water near San Pedro, Calif, oo oo 58
Ocean water near Samuel H. Boardman State Park. Oreg. .. ... 58
Ocean water near Yachats, Oreg. oo oo oo i 57
Yaquina Ray, Oreg. oo e 58
Rainbow Fabls, Hilo, Hawail ..o 30
Pond Water, Hito, Hawaii .. .o oo oo R 38
Akaka Falls, Hilo. Hawaii ..ot iie i ceean 30
Visalia Aquaduct, Calit. ..o e 3$
Stream water, Fort Tejon, Calif, .. oo o 40
Kaveah River. Calif. . i e 8
Ocean water. La Butadora, Baja, Calit, ... oo 17

TWater samples enriched with 0.577 glucose and sucrose were tested for drag
reduction (for periods up to 30 days). and the mavimum value was listed.

reduction atter 120 days. A slight turbidity developed after 1 week, but settled out,
lcaving the water clear. Water with soil added, however. showed a different trend.
After several days considerable turbidity developed which continued to increase with
the formation of large masses of insoluble aggregates and pungent volatile products.
After 120 days friction reduction was less than 57%.

From these results it appears that when sufficient concentrations of natural
nutrients are present added sugar provides the microbial population with ¢nergy and
carbon skeletons for cell division and the synthesis of matrices in aggregate formation.
However. when nutrients are minimal, sugar enrichment atfords energy and carbon
skeletons primarily for the synthesis of soluble polysaccharides necessary (o cause
friction reduction. The possibility thus arises of utilizing this effect in emergency
storage reservoirs for fire-fighting, in order to provide a low-friction supply of water
which would reduce trictional losses in piping and hoses and hence increase the rate
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of flow of water to fight fires. This idea is. of course. in the conceptual stage only.
and many engineering problems remain to be solved before the technique can be
recommended.

FINDINGS

1. The triction-reduction measurements were found sensitive for the detection
of polysaccharides with lincar conformations and molecular weights greater than
50.000.

2. Some scaweeds. phytoplankton, and bacteria may produce materials which
reduce turbulent-flow friction.

3. By producing polymers in a culture medium. algae and bacteria have re-
duced friction by more than 50%.

4. Bacteria which can synthesize friction-reduction polymers from simple sugars
were found in all water samples tested.

5. Acidic pH conditions inhibited friction-reduciion polymer svnthesis by
some bacteria.

CONCLUSIONS

1. Turbulent-flow measurements can be used to show the presence of certain
biological macromolecules (polymers) and to aid in their partial physical charac-
terization.

2. Polymers produced by algae and bacteria in hydrodynamic test facilitics may
alter the turbulent-flow propertics of the water and thus affect test results,

3. Algae and bacteria may be a source of dissolved high-molecular-weight sub-
stances in fresh and marine waters.

4. Acid conditions may prevent the synthesis of polysaccharides by some
bacteria.

5. Bacteria which have the ability to produce friction-reduction polymers
appear to be omnipresent in water.

0. Polysaccharides may have engineering applications for friction reduction. but
they are generally less etfective than synthetic polymers.




RECOMMENDATIONS

I, Friction-reduction measurements should be explored as a tool in biological

and chemical research to meastre and characterize long-chain polymers. :
2. Waters in hydrody namic test tacilities should be tested for the presence ot

friction-reduction polymers and maintained free from organic materials which may

serve as i souree for the production of these polymers by microorganisms.

3. In the laboratory preparation of bacterial polysaccharides a bufter should
be added to maintain slightly alkaline pH values to prevent the possible inhibition
of polymer synthesis which may occur under acidic conditions.

4. Svnthetic polymers should be considered in preference to the polysaccharides
for most friction reduction applications.
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Appendix

THE TURBULENT-FLOW RHEOMETER
AS AN ANALYTICAL TOOL

The simpi:city and sensitivity of the turbulent-flow rheometer in measuring
friction reduction (Ref. 16 and 17) make it a powerful tool for polymer chemistry
and biological and hydrodynamic applications.

Since friction reduction effectiveness is directly related to the effective length-
to-width ratio of the polymer molecule (the degree of lincarity). a simple friction-
reduction determination for an unknown solution will give a qualitative indication
if a lincar macromolecule is present. Friction reduction produced by an unknown
solution indicates only that a lincar polymer is present. while high friction-reduction
values for known polymer concentrations can give estimates as to the length-to-
width ratio and consequently molecular weight (Ref. 18 and 19). A high friction
reduction by low polymer concentrations indicates long-chain polymers. while low
values for high polymer concentrations suggest that the polymer has a lower average
molecular weight or that it has a high molecular weight but is highly branched.

Since friction reduction is & function of polymer lincarity. any change which
alters the conformation (effective length-to-width ratio) of the polymer can often
be detected in the turbulent-flow rheometer. Figure 16 shows results when DNA
was tested for friction-reduction effectiveness in the presence of a number of com-
pounds believed to alter molecular conformation (Ref. 20). The dyes 9-umino
acridine and proflavine showed large increases in friction reduction when mixed
with DNA. These materials are believed to interact strongly in the DNA helix, ex-
tending the length of the molecule. Repeated frictional tests showed that these
materials also greatly strengthen the DNA to shear degradation. Actinomycin-1)
also exhibits the same characteristics with DNA. although the binding may not in-
volve the same type of interaction as with the dyes. In contrast, acridine orange
seems to interact to such an extent as to separate the DNA helix components so
that its friction reduction was practically identical to that of a DNA preparation
which had been denatured by bringing a water solution to 90°C and rapidly cooling
it. Tests with the carcinogens 3. 4-benzpyrene and 1. 2. 5. 6-dibenzanthracene and
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the near carcinogen, phenanthrene, indicated some lowering of the friction-reduction
eftect (Fig. 17). This may be due to the partial unwinding of o helix or at least to a
waahening which allows mechanical shear to partially separate the helix pairs (Ret, 20).
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Ligure 17. Drag-reduction measurements ot DNA
ana DNA with carcinogens and a4 hydrocarbon as
a tunction of DNA concentration.

More insight may be gained into the physical chemistry of long-chain polymers
by utilizing triction reduction versus concentration curves combined with friction
reduction versus shear curves. Shear degradation curves are casily obtainable by re-
peatedly passing the same solution through the fine bore tube of the turbulent-flow
rheometer and measuring the friction-reduction effectiveness during cach pass.
Friction reduction versus concentration plots can be used to rapidly estimate molec-
ular weights ot long-chain polyvmers when reference polymers of known molecular
weight are available (Ret. 18). This information combined with hydrodynamic de-
gradation and other data may help reveal the nature of bonding, molecular inter-
actions, and molecular weight distributions in solutions of long-chain polymers.

Figure 18 shows the friction-reduction effectiveness of several bacterial poly-
saccharides and guar gum after increased exposure to turbulent flow (Ref. 14).
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Vigute 18, Drag-reduction etfectiveness of hacterial poly -
wcchandes and guar gum atter repeated passes through the
turbulent-tlow rheometer.

Guar gum was influenced the least. showing little loss in friction-reduction etfective-
ness after 20 passes through the fine bore tube of the theometer. Bacterial poly-
saccharide from Arthrobacter viscosus showed slightly less stability. Bacterial poly-
saccharide from Xanthomonas campestris, Pseudonmonas sp.. and Neisseria sp.
showed an initial decrease in friction-reduction ability after the tirst several passes
through the tube and less of a change after subsequent passes. This initial decrease
in friction reduction is probably due to the greater fragility of the longer polymer
chain: the increased stability atter subsequent passes is probably due to the more
stable. shorter chains.

It is interesting that polysaccharide from A viscosus was apparently degraded
more than guar gum. and that polysaccharide trom Pscudomonas sp.and Neisseria sp.
wis more degraded than polysaccharide from X, campestris. The greater triction-
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reduction ability of guar gum and polysaccharide from X, campestris suggests that
cuar gum is a longer molecule than polysaccharide from A. rviscosus and that poly-
saccharide from Xo compestris is longer than polysaccharides from Pseudomonas sp.
and Neisseria sp. The longer polymer chains would be expected to be more sensitive
to turbulent-flow degradation. Their increased stability. however, may be due to
stronger bonds between monomeric units or to decreased stresses placed on these
bonds as a result of intramotecular and intermolecular interactions. This anomaly
may also retlect different molecular weight distributions.

Other applications of the turbulent-flow rheometer include the measurement
of polvimerization and depolymerization reactions which involve long-chain polymers
and the measurement of the production of extracellular polysaccharides by micro-
organisms.  As shown previously, extracellular polysaccharide production is readily
demonstrated by testing the culture for friction-reduction effectiveness (Fig. 3 to 6).
Finally. it should be noted that the friction-reduction measurement is particularly
valuable in that polymer concentrations can be detected tar below those discernable
by viscometry when a lincar polymer is involved.
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