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SI MM \KY 

hniMrnis 

I oil)* vli.uii ptt|\iiKi> luve Ivii) ili'in«Misli.il«.-il IM IOIIU^- lurlMilviil ll«»w Irulinn 
in W.IUI    I IK- |>(ii|H»xi o| iliis iiiu-\livMlii>n h  u NIIUK the .IIMIIIN ol IMOIH^K.II p«>l>- 
nurs pmuueed In %ca%kiVilv lnKt••^<•>|,^ alipjc JIHI hjclcru i«> rcüuM iruiion in 
vt.iKt Il«m    I hroc arcj% iire tH inKrcsl   Hit .m polyMftiol Kiiifc^icjl «»ri^in JC- 

«.«Mini I'm Ihc rcpiHlcü uiK'xpljinjhk* v^rulHinsin liyürtHlviuiiiK k-xi IUVIIIIK^' 

I2M M Motaplari piilymcr\lK' »iMrd Im itkiitinu-tliuii«»n if^plkalioM? IJM M 
lfkli(in-K*iliKli«>n nKMMircnunls he UMTü lci(|uanliljlc und vli.ii.Kiv.riA biolo^k.il 
p« »|\ nurs * 

KfMllls 

M.IIIN si-.ivuvilv nkfomph .II^.K'. .uui NKtetii wttt I«MIIUI 10 ftotttet iruiion- 
rciliuin}* 111.1Ur1.1lN mli* lluir MkMV nialmni    All u.ilii HWipIci Ifrtcd Intm inl.nul 
.mil ni.iriiK' MMWtpriM^i frtcHoiMvUuclion ibililx vvlu-n v-nruluil with Mi^.tr. .IN .1 
«.oiiNOtiiKiuc til |Mi|\N.K«.h.iriik'N\ IIIIKNIN l>\ h.uUn.i    Holoftal ptiKnurN. lluivfor«.. 
Mi llu- proh.ibU- cauM." ol Ihc uiK*\pbiiublc varutions in lixilMulsn.nnk UN| I.UIIUKN 

li.KKri.il |>i>l\ vKvh.irulcN WfM MOM effective lli.m MMMirf vMi.ul .il low MNKCM 
lr;ili«inN lor Irklion raliKlion. IMII l><>lli were nukh ICM i-IKvliu- lli.m N\niliv.lk p«>l\- 
niorN.   I nrhuk-nl-tlou likliiMKil MMHMMMNMWMV louinl I«» lv MIMilive l«»t ikloc- 
lion. nKMMiroiik'nl. .nul p.irtial vh.ir.kkri/.ilittn ol lont'vli.itn poKnk-iN 

Kccummcnil:ilions 

Water in liuhoilx n.imk IONI t.kilitiON NIIOIIM be inaint.niKAl tr.v Iroin .il.^.i! 
MoOMi iiiul oriMiik «.onlanniKintN in on.Kr to pivwiil liklionrvilikini! pol) nur pro- 
iliklion In .IIJ-ML' .nul h.kloria.  icMMCd CXlnctf aiul ali!al ami l\klv.iial pol\Na».- 
«.haiiiloN coukl W UMd in Irklion-tviliklion applk.iln>nN; hcMTCWf Kynlhctk pol\- 
MMV Mt Lk-iK-rallN nuich more eflfcetive .in»! leu cKpemivtf.  I IK* frictioiHvductioii 
lechllk|UC is ii rapiil aiul efTcrtivC ppoccdllM lor Ilk- ik'toclion aiul »iii.inlitkalion ol 
lonu-chain potyMcrt, aiul rurtlkr uwi in pol\HK-I diemistr) .nul Molecular Noklg) 
NhoukI be exploivd. 
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IM KUDU 11ON 

|)i.i»:raliKlion liulMMiroiliKlion.urllK- |..ni> vlUvl .IK-UIIUMIS^HO iK- 

scriK- MM n..^ MiuaiuMi when \uVU |H.I>IIKTN jrc prcwrt m Howl« lh|uid«<Rd 
:. .<. .nul 4i   lli)!li polymcnulccrcjw ilu lurbvlMM inunMiv  •>•>»• ItewiMf MM 
Ilu- lii|iiid I«» llim «Ml lM fCMNljiKv    In mm «'»IJIKO. «»nl\ .1 fe« pfli |vr mil 
hon i.l polymer is nccdal in ordci lo rvdiM MM Wrtlo« !»> M    ««• "«'    • «"'»^, 

lluis numcr.uis cn|ünccnnf .ipplkalions S<VIII powäbk   Mies. iiulmK IWiHlili |IM 

rales in |ninipin|! jpplkjiionsaiul increased speeds «M decreased ptmei reMuiremenls 

l«»r a IHKK iraveling llmuigh ^aicr 

I iK\pl.iinalM\- * «rulmns in llie lurlmUnHW pfupgltillfll MM m li\ilrt»- 
ds nanik lesl laeililies and iKean «alcrs |MM pcrpKxal ludnulv MüldM l«»i main 
>ears   Ne^toiuKel  5» disuisscd lliuiiulions in Mitag Mrin .nul pivv-nUil d.il.i 
(»hlained belween 1HK7 and l,'<»5 Iron» the llaslai Umint Link in I inland    Tk« 
same lowing K'>l nHHlel ^as nsvil ilurmg this pornul «Ml .1 nuximum lliulualion ol 
14    decreaw m McMM measural Irom llie «»rijimal \.iliu   I liulu.ilitms m MM Iru- 
lion MM iiK») slumn l«»r Ilu- I orl Sle\nc lowmi! l.mk. I njil.nul iKvl M   Ollur re- 
poris ha\c eiled insiances kliere .1 ship would have diiUuni pmuti requinrmenls .it 
dilierenl times, or where sisicr ships would perlonu ihlKrenll\ duim^ UiaK   A^ 
demonslraled in iMs report. Ihcse anomalies can now he explained in lernisol Ihe 
draiireduclnm phenomenon, and can he allrihuled ltuhsM)|\eil lont! chain pohs.u- 

charides exuded h\ algae and haclena. 

Aller the disciwery that microhial pol\ mers are elleclixe m Ihe rediuln»n ol 
lurhnlenlllow Inction. a search was begun lor algal and haclenal pol\ MCfl winch 
may he suitahle tor triction-reduction applicatu>ns    I he <MII\ loni!-Jiam hn>ltij:ical 
polymers which can he prtnluced cheaph and m iMfK i|uantities are Ilu pol\ vu- 
charides. and these were therelore studied in detail. 

Ihe turhnlent-llow rheometer. a mmialiire pipe-How apparatus, was used lor 
friction-reduction tests.  Its runction is discussed m the lollowmi! section, and its 
uses as an analytical tool are elucidated in the Appendix.   I he next section de.ils 
with friction reduction hy seaweeds. ph\ toplankton. and hacteria. Mid suiiuests how 
these hiological polymers might affect hydrodynamic teslini!.  And linally. there is 
a discussion of the possihle engineerinii applicütions of friction-reducing bioloüicil 
polymers and the limitations of these polymers for such applic.itions. 



IHM KM'I ION Ol   III!   II Klil MM licm KHIOMI Ilk 

llu- IIIIIMIK-III HOW IIU-OIIUK,I . an iiiNlriinunl docltipcil .il Ihc \.i\.il IIUKTHM 

Rcfrttdl .nul IK\VI.»|MIKIII t oilier iM'Cl. Iu> pnncn XJIIUMI* lur in.inv upplicatium 
in li\ilit>il\ ii.iniK K-NIIM^. ptilxiiu'i iluiniNtn . uiul I>IOI(>)!K.II roi'jrcli   II was UMrd It 
nu-.iMiii ilu- irKlion-raliulKHi jhililx ol jlgal .nul Kiclcrial cullurcs. purificü poly- 
mtH, wui w.iui iioin u-xi l.Kihlu-x   I IK* HI «>l ilu- iiiil>iili-nl-l1o\\ rhciMiHrtcr us .m 

.in.ilMu.il lot»! iMliviissid in Ilu- Apivmlix 

Snut- Ilu- liiihuU-nl llou rlu-onu'U'i v^as a kc> ci|iiipiiu'nl item in oblaininp Ilu- 
K-Mill\iU\«.iilu-il in lins u-p«tri .1 l>rul ik-M.ripiioii of Ilu- inslrumcnl .nul ii> priiwiplc 
• •I opcralHHi IN nuliuUil here   All ollici experimental Jelails JS. l»»i example, to 
media .nul iiuuh.ilion tivlini«|ues niav he lomul in tlie publications hsteit as reler- 

eiu es 

I itMiu I i\.i M.lu-in.ilu diagram ol the tnrlnilenlllou rheometer. In essence tlu- 
.ipp.ii.il(is itMisixis ol a inotor-dri\en s>rin|te th.il l*i»rces the test solution throuK'h a 
small pipe, ol ili.iiiuler J. at .1 {men xehuitx. I . siuh that, with f} the kinematic viv 
«.OMIV . ilu- Kt-vnoUls mimhei Hi      I J v is eompletel) in the turbulent re)!inu    I he 
KvMitiUU IIIMIIIVI in ilu* M ( tests was maintained at 14 (MM»    Ilu- percent ol 

p.- NMll.    («|H 

t»-M |H|ii' 0 109 cm 
miM-i (ItdMH-l.'r 

(H'ar IKJK 

llll.>l.| cu|i 

«iKiliJ'y. ijuf-i ili.miM'-' 

lilling |ii|H' 

Ihre« May valve 

hyixxk-rnuc tynngp 

constdnt »|MH'(I 1/2 hp motor 

Ln 
S 

brake 

I luun  I   SiluiiutK «>• Uirhulinl-flu» rlu-omclfr.   Ihc 

c\|Hriimnl.il nuMMircimnl consists of recording dilfcrcntijl 

ptrwWC Jl ilu- points marked "pressure taps." 



Irkiion raliuiion W.IN ilolcrininoil In iiK'.iMirini? UM iliUcanli.il pPCMHir A/', .il 
IWO ixMHts jUm tl«c pipe, lirsl l«»i llu- ti'sl solulion JIUI WWW lor llic solunl 

llfllCI <»r CIIHUK' malial.    I IKII 

I» rccnl Irutum iviliulmn      H»()« 1      A/', A/' I 

v\lu-K' A/', is llu' ilillcrcnli;il pmWM IIKMMIIVII will) IIIO Ie4 mlulkM .nul A/' 
is lh.i( pressure nuMsural uiuUr llu- MM eoiuliliniiN willi Ike MlVMl    I »pert- 
iiK-nl.illN il is known lli.il .il llu- Kes noUK nmnlvr ol Hw insirunKiil .1 MUMimim 
Irution rcilncluni ol <>5'. lo 70'    ^.m Iv ol>t.nnal    1AI I'^lur RcyMMi miinlvrs. 
hiK-lur Irk lion raliu lions m possihk 1   I luis m MM Mf «»I *« msirununl il is 
cKcasMinall)  ikw-ssars I«» iiilnlv .1 IM »MM In  hcton o|  10 « MMI m onkr 
lo ilcmoiiNlraU-. as in hack-rial uiHnu-s. Ilic ..•nlnuial pr»HliKli«»n ol ilra^raliumf! 
l»«»l\nKr    OHMWIM MM pol>nK-i wonlil ammuilaU- in MCk I »punlils ll>.''   ' 
maximum Uriig-rcducinf nnMWMMl ».onUi noi bf »»hiaiiKil 

I inuliy. il is possiNc lo repeal Ihc inrlmUnl How rhctMiiclcr mcasurcmcnl 
«nor ami o\-r ("mulliplc pasts'* 1    Rcpcutcü nuasiiKnunls induce repeated mc 
chamcal shear on Ihe ina«.roiiit»le«.ules in M.lulion. hreakinj! a certain proporlion 
oi Ihe polymer chains ami reducing Ihe average moleuilar wei^hi    Ihe Iruimn- 
reihumj! ellecl is ihen ilnnmisheil as a liinvlion ol llu number ol passes ilirouj.-h 
ihe msirununl    I lie rale «»I diminislied friction reductkHI is ilepeiulenl. hov\e\er. 
on the type ol polymer present, since some niole».nles are much more resistanl lo 

scission ihan other\. 

I RICTION Rl IHICTION BY UIOLOUl AL POiVM RS 

Ihe ahililx ol seaweeils. ph\ lopKmkltin. and bacteria It» proihue nu-asinahle 
«inanlilies ol Irulion-reihuinj.« malerials has MMd iinplkalunis    One ol the MM 
nnporlanl of the*.' implications is that biolo^icjl poKmers prescnl m Inilnuh- 
namie lesl laeililies ina\  aller the Irulional properlies ol Ihe w.iM     \ bmk 
niulersiaiulmi.' of organisms capable ol pnuhum^ Irulmn-reihume pohmers is 

therefore essential 

Seaweeds 

Seaweeds were examined li>r MctlOMMAldag vap.ihililies In usmi: lu>l w.iler 
loexlrael pohmer from inlerliilal specimens .nul In lesimi; COMNMVWh ax.nl.ihle 
seaweed derixalions ( Rel. 3 and 7).   laMe I shows HK- resiills »»hianud lr«»in inler- 
lidal seaweed exlraels   Mans specimens were found to possess extructublc pt>l\ nurs 
which reduced Inrlmlenl Iriclion up U> (»0      I \peiimenlall\ il has heen slu»wn Ih.il 



i.iMr i   | rk'tion rcductkm oi exttwcufwm inlertidy coHectkmi (I j!r;iiii ilr> wcighi 
leaweed pel lott-ml water). 

i W'nus 

Frictiun reduction, 

I iu .itixir' Month 
In ilislilk-d 

water 
In teawatcr 

IAl t liliirt>pli\ l;i 

t Intl. ii\ 1 iniullu'iin. NorW) i\ ,1U IK 5-20 5-20 

1 ha ('otona iiil MM No\ 0-5 0-5 

1 lui I'MIU Grave Feb 20-40 not U'sU'il 

Ihv l'.uiik ürave Auj; $-20 20-40 

(h a Pacifk Grave Auf 20-40 5-20 

t h a Kiiulnii. Greg. Auj; 5-20 0-5 

//;.; 1 i Brad \\\£ 5-:n 0-5 

/ /i.; MilllU'lMIKMII Jan 5-20 0-5 

/ ha 1 Hviwita« July 0-5 0-5 

llul 1 iu initai May 20-40 0-5 

I h§ AMloiiMr Auj; 40-60 40-60 

1 /i.; 1 .li'un.i June 40-60 20-40 

/ -,/. umu "•/ kg 1 iniullu'im. Nora •*> JUIU' 5-20 5-20 

/ HI, niiii "/ ha 1 rtHKllu'im. Nora M June 5-20 20-40 

1 »IK mm "7 ha 1 roiuihciiu. Nor» ••> Juni' 5-20 0-5 

1 »Icntiii •'1 |g HirL,i.,n. Nursv.ix June 5-20 5-20 

tut, mm "1 la 1 iuinit.iv Mai 0-5 0-5 

(ktl loin •n rfki I .I^IIIKI July 0-5 0-5 

( hd '/'//< •I.. l'jvitu. Gvaw leb 0-5 not letted 

Ua,l iflh a.; I'jkitk druM' Auj: 5-20 5-20 

< /•;./ >flii >rj Morm U.i> AMI 0-5 5-20 

( j/./ rf<ii Muhl rr-nuMii DK 5-20 20-40 

(■) PliaiDphyta 

/). t\,>la 

II. j 

ll.ii 
I d'HIiunj 
t/,;, r, i, i »//» 

Mu, r.H \ \H\ 

/'•of. /VW 

/ .»c I'U 

/ >y< cw 
IM ,<i'li\ Ui4ni 

I ii, M 

hu i' 

I in (•> 

/ in . 

/ . I4\ 

I U, Hi 
II.     ■ . '.'/'//I I HJ 

//      ■ r-'i'h\iii\ 

r    m 
h I: , tm 

Cahrillo 
li,iiiili>M. Orei! 
H.IIUIKII. OMf, 

I IN inilaN 
( .itpenlen.i 

I ipNM 
I I   Krai.').' 

( ibrillti 
t ahnllo 
Kw   Ml 

Portland, I n^laiul 

Ki ii'eti. Noiwai 
u» ILV n Nora a> 
Kse, S II 

( t'liev INI.IIUI. N ^ 

kittir\ , Maine 

I ai'iin i 

N.in ( lenunle Is. 

San ( lemenle \\ 

I at'iina 

Jan 0-5 5-20 

AMI 40-60 40-60 

Aag 20-40 20-40 

Juls 0-5 0-5 

Sept 0-5 5-20 

Julv 0-5 0-5 

Aup 20-40 5-20 

Jan 0-5 0-5 
Dee 0-5 not tested 
Apt 5-20 5-20 

Julv 5-20 5-20 

June 20-40 5-20 

June 5-20 20-40 

Apr 5-20 5-20 

Jan 0-5 0-5 
Julv 0-5 0-5 
Oet 20-40 20-40 

AllJ! 0-5 5-20 

Aog 0-5 0-5 

June 5-20 0-5 eontd 



I ill. I  I. .1.1 

(■t-iiu\ I ••.JIIOM4 M.HIll. 

I ih iH"i •> tlu> lion 

|i. .h.lill. .1 
W lit I 

|n H J« «l i 

iIII l*tij«.i>iiv|jit>.iiUi 

/'. /l . /w 1' i. lilt GMW \»t •u 4ii 

/'./u ni>i>\i\ I i 9mm \- H 4-. J • 

/'i/ii liiini\ Innitljtl v-r 4n • .• ii i.-i 

( i MUM llii San ( kmcnlc \\ \..i M 

l'i>ri>h\ra 

I'nr/ilnra 
I'lir/'ln ra 
I'orplnra 
I'ltritlnra 
l'nrph\ra 
Howhlla 
Htnwllt 
Corallina 
I •trullinJ 

Coral 11 iw 
(urallina 
I iilintthrix 
iiraiiiiifia 
I'himith 
I'honitis 
I'rinniiis 
I'liHitimiim 
I'lmaiHiitm 
<i\nniot:iini;ni\ 
(iVHIUltKOHKr.t 

SlcmtKrannna 
Shnngramma 
(liKtirtina^ 
llalostminii 
Khixlyniii -a 
RUihlvnunia 
(ullilhaniiiiiHi 

I l  liuw 
M.>ii<> H i 
r.i. tiK GMMN 

Ijpunj 
I irmu 
I J^'IIIU 

I IK mil J« 
I jl.nllo 
I mm IJN 

( JIMIIIO 

( ahnllo 
Pjtilu GMM 

( jttrillo 

MIIIIO lij> 
( .il'iiii.. 

( .ihiilln 
( .ilnll.. 

( jluillo 
I .iiMiu 

( .il'iill.. 

('jbnllo 
I Jf-MIIU 

I'jiiik Gfavt 

it i Kli.Hif|4i\ij 

IMI 

l<ll\ 
luU 
\... 

Ian 
liil> 

Im 
Ich 
Kb 

Aur 
Im 
HH 
IK* 
DM 
I II tu 

In 
D i 
iiii> 

I I   lli.u-^ .\Uf 
Ijkv Durk IIJIIMH. N II   

Iniiuijil \ i.- 

III I.U 
n   || 

H J<I 

IMI 
s.;., 

OM 
ii-* 

*-:•• 

4Mt 
> 4ii 

•    • 
4II-III 

<-:•• 
IMS 

II-* 

M-4II 

4U-MI 

.'•MM 

4ii-iiii 

:II-4II 

IMI 
:II-4II 

IMI 
IMI 

4II-MI 

4iM-n 

IMI 
IMI 

«..Mi 

M 

II- 

ntil I.       I 

in.I It   '• I 
M-4M 
IMI 
*-M 

M 
* :•• 

;il-4ll 
4  

M-4II 
4il «til 

:«M i 
*-:•» 
M 

4U-Mi 
11.4 

l< 
All ItHdlions .in- mCalilomu tM tfi ■ ••llutMiw iu>uA 

|Mt'nl>t\sti MHplii •••• i<.IK-> U'II IHMII vjiimi« (•••mit m I jhtMinu jiiti Hun \>%t 

irenl of Mclion roilutiion v\.is ,iw'i.ii.vil 

polymers having mokviilar wcijihtN ibovc MMMM) IIMISI IV IHOWMI I«» pvoAlCf Uns 
efTecl (Ref. 3).  I rictiDii-roiluction iibilil> \tinesconMiUr.iblx willimv.Kli v^mts 

Of the 95 interlklal samples enlleeleil. o\er SO    pnuliueJ subM.mti.il Iruli«»!» 
reduelion when exliacled in either ilistilleil w.iter or se.iw.iter    I he reil KlWIfil 

5 



were vs|\\i.ill\ promincnl in iln^ regard; over lH)'   of the red iiljial ihowed pro- 
iu>unccd friction reduction.  In i;ut. over half of the Rhodophyta samples SIIDWOU 
I'ricl ion rcdiu lion above 40 

Results tor 0.1    solutions »>! seaweed derivatiom arc ihowN in Table 2. and 
friction reduction effectiveness of four extracti aN a function of concentration is 
lllll^tl.ll^.•ll m Fig. 2.   fhese polysaccharidei can reduce Iriction more than 5{)'i at 
mi. reased concentrations. Nevertheless, much greater concentrations arc required 
ttM seaweed polysaccharides than for many other polyiaccharides to produce the 
S.IIIK' friction*reduction effectiveness. 

PaMt' 1   I iKiitMi roductiun of 0.1    laiutkm uf wawceddcrivativei. 

N.IIIK' 

I .iti.u'ivn.m 
C .irr.ij'ii'ii.m 

(,iU iiim canafEwnan 
Sodium v .iir.iLwii.in 
I ambda i anagvenan 
( arrafevnan 
Carrafeenan 
Carrafwnan 
I uchcuma cottonil 
ViMnlhKll.i 

I urheuma ipinoMini 
I urcdlaran 
S uinini aletnaU' 

I \ pH! Source 
Friction 

reduction. 'V 

SIM kein 7 Marine ("ulioiiis. Inc. 46.0 
Gdcarin HWG Marine Colloids, Inc. 51.0 
Gckarin IIMK Marine Colloids. Inc. 51.5 
Vis^.irm :7i:(t6 Marine Colloids. Inc. 62.0 
\ is. .inn 4(t: Marine Colloids. Inc. 53.0 
StaMktM 15 Su-in, Hall Co., Inc. 57.0 
SUMieie NK Mccr Corp. 58.0 
IK 1 V-d' Burtonite Co., Inc. 60.0 
Kl 1 A 5166 Marine Colloids. Inc. 29.5 
Rl 1 A5I67 Marine Colloids. Inc. 59.5 
Gdcarin SI 67:i(i6 Marine Colloids. Inc. 32.0 
Serin No. 44 \ Hurtonitc Co.. Inc. 

Norwegian Inst. 
46.5 

Seaweed Res. 61.5 

I'lu toplanklon 

rii\ toplankton cultures were effective in rriction-reduction ability when grown 
m defined medium or soil extract medium (Kef. 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 error; closely related species often did not produce friction-reducing materials. 
For example, among the diatoms. Chaetoceros didynuis and C. affinis were definitely 
friction-reducing while C pelagtcus, C hrenzkums, C. compressus, and C. decipiens 
exhibited t>iil\ traces of reduction or no reduction at all. In some species (for ex- 
ample, Promcentrum mkans) the friction-reduction materials were found to be most 
pronounced as the cultures approached senescence.   In other species, such as 
( //./i tm eras, the extracellular materials production accompanied exponential growth, 
hi Porphyridium the extracellular friction-reduction material was secreted copiously 
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□ Agafdhietli '.'xtrüct 
O  Calcium canagt^Miun 

(from chrondrus) 
X   FurciHIaran 

/^   Euchcuma COttonii i.'xtract 

200 400 600 

Concentration, mg/l 

800 1000 

Figure 2.   I \ pical ilraji-uiliKtion ctlfVCf ohtanu'd 
with solutions of commercial Kaweed extracts. 

Table 3. 1 riet ion reiiuclion ot'phytoplankton cultures. 

Friction 
r reduction. 

Chlorophyta 

Chlorella slivmatapliora. I M 493 

Madllariophyta 
( hacUHcros Jklymus 
Chactoccros a I Jinis 

!'> rrophyta 
i:.\inirllii (iissithita 
I'rotiKciitnim inimin. IB 1003 

40-6(» 

20-40 
5-20 

5-20 
5-20 

Rluulopln ta 
I'oriilnriilinni cniinliim. 161 4ti-W) 

l'ori>li\riiiiiiin sp. (I ewin). 637 4040 

"Average of over 25 cultuKt extending over at least 
i year. 
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Draji-roilikini: polymer 6M be produccil by psychrophili«. (optiimim tirowth 
lempcratUfC btkm 20 i). mcsopliilic (oplimuni between 2üc( aiul 450( ). ami 
tluiinDplnlk (opinmini above 450( > baeleria. The marine psyehrophile. :(MM D- 
:. in encapnUltcd innMMptivc roil isolated Irom Antarctic waters, hail a growth 
optimum of I5#C and I maximal temperature lor growth of 350( (I ig. 7».   the 
optimum tempentUfC b>r dm Wdmll polymer production of the culture was 
alto I50C.   Vibrio nmrtlUU MI'-I. I marine psychrophilic bacterium with an opti- 
mum prowth temperature o\ |$*C and a maximal growth temperature of 20rC, 
exhibited no drag reduction at IS0C until 10 days, after which drag reduction in- 
creaied to above 50''. 

Mesophilc isolates IM -3 and SI J-l had growth and drag reduction optima of 
ipproximatd) MfC (I ig. 8 and *>>.   the thermophilic fresh water bacterium. 
Hin Ulm ttean tkermopklhli, with a growth opiimum of M)0( and a minimal growth 
temperature of 40 ( . produced drag reductions greater than 15'; after 4H hours 
when |fO« n In broth.   I httt studies demonstrate that drag-reducing polymers can 
be produced from bacteria and can exist in aipieous psychrophilic. mesophilic. and 
thermophilic environment«(Ref. 10). 
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links have been reported (Ref. 5 ami M.  Although rrittion-roiliution anoiualios 
have IU>I been detected in water samples taken directly irom tatini facilUiei. main 
algae and bacteril with the abUit) to ssuthesi/c rriction-reilneinp polymers have 
been ifolated froin these water samples (Kel. 7,8,9, 10. I I. ami 12).  I'mler laho- 
rator) conditions ilfae and bacteril may reduce Irielional properties ol their meilium 
in more than 50     to preclude the occurrence of altered irietional properties in 
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Table 4 shows several ;II^;K' isolated iron) 4 UM racilities, and Table 5 lists 
baeterial isolates from 11 facilities, all orsanisins being effective drag reducers. 
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ENGINEERING APPLICATIONS OF 
FRICTION REDUCTION 

The use of algal polysaccharides for engineering applications of friction retluc- 
tion does not appear promising due to the relative high concentrations needed to 
produce good reductions (see Table 1 and lig. 2).   I he bacterial polysaccharides are 
more promising than seaweed extracts, but still much less effective than synthetic 
polymers.  Figure 10 compares four effective bacterial polysaccharides; the plant- 
derived polysaccharide. guar gum: and two effective synthetic polymers, poly(ethylene 
oxide) and polyacrylamide. Hie synthetic polymers are much more effective than 
the polysaccharides. thus making the use of the latter questionable. A study of the 

u 
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I 
i I 
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«st.ii>iiii\ oi bacterial polywicciiariflcs, however, slumal possible applications undef 
condilkNMol high luHnUenl ili»\v expoMie. Altor proloiiiiod cxposiiro to turbulont 
How .1 40 ppm M)IIIIU>II o|  Xjniliniiinnus iunipfslris (a bacterial polysaccharidc) was 
.is effectiv« as potytethylene oxide), which d^raded substantially (Fif. 11). How- 
ever, tli*.- Mine bacterial polyiaccharide wai imich kitefTecthrc than the same con- 
centration »>! pols icr) lainuk' alter prolonuod shi-arinji. Xunthoinonas cennpestris. 
with IIN high itabilit) alter piolowfgd exposure to turbulent How may serve as a 
Hifpendinf medium in oil-well-ilrillinj! appiicatkNlt, ami may be uselul lor special- 
ized likIUMMWIIKlion appliealions ( Kel. 13 and 14). 

When partiall) purified bacterial polysaccharides are prepared from 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 H. often initiated 
drag-reducing pol\ mer synthesis. Two freshwater isolates and one soil isolate were 
investigated for effects of pil on the production of bacterial extracellular drag- 
reducing pol\ men (Ref. 15).  Figures 12 and 13 show that acidic conditions inhibit 
polymer production by two isolates, while acidic conditions permitted polymer 
synthesis by another d'ig. 14). 

Buffering is recommended 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 s\ nthesis which may occur under acidic conditions. 

I he possibility of an in-situ technique for lessening the turbulent flow fric- 
tional properties of water became apparent during water-sugar enrichment studios. 
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. 
I able d 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 %% to 58%. Unfortunately, after IX 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 10'' at 30 days, which is too low to be very useful. 

Figure 1 5 shows the results for sucrose enrichment of 5 gallons of tap water 
with and without the addition of 1 gram of garden soil. Friction reduction ability 
for tap water without soil continued to increase steadily and reached 43% friction 
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ruble <>   I'M'-' reduction in Miiar-tttrkhed natural water«. 

Source 
IV n. onl 

tlr.ii! reduction9 

Waiden Pond, \l.i>s  
Klootchie Creek, Oref         
I ako Gem Mar) ■ Orlando, I la  
s.m Gabriel River, Calif     
Own Head Springs, Death \ .ilK\, Calif  
Saratoga Springs, Death Valle) • Calif  
Ocean watei iK'.ir i atalina, Calif  
I .iki.' Arrowhead, Calif  
\\ .um Springs < iv'i'k. Oreg  
Cofflnberry I .iko. Ore|  
Zig Zag River, Oreg  
Cullab) 1 ake, Oreg  
Santiam Kiwr. Oreg  
Neacoxk I Ao. Ofeg  
Morris Dam, Calil  
St. Anllmiu I .ills. Minn  
Ocean water neu I'.ilos Vcrdes, Calif  
Ocean watei neai s.in Pedro, ('.ilii  
Ocean « JK'I neu Samud II. Boaidman Stale Park. ()re>:  
Ocean water iK'.ir Yachats, Owg  
Yatjuina Kas. Oteg  
K.iinbow I alls. Ililo. Hawaii     

Pond Water, HHo, Hawaii  
Akaka I alls. Hil... Hawaii     

Visalia Aiiuailucl. C'alit         

Stream water. I ori Tejon. CaW  
Kaveah River, Calif  
Ocean water, 1 .i Bufadora, Haja, CaMC  

•'Water samples onrichcil with 0.5 ( glucoae and sucrose were tesle 
reduction (lor periods up to M) days), and Hie inavimum value was listed 

IS 
41 
4S 
16 
)3 
K) 

10 
54 
4h 
30 
46 
53 
25 
40 
57 
55 
SI 
SI 
57 
5S 
M 
31 
30 
3S 
40 

s 
17 

d lor draj; 

reduction after 120 days.  A slight turbidity developed alter 1 week, but settled out. 

leaving the water clear.  Water with soil added, however, showed a different trend. 

After several days considerable turbidity developed which continued to increase with 

the rormation of lanie masses of insoluble aggregatei and pungent volatile products. 

After I 20 days friction reduction was less than 5%. 

From these results it appears that when sufficient concentrations of natural 

nutrients are present added sugar provides the microbial population with energy and 

carbon skeletons for cell division and the synthesis of matrices in aggregate formation. 

However, when nutrients are minimal, sugar enrichment affords energy and carbon 

skeletons primarily for the synthesis of soluble polysaccharides necessary to 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 frictional losses in piping and hoses and hence increase the rate 
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of How of water lo titilit liivv This idea is. of coune, in the conceptual staue only, 
ami many engineering problems remain lo be solved before the technique can be 
recommended. 

FINDINGS 

1. The friction-reduction measurements were found sensitive for the detection 
ot'polysaccharides with linear conformations and molecular weights greater than 
50.000. 

2. Some seaweeds, phytoplankton. and bacteria may produce materials \sliicli 
reduce turbulent-How friction. 

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

4. Bacteria which can synthosi/e friction-reduction poKmers from simple Hlgan 
were found in all water samples tested. 

$. Acidic pH conditions inhibited friction-reducjon pol\ mer synthesis In 
some bacteria. 

CONCLUSIONS 

1. Turbulent-flow measurements can be used to show the presence ot certain 
biological macromolecides (polymers) and to aid in their partial plusical charac- 
teri/ation. 

2. Polymers produced by algae and bacteria in hydrodsnamic lest facilities m.i\ 
alter the turbulent-flow properties of the water and thus affect test results 

3. Algae and bacteria may be a source of dissohed hiL'h-moK\iilai-uei;jht sub- 
stances in fresh and marine waters. 

4. Acid conditions may prevent the synthesis of poKsaccharides b\ some 
bacteria. 

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

6. PoKsaccharides may have engineering applications tor MKIIOII reduction, but 
they are generally less effective than synthetic poKmers 

:i 



RECOMMENDATIONS 

1. Friction-reduction measurements should be explored as a tool in biological 
.mil chemical research to measure and characterize long-chain polymers. 

2. Waters in IIVIIIIKK namic test liicilitics should be tested lor the presence of 
IIKlion-reduction polymers and maintained free from organic materials which may 
serve as I source for the production of these polymers by microorganisms. 

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

4. S\ nthetic polymers should be considered in preference to the polysaccharides 
for most friction reduction applications. 



Appendix 

THE TURBULENT-FLOW RHEOMETER 
AS AN ANALYTICAL TOOL 

The simphcity and sinsitivity off the turlnilcnt-tlou rheometer in measuring 
friction reduction (Rcf. 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 linearity), a simple friction- 
reduction determination for an unknown solution will give a qualitative indication 
if a linear macromolecule is present.  Friction reduction produced by an unknown 
solution indicates only that a linear polymer is present, while high friction-reduction 
values for known polymer concentrations can give estimates as to the leniith-to- 
width ratio and consequently molecular weight (Ref. IS and ll>). A high friction 
reduction by low polymer concentrations indicates long-chain polymers, while \O\K 

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 highb branched. 

Since friction reduction is a function of polymer linearity, 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 (Rcf. 10).   The dyes 9-amino 
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-D 
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 ()ü0(" and rapidly cooling 
it. Tests with the carcinogens 3, 4-ben/pyrene and 1.2.5. 6-dibenzanthracene and 

23 



Ihc iKMi carcinogen, phenanthrene, indicated some lowering of the rriction-iviliiction 
cffecl (Fig. I7|   I ins ma) be due to the partial unwinding of ;i helix or at least to a 
weakening which allows mechanical shear to partially separate the helix pain(Ref. 20). 
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I igure 16 I rictioiweduction measurements of DNAi 
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I ijuirc 17. Dr;ij:-roilin. tiun measurements of DNA 
and DNA with carcinogens and ,1 hydrocarbon us 
a function of DNA concentration. 

More Insight may be gained into the physical chemistry of long-chain polymers 
by utilizing friction reduction versus concentration curves combined with friction 
reduction versus shear curves. Shear degradation curves are easily 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 each pass. 
Friction reduction versus concentration plots can be used to rapidly estimate molec- 
ular weights of long-chain polymers when reference polymers of known molecular 
weight are available (Ref. IK). 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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Guar gum was influenced the katt, ihowing little Ion in frictkHWvduction effective- 
neu alter 20 passes through the fine bore tube of the rheomcter. iacterial poK- 
laccharide from Artkrob^cter vbcosus ihowed sii^iiti\ k-ss itabilit). Bacterial poly« 
nccharidc from Xnntlioninnus ctmpestrts, PseudtmuMttu tp., ind Veisserto ^p 
showed in initial decrease in rriction-iviliietion abilit) alter the lust leveral panel 
through the tube and lenofa change afltertubiequenl panes.  Uns initial decreaic 
In friction reduction is probaM) due to the greater fragUit) *>i the longei polymei 
chain; the Increased stability alter Hibsequent passes is probaN) due to the more 
stable, shorter chains. 

It is interesting! that polysaeeharide from   I   rlsrmMJ Mfai apparentK degraded 
more than guw imm. and that pol\ saeeharide from fsemdomonm sp  and \( /•»M rut sp. 
was more degraded than polysaeeharide from V < u"//'< ^n^   I he greater friction- 



reduction ubiiity ofguargum and polysaccharide from X. vantpestrts suggests thai 
guargum is ;i lunger molecule than polysaccharide from .1. vbcosus and that poly- 
saccharide from X compestris is longer than polysaccharidei from Pseudomonas sp. 
and \elsserUi s|v   1 ho longer polymer chains would l">o expected tt) he more sensitive 
it) 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 intramolecular and intermolecular interactions.   1 his anomaly 
ma\ also reflect dilTerent molecular weight distributions. 

Other applications ol" the turbulent-llow rheometer include the measurement 
of polymerization 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 effectivenew(Fig. 3 to 6). 
Finally, it should be noted that the Iriction-reduction measurement is particularly 
valuable in that polymer concentrations can be detected far below those discemable 
In viscometiA when a linear polymer is involved. 
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