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Chapter 1

Preliminaries

Thc ol,Jecrle ut tl)ri cldpt.r rs t., rntr.duc. Ihe readLr \nI getrer L] cc,rr,1,t. ,uL I -q r r',,r -

lelat,rl tn the meclLancs of flurds Spocrht ternsr{dtn tlte sul,s,querrt ,hr1,t,r' rt, ,tt.,'

1.1 Definitions

1.1 1 Undulatin8 srrrface

{u,rrdr at)rs srrfacc rs a.urfacc }rarrng ua', hle rl,rnn

1.1 2 Bacterial glidiDg

Ba(r,uxlAldrrrgrsdpr,rce*shercbraba(tennn,(annro\errrrclerrt.,xrl"rt,t Ir,t-pt,,.'

1oc. uot rnroh. the us"oillagclla shr)r r' norr,orrun,,n lr.rr',,f rr trhtr rrL l, r t"rr i

1.1 :t Motrlrty

The abr)rtr of an orgarnsm to n,o\e Llrsrlf N ( ille{t nx)trlltl

1.1.4 Slime

Shn! rs a \rs.,)elasrrc rtrat,,Ila] tL,rr rs corrpo<d of rrr ronto)rr LLlar poivsacrlL,,tt,t(,' !lr. ,t L(,

tenF ud p(,t.rns rn 
^n 

aq, r.nu. rldrrn {thrnfluttllaretof'lrrnexrr,'a.etl{rl!1,',r.rrLrr



xrto Ihe e\rra( ellular cr\lronnLexr for ILe rrar^rnNsl, {, ul f,]l(,\ r,r rle n,l)ri, ir,

1.1.5 Fluid

flru(l r\ a xrdl(,r^l thdl Ho\s

1 1.ti Flow

Afurtcnal gu.\ uxdcr <lefornraoon rhotr dtifer.rrr for{cs,r.i uln,n rr rltlx d,l.llrtrirr,,,,urxL

uourl,r rrcreas, ' $thoLrt hmrt thcn rhe phenonreror s knosn a. flon

1.1.7 Velocrty field

'lhc \eItrrty oj .r fll]rd ' a 1..lor 6cld reprewrte,l b\

V: Vl \ l'.2 /)

\hrrh grlcs rL, \.lo(r(r of ax clcDlext (,f flurd dt ,! posr(r n (-Y l Z .rl rrrLc I

hr .onlJon.ut torm lor tso drmensronal planar flos sc.an \rt. Lr r\

t

l.l\': a'_t )-I l'(Y ) i

\here a'and I .rre th..ompon.nts ot rrlocrtr hold al,,nq -t- rnd)'-,1rl.(rn } r,'!F,rr .l

11.8 Shp r ondrtron

Shp cor rtron \rdtes thit thc \elocrtr of the flri(l rn conta.t $rth the h()urLLL .

rhdt ofb.nmddr\ Alternan\elt.rnecdnsa!thrtshp(,irdrn{rrrsLpphcablr!h,!rh.\,1,,,rF

ofllurd Ls uot,rrual to Ihe \et.(rt\ of thc $all

1,1 9 Stredrnlrne

\snearrrhnersacurre\)nchr..\er\\lLcrcrargitrirorln\.l,nrr\\e,l,,ri(arrLir,r),!ri1rr.r



1.2 Fluid properties

1.2 1 Vrscosity

Tk lorce slrrL'h resst. rhe xurronof dllurd r lno\n.L\ \r:(,r:rr\ \IaIL, rrdr.al

rhp ,.1r,o of \hen, \t,.s\ ro rh. shea. \lrmn r e

rL" 2 r- "1 ) hn,, rn ,,,, -1 ,..,, n,!

1.2.2 Dcnsrty

Dor-rn of r Rurd at dpornr r.dofirnla.thchrnrtolnr,rssl,erurrr'(,lLrnte$h(r IILe\,1|rrr

I slrmks ro zero xlatlrelrdrr,alh r( (dn b. d, tuLed.as

rhcrr n r. thr ur&s,,t ILe lhud

I 2:l Prcssure

Prc*rLre rs (k,hned ds th.DonInl forL"/'pclurrlar.aa(lrr{onnsurl.L..5 \' 1r, * Lr. rr ,r

\ar\ inasurla,e thcrtlore rt ts deltncd usrDg irlrt pr,,(e=s ar a putrtr ',

P r, (lt

1.2. I Krnernatic \ rs(osity

Th. knremntr. \'rscosrtY l, tL. r.1tro oi drnamr. vr(ont\ li k, rhp Llr!\rt\ i)f 1lr lhr,l IL L.

d.n,,ted b) r ard glerr Ll



1.3 Types of Flow

1.3 1 Compressiblc flow

Flos rn sllcl densrn ol6urdrs rrct constani dunns thc flo\ rs.alle{l (otrPt(srl,l( it,,r

13 2 lncompressil)lc flow

tl,)\ xr \l,i.h deiisrt\ ,,lHurd duxl! rL,,il,^\ r.,aii ,1r! !,1 r--

1.3.3 Steady flow

{ do\ x, \ l,rclL properrL,-rassocratr,dsrrhrherriotronof llur,laren1r'pordetrtuir,rrr,-rrlleL

rskrdl Ro$ If, rcpreserG anr flurd propcrrr, then tor sl(,rd\ fl,^\

J' 
',

1.3 4 Ulsteady flow

All thc florYs xr $hxh propertrcs ass,rcrated (luIlng rhe nrorrtri,l.p,n(t\,D trrrr rr, ,.rllerl

unrte{{l! II(^!. ror ur\terd! Ro$s

L *,'

1 -1 Classification of fluids

t.4 1 Ideal fluid

An rdeal firutt r: one tlral rs rn(omtrre"rLle an{l ha no \rs.,)srt\ Ir r. a1.! lDorr ,N rr r{).
Ilu,d

1.1 2 Viscous fluid

dll llurds lot rhrh drnau is.osrl\ r\ rot ?.r,,.u( Lno\r a' \rn,us lhud' r ,l 1,r,1.

\is(!ur Rurds .u. fur thd .larsrhe(l ds \cNronrar aDd \(,r -\.\ n,Iari Ilu!i.



1.4 lt Ncwtonran Fluids

t'lu,h whr(h oLey Nc$tons la$ of \N(osrt\ ,,r{ klr.$u ac Ne\torrd llurd. ,\,,, r,Lf j

\erton. Ls ofrrscosrn qhear.trcs. E drr.(tl\ I,r,,p.,In,na1 t,, th r t, ,f rhc d t.n, \rL r

sh.nr \tr^rn In.tedd\ onF{llr,cuondl flo\ l,et\t(n parall.l sill d,t ,o tlie rlotrr ( I r1, \ tri

N.$ (ons IdN of \ rscosrt\ bc, uxres

r\l:rll l Ll' \,4'l
\her, _\r s thc shcar sr!,\s atrd ! s transrrr'o ro,,tdmate

1l.l Non-NeE4onran Flurds

]rlur,ls rrr sln<L shoar sue\\ rs nor dr..th'propltroral io dclormathrr rate are Lrd, rr r' \ ,rr

),inn trmrrn flLrr,l. Fnr.rcl, flrL,,ls

/lt \-Yr:?/ { ^ I l-

shae4scall,dtheapparrrtvrs.orrt\ irsth, t,,nrrstenrr rr.le\ ,ur i r rr llle d, r, l,l,L,L,i

1.5 Dimensionless number

15 1 Reynolds nrrmber

Ir rr,lchrtd b the rarr(i (,frll{ rrrertral f.rto ri) rlre \b(ou. icrrc Ir r,,lcr,rc,l I , /i, ,,,,, r.

g'\n, ,r5

R.:4 L =U
r)r rc l't' tlLc chararteusr ( \rl(,crt\ arrd t r\ rl,e Lh.da(rrrrrr! I"lArlL

.,, :,(;J ,=r



l 5.2 Wave numbcr

It rs detuled a ratro of eandrstan(etorhc\^\clensth.ltL.sa\. \lath.marlLrll. L 1!rl,

' 

jT/'"

\

"lrr, irLr denorcsrhe nrcan J,sr^u.. anrl \r.tlr nar,Irr-rt]rof tlrrar,

1.5.;l Amplitude ratio

Ir rs dehned a the railo ol the anrphtLrdc oi tlr( slnl to tlrr ureJn drstarce Ir rs denrtr{l i,, ,

Il d r.prcs.nts the aml)htudc 01 the wa\c, thcn

vv 0 l(,

15.1 Deborah nurnber

lr \ rhe r^ho ol matcfli rrmo .onstant to thc ch.uarrerrstrL ttme .cale c,f rhe fh r

1.6 Governing equation

I ti I Law of conscrvatron of nrass

TlrLs l. \ state= that tl,c mass of th. cl,se,l '\.t,rn .rl\.t$ Ir,

nrirlr.rratr.alrelatroxerpresrnglarol(on\crrdlrdnotrnasaLno\!.r'th,trLrrlrrrr. r1,r,r

Ior xr.olrttr,srlblc Hrurl .orltxrurt\ e(lrulror l{ (,iux\



1.6 2 Lav/ of conserwation of monrcntuln

lhr. lal rs defiue,l ,rs IlL. toral nronrenrurx ofi'r rsolarcds\\rerls.rhar',orrrrr,d l.,t rr

rll(rrttr.$rbl.tlurd tlLeequatxnoln f,rrlsAtrcua'

/\'
t *:Y'l'-ab

NLer( T F th. CauclLl s Stress tcnsor aDd b r\ rltr lbd\'lor( r

1.7 Method of Solution

I 7l Pcrt,rrbation Nlethod

I;

\\'e a\{uIlc the c\l)arsron a-q

t)-rt 1=0 r- 1

llr:1u-trr+t-J!

Usrnu.q (1i)r rnro eq I1 5) \Y. sct

Ihr. rr one of Ihe oklcsl Ie(hruque lo sohc rhe nort Jmeat panral ,hflererrr^l .,lrra1r.rL. , I Il u.

lkrirarr(s rn \|r.h ore.l the phlsrcal paranrer(r cal1 l,e a.srrred nr uall ]n rls rrr Llr ,l

LLnIn,^rn \arral,le r. c\l)ud.{l llt terrn olthc srall paranrel.i Thrs asurr*,1 *,lurr,r L. tlr r

srrl,strruted rn th. .ngrnal equ^non Io,{et Lnedr lnohlcms l^ (omulrtrq thr tarr, u. 1, t, t., -

tlLe innll l,aranlcter 'fhc q.,lutrun rs usral)1 grrerr L1 ler tcrrrr t,f erpatrs, r ll rrL. trrll, fl,r

.r h\o terni solurron ol.ur algchrarc equatron rs pl.sented Th{, .\I,ansnD rs ..uIr I (trrr rL rLrLL

of snrrll ,,r larae pararn"rer \LrLh U,pears nr (lx quirloD

SrLt)FF( (. hak ar cquatron

tro-L!)+?r,+ lr-,trx -rr1*.rr1 - l=l)

\os rrltate th( ((!'ltr.r--nt.,,llarous pol1cr .{.,rr L,,th rds tu scr

,\r ro ,; 1 :0 =,! = -r

10



Ar et 2,orr +,0: (r rr : I
,\t er ri-2l0r.,+rr=0 rr:ti
fhus rlterr rr = I fronr eq ll I qr\{ c

, r ' -'- ,U,,_ls

Srrnrlll] Ior J. = -1 ihe s(,lutron rs

, r 1-'--c.rt,:'
lb

ll



Chapter 2

Motion of gliding bacteria on a third

order slime

Inrlr',lr.1pter rrctrhr\ ofAhdrriB b,r.tcua rs \ruJred rmplnrrul an urdrlar,ra -utl(, r'L,l(l

on a larer of shmr TlLe rleolog ol rlie slnre r',lrarartenze(l l,\ tl!-.,

rhrrd (,r,lcr flurd The iior 6cld due ro rhe uDd,rlalrrg ghder rs dcrerlur{l ',{,,g I r- , r , , , 
' ' 

, L I L u , ,

tcchnrque The spccd oislLder,\ detennmed.!\,' ftrnctron mate,,rl paramctetsoitlLctlrrrLr

2.1 I\[atlremat ical Formulat ion

Let,i.,onrder thnr rn organrsrl r.ghdrnqorcr d llat surfac. ,lLre ro rr. rrr,lIlir,,r ' r, LL L ,I

i dr.,arLe /,,, h,rn tlr.url^.c L.t X ars bc alot,s the suri.!(, l"Lrallel , ) rh ',ri ,., r 1, \

axrsl,r perpenrirularrotlesurl^(c TLegaplxr\.cntleoI,anrrqmarLLl(hcll.rr !rt(, r.itlieLl

uLrh,r thrrr 1.r1er ot.lrrle releae(l l,v the orgarrrsrn Thc motr,,rr rr thr slrrn,' b !eu'.,1I,,1 ,hL.

to th rrrrdulanols ottlro gLlder s'Lrf,Lco The ul,lulanon of thr organ, sn,ltr(ea,erl,-,')1,

.ll,]t:r
\1,, lT1.r 1. r,,)

nher, , rs thc speeLl oi thc lndul,tt,d,, I; rs rlk .ped ol tl,o s

rlie rarcl, rrgth Tlr. fl,^- ronhcurntr(,n rs rUus(rr(ed rn frA I t

1l



+ Ghdcl
vl

SInK

Frg 2 I Geonretr\ ot rhc rLnJul.rtrrrS nrrfr'

mo(lel

i hc .quarn,s 3o\c) rlrrlll tir llo\ ol 'L,n' .1r t'

vv -0
,ivpi=YT-pb

fh. Caucll\ su..\ tcnsl T f,rr the thrrd order flIud )\ gn( Ir '!s

T= rrl -s

S : 40Ar !,rrAr+.!rAi lrAr-JrrArAr-ArA11

tnthr ab,^c ery,res-sron 01 ,12 lr JrandJrarenrarerralconstants

(A, r are dehne(L b) thc rcLursr\e relntr'n

^ +-A.,sv - v\' A.

r1

ll

I /,,\i1 .\ I l

Tl,. RIrlrrr Er,,L'rl r. L',r-

)',

1l



Thc rppropnal. \elo.ll \ h.ld ior tlre {l,N\ und.r .oni,t{,ratl,rn r'

V:'I'-Yl t) l(-\) | rl

In u, r ,,1 thr rln,\e d( lntrtr,rr ol

,n ,i ii aP ,)-Sr r o-(\ \

'-,,, 
Int trt"'_^ 

"i ,,
JI J .- dP ,l5rr ,'srr

"i-'-Y 'rt t ,t ,.\ ' 
-

slrrt 5-,, S,,, urd 9u, are rlr(,ornpon,nlt of ,\IIa\lris\ S

Tire boun,l,Lr\ cor(irrroni rn thc fi\(d araxre (\ Y) lre

0 at Y:Ll

the \(lo.rr\ held Eq. 2I arrd I I 1,.,,,'rrc

-+-:L]

coordrnal( ! \el,).rtres arr<l pressrtt,r ti rq.ert rri,f Lr !

I:-Y 1r- lclt u= l'

_l\

t9

a= I ILl

t1

I r.l

The rransforrr,rtrons relatmq

fi am. "re glcl l,r

r-t' 1. tr) t:1- 1,:P

sl,ere 1! i,) a,' tLe rel,,cr (onrp.,npnt' ll th{ rrrrrrng hane

lmplojrls Ih. trallsfo,m.rt,u,b E(l\ (J 7)- 2 Ul redu,c ro

t)t lt
,). + d,,: I

\.rtt Jt. .,r J5,, J<,
O! Jlt rt Jt l.

,,,,,4 *, {,t L)P ns" 
't\q"

The nl,ovc equ^trons ..ur bc ctute{l m drnLerr.r,,rrlcss fotnr L1 d.h as

I rJ

'l l+

I L-

rlx loll,^\,,r! \ d,,) lc'

l{



\hlrnq rlse ol th.

- )nr ],U

I tl

l5

] ,U

I lll

.l l1

\ I t.i

Flqs I181 ax{l (l19r r^kei the forrn

JU !5"n' ",,. 'i,' ; ' 
",

. n,. ,i,a , 
d- , Jt' - . -')t ..

J"

$h.r,, rsterls hlrc b.,rr,1l"ppe.l for btc.tt\

DclnnrA th,'stredm iun(In)n t 1tr,9llr the rrlarron'

1,,t. o A. u\ltr.,) "tpjR" 
l{ ,:" a'"l\'"1 ;

1,,'r .' JL J,1"t..l 'Po'n-l{-u'''ou)\u')' u'

"1,., , = + arra n,'= $j are tlle {d\c rrrrrnber arrd

rs p.,rred our rliat corLtrnurl\ erluarron (2 17) rs .ar)'h'd

lu(ron Fhxnnatllg Ih. pressure tcrrrr fiorn I]i L: -21

Rca

-lt,:r^," =;,,:,
,,'= i' ",, l",r s'= / -lr I sr,' \ \,i0. l \.tr, t

Fqr 1l IJ!i.l l5l rn,tnntrar.nl." 1.rrrr t,(,r'rr!

n-- :l)

, ).s, ,,' du'

- ld:!!

-rlc,. JS,,= o* i
= a'!1 . , ''5'

(t ) Ll l

R(\ n<,ll' nrrrrLher re.P{,1r\(l' Ir

rlentr.alh b\ drhrrrrrq tl! .tteut

,rd ll.l.l llle lollo! Lq,(lr',rr,r

#) ",1
ni'- ,r,

l-l



il d:
. . 

.,,j ,,;

rs tL, rrodrhed Lnplacr,u op,'ratol

f(, thc \ubsc(lucnt dnalv\rs. rt rs asslurx'd tlat th{ qalc munrlrr,r It r\ \eI! lc* rh'Lr rrrrL\

s lLrch rs at,, klorrL

i 4",'

,t,ls" 
: r'

The rancerrral and nori,)al 'rresseS uxder lons {aL't'nsth i\\rrn1ptn,lL rrc

,12, r,ljr \3!,: ,,i " t;./

?,l_r \
su, : /l\r+ \ir( rl J

5 =t)

tlnd, r the al,o\e Incntr )tLed ,ssumPtxrn

tL{s rl21) nrd (223.1 (,,nrra(t to

3 ,.)

' t'ia"

"' lt"rr,

'fhc l,orm.l^ry.ondltroris 1l lU) and 12 11

t.ll

.-\ I(tr,g in\.1(r!rl, i.'LL!r 1r rr,

))1

) t(,

_l .l!

.:1

- l'tt't"

:::tl 4i !=ll

,1, I '|t ]t t

_l t)

I iL

1(i



l,Lrr=l-.'r,rr

irxl

t, l' 
t

Up({r nrlstrr,rrrB tl,r rJluc ur t.! ,n (2 26) ;,,,.,,',,',, 11,1t,,{,1,,,,{,,rL.Lr,', r. 'r,"'r,
ordrr drffcrcntral rqLran,'r Ii, unr(ru. r,lurrur,,1 Ihs.(l,rrr,',Ir rll l,,rrrr,t'r\

1,. i,ur lll nunrl)er Bur .1I I,csent \( h^!. o l\ tro oi thrn qn(r l^ I JLr nrL I -l Jl L,

rlc\cl,,trn.nt ,,1tIe ot)r,,r rso (on,Iuonr se pn"r{l tr\ t(,11,^\.

I [ (lrn,.ni nnl fl(^\ r,,r,, ]n ir\,(l fian,e r ,lc',u,rl a.

$h, r' /r d(p.r,l' orr IDIL \ nr)d I

llrr rorrrs;,,,ndrrg rlos r,Ite rn \d\( iraDr r.,irnD(,1 .N

sll r( /, rs .r fuuctr()n ol r onh

f,on, tq lJ2) an(l rlllr thc f.ll.,\,,ra relattol ,atr l,r rlortrrtt

Q=.t'\' t'h

I lu arorag,, \ 
'1,r, 

of Q d, r orr, trnr pcrnd s

InserLon ot E.t (2 Jll ,nr(, I Jil sr\c.

e=q-Lttt - t,)t

rJ= /"r r r r ,ir

,t = 1,",,,, 
,, .a,1

it i l"' ,t,

.l Jl

.l ,l

-'Jr

I1-

-l lr)

L;



tl.e .orm rlrz.lr"rsron "trlr, rl,rn,,t.ra-torr t'

O:,I Ib Lli

rhere

a.Qr:-
1,

UsniB thc dcfifrtron of tircrrr lur(tro nr (2 JJI (,n. (an \'.t1"

t, ,t,,F I --'1, - (}. "'ln J t

Tlie ab,lc cr1,,r ssrons rtel(t. t))e requred horrn,lart condtttc'n' 't ' tc

ll\

L L0) Lr ) '{)

In surrrnary, se have ro sohc

),

'uL,lLLt 
(,) ln)ruldary ..rdrtr ,\

L, : 0 ar y:0

{ = r;, ,, ,:,
L : f at \=h,

,lg

I'hc 1rc*urr,,lrlierence orer ,,:,e uarelength r' {rrerr 1,r'

:r,: l'- !a, r il

',1 lo't r,rrr r'lt--l t--l :(r
dr: la!: \ tu' ) )

rl tl

IS



2.2 Perturbation solution

T)rlr.rcr;olLrrronofrrtr'lrrrrarhoundarl rahr.proh)emdr6redrhrorr!'r[-q' '] ' lrr'l 111

r\ drfhLult to,l,rdrn Therefore p.rtrubnron IuctLod rs <nrplt,rcd ft,r aplrorrrrrLte.,,lrrtDrr

\'irnnns l- t,, be unall rlx dcpen,l.rrt rartal,l.* rc,xpan,l*t a

L : r'!ll{,r+ l,j

//: po-fl)l -
F : ILrr fFr*

In rr\ of,rhor. expansrrrLs Eqs 110) atrd (l2ir I'rcld th, fcnlc,rrr,r 'v*ent'

2 2 I S],st(.llr of order zero

d'.u l ru

Opa dt. ud" iir
dJ! l

NrtI tho boun(LLr\,.on(trtrorl:

' 'l "'r;d"''

'' lo J': | "t 't 
tt

2.2.2 Systcm of order one

I t_

'#- ,#[(#)']

* ='#-,*[i+r'; ]

'+=,
19



wrtl, rLe Lourtrl.uy .on(lrtlon:

11 = o + =tt a1 , ) ll;

, .,, u:i ,J at , \

2 2.3 Zcroth-order solution

The zeroLh-orri r probl, rrr poscss rhr follc,s rng <,lurton

q' 'tP - !,2

"o if +trlir +/l I -ll) ttlt ) r\

,: 't1 . ),,., = ,;-i J[ -h 1 .]1;r-lr, I rir

,lttt _ I )r,+Alt t;) t-,rl
'h ht t;r u

The L,\preqsrorr of pressure drop o\er a $a\elenstlt (2 1l) nr tLls ord"r Br\es

\r t'' !^ ,, ,'
1,,]t

- l2I1h b11 lrr1,

z' -(l-'rt
ll or)' 11 

"J'
2.2 1 Frrst-order solutron

Ih -tr.arr irrrrtDn l{,.rtudrnal vl,,(rt\ rlr(l rk -\al 1r'.=ure rr'r[qLt rr tl t 'r' t '"
rhe lnlosrttg l"rtm

,',]., : i(*)'[-v' rv'i'' ,;n"-fr: ]'/' iqr,

rj"',(#)'l'/''')'t't''/'t")

,10



,, - ;(#)'l 5v'-e,,'/,' rv/,rl - *i 6,r r,,/'r )''r

-l,.r,r(f)' I .tq'+r'it, z,LF).

| ,,1,, t- .l, l-1''p, 't,- 1.,!:\ , o^.,, rr. I lJ I r,, 
^ : .

dt '. \.tt) \'ttl

)A' -: J/n /tt -1"

TLe t,resslllc drop pcr trltrcl, nglh at tl[' r,rdcr s

I i.l

i,
.\",, : -; [J6Fo'1, -]l1I lr)i,rrl"- ll\ IIt, rl,rrr,1 : ''''

- l; 111;- 111{: il,,i)l t2l11r

1o:"(in'r])
( t ,r':1 3

, -t 'tLJ,, -t'L\t,.1 ,,, ,'' l-.- \,, t.) '" 'tt l

In \re\ of the prccccdrng ar rhsrs rhe erprrssr,,ns ol 'rreanr hru trorr (,Lrrrrrrrrllr r ( t

pre.rrue $adr(rrt rn(l t,rc.'ure drop upto fir\t (,r(|) rnfar"reslc<trrrlr cr\(rl\

I lr,

21

u:!' f' ,oo . ,.., .,r'. . r,,

, { . ( ''. )' .i,r,, r,-,,'
I ltr \ ,1r /

i^, ('j ) ; :..'t ,',,' i, . ' 'l



_l t;

l/\ = ll-Fo/r 611 I h) .ir

Ir'sorn'tr-rt,t l, lorl,,+1(l III;- lr:l/(/r l-ie

+(7 l1tlr-11lr: ;ri,rl14l llfrrll

\on definrng l- bt lhe rclatron

a, /i fF, I"l

the al,o!e.\pr..'rolr aiter rgnorrlg the tcrnr,,f{!orr1 dn,l lLl'{]i"r or,r.r Irr I l- rr' "r'

l/'\ = llI'lr b11 l;l/r

- !|IJ6(F )rlr + 5{ (1 t6)(I')r1r, .lul
5'

-1(5 11t;+Si6']) t/5 -(7 lIIi+1lt^r ;Ir,'l1r

2.3 Forcos generated by the organism

for clnr<.r:runar,,r oirhes1,ocdof thc gLrler rh, opr,-.rr+olretf'

are requred l,, thr\.rrd se hrst (al(ulatc Ih( at tll trsarrr'rrr lrrl L" l \ I 'l 'L

rle,lotprodu(lofrr,rrialtot[eorqanNrrtuiacn\\rlhtlxstre\5ter*x'l'l)'''r]r"Lrrprir
,rutcllDe h\ 7 $c { ln \rrt.

;. : lT ir). lr)l

" = 5#-tioo,-A(1 2ir,rt -ri,+

'{*(*)', 
uvt su)t 1\i)

-1,.,, (#)'l u'-t",rrt, )tri' *' u,''u,, 
)

, : .{;,.(*)'*u,.,,,,,(#)'-"",, '* ,ri) ,i.

ff r.o-r,t t;,,'



JNJ

Thus tqs 12 h2) and (.] 6.i) sn(,

" Pn- \"'! s"
- 

\l-,- \l l'- \l -

\ I r': \ I j"j \ I

Thr rssurnptur of small \all slop.rc /r<< lleadsto

'= ( ',-,'' 
,:. , )

," = th S-,/, + S,v

?-5"h-s\'l

fl,(al)o\?equ'trr,rslrrrrL,leinrrgth'druerLsronlrssrarLrl,h'-;dr,,r::,\,!,,.

-l r)l'

I r,i

take rhc torm.

_. :lu'_ Ir,:

r; = r,li ,i.s ,1, - 5.! r q

I
-' j n rS../ :. -';! it

tl



Ltrder rhe lons uarelength.r5urnt)tron the abo!( erpte.'rons hecrnle

rt: ph+5,,)
l-. 4,, - ,,

\oq thc horr,)ntal and rertr<al forcc. prr unrt \xlth per qr\clengrh atc gr\en n.

r. I -., ,.,'' ':,
.,.)-

= I rh'tl ) I s,t ! rttt

,. = 1"" (#)-, (,a)'-,], .,.
l:nrdulg Ihe \rluc.f, arrd pclformm,t thF rnngratron orre luiall\ rrrr\csar

| - /)i'J2F3lt, .t6!6F']ri lnllrlr -)l)i/r J:lsfrl.1-I al. llfl. bltl". I { . '
l\c0
_J1bsfl611 i9)\Jt 

-).l}ll'lrtl: _;9-'lrr/r lrll\fr-rr ) tir,

/ llLurt/r IJUIF:/ l-l rlt .i:1.t'FI- tl. . .li 16 I { -
\J

r5slrrt;15 l5stl l61, r56l;r, ;9lal/,'i1r .JJrrl;r/r li.rl/r1, 
\

i-r'"'

lir

F\ = l r4 i,tt

= I e,., . =, ,t.
l\)

\her" rt F assL)med tl dI ior s\mmPtrr(al sarrf,rrm or rhe gl)der .rrrf.r'. Ihe rrrl.Lx rrr,rI i

prcsllre krnr l,".onres /ero nL ilc e\1resrcn ol F,

SubsnturrnA the ralrre of S.,, rn tq (2 73) \e sct

tli

2l



Srnrl.rrlY the |rprcssroD ofrl,e Ifr fo(e (F,)reads

I ,Lt ti;

s'ln( L on rntcHraoon Ftrer

/i, = (2.\r + \r) l{J6a']I{ + {8F.ar +

/ IoJLsr 1I^ Jll )lf ',li*,\ , s

I)T1r;l:l

tto{/, lr,.tLsrtt;/-
-:."uf f. - I

28rl tF?1,,/. 21s88rt;1i b lt;/.l
1l')

6.1.r(,Fl;21. .rt65l .. /,
-2SuF'r;I, --- ,-

1r t2[l;rJr 2uSt,b'L \l' 1 r 3 )1

Ir r. r,c,ruted orrr rhat u tl,:rr1]rron of rhc .\pr, \rtrr! lr,r 1, an,] f, rl! relnrr,,L I : / 1 I

has ber used dnd oDIl {.rrn ottust,,rder ur f me l.tarlcd

2.4 ParametricAnalysis

Nou rn ordcr tLat Ahder rarlitarn\ astea(h sp.ed at a fl-\(l dNlax.. flu tle nrlistrdr. e rlr

ol the tlrree q dntrucs -Il -F, atd JP1 nntst l,e zcro Settrnq rltes( (llr^rnrrr5 I (llta r! 7! I

r, rrrlrs rn tlue, norr ILrrur algrbrarc cqurtrons sl-r(lt rar l,e st,lre,l i , tltr.t rrrLl L.- ' t 1/

arrl r ln Lhe tnesrlrt tlresrs rhe corrr; tarrons are r rrrrrd,NL rrnu \llrlxirLa r' ( drr r''rrl'_

ar,lLsplared rn Ftq 2 It rq oLscrrcd that sp,ed olthe *lrtlor rLot.rs,s {rLL r|"r'r r' rrL

tho uateu.rl prrann ter I' Srurrl.rr\', borh au(l ,,ar( also foun(l tu(l(LI..scIrIl f \Lr 'r Lr'

apparent rbcosLl] of a Lirrrd order iiLlld rs greater t[an thc\rsroslr\,,1 \e(rdirrnt] r l I' r-

thcrefor( antr(rpated tlar ghdrng lvrth a 3r\en gart rs al\\ars sloscr rrr a n(,r!\ef Ion trI llrLr 1

/ 1(2\r r \rt { .
Jn \ "tl

1L/: 2ll'l r,-1r lLl
.12511ar11

:5



Itre Arar)hrral rc.LLlts slo(n ur Frs I dr. (orsrtrcut \\ rlh thr\,s\errrtr,

.a - 0J

-0 3

-0 -l

05
\ _0 6

-0 7

08

6

5

3

0

0

0

0

(a) rbj

010 015 010 015 030 035 040 o lo o t5 010 ol5 o-10 0-15 o 10

ff

(c)

E

060
0 5_l

050
015
0J0
0 35

0 30

025
0

2l

!

Frr

l0 015 020 025 030 0_r5 0-lo
f

frcr ol fon r,Ll *lL r- (c).,rh,r
?.0

2.5 Conclusion

-{ theot.tr(al nn,(tel rs pr es.nted to d!^ly/e thc ql)drns Inorur ol.r l,a.t, r ra on a rLc u- \r I t,,tLt r,

nrr IhecoiruuurtlandmonrentuntecNauonrrerrtLhzedtoobturLrhejri,\!'rrLir,r,,rr ,t,'

,if the flo$ betr.cn sul)slrate ard the orgaxrsrn A p. r turl,atlon re,lrrrrqur r. adlli',1 t|1,-

rtrmrne thc llo$ field fh€ pressrrc rts. per q,!!elengt[ 
^nd 

for ei Ac]!tat.(l l,r rhc, r3art.r L

,re calculared 
^rd 

lat., rrol/ed to gt\c an estrrlatc ol ghder .pe..l .- a lurrrrnn ol r,L,re Ir

lrararretcr of tlro 'luno TLekeyr(sulrof th.,ltlror Nrltar tlk spe,,l otrl! tl,,l'r ,r,' r..6, '

)b



\rth nrcreaglrg I a pararnnter s4rch rs rneasrrre of degree ,,f rrr Lersr u, rk \ts((\tl\ r'|frr!

)i



Chapter 3

SIip effect on the gliding motion of

bacteria

In thri (hapter rhe re'ults l,resenrcd rn chaprrr -l are etttrLded for Jt1' H'rt lr L' 's 
jj 

'

rhat therc rs a (ertanr Llcgrc. ofslru bet\rcen HLrrd arrd bacrerLunr an(l also l"'r\.{rL iirlL ,Lrrd

\ul.rrar{ Th. llos hel lrrdrtelrnrn.dLr\rngp(rturl'drrurr(.hrLIqrr, Tlle tllttrrt'Lrp''L tr

:por rL of thc glrrltr arc rparofied The tilects ol sh1, on dtrrntt lcalrrrr. or rhc lnI h' ll rt

also hrghlghted

3.1 Mathemat ical Formulat ion

Th. qeonrt1-\ and thr undcrLlrng assurrlLrons oftht llos rrerarrLcdJlrP!rrlnrl LrL lp'(r

H(^',,\pr rh. r,.\Lp lhund rr]' ( ondt trons rmpos.d rn (iral,rer l ,'rc 'eplacal 1r" tn rr',,t

th( 'Ll,(ordrL,uN Thr,,i:fcnsoral "Lp,ond,rr,ns 
tn IAt,l hrrrr,,frefrrqrr, rt,

r'- r; = - ls., 'lt tt - lt t)

l

L':1'", at 11 :\)
1l\)

shlr. I rs llL€ slp lenArli

l-upl,^rng rhctran.forirtr,(rons I.LatrnB 6\81 fi an,. to rh. $ J\' ft.1rt

,,]

r 1,, Ll , r,

l!



]J

t-t

/a, rr tt L
'L

1

u- In e '(' "I / 'l

Inrr{olthc,lrrt('nsronIssranalncsdefine,lthroush(.]1) rh, con,lrrr,ns J,li.rrr,l Jl

drol)t[g the t .an hc \rrrter ds

u : I l-S,! al y: /i

u:tL-15,, at y:r)

l')

l(r

'- h"

Itr tc)nr of 'trean iunctron r , qe car rvrrte (3 5r.Lnd (,161 a.

,i, I J'l,r.{. -:ri1'lJq lJl' \,r!- / 
.]

" l,t.- r,.-' . ' rl /drl I 't s .'
,i ?,J' t O'L- ' )

T[er,,fore m ord.r to rrresngate rhe efle,I. of rlrp !n the ,]hLler .],.ts(i f,L

.o1\{(l toqcth.r \lih buur,larv (ordrrk,Ls (2 11) (J7 andl}S L.P.urlrrrr

rarr,rlrlcs c p and F rlr prrturb^tx,n sercs gt\.rt lil

i:

.l ll r'-rI

t(l

d,rdrrron. I 11 L J; ,d, I ,i s '1,-

= IhlfllLp

c)
c?

Oa

f
F

rnd substrlutrDg thrs set(s nr

foll,r'url .r.tcrrL ran b. toadth

E(l {,1lUr and l)outrdal\

)9



3.1.1 Systern of ord.r zcro

d;.
,tpn : o\ jrLl
A L t)ql

*=,.

N,lh tl,. l)ound^rv .on(htnN

,,(, : o ? :,"#', ',t y= t)

ro : Fo '# = /# t ut i):,r

3 1.2 Systerrr of order one

i I1

d', ' , ,' [, ,,',, ] 'l..u, -o,,. l\ ou- r l
,tp, = d)!t,qlt4lt,l ,,.,i 'rt' -''l'''Il
u:,)
111

r rth tlLe l;,ur,larr cor,lt(tons

,t, /"',, I0, J, bJ,n / , .i / .J I \, u ,,u .l,, _ ;,-i ,. I,.. :,
- dr! l',",' lC( J/, ,,.-,[ - 4r ] , r'

' " .tu - \,,i ,'Lr,, u.'

31 3 Zeroth order solutlon

Th.rolutronolzc.orh,ndetptol,l.nrsnirsltlnttlLe,orrospolr,hngLorLrLJ^r\,,nL,hrr,r r.

tlth+2r)l 2!'?-Jh(,/-2lr)I,- )^ hu-),h u '.,,- -\1rt,, JLt

J{)



,!r, 1ll r']Fo 6 + 6r; J6.? llri, ,i6Jli, l16Jr. 7l ri-, '.21b rrl;i -n'- -ii-'- h' n - rri

tIt = (1)) 11r\

\1,: llj htr t tht 4t Jl

Th. pre$ure drop o\cr a $a\elcrsth at thrs or,ler rs

.\P\ = 1J2 irIi/., + 1,, ( (, * 6l r,)

+1r lJ6.J - l2fo J6rll; ) I lt)

-.I{ ( 116.,1 7l ,Fo .l16 rrl6l

3.1.4 Frrst order solution

Srnrlarlv, the 'lreanr irrn.tx,n l,r and tLe pressrrre Birdrenr lp1 tl: arc qrrerr L]

l
ti.o/l 

''tf L \1' .!'t '. v lt .ta't '1 1

36(h ti ) h(2F r hl(/r q)r( l3I 1l l,/l r l, /l - 1s,/ r

-2(/.!61fr - lrF/r - uhrl- ir 2tb:r 16F1, !ll| ,

h(2F-l, ils6F 7i3h\'! .,t2t ).F -ht:q)t1I
+36it(n v)fI'a( 2h(h !)ythl)BF I <)hl

18(24 + /,)J)+.l(hr(Ul- + ll/,)+ l,?(17sF - 59/, rt/ Jli

hliltrF - )t\h\!/ * 162t 2F - h)ut )

-hl,htIgh - 78tJ th q rt )O1hr - ).79h:\ 11J/rl/r- lt,li,,rr' Il,

tllh q)tt)lLl)F + h]tlt tttu JFlt -li -bFr + lttr\

l1



-l(Ar{lo2ar - 19dr'zn - lgFh'] - lghr)

-9lL)(2F h)tl0F] - flL llli t 91t()F - /,)r131.1- l.r, l

-2.1J(2F i,)rqr)J+/rt;(9nl.2F+r)(h !)!\)tL\71' - h

9(2f +hlyl 612/,r(J6Fr+J3//r+7t,') -61t2(8gry ri91 |L-ttl)' t

0/rl2f -h) lJgF-51/,)!'?-llll.2F /,rrl/r I

- hl'6 -91 h rt91Lt19F 1Lr \ )L - hti)

Fb(/,r(6JF+ re/,)- J/,r1rl9r+ 17A)y Jh(l1JF+ 1.J(t/rryr

-213t2F - h)l )3 - lL\gh\-th - Jt/ )llL rt!
)\1th3 - )t,h29 iTlLl Alrttt-tt\t, \

dpt 62208JFJ r 2ii
E ..,h. h,

,, r.(o t:tt ].! t , /,
+ t- 

- 
, ilrrrh t]\

tL

i1llbr& JB!14 u,ji,t; * t!:! rort r, r i=t!.Forib

-tt

!1 :r,F - ilr- ijll - igl-
5 ,.,,,I

ti
1tll1!g !!!lh - ror.b,rh ,rb\rL'!a ru$,L; :rtrI, ll]!I'.---.-lil,-

The , \pressrnr oflressrrr,.lroprt th)s ordcr rs

l,lP, f ,-,tsr.i.f ' 1/,F. llu/-F;',I., J,, I I

+61,(5,11'r+(-1 +lr)f7-li( l-71,) ) l ll)

21I',(/iiri+li,\ ll'81,1) rr t.ir, (Ji Irt ll lilr

-l2lrFt't27t!( lTlbr-11191-lh lll !ll 
'

CortrLrn,ng ,e,(,th-oftler nr(l tust ,,rder .o]utrcrL. "nd rnakui,r ,,'e !l , li,r nL

J',.l



, : -L EFht'),t- \t|3,t- nfhL:l 
"ht:,r) 

i,,r-1,, tLr/,]rrlr l/'rr/ 1,
l/r'{" '
-lfl, y)l{ rcBF1h7! T2Pttnq +gI'ltetJ -sh)\ttt - 32tF'|i'r)

JgiI':h7i ) 15.J/'/,rsr + 16/,,yi 2tGF\h"l -,\alt)ti'tlr t(,tFl,-,,' .r;/,',/')

-hti\)-rFrlt;tt - l62F/r"y .]Ehe1 i?bFr/,6vr 186-Friqr

9gh3l r 32tf!h'' t)3 - J2lrhurr -irr-i/r hl,,\ liTt h't bl4\.r llJ/ t ,,1

-tulir) t6)Fh''qt sI/16sr -J6A3rli blhr,il;- )ill''t\\,
I

-;rLrr(J(-l!ts/,\ -itL)+lbFt,1y+2rtLba .lrf ltt'u: r 11

-15,\ilr 6lBF3lrf ?92Frtrrf J90ai6f ;6/,-I- l!+1Fr/,J!r

ii6f ) lLluf - tt52Fh5lJl' 172116vf - l125bfri'?!rf - 163.uIrh'r-l

+5172fh4if -.1J2htvrf 19lt0Fr/,,/if 2r.ctot llirtt 11060i/ i,/rI

- I 800/r ry3f + 7771'rrJrf .1- 1166.1Frl,yaf + si,,tz2r'l,ry rf + 9i 2t L 
I 

s 
1r' - ll) I t I \ h

-52561 
rirt/l'1., + 11561-/rrqfla*.161/16vf\L 26t]JPlttUlI tr -r1;rF/r'lrfI

-.t1i6/,5yrfl; )i)h6llli, - l5lLi rrl b - 1ri2Frtr:f1,,-;t)li'l,"flr lr,./,iT-L

, J16d0r]rryrfli, r 29160arrvjft;-291601-/rrqrl l, * bub0rrlr/rl L,

r66lF'rhy{ttl r r66.rF/,']e{f i i, l,Jron3yrft; i50/'/,r'rtrr tlrr,rftr-

J52rfn5xft1f 6lh0yfIb': , 155114,,{}rftlr (,090riurrl r,- riirr //r'r'r l,l

;920/,rv3ftb'] - trJ2Fh),7'rtlr -29t61,'y'frr' - tibi-t'lrr Lbi,,",,t \rr

l95ll 5qrfl il 'JLr60hlr2fl6r - 9;ll' 'q'f t rtl)l

-tp l:F t' ;11 J JL- lJ2l : ,,1; .tu .l
tu - '-t ,-t,,' t.- - L, n ; -f

, zSt: JrdiFr 2Jl,l/ -),)) u.'.1"./ t

' \ ',/,- sitb il,1 ''1'1

9.JJIl/'r.r l2.1tbF,i lrJU-r0., .lJl rrI--T ',* l. '.1.\

33



Jissfrl,, .)l br/ l,-r," -,r'
81792F-Jl, :013!.?tb

i!21 !l\tJl:',\

I )t

ttl

l/,o ih''
52ll6FJllr,201{sJlrr

')hL 1lL3

2Jor]-lbr,;.r1,:
il;, -'tL'

J('ttl'_ lir6lu Ir
i|,1 -,

:p. = fr -)l: loFIt- )o1l'- brlf li, -rlrl/ JLr'/,\,

lll'l--,/r 1(rI Ir-.(l-l/r- 6t)F1lt 1l)\' ir -/rl

J6f'r/- - 2.1J15)- (11/r - ll]-/: -i1l)l't\l

-{.i (iI/i - ]F \7116 - 5lf/'Ilb

-tbrr ll/r..1r b]--;lJrli-;lsf.ll6-r7Ir lls / I'

3.2 Forces generated by the organism

lr rlL, In.\Jr(,,,fslrp rh, rrl,rossons ofh,,rrl,'nral arr,l rrr,r.rl ir,t 'rrrrr "rrt t"r'

/', - l61r - llFlr 6/rli, - i2L'-tlt Sbtl:

- , l','r.lF'1, J56'Fr/r :J'rlF/,
\r

361/, ./r
.,0 l1 l

,j

lo ld!-,! 6.11 .lJlJII-lrrt| ;<))\|l\

10636 r/r Jsbbar l. /; JlbsFlu/r
- 

61:0bF rJl, 
_

5

i9Ib13

llrbll,JI;r/r \'-.1
1.r901 tt /,, _

,2li1r - rbJli,/r -

!JJll/ riI,, ;ll1r,,l lIi

ii
9J I l2r'r.Jt,,11 6li9l/-Jl r,1-,

- tf I) - llt - Jb/'1lr - lo l/l

).xltl')l'L, 111)l I It lll Il

r lb lF,rt r,1., l lrlf fl , /.

_ rjbfl blr 79:i'fl rr11'r5
.J.u]llr-1r rrf i;r/I )l

JI



r! : i2l.])1lt -96Flrlr - 32\r/.2 - r()lFr r\r1- 1(rib/ 1,\r/1

-Jl0,r,\L1r i;r,0l f)r/; - l3flr \r/r

J:l i,rr/r - 672FJli)L.lr -{l| jl 
r, \ L/1

stlr)r/r I]sJrl],\r/r i;01 il lbr\rIL
207J6rrr,\r/B 62lob.l-rf,\r1r 6l0Eb/'rl\rI, lr,1)DI-\ /,

-l-l

2oiJcFtflr\rf - i6ltsr]rlr)rI0 _ l.ji;01'l'1r,\ /t l{rltr\l 1, \ /
-1.'

r2012rrl;r)r/5 6]J6ft;,r\r/1 2J0lFrlrJ,\rIr librlrr\,/, rtiia
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3.3 Graphical Results
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3.4 Conclusion

\n anal\srs F rarnc<l out to rn\'strgare rht rff(t' of 'Lp ('n l)a' rr'rrrl II'[' 'I'rL':IIL ' I I

ph\.rcal model rsIransl,rrrrr<llntoafoLrrt|ordcr nonLruar drffercnrrrl qtrrarrrr,'l'rrr,rrrlL-lrt

arrrl prcscrrlxrl Ilux con,Ltrorrs TIx'solutr(,n rs otttarncd rrr 1x'rrrrtl,arlrr rrtlLrLr<1rr' f r rl "
r. ralrd for \\cak n,nF\.\tonran cfl(r ts Thenrarllhn(trrrssoftIt.arraitss,rt,

. Th. spc((i ofthc qI<t<r (hcre&ses \rIh rn,re.'srng.hl) nn(t nt,tr\rrttrttatr l,tr,tnr t'r'

r Thc prc*rrrc nv'per rarellnqth rn thc prrrrrlrrrs r.qror rnLrf.r'.' \rtL rrr'rr t'L ,! Ii 
'L'

\.\ri)nrmr paumcter lIr ,"rt,!.r rt Jctr,rs* srtlL ur,rNtn! 'lrl, l, un,{,r

. Thc l,<,h' of IIurd uappod In Lloed srrcarnlrnr ,k,r,."-. rr, .rz, srrlr rrlr,'L'rrrr 'lr1

p.rrnlrx tcr For larqcr \ahr(\ "fs[p paranrchr rlx'l)olus drsil,Pr 
^r\ 

nlrl 'Lr(iDrhn ' tr'(,rrr(

'nnlu rn 'hdlr t() th^r o[ th. bound^r\ $,rll\
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