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Chapter 1

Preliminaries

The objective of thns cliapter 1= to mtinduce the reader with gener o] concpts aanl =g nron -
related to the mechames of flnds  Speetic tetms wsed 1 the submoquent chaprors e alse

explaned

1.1 Definitions

1.1 1 Undulating surface

An nndulating suiface 15 a surface having wave hke monon

1.1 2 Bacterial gliding

Bacuonal ghding 1s a process where by a bacternnu can move under 1t~ own power L proc s

doe- not mvolie the use of flagella which 15 more common means of oty b oo tetn

1.1 3 Motihity

The ability of an orgamsm to move by 1tself 15 called motilicy

1.1.4 Slime

Shne 19 4 viscoelastic matenal thar 15 camposcd of mac romolecudar poivesaccharides wlvenpio-

temns nd protemns 1 an agneous iedimm A thin Hwd laver of shime s released bs rhe berreinun



into the extracellular environmem for the rransmission of forces ta the substrate

1.1.5 Fluid

Thuel 1= a matcnal that Hows

11.6 Flow

A muaterial gues under defornmanton when different forces aet upon it 1f the dotorimaner ron-

uctsly inetease s without himit then the phenomenon 1= known as fow

1.1.7 Velocaity field

The velotiby of a Amd 15 a vector field 1epresented by

V=Viy\ Y 2 rl L

which gives the veloaty of an clement of flud at o positvm (X Y Z1at thue t

In component form for tno dimensienal planar flon we can witte 10 as

V=0 XYal(xXy oo )2

where {7 and v are the components of velocity held along X- ind Y- ditections te~pects ey

1 1.8 Shp condition

Slip condition states that the veloaty of the fluwd 1in contact with the houndars s ot s as
that of bonndary  Alternatinely one can sav that ship condition 1= pplicable w hon the v loae

of fud 1s not ¢ qual to the velnaity of the wall

1.19 Streamhlne

A streambine 15 a cunve which 1~ acvervichiere rangent to the velooity secton ar a give bonstang of

T1ITe



1.2 Fluid properties

1.21 Viscosity

The force which resists the wotion of a ud 15 known as visco=tty Mathomatncalls visoosn

the tatio of sheat stiess to the shear ~stvan 1 e

sRetdr wFress
H=—_——
shear sdram

where s called the wefliaent of viscosiry

1.2.2 Decnsity

Den~ty of 4 Auid at a point 1~ defined as the e of mass per wminr ~olume whon the ol

V7 shinks to zero Mathematically 1t can be difined as

= o ()

whete o1~ the mass of the fhud

123 Pressure

Pressiite 1s delimed as the nonnal force {7 per it arca acting on o sutbaee 9 As pressiine oo

vary on a surface therdfore o 1s delined usig it process ar a powr v

P = hm (-g\)

R

1.2.1 Kinematic viscosity

The kinematic viscosttv 15 the tatio of dynamie viscosity g to the density of the thad T s

denoted by t and given by



1.3 Types of Flow

1.31 Compressible flow

Flow in which density of fluad 1s not constant during the flow 18 called comprossibile tow

132 Incompressible flow

Flow i which density of Huid retnains consrant o nine the How 1= calod eeanjno <100 0w

1.3.3 Steady flow

A flow 1n wlieh propenties associated with the motion of Aunl are mdependent of time 1~ allen

a steady Aow  [f 1 represents any Awid property, then for steads How

Jr
AT
dt

1.3 4 Unsteady Aow

All the flows 1 which properties assocated durmg rhe wotieon depends on time o called

unstewly llows For un~teady flows

14 Classification of fluids

1.41 Ideal fluid
An 1deal fliud 1 one that 15 moompressible and has no viseosity It 1= also known as o 1-ae

[lmd

1.4 2 Viscous fluid

All lads for whieh dynainme viscosity 1s net zerto are hnow as viscons fluids on 0ol I de

Viscous Auds e further classifed as Sewtenian and Non -New tontan {hinds



1.4 3 Newtoman Fluids

Fluicls which obey Newton s lan of viscosity are known as Newtonian luds  Accandime mn
Newtons law of viscosity shear stress 15 dirrctly propotional to the rare of the detortoan

shear stramn In steads ani-dncetional How between parallel wall due ro the moten of the i

dU
S 3,
A "(41’)‘

wherte =4y 18 the shear stress and Y oas transverse courdinate

Now tons law of viscosity beroies

144 Non-Newtoman Fluids

Fluiels m wlich shear sriess s not dnectly propotional to deformation 1ate are knosn o N ow-

New rontan Aurds  For such flinds

;!L' Fl
T\}:f{(—-—) =1 [

L -
=7 W) L

whete 5 15 callid the apparent viscoats & 15 the consistency wdes wind v rae o Te b om

Il

e,

1.5 Dimensionless number

151 Reynolds number

It 1s dehncd 15 the ratio of the mertial force o the viscous foree Tu s denored T B a1

glven as

whote 171w the dharacterstic seloetty and Loas the characteristie fenerh



1.5.2 Wave number

[t 1s defined as 1atio of mean distance to the waselength of the wave MMathemariealls ¢ I

v1Itirn a8
zTr,tu

3

gi:

where Jiy denotes the mean distance and Vs the wasdlongrh of e save

1.5.3 Amplitude ratio

It 15 defined as the ratio of the amphtude of the wave o the mean distance It 1 denuted by

[f o represents the amphitude of the wave, then

7

h“

o)

154 Deborah number

It 15 the ratio of materid time constant tn the characreristzc ume scale of the flos

1.6 Governing equation

161 Law of conservation of mass

This law states that the mass of the closed svstem alwayvs remam constaps wovn e o T
marliematical 1elation expressing law of conservaton of mass 1s known as the comtnnre g
Lo

For mcompressible Huid  continuty eqnation becomes

vV ] 14



1.6 2 Law of conservation of momentumn

This law 1s defined as the toral momentum of an solated systernn 1 alwavs consaved Loy

icotpressible Auid  the equation of motion m vector form 15 piven as

N w7 b LY
Par T P '

whete T 1« the Cauchy s Stress tensor and b 1s the body force

1.7 Method of Solution

171 Perturbation Method

This 1= ene of the oldest technique 1o solve the non -linear partial differential eoquations of i
niechanics m which one of the physical paramerer can be assumed vern small In ths mctdiod
unhnown vartable 15 expanded 1 tenn of the small parameter This assuieed solutwn i~ ther
substituted 1n the aniginal equation to get hinear moblems by comparmg the vanous ponvers o0
the smal] parameter The solution 1s usually given by few tetm of expansion T the fullow g
a two tern solution of an algebraie equation 1s presented  The expansion s cartie] out e rern
of stnall ot larpe paramerer wlnch ppears i the csquation

Suppost we have an equation

We assnme the expansion as

Usine eq 1 91 mro eg (1 5} we get
2 2 2
{Ty—el] + €7+ 15 —wlTy —€0] +c7"T2 - - 1=

Now cquate the coefhaents of vanious power of e on both wides to ger

At Y tp—1=U0 =u4y==xl

10



Similatly

2igL1 + =10

1f1~21013+11 =0 r

when rg =1 fromeq (191 gius

1=1-

for 4y = =1 the solution 1=

| SN Y



Chapter 2

Motion of gliding bacteria on a third

order slime

In this chapter motihny of ghiding bactcnia s studied cmploying an undulatmg ~uilao ponddd
on a laver of shme The rheology of thie slimme 1~ dharactenzed by the comsrtutr e eqie v ot -
third order fluid  The Hlow field due to the undulating ghder 1s derernuned usig peronhation

technique The speed of ghdet 15 determined as o function mateinal patrametels of the sho

2.1 Mathematical Formulation

Let ns conaider that an ergansm s ghding over a tlat surface due to v~ undelarar geton o
a distance iy tom the surface Lot X-awas be along the suiface parallel to the coga sy et y
~axis b perpendicular to the surface The gap between the orgamsm aud the lay sufuee s flled
with a thue layer of <hime released by the organism  The motion i the shime 1s eewrratod due
to the undulations of the ghder surface The undulanion of the orgamism surtace are desonabe
by rhe equation

2
MY H=hy~a s -\—t.\' vr— 1,1t 1 21)

i

where « 15 the speed of the undulation T, 15 the speed of the shder =~ the nya-

the warelenpth The flov conheuration s 1llustiated m Fig 21

12
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¥
M EEESESEEESEESEESSsss
Fig 21 Geontetry of the undulating surface

moclel

I he equations govo g the low of <hme are

vv =0 21

AV
Pt

L

=VvT- b

[he Cauchy stiess tensar T For the third order fwid 1w gnen as

T=-pl -8 Y

W hl 11

-
4

S =npAq + AL +(23A¥ AL~ J.1AAS — ACAqr - |f!_‘\f" R

In the above expression ag az 3y 3, and 3 are mateital constants The Rinvhin-Evwchson tersor-

(A, are defined by the recursive relation

_-—Yr—-r A,,_]EvV}T{V\’.TA,,_l n -1 2

13



The ppropriate veloeity hedd for the flow under consideration 1

V="T7X14 VXYt n 2u

In view of the tbove delimtion of the vddoarn field Eg- 121 aud 22 Lecorne

JU Jdl -
Jdx  JdY )
JU d d ... odP dJ§ ekl
pl— ===V =W~ === SRR A U
Jt JX JY aX A A
J1” d dP  Jd5«¢ 45
!}f—-—[\{r———-+‘.ir|lrl|"—'——: \r‘! TL_‘:'P dy
Jt uX (4} Jdt dX oY
wheiw 5., 5, wmd 5, ate the components of xtra sticss §
The bound.ay conditions in the fixed framne (X Y) are
I = =\, e ¥ =4k 210
" = 0 a Y=1U 211
The transfortations 1elating coordinates velocilies and pressures berween moring Al e
flame are given by
r=X—-le-1,t y=VY
u=U—te—1y1 1 =1 P=p 1212
whete (u ) are the seloan components 1o the moving frame
Fmploying the transformations Eqs (2 7)-12 Y1 reduce to
du dJe
— 4 — = 23
Jdz au
J J as 75,
p[uj—l—{'ﬁ1+_—p: _Ir—o—d—'- 214
dr Jdy o1 gr Jy
p{{iﬁ—l—tt—kf"‘ E_JB = —‘JSIIU I——U‘HUU 1N
Jr Jy U dr Ny

The above equations cau be casted in dineusionless torm by dehmng the followmg v unhles

14



and parameters

R A

k) = — Yy =, u =-—, v = IEEAVY
A ho ¢’ ¢

! 2rh? !
h™ = ”L‘]‘ [}':(—I“)p[t}, 5 = (ij_) St
iy Arjgt ot

Makine use of the above vmables Fas (2 133-t2 151 i dime nsionless Loy becomnu

J dJd
CALE s iR
J2 Ju
. Jdu du o _dS 1S,
Re(du— + 11— BERLLAN bt -, 20y
e du 0 da dy
- - dl' JL () 3()‘;_” _0b‘¢
ORP[(JU———TL—-}—'i-r?"—‘r -y 12y
dr diy oy o oy
whero astentks have beon dropped for bievity
Dehmng, the stteam funciion wia, i by the relations
h ‘U'Ll
u:gi. b= —d— 22
Jy Jz
Eqs 12181 awd (2 19) rakes the form
sRe | (L2 - {EQ) (d_L)W O 0% % !
Ay ds  drdy/ \dy J i Jdie Jy
—¢'Re (.I{I__i__d_"_i 0_1. -‘_._Q - gifh"‘_ﬁds" 30
dyur g1 dy di J)  du ts Ly
where 0 = "—1:\}—-1 and Re = f"—;'g ate the wave number and Reynolds number 1espocinds I
Ty

1s ponted oul that conunuily equarion {2 17} 15 sabished wlenticallh by debimmy the attean

function  Fliunnatimg the pressute tenm fiom Fgo (2210 and (2220 the follov iy, vyt

vlnel pes

Ju o gy o ) vt ) . g
p{ —— - —— = | —= —4° S 0 5, S 2
Ro,{(()y i UI(JQ‘) (3 L):| [(()‘q‘! 1= Fhand \J_};Llr}l: J



whel
)J U-‘
vl
di- oyt

15 thr madihed Laplacian operator

For the subsequent analysis, 1t 1s assumned that the wave number 41 vers less thoan iy

[
[
e

&< |

Und: r the above mentimed assumption which 15 also knowi as loug savelonerl asstenption

Cys 12 21) and (2 23) contiact to

dpJ -
o Zg,, 2
Jd1 JYy
2
d
—_ — )
o S5,=0 1220
The rangenttal and normal ~tiesses under long warelength assumption e
2 3- 3
' ¢
E'Iy:C{h;_EF( {' -
Jy- -
g%\’
S, =020+ 0 — 122w
vy 1 2 Jdy?
91: = 1) 13U
where
= Ttp T T
! 2
L= 2 N
R VT
i iyt
the” LY
A= — Ay = —
fgmy, ftnrr

The houndary conditions 12 10} and (2 111 wransform to

du

oy at o y=0

dy

dr

Jy

2

.
—_



where

har=1~-»>snr

and

Ly =—-1

Upon substituting the value of S5, 1 (2 26) 1t turns out that resnlrmg copration s o bty

ardar differential cquanion For ungue solution of this equation the bounday co s s

be four m number But at present  we have only o of thrm gven By 12 300 and

development of the other two conditions we pricceed as follows

[ he dimen~tonal Aow rate 1o fived frame 15 devned as

h
Q=[ Livy nody
o

wlior o depewds an both Y and ¢

The conesponding tlow rate m wave frame s definad as

h
q:/ uts ¢t dy
u

whete s a function of 5 onls

Fom Cq 1232) and 12 131 the following relation can be derned
Q=qg~tc- 1,1h

Lhe average vilue of @ over one time petiod i~

Inseition of Eq {2341 w6 12 3371 gives

) =g =i = ‘.q?

T

1w

REE{P



TlLe normahzed version of the above cquation 1~

G=1 -1 247
where
o= @ r-.4
hnf hnf
Using, the defirmtion of stream functon 1 {2 331 one can wrile
g
F:/ Z—dy =+ (hy — o fh 123
n Oy
Tlie abone expressions vields the required houndany condinens en v 1 e
vy = U 24

tthh — T

In sumnaly, we have to solve

2 2 2 )
U_‘[d_ﬁ Y (‘}__LJ_ — 20
iy Lay- dy-

subjcet W boundary conditious

vo= 0 at y=20
d—l' = 1} at y=1u RN
dy
o= [ al y=h,
9 = -1 ot y=h
Jy

The pnessure difference over one wavelength 1> wiven by

2
P
AP, = / el M
1]

dz

I
q -

Lo



2.2 Perturbation solution

The «~act soluton of non-limcar boundary value problem defined throney ks 02 Wt and 2 2 11
v difhicult to vbtam  Therefore perturbation mwethod 15 cmploved for approximadate solntnng

Assummg T to be smuall the dependent variables are cxpanded as

v o= ty4 Loy 4+ 20
p = po—Tp—

F = Fu-{FFl—r

In view of above expansions Egs 1240 and (2 254 sield the following ~vatems

221 System of order zero

l I
J ty 1} REN
dy?
dpo 3y,
Jr dy’?
_O'_E(:'_ _ 1}
Jy
with the houndary conditians
Jdu . -
L“ = {) d—;::‘lb [Ifl,!—:“ S
OLU
L = — = =1 aty="h
U 0 oy 7
2.2.2 System of order one
ate] )d" (d“‘LU)F‘
dy? ) T oyt chy? J
) T
o ey 0 [(o)" -
dr oyl oy dy* | -
)
9 g
oy

I



with the boundary conditions

Ly = U & =U afty U AT
1 v 2
J
L, = B, —L-—IZU aty=h
dy

2 2.3 Zcrolh-order solution

The zeroth-order problemn possess the following ~clution

4 2
yidpa oy . -
W o ——— 4 3+ R r2s
LNY) 6 d( hz['j 0 1l h LY
3 y-’- q‘p{} Zy . ;
Hy = ‘Ij-—dT-r-p Jru-'-hll—_iﬂ—-—h, 21
r'f})“ G
= ——[ 2L+ ht1 -1 25
At i 120 0]
The expression of presstie drop over a wavelength (2 12) at this order gives
2T dpp .
AP, = / -~ dr 201
w o fdr
= —12P‘[|I]_bil—‘f.|1{z
W liele
27 (24 07
{1—-07)2 {1 -7}
2.2 1+ First-order solution
[he ~tream function longrtudinal sdlocits and the axtal prrssute vtacdient ar thedeer 7
the {(bllowing forins
]. dp(})“ 5 2,01 3 1 F]_ - bl
= () =3t = R ey - gyh 252
. lﬂ((h [U v ¥ hd - i / ’
1 o\ .
+-Kir) (Q}—ﬂ) [yt = 2y*h — g‘gh‘]
2 i .

20



]

dpr

da

w hele

1 pr(l ; - 3 32 3 F]. R > ; )
T (?{T) [=5y™ = 9y*h? — 4y - 55 167 byl 258
i, dpy : . 5 5
-l-EJ'\{J)(E) [—-h,r + byt — 2uh ]
9y ! ! iy : VAl 121°
_:h_(f_P_u -r-beJ]h(—[g) —(11[”_,”-_‘?_ )54
) dz di i X

,
Kig)= —i34n~111-2V

LE

The pressuite diop per wavelength at this order 1=

APy,

where

Iy

=1

1>
LIS
o

[36F5L: —3411 VL IyT— Lin— 111, a2 T,

\-\i

— (T 11V, = 1V =TV Iy — 12

7o+ 2
A IJ
(- a?)?

LT _
= l E] (_n 3 Iﬂ -1 7 1____2) In—g‘l f“l Hoo- 4
] = n—1 n—1 )

[n view of the precoeding analvsis the expressions of stream funenon lonaudima et

pressiite giadient and pressure drop upto first oider in I are 1espeeting Iy anven In

3 2
yidpy Y . -
L 3Rk =210+
¢y Tz et hto by
LfdpoNY s 5 e
+1‘{m :—’OJE) Loyl =yl —ly'h]j 200
dpa\’ o . r .

~=htn) ﬂ) [—u" ~ 24k — y'h"] -1 [—Ju; hj-}lll

2 1 fil J

21



2 2
w o= L0 Viap R -2 -G+
X odr fi-
1 {dpy Yo 1 Iy 1 --
r{m (E) [—uy 9y~ dyh ] 297
!, dpg\* i 2 » f- K
TE[\{TI(I) [—41‘,! —-(Jl,l v’!—_)yh ) H‘E _—U!; - b h }
dn r{dp (dp 3+um i [ 4 Y 1200 | >3
— = -h- | — —_— —_— - REEY
dr 5 d.r) R rh) T s [ J
o, .
i .-L'F{)*—hfl—'l‘l,']
.31‘”\ = —lzfnfg—bfl—lh]fj
V2. . »
—-5—1”.36FSI,-+5111 L FE T, + 48— 1105, = SU S ol 12
{7 - 11V + 118, = TV ] — 12T L
Now defining 7 by the relation
r-rn -Th 2 0t

the abnve expie=sion after gnonng the reinis of ~ccond and ugher order m [o7 a1 Yooy

AP\ = —12Ffi—b|1 - I_b‘} Ir_l
-
—IT[36(F ) I + 541 = V) (F) 2ol
J

(- 11N+ 8T Fls - (T- L+ 1187 =Ty, Ly

2.3 Forces generated by the organism

To1 derermnation of the speed of the glider the s prossions of wet Freesm - ane -0 reetione
are requited  To this end we hrst calculate the stress sector at the aregant=rm sutf we Tnotad ue
thie dot product of normal to the organsu switace it with the stress tensor T Deosienating e
cutcome by T owe can wiite

T

=T i), 202

L
[



7, =T 1) 1204,

ib y
whete
- .
A == y =1
A IR
and
T = - - g:r 5;1
SITJ _P""Sm.r
Thus Cags (262} and (2 064) gne
h h 5
S | S| B 201
\1-rhn- \1—.*!;‘3 \l-—lr-’
TT' _ —Ji _ b;lh - b‘H ,_2 0

\I‘r‘lhbz \lTlh‘r'J \l‘— hl_

The assumption of small wall slope 1 h << 1 leads to

T, = ph—8S_h+8, 2
T, = -p- Srch = Syy 2T
1
Tle above equtions upon defining the dunenstonlesa vartables =7 ana =7 given oo
r‘tn
,—; = — - RN
”UL
ho
-
T, = — "n
1yt
tahe the form-
77 o= ph =48, =5, Ry

iy

L ‘o 1 o
-l = fgp— AS R~ 8,



Under the long wavelength asswnption the above expressions becone

ph+ SJU 271

Tr

T = 5 -
y 3y GP

Now the honizontal and vertical foices per unit width per wavelength are gnen -

2
FJ_ = / rr|y:;ll‘£i, 27
¢

-

21 2
= / phds - / Say oy o4 A
o v

1—

E, = /- Ty ly —n 7 2T
)

F—

— / Sfbl} :', —F dT
1]

whete 1t 15 assumed that for svmmetiical waveform on the ghder sutface the mteat oy of
pressure toim becontes seto nuthe expression of F

Subsnituting the value of 5, 1n Lq {2 73) we get

47 du) auy? J
Fo= ou Tzl(— . 27
/n (Ju du) Py ! J

| Iy =k
Entering the « ilue of # and petforming the integration one hnallv arrves ar

59231, JoouFiI. 230MFI S0 IS
Fro= (el 12F; ~ bl = l“( Bl L. — - _—._.—:.—.—1 )___'1_ S LA
5 2 J i) o
31057 Vely  TI20,M;  230100°VAT, 7YV AL, S04 -
5 5 3 5 5 -
12067 2804F° L, 151204y 452
—-uFI_JJUI—EJlIb—-F(— ol Rk BRIE 452,
[u ) J 1 3
+1551}‘21[;,15, 1584071, 466V, TU2CV AL 40V 152 Ly
5 7 3 5 5 ; ; )J

24



Suntlarly the expression of the hift force {F,) reads

A~

p,}—_/' itz,\ﬁ.,\z}(ﬂ) dy 27T
0 Ay , =

which on integration gves

Fy = (2h0 4 o) [{36F Iy + 48F I3 + 1642 — 2417Vl 4 104 0, + 41,710
T (_ 10363F* Iy S1104F *1r 32541077,
5 5 5
230474 103085154
r + -

—2380F I5 — 27N
o ]
WIIVFA T, 21888F Nl S1stid
+ ! tig i - bis J l biyg
2 ] 3
; 6336F 12 316514
~88FA 2, — U b3
5 5
1152F Vs N 288»;‘{4)]
5 5

It i~ ponnted our that 1w dervation of the exprossions for I and £, the telanon £ =1, =T/

has been used and onlv term of first order m I' are retamed

2.4 Parametric Analysis

Now 1 order that ghder mamtaims a steady speed at a fined distance frown the substiate ewh

of the three quantities F. F, and AP, must be zeio Setting rhesc quantines cqual 1o zonn
resnlrs 1 rhrec non-huear algtbrac equations whid can be solved Lo thiee unr e es £ 1
and ~» In the prescnt thesis the computations are ¢artied ot usig Mathonane camlesndts

are lisplaved 1 Fig 2 Tt s observed that speed of the shder deereases watl the e ase
the matenial parameter I' Snalarly, both F and ¢ ate also found to docrease with [ Swee o
apparent viscosity of a turd order flid 1s greater than the viscosry of Newtoman il Trs

therefore anticipated thar ghding with a given gait 1s always slower i a non-Nevw tenau Hin

| ]
w1



{he eraphical vesults shown 11 Fig 2 are consistent wath this assertion
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2.5 Conclusion

?: O

2

A theote tical model 1s prescnted to analyse the ghding metion of a bactona ona non- Nowtot

shme  Lhe contimury and momentum equation are ntilized to obt un rhe vovernz cor ot o

of the flow between substrate and the argamsin A petturbatuon techmgue s adopred o de-

termine the flow field ‘The pressurce rise per wavelength and forces penerated by the viganisit

ue calculated and later utithred to give an estimate of ghder speed ax a functinn of niareria

parameter of the slune The key tesult of this chaprer s that the specd of the ghddm e rcases



with mereasing T o parainrter which 1 measute of degree of incieasc e the viscosts of v

slime

b
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Chapter 3

Slip effect on the gliding motion of

bacteria

In this chapter the results presented m chapter 2 are extended for <hip Beaw TU s
that thete ts a cettam degree of ship between Huid and bactertum and also betwean Hned and
wub~trate The Uow fell 13 deternuncd using paturbanion rechirgue The effeers ot ~hip o
specd of the ghder ate quantfied The ffects of ship on distinct featmes of the flow fcblan

also mghlighted

3.1 Mathematical Formulation

The seome try and the underlying assumptions of the o are sane as describerd neingce 2
Hov ever the mo-ship bound iy conditions imposed 1n chapter 2 ate replaced hes o taror e

the ~hp conditions The dunensional ship conditions m fixed boome of reforence a

. !
L-’-l;;-_—--—S\} at oy = I i
??0
) !
"= —8vy at y=1Uu 1 2

where {15 the shp length

"uploving the transformations relating fived fame to the wave flame the above cond o



~3

TH- 16K

hrcome

{
u=———8,, af y=~h
T

. !
u=V,—c+—5, at y=1u
T

tu

Y

14

In 11w of the dunenstonless satiables defined thiough (2 1) the condimons 14 3 and 13 4 afeer

*

dreppang the * can be written as

u=-1- 135, at y="

u=11,—35, at y=10

where

dy _

— =-1-23
Jy

a i P
‘:1+3—+21‘(—,) Ly
dy [C’y"' oy? “

Therofore 1 vrder o imesngate the effects of shp un the ghder speed Lo

solved together with boundary conditions {241V (371 and 13 &

wattabdes ¢« p and £ pectwbation seties given by

v o= 1y-Tuy—
p = pad g
F = F,- TF -

and substiruting this setics 1 Eq {2 40) and houndary conditioms 12410 ¢35 aml 14 s

follow 1na sv<tetr can be 1eadily obtamed

29
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3.1.1 Systern of order zero

L 1
_.q_jﬂ = N
diy
g _ 9% 31U
Ju dy?
% = 1),
dy
with tlie boundary ronditions
Ly = a;'l = fd-L“ -~ 14 wl y=1
oy dy?
d], ] JZLO
= F -—— =1 -1 t y="1 311
Lu I dv (}yz i Yy I
3 1.2 System of order one
' ] ¥ i
dlf,l _ 3 (_)_ (f)-L'U
dyt T Toyt dy”
3 2 ;
9 91,59 (d——“,,“) 312,
e u'y3 ey Jy-
o
YBLo_ g
Jdy
with the houmlary conditions
. 2 —dh = ~hi= iho— g
L=, Jy, _ dJd LJI 1603l — b NiFy m]n _mi IRIRYRE )”T T
Jy dy- AV h + 24 (h — 06y
) 200 16{—3h — 0 Fy —h{(=2th — 34 =1, 1t
Tll = F] U'L—lz—j UL,1+ 6( JI ! }FU h{i l: 5; tI’l )UFJ;:H
Jy Jdy- RYth =231 h ~b2)
313 Zeroth order solution
The solution of zeroth order problem sanslying the cortespondimg Loundarsy cotdnon s
y{th+23) (=22 = 3h(y~20) Fa— Mithy — 20h — oy - = ML, i
L

L=

REh+23th+01)

Jo



Ay, 13212F, -6 +G1, 363 —12F, 463, - 21637+ 724K, = 21b *"‘i
dr I h? ’ Rt fo
w here

M= (0% =
My = (W - hy F LRS- 2y 3

The pressure drop over a wavelength at thus oreer 15

'—\P\u = _43271"1‘:‘01{'.*172{—{!—1—()\;,)
+130364 — 12F5 — 3643151

(- 21607 = T2 Fy - 216170,

3.1.4 First order solution

Suwlaily, the stieam function t; and the pressure gradient dpy de arc given by

1y = ﬁylﬂlsh“hﬂh — iy + Ol - 2yith —y) 3)
—36(h — yp A(2F + hyth — y)y —18F (h — 2} + b = 13y
BN - HAFh - 11A7) = A7 216FY - T0Fh 2107
—R(2F — W486F 173y LO022F — Ayl
+36h(h — )TTR(=20(h — iyt h(28F -9k
—18(2F + M)y) + (A (32F + LLAY + WA(LTSF — 59y

—R{330F = 243hVy? — 10212F — hiy'13

—h{I19h — 18y1th — yiy — 2214% — 119R%y — 31 3hy” ~ 102y - Thve

R4l — g0 2F RVt — ot - 3FR =W —0Fy + $hip

i

315

13 1o

31T



—2RMIG2FY - 1WF2h — O9FR? + 194 Y

CORYAF — ht36F> ~ Fh— 11070y — 9B(2F < W81 2384 -
~I(AF — Ry + RUROI2F + BYh — ypp 2T ~ R

—9(2F + Ry — GO UBF? + 3350 + ThA 1 — 62%(80F + 591 b — uh 1y
—OI2F — AN 139F ~ 520ny? — 24302F Iyt 4

=RV -0l - ypight 19F Tl =9 2F — by

FOUSO0IE + 194} = 32 (TI9F + 1TR)y — SRi313F + 139/ )y"

M2 + h) 13~ B(SR{4h — 3y )k — iy

—241h3 = 216R7y — 322hyt — 24351310, 00

dpy  622083F; 12F)
dr 5k ht
4ill2sFy R 93312 42y
i 5 5 5 0n'th L1
B
] d "y i 1 3 M Il
+5-1IEJF0 _ 185;1’“ . bl:sl-dF“ A ‘h-;hpg-lbﬂ' 32-3'1 4F6"E
Iiv
- v = - 5 3
1 qagF, » L B8 B0
fi?
1uns6s _ .EJO-;IQ o 20noh, nusﬁn.h . 3U41:“ﬁ i‘?‘ﬁh.l;;' _ e !
4 L £ ¥ ! r J
[
The «xpression of pressme drop at this oider s
12 1 Al r
_\P,\] = — 5184300, — b3 Fy - 216 F5 Ly —d0 711 1L
2
+6L (53 + (=1 + VT = pt—4 =TT AL
240 s+ V=11 =8, — =1 - VpidT T = =40
Tl2I Fpt 2TFy (=1 + L — 139l = Vo =142 — 918 0
Combrning zeroth-order and first vrder solutions and makme nwe of 1 luion
F=Fr+TF R
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, = :)h%y T T Y e ) B R e e L P (L I P T ¥
~ 3 (- )T {-T08F3 Ty — 72F400y + 9F 10y — 9RMy — 321200 y*
FIOGTATy? 4 158700y + 1885y — 216 F3 R0y = 32472000 — 162 F0 4 = 2700 ')
~hVy (232F20Ty ~ 162F RNy + 18R%y — 5T0F2h0y? - 486 Fh y°
—OYAM? 320K S B21FR Y — SRyt RV, 1T R - bRy - 33580y
AL TR — 102 FR Y — S1R0yY < 36R% N — 34T 4L, - 2T,
-ﬁil—uz (g (—=15FL® - 5B7 + 45 FR7y + 201>y — dul by 1321
—15R7 7 — 648 F T — TO2F2R°T - 3Y6TRST  T64 T — 1944F 15T
—T6I AT + 1152 FR%yT — 17208y ~ 14256 F 3 R20°T — 163447 2h -1
+5472 F AT — 432874 T — 19440 F * 1y 'T — 20640F “1=4°T — 12000F ) ' *1
18004 °T + 777673 y'T 4 11664 F2hy T + Sa372 Ry T + 9720y 104 ',
~52504 TRYYTV, 4 3156 R 4Tl + 2640°, TV, — 2604 F20 "1 1, 21T1F L T
417603571y - 25h%yY), — 1507 471, — 1152FR°TY, — TU2FITY, — 1usa T
131080 F 24311, 4 29160 F 11 T, — 2016070772y 1 vy + bun0i ' T T,
—1166 1 F2 Ay T Ty - 11664 F 12y TV, — 2016R% TV, - 756/ AT, — 2280°TY
—352 TR IV = T164h%y T2 - 15932F W T G096H w"TY S — 17 byl L -
792007 T + 3882F Ry T — 201640 T2 — 170A 11, — voxn®el 1,

—20521°y T 3060k T — 9720 by Ty, Y]

dp _ 12F b T.!Fd+.50:f 432F 5° +m; 40 31,
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doanft,  Slonfb, Tol 934127 <3

hY ot S5hit Sho
81792F 31, 2048831, 230401, 792l
O T
C32116FSVY 2008387 SUdEY 1063 *)
M S it )
APy = {::[—:nr_' —IUF.’;—JUH;—UOF_H, Y RIIRFY

"12'1{—.][:—1“1 .h—\i{]-'”;* OOF <f, TAY iy

—36T (I~ = 2430 = (11 - 430 [ = 341 Loy,

—4o (Tl — 1F\Tlle - B1F - 1L,

~V =y w4 -l =TI = T28F 30, =71 1w -
3.2 Forces generated by the organism
fn the presence of shp the expressions of hotizontal and veracal force rarm oar 1o T
Jr‘_r = {()11—lefg—bhlL-—TEFJ‘“—J{J{!_‘ .5()1;,‘!’_’
1 (35931-“{(, SBBSFL 2J04F1, Sl
3 5 5 ¥
02200 F 31; 933120451, S 9T,
5 5 3
1063637,  dssalV, s 3105F LT,
3 3 3
9V pfy U3312FA3L L s1TV20 9,1
3 3 )
W80 pdy  2801FV, T, T2V 40
3 3 3
106303174
+—3_L) S 6T Iy~ 11y = 361415 - 2041,
J
12904 *1 4, 2304000 1512804, 39210,
3 5 3 3
158 F2TY 0, 1554 F UV,
DSV AT [OF JPNEEL L AL B A LAIEE
2 ¥
1500V ,0y  T9RFTY L0 Sauly 21y 12T }]
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r, = (T2F2M Ly — 96 F A dy ~ 32\ 1, = SOAF“ A\ [- — 10361 +Ay {4
320407 - 3700l Th 5 - YR YRYYE
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3.3 Graphical Results

Now 1gain to get an estimatc of the ghder speed we equate <l the thice quannite~ £ 77
AP o zero and search af possible solutions n thetange 0 s » < L 7 o0, < o T solurun
of non-linear algebraie equations s found using Matheratica and rosulrs e displaved i Tras
$1and 32 Tig 31 ~hows that a smular trend persists with respect to Tom the prcscree o
“hp as observed in chaptor 2 0e all thrre quantities LoPoand & deacas with medse
' However as obeerved in T 3 2 the speed of the ghder decreases vith ot ing the <hp
parameter

The pressure rise per waselength APy and stream tuncoon ¢ are displaveann Toas 34230

tor b, = —1 wlich cotresponds ta the case when upper wall torganism s fineed ued rs

motion entrain- 4 net How of shne along the 2«lnection Fig 33 shows tha A% o



nnnpng redon (AP > 0 6 > ) increases with inereastmy 17 A ~imular trend = noteed foa fre
] (=] = L]

pumping flux (value of & for APy = 0]

[hus greater cffort s tendeted Iy the orcamsn o

maintain the same flow rate for « third order <lime as that produccd for a Newvornan <hne T

contrast Tig 3 4 shows that the pressure rise per wavelength APy decreases wath an movcas

m the <hip patameter - The free pomping Hus dso decrcase withmerc eang

[Ee

Al -

of the flow held generated by the wavy motion of the organism arc displaved for soveral values

of 11 Fig 33 [tis eudent that size of enculating bolis decrease and bolus disappoas witn

mereasng 9
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3.4 Conclusion

An analvsis 1~ carned oul o imvestigate the effects of sip on bacternl hvdiods iranee~ T
phn <ical model 1s transforined mto a fourth order non limear differential rquation alomg wirh ~hp
and presenibed flux condinions  The solution 15 ebtamed via pertwhation techunegne for s oer
i~ valid for weak non-Newtonian effects The man indings of this analysia ane

e The speed of the ghder decreases with mcreasing shp and non-Newtonian parameters

¢ The pressure rise per wavelength m the pumpmg regon moeases with mere st pone
Newtontan pat imeter  Incontast 1t decreases with moreasimg shp puunete

e The bolus of Nwd trapped m dosed streamhne decicases o size with e sang ~hp
parameter  For larger values of ship parameter the bolus disappears and streamhn s booome

simmlar i shape to that of the boundary walls
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