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ABSTRACT

The study of bacterial bioconvection is an emerganga of interest as the world’s major portion stssof
bio-mass. The phenomenon of bioconvection hasiids applications in biological, physiological angndmical system.
In many physical situations, gravity is no longaroamstant. Therefore, the purpose of the presesstigation is to attempt
to quantify observations of pattern formation byiraming microorganisms in a gravity modulated enwirent.
Very sparse literature exists in this field. Theref in order to provide qualitative as well asmjitative results the present
investigation is carried out. In this paper, thesgmmetric case is considered in detail and sintylaolutions are obtained
for falling plumes in bioconvection in a gravity thdated environment. The results are computed usinfast

computational technique. Our results are in exnebgreement with the available results in the whmaeted environment.

KEYWORDS: Axisymmetric Plumes, Bacterial Bioconvection, G8thncentration, Chemotactic, Gravity Modulation,

Similarity Solution
1. INTRODUCTION

Bioconvection is the complex phenomenon of spomasepattern formation in suspensions of swimming
microorganisms such as bacteria and algae [1]. eTmeigroorganisms are denser than the fluid in whioly are
suspended [2] and they initially swim upwards sat the density of the suspension becomes greatke abp of the fluid
layer than at the bottom [3]. This upswimming isedw the response of the microorganisms to somerredt force.
Some microorganisms swim upwards because they aitenirheavy (geotaxis or gravitaxis), due to ligbhototaxis),
torques due to gravity and shear (gyro-taxis),akyggen concentration gradient, generated by thgexyonsumption of
the cells can induce upward swimming towards regiof higher oxygen concentration (oxytactic or iangral
chemotactic)[4]. Also experiments on bioconvectammtaining suspensions of bacteria have revealeddimation of

falling plumes when the system becomes unstable [5]

In this paper, we are studying the phenomenon o€drivection in a suspension of the oxytactic baoter
(Bacillus subtilis) in a deep chamber which conssirogygen and swim up oxygen gradients in a grawibdulated
environment. Also gravity modulation has a stronfiuence on the system in many real time situati®@wmne literatures
pertaining to bioconvection in deep chambers alf][3Chemotaxis and oxygen consumption are impdria setting up
the basic state and soon after, the resulting Euemne entirely buoyancy driven and the cells areeim@advected. In such
cases, the velocity would vary across the plumg]7] The model constituted the quasi — steadyasivlm in which an
upper boundary layer containing a high concentnadibbacteria feeds a falling plume of cell-richifl. The suspension is
divided into three separate regions, a cell-richargboundary layer of known thicknets a falling plume of unknown

width £ which also contained a high concentration of éa&tand the fluid outside the plume which haditoutate in
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order to conserve mass. Further an axisymmetrimdaplume is investigated in a modulated environmeédere, the
assumption of the axisymmetric nature of the plustiuced the 3D-problem to 2D-problem [9]. Not mlitérature is

available in this direction. The solutions wereadiéd using a Fast Computational Technique.
2. MATHEMATICAL FORMULATION

The formation of falling plumes due to the suspemsdf oxytactic bacteria in a deep chamber was asethe
basis for our mathematical model. The problem scdbed by an equation for cell concentration, @tygoncentration,
Navier — Stokes equation (using the boussinesqoappation) in a gravity modulated environment ahd tontinuity

equation.
The dimensionless governing equations are:

The equation of cell conservation

‘Z—T =0J[H(B)ON - UN - H(B)yN 6] (1)

The equation of oxygen concentration

% =0[506 - U6 - H(6)oBN] )

The Navier — Stokes equation (with Boussinesq appration)
1 aU 2 On 1S
Sc ot (UO)U | =-0P, + 02U +NZ ®)

The conservation of mass
Ou=0 4)

The variables are non — dimensionalizedby usinddhewing scales:

1 N C-C._
O==-0, N=—, 8=——"mn p =D, H(6), V=DbV.H(O)I8, K=K _H(6)bV.,
10N =k 0= T D, =D H(E), V =bV.H(D) HEY,
t= Dy u_&
h ' Do

Where h : depth of the chambé¥,, : initial cell concentrationf: the oxygen concentrationC,: the initial

concentrationC_;, : minimum concentration of oxyge®: the cell diffusivity, H(O) : the step functionVy: it has

dimensions of velocity, b : it has dimension ofgénD ,, K : constants, T : the time, U : saturated fluid eéig U:

bulk fluid velocity.
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2.1 Dimensionless Parameters

B_Lhz :%, o= D, I_D=UNogh3(p°_pW)G(T), Sc=L

Y
D (C len) DNO DNO VDNOpW DNO

Where 3: strength of oxygen consumption relative to it§ugion,D : the oxygen diffusivityy : measures the

relative strength of directional and random swimgmid: ratio of oxygen diffusivity to cell di1’“fusivityJ_Ij : modulated
Bio — Rayleigh numberG(T) . gravity modulation parameter, Sc : Schmidt numbe kinematic viscosity of the fluid,

p., P, : densities of cell and water, g: acceleration wugravity, U : volume of the cell.

2.2Boundary Conditions

. No slip condition at Z = 1 ( bottom of the chambe

. Stress free condition at the upper surface otti@mber i.e., at Z=0
. The vertical components of velocity vanish at bibilh boundaries

. Zero cell — flux at both the boundaries

. Zero oxygen flux at the bottom surface and Cyatthe free surface
. The vertical components of velocity vanish at bibih boundaries

Mathematically,

AtZ=0U.Z=0, aazzz (U.Z): 0 6=1 H(e)g—';—yNH( )g =0 (5a)

Az=1UZ=0, UxZ=0, %zo, g—g_o (5b)
3. AXISYMMETRIC PLUMES USING RADIAL CO-ORDINATES

In the plume, the radial co-ordinate is scaled as,

R=ger, O<e<l (6)

Rescaling:N=N,n, 6=1+C,C, W=W,w, U=¢W, u,P=P,p (7)

Where N,, C A, W, and R are scale factors.

Using (6) and (7) the axisymmetric governing eq]mii(neglectingp(sz) terms) are as follows,

2 2
1@+0_n:€zw{uan a} yc{anac ,naoc, o’ -
Zz

rorR or? or or or r or or?
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sZWA[ aC ac} g’BN,n _09°C  10C
U—+w— |+ =t (9)
o or 0z Ca orc ror
B 2
g’W,Sc™* u@+ au} Pa @+0_121+}0_u_£2 (10)
or 0z W,or or° ror r
e’W,Sc™ ua—W Wa—W} —g? Pa 0P o2 Na n 6\;v 1ow (11)
or 0z W GZ WA a’ ror
E+@+6_W: (12)
r or 0dZ

The scaling factorsW, ,C,,N, ,P, are chosen so that the appropriate terms areeetaHere W, =e7

. . 2 . . A . .
(to retain the advection ternf},, =— (to retain the chemotaxis termi\ , == (to retain the oxygen consumption term
Y €

in9),M~ = O()\_ls_z) (to retain the buoyancy term in 11), also = 7\_18_2|:D, P, =&7(to retain the pressure term in
11).

This leads te(;—p =0, hence p =p (2) in (10). (13)
r

Substituting forC, , W, and N, in (8) and (9) we get the following equations,

2
uc’)_n+ an 26_na_C Zﬂa_c 20(: 10n 2o°n

n - = 14

ar 9z “or or ror a2 ror or? oK

1L +nl"c+aC -0 (15)
ol or 0Z ror or?

Differentiating (11) w.r.t. r and substituting fiNi, W, and I “we get,

sc{@a—‘ﬂ 0w, owow aw} =o0n  0°w  19°w _ 1 ow

U=+ 3 - (16)
or or or or 0Z oroZ or or r o’ r? ar
Now, imposing the boundary conditions on these toust
Moo Lo u=0 M=o (17a)
o or or
r

3.1 Similarity Solution for Axisymmetric Case

In order to obtain a similarity solution [10][114rf(14), (15) and (16)the solution is posed inftiren
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haz*,wa Z2°,na z°,Ca 2%, ua 2= (18)

(h: width of the plume, a=%,b=0,c=-1,d)=0

Since h:: 2”2, the similarity variable is defined as foIIowsL}/ (19)
Z 2
Assuming the solution in the form
n=2Z"H(n), c=G(n), v=2Fn), u= Z%(E _EZJ w=_F (20)
n n

(¢ : Stream functions)
Here Primes denote differentiation wir.t

Substituting these into (14) and integrating oncetw with the boundary conditions gt= 0, we get the

following equation:
HF +2nHG' -nH'=0. (21)
Substituting into (15):

nG"+G'—%G'F—r]H=O. (22)

Substituting into (16):

1F'"—izlr" +%F’+Sc‘{i3 FF —iz FF"}—FDH =0. (23)
n n n n n
The boundary conditions are,
At r]:O: H':G':E—E:i—izo
n 2 n° n
Atr]—»OO:H—>O,G'—>O,E—>O,&—>O (24)
n n
Equation (14) can be written as
10 usomdC_on +i(nw):0 (25)
ror or or) 0z

By multiplying this by r, integrating from zero tofinity with respect to r and applying the boungaonditions

given in equation 17 (a, b) we get
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a [ee]
— | nwrdr=0 (26)
oz)

Here the dimensionless cell flux in the pIur{dﬁlWrdr, is independent of Z. We shall denote this cornistatt
0

flux by Q which in terms of similarity solution @efined as
Q=[-HFdn 27)
0

4. SOLUTION
Fory#0, CFD technique is employed. However fp=0 (i.e., when the chemotaxis is unimportant in the

plume) analytical solutions are possible w@h= O(l), C,=1L N, = e? and M =¢2r" Using these scaling and

the similarity solutions of (20) and following [3]11] the solutions for the equations (21, 22 andl &% found to be
(see table 1)

Table 1: Solutions for F, H, G'

At Sc=1,56=1 At Sc=2,6=1

£ . ~6An’ £ . ~8An’
(1+ An?) (1+ An?)
H = 96A’ : H:~128A2 :
o+ An?) roi+ An?)

,_ 48A’n . 64A’n
G Fm(1+ Aﬂ2)3 G FD(1+Ar]2)4

Also solutions satisfy the boundary conditiongjat Oandn — .

A2 - QFD
144

=0
for Sc=1land A? =R for Sc=2
102¢

Sinceof[HF’dr] = —Q]
0

_ 2
_ 12-1 andC = 192A i
1+ Sc

5. RESULTS AND DISCUSSIONS

In this study, the deep chamber experiment [8]dee1 modeled in three separate regions:

a) An upper boundary layer of depﬂla b) a falling plume of widths ¢) The region outside the plume.
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In sections 3 and 4 solutions for the cell andadggen concentration and the fluid velocity in thgper boundary

layer are determined in a gravity modulated envitent. The solutions are found to depend on thenmetexs like,

Sc (Schmidt number), Q (the cell fluﬂiD(Modulated Bio-Rayleigh number) awd(diffusivity ratio). The computations

are performed using the MATLAB tool; the computeduits are presented through graphs in Figure®1 to
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In figure 1, the effect of variation of Q (= 0.5,3) for fixed values of the paramete8€=1,6=1, r“=02056
on the F profile for different values of the simitg variable n is shown. As the cell flux Q increases, F sligliécreases
and increases in absolute value. F remains conatant— o for all values of Q and accordingly — Ofor largern.

In figure 2, the effect of similarity variable on piofile is shown. It reveals that the width of thleme increases as the
value of Q decreases and the plume becomes naordarfie values of Q. Also, the high concentratibthe cells leads to

a greater consumption of oxygen concentrationextémtre of the plume. In figure 3, the effectidfikarity variablen on

G' profile is shown. It is found that the oxygen ceniration in the plume is very high for large Q a@hd width of the

plume drastically increases as Q decreases, wheeahly indicates that the oxygen concentratiorhatdentre of the plume

Figure 3: G' vsy

is less since there is a greater consumption of@mxyor large cell flux value.
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Figure 6: G' vsn
Figures 4, 5, 6 represent the graph of the prokldd, G' when the values of the Schmidt number Sc (= Are)
varied. The other parameters have fixed valuesdizl, Q= 1 "= 0.205It is found that as Sc increases F decreases

rapidly and F becomes a constant valuergs. « . Also the cell concentration is more as Sc increasgsecordingly the

oxygen consumption in the plume will be more whichurn reduces the oxygen concentration inside thee.
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Figure 9: G' vsn

Figures 7, 8, 9 represent the effect of variatidndifferent values of the modulated Bio-Rayleighmher

" (= 0.205, 1.03, 5.14) on the profiles of F, &, is shown for fixed values of the parameters via=1,Q=1, Sc= 1

The effect of buoyancy becomes important wiiétis large. The velocity of the fluid in the centretbe plume will be

larger when the buoyancy force is dominant, but fthiel velocity w — O more rapidly than for small values 6f .

The cell concentration is more for small values dfand the plume becomes narrower for ldtde Also, as the plume

becomes narrower accordingly the oxygen profileobees narrower which results in the increased oxygecentration at

the centre of the plume.

Finally it is concluded that the governing dimemééss parameters viz.Q,SC FDandé have a strong

influence on the bioconvective system considereds lbbserved that the governing dimensionless parasnétere a

remarkable effect in the gravity modulated environtn@he qualitative nature of the profiles is almtte same both in

the modulated as well as unmodulated case but thardrigstic difference in the quantitative naturehef profiles which

clearly indicates that the plume convection could dogppressed or enhanced in a gravity modulated emént

The results are in excellent agreement with the unitatetli case.
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