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Self propulsion due to oscillations
on the surface of a cylinder
at low Reynolds number

J.R. Blake

The two-dimensional flow around an infinite cylinder at low
Reynolds number has interested fluid dynamicists for many years.
In this paper it is shown that an infinite cylinder can propel
itself through a viscous fluid (for example micro-organisms) if

it has certain undulations on its surface.

1. Introduction

It is well known, that for two-dimensional flow around an infinite
cylinder at very low Reynolds number, there is no solution which satisfies
the no-slip condition on the surface of the cylinder and tends to a finite
stream at infinity (Stokes paradox). In this paper a similar problem that
may have some applications in the theory behind propulsion of
micro-organisms is treated. The solution to the two-dimensional problem of
flow due to a cylinder with oscillations on its surface at very low
Reynolds number is discussed. These oscillations are caused by a wave
passing around the cylinder, and for generality we include both radial and
angular oscillations in these movements. The cylinder is propelled at a
constant steady velocity through the fluid. For convenience we take axes

fixed in the moving organism.

The rate of change of momentum is zero, which indicates that the body
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exerts no net force on the fluid and hence allows us to equate the drag
term to zero (this is the two-dimensional stokeslet which is the 1logr
term in the series expansion for the velocity). This then enables us to

obtain the velocity of propulsion.

2. Equations of motion
The equations of motion for this problem are those for creeping flow,
Vp = uv2u

(1)
V.u

0,

where y is the viscosity, p the pressure and U the velocity vector.
In this two-dimensional problem, it is more convenient to define these

equations in terms of the stream function ¢ by,
(2) VH‘P =0,
where VZ is the Laplacian, defined in cylindrical polar coordinates as,

92 13 1 3?2

g2 = Sf— ¢y = L —_

arz r 3r

The velocity components in terms of VY are,

_12 "
(3) u=23, v=-

where u and v are the radial and angular velocities respectively.

Boundary conditions on the cylinder r = a (see Figure 1, p. 257) are

given in terms of the surface coefficients An and Bn . Thus,

(1) u(a, ) = } Acosnd , vla, 8) = [ B sinnd .
n L "n
n=0 n=1

Equation (4) gives rise to the effective slip velocity around the cylinder.

The coefficients An and Bn in (4) are obtained later in terms of the
deformations to the surface of the cylinder.

We require v to be an odd function in 8
(5) v(r, 8) = -v(r, -8) ,

so that streaming past the cylinder can occur. It was stated earlier in
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the introduction that it is more convenient to use a moving origin, so we
add ¥ = -Ursin@ to the solution for the stream function equation. Thus
the solution for the stream function which allows this finite velocity of

propulsion U is,

aj ®  q b
(6) Y = =Ursind + ay6 + - sinf + Z [—Z + nf2Jsin 0 .
n=2 ‘r r

On satisfying the boundary conditions on the cylinder of radius a , we

obtain the following solutions for the velocities in terms of the surface

coefficients.
aly 1 a2 oo 1 an-l a?’l+l
= - + — - + —_— = - -
(7) u Ucosf —* 2(/11 By) " cosf + Z 5 Ancosne[n—ﬁ (n-2) n+l}
r n=2 r r
023 n an+l an-l
+ =B cosne[ - ]
nep 2 n r,n+1 1ﬂn—l
and
@ n-1 n+l
 pas 1 a . 1 . a a
(8) v = Usinb + -2-(A1+Bl) " sinf + g '2—(n—2)/1n51nn6[ T n+l]
r n=2 r r
o n+l n-1
1 . a a
+ 7 > Bn51nne[n—}1-+—l-— (n-2) n—l}
n=2 r r

The velocity of propulsion is defined in terms of the first two

coefficients 4, and B; in (&) vy,
1
(9) U= 5(31-41) .

This may be compared to a similar result obtained for a sphere by Lighthill
[3] and Blake [1].

Other physical quantities which have applications to this problem
are the pressure and the stresses exerted by the body on the fluid; these
being found in terms of the surface velocity coefficients. The solution
for the pressure is,

-

1
arn (An-Bn)cosnB N

(10) p=2u } (n1)
n=2

which is found by substitution of the velocity component solutions [(7) and
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(8)) into the creeping flow equation (1). The surface stresses Gij
exerted by the body on the fluid are defined by,

(11) ;i = péij - eueij ,

where € is the rate of strain tensor. After substitution, equation

(11) yields the following stresses on the fluid,

a2 ady
(12) o = 2ul(4,+B ) cosBb + —
> 1*B]
r r3 r2
o 1 an-l an+l
+ 3 EAncosne[(rHE)(n—l) - (n-2)(n+1) n+2]
n=2 r r 2
o 1 an+l an-l
) 5 Bncosne[n(nﬂ) s T (n-1)(n+2) ] ,
n=2 r r
a2 0
(13) 0,4 = -2u[(4)+B))" cosb + —
r3 r?
© n-1 n+l
1 a a
) 5 -2)Ancosn6[(n—l) - (n+1) n+2]
n=2 r r
o 1 an+l an-l
+ ) 5 B cosn6|:n(n+l) el (n-1)(n-2) ] .
n=2 n r r
a2
(14) o = ul2(4,4B))— sind
ré I’3
Rl an—l aVH'l
+ Z A sinne[n(n-l) - (n-2)(n+1) :]
n n+2
n=2 r r
o n+l n-1
. q a
+ ) an51nne[(n+l) s~ (n-1) n]
n=2 r r

These equations then enable us to calculate the rate of working per

unit area P , which is defined by the following integral,

1 2T )
(15) P === J’ (uo_+vo de .
27 0 rr ~ré r=a

This on evaluation yields,
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(16) =iy [n[A5+B:] + 2Aan] .

n=1

We define an efficiency for this model by the formula,

(17) n =

where n 1is the efficiency (%) , T an average characteristic thrusting
force per unit area, U the velocity of propulsion and P +the mean rate

of working defined in (15).

An average characteristic thrusting force per unit area (7) can be
obtained by taking a suitable average of the stresses over the oscillating
surface of the organism. It is found that this thrusting force is
proportional to wU/a . There is, of course, an equal and opposite
resistance force which balances this thrusting force. However, we will
defer calculation of this force until the oscillatory surface is defined

because we need to take T over this surface.

3. Surface conditions and velocity of propulsion

The oscillatory surface of the cylinder is defined by,

2]
1]

N

a[i +e ) a (t)cosne]

L n
n=2

(18)
B

N
8 +¢ ) B (t)simnd ,
n=1 n

where uh(t) and Bn(t) are periodic functions in time and € is

suitably small for a small parameter expansion. To obtain the surface

velocity coefficients An and Bn , an iterative technique is employed by

using a Taylor series expansion for the velocity components.

(19) u(a, 8) = u(a, o)
-1 (R-a )P (04-6)9 rym [Hi-m)
- u(R, 8) - T mJ _ 0 [a u } . 0(€N+l) .
m=1 " arpaeq r=q
m=p*q
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where u[N](a, ) is the ~N-th approximation to the velocity on the
cylinder (a, 8) . u(R, 83) 1is the velocity vector at the oscillating
surface and is easily obtained by taking the time derivative of (18). The
series term on the right hand side of (18) is the Taylor series expansion
gbout (a, 6)

The first approximation can be obtained from the velocities at the
oscillating surface due to the no-slip condition.
N

(20) u(R, 6g) =R =ae } &hcosne
n=2

and

N
v(R, 0g) = Réo = ae[l + € z ancosne] z B sinn0
n=2 =1

yields the following components for the first approximation:

(21) 4 =az~:&n s B, =aeBn , (n=1,2, ...,N).

Because B] , to the first approximation, is purely periodic in time, the
velocity of propulsion is zero (4; = 0 , to first approximation, as

G.1=O).

To obtain the second approximation for both An and Bn , We

substitute into the Taylor series expansion (19) as follows,
N

(22) ula, 6) =ae } a cosnf
n=2

N N
+ae? | @ cosne[élcose + 1 (om )cosne]
n=2 n=2 i

+ ae? Z 8 smneLz no, smne]

n=1

and
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N N
(23) wla, ) =ac[t e ] acosms] ] B simmo
nep 1 I

N
+ae? } q cosn6[5151n6 - Z {(n-2)a, —(2n—l)6 }51nn6]
n=2 n=2

- ae? Z B, sinnb Z nB cosnd .
n=1 n=1

From these equations we can calculate An and Bn to second order. The

important values are A4; and B; which enable us to derive the second
order velocity of propulsion
1 - - . .
(24) U = > aeBl + T ae [23182—8231-30231-261(12
N-1

+ 3 {(n+1)o, B, - B

L o8 .1 B +(n- 3)a o .. =no 0o

+
-(n l)a n+l n N+l

-3na,

n+l n+l n

+or1) B8 18]

As an and Bn are purely periodic in time, we need to go to this second

order approximation to obtain a mean velocity of propulsion U .

4, Examples of models

In the five simple examples considered in this section, two can be
thought of in terms of a standing wave form, whereas the other three have a
progressive wave character. These models are best defined by the

following equation for the surface shape,

R

1}

a[1+e cosotcosNo+e, sinoteos (N+1)6]
(25)

"

8p = 0 + e€3cos0tsinW® + e€,sin0tsin(N+1)8 .

For these particular models, it is found that the average
characteristic thrusting force per unit area T which is extracted from
the stress integral is equal to 2u(¥/a)U . This can be compared to the
thrusting force employed in Blake [2] for other infinite models of
micro-organism propulsion where the thrusting force was equal to 2ukU (k
is the wave number). For the above models the equivalent wave number is
N/a , so it can be seen that this compares with the results we would expect

from previous experience. Thus the efficiency is defined for the models
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discussed above by

(26) n= gﬁﬁégﬂi .
3

The following table gives the values of €, (2 =1, 2, 3, 4),

~velocity of propulsion and efficiency for N¥ =20 and € = .025 .

Models €1/¢ €2/€ €3/€ ey/€ U/%aezc n(%)
(1) 1 0 1 2N+1 3.2
(2) -1 1 0 2N8-3 2.6
(3) 0 0 -1 1 —(2n+1) 3.2
(L) 0 1 1 0 oN-1 2.9
(5) -.707 .707 -.707 -707 ~(2n+2) 3.2

Figure 2. Table of velocity of propulsion and efficiency for models
defined by (25)

It should be emphasised that these values of the velocity of propulsion are
only valid for small € , a better approximation being obtained if we go to
fourth order. In models (2), (3) and (5) the wave is travelling to the
left (that is, increasing 6 for 0 <6 <mw ). It is noticed that models
(2) and (3) propel themselves in opposite direction relative to the wave,

which is anticipated from Blake [1] and [Z2].

In conclusion, a solution to flow around a circular cylinder at low
Reynolds number is obtained which has interesting comparisons to the
classic Stokes paradox problem. It has been shown that a cylinder with

wave motions on its surface can propel itself through a very viscous fluid.
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