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Module 4A10

FLOW INSTABILITY

Answer not more than three questions.

All questions carry the same number of marks.

The approximate percentage of marks allocated to each part of a question is
indicated in the right margin.

Attachments: 4A10 Data sheet (2 pages)
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questions printed on the subsequent
pages of this question paper until
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the Invigilator
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1 A traffic calming scheme is modelled locally (i.e. neglecting end effects) by a thin
membrane of mass m / unit area and negligible tension over a layer of inviscid liquid of

density p and thickness k.

A distant car causes the fluid to flow with velocity U, as illustrated in Fig. 1.

(a) Show that linear perturbations to the surface of the form z = h+770e“+”“

lead to the velocity potential of the form

#(x,z,t) = Ux + Ae™*™ cosh(kz)

where A is a complex constant. [25%]

(b) Show that disturbances with wavenumber k are only unstable if

U?> 5(—”—+ tanh(kh)) [75%]
k \ mk
. ilx
m = mass / unit area z=h+ noesm

h U . .
velocity potential ¢(x,z,2)
* 7 77777

Fig. 1
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2 Liquid of density o, kinematic viscosity v, thermal diffusivity x and coefficient of
expansion ¢, is contained between two horizontal rigid plates a distance d apart, as
shown in Fig. 2. The lower plate is at temperature T; and the upper at T} (To > T1). The
equilibrium pressure on the lower plate is P—o-

(a) The equations of motion using the Boussinesq approximation are stated on
the data sheet. What physical assumptions are made in the Boussinesq approximation? [15%]

Assume this approximation for the configuration in Fig. 2.

(b) What is the temperature and pressure variation in the equilibrium
configuration in Fig. 2? [15%]

(c) Explain physically why you would expect this configuration to be unstable. [10%]

(d) Introducing suitable non-dimensional parameters, derive the non-
dimensional form of the equations of motion for linearised perturbations from the
equilibrium configuration. State clearly the variables used to non-dimensionalise time,
velocity, pressure and temperature. [40%]

(e) Explain the physical meaning of the Rayleigh number and why it describes
the susceptibility to instability. [10%]

(f) Why does the first critical flow condition depend only on the Rayleigh
number and not on the Prandtl number v/x ? [10%]

Tl <T0

T g ‘ liquid, density o, kinematic viscosity v
thermal diffusivity «
\l/ 1 coefficient of expansion &
Z

Fig. 2
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3 Figure 3 shows a heat exchanger consisting of two long tubes of radius R; and R;
both filled with the same fluid. When unperturbed, the tubes are concentric. The tubes
are constrained to move in the horizontal direction and can vibrate very small distances
around the centre-line.

outer tube; radius R,

inner tube; radius R,

v,

Fig. 3

The instantaneous velocities of the cylinders are V; and V,. The velocity potential of the
fluid between the tubes is given by:

o(r,0,t) = a;rcosf + £l—z—cosé’
r

where r is defined from the centreline of the unperturbed cylinders and @ is measured
from the horizontal. In addition,

V,R; —-VR}
Q== 2
Ry — Ry

2,2
(V, =V, )RIR;
R -R?

and a =

(a) Using the chain rule, derive an expression for d¢/dr in terms of dV;/d:
dV, /dt Ry, Ry, rand 6. [10%]

(b) In this linearised problem, the unsteady form of the Bernoulli equation is:

= —p92
e -of2)

(Cont.
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Show that the horizontal force on the central cylinder due to the fluid is:

Foet, g
dt dat
of (Ry/Ry)* +1
where Ml = ,072Rl ———!—2—
(Ry/Ry) -1
) 2

and M, = prR? (———2-—} [40%]

(Ry/Ry)* -1

(c) What does M, represent physically? Sketch the varation of M; with
Ry /Ry . [10%]

(d) The central tube is very thin and the mass of its walls can be neglected
relative to the mass of fluid it contains. When the space between the tubes is empty but
the central tube is full, the central tube has a natural frequency of 100Hz. Estimate its
natural frequency when R, /R; =2 and both tubes are full. [20%]

(¢) An experiment is devised to measure M, as a function of R, /R, for fluids
of different viscosities. Show the plots of M; against R, /R; that you would expect to

see as the viscosity increases. How will the natural frequency of the central tube vary as
the viscosity increases? What other added coefficients would play a role? [10%]

(f) What does M, represent physically? [10%]

(TURN OVER
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4 The owners of London’s newest skyscraper are expanding to the site next door.
They commission a famous architect to develop a bold new image. The architect
proposes two towers linked by a square-sectional walkway (Fig. 4).

lB

_A’ Tower 1 \ Tower 2 Tower 1 Tower 2
Walkway
Top view Side view
Fig. 4

(@) You have been employed, as a flow-structure interaction expert, to review
the design. What motion would you expect to see in the towers and walkway when the
wind comes from

@) direction A and
(ii)  direction B?

How and why would this motion arise? What measures could you propose to prevent
it?

(b) The architect presses on regardless and two years later the building is
complete. If one assumes that motion of the walkway can be represented by a simple
harmonic oscillator, the equation of motion is:

my+2miw,y +ky = F(t)

where F@®)=3pUDC,.

(Cont.
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m = mass per unit length of walkway
¢ = damping factor
w, = natural frequency of walkway
k = stiffness
U = wind velocity
p  =density of air
D = height of walkway (distance from bottom to top, not height above ground)
C, =aerodynamic force coefficient
a = apparent angle of attack

Show that the walkway will begin to gallop from soft excitation when:

[30%]

¢)  The design is such that D = 3 m, m = 1000 kg m_l, {=0.1, ®,=0.5rad s'l,
p=13kg m>. C, for a square cross-section is given in Fig. 5. At what windspeed will

the walkway start to gallop? [10%]
d) At what frequency would you expect this to happen? [10%]
Cy A
04
02
0 ] ] ] >
0 5 10 15
(& (degrees)
Fig. 5

END OF PAPER
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