ENGINEERING TRIPOS PART IIB

Tuesday 6 May 2008 9 to 10.30

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: 4410 data sheet (two pages).

STATIONERY REQUIREMENTS SPECIAL REQUIREMENTS
Single-sided script paper Engineering Data Book
CUED approved calculator allowed

You may not start to read the questions
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may do so by the Invigilator




2

1 The analysis of sound reflected from layers of rock in the ocean floor can be used to
locate oil and gas reservoirs. The sound field is commonly measured by acoustic ‘aerials’,
which are long cylinders towed behind a ship (Fig.1). The cylinder consists of a stiff outer
elastic hose of thickness, d and inner radius a (d < a), the core being filled with oil of
density p;. The oil can be considered to be incompressible and inviscid. A distribution of
hydrophones along the centre-line of the cylinder measures the pressure fluctuations.

,
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Fig. 1

The hose material has Young’s modulus £ and its damping is described by 0, where
0 < 1. For linear axisymmetric perturbations, the pressure difference across the hose is
related to its radial displacement, 717, by

- Ed .
ph=at = ~=3 (1 +i)n .

(a) For linear axisymmetric disturbances proportional to el(or +Hex) explain why
the velocity potential in the oil is of the form ¢ (r,x,¢) = A Io(kr) el(@+hx) where Io(kr)
is the modified Bessel function and 4 is a constant. (All formulae on the data sheet may
be used without proof.) [20%]
(b) If the pressure perturbation on the outer surface of the hose is poei(“” +kx),
determine A4 and hence show that the centre-line pressure perturbation is given by

2
_ p1w i(wt-hex)
O,X ,f = A )
P ) p1021y(ka) — (Edk/a?)(1+i8)I},(ka) ©
where the dash denotes differentiation with respect to the argument of the function. [50%]

(¢)  For small ka, the function Iy(ka) ~ 1 and Iy (ka) ~ ka/2. Show that the centre-
line pressure perturbation then simplifies to

2
@ 1(wt++kx)
€
02— 221 +i5) 7P

p(0,x,1) =

3

where ¢, = {Ed/(2p1a)}°->. Comment on the meaning of this solution when (i) @ > ¢k,
(if) ® < cpk and (iii) @ ~ cpk. What form of motion would you expect when @ = cpk ?  [30%)]



2 (a) Derive Rayleigh’s criterion for the stability of inviscid incompressible flows
with circular streamlines. [30%]

(b) How is the instability affected by viscosity? [5%]

(c) Give two examples of practical systems susceptible to a Rayleigh instability,
one example where its onset is advantageous and one where its onset is disadvantageous.  [5%]

(d) Use Rayleigh’s criterion to determine the stability of the flow

(i) between two co-axial cylinders rotating in the same direction with the
same angular velocity; [15%]

(i) external to a single cylinder rotating in a very large region of fluid, [15%]

(iii) with angular velocity Q such that:

0 for 0<r<R;,
Q— A+r% for R <r<Ry,

‘QO;T for Ry <r,

where the constants 4 and B are such that £ is continuous. [30%]

(TURN OVER



3 (@) A helium jet discharges into air from a contoured nozzle that has a
loudspeaker upstream. When the loudspeaker is switched off, the jet has a natural self-
excited bulging oscillation at 983 Hz, which is directly analogous to vortex shedding
behind a bluff body. A diagram of the apparatus and an image of the jet are shown in

Fig. 2.
Hchumwv‘\
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~

The loudspeaker is fed a sinusoidal signal at 1023 Hz, whose amplitude is measured in
terms of the root mean squared milli-voltage (mV;ms). The amplitude is increased from
200 mV,ps to 900 mV,yg in steps of 100 mV,,. The jet’s velocity is measured 1 jet
diameter downstream of the nozzle exit. Its power spectral density (PSD) is shown in
Fig. 3.

Fig. 2
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(cont.



(1) Describe the features of the PSD plots in Fig. 2 and relate them to the
behaviour of the jet.

(i) What would you expect to see if the loudspeaker were forced at 1000 Hz
and, in another experiment, at 1050 Hz?

(b) Anunder-sea walkway is proposed at a tourist resort in water of depth 30 m.
It has circular cross-section and it will be suspended half way between the sea floor and
the surface. Its diameter is 3 m and its mass per unit length is 885 kg m~!. Its resonant
frequency of vertical motion in air is 0.5 Hz. The velocity of water in that region never
exceeds 3 m s~ in any direction. Are there any problems with the design from a fluid-

structure interaction perspective?

Some of the following information may be useful. The density of seawater is 1027 kg m ™3

and its viscosity is 1.2 x 10~3 kg m~! s~!. The density of air is 1.2 kg m~3 and its
viscosity is 1.8 x 107 kg m—! s~!. The added mass coefficient for a circular cross-
section is 1. The Strouhal number of vortex shedding is defined as St = fD/U, where
£ is the frequency in Hz, D is the diameter of the circular tunnel and U is the speed of
the flow. For shedding behind a cylinder at a Reynolds number Re > 1000 the Strouhal

number is 0.2.

(TURN OVER

[30%)]

[10%]

[60%]



Fig. 4

The fluid-structure interaction of the racing car in Fig. 4 is to be modelled by the mass-
spring-aerofoil system shown in Fig. 5. At a given velocity, U, the aerofoils produce
downforces F| and F;, which, together with the mass of the car, m, are balanced by the
suspension springs, which are distance / apart. All forces and displacements are measured
around these equilibrium values. The vertical displacement of the car, y, is measured at
the elastic axis, which is situated half way between the suspension springs.

E
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Fig. 5

(a) Evaluate the apparent angles of attack of the front and rear aerofoils, ¢; and

o, interms of 0, /, U, y and 0.

(b)y The aerofoils have surface areas 41 and 4, and the same lift coefficient, Cz,,
where dCy,/da is constant and positive. The flow velocity, U, is sufficiently large that
y/U and L8 /U can be neglected in this question. Find expressions for Fj and F5 in terms
Ofp,U,Al,Az, 0 and 8CL/8a.

(cont.

[20%]

[10%]



7

The two suspension springs, each with stiffness k, are modelled as a translational
spring with stiffness k,, = 2k and a torsional spring with torsional stiffness kg = ki?/2.
The translational spring and the torsional spring act around the elastic axis. Similarly, the
aerodynamic forces, F7 and F,, are modelled as a translational force, Fj, = F] + F,, and
a moment about the elastic axis, Fg =/ x (F, — F}). The centre of mass is a distance
Sx/m behind the elastic axis. Ignoring damping, the translational and torsional equations
of motion are

]gé-i—Sxy'-i—kge = Fp,

where Iy is the car’s moment of inertia about the elastic axis.

(¢) Derive two expressions for the conditions at which the car will be unstable
and describe these unstable motions. You may assume that mly > S2. [50%)]

(d) Without detailed calculations, briefly discuss some aspects of the car’s
stability in terms of its design parameters. What would be the effect of the suspension
dampers on this instability? [20%]

END OF PAPER
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