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elastic  axis ; displacement y ; angle o

T Yi t ko ,
be the

2 Ca) m ,

op
m , Considering forces in the vertical direction

,

c- %→ I centre of{ Ky , by mass
- Ky ,

- bye,

- Kya - byi =
- Ky f Yitz ) - by (bite )

, ⇒ 2K( y , tyz ) = Ky ( y , tyz )
} separating forces proportional

I to  displacement from those
and 2b ( ye, tyz ) = by (51+52) proportional to velocity .

⇒ by = 2K and by = 2b
.

Similarly , considering moments about the elastic axis :

Ky , Itbig, dz - kyzdz - bujzdz =  - Koo  - be = - ka ( 92--9 , ) - bo% for small02 d d

⇒

kdzfy
,

- yz) - the Edy) ⇒ ko  = kd%
Most students answered this well -

and similarly for b - be = b d 42 A common error was to write

that Io = (M
, tmz ) dlz

The moment of inertia about the elastic axis  is Io  = ( M , t Mz ) 0174

(b) We make the quasi - steady assumption : that the lift & drag fores at the instantaneous

apparent angle of attack are the same as those in a steady flow at that angle

of attack
. E

#
o the velocity of the leading edge is ig - C 12

A C

✓ o 90 o the apparent angle of attack is - g- t Coif = or
<

-

Is
!

TY
. the equilibrium angle of attack is zero

-

ht

we can express Fy in terms of the lift coefficient CL : Fy = { pit 're a per  unit depth
into page .

For small oscillations we can write CLE a 0% a
I ⇒ Fy = Iz pitted011o Od o

[
angle of attack .

⇒ Fy = Ep 20¥ (-9+0-5/2) with Fy defined positive upwards .

It

Few students answered this correctly . Many forgot to  include the chord
,

c .

Fo  =  - ¥ Fy Some  did not  make the approximation CL =  a % do

(c) Substitute Fy and Eo into the translational and torsional equations of motion .

Assume a modal decomposition of the form y = bestand O  =Oo est and

substitute into the equations of motion . Express in matrix form as :

{ I ft)ta ) I ¥) = §) and find s for which the determinant g the

matrix is zero . ( Equivalently ,
state that we

well solve the two simultaneous equations .)
answered

by nearly This leads to a quartic '  . Cos
"

+ C , s
'

t Cz s 't Cz s t Cy = O with four solutions
all

students At least one solution has positive real part ( unstable ) when C
, Cz Cz S Co Cft 442

.

This gives an algebraic expression for the parameter values at which the system is unstable .



(d) Each value of s ( each eigenvalue) has a corresponding eigenfunction [ ¥! )
,

which is in general

complex . y = Yo est and O  = to est can be represented in the complex plane as :
⑦ o y

In  modulus ) argument form this  is y = Iyo fears (b) +  St

, ⑦  = too , ears too ) tst
° K

The phase , Q ,
is Arg (Yo ) - Arg ( a ) = Arg ( Foo ) Around 43 students showed that they

understood how to find the phase ,
and

that the phase information  is  contained in % & E
,

The instantaneous power extracted from the wind is Fy ye
 + too .

This can be  integrated
T

over a cycle ,
which has period T  

= 2T/si ,
where si

 = hung ( s ) i w = fffyjtfoo ) dt

O

Around 42 students gave reasonable answers

(e) In the series Of identical canopies ,
the analysis can proceed in  a few different directions .

Each

canopy adds  a single extra degree of freedom .

For N canopies the corresponding matrix is ( Nt1) × @ti ) :

e. g .
 if we express the state as the position A the first camps

, ,
=  o

and the angles with all the others then the matrix is →

we can solve this in the same way as before .
but the calculation will be expensive when

N is large .

When the number of canopies is finite ,
there is a start and and end canopy ,

meaning that the steady state is a standing wave . when the number of

canopies is infinite
, travelling waves can also exist

. [ For this
,

it would be

better to formulate it as a continuous problem and use local stability analysis ) .

Almost  all students saw that this would Around 44 of the students correctly

lead to an  eigenvalue problem for a identified that the infinite limit becomes

large matrix
. like a  continuous system  with no

pinned boundaries and wave reflections .
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side  view ' k
4

. (a) mmmm Natural frequency of mass - Spring system = wn= ( kk rads -  '

; fu  = ÷ (⇒
k Stroh hat number ( based on f  in He ) = fat = 0.2 for vortex shedding

it a it over  a  wide range of Re
.

→
m Jd

The rod will shed vortices at f  I 0%-4 Hz
.

When the frequency of why shedding

matches the natural frequency of the mass ) spring system ,
the mass will stash to

oscillate with large amplitude .
The vortex shedding frequency will lock on to the mask

spring natural frequency and the amplitude will increase as it increases
. Eventually ,

the natural vortex shedding frequency will exceed the mass /spring natural frequency

so much that they will lock out - the amplitude will drop .

.

infrequency
O . 2E natural

infrequency

O . 2E
d

←

Vortex shedding d

frequency

Again:gs
LIED

← natural frequency
of mass Is piny

I >
It

, >
It

lookin Tt lookin
a amplitude n amplitude

#
it

A
it

increasing Tt decreasing It

When the speed decreases
,

the same behaviour  is observed
,

but for Tt C

Urania
,

rather than for it > Tt
love in

① ②

(b) There  is a recirculation zone behind the rod :

This flow is absolutely unstable in the a
< L 7

<

recirculation zone and slightly beyond the ① >I
recirculation Tone

. The large region of
absolute h

absolutely unstable

absoluteinstability causes the flow to
Together

, ;

oscillate at a will - defined frequency

( given by Stromal = 0.2 = f dat ) .
Some students  incorrectly stated that the Icc
flow is absolutely unstable only when the

shedding frequency has looked on to the [ cont
. .

.

oscillating frequency .



This oscillator is insensitive to small amplitude forcing of the cylinder but can be our whelmed by

large amplitude forcing .

This  is what happens when the vortex shedding frequency locks  into the

mass Ispniy oscillation
.

Contours of complex angular frequency are :

i ) absolutely unstable region
- ii ) connectivity unstable region

ki ki
a - kn a Kr

# , s

a  

A
Saddle point has wi > O #

Saddle point has wi co
.

(c) with reference to part (b)
,

the oscillations can be  reduced by reducing the strength or size

of the absolutely unstable region behind the rod
. This can be done by streamlining the rod

,

to remove the wake
,

or by allowing air to pass through the rod
,

which is known  as

"

base bleed
"

:

- I
drill holes  in the

streamline fairing
rod to create

-
base bleed .-

With reference to part  (a)
,

the oscillations can be reduced by deco wanting vortex shedding

along the length of the nod
,

or changing the natural frequency by varying d along the length

of the rod
, e.g .

 with shakes or  a  varying d : Many students forgot about

adding denies to suppress
vortex shedding .

.

helical stinky

Varying d .

Apart from the two comments above
,

this question  was Matthew Juniper
answered well by almost  all students .

Some wrote Jan 2019

much more than was asked for in the question ,
which

will have cost them time .
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Question 1  

This question really required some thought and was attempted by two thirds of the class. The students 
generally gave good physical interpretations for the growth rate of the instability given and reasoning 
for the axisymmetric and non-axisymmetric modes predicted. Evidently, based on their clear 
descriptions, the vast majority had a good grasp of linear stability analysis. 
 

 

Question 2  

This was predominantly a discussion question, with a straightforward calculation in (a), repetition of 
the notes in (b,c), and tests of conceptual understanding in (d,e). 
 
Most students answered (a) well, although a common and elementary mistake was to write that the 
moment of inertia is proportional to d/2 rather than d^2/4. 
 
Few students answered (b) well, despite it being repetition of the notes. Almost all students, however, 
answered (c) well, which is the more important question.  
 
Answers to (d,e) were mixed. Around 1/3 of the students showed that they understood how to find the 
phase information from Y_0 and theta_0. Around 1/2 described how they would calculate the work 
done over a cycle. Almost all students saw that (e) would lead to a large matrix and around 1/4 
correctly identified that the infinite limit becomes like a continuous system with no pinned boundaries 
or wave reflections.  
 

 

Question 3 

Attempted by all students, both parts of this question were tackled generally very well. The ‘show the 
following…’ parts were done well; by contrast, the ‘and hence…’ parts were either missed or not 
attempted by numerous candidates. 
 
 
Question 4 

This question was well answered by most students. A common mistake was to write that the flow is 
absolutely unstable only when the shedding frequency has locked on to the vibration frequency. Many 
students forgot that devices can be added to a shape to suppress vortex shedding.  
 
 




