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4 Abstract 

Abstract 

One of the major problems encountered for spin stabilized 
spacecrafts, is the alignment of the predefined spinaxis with 
the actual rotational velocity. Manoeuvres in space cause 
misalignment, by which the spacecraft spin axis obtains an 
unwanted oscillatory motion, such as nutation. 

the function of the observational instruments, it is clear 
that any unwanted oscillations of the spin-axis caused by 
attitude and orbit control need to be damped out. Therefore 
spinning satellites are usually equipped with one or more 
nutation dampers. This report is about one of the many 
nutation damper types, the tube-with-endpots nutation damper. 

As the alignment stability of the spin axis is elementary to 

To verify whether the damper meets the required damping 
performance, it has to be tested. According to the theory this 
performance is independent of the nutational acceleration 
[Bakel, C. v., 19931. The tests however show that the 
performance is nutation angle dependent. (The nutation angle 
is a measure for the nutational acceleration.) The cause of 
this performance behaviour is the issue of this report. When 
this behaviour is understood, better dampers can be designed. 

Four effects that influence the damper performance were 
investigated and are reported. The results were compared with 
the test-results of the Performance Test Model (PTM) of the 
Cluster MA damper (appendix A). 
These four effects are: 
- The deviation of the acceleration field as assumed in theory 
from that on the test-rig. 
A significant influence on the performance behaviour for 
accelerations, comparable to the Cluster PTM could not be 
observed. 

- The coupled relation between the damper and the test-rig. 
It is demonstrated that the interaction between the damper 
and the test-rig plays a dominant role in the explanation of 
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the measured nutation angle dependent performance. In 
particular the transient fluid response in the beginning of 
test is responsible for the lack of performance. 

- Turbulence. 
For accelerations comparable to the test of the Cluster PTM, 
turbulence will not be initiated. 

- Inlet flow. 
The influence of inlet flow is present. At the start of a 
test-run the inlet length is of the same magnitude as the 
tube length. During the test the inlet length decreases and 
the total tube length that contributes to the damping action 
increases, which agrees with the test-results. 

In the derivations of the impact of these effects, multiple 
assumptions have been made. These assumptions cause 
restrictions to the validity of the models. Due to this 
restricted validity the separate effects can't predict the 
complete performance behaviour solely. A combination of the 
damper-testrig coupling, the inlet flow and at very large 
accelerations, turbulence predicts a good qualitative 
performance behaviour on the test-rig. 

A recommendation for further research is that a characteristic 
number for the coupling can be calculated. The influence of 
the moment of inertia of the test-rig on the coupling has been 
shown. It should be noted that the mounting radius of the 
damper on the test-rig also will influence the coupling. The 
characteristic number will probably contain these two 
parameters. If this characteristic number is known, the 
performance with coupling can be derived directly from the 
uncoupled performance. 
A recommendation for the test-rig is that the rotor moment 

of inertia should be comparable to the satellite moment of 
inertia to gain comparable damping behaviour. This can be 
achieved by scaling the coupling on the satellite to the 
coupling on the test-rig with the characteristic number. 
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symbols 

tube radius 
amplitude of acceleration parallel to the 
fluid tube 
centrifugal acceleration due to the oscillating 
motion of the test rotor 
acceleration normal to the fluid tube 
tangential acceleration due to the oscillating 
motion of the test rotor 
endpot radius 
damp factor 
tube diameter 
excitation frequency 
acceleration of the gravity 
moment of inertia of the test-rig 
spring constant 
spring constant 
spring constant 
released spring length 
spring length when test-rig is at rest 
tube length 
inlet length 
instantaneous axial position of a fluid particle 
that can migrate to the farthest axial position 
from the inlet [ml 
mass Ckgl 
total rate of energy dissipation [J/Sl 

the fluid tube [ m l  
Reynolds number based on tube radius [-I 
mounting radius of damper on test-rig [ml 
mounting radius of spring on test-rig Cml 
Reynolds number based on Stokes layer [-I 
average fluid displacement in fluid tube [ml 
Strouhal number 1-1 

position in the fluid tube in direction normal to 
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t 
T 
U 

X 

X 

X 

a 
6 

O 

0 0  

onlax 

I-L 
V 

e 
a 
I 

1i 

o 

o0 

R 

time 
pendulum time 
instantaneous velocity 
distance of fluid particle to the middle of the 
damper 
distance of fluid particle to the fluid surface 
distance of fluid particle to the inlet 
Womersley parameter 
thickness Stokes layer 
angular deviation of the test-arm 
angular deviation of the test-rig at the start 
of a testrun 
amplitude of the angular deviation 
dynamic viscosity 
kinematic viscosity 
density 
standard deviation of experimental 
time constant 

data 

angle between fluid tube and tangential 
acceleration [radl 
angular velocity [rad/sI 

natural angular velocity of the damper [rad/sI 
angular velocity of the harmonic nutational 
movement [rad/s] 
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1 Introduction and problem definition 

One of the major problems encountered for spin stabilized 
spacecrafts, is the alignment of the predefined spinaxis with 
the actual rotational velocity. Manoeuvres in space cause 
misalignment, by which the spacecraft spin axis obtains an 
unwanted oscillatory motion such as nertatioil. 
Because the alignment of the spin axis is elementary to the 

function of the observational instruments, it is clear that 
any unwanted oscillations of the spin-axis caused by attitude 
and orbit control need to be damped out. Therefore spinning 
satellites are usually equipped with one or more nutation 
dampers. 

At UCN Almelo tube-with-endpots nutation dampers are designed, 
manufactured and qualified. To verify whether the damper meets 
the required damping performance, it has to be tested. 
According to the theory this performance should be 

independent of the nutational acceleration [Bakel, C. v., 
19931. At the test rig however the performance decreases at 
large nutation angles when the damper is excitated in its 
natural frequency. (The nutation angle is a measure for the 
acceleration.) The performance increases when the damper is 
excitated with a frequency away from the natural frequency at 
large nutational accelerations. 

The performance is required for a range of accelerations and a 
range of frequencies. The damper therefore needs to be 
designed such that the requirements are met for the total 
range of accelerations and frequencies. 
With the theoretical model a damper is designed that meets 

the requirements. The model predicts a constant performance 
for all accelerations. Mostly the requirements will be 
constant for the required acceleration range, so according to 
the model the designed damper will meet the requirements €or 
all required accelerations (see figure 1). 
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Tests, however, show that 
the performance decreases at 

accelerations the requirements 
large accelerations. At large 

therefore will not be met (see 
figure i). 

--- model 
a> u --------~~~i~~~~"~---------------~---------- '. '. 
a 

'\., $ O \ 

% a t& 

When the performance 
behaviour at large 
accelerations can be 

nutational acceleration 

model and the t e s t s ,  compared 
t o  the requirements 

described, dampers can be 
designed which meet the 
requirements for all 
accelerations. A l s o  the damper can be designed such that the 
performance sink will show at accelerations above the required 
acceleration range. 

This research only describes the behaviour of the damper on 
the test rig and not its behaviour in space. Four effects are 
analyzed that influence the damper performance: 
- Deviation of the acceleration field in theory from that on 
the test-rig; 

- Coupled relation of the damper with the test-rig; 
- Turbulent flow in the fluid tube; 
- Entrance effects when the fluid enters the tube. 

The effects were all checked using the test-results of the 
first Performance Test Model (PTM) of the Cluster PTM, of 
which some information is given in appendix A. 
In chapter 2 a description of the damper and the test is 

given. In chapters 3 to 6 the four separate effects are 
investigated. 
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2 Description of the damper and how it is tested 

In this chapter a description is given of the tube-with- 
endpots damper and the test that is used to verify the 
performance of this damper. 

2.1 The tube-with-enäDots damper 

The tube-with-endpots damper consists of two endpots connected 
by two tubes (figure 2). The damper is located on the 
satellite such that oscillatory nutational motion produces an 
acceleration component along the damping tube. This causes the 
fluid to move in the lower tube (denoted as fluid tube). The 
resulting viscous friction in the fluid converts mechanical 
energy h t s  heat. This energy conversion provides the damping 
action. 

The gas (upper) tube gua- 
rantees fluid movement without 
pressure raise in the gas 
above the fluid. Required is 
that no fluid will enter this 
gas tube. 
One advantage of this damper 

is its almost zero dead-band. 
I 'This means the damping action 

remains for nutation angles 
figure 2: Schematic drawing of 
a tube-with-endpots damper 

close to zero. 

The damping performance is measured by the power dissipation 
normalized with the amplitude of the forcing acceleration 
(P/aO). This performance is a function of the frequency of the 
forcing acceleration and shows an extreme at its resonance 
frequency (see for example figure 4 ) .  The damper is designed 
such that its resonance frequency is close to the middle of 
the range of expected forcing frequencies. 
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2.2 The test 

T e s t  e q u i p m e n t  
The damping performance of the dampers is determined with a 
test rig as schematically given in figure 3 .  It consists of an 
airbearing borne rotor that oscillates around the vertical 
axis. The damper is mounted on the rotor at a certain distance 
from the axis of rotation. By giving the rotor a spring 
controlled oscillatory motion, the nutational motion of the 
damper on the satellite is simulated. 

x 

' i g u r e  3 :  Topview of the t e s t  
r i g .  O n  each  s i d e  of the  rotor a 
damper i s  mounted. Two masses 
p laced  on t o p  of the rotor  a r e  
used  f o r  ad jus tmen t  of the m o m e n t  
o f  i n e r t i a .  

T e s t  procedure 
At the beginning of a testrun, the required pendulum time is 
adjusted with the spring force and the rotor is given a 
predefined amplitude. After the rotor is released, its motion 
is recorded until the required minimum angular amplitude has 
been reached. Then the damping performance is calculated from 
the recorded decrease of the amplitude in time. 
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The damping thus found represents the damping due to both 
the damper and the test equipment. To determine the damping 
performance of the damper alone, an additional run (dummy run) 
is made. During this additional run the damper is replaced by 
a dummy weight with the same mass as the damper. Finally the 
performance of the damper is found by subtracting the perfor- 
mance of the dummy run from the performance of the damped run. 

T e s t  results 
In figure 4 the performance of the Cluster PTM of appendix A 
has been plotted as a function of the frequency of the forcing 
acceleration. The natural angular velocity is 3.31 rad/s. 

0 2  I 
1 
f i g u r e  4 :  The per formance  of 

This damper was tested at 
different frequencies and 
characteristic test-results 
for w2 and o1 have been 
plotted in figure 5 and 
figure 6 respectively. 
In these figures 

horizontally the product A*R 
has been plotted, which is a 
characteristic measure for the 
nutational acceleration. 
Vertically the performance has 
been plotted. 

the damper a s  a function of the 
a n g u l a r  ve loc i t y  of the f o r c i n g  
a c c e l e r a t i o n  

these two frequencies is the characteristic behaviour for the 
damper which is the issue of this report. The performance 
decrease at large nutational accelerations is visible in 
figure 5. When the damper is not in resonance, the performance 
increases at large nutational accelerations (figure 6). 

The performance behaviour at 

Actually the performance improves with decreasing 
acceleration when the damper is excitated in its natural 
frequency. The performance falls off with decreasing 
acceleration when the damper is excitated with a frequency 
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away from the natural frequency. This is due to the progress 
~ 

Of the test. 
damping causes the accelerations to deteriorate. 

The test starts with large accelerations and the 

In chapter 4 also some special test-results have been given 

excitated in its natural frequency (o2) [Webber, J., 19911 



Fokker  C p a c e  i% S y s t e m s  
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f igure  6 :  t e s t re su l t s  of the damper when the damper is not 
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3 Deviation of the acceleration f i e l d  as assumed in theory 
from that on the test-riq 

3.1 Introduction 

In the theory the forcing acceleration is assumed to act 
parallel to the fiui6 tube. OR the test-rig however this 
assumption is not satisfied. Here the acceleration consists of 
a tangential and a centrifugal component. 
The tangential component acts on each fluid particle normal 

to its radius to the airbearing. So this acceleration is only 
parallel to the fluid tube in the middle of the damper, where 
the damper is mounted on the rotor. For all the other 
positions the acceleration acts with an angle to the fluid 
tube (figure 7 ) .  

The centrifugal component results in an acceleration normal 
to the tube-axis. 

In this chapter the expression for the forcing acceleration is 
derived and it is analyzed whether this deviation is 
responsible for the performance behaviour at large nutational 
accelerations. 
The assumptions made in this chapter are: 

- Incompressible fluid, 
- laminar flow and 
- constant amplitude of forcing acceleration. 

3.2 The theoretical acceleration field 

The acceleration field on the test-rig has been sketched in 
figure 7. In this figure 
- a, is the tangential acceleration of the rotor, 
- a, is the centrifugal acceleration of the rotor, 
- is the radius at which the damper is mounted on the rotor, 
- x is the distance of fluid particle to the middle of the 
damper, 

- L is the tube length and 
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- $ is the angle between the fluid tube and the tangential 

From figure 7 it is visible 
that the tangential 
acceleration is not parallel 
to the fluid tube. 

In calculating the 
acceleration conform the 
theory, the total acceleration 
is divided into an 
acceleration parallel to the 
fluid tube (ao) and an 
acceleration normal to the 
fluid tube (a,). These two I 

f i g u r e  7: a c c e l e r a t i o n  f i e l d  on accelerations are calculated 
the t e s t  r i g  in [Bakel, C.V. ,  19931 and 

result: 

- 8, is the initial (maximal) angular deviation of the rotor, 
- h2 is the angular velocity of the oscillating motion and 
- t is time. 
The forcing acceleration parallel to the tube is described by 

(1) 

Total accelerations 
In figure 8 equations (1) and (2) have been plotted for a 
test-configuration of the PTM of appendix A with the next 
test-parameters: 
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4.0E-03 

3.0E-03 -> ' -% 

< \  > \  

?- ., 
I ,  I \  

O.OE+OO , 

4 OE-03 o 1 0 0 2 0 0 3 0 0 4 0 0 M x ) 6 0 0 7 0 0  

angle [degrees] 

62 = 1 rad/s; 
O,  = 0.00913 rad; 

= 0.8 m; 
x = L/2 

fluid tube have been plotted. 
On the horizontal axis the 
angle ut (degrees) has been 
plotted, which is a measure of 
time. On the vertical axis the 
acceleration has been plotted. 
It is remarkable that the 

These are the parameters of a worst-case test because the used 
initial angular deviation (6,) is the angillâr deviatior, with 
the maximal forcing acceleration and the position in the tube 
(x) is the position with the largest angle to the fluid tube. 

In figure 8 the accelerations 
parallel and normal to the 

Total accelerations on the fluid tube 

Impact of the acceleration normal to the fluid tube 
The acceleration normal to the fluid tube is an acceleration 
which isn't reckoned with in theory. Due to this acceleration 
the fluid wants to move in the direction normal to the fluid 
tube. A movement of a fluid particle in this direction would 
deform the fluid between the particle and the tube wall. The 
fluid is assumed to behave incompressible, so the motion 
towards the tube wall will not occur. 
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Acceleration parallel to the fluid tube 

o 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0  
angle [degrees] 

The fluid behaves as assumed in theory. The damping 
performance is based on the fluid velocity gradient and 
because this gradient is not changed with respect to the 
theory, the performance does not change either. So it is 
concluded that the acceleration normal to the fluid tube can 
be neglected in calculating the performance of the damper. 

From this figure it is clear 
that the part resulting from 
the centrifugal acceleration 
is negligible. 
Although the amplitude of aOc 
is small, the impact of its 
frequency on the performance 
may be pretty large. From (2) 

The simultaneous excitation effect of the acceleration 
parallel to the fluid tube 
In figure 9 the acceleration parallel to the fluid tube is 
separated in a part resulting from the tangential acceleration 
(aot) and a part resulting from the centrifugal acceleration 
(aoc), which can hardly be noticed. 
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0.121 II 
O. 0152 

II 

frequency performance frequency 

I M A  1.089 

performance 

N O. 0153 

MA 1.089 

mode 
performance 
simultaneous exc. 
with Sa and 212 

p/a,” Ekg-sJ 

single exc. 
with n 

performance 
simultaneous exc. 
with Sa and 212 

p/a,” Ekg-sJ 

mode 

0.121 

1 single exc. 
I with n 

O. 0152 
~ 

1.082 
~ 

1.082 

Table I :  Calculated performance a t  single excitation and a t  
simultaneous excitations due t o  the acceleration f i e l d  on the 
t e s t  r i g  f o r  the d i f f e r e n t  modes. 

In Table I the results of this calculation have been listed 
for the different modes of the Cluster MA damper. From the 
results of Table I the effect is clearly small for all three 
modes. The effect of the deviating acceleration field thus 
does not have an important influence on the performance 
degradation at large nutation angles on the test rig. 

3.4 Conclusion 

In this paragraph acceleration field at the test-rig was 
derived. It was concluded that this acceleration field differs 
from the one as assumed in the damping theory. It was 
demonstrated that the effect of this deviating acceleration 
field could be separated in two sub-effects: 
- the effect of an acceleration normal to the fluid tube, 
- the effect of simultaneous excitation of the fluid by a 
forcing acceleration with two frequencies. 

It has been derived that both effects don‘t influence the 
performance significantly. 
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4 Coupled relation damper and test-riq 

4.1 Introduction 

In the theory as used till now, the damper was always 
uncoupied from tie test-rig and the transient response was not 
reckoned with. In practise however the damper is coupled with 
the test-rig and this coupling will influence the performance. 
Transient effects are present due to the initial conditions 
and inertia effects. 
In this chapter the influence of the coupling on the 

performance and the transient effects is analyzed. The next 
assumptions are made: 
- The kinetic energy in the endpots is neglected; 
- Damping in the endpots is neglected; 
- Only half the test-rig is viewed, which means only one 

- The tube radius is small in comparison with the mounting 
damper and one spring are regarded; 

radius ; 
- The angular deviation of the rotor is assumed to be small; 
- The tube length is assumed to be infinite; 
- The flow is assumed to be laminar. 

In paragraph 4.2 the coupled equations of motion with the 
simple Poiseuille velocity profile are investigated and in 
paragraph 4.3 the equations of motion with the rigorous Bessel 
velocity profile. 

4.2 Poiseuille velocity profile 

4.2.1 Theory 

The coupled equations of motion 
With the assumptions from 4.1 the equations of motion are 
derived by using a Lagrangian formulation and a Poiseuille 
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velocity profile to calculate the coupling influence. As the 
generalized coordinates are chosen: 
- The average fluid displacement in the fluid tube So 

- The angular deviation of the rotor 6 

The coupled equations of motion could be derived as [Bakel, 
C.V., 19931: 

Ma+Bd+ Kg=Q 

with: 

.=[:I, M= 

and : 

m=pna2L 
b,=8n; p LV 

4 -m mRp 
3 

mRp I+mR: 

(3) 

a* 
b2 

k, =2 71: p - g 

where 
a is the tube radius, 
b is the endpot radius, 
L is the tube length, 

P 

V is the kinematic viscosity, 
k is the spring constant, 

1, 

1, 
R., 

g is the gravitational acceleration. 

is the density of the fluid, 

is the released spring length, 
is the spring length when the test-rig is at rest, 
is the mounting radius of the spring on the test-rig and 
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Solution of the equations of motion 
The solution of the equations of motion could be written as 
[Bakel, C.V., 19931:  

-mRp;l; 
with 

Amk: +bh i + k, 
3 

xi are the roots of the characteristic equation of ( 3 ) .  

ei are complex constants which can be calculated with the 

initial conditions: So(0)=So(O)=8(O)=0, B(O)=8,. 

Performance definition 
Two different definitions of the damping performance can be 
formed. The first definition is based on the total energy loss 
by transformation of energy into heat. The second definition 
is based on the degradation of the total energy of the rotor. 
The first definition is the performance as it is calculated 

in the theory as used till now. But because the decrease of 
the energy of the satellite is represented by the decrease of 
the energy of the test-rig, this second definition will result 
in a more realistic damper behaviour. In these calculations 
the second definition is used because this definition was also 
used when the test-results were calculated into a performance 
curve. 
From the decrease of the amplitude of the rotor a time- 

constant is calculated. With this time-constant the 
performance is calculated. In the tests it is assumed that the 
amplitude of the rotor decreases exponentially in time: 

L c -- 
e,,(t) =Boe = 

7 is the time constant. 
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The damperperformance can be obtained from [Bakel, C.V., 
19933 : 

I is the moment of inertia of the test-rig and 
T is the pendulum time of the oscillating i i i~tfon.  

4 .2 .2  Test simulation 

In this paragraph the simulation of a dampertest is described. 

Definition of the test 
The input of this simulation was based on the test model of 
the Cluster PTM, see appendix A .  The next test parameters were 
used: 
Rp = 0.8 m 
I = 190 kg.m2 
80 = 0.01 rad 
With the value of k, the pendulum time was adjusted. 

The damping calculated with the Poiseuille profile at normal 
viscosity results in a too optimistic damping rate at 
resonance. To overcome this, the kinematic viscosity was set 
at 2.65~10'~ m2/s instead of the actual value of 1.06~10-~ m2/s to 
decrease the high Poiseuille performance to a value that is 
comparable with the tests. With this effective viscosity the 
actual qualitative behaviour of the system could be described. 

Solution of the equations of motion 
With the parameters listed in the previous paragraph the 
solutions of the equations have been calculated as a function 
of time at two different angular velocities of the rotor: wI = 

3.03 rad/s and co2 = 3.31 rad/s. These two angular velocities 
have been chosen because w2 is the natural angular velocity of 
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the damper and w1 is an angular velocity away from the natural 
angular velocity of the damper, see figure 10. 

I 03, 

This figure is the 
performance-frequency curve of 
the uncoupled damper equation 
of motion. The angular 
velocities were adjusted with 
the spring-force k, in both 
theory and practise. 

I I 

f i g u r e  10 :  The per formance  
c u r v e  of the damper u s i n g  
the uncoup led  e q u a t i o n  of 
motion 

Solutions of the equations of motion for excitation at natural 
frequencies 
In figure 11, figure 12 and figure 13 the amplitude of the 
rotor, the amplitude of the fluid displacement and the 
amplitude of the fluid velocity have been plotted versus time 
for co2 (pendulum time 1.9 s) . 

eventually reaches a maximum in amplitude, after which it 
follows the exponential decay. 

figure 13 demonstrates that the fluid slowly gains speed and 

Note: 
From figure 11 can be seen clearly, that the amplitude of the 
rotor doesn't decrease exponentially in time at the start of 
the simulation. The assumption (10) was still used, because 
this assumption was used in the test-calculations, that were 
simulated here. 
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f i g u r e  11: The ampl i tude  o f  the rotor 
a s  f u n c t i o n  o f  t i m e  a t  o2 

O0 

time 

f i g u r e  1 2 :  T h e  ampl i tude  o f  the f l u i d  d i s p l a c e m e n t  
i n  the f l u i d  t u b e  a s  f u n c t i o n  o f  t i m e  a t  o2 

O 

time 

f i g u r e  13: T h e  ampl i tude  o f  the f l u i d  ve loc i t y  i n  
the f l u i d  t u b e  a s  f u n c t i o n  o f  t i m e  a t  w2 
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Solutions of the equations of motion f o r  frequencies different 
from the eigenfrequency. 
In figure 14, figure 15 and figure 16 the amplitude of the 
rotor, the fluid displacement and the fluid velocity have been 
plotted for the case the system has not been tuned (ul ,  
pendulum time 2.1 s ) .  

In comparing figure 14 with figure 11 (tuned system), one 
should be aware of the different y-axis scaling. The amplitude 
of the rotor decreases a lot faster if the system is tuned. 
This is easily understood by the behaviour of the damper as a 
function of frequency, which is demonstrated in figure 10. 
Clearly the performance of the damper at w1 is less than the 
performance at w2. 

In figure 14 it is further remarkable that the amplitude of 
the rotor increases at t=15 s .  At this moment energy flows 
back from damper to rotor, which causes the increasing 
amplitude of the rotor. At t=22 s energy flows from rotor to 
the damper again. 

In figure 16 the amplitude of the fluid velocity has been 
plotted. At the amplitude of the fluid velocity all the energy 
in the damper is kinetic energy. Therefore figure 16 can be 
regarded as a measure for the total energy in the damper. 
The fluid velocity has minima and maxima and with this the 

energy in the damper has minima and maxima. After the maxima 
the energy flows from damper to rotor and after the minima the 
energy of the rotor starts to flow back to the damper again. 
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O 

time 

f igure  14: The ampl i tude  of the rotor 
a s  function of t i m e  a t  u1 

U 0.03 

O 

time 

f i g u r e  15: The ampl i tude  of the f l u i d  d i s p l a c e m e n t  
i n  the f l u i d  t u b e  a s  f u n c t i o n  o f  t i m e  a t  w1 

O 

time 

f i g u r e  1 6 :  T h e  ampl i tude  of the f l u i d  v e l o c i t y  in 
the  f l u i d  t u b e  a s  f u n c t i o n  of t i m e  a t  w1 
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This phenomenon can be explained by the beating of the 
signals. The imaginary parts of the eigenvalues are the 
natural angular deviations of the modes corresponding to the 
eigenvalues. The four eigenvalues consist of two sets of 
complex conjugates by which two different eigenfrequencies 
occur. If these two frequencies (ui and oj) are nearly equal, 

beating occurs witn frequencies and - 2 . The beating 

2 8  

oi+oj oi-oj 

4x pendulum time is: T=- o i - w ,  

This beating phenomenon is always present unless the system 
has been tuned. In that case the two frequencies are equal. 
For frequencies close to tuning the beating is not visible due 
to the large beating pendulum time. 

Damping performance calculation 
In this paragraph the damping performance of the coupled 
equations is discussed, by evaluation of three different 
frequencies. These three frequencies have been chosen because 
together they show the characteristic damper behaviour at the 

I W1 0 3  0 2  

f i g u r e  17 :  T h e  performance 
curve  o f  the damper us ing  the 
uncouwled ecruation of motion 

The performance has been 
computed and plotted for the 
three different angular 
velocities: ul, ui and wj 

(figure 17) in figure 18, 
figure 19 and figure 20. Along 
the x-axis the amplitude of 
the rotor has been plotted. 
This amplitude is a measure 
for the forcing acceleration. 
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f igure 1 8 :  The performance a s  a function of the amplitude 
o f  the rotor when the system i s  tuned (o=w2) 
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f igure 2 0 :  The performance a s  a function o f  the amplitude o f  
the rotor  i n  case the system is not tuned (w=w,) 
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The horizontal axes of these three figures contain different 
scales for the different angular deviations. The graphs do not 
contain equal x-axis scaling, because the calculations were 
stopped after 200 seconds of damping simulation time. 
the different performances at the different frequencies, 
resulting ending amplitudes of the rotor are different. 
The tests started at maximal angular deviation, which 1s at 

the right side of these figures. The transient fluid response 
is therefore also found on the right side. 

Due to 
the 

In these three figures, the next remarkable features are 
noticed: 
1. 

2. The peak in figure 20  (o1) is stretched over a shorter 
A peak occurs in the curve of the system at w1 and 03. 

interval of the angular deviation of the rotor than the 
peak in figure 19 (o3). 

3 .  In the performance curve in figure 20 (ul) a loop is 

4 .  The performance in figure 20  (ul) becomes negative. 
These remarkable features are explained below: 

visible. 

1. The peak in the performance curve 

To understand this phenomenon the performance as calculated 
should be divided into the next two different damping actions: 
- the transition of energy of the rotor to energy of the fluid 

- the transition of kinetic energy of fluid into heat due to 

These two damping actions are related to the two different 
performance definitions which are given at page 22. 

in the damper; 

viscous dissipation. 

Due to the initial conditions the fluid contains no kinetic 
energy when the test is started. All the energy of the system 
is potential energy of the spring. When the rotor is released, 
the energy transitions and flows start. The potential energy 
of the spring transforms into kinetic energy of the rotor. 
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Energy flows from rotor to damper-fluid. The fluid starts to 
move and its kinetic energy increases at the cost of the total 
energy of the rotor. Due to the movement of the fluid the 
viscous dissipation increases. This dissipation transforms 
kinetic energy of the fluid into heat. 
When the fluid is already moving, the energy flow from the 

rotor to the damper is converted into heat. But at the 
beginning of a test however, energy is needed to start up the 
fluid. 
When the performance due to the start of the fluid is larger 

than the performance due to the viscous damping when the fluid 
is already moving, a peak appears in the curve. This is the 
case in the curves at u1 and u3. Otherwise no peak is visible, 
which is the case for the tuned system (uz). 

2. Stretch interval of the peak 

The peaks in figure 19 and figure 20 are due to the transient 
response of the damper. In figure 21 and figure 22 the 
performance has been plotted as a function of time. In these 
figures it is clear that the time after which the transient 
response is negligible is equal for both frequencies. 
Due to the smaller performance at ul, however, the angular 

deviation has deteriorated less than at u3 after equal time. 
Therefore the peak in figure 20 (ui) is stretched over a 
shorter interval of the angular deviation of the rotor than 
the peak in figure 19 (uj). 
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O 

f igure  21: The performance a s  a function of time a t  03. 

time 

3 .  The loop in the performance 

The loop in the performance means that the amplitude of the 
rotor grows at a certain time ( 0  = 0.0983), which corresponds 
with figure 14. The cause of this raise of the rotor amplitude 
is explained by the beating phenomenon. 

4 .  Negative performance 

In figure 20 it is visible that the performance becomes 
negative. This is due to the definition of this performance. 
When the performance is negative, the energy flow from rotor 
to damper is reversed into a flow from damper to rotor. This 
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causes the total energy of the rotor to grow. The performance, 
which was defined as the decrease of the test-rig energy, is 
thus negative. 
It is mentioned here that the other definition of the 

performance, which is based on the transition of kinetic 
energy of the fluid into heat, inheres a positive definite 
performance for this transition is irreversible. 

The performance as a function of the moment of inertia of the 
rotor. 

In figure 23 the performance 
at small nutational 
accelerations as a function of 
the moment of inertia of the 
rotor has been plotted for the 
coupled equation of motion. 
The excitation frequency is 
the damper natural frequency. 
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moment Of inertia Of rotor I 
The straight line in this 
figure represents the 
uncoupled performance. i n e r t i a .  

coupling (small moment of inertia) clearly results in a larger 
performance. The coupled performance approaches the uncoupled 
performance with increasing moment of inertia. So the damper 
becomes more 'uncoupled' when the moment of inertia increases. 
This indicates that the simulation of the coupled equations of 
motion predicts correct results. 

f igure 23: The performance as  a 
function o f  the rotor moment o f  

It is visible that large 



Coupled relation damper and test-rig 34 

The performance as function of the frequency of the forcing 
acceleration 

In figure 24 the performance at small nutational accelerations 
is plotted as a function of the frequency of the rotor. The 
rotor moment of inertia is 280 kg.m2. 

anquiar KlOCity Of mtoi I 

The drawn line represents the 
performance for the coupled 
system and the striped line 
represents the uncoupled 
performance. 

uncoupled performance is visible 
for frequencies near the damper 
natural frequency. This has also 

A larger value for the 

f igure  2 4 :  Damper performance 
a s  a function o f  the angular 
ve loc i ty  o f  the rotor f o r  the 
uncoupled damper and the 

been shown in the previous 
paragraph. 
The performance agreement at 

other freauencies is new. If the 
coupled system. 

damper is excitated with a 
frequency away from the natural 

frequency, the performance of the coupled system doesn't 
depend on the moment of inertia of the rotor. This performance 
is equal to the uncoupled performance for all rotor moments of 
inertia 
The coupling effect of the moment of inertia is restricted 

to the frequencies near the natural frequency. 

4.3 Bessel fluid velocity profile 

4.3.1 Theory 

The equations of motion 
With the assumptions of 4.1 the equations of motion are 
derived, using a Lagrangian formulation and a Bessel velocity 
profile. 
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An extra assumption had to be made. The phase of the fluid 
velocity was assumed to be constant through the tube cross- 
section. When this assumption had not been made, the Bessel 
velocity profile could not have been written in terms of the 
mean velocity and a velocity profile. 

As generalized coordinates are chosen: 
- The average fluid displacement in the fluid tube So 

- The angular deviation of the rotor 6 

The coupled equations of motion are derived as (see [Bakel, 
C.V. ,19931) : 

Mg+B&+ Kg=Q (15) 

with: 

M=[ 2 A  BRP .], B=[ bd o 1, K=[ kl 0 ] 
BRp I+2  CR, O 0  0 k2 

and : 

C = xpL r d r  i O 
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The equations of motion (15) were implemented in the program 
that calculates the solution to the equations of motion with 
the Poiseuille velocity profile. The integrals were calculated 
using a Gaussian method. 

4.3.2 Test simulation 
The performance as a function of the moment of inertia has 
been plotted in figure 25 where the straight line resembles 
the performance calculated with the uncoupled theory. 

In figure 25 it is visible 
that the performance as it is 
calculated with the coupled 
equations of motion is less 
than the uncoupled 
performance. The performance 
doesn't approach the uncoupled 
performance when the moment of 
inertia is increased. 

function of the moment of 
iner t ia  of the rotor of the fluid velocity is 

the assumption that the phase 

constant through the tube 
cross-section. A l s o  an error in the program can be responsible 
for this inaccurate performance calculation. 
Due to the time limit and the error no further simulations 

were done with these assumptions. It is expected that the 
results will be qualitatively equal to the simulation with the 
Poiseuille velocity profile. 

In this paragraph the results of the simulation with the 
Poiseuille velocity profile are compared with the test- 
results, which have been given in figure 26 and figure 27. 

curve of the tuned system. The curve PTM177 (T = 1.77, U = 

In figure 26 the curve PTM189 (T = 1.89, w = 3.32) is the 



Coupled relation damper and test-rig 37 

3.55) is compared with figure 19 and curve PTM205 (T = 2.05, o 
= 3.06) is compared with figure 20. A good qualitative 
agreement is found. The shape of the curves is approximated 
good. In figure 27 a sudden performance sink is visible, which 
is also calculated in figure 19. 

4.5 Conclusion 

In this paragraph the coupled relation of the damper and the 
test-rig has been investigated. Theoretical derivations have 
been made for the coupled equations of motion, the solutions 
to the coupled equations of motion and the performance of the 
damper. 

The test of the Cluster PTK in appendix A has been simulated 
using the theory with the Poiseuille profile. The solutions of 
the equations of motion have been plotted for two 
characteristic frequencies (resonance and off-resonance). A 

transient response is visible. The performance has been 
plotted for three different frequencies. The test-results have 
been approximated good. It has been shown that the performance 
behaviour at large nutational accelerations results for a 
great part from the transient response of the damper. Also a 
performance increase has been shown for increasing rotor 
moment of inertia near the damper natural frequency. The 
coupling effect of the moment of inertia is restricted to this 
area. 

The simulation of the test using the theory with the Bessel 
velocity profile needed the extra assumption of a constant 
velocity phase through the tube cross-section. This simulation 
has indicated to calculate inaccurate performances. This 
probably results from the extra assumption or from an error in 
the simulation program. Due to the time limit no further 
research was done in this area. It is expected that results of 
this simulation will be qualitatively equal to the results 
calculated using the Poiseuille velocity profile. 
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to the simulation 
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of the performance 
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5 Transition to turbulence 

5.1 Introduction 

The tube-with-endpots damper shows a performance degradation 
at large nutation angles. In the theory a laminar flow has 
been assumed, but at large nutation angles turbulent flow may 
be responsible for the performance degradation. This chapter 
is about the transition to turbulence of the flow in the fluid 
tube of the damper. It is assumed that the fluid tube is of 
infinite length and smooth. 

to turbulence are described. Also a note is made about the 
appearance of turbulence in oscillatory flows and the critical 
values for transition are given. In paragraph 5.3 the 
transition parameters for the Cluster PTM are calculated and 
compared with the transition criteria as an example. 

In paragraph 5.2, the parameters that govern the transition 

5.2 Transition parameters 

Because in the tests the accelerations gradually decrease, the 
turbulent-laminar transition has to be regarded. But in 
oscillatory flow the criteria for transition to turbulence are 
approximately equal to those for relaminarization. 
This is explained with figure 28, where experimental values 

for the fluid velocity have been plotted. In the decelerative 
phase of the motion (%n - n )  the data scattering is increased, 
This increase9 scattering however doesn't persist during the 
accelerative phase. The data scattering diminishes and the 
flow appears to relaminarize during the accelerative phase of 
the oscillatory cycle. 
These two transitions (laminar-turbulent and turbulent- 

laminar) in one cycle prove that in oscillatory flow the 
critical parameters for the transition from laminar to 
turbulent flow are approximately equal to the parameters for 
the transition from turbulent to laminar flow. 
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figure 29: The velocity 
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profile characterized by 
the Womersley parameter 
(A=a)  [Muto, T. et al., 
19801 

In oscillating flows the velocity- 
profile is characterized by the 
Womersley parameter: 

a = a j  V 

In figure 29  the characteristic 
velocity profiles are given at 
different Womersley parameters. 
When this parameter is large 
enough, the viscous effects are 
limited to the boundary layer, 
which is called Stokes-layer in 
the literature. The central core 
is an irrotational plug flow. 
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It is expected that the start of an instability appears in the 
region of the velocity-field where large velocity-gradients 
exist. This is shown in figure 30, where the standard 
deviation, CT, of experimental data of fluid velocity 
measurements is plotted as a function of time at different 
radial positions. 
Here CY is the Womersley parameter and A is the amplitude of 

the fluid movement. &/a is a measure for the reciproke of the 
Womersley parameter. Figure a and b show that the turbulence 
generated at %m < ut < 7c doesn't penetrate into the core 
region of the flow (see also figure 28). 

FIGURE i. u(r.wf) for a = 28.0, A = 21.6. R, = 8.54, a/u = 0.050. ( U )  r = O. (6) r = 0.39. ! 
(c) r = 0.76. ( d )  r = O . G .  (e) r = 0.88. 

'&ure 3 0 :  T h e  standard d e v i a t i o n  i n  measurements of the 

v e l o c i t y  a t  d i f f e r e n t  r a d i i  [Eckmann, D.M. e t  a l ,  19911 

The amplitude of the standard deviation is greatest near the 
wall and diminishes towards the centre-line. So the 
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disturbance appears earliest near the wall and propagates 
inward. The study of transition to turbulence should thus 
concern itself primarily with examining the stability of the 
boundary layer [Eckmann, D.M. et al., 19911. The critical 
parameter for transition to turbulence is then the Reynolds 
number based on the thickness of the Stokes layer: 

6 is the thickness of the Stokes layer: 

and So is the cross-sectional mean velocity. 

However if the Womersley parameter is small, the viscous 
effects are spread about the entire cross-section. The study 
of the transition to turbulence should then concern itself to 
the stability of the entire fluid cross-section and the 
critical parameter for transition is then the Reynolds number 
based on the tube radius: 

5.3 Transition criteria 

When the actual value of the Reynolds number is above the 
critical value, turbulence is likely to occur. The critical 
values of the Reynolds number depend on the velocity profile 
and with this on the Womersley parameter. In figure 31 the 
transition value of the Reynolds number based on the Stokes 
layer is given in combination with the Womersley parameter. 

5.4 Does the flow become turbulent? 

To determine whether the fluid is turbulent in the tests, the 
Reynolds number is calculated in this paragraph. The Cluster 
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f i g u r e  31: C r i t i c a l  v a l u e s  of the Reynolds number [Eckmann, 
D.M. e t  a l ,  19911 

PTM of appendix A is used with the next test-configuration. 
% = O.% m 
80 = 0.01 rad 
n = wg 

The Womersley parameter is calculated: 

a = a d m = 1 8 . 2 3  

The amplitude of the cross-section mean velocity is calculated 
with: 

-1 a , w  lc,i=/ i (*2+&p) 

e,=aJX&G 
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The amplitude of the acceleration a, is calculated with the 
maximal angular deviation of the test rig, the mounting radius 
of the damper and the oscillating frequency. 

a o = ~ 2 R p û o = 0 .  O 9  m/s2 

For tine amplitude of the cross-section mean velocity results: 

ISol=O. 28 m / s  

The Stokes layer thickness is: 
. I  

8=4-=7 .76*10-4 m 

So the Reynolds number based on the Stokes layer thickness is: 

According to figure 3 1  no turbulence occurs. 

These results are all based on experiments. It is possible 
that disturbances in the flow lead to instabilities in the 
boundary layer and that the flow becomes turbulent. A l s o  

entrance effects can initiate turbulence. 

5.5 Conclusion 

In this chapter the transition to turbulence of oscillatory 
flows has been investigated and it has been shown that the 
critical parameters for transition to turbulence are equal to 
those for relaminarization. 

Turbulence is generated in the decelerative phase of the 
fluid motion. The Womersley parameter, which is a 
characteristic parameter for the velocity profile, has been 
described. Due to the large velocity gradients at the tube 
wall, the turbulence is generated at this location. The 
transition criteria for this turbulence have been given in 
figure 31. 
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The theory has been applied to the Cluster PTM of appendix A 

on a worst-case test definition and it resulted that the flow 
does not become turbulent. This result is limited to the 
assumptions that have been made. The damper has a tube of 
finite length and the tube wall is rough. These are 
disturbances that can initiate turbulence. 
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6 Entrance effects 

6.1 Introduction 

The theory of the tube-with-endpots damper assumes a tube of 
infinite length. Therefore this theory doesn't reckon with 
entrance effects. The tube, however, is of finite length. The 
in- and outflow of fluid results in a transition region 
between the uniform fluid velocity distribution in the endpot 
and the velocity profile in the tube. Because the performance 
of the damper depends on the velocity gradient, this 
transition region affects the performance of the damper. 

In this chapter theory of the entrance length in oscillatory 
flow is given (this theory is taken from [Iguchi, M. et al., 
19873 and [Iguchi, M. et al,, 19921) and the entrance length 
in the tube is calculated. 
The assumptions made in this derivation are: 

- A semi-infinite tube with circular cross-section; 
- laminar oscillatory flow; 
- incompressible Newtonian fluid. 

6.2 The Three Subresion Model 

The oscillatory f1ow.k described with the next equation: 

~o=JSo~sin(hZt-ûo) (35) 

In oscillatory flow the phase angle 8, varies across the tube 

cross section, except in the extreme case of a low Womersley 

parameter cl=aflT - O. So when the fluid at the position of 
the tube wall in the endpot is already moving to the entrance 
of the tube, the fluid at the centre of the tube may still be 
moving outward to the endpot. Therefore it is not valid to 
assume that a fluid enters the tube with a uniform velocity 
distribution at the inlet cross-section after it had got out 
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of the tube inlet. It is shown later that except at the very 
first stage of inflow period the velocity distribution may be 
regarded as blunt. 
In [Igucki, M. et al., 19873 a flow field model called the 

Three Subregion Model, has been developed in consideration of 
the migration of the fluid particles. 

t 

f igure 32: 
Schema t i c  diagram 
of the in l e t  f l o w  
[ I g u c h i ,  M. e t  a l ,  
19871 

In figure 32 this migration is illustrated 
for the case oc + O. Considered are the 
fluid particles that are at the inlet 
cross-section a(x=O) at the instant of 
beginning of inflow (nt=O,). When the flow 
is directed inward, the fluid particles 
move into the tube. Through a position on 
curve b they finally reach the positions 
on the curved surface c. The direction is 
changed at aC=6,,+z and the particles 

return to their positions at surface a by 
way of surface d. This migration process 
of the fluid particles is repeated 
periodically. 

The curved surfaces b to d divide the flow field in two. The 
left hand side of the curves is occupied by fluid particles 
that entered the tube. The right hand side of the curves is 
occupied by fluid that never left the tube. The particles on 
the left hand side are influenced by the inlet and the fluid 
particles on the right hand side aren't influenced. 

The boundary between the two regions forms a curved surface. 
With an increase of the Womersley parameter a, the shape of 
the surface becomes different from that in figure 32 and 
becomes complicated. Because the determination of this shape 
is difficult, this boundary is approximated by a disk at a 
position L,(t) from the inlet. I$(t) is the instantaneous axial 
position of a fluid particle that can migrate to the farthest 
axial position from the inlet. 
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The maximum value of Lp(t), Le, is defined as the inlet length, 
which is different from the conventional inlet length. Fluid 
particles entering the tube never reach an axial position of 
x>L,. The variation of $(t) is schematically shown in 
figure 3 3 .  

eo e, e2 e3 e0+27c 
ut rad I 

fi5prë 33: Variation of 

Three subregions of flow are defined 
as shown in this figure. In region I 
fluid particles are not influenced by 
the inlet condition at all. Region I1 
is the flow field occupied by fluid 
particles entering the tube and mov'ing 
forward. In region I11 fluid 
particles, which once have entered the 

Ep(t9 over one cyc le  and tube, flow backward, namely toward the 
the Three Subregion inlet. Therefore, the fluids in 
Model. regions I1 and I11 are influenced by 

the inlet. At position X, the region 
is changing in time from region I to region 11, region I11 and 
back to region I again. At position X,, however, the fluid 
particles are never influenced by the entrance. This position 
is in region I during the entire cycle. 

6 . 3  Inlet lenqth calculated with the model 

In [Iguchi, M. et al., 19873 the 
inlet length is derived dependent 
on the Reynolds number based on 
the tube diameter and the 
Womersley parameter, (Y: 
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( 4 0 )  figure 34: Value of k ( 4 w ' ) .  
u' = a2 
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fully developed region, has been 
plotted [Iguchi, M., et al., 19921. 

S,Z a 
R,=- 

V 

. I  

10 z o  r 3  LO 
o ' f ( I '  

O 
I /2. 

Iulmax is the maximum amplitude of the velocity in region I. 
k ( a )  is plotted in figure 34. In this figure @=a. 

6.4 Velocity distribution calculated with the model 

Axial distribution of centre-line vel 
Axial velocity distributions of some 
test-runs are shown in figure 35. On 
the horizontal axis the position in 
the tube has been plotted. On the 
vertical axis the amplitude of the 
velocity, normalized with the 
amplitude of the velocity in the 

ocity 

~ i 

Radial distribution of the velocity 
Radial distributions of the fluid velocity have been plotted 
for different axial positions in the tube in figure 3 6 ,  

Horizontally the radial position has been plotted and 
vertically the instantaneous velocity normalized with the 
amplitude in the fully developed region. The solid lines 
represent the velocity distributions calculated from the 
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f i p r e  36: Comparison between measured and analytical 

1 1 run 1-1 . -  E -.- 

The flow of x/D, = 4 0 ,  figure 36e 

belongs entire oscillation to region I cycle, over the see 
figure 37. The solid lines in 
region I11 in the other figures of 
figure 36 are the same as those 
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at all. The measured velocity distributions in the outflow 
period in region I11 can be explained very precisely by the 
analytical solution of the velocity at the axial position of 
x/D, in region I. So the effect of the entrance seems neglected 
during the outflow of the fluid. 
In figure 36a it is also visible that at the entrance of the 

tube the velocity profile can reasonably be approximated 
uniform. 

An applicable region of the Three Subregion model has been 
plotted in figure 38. In this figure the different areas are 
visible where the assumptions aren't valid. 
I - 

figure 3 8 :  A p p l i c a b l e  
r e g i o n  of the Three 

S u b r e g i o n  Model  

[Uchida,  M. e t  a l ,  
19871 

The area where Le is not reasonable 
is based on the resemblance between 
the inlet length as it is defined here 
and the conventional inlet length. qw 
is the Reynolds number based on the 
tube radius, S, is the Strouhal number, 

S , = f D / S , ,  f is the excitation 

frequency and D is the tube diameter. 
The shaded area is the area where the 
Three Subregion Model is valid. 

6.6 Examgle of the effect of the inlet lenqth in practise 

In this paragraph the inlet length of the Cluster PTM of 
appendix A is determined. With this inlet length its influence 
on the performance can be calculated. 
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It is assumed that the damper is excitated in the next test- 
configuration: 
% = 0.8 m 
6 0  = 0.01 rad 
n = wo 

The Womersley parameter is: a = a m = 1 8 . 2 3  

The amplitude of the cross-section mean velocity is calculated 
with: 

The amplitude of the acceleration a, is calculated with the 
maximum angular amplitude of the test rig, the mounting radius 
of the damper and the oscillating frequency. 

ao=~2Rp(30=0.  O9 m/s2 

For the amplitude of the cross-section mean velocity results: 

ISol=O. 28 m / s  

The Reynolds number based on the tube radius is calculated: 

S02 a 
R,=-=5283 

V 

The Strouhal 

f=-$=0.53 

St=fI )=O.  037 
S O  

number is calculated with: 

With the values for the Womersley parameter, the Reynolds 
number and the Strouhal number it can be verified in figure 38 
that the Three Subregion Model is valid. 
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In figure 34 the value of k ( a )  is read: 
k(a)=1.15 

The inlet length is determined with ( 4 0 ) :  

L,=k ( a )  2aRa =0.183 m 
( 2 a 2 )  

This inlet length is of the same magnitude as the tube length 
(L=0.1986 m), so the inlet will have a large influence on the 
performance. It is assumed that due to a decreasing amplitude 
of the forcing acceleration the amplitude of the average fluid 
velocity decreases. With this the Reynolds number and the 
inlet length becomes smaller. So with a decreasing amplitude 
of the forcing acceleration the part of the tube that 
contributes to the damping action increases. 

The amplitude of the forcing acceleration where the inlet 
length is negligible compared with the tube length can't be 
calculated, because the Three Subregions Model isn't valid at 

that point. 

6.7 conclusion 

In this paragraph the theory of the inlet length at 
oscillatory flows was described. 

region near the inlet was divided into three subregions 
according to the instantaneous axial position of the fluid 
particle with the maximum migration distance L,, which was 
defined as the inlet length. An applicable range for the Three 
Subregion Model was given in figure 38. 

A "Three Subregion Model" was described for inlet flows. The 

A formula for the inlet length was given that depends on the 
Womersley parameter and the Reynolds number based on the tube 
diameter. 
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The velocity distributions in axial and radial direction, 
where the influence of the inlet length is clear, were 
plotted. 

An application of the theory on the Cluster PTM of appendix A 
is given. It is derived that the inlet length is of the same 
magnitude as tRe tube length. It is thus concluded that the 
inlet has a large influence on the performance. With 
decreasing amplitude of the forcing acceleration however, the 
inlet length becomes shorter and the effect on the performance 
becomes less. This is in agreement with the measurements. 
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7 Conclusions and recommendations 

conclusions 
In this report four effects were investigated for their 
influence on the performance behaviour at large nutational 
accelerations. 

- The deviation of the acceleration field as assumed in theory 
from that on the test-rig doesn't have a significant 
influence on the performance behaviour. 

- The coupling between the damper and the test-rig mainly 
determines the performance behaviour at large nutational 
accelerations. In particular the transient fluid response in 
the beginning of test is responsible for this behaviour. It 
has also been shown that the rotor moment of inertia defines 
the measure of coupling. A small rotor moment of inertia 
results in a performance at small accelerations that is too 
high. The smaller the moment of inertia, the higher the 
performance. 

- For turbulence the transition criteria were given. For 
accelerations comparable to the tests turbulence will not be 
initiated. 

- The influence of inlet flow is calculated to be present. At 
the start of a test-run the inlet length is of the same 
magnitude as the tube length. With decreasing acceleration 
the inlet length decreases and the tube length that 
contributes to the damping action increases. 

All these effects are restricted to their assumptions. They 
can't predict the complete performance behaviour separately. A 

combination of the coupling effects, the inlet flow and at 
very large accelerations turbulence gives a good qualitative 
performance behaviour on the test-rig. 
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Recommendation for further research 
A characteristic number for the coupling between damper and 
test-rig can be calculated. In this report the influence of 
the moment of inertia on the coupling has been shown, but the 
mounting radius also will influence the coupling. When a 
characteristic number is known, the performance with coupling 
can be derived direct ly  from the uficoqled performance, 

Recommendation for test-rig 
The rotor moment of inertia should be comparable to the 
satellite moment of inertia to gain comparable damping 
behaviour, This can be achieved by scaling the coupling on the 
test-rig with a characteristic number for the coupling. 
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Appendix A: Geometry of the PTM of the Cluster =-damper 

In this appendix the geometry is given of the Performance Test 
Model (PTM) of the Cluster MA-damper, that is used to 
calculate the impact of the different effects. 
Cluster is a satellite which will research the interaction 

between the earth nagfietic field and sslar wind- At tnis 
satellite two tube-with-endpots dampers are present, that are 
used for the damping of unwanted nutation-like motions 
resulting from antenna movement. Each is tuned at a different 
frequency range (MA-mode or EA-mode). Together they damp the 
nutation movement (N-mode) of the satellite. 
The PTM is a scaled model of which the fluid behaviour in 

earth conditions is equal to the fluid behaviour of the damper 
in space conditions. 

Geome try : 
Tube radius: a = 10.0 

Tube length: L = 198.6 

Endpot radius: b = 26.0 

Fluid density: p = 1.8*103 

Gravitation: g = 9.81 

Natural angular velocity: o, = 3.31 

Fluid kinematic viscosity: u = 1.06*10" 

mm 
mm 
mm 

ks/m3 
m2/ s 

m/ s2 

rad/s 
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