
1  Method for determining the fatigue of a pump rotor of a gas turbopump The
invention relates to a method for determining the fatigue of a pump rotor
of a fast rotating gas turbopump. Gas turbopumps and especially turbo
molecular pumps are operated at rather  high rotational speeds of 10,000 -
100,000 rpm. Because of the great cen- trifugal forces, temperature
influences etc., the pump rotor is subject to me- chanical fatigue. In
particular with gas turbopmps, narrow gaps are provided  between the pump
rotor and the pump stator so as to obtain as high a capac- ity as possible.
After a certain time, the pump rotor fatigue causes a failure of  the pump
rotor or a collision of the pump stator and the pump rotor. In order  to
avoid this, the pump rotor is replaced prior to the estimated time of colli-
sion. A chronologically constant maintenance interval may be provided that
sched- ules maintenance work or a replacement of the pump rotor after a
certain time  or a certain operation period. From DE 101 51 682 Al, a method
is known wherein a dynamic maintenance  interval is calculated from the
absolute rotational speed and the temperature  of the pump rotor. The
so-called creep stress of the pump rotor is thus deter- mined and is
included in the calculation of the dynamic maintenance interval.  Studies
have shown that, in this manner alone, a practice-oriented dynamic
maintenance interval cannot be determined with sufficient accuracy, given
cer- tain operational conditions. It is thus an object of the present
invention to provide a method for determin- ing the fatigue of the pump
rotor that determines the fatigue of the pump ro 2  tor as close to reality
as possible for all operational conditions actually occur- 



ring. According to the invention, this object is achieved with the features
mentioned  in claim 1. In accordance with the method of the invention for
determining the fatigue of  the pump rotor of a gas turbopump, the following
method steps are provided:   continuous determination of the rotational
speed (n) of the pump rotor,   determination of the local rotational speed
maxima and minima of a  temporal rotational speed profile under
consideration,  association of the rotational speed maxima and minima with
each other  to form pairs,  determination of a pair fatigue value (L) for
each of the rotational speed  pairs, and  accumulation of all pair fatigue
values (L) to form a total fatigue value  (Ltot) . Tests have shown that,
besides a possible creep stress, the so-called cyclic  stress is
independently incorporated to a substantial degree in the life time or  the
fatigue of a fast-rotating metal component. Only if the cyclic stress is
also  detected, can, in particular, the risk of ruptures at the pump rotor
be realisti- cally included in the determination of the mechanical fatigue
of the pump ro- tor. Cyclic stress already occurs at stress levels clearly
below the so-called ten- sional strength Rte, of a metal material and often
also occurs below the yield  point Re that indicates the beginning of
macroscopic plastic deformation. The 3  reason for cyclic stress is in the
interaction of the microstructure of the re- spective material with the
cyclic load stress. Microscopic microplastic deforma- tions can occur in the
material even below the yield point. These may occur,  



on the one hand, at sites of local load concentration in the component, but
they may also occur, on the other hand, in regions of softer structure, such
as  in a precipitation-hardened material. However, microscopic deformations
can  also occur in the region of individual crystallites that show a
favorable crystal- lographic orientation with respect to the stress
direction, so that a slip and  thus a plastic deformation may occur there.
If these slips protrude from the  component surface, microscopic steps are
formed that are also referred to as  intrusions and extrusions. These form
notches that may cause a local stress  overload. At this location, a
superficial fissure may occur in the course of fur- ther cyclic stress,
which is enlarged by the cyclic stress until the component is  weakened at
this location to such a degree that a component rupture occurs. A detection
and estimation of the cyclic stress requires the monitoring of the
rotational speed of the pump rotor and the detection of the end or the
termi- nation of a cycle of rotational speed. In the present context, a
cycle of rota- tional speed means a time interval at the beginning and the
end of which the  sign of the pump rotor acceleration has changed, i.e. the
temporal profile of  the pump rotor acceleration thus shows a zero crossing.
A cycle of rotational  speed preferably lasts from one zero crossing of the
temporal acceleration  profile to the next zero crossing. Alternatively, a
cycle of rotational speed may  be conceived as a time interval that starts
with the beginning of a positive ac- celeration and ends with the end of a
sequential negative acceleration. To be able to determine the so-called
cyclic stress of the pump rotor, the rota- tional speed (n) of the pump
rotor is continuously determined. Thus, a tempo- ral profile of the
rotational speed is established for which the respective local  rotational
speed maxima an rotational speed minima are determined. A rota- tional speed
maximum or minimum, respectively, is an extreme value after  which, when it
is reached, the sign of the acceleration changes. After a rota- 



tional speed maximum has been reached, the rotational speed thus decreases,
4  while the rotational speed increases after a rotational speed minimum has
been reached. The period under consideration may refer to a single cycle
that  may last from a maximum to a minimum or from a minimum to a maximum,
may last from the start-up to the stop of the pump rotor, may refer to a
fixed  time span or to a defined number of maxima and minima. For the period
of the rotational speed profile under consideration, the rota- tional speed
maxima and minima are each associated with each other to form  pairs.
Various rules or algorithms may be used to associate the rotational  speed
maxima and minima with each other for the generation of maxi- mum/minimum
pairs. A pair fatigue value L is calculated from each rotational speed maxi-
mum/minimum pair. Finally, all calculated pair fatigue values L are accumu-
lated to form a total fatigue value Ltot. For a complex rotational speed
profile, first, all rotational speed pairs are de- termined according to a
defined rule, a fatigue value is calculated for each ro- tational speed pair
and the fatigue values calculated are accumulated to form  a total fatigue
value. The total fatigue value thus indicates the total fatigue  due to the
cyclic stress of the pump rotor in the period under consideration. In  this
manner, it becomes possible to calculate a maintenance interval that in-
cludes the cyclic stress of the pump rotor in the calculation. Thus, a
mainte- nance interval can be determined with high security and
significantly higher  accuracy, so that both fatigue-related damages and
large safety margins for  the determination of the maintenance interval can
be avoided. Preferably, a characteristic mechanic load of a respective
rotational speed pair  is included in the determination of the wear value L.
The characteristic load of  



the rotational speed pair may be the arithmetic mean value of both mechani-
cal loads, for instance, which occur due to the centrifugal forces in the
relevant  component at the two rotational speeds of the rotational speed
maxi 5  mum/minimum pair. Thus, the level of the rotational speed and the
swing of  the rotational speed are included in the calculation of the wear
value.  Preferably, the rotational speed of the rotor is determined in
constant time  intervals. Therefore, in the present case, a continuous
determination of the  rotational speed of the rotor also means a
determination at constant discrete  time intervals. A time interval may last
one or more seconds. Generally, this is  sufficient since the rotational
speed of gas Turbopumps, for instance, is not  varied all the time and, in
particular, can not be varied very quickly. The intro- duction of an
appropriate time interval for the determination of the rotational  speed of
the rotor reduces the workload on the computer hardware charged  with the
determination. In a preferred embodiment of the invention, pair fatigue
value is determined  using an at least square, particularly preferred a
cubic polynomial. Thus, a fa- tigue value close to reality can be calculated
that indicates the stress occurred  with sufficient accuracy. As an
alternative, the pair fatigue value can also be  determined in a simpler
manner if a certain higher inaccuracy is accepted.  Preferably a fatigue
signal is output as soon as the total fatigue value exceeds  a threshold
value for the total fatigue value. The threshold value for the total
fatigue value may be chosen, for instance, such that a reserve still remains
until the end of the maintenance interval so that the maintenance an be pre-
pared several days or weeks in advance. Of course, a plurality of threshold
values for the total fatigue value may be provided which cause different
alarms towards the end of a maintenance interval. 



The following is a detailed description of an embodiment of the invention
with  reference to the drawings. In the Figures: 6  Fig. 1 shows a diagram
illustrating the relationship between a stress amplitude or, corresponding
to a respective rotational speed and  the number of cycles until destruction
(Wohler's diagram), Fig. 2 shows a schematic illustration of the
relationship between the ro- tational speed cycle and the stress cycle with
the association of  6"and other specific stress parameters to the rotational
speed,  and Fig. 3 illustrates a possible cyclic operation of a gas
turbopump, for in- stance, illustrated as a rotational speed n over time t
to define  various parameters. In the operation of a gas turbopump and in
particular in the operation of a  turbo molecular pump, the high rotational
speeds and the great centrifugal  forces entailed thereby cause high radial
mechanical loads in the form of  stresses, in particular in the area of the
pump rotor. In view of the gaps be- tween the pump stator and the pump rotor
being as small as possible, rather  minimal mechanical changes of the pump
rotor can cause a collision between  the pump rotor and the pump stator.
Besides the influence of the rotational speed itself and of the rotor
tempera- ture, explained in DE 101 51 682 Al and describing the so-called
creep stress,  the so-called cyclic stress is also included in the
mechanical fatigue of the  pump rotor. Tests have shown that material
fatigues due to creeping, on the  one hand, and due to so-called cyclic
stress, on the other hand, are largely  independent from each other in a
load range of stress and temperature usually  



found in practice. The temporal succession of creep stress and cyclic stress
is  of no great importance in considering the total fatigue of a component,
so that  both stresses can be added after they have been determined. Fig. 1
illustrates the relationship between the stress amplitude Q,,, plotted on
the ordinate, and the number of corresponding cycles of rotational speed
until 7  destruction, plotted on the abscissa. It clearly shows that there
is a limit value  for c,, below which the number of bearable cycles until
rupture tends towards  the infinite. The relationship between the rotational
speed and the stress is  defined by the material, the shape, the mass etc.
of the pump rotor so that  both values can alternatively used in
calculation. Hereinafter, as an example,  the mechanical stress is used in
determining the fatigue. For a better understanding of the following
algorithms, Fig. 2 illustrates, in an  exemplary manner, a cycle profile as
a function of the rotational speed n of  the pump and the corresponding
stress a over time t. For each cycle variant of a gas turbopump, a curve in
accordance with Fig. 1  or an entire set of curves is experimentally
determined for different loads.  From these curves, the constant factors of
a polynomial can be found, with  which it may be determined, according to
Fig. 2, for each cycle variant, how  many uniform cycles would occur in
total until destruction: log(A'mn =av +/3i 'a,, +Q2 a +Q3 'O+71 a"+7, Q~ +7,
where N,,, = number of uniform cycles (stress swings) until destruction  a,,
0-, a,, = 2 = mean stress Q" = a,, -a = 0,,, -a, = stress swing / 2 = range
of stress  (n_ ; n.2 ~ 



(Ti, =a,.~/_"A.,,~, max upper stress; n" and n,, are the values or ro-
tational speed associated with each other 8  rmini",,;",,z 2 CF, = a,,/,
yk,,,, = lower stress; T,,,, is the stress in the rotor at  n rc/, .yk,li
the rotational speed n,..l The coefficients R, - /; and y, - y" as well as
a" are determined by interpola- tion, e.g. using the sum-of-squares method,
from experimentally found value  triples Ntr, cr11,, a,,. It is evident that
the mean stress Qand the stress swing a" 2 are included  in the calculation
via the mechanical stresses. Figure 3 is an exemplary illustration of a
temporal rotational speed profile as  found in practice. The rotational
speed n of the rotor is determined at constant  time intervals At. Of
course, it may be significantly shorter than illustrated in  he present
case, so as to realize a determination of the rotational speed at  shorter
intervals and to obtain a more precise picture of the temporal rota- tional
speed profile. After a minimum rotational speed or a minimum rotational
speed frequency of 10Hz,for instance, has been undershot, a fatigue determi-
nation is performed. As soon as the sign of the acceleration changes, the
rotational speed maxi- mum or minimum just passed is stored as a local
maximum or minimum. If  the rotational speed stored is a local maximum, it
is stored in a maximum  memory. If the rotational speed stored is a local
minimum, it is stored in a  minimum memory. In the present example, minima
are detected in this man- ner at the points B, D, F, H and minima are
detected at the points A, C, E, G.  In order to detect the cyclic stress, no
pairs of maxima/minima that are  



chronologically adjacent are formed, but pairs of extreme values occurring
in  the time span observed are formed. The first pair is made up from the
lowest  rotational speed minimum and the highest rotational speed maximum,
i.e., in  the present case, from the pair A-D. The second pair is formed
from the re 9  maining extreme values G, F, the third pair is formed from
the values C and B  etc. This procedure has established itself as a proven
method. Rotational speed values which represent a minimum in the
chronological se- quence and would have to be used as a maximum because of
the formation of  value pairs, thus are no real maximum and are ignored in
the total evaluation.  The same is true for pseudo minima. In the present
case. This applies to the  pair of E, H. The time span under consideration
for the determination of fatigue may be a  full operation cycle, i.e. it may
last from the last activation of the gas pump to  the subsequent
deactivation of the gas pump. However, the time span under  consideration
could also be the entire life cycle of the pump. In practice, the  time span
monitored will be limited by the available computer and memory  capacity.
When the entire past pump life cycle is considered, the whole accu- mulated
wear value is recalculated completely each time. With the formula solved for
Ntoo a pair fatigue value L is calculated for each  rotational speed
maximum/minimum pair, using the formula: L = l l N,,,, The total fatigue
value Ltot results from the sum of the pair fatigue values L:  1,110 = E 1 /
NtI'll , = E L, Further, the constantly accumulated creep fatigue value can
be added thereto.  The accumulated cycle fatigue value Ltot or the combined
creep/cycle fatigue  value can be continuously compared with a total fatigue
limit value Lmax. The  



limit value Lmax is less than 1.0, since failure can be expected for a limit
value  Lmax=1.0. As soon as the total fatigue value Ltot exceeds the limit
value Lmax, a  corresponding fatigue signal is output. 10  Claims 1. A
method for determining the fatigue of the pump rotor of a gas tur- bopump,
comprising the following method steps:  continuous determination of the
rotational speed (n) of the pump  rotor,  determination of the local
rotational speed maxima and minima of  a temporal rotational speed profile
under consideration,  association of the rotational speed maxima and minima
with each  other to form pairs,  determination of a pair fatigue value (L)
for each of the rotational  speed pairs, and  accumulation of all pair
fatigue values (L) to form a total fatigue  value (Lt t). 2. The method for
determining the fatigue of the pump rotor of a gas tur- bopump of claim 1,
characterized in that at least one characteristic  stress of the rotational
speed pairs is included in the determination of  the pair fatigue value (L).
3. The method for determining the fatigue of the pump rotor of a gas tur-
bopump of claim 2, characterized in that a characteristic stress is the
mean stress of a respective rotational speed pair. 4. The method for
determining the fatigue of the pump rotor of a gas tur- bopump of one of
claims 1-3, characterized in that a local rotational  speed maximum or
minimum is a zero crossing of the temporal profile  



of the rotor acceleration, respectively. 11  5. The method for determining
the fatigue of the pump rotor of a gas tur bopump of one of claims 1-4,
characterized in that the determination of  the rotational speed (n) of the
rotor is effected at constant time inter- vals (At). 6. The method for
determining the fatigue of the pump rotor of a gas tur- bopump of one of
claims 1-5, characterized in that the pair fatigue value  (L) is determined
by a polynomial hat is at least square, more prefera- bly at least cubic. 7.
The method for determining the fatigue of the pump rotor of a gas tur-
bopump of one of claims 1-6, characterized in that a fatigue signal is
output as soon as the total fatigue value (Ltot) exceeds a total fatigue
limit value (Lm,ax). 8. The method for determining the fatigue of the pump
rotor of a gas tur- bopump of one of claims 1-7, characterized in that creep
fatigue values  are continuously determined from the rotational speed (n) of
the rotor  and the rotor temperature and are continuously accumulated in the
total  fatigue value (Lror) 




