1 Method for determning the fatigue of a punp rotor of a gas turbopunp The
invention relates to a nethod for determning the fatigue of a punp rotor

of a fast rotating gas turbopunp. Gas turbopunps and especially turbo

nol ecul ar punps are operated at rather high rotational speeds of 10,000 -
100, 000 rpm Because of the great cen- trifugal forces, tenperature

i nfluences etc., the punp rotor is subject to ne- chanical fatigue. In
particular with gas turbopnps, narrow faps are provided between the punp
rotor and the punp stator so as to obtain as high a capac- ity as possible.
After a certain tinme, the punp rotor fatigue causes a failure of the punp
rotor or a collision of the punp stator and the punp rotor. In order to
avoid this, the punp rotor is replaced prior to the estimated tinme of colli-
sion. A chronol ogically constant nai ntenance interval nay be provided that
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certain tine a certain”operatron perio rom a net hod
is known wherein a dynam c naintenance interval is calculated fromthe

absol ute rotational speed and the t erature. of t pu otor. The
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have shown that, in this manner alone, a practice-oriented dynamc
mai nt enance interval cannot be determned with sufficient accuracy, given
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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 A1, 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-



ring. According to the invention, this object is achieved with the features
mentioned in claiml. In accordance with the nethod of the invention for
determning the fatigue of the punp rotor of a gas turbopunp, the follow ng
met hod steps are provided: conti nuous ydeterm nati on of the rotational
speed (n) of the purrp rotor, determ nation of the local rotational speed
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each ot hefingto formpairs, deternmination of a pair fatigue value (L) for
each of the rotational speed pairs, and accumulation of all pair fatigue
values (L) to forma total fatigue value (Ltot) . Tests have shown that,
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i ndependently intorporated to a subs]tantla degree in the life tine or the
fati gue ofn glaimast.-rotating netal conponent. Only if the cyclic stress is

al so detected, can, in particular, the risk of ruptures at the punp rotor
be realisti- cally included in the determ nation of the nechanical fatigue
of the pump dceordadice Wathlthe sietiess oaltheadvemnwf@— detestriinbyy trevédtigued efirl y
bel ow the so-called ten- sional stren Rﬁ a nmetal materi al gg_often
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macroscopi ¢ plastic deformation. The 3 reason for cyclic stress is in the
interaction of the mcrostructure of the re- spective material with the
cyclic | oad strestnudlsdetarophation of dpe astatordéfpead-(n)iodhbe paumpeetar, i n t he
mat eri al even below the yield point. These may occur,

. determination of the local rotational speed maxima and minima of a

temporal rotational speed profile under consideration,

J 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
J 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 R, of a metal material and often also occurs below the yieid

point R. that indicates the beginning of macroscopic plastic deformation. The



on the one hand, at sites of local |oad concentration in the conponent, but
they may al so occur, on the other hand, in regions of softer structure, such
as ina preC|p|tat|on har dened nateri al . However, m croscopi c defornations
can also occur in the region of individual crystallites that show a
favorabl e crystal- lographic orientatio® with respect to the stress
direction, so that a slip and thus a plastic deformati on may occur there.
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cyclic stress of the punp rotor, the rota- tional speed (n) of the punp
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speed maxina Onal "speed nmi"ni e are rot a- onal ™ speed
maxi mum omweskenednt thés peatiomeloysudhsa drgred thate vahpwe neht euptwdeladaursvmen it
I's reached, the sign of the acceleration changes. After a rota-
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,



tional speed maxi num has been reached, the rotational speed thus decreases,
4 while the rotational speed increases after a rotational speed m ni mum has
been reached. The period under consideration may refer to a single cycle
that may last froma maxinumto a mninumor froma mninumto a maxi num
may |ast fromthe start-up to the stop éf the punp rotor, may refer to a
fixed time span or to a defined nunber of maxima and m nima. For the period

of the rohaileottad retEerhaprsyddde inurdases afiwirdermtationalt bpe¢dtramnitivonahasspeed
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pairs. Apair fatigue value L is calculated fromeach rotational speed maxi-
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profile, Speed palrs are 'mned according to a
defined rule, a fati gue vaI ue is calculated for each ro- tational speed palr
and the fatigue val ues | culated are a | ated to for total fatigue
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| ar ge saf efympmiginenfpirs.t he determi nation of the maintenance interval can
be avoided. Preferably, a characteristic nmechanic |oad of a respective
rotational speed pair is included in the determ nation of the wear value L.

The charagt efdistiagigu@adaflie 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 L.

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-



the rotational speed pair may be the arithnetic nean val ue of both nechani -
cal loads, for instance, which occur due to the centrifugal forces in the
rel evant conponent at the two rotational speeds of the rotational speed
maxi 5 rmunf m nimum pair. Thus, the level of the rotational speed and the
swing of the rotational speed are incldded in the calculation of the wear
value. Preferably, the rotational speed of the rotor is determned in
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determnation of the Trotational speed of the rotor al so neans a

det er ni nathoretatiopahspestt am rdeded in thiecalpudkioal of the weaeveleer val may | ast
one or nore seconds. Cenerally, this is sufficient since the rotational
speed of gas Turbopunps, for instance, is not varied all the time and, in
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until the end of the maintenance interval so that the maintenance an be pre-

pared sevithl thtageteomingieks. i n advance. Of course, a plurality of threshold
val ues for the total fatigue value nay be provided which cause different
alarms towards the end of a maintenance interval.

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:



The followng is a detail ed description of an enbodi nent of the invention
wth reference to the drawings. In the Figures: 6 Fig. 1 shows a diagram
illustrating the relationship between a stress anplitude or, correspondi ng
to a respectlve rotational speed and the nunber of cycles unt|I destruction
(Wbhler's diagran), Fig. 2 shows a schefatic illustration of the

rel ati onship between the ro- tational speed cycle and the stress cycle with
the associFgd.ibn of shéwsdaodibgrarapiitistiatingt ties sepatiarstlerisetiveenhe sotsd i onal

speed, and Fig. 3 illustrates a possible cyclic operation of a gas
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speeds and the great centrifugal forces entailed thereby cause high radial
mechani cal loads in the formof stresses, in particular in the area of the
punp rotofig.1d vi e\Aﬁb@WﬁrﬁeS@@@i@abéJ”lﬁA}é@ﬂpﬁ Ré therplasicasbip AAtveedrk thed- r ot or
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rotor can cause a collisio OI’ an

Besi des the influenceaatl bhreerr %@&ﬂl@&@ﬁesspwﬁnhét%% froatrte @6tatthﬁ1aﬂ Glpekd,
tenpera- ture, explai'ned in DE 101 51 682 Al and describing the so-cal | ed

creep stress, the andcalled cyclic stress is also included in the
mechani cal fatigue of the punp rotor. Tests have shown that materi al
fatigues due to creeping, on the one hand, and due to so-called cyclic

stress, ofidhe ot heyignfes & Bobab@ekyclic! 6‘&@’@%9%\* afdam@aeBuridieforiin- a
| oad range of stress and tenperature usually
stance, |IIustrated 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 o , plotted on

al

the ordinate, and the number of corresponding cycles of rotational speed until



found in practice. The tenporal succession of creep stress and cyclic stress
is of no great inportance in considering the total fatigue of a conponent,
so that both stresses can be added after they have been determned. Fig. 1
illustrates the relationship between the stress anplitude Q,, plotted on
the ordinate, and the number of correspdnding cycles of rotational speed
until 7 destruction, plotted on the abscissa. It clearly shows that there

is a lini devalugonf plottad ohehevubskiseh. ttheeatpizdiowef tHeeahabd és ayivhies/alud i |
rupture tends towards the infinite. The relationship between the rotational

speed andfe@he. sy Which gae inyEebeyyof hearsRieeYEers Ut rYREe, tepds tRwasdet c.
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al gorithns, Fig. lustrates, in an exe | ary manner, a cycle profile as
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a polynom al can be found, with it be determ ne(
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where N,,, mber of unhiformcycles (stress swings) until destruction a,,
0-, a,, -tlzeqsumﬁndtthessvr@smr@,lng stress @ Qver-tame=t.stress swing / 2 = range
of stress (n_; n.2 ~

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:

3
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where

N,, = number of uniform cycles (stress swings) until destruction

_ O.h + G/ _
o, = — mean stress

c,=0,~-0, =0, ~0, = stress swing / 2 = range of stress

2
max(nz sh, 2)
O =0y sty [_______ = upper stress; n,, and n_., are the values or ro-
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tational speed associated with each other



(Ti, =a,.~/ _"A.,,~ max upper stress; n" and n,, are the values or ro-
tational speed associated with each other 8 rmni",,;",,z 2 CF, = a,,/,
yk,,,, = lower stress; T,,,, is the stress in the rotor at n rc/, .yk,li
the rotational speed n,..| The coefficients R - /; and y, - y" as well as
a" are determ ned by interpola- tion, e.89. usi ng the sum of -squares net hod,
fromexperinentally found value triples Ntr, crl1l,, a,,. It is evident that
t he nmean stress Qan tih ns,tﬂre swing a" 2 are included in the calculation
via the ngghapical “2F| qUIewer istredd; eXeNR @y sthdddsh ahé qotef ad
tenporal rotati‘ohal \spegd. prof)le as found in practice. The rotational
speed n of the rotor is deternined at constant time intervals At. O
course, ithemytatwnail gpeédogntly shorter than illustrated in he present
case, so as to realize a determ nation of the rotational speed at shorter
intervals and to obtain a nore precise picture of the tenporal rota- tional
speed profile. After a mnjinmumrotational speed or m ni_mjg1 rot ati onal
speed fredtientSeft¢ientiid tdf PRLtanck, %@’eﬁeaegnauﬁﬁ’e SHIMINg AR INJEEPURT er ni -
nation is perforned. soon aﬁ]the si gn ﬁf tge accel erat i on ghanﬁes, t he
rot at i onal"&p&ed HaXi9- thu A B OhSAHALRM ﬁlﬁ a8y EXBedmErig!y JoUnd Jrelye

maxi mum Ortriﬁiégil(ﬁ%‘[ma |f5 the rotational speed stored is a local maximm it
is stored I1h a maxi fim “nmenory. |If the rotational speed stored is a |ocal
mninmum it is stored in a mninmumnenory. In the present exanple, mnina
are detected in this man- ner at the points B, D, F, Hand mnim are

det ect ed 4t ig heideot hhat the Qyed) stess|q, @ngethea strgss ewming ke, -Gy are indedesds, no

pairs of maxima/mnima that are .
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 4t. Of course, At 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-



chronol ogi cal |y adjacent are forned, but pairs of extrene val ues occurring
in the tine span observed are forned. The first pair is made up fromthe
| owest rotational speed m ninumand the highest rotational speed maxinum
i.e., in the present case, fromthe palr A-D. The second pair is forned
fromthe re 9 maining extrene val ues GOF, the third pair is formed from
the values C and B etc. This procedure has established itself as a proven
met hod. Rmrhaihir(glaktrepeeadaM&Bué,sﬂ/\tﬁecthircépraersierfbrmedifndmmuirhei nalules C and B

chr onol og| uence and .d have to be used as xi mum because of
the for matel rBF praﬁ?%ep%?sr ggpaﬁhﬁr%e(i?tée&(?sraeﬁrommﬁfﬁf)gﬁd are ignored in
t he total eval uation. The sane is true for pseudo minima. In the present
case. This applies to the pair_ of E, H The tinme span under consjderation
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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 N, a pair fatigue value L is calculated for each

rotational speed maximum/minimum pair, using the formula:

L=1/N

The total fatigue value L., results from the sum of the pair fatigue values L:

L,=21/N, =ZL
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Further, the constantly accumulated creep fatigue value can be added thereto.
The accumulated cycle fatigue value Ly or the combined creep/cycle fatigue
value can be continuously compared with a total fatigue limit value L. The
limit value Ln,y is less than 1.0, since failure can be expected for a limit value
Lmax=1.0, As soon as the total fatigue value L, exceeds the limit value L., a

corresponding fatigue signal is output.



limt value Lmax is less than 1.0, since failure can be expected for a limt
value Lnmax=1.0. As soon as the total fatigue value Ltot exceeds the limt
val ue Lmax, a corresponding fatigue signal is output. 10 Cdains 1. A

met hod for determ ning the fatigue of the punp rotor of a gas tur- bopunp,
conprising the follow ng nethod steps: 1@&ontinuous determnination of the
rotational speed (n) of the punp rotor, determ nation of the | ocal

rot ati onat|speed maxi ma and mnima of a tenporal rotational speed profile
under consideration, association of the rotational speed maxi ma and m ni ma
with each other to formpairs, determ nation of a pair fatigue value (L)

for each gf th ¢oel téﬁﬁﬁ% 2hE Sfati@0e o et Biind IreBorobf & hapalF-
fatigue vgl uesﬁ(r'ingéru?%di grr%ea t ot al @ fatig 5 @ v% | ue ?Mn@é 2. Theb?ret hod f or

det er mi ni ng t heopamipggenuirising tbarfrpllmmmrm@th@d §EBPSt ur - bopurrp of claiml,
characterized in that at |east one characteristic stress of the rotational
speed pairs is included in the determ nation of the pair fatigue value (L).
3. The method $or desmimidlusngetdimnihationwe thé robstignaispesido(n)odf ehegpantpur -
bopunp of claim2, characterized in that a characteristic stress is the
nmean stress of a re§P8Etive rotational speed pair. 4. The nmethod for

determ ning the fatigue of the punp rotor of a gas tur- bopunp of one of
claims 1-3, characterized in that a |ocal rotational speed naxi num or
mninumis a zero cdetsimigatién tofiéhe dogalratatporsfl ispeed maxima and minima of

a temporal rotational speed profile under consideration,

J 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)-

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.



of the rotor acceleration, respectively. 11 5. The nethod for determ ning
the fatigue of the punp rotor of a gas tur bopunp of one of clains 1-4,
characterized in that the determ nation of the rotational speed (n) of the
rotor is effected at constant tine inter- vals (At). 6. The nethod for
deternining the fatigue of the punp rotbt of a gas tur- bopunp of one of
clainms 1-5, characterized in that the pair fatigue value (L) is determ ned
by a polynom al hat is at |east square, nore prefera- bly at |east cubic. 7.
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limt value (Lmax). 8. The nethod for det er m nlr::g he fatigue of the pu

rotor of a gasth%WOt%Whﬁpéﬁd(ﬁﬁ@ of the sotes i3 -effecipdradcistaridtime {TH&t- cr eep
fatigue val ues,, (et ontinuously determ ned fromthe rotational speed (n) of
the rotor and'f tor tenperature and are continuously accunulated in the
total fatigue vaI ue (Lror)

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 (L) exceeds a total fatigue

limit value (Lmax).

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 (Lioy).





