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ABSTRACT

a. Prediction and Analysis of the Reliability of
Turbomachinery Installations—Influence of various com-
ponents on over-all reliability, such as of turbines, com-
pressors, gears. motors, piping, foundations. Critical
items in reliability evaluation.

b. Identification of Problem Areas in Existing In-
stallations (““trouble-shooting”)}—How to predict and
identify problem areas and probability of shutdown or
component failure.  Application of protective devices
and supervisory instrumentation to prevent or minimize
losses.

c. Analysis of Turbine Operation to Predict Future
Problems—Critical areas in turbine operation. Common
failures caused by mal-operation. Instrumentation and
protective devices to minimize risk.

PREDICTION AND ANALYSIS OF THE
RELIABILITY OF TURBOMACHINERY
INSTALLATIONS

During the last few years the size of petrochemical
plants and chemical plants has increased considerably.
This means that the turbomachinery which is used in
these plants has also become larger. The machines
operate at higher speeds, and they are now far more
complex than before. In addition, the time between
turn-arounds has now increased to two, three, and even
five years. As a result of the increased output of prod-
uct of these large plants, the losses which are experi-
enced as a result of an accidental shutdown are very
high, and numbers of 100,000 dollars per day and even
more are not unusual.

As a result of this situation it became evident that
there is a need for more systematic means to aid in

trouble-correction and to reduce shutdown time. Also,
means are required to predict reliability in advance,
and to evaluate reliability versus initial cost, operating
cost, and shutdown costs.

To indicate the reliability of a turbomachinery
installation a series of curves can be developed, which
are keyed to a common denominator, for comparative
purposes. Fig. 1 shows a set of such curves. This
approach has the advantage of giving a general idea of
the interaction of the various factors. For example, it
can be demonstrated why a perfectly good machine may
not run well in a poor installation. Vice versa, it can
be demonstrated why a poorly applied machine or poorly
designed machine may run quite well if it is well in-
stalled, carefully operated, and capably maintained. The
individual reliability factors are multiplied to find over-
all factors for major components or for the entire instal-
lation. For a complete explanation of this method see
References (1) and (2).

Of course there are many shades of gray between
the two extreme examples quoted above. We need a
method to determine which shade of gray is involved
in a particular trouble job. The approach presented
can also show which type of equipment is best for cer-
tain ranges of operating conditions, such as speed, pres-
sure, temperature, and other operating parameters. In
Reference papers (1) and (2) we used this approach to
aid trouble-shooting. The procedure works as follows:
Plotted versus speed is in all these curves a so called
“Reliability Factor.” This factor varies between zero
and 2.0 in most of the plots. We assumed a reliability
factor of ONE to represent an average reliability for a
given application. In other words, in a petrochemical
plant, a given machine is expected to run continuously
between turn-arounds and to require a certain amount
of maintenance in between. Also, average figures can
be compiled for the so-called “normal” break-down rates
for this type of plant. We have arbitrarily chosen to
use the factor of ONE for an installation which has this
break-down rate and reliability. A greater factor shows
that the equipment is likely to run longer between break-
downs. For example, a factor of TWO would indicate
that the unit would run twice as long as a unit with a
so-called “‘normal” break-down rate. The reliability
factors for various items can be plotted versus speed,
load, pressure—or any other critical parameter.

The first plot shows the type of equipment: A
compressor will have a reliability rate somewhat differ-
ent from a turbine. The motor and gear combination
will again have different reliabilities. This situation
will be influenced by speed—a turbine will usually be
more reliable at high speeds, while a motor-and-gear
combination can have very good reliability at low speeds,
but it can have fairly poor reliability at the higher
speeds. In the next plot the equipment size is shown.
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The span between bearings was selected as the significant
parameter. It can be seen, that the larger machines
would not be very reliable at high speeds, because the
faster a machine runs, the shorter and smaller it must
be, mostly for reasons of critical speed and rotor dy-
namics. The next curve shows the number of bearings
in the entire unit—or in the train as it is often called—
and the curves are plotted here for three, four, six, eight,
ten, and twenty bearings. The number of bearings is a
good indication of the complexity of a unit. The more
bodies and the more bearings a unit has, the more com-
plex it must be and the more opportunity will it have
for getting into trouble. These curves all represent data
pertaining to the equipment itself.

On the same chart, Fig. 1, are curves showing
operating conditions, such as pressures and temperatures.
Also shown is start-up time and number of start-ups per
year. Quite evidently, a unit which is started only once
a year and then runs continuously will be far less likely
to suffer a break-down than a unit which is started and
stopped daily. This is reflected in this curve. The faster
the unit runs, the more pronounced will this effect be.

One thing is of interest to note here: Once the
operating conditions are given by the process designer,
the designer of the rotating equipment has very little
choice concerning the span he would like to use between
bearings, or the number of bearings. This is essentially
fixed, especially where the equipment approaches the
limit of capacity or speed obtainable with rotating
equipment. Such is the case, for example, with syngas
compressors for ammonia synthesis, where turbines may
be rated 35,000 HP at 11,000 RPM, and where extrac-
tion may also be required. In such cases, there are not
many solutions, and a designer has to compromise and
look for the best possible solution concerning the num-

ber of bodies in the train, the bearing spans, and the
number of stages for each machine.

This brings us to a very important point, namely,
that a design can often be greatly simplified—and the
reliability greatly improved—by better cooperation be-
tween process designer and equipment designer. One
example is the vacuum on a condensing turbine. For
example, a small change of design vacuum on a con-
densing machine can sometimes result in a single-flow
turbine instead of a double-flow machine, with a cor-
responding improvement of the reliability factor. The
bearing span would get shorter, the initial cost would
be lower, and often the efficiency is better under normal
operating conditions. Quite often the reduced vacuum
would only be needed during overload conditions such
as during start-up or emergency, or during off-design
conditions.  During normal operating conditions the
machine would operate with the design vacuum. But
the way the specifications are often written, a designer
has no choice but to quote his machine for the operating
conditions as specified. The result may be considerable
economic disadvantage and reduced reliability. This
may serve as an example how curves as shown may be
used to optimize an installation.

Fig. 2 shows the effect of piping on reliability.
The piping affects the equipment by the forces and
moments it creates at the connections to the equipment.
The piping may be pushing the entire machine out of
alignment and cause vibrations or rubs. Especially on
hot machines—such as high temperature turbines—the
piping can warp the casing. This may result in leaking
flanges or internal rubs, causing serious vibration prob-
lems. Also, the piping may cause the casing guides to
bind, or the casing may actually lift off its support feet.
This, then, can create all sorts of vibration problems

PIPING

PIPE STRAIN

PIPE SUPPORTS

EXPANSION JOINTS

pS )

¥
<
« 2 e Z &
N N syrp WA WC
5 AR " CONSTANT - 5% . o AY
[ “ x| e
?: / NEMA STRAIN = 100% | SPRING HANGERS | PROPERLY RESTRAINED
) ROD HAp, ko
200.% (23
< m'“"':'-'{i’?l#/ PIPE m“’&'»‘fi?:\ "MeR0Re 5l P,
3 ~& iim“;& e
) /8 20 o /e 20 0 /0 20
SPEED — 1000 RPI SPEED -/000 RPM IPEED ~ /000 RPIT

Figure 2.



4 PROCEEDINGS OF THE FIRST TURBOMACHINERY SYMPOSIUM

and internal rubs. To correct problems of this type in
the field can be very costly. Curves as shown may help
to find the most economical solution.

Fig. 3 shows the influence of the foundation upon
reliability of rotating equipment. Very briefly, the
function of the foundation is to hold a unit in align-
ment, not only during normal conditions, but also dur-
ing abnormal conditions. The forces the foundation has
to absorb are the piping forces, and such forces as may
be developed by expansion joinls in the piping system
or on the condenser of a turbine. Other factors which
can cause misalignment are settling, shrinkage, or un-
equal heating of the foundation.

It is very important to prevent build-up or trans-
mission of vibrations. The curves shown indicate the
effect of foundation rigidity upon reliability. Evidently
a high speed machine must be held in closer alignment
than a low speed machine, and the effects of misalign-
ment are more severe. Therefore the reliability factor
drops off with speed for a foundation with poor rigidity.
The vibration characteristics are expressed in terms of
foundation weight. The normal relationship between
foundation mass and unit mass is 1.5 times and this is
used for a reliability factor of one. If the mass is less
than that, the reliability will drop off, because the ma-
chine becomes more sensitive to small upsets and small
operating problems, or, in case of emergency, the risk
of serious damage is greater with a light foundation than
with a massive one. The effect of major structural
resonance is also shown. This, of course, will greatly
reduce the reliability of the unit, especially during start-
up conditions, upsets and emergencies. The faster a
machine runs, the more pronounced will this effect be.

The third graph shows the isolation from the sur-
roundings. Transmission of vibration from and to the
unit has a significant effect upon the reliability of rotat-
ing equipment.

The effect of operational and maintenance practices
is shown in Fig. 4. This effect also becomes more pro-
nounced with increasing speed. A machine running at,
say, 15,000 RPM is a very delicate piece of machinery,
and it can easily be damaged by careless maintenance
or operation.

Some time ago the magazine “THE LOCOMO-
TIVE,” issued by the Hartford Steam Boiler Inspection
Insurance Company, had a very interesting article, which
ties in with this type of reliability evaluation. The
article was headed “YOU CAN NOT ALWAYS BLAME
THE OPERATOR.” It points out that operator failure
is in reality often management failure. When an opera-
tor fails, this may mean that he has not had sufficient
training, or that he was not familiar enough with safety
practices and, perhaps, that he was not properly selected
to begin with. This article also points out that operator
education and safety practice is not an out-of-pocket
expense, but rather an investment which will yield re-
turns. This same philosophy is what we want to demon-
strate with the reliability curves: We want to show
reliability as a function of investment, be the investment
in the form of a training program, safety practices, or
be it maintenance shops or, in an earlier stage of the
game, investment in equipment, foundations, piping, and
so on. I do not mean to say that just any investment is
desirable, but rather that the investment should be made
consciously, with a clear idea of the returns to be
expected.

IDENTIFICATION OF PROBLEM AREAS
IN EXISTING INSTALLATIONS

After we have seen how to predict and evaluate
reliability, we must now provide the man in the field
with tools to enable him to deal with a problem quickly
and efficiently. Turbomachinery has a way of telling
us when something goes wrong: It just starts to vibrate.
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Figure 5. Example showing “Trouble-Shooting Chart” — Vibration Analysis.
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Figure 5. - Continued.
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But vibration can mean many things, and if we know
how to interpret vibration phenomena, we can get a very
good idea of what is wrong.

Of course, much has been written and said about
vibration, but much of this is highly technical informa-
tion—written by vibration experts for other vibration
experts—and little information gets to the man on the
job. The main reason for this is the fact that vibration
phenomena are highly complex and require a great deal
of mathematics. Unfortunately, one rarely has the time
or opportunity to read a mathematical dissertation when
he is faced with a serious field problem. In other words,
there is still a wide gap between theory and practical
application, although much progress has been made in
the theoretical interpretation of vibration phenomena
during the last few years. There is a great need to
transmit the essence of this theoretical information to
the man on the operating floor. Naturally, generaliza-
tions must be made, and many explanations may have
to be oversimplified to accomplish this. But what we
need is a cookbook—to simplify the first steps when
trouble occurs—and such a tool has to be stripped of
all excess baggage which is not absolutely required to
do the job. To do this, we can develop a set of charts,
showing the correlation between causes and effects, so
as to show what type of vibration to expect from a cer-
tain cause—or the other way around—what type of
problem may arise for certain faults in installation or
operation (Fig. 5 and Fig. 6) (Ref. 3). Numbers
shown indicate the percentage of units which will de-
velop the symptoms shown at the top of the chart. These
illustrations show a part of such a tabulation. The
vertical column lists various types of vibrations, or
causes of vibration, while the horizontal heading shows
the symptoms or evidence which the trouble shooter sees.

For example, it can be seen that a rotor unbalance has
a typical frequency at 1 x RPM, misalignment frequen-
cies are 1 or 2 x RPM, loose rotor parts cause frequen-
cies at the resonant frequencies of the rotor—which may
be any odd frequency in the lower-frequency group.
This chart then shows which components are suspect,
and which components could not cause a specific prob-
lem. The charts are extended horizontally to include
installation problems and operation problems.

Fig. 7 shows the frequency characteristics of some
major problems. This should help to identify the basic
mechanism involved. The vertical axis indicates fre-
quency of vibration, the horizontal axis shows speed,
both expressed as multiples of critical speed. Plotted
versus speed is a line showing 1 x RPM, which is char-
acteristic of unbalance. Also shown are oil whirl fre-
quencies, characteristic frequencies of internal friction
whirls, harmonic and subharmonic resonances, and mis-
alignment frequencies. For example, if a machine with
a hysteresis whirl problem were to be run up to speed,
the frequency would come in somewhere along the
resonant frequency line and would remain constant as
speed increases. The frequency of a pure oil whirl
would go up at about 14RPM with speed. A resonant
whirl would suddenly appear either at 14 frequency or
at resonant frequency, and so on. With this data one
can then enter the charts and make a list of the things
to look for, starting with the item having the greatest
probability, as indicated by the percentage figures shown
in Fig. 5 and 6.

This way, the choice can be narrowed down to
some half dozen possibilities, and these must then be
explored in detail, which may involve getting more data
and checking into references.
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SOME PROBLEMS CAUSED BY
IMPROPER OPERATION

Many vibration problems and shaft failures are
caused by loose fit of wheels and sleeves on the shaft.
This may be a result of design weakness, poor quality
control, or faulty maintenance, but one should remem-
ber that quite frequently a loose sleeve or even a loose
disk can be the result of careless operation, mainly chill-
ing of a hot turbine rotor with cold steam or water.
A quick drop of inlet iemperature causes the sleeves
and wheels to contract. Since the shaft does not cool
as quickly as the sleeves or disks, the cool sleeves squeeze
the shaft, and a very high tensile stress at the bore of
the sleeve is the result. If the temperature difference
between the sleeves and the shaft is great enough, the
sleeve will yield in tension.

When the temperature of sleeve and shaft equalizes
again under normal operating conditions, the sleeve will
be permanently loose on the shaft and this may lead
to a friction-induced whirl or it may initiate a shaft
failure. The temperature difference between shaft and
sleeve to get yielding is around 250°F, and with 700°F
inlet temperature or more, a slug of water can easily
produce this temperature difference. So can a sudden
drop of steam temperature, especially when the turbine
carries substantial load.

The same problem can result from improper opera-
tion of the sealing steam svstem. [If walter can collect
in improperly installed leak-off or drain lines—or if
these lines go into a common tank which may fill with
water-—cold water may be sucked up or flashed up into
the hot turbine during load changes or after trip. After
a condensing turbine trips, the entire turbine is exposed
to the condenser vacuum, and this can suck the water
up into the turbine, or flash the water to produce cool
steam which then enters the turbine. This has often
caused severe damage such as loose sleeves and bent
rotors.

Especially to be deplored is the practice of combin-
ing drain lines and leak-off lines into one long common
header, or combining any leak-off or drain lines. The
sealing system on a turbine offers many possibilities to
damage the machine, and one should always be extremely
careful with its installation and operation. Steam and
water in this system can flow back under certain condi-
tions. It can very well flow back up into the shaft seal
if no provisions are made to prevent it from doing so.
Also, sealing steam lines which are shut off during nor-
mal operation may fill with water, and when the turbine
is unloaded or tripped, the sealing steam regulator opens
to supply steam to the glands. This may shoot cold
wafer into the seal and against the hot shaft, where it
can loosen sleeves or cause the rotor to bend. These
problems are usually not under the control of the manu-
facturer, they are often caused by oversight in installa-
tion or operation.

Another item deserving close attention is the prob-
lem of corrosion fatigue. This is caused by corrosives
in the air, or gas, or slteam, as the case may be. Even
very small amounts of certain corrosives can have a
serious effect on material properties, especially on fatigue
strength. This has caused many failures on compressor

blading, with both air and process gases. Operating
personnel can do a lot about this, for example by observ-
ing the air going into a compressor. An observant
person can often see a compressor take a gulp of nitrous
acid fumes, or ammonia, or hydrogen sulfide, or other
process gases which may be blown off or leak out of the
system, especially during a plant start-up. With the
wind blowing in the right direction, the gases can easily
get into the inlets, starting failures. The blades or
impeller-vanes may fail at once, or they may fail years
later—and in this case it can be extremely difficult to
establish the cause of the failure and to provide the
proper corrective action. This situation is even more
difficult to detect where gas compressors are involved
and process gases are contaminated with corrosives, or
where corrosives gel into the steam of a turbine. Many
bucket failures have been caused by this, but those fail-
ures have often been attributed te other causes, with
the result that the failures recurred.

Fig. 8 shows the fatigue strength diagram for a
typical 13% cromium stainless steel, as used for turbine
buckets. Shown is the strength versus the number of
cycles for the usual, polished sample, in air. Note how
the curve flattens out between one million and ten mil-
lion cycles. This is called the endurance strength of
the material. The material has an infinite life for
stresses below this line, in other words, increasing the
number of cycles will not produce a failure. k

The next curve shows the same fatigue strength
data in pure condensate. A significant reduction in
fatigue strength is evident.

The same polished example in a salt solution is also
shown. The fatigue strength is only a fraction of its
original value, but even more important is the fact that
the curve no longer levels out, but continues to drop.
This means, the part no longer has an endurance limit—
only a limited life. The part will fail ultimately, no
matter how low the applied stress may be, provided
enough cycles are applied—and this is usually the case
in an industrial application.

A turbine blade is not a polished specimen. It has
many geomelric stress concentrations, for example where
the blade joins the root or in the root itself. The lower
curve is for a sample with a similar stress concentration
factor (about 2.2). It can be seen that the material has
lost 90% of its faligue strength at 100 million cycles,
and that the curve is still going down. In other words,
the part must fail, no matter how low the actual applied
stress might be. This is the situation we face in a tur-
bine if we have chemicals in the steam. How severe
the situation actually is depends on the type and con-
centration of the corrosive, as well as upon static and
vibratory stress level. Failures can occur within min-
utes, because the blades are exposed to very high fre-
quencies of excitation as they pass the stationary nozzles.
To get a million cycles may take from five minutes to
several hours—depending on the number of nozzles and
on the speed—but sometimes the failure occurs after
years, because of cumulative effects. A blade may get
some chemicals today and some more next week and
finally, after enough cycles have accumulated while un-
der the influence of chemicals—the blade fails.
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Such failures sometimes have a peculiar appear-
ance, which clearly identifies them as corrosion fatigue
failures.

Fig. 9% from Ref. (4) shows the fracture surface
of a simple pull test in air, oxygen, hydrogen sulfide,
and hydrochloric acid vapor. Below this are fatigue test
specimen for the same gases, hydrochloric acid vapors,
and hydrogen sulfide. At the top is a fractured turbine
blade showing the same type of fracture discoloration
as the samples.

Fig. 10% shows a fractured blade from a turbine
which operated only 70 hours during plant start-up: It
shows the type of colors of the hydrogen sulfide con-
tamination. There were about 16 cracked blades in this
wheel, two blades were actually lost. The surface of this
fracture was exposed by breaking a cracked blade open.
The white fracture area where the blade was cracked
open in the vise can be clearly seen. The golden area
is the corrosion fatigue failure which progressed during
operation.

Fig. 11* shows a corrosion-fatigue failure caused
by chlorides. Again, it can be seen where the blades
were broken in the vise, as contrasted to the corrosion
fatigue failure area. About 60 blades were lost or
cracked in five out of ten stages of this machine before
the situation was corrected. The machine ran for seven
years before the first failure occurred. Apparently,
boiler feed water, containing make-up, was getting into
the desuperheater through a leaking valve.

If this type of problem occurs, no amount of re-
design or bucket strengthening will prevent future fail-
ures with any degree of certainty. At best the machine
may run a little longer between failures, but since the
material actually has no endurance limit, only a limited

*Color slides. Not reproduced in the proceedings.

life, the failures will re-cur sooner or later, unless the
corrosives are eliminated.

Finally I would like to point out another source of
turbine blade failures, especially in the last stage. If a
turbine is operated at full throttle with excess vacuum,
the pressure drop across the last row of blades becomes
very great and the steam loading on the blade will be-
come excessive. This causes cycling stresses in the blade
which may exceed the fatigue limit, causing fatigue fail-
ures. If the cooling water gets cold in the winter and
vacuum increases above the design limit, something
should be done about it either by throttling the circu-
lating water supply, or by bleeding air into the con-
denser. Many people believe that they get more power
out of a turbire when they have a vacuum exceeding
the design point. This is not necessarily true, because
the steam velocities in the last row of blading may be-
come supersonic, and no more power is really extracted
from the steam. In fact, efficiency is often reduced.
The result of excess-vacuum operation is an extremely
heavy buffeting of the blades which in many cases has
led to blade failures.

This situation actually presents an excellent oppor-
tunity to improve turbine water-rate under normal and
part-load conditions. If a vacuum-controller is used in
such a way as to increase vacuum at part-load and to
reduce vacuum at overload, the blade exit velocity
{Mach. No.) can be held constant. The resulting im-
provement in water rate, overload capacity, and relia-
bility can be very significant.

It goes without saying that, if chemicals are ad-
mitted while operating at excess vacuum, blade failures
are very likely to occur.

Of course, we realize that there are also other fac-
tors which can cause blade failures, such as excessive
design stress at a blade resonant frequency, poor surface
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finish, inaccuracies in the blade roots, and so on. But
these are design problems, while we are concerned with
operating problems and with methods to prevent failures
and breakdowns by proper installation and operation of
the equipment.
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