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ABSTRACT

This paper gives an overview on the “Morton Effect” and explains how synchronous rotor instability, due to nonuniform heating
of bearing journals, can occur in high-speed turbomachinery. The paper was presented before as a tutorial paper (de Jongh, 2008).
Now, 10 years later, the paper has been updated with the latest published information on this subject. Theoretical investigations by
Keogh and Morton (1993, 1994) indicate that rotors supported by fluid-film bearings inherently exhibit a nonuniform temperature
distribution along the bearing journal circumference. This thermal effect results in rotor bending, which can, in combination with an
overhung mass such as couplings and overhung impellers, significantly increase rotor unbalance and thus synchronous rotor vibration.
Under certain conditions, it can lead to synchronous rotor instability. Experimental studies have subsequently been performed
verifying the existence of this rotordynamic phenomenon (de Jongh and Morton, 1994) that is more commonly known as the Morton
Effect. In this paper, the phenomenon is explained and an overview is given of the existing literature on this subject. Since 2008, a
significant amount of research has been carried out on this subject and new papers have been published especially on various methods
to predict the Morton Effect from a theoretical point of view. A number of other papers show case studies with pragmatic solutions for
unstable synchronous rotor behavior. These are discussed in more detail.

INTRODUCTION

Synchronous rotor instability, due to bearing journal differential heating, is still a lesser known rotordynamic phenomenon. One
reason may be that the phenomenon is not recognized when analyzing vibration data of turbomachinery. In the event that bearing
journal differential heating is considered as a possibility, it will be difficult, if not impossible, to measure bearing journal temperatures
on the shaft to prove this is the root cause of rotor vibrations. The effect however can very well be recognized if one is familiar with
the phenomenon and its characteristics. It is the objective of this paper to give an elementary description of the phenomenon, provide
information on how it can be recognized, and finally, how preventive and/or corrective actions can be taken. A typical case study on a
30,000 hp gas boost compressor is given as an example. The high power requirement of this compressor required a large shaft end and
coupling that increased the sensitivity of the rotor to synchronous rotor instability. The rotordynamic effect of shaft-labyrinth rubbing,
and consequential thermal shaft bending, is referred to as the ‘“Newkirk Effect” (Newkirk, 1926) and clearly explained by
Dimarogonas (1973). The effect is also referred to as “spiral vibrations,” due to its spiraling vibration behavior at constant rotor speed
when shown in a Nyquist graph or polar plot.

Kellenberger (1979) described that spiral vibrations can also be caused by stationary elements other than labyrinths, such as seal rings.
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He investigated synchronous rotor instability due to generator hydrogen seal rings under various combinations of support conditions.
The mechanism for the production of a hot spot on the shaft was friction as in a rub. The Morton Effect however, is concerned with a
thermohydrodynamic source of shaft heating.

Schmied was the first who presumed in one of his technical papers that this phenomenon could exist in fluid-film bearings (Schmied,
1987). Although this was the first publication in open literature, the phenomenon was investigated before (Morton, 1975; Hesseborn,
1978).

Keogh and Morton (1993) indicated that thermal shaft bending could be developed in a fluid-film bearing because of nonuniform
viscous shearing in the oil-film. Under certain circumstances, this can create similar “spiral vibrations” as in the Newkirk Effect.

De Jongh and Morton (1994) described a case study on a natural gas compressor for an offshore gas lift application. For this
compressor the synchronous vibration problem on the test stand was resolved by reducing the weight of the couplings. However, the
true nature of the vibration mechanism was not fully understood at the time of shipment. Further research was carried out on a scaled
test rotor of this specific compressor. By measuring the temperature distribution around a rotating bearing journal, the vibration
behavior of this compressor rotor was explained. Being aware of the investigations and the interesting results of this rotordynamic
research, John Kocur Jr. (in those days at Delaval Inc.) was the first one who described this phenomenon as the “Morton Effect.”

HISTORY

Various conversations between the author and Paul Morton led the author to presume that in the late 1970s, this specific
phenomenon with fluid-film bearings and seal rings was known by two different turbogenerator manufacturers in Europe, namely:

e  General Electric Company Ltd. in the United Kingdom (GEC)
e Stal-Laval Turbin AB in Sweden (ASEA)

Specific experimental investigations on this subject were performed by both companies. To the best of the author’s knowledge, the
earliest of these investigations date from the year 1975 (Morton, 1994). Morton explained to the author that prior to 1975, when he
formulated the basic theory, several empirical approaches were used to cure the rotordynamic problems. A reduction on overhang
mass proved beneficial and another approach was simply to increase the bearing clearance, so that cooling oil flow was increased. In a
number of cases, he indicated it was sufficient to wait until the troublesome machine was rigidly coupled to another machine, thereby
reducing the overhang sensitivity. In 1975, Morton performed experiments in a rig on a typical 28 inches (711 mm) diameter shaft
running at 1800 rpm. In order to measure the temperature profile along the circumference of the rotating shaft, the shaft was
instrumented with 12 thermocouples, equally spaced along the shaft circumference. The orbit size during these tests could be altered
by an eccentric device used on the shaft. It was found that significant differential temperatures were measured across the shaft, even
for shaft orbits of only a few percent of the radial

clearance (Morton, 1994, 2008). A linear

relationship between differential temperature and Publications on the ‘Morton Effect’

orbit size was identified during these experiments. In o
1976, Morton observed spiral vibrations, due to this m= Published
effect, on particular designs of industrial gas 17 a= cumulative
turbines (Keogh and Morton, 1993).

In 1978, the phenomenon was investigated by
Hesseborn who performed experiments on a bearing
test rig (Hesseborn, 1978). Larsson analyzed the
results of this report and concluded that an almost
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Dr. Dara Childs indicates in his paper on rotordynamic developments at the end of the 20™ century that Morton Effect instabilities
were ‘like a widely-spread but undiagnosed disease.’(Childs, 2015).

From 1993 more technical papers on this subject were published including a number of papers that described the first case studies for
which the Morton Effect was recognized as the root cause (Faulkner, et al., 1997; Berot and Dourlens, 1999; Marscher and McGinley,
2004). Given the upswing in literature published over the last 25 years, it appears that the phenomenon is more studied and also
recognized more often as the root cause of unstable rotor vibrations. Figure 1 gives an overview of the number of technical papers
written on this subject over the years. The overview also includes a paper describing the experimental pioneering phase of this
phenomenon in 1975 (Morton, 2008).

DESCRIPTION OF THE “MORTON EFFECT”

This section gives an elementary description of nonuniform bearing journal heating, which is the root cause of synchronous rotor
instability. This type of rotor instability is caused by a temperature effect that, in practice, is present in all fluid-film bearings. The
nature of the instability is synchronous with the rotor speed. Authors of traditional bearing literature generally assume that a rotating
bearing journal has a uniform temperature distribution on the journal circumference. This assumption is not valid when a journal is
orbiting in its bearing with a whirl frequency synchronous to the rotor speed. In fact, every journal will, due to residual unbalance in
the rotor, execute a small synchronous orbit. A journal orbiting synchronously in a fluid-film bearing produces a temperature
difference across its diameter. Figure 2 shows a bearing journal rotating at constant speed and executing a forward circular orbit. One
specific point on the journal will always be located at the outside of the orbit, referred to as the “high spot.” At the high spot the time
averaged distance from the shaft to the bearing wall (h,) is always smaller than the opposite spot on the shaft (h;). Since the friction
losses are proportional to the velocity gradient in the oil-film, consequentially the heat input to the shaft, due to these friction losses,
will not be uniform along the journal circumference. This differential heat input results in a nonuniform circumferential shaft
temperature profile and ultimately in a thermal bend. The larger the size of the orbit, the higher the differential temperature will be.

Unbalance
Shaft Orbit

Figure 2. Differential Heating at Bearing Journal for Synchronous Forward Rotor Whirl
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Since oil is convected counter to the journal rotation relative to the journal
axes, the journal hot spot must lag the position of thinnest oil film (Figure
3). Measurements confirmed this phase lag between the point of
thinnest oil film (high spot) and the hot spot on the journal circumference,  cold Spot

giving evidence that the phenomenon was due to thermo-hydrodynamic 4\

Shaft Orbit

action rather than solid friction such as rubbing (de Jongh and Morton,
1994). Figure 2 shows a forward circular orbit. The same principle applies
to a backward orbit when the journal is positioned eccentric in the bearing,
although the heat input will be smaller in this case. Since a linear system is
assumed, the forward and backward thermal effects can be superimposed
for an elliptical orbit. Figure 4 shows the thermal instability principle
for a rotor with an overhung mass. For simplicity the overhung mass M. is
concentrated at the rotor end, at a length | from the bearing. If one assumes
a very small synchronous orbit vector € at the bearing location and (due to

the nonuniform heating) a small thermal bend 6, an unbalance U = Mc | "~ High Spot
sin(0) will result at the overhung end. This unbalance vector produces a ) '/[;

new orbit vector at the bearing location altering the original orbit with the

influence of the added unbalance. If the resulting orbit is smaller, the \

process will decay, but if the resulting orbit is larger, this process will Hot Spot

continuously grow. In that case the system is unstable and the synchronous
vibrations increase. Figure 5 shows the instability scheme, with a small
initial thermal bend 6;.
Figure 3. Journal Cross-Section Showing Phase Lag
between High Spot and Hot spot
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Figure 4. Thermal Rotor Bend at Bearing Figure 5. Scheme of Synchronous Instability Phenomenon

Already in the 1970s a few researchers carried out experimental investigations to examine the phenomenon. However, it appeared that
most measurement results were recorded in internal company reports only (Morton, 1975; Hesseborn, 1978). Over the years more
experiments on journal differential heating have been performed (de Jongh and Morton, 1994; Bradley, 2012; Panara et al., 2015;
Tong and Palazzolo, 2018). The objective was obvious, obtaining temperature data for inclusion into calculation tools to prevent rotor
instability during the design phase.

APPENDIX A gives an experimental verification of bearing journal differential heating as published by De Jongh and Van der
Hoeven (1998).

VIBRATION DIAGNOSIS

Certain rotor configurations are more susceptible to the Morton Effect. These are rotors with at least one free end supporting a
relatively large overhung mass, i.e., flexible coupling, impeller, or expander wheel. Obviously, the rotor must be supported by fluid-
film bearings.

Several case studies have been published on the Morton Effect. These publications have indicated how the phenomenon was detected
from machinery vibration signal analysis. For vibration analysts it will be helpful to extract a few general rules to aide in the
recognition of this specific rotordynamic problem.
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1. The vibration signals are mainly synchronous with running speed (1x) and the effect looks very similar to a light rub between the
rotor and a stationary part such as a labyrinth (Phuttipongsit, 2007). This makes it sometimes difficult to distinguish the effect from a
rub as indicated by Newkirk. It means that in both cases, the Nyquist or polar plot will show spiral vibrations at constant rotor speed
due to a moving hot spot and consequent thermal shaft bending. Although one of the differences between a light rub and the Morton
Effect is that in the latter case a phase lag exists between the high spot and the hot spot on the journal circumference, in practice this
usually cannot be verified.

Another difference between Newkirk’s rub and the thermohydrodynamic phenomenon of Morton is that in the latter case the
instability has an upper limit and indeed could occur over more than one speed range. Experiments have been executed in which a
rotor was run through a thermal instability zone and stabilized at higher shaft speeds (de Jongh and Morton, 1994).

Some investigators have indicated that they removed all the labyrinth seals and/or floating seal rings from the machine in order to be
sure that the spiral vibrations were not caused by these components. However, this is an extreme step and not always practical.

2. Since the Morton Effect is a thermal phenomenon, it can best

be verified from a Bode plot by observing the synchronous F&ags]eangle 0
vibration (1x) and corresponding phase during a machine run up
and coast down. If during a run up thermal shaft bending occurs at %
a certain rotor speed, the thermal unbalance will result in an
increase of synchronous rotor vibrations. When performing a 180

quick reversal of speed, this will result in a hysteresis loop -
because of the time constants associated with a thermal 270 : - : ¥ '

phenomenon. It can be seen in Figure 6 that during reducing the

rotor speed, the vibration level is much higher than during the run i tsgg D B e e o I ERaman
up. By holding the speed constant at a lower speed, the vibration U
level and phase return to the original run up values. 0
3. Another argument for nonuniform heating at the journal is 30

that the behavior of spiral vibrations can be influenced by
changing the oil flow rate and/or oil supply temperature.

The effective oil viscosity in the bearing is a function of both oil 10
inlet temperature and flow rate. Changes to the viscosity will
influence the amount of heat generation in the oil film. It should
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be noted however, that bearing properties like stiffness and Rotor speed [rpm]
damping, which also influence the instability phenomenon, are
related to the viscosity as well. Figure 6. Bode Plot (1x) with Typical Hysteresis Loop

(de Jongh and Morton, 1994)

It is worthwhile to note that it is possible to arrive at unstable running speeds where the phase change is in the direction of shaft
rotation, against the direction of rotation or even without a phase change at all.

TECHNICAL PUBLICATIONS

As mentioned before the number of technical publications on this subject has significantly increased over the years. Publications
can be divided into pure theoretical papers describing the phenomenon from a mathematical point of view (Keogh and Morton, 1993,
1994; Larsson, 1999a, 1999b; Suh and Palazzolo, 2014; Tong and Palazzolo, 2016) and more practical papers describing case studies
on synchronous rotordynamic vibration problems including methods and calculation tools to prevent these problems (Faulkner, et al.,
19973, 1997b; Berot and Dourlens, 1999; Kocur and de Jongh, 2000; Kirk, 2000; Marsher and McGinley, 2006; Schmied and Pozivil,
2008, Lorenz and Murphy, 2011). All case studies have in common that subjected rotors are supported by fluid-film bearings with
relatively large overhung moments from impellers, expander wheels, or couplings. Figure 7 shows an overview of the different rotor
types described in these investigations and case studies. Guo and Kirk (2011) published a paper in which they investigated the
influence of the Morton Effect on a rotor with a single disk at mid-span and concluded that also for such a configuration rotor
vibrations are influenced and may even result in rotor instability.
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No. | Rotor Configuration Case Study

. Berot et al., (1999), Kocur et al., (2000)
1 DF‘—D Single Overhung Wheel de Jongh et. al., (1998)
Faulkner et al., (1997b),
2 (}FD Double Overhung Wheels Schmied et al., (2008)

3 =—=1 2 Overhung Couplings (drive-through) [de Jongh et al., (1994)

4 === 1 Overhung Coupling Kocur et al., (2000)

5 ‘?DFD Integrally Geared, 1 Overhung Wheel |Carrick, (1999)

6 (}__‘D‘_—D Integrally Geared, 2 Overhung Wheels Marsher et. al., (2006),
7 Fﬂr;' Mid-span Rotor, 1 Disk Guo et al., (2011)

Figure 7. Rotor Configurations from Various Case Studies and Investigations

Faulkner, et al. (1997a, 1997b), describe a case history of a radial inflow overhung turbine of a turbocharger, exhibiting synchronous
rotor instability after a machine upgrade. The original design was changed in order to increase the capacity and efficiency of the
turbocharger, resulting in a turbine wheel mass increase of around 20 percent. Changing the bearing geometry by creating a central
undercut in the loaded bearing surface solved the vibration problem.

Carrick (1999) observed severely damaged impellers on integrally geared compressors and suggested that thermal shaft bending at the
tilting pad bearings could very well have caused these failures.

Corcoran, et al. (1997), describe an interesting case history on a compressor rotor with a high coupling overhung moment. The authors
most probably mis-diagnosed the Morton Effect as a high amplification critical speed in an overhung machine. It is interesting to see
that they mitigated the problem by significantly increasing the overhung weight.

Another publication from L’vov and Gunter (2005) describes a case study of a 50MW generator rotor in a high-speed balancing
facility with unexpected unstable rotordynamic behavior. This rotor has a long overhang at the turbine end and showed significant
amplitude hysteresis between run up and coast down. It was recognized that the rotor was quite sensitive because of a 2" mode critical
speed. The rotordynamic analysis was focused on kinetic energy of the different rotor mode shapes. It was concluded that the
amplitude hysteresis was disregarded as balancing facility specific and not present in normal operation, which was correct. Obviously,
when the generator rotor was directly coupled in the field to the turbine the sensitivity of the overhung end was eliminated and the
rotor ran satisfactorily. The wording chosen for the title of this paper is clearly pointing in the direction of the Morton Effect although
this possible root cause was not mentioned in the paper.

Publications over the last 25 years confirm that the phenomenon was observed on different turbomachinery configurations. While the
obvious candidates are overhung compressors and expanders, drive-through compressors and high horsepower equipment can also
experience synchronous rotor instability. The author also observed the phenomenon on the high-speed pinion of a parallel shaft
gearbox during a no-load American Petroleum Institute (API) string test. The overhung moment of this gear was formed by a heavy
coupling hub including the half spacer weight that was connected with a flexible element.

CASE STUDY

A typical case study is presented to show the characteristics of the phenomenon and how it can possibly be cured. This case study
involves a 30,000 hp (22 MW) gas boost compressor for an offshore application. A discharge pressure of 2700 psi (186 bar) is reached
at a maximum continuous speed (MCS) of 12,700 rpm. Five 15.75 inches (400 mm) diameter impellers were needed to boost the
natural gas from the 950 psi (65.5 bar) suction pressure with a gas turbine drive. The high power input to the shaft required a large
shaft end coupling and, accordingly, a greater overhang to accommodate the increased size. Figure 8 presents a cross-section of the
compressor assembly. The greater overhung moment at the coupling end is evident from this picture.
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Following the theoretical development of thermal rotor instability
theory and its successful application in identifying susceptible
rotors, the analytical method was added as part of the “standard” s B
rotordynamic calculations. The latter included an undamped i

critical speed analysis, an unbalance response calculation, and a
study of the sensitivity to aerodynamic and seal destabilizing =iy
forces. These studies are performed during the initial design stage Ay

3

of the compressor rotor-bearing system to determine its dynamic §‘§§\
behavior and acceptability to the job specifications both internal \ ﬁu\; |
and external. ol et

The thermal rotor stability of the gas boost compressor was
calculated using a procedure simplified in Figure 5 and explained
in more detail in another publication (de Jongh and Van der
Hoeven, 1998). A plot of the complex gain vector for the gas
boost compressor is shown on Figure 9. In this format, the
unstable region is shown as the crosshatched area. The coupling
end of the compressor was predicted to go unstable near the MCS
and reached a value of the real component of about 1.3 at trip
speed.

Figure 8. Cross-Section of 30,000 HP Gas Boost Compressor
(Kocur and de Jongh, 2000)

At this point, the gas turbine supplier (the coupling purchaser)
was informed that the coupling overhung weight was too high. 2
Discussions with the coupling vendor did not result in | T
sufficient reductions in weight. Lacking viable options, a Gain Vector % ! LY
decision was made to proceed with the coupling and rotor '
design in its original form. The decision was influenced by the
thermal index of rotors currently operating in the field. Some

were identified with real parts of the index slightly higher than

for this compressor. While these compressors did not possess a
configuration similar to the gas boost compressor under review

and with the perceived lack of alternatives, it was felt they
represented a sufficient database to proceed with the design.

The gas boost compressor proceeded to the test floor to
undergo an APl mechanical running test. At maximum  *®°
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——¥/ Coupling End 7

continuous rotor speed (MCS), proximity probe readings were \\\\ : ' ,
below the API limit at both ends of the compressor. However, RN ,,//;/;/ 0
during the excursion to trip speed at 13,300 rpm, high vibration //
was noted on the coupling end of the rotor. Vibration levels ; ‘////m E/é
remained low until trip speed was reached. Once there the rotor g 7. rust En

XK X7
became unstable and vibration grew over a several minute time SO T /////
span. Figure 10 shows a Bode plot of the coupling end X- RV Ny / :
probe. Immediate identification of the problem as thermal rotor X ~ T //:, v
instability was made upon review of the vibration plot. The T -
classical hysteresis loop in the synchronous vibration is evident 7 ] ‘///? A

in both the amplitude and phase angle. Unfortunately, the shop . __ 13574 zen Lo

test verified the analytical prediction that the rotor was ~ ©-- 12507 ReM 3 7

sensitive to this phenomenon at trip speed.

Figure 9. Complex Gain Vector for the Gas Boost Compressor
(Kocur and de Jongh, 2000)
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Methods to reduce the sensitivity of the compressor to thermal
instability with minimal impact to the project were
investigated. While the compressor manufacturer had
successfully designed heat barrier sleeves for several rotors at
this point, sleeves were not possible due to the high power
input to the shaft. In order to transmit the power, a large
coupling and shaft end were required. This shaft diameter at
the coupling was limited by the size of the radial bearing. This
proved to be the largest practical size of the radial bearing for
this application keeping losses and heat production to a
minimum. However, the lack of a diameter change between the
radial bearing and coupling did not permit the installation of a
sleeve that maintained the radial bearing size. Oversized
bearing and new housings would be required that would
severely impact the schedule of the project.

Bearing clearance changes have also been used by the
compressor manufacturer to reduce the thermal instability of
compressor rotors. In its current rotor-bearing configuration,
the gas boost compressor had satisfactory safety margin for
critical speed separation and dynamic stability of the first
lateral mode. Modifications to the bearing clearance needed to
improve the thermal rotor stability were found to erode these
safety margins to unsatisfactory levels.

A significant factor in determining the thermal rotor stability of
the gas boost rotor is the overhung mass of the coupling.

With the failure of the mechanical test, more urgent discussions
were held with the coupling manufacturer and an alternate
supplier was sought. From these discussions, several new
options were identified. The original coupling (noted as
“Original” on Figure 11) had an overhung moment from the
radial bearing centerline of 5415 kg-mm. Early on in the design
process, the manufacturer proposed a modification of the
original coupling (Mod A). This reduced the overhung moment
to 4954 kg-mm or an 8.5 percent reduction. The manufacturer
also proposed a reduced moment coupling (Mod C) that
reduced the overhung moment by 29 percent. Finally, an
alternate selection (Mod B) from a different vendor was
obtained that reduced the overhung moment by 22 percent. An
overhung moment reduction of 26 percent (Hypothetical) was
required by the thermal analysis calculations to meet the
internal design requirements. The thermal rotor instability for
each rotor/coupling configuration was calculated at MCS and
trip speed. Figure 11 presents the results of this study.
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gure 11. Predicted Thermal Gain of Various Coupling
Configurations (Kocur and de Jongh, 2000)

Since the rotor behavior with the original coupling at MCS was found to be stable during the mechanical test, this was identified as
the stability threshold. The study of the Mod A coupling did not predict both MCS and trip would be on the left (stable) side of the
threshold. Of all the coupling configuration options, only the reduced moment and the coupling from the alternate vendor were
predicted to be stable at both MCS and trip speed. However, due to the modifications required to the bearing housing and oil guard,
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the reduced moment coupling was rejected as having too great
an ImpaCt On the proJeCt SChedU|e . . POINT: Channel 1  /45° Left 1X COMP SR: 0.085,/245° 0.221,/281°
To minimize the impact of the lead-time necessary for delivery =~ Machmecolgenax @ @ @ @ ios0 150735 startup 152 krom
of a new coupling, a test coupling was modified to mimic the 2 4 i 8

overhung mass. This permitted the testing to be carried out with
minimal delays. The new coupling would be delivered in time Cool
for the string testing with the gas turbine. Figure 12 plots the o -
vibration from minimum to trip speed for the coupling end X- '
probe. There is no sign of hysteresis or transient vibration. The
synchronous levels are now completely stable through trip
speed at levels far below the API limit.
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Figure 12. Synchronous Vibration with Reduced Coupling
Overhung Moment (Kocur and de Jongh, 2000)

PREDICTION OF SYNCHRONOUS ROTOR INSTABILITY

A number of researchers have developed computer models in order to be able to predict the phenomenon of synchronous rotor
instability during the design phase of turbomachinery. These models can of course also be used for troubleshooting when synchronous
instability is earmarked as the root cause of a rotor vibration problem. The early calculation tools to predict the Morton Effect were
based on linear steady-state models for obtaining the onset speed of synchronous instability. These calculations were adequate for
design engineers to predict onset of instability and for troubleshooting activities. Calculation models required coupling of different
disciplines, such as rotordynamics, fluid dynamics and thermal analysis. If shaft journal temperature data was not obtained by
experiments, journal differential temperatures had to be established by calculations using energy equations or CFD methods (Tucker
and Keogh, 1996; Comiciaga and Keogh, 1999; Kirk et al., 2003; Schmied et al., 2008; Murphy and Lorenz, 2010; Grigor’ev et al.,
2015).

Schmied (1987) based his model on the theories of Kellenberger (1979). This model allows investigation of rotor instability resulting
from hot spots on general rotor systems. It allows the investigation of hot spots due to generator seal rings, brushes and bearings. The
model incorporates a thermal equation between the thermal deflection of the shaft and the shaft displacement or velocity at the hot
spot location.

Kirk (2000) employs a thermal bending model that involves solving the energy equation for the circumferential temperature
distribution on the bearing journal. The temperature distribution is used to calculate the thermal overhung unbalance. A threshold
unbalance has been defined and instability will occur if the thermal unbalance is greater than the threshold unbalance.

De Jongh and van der Hoeven (1998) have based their model on the theory of Morton (1994) and on experimental data from a bearing
test rig. Nonuniform temperature profiles were measured on rotating shafts under different operating conditions and were related to
the size of the bearing journal orbits. The program first calculates the distributed unbalance for unit thermal bending at the bearing
journals respectively and then calculates the rotor response at the bearing locations. The experimental data are implemented to
establish the differential temperatures across the shaft resulting in an output thermal bend. The ratio between the output and the input
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bend is a complex gain vector and the modulus of this vector is used as criterion for stability. Murphy and Lorenz (2010) developed a
simplified method to model shaft differential heating in any type of journal bearing and applied this model for Morton Effect analysis.

Besides predicting onset of rotor instability with steady-state models, research was performed to better understand and explain what
happens during unstable rotor behavior. For those investigations more advanced time dependent calculation models were required.
Professor Allan Palazzolo at Texas A&M University initiated various research projects which resulted in the development of an
advanced Morton Effect prediction algorithm. Suh and Palazzalo (2014) suggested a computational algorithm for the nonlinear
transient analysis of the Morton Effect and Tong and Palazzolo (2017) successfully applied this model for a double overhung disk
rotor. This algorithm appeared to be more accurate than the linear models, however with the impact of longer required computational
time. Joachim Schmied, who successfully included a Morton Effect analysis into the software package MADYN 2000, was able to co-
develop a new mathematical model that combined model accuracy with computational efficiency (Grigor’ev, et al., 2015). Further
improvements have been scheduled for MADYN 2000 (Delta JS, 2016).

Childs and Saha (2012) took another interesting approach by performing synchronous rotordynamic response calculations including
the Morton Effect. They analyzed rotor systems by iteratively construct equilibrium orbits, starting from mechanical unbalance and
adding thermal unbalance by bent shafts due to journal differential temperatures. Since standard rotor response predictions without
taking into account the thermal unbalance are basically in error to some extent (Morton,2008), this approach gives a possibility to
more accurately predict rotor response.

Experimental work

In 2012 Bradley performed a fundamental study on the Morton Effect including experiments to measure bearing journal differential
temperatures. For this purpose both a rigid rotor and a flexible rotor were designed and tested. Two types of bearings were applied
being a bearing with a fixed offset half geometry and a tilting pad type bearing with a diameter of 50mm (2.0”). Bearing journal
differential temperatures were established with calibrated thermistors and maximum differential temperatures of 1.5 — 1.7 °C were
measured. These values appeared to be significantly lower than the values predicted using the model of Balbahadur (2001) for the
same orbit sizes.

In order to verify the stability of an experimental rotor-bearing system Panara et al. (2015) applied the linear model from Murphy
and Lorenz (2010) and also compared this analysis with an iterative FEM thermo-structural-dynamic analysis. The rotor was designed
with a relatively large adjustable overhang end with three different configurations. The bearing journal at the overhang end was
instrumented with thermocouples to measure journal differential temperatures and during an extensive test program it was possible to
run the rotor unstable. The results of this investigation showed that the linear approach was adequate to predict the onset of instability
efficiently, although some difficulties were observed for establishing phase lag between high spot and hot spot.

Tong and Palazzolo (2018) also performed experimental work to calibrate their transient Morton Effect analysis code. The test rig
designed consists of a short shaft supported by two roller bearings and a hydrodynamic tilting pad bearing with a diameter of 3.15”
(80mm) installed at mid span. The journal was intentionally machined to be eccentric with the roller bearings resulting in fixed
circular orbit geometry independent of rotor speed (5.4 mils pk-pk). Experiments were focused on journal differential temperatures
and phase lag between the high and hot spot locations. Based on the measurement results the earlier developed more simplified but
fast linear steady-state model was updated and showed improved accuracy.

Various suppliers of turbomachinery developed their own internal codes to predict rotor instability due to the Morton Effect. Other
software packages besides MADYN 2000 were developed by Texas A&M University (TRC Morton Effect Simulation) and Virginia
Tech (VT-MAP 4.0). Antonini et al. (2016) implemented a thermohydrodynamic model into COMSOL Multiphysics® to predict the
Morton Effect. Recently a few good review papers have been published on the Morton Effect and these include a more detailed
overview of the various calculation models that have been developed until now (Gu, 2017; Tong, et al., 2017).

Calculation models need to be verified by actual rotor behavior. Unfortunately it is observed that only a very limited number of
published case studies allow for proper verification. The author suggests investigating the possibility of a common research project in
which an unstable rotor is designed, manufactured and being tested. Rotordynamic test data, including detailed rotor and bearing
geometry, should be shared with the research partners in order to verify their individual models. The advantage of this approach may
be that no critical research data such as measured differential temperatures have to be shared between competing companies but just
standard rotordynamic geometry and vibration test data which should be adequate to further verify each company’s individual codes.

CORRECTIVE ACTIONS

From the existing literature published thus far, it appears that the phenomenon is observed either during testing of new rotating
machinery in the manufacturer’s workshop, or in the field if changes are being made to existing machinery such as is the case for
upgrades and rerates. Besides that, rotating machinery may exist in the field that is marginally stable. In such a case, the smallest
change can result in an unstable rotor system.

If synchronous instability, due to nonuniform heating of the bearing journals, is considered as the root cause of a rotor vibration
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problem, or is suspected during the design stage, the following corrective actions can be considered:

Limit the “design” speed—By reducing the “design” speed, the vibration levels will usually decrease. This solution is not
preferred as it limits the production capacity of the machine. For electric motor driven units, reducing the speed is not an
option unless the motors have variable frequency control.

Reduce overhang moments—Overhang moments can be reduced if lower density materials (titanium coupling spacers,
aluminum impellers) are used. This pragmatic solution, in combination with a reduced moment coupling, has been
successfully applied on a drive-through compressor rotor (de Jongh and Morton, 1994).

Change bearing clearances—Reducing bearing clearances will result in higher viscous shear and larger differential
temperatures across the bearing journal thus aggravating the thermal instability. Simultaneously, the bearing stiffness and
damping will increase and result in a machine less sensitive to overhung unbalance. Synchronous instability is affected by
both aspects and thus depends on which effect predominates.

Reduce bearing length—Reducing the bearing length, for the same
nonuniform temperature across the journal, will result in a smaller thermal
bend. At the same time, the specific bearing loading and eccentricity ratio will
also increase. (Refer also to “Increase specific bearing loading and
eccentricity” below.) Schmied and Pozivil (2008) applied this method on a
turboexpander with double overhung wheels in combination with reducing the
oil viscosity.

Change bearing type or geometry—The “problem” bearing can be replaced by —
a completely different type of bearing design less prone to differential
heating of the bearing journal. This solution is also suggested by Marscher and
McGinley (2004).

Apply a heat barrier sleeve (patent protected)—The application of a heat
barrier sleeve in order to solve a synchronous rotor instability problem has
been described by De Jongh van der Hoeven (1998) and proved to be a very
effective solution. Refer to Figure 13 for a typical heat barrier sleeve.

O\_/

Figure 13. Typical Heat Barrier Sleeve
(patent protected)

Increase specific bearing loading and eccentricity—To solve a synchronous instability problem on an overhung compressor,
Berot and Dourlens (1999) have increased the specific bearing loading by reducing the L/D ratio of the inboard bearing. At
the same time the effective bearing journal length for the differential temperature across the journal was reduced.

Balbahadur (2001) indicates that at higher eccentricity ratios the cooling effect in the bearing will be better, resulting in a
lower differential temperature across the journal. Faulkner, et al. (1997), also successfully applied this method to solve a
synchronous vibration instability problem on a radial inflow overhung turbine.

Change shaft material—If steel with an austenitic structure is being used for the shaft material, a ferritic steel can be
considered because of a lower linear expansion coefficient.

Change lubrication oil viscosity —Increasing the bearing oil supply temperature will result in lower viscosity, lower viscous
shear, and thus less differential heat input to the bearing journal. This method has successfully been applied by Marscher and
McGinley (2004) on a double overhung air compressor and also by Schmied and Pozivil (2008) on a turboexpander. It should
be noted that changing the oil supply temperature also alters bearing properties such as stiffness and damping.

Increase inlet oil flow—If the bearing inlet oil flow is increased, cooling of the bearing journal improves and differential
temperature across the journal will reduce. This method was successfully applied on the drive-end bearing of a 61 MW gas
turbine by Morton in 1976 (Morton, 1976). The clearance on the top half of the bearing was increased, resulting in higher oil
flow through the bearing that cooled the shaft.

Besides correcting Morton Effect problems, implementing one or more of the above indicated corrective actions may improve
machines with a history of marginal synchronous vibration behavior.
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DISCUSSION

Design engineers of new turbomachinery usually have more degrees of freedom to prevent synchronous rotor instability. This will
certainly be the case if design engineers are familiar with the Morton Effect and know which measures can be taken. Over the years it
has become good engineering practice in turbomachinery design to keep overhung moments as small as possible. It is the opinion of
the author that the phenomenon described in this paper has contributed to this practice since, in the past, many vibration problems
could empirically be solved by reducing rotor overhung moments.

For existing turbomachinery showing synchronous rotor instability during mechanical testing or during operation in the field, the
possibilities for significant design changes will usually be more limited. As with many vibration problems, this emphasizes the
importance of understanding and analyzing the tendency of turbomachinery in the design stage.

The phenomenon described in this paper is not of interest to new turbomachinery only, but also important for the rerate compressor or
expander applications, especially those with overhung wheels. Rerates are normally performed to increase the existing production
capacity rate and efficiency. For the machine, this can result in larger overhung wheels and heavier couplings due to the increased
power requirements, making the design more susceptible to the Morton Effect.

Faulkner, et al. (1997), describe a synchronous rotor instability problem on an upgraded turbocharger using the original shaft and
compressor wheel but increased the turbine wheel mass with about 20 percent. This change resulted in unstable rotor.

Kirk, et al. (2003), describe that a compressor rerate was unstable at the test stand. The synchronous instability of this pipeline
compressor with a single overhung impeller could be eliminated by significantly reducing the impeller-end bearing width.

Marsher and McGinley (2004) describe a case study in which a change in the lubrication oil temperature only resulted in unstable
synchronous rotor vibrations.

Obviously, rotors that are stable however run at rotor speeds close to the onset of synchronous instability are being influenced by shaft
journal differential heating. These rotors are very sensitive to overhung unbalances and may have a history of vibration problems.
Peters and de Jongh (2010) describe a case study for a rotor with a single overhung impeller that was very sensitive to unbalance and
from calculations appeared to be very close to the onset of instability. The vibration behavior could be significantly improved by
reducing the impeller weight by 11%.

At Texas A&M University professor Alan Palazzolo investigated the Morton Effect not only for fluid-film oil bearings but also for
tilting pad gas bearings and found that journal differential temperatures do also exist for gas bearings and can drive rotor systems
unstable (Tong and Palazzolo, 2018).

API Design Standard

For the design of new turbomachinery the API design standard gives requirements and guidelines. The section “DYNAMICS” covers
rotordynamics for torsional analysis, lateral analysis, and different levels of subsynchronous stability analysis (for example: APl 617
Standard, 2002). In various publications it is indicated that the APl requirements for the turbomachinery design were met (Berot and
Dourlens, 1999; de Jongh and Morton, 1994; de Jongh and van der Hoeven, 1998; Kocur, 2000; Schmied and Pozivil, 2008).
However, the machines described in these case studies could not be operated at their design speed due to synchronous instability. The
API 684, which is basically a tutorial on rotordynamics, included a small paragraph 3.5.2.5 to indicate that the Morton Effect is a
potential cause of vibrations (APl 684 Standard, 2005). However, since the Morton Effect is a basic rotordynamic phenomenon that
can occur on all rotors supported by fluid-film journal bearings, the author suggests that consideration should be given to definition of
simple but effective design rules being included into the API design standards. Unfortunately until now that has not been the case.

CONCLUSIONS

This technical paper has provided an elementary overview of the Morton Effect, how it can be recognized in turbomachinery, and
which corrective actions can be considered when synchronous vibration problems do occur. Technical literature on this subject has
been summarized and various case studies have been used to explain the corrective actions. In order to reduce the occurrence of
synchronous rotor instability in the future, it has been suggested that API design specifications include simple but effective design
rules. Various calculation codes are available to more or less predict and describe the Morton Effect. Unfortunately only limited
published case studies allow for proper verification of these codes. The author suggests investigating the possibility of a common
research project in which an unstable rotor is designed, manufactured and being tested. Rotordynamic test data, including detailed
rotor and bearing geometry, should be shared with the research partners in order to verify their individual models. The advantage of
this approach may be that no critical research data such as measured or calculated differential temperatures have to be shared between
competing companies, but just standard rotordynamic geometry and vibration test results which should be adequate to further verify
each company’s individual codes.
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NOMENCLATURE
Subscripts
G = Gain vector i =lInput
I = Influence coefficient 0 =Output
M. = Concentrated overhung mass O = Overhang position
= Radius B = Bearing position
= Thermal gain
= Unbalance
= Distance between journal and bearing wall
= Overhang length
=Time
= Velocity
= Phase lag between high spot and hot spot
= Orbit vector
= Phase angle between rotor unbalance and response
= Change in shaft slope at bearing journal
= Rotational speed

e M +*—SCHXT

APPENDIX A
EXPERIMENTAL VERIFICATION OF BEARING JOURNAL DIFFERENTIAL HEATING

This Appendix describes an experimental verification of the theory that journals of fluid-film bearings do not have a uniform
temperature distribution around the journal circumference, but that a nonuniform temperature distribution exists under specific
conditions. The experiment was executed in 1992 for the rotordynamic research and development (R&D) project already mentioned
(de Jongh and Morton, 1994). A simple test rotor, as shown in Figure A-1 was manufactured. The rotor was supported by two 4-inch
tilting-pad journal bearings. In the nondrive-end (NDE) journal, four calibrated temperature sensors were installed at 0.04 inch (1.0
mm) below the journal surface and spaced 90 degrees apart. Since, according to the theory, the temperature distribution around the
journal is sinusoidal, at least four temperature sensors were required to establish the direction and magnitude of any differential
temperature across the journal. Details of the instrumentation used to record the temperatures may be found in the reference previously
mentioned. The rotor was driven by a variable speed electric motor in the manufacturer’s high-speed balancing facility. To transfer the
electrical signals from the rotating shaft, a special transmitter (not requiring a slip-ring) was applied. A photograph of the rotor
including the used instrumentation is given in Figure A-2. The shaft was accurately balanced according to ISO 1940 / G=1.0.

DE Bearing NDE Bearing —— ————
Vibration Probes

4 Temperature Sensors,
0
. #J spaced 90

|7
Balancing Holes, |-

spaced 45°

Figure A-1. Test Rotor with Four Temperature Sensors Figure A-2. Test Rotor with Measuring Equipment.
at the NDE Bearing.

During the run up of the shaft, the temperatures increased and when speed was kept constant at 12,500 rpm, they stabilized.

Figure A-3 shows a cross section of the shaft at the bearing centerline with the four temperature sensors. The measured temperatures
for the first run up, which are nearly equal, are given in Figure A-3(a). The orbit size at the NDE bearing was obtained with two
displacement probes, spaced 90 degrees, and after subtraction of the slow roll vector, only around 2 microns (0.08 mils) peak-to-peak
was measured at this speed.
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Figure A-3. Cross-Section of NDE Bearing Journal, with Sinusoidal Temperature Distribution.

The objective of the experiment was to generate a shaft orbit in the NDE bearing and measure the temperature distribution around the
bearing journal. To generate a distinct shaft orbit in the bearing, an unbalance weight was applied on the shaft at a defined location at
0 degrees. Figure A-3(b) shows the four measured temperatures caused by this shaft orbit. After removing the weight, the temperature
values shown in Figure A-3(a) were reproduced within 0.54°F (0.3°C). Figure A-3(c) shows the measured temperatures of the next
run up where the unbalance was applied at the same axial location on the shaft, but now rotated over 180 degrees. As can be seen the
direction of the differential temperature vector was also rotated over around 180 degrees.
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