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Introduction 

The US Air Force has found that designers cannot 
predict destructive vibrations, despite being armed with 
today’s most powerful and sophisticated tools.  

The Air Force-led National Turbine Engine High Cycle 
Fatigue Program, a consortium of engine companies and 
government agencies, has been initiated to address the 
primary causes of HCF, “the Air Force’s number one 
readiness issue.”  

As engineers, we know that insight into all potentially 
destructive vibrations is instrumental to addressing HCF.  
My paper shows how design teams can gain the power to 
understand and to avoid vibrations that encompass the 
whole engine. 

“Analysis that would predict potential whirl 
instability of a whole engine, including flexible 
bladed disks, due to both linear and nonlinear 
nonconservative mechanisms is advanced.” 1 

The paper you have on your CD-ROM shows how the 
new approach to “whole engine dynamics” can be 
implemented with practical analysis.  A specialized 
response analysis of the whole engine allows the designer 
to recognize the sensitivity of an untested engine design to 
whirl instability and to explore the significance of test 
results from an engine in development.  In addition, the 
paper shows why many critical mechanisms and 
potentially disturbing conditions in engine operation can 
be addressed only through “whole engine dynamics.” 

Harnessing the power offered in the paper simply 
requires design teams to follow the same fundamental 
practices that originally brought the jet engine to maturity.  
Those practices can connect experts’ research with needs 
uncovered by designers. 
Background and Context 

My early development as a designer taught that inquiry 
into puzzling observations (puzzlers) in test of rigs or 
engines was key to staying aloft.  Even as we learned from 
failures, we knew that repeating a mistake could be fatal 
to our career aspirations, to our project, or worst, to our 
pilot. 

Puzzlers may provide an early indication of potential 
failures. Today, though, puzzlers are often allowed to 
remain hidden.  Design is more canned, with expectation 
that every design will work like the one before. But then 
we had no “befores” – design relied on novel thought and 
fundamental understanding.  We knew that understanding 
could advance only if designers remained vigilant after 
their creation moved from design into development. 

In today’s specialized world, inquiry into development 
puzzlers, which once was the life-blood of designers and 
their leaders, has now been moved to academicians. 

The subjects of papers presented today follow well-worn 
paths, which, in decades of discussion, have not proven 
themselves capable of addressing the Air Force’s 
concerns. 

Even when successful, today’s experts, sitting in the 
academy, create a view of a single engine component at 
best. Without input from inquiring designers, research is 
led to isolated points in the behavior of a whole engine.  
The micromechanics of friction at interlocking shroud 
contact surfaces and the effect of mistuning at exactly the 
resonant condition, that fatal condition that turbine 
designers forever have worked to avoid, are examples of 
those isolated points.  Twin Peaks, anyone? 
Getting a Whole Engine View 

Let me relate how I grew into the realization that 
designers need a “whole engine” view of vibrations. 

In the fifties, I was very fortunate to work on design of 
an engine ahead of its time, featuring a dual rotor with a 
novel, bold shaft/bearing arrangement.  While the engine 
successfully went through preflight tests, there was a 
sporadic problem with 2/rev vibration in the LP 
compressor.  The usual source of excitation, wake 
interference, was not the answer. 

Since my responsibility was the hot end of the engine, 
my interest in the problem was only as an observer.  Like 
other puzzlers, that 2/rev vibration stayed in my mind 
even after I moved to other jobs.  

From readings captured in a failure of an experimental 
fan that I had designed during the last throes of Curtiss-
Wright, I realized that 2/rev bladed disk vibration could 
also be the result of coupling with shaft whirl.  I began 
publishing on that coupling in 1974, eventually 
incorporating it in an analysis of response in a whole 
engine. 

Since experts at Curtiss-Wright did not grasp the 
significance of those readings, the sponsor of the 
experiment, the Air Force, never knew that the data could 
trigger new insights.  Maybe, he said wistfully, research 
on “whole engine dynamics” would have been initiated.  

The details are on your CD-ROM.  In this time I will 
show why a “whole engine” approach is needed to address 
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the Air Force’s concerns.  As examples, I will use a few 
mechanisms that are classified as subjects in your 
specialty, “Natural and Forced Vibrations of Bladed 
Disks,” but in reality can be viewed only through “whole 
engine dynamics.” 

tangential inertial forces  
produce a nonconservative, transverse force 

 
Figure 3 Inertial forces on overhung fan due to backward wave with 

supercritical passing frequency of the bladed disk alone2 
Neglect of the Pivotal Interaction 

My presentation contains an explanation of the 
fundamental linear interactions between fan rotor flexing 
and engine whirl, which are shown here in Fig. 3 of my 
2001 paper.  To save time, I will just mention the 
highlights of that explanation. For those who are 
interested, I have copies of the entire text of this 
presentation for anyone who wishes one. 

The backward traveling component of shaft precession 
produces axial inertial forces due to bladed disk flexing, 
which combine with the rigid-body gyroscopic forces to 
produce a total, or equivalent, gyroscopic moment that can 
be greatly magnified, and possibly even reversed, as 
shown here. 

The corresponding tangential inertial forces produce a 
nonconservative, transverse force shown here in Fig. 3.  
This force may create an abrupt stability limit on spin 
speed. 

These interactions are neglected in current design 
analysis. 

The fundamental linear interactions between flexing 
of a shroudless fan rotor and engine whirl are shown in 
Fig. 3 of my 20012 paper. These are the inertial forces 
associated with backward traveling steady precession 
at the juncture of the fan rotor with the supporting 
shaft.  Conventional analysis accounts only for the 
rigid-body, or gyroscopic, axial inertial forces, but 

there are also forces due to flexing of the bladed disk. 
When combined, these forces produce a total, or 
equivalent, gyroscopic moment that can be greatly 
magnified, and possibly even reversed, as shown here. 
The corresponding tangential inertial forces produce a 
net transverse force, which is nonconservative. This 
force may either feed energy into or extract energy 
from the whirl. Conditions that may create a distinct 
stability limit due to such transverse forces are 
discussed in my 2001 paper. 
These fundamental linear interactions are neglected in 
IGTI forum subjects. Even so, rigorous mathematical 
validation is being claimed in published research. As 
designers should be aware, thorough evaluation of 
mathematical research like this is necessary before 
adoption. 

increase in friction coefficient actually 
increases blade vibratory stresses  

  
Figure 4 Inertial and gyroscopic forces on overhung fan due to 

subcritcal backward wave before onset of slippage2 
 

 
Figure 6 Definition of backward wave at limit2 

 

Experts Didn’t Get it 
The interlocked shroud was instrumental to taming 

vibrations in the turbofan, and has been used from the 
beginning of jet propelled civil flight across the Atlantic, 
flights many now take for granted, though not one of us 
who actually flew across the big pond in a piston powered 
DC-7.  Surprisingly, experts have still not offered a 
plausible explanation on how the interlocked shroud 
actually works. 

Nicholas Klompas    Oral Presentation: ASME GT-2002-30422 Nic@Klompas.com Page 2 of 5 



 
Test results summarized in the report on the British 

Midland crash near Kegworth, January 8, 1989 show that 
increase in friction coefficient actually increases blade 
vibratory stresses, but experts continue to publish papers 
in which they claim analysis that quantifies damping, 
exactly the opposite of the effect seen in tests. 

Such opposite analysis is the basis of the canned 
program BDAMPER, which is claimed as an early success 
by the Air Force-led, national program. This basis, along 
with other flaws detailed in the handout, show that 
BDAMPER is insufficient to validate a new design. 

A limit cycle that explains test results from the British 
Midland crash is defined in my 20003 paper.  The 
explanation turns out to be a self-limiting backward 
traveling wave driven by creaking at inter-blade contact 
surfaces as they pass through the nodal diameter of the 
wave.  

The action of the opposing creaks in driving the wave 
backward is a new twist on the effects of friction in a 
rotor.  That action is shown in my 2001 paper2.  

Solution of a limit cycle would be incomplete if its 
interaction with engine whirl were neglected. 

The canned program BDAMPER, which is based on such 
opposite analysis, has been approved as a design tool. 
The Air Force-led, national program claimed as an 
early success the application of BDAMPER in 
facilitating a drastic reduction in the failure rate of an 
engine that was fielded with a problem for HCF 
failures of a fan blade. However, the basis of BDAMPER 
- as described in an announcement available online – is 
insufficient to produce such analytical completeness 
as to validate a new design. 
Completeness of that limit cycle would be predicated 
on incorporating the interaction of a possible friction-
induced, backward traveling wave in each shrouded 
bladed disk with whirl of the corresponding supporting 
shaft, thus encompassing the whole engine in a single, 
nonlinear mode of vibration. 
The reliance by BDAMPER on separating response for 
the stick-slip assumption is into "fully slip" and "fully 
stuck," violates classical Nonlinear Vibrations, which 
instructs that a single nonlinear solution must be 
found - a solution of steady vibration where each cycle 
incorporates both, slip and stick.  BDAMPER yields two 
solutions of different “resonant frequency,” which is 
meaningless in Nonlinear Vibrations, as if the designer 
has a choice at which speed his fan rotor would reach 
peak amplitude. 
A limit cycle that explains test results from the British 
Midland crash is defined in my 2000 paper3.  The 
explanation turns out to be a self-limiting backward 
traveling wave driven by creaking at inter-blade 
contact surfaces as they pass through the nodal 
diameter of the wave.  
That wave is represented in Fig 6 by the tangential 
force in the ring formed by contact between shrouds.  
Creaking occurs at the nodal diameter, where the ring 
breaks into two pieces. My 2000 paper shows that a 

solution is possible only if the wave of deflections 
leads the shaft precession, a phase relationship that 
causes energy to be fed into the shaft.  Completion of 
the energy flow from spin into backward whirl is 
shown in my 2001 paper, which shows how the 
inherent difference in the creak between the sides of 
opening and closing blade spacing causes the 
corresponding flow of energy into the ring. 
Definition of the limit cycle in my 2000 paper 
conforms to classical Nonlinear Vibrations. 
Completeness of that limit cycle would be predicated 
on incorporating the interaction of a possible friction-
induced, backward traveling wave in each shrouded 
bladed disk with whirl of the corresponding supporting 
shaft, thus encompassing the whole engine in a single, 
nonlinear mode of vibration. 

mistuning shields all but two blades from 
reaching the full resonant condition 

 

 
Figure 1 Ideal two-nodal diameter traveling wave5 

 

 
Figure 2 Possible best-fit solution secured by  

correcting waves of one and two-nodal diameter2 
Studies on the effects of mistuning, published for at least 

three decades, have not led to any practical results. 
Interest is currently driven by the belief that mistuning 
concentrates into specific blades higher amplitude than the 
ideal of perfect symmetry.  
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I show in my 2001 paper that the opposite is true; 
mistuning shields all but two blades from reaching the full 
resonant condition on passing though a split peak.  



 
I also show for the first time that the response of a 

shroudless fan to inlet distortion produces excitation of 
engine whirl. The one-nodal diameter wave, which is an 
inevitable component of that response, excites the 
backward component of synchronous, elliptical whirl.  

Instability due to tangential inertial forces, which I 
showed earlier, might be triggered by the one-nodal 
diameter wave – a potential surprise late in an engine’s 
development. 

The effects of mistuning have intrigued researchers 
since Tobias and Arnold first observed the split peak in 
the fifties. Mistuning has been the fodder of academic 
exercises for at least three decades, but no practical 
results have surfaced.  Interest is currently driven by 
the belief that mistuning concentrates into specific 
blades higher amplitude than the ideal of perfect 
symmetry. 
In these figures from my 2001 paper, I show that the 
opposite is true; mistuning shields all but two blades 
from reaching the full resonant condition on passing 
though a split peak. There is no basis for the 
explanation that energy flows into a localized sector 
of the bladed disk, in reality, response to external 
excitation is conservative.  
An example of nonconservative response, involving 
flow of energy within a linear system, is examined in 
the present paper. I relate similarities in response of a 
stable and an unstable spinning torque-loaded rod to 
prove the underlying principles. 
I am sure those who engage that proof will be 
stimulated to thought and discussions. They may see 
that the current eigenvalue approach to instability is 
only a palliative that reinforces blind faith in canned 
programs.  
The 2001 paper does uncover an effect of mistuning 
that should be addressed in design, specifically that 
the response of a shroudless fan to inlet distortion 
produces excitation of engine whirl, as seen in these 
figures. 
Fig 1 shows the lowest order component of this 
response: a two-nodal diameter wave traveling 
backward at 1/rev with respect to the stator, 
producing vibration at 2/rev, to which fans and 
forward stages of compressors are inherently 
sensitive. The traveling wave is transformed into two 
waves oscillating at 2/rev in a reference frame fixed 
to the spinning disk. 
Fig. 2 shows the deviation of axial restoring moment 
at each blade due to mistuning; positive deviation 
means that the blade derives additional stiffening 
from inter-blade coupling through the disk and 
negative deviation means that the blade responds as if 
the disk stiffness were reduced. The reference axis is 
placed through or near the blade with highest positive 
deviation. The component of each deviation 
associated with this axis is delineated. 
This choice of the reference axis should be familiar to 
experts who rely on heavy computer analysis for 
insight; the region near 0 deg is the sector they select 
for “mode localization.” The blade shown on the axis 
responds with highest amplitude and is closest to its 

resonance. If the speed were just below the lower 
peak, an increase would cause only this blade to enter 
a resonant condition. 
“Mode localization” focuses on this region in a 
“global” system that is bounded by rigid constraint at 
the shaft. This definition of “global” is too narrow for 
designers, who must contend with the rest of the 
engine in their system. 
Addition of a series of correcting waves to the ideal 
oscillating wave completes the component of the 
mistuned solution associated with the chosen axis.  
Here, only correcting waves of one and two nodal 
diameters are illustrated. The waves, stationary with 
respect to the reference frame, oscillate at 2/rev.  
The one-nodal diameter wave produces equal 
moments traveling backward and forward at 2/rev 
with respect to the reference frame.  The backward 
moment excites a component of synchronous, 
elliptical whirl.  
The full solution, which should account correcting 
waves associated with both axes, can be expressed as 
a series of traveling waves, where the speed of each 
wave relates to the number of nodal diameters so as 
to define an orthogonal component harmonic response 
at 2/rev in the bladed disk.  However, only the one-
nodal diameter wave is necessary to determine the 
action of inlet distortion on whirl of the whole engine. 

Price Of Neglect 
Front portion of X-section of CF6 copied 

from UAL Fl232 crash report 

4 
recovered pieces of the disk could not 

possibly be the product a burst 
A Wake-up Call that Wasn’t 

Neglect of the dynamic interactions between bladed disk 
flexing and engine whirl has left open the possibility of 
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serious engine failures, as I explained in the last two 
Congresses. The fan failure that caused the crash of UAL 
Fl 232 at Sioux City Iowa on July 19, 1989 – that crash 
you keep seeing on television – is an example of such a 
failure. 

Fig. 8 in the final report shows the rotating components 
lost in flight.  The whole fan rotor broke off at the bolted 
joint to the LP shaft.  The official finding holds that the 
disk burst before breaking off, but my 2000 paper3 shows 
that the recovered pieces of the disk could not possibly be 
the product of a burst. I concluded that failure of the shaft 
joint was the primary cause.  

This disregard of an observation that would be obvious 
to any designer should not surprise you.  Few public 
investigations are willing to address the possibility of 
dangerous mechanisms missed during design and 
development. 

It is clearly safest if the design team were to follow the 
fundamental practices of creative design to avoid failures 
in the first place.  Those fundamental practices underlie 
the tactics advanced in my paper. 
Let’s Roll 

As the Air Force has said, destructive vibrations are 
making it though today’s design system, which means 
that they are making it through today’s level of 
understanding.   

If we want to stop these vibrations from slipping though 
the cracks, we have to give design teams the power to 
analyze whole engines in a way that accounts for puzzling 
mechanisms that fall outside the limited boundaries of 
today’s specialties.  Such power is directly offered by the 
approach advanced in my paper.  

“As in conceptual design, where a sure-fire process 
would not be feasible, the investigator must be guided 
by intuition, judicious selection of successive trials, 
etc.  However, the investigator can examine an 
overall solution as a construct of planar waves and 
their interactions, which he can verify by back-
calculations based on rudimentary Rotor Dynamics.”1 

The analytical process in my paper allows creation of a 
“whole engine” solution to puzzlers surfacing directly 
from observations in design and development - in other 
words, from “listening to the engine.”  A solution secured 
through this process would be indisputable, even if it 
contradicts longstanding beliefs of experts, because of the 
transparency shown here in my concluding paragraph – 
verified by simple back-calculations 

Using “whole engine” solutions that represent potential 
limitations due to vibration on operation of the engine, we 
can establish the context in which localized mechanisms 
must act.  The effects of such localized mechanisms on 
vibrations may be then examined in context, allowing us 

to pinpoint where specialized research may be needed – 
allowing us to open new, complementary paths.   

When we align experts’ research with the real needs 
uncovered by real-life design and development, we can 
move beyond our current state of insight, a state of insight 
that still allows damaging vibrations to go unexplained 
and unresolved. 

Together we can solve “the Air Force’s number one 
readiness issue,” but only through a “whole engine” 
approach to dynamics.   
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