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1983 and started work at Pratt & Whitney immediately thereafter, applying his system-design-analysis education to the development 

and application of advanced balance techniques and bearing-dampers to engine designs. It was in this early stage of his career that he 

was drawn to the rotor dynamics discipline owing to the impact of this on system level architecture and the interaction between 

component design level engineering and the rotor vibration behavior. Greg received his MSME from the University of Florida in 

2000, concentrating on bearings and rotor dynamics to augment his practical experience in rotor dynamics and engine loads. Today he 

oversees the formal execution and review of rotor dynamics and loads work, consults on various rotor balance and engine vibration 

topics. 

 

ABSTRACT 

Squeeze Film Dampers (SFDs) are effective means to ameliorate rotor vibration amplitudes and to suppress instabilities in 

rotor-bearing systems. A SFD is not an off-the-shelf mechanical element but tailored to a particular rotor-bearing system as its design 

must satisfy a desired damping ratio; if too low, the damper is ineffective, whereas if damping is too large, it locks the system 

aggravating the system response. In many cases, SFDs are also employed to control the placement of (rigid body) critical speeds 

displacing the machine operation into a speed range with effective structural isolation.   

Industry demands well-engineered SFDs with a low footprint to reduce cost, maintenance, weight, and space while pushing for 

higher operating shaft speeds to increase power output. Compact aero jet engines implement ultra-short length SFDs (L/D Ò 0.2) to 

satisfy stringent weight and space demands with low parts count. A manufacturer, as part of a business plan to develop and 

commercialize energy efficient aircraft gas turbine engines, supported a multipleïyear project to test novel SFD design spaces.  

In spite of the myriad of analyses and experimental results reported in the literature, there has not been to date a concerted effort 

to investigate the dynamic forced performance of a SFD through its many configurations: open ends vis-à-vis sealed ends conditions, 

and supply conditions with a fluid plenum or deep groove vis-à-vis feed holes directly impinging into the film land. This lecture 

presents experimental results obtained with a dedicated rig to evaluate short length SFDs operating under large dynamic loads (2.2 kN 

å 500 lbf) that produced circular and elliptical whirl orbits of varying amplitude, centered and off-centered.  

The lecture first reviews how SFDs work, placing emphasis on certain effects largely overlooked by practitioners who often 

regard the SFD as a simple non-rotating journal bearing. These effects are namely fluid inertia amplification in the supply or discharge 

grooves, pervasive air ingestion at high whirl frequencies, and effective end sealing means to enhance damping. 

The bulk of the lecture presents for various SFD configurations comparisons of experimentally identified damping (C) and inertia 

or added mass (M) coefficients versus amplitude of motion (orbit size) and static eccentricity position, both ranging from small to 

large; as large as the film clearance! The experiments, conducted over six plus years of continued work give an answer to the 

following fundamental practitionersô questions:  

(a) Dampers donôt have a stiffness (static centering capability), how come? 

(b) Why is there fluid inertia or added mass in a damper? Isnôt a damper a purely viscous element? 

(c) How much do the damping and added mass change when the film length is halved? What about increasing the clearance to twice 

its original magnitude?  

(d) How much more damping is available if the damper has end seals? 

(e) Is a damper with feed holes as effective as one containing a groove that ensures lubricant pools to fill the film? What if a hole 

plugs, is a damper still effective?  

(f) Does a flooded damper offer same force coefficients as one lubricated thru feed holes? 

(g) Do the amplitude and shape of whirl motion affect the damper force coefficients?  

(h) What happens if the damper operates largely off-centered; does its performance become nonlinear? 

(i) Is air ingestion a persistent issue with an open ends SFD?  

(j) How do predictions from accepted engineering practice SFD models correlate with the experimental record? Is an idealized SFD 

geometry representative of actual practice? 

 

INTRODUCTION 

Squeeze Film Dampers (SFD) aid to attenuate rotor synchronous response to imbalance and to suppress sub synchronous 

instabilities. Aircraft gas turbine engines employ one or more SFDs to provide external damping to rolling element bearings 
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supporting a rotor.  A SFD is not an off-the-shelf mechanical element but tailored to a particular rotor-bearing system as its design 

must satisfy a certain damping ratio
1
.  

The amount of damping produced is the critical design consideration. If damping is too large, the SFD acts as a rigid constraint to 

the rotor-bearing system with large forces transmitted to the supporting structure. If damping is too light, the damper is ineffective and 

likely to permit large amplitudes of vibratory motion with likely subsynchronous motions. Note that to be effective, a damping 

element needs to be "soft", thus allowing for motion at the location of the support; in particular for the modes of vibration of interest 

[1].  

In many cases, SFDs in conjunction with an elastic support (squirrel cage) are designed to control the placement of (rigid body) 

critical speeds, thus moving the machine operation into a speed range with effective structural isolation [1,2]. 

Figure 1 illustrates a typical SFD consisting of a lubricant film between a stationary housing and a whirling journal. The journal, 

typically the outer race of a rolling element bearing, is restrained from rotation with a dowel pin or a squirrel cage (elastic) support. 

Lubricant with a modest magnitude of pressurization flows through feed holes and into a central groove to fill the squeeze film lands. 

As the inner race of the ball bearing spins with the shaft (rotor), the shaft and ball bearing outer race whirl together within the housing 

and thus squeeze the oil film.  A dynamic pressure field generated by displacing the lubricant produces reaction forces that aid to 

damp excessive amplitudes of rotor whirl motion. 

 

 
 
Fig. 1 Depiction of typical squeeze film dampers (a) with anti-rotation pin and (b) with elastic (centering) cage. Configurations 
(c) with a supply groove and open ends, (d) with a supply hole and end seals [2]. 
 

Zeidan et al. [1] in 1996 sum the historical development of SFDs since their second invention in the 1960ôs and discuss the major 

technical issues for their integration in jet engines and compressors. Della Pietra and Adiletta [3,4] in 2002  provide a comprehensive 

survey of the theoretical models and (laboratory) experimental characterization of the SFD and its applications. Later, in 2012, San 

Andrés [2] presents details on the fluid flow models for the prediction of SFD performance, discuss major issues related to fluid inertia 

and the outstanding differences between lubricant cavitation (vapor or gas) and gas ingestion and entrapment in the fluid film. Ref. [2] 

lists formulas for the evaluation of (open ends) SFD force coefficients operating fully submerged in a lubricant pool, thus prone to 

                                                 
1 The magnitude of a physical damping coefficient (C) is immaterial to the ability of a SFD to attenuate motions in a particular rotor-bearing system. The damping 

ratio (x), on the other hand, does specifically address this issue. In its simple form, x=  ½ Cwn/Km where Km is a modal stiffness and wn is a natural frequency. For low 

damping ratios x <0.2, typical of most modern rotor-bearing systems, the logarithmic decrement (d) ~ 2px. 
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show lubricant vapor cavitation. The equations, drawn from early analytical research in the 1980ôs [5] are frequently cited for SFD 

design and prediction of performance. 

In 2010, Vance et al. [6] revise the record and inform the first SFD was invented by Sir Charles Algerson Parsons in 1889 and 

incorporated into the first practical steam turbine. Ref. [6] details applications of SFDs to optimize the damping ratio and stability in 

compressors as well as to shift critical speeds.  Recently (2013), Childs [7] gives a detailed account of the invention of a SFD by 

Parsons and presents case studies of successful implementation of SFDs into compressors and steam turbines.  Childs draws 

knowledge from research on SFDs conducted at Texas A&M University (TAMU) by John Vance and his students, and later by Luis 

San Andrés and collaborators.  Childs also stresses the differences between oil cavitation and air ingestion and their profound impact 

on the kinetics of SFDs. In particular, the experimental work has evidenced SFDs are not as non-linear as classical lubrication theory 

predicts. The main section of this lecture will make apparent the basis for the assertion.  

Note that since 1975 the TAMU Turbomachinery Symposium has showcased numerous lectures describing applications of SFDs 

to rotating machinery, in particular steam turbines and compressors. For a concise review of the material, read Refs. [6,7] or access the 

papers
2
 directly at http://turbolab.tamu.edu/proc/.  

 

SFD forces and linearized force coefficients 

Fluid film journal bearings provide low friction as well as load support, static and dynamic, to rotating machinery. These 

mechanical elements provide reaction forces F={FX, FY}
T

, typically modeled as  

( )t eF =F -K z -Cz-Mz                                          (1) 

where Fe is a static reaction force at an equilibrium position and z={x, y}
T
 are journal center motions about an equilibrium position. 

The 4x4 matrices K, C and M  contain the stiffness, damping and inertia force coefficients, respectively. Fluid inertia or added mass 

coefficients (M ) are significant in SFDs and annular seals with dense fluids, for example [2].  Force coefficients are paramount to the 

design and reliability analysis of high performance rotor-bearing systems. The linearized representation allows the prediction of rotor 

synchronous speed response and system stability. 

The magnitude and direction of the fluid film reaction force generated by a SFD depends not only on the damper geometry, 

lubricant viscosity and journal kinematics, but also on the disposition of supply and discharge grooves, lubricant density and supply 

pressure, oil delivery arrangement, and the persistence of air ingestion or lubricant cavitation or both, see Refs. [2-4]. Alas industry 

relies on analyses that regard SFDs as a simplified version of a hydrodynamic journal bearing, effectively ignoring the effects listed 

above. Thus, it is not surprising the claim that correlation between measured SFD performance and predictions still remains poor [6,7]. 

 

Is a SFD a non-spinning journal bearing?  

A journal bearing and a squeeze film damper have apparently a similar configuration, i.e., a lubricant film enclosed between a 

journal and a bearing housing. However, both mechanical elements work in distinct ways. Over decades, practitioners simply regarded 

the SFD as a journal bearing and made unsound generalizations about its behavior. The obvious difference between both components 

is that in a journal bearing the shaft spins with angular speed (W), whereas the journal center in a damper can only displace and whirl 

or precess within its clearance. 

Figure 2 depicts the generation of viscous hydrodynamic pressure in a journal bearing whose center is displaced to static 

eccentricity (es) within the clearance (c). The change in static position ï from its center, makes a hydrodynamic wedge where the fluid 

flow decelerates to generate a pressure field; the peak pressure locates just upstream of the minimum film thickness. In the region 

where the gap increases, the lubricant cavitates as it cannot sustain tension. In the schematic view shown, the integration of the 

pressure field on the journal force produces a reaction force (Fs) that balances the applied static load Ws. 

Figure 3 depicts an idealized SFD with its journal displacing with speed vr (downwards) and squeezing the film directly under it. 

The velocity producing the plunge motion is the reaction due to an impact load (W) for example. The fluid film generates a dynamic 

or time varying pressure field whose peak is in direct opposition to the direction of the speed and at the location of the minimum film 

thickness. On the other side of the journal (180
o
 away), the gap is increasing and the local pressure drops until the lubricant cavitates, 

or most likely, external gas ingresses to fill the opening gap. The integration of the pressure around the journal surface produces the 

reaction force Fr ~ vr. It is easy to see that without a speed there cannot be a force; and if vr Ą 0, so does Fr Ą 0. In practice, the ratio 

-Fr / vr Ą Crr, is taken as a viscous damping coefficient. This coefficient does not carry the usual interpretation of being derived from 

and applicable to small amplitude motions.  

                                                 
2 URL http://www.rotordynamics.org  is a useful search engine to find technical material (conference papers) on rotordynamics, bearings and seals.  

 

http://turbolab.tamu.edu/proc/
http://www.rotordynamics.org/
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Figure 4 depicts a snapshot of a SFD with its journal performing circular centered orbits of radius r and whirl frequency w. The 

journal does not spin. At the instant shown, the journal motion squeezes the film directly in front of the speed vt = rw to generate a 

dynamic pressure whose peak occurs 90
o
 away or more from the location of minimum film thickness. On the other side of the film, 

where apparently there is the formation of a wedge (decreasing film thickness), the lubricant may actually cavitate; or most likely is a 

zone for air entrainment. If there is zone of actual lubricant cavitation, the bubble is not stationary, as in the journal bearing case (Fig. 

2), traveling with frequency w around the bearing. So does the pressure field which generates a dynamic force (Ft) that also rotates 

with the same frequency. Thus, a SFD does not operate as a journal bearing. 

As in the prior case, Ft Ą 0 if  vt Ą 0. In practice, the ratio ïFt / vt Ą Ctt has the physical units of viscous damping. This 

coefficient relates a force to a velocity and does not necessarily imply whirl orbits of small amplitude
3
.  

Incidentally, it is important to realize that for a journal bearing spinning with speed W and whirling with frequency w and 

instantaneous eccentricity e=r, lubrication theory [8] demonstrates the generated hydrodynamic pressure (and reaction force) is 

proportional to speed [e (½ W - w)]. Hence, a SFD whirling with radius r and frequency w will produce twice the force than a journal 

bearing statically off-centered to eccentricity e=r and spinning with angular speed W.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Schematic view of static pressure field in a 
hydrodynamic journal bearing and balance of forces. Film or 

gap exaggerated.  
 

 
Fig. 3. Schematic view of viscous dynamic pressure field in 
a simple SFD due to plunge motion of its journal. 
Instantaneous balance of forces neglects (journal mass x 
acceleration) and fluid inertia. Film or gap exaggerated.  

 

Fluid inertia effect in a SFD; when is it important? 

The discussion above does not include the effect of fluid inertia on the force generation of a SFD. Classical lubrication theory 

ignores this effect as the thin fluid flow is too slow for fluid inertia to be important, i.e., the Reynolds number Re*=(r/m) (Wc
2
) 

<< 1. This condition is generally true for most hydrodynamic journal bearings, but not so for SFDs on account of their larger 

clearance. In practice, dampers operate with a large squeeze film Reynolds number,
4
 Res=(r/m) (wc

2
) > 1. For example, in aircraft 

engines, a high whirl frequency w and low kinematic viscosity (m/r) of the lubricants employed makes Res ~20-50 [2].  

                                                 
3 To the first author, the lack of understanding between a mobility ratio (=force/velocity=F/v) and the notion of a linearized force coefficient (=ÖF/Öv) produces major 

discrepancies in the analysis of rotor-bearing systems integrating SFDs. For example, linearized force coefficients are improperly used to predict imbalance response 
with large amplitude displacements at the damper clearance; and the mobility coefficients, derived from the instantaneous kinetics, are used indiscriminately to predict 

rotor system stability. 

4 Later this condition will be shown to be more stringent; Res > 12. 
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Figures 5 and 6 show the kinetics of a SFD undergoing plunging motion and circular whirl, respectively, including the generation 

of a pressure field (Pi) due to fluid inertia. In the first case, the journal displaces with a velocity vr that is increasing; hence its 

acceleration ar > 0.  The reaction fluid film force Fr adds a fluid inertia component (Fi) to the viscous force (Fv).  If the change in 

speed is fast (ar >> 0), the overall reaction force is much larger than the purely viscous force. Ref. [9] demonstrates this behavior in 

experiments conducted with large impact loads on a single-land open ends SFD.  

 

 
Fig. 4. Schematic view of viscous dynamic pressure field in a SFD whose journal undergoes a circular orbit with whirl 

frequency w. Instantaneous balance of forces ignores (journal mass x acceleration) and fluid inertia. Film or gap exaggerated. 
 

 

 
Fig. 5. Schematic view of (viscous + inertia) dynamic 
pressure field in a simple SFD due to plunge motion of its 
journal. Velocity vr > 0 and acceleration ar > 0. 

 
Fig. 6. Schematic view of (viscous + inertia) dynamic 
pressure field in a SFD performing a circular whirl orbit. 
Tangential velocity vt > 0 and radial acceleration ar < 0.  
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For the case with a circular orbit, the journal moves with tangential speed vt=rw and also has radial acceleration ar=-rw2
. Both 

velocity and acceleration generate dynamic pressure fields acting on the journal surface to produce a tangential force (Ft) and a radial 

force (Fr), respectively. In both figures note the introduction of damping (C) and inertia or added mass (M) coefficients, such that 

Ft=Ctt vt and Fr=Mrr  ar. Again, these coefficients are not true linearized force coefficients as they merely relate a force to a journal 

center (instantaneous) velocity (vt) or an acceleration (ar). 

 
Lubricant cavitation vs. air ingestion in SFDs 

Zeidan et al. [10] identify SFD operation with distinct types of dynamic fluid cavitation (vapor or gas) and a regime due to air 

ingestion and entrapment. The appearance of a particular condition depends on the damper type (ends sealed or open to ambient), 

magnitude of supply pressure and flow rate, whirl frequency, and magnitude of dynamic load producing (small or large) journal 

excursions within the film clearance.  

Gas cavitation following the journal motion appears in ventilated (open ends) SFDs operating at low frequencies and with small to 

moderate journal amplitude motions. The cavitation bubble, containing the release of dissolved gas in the lubricant, appears steady in 

a rotating frame. The gas bubble appears not to affect the generation of the squeeze film pressure in the full film zone. The persistence 

of this cavitation regime upon reaching steady operating conditions (high frequencies) in an aircraft application is remote. 

Lubricant vapor cavi tation appears in dampers with tight end seals that prevent entrainment of the external gas media or in a 

configuration with a sufficiently large feed pressure that avoids air ingestion. Furthermore, the lubricant must be relatively free of 

dissolved gases such as air, a condition not readily found in practice. Figure 7 depicts recorded film pressure and film thickness versus 

time in a SFD that shows lubricant vapor cavitation. The damper is fully flooded (immersed) in a lubricant bath. Note that the 

pressure profile is smooth and shows nearly identical shapes for each consecutive period of motion. A (flat) constant pressure zone 

develops at nearly zero absolute pressure, and it corresponds to the ruptured film with a vapor filled cavity that rotates with the whirl 

frequency. 

Air ingestion and entrapment appear in SFDs with open ends vented to atmospheric conditions and supplied with lubricant at a low 

(feed) pressure, i.e. small throughout flow rates. Fig. 8 shows a typical pressure profile that evidences air entrainment. The operating 

conditions are identical to those for the measurements depicted in Fig. 7, except that the damper is not submerged in an oil bath.  In 

the region where the clearance opens, air is drawn to fill the empty volume. The periodic motion leads to air entrapment, with small 

gas cavities (bubbles) remaining in the zone of dynamic pressure generation above ambient pressure. Air ingestion makes intermittent 

air fingering surrounded by liquid striations, see inset picture.  These islands of air may shrink, break up into smaller zones, or 

diffuse within the lubricant. The size and concentration of the ingested air fingers depend on the journal whirl frequency and 

amplitude and the flow rate.  

Note that with air ingestion, the squeeze film pressure differs markedly from one period to the next, peak pressures showing large 

variations. Over a large extent of the whirl motion, the pressure remains ambient and can reach sub ambient conditions. The fluid at 

the damper discharge is cloudy and foamy, see video in Fig. 9.  

 
Fig 7. Lubricant vapor cavitation: measured 
squeeze film pressure and local film thickness in 
a flooded SFD (circular centered orbit). [11] 

 
Fig 8. Air ingestion: measured squeeze film pressure and local film 
thickness in an open ends SFD (circular centered orbit). [11].  
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An open ends SFD in an aircraft surely operates with a foam-like mixture considering the low magnitude of pressure supply 

(small flow rate), large film clearance, and high operating whirl frequency. Of course, mixed operation regimes can also occur in 

practice. For instance, tightly sealed dampers may lead to operation with both vapor cavitation and air ingestion where gas bubbles 

coexist around a sizable oil vapor bubble. Note that air ingestion prevents the generation of squeeze film pressure as there is less liquid 

lubricant filling the damper clearance, ultimately reducing the damping force.  

Diaz and San Andrés and [12] introduce a simple criterion for the likelihood of air entrainment in a SFD. Let,  

   
( )

inQ

D L e
g
p w

=                                           (2)  

If g > 1 then no air entrainment occurs, i.e. the inlet flow is sufficient to fill the volume change caused by the journal whirl motion 

with amplitude (e) and frequency (w). On the other hand, air ingestion occurs when g < 1. The lower the parameter (g), the more 

severe the degradation in damper force performance. Air ingestion is device dependent, its severity increasing with the amplitude and 

frequency of journal motion. Air ingestion can be prevented by increasing the supply pressure (and supplied flow), an impractical 

condition in most applications.  

 

Fig 9. Video depicting outlet foamy lubricant in an open ends SFDs. http://youtu.be/8wQ1TnGTmyE 

 

 

Description of SFD test rig 

In 2008, an aircraft manufacturer contracted the Texas A&M Turbomachinery Laboratory to investigate experimentally the 

dynamic force performance of SFDs, to advance the knowledge of damper performance and operation, and to integrate the knowledge 

(test data, analysis, and modeling) into their engineering design practice.  

The test rig, shown in Figure 10, comprises the SFD and its support structure, a hydraulic static loader, two electromagnetic 

shakers, instrumentation, and a data acquisition system. The SFD consists of a rigid journal and an elastically supported bearing 

cartridge (BC). 16 steel rods (4 main rods and 12 flexural rods) support the BC to give the system an isotropic structural static stiffness 

(KS). The number of installed rods can vary to change the support structure static stiffness. A hydraulic static loader positioned 45
o
 

away from the X and Y axes serves to statically displace the BC to an off-centered or eccentric position (0< eS < c). Two 

electromagnetic shakers orthogonally positioned along the X and Y axes connect, through slender stingers, to the BC for delivery of 

periodic loads with a preset frequency and amplitude.  

Figure 11 depicts a schematic view of the SFD test section and the lubricant flow path. A journal, with diameter D=127 mm, is 

rigidly mounted to a base, which in turn is fastened to a heavy pedestal. The nominal design radial clearance (c) in the film lands 

equals 0.127 mm (5 mil). The journal is hollow to route lubricant from a supply system to the SFD through three orifice restrictors, 

each 2.54 mm in diameter and located 120
o
 apart. Note that the number of active (open) orifice holes can be varied by selective 

plugging. ISO VG 2 oil is pumped through the test journal at an inlet temperature of ~25
o
C. The oil physical properties are 2.65 mPa·s 

in absolute viscosity (m) and 805 kg/m
3
 in density (r).  The lubricant chosen reproduces the viscosity of an aircraft engine oil at the 

operating condition (~180
o
C). 

http://youtu.be/8wQ1TnGTmyE
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Oil flows through the three orifice feed holes and fills the damper central groove and the adjacent film lands. The lubricant exits 

the damper at the top and bottom sections of the journal, and a suction pump routes the oil back to a large volume storage tank. A 

flowmeter records the lubricant into the damper (Qin) while the flow rate leaving the bottom land (Qb) is measured by recording the 

time to fill a vessel surrounding the journal base.  

 

 
Fig. 10. Schematic overview of SFD test rig (isometric and top views). 

 

 
Fig. 11. Schematic view of SFD test bearing section and lubricant flow. 
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