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A Numerical CFD Analysis on Supply Groove Effects
In High Pressure, Open End Squeeze Film Dampers
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Abstract — In this paper, we address the supply groove study on low supply pressure SFDs and investig#tied

depth and pressurization effects on the behavior afpen end
squeeze film dampers using numerical CFD approachA
steady state moving reference frame technique, ragh than a
full time transient one, is implemented in this stdy, which
allows shortening the computation time significany and to
be able to examine more cases readily. Our findingshow
that significant fluid motion takes place in the spply groove
causing its pressure to be varying mainly in circurferential
direction and be lower than the supply pressure, irgeneral.
The supply holes configuration plays an important rée in
pressure profile both in groove and land region, execially
when the supply groove is shallow. Mid land groovesnay
have significant dynamic contribution to squeeze lin
dampers despite their large depth. There exists anptimal
supply groove depth which renders the squeeze filmlamper
most effective. In higher rotational speeds and stiaw supply
grooves, negative pressure values and cavitation @homenon
appear which defeats the purpose of pressurizationo a
certain extent.

Keywords — Squeeze Film, CFD, Supply Groove, Supply

Hole.

. INTRODUCTION

influence of the operating speed and the formedtatéon
region[9]. Pressurization as a solution to the sslveffect

of cavitation and jump phenomenon was addressed by
Simandiri and Hahn [10]. They concluded that “sfigaint
unbalance force isolation is a practical possipiktven
with relatively high unbalance loading. In partayl with
increased pressurization, the likelihood of bistabl
operation can be considerably reduced” [10]. THugh
supply pressures up to 100(psi) = 7(bar) and higiner
commonly practiced in aerospace applications. Sairds
conducted a series of experimental studies on a@peh
SFDs [1,3]. He reported significant inertia effects
exhibited by the tested grooved SFDs which showed
considerable differences compared to the classical
predictions. Also, no pressure relief in the groawas
evidenced, contrary to the general practiced knogée

This paper is conceived with the aim to study theoge
depth effect in high pressure SFDs. This paper is
structured in four main sections. In the first &mct
problem description and the details of the studsesaare
elaborated. The methodology and details of CFD Gaugir

is addressed in the second section. The resultaiezp
and discussed in the third section. The last sedtiche

For over a half-century, squeeze _Im dampers (fterea summary and conclusion.

SFD) have been adopted as a vibration attenuatioinirt
rotating machinery. In their simple structure, arloant
_Im, trapped in the gap between the journal, uguhk

[I. PROBLEM DESCRIPTION

outer race of a roller element bearing, and the SFDA three dimensional CFD analysis is conducted on a
housing, provides viscous damping and enhances tBgghtly modified SFD geometry of the test rig bgns
stability of the machine. An anti-rotation pin alls the andres [1, 3]. Figure 1 shows the modeled lubricant
journal only to translate, most commonly in a whirkegion. Three supply holes (orifices), circumfeiaityt

motion [1, 2]. In some designs, axial ends of SHEDs

120_ apart, are contained in the journal and fekeddant

sealed with the purpose of enhancing the load @pac girectly to the supply groove. This arrangementvistes

reducing cavitation, and reducing the ow rate [B, 14
aircraft engines, SFDs are the main damping soartee

an axisymmetric lubrication condition. In this dgsi two
end seal grooves are located close to the axia efithe

system. Gas turbine engines usually operate in k&Y journal to allow piston ring seals installation.this paper,
temperature ranges, which may result in a droph® topen-end SFD configuration with the seal grooves
lubricant  viscosity, and consequently multi-solatio jncluded in the hydrodynamic zone, is considered.
behavior and jump phenomena [4]. Inayat-Hussaimkka additionally, two short lands beyond the end seabges
and Mureithi conducted a bifurcation study on dyial are incorporated in the model, although they aré no
sealed SFDs supporting rigid rotors and assumegpected to have a big contribution. The origirest trig
simpli_ed long bearing solution [5]. Similar appcbavas tilizes a centering spring support characterizétth Ws
applied by Dousti et al. to SFDs, centered withi@r =187 MN/m stiffness. Based on San Andres [1,3],
seals [4]. Zhao and Hahnby adopting the short bgari|sovG2 oil at room temperature, T = 23_C, with the
assumption  studied open end SFDs [6]. Thesgensity and viscosity qf = 785(kgm-3) angi=3.1(mPa.s)
aformentioned papers (i.e., [4, 5 6]) assumellm s ysed to simulate the high temperature operating
cavitation model and reported multi-solution ope@t conditions of gas turbine engines [3]. The lancaceace
zones and jump phenomenon. The cavitation and &4 journal radius ratio of the modeled SFD is cARe<3,
ingestion was studied experimentally by Zeidan angnich is larger than that of a typical hydrodynamic
Vance, who characterized the cavitation regimedeiails bearing ranging from 1.5e-3 to 2e-3. In this pagper,
[7. 8]. Boppa, Morrison, and Sekaran conducted ® CFaqdition to the test rig's primary design, two SF®ish
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supply groove clearances of 3.3,1.2 (mm) are inyat&d, Table 1: Geometric parameters of modeled SFDs
as well. Table 1 lists the geometric propertieshef SFD Parameter mm
illustrated in Fig. 1. As mentioned before, in agrace Land clearance, cl 0.251
applications, SFD pressurization is commonly agplie Journal radius, R 63:5
reach the ideal®2film condition, and to avoid the adverse SFD length, L 73:66
effects of cavitation. A high supply (inlet) presswf Ps= Land length 25:4
4.137(bar) is adopted in this study to present the End land length 2:54
lubrication condition in a real aircraft engine.tsehat the Supply groove length 12:7
experimental results by San Andres is obtained with End seal grooves length 2:54
0:11(bar) for land clearance of 0.125(mm) [3] and Supply groove clearance, GG 9:7; 3:3; 1:2
0:55(bar) for land clearance of 0.25(mm) [1] sugglito End seal grooves clearance 4:181
the test rig. Boppa et al. modeled lubricant astiptuhse Supply hole radius 2:54

regime with 3% air entrained in the lubricant. Bhsm
their comparison with experimental data, they cotetl [ :
that a higher air entrainment percentage might loeem ‘
realistic [9]. In this study, 4% air entrainment aeted as
dispersed fluid and ideal gas is assumed to floth tie

lubricant into the clearance domain via the threketi

holes and realizes the squeeze film.

s - housing
- surface

inlet Fig. 2. Mesh grid of SFD half geometry, used in @D
analysis.
0 0
a—p+—(puj) =0 (1)
t
dpU; ap au
o ’)J )

journal

suiface Where the effect|ve V|3005|ty ISyeff =u+

K? ; : .
e =Cup= andc, is a constant in the equations above

U;S are velocity components is density, x; is the
coordinate components, and t is time. Unlike
hydrodynamic bearing [11], with the lack of surfapeed,
the SFDs performance relies on the translation anowif

supply the journal with negligible thermal effects, thus,
groove —> . R
isothermal assumption is justified. The and &€ come
directly from the differential transport equatiofts the
end seal groove turbulence kinetic energy and dissipation rate
Fig.1. The geometry of squeeze film damper (a guarft apk _90 ( M )k
whole SFD) T (p ik) = 0%; u+ak | TP pE (3
6ps iy g2
ll. CFD ANALYSIS ra (PU €)= (“ ak); P 4)
o aU au an 20U, X au,, .
ANSYS-CFX v.14.5 (ANSYS Inc., Cannonsburg, PA) isPx = H: ax Oxl o, - 36‘xn( Ue o7, + pk)  (5)

used to perform the CFD study. In this CFD package,

Reynolds averaged Navier-Stokes equations aredsoime ~ Whereo,. , g, are constants. In the above equations, k

an element-based finite volume appraach is Reynolds averaged kinetic energy of the turbulen
eddies and "is dissipation. The second term in Eds
negligible for incompressible flows. The high resion
advection scheme is chosen and simulation conveegisn
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user specified based on the root mean square (RMSg V. FLow PATTERN
residuals less than 10-6 and invariance of thelteestith
continual iterations. Due to the axial symmetryif bathe Figure 5 exhibits the streamlines and flow patténrthe

SFD geometry is analyzed with the supply groovealaxi SFD. It can be seen that the inlet holes arrangeorethe
wall modeled as a symmetric wall. The computationgbyrnal (and not as conventionally expected on the
domain and grid are shown in Fig. 2. The inlet Bolenoysing) results in a recirculation region with tices that
(orifices) are modeled as openings with Ps = 4(b3¥) as  move in the opposite direction of the whirl motiand
the opening pressure and flow normal to the boyndarcause an axial flow close to the journal surfacettia
which allows for the back flow (partial or full) oof the  gpposite direction of the one in land region. Ie teal
domain via inlet holes in case of occurrence. A MgV groove, similar to the supply groove, spiralingtices are
Reference Frame technique with variant whirl speedgrmed, which in contrast with those of the supgigove
ranging between 50 - 250 (Hz) is used. The housinglow a “thru" region near the journal surface [12F is

surface is modeled as counter rotating (stationa). shown in Fig. 5b and discussed by San Andres and
The journal surface is eccentric in Y directiontwét value  pelgado in [12], an artificial wall can be consigerto

of 10% of the land clearance. To model the trame‘bf Separate the recircu|ation and thru regions'
the journal tangent to circular centered orbit ecéry
(CCO), the surface is given a counter rotating wall
velocity in the off-centered rotating referenceniea The
adoption of CCO despite the axisymmetric design and
inlet holes configuration makes it viable to assuhad the
variation of tangential and radial forces along the
trajectory is negligible. Thus, a steady-state ysisl is
sufficient and is implemented. It is noteworthynbe@ntion
that the seal groove is a part of journal surface @hown

in Fig. 1. The axial end of the “end land" is maklas
outlet opening to ambient pressure. The mesh grid
contains hexahedral structured elements, as is rshow
Fig. 2, and utilizes 20 elements in the land and kamd
clearance region, and is comprised of 413162 ndwnles
total. A mesh independence study is carried out by
increasing the division numbers in all directionsda
mainly in radial direction by 30%. As is depictedRig. 3, Fig. 4. Circular centered orbit
the force variation is less than 5%.

VI. MASS FLOW RATE
V. RESULTS AND DISCUSSION

Figure 6 presents the variation of mass flow rate f
three different groove clearances versus whirl dples
shown that speed increase yields reduction in the f
rate. This is due to the higher pressure developinethe

The results reported in this section are obtairestd on
a CCO trajectory with a 0.0251(mm) radius equivaten
0.1c, as shown in Fig. 4. As listed in Table 1eéhsupply

groove clearances are examined. In addition taléfault supply groove for higher whirl speeds which oppat

4% air entrainment, a case with no air entrainment . A L
considered. Five whirl speeds ranging between 5@ algow rate supplied to SFD, as is illustrated in$7ig. By

. . : . educing the supply groove clearance, in general, a
ZSO(QH,%) with 50(Hz) increment are investigated. reduction in flow rate occurs. This trend is vielkhtfor

‘ higher speeds as GC decreases from 9.7(mm) to B8(m

[

IS
=
R
g ™ VIl.  PRESSUREFIELD
< 0o~ e -
> \\\ ,,/"'//7 . . . .
L e T The static pressure profile developed in SFD is
@] o . . . .
g discussed in this section, where all the reportddes are
LL‘ . .
10t 450000 “00000 0000 00600 gauge pressure. Figure 7 depicts the pressurewrgpitats

of the inlet hole on “Y" axis for GC = 9.7 and GCL=2. It

is shown that by decreasing the GC value, the maxim
Fig. 3. Mesh independence study, the variation of ~ Pressure location moves to the middle of the rmlmi, the

tangential force w=50 Hz, and GC=3.3(mm), tangéntia hole edges experience lower pressures. Our finditegs

force for the original mesh wds = —113.116 show that in spite of modeling the inlet holes psrongs,
no backflow via inlet holes occurs in any of thesea

studies. This characteristic can be justified bg ttigh
supply pressure value. It is also seen that thaspre

Copyright © 2016 1JEIR, All right reserved
82

number of nodes



International Journal of Engineering Innovation & R esearch

Volume 5, Issue 1, ISSN: 2277 — 5668

profiles of different inlet holes are almost thensafor
each case study.

- 1.571e+001

- 8.077e+000

l 4.412e-001

[m s*-1]

Artificial wall

44122-001
[ms?-1]

43
(b) 2D streamlines at # = 180° cross section (the axial
length is shortened)

Fig. 5. Typical 3D and 2D streamline plots

0.6 ~—GC=9.7(mm)
’T: 05 GC=3.3(mm)
on
2 0.4F
L =
03 %
é 0.2} f‘ )

*— 1
el ¢ GC=1.2(mm) ]
0.0 . . . ]

50 100 150 200 250

speed (Hz)
Fig. 6. Mass flow of sfd for a constant supply pres, Ps
= 4:137(bar)

The difference between the supply pressure and the (c) w

pressure realized at the hole suggests that sontaeof
supply energy is used to accelerate flow throughitiet
holes. The difference between the supply pressudetize
pressure realized at the hole suggests that sontaeof
supply energy is used to accelerate flow throughitiet
holes. The pressure profile contour plots of thepsy
groove are plotted in Fig. 8. It is observed thet supply
holes split the circumference of the supply grotovéhree
similar sectors. On these sectors, pressure desrdasn
one inlet hole to another as it accelerates irdifection of
the whirl with almost no variation in the radiakefition.
This variation is more pronounced for shallower Eyp

groove. A wake region with low pressure is realireckt
to the inlet holes. The increase in the whirl speed
intensifies the difference between maximum and mirmn

pressure values, i.e., peak to peak pressurenagdtive
pressure regions appear foy> 200(Hz) resulting in
cavitation phenomenon.

These observations reject the long lasting trauftio
perception that the supply groove region sustains a
uniform pressure equal to the supply one independen
its geometry and the dynamic of the SFD. Alsoighsies
the appearance of cavitation at high whirl speed=ne
with pressurization. This indicates that multi dimn
phenomenon associated with cavatation might yetirocc
even with pressurization. Figure 9 illustrates finessure
contour plots in the (vacant) seal groove. It cansken
that the pressure varies in circumferential diecti
majorly and in radial direction slightly.

Pal

(b) w 250{1{2),
GC =9.7(mm)

(a) w 50(Hz),

GC =9.7(mm)

103561006
f-1.1E1e+008
-1.287e+006
-1.413e+006

(Pl ,>=N‘\
(d) w 250( H z),
GC =1.2(mm) GC = 1.2(mm)
Fig. 7. Pressure contour plots of the “Y” coord@atnlet
hole (based on Fig. 5a)

In higher whirl speeds, the variation in radialediion
diminishes and regions of negative pressure appesr.
such, higher velocities and stronger vortecies gead in
the seal groove cavity at higher speeds resultgreasure
drop at some portions of the journal surface due to
Bernoulli effects. This large clearance area doasatt
similar to the thin squeeze film portion and floatiern is
more complicated in it. In Figs. 10-12, pressurefifg in

grooves. Also it can be seen that the averagecstaﬁXial and circumferential directions are depictedthree

pressure in the supply groove is less than 40%hef t
supply pressure due to the recirculation and flawshe

GC.
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R [

(a) w=50(Hz), GC = 9.7(mm) (8) w = 50(Hz)

132164004 i
[Pa] : g = -

2]

(b) w=250(Hz)
Fig. 9. Pressure contour plots of the seal groove

and four whirl speed cases. Figures 10 and 11 are
characterized with an almost constant pressure atomg
the supply groove range of 0 < x < 6:35(mm). The
pressure values of the “end landection are nil. This
_field reveals the insignificance of the end lamdhie SFD
characteristics even in the absence of an end Geathe
other hand, the seajroove contributes to the pressure
field with a constant and non-zero pressure regidre
magnitude of the pressure in this region is comaide.
Hence, it can be concluded that the midland grooves
enforce an axially constant and non-zero pressietd, f
contrary to the conventional perceptions. As wasulised
before, pressure in the land zone is circumferiytia
varying. In the region between the two grooves,isas
evident in Figs. 10 and 11, a linearly decreasirgsgure
zone associated with the land region exists. Tlsure
curve, especially for deeper supply grooves, exhibi
discontinuity where supply groove meets the largiome
That is, a “pressure drop" takes place in the ttiansfrom
large clearance of the supply groove to that of el
region. This phenomenon, which occurs due to the
Bernoulli effect and inertia of the lubricant, reddes the
pressure drop in flow restrictors. In general, ttend in
Figs. 10 and 11 is the pressure decrease as thmysup
groove clearance GC decreases.

(€) w=>50(Hz), GC = 3.3(mm)

(d) w =250(Hz), GC = 3.3(mm)
Fig. 8. Pressure contour plots of the supply gravwe= 0
surface
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Fig. 10. Axial pressure profile on the journal sud at Kinem
8 = 90,9 is measured from Y axis in Y,Z plane. (d) 200(Hz)

o o ) Fig. 11. Axial pressure profile on the journal sud ate
This significant observation is in contrast witheth _ 180, g is measured from Y axis in Y,Z plane.

general realization practiced in industrial compute
programs where the supply pressure is enforcechat t
edge of land region as a boundary condition. Figie
presents the variation of pressure in circumfeagnti
direction for the middle point of the land region.

The conspicuous feature of these figures is thetexce
of three pressure zones with three peaks, similathé
three pressure zones in the supply groove showigirs.
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which dominates the hydrodynamic contribution of
squeeze motion, contribute to the pressure pattethe
land region. Further investigations are required tiois
subject. In Fig. 12, effect of the supply grooveathnce
on the pressure profile developed in the land asea
depicted, as well. It can be seen that the peakefik
I 4 pressure exhibits an inverse correlation with G@ fs,
P /‘f‘*‘.\r ‘\,‘ ;'Gf‘=3--‘[mm'l'~.‘ _ higher peak to peak_ pressure values are _generated f
GC=1.2(mm) N i lower GC values. This indicates the necessity afeap
- — L - - supply groove for an effective pressurization. lineo
L 5 - o A M words, direct hole feeding to the land region, ehis
" » practiced in some designs, is a poor lubricati@hneue
(a) 50(Hz) In addition to the previous findings, Figs. 10-12
substantiate the negative pressure zones appeaaadce
100, £, i NI extension with the increase in the whirl speed idegpe
§ i high supply pressure and large land clearance. dere
Y i the comparison of the results of the cases withvetitbut
air entrainment shows that the variation of the SFD
behavior is less than 5%, thus, it can be conclutiad
high pressure SFDs behavior is not susceptiblehto t
ordinary air entrainment values.

GC=9.T(mm)

P {kPa)

—50

GC=1.2{mm) L 4

0 50 100 150 200 250 300 350 VIIl. FORCE ANALYSIS
g
(b) 100(Hz) The developed hydrodynamic forces are obtained by
- integrating the pressure field developed on thenalu
0 . 7N, GC=9.Tamm) These forces naturally exhibit a nonlinear behawiith
g J £ respect to the displacement and whirl speed. Nelexh,
i approximating these forces with linearized coeéfits for
a pre-assumed trajectory, CCO in this study, israrnon
practice. Thus, for an assumed trajectory, onencéa

{M(w) e }M{-C ffa) g((ﬂﬂ ®)

~

1o GC=12(mm}  GC=3.3(mm) ™ .‘.\J; - m(w) M (w)
0 50 100 150 . 200 250 300 350 N { K(w) k(a)) }{ y} ~ [_ F, (w)}
" ~k(w) K(@|z| |-F,(@
(¢) 150(Hz) ( ) ( ) Z( )
600 y P
100 ;}‘\\‘ GC=0.7(mm) 500 - /"‘ﬂ/
) T " 400 GC.:_».IJ(mmJ P ¥4
S50 il’( Lz‘:3(}U * e _~GC=1 E(m'm;)/.

4 100 .
& 50 I 0 l:_:;-:‘“".f —GC=9.T(mm})
; : .
H 50 100 150 200 250
=100 . 1 GC=3.3(mm) “\ ! W
GC=1.2(mm) L
—150 N (a) radial force (Y direction)
0 50 100 150 200 2350 3000 350
- ¢ =50 ‘__7' / GC=1.2(mm)
(d) 200(Hz) 100 o W Ty e
Fig. 12. Circumferential pressure profile on therjaal 150 » '—ﬁ—f,
surface in the middle of the land region at X =8 g = _ GC=9.T(mm) -
) o ] -250 [ S S
The obvious justification of such a pattern is thiet _300 T
holes arrangement. This pattern is not reported dor 2 i - o "ﬁ';“
similar SFD with small clearance and low supplysstee ' T B )
in [3, 9]. In addition to the holes arrangemeng targer (b) tangential force (Z direction)
than usual clearance of the land, i.e., cl/R =9.8®.001, Fig. 13. Force variation of SFD versus whirl speed

low eccentricity of CCO, and the high supply pressu
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Where L
y = Rcod#d) @ L tanI‘(ZRj
y = Rsin(8) ©® M =2x w(;) RY1-——57 (12)
The position designated =0 corresponds to the —
studied steady-state case, where the calculatéal sautl 2R
tangential forces match the Cartesian where the coefficient 2 accounts for the two lands

separated by the central feeding groove [1]. T&blests
Table 2: Linear force coefficients of SFD, Experittse#  the linear force coefficients obtained from a quadidr

data reported for principal X and Y direction [1], curve fitting and compares them with experimentaiad
Traditional analytical model Egs. 11,12 , *CFD reported by San Andres [1] and the analytical model
GC(mm) M(kg) m(kg) (J(“—f) represented in Eqs. 11,12. The experimental data is
- X =110 X = 5220 obtained for low supply pressure of Ps = 0.55(bah)ile
9.71 Yy —12.7 - Y = 6060 the CFD model is obtained by enforcing Ps = 4.187j(b

e e The experimentally obtained cross-coupled valuesnat

s== 2-2 R 191: ssz==-==== :1_51:_['24:(: : reported due to their insignificance. It seems that
9.7 10.01 0.50 8489.2 pressurization results in a considerable crossiedup
3.3" 11.40 —0.69 8285.8 damping values. The direct damping and added mass
1.2 8.31 1.53 1612.7 values despite the supply pressure differenceseheny
GC(mm) t‘-(%") K(%) F.:(%) are comparable and the stiffness values are muetiesm
] X =-500 than the centering spring stiffness that makes them
9.7f - Y = 800 — ignorable. The CFD overestimates the damping aoefft
S e e m e m — I _ L _______. by 30% and underestimates the added mass by 20%,
9 = - - which can be attributed to the different supplysstee
Uo7 T 723230 28533 9300 values. As is shown in Fig. 12, for the deepesbgeoi.e.,
3.3* _19.73 R67.4 1798 GC =97, the cavitation is _suppressed almost fotha
1"‘ 37?6 3 361.5 _618.9 excitation cases and negative pressure does netaapp

This indicates the effectiveness of the pressuagzain
ones, ie.,F =Fand F,=F, as shown in Fig. 4. removing the cavitation in _Im land once deep geo&
Substituting Egs. 7 and 8 in Eq. 6, and by assunaingused’ as mentioned before. Both experimental anB CF

harmonic motion [14-23], we have rgsu_lt_s deviate _frqm th_e analytical model_ in qu_;, 12

= significantly. This is mainly due to the falsifigécditional
- =—wM +wc+K (9) assumption that the supply groove isolates the land

R regions, while our results in Fig. 11 along witherts'

F show that this region contributes to the dynamiespure
_E =w’'m+wC -k (10) generation and in fact links the two adjacent lands

. ] ] ] Hydrodynamic damping is the most important
which presents the radial and tangential forces Whe  cparacteristic of a SFD. The principle damping teslato
linearized rotor dynamic coefficients. Figure 1Bstrates Gc = 9:7 and GC = 3:3 cases are almost the sarike wh
the variation of the radial and tangential forcessus Gc = 9:7 has much higher cross-coupled dampingeoont
whirl speed. In these figures the discrete datedlto the This value is five times lower for GC = 1.2. Ghe
five aforementioned speeds as well as their quadralyher hand, the cross coupled damping is the higioes
curve fits from which the linear force coefficientse Gc = 9.7. This finding shows, in contrary to theD8F
obtained (based on Egs. 9,10), are p_lotted. Irethigares, traditional design perception, the importance oppsy
the absolute values of the forces attributed to=GX3 are groove on the dynamic behavior of SFDs and its
higher than those of the other two speeds. Thisuf@ies significance in their proper design. In the lackjamirnal
the existence of an optimum groove clearance WhiGhtation in SFDs, adoption of a centering elementlift-
renders the best performance of the SFD. Basech®n G and centering the motion is prevalent in irtdas
damper where the groove effects are neglected, theks = 18:7(MN=m) in the related test rig reported3],

damping and added mass coefficients calculated fgfken dominates the hydrodynamic ones generatethdy

noncavitated, i.e., Z film, are whirl motion of the journal in housing. In the lack
L centering element, the assumption of CCO is nodong
R)® tam{ZR) valid [2]. It can be seen that the reported stéBealues in
c=2 XlleuL(—) 1—f (11)  Table 2 are significantly smaller than that of temtering
c — spring and can be ignored. The direct stiffnessie/aif
2R GC = 9.7 is a negative, while its absolute valualisost

equal to the one with GC = 3.3. GC = 1.2 exhibits t
lowest stiffness values as well as the damping ones
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compared the other two study cases. SFDs, repgyted|
exhibit a considerable amount of lubricant addeda1ja3,
14]. It is shown in Table 2 that the direct mashies of

GC = 9:7 and GC = 3:3 are almost equal, and a 20%

decrease occurs by reducing the GC value to 1:2(1tis)
also shown that the cross-coupled added mass seses

GC decreases. Note that based on Eq. 9 the stffnes

restoring force and inertia forces oppose eachr@hd in
SFDs, the inertia forces are dominant.

IX. SUMMARY AND CONCLUSION
In this paper, a CFD analysis is conducted on anop
end, large clearance, and centrally grooved SFbdated
with high supply pressures. The results are obthimih
CCO trajectory assumption for a range of whirl gjsee
The lubricant is assumed to contain 4% entrained ai

3.3. This postulates an optimum groove depth for
which SFD is the most effective. It can be infertieat

to have an effective lubrication free from negative
pressure zones and relatively uniform pressure in
circumferential direction, deeper supply grooves ar
required.

The linear coefficients of the case with GC=9.7 are
validated with experimental data. This experiméntal
obtained data, although obtained for a lower supply
pressure, show that our CFD results are correctirand
the expected magnitude.

The linearized coefficients in general does notslao
predictable variation pattern with groove depthrgea
Study cases with GC=9.7 and GC=3,3 exhibit very
close direct damping values as the most important
characteristic of SFDs. By decreasing GC from 8.7 t
3.3, the lubricant added mass coefficient increasets

modeled as ideal gas and dispersed fluid. The tresul with a further decrease to 1.2, it plummets.

obtained in this paper can be summarized as follows

In general, it can be concluded that the supplyggo

« The groove regions are characterized with vorteand the supply holes arrangement have nonlineactsff

pattern flows with a considerable velocity

inon the dynamic of SFDs. Although the use of CFD

circumferential direction opposite to the journatitv  analyses has become prevailing in industry, a ritgjof

direction.

designs rely on Reynolds based analysis and compute

« The flow rate decreases with the increase in thiel whPrograms which may oversimplify the problem. Furthe
speed due to the higher pressures developed on fRED studies on the subject of supply 22 groove kolds
inlet holes. Decreasing the groove depth in generaffangement and their dynamic can provide insiglitaw

results in a decrease in a decrease in flow rate/edl.

to model their behavior better in Reynolds equabtiased

« The supply groove is identified with a three-sectopOIVvers.

pressure zone separated by inlet holes. Due to the

circumferential flows in the groove, the average
pressure in this region is considerably lower thizm

supply one. The supply groove pressure variation ifl

axial and radial direction is nil compared to the

circumferential direction. This is in contrary withe [

traditional understanding of the SFDs’ behaviorjolih

considers the pressure in supply groove constamt an

equal to the inlet hole pressure.

. . . [3]
e Considerable pressure is developed in seal groove,

which is in the same order of magnitude of the
neighboring land pressure. The pressure in thiomneg
is varying circumferential direction and not in alxi
direction.

» Pressure profile, in its positive region, exhibite
highest values at the supply groove. The land regio
identified with an axially decreasing pressure jof

pressure values and end land
atmospheric pressure content.
direction, the three-zone pressure pattern, obdeirve

supply groove, appears similarly in the land regas [7]

well.
» Despite the pressurization, negative pressure aade
cavitation occurs for higher whirl speeds and sivall

SFDs.
* The obtained hydrodynamic forces, both in radial an
tangential directions, show the highest valueX6r =

(4]

(5]

The seal groove region has axially almost constant
region exhibité]
In circumferential

(8]

supply groove cases. This makes multi solution and
jump phenomenon probable, even for the pressurizéd
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