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Abstract. This paper deals with a finite element analysis of gas lubricated herringbone groove journal bearings. The
procedure is able to predict some steady-state and dynamic performance characteristics of grooved gas bearings
operating at high speeds. The classical Reynolds equation for compressible fluids is employed in conjunction with a
linearized perturbation method to generate the zeroth- and first-order lubrication equations for the thin gas film flow.
Curves of load capacity and dynamic force coefficients in fuction of bearing geometric parameters are obtained for
several operating conditions.
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1. Introduction

Grooved gas bearings have been largely employed on several industrial applications in which very low friction, oil-
free environment and light loading are basic requirements. One of the most promising groove geometry for gas journal
bearings has been the herringbone groove (Hamrock, 1994; Kobayashi, 1999). This type of groove is capable of making
the bearing more stable on centered operation and its design and manufacturing costs are advantageous in comparison
with other fixed and non-fixed bearing geometries (Cunningham et al., 1969 and 1971).

Demands for more efficiency and higher productivity have prompted the development of efficient and accurate
engineering tools to analyze bearings with compressible fluids operating at high speeds. However, few accurate and
efficient numerical models have been developed for high speed thin gas film lubrication problems. Even for low speeds
there has been very little work reported on the analysis of gas-lubricated herringbone groove journal bearings (HGJBs)
(Bonneau and Absi, 1994; Kinouchi et al., 1996). The technical literature lacks experimental and numerical data about
the performance characteristics of gas HGJBs operating at high speeds.

This paper presents a finite element analysis of gas lubricated herrigbone groove journal bearing running at several
operating conditions. An efficient and accurate finite element procedure, founded on the Galerkin weighted residual
method with a novel class of high order shape functions (Faria, 2001), is employed to carry out the bearing analysis.
Load capacity and dynamic force coefficients are predicted in function of the bearing groove geometry and operating
conditions. Several performance characteristics curves depict the influence of geometric parameters on the behavior of
grooved gas journal bearings operating at low, medium and high speeds. These data can be an important source of
technical information for lubrication technicians and engineers working on the development of supporting systems for
lightweight rotating machinery.

2. Parameters and governing equations for a Gas HGJB

Figure 1 depicts a schematic view of a gas lubricated HGJB, in which the grooves have been etched on the bearing
moving part. This bearing is fully grooved along its length.

Figure 1. Schematic view of a gas lubricated HGJB.



Figures 2 e 3 show the geometry and parameters describing a gas-lubricated herringbone groove journal bearing
(HGIJB). The bearing geometry includes the groove angle f, the ridge bearing clearance c, the groove depth c,, the ridge
width w, and the groove width w,. The journal rotational speed is denoted by (2 Journal eccentricities in the vertical and
horizontal directions are expressed as ey and ey, respectively. The eccentricity ratio is defined as & = e/c, where
&’=e’+ey’. The bearing attitude angle, ¢, is defined as ¢ = atan(— Fy/ FX), where Fy and F'y are the horizontal and
vertical components, respectively, of the bearing reaction force F. Two useful parameters for grooved bearings are the

groove width ratio,ag =W, /( Wg + W, ), and the groove length ratio, [g = Lg /L, where L, is the extent of the

grooved region in the axial direction and L is the bearing length. /=1 for the fully grooved bearing shown in Fig. 2 and
l,<1 for partially grooved journal bearings. The partially grooved bearing has a circumferential land centrally located
along the bearing length. (X,Y,Z) is an inertial reference frame, and (x,y,z) is a rotating coordinate system attached to the
journal, where x = R.6 and R is the bearing radius. The circumferential coordinate ® is fixed to the bearing housing,
while the coordinate @ rotates with the journal (® =@+ Q.r). The bearing motion is described in relation to the
coordinate system attached to the grooved member (Faria, 2001).

Figure 2. Schematic view of a cross-section of a HGJB.
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Figure 3. Details of a HGJB geometry.

The Reynolds equation for an isothermal, isoviscous, ideal gas in the rotating coordinate system (x,),z) is written in
the following form (Hamrock, 1994):
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on the flow domain 0<8<2r, -L <z< Ly represents the journal surface speed, p is the pressure field and y is
2

the fluid viscosity. For stationary grooves (smooth journal) U = R, while for rotating grooves (grooved journal)
U = -QR. The bearing sides are at ambient pressure p, and the pressure is periodic in the circumferential direction.
Expressions for the film thickness 4 at the ridge and groove of a HGJB are given as.

h=c+ey(t)cos( 0+ Q2t)+ey(t)sin(0+021) 2)

h=c+cy,+ey(t)cos( O+ 02.1)+ey(t)sin( 6+ Q1) (3)

3. Lubrication equations

A perturbation analysis is performed to obtain the zeroth- and first-order lubrication equations for computation of
the bearing load-capacity and dynamic force coefficients, respectively. A journal equilibrium position described by
(exo-eys) is perturbed by small amplitude journal motions (AeX,AeY) with an excitation frequency (@). The film

thickness is then given as
h=h,+(deyhy + Aeyhy )e'™ =h, + Aeyhye'®; (o=X,Y;i=+-1) 4)

where hy =cos(0+Q.t), hy =sin(0+.t) and the zeroth-order film thickness is h =c+e, h, + ey h, or
h, =c+ c, tey hy +ey, hy. ltis assumed that the periodic perturbations on the film thickness cause the same type

of perturbation on the pressure field, which is written as
p(0,2,t)=p,(0,2,t)+(Aey py + dey py )™ = p, + Ae, pye™;0=X,Y (%)
where p, and { p; },_x y represent the zeroth- and first-order pressure fields, respectively.

By substituting equations (4) and (5) into the governing equation (1), the zeroth- and first-order lubrication
equations are obtained in the following form:

0z

10 [ Pohy 3o |, O [ Pohy 0o |_1UPoke) O\ ©)
R2 06\ 12u 06 2u oz ) 2R 00 o

10 (3phh, Op, By Apop,)), O(3phhe O, h O(pep,) | _
R’00\ I12u 06 12u 00 2y o0z 12u oz

Oz
1U|0h,p,)  O(P,h,) o(p.h,)  0(psh,)
2R| 06 00 ot ot

™)

} +io(h,p, +ph,)+
Smooth and grooved journals are usually employed in HGJB designs. For simplicity, this work deals with a finite
element procedure developed for bearings with a smooth rotating journal (Faria, 2001).

4. Finite element procedure

The zeroth- and first order pressure fields are interpolated by using a class of high-order shape functions
{ % , derived from an approximate solution to the non-linear Reynolds equation within an element (e) (Faria,
j=1,2,3,4

2002). Those shape functions are expressed in natural coordinates (&,7) as.
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circumferential direction. For the limit case, 4,—0, the “exact” shape functions become the bilinear interpolation
functions (Bathe, 1982). The “exact” shape functions are of higher order than those of polynomials widely used in the
FEM. The upwinding effect is intrinsically contained in the high-order functions without resort to special schemes for
the advection terms. Due to the automatic balance between the advection and diffusion terms on this finite element
scheme, no numerical diffusion neither artificial viscosity are therefore introduced into the solution.

The Galerkin weighted residual method is used to derive the zeroth- and first-order lubrication equations for a
finite element domain (Bathe, 1982). Four-node isoparametric finite elements are employed in the discretization of the
thin gas flow domain and the zeroth- and first-order pressure fields are interpolated using the high-order shape

where Ao = ¢ is a local speed or Peclet number. L, is the averaged element length computed in the

4 4

functions; pe = Z,/,l_e P, and pl = Zl//f p; . Equation (6) leads to the following system of finite element equations,
i=1 :

which allow the computation of the zeroth-order stationary pressure field within an element (e).

Keps =g 1ij=1.2.34 o
where
6 =] [?E[Q [RI aavg 851/;? - aaij}‘g’“o ige vi ]’dge (1)
g5 =—§y mdr, (12)
;

k; represent the coefficients of the elementary fluidity matrix; q¢ represents the nodal flux through the element

boundary 7. The normal mass flow rate outward the element boundary is given by ¢ . The method of successive

substitutions (Chapra and Canale, 2002) is employed to solve the global non-linear Reynolds equation. The initial guess

for pressure is the ambient pressure. The iterative process ends when |F ‘ ew — Fo d‘ <0.001, where F,,, is the bearing

load capacity computed at iteration () and F,, is the force at the previous iteration (n-1).
Similarly, the linear stationary first-order lubrication equations are obtained from Eq. (7).
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T,

where kgﬁ represents the complex first-order fluidity matrix; f¢ represents the right-hand side first-order flux vector

within element (e); g¢ represents the first-order nodal flux through the element boundary; g~ Tepresents the first-
J

order mass flow rate through the element boundary.
The zeroth- and first-order pressure fields are integrated over the bearing domain to generate the fluid film
reaction forces {F, } ., and dynamic complex impedances {Z_,}, . . The fluid film bearing reaction forces

acting on the journal for a stationary position (e, ,e, ) are given as

L2rx
=J' f(pa — Doy g RAO.Gz 3 0= XY (17)
00
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where p,ris the reference pressure (p,).

The bearing dynamic coefficients associated with the stiffness {K .}, _,, and damping {C .}, ., are
calculated from the complex impedances in the following form
L2rx
Z,y =Ky +ioC,, =~[ [ pyh,Rd0O.dz5 f.o=X.Y (18)
00
or
R
KYX KYY CYX CYY 00 pxhy thY
5. Validation

The static stiffness coefficients (@ = 0) predicted by the present finite element procedure are compared with
computed results presented by Bonneau and Absi (1994) for the gas HGJB parameters given in Table 1. Figure 4

depicts the comparative results of dimensionless direct static stiffness (K ¢ and K ) versus the journal eccentricity
ratio, while Fig. 5 shows the comparative results of dimensionless cross-coupled static stiffness ( K 4 and K v )- The
normalization of the stiffness coefficients is performed with [?I_j =K, / (F/c) , ij=x,y, where F is the bearing load

capacity. Predictions of stiffness coefficients obtained by the high-order FEM procedure (solid lines) present the same
trend shown by the finite element results computed by Bonneau and Absi (1994) (dashed lines). At low eccentricity
ratios, the maximum relative deviation for direct stiffness reaches 0.25, but decreases as the eccentricity ratio increases.
At £= 0.7, the relative deviation is smaller than 2 %.

Table 1. HGJB parameters for validation.

D=00lm (stationary grooves) c=10 um
L=00Im £2=3390 rpm cg=10 um
L=130° p=132kg/m’ 1=1.9x10" Pa.s
N, =4 grooves 560 elements Prey=0.101 MPa
;= 0.5 (40 circumferential x l,=1

14 axial elements)
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Figure 4. Comparative results for direct static stiffness in a gas HGJB.
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Figure 5. Comparative results for static cross-coupled stiffness in a gas HGJB.
6. Performance characteristics curves

An analysis of a gas HGJB is performed to render numerical results on bearing load capacity and direct and cross-
coupled stiffness force coefficients for concentric operation. Gas journal bearings are usually subjected to very light
loads and tend to be operated at zero eccentricity. Table 2 shows de baseline parameters associated with the gas HGJB
chosen for analysis. Table 3 shows the normalization parameters used in the performance characteristics curves
obtained. Each bearing groove is modeled with 72 finite elements (9 circumferential and 8 axial elements).

Table 2. Gas HGJB at concentric position.

L=0.04m D=0.04m B=30°
¢ =10 pm a,=0.5 p= 1.32kg/m’
¢g= 14 um N, varies 2 =32,000 rpm
Pres=0.10 MPa #=1.9x10" Pa.s l;=1

Table 3. Normalization parameters for gas HGJBs.

Load Capacity: F = F/F* F*=p, LD

Stiffness: E[j =K; /K* i,j=x,y K= F*/c

Figure 6 presents the dimensionless bearing load capacity in function of the number of herringbone grooves. Even
though the maximum load capacity occurs approximately at N, = 8, there is a decreasing trend as the number of grooves

increases. The variation of the dimensionless direct (K = ]?W) and cross-coupled ( ]?xy :—[?yx) synchronous

stiffness coefficient (w = (2) against the number of grooves is shown in Fig. 7. The smaller is number of grooves the
stiffer are the bearing designs according to the results shown in Fig. 7. As the number of grooves increases, both load
capacity and synchronous stiffness coefficients tend to level off.

Fully and partially herringbone grooved journal bearings have encountered applications in industrial and electronic
equipment. The influence of the groove length ratio (/) on the steady-state and dynamic performance characteristics of
gas HGJBs is depicted in Figures 8 and 9. Partially grooved bearings are capable of supporting higher loads and offer
more resistance to variations on the journal whirl orbit amplitudes.

In order to evaluate the journal bearing stability against self-excited fluid film instability, the whirl frequency ratio
(WFR) is computed for the various Gas HGJBs analyzed. WFR is defined as the ratio of the whirl frequency (@,) to the
onset speed of instability (¢2,) (Childs, 1993) in the following form.
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(Kog —Kox )-(Kog =Ky )= K K

Crx ny - ny ny

WER? = (19)
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Figure 6. Dimensionless bearing load capacity versus number of grooves at concentric position.
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Figure 7. Dimensionless synchronous direct and cross-coupled stiffness coefficients versus number of grooves.
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Figure 8. Dimensionless load capacity versus groove length ratio.
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predictions show that the WFR is practically independent of the groove length ratio and decreases as the number of
grooves increases. That is, fewer grooves lead to more stable gas journal bearings.

where the dimensionless equivalent stiffness is expressed as K g =

1.4
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Figure 9. Dimensionless synchronous direct and cross-coupled stiffness coefficients versus groove length ratio.
7. Conclusions

The finite element analysis carried out in this work brings some insights into the influence of some bearing
geometric parameters on the steady-state and dynamic response of gas herringbone groove journal bearings (HGJBs).
More efficient gas HGJB designs can be attained using fewer grooves and partially grooved bearings. The number of
grooves and the extension of the grooved bearing length are directly proportional to the bearing manufacturing costs.
The performance characteristics curves presented can provide some guidance about grooved bearings for designers of
lightweight rotating machinery.
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