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ABSTRACT
Numerical Simulation of Slider Air Bearings
by
ShalLu
Doctor of Philosophy in Engineeing-Mechanica Engineeing
University of California at Bekeley

Professor David B. Bogy, Chair

This dissetation focuseson the development of a geeral purpose slider air
beaing simulation program to be used aa tool for desgning air beaingsin modern hard
disk dives. The omputer code, @lled the CML Air Beaing Design Program,
implements a multi grid control volume method to wlve the generalized Reynolds
equdion. It can simulate all the main air bearing suface feaures sgh as multiple ech
depth, shaped &ils, and arbtrary wall profile. A mass flow rate averaging method is
incorporated to deal with clearance dismntinuities.

It is found that aligning the grid lines with rail boundariesand the tape locaion
can improve the accuray and consistercy of the slution. A adapive grid method based
on the presare gradient field is also inplemented which grealy facilitates grid
generaion. The implementation of a full appoximation sorage ad full multi grid
method dramaticadly improvesthe lver efficiency.

Under high speed, low spacing conditions, the numerical solution may bemme
unstable if the central difference method is usel for the cnvective term in the Reynolds
equdion. Several aternatives are ompared ad it is found that the hybrid scheme is
supeior to dl other sdemes for diderair beaing agplications.



Several sub-25 nm, “negaive pressuré€ slider designs are presged. The designs
al have flat fly height profiles acossthe disk radiusand low take-off speels. It is found
that the wall angle reaulting from the @ching process ca alter the air beaing fly height

significantly. It is important to include thewall angle effed in the simulation.

Prof. Dauvd B. Bogy, Chair
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CHAPTER 1

INTRODUCTION

Today’s highly graphical and rich multimedia computing environment demands
more data storage capacity than ever before. Magnetic hard disk drives provide a
reliable, inexpensive, high speed and high density storage media. In the early days of the
industry a few decades ago, the hard disk drives were twice as big as a refrigirator, had a
few megabytes of storage capacity and cost hundreds of thousands of dollars. Most
modern drives are only slightly bigger than a pocket calculator, can hold up to a few
gigabytes of data, and cost only about 12 cents per megabyte. The price / performance
ratio is still dropping rapidly.

In magnetic hard disk drives, the read/write transducers are attached to sliders that
are loaded onto the disk surface by a spring suspension. When the disks spin at high
speed (currently from 5400 RPM to 10000 RPM), the air flow between the slider and the
disk creates an air bearing which lifts the slider from the disk surface by a small distance,
called the fly height. It is the fly height at the read/write transducer that has a direct
impact on the recording density. Higher densities require lower fly heights.

The slider air bearing surface is designed with shapes that provide desired flying
characteristics. The first IBM Winchester sliders had two simple straight rails acting as
the air bearing surface. The rails had tapers at the leading edge to add stability and
pressurize the air. Since then, the fly height of the sliders has decreased dramatically

with the increase in recording density. Lower fly height requires better tribological



performance from the air bearing design. New recording technology also demands that
the fly height be relatively constant across the entire disk radius. In the meantime,
chemical etching and ion beam milling technologies have enabled the creation of
arbitrarily shaped slider air bearings. Therefore, air bearings of significant complexity
have appeared to meet the demanding design requirements. New features in air bearing
designs include shaped rails, multiple etch depths and negative pressure pockets.

Numerical simulation has been an indispensable tool for air bearing design. An
efficient numerical code enables us to evaluate many different designs without building
and testing each one of them, thus shortening the cycle time and reducing the
development cost. The primary goal of this dissertation is to develop an efficient,
powerful air bearing design program that is capable of handling all the practical air
bearing features. Using this code, we investigate some issues in air bearing design.
Several low flying air bearing designs are also obtained and summarized in this
dissertation.

The governing equation for the air bearing pressure between the slider and the
disk is the generalized Reynolds equation. The next four chapters are devoted to the
detailed account of the numerical techniques developed to solve this equation. In Chapter
2, the generalized Reynolds equation and an overview of numerical methods for solving
this equation are presented. A control volume formulation is used to discretize the
equation. It is very stable and well suited for air bearing problems for the high speed and
low spacing in the current magnetic hard disk drives. A mass flow averaging technique is
used to treat the clearance discontinuities in arbitrarily shaped, multiple recess level air

bearings. A staggered grid is used to obtain the mass flow patterns accurately, which can



be helpful in tracking the contamination particles in the air bearing. The solution
procedure for obtaining the steady state fly height is also discussed.

Grid generation is one of the most important issues in any numerical solution.
Without an adequate grid, the numerical results obtained can be inaccurate, sometimes
totally meaningless. Chapter 3 discusses the treatment of special grid issues in slider air
bearing simulations. Results show that the grid should be aligned with the discontinuity
boundary as much as possible to accelarate grid convergence - the asymptotic approach
to the true solution as grid size increases. It is also demonstrated that it is very important
to have enough grid resolution at the taper end. A heuristic method is implemented to
achieve this automatically. Although the grid can be generated manually using piece-
wise geometric series, this method is inefficient and tedious to use. An adaptive grid
method is implemented in order to make better use of the available grid size. This
method does not change the total grid size, rather it redistributes the grid based on the
pressure gradient so that the grid is more concentrated where the pressure changes
rapidly.

Iterative solution of the discretized Reynolds equation on a single grid is not very
efficient. The convergence rate slows down as the iteration progresses. The
implementation of the multi grid method in Chapter 4 improves the solver efficiency
dramatically and makes the air bearing simulator a powerful design tool. The stability
and accuracy of the solution depends on the treatment of the convective term. Different
convection-diffusion schemes are compared in Chapter 5.

In Chapter 6, several low flying air bearing designs are obtained using the air

bearing simulator. After the first design was fabricated, it was found that the etched wall



actually had a very shallow slope. Good agreement was obtained after the simulation
included the shallow wall. Different wall profiles are created when different processes
are used.

The final chapter, Chapter 8, summarizes this study. Appendix A contains the
User’'s Manual of the Matlab based graphical interface, and the Windows based graphical

interface is described in Appendix B.



CHAPTER 2

NUMERICAL METHOD

2.1 Introduction

The governing equation of the traditional gas-lubricated slider bearing is the
Reynolds equation. Analytical solution of the Reynolds equation is available for a few
special cases. Numerical methods have to be applied for general configurations. Castelli
and Pirvics (1963) provided a review of early methods.

During the past three decades, hard disk drives have undergone dramatic
improvements. While the size of drives has decreased, the storage capacity has increased
from a few megabytes to gigabytes. The higher data storage density is achieved partly
through the reduction of slider fly height. The fly height has been lowered from a few
microns to less than 50 nm in many drives today. Performance requirements led to the
development of sophisticated air bearing designs. It has been shown that shaped ralil
negative (sub-ambient) pressure air bearings have very high air bearing stiffness and fast
take-off characteristics, which improves head-disk interface reliability (Kogaral,

1983; White, 1983; Yoneokat al, 1987). Constant fly height profile across the entire
radius of the disk can also be achieved with negative pressure slider designs. In addition,
multiple etch depths are being used to further improve air bearing performance (Hardie,
et al, 1994; White, 1991). Simulation of these air bearings under high speed, low
spacing conditions presents a considerable numerical challenge. The numerical method

must be versatile, stable and efficient.



Research on the numerical solution of air bearing slider problems, including
dynamic effects, has been ongoing in the Computer Mechanics Laboratory over the past
decade. Garcia-Suarezt al (1984) proposed a finite element method with an upwind
scheme for air bearing simulations. Miu and Bogy (1986b) simulated taper-flat sliders
using the factored implicit scheme of White and Nigam (1980). Ruiz and Bogy (1990a)
implemented the second order slip correction and the Fukui and Kaneko (1988) model.
A factored implicit scheme for irregular rail geometry has been developed by Cha and
Bogy (1995). The method is based on a control volume formulation of the linearized
Reynolds equation. It also implemented the power-law scheme in mass flow calculations
to enhance the stability of the algorithm. The steady state solution is achieved using an
alternating direction implicit method with time stepping.

In this chapter, a control volume formulation (Patankar, 1980) is adapted to
analyze shaped-rail air bearing at ultra low spacing. The method applies to a general
class of convection-diffusion equations. It uses the original non-linear generalized
Reynolds equation without linearization as in the previous methods, resulting in a very
simple form. Superior stability is achieved by implementing proper convection-diffusion
schemes. The combination of the alternating direction line sweeping method with a multi

grid solver improves computational efficiency dramatically.

2.2 Generalized Reynolds Equation

2.2.1 Reynolds Equation
The governing equation for the gas lubricated bearing is the Reynolds equation,

which can be written as



— 359_ i 3@_
12“& (ph) =2 Hph > &Juph%&yéph 5 &/uph% 2.1)

where p is pressureh is the local clearancey is the viscosity of the ait) andV are
the velocity components of the moving surface in ¥hand y directions. In deriving

this equation, the velocity component and the inertial and body forces are neglected. A
no-slip boundary condition is applied on both surfaces. The film thickness is assumed to
be much smaller than the lateral dimensions and the pressure is assumed constant across
the film thickness.

In our study, only the steady state air bearing solution is of interest. As will be
shown, the numerical method used is very stable so that the steady state solution can be
obtained from the steady state Reynolds equation directly, without using time stepping.
Therefore, the unsteady term in Eq.(2.1) can be dropped.

2.2.2 Rarefaction Models

Although the film thickness is assumed to be small in the Reynolds equation, it
still has to be large compared to the mean free path of the air (about 64 nm under
standard conditions) in order for the no-slip condition to be valid. However, the
minimum slider-disk separation in current drives has become smaller than the mean free
path. Therefore, the rarefaction effect has to be taken into account. Various slip
correction models have been proposed by Burgdorfer(1959, first order slip), Hsia and
Domoto(1983, second order slip) and Gans(1985, higher order). Fukui and Kaneko
(1988) derived a molecular gas lubrication model (FK model) based on the linearized
Boltzmann equation. It can also be cast in a form similar to the Reynolds equation. The
Direct Simulation Monte Carlo results of Alexan@¢rl(1994) confirmed the validity of

the FK model for slider-disk spacing as low as 10 nm.
7



All the above correction models can be put into the following non-dimensional

steady state generalized Reynolds equation

9 5 OP d s OP
2 MPH} A PHH—MPH?*Z_—-A PHO=0 2.2
ax@g IX X E aYEb oy E (2:2)

where P=p/ p, H=h/h, X=x/L Y=y/ L are the non-
dimensionalized pressure, bearing clearance, coordinate in slider length direction and
coordinate in slider width direction, respectivelys, is the ambient atmospheric

pressure;h is the reference clearance at the trailing edge center; L is the length of the

6 6
slider; A, = puldm; and A\, = p“\r:mf are the bearing numbers in the and y

directions, respectivelyt) andV are thex and y velocity components, respectively;

Q is the flow factor, and assumes different forms depending on the type of correction

model used,
Q=1, Continuum Model
K., ) .
Q=1+ 6a Py First Order Slip Model
_ 1+ 65 . d@%H  second order Slib Model
Q= -y Gamg econd Order Slip Mode
Ka .
Q= Qﬁ@ Fukui-Kaneko Model
PH
where a = 2-a and g is the accommodation factokn = hi is the Knudsen number
a m

K
and A is the mean free path of the aﬁ%ﬁé is as given by Fukui and Kaneko (1988).



The current implementation of the FK model uses the database table look-up method of

Fukui and Kaneko (1990) to increase the computational efficiency.

2.3 Control Volume Formulation

2.3.1 Integration of the Generalized Reynolds Equation
The control volume method of Patankar (1980) is employed to solve the
generalized Reynolds equation. His control volume formulation applies to a general class

of convection-diffusion equations having the following form:
%(pgo) +div(pug) = di(T gradp) + S (2.3)

where @ is the dependent variablg, is the density[” is the diffusion coefficientu is

the flow velocity andS is the source term.

In two dimensions, the steady state equation without the source term can be

written as
X, + d]—y =0 (2.4)
X Y '

where J, and J, are the total (convection plus diffusion) fluxes defined by

J9
J, = -r—= 2.5
x = pPUQ@ axX (2.5a)
_ J9
J,=pvp-T — (2.5b)

where u and v denote thé andY components ofi.

It is clear that Eq.(2.2) is a special case of Eq.(2.4-2.5), with P, p = H,

u=A,, v=A, andl = QPH®. Here, the diffusion coefficierft is a function of the



dependent variable. Therefore, the equation is non-linear. The non-linearity of the
equation is dealt with iteratively. At each iteratidn,is updated using the newest value

of the dependent variable. After making the above substitutions, Eq.(2.5) becomes

3, =APH-TE (2.6a)

o X '
oP

Jy = /\yPH—FW (2.6b)

wherell = QPH3.

The integration of Eq.(2.4) over the control volume shown in Fig. 2.1 gives

J,-J,+J,-3,=0 (2.7)

where J, and J,, are J,AY evaluated at control volume face e and face w respectively;
J, and J are J AX evaluated at control volume face n and face s respectively.
2.3.2 Central Difference Scheme

The evaluation of the integrated fluxes, which need to be approximated using the
values of the dependent variable at neighboring points, can cause difficulty in the

numerical solution, especially for high bearing numbers. It seems natural to use the

central difference scheme to represent the integrated fluxes. For example,

LI}
)

3. = (APH),AY - B‘ZX—PHAY
Ui (2.8)

- (PE ~ PP)
(/\XH )e(PE + PP)AY re (5X)e AY,

N~

where I', is calculated using the most current values of the dependent vaRabées

mentioned previously. Other flux values can be obtained similarly. Let us define the

convection coefficients

10



F, = (A,H) ay
F. = (A H) Ay
F, = (/\yH)nA)( (2.9)
R, = (A,H) ax
and the diffusion coefficients
5 - LAY
e (),
o - FubY
" ().,
[ AX (2.10)
D, = 7
(%),
D = rAX
© (),

By using Eq.(2.8)-Eq.(2.10), we can regroup EQ.(2.7) into the following form:

aph = a:R + 8RRt R+ ak+ b (2.11)
where

Fe

a. =D, - (2.12a)
FW

a, = D, + (2.12b)
F,

a, = D, - (2.12¢)
2
FS

a, = D+ (2.12d)

aP = a'E + aW + aN + aS + ( Fe_ FW+ I:n_ F) (2128)

b=0 (2.12f)

11



The Peclet number measures the relative strength between convection and
diffusion and is defined as

P=F/D (2.13)
It is clear from EQ.(2.12a)-Eq.(2.12d) that the coefficients can have negative values for

absolute values of Peclet number great than 2. For example, O for P, > 2 and
a, <0 for P, < -2. Negative coefficients violate one of the basic rules of

discretization stated by Patankar (1980) and lead to divergence of the solution. The
outcome is disastrous.

Another potential stability problem comes from Eq.(2.12e), where the terms in the
parenthesis do not have zero sum. This is different from the case of the Navier-Stokes
equation, where the sum in the parenthesis is always zero due to the continuity equation.
A negative sum in the parenthesis makes the coefficient of Eq.(2.12e) less than the sum
of the coefficients in Eqg.(2.12a)-Eq.(2.12d) and de-stabilizes the solution. There is an

easy fix for this problem, however, by rearranging Eq.(2.12e) and Eq.(212f), so that they

become
aP :aE +aW +aN +aS+maX(0!Fe_Fw+Fn _Fs) (2129)
b=maxO,F,-F.+F —-F,)P:, (2.12h)

where the dependent variable in Eq.(2.12h) is assumed to be known, using the most
current value.
2.3.3 Stable Convective Schemes

A variety of schemes have been devised to overcome the stability problem of the
central difference scheme. The resulting coefficients for these schemes can be

summarized in the following unified form, after Patankar (1980):
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a. = D,A(P|)+ max(-F..0) (2.13a)

a, = D, A(R,|)+ max(F,.0) (2.13b)
a,, = D,A(R,[)+ max(-F, ,0) (2.13c)
as = D,A(R)+ max(F,.0) (2.13d)
a, =a; +a, ta, tag+maxQ,F,-F,+F, - F,) (2.13e)
b=maxQ,F, -F. +F. -F,)P, (2.13f)

where the functionA(I Pl)depends on the convective scheme chosen,

1- 05P| central difference
1 upwind

max@1- 0.5P|) hybrid

max(, (1-0.1P)°) power-law

A/ -1) exponential

A detailed comparison between different schemes is given in Chapter 5. It is determined

that the hybrid scheme is the most suitable for air bearing simulations.

2.4 Mass Flow Averaging for Clearance Discontinuities
2.4.1 Formulation
The dider air bearing has a geometrical peculiarity, namely, the clearance

discontinuities. This poses numerical difficulty for finite difference methods based on
the differential form of the Reynolds equation. An artificial smooth function has to be
used in place of the discontinuity, thus reducing the accuracy of the solution. In the
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present integrated control volume formulation, the clearance discontinuity does not cause
any numerical difficulty. However, when a discontinuity crosses the boundary of a
control volume, accuracy can be improved by using the mass flow averaging scheme of
Kogureet. al (1983) and Chat. al (1995). In this technique the mass flux on a control
volume boundary with discontinuity is averaged by appropriately weighting the
contribution from both sides of the discontinuity. When averaging is used, the mass

fluxes become
J, =83, +(1-9)], (2.14a)
J,=n3, +(1-n)J, (2.14b)
where J_ is obtained by applying Eq.(2.6) to one side of the discontinuj';y,is
obtained by applying Eq.(2.6) to the other side of the discontinl.ﬁ;y;and jy are

calculated similarly;é and n are the weighting factors for the different heights across

the discontinuities.
2.4.2 Implementation

As the performance requirement of air bearings becomes more stringent, designs
become more and more complex. While shaped rails have become standard, multiple
etch depths are also being used to exert more control over air bearing flying
characteristics. There are numerous possibilities of intersections between different recess
areas. Therefore, it is not practical to analytically determine the location of the clearance
discontinuity in the general case, as in the previous implementation of the code (Cha,

1993).

14



An alternative method has been used in the current implementation to determine
the weighting factors (Fig. 2.2). It is assumed that no more than one discontinuity is
present on each side of the control volume boundary (the grid is fine enough), since it is
not practical to resolve multiple discontinuities on one side of the control volume. First,
the recess depths at a series of points are sampled on the control volume boundary. The
maximumh

the minimumh_; and the averagh,,, are obtained. Next, by assuming

max? n

the recess at any point along the boundary is eihgror h_ ., and knowingh,,, the

min ?

weighting factor can be deduced. This simple method can be applied to the most general

case of shaped rail designs with multiple recess depths.

2.5 Mass Flow Patterns

2.5.1 Stream Function

The EQ.(2.4) is essentially a mass conservation equation. By defining a stream
function, the averaged mass flow pattern can be obtained by integration of the mass
fluxes. It can be helpful for understanding particle movement inside the air bearing and
facilitate the design of air bearings less prone to particle contamination.

By virtue of Eq.(2.4), there exists a stream functjpauch that

3 = (2.153)
o
)

3, = _&4’ (2.15b)

2.5.2 Integration of the Stream Function
After the pressure solution is obtained, the mass fluxes can be calculated using

Eq.(2.4). Starting from one corner of the computational domain, for example, the lower
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left corner, integrate Eq.(2.15b) to obtaln along the entire bottom boundary. Then
starting from each point of the bottom boundary, integrate Eqg.(2.15a) all the way to the
top boundary. Aftewy is obtained in the entire domain, the contour plotfogives the
mass flow pattern integrated in the clearance direction.

Although the procedure outlined above is quite simple, care should be taken to

use proper grid nodes whege is calculated. Let the index pair (i, j) denote the
current point P, and ledni j be the J, at point P, etc. When the grid fgr is chosen to

be the same as the pressure grid (Fig. 2.1), the integration of Eq.(2.15) renders

Wiy Wiy = (Qiegy t iy v iy +35)/4 (2.16a)

Wi =P +(Lijaut dijat &y +di)/4 (2.16b)
where the mass fluxes have to be averaged to approximate the value at the middle of the
integration interval. Note alsd,, ; = Jg ;1. Jeij = Jwisrj» €C. The averaging of mass
fluxes violates the conservation property of the original equation and may degrade the
resulting streamlines.

A more accurate method is to position the stream function grid lines half way
between the pressure grid lines. This is called a staggered grid arrangement, a term used
in computational fluid dynamics where the pressure grid and velocity component grids
are different. In this case, the stream function grid lines coincide with the control volume
faces in Fig. 2.1. The nodes for the stream function are the corners of the pressure
control volume. Now the mass flux values are available in between the stream function
grid points and no averaging is necessary. The conservation property of the solution is

maintained. The integration of Eq.(2.15) produces
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Wig) =W ~ ivgjn (2.17a)

Wijn Wi+ disgy 1 (2.17b)
As an example, Fig. 2.3 is a mass flow pattern obtained using the above method for the
“Nutcracker” slider. This is a negative pressure slider design, which is discussed in detail
in Chapter 6. It can be seen that the streamlines are very dense in the recess areas. This
is because the mass flow rate is much higher due to the large spacing in the recess areas.
It is also shown that the streamlines in the recessed areas largely follow the contour of the
rail shape, because only a small portion of the flow can squeeze into or out of the bearing

area.

2.6 Pressure Solution for Given Slider Attitude

2.6.1 The Line Sweeping Method

The most basic solution needed in the air bearing simulation is the pressure
distribution for a given slider flying attitude (fly height, pitch and roll). Two levels of
iteration are needed to solve the discretized equation having the form of Eq.(2.11). The
outer iteration updates the coefficients in Eq.(2.11) using the most current values of the
pressure. The inner iteration solves the linear system of Eq.(2.11) iteratively.

An alternating direction line-by-line method is implemented as the solver for the
inner iteration. In this method, a grid line is chosen and the pressure on the neighboring
grid lines are assumed to be known from their latest values. The pressure along the
chosen line can then be obtained using the tri-diagonal algorithm. The grid lines are
chosen one by one successively in one direction, from upstream to downstream when
there is a dominant flow direction. Then the same is applied to the other direction.
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The convergence rate for the line sweeping method is much faster than that of the
point-by-point iterative method, because the boundary information is transmitted
immediately across the whole line from both ends of the line. Line sweeping in the flow
direction also improves efficiency, because downstream points are more influenced by
upstream points than the other way around. Alternating the sweeping direction allows
information on all boundaries to propagate quickly to the interior.

2.6.2 Convergence Criterion

Choosing an appropriate convergence criterion is important for getting a
meaningful solution. The relative change in the dependent variable is often used to
measure convergence, particularly for solution methods using time stepping and under-
relaxation. This is sometimes misleading and dangerous. If very small time steps or
strong under-relaxation are used, the dependent variable changes very little. In some
cases, the convergence rate is simply very slow or the solution is stalled. The above
criterion may proclaim convergence when in fact the results are totally incorrect.

Convergence of the solution should be measured directly by the residual of
Eq.(2.11),

Re=ah-aR-aR-aR-aRk b (2.18)
Zero residual implies complete convergence. Of course, with iterative methods and finite
precision computation, it is unachievable. In reality, the solution is deemed converged
when the absolute value of the residual is smaller than a preset value. There are mainly
two alternatives to judge the convergence of the whole field. One is to use the maximum
absolute residual at all grid points. The other is to compute some normalized average

residual. In the current implementation, the global residual is defined as
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_ IRy

SR (2.19)
§|ap P|

2.6.3 Multi Grid Method

Although the line sweeping method is much faster than the point-by-point
method, it still has the generic disease of iterative methods on a single grid. The main
symptom is that the solution converges fast initially, but it becomes progressively slower
with each iteration. Brandt (1977) demonstrated that it is due to the inefficiency in
smoothing the long wavelength error components that slows down the convergence
process on a single grid. He developed the multi-grid method that overcomes this
difficulty by moving the solution back and forth between a set of different grid levels to
efficiently smooth the error components of all wave lengths. The multi-grid method
suggested by Shyy and Sun (1992) has been implemented in the current simulator, which
dramatically improves the solver efficiency. Speed improvements of 10 to 100 times

have been observed. The details of the multi grid implementation is given in Chapter 4.

2.7 Solution for Steady State Fly Height

2.7.1 Inverse Solution

In most air bearing simulations, the air bearing attitude is the desired results for
given suspension load. This is called the inverse problem.

The solution starts at a guessed slider attitude. The pressure distribution is solved
for, and the resulting bearing force as well as pitch and roll moments are compared to the
suspension load and the applied static pitch and roll torques respectively. When the

difference is greater than the specified number, the Quasi-Newton iteration method (Cha,
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1993) is employed to search for the new slider attitude. The advantage of this method is
that it requires the calculation of the Jacobian matrix (compliance matrix) only once.
The Jacobian matrix is updated in all subsequent iterations without full re-evaluation.
The non-dimensionalized bearing load and location can be expressed as
W= [(P-1) dXdY
=[,[(P-D
X =~ ° (X (P-1) dxdY
“whX Py

(2.20)
\?_— J’Y(P 1) dXdY

where b is the slider’s width non-dimensionalized by the slider’s lengthWJ}.€tX,, Y,)
be the suspension load and load point location non-dimensionalizeg, I5yand L

respectively; letM ; and M, be the static pitch and roll torque non-dimensionalized by

p,L*. Then the normalized force imbalance is defined as

W V\g| WX- %)+ §= M| [WY-Y)+ $- M (2.21)
W, M W, |

where S, and S are the pitch and roll moment of the shear force. The effect of the

shear moments is discussed in the next sectlRn.is used as the convergence criterion

for the Quasi-Newton search of the steady state slider flying attitude.
2.7.2 Shear Force Effect

The effect of shear force generated by the air flow under the air bearing has not
been included in the previous simulations. This does not cause significant error when the
fly height is relatively large. However, with the slider fly height reducing to near contact,

the shear force may become significant. Also, the shear force increases with the rotation
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speed of the disk. The omission of the shear force in the simulation may lead to over-
prediction of slider pitch. Its effect on the fly height depends on the air bearing stiffness.
The shear stress can be calculated from the velocity gradient at the air bearing
surface. In the simulation, the air bearing pressure is obtained using the Boltzmann
equation (FK) model of Fukui and Kaneko (1988). However, it would be numerically
guite involved to obtain the velocity gradient using the FK model. Instead, the velocity
profile of the first-order slip model (Burgdorder, 1959) is assumed. This approximation
should make little difference since the first-order slip model solution is quite close to that
of the FK model and the total shear force is small compared to the air bearing force. Let

Z be the slider thickness non-dimensionalized. byhe pitch and roll moments of the

shear force, non-dimensionalized pyL®, can be expressed as:

1H oP O]
S, ‘Z%FHJ'DZ@( 6(H+2K)Ed

1[H JP A, O
S = %_%IDZW 6(H+2Kn)Ed

The shear force creates a pitching moment on the slider which tends to lower the

(2.22)

pitch angle. This leads to increased trailing edge fly height in some cases. Here, the
effects of shear force are compared on two air bearing designs: one Tri-pad slider (Fig.
2.4) and one sub-ambient pressure slider (Nutcracker, Fig. 2.5). Examples of the 3-D
pressure profiles for these designs are given in Fig. 2.6 and Fig. 2.7, respectively. In the
Tri-pad design, there is only a small rear bearing surface which leads to a very soft
bearing with low trailing edge pitch stiffness. Therefore, it is expected that the shear
force will have a more pronounced effect on the Tri-pad design than on the Nutcracker

slider.
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It can be seen from Fig. 2.8 that the fly height for the Tri-pad slider increases by
about 12% when shear force is taken into account in the simulation, while the fly height
for the Nutcracker slider (Fig. 2.9) decreases by a very small amount. The pitch change
is similar for the two designs (Fig. 2.10 and Fig. 2.11). The skew angle changes from 1.2
deg. at the ID to -17.4 deg. at the OD for the Tripad slider, while it goes from 3.88 deg. at
the ID to 1-17.85 deg. at the OD for the Nutcracker slider. The sign and magnitude of the
roll torque is determined by the skew angle, as is reflected in the roll changes illustrated
in Fig. 2.12 and Fig. 2.13.

The results shown imply that it is necessary to include the shear force in

simulating soft, near contact sliders such as the Tri-pad slider.

2.8 Summary

A convection-diffusion control volume method is outlined for the solution of the
generalized Reynolds equation. It is both mathematically simple and computationally
efficient because the stability of the algorithm allows the direct solution of the steady
state equation without time marching. A tri-diagonal solver coupled with the multi grid
method provides superior speed. The mass flux averaging technique can apply to
arbitrarily shaped rails with multiple recess depths. The mass flow patterns obtained on a
staggered grid can help in anti-contamination slider designs. Inclusion of the shear force

improves accuracy for sliders with low air bearing stiffness.
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Fig. 2.4Rail shape of the Tripad slider
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Fig. 2.5Rail shape of the Nutcracker slider
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CHAPTER 3

COMPUTATIONAL GRID

3.1 Introduction

A successful numerical solution depends as much on an adequate grid as on the
numerical algorithm used. The solution of the generalized Reynolds equation entails
additional grid requirements due to the special geometry of the slider air bearing surface.
In particular, the discontinuities along the rail edges and the front taper have to be treated
carefully to ensure meaningful solutions.

In the current implementation, the Reynolds equation is discretized on a
rectangular grid using a control volume formulation. The variable grid scheme based on
geometric progression has been popular in finite difference solutions, because it gives the
user the control to put more grid lines where needed and provides smooth transition from
a coarse grid region to a fine grid region. The current code implements a piece-wise
geometric progression grid. In this method, the computational domain is divided into
several intervals in both directions, and a geometric progression is used in each interval.
It is important that the grid sizes at the junction of two intervals be comparable in order to
minimize numerical error.

The grid line location in some critical areas can significantly affect solution
accuracy due to the special nature of the air bearing geometry (clearance discontinuity,
change of slope at the taper end). The effect of “grid snapping” is examined.

Although the piece-wise geometric progression method is very flexible, it can be
tedious to use. An adaptive grid method based on pressure gradient is implemented to
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facilitate grid generation. After the pressure solution is obtained on an initial grid, the
pressure gradient field is evaluated. The grid is then redistributed so that the grid is more

concentrated in areas where the pressure gradient is high.

3.2 Grid Generated by Geometric Progression

In this method, the computational domain is first divided into intervals in both the
Xand Y directions. The end points of intervals are called the control points. The
coordinates of these control points as well as their grid indices are given. Therefore, the
number of grid lines in each interval is known. For each interval, an expansion ratio is
given. It is the ratio of successive grid step sizes. Then a geometric progression is used
to generate the grid distribution in each interval. The grid becomes progressively coarser
with a ratio larger than unity. A symmetry flag can be set foivthdirection so that only
half the slider width need be specified. The second half of the grid is generated by
creating a mirror image of the first half.

The IBM Tri-rail slider (Fig. 3.1) is used as an example for the piece-wise
geometric progression grid generation. A sample 3-D pressure distribution is illustrated
in Fig. 3.2. The parameters in Table 3.1 are used to generate the grid plotted in Fig. 3.3.
The grid size used is 193 x 193. Note that the boundary points of the domain need not be
specified as the grid control points, because they do not change. There is one more grid
ratio than the number of control points, becanseontrol points divides the domain into

(n+1) intervals.

3.3 Grid Snapping
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3.3.1 Grid Snapping at the Taper End

The geometry of the slider air bearings is very special. It contains clearance
discontinuities or steep slopes. At the taper end, there is also an abrupt change of slope.
It is very important to align grid lines at the discontinuities as well as the taper end.

The Tri-rail slider is also used to study the effect of the grid snapping at the taper
end. An initial uniform mesh of 65 x 65 is generated. In Fig. 3.4, the normalized
coordinates of grid lines 10 and 11 (the thick lines) are 0.140625 and 0.15625,
respectively. The normalized taper length is varied between these two points at five
equal intervals of 0.003125, while the recess depth at the taper front remainguat. 3.9
The slider is set at an attitude where the fly height, pitch and roll are 75 nmyekdDand
-8 prad, respectively. When grid snapping is used, the grid line closest to the taper end is
snapped to the taper end location. In this case, grid line 10 is snapped to the taper end for
the first three taper end locations, and grid line 11 is snapped for the other locations.

The change of the air bearing load with taper end location is plotted in Fig. 3.5. It
can be seen that the computed air bearing load experiences large fluctuations when the
original grid is kept unchanged, while grid snapping makes the bearing load variation
much smoother.

3.3.2 Grid Snapping on the Rail Boundary

The steep clearance change along the rail boundaries may also cause significant
numerical errors if care is not taken in grid generation. In the grid snapping
implementation, the grid nodes closest to the rail boundary points are snapped to the rail
boundary. The two grid lines associated with the node are also moved in order to

maintain a rectangular grid.
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The steady state fly height for the Tri-rail slider is solved for on grid sizes from 65
X 65 to 193 x 193 with an increment of 16 x 16. The grid is generated using the adaptive
grid method discussed in the next section. The solution with grid snapping is compared
to the one without grid snapping. The fly height, pitch and roll are compared in Fig. 3.6,
Fig. 3.7 and Fig. 3.8, respectively. While the fly height variation is only a little smoother
with grid snapping, grid snapping makes a big difference in the results for pitch and roll.
The solution displays large fluctuations in both pitch and roll in the grid convergence
process when grid snapping is not used.

Grid snapping is most effective when the rails all have straight boundaries, as in
the case of the TPC slider (Fig. 3.9). The grid lines can then be aligned with all the ralil
boundaries, describing the rail geometry accurately. The difference between the TPC
slider and the conventional taper flat slider is that there are partially recessed areas on
both sides of the rails. The 3-D pressure distribution is plotted in Fig. 3.10. By
compressing and expanding the incoming flow at a skew angle using the partially
recessed steps, the TPC slider can be designed to provide constant fly height across the
entire disk radius. However, this design is quite sensitive to the rail width and ralil
alignment.

To study the grid snapping effect, the grid size is varied from 49 x 49 to 97 x 97
with increments of 16 x 16. The adaptive grid method described in the next section is
also used to generate the grid. Without using grid snapping, large fluctuations of the fly
height and roll are evident in Fig. 3.11 and Fig. 3.13, respectively. A large pitch increase

without grid snapping can also be observed from grid size 49 x 49 to 65 x 65 (Fig. 3.12).
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In dramatic contrast, with grid snapping the fly height and roll almost remain constant for

all grid sizes, while the pitch increases slightly with grid size.

3.4 Adaptive Grid

Although the piece-wise geometric progression method is flexible, it is not always
convenient to use. It is sometimes difficult to arrive at a satisfactory grid distribution.
Therefore, some kind of automatic mesh generation scheme is desirable. To this end, an
adaptive grid method has been implemented. While it does not guarantee the 'best’ grid
for all rail designs, it does provide very reasonable grid distributions in most cases. In this
method, the pressure gradient field is first obtained from the initial calculation, which
usually starts from a uniform grid. Then, the grid is redistributed using the pressure
gradient field as the grid density function and the pressure solution is obtained again.
This is normally done twice in the program.

There are two alternatives for calculating the pressure gradient to be used as the
grid density function. For any location in the x direction, there are many different y
stations, and vice versa. Either the averaged pressure gragieatx & 0) or the
maximum pressure gradiempihax= 1) among these different stations can be used as the
grid density at that location. The choice between the two depends on the slider design
with experience as the best guidance. The rule of thumb for a sound grid is that all
important features should be covered by enough grid lines. In some designs with isolated
small features, the large pressure gradient on the feature may be lost after averaging,
resulting in insufficient grid distribution on the feature. The Tri-pad slider is an example.

The 3-D pressure distribution in Fig. 3.14 is on a grid obtained using averaged pressure
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gradient {pmax= 0). It can be seen that the pressure peak on the rear center pad is very
high, and yet the grid distribution on the pad is too coarse. The rear pad received
sufficient grid coverage after switching to maximum pressure gradgmiaxX= 1), as
illustrated in Fig. 3.15.

The computed pressure gradient still cannot be used directly as the grid density
function. Fig. 3.17 depicts the grid distribution for the Seagate AAB slider (Fig. 3.16),
using the calculated grid density. There are a couple of problems with this grid. The first
problem has to do with the smoothness of the grid. Abrupt change in grid size causes
numerical errors. A smoothing technique is employed in the program such that the
pressure gradient at one location affects not only the grid density at that location, but it
also has an exponentially decaying effect on the neighboring locations. The parameter
decayfactorcontrols how fast its influence on the neighboring locations decays. For
large decayfactoy the decay is fast and there is less smoothing effect. The recalculated
grid, as a result of settimdecayfactorto 60, is shown in Fig. 3.18. It is much smoother
than the one in Fig. 3.17, particularly near the trailing edge. Another problem remains
with this grid distribution. There is virtually no horizontal grid line in the large middle
area, because the vertical pressure gradient in this area is almost zero. It may introduce
significant errors when the pressure is integrated to get the bearing load. A few grid lines
are desired in this area. A parameter catldchax which is the allowable ratio of
maximum to minimum pressure gradient, is used in the program. For any pressure
gradient below that level, it is assigned the minimum gradient allowable. The grid shown
in Fig. 3.19 uses difmaxof 30. It now has a few horizontal lines in the middle of the

slider. The 3-D pressure distribution for this grid is given in Fig. 3.20.
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In most slider air bearing designs, there is a taper region at the leading edge. The
importance of grid snapping at the taper end was illustrated in the last section. It is
equally important to have enough grid resolution because there is a rapid rise in pressure
near the taper end. When the grid is prescribed manually using the piecewise geometric
progression method, it is of course possible to concentrate the grid sufficiently at the
taper end. However, when the adaptive grid is used, sometimes the grid concentration
there may not be enough if only the calculated grid density is used. Therefore, an
automatic concentration algorithm is used at the taper end. The program checks the
number of grid points covered in the pressure rise region near the taper end. The grid is

artificially concentrated until it meets the preset density level.

3.5 Summary

The piece-wise geometric progression method is implemented for grid generation.
It is shown to be critical to align the grid lines at clearance discontinuities as well as at
the taper end whenever possible, in order to obtain consistent results. Otherwise, the
solution has large fluctuations when the grid line location or the rail geometry is changed.
Although very flexible, the geometric progression method is not always
convenient to use. Sometimes many adjustments are necessary to obtain a reasonable
mesh. An adaptive grid method based on pressure gradient automates the grid generation

process and improves the grid quality.
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X controls coordinates(mm) 0.39,1,1.733, 2.1

X controls grid indices 40, 80, 120, 150
X Grid ratios 0.98, 1.04, 0.96, 1.04, .098
Y symmetry Yes

Y controls coordinates(mm) 0.321, 0.45, 0.574

Y controls grid indices 40, 48, 56

Y grid ratios 1,1.2,0.85,1

Table 3.1Example of piece-wise geometric progression grid specification
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Fig. 3.3Sample grid distribution for the IBM Tri-rail slider
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CHAPTER 4
A MULTI GRID SOLVER FOR THE GENERALIZED

REYNOLDS EQUATION

4.1 Introduction

The discretized Reynolds equation can be solved iteratively using the line by line
method described in Chapter 2. However, it is observed that the convergence of the
solution slows down as the iteration process continues. The process of obtaining the final
solution iteratively from an initial guess is called “smoothing”. Brandt (1977)
demonstrated that only those error components with wavelength comparable to the mesh
size are smoothed efficiently, and that error components with longer wavelengths are
smoothed at progressively slower rates.

The multi-grid technique, originally developed for the efficient solution of elliptic
partial differential equations (Brandt, 1977), has been gaining popularity, especially in
the field of computational fluid dynamics and heat transfer. In the field of lubrication, it
has been used to solve EHD lubrication problems (for example, Lubrecht, 1987 and
Osbornet al, 1992). The multi-grid method recognizes the fact that the long wavelength
(smooth) error components on a fine grid are shorter relative to the mesh size when seen
from a coarser grid.. Thus, they can be smoothed more efficiently if the solution is moved
to a coarser grid. By moving the solution back and forth between a set of different grid

levels, both long and short wave length error components can be smoothed efficiently.
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A multi-grid method based on the one proposed by Shyy and Sun (1992) has been
implemented. The full approximation storage used in this formulation deals more
efficiently with the nonlinearity of the equation than the simpler correction storage
method. The efficiency of the multi-grid method is optimum compared to single grid
iterative methods in the sense that the computation effort is linearly proportional to the
number of degrees of freedom. The multi-grid method becomes even more superior

when the system of equations becomes larger.

4.2 Numerical Method

Using the control volume method described in Chapter 2, we obtain the following

discretized system of equations:

a,P, =a.P. +a,R, +a R, +asP; +b 4.1)
Eq.(4.1) can be expressed in the matrix form:

[Al(P) = (b) (4.2)
where <P> is the vector of pressure on all grid poir{tA] is the matrix formed by the
coefficients a,, a., a,, a, and ag, and (b) is the source vector. Due to the
nonlinearity of the original equation, the solution of Eq.(4.2) involves two levels of
iterations: the inner iteration updaté®) for fixed [A] and (b), while the outer iteration
updatedA] and (b) using the most recerP).

4.2.1 Full Approximation Storage (FAS) Scheme
The current implementation of the multi grid method is based on the FMG-FAS

(full multi grid —full approximationstorage) method used by Shyy and Sun (1992). The

50



computation is carried out on a series of 5 gri@s, with the corresponding solution
<Pk>, where k = 1, 2, 3, 4, 5, with k = 5 representing the finest mesh. The grid lines of
G, correspond to the odd grid lines Gf,,, where k = 1, 2, 3, 4. The solution f(R, )
on grid G, satisfies the equation

[AKR) = (00) (4.3)
where [A ] and (b,) are the coefficient matrix and the source vector derived directly

from the discretization procedure on the appropriate grid level. Therefore, at

convergence[A, | and(b,) are based on the final solutions(®) on grid G,. During
the iteration procedure, they are estimated based on the most current v@lags oiVe
use a top bar to denote the intermediate variables. Unless the approximate §5,1L>tion
satisfies Eq. (4.3), there will be a resid(R] ), given by

[AJR)=(b)-(R) (4.9)
Combining Eq.(4.3) and Eq.(4.4), we can write the fine grid residual equation as

LR+ 3R -[AJR) = (b) - () + (R (4.5)
where 8P, =R, —P,. Eq.(4.5) can be written on the coarse grid by restrigtRg and

(Ro):

(AN + kL) - [ALL1ITR) = () - (B )+ (1IFR)  (48)
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where | ™ is the restriction operator that transmits the information from a fine grid to a

coarse grid. In the current implementation, the “direct injection” method is used which
assigns the value on the fine grid directly to the corresponding coarse grid point.

Putting the known quantities in Eq.(4.6) to the right hand side, we can reduce

Eq.(4.6) to

(AP = (b (4.7)
where P,=I "R +oP (4.8)
and (Bes) = (becs) + [A17R) = (b + (1R (4.9)

[Ak_l] and <6k_1> are updated in the outer iteration using the most recent val@g of

Note that in Eq.(4.9), onI{(bH) need be updated. The rest of the right hand side is only

computed once at the beginning of the coarse grid iteration.

This scheme is called the full approximate storage scheme because the complete

solution <|5k_1>, not just the correctiodP, _,, is computed. After Eq.(4.7) is solved, the

correctiondP, ; is obtained first via Eqg.(4.8), and the fine grid solution is updated using
the equation

P™ =P +1,0P, (4.10)
where |, is the prolongation (interpolation) operator. A simple bilinear interpolation is

used in the current implementation, which can be expressed as

lei(,Zj = Pif(j_li (4.11a)
Py =5 (5 +PE) (4110
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Py 2 = %(Plkj_l + P|k1_+11) (4.11c)

i+1,] i,j+1 i+1,j+1

and Pz = %(Pif‘j‘l + Pt 4 pkl 4 pkt ) (4.11d)

where the superscripts denote the grid level and the subscripts are the grid indices. For
non-uniform grids, the weighting coefficients could be adjusted to reflect the grid
variation. However, the Eq.(4.11) is used in the current implementation.

4.2.2 Full Multi Grid Algorithm

The procedure of the multi grid cycling is illustrated in Fig. 4.1, after Shyy and
Sun (1992), with slight difference in the number of iterations at each level. In a V-cycle
at each grid level, the solver performs a few iterations on the fine grid, then the residual is
restricted (injected) to the next coarser grid to form the equation on that grid. A few
iterations are then performed on that grid. The same procedure goes on to the coarsest
grid. After a number of iterations on the coarse grid, the solution correction is prolonged
(interpolated) back to the next finer grid. A small number of iterations is performed and
then the solution is again prolonged to the next finer grid until the finest grid on that level
is reached. This completes the V-cycle. The numbers of iterations indicated in Fig. 4.1
are the upper limits. Fewer iterations may actually be performed if convergence is
reached.

A good initial approximation may reduce the number of iterations required to
reach convergence. To get a better initial guess, it is helpful to interpolate the solution on
a coarse grid to the fine grid. In the full multi grid strategy, the solution is first obtained
on the coarsest level and then interpolated to the next grid. The V-cycle is performed on

that level until convergence is obtained. Then the solution is interpolated to the next finer
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grid and the V-cycle is again performed. The final solution is obtained when the V-cycle

converges on the finest grid.

4.3 Results and Discussions

As an example, the Tri-rail slider (Chapter 3) is used to illustrate the multi grid
configuration. Fig. 4.2 - Fig. 4.5 illustrate four successively finer levels of grid (the
coarsest grid not shown) used in the computation. The 3-D pressure profiles are plotted
in Fig. 4.6 — Fig. 4.9 for each grid, respectively.

It has been observed that a savings of more than one order of magnitude in
computation time can be achieved with the typical grid size used in air bearing
simulations. The multi grid method becomes even more superior when a larger grid size

is used.

4.4 Summary
A full multi grid — full approximation storage method is implemented which deals
with the nonlinearity of the equation effectively. Computational efficiency is improved

dramatically.
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Fig. 4.1 The full multi grid procedure (after Shyy and Sun, 1992)
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Fig. 4.2Multi grid for the Tri-rail slider, grid level 2: 25 x 25
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Fig. 4.3Multi grid for the Tri-rail slider, grid level 3: 49 x 49
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Fig. 4.4Multi grid for the Tri-rail slider, grid level 4: 97 x 97
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Fig. 4.5Multi grid for the Tri-rail slider, grid level 5: 193 x 193
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Fig. 4.63-D pressure profile for the Tri-rail slider, grid level 2: 25 x 25
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CHAPTER 5

COMPARISON OF CONVECTION SCHEMES

5.1 Introduction

A control volume formulation of the generalized Reynolds equation has been
detailed in Chapter 2. In high speed gas lubricated bearings, a simplistic treatment of the
convective term using central difference often leads to numerical instability. In order to
make a sound choice among different alternatives, a comparative study is carried out in
this chapter. The convective schemes used are: modified central difference, upwind,
hybrid, power-law and QUICK. It is concluded that the hybrid scheme is superior in

terms of stability, accuracy and computational efficiency.

5.2 Numerical Method
The control volume method discussed in Chapter 2 is used to discretized the
generalized Reynolds equation. The resulting system of linear equations has the

following form:

P = ahk+aR+aR+ ak+ b (5.1)
where

a. = D, A(P,|)+ max(-F.,0) (5.2a)

ay = D, A(R,|)+max(,.0) (5.2b)

a, = D,A(P,|)+max(-F,,0) (5.2¢)
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as = D,A(P,|)+ max(F.,0) (5.2d)
a, =a; ta, +a, +ta; +maxQ,F,-F, +F,—F,) (5.2e)
b=maxQF, -F, +F, - F,)P, (5.2f)

where the dependent variable in Eq.(5.2f) is assumed to be known using the most current

value; the functionA(I Pl)depends on the convective scheme chosen, according to

1- 05P| central difference
1 upwind

max@01- 0.5P) hybrid

max(, (1~ 0.1P)°) power-law

R/ (e‘P‘ —1) exponential

The stability of the central difference scheme can be enhanced by cAéimhb

into the form of the hybrid scheme and putting the difference into the source term. This
is the implementation used in this study.

The exponential scheme is rarely used in practice because exponentials are
expensive to compute and it is based on the exact solution only for steady one
dimensional linear problems without the source term, therefore it is not necessarily
accurate for more general problems and is not included in this study.

The QUICK scheme originally devised by Leonard (1979) employs a three-point
upstream-weighted quadratic interpolation method to evaluate the dependent variable at
the control volume faces, therefore it has a higher order of formal accuracy than the
central difference scheme. Hayaseal. (1992) proposed a formulation of QUICK
through rearrangement of the source term, which has better convergence performance
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than other QUICK schemes. This formulation of QUICK is also investigated in the

current study.

5.3 Results and Discussions

Two slider designs are used in this study, a simple straight rail TPC slider and a
negative pressure slider (Nutcracker) with shaped rails. The rail shapes are plotted in Fig.
5.1 and Fig. 5.2, respectively. The TPC slider is held at fixed attitude with fly height,
pitch and roll set at 75 nm, 93.fad and Qurad, respectively. The air bearing pressure
is solved for using each of the convective schemes on four sets of grids of size 49 x 49,
97 x 97, 193 x 193 and 385 x 385. The fly height, pitch and roll for the Nutcracker slider
is 25 nm, 131.7urad and Qurad respectively. The pressure is obtained for grid sizes 97 x
97, 193 x 193, 289 x 289 and 385 x 385. The convergence of peak pressure and bearing
load with grid size are monitored.

5.3.1 Results for the TPC Slider

All of the cases for the TPC slider converged without a problem. However, when
the central difference scheme is used, a pressure spike at the trailing edge of the slider
appears if there is not enough grid resolution (Fig. 5.3). The spike disappears when more
grid lines are concentrated at the trailing edge. It also takes significantly more iterations
for the central difference scheme to converge.

The peak pressures for different grid sizes using each of the convective schemes
are plotted in Fig. 5.4. It is interesting to note that the maximum pressure for both the
central difference and the hybrid scheme are the same for all grid sizes and they reach the

asymptotic value the fastest. The peak pressure converges at a slower rate for the
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QUICK and power-law schemes. All four schemes reach the same peak pressure at the
maximum grid size of 385 x 385. The grid convergence rate of the upwind scheme is
much slower than the other schemes. The numerical diffusion introduced by the upwind
scheme reduces the peak pressure.

Fig. 5.5 demonstrates the convergence of the bearing load for the different
schemes. It can be seen that the bearing load converges to the asymptotic value from
above for the hybrid scheme while it converges from below for the central difference
scheme, despite the fact that the peak pressures are the same for the two schemes. The
bearing loads for the two schemes reach the same value at the maximum grid size, while
it is still slightly different for the power-law and the QUICK scheme. This implies that
the power-law and QUICK schemes have slightly slower convergence rates.

5.3.2 Results for the Nutcracker Slider

The solution fails to converge for the central difference scheme starting from a
uniform grid. When the adaptive grid generated by the power-law scheme is used, the
solution does converge, though much slower than for other schemes. The pressure spike
along the trailing edge is also observed on the 97 x 97 grid (Fig. 5.6). The pressure
distribution obtained from the QUICK scheme on a 97 x 97 grid also has pressure spikes
along the trailing edge, as can be seen in Fig. 5.7. This is caused by the quadratic
interpolation at places with sharp gradient changes.

The maximum pressure plotted in Fig. 5.8 indicates that the central difference
scheme renders a high peak pressure on the 97 x 97 grid. This is due to the pressure
spike along the trailing edge. The peak pressure for the hybrid scheme almost reaches the

asymptotic value at grid size 197 x 197, while the peak pressure for the central difference
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scheme joins that of hybrid scheme at grid size 289 x 289. Unlike the TPC slider case,
however, the peak pressures for the power-law and QUICK schemes still have not
reached the asymptotic value at the maximum grid size of 385 x 385. The QUICK

scheme converges to the asymptotic value slightly faster than the power-law scheme.
The worst performer again is the upwind scheme.

Fig 5.9 shows that the asymptotic convergence of the bearing load is slower than
the peak pressure. None of the schemes fully reaches the final value at the maximum
grid size of 385 x 385. The central difference scheme converges to the asymptotic value
the fastest. It is joined by the hybrid scheme at finer grid size. The QUICK and power-
law schemes have slightly slower convergence rates. Lagging far behind is the upwind

scheme.

5.4 Summary

An comparative study of convective schemes shows that the central difference
scheme is unstable for high bearing numbers and shaped rails without a properly
distributed grid. However, when it converges, the central difference scheme exhibits the
fastest asymptotic behavior. On larger grids, the hybrid scheme gives essentially the
same result as the central difference scheme, because the hybrid scheme recovers the
central difference form for small Peclet numbers. The upwind scheme consistently yields
lower pressure peaks and therefore load carrying capacity, because it has the lowest order
of accuracy among all schemes. The high accuracy of the quadratic interpolation of the

QUICK scheme is decimated by the geometric discontinuities in the air bearing and the
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sharp pressure drop at the trailing edge. The grid convergence rates for the QUICK and
the power-law schemes are about the same.

In terms of computational efficiency measured by CPU time needed to obtain a
pressure solution on a given grid, the upwind scheme is the fastest due to its extremely
simple form, followed by the hybrid scheme and the power-law scheme. The QUICK
scheme is more CPU and memory intensive because of its complicated interpolation
coefficients for non-uniform grids. The central difference scheme takes the longest time
to converge due to its stability limitations.

Overall, the hybrid scheme combines excellent stability, fast grid convergence

and high computational efficiency. It is the scheme of choice for air bearing simulations.
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Fig. 5.1Rail shape of the TPC slider
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Fig. 5.2Rail shape of the Nutcracker slider
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CHAPTER 6
SOME SUB-25 NM NEGATIVE PRESSURE

SLIDER DESIGNS?

6.1 Introduction

In the near future magnetic hard disk drives are expected to achieve densities
approaching 10 gigabits per square inch. This will require magnetic spacing between the
read/write transducer and magnetic disk of less than 25 nm. Such spacings are being
referred to in the industry as “near contact”. In these designs, negative pressure (sub-
ambient pressure) sliders are desirable because they can provide a constant fly height
profile, have a low take-off speed and high air bearing stiffness. While the fly height
has been decreasing, the miniaturization of sliders also continues. The slider size has
dropped from 4 mm x 3.2 mm (100%) to the current dominant 50% “nano sliders”, with
30% “pico sliders” appearing in the market. The decrease in size makes the slider more
compliant to the disk topography and reduces the damage caused by slider-disk contact.

This Chapter presents several sub 25 nm sliders with shaped rails and sub-
ambient pressure zones. The first 50% / 25 nm slider design were fabricated using
chemical etch techniques, and their spacings were measured against a glass disk by an
interferometer. The measurement system was the Phase Metrics DFHT. It was found
that the measured spacings were substantially greater than the design values. However,

stylus measurements of the etch profiles indicated slopes different from those

! This part of the project is supported by the National Storage Industry Consortium.
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incorporated in the simulator. After accounting for these slopes in the simulator input
data we found that the subsequently obtained simulation results were in good agreement
with measurements. The simulation results for a modified 50% / 25 nm (Nutcracker), a

50% / 15 nm, and a 30% / 15 nm slider are also presented.

6.2 Numerical Models

The generalized Reynolds equation is solved using the CML air bearing design
program, detailed in previous chapters. The shaped rail designs are accomplished by use

of a mouse, as explained in the graphical interface described in Appendix A.

6.3 Results and Discussions

6.3.1. A 50% Slider Design for 25 nm Spacing

Fig. 6.1 gives the rail outline for the 50%, 25 nm slider. The front region contains
a 0.1mm flat taper. The recess at the taper front is 1 micron. The nominal etch depth is 5
microns, and the rails have a crown of 15 nm and a camber of 10 nm. The suspension
preload is 3 grams. The recess wall is assumed to be vertical in the simulation. The
design goal was a trailing edge fly height that is uniform across the radius of the disk,
taking into account the skew that would accompany an in-line suspension with a rotary
actuator (-4 at the ID and 18at the OD) on a 65 mm disk. The rail has concave shapes
on both sides to achieve the uniform fly height. The 3 dimensional pressure profile at the
ID is illustrated in Fig. 6.2. Fig. 6.3 plots the simulated fly height profile at the center rail
trailing edge. It is seen that a uniform flying height is achieved quite well, to within 2

nm. The pitch (Fig. 6.4) varies from 1fivad at the ID to 16%irad at the OD, while the
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roll (Fig. 6.5) has a range oftad to -19urad. The take-off fly height profile in Fig. 6.6
shows that the slider has fast take-off characteristics typical of negative pressure sliders.
The fly height actually peaks at around 4000 rpm and drops slightly at the normal
operational speed of 5400 rpm, because the negative pressure develops faster with
increase in speed than the positive pressure in this range.

This slider design was fabricated in Read-Rite using chemical etch methods. The
sliders were attached to Hutchingson 1950 type suspensions with a preload of 3 grams
and their fly heights were measured by the Phase Metrics DFHT. The fly height
measuring point was 75 microns from the trailing edge center.

Fig. 6.7 shows the measured mean flying heights (o) of the sliders as a function of
radial position. Clearly this flying height is not in agreement with the simulation
prediction at the measuring point (x). The measured roll (0) in Fig. 6.8 is also larger in
magnitude than the prediction (x).

In order to find out the cause of the difference between measured fly heights and
the design nominals, it is essential to obtain the deviation of the actual slider geometry
from the design specifications. Therefore details of the ABS geometry of the fabricated
sliders were measured. The rail dimensions were obtained by using a Zygo NewView
100, and the etch slope and recess depth were measured by a stylus profilometer with a
particularly sharp stylus. It was found that the etch slope was a ramp with about 20
microns displacement at the bottom of the etched region, while in the design, a vertical
wall is assumed. The shallow slope was confirmed by the SEM picture provided by Dr.

Singh Bhatia of IBM(Fig. 6.9). In addition to the ramp angle mentioned above, this
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figure shows that the etched surface has high surface roughness that needs to be
incorporated in future simulations.

The simulations were repeated using the measured 20 micron etch ramp, and the
results are indicated as the (*) lines in Figs. 6.7 & 6.8 . Here it is seen that fairly good
agreement is achieved between the mean measurement of the set of fabricated sliders and

the simulation result.

6.3.2. Three Sub-25 nm Spacing Slider Designs

This section presents three more air bearing surface designs, which are all of the
sub-ambient pressure type. The 50% / 25 nm (Nutcracker, Fig. 6.10) design has an active
center pad that carries the read-write element. The 50 % / 15 nm (Fig. 6.16) and the 30%
/ 15 nm (Fig. 6.22) designs are both of twin rail type with the read-write element at the
outer rall trailing edge. In all three designs, the rail shapes are concave on both sides to
minimize the fly height change across the disk by compensating for the change in skew
angle. The connected front regions of the ABS enable the efficient generation of sub-
ambient pressure in the recessed regions that follow immediately behind. Examples of
pressure distribution for the three designs are given in Fig. 6.11, Fig. 6.17 and Fig. 6.23,
respectively. All are obtained with a grid size of 193 x 193. The nominal designs are
actually obtained on a grid size of 385 x 385, because the slow grid convergence for
shaped-rail sliders(Chapter 5, Fig. 5.9). The design fly height profiles at the read-write
element are given in Fig. 6.12, Fig. 6.18 and Fig. 6.24. It can be seen that the sliders
have quite flat fly height profiles across the entire disk radius. The pitch angle increases
with speed (disk radius) almost linearly, as can be seen on Fig. 6.13, Fig. 6.19 and Fig.

6.25. The variation of the roll over the disk radius is quite small (Fig. 6.14, Fig. 6.20 and
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Fig. 6.26). The take-off fly height profiles in Fig. 6.15, Fig. 6.21 and Fig. 6.27 show that
these sliders have low take-off low speeds, which is typical of negative pressure sliders.
In terms of RPM needed to achieve a fixed percentage of nominal fly height, the two 15

nm designs seem to take off faster than the 25 nm “Nutcracker” design.

6.4 Summary

Several important results have been demonstrated by the first 50% / 25 nm slider
design. First, the design is sensitive to etch ramp angle, and a 20 micron lateral offset at
the bottom of the etch is sufficient to substantially raise the flying height, especially at the
outside radius. Second, if the ramp offset is incorporated in the simulation, then the
agreement between the measured and simulated results is good. Third, designs of low
flying etched sliders must include the etch ramp angle expected during fabrication as an
important design constraint.

Three other negative pressure slider designs are obtained, which have constant fly

height profile and low take-off speed.
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Fig. 6.1Rail outline of the 50%, 25 nm slider
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Fig. 6.9 SEM image of the etch slope profile
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Fig. 6.10Rail shape of the 50 %, 25 nm Nutcracker slider

Pressure

0.4

0.2 0.6

Width 0 o

0.4
0.2

Length

Fig. 6.113-D pressure profile of the Nutcracker slider. Radius = 15 mm, skew =< -3.88

81



40

35 q

fly height (nm)
N
=]
T
Il

15f q

O 1 1 1 1
10 15 20 25 30 35

radius (mm)

Fig. 6.12Fly height profile of the Nutcracker slider. Skew = -8.8817.858

250

200 I

pitch (urad)

150 b

100 | | | |
10 15 20 25 30 35

radius (mm)

Fig. 6.13Pitch angle profile of the Nutcracker slider

82



roll (urad)

1 1 1
10 15 20 25 30 35
radius (mm)

Fig. 6.14Roll profile of the Nutcracker slider

30

25

fly height (nm)
=
(2]
T
Il

10

O 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000

RPM

Fig. 6.15Take off fly height profile of the Nutcracker slider at ID

83



7

g

\\\

Length (mm)

16Rail shape of the 50%, 15 nm slider

6

Fig.

- [ee} ©

o

4
0.2

1.6
14
1.2
0

S
(ww) wypim

2Inssald

Length

84

Width
Fig 6.173-D pressure profile of the 50%, 15 nm slider. Radius = 15 mm, skew £ -6.27



20

18 b

14 Q/G\S\e/@ .

fly height (nm)
= -
o N

T T

| |

[ee]
T
1

0 | | | |
10 15 20 25 30 35

radius (mm)

Fig. 6.18Fly height profile of the 50%, 15 nm slider. Skew = -81717

300

280 7

260 7

240 4

220 b

pitch (urad)
N
o
o
T
Il

180 b

160 b

140 b

120 b

100 1 1 1 1
10 15 20 25 30 35

radius (mm)

Fig. 6.19Pitch profile of the 50%, 15 nm slider

85



roll (urad)

-10 I I I I
10 15 20 25 30 35

radius (mm)

Fig. 6.20Roll profile of the 50%, 15 nm slider

20

161 b

fly height (nm)
P I
S N
T T
1 1

o]
T
L

1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
RPM

Fig. 6.21Take-off fly height profile of the 50%, 15 nm slider at ID

86



0.9

0.8

Width (mm)
o o o o
» o o ~

o
w

0.2

0.1

0.6 0.8 1
Length (mm)

Fig. 6.22Rail outline of the 30%, 15 nm slider

Pressure

BB
St
R i
Wit

W

0.4

. 0 0
Width Length

Fig. 6.233-D pressure profile for the 30%, 15 nm slider. Radius = 15 mm, skew £ -1.22

87



N
o

= = = =
N N o )
T T T T
| | | |

fly height (nm)
=
o
T
|

0 | | | |
10 15 20 25 30 35

radius (mm)

Fig. 6.24Fly height profile of the 30%, 15 nm slider. Skew = -2 @2217.39

400

380 b

360 b

340 i

pitch (urad)
w w
o N
o o
T T
| |

N
[es]
(=]
T
1

260 b

240 I

2201 T

200 | | | |
10 15 20 25 30 35

radius (mm)

Fig. 6.25Pitch profile of the 30%, 15 nm slider

88



15

roll (urad)

10 15 20 25 30 35
radius (mm)

Fig. 6.26Roll profile of the 30%, 15 nm slider

20

18- b

161 b

fly height (nm)
= P

o )

T T

Il Il

[ee]
T
I

1 1 1 1 1
0 1000 2000 3000 4000 5000 6000
RPM

Fig. 6.27Take-off fly height profile of the 30%, 15 nm slider at ID

89



CHAPTER 7

CONCLUSION

The continual increase of hard disk drive storage density is driving the slider fly
height down to near contact. Sophisticated air bearing designs are being used to meet the
demand for air bearing performance characteristics such as constant fly height profile and
low altitude sensitivity. The main purpose of this dissertation is to develop a powerful,
general purpose air bearing design program that can incorporate all the air bearing
features that are being used, including shaped rails, arbitrary wall profiles and multiple
etch depths. In addition, a few low flying slider designs are presented, and some air
bearing characteristics are studied.

A simple yet powerful control volume method for solving the rarefied gas
lubrication equation is outlined in Chapter 2. A mass flow rate averaging method is used
for clearance discontinuities, which improves the accuracy of the solution. The effect of
the shear force is found to be significant for air bearings with low stiffness.

Chapter 3 presents a piece-wise geometric progression grid generation method as
well as a powerful adaptive strategy for grid generation. Grid snapping at the rail
boundaries as well as at the taper end is found to be a very effective way of improving
solution accuracy and consistency. A multi grid method is implemented in Chapter 4
which improves solver efficiency dramatically. It is particularly effective in dealing with

the nonlinearity in the generalized Reynolds equation.
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The convective term in the generalized Reynolds equation may cause numerical
difficulty if not treated properly, especially under low spacing, high speed conditions. A
comparative study is conducted in Chapter 5, using central difference, upwind, hybrid,
power-law and QUICK schemes. It is concluded that the hybrid scheme is the best
overall.

A few low flying, negative pressure sliders are presented in Chapter 6. It is found
that the wall angle produced in the etching process can alter the flying characteristics
significantly. Good agreement is found between the predicted and the measured fly
height after taking into account the wall angle effect. The negative pressure slider
designs all have relatively flat fly height profiles and low take-off speeds.

The air bearing simulation program developed here has become a powerful

design tool and is now widely used in the hard disk drive industry.
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APPENDIX A
CML AIR BEARING DESIGN PROGRAM

USER'S MANUAL (MATLAB VERSION)

1. Introduction

This manual describes the Air Bearing Design Program (version 3) developed in the
Computer Mechanics Laboratory at the University of California at Berkeley. The current
version is fully integrated with MATLAB, which performs the pre and post processing for
the simulation. The code solves the slider air bearing pressure distributions for given
flying attitude or suspension preload. The latter case is called the inverse problem, and
there the steady state flying attitude is found through a Quasi-Newton search procedure.

With the rapid decrease of slider flying height in magnetic disk drive technology in
the effort to increase the recording density, air bearing surface designs are becoming more
complicated. Sub-ambient pressure air bearing designs are gaining popularity, and they
often contain rails with complex shapes. This calls for a robust design tool.

The program described here is intended to facilitate the design of shaped rail
sliders. The rail shapes are defined by piece-wise linear boundaries. A rail can be a step
with a given recess depth, or it can be defined as a ramp’, i.e., a flat plane having an
arbitrary orientation. Each rail may have a different recess depth. Normally, a zero recess
is assigned to the main air bearing surface.

A multi grid method is implemented, dramatically shortening the run time. This

method is optimally efficient in the sense that the time for convergence increases only
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linearly with the number of unknowns, so its superiority is strongly realized when the
number of unknowns is large. An adaptive grid method is also implemented in the
program, which can adjust the grid distribution according to the pressure gradient. This

usually results in better usage of the available grid points.

2. MATLAB Interface

The pre and post processing is performed through the Matlab interface. To initiate
a session, Matlab must be started by entering the command 'Matlab’. Then type 'steady’ in
the Matlab command window. A greeting will appear on the screen along with a menu

bar at the top (Fig. 1). The menu items are labetetProcessqrRun PostProcessqrand

GraphicsOptions In the MS-Windows environment, these items are preceded by a few

other default menu items(File, Edit, Windows, Help). The user often needs to supply or
modify the design parameters through editable texts. To change the editable texts, click
the left mouse button once to select and modify, or double click(the box turns black) to
overwrite the old values.
2.1 Preprocessor

A sub-menu will appear after clicking onPreProcessar with the choices

SteadyDefinitionRailCreation LoadcaseSavecasandEXxit.

2.1.1 Steady Definition
The prompt for a set of parameters will appear in the graphics window after the

SteadyDefinitionis chosen from th&reProcessorsub-menu. The parameters used to

define a static air bearing problem are entered through this window (Fig. 2).

Title:  enter a name for the case here. It should not contain any dots (.).
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Units: choose fronBl, British or custom This will affect the units of most of

the parameters. If custom unit is selected, you are prompted to enter the unit conversion
factor to milimeters.

Slider length and width: slider dimensions in units specified byits above.

Default values are 2 mm x 1.6 mm.
Recessrecess depth for all areas not covered by any of the rails (defined in the
RailCreationwindow chosen from thBreProcessosub-menu).

Crown, Cambeand Twist enter here the values of global crown , camber and

twist in nanometers. These are the second order surface topography components
superimposed on each other over the whole slider. Positive crown and camber values
represent convex parabolae in the length and width directions, respectively. With a

positive twist, the inner leading edge and outer trailing edgesaessed (larger spacing)

while the outer leading edge and inner trailing edge are raised (smaller spacing).

Radial position: the distance from the geometrical center of the slider to the disk

center.

Revolutions per minutetisk rotation speed.
Skew:skew angle in degrees at the geometrical center of the slider. For positive
skew, the flow comes from the inner leading edge towards the outer trailing edge.

Ambient pressure:ambient pressure in Pascals, used as the boundary condition

around the entire slider.

Mean free pathmean free path of the air molecules in meters.

Viscosity:viscosity of air in NS/M
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Maximum residual: residual of the discretized Reynolds equation normalized by

the main term in the equation, used as the convergence criterion. The default value is
small enough for most cases.
Scheme:different schemes have been implemented to treat the convective term in

the Reynolds equatioklp-wind, Hybrid, Power-lawandQUICK. Considering accuracy,

stability and convergence characteristics, the Hybrid or Power-law scheme is
recommended.
Model: three different correction models to the Reynolds equation have been

implemented to account for the rarefaction effects. Amondrits-order Slip Model

the Second-order Slip Modebnd theFukui-Kaneko’s Linearized Boltzmann Eguation

Model the last one seems to render the best results for low flying, high bearing number
cases and it is the default choice.

Stiffness calculation/No stiffness calculatiavhen this switch is turned on, the

program calculates and outputs the 3x3 stiffness matrix. It represents the ratio of the
change in bearing force components (bearing load, pitch moment and roll moment) over
the change in displacement components (height, pitch and roll). In the current setup, the
results are stored in the file ‘result.dat’.

Taper specification/No taper:ithere are two ways to define a taper. In the first

way, thetaper lengthand taper angleshould be given when this switch is turn on.
Accordingly, a wedge with the given taper angle starting at a taper length from the leading
edge will be removed from the slider. If the taper can not be properly defined in this
manner, it may be defined in the ‘RailCreation’ windowasps(see 2.1.2). In this case,

the taper switch should still be on, with correct taper length and zero taper angle, so that
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when the adaptive grid option is selected, the program will resolve the taper end with
enough grid points.

Initial flying attitude: the flying attitude used to start the calculation, including

nominal trailing edge center heigHin, pitch androll. For positive pitch, the spacing at

the leading edge is larger than at the trailing edge, and the spacing at the outer rail is larger
than at the inner rail for positive roll. For the inverse problem, the specified values are
only initial guesses. But the convergence to the steady state flying attitude can be
accelerated by using a better initial guess.

Solution for given attitude/Steady steady solutiwhen solution for given attitude

is chosen, the program only calculates the pressure distribution for the given flying
attitude. Otherwise, it computes the inverse solution. The code will search for the steady
state flying attitude using the Quasi-Newton method. The user has to supplydiaad

theload position offsets the pitch (x) and roll (y) directions with the origin at the slider

center. The suspension stafitch momentand roll momentcan also be supplied.

Currently, a non-standard unit of gram-mm is used. Positive static pitch tends to increase

the pitch angle and positive static roll tends to lift the outer Méximum error is the
normalized difference between the computed bearing load including its moments and the
suspension preload as well as its static moments. It is used as a criterion for convergence

in the inverse solutionPoints of interesallows the user to specify up to four points for

which the program outputs the fly heights. khend y coordinaterseed to be specified.

Quasi-static take-off/No take-off simulationwhen this option is turned on, the

user can enter RPM vector with the numbers separated by blanks. The code then solves
for different RPMs and stores the results in ‘result.dat’.

100



Fixed position only/A group of radial positions/A matrix of radii and skeths

code only solves for one radius when the first option is chosen. The user needs to supply
a vector ofradii and askew vectoffor both the second and third options. In the second
option, the length of the radii vector and of the skew vector have to be the same, since

there is one-to-one correspondence.

Initial grid: the initial grid can either bereatedor imported When the latter is
selected, the program reads the grid data from ‘x.dat’ and ‘y.dat’ files. These files are
created when the program finishes a run. If the initial grid needs to be created, more

parameters have to be enteredgrid andy grid are the number of grid points in the x

(length) and y (width) directions. They are rounded by the program to the nearest number
having the form (16n+1), dictated by the multi grid method in the solver. For example,
100 will be rounded to 97. The program usescpiwise geometric progression to
generate the grids. A uniform grid is generated by defauttontrolsare a set of points
(separated by blanks) by which the slider length is cut into segments. For example, two
points cut the length into three segments. In each segment, the successive grid size
changes at a fixed rati indicesare the grid indices for the control points. The ratios of
successive grid sizes in each segment are specifiedrayios It is similar in the y

direction, except that if theymmetry in widths chosen instead @&pecify entire width

the grid needs only to be specified on half the width.

Adaptive grid control:no matter how the initial grid is obtained, the user has the

option to useadaptive gridor fixed grid only When adaptive grid is chosen, the program

will generate an adaptive gratcording to various measures of the pressure gradient after
an initial calculation. The user has some control over the method by which the adaptive
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grid is generated. In order to compute the grid density in one direction, e.g., x direction,

the user can choose to use eitherrttaimumor theaveraged pressure gradieatong

all the y locations. The pressure gradient in some area may be very small(e.g., a fully
relieved region), but some minimum grid concentration may be needed. The user can

specify the ratiomax/min pressure gradidigrid density). A smaller ratio generates a

more uniform mesh. Also, the pressure gradient may change abruptly, but such abrupt
changes in the grid distribution should be avoided to reduce discretization error. A
smoothing method has been implemented so that the pressure gradient at one point not
only affects the grid density at that point, but also has an exponentially decaying influence
over neighboring locations. The larger tthecay factor the more abruptly the grid
density changes.

2.1.2 Rail Creation

Choosing this option from th@reProcessor’'sub-menu will create a new window

for drawing the rail shapes by use of the mouse (Fig. 3). If some old rail data already exist

in Matlab, the user will first be prompted by the choidesse old rails Edit old rails

andAdd new rails The first option erases the old rail data, while the second option enters
the editing mode. The last option keeps the old data and allows the user to add new rails.

The rectangular box in the window with a dashed square grid represents the slider.
The grid lines in the box are reference lines. The units of the axes are givanitsy
discussed in 2.1.1. In the lower left corner of the window, the current position of the
mouse pointer is indicated.

Drawing the rails: the rail shapes are generated by piece-wise linear segments.
The user can input a rail point at the mouse pointer by clicking the left mouse button. To
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drag the line only horizontally, type 'h' on the keyboard while holding the moilse st
Type 'V' to drag it only vertically. The right mouse button should be used to fix the last
point of the rail. The rail boundaries are marked by lines of different colors, with small
circles around the rail points. The rails and boundary points are labeled by letters in the
same color as the lines. For some rail shapes, the rail label may fall outside its boundary.
When the last rail is finished, click the right mouse button again. Two small editing
windows then appear on the right side of the window (Fig. 3).

Editing the rail as a whole: the upper editing window is used to edit each rail.
The user can either click on the letters 'Rail No.x' on the rail to make that rail current, or
the user can click and change thg numberon the first line in the editing window. The
next two lines display theandy limits of the smallest rectangle containing the current rail
to help the user identify the current rail. The push buttons that follow perform the editing

functions. Mirror creates another rail which is a mirror image of the current rail with

respect to the slider's center line. Clicking @elete will delete the rail. To move the

current rail to another location, click dviove then click on any place in the slider and
move the mouse, click again when the rail arrives at the desired location. The amount of
displacement is shown in the lower left corner. irdilar procedure can be used Gopy

the current rail and put it in a new location. If one single rail is symmetrical with respect
to the slider's center line, the user needs only to draw half of the rail, aSgraseetryto

create the other half. Note that the first and last points in the half rail will be connected to
their corresponding mirror images. The user should arrange these two points properly in
the half rail to create the correct raiRotatecan be used to change the orientation of the
rail. The procedure is similar to that of moving the rail. Sometimes the display may be
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incorrect after editing, possibly due to Matlab graphics bugs. The problem can be
corrected by going back to the top menu and returning tR&#fi€reationwindow again.

Next, the user can specify whether the rail stgpor a ramp. A step has a
uniform recessdepth. The number is positive for recess under the ABS. Arbitrary wall
profiles can be specified around the entire rail. Here, the wall profile can include both the
edge blend and the etch slope. The profile is approximated piece-wise linearly. The user
can enter a series pbintsby specifying their distance to the nominal edge, separated by
blanks. The coordinates may start from negative numbers (edge blend) and end with
positive numbers (etch slope). Corresponding to each pomgcessvalue should be
specified. The recess values should be separated by blanks. When the same point is
repeated and given different recess values, a discontinuity can be included. If the number
of points is less than 2, the wall profile is ignored by the program and a nominal
discontinuity is assumed. rampis a plane having an arbitrary orientation. It can be used
to define a taper region(another way to define a taper is described in 2.2.1). It is defined

by specifying theecess depths at the first three rail po{titey should not be on the same

line). Again, positive recess is below the ABS. Wall profiles can not be specified for a
ramp.

Editing the rail points: the lower window provides functions for editing the rall
boundary points. Clicking on the point index letter on the rail will make that point
current, or the user can click and changeréileandpoint indices on the first line of the
editing window. The next two lines show the x andoprdinates of the current point.

The user may enter different coordinates to change the current point. This may be useful
when exact coordinates are desired, since the mouse input has limited resolution, or the
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user can choos€hangeand click at a new point on the slider to change the current rail

point graphically to the new point. To insert points between the current rail point and the

next one, selednsertand click on new points on the slider. Use the left button to insert
points and the right button for the last poinBnapmoves the current rail point to its
closest neighbor. This function is used when two points belonging to different rails are

meant to be identical. Sele@eleteto delete the current rail poinRivot works similarly

to Insert except that all the points inserted are projected to the arc beginning from the
current rail point and pivoted at the user specified pivot point, whose coordinates are
entered from the box appearing on the right. This provides a convenient way to define an
arc in the rail boundary.
2.1.3 Load Case

Existing cases can be loaded into Matlab by chodsiegiCasedn the menu. The
case files are in .mat format. The user is provided with a list of cases to choose from. The
input data files STEADY.DEF, RAIL.DAT, MULTCASE.DAT and TOL.DAT are
updated to the current case.
2.1.4 Save Case

The SaveCas®ption saves the current case in .mat format. It also generates the
input files STEADY.DEF, RAIL.DAT, MULTCASE.DAT and TOL.dat used by the
simulator. The user will be prompted to enter the case name, which can be modified here.
2.2 Run

After the case is saved, the user can start the simulation by choosing this item and
clicking onSteady The letters 'Simulator Running ...ilappear on the screen. The user
can monitor the progress through the output window(in X Windows, bring up the Matlab

105



command window). When the program finishes, the results are loaded into Matlab and
saved in the .mat format.

When running on a PC, the program is loaded into memory much faster in the
DOS environment than in Windows, since other Windows programs take away part of the
RAM. Here is the procedure to do this:
After saving the case, quit Matlab and MS-Windows, go to the appropriate
directory in DOS, start the simulator by the command QUICK301(executable file
of the simulator). When the case is finished, start MS-Windows and Matlab, go to
the appropriate directory, start the interface STEADY, chdasglCasein the
Preprocessqr load the saved case, go to tRestProcessormenu, choose
Loaddata The case will now be saved along with the result data and will be ready
for post processing.
2.3 Post Processor

The functions provided in this menu can be used for post processing of the data
generated by the simulator. It has limited capability so far.
2.3.1 Load Data

This is only used when the simulator is run outside the interface(see 2.2).
2.3.2 View Grid

The final grid used in the computation is displayed.
2.3.3 View Rall

The rail areas are filled with color.
2.3.4 3-D Pressure

The 3-D pressure contour is displayed with a color scale.
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2.3.5 Settling History
The Quasi-Newton iteration history of various variables is displayed. The eight
figures are the iteration histories of :
load err(normalized difference between bearing load and moments and the
suspension load and static torques);
nominal trailing edge center flying height(on the flat reference plane with
pitch and roll)(nm);
pitch angle(micro radian);
roll angle(larger outer rail gap for positive roll)(micro radian);
flying heights for four points of interest(coordinates start from the inner
leading edge, normalized with slider's length)(nm);
2.3.6 Print
This option will invoke the Matlab print command to print out the contents of the
current figure window, equivalent to typing ‘print’ in the Matlab command window.
2.4 Graphics Options

This menu provides some graphics options mainly foBihg@ressure contour

2.4.1 Color Control

Color map: the user can choose different colormaps to plot the pressure. By
default, Matlab colormap ‘jet' is used, which ranges from blue for the low pressure region
to red in the high pressure region.

Shading: flat shadingfills the surbce with piece-wise uniform colors, while the

interpolated shadingsmoothes the color between grid lines by linear interpolation.
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Faceted shadin@dds black grid lines to the flat shading. Tweshadingoption draws

only the color coded grid lines, which is the default choice.

Brighten: A slider will appear at the bottom of the figure window. The user can
adjust the brightness of the picture using the slider.
2.4.2 View

When this option is selected, sliders will appear at the lower left corner of the
figure window. The viewing angle can be adjusted through the sliders or by just typing in
the numbers. Two angles can be adjusted. The viewer moves around the object counter-

clockwise in the horizontal plane with the increaseamuthal angle The viewer looks

straight downward with 90 degreelgevation anglehorizontally at O degrees, and straight

upward with negative 90 degrees.

3. Tutorial

In this tutorial, the usage of the interfacdlistrated through an example.
3.1 Some Rules for Creating the Rails

The current implementation enables the inclusion of very complex rails and
geometric features. In order to simplify the rail creation process and ensure consistency, it
is important to follow the basic rules outlined below.

1. A ‘rail is classified into two typesstepandramp. A stepis parallel to the

reference surface, whileramp s a plane with arbitrary spatial orientation. In
fact, arampcan also be used to definstap
2. Any area that is not defined as a ‘rail' assumes the recess depth defined in the

recesox in theSteadyDefinitiorwindow.
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3. Any given area on the slider can be occupied by more than one rail. The only
rail that is effective in the given area is the one with the highest rail index (the
last one created). This rule can be utilized to simplify the creation of certain
rails, e.g., the TPC rails.

4. In the current version, each rail of teeptype can have an arbitrary wall
profile. Arampdoes not have a wall profile. Also, for any given point, if it is
covered by somemp, then it does not belong to any wall profile region. If a
wall profile extends beneath some other surface or another wall profile, that
part of the wall profile is ignored.

3.2 An Example

To start Matlab, type 'matlab’ in the command shell.

Type 'steady' in the Matlab command window. Figure 1 shows the interface

window as it appears in MS-Windows environment.

Choose thd’reProcessoon the top menu bar, and sel&teady Definition A

table of parameters appears(see Fig. 2). The user may change the default values by double
clicking and typing new numbers. Some parameters shown in Fig. 2 have already been
modified from the default values.

Next, choosdRail Creationin the PreProcessoimenu to start drawing the rails.
The rectangular box represents the slider. Click the left button of the mouse to enter rail
boundary points. Rail shapes are approximated by piece wise linear segments. Click the
right mouse button when entering the last point in a rail. When all the rails are drawn,
click the right mouse button again to finish the drawing mode and enter the editing mode.
Figure 3 shows two rails. Note that Rail No. 2 has only two points at this stage. Don't be
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concerned if mistakes are made or the locations of the points are not accurate. Everything
can be corrected in the editing mode.

In the editing mode, two small editing windows appear on the right side of the
slider box (see Fig. 3). The top one is for editing the rail as a whole, and the bottom one is
for editing individual points on the rail. To select a particular rail to edit, click on 'Rail
No.X' in the middle of the rail(the rail index may be outside the rail for some concave
rails), or simply type the rail index number on the top of the rail editing window.
Similarly, to choose a point to edit, click on the point indices on rail boundaries or enter
the indices on the top of the point editing window.

Now, the point coordinates for Rail No. 1 can be modified by using the point
editing functions if necessary. In fact, the exact coordinates can be entered directly in the
point editing window. The two points in Rail No. 2 are meant to be coincident with
Points 1 and 2 of Rail No. 1. However, when they are entered from the mouse, this can
not be done exactly. The way to correct it is to either enter the coordinates directly or use
the snapediting function.

After all the coordinates are made exact, select Rail No. 2 and click on the
Symmetryfunction of the rail editing window. The other half of Rail No. 2 is created (see

Fig. 4). Then select Rail No. 1 and click on thirror function in the rail editing

window. A mirrored rail is now generated (also see Fig. 4). The height information for
the rails can be entered from the lower part of the rail editing window. The rails here are

defined assteps. The firstrecess describes the global rail height relative to the reference

surface. Usually, the nominal ABS is used as the reference surface. Therefore, Rail No. 1
is given zero recess. An arbitrary piece-wise linear wall profile can be entered using no
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more than ten points. If fewer than two points are given, a vertical wall is assumed. Here,
a linear etch slope is given for Rail No. 1 (see Fig. 4) and Rail No. 3, extending from the

ABS to the etched pocket (3 um deep as prescrib&teiadyDefinitionwindow) with a

width of 15 um. On the other hand, Rail No. 2 near the leading edge has 1 um recess
relative to the ABS, thus its wall profile also starts from 1 um recess(see rail editing
window in Fig. 3). The rails are now fully defined.

Now go back tdPreProcessolnd selecBaveCase The title is prompted on the
screen and can be modified. Click @K to save the case.

ChooseRunon the menu bar and click &ddew The program now starts to run.
When the case finishes, the data are loaded into Matlab automatically and are ready for
post processing. An alternative way to run the program on a PC is described in 2.2.

Go to Post Processoobn the menu bar. Figure 5 shows the three dimensional

pressure contour generated by 833B Pressureoption. The effect of the recess of Ralil
No. 2 on the leading edge pressure is evident in this plot. The final grid generated by the

adaptive grid algorithm is shown in Fig. 6.

4. Input And Output Data Files
When the case is saved in the Matlab interface, a few data files are generated
which are ready to be used by the FORTRAN program.

4.1 Input File 'steady.def'

The file 'steady.def contains most of the parameters iStgdyDefinitiormenu

in the interface. Not all the parameters in this file are currently used by the program.

The following is a list of currently active parameters:
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hm(m) : nominal initial trailing edge center flying height. Note that
the reference point is on the nominal plane with pitch and roll, not

including crown, twist or camber.

hO : nominal leading edge center height, normalized with hm.
hs(rad) : roll, positive roll widens the outer rail gap.

xl(m) . slider length.

yl . slider width normalized with xI.

ske(deg) : skew angle, positive skew implies that the air flows from
the inner to the outer rail.

ra(m) : radial position of the slider center.

rpm : revolutions per minute.

isolv: 0 = solve for fixed flying attitude, 1 = find steady state flying

height.

fO (kg) : suspension load

xfO . load x-position, normalized with x|, starting from leading
edge.

yf0 . load y-position, normalized with x|, starting from center

towards outer edge.

xfs . static pitch moment in g-mm, positive value tends to
increase the leading edge spacing.

yfs . static roll moment, positive value tends to increase the
outer rail spacing.

istiff : 0 = no stiffness calculation; 1 = calculate stiffness matrix.

112



akmax : normalized residual of Reynolds equation, criterion of
convergence of the solver.

emax : normalized difference between the current bearing load
and the target suspension load, the criterion of convergence for the

inverse solution.

pO(pa) : ambient pressure.
al(m) : mean free path of air.
iadpt : 1 = use adaptive grid; O = disable adaptive grid;

isymmetry: 0 = manually generate the grid over the whole slider width; 1
= generate only half of the grid, which is symmetrical in the slider width
direction. This has no effect when the adaptive grid option is used.
ioldgrid: 0 = either use adaptive grid or manually generated grid; 1 =
use the old grid locations in the files x.dat and y.dat.

nx, ny . grid size, must be in the form of (16n+1) because of multi
grid method.

nsx, nsy  : number of grid sections in x and y directions, respectively,

for manually generated grids.

nest : multi grid level. nest = 4 is the highest level and should be
used.
xnt(i) . ifrom 2 to nsx, coordinates for the end of each section in

the x direction, normalized with xI.
nxt(i) - i from 2 to nsx, grid indices for the end of each section in

the x direction.
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dxr(i) . i from 1 to nsx, ratio of grid size over previous one for
each section in the x direction.

ynt(i) . i from 2 to nsy, coordinates for the end of each section in
the y direction, normalized with xl.

nyt(i) . i from 2 to nsy, grid indices for the end of each section in
the y direction.

dyr(i) . i from 1 to nsy, ratio of grid size over previous one for
each section in the y direction.

visl : viscosity of air.

idisc : different schemes for treating the convective term. 1=power-law;
2=central difference; 3=upwind; 4=hybrid; 5=central difference in the
hybrid form; 6= QUICK; idisc=1 is recommended.

igpo : slip flow models, O=continuum model; 1=first order slip model,
2=second order slip model; 5=Fukui-Kaneko linearized Boltzman
equation model. 5 is the recommended choice.

difmax . used in the adaptive grid, a larger number allows a larger
grid density difference.

decay : used in the adaptive grid, a larger number has less
smoothing effect, and the grid density depends more on the local pressure
gradient and may change more abruptly.

ipmax : used in the adaptive grid, 0 = use averaged pressure

gradient in each direction along the cross section grid locations; 1 = use
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the maximum gradient in each direction along the cross section grid
locations.
4.2 Input File 'rail.dat'

The first line in 'rail.dat’ indicates how many rails are defined and how many
different recess heights they possess.

The data for each rail follow. First, the number of boundary points, the recess
height index of the current rail and the number of points in the wall profile are given. The
last number should be less than two if the rail is of the ramp type (the recess height index
is 0). Next, the coordinates of the boundary points normalized with slider length are
shown, with the origin at the inner leading edge. If the recess height index is 0, there is
an additional line consisting of recess depths for the first three boundary points of the rail.
Finally, if the wall profile has at least two points (otherwise a vertical wall is assumed),
two more lines are used to describe it. The first line gives the coordinates of the points in
terms of the normal distance to the nominal wall normalized by the slider length. Points
with negative coordinates are inside the nominal rail boundary, and those with positive
coordinates are outside the boundary. The second line contains the recess values (in
meters) for the wall profile points.

After all the rails are defined, there is a line which gives the base recess depth
(areas not defined as rails), and rail recess depths in index order. All recess values are in
meters. The next line shows taper length (normalized with slider length) and taper depth
in meters. If a virtual taper exists, but is defined using ‘ramps’ instead of by the ‘taper

specification’ section in the 'SteadyDefinition' of the interface, the taper length should be

115



set to the actual value, with zero taper depth at the front. The code will then try to
resolve the taper end automatically when the adaptive grid is used.

The next line contains information on crown, twist and camber in meters. The
crown is a longitudinal parabolic surface superimposed on the whole slider. A positive
crown decreases the spacing between the slider and the disk. The camber is the same as
the crown except that it is in the transverse direction. The twist is given in terms of the
relative height of four corners to the center. A positive twist increases the separation
between the slider and the disk at the inner leading edge and the out trailing edge, and
decreases the separation at the outer leading and inner trailing edge.

The last two lines give the x and y normalized coordinates of four points on the
slider, respectively. The program outputs the fly height at these four points.

4.3 Input File 'tol.dat'

This file contains the information about sensitivity parameters. It is currently
inactive. The first parameter should be set to zero.
4.4 Input File 'multcase.dat’

This file can be used to run multiple cases for different skew, radius, RPM.

The first line contains five integers: itake, nrpms, imultcase, nrads, and nskew.

itake: 0, no quasi-static take-off simulation; 1, yes.

nrpms: number of different RPMs for the take-off (maximum 10).

imultcase: 0, fixed radius; 1, a group of cases with a different skew corresponding
to each radius; 2, a matrix for a set of skews and  a set of radii.

nrads: number of different radii(maximum 10).

nskew: number of different skews (maximum 10, = nrads if imultcase

1).
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Lines 2 - 4 contains a group of RPMs, radii and skews, respectively.
4.5 Output Files

The pressure matrix is stored in the file ‘p2.dat’. The files ‘x.dat’ and ‘y.dat’
contain the normalized x and y coordinates, respectively. The iteration history of the
flying attitudes is stored in the file ‘invs.dat’. The file ‘result.dat’ contains the final flying

attitudes and the stiffness matrix.

APPENDIX
Installation Guide
There are two main directories on the diskette, which are for PCs and UNIX
workstations respectively. The .m files and FORTRAN source codes are in the PC
directory only, since they are the same for workstations. The FORTRAN source
programs should be renamed *.f from *.for’ for the workstation version. Only the
executable files are provided in the workstation directory. They may be either in DEC
Alpha or IBM RS/6000 format depending on the user’s specification. For other computer
models, the user needs to re-compile the source programs. The user interface requires
Matlab 4.1 or later version.
a. PC version
1. There should be at least 8 MB RAM available. The system should be running
MS-Windows 3.0 or later.
2. Put .mfiles in a separate directory. Add its path to ‘matlab\matlabrc.m’.
3. Put ‘newdg.vmc’ in the c:\ directory. Add the contents in ‘autoexec.cml’ to
‘autoexec.bat’.
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4. Put the other files in a separate directory and add the path in ‘autoexec.bat’.

5. Set the MS-Windows swap space to 30 MB. Please refer to MS-Windows
User’s Manual.

6. Create or edit ‘matlab\startup.m’ if necessary. For example, adding the line
‘cd c:\case’ enables Matlab to go to directory ‘c:\case’ when it is started.

b. UNIX workstation version

1. Put .m files in the ‘~/matlab’ sub-directory of the home directory and Matlab
will search for these files automatically. ‘~ * in this instance refers to the user’s
home directory.

2. Put the other files in a separate directory and set the path in ‘~/.login’ to

include this directory.
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APPENDIX B
CML AIR BEARING DESIGN PROGRAM

USER'S MANUAL (WINDOWS VERSION) *

1. Introduction

This manual describes the CML Air Bearing Design Program (version 4) with its
new Windows interface, as well as the revised input data format. This manual is also
available as a windows help file and which is included with the CML Air Bearing Design
Program distribution files.

The Windows interface has been developed to replace the previous interface
written in Matlab, which is a commercial mathematics and data visualization package.
The Windows interface consists of a pre-processor that generates input data files readable
by the solver, and a post-processor for visualization of output files generated by the
solver.

The air bearing solver is written in FORTRAN 77 and has been tested under
Linux, Digital UNIX, IBM AIX as well as PC/Windows. It can be easily ported to other
platforms with a F77 compiler. The interface is a 16-bit Windows application that runs

under both Windows 3.1 and Windows 95.

2. Installation

There are two parts in the package: the solver and the interface. They are packed

in two ZIP files: quick413.zip and cmlairl6.zip respectively.

! Co-authored by R. Grisso
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2.1 Air Bearing Solver

Create a directory to hold the solver files. Unzip quick413.zip into that directory.
The files are organized into a few sub directories.
2.1.1 Files and Installation

The following is a description of the contents:

Files in the top level directory ameake utilities: makefile, make.bat make, and
sys_def. They are only useful if the user wants to recompile the source code.

Sub directorysrc/ contains the source code and includes flession.fi, size.fj
common.fi, openout.fi, quick.f, reynolds.f, init.f, grid.f, mult.f, misc.f, util.f, force.f,
inv.f.

Sub directorysys/contains the compiler specific (UNIX or PC/Watcomikefile
definitions:sys_unix sys_win

Sub directoryibm/ contains the pre-compiled binary filguick413 for IBM
RS/6000 systems.

Sub directorydec/ contains the pre-compiled binary fagiick413 for DEC Alpha
machines.

Sub directorypc/ contains the Windows executalgjaick413.exegenerated with
the Watcom compiler. To help the user re-compile the aod&e.exeis also included.
It is a PC port of the free GNU make utility, taken from the DJGPP package. The source
code is generally available from GNU.

Sub directoryobj/ contains the object codes generated during compilation. It is

empty at the time of distribution.
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Sub directorysample/ contains a set of sample data files: rail.dat and run.dat.
They can be used to check whether the solver is properly installed. The interface should
also be able to read them once installed.

For platforms where the binary file is available, the user needs only the binary
file. After setting the proper path for the binary, simply go tosdreple directory and
try to run it with the sample data files. However, the user must re-compile the code if the
target platform is not directly supported. Re-compilation is also necessary when the user
wishes to change some array limits. The process of re-compilation is discussed in the
next section.
2.1.2 Compiling the Source Code

As described in the last section, some make utilities are provided to facilitate user
compilation. Only the Watcom compiler is directly supported on the PC. Before using
the Watcom compiler, append the following lineatdoexec.bat

set finclude= %finclude%;src
Make sure that this line appears after the original statement of "set finclude=..." (needed
in setting up the Watcom compiler). Rantoexec.bator reboot for the change to take
effect.

If nothing in the source code needs to be altered, simply mgles in the top
distribution directory on all platforms.

On the PCmake.bat is executed first. It first copiesys_win from the sys/
directory tosys_defwhich contains Watcom specific variable definitions rieakefile.

Make.bat then invokegpc/make.exeto make the binary.
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On UNIX workstations, a shell scriptake in the current directory is invoked. It
first copiessys_unix from thesys/ directory tosys_defwhich contains UNIX specific
variable definitions formakefile. The script then starts themake utility on the
workstation to generate the binary. It assumes thatniake is the path fothe make
utility. If this is not the case, it should be changed in the shell script.

The binary file generated byake is in the top level directory. On UNIX
machines, it is namegliick413, while on PC it isjuick413.exe

In most cases, the only files the user wants to changszedé and openout.fi.

The size.fi file sets the grid size, rail and wall profile array size limits. These variables
are self-descriptive and can be easily modified. The second file is concernded with the
problem of writing and reading many numbers in one long line. If there is an input-
output problem apart from the initial reading of th#.dat andrun.dat files, check this

file and make modifications. It is self-explanatory.

If the user does not often modify the code and re-compile, the object fibdxg/ in
generated by the compiler can be deleted to save some disk space. Justkgyptean
after compilation.

2.2 Windows Interface Installation

The installation package for the Windows interface is a zippedrfilairl6.zip.
Unpack the file into a temporary directory with an unzip utility suclplaszip from
Pkware. As an example, we will assume the directoccsnitemp, and the Windows
directory isc:\windows.

Run thec:\cmltemp\setup.exeprogram and follow the instructions. Choose an

installation directory. After installation, a program graumplair and an icon should be
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automatically generated in Windows. The executable of the Windows interface is

cmlairl6e.exe Before the program can be usedJn c:\cmlair\regsvr.exe

c:\windows\system\vcfil6.ocxin_ Windows (assuming the interface was intalled in

c:\cmlair).

3. Interface Guide

The interface program can be invoked by double clicking the program icon in
Windows. When the interface starts, it first presents an image with the CML logo. Then
a main menu bar appears at the top with a tabbed Window below it.

3.1 Menu Bar

The menu bar has two men&#ie andOptions

3.1.1File menu

There are four selections under file menu:Open Save Save AsConvert Old

andExit. A dialogue box for file selection appear®ipenis clicked. After a directory
and file name are chosen, the program tries toraihdat andrun.dat in the specified

directory. The file name selected has no significance. Similarlgdweand Save As

the program saves the input filesrag.dat andrun.dat. These are the only input files
to the solver. This implies that the user should create a different sub directory for each
case.

Convert Old lets the user to convert the prior releagack300 input files
steady.def rail.dat andmultcase.datto the current form. It works just like opening and

then saving files. Since there are significant changes in the input format and solver
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options, the user needs to check the converted data carefully. ChBEagitgrminates
the interface session.
3.1.20ptionsmenu

This menu contains two sub-men&iip ModelandSolution

Slip Model choose fronil-order slip 2-order slip and F-K Boltzmannmodels.

The F-K model is the default.

Solution calculate pressure &lixed Attitudeor obtain steady statély Height
iteratively. TheFixed Attitudeoption turns off several of the other functions. If many
input frames in the tabbed Parameter window(next section) are disabled (unavailable),
this option may be on!

3.2. Tabbed Parameter Window

Most of the input parameters are entered through the tabbed window shown in
Figure 1. The parameters are grouped into six t@esieral, Rails Wall Profiles,

Partial Contact, Grid andRun Setup
3.2.1 General Tab

The parameters under tii&eneral Tab are divided into several frameslider
Geometry Initial Flying Attitude SuspensionPoints of Interest Convergenceand
Comments See Figure 1.
3.2.1.1Slider Geometry

Length, widthand height slider dimensions, default values are 2.05 mm, 1.6 mm,

0.43 mm respectively, which is standard for 50% sliders.

Crown camber and twist these are the second order surface topography

components superimposed on each other over the whole slider. Positive crown and
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camber values represent convex parabolas in the length and width directions,
respectively. With a positive twist, the inner leading edge and outer trailing edge are
recessed (larger spacing) while the outer leading edge and inner trailing edge are raised
(smaller spacing).

Taper lengthandtaper angle a wedge with the givetaper anglestarting ataper

lengthfrom the leading edge will be removed from the slider. In some cases, the taper is
machined before the etching process, resulting in a recessgdin the frontal area.

This area can be modeled by definingap (see 3.2.2.3).

3.2.1.2Initial Flying Attitude

An initial flying attitudeis needed to start the calculation, no matter whether the

goal is to obtain the pressure for fixed attitude or to predict the fly height. In the former
case, the initial attitude is given, while in the latter case, a guessed attitude is used. The
attitude has three component&C, pitch androll.

TEC s the height of the trailing edge center at the zero recess plane. It is only a
reference point, not a physical one. To track the fly heights at physical points on a slider,

define points of interes{see 3.2.1.4). In version §uick300), TEC must be positive.

However, in certain designEEC can be negative at steady state if the entire trailing edge
is recessed. NegativVEEC is allowed in this version to allow faster convergence to
steady state fly height in these situations.

For positivepitch, the spacing at the leading edge is larger than at the trailing
edge, and the spacing at the outer rail is smaller than at the inner rail for pagitive
IMPORTANT : theroll sign convention has been changed in this version from that in the

previous version in order to comply with the IDEMA standard.
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3.2.1.3Suspension

The parameters in this frame are needed if the fly height is sought under a given
suspension load. The code searches for the steady state flying attitude using the Quasi-
Newton method.

Load suspension load.

POffset from the center of the slider, positive value moves load point towards
trailing edge.

ROffset from the center of the slider, positive value moves load point towards
outer rail.

PTorgue static pitch torque to create the static pitch.

RTorque static roll torque to create the static rallote the new sign convention
for roll angle.
3.2.1.4Points of Interest

These points are used to track the fly heights of the sliders. Up to four points can
be specified. The origin of the coordinate system is the inner leading edge. The input
format consists of one pair of x and y (separated by a comma or space) coordinates per
line.
3.2.1.5Convergence

There are the two convergence criteria for the solution of the Reynolds equation
and the fly height iteration.

Reynolds Equatiomormalized residual for Reynolds equation. The default value

of 10 is usually enough. A smaller number may be needed in some cases.
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Load error. the normalized difference between suspension load and the bearing
load, including torque balance. This is used in finding the steady state fly height. The
default value is 18,
3.2.1.6Comments

This text box accepts comments about the current case.

3.2.2 Rails

Use this tab to create and modify rails (Figure 2). In this version, each edge of a
rail can have a differewall profile. See section 3.2.3 for instructions on how to create
wall profiles.
3.2.2.1Rail Points

This text box is for entering rail shapes. On each line, type in the X, y coordinates
of a rail point and thevall profile index (separated by space or comma) for the edge
starting at this point. Use zero for the wall profile index wherever a vertical wall is
needed. The origin of the rail point coordinates is at the inner leading edge.
3.2.2.2Rail Index

The index of the current rail is displayed. Use the spin buttons on the right to
switch to other rails.
3.2.2.3Rail Type

A rail can either be atepor aramp. A step has a uniformecess height A ramp

is a plane with arbitrary orientation. Thexess heightfor the first three rail points must
be specified for saamp. IMPORTANT : never have three collinear points foraanp.
3.2.2.4Base Recess

This is the recess height for all points not covered by any rail.
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3.2.2.5 Miscellaneous

The command buttorsdd, DeleteandUpdateare used to add a rail, delete a rail

and update the changes made to a rail, respectively.

The box at the lower right corner shows the numbe¢otaf rails.
3.2.3 Wall Profiles

In Section 3.2.2, it is mentioned that for each rail edgealaprofile identified
by an index can be specified. These profiles are created and modified \Mathe
Profiles tab (Figure 3).
3.2.3.1Profile Index

The index for the current profile is shown in the box. Click on the spin buttons to
select other profiles.
3.2.3.2Profile

TheProfile frame contains the coordinates of points defining the profile. The two
coordinates are: normal distance from the nominal edge and the recess height. A
negative normal distance indicates that the point is inside the rail boundary.
3.2.3.3 Miscellaneous

The boxTotal Profilesat the lower left corner indicates the total number of wall
profiles defined.

The command buttonsdd DeleteandUpdateare used to add a profile, delete a

profile and update the changes made to a profile, respectively.
The lower right part is a graph plotting the current profile. Note that the recess
heights are plotted as negative numbers.

3.2.4 Partial Contact
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Partial Contact models are incorporated into the current version (Figure 4).
3.2.4.1Model

Two models can be selected from this drop down menu: the Greenwood-
Williamson or the Elastic-Plastic model. Benchmarks show that these two models
produce similar results.
3.2.4.2Surface

A few surface roughness parameters.

Asperity Densityaerial density of asperities.

STD of Asperity Heighstandard deviation of asperity heights.

Radius of Curvaturemean radius of curvature for asperities.

3.2.4.3Material

This frame contains material properties of the débsung's modulysPoisson's

Ratig Yield strengtrandfriction coefficient

3.2.5 Grid

This tab deals with the computation grid (Figure 5).
3.2.5.1Computation Grid

There are several grid generation options.

Initial Grid: either use the existing grid or generate a new grid using a piece-wise
geometric series. If the first option is chosen, the solver will use the existing grid data

files (x.dat and y.dat). The latter option is discussed in detail below.

Symmetry in Widthwhen checked, the grid needs only to be specified for half the

width, the other half is generated using symmetry.
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Adaptive Grid/ Fixed Grid In order to make better use of the available grid size,

an adaptive grid method is implemented. If gsuaptive gridoption is on, the grid is
redistributed according to pressure gradients obtained from the initial calculation. With
fixed grid only theinitial grid is used. The parameters controlling #uaptive gridare
described below.

3.2.5.2Adaptive Grid

These are the parameters controllingataptive grid

Pressure Gradientthe grid density function used to adjust the grid distribution is
based on the pressure gradient obtained from the initial calculation. In order to compute
the grid density in one direction, e.g., the x direction, the user can choose to use either the

maximunmor averagedpressure gradient along all the y locations.

Max/Min: the pressure gradient in some areas may be very small (e.g., a fully
recessed region), but some minimum grid concentration may be needed the calculation.
The user can specify tiidax/Min pressure gradient (grid density) ratio. A smaller ratio
generates a more uniform mesh.

DecayFactor the pressure gradient may change abruptly in some regions.
However, such abrupt changes in the grid distribution should be avoided to reduce
discretization error. A smoothing method has been implemented so that the pressure
gradient at one point not only affects the grid density at that point, but also has an
exponentially decaying influence over neighboring locations. The larger the
DecayFactoy the more abruptly the grid density changes.
3.2.5.3Geometric Series

A new grid can be generated with a piecewise geometric series.
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Total Grid Sizestotal number of grid lines in the x and y directions. The

program uses a multi-grid method to achieve solver efficiency and requires that the grid
numbers have the format (16k + 1), where k is an integer.

X Control PointsandY Control Pointsa set of points by which the slider length

and width are cut into segments, respectively. For example, two points generate three
segments. Within each segment, the successive grid size changes at a fixed ratio

(geometric series).

X Grid IndicesandY Grid Indicesgrid indices aX Control PointsandY Control
Points respectively.

X Grid Ratiosand Y Grid Ratios the ratios of successive grid sizes in each
segment.

Note that if Symmetry in Widths checked in Section 3.2.5.1, only half of the

width is needed here.
If the command buttoblpdate Gridis clicked, a graph showing the updated grid
pops up (Figure 6).
3.2.6 Run Setup
This tab is used to setup the operating conditions (Figure 7).
3.2.6.1Radial Position/Skew

Specify oneRadial Positionand the correspondirgkewon each line. Up to ten

positions can be entered.

The order oRadial Positionsshould be from OD to ID, otherwise, the interface

will rearrange them that way! The reason is that the solver only generates adaptive grid
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at one radial position and uses it for all other cases. Since the pressure peak is usually
higher at the OD, the adaptive grid should be generated there.

For positive skew, the flow goes from the outer rail towards inner rail
IMPORTANT : the skewsign convention has been changed in this version from that in
the previous version in order to comply with the IDEMA standard.
3.2.6.2RPMs

Enter a series oRPMs separated by commas or spaces. Normally only the
operating RPM is needed. MultipRPMsare used for a quasi-static take-off study. The
order should be from higRPMto low RPM, otherwise the interface will re-order the
numbers.
3.2.6.3Altitudes

Multiple Altitudescan be used to study altitude sensitivity. The order should be
from low altitude to high altitude, otherwise the interface is going to re-order the
numbers. If nothing is entered, then the parameters in the frame below are used.
Otherwise, thé\ir frame is disabled.
3.2.6.4Air

Specify theambient pressure, mean-free-pathdviscosity

3.2.6.5Sensitivity Increments

In order to obtain the sensitivity of slider performance with respect to certain
parameters, these parameters are incremented by specified amounts. Only a positive
value is needed. The program will do both negative and positive increments. Nothing is

done for parameters with zero increment.
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The following parameters are currently include@rown Camber Twist

TaperLengthTaperAngleLoad PTorque RTorgueandBase RecessNote that POffset

and ROffset are not listed, because they can be deducedPffomue and RTorque

WhenBase Recess changed, the wall profiles that end with the same recess height have
to be adjusted accordingly. The points on the profile outside the nominal edge scale
linearly with recess in the vertical direction. There are two methods to adjust the wall

profile width: proportion or fixed width Proportion will also scale width linearly with

recess to keep the same aspect ratio, winled width only allows points to move
vertically.
3.2.6.6 Miscellaneous

If Calculate Stiffnesds checked, the program calculates and outputs a 3x3

stiffness matrix for each basic case across the disk radius. It represents the ratio of the
change in bearing force components (bearing load, pitch moment and roll moment) over
the change in displacement components (height, pitch and roll). Note that the sign
convention has been changed for the stiffness matrix elements so that the main diagonal
elements should normally be positive. A more detailed description can be found in the
source code comments Btiffness subroutine inmisc.f. The stiffness results are
appended in the fileesult.dat. See 3.4 for a detailed description of therfsult.dat.

Since the pressure data files are rather large, especially when there are many runs
with a large grid, they are only saved wigave Pressures checked. Even then, only
the pressure data for basic cases across the disk radius will be saved. Three files will be

saved for each radial positiopressiumdat, cprsshumdat and mflownumdat, where
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numis the index for the radial position(for examplegss01.dat...). Note again that the
order should be from OD to ID. See 3.4 for details on output data files.
3.2.7 A Tutorial

You may have noticed that the numbers in the figures used in the above sections
are actually different from the default values. This is because the figures are actually
taken from a sample problem. Now it is time to put everything together and look at a
complete example.

First, start up the interface by double clicking the program icon.

Click on the Options menu. Make sU¥eK Boltzmannis selected under tHglip
Modelsub menu anélly Heightis selected under tt#olutionsub menu.

Select theGeneraltab in the tabbed window. Enter all the parameters as shown
in Figure 1.

The rails are created next. Select®alstab. In theRail Pointsframe, enter the
numbers as shown in Figure 2. The first two columns are the x and y coordinates for the
rail points. The third column contains the wall profile indices for each edge. The wall
profiles are defined later.

After clicking the Add button, the rail shape is drawn in a new window titled
Draw Rails as shown in Figure 3. Go back to fReilstab. In theRail Typeframe,
chooseStepand set thé&kecess Heightb 1 um. Click on theUpdatebutton. Near right
bottom, set thd®ase Receds 4um.

Now click theMirror button in theRails tab, another rail is created and drawn
(Figure 9). This is the mirror image of the first rail with respect to the center line. It also

inherits theRecess Heightalue of the first rail.
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Enter theRail Pointsfor the third rail as shown in Figure 10. Click tAdd
button. SeRecess Heighio 0. ClickUpdate Create the fourth rail similarly (Figure
11). Figure 12 shows all four rails.

Note that all edges in the first two rails use wall profile No. 1 and all edges in the
last two rails use wall profile No. 2. These wall profiles are defined next.

Select thawvall Profilestab. Enter the coordinates in tReofile frame as shown
in Figure 3. Click on theAdd button. The new profile is now plotted in the lower right
corner. Note the recess depths are negative in the plot. This is necessary in order to
orient the plot properly. By convention, recess depths are represented by positive
numbers in the program.

The second wall profile can be created similarly (Figure 13).

Two contact models are included in this versio@Greenwood-Williamsorand
Elastic-Plastic They can be selected in tRartial Contacttab. Enter the parameters as
shown in Figure 4.

Select theGrid tab. Enter the grid parameters as shown in Figure 5. The adaptive
grid is used with a uniform initial mesh. Click on tbgdate Gridbutton. A new
window opens up displaying the initial mesh with the rail shapes superimposed on it
(Figure 6).

Select theRun Setupab. Enter the parameter as shown in Figure 7.

Since theAltitudesare specified explicitly, thair frame is disabled.

All the parameters have been entered. The next step is to save them into the input

files. Each case should have its own directory. Create a directory for the current case if

you have not done so. Next click on thée menu and choos8ave As A save file
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dialogue pops up. Select the correct drive and directory. The &dtudlameentered is
not important. Click orOK and the two filesail.dat andrun.dat will be saved in the
selected directory. The solver can now use these two files as input. The format of the
input files is discussed in the next section.
3.3 Input Data Files

There are only two input data files in this versigait.dat andrun.dat. The first
file describes the slider geometry, while the second one prescribes the test condition.
There have been some changes in the input format from Version 3.
3.3.1 rail.dat
Samplerail.dat:

CML VERSION 4.0.13 RAIL.DAT
REPORT BUG TO SHA LU: shalu@cml.me.berkeley.edu

2.050E-03 1.600E-03 4.300E-04
4 2

4 1

0.000EQO0 5.000E-05 1
2.050E-03 5.000E-05 1
2.050E-03 4.000E-04 1
0.000EQO0 4.000E-04 1
1.000E-6

4 1

0.000EQO0 1.550E-03 1
2.050E-03 1.550E-03 1
2.050E-03 1.200E-03 1
0.000EQO0 1.200E-03 1
1.000E-6

4 1

0.000EQO0 1.500E-04 2
2.050E-03 1.500E-04 2
2.050E-03 3.500E-04 2
0.000EQO0 3.500E-04 2
0.000EQO0

4 1

0.000EQO0 1.500E-03 2
2.050E-03 1.500E-03 2
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2.050E-03 1.300E-03 2
0.000E00 1.300E-03 2
0.000E00
45
0.00E+00 6.00E-06 1.20E-05 2.00E-05
1.00E-06 3.00E-06 3.60E-06 4.00E-06
-1.00E-05 -5.00E-06 0.00E+00 5.00E-06 1.00E-05
0.00E+00 1.00E-07 3.00E-07 8.50E-07 1.00E-06
2.000E-04 1.000E-02 4.000E-06
2.00E-08 1.00E-08 0.00E+00
2.025E-03 1.950E-03 2.025E-03 1.950E-03
2.500E-04 2.500E-04 1.350E-03 1.350E-03
The first two lines are the header. The third line contains the slider dimensions in
meters: length, width, thickness The fourth line indicates thmumber of rails and the
number of (different) wall profiles used.
Next, each ralil is defined in succession. The starting line for each rail describes
the number of points andstyle. A step has astyle value of 1, while aamp has astyle
value of 0. The lines that follow contain tke@nd y coordinates of a rail point and the
wall profile index for the rail edge starting at that point. Note that xhand y
coordinatesare now in meters instead of normalized, andatalk profile indices should
be zero for aamp. The final line in a rail description contains tleeess height( or
three heightsfor aramp) in meters for the rail.
The line that follows the rail definitions contaittee number of wall profile
points for all wall profiles. Next, each wall profile definition occupies two lines. The
first line contains the normal distances to the nominal edge for the profile points. Note
the unit is now in meters. A negative value indicates that the point is inside the nominal
rail boundary, while a positive value otherwise. The second line contains the recess

depth in meters for each point. Note that the zero recess reference plane is the same as

for all the rail recess depths, rather than the nominal recess for each rail.
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The next line contains thaper length in meters, théaper angle in radians, and
the base recessn meters. Note the units for the taper from have been changed from
Version 3.

The following line gives the crown, camber and twist in meters. Note the order of
camber and twist has been changed from that in Version 3.

The final two lines are the and y coordinatesfor the points of interest. Note
the unit is now meters.
3.3.2 run.dat
Samplerun.dat:

CML VERSION 4.0.13 RUN.DAT

REPORT BUG TO SHA LU: shalu@cml.me.berkeley.edu
***************SO |ut|0 n CO ntro |*****~k*********

istiff isolv ioldg iadpt isave

1 1 0 1 1

***************l nltlal Attitude***************

hm(m) pitch(rad)  roli(rad)

5.0000E-08 1.0000E-04  0.0000E+00

*kkkkkkkkkkkkkk R un S***************************

irad irpm ialt

2 2 2
radii(m)

1.5000E-02 2.3000E-02
skews(deq)

-3.0000E+00 8.0000E+00
RPMs

3.6000E+03 5.4000E+03
altitudes(m)

0.0000E+00 2.0000E+03
***************Air ParameterS*****************
pO(pa) al(m) vis(nsm-2)
1.0135E+05 6.3500E-08  1.8060E-05

***************Load Parameters****************
fo(kg) xfo(m) yfo(m)
3.500E-03  2.5000E-05  2.5000E-05

xfs(LNM) yfs(UNM) emax
5.0000E-01 5.0000E-01  1.0000E-03
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***************G r Id CO nt ro |*******************

nx ny

67 67
nsx  nsy isymm
1 1 0

xnt(i), i = 2, nsx

nxt(i), i = 2, nsx

dxr(i), i=1, nsx
1

ynt(i), i = 2, nsy

nyt(i), i = 2, nsy

dyr(i), i=1, nsy
1

***************Adapt |Ve G rid******************

difmax decay ipmax

40 40 0
***************Reyno |d S Eq uatlo n**************
ischeme imodel akmax

2 3 1.0000E-07
***************Partial CO ntact****************
icmodel stdasp(m) dnsasp(m-2)

1 6.0000E-09  1.0000E+12

rdsasp(m) eyoung(pa) yldstr(pa)
1.0000E-08 1.0000E+10 1.0000E+12
frcoe pratio

0.3 0.3
***************Se ns |t ivities******************
crowninc(m) camberinc(m) twistinc(m)
1.0000E-08 1.0000E-08  1.0000E-08
tinginc(m) tanginc(rad) loadinc(kg)
1.0000E-05 1.0000E-03  3.0000E-04
ptrquinc(uNM) rtrquinc(uNM) recessinc(m)
5.0000E-01 5.0000E-01  5.0000E-01
iwscale

1

*kkkkkkkkkkkkkk C omme ntS***********************

" This is a test case"
Here are some explanations:

Solution Control:
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istiff : 1 = calculate stiffness, 0 = no stiffness calculation

isolv: 1 = solve for fly height, 0 = given attitude

ioldg: 1 = use existing grid data, O = create new grid
iadpt: 1 = use adaptive grid, O = no adaptive grid

isave 1 = save pressure and mass flow, 0 = don't save

Initial Attitude:
hm(m): nominal trailing edge height

pitch(rad): pitch, note the change in units from the previous version

roli(rad) : roll
Runs:
irad: number of disk radii where the solution is sought
irpm: number of RPMs
ialt: number of altitudes, 0 = use Air Parameters

radii(m) : disk radii

skews(deg) skews corresponding to each disk radii

rpms: RPMs

altitudes(m): altitudes, lowest one is the base case.
Air Parameters:

pO(pa): ambient pressure

al(m): mean free path

vis(NS/M?):  viscosity
Load Parameters:

fO(kg): load
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xfo(m): load point x offset, origin is at the geometric center now!
yfo(m): load point y offset
xfs(UNM):  static pitch torque, note the change of unit

yfs(UNM):  static roll torque

emax convergence criterion of load error
Grid Control:
nx: total x grid number (16k+1)
ny: total y grid number (16k+1)
nsx number of sections in length
nsy. number of sections in width
isymm: 1 = symmetry in width, O = specify entire width

xnt(i), i = 2,nsx x control points in meters, no longer normalized!
nxt(i), i = 2, nsx grid indices at x control points
dxr(i), i=1,nsx grid ratios for each x section
ynt(i), i = 2, nsy. y control points, use half widthigymm = 1
nyt(i), i = 2, nsy. grid indices at y control points
dyr(i), i=1,nsy. grid ratios for each y section
Adaptive Grid:
difmax: ratio of max/min gradient allowed
decay smaller value increases smoothness
ipmax:1 = use maximum gradient, O = average gradient
Reynolds Equation:

ischeme convective term scheme. No available in interface.
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0 = upwind

1 = hybrid

2 = power-law; default
imodel: slip model

1 = first order slip

2 = second order slip

3 = FK; default
akmax: convergence criterion for Reynolds equation
Partial Contact:
icmodel 0 = no contact model

1 = Greenwood-Williamson
2 = Elastic-Plastic
stdasp(m) standard deviation of asperity height

dnsasp(m?): asperity density

rdsasp(my. mean radius of curvature of asperity
eyoung(pa) Young's modulus
yldstr(pa): yield strength
frcoe: friction coefficient
pratio: Poisson's ratio
Sensitivities:

Zero increment means no sensitivity is calculated for the parameter.
crowninc(m): crown increment

camberinc(m): camber increment
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twistinc(m): twist increment
tinginc(m): taper length increment

tanginc(rad): taper angle increment

loadinc(kg): load increment
ptrginc( UNM): pitch torque increment
rtrginc( UNM): roll torque increment

recessinc(m) recess increment

iwscale used withrecessinc
0 = stretch the profile, the normal distances are unchanged,
only the depths are scaled.
1 = scale the wall profile with recess. For the part of the
profile that is outside the nominal rail boundary, the normal
distances will change proportionally with recess.

3.4 Output Data Files

There are three basic output filessult.dat, x.dat andy.dat.

The x.dat andy.dat files are one long line each containing the x grid and y grid
respectively.

If Save Pressur€3.2.6.6) is checked, the pressure data for the basic cases across
the disk radius will be saved. Three files will be saved for each radial position:
pressiumdat, cprssaumdat and mflownumdat, wherenumis the index for the radial
position(for examplepress0l.dat...). pressiumdat contains the air bearing pressure
matrix. The contact pressure is storegpnssnumdat. The mass flow data are written

to mflownumdat. The mass flow is equivalent to some stream line function. When
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plotted as contours, a flow pattern is obtained. No particular physical unit is chosen for
mass flow, so the absolute number has no meaning. Since the mass flow is obtained on a
grid shifted by half a grid cell from the grid indat andy.dat, another set of grid files
xm.dat andym.dat are also created.

3.4.1 result.dat

The following is theesult.dat generated with the sample input filel.dat andrun.dat:

CML VERSION 4.0.13 RESULT.DAT
REPORT BUG TO SHA LU: shalu@cml.me.berkeley.edu
NUMBER OF DISK RADII: 2
RADII(MM) :23.0000 15.0000
SKEWS(DEG) : 8.000 -3.000
NUMBER OF RPMS: 2
RPMS : 5400.00 3600.00
NUMBER OF ALTITUDES: 2
ALTITUDES(M): .00 2000.00
SENSITIVITY CASE IDENTIFIERS:
CROWN :-1,+1 CAMBER: -2,+2 TWIST: -3,+3
LOAD :-4,+4 PTORQUE: -5,+5 RTORQUE: -6,+6
TAPER-L: -7,+7 TAPER-A: -8,+8 RECESS: -9,+9

RADIUS NO.1 RPM NO.1 ALTIT.NO.1 SENSI.NO.O

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
5366E-03  74.5526  97.4190 3.5856

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
727230  77.2811  68.7788  73.3369

MIN. HEIGHT = 67.87 (NM) AT (2.032, 1.310)
POSITIVE FORCE(G): 3.7561
NEGATIVE FORCE(G): -.2579
CONTACT FORCE(G): .0000
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X-SHEAR FORCE(G): .0937
Y-SHEAR FORCE(G): -.0187

STIFFNESS MATRIX
LOAD(G) .415202E-01 .262170E-01 -.175599E-03
P-TORQUE(UN-M) .102611E+00 .203075E+00 -.518799E-02
R-TORQUE(UN-M) .213759E-01 .917882E-02 .127288E+00
HEIGHT(NM) PITCH(URAD) ROLL(URAD)

RADIUS NO.2 RPM NO.1 ALTIT.NO.1 SENSI.NO.O

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
7169E-03  55.0433  69.3858  -7.1412

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
46.6132  49.0687  54.4685  56.9241

MIN. HEIGHT = 45.65 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.5199
NEGATIVE FORCE(G): -.0220
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0704
Y-SHEAR FORCE(G): .0045

STIFFNESS MATRIX
LOAD(G) .670632E-01 .434416E-01 -.107704E-02
P-TORQUE(UN-M) .202550E+00 .322121E+00 -.143572E-01
R-TORQUE(UN-M) -.200479E-01 -.191136E-01 .196978E+00
HEIGHT(NM) PITCH(URAD) ROLL(URAD)

RADIUS NO.1 RPM NO.1 ALTIT.NO.1 SENSI. NO.-1

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
7353E-03 715524  92.0714 3.3781

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
69.0568  75.4880  66.2409  71.7721

MIN. HEIGHT = 65.23 (NM) AT (2.032, 1.310)
POSITIVE FORCE(G): 3.7604

149



NEGATIVE FORCE(G): -.2617
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0938
Y-SHEAR FORCE(G): -.0187

RADIUS NO.2 RPM NO.1 ALTIT.NO.1 SENSI. NO.-1

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
.6309E-03  51.6885  64.0435  -7.1190

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
43.6188  47.0479  51.4497  54.8788

MIN. HEIGHT = 42.56 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.5214
NEGATIVE FORCE(G): -.0232
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0707
Y-SHEAR FORCE(G): .0045

RADIUS NO.1 RPM NO.1 ALTIT.NO.1 SENSI.NO. 1

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
5292E-03  77.5928  102.9010 3.5210

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
75.3829  78.9779  71.5097  75.1048

MIN. HEIGHT = 70.69 (NM) AT (2.032, 1.310)
POSITIVE FORCE(G): 3.7536
NEGATIVE FORCE(G): -.2541
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0935
Y-SHEAR FORCE(G): -.0187

RADIUS NO.2 RPM NO.1 ALTIT.NO.1 SENSI.NO.1
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ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
9494E-03 585525  74.7487  -7.0545

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
49.8223  51.3059  57.5822  59.0658

MIN. HEIGHT = 48.94 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.5189
NEGATIVE FORCE(G): -.0209
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0702
Y-SHEAR FORCE(G): .0045

(sensitivity calculation for other parameters ommitted)

RADIUS NO.1 RPM NO.1 ALTIT.NO.1 SENSI. NO.-9

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
1610E-03  77.5524  99.1200 7.6194

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
77.0839  82.6696  69.6026  74.2883

MIN. HEIGHT = 68.84 (NM) AT (2.032, 1.310)
POSITIVE FORCE(G): 3.7636
NEGATIVE FORCE(G): -.2633
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0938
Y-SHEAR FORCE(G): -.0190

RADIUS NO.2 RPM NO.1 ALTIT.NO.1 SENSI. NO.-9

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
5924E-03  55.8462  70.4524  -7.9408

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
47.0029  49.5385 557377  58.2733
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MIN. HEIGHT = 46.10 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.5192
NEGATIVE FORCE(G): -.0209
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0708
Y-SHEAR FORCE(G): .0046

RADIUS NO.1 RPM NO.1 ALTIT.NO.1 SENSI.NO.9

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
.8994E-03  72.7215  96.3402 .8082

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
69.3374  73.8145  68.4484  72.9256

MIN. HEIGHT = 67.43 (NM) AT (2.032, 1.310)
POSITIVE FORCE(G): 3.7499
NEGATIVE FORCE(G): -.2516
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0934
Y-SHEAR FORCE(G): -.0185

RADIUS NO.2 RPM NO.1 ALTIT.NO.1 SENSI.NO.9

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
.8626E-03 545658  68.7130  -6.5175

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
46.4618  48.8670  53.6310  56.0362

MIN. HEIGHT = 45.45 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.5210
NEGATIVE FORCE(G): -.0227
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0701
Y-SHEAR FORCE(G): .0044
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RADIUS NO.1 RPM NO.1 ALTIT.NO.2 SENSI.NO.O

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
4530E-03  65.8378  97.5521 3.7931

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
64.1257  68.6938  59.9533  64.5213

MIN. HEIGHT = 59.05 (NM) AT (2.032, 1.310)
POSITIVE FORCE(G): 3.7341
NEGATIVE FORCE(G): -.2346
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0879
Y-SHEAR FORCE(G): -.0176

RADIUS NO.2 RPM NO.1 ALTIT.NO.2 SENSI.NO.O

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
.8447E-03  49.6137  67.5718  -7.0691

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
41.1779  43.4974  48.9539  51.2734

MIN. HEIGHT = 40.22 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.5169
NEGATIVE FORCE(G): -.0194
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0650
Y-SHEAR FORCE(G): .0042

RADIUS NO.1 RPM NO.2 ALTIT.NO.1 SENSI.NO.O

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
.6483E-03  44.8390  68.4265 -.4451

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
40.0677  42.4513 405573  42.9409

MIN. HEIGHT = 38.53 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.7053
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NEGATIVE FORCE(G): -.2067
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0668
Y-SHEAR FORCE(G): -.0133

RADIUS NO.2 RPM NO.2 ALTIT.NO.1 SENSI.NO.O

ERROR  NOMINAL HM(NM) PITCH(URAD) ROLL(URAD)
7443E-03  35.7047 457431  -3.9767

H(2.025, .250) H(1.950, .250) H(2.025,1.350) H(1.950,1.350)
28.4240  29.1063  32.7984  33.4807

MIN. HEIGHT = 27.35 (NM) AT (2.032, .337)
POSITIVE FORCE(G): 3.5181
NEGATIVE FORCE(G): -.0203
CONTACT FORCE(G): .0000
X-SHEAR FORCE(G): .0484
Y-SHEAR FORCE(G): .0031

The top section contains general information on different runs: disk radii, RPMs
and altitudes. It also gives the identifiers for different tolerance parameters. The positive
and negative signs represent positive and negative increment, respectively. The rest of
file contains the results for each case.

The cases are ordered using the following rules. A set of cases with different disk
radii going from OD to ID is called disk traversal. Thebasic disk traversalis run
first, which has the highest RPM and lowest altitude.

Next the sensitivities with respect to the tolerances are calculated using the basic

disk traversal as reference. Only those parameters whose increment is not zero are

actually used. The parameters are ordered by the identifiers given in the top section. For
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each parameter, a disk traversal is performed first with a negative increment of the
parameter and then with a positive increment.

Disk traversals are performed next in the order of increasing altitudes.

Finally, disk traversals are performed in the order of decreasing RPMs.

The first line for each case is the case identifier consisting of the radius, RPM,
altitude and sensitivity indices. Next the normalized error for load, the fly height at the
nominal trailing edge, pitch and roll are given. The fly heights at the four points of
interest follow. The minimum fly height point and its location are saved. Various
integral forces are summarized next: positive force, negative force, contact force, shear
force in x direction and shear force in y direction. If the stiffness calculation is enabled,
the stiffness matrices are also saved for the basic disk traversal defined above.

3.4.2. Postprocessing

Included in this version is a post processor for visualization of output files. Users
may also visualize output data using Matlab.
3.4.2.1 CML Post Processor (Quick Post)

If the preprocessor interface was properly installed, it should allow direct access
to the CML Post Processor (Quick Post) viaRlst Processingnenu item from thé&ile
menu in the preprocessor interface.
3.4.2.1.1 Files

To open a document for post processing, choose “File : Open” from the main
menu. Then, from the file dialog box, choose a file from the directory in which the input
and output files from Quick are located. The actual file that you choose is irrelevant.

Only the directory matters. This directory is called the “document directdtgte(
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Quick uses the current working directory as the initial directory for the Quick Post. In
other words, if you invoke Quick Post from Quick, you will not have to open any files
manually).

When Quick Post opens a document, it checks for the existence of the following
Quick input filesrail.dat andrun.dat. If these files are not in the document directory,
Quick Post will issue and error message and will not be able to continue. If you receive
this error message, check to make sure these files are contained in the document
directory.

Quick Post also checks for Quick output files. It first reaisdat to find the
number and type of output files that should exist, and then checks for the existence of
those files in the document directory. No warnings are issued if these files are not found.

If rail.dat andrun.dat are properly formatted, Quick Post will display an initial
default window of the slider rail geometry (See 3.4.2.1.2 Rails).
3.4.2.1.2 Rails

To view the rail geometry of the current slider, choRads from thePostmenu.

This is a view of the slider rail geometry. Note: Neither wall angles nor taper are
displayed. This view is simply a reference for the user. There are no viewing options.
3.4.2.1.3 3-d Air Pressure

To view the air bearing pressure for the current simulation, cHeressure
Profile from thePostmenu. This is a 3-d plot of the air pressure data generated by
Quick. Quick Post uses X.DAT and Y.DAT as axis data and PRESS*.DAT as the

pressure data. There are several viewing options:

* Dynamic Rotation
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The figure can be dynamically rotated using mouse-trackball style control. Simply
double-click the left mouse button and hold down the button after the second click.

By moving the mouse, the figure can be rotated as if the mouse was a trackball.
* Menu Options

Click the right mouse button to get a popup menu with various viewing preferences.
These include background color, zoom, Z-scale, and rotation.
3.4.2.1.4 3-d Contact Pressure
To view the contact pressure for the current simulation, chBostact Profile
from thePostmenu.This is a 3-d plot of the contact pressure data generated by Quick.
Quick Post uses X.DAT and Y.DAT as axis data and CPRSS*.DAT as the pressure data.
The contace pressure plot viewing options are the same as those for the air pressure plot
(see 3.4.2.1.3 3-d Air Pressure).
3.4.2.1.5 Mass Flow Contour
To view the mass flow contour plot for the current simulation, chivtess Flow
from thePostmenu. This is a contour plot of the mass flow data generated by Quick.
Quick Post uses XM.DAT and YM.DAT as axis data and MFLOW?*.DAT as the mass

flow data.

* Menu Options

Click the right mouse button to get a popup menu with various viewing preferences.
The only viewing options currently included are line width and number of contour
lines.

3.4.2.2 Matlab Post Processing
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Although postprocessing capabilities are included in the current Windows
interface, users can also can plot the data using Matlab (this is useful for users running
the code on UNIX machines for which there is no bundled post-processing). For
example, to see a 3-D pressure plot, upiegs01.dat,use these Matlab commands:

load x.dat

load y.dat

load pressO1l1.dat

mesh(X, y, press01)

To see the averaged mass flowriflowO1.dat, issue the following Matlab commands:

load xm.dat

load ym.dat

load mflow01.dat

contour(xm, ym, mflow01, 100)

Matlab will plot 100 equal-increment stream lines for mass flow. However, no rail

shapes are superimposed on the plot.

158



Parameters E3 |

"~ Slider Geometry

Lengthlrmm] Ir
Widthirnmm] |-||3—
Height[rmrm] W
Crown[rnm] Ign—
Camber[nm] |-||:|—
Twizt[rirn] ID—

T aper Len[mm] ||:|2—
T aper &nglmrad] |-||:|—

| [ Suzpension

Load [g) |35—

P Offzetpm) |25—

R Offzetpm) |25—
F Targ. [ph-kd] IEE—
R Torg. [pM-i] ||:|5—

" Initial Flying Attitude

" Convergence

Revnaolds Equ. I'I.EIEIE-EI?
Load Ermrar I'I.EIEIE-EIS

" Pointz of [nterest

[0L0] at inner leading edge

#, " [rm]
2025 28 -
1.95 .25
2025 1.35
1.95 1.35
4] _>IJ

" Comments

TEC ] |5|:|

Fitch [prad] |-| oo
Fall [prad] ||:|

This iz a test case

Fig.1

Parameters E3 |

General | Wiall Profiles I Fartial Eu:untau:tl Gridl Run Setupl
— Rail Fointz Fiail Irdes |'| f‘
#. " [mm], profile for edge starting here v
1] 05 1 - Fail Type
205 i 1 ¥ Step ™ Ramp
205 A4 1
1] 4 1 Recesz Height [pm):
|1.nnn
Symmetny | bdirrar
ol | Delete | | Edate
Baze Receszs [pm]: |4
il _PI—I Tatal R ails: |'|

Fig. 2

159




Parameters E3 |

Generall Railz *wall Profiles | Partial Eu:untau:tl Gridl Run Setupl

Profile Indes: A { i |
fofle Index: 1 E‘ forld . Delete | pdte

— Profile

Morm Digtpm), Recesspm];
1 1 -
B 3 1.0
12 36
20 4 1S
-1
=25
-3.0
-35 -
Pt
40 =
- o2 4 6 & 10121416 18 20
LI _pl_l Maormal Distance
Tatal Profiles: I-I
Fig. 3
Porometers |
Generall Hailsl Wiall Profiles tl Gridl Run Setupl
— Model — b aterial
IGreenwu:u:ud-WiIIiamsu:un j Young's Modulus(pa)
1E+10
— Surface
Azperity Density1/m™2] Poizzon'z Ratio
1E+12 |n.3
STOD af Asperity Height{m) ield Strengthlpal
IEE-EIE! 1E+12
R adius of Curvature(m] Friction Coeffizient
|1E-IZIE |n.3
Fig. 4

160



Parameters E3 |

Generall Hailsl afall F'rc:filesl Partial Contact | Run Setupl

" Computation Grid = [~ Geometic Series
Iritial Grid Total Grid Sizez [16k+1]; .
: _ = IE? by IE? |Ipdate Grid
IGEDmetnc Seres j
[ Symmetiy in Width # Control Pointz ' Contral Pointz
Adaphive Gnd b
I = I;I = I;I H
[ f % Grid Indices ¥ Grid Indices
Prezzure Gradient:
) M aximum
@ sverage LI _’I ﬂ ﬂ
Mrfhin % Grid Fatios ‘f Grid Ratios
|4IZI
1 1
DecavF actor
4 k 4 F
| i3 M ET »
Fig. 5
w Create New Grid M= E3
MNew Computation Grid
1.60
1.42
1.24 -
= 1.07
g
=
© 089 -
. 071
2
c
- 053
0.36
0.18 -
0.00 } }
0.00 0.41 082 123 164 205
Leading ----- Trailing
Fig. 6

161



Parameters E |

Generall Flailsl i all Profiles | Partial Eu:untau:tl Grid
R adial Position [mm]. Skew [degrees] — Sensitivity [ncrements
15 3 ﬂ Parameters: Increment:
23 g Crown |-| i} [riri]
Camber |-| 0 [rimn]
j T izt I'I 0 [nm]
FFs T aperLength ||:|_m [rnrn]
3600 5400 T aperdngle |‘|— [rnrad]
4 k
L 2 Load 03 (al
Altibudelm)
PTorque [pM-bA]
1 2000 0.5
iI _'I RTorque 05 (LM -k ]
—Air Base Recess ||:|_5 (]
Preszs(pa) kFP[m) Yiglhem-2)
|1n1 350 |53.5 |1.EEIEE-EIE (¥ Proportion
" Fixed ‘Width
¥ Calculate Stiffress X Save Pressure
Fig. 7
EDraw Rails =] E3

1.60

1.40

1.20

1.00

0.80

0.60

0.40

0.20

0.00
000 034 088 102 137 1.71

Leading -- trailing

Fig. 8

162



gﬂraw Rails =] E3

0.00
0.00 0.41 0.82 1.23 1.64

Leading -- trailing

Fig. 9
Paametes [

General  Rails | U F'n:nfilesl Fartial D:nntactl Gridl Fiun Setupl

— Rail Faoints Fiail Indes |3 f‘
. [mm), profile for edge starting here b4

i 15 2 - Eial Tinme
205 15 2 {* Step " Ramp
205 35 2
0 3R 2 Recezs Height [pm):
|n_ 0no
Symmetry | hirrar
Lol | Delete [ paate

Baze Recess [pm): |4
ﬂ LIJ Tatal B ails: |3

Fig. 10

163




T
General  Rails | Wl F'n:ufilesl Partial Eu:untau:tl Gridl Run Setupl

~ Rail Points Ral Index |4 f‘
¥, [mm), profile for edge starting here v
] 15 2 - Rail Type
205 15 2 ¥ Step ™ Ramp
205 1.3 2
1] 1.3 2 Recess Height [pm):
|n.nnn
Syrnrnetry | Pirrar
Sld | Delete |pdate
Base Recess [pm: |4
ll _PI—I Toatal Rails: |4

0.41 0.82 123 1.64
Leading -- trailing

Fig. 12

164



Parameters E

Generall Railz “Wall Profiles | Partial Eu:untau:tl Gridl Run Setupl

Profile Index: [ F
rafile Index 2 z‘ Sidd | Delete | [ pdate |

— Profile
Marm Dist{pm)], Recess(pm]:

-10 0 -
5 A

a 3
b .85
10 1

ll b | Maormal Distance
T atal Prafiles: I2

Fig. 13

165






