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ABSTRACT 

 

For some complex slider designs the two dimensional approximation incorporated in 

the Reynolds equation for determining the airflow in the air bearing is not applicable 

due to steps in the air bearing surface. A model that incorporates some transverse flow 

effects is needed to better characterize the airflow between the slider and disk for 

some applications.  In this report, such a model is derived to better predict paths of 

contamination particles entrained in the air bearing. The characteristics of airflow and 

particle flow within the air bearing are then studied.  The analysis including the 

transverse effects reveals that the transverse velocity of the air is not negligible in the 

geometric transition regions of the slider. This transverse velocity has a significant 

effect on the flight path of particles, and therefore, on the particle contamination 

profile on slider surfaces. The assumption of adhesion of the particles upon impact 

with a surface is used as the contamination criteria, and it is viewed as the worst-case 

scenario. 
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INTRODUCTION 

As required by the evolution of magnetic recording disk drive technology, the flying 

height of the air bearing sliders that position the read-write transducers has decreased 

dramatically. Currently, the minimum flying height in some products is as low as 10 

nm and the track width is below 1 µm. For a particle entering the air-bearing, its 

possible effects include modulation of the flying height, abrasive wear and 

mechanical scratching of the magnetic disk surface, and thermally induced spikes in 

the read back signal.   Flash events introduced near a MR transducer will modify the 

MR signal because of the dependence of MR resistance on temperature, while 

mechanical scratching of the magnetic disk surfaces may cause permanent data loss.  

These effects depend on the size and properties of the particles and their interaction 

with the slider and magnetic disk surfaces.  Certain slider designs may reduce a 

particle’s chance of entering the air-bearing, contacting the slider and the disk surface, 

and/or contaminating the slider surfaces.  

  

The motion of a particle moving from the leading edge to the trailing edge of an air 

bearing is quite complicated due to the various forces acting on it.  The forces are not 

only dependent on the particle’s size, density and the air velocity and pressure fields 

in the air-bearing, but also on the relative velocities between the particle and the air-

bearing, the particle speed and the initial entry conditions.  Various expressions for 

determining the forces acting on a particle in unsteady gas flows have been derived by 

Liu and Jew (1965), Saffmann (1965) and Chen (1996).    

 

Previously, Zhang and Bogy (1996, 1997) studied the magnitudes of the Magnus lift 

force, the Saffmann lift force, and gravity force.  The Magnus lift force is related to 
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the spin of a particle in a fluid flow.  If the particle’s rotation speed is zero, there is no 

Magnus lift force.  For very small particles, the gravity force is much smaller than the 

drag force, but for larger particles, the gravity force may not be negligible. The drag 

and lift forces depend on the relative velocity between the particle and the air-bearing. 

For airborne particles, which have very small velocities relative to the flow in the air-

bearing, the Magnus lift force, Saffmann lift force and drag force could be on the 

same order of magnitude.  Among these forces, the drag and Saffmann lift forces play 

important roles in large particle contamination on a slider surface. 

 

In this paper we study some three-dimensional effects on particle contamination of 

slider surfaces for particles with different densities.  Since the number density of the 

particles is small, collisions between the particles are assumed to have negligible 

effect and thus are neglected in the calculation.  Furthermore, adhesion on first impact 

with the slider or disk is assumed.  First, we modify the air bearing equation to 

include some three-dimensional flow effects. We utilize the resulting equations to 

calculate the forces and the motion of a particle within an air-bearing based on 

previous work (Zhang and Bogy, 1996, 1997, Shen and Bogy, 2002).  We then choose 

some contemporary slider designs and show that the three-dimensional effects lead to 

markedly different results from the 2-dimensional flow analysis. 

 

Transverse Flow Effects in Air-bearing Flow Analysis 

In order to determine the trajectory of a particle within the air-bearing, we must first 

determine the spacing between the slider and disk surfaces as well as the pressure and 

velocity fields. For a complex slider design with etch steps, the point-to-point spacing 

between the slider and the disk surfaces varies abruptly in places, introducing local 
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three-dimensional airflow.   Since the spacing is about three to five orders of 

magnitude less than the slider’s lateral dimensions, we retain the following 

assumptions:  

(1) The pressure gradient in the vertical direction is negligible; therefore, the 

pressure field calculated from the Reynolds equation is still considered to be 

valid. 

(2) The vertical air velocity at the step regions is not negligible although it is 

small compared to the in-plane velocity of the air. 

For different slip boundary conditions required by rarefaction effects at high Knudsen 

numbers, the momentum equations of the air film have different solutions. For the 

first order slip condition (Burgdorder, 1959; Lu, S and Bogy, D. B, 1994), we have 
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where h is the local height of the air-bearing; U, V are the speeds of the disk in the x 

and y directions, and λ  is the mean free path of the air. Using these boundary 

conditions, we obtain for the non-dimensional form of velocity components of the air  

 ( )20
2 Re 12 2

m h
g h h

g h

P h Kn ZPU Z ZH Kn HU l X Kn Hρ
 +∂= − − + − ∂ + 

 (5) 

 ( )20
2 Re 12 2

m h
g h h

g h

P h Kn ZP VV Z ZH Kn HU l Y U Kn Hρ
 +∂= − − + − ∂ + 

 (6) 



 5 

where P is the dimensionless pressure, or pressure divided by the ambient pressure 0P ; 

m

hH h=  is a non-dimensional spacing of the air-bearing; h
m

Kn h
λ=  is the Knudsen 

number defined in terms of the minimum spacing height hm. Since we continue to 

assume that the pressure gradient in the z direction is negligible, the pressure field of 

the air-bearing, P, can still be obtained from the Reynolds equation 
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For the transverse velocity of the air, w, the boundary conditions are  
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Let  ( )( )UZHZWw −= , and substitute it into the continuity equation to obtain 
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By substituting Ug, Vg from Eqs. (5) and (6) into Eq. (10), one may integrate the result 

to obtain an  analytical solution of  the transverse velocity of the air in the air-bearing. 

 

Particle Kinetics Equations 

The governing equations for a particle moving in air can be written as  
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 dx vdt =
v v

 (11)
 

 dvm fdt =
v v

 (12)
 

where xv and vv  are the position and velocity vectors of the particle, respectively; m 

represents the mass of the particle; fv  includes the forces of drag, Saffmann lift, 

Magnus lift and gravity acting on the particle. The electrostatic and molecular forces 

between particles and slider surfaces are neglected. The details of the forces are 

thoroughly studied by Zhang and Bogy (1997), and so they are only briefly outlined 

here:  

(1) Drag force 

For a rigid spherical particle moving in an airflow, the drag force can be expressed as  

 ( )2
8d d w g a p a pf C C d u u u uπ ρ= − −v v v v v  (13) 

where dC  is the drag coefficient; wC  is the coefficient of the wall effects which tends 

to unity when the particle is far enough away from the wall; d is the diameter of the 

sphere; gρ  is the density of the air; auv  and puv  are the velocity of the air and sphere, 

respectively. The details of the drag coefficient dC  and the wall effect coefficient wC  

are explained by Zhang and Bogy (1997). 

 

(2) Saffmann lift force 

The lift force acting on a spherical particle in a linear shear flow can be expressed as  

 
1/ 2

29 g
SL

Gf J R U ρ
µπ µ

 
= ∆   

 (14) 



 7 

where µ  is the viscosity of the air; U∆  is the velocity of the sphere relative to the 

airflow, which is given by ( )p a a

a

u u uU u
− ⋅∆ =

v v v
v ; G is the magnitude of the airflow shear 

rate calculated by 
a

a

a
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vv
v ; J is expressed by Cox and Hsu (1977) 
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(3) Magnus lift force 

The spinning of the particle and the air shear results in Magnus lift, which is 

expressed as 
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where ωv  is the angular velocity vector of the particle; zev  is the unit vector in the z 

direction. The Magnus lift force is usually negligible for submicron particles 

compared to the Saffmann lift force as shown here. 

 

(4) Gravity force 

The gravity force is given as 
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where gv  is the acceleration due to gravity.  The buoyancy force is also included in the 

calculation although it is negligible compared to the gravity force.  Substituting the 

various force equations into the governing equations of the particle and rearranging 

the terms in non-dimensional forms, we obtain 

 p
l p

dX RUdT =
 (17)

 

 p
l p

dY RVdT =
 (18) 

 

 p
h p

dZ R WdT =
 (19)

 ( )3
4

p g d wx
h g p

p

dU C CR U U UdT D
ρ
ρ= −

 (20)

 
( )3

4
p g d wy

h g p
p

dV C CR U V VdT D
ρ
ρ= −  (21)

 

( )

( )

( )

* 1/ 2 1/ 2

2

3 27 1 11 Re4 32 6
31 1/ 2ˆ 4

3 1/ 24

p g gd wz
h g p w h h

p p

g g py gm
h z h g p

p p h

g px g
h g p

p h

dW C C UR U W W l R kdT D D
UhR g R U UR zU

VR V VR z

ρ ρ
ρ ε ρ

ρ ρ
ρ ρ
ρ
ρ

− = − + +  
  Ω ∂ 

+ − + − −     ∂  
Ω ∂ − + − ∂ 

)

 (22) 

 
2

260 1/ 2Re
py g py gh

h p h

d UR
dT D R z

ρ
ρ

Ω Ω ∂ 
= − − ∂ 

 (23) 

 
2

260 1/ 2Re
px g px gh

h p h

d VR
dT D R z

ρ
ρ

Ω Ω ∂ 
= − + ∂ 

 (24) 



 9 

where /X x l= , /Y y l=  and / mZ z h=  are non-dimensional position variables;  l is 

the length of the slider and hm is the initially given height of the air-bearing at the 

trailing edge; ˆ
uU U= , ˆ

vV U=  and ˆ
wW U=  are non-dimensional velocity components 

of the particle;  T is the dimensionless time ˆT t=Ω , and Ω̂  is the rotation speed of the 

disk. ( ) ( )22
pgpg VVUUU −+−= , and ˆ/U U U= ∆)

, where U∆  is the velocity of 

the sphere relative to the airflow, and Û  is the disk velocity. ,g gU V  and ,p pU V  

denote the velocity components in the x and y directions of the air and the sphere, 

respectively. D is the non-dimensional diameter of the particle, which is / mD d h= . Rl 

and Rh are non-dimensional numbers, defined as 
ˆ
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UR l= Ω , 
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where pxω ,
 

pyω   are the angular velocities of the sphere with respect to the x and y axes.
 

For particle flow analysis, the number of particles and their sizes can be determined 

from experiments. The particles are first assumed to be uniformly distributed above 

the disk surface with velocities close to the air-bearing’s velocity where the particles 

are located, which are calculated by Eqs. (5) and (6). The particle’s initial vertical 

velocity is assumed to be negligible. 

 

Numerical Results and Discussions 

In this section, the three-dimensional airflow effects on particle trajectories and 

contamination are studied.  A representative modern negative pressure slider is chosen 

for this study (Fig. 1.)  The flying height of the slider is 26 nm, with a pitch angle of 
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76 µrad and a roll angle of -1.8 µrad at the radius of 14.5mm. The pressure profile 

shown in Fig. 2 is obtained without 3-d effects by solving the Reynolds equation for 

the air-bearing of the slider using the CML code Quick 4. 

 

To study particle flow in the air-bearing, we first calculated the spacing function 

between the slider and the disk.   The slider-disk spacing map is shown in Fig. 3, 

where it can be observed that particles may enter the recessed region of the air-

bearing through the leading edge of the slider. Next, the streamlines at different levels 

of the slider/disk spacing were calculated for heights above the disk of 1%, 50% and 

99% of the spacing as shown in Figs. 4(a)-(c) taking into account the effects of 

transverse flow. It is shown that the airflow close to the disk is mainly determined by 

the disk velocity and skew angle, while close to the slider surface the streamlines are 

mainly determined by the slip boundary conditions of the air. The air streamline 

pattern at 50% follows the shape of the air-bearing.  Previously, the vertical velocity 

of the air was assumed to be zero for the air-bearing, according to 2-D air bearing 

theory. However, due to the complex geometry of the slider, there is a pressure step 

change between the leading pad and the recess region. The pressure gradient and 

geometry (as shown in Figs. 5) cause the air to move vertically up along the wall 

according to the modified theory with transverse effects, as shown in Fig. 6.  

Evidently, in the recess and ABS regions, the transverse airflow is still negligible 

since the pressure gradient is small and the air can be treated as flow between two 

parallel planes.   In the transition zone (x/xl=0.08 in Fig. 6), the maximum transverse 

air velocity is 0.5U, where U is the disk velocity where the slider is located. This is 

about half of the 2-D velocity and thus, it can not be neglected.  The drag force in the 
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transverse direction acting on a particle due to this airflow is also not negligible in 

these regions.  

 

By applying the transverse flow force component to the particle flow analysis as 

stated in the previous section, we can make a comparison of particle trajectories 

between the air bearing solutions without and with the transverse effects as shown in 

Fig. 7.  It is shown that an airborne particle’s trajectory predicted by the purely 2-D 

airflow analysis is almost parallel to the disk surface since the lift forces acting on it 

are so small and there is almost no drag force. The drag force acting on the particle in 

the purely 2-D model is only on the order of -1E-14 micro Newton, while the drag 

force acting on this particle taking into account the transverse effect model is -1E-10 

micro Newton before the leading edge and 1E-7 micro Newton between the leading 

pad and recess region, which is about 4-7 orders of magnitude higher due to the 

transverse air flow in the different regions. Also the lift force acting on the particle in 

Figure 7 is between 1E-11 and 1E-9 micro Newton. To further understand the 

transverse flow effects, a comparison of drag force and Saffmann lift force at various 

locations was carried out for the two models. The locations used for comparison are 

illustrated in Fig. 8.  The results are also given in Table 1. It is shown that the drag 

force contributes significantly in the transverse flow model (usually 2 orders higher 

than in the purely 2-D modeling), with little contribution from the Saffmann lift force. 

Due to the drag force effect, the transverse flow analysis predicts that the particle’s 

path is modified at the places of abrupt change in the slider-disk spacing.  In this case, 

the drag force is the main cause of the vertical motion of the particle.   Figure 9 shows 

different trajectories for particles starting from different locations. Here we see that all 

particles are affected by the transverse airflow in the transition regions, and the drag 
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force acting on the particles close to the disk surface is much smaller according to the 

calculations.  

 

Applying the flow with and without transverse effects to the particle contamination 

analysis, we can compare the calculated contamination profiles (Fig.  10), which 

shows a large difference between the two results. The particle contamination profile 

obtained by the purely 2-D analysis has many particles on the leading pad and there 

are no particles attached to and after the transition regions of the air-bearing surface. 

By contrast, few particles are observed on the leading pad and a greater number of 

particles are observed in the transition region between the leading pad and the recess 

region according to the airflow analysis with transverse effects. 

 

Figure 11 shows the effect of particle density.  Particles of extremely low density (0.1 

g/cm3) cannot approach the slider and contaminate it since the particle’s Stokes 

number is extremely small. For a high density particle (36 g/cm3), the particle’s path 

is   highly influenced by its inertia so it is less prone to move upwards to the slider 

surface. Therefore it travels farther through the air bearing without impacting the 

slider.   The density of the particles used in the analysis was 4.25 g/cm3, which is the 

composite density of the commonly used slider material (Al2O3).  Particles of this 

density can easily contaminate the transition regions between the leading pad and 

recess regions thereby explaining the particle contamination profile difference shown 

in Fig. 11. Heavy particles are more prone to collect in the recess regions than in the 

transition regions, as shown in Fig. 12. Figure 13 shows the number of particles 

contaminating the inner leading pad, outer leading pad and trailing pad as a function 

of density.   It is shown that with the increase in the mass density of the particle the 
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number of particles on the trailing pad increases while the number of the particles on 

the leading pads decreases. However, for the extremely low density particles, the 

number of particles on all of the regions increases with density since the flow of 

particles is dominated by the particles’ Stokes number (Nguyen and Fletcher, 1999).  

 

Figures 14 and 15 show a comparison of the numerical simulation of a particle 

contamination profile with experiments for a particular slider design. One can see in 

both figures that many particles strike the front edge of the rails. These are large 

particles coming from the entrance. In Figure 15, mostly particles of 100 nm are 

deposited in this region. There are also many small particles that pass through the 

spacing between the slider and disk surfaces (< 50nm spacing). For these particles, we 

used 30 nm in the simulation. The numerical simulation is seen to agree quite well 

with the experiment. 

  

SUMMARY AND CONCLUSIONS 

From the multi-particle flow analyses in the air bearing we observe that the analysis 

with transverse flow effects predicts results that are quite different from those 

predicted by the purely 2-dimensional air bearing theory. We observe that with the 

transverse effects the particles are more likely to contaminate the transition regions on 

the rail surfaces between the leading pad and recessed regions, a result not predicted 

by the 2-D flow analysis.   It is also found that the heavier particles travel a longer 

distance under the slider before contacting the slider surface due to their inertia, while 

very light particles rarely contact the slider since the stokes number of the particles is 

very small.   Therefore, heavier particles are more likely to collect on the trailing pad 
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of the slider surface than the lighter particles. By improving the airflow of the slider 

using different ABS designs, it may be possible to reduce the contamination problem. 
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Figure 1, 2-D rails of one example slider. 

 
Figure 2, Pressure profile of the air-bearing for the slider. 
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Figure 3, Spacing between the slider and disk surfaces. 

 

 
Figure 4 (a), Air streamlines at heights of 1% of the slider spacing above the disk. 
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Figure 4 (b), Air streamlines at heights of 50% of the slider spacing above the disk. 
 
 

 
Figure 4 (c), Air streamlines at heights of 99% of the slider spacing above the disk. 
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Figure 5, Spacing between the slider and disk surfaces at y=0.3 mm. 

 
Figure 6, Air vertical velocity in the air-bearing at y=0.3 mm. 
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Figure 7, Comparison between particle trajectories. 
 

 
 
 

Figure 8, Locations for comparing different forces by 2-D and 3-D modeling 
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Figure 9, Particle flying paths at various starting positions. 
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(a) w/o transverse flow 

 
(b) with transverse flow 

Figure 10, Comparison between particle contamination profiles using analysis without 
and with transverse flow effects. 
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Figure 11, Particle contamination regions for different densities. 
 
 
 
 

 
(a) Particle density: 4.5 g/cm3 

No
rm

ali
zed

 sp
aci

ng
 z/

h m
 



 25

 
(b) Particle density: 7.8 g/cm3  

Figure 12, Comparison between particle contamination profiles with different 
densities 
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Figure 13, Particle contamination static characteristics for the slider air-bearing. 
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Figure 14, Experimental observed particle contamination profile on the slider 
 

 
Figure 15, Numerical simulated particle contamination profile for the same slider
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Table 1 Comparison between Different Forces by2-D and 3-D Modeling 
 

Drag Force (Micro Newton) Saffmann Lift Force 
(Micro Newton) 

 

2-D 3-D 2-D 3-D 
1 -0.1E-11 -0.5E-9 0.3E-11 0.5E-11 
2 0.14E-10 0.4E-8 0.14E-10 0.2E-9 
3 0.1E-9 0.16E-7 0.25E-9 0.2E-10 
4 -0.2E-9 -0.1E-6 0.1E-9 0.7E-10 
5 -0.4E-10 -0.2E-9 0.14E-10 0.15E-10 

 
 
 


