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Effects of Humid Air on Air-Bearing Flying Height
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The pressure distribution in a squeeze film air bearing depends on the water vapor pressure and the saturation vapor pressure of water
at ambient temperature. When the water vapor pressure is compressed beyond the saturation vapor pressure, a portion of the water
vapor condenses, thus reducing the total gas pressure in the air bearing. This condensation mechanism thus reduces the flying height of
the slider. Using a magnetic recording system for experiments, we quantified the effect of condensation on flying height by measuring the
dependence of magnetic spacing on relative humidity. We developed a numerical model based on the proposed mechanism that matches
the experimental data and provides a detailed view of the air-bearing response to humidity.

Index Terms—Air bearing, flying height, hard disk drive, humidy.

I. INTRODUCTION

MUCH attention has been focused on the effects of hu-
midity on hard disk drive performance because the re-

liability of the product is commonly observed to be adversely
affected by moisture. For example, adsorbed water typically ac-
celerates corrosion of the recording media, requiring the de-
velopment of thin-film media optimized for both corrosion and
recording performance [1], [2]. Humid air also affects the per-
formance of the head-disk interface, both through physical ef-
fects [3]–[6] and through chemical effects [7]–[9] of adsorbed
water when the head and media are in contact. To mitigate the
negative effects of high humidity in disk drives, moisture adsor-
bers are commonly included in the design of the hard disk drive
enclosure.

The influence of water on contact mechanics, tribochemistry,
and media corrosion may indeed have been the dominant mech-
anisms for water affecting reliability in the past. Past head-disk
interface systems involved much lower air-bearing pressures
with sliders flying with larger head-to-disk spacing (20 nm or
greater). Perhaps for this reason, our proposal that humidity may
affect the flying behavior of the “Winchester-type” slider has
never before been suggested in published accounts. Modern air
bearings involve much higher pressures and the physical spacing
between the slider and disk has shrunk (to about 10 nm), making
the effects of water vapor on this spacing much more significant.

II. THEORY

Relative humidity is a measure of the water concentration in
the air at a given temperature. Mathematically we can express
the relative humidity (RH) as

(1)

where is the partial pressure of water in the air and is the
saturation vapor pressure. The saturation vapor pressure is the
maximum amount of water vapor that can be supported by the
air at any given temperature. An empirical expression describing
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the dependence of the saturation vapor pressure on temperature
can be written as

(2)

where is given in units of Pa, and is the temperature in
degrees Celsius [10]. It immediately follows from (1) that the
partial pressure of water at a given RH also increases with tem-
perature at the same rate.

Should the water partial pressure exceed the saturation vapor
pressure, then by definition there is more water in the air than
is thermodynamically stable, and water condenses. As discussed
below, we find that condensation of water vapor has a significant
impact on the flying behavior of the slider.

In particular, we have found that the water vapor in a hard
disk drive (HDD) is routinely compressed beyond the saturation
vapor pressure when subjected to the high compression in the
squeeze film of the air bearing ( compression is typical).
Consider for example a HDD operating at ambient pressure
(101.3 kPa), 50 C, and 50% RH. The saturation vapor pressure
of water at C is kPa. At 50% RH, the partial
pressure of water will be kPa.
Following Dalton’s Law, the total pressure can be written in
terms of the partial pressures of all the gaseous constituents:

(3)

If we approximate dry air to be composed of 79% nitrogen
and 21% oxygen, then we have the partial pressures shown in
Table I.

Considering a 15 compression typical for a common air
bearing, and assuming the saturation vapor pressure at a given
temperature is independent of the external pressure, it follows
that the water vapor in the compression zone becomes supersat-
urated. Water molecules flowing under the slider are therefore
thermodynamically driven to coalesce until the partial pressure
of water in the compression zone is reduced to . In the
current example, coalescence of the water vapor results in a 5%
drop in the total pressure (Table I).

This condensation process will result in lower clearance, ac-
cording to details described next.
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TABLE I
APPROXIMATE PRESSURES (kPa) OF GASEOUS COMPONENTS, a) INSIDE THE
DRIVE INTERIOR, b) FOLLOWING COMPRESSION UNDER THE REAR PAD OF
FLYING SLIDER, AND c) AFTER COALESCENCE OF THE WATER VAPOR DUE

TO SUPERSATURATION

Fig. 1. Sequence of events of measuring flying height change due to humidity
change.

III. EXPERIMENT

Changes in flying height were measured by monitoring
changes in magnetic spacing between a commercial magnetic
recording head and disk media. Magnetic spacing changes
were obtained from measurements of read signal amplitude
following the Wallace expression for separation loss [11]. The
head and disk were part of a commercial disk drive (slightly
modified; see below), from which the read signal was col-
lected and analyzed using a digital oscilloscope. The HDD
was mounted in an environmental chamber and controlled by
computer via an ATA communication interface.

To produce rapid changes in the HDD’s internal environment,
six holes of 7 mm diameter were drilled in the top cover of
the HDD, then covered with particle filters. Temperature and
humidity sensors were installed inside the HDD as well.

The process used to measure flying height change due to
humidity is shown in Fig. 1. First, the HDD sample is held at
50 C, 2% RH for two days, thus ensuring dry air as the initial
environmental condition. After acquiring read signal amplitude
and frequency for selected radial positions, the environment
is adjusted toward higher humidity while holding temperature

Fig. 2. Typical read-back amplitude change during humidity increase from
6%–7% to 66%–67% RH at fixed temperature of 52 C–53 C.

Fig. 3. Comparison between experimental results and model predictions for
the dependence of flying height loss on water partial pressure.

constant. The read signal amplitude is monitored continuously
while the environment changes.

Representative data acquired during such an excursion in rel-
ative humidity are shown in Fig. 2. As humidity increased from
6% to 67% RH, the read signal amplitude increased from 128
to 138 mV, corresponding to a decrease in magnetic spacing of
2.0 nm. Subsequently, as the HDD internal humidity decreased
again, the signal amplitude decreased to initial levels. The figure
illustrates how the head flying height changes simultaneously
and reversibly with humidity, while controlling other factors.

Data acquired from several similar experiments on six sam-
ples of head-disk pairs and at various radial positions are shown
in Fig. 3. The experiments were conducted at a single drive tem-
perature but at several RH conditions. The trend toward lower
FH is not linear with partial water pressure, but accelerates at
higher humidity—an observation that matches the prediction of
the numerical model described below. Scatter in the data are
likely dominated by measurement error.

Further experiments conducted by the authors at several tem-
peratures but with constant relative humidity have clarified that
water vapor condensation produces the changes in magnetic
spacing shown in Figs. 2 and 3 [12]. The gas phase physical
properties of air and water mixtures can not alone account for
the changes in magnetic spacing observed through experiments.
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Fig. 4. Air-bearing surface used for numerical model. Highest surfaces are
hatched at 45 ; first etch is hatched at 90 ; cavity etch is grey; carbon pattern
dots are black.

IV. NUMERICAL MODEL

The effects of humidity on the flying characteristics of the
slider were investigated by numerical simulation. The basis of
this numerical model is the air-bearing flow field solver devel-
oped at the Computer Mechanics Laboratory [13]. Using this
solver, the air-bearing pressure distribution is first calculated
for dry air conditions. Then the relevant water vapor pressure
at each grid point is calculated and compared to the saturation
vapor pressure. Where the calculated water vapor pressure ex-
ceeds the saturation vapor pressure, the pressure is adjusted (re-
duced) to account for the effects of condensation. The mod-
ified pressure distribution then requires a new flying attitude
to balance the suspension and air-bearing forces. Following an
iterative approach, the pressure field and flying attitudes are
recalculated until the maximum water vapor and force balance
equations are satisfied.

A. Air-Bearing Pressure and Forces After Vapor Condensation

We apply the numerical model to the air-bearing design used
in the experiments, shown in Fig. 4, operating under the condi-
tons: 24 m/s speed (32 mm radius at 7200 RPM), 25 mN load,
and zero pitch and roll torque. In dry air conditions, the corre-
sponding FH is 10 nm. We consider the effects of the environ-
mental condition: 60 C, 75% RH kPa on the air-
bearing pressure distribution. Fig. 5 shows the pressure distri-
bution in dry air (absent vapor condensation effects), and shows
the maximum air-bearing pressure 1470 kPa near the air-bearing
trailing edge center. Under the humid condition, condensation
reduces the air-bearing pressure wherever it exceeds . Conse-
quently the maximum air-bearing pressure, again at the trailing
edge center, decreases to 1215 kPa. The localization and extent
of the pressure reduction is shown in Fig. 6. The distribution of
water vapor pressure alone, shown in Fig. 7, illustrates that water
vapor pressure does not exceed the saturation vapor pressure.

Air-bearing forces and moments were calculated from the
air-bearing pressure distributions for several RH conditions at
60 C. The results of these calculations (Fig. 8) show that the
vertical lift force decreases monotonically with increasing hu-
midity. This monotonic dependence is expected, because with

Fig. 5. Air-bearing pressure distribution for dry air.

Fig. 6. Air-bearing pressure reduction due to condensation effects at 60 C,
75% RH.

Fig. 7. Water vapor pressure distribution in the air bearing at 60 C, 75% RH
(note expanded scale relative to Figs. 5 and 6).

increasing water vapor pressure, a greater portion of the com-
pressed air is lost to condensation. By contrast, the pitch mo-
ment is found to first increase with increasing RH, reaching a
maximum at 60% RH. At RH higher than 60%, the pitch mo-
ment decreases with increasing RH. At low RH, water vapor
condenses only in the trailing edge region of the air bearing
where pressure is highest. Consequently lift is lost at trailing
edge while leading edge lift is preserved and the pitch moment
increases. At higher RH, vapor condenses at regions of mod-
erate air-bearing compression (see for example Fig. 6). Conse-
quently lift nearer the leading edge is lost and pitch moment de-
creases again. Changes in roll moment with respect to humidity



3304 IEEE TRANSACTIONS ON MAGNETICS, VOL. 43, NO. 7, JULY 2007

Fig. 8. Air-bearing forces calculated for fixed flying attitude as a function of
relative humidity at 60 C.

Fig. 9. Flying attitude changes in response to humidity by numerical simula-
tion, at 60 C.

are insignificant at these conditions, because compression and
hence condensation patterns are symmetric with respect to the
roll axis.

B. Flying Attitude Changes After Vapor Condensation

The slider is mounted on a suspension with associated load,
pitch moment, and roll moment, which are fixed. In order to bal-
ance these suspension forces and moments under changing hu-
midity, the slider will change its flying attitude so that its bearing
pressure distribution balances suspension forces and moments.
Fig. 9 shows the calculated changes in flying attitude that re-
sult. The slider flying height (FH) decreases monotonically with
increasing humidity. Flying pitch and roll respond similarly to
their respective moments. Relative to its behavior in dry air, this
air bearing loses 3.2 nm FH and 33 (rad pitch when flying in air
at 60 C, 75% RH.

V. CONCLUSION

The effects of water vapor on the behavior of squeeze film
air bearings were investigated through experiments on samples
of commercial HDDs. The measurements are consistent with

the theory that supersaturation and consequent condensation of
water vapor causes the air bearings to fly lower than in dry air.
The effect of this mechanism in conventional HDDs is substan-
tial because their air bearings operate with high compression

. The theory of water vapor condensation was further
confirmed by comparing the results of the experiments with a
numerical model of the same air-bearing design used in ex-
periments. The collection of theory, experiment, and numerical
model comprise a revelation of the molecular dynamics of water
in squeeze film air bearings.

The findings are also of practical importance as HDD prod-
ucts are increasingly applied to consumer applications involving
high temperature and humidity. In this regard, the details of air-
bearing response represented by the numerical model present
an opportunity to optimize the air-bearing design for extreme
environments.

Moreover, with this new found understanding of the system
response comes the opportunity to actively respond to changing
humidity, thus improving product performance and reliability
[14].
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