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Abstract

The effects of E-block arm thickness on the airflow past the head stack assembly
in a modeled hard disk drive were investigated. The primary objective of thiswork was to
shed some light on head vibration results that were presented in an earlier study. Four
different E-block arm thicknesses were used, ranging from 1.0 mmto 1.6 mmin steps of
0.2 mm. An additional arm of thickness 1.0 mm without the arm cutouts was also tested.
Airflow speed was measured along a line past the head stack assembly using a constant-
temperature hot-wire anemometer, with and without the head gimbal assemblies
attached, at the inner diameter, the middle diameter, and the outer diameter radial
positions. The flow measurements were used to compute the mean flow speed, the root
mean square flow fluctuation, and the turbulence intensity profiles along the
measurement line. At theinner diameter position, a correlation was observed between the
trend followed by the root mean square flow fluctuations in the region downstream of the
E-block armtip and that followed by vibration RMS component containing the structural
resonances of the head stack assembly. The results reported in this study were found to

be repeatable.
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1. Introduction

The hard disk drive (HDD) industry is continually faced with demands for higher
areal recording densities, faster data transfer rates, and higher reliability. The demand for
a higher areal recording density can be met by increasing the track density and/or the
linear bit density. Track misregistration (TMR) and flying height modulation (FHM)
must both be squeezed into tighter budgets in order to achieve such increases in the track
and linear bit densties. On the other hand, the demand for higher data transfer rates has
necessitated faster disk rotation speeds. Such high disk speeds lead to greater flow
velocities, and, in turn, to higher levels of aerodynamic forces in the drive. The flow field
generated in the drive excites the structural modes of the head stack assembly (HSA) and
of the disks, inducing TMR and FHM. Consequently, it is of paramount importance to
understand the nature and characteristics of the flow in HDD's if the performance of

future drive generationsis to be improved.

Early research on the effects of airflow in HDD's on suspension vibration was
carried out by Yamaguchi et al. [1], whose results indicated that the amplitude of
suspension vibration was proportional to the square of the approaching velocity. In their
subsequent papers [2, 3], Yamaguchi et al. measured the flow around a suspension using
hot-wire anemometry to identify the sources of suspension vibration, and carried out
numerical simulations of the flow. They showed that suspension vibration was caused by
the turbulence behind the suspension, and that applying an airfoil shape to the suspension

Cross-section can reduce its vibration.



The flow field between fully-shrouded co-rotating disks was numericaly
investigated by Iglesias et al, who concluded that there were significant vertical velocity
fluctuations at the disk outer region, which resulted in disk flutter. The presence of the E-
block arm between the disks in an actual HDD gives rise to a more complicated flow
structure. The effects of a radially-inserted obstruction on the flow were studied in [5, 6,
7]. Abrahamson et al. [5] performed flow visualization experiments using a dye-injection
techniqgue on a modeled HDD, but did not consider the effects of the head gimbal
assembly (HGA). Vortex shedding from the arm tip was observed. Harrison et al. [6]
measured the flow field around an arm using hot-wire anemometry, and showed that the
mean flow velocity increased as the disks were shrouded and/or as the disk spacing was
decreased. Suzuki et al. [7] performed a numerical investigation of the flow around the
arm, and showed that the insertion of the arm between co-rotating disks caused disk

flutter and power losses due to windage.

Current HDD's employ in-line type HSA's, where the dliders are in-line with the
suspension and E-block arms. Girard et al. [8] carried out flow visualization experiments
for in-line type HSA's, and observed vortex shedding around the arm tip. However, they
did not investigate the flow-induced vibration of the HSA, and its associated effects on

TMR.

Gross et d. [9] investigated the effects of E-block arm thickness on head vibration
in the off-track direction in a modeled HDD. Four different Eblock arm thicknesses,

ranging from 1.0 mm to 1.6 mm in steps of 0.2 mm, were tested at three radial positions:



the inner diameter (ID), the middle diameter (MD), and the outer diameter (OD). The
RMS amplitudes of the off-track vibration were evaluated over the 0-20 kHz range, and
were broken down into components over the 02 kHz and 220 kHz frequency bands in
order to assess the contributions of the structural resonances to the overall head off-track
vibration. The 2-20 kHz component was further divided into subcomponents over three
frequency bands in order to evaluate the contributions of the E-block arm dynamics and
the suspension dynamics to the overal vibration. The measured off-track RMS
amplitudes were dependent on the Eblock arm thickness. The RMS amplitudes, for al
radial positions, increased as the arm thickness was increased. This trend was also
observed in the 0-2 kHz component amplitudes. This trend, however, was not observed in
the 2-20 kHz component amplitudes. The latter amplitudes increased as the arm thickness
was increased to attain their highest values at the 1.2 mm arm thickness, and then
decreased as the arm thickness was increased further to attain their lowest values at the
1.6 mm thickness. This trend in the observed off-track vibration was strongly shaped by

the component of off-track resulting from the E-block arm dynamics.

In this study, the effects of E-block arm thickness on the airflow were investigated
in the same modeled drive that was tested in [9]. The same E-block arms, of thicknesses
1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm, were used. Airflow measurements were taken
along a line past the Eblock arm and the HGA's using a constant-temperature hot-wire
anemometer, with and without the HGA's attached, at three radia postions. the ID, the
MD, and the OD. These flow measurements were conducted primarily with the objective

of shedding some light on the head vibration results presented in [9], especiadly the



unexpected trend observed in the 220 kHz component. At the ID position, a correlation
was observed between the trend followed by the RMS flow fluctuations in the region
downstream of the E-block arms and that followed by the 2-20 kHz vibration RMS

component amplitudes presented in [9].

2. Experimental Setup

The same modeled drive that was used by Gross et al. [9] was used for this study.
The setup, which is shown in Fig. 1, was described in detail in [9]. Photographs of the
HSA and the HGA are presented in Figs. 2 and 3, respectively. The drive was operated at
10,000 rpm, the disk diameter was 84 mm, and the disk spacing 2.0 mm. The four &
block arms tested" had thicknesses of 1.0 mm, 1.2 mm, 1.4 mm and 1.6 mm. These arms
will henceforth be referred to as t10, t12, t14 and t16, respectively. An additional arm of
thickness 1.0 mm without the arm cutouts was aso tested. This arm will henceforth be
referred to as n10. The arm tip thickness at the swage area was 0.95 mm for al arms. In
the HGA, the baseplate thickness was 0.2 mm; the loadbeam thickness was 0.038 mm at
the bend area and beyond the dimple, and 0.68 mm between the bend area and the

dimple; and the dider thickness was 0.305 mm.

The flow speed was measured with and without HGA's attached to the arms, at

the ID, the MD, and the OD. Airflow measurements were taken along a line paralel to

! The E-block arms are the same ones used in [9)].



the E-block arm trailing edge, at a distance of 4 mm from the edge. Figure 4 is a drawing
to scale that shows the exact position of the measurement line (with the HGA's attached,
and the dider at the ID). The airflow speed was measured at 30 points aong this line,
with a step size of 1.27 mm (0.05 in) from one point to the next. The measurement points
along with the disk edge positions at the ID, MD, and OD are depicted in Fig. 5, which is
also to scale. The position of these points was not changed throughout this study. Figure

6 isaschematic of the setup that highlights several critical dimensions.

A customized congtant-temperature hot-wire anemometer (TSI model 1276CF-
10A) was used for measuring the flow field. Figure 7 shows a schematic of the hot-wire
probe used. The body length of the anemometer probe was extended, so that it could be
inserted between the two disks. The probe diameter was 0.9 mm, the sensor diameter 4
nm, and the sensor length 0.2 mm, which is 10% of the disk separation. The sensor was
oriented with its axis parallel to the spin axis of the disks, and was centered between the
two disks. Therefore, the sensor was most sensitive to the in-plane flow velocity
component at the mid-plane between the disks. The output of the hot-wire anemometer
was fed to an HP3562A signal analyzer. At each measurement point, the hot-wire
anemometer output was averaged in the time domain to obtain the mean flow speed, Q.
The dc component of the anemometer output was then removed, and the output was

averaged in the frequency domain to obtain an averaged power spectrum of the flow

fluctuation, (u¢f))? , where u' is the flow fluctuation, and f is frequency. The fluctuation

power spectrawere used to estimate the RM S flow fluctuation, u,ms, according to



Urms =, /D& (ug f; ))2 ) (1)
i

where h is a scale factor for the windowing function. A Hanning window was used in

these measurements. The scale factor his 2/3 for a Hanning window in the HP3563A.

The RMS flow fluctuation is usually expressed as a percentage of the mean flow
speed. This percentage is known as the turbulence intensity, Tl, of the flow, and it was

computed at each measurement point according to

7| = Yrms @)
u

The disk surface speed V4 was computed according to
Vg=W, (3)
where wis the disk angular speed (w= 1,047.2 rad/s at a disk rotational speed of 10,000

rpm).

3. Experimental Results and Discussion

The mean flow speed and RMS flow fluctuation were measured and evaluated
along the measurement line for each of the five E-block arms, as well as for the
unobstructed flow (where no arm were inserted between the disks), a the ID, MD, and
OD. Two sets of measurements were taken: the first with no HGA's attached to the arms

(“E-block arm” case), and the second with the HGA's attached (“HSA” case). The



blockage factors associated with each of the E-block arms at the ID, MD, and OD
positions are listed in Table 1. The radial distance R of the measurement points from the
disk center is plotted in Fig. 8 for the ID, MD, and OD positions. It should be noted that
point 29 is the last measurement point between the disks at the ID position, point 24 is the
last measurement point between the disks at the MD position, and the measurement line

is completely outside the disks at the OD position.

3.1. Casel: E-block arm

3.1.1. 1D Position

The results presented in this section are for the “E-block arm” case at the ID position.
Figures 9(a) and 9(b) show the mean flow speed profiles along the measurement line for
t10, t12, t14, and t16. The unobstructed flow speed and disk surface speed profiles along
the measurement line are also plotted for reference in Fig. 9(a). In Fig. 9(b), the
unobstructed flow speed and the disk speed profiles were removed to allow for a better
comparison of the E-block arms. It should be noted that the disk surface speed profile is

not a straight line because the measurement line is not aradia line on the disk.

Figure 9(a) indicates that the unobstructed flow speed increased as the disk
surface speed increased, up until index 23, which is 7.62 mm (0.3 in) away from the disk
edge. Figure 10 is a plot of the mean unobstructed flow speed as a percentage of the disk
surface speed, and it shows that up until around 2 mm away from the disk edge (position
index 27), the mean flow speed of the unobstructed flow along the measurement line at

the ID was in the range of 64%-87% of the disk surface speed.



A comparison of the unobstructed and the obstructed flow speed profiles in Fig.
9(a) illustrates that inserting the arms between the disks resulted in a drop in the flow
speed past the arms, and an increase in the flow speed in the region near the hub. Thisis
an expected result since inserting an arm between the disks partially blocks the flow and
redirects it towards the hub along the arm leading edge, as observed in the flow
visualizations carried out by Girard et a [8]. Figure 9(b) shows that as the arm thickness
was increased, a higher drop in the flow speed past the arm and a greater increase in the
flow speed near the hub resulted, as more of the flow was blocked at the arm and
redirected towards the hub. Figure 11 is a plot of the mean flow speed profiles along the
measurement line for t10 and n10. These profiles indicate that the presence of the arm
cutout holes and the bridge between them resulted in the trough observed around indices
23 and 24, and in blocking more of the flow at the arm and redirecting more flow towards
the hub. The troughs observed for the other arms in Fig. 9 between indices 23 and 27 are

also expected to be the result of the arm cutout holes and the bridge between them.

Figure 12 shows the RMS flow fluctuation profiles along the measurement line
for the unobstructed flow, t10, t12, t14, and t16. These profiles show that inserting an arm
between the disks substantially increased the flow fluctuation level between the disks.
They also show that the region near the disk edge exhibited high flow fluctuation levels,
even in the unobstructed flow case. This high fluctuation region was likely to be the
result of the air inflow and outflow at the shroud cutout. Figure 13 depicts the turbulence

intensity profiles for the unobstructed flow, t10, t12, t14, and t16. These profiles show



that significant levels of turbulence were generated due to the presence of the arms

between the disks.

An interesting feature in Fig. 12 is the trend that the RMS flow fluctuation in the
region downstream of the E-block arm tip followed as the arm thickness was changed. A
close up of this region of the measurement line is presented in Fig. 14(a). The figure
shows that the flow fluctuation level in this region increased as the arm thickness was
increased from 1.0 mm to 1.2 mm, then decreased as the arm thickness was increased
from 1.2 mm to 1.4 mm, and then decreased further as the arm thickness was increased
from 1.4 mm to 1.6 mm. In order to capture this trend more clearly, the profiles of Fig.
14(a) were normalized by the profile of t12. The normalized profiles are depicted in Fig.
14(b). The average of each normalized profile was calculated, and was plotted in Fig. 15
against the corresponding arm thickness. The trend observed in this plot is very similar to
the trend followed by the 2-20 kHz RMS component amplitudes of vibration as a
function of arm thickness [9]. This trend is repeated in Fig. 16 for convenience. The
similarity between Figs. 15 and 16 expresses a significant correlation between the RMS
flow fluctuation in the region downstream of the E-block arm tip and the 220 kHz RMS
component amplitudes of vibration. The observed correlation begs the investigation of
the flow characterigtics in the region immediately downstream of the arm tip. This is the
subject of ongoing research. The results presented in this section were found to be
repeatable. Figures 17 and 18 compare the RMS flow fluctuation and turbulence intensity

profiles, respectively, of t10 and n10.



The power spectra of the flow fluctuations for the unobstructed flow at the
measurement line in the ID position are plotted in Fig. 19. The figure contains 30 curves,
which are the power spectra at the 30 measurement points. The peak observed in the
spectra at 167 Hz corresponds to the disk rotation speed, and is due to disk runout. Most
of the other peaks in these spectra are harmonics of the 167 Hz peak. Figures 20 through
24 show the power spectrafor t10, t12, t14, t16, and n10. Two common features of all of
these plots is that the disk runout peaks at 167 Hz are at lower amplitudes than they were
in the unobstructed flow power spectra, and that the energy contained in the power
spectra at frequencies higher than around 700 Hz was greater with any of the arms
inserted between the disks than that of the unobstructed flow. No vortex shedding peaks

were observed in any of the power spectra.

3.1.2. MD Position

The results presented in this section are for the “E-block arm” case at the MD
position. Figure 25 shows the mean flow speed profiles aong the measurement line for
t10, t12, t14, and t16. The unobstructed flow speed and disk surface speed profiles along
the measurement line are also plotted for reference. Note that point 24 is the last
measurement point between the disks. Figure 26 shows that up until around 2 mm away
from the disk edge (position index 21), the mean flow speed of the unobstructed flow
along the measurement line a the MD is in the range of 70%-87% of the disk surface

Speed.
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A comparison of the unobstructed and obstructed flow speed profiles in Fig. 25
demonstrates that inserting the arms between the disks resulted in a drop in the flow
speed past the arms. Although the measurement line at the MD position did not cover the
region near the hub, an increase in the flow speed in that region is expected. Figure 25
illustrates that as the arm thickness was increased, a higher drop in the flow speed past
the arm resulted, as more of the flow was blocked by the arm. Figure 27 is a plot of the
mean flow speed profiles along the measurement line for t10 and n10. These profiles
indicate that the presence of the arm cutout holes and the bridge between them resulted in

lower flow speed past the arm, indicating that more flow was blocked by the arm.

Figures 28 and 29 depict the RMS flow fluctuation profiles and the turbulence
intensity profiles along the measurement line for the unobstructed flow, t10, t12, t14, and
t16. Although the RMS flow fluctuation profiles of the arms are around the same level as
that of the unobstructed flow, the corresponding low mean velocity profiles of the arms
yield a higher level of turbulence intensity, as shown in Fig. 29. Figure 29 also shows that
increasing the arm thickness from 1.0 mm to 1.2 mm, and from 1.2 mm to 1.4 mm,
resulted in higher turbulence intensity profiles. The turbulence intensity profiles for t14

and t16 were quite close.

Figures 30 and 31 compare the RMS flow fluctuation and turbulence intensity

profiles, respectively, for t10 and n10. The lower levels of flow fluctuation observed for

t10 in Fig. 30 are related to its accompanying lower mean flow speed profile (Fig. 27).

11



Figure 31 shows that the presence of the arm cutouts did not considerably affect the

turbulence intensity level along the measurement line.

The power spectra of the flow fluctuation for the unobstructed flow and the
different arms are presented in Figs. 32 through 37. The disk runout pesk at 167 Hz was
higher for t10 than it was for the unobstructed flow. For t12, the amplitude of this peak
decreased to roughly the same level as it was for the unobstructed flow. The amplitude of
the peak decreased further for t14, and even further for t16. The energy contained in the
power spectra at frequencies higher than around 1 kHz was greater with any of the arms
inserted between the disks than that of the unobstructed flow. No vortex shedding

frequencies were observed in any of the MD power spectra.

3.1.3. OD Position

The results presented in this section are for the “E-block arm” case at the OD
position. The measurement line in this position was completely outside the two disks, and
probably hardly captured any of the flow crossing the E-block arm tip. It is more likely to
have measured the flow entering and leaving the space between the disks. Figure 38
shows the mean flow speed profiles along the measurement line for the unobstructed
flow, t10, t12, t14, and t16. An examination of the unobstructed flow speed profiles
reveals that the airflow was faster as the sensor approached the disk on the measurement
line, attaining a peak at position index 10. Inserting the arms between the disks resulted
in a drop in the flow speed past the arms. Figure 38 illustrates that as the arm thickness

was increased, a higher drop in the flow speed past the arm resulted, as more of the flow

12



was blocked. Figure 39 is a plot of the mean flow speed profiles along the measurement
line for t10 and n10. These profiles suggest that the presence of the arm cutout holes and

the bridge between them resulted in blocking dightly more of the flow at the arm.

Figures 40 and 41 depict the RMS flow fluctuation profiles and the turbulence
intensity profiles along the measurement line for the unobstructed flow, t10, t12, t14, and
t16. Figure 41 shows that inserting the arms between the disks increased the turbulence
intensity near the disk (indices 0-15). Figures 42 and 43 compare the RMS flow
fluctuation and turbulence intensity profiles, respectively, for t10 and n10. The figures

indicate that the flow was dightly more turbulent due to the presence of the arm cutouts.

The power spectra of the flow fluctuation for the unobstructed flow and the
different arms are presented in Figs. 44 through 49. It should be noted that the disk runout
peak at 167 Hz appeared in these spectra, but it did not stand out as it did in the ID and
MD measurements. The energy contained in the power spectra of the flow fluctuation
was higher with any of the arms inserted between the disks than it was for the
unobstructed flow. No clear vortex shedding frequencies were observed in any of the OD

power spectra.

3.2.Casell: HSA
3.2.1. ID Position
The results presented in this section are for he “HSA” case at the ID position.

Figure 50 shows the mean flow speed profiles along the measurement line for the

13



unobstructed flow, t10, t12, t14, and t16. The disk surface speed profile aong the
measurement line is aso plotted for reference. The mean flow speed profiles for the
different arms were quite similar in character to the corresponding profiles in the “E-
block arm” case (Fig. 9), and exhibited a significantly different behavior only in the range
of position indices 10-15. The flow received by this portion of the measurement line was
probably the flow crossing the swage area of the HSA, whose thickness and geometry
were significantly modified by attaching the HGA's. The thickness of the arm at this
region was increased from 0.95 mm to 1.35 mm as a result of the added thickness of the

HGA baseplates, and its geometry was modified as shown in Table 2.

Figure 51 is a plot of the mean flow speed profiles along the measurement line for
t10 and n10. The arm cutout holes and the bridge between them resulted in the trough
observed around measurement point 23, and in blocking more of the flow at the arm and

redirecting more flow towards the hub.

Figures 52 and 53 depict the RMS flow fluctuation and turbulence intensity
profiles, respectively, along the measurement line for the unobstructed flow, t10, t12, t14,
and t16. These profiles are very similar in character to the corresponding profiles in the
“E-block arm” case (Figs. 12 and 13). The flow fluctuation profiles around the region
past the arm tip followed the same trend as they did in the “E-block arm” case. Figure 54
presents the averages of the normalized profiles”. The trend observed in this plot is quite

similar to those presented in Figs. 15 and 16, reinforcing the correlation between the

2 These profiles were normalized by the t12 profile as was donein §3.1.1.
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RMS flow fluctuation in the region downstream of the E-block arm tip and the 2-20 kHz

RM S component amplitudes of vibration.

Figures 55 and 56 compare the RMS flow fluctuation and turbulence intensity
profiles, respectively, for t10 and n10. These profiles exhibited the same behavior as that

reported in 83.1.1 for the “E-block arm” case.

The power spectra of the flow fluctuations for t10, t12, t14, t16, and n10 are
plotted in Figs. 57 through 61. As was the case in the “E-block arm” case, the power
spectra exhibited the disk runout peaks at 167 Hz, which were at lower amplitudes than
they were in the unobstructed flow power spectra; the energy contained in the power
spectra at frequencies greater than around 700 Hz was greater with any of the arms
inserted between the disks than that of the unobstructed flow; and no vortex shedding

peaks were observed in any of the power spectra.

3.2.2. MD Position

The results at the MD position for the “HSA” case are similar to those for the “E-
block arm” case. Figures 62, 63, and 64 show the mean flow speed, the RMS flow
fluctuation, and the turbulence intensity profiles, respectively, along the measurement
line for the unobstructed flow, t10, t12, t14, t16, and n10. There were no significant

differences between the power spectraof the “HSA” and “ E-block arm” cases’.

% The power spectra for the “HSA” case at the MD and OD positions are not presented in this report since
they are not discernibly different from those of the “E-block arm” case.
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3.2.3. OD Position

The results presented in this section are for the “HSA” case at the OD position.
Figures 65, 66, and 67 show the mean flow speed, the RMS flow fluctuation, and the
turbulence intensity profiles, respectively, aong the measurement line for the
unobstructed flow, t10, t12, t14, t16, and n10. These profiles are qualitatively similar to
the one obtained for the “E-block arm” case at the OD. With the exception of t16, all the
arms exhibited higher mean flow speed profiles and lower RMS flow fluctuation profiles
than the corresponding profiles obtained in the “E-block arm” case at the OD along most
of the measurement line, which subsequently led to lower turbulence intensity profiles in
the “HSA” case. There were no significant differences between the power spectra of the

“HSA” and “E-block arm” cases’.

4. Conclusion

In this study, the effects of E-block arm thickness and the E-block arm cutouts on
the airflow in a modeled disk drive were investigated experimentally. Four E-block arms
(with arm cutouts) of thicknesses 1.0 mm, 1.2 mm, 1.4 mm, and 1.6 mm were used. An
additional arm of thickness 1.0 mm with no arm cutouts was also tested. Airflow was
measured, using a hot-wire anemometer, along a line past the HSA at the ID, the MD,
and the OD positions, with and without the HGA's attached. The mean flow speed, RMS
flow fluctuation, and turbulence intensity profiles aong the measurement line were

obtained for all arms. The results reported in this study were found to be repeatable.
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The HGA's did not have a significant effect on the flow at the measurement line.
For al radial positions, inserting an arm (with or without HGA's attached) between the
disks resulted in a drop in the mean flow speed past the arm, indicating that the flow was
partialy blocked by the arm. In the ID case, an increase in the mean flow speed near the
hub was observed, suggesting that the blocked flow was redirected towards the hub. As
the arm thickness was increased, a higher drop in the mean flow speed past the arm
resulted, and, in the ID position, a higher increase in the flow speed near the hub was
observed. At al radial positions, the presence of the arm cutout holes and the bridge
between them resulted in blocking more of te flow at the arm and redirecting more flow

towards the hub.

Inserting the arms between the disks substantially increased the flow fluctuation
and turbulence intensity levels along the measurement line at the ID position, increased
the level of turbulence intensity aong the measurement line aa MD postion, and
increased the turbulence intensity at the segment of the line near the disk a the OD
position. At the ID postion, for both the “E-block arm” and the “HSA” cases, a
significant correlation was observed between the RMS flow fluctuation in the region
downstream of the E-block arm tip and the 2-20 kHz RMS component amplitudes of
vibration. This correlation was repeatable and consistent. No such correlation could be
observed at the MD and OD positions, since the measurement line at these positions was

expected to receive very little of the flow crossing the arm tip.
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A peak was observed at 167 Hz in al the flow fluctuation power spectra. It
corresponded to the disk rotation speed, and was due to disk runout. No coherent vortex
shedding peaks were observed in any of the power spectra. At the ID and MD positions,
the energy contained in the power spectra at frequencies higher than around 700 Hz for
the ID and 1 kHz for the MD was greater with any of the ams inserted between the disks
than that of the unobstructed flow. At the OD position, the energy contained in the power
spectra of the flow fluctuation was higher with any of the arms inserted between the disks

than it was for the unobstructed flow.
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Arm Thickness [mm] Fgalt%(:rkgtg b Fa?:’lgf létagl\j D Fa?:!tg?;taggD
n10 10 2% 22% 15%
{10 1.0 2% 22% 15%
{12 12 31% 26% 18%
{14 14 36% 30% 21%
{16 16 40% 34% 24%

Table 1. Blockage factors for the E-block arms at the ID, MD, and OD.

Arm Beforeinserting HGA's After inserting HGA's
02
n10 .95 arm tip arm I 0 ‘ F
e
t10 0.95 %1.0 ‘ e
3 4
114 0.95 ém
116 0.95 16

Table 2: Change in arm tip geometry due to attaching the HGA's, side view.

Dimensionsin mm.
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Figure 1. Modeled hard disk drive.
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Figure 2: A close-up of the HSA.

Figure 3: A close-up of the HGA.
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(b) Disk speed and unobstructed flow speed profiles not shown.
Figure 9: Mean flow speed profilesfor t10, t12, t14, and t16; ID; “E-block arm”.
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Figure 14: RMS flow fluctuation profiles downstream of arm tip; I1D; “E-block arm”.
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Figure 18: Turbulence intensity profiles for t10 and nl16; ID; “E-block arm”.
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Figure 23: Power spectraof flow fluctuation; t16; ID; “E-block arm”.
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Figure 33: Power spectra of flow fluctuation; t10; MD; “E-block arm”.
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Figure 34: Power spectraof flow fluctuation; t12; MD; “E-block arm”.
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Figure 35: Power spectra of flow fluctuation; t14; MD; “E-block arm”.
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Figure 36: Power spectra of flow fluctuation; t16; MD; “E-block arm”.
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Figure 37: Power spectra of flow fluctuation; n10; MD; “E-block arm”.
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Figure 41: Turbulence intensity profiles for unobstructed

flow, t10, t12, t14, and t16; OD; “E-block arm”.

Bl 3 4 5 6 7T 8 0 Q010 02 23 14 15 16 1T 18 09 Xe 21 2R 23 24 2E 36 27 28 10 30




13 o4 5 6 7 R U op0 10 02 DR 14 15 16 1T 1R 090 26 21 22 23 24 2E D4 27 28 10 30
Position Tindes

1
Figure 43: Turbulence intensity profiles for t10 and n10; OD; “E-block arm”.
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Figure 44: Power spectra of flow fluctuation; unobstructed flow; OD; “E-block arm”.

e [o8]

=0

-a0

=100

=110

Locatan [rmm)

m 100 e
19 Freapsniy [Hz]

Figure 45: Power spectra of flow fluctuation; t10; OD; “E-block arm”.
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Figure 46: Power spectra of flow fluctuation; t12; OD; “E-block arm”.
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Figure 47: Power spectra of flow fluctuation; t14; OD; “E-block arm”.
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Figure 48: Power spectra of flow fluctuation; t16; OD; “E-block arm”.
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Figure 51: Mean flow speed profilesfor t10 and n10; ID; “HSA”.
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Figure 57: Power spectra of flow fluctuation; t10; ID; “HSA”.
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Figure 58: Power spectra of flow fluctuation; t12; ID; “HSA”.

Wrire: [8]

Al -

Lacatan [mm)

ag »

1000
g lii]
10 Fregusncy [Hz]

Figure 59: Power spectra of flow fluctuation; t14; ID; “HSA”.
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Figure 60: Power spectra of flow fluctuation; t16; ID; “HSA”.
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Figure 61: Power spectra of flow fluctuation; n10; ID; “HSA”.
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Figure 64: Turbulence intensity profiles for unobstructed

flow, t10, t12, t14, t16, and n10; MD; “HSA”.
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Figure 65: Mean flow speed profiles for unobstructed flow,
t10, t12, t14, t16, and n10; OD; “HSA”.
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Figure 66: RMS flow fluctuation profiles for unobstructed
flow, t10, t12, t14, t16, and n10; OD; “HSA”".
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Figure 67: Turbulence intensity profiles for unobstructed
flow, t10, t12, t14, t16, and n10; OD; “HSA”.
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