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Abstract

The shape of the trailing or leading edge of an E-block arm was modified from a
rectangular cross section to a finned or round shape using adhesive tape. The airflow
around the arm tip was measured for the different leading and trailing edges using a
constant-temperature hot-wire anemometer, and the slider off-track vibration was
measured using a laser Doppler vibrometer (LDV). In the airflow measurements a peak
around 4 kHz was observed for all arm shapes in the power spectra of the flow
fluctuation. The minimum magnitude of this peak was observed for the round edge shape
while for the fin type, the peak was the highest. The slider off-track vibration was
compared for both leading and trailing edge shapes. For the round edge geometry, a
10% reduction in the total root mean square (rms) amplitude was obtained in the 2-20

kHz range as compared to the reference arm.
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1. Introduction

Hard disk drives (HDD's) face constant demands for higher recording density,
faster data transfer rates and higher reliability. In order to obtain a higher recording
density, the track pitch must be reduced. In addition, the disk rotation speed has been
increased to reduce rotational latency in high performance drives. At such high rotation
disk speeds, high aerodynamic forces on the suspension and the E-block arm are caused
by the airflow between the disks. This drag force makes steady head positioning difficult
in high rotation speed drives. Therefore, reducing the drag forces on the suspension and

the E-block arm is essentia for high performance disk drives.

In a well-known study of the effect of airflow on the suspension vibration,
Yamaguchi et al. [1] found that the amplitude of the suspension vibration was
proportional to the sguare of the air velocity approaching the suspension. In their
subsequent paper [2, 3], they investigated the flow using hot-wire anemometer
measurements and numerical smulations. They showed that the suspension vibration was
linked to the air fluctuation downstream of the suspension. They found that suspension

vibration can be reduced by using an airfoil shape for the suspension cross-section.

It is also important to understand the airflow between co-rotating disks for
reducing suspension vibration. The airflow between co-rotating disks with a full
cylindrical shroud was numerically ssimulated by Iglesias et al. [4]. They predicted

significant vertical velocity fluctuations, which caused disk flutter, at the outer regions of



the disk. However, their model did not include the arms and suspensions needed to move
the heads to the desired track. Therefore the effects of the arm on the airflow between
disks still needed to be investigated. Abrahamson et al. [5] performed flow visualizations
using a dye method in a more redlistic disk drive model, but again without head gimbal
assemblies (HGA's). They observed vortex shedding from the arm tip. But their test
configuration had arms of the type used with older linear actuators with the dider rails
perpendicular to the suspension. In recent drives the diders are inline with the
suspensions and arms for high access speeds. Flow visudization for the inline
configuration drive was carried out by Girard et al. [6]. They observed vortex shedding
around the Eblock arm tip, which originated from the flow along the leading edge and

the trailing edge of the arm.

Gross et al. [7, 8] experimentally investigated the effects of E-block arm thickness
on the off-track vibration of the read/write head and the airflow downstream of the arm
tip in a modeled HDD. They showed a correlation between the head off-track vibration

and the rms dynamic head fluctuation downstream of the arm tip.

Generally, flow induced vibration depends on the shape of a body. It is well
known through experimenta investigation that a body with a rectangular cross-section
experiences a high drag force. In this paper, the results of an experimental investigation
of the effects of various edge shapes on dider off-track vibration and airflow around the

arm tip are presented.



2. Experimental Measurements

2.1. Modeled Hard Disk Drive

A modeled HDD was designed and built for this study as shown in Fig. 1(a). The
arm is not actuated, but is fixed to base plate A by a screw. The spindle, which is an
actual drive ball bearing spindle, and the shroud are installed on base plate B. A cross
plate is used to support the top end of the spindle (Fig. 1(b)). Base plate B can be rotated
around an axis corresponding to the actual pivot of the E-block, in order to seek different
radial positions. Two 84 mm diameter aluminum disks were stacked on the spindle with a
2 mm spacer in between, and the spindle was operated at 10 krpm. In this study, the head
position was fixed at the inner diameter (ID) position, and the E-block arm was inserted

between the two disks with no HGA's attached to it.

2.2. Flow Measurement

A customized hot-wire probe (TSI model 1276CF-10A) was used for measuring
the flow field. The body length of the probe was extended, so that it could be inserted
between the two disks. The probe diameter was 0.9 mm and the sensor length 0.2 mm,
which is 10% of disk separation. The sensor was oriented perpendicular to the disk
surfaces. Therefore, the sensor was most senditive to the in-plane flow velocity
component. The mean flow velocity, rms flow fluctuation, and flow fluctuation power
spectra were computed using a spectrum analyzer (model HP3563A). The measurement

locations are shown in Fig. 2, which corresponds to the top view of Fig. 1(a).



2.3. Slider Off-Track Vibration Measurement

The E-block arm with two HGA's was inserted between the two disks, and the
dlider off-track vibration was measured during disk rotation using LDV. Two methods
were used for evaluating the vibration measurements. The first was the power spectrum,
and the second the total rms amplitude that was given by a summation of the power
spectrum in a certain frequency range. If an rms power spectrum is expressed by P(f)

as afunction of frequency, f, then the total rms amplitude, A, Can be written as

ms = [hé- Prms(fi) 1)
i

where h is a scale factor for the windowing function. A Hanning window was used in
these measurements. The scale factor h is 2/3 for a Hanning window in the HP3563A. It
should be noted that the relationship expressed in Eq. (1) is a Pythagorian relationship,
and that it applies for different frequency ranges. The tested suspensions did not have the
usual side rails or ribs on the loadbeam. Photographs of the head stack assembly (HSA)

and the HGA used are shown in Fig. 3.

2.4. Arm Edge Shapes

The arm shapes at the leading and trailing edges were modified using adhesive
tape. The thickness of the arm was 1.0 mm. The formed shapes are shown in Fig. 4. Each
arm type is named as shown in the figure. The arm thickness is increased at the attached
tape area due to the thickness of the adhesive tape, which is approximately 0.05 mm,
giving a total thickness of 1.1 mm. The T11 type is the reference for comparison of the
other arm edge shapes, since it has the same total thickness of 1.1 mm as the modified

ams.



3. Results and Discussion

3.1. Data Analysis
The flow speed, u, in turbulent flow analysis is commonly expressed as the sum
of the mean and fluctuating components of the speed, G and u', respectively

u=0a+u'. ()

The rms flow fluctuation, U, Can be computed from the spectrum anayzer
output of the power spectrum Gu& f) of the flow fluctuation, where f denotes frequency,

according to*

Urn's = aé. Gu{t fl ; y (3)

|
where a is a scae factor for the windowing function used in calculating the power

gpectra. A Hanning window was employed in this study, for which a = 2/3.

The rms flow fluctuation is usually expressed as a percentage of the local nean
flow speed. This percentage is known as the turbulence intensity, Tl, of the flow, and it

was computed at each measurement point according to

TI :“rTms. 4)
u

The drag force, D, on abody can be expressed as

! Eq. (3) i s based on Parseval’ s theorem, which states that for an aperiodic function x(t) whose Fourier
transform is X(w),

& Xt =2p &y X (W) dw



D = ¢CpQqdA, ©)
A

where Cp, A and g denote the sectiona drag coefficient, the projection of the area of the
body onto the flow direction, and the dynamic pressure, respectively. The dynamic
pressure, g, is given by

ru2, (6)

N[

q:

wherer denotes air density and u denotes flow speed.

Substituting Eg. (2) into Eg. (6), we may express g as

r @+u©2
r gj)z + 2uub+ (uﬁ)zg

q =
(7)

Nl N

Similar to velocity, dynamic pressure can be expressed in terms of its mean and

fluctuating components, a and q', respectively, as

It follows from Egs. (6) through (8) that

a:%rgﬁj)ﬁW% 9
and
o= L r Buor (ug’ - (TZg (10)



If O is much greater than |, a will be dominated by the first term in the brackets

of Eqg. (9), and g will be dominated by the first term in the brackets of Eg. (10), and they

may be expressed approximately as

— —\2

q »% r (u) , (11)
and

qé» r i (12)

The rms dynamic pressure fluctuation g,ms can now be written as

Orms > I aurms- (13)

Conseguently, the mean drag force D and the rms drag force D, Can be approximated

as
D»i @cDr(G)ZdA, (14)
2
A
and
Dyirs » 6Cp T WyydA. (15)
A

It is clear from Egs. (9) and (10) that a higher rms flow fluctuation trandates

directly into a higher average drag force D,anda higher rms drag force fluctuation Dy .
Eqg. (15) aso highlights the relevance of the quantity Uuyys, SINCe Dyyg 1S @pproximately
proportiona to Uuye Kim et al. [9] showed, through experimental investigation, a

correlation between HGA vibration and Ouy .



The quantities h and h;r, defined by,

A=280F + (2> 30 (16)

»

Q10
Nl

and
hrms » Wi - (17)
will henceforth be loosely referred to as the mean dynamic head and the rms dynamic

head fluctuations?, respectively.

The disk surface speed V; is given by
Vg=wr, (18)

where wisthe disk angular speed.

3.2. Mean Flow Speed and rms Flow Fluctuation

Figure 5 shows color contour plots of the disk surface speed. There are two scales
in the figure. The first color scale is an automatic scale that shows the full range of the
circumferential speed d the disk (Fig. 5(a)). The second color scale is a clipped color
scale that is used in all subsequent plots to allow for comparison of the results for the
different cases considered (Fig. 5(b)). The upper limit in this scale is based on the
maximum mean flow speed measured with the E-block arms inserted between the disks.
In these figures, the disk rotates clockwise, and the outlines of the HGA are indicated
with dashed lines for reference. It should be noted that these flow measurements were

conducted without the HGA's attached to the E-block arm. These views are similar to

2 Strictly speaking, these quantities should be divided by the gravitational constant g = 9.81 nVs? to yield
the mean and rms dynamic head.



Fig. 2, but are dightly rotated. The area depicted is in the range of x =2 to 12 mm and

y=-4to5mmof Fig. 2.

The contour plots of both the mean flow speed and the rms flow fuctuation for
the T11, Round and Fin types are shown in Figs. 6, 7, and 8, respectively. Thereis a high
mean flow speed region along the upper edge of the HGA outline, and below that region
there is a steep gradient region in al cases. The high mean flow speed regions spread
along the circumference of the disk. Relatively slow mean flow speed regions are aso
observed which are caused by the presence of the arm. Most of the upstream flow is
prevented from passing over the arm, and the flow direction is forcibly veered along the
arm sidewall. Consequently the pressure downstream of the arm is expected to be
relatively low. This low-pressure region must be the cause of the flow that comes from
outside the disks downstream of the arm as shown in the flow visualizations by Girard et
al. [6]. The mean flow speed is quite low in comparison with the disk surface speed as
shown in the contour plots. On the other hand, the flow obstructed by the arm steers
around the arm tip and finaly separates from the arm tip. This feature causes the steep
gradient region in the flow, which is similar to the shear layer observed in free turbulent
flow [10], which is characterized by high velocity fluctuations. It should be noted that the
high fluctuation regions appear to be scattered due to the interpolation of sparse data,
since the measurement grid is coarser in the horizontal direction than the vertical
direction, as shown in Fig. 2. However, the high fluctuation region exhibits the

characteristics of aclassical shear layer in all cases.



Comparing results for the different arm types, it is evident that the tendencies of
the flow patterns are quite smilar. Both maxima of the mean flow speed and the rms flow
fluctuation for the Fin type are larger than those of the other types. The overextending
fins are likely to induce larger separation bubbles, hence, higher mean flow speed and
rms flow fluctuation around the arm tip. Focusing on the bottom right hand side of the
figures, we see that the rms flow fluctuations in the Round and Fin types are lower than
in the T11 type, and that the mean flow speeds in the Round and Fin types in the middle
right hand side are higher than in the T11 type. This feature in the Round and Fin types

might be linked to the decrease in the drag force on the arm.

3.3. Power Spectra of Flow Fluctuation

The power spectra of the hot-wire anemometer outputs are shown in Figs. 12
through 17. Each line indicates the power spectrum at a certain y-position and the color
contour of the power spectrum is also included to illustrate its magnitude. Figures 12
through 14 are for x = 2 mm, and Figs. 15 through 17 for x = 4 mm. The low frequency
components are dominant in the range of y =2.5to 5 mmin al cases. For y = -5t0 2.5
mm, the high frequency components are more pronounced. The peak at 167 Hz is due to
the disk runout associated with 10 krpm disk speed. For the T11 and Fin types at x = 2
mm, a peak is observed around 4 kHz. This peak, however, is not clear for the Round
type. This peak is aresult of the vortex shedding at the arm tip. The frequency of the peak

can be correlated from the Strouhal number S according to

10



where f,, d, and U are the vortex shedding frequency (cycles/sec), the characteristic
length of the body, and the characteristic speed of the approaching flow, respectively. It
is known that the Strouha number remains approximately constant at & = 0.21 for the
free flow over a circular cylinder if the Reynolds number is within the range 10° to 10*
[10]. The Reynolds number for the E-block arm is 1300 based on the arm thickness, d =
1.1 mm, and measured speed near the arm tip, U @20 m/s. Assuming a Strouhal number

S =0.21 for the case at hand, the expected vortex shedding frequency is 3.8 kHz.

3.4. Slider Off-Track Vibration

The HGA's were attached to the Eblock arms, and the dlider off-track vibration
was measured. In this experiment the off-track vibrations of the Back Round (B Round)
and Back Fin (B Fin) types were measured in addition to the arms used in the flow
measurements. Figure 18 shows the power spectra of dider off-track vibration for
different arm types. The resonant frequencies of the head stack assembly for the E-block
arm and HGA's have aready been obtained using finite element analysis [7]. According
to the results presented in [7], the 25 kHz, 7.5 kHz, 12 kHz and 13.5 kHz peaks
correspond to the following modes: 1% bending of the HGA, sway of the E-block arm, 2™
torsion of the HGA, and sway of the HGA, respectively. The Fin type result is seen to be
amost identica to that of the T11 type. It is observed that the Round, B Round and B Fin
types have lower peaks than the T11 and the Fin types. The off-track vibration resulting
from structura resonances was assessed by evaluating the rms amplitudes of vibration
over the frequency range 220 kHz. The rms amplitudes were evauated to determine the

effect of the arm edge shape modifications on the vibration. Figure 19 shows the rms

11



amplitudes for the different arm types over severa frequency ranges. We focused on the

2-20 kHz band since it contains the structural resonances of the HSA.

The 2-20 kHz band is divided into three frequency bands: 2-6 kHz, 6-10 kHz and
10-20 kHz bands. The 26 kHz band includes the 1* bending mode of the HGA, the 6-10
kHz band is dominated by the E-block arm sway mode, and the 10-20 kHz band contains
the 2 torsion and sway modes of the HGA. The rms component in the 2-6 kHz band for
the Fin type is comparable to that of the T11 type. This band contains vortex shedding
frequencies as mentioned above. The Fin type has a higher magnitude in the power
spectrum of the flow fluctuation, which is a possible explanation for the trend observed in
the 26 kHz vibration component. The response of the Round type in this band is lower
than that of the T11 and Fin types. This may be explained by the observation that the

Round type had alower peak at 4 kHz in the power spectrum of the flow fluctuation.

In the 10-20 kHz band, the differences between the different arms are amaller than
in the 26 kHz band. In this band, the effect of vortex shedding is quite minor. Since the
distribution of the quantity Uu,.s in the HGA region is comparable for the three types, we
expect the effect on HGA vibration to be smilar. On the other hand, in the 610 kHz
band, T11 has a higher rms amplitude. This may be explained by the fact that, in general,
the flow approaching a rectangular body is prone to separation at the corners of the body
a both the upstream and down stream sides, causing alarge drag force. The examined

modifications of the arm edge were expected to hinder the separation at the corners of the

12



arm. The results show that these modifications of the arm edge shape can reduce the drag

force on the arm.

An examination of the 220 kHz range in Fig. 19 indicates that it is possible to
reduce dlider off-track vibration by modifying the arm edge shape from the basic
rectangular cross-section, represented by T11. The best improvements were achieved in
the Round and Back Round cases, as the dider off-track vibration was reduced by about

10% (Fig. 19).

4. Conclusion

In this study the effects of arm edge shapes on the flow field and dider off-track
vibration were investigated experimentally in a modeled HDD. From the airflow
measurements using a hot-wire anemometer, we observed a fluctuation peak at 4 kHz due
to vortex shedding. Its magnitude increased when the leading edge shape was modified to
the Fin type. Evaluating the product of mean flow speed and rms flow fluctuation, we did
not observe significant variation in the HGA region of the flow. Using dider off-track
measurements we confirmed the effects of the arm edge shape modifications. By
modifying the leading and trailing edges of the arm to be round, we obtained a 10%

reduction of the total rms amplitude compared to the T11 type.
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.. '“.. '-d-_l"_lr-i.j:
(a) Setup without top disk and cover

(b) Setup with top disk
Figure 1. Modeled disk drive.
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Figure 2: Measurement points (@ ). Coordinate system is shown in mm.
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(a) A close-up of the HSA.

(b) A close-up of the HGA.
Figure 3: HGA and HSA photographs.
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(b) Clipped color scale
Figure 5: Color contour plot of the disk surface speed. Grid scale: 1 mm/div.
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(b) rmsflow fluctuation, Uy
Figure 6: Contours of the mean flow speed and rms flow
fluctuation for the T11 shape arm. Grid scale: 1 mm/div.

22



m/s

22
20

18

116

3 ‘ I__ [e— -i- - -
g R MY W OSSR S

2
0

8

m/s

1
1
1.6
1.4

1.3

114
11.0

0.8
0.6
0.4

: qu
(b) rmsflow fluctuation, Uy

Figure 7: Contours of the mean flow speed and rms flow
fluctuation for the Round shape arm. Grid scale: 1 mm/div.
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(b) rmsflow fluctuation, Uy
Figure 8: Contours of the mean flow speed and rms flow
fluctuation for the Fin shape arm. Grid scale: 1 mm/div.
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Figure 9: Contours of h,s for the T11 shape arm. Grid scale: Imm/div.
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Figure 10: Contours of hs for the Round shape arm. Grid scale: Imm/div.
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Sensor Output [dB Vrms]
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Figure 12: Power spectrum of the hot-wire output for the T11 shape at x
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Figure 13: Power spectrum of the hot-wire output for the Round shape a x = 2 mm.
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Figure 14: Power spectrum of the hot-wire output for the Fin shape at x =2 mm.
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Sensor Output [dB Vrms]
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Figure 15: Power spectrum of the hot-wire output for the T11 type at X =4 mm.
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Figure 16: Power spectrum of the hot-wire output for the Round type at X = 4 mm.
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Figure 17: Power spectrum of the hot-wire output for the Fin type at x
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