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Abstract The problem of flow-induced vibrations of sus-
pension-head units (SHUs) in hard disk drives is investi-
gated numerically. Attention is focused on the simplest
geometrical and dynamical conditions that retain the
physics essential to SHUs in real drives. Conservation
equations are solved for the constant property, two-di-
mensional, unsteady flow of air past a pair of prisms
contained in a channel with sliding walls. Each prism
simulates the suspension section of a SHU. The prisms face
each other symmetrically and are aligned parallel to the
sliding channel walls, normal to their direction of motion.
The sliding channel walls simulate the rotating disks in a
drive. The flow fields obtained are used to calculate SHU
vibration frequencies. For this, the suspension section of a
SHU is approximated as an Euler–Bernoulli beam (linear
motion) of constant -shaped cross-section (henceforth
denoted as ‘‘U-shaped’’) with a point mass, representing
the magnetic head, located at its tip. The beam is assumed
to be very stiff, meaning that movements near the design
point (away from resonances) are small. This allows reli-
able solutions to be obtained by treating the flow as being
unaffected by the miniscule motions of the suspensions,
whereas the suspensions are fully affected by the un-
steadiness imparted to them by the flow. SHU vibration
characteristics have been determined relative to the flow
fields that induce them for a variety of conditions. The
paper discusses a subset of these for a flow at 50 m/s as well
as the possible adaptation of interactive computational-
experimental methodologies (ICEME) to minimize and/or
control flow-induced vibrations of SHUs in hard drives.

1
Introduction

1.1
The problem of interest
Disk speed of rotation and track information density have
the potential for increasing to remarkable values in the
magnetic storage industry. Current magnetic storage
technology is aimed at producing hard drives with disk
speeds of rotation ranging from 7,200 rpm (desktop) to
15,000 rpm (server), area densities ranging from 20 Gb/in2

(server) to 31 Gb/in2 (desktop), track densities ranging
from 40 ktpi (server) to 55 ktpi (desktop), and magnetic
head (slider) flying heights less than 10 nm. Unfortunately,
problems associated with magnetic head positioning error
are seriously compounded at these speeds of rotation, thus
limiting the practical implementation of the design target
values. In particular, flow-driven suspension-head unit
(SHU) vibrations have significant potential for adversely
affecting head positioning control (Yamaguchi et al., 1986,
1990; Tokuyama et al., 1991; Humphrey et al., 1991;
Abrahamson et al., 1991).

The dynamics and control of SHUs have been investi-
gated extensively (Ono et al., 1999; Sasaki et al., 1999;
Jeong et al., 1998). The servo loop for track positioning
control includes the voice coil motor, actuator arm, sus-
pension and magnetic head. Its bandwith is currently
limited to about 1200 Hz for desktops and 1500 Hz for
servers. The low resonance frequency of a suspension
further limits the bandwith of the actuator servo system,
and hence the track density that can be achieved in
practice. As a consequence, the challenge is to design a
SHU with sufficient compliance to allow the physical dis-
placements required for the head to ‘‘fly’’ while providing
enough stiffness to increase the natural frequency of the
unit relative to the track positioning control.

This communication concerns an ongoing investigation
aimed at understanding some of the flow conditions af-
fecting magnetic head positioning error as a consequence
of flow-induced SHU vibrations. Other important sources
of positioning error such as spindle non-repeatable run-
out (Ohmi et al., 1998) and flow-induced disk flutter (Imai
et al., 1998; Shimizu et al., 2001) are not considered. The
study also explores the use of interactive computational-
experimental methodologies (ICEME) (Humphrey et al.,
1993) to minimize and/or control these vibrations.

As will be shown, a two-dimensional (2D), unsteady
analysis of the flow coupled (one-way) with a simple
Euler–Bernoulli beam model for the SHU yields physically
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realistic and highly insightful results. The simplicity of the
beam model allows a self-consistent investigation of the
effect of fluid forces on the SHU, something that has not
been sufficiently explored to date. While a full finite ele-
ment calculation of the SHU is certainly possible, when
coupled to the flow field forces acting on it the calculation
time- and space-resolution requirements render the
problem practically intractable, in a reasonable amount of
time, with current computer capabilities.

In spite of the simplicity of the SHU model investigated
here the approach is entirely self-consistent, an important
consideration. Our findings strongly support and extend
earlier observations suggesting that SHUs are susceptible
to flow-induced vibrations, especially for values of SHU
resonance frequencies overlapping with corresponding
energetic flow oscillations. Aside from its fundamental
interest, the analysis yields generally applicable results of
value for the improved design of hard drives within the
context of an ICEME control approach.

1.2
Prior work
Two reviews (Humphrey et al., 1991; Abrahamson et al.,
1991) discuss some of the early problems associated with
flow-structure interactions in disk drives. The drives of
current computers and servers are smaller, more compact,
and rotate at much higher angular velocities, than those
reviewed. Interestingly, however, the upper limit for the
Reynolds number of the inter-disk flow, defined as
Re ¼ WRH/m (where W is disk angular velocity, R disk
radius, H inter-disk spacing and m kinematic viscosity of
air), has remained bounded, the increases in W being offset
by the decreases in R and H. Notwithstanding, several
major flow-structure interaction problems remain un-
solved. Of these, the flow-induced vibrations of SHUs are
particularly problematic given the much smaller mechan-
ical tolerances required in current drive designs. Thus, we
are especially concerned with experimental and analytical
or numerical investigations relating to: (a) the physics of
the flow past one or two suspension-like obstructions lo-
cated in a passage with sliding walls or between rotating
surfaces; (b) the physics of the flow-induced vibrations of
such obstructions.

Several investigations have been performed for the
flows around real SHUs as well as idealized suspension-
like prisms of rectangular cross-section, with and without
taper, in channels with sliding walls or between rotating
disk surfaces (Humphrey et al., 1991; Abrahamson et al.,
1991; Arnal et al., 1991; Hudson et al., 1991; Tzeng et al.,
1991; Usry et al., 1993; Gor et al., 1994; Suzuki et al., 1997;
Tatewaki et al., 2001). All of these studies consider single
prisms with their longitudinal axes oriented normal to the
direction of motion of the moving surface(s) that drive
fluid motion. Nevertheless, the studies suggest that, pro-
vided the ratio of prism width (b, dimension parallel to
moving surface) to height (a, dimension normal to moving
surface and its direction of motion) is b/a > 8, and that the
ratio of prism length to width is L/b > 10, the bulk of the
flow immediately around the prism is strongly 2D. In
contrast, the flow downstream of the prism quickly evolves
into a highly 3D state of motion for the values of Re of

interest. Also, the flow around the prism and immediately
in its wake is highly unsteady as the result of vortex
shedding. While at fixed Re vortex shedding is generally
tuned to one or more preferred frequencies associated
with the predominant 2D vortical structures, the energy in
these structures is eventually distributed over a wide range
of frequencies by the emerging smaller scales of motion.

We are unaware of any study in the open literature
dealing with the flow past two suspension-like prisms
contained between a pair of sliding or rotating surfaces.
Consequently, in a separate study (Rosales et al., 2002), we
have performed computer-intensive, unsteady, 3D nu-
merical calculations of the flow past a pair of SHUs (of 3D
geometry corresponding to the 2D geometry discussed
below) for Re ¼ 2500 and 5000, approximately. The SHUs
explored have tapered, U-shaped suspensions that are
radially aligned and symmetrically oriented with respect to
the midplane between a pair of corotating disks attached
to a hub in an axisymmetric enclosure. The effect on the
flow due to the E-block supporting the suspensions and
the presence of a magnetic head on each suspension are
also included.

These 3D results support the notion of a primarily 2D
state of motion immediately around each suspension,
primarily along a length removed from the interfering end
effects of the E-block and the magnetic head. They also
suggest that while the flow downstream of the suspensions
is strongly unsteady, multi-scaled and 3D, much of that
motion is gradually streamlined by the recirculating cross-
stream flow in the bulk of the inter-disk space that is
driven by the disk Ekman layers. Thus, in spite of the
disturbing effects of the E-block and magnetic head, and of
the presence of a relatively small region of streamwise
(circumferential) flow reversal downstream of the SHUs
(surrounding about 50% of the hub and located very near
to it), the character of the flow approaching the upstream
edges of the suspensions is similar to that between a pair
of unobstructed corotating disks. Further evidence for this
centrifugally-driven flow streamlining is evident in several
of the single-prism studies (Tzeng et al., 1991; Usry, 1993;
Gor, 1994; Suzuki, 1997).

The vibration dynamics of SHUs has been the subject of
intense research and finite element methods are now used
routinely to calculate the various modes (cantilever,
bending, sway, torsion) of suspension vibrations (Zeng
et al., 1998; Hatch, 2001). Notwithstanding, because of the
large ranges in (and disparities between) the time and
space scales of the vibrations and fluids phenomena,
comparatively little has been done to model and calculate
the effects of fluid forces on SHU vibrations. A notable
exception is the pioneering work of Tokuyama et al.
(1991). Using an LES technique, these authors calculate the
unsteady, 2D flow around a single Watrous-type (U-
shaped) suspension in a channel with sliding walls for
ReC ¼ 3000 (ReC defined below). The drag and lift forces
obtained at three cross-sections along the length of the
tapered suspension are used to drive SHU motion. Cal-
culations of SHU vibration frequencies are in good
agreement with the first and second bending modes of the
suspension. Similarly, calculations of head flying height
and position fluctuations are in fairly good agreement with
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corresponding measurements. From this and earlier work
(Yamaguchi et al., 1986, 1990), the authors conclude it is
the broad band energy in the turbulent-like unsteady flow
around a suspension, especially that generated by shearing
forces at its front and back edges, that induces a SHU to
vibrate at its lower natural frequencies, and that these
frequencies need not coincide with the predominant vor-
tex shedding frequencies of the suspension.

1.3
Objectives of this investigation
Our continuing investigation has three interrelated ob-
jectives: (i) to calculate the unsteady, 2D flow around a
pair of symmetrically-oriented suspension-like prisms
contained in a channel with sliding walls; (ii) to model and
predict the drag-, lift-, and torsion-induced vibration
characteristics of the suspension pair, including the mass
loading on each suspension due to its magnetic head; (iii)
to use these results to explore the possible application of
an ICEME approach to minimize and/or control the vi-
brations of SHUs in disk drives. With respect to objectives
(i) and (ii), our approach is inspired by and extends the
elegant work of Tokuyama et al. (1991).

Because of their considerable time- and memory-con-
suming nature, we have eschewed full 3D numerical cal-
culations of the flows around geometrically complex
SHUs. Instead, and because preliminary 3D calculations
support the notion of a strong 2D flow around the sus-
pensions in a disk drive, we have pursued a 2D calculation
approach. The justifications for this are that: (a) much of
the fluid and vibration physics relevant to SHUs can be
explored via 2D calculations of the flow field; (b) if nec-
essary, 2D flow results can be combined to yield quasi-3D
flow fields; (c) for ICEME demonstration purposes, 3D
flow calculations are not warranted.

Although we have calculated the flow fields corre-
sponding to two suspension-like prism cross-sections
(rectangular and U-shaped), for three flow velocities (25,
50 and 100 m/s), using two sets of inlet/exit channel flow
boundary conditions (developing and periodic), space
limitations restrict this communication to a subset of
significant results for one of the cases explored. Likewise,
while we recognize the importance of modeling and cal-
culating lift- and torsion-induced modes of suspension
vibration, this is beyond the scope of the present study
where we have focused on drag-induced vibrations. Two

more detailed communications (Rosales et al., 2002;
Kazemi et al., 2002) are in preparation.

2
Flow field model and results

2.1
Geometry
For purposes of the fluid flow calculations we refer to
Fig. 1. This shows instantaneous pictures of the vorticity
and pressure fields obtained for the flow past a pair of
suspension-like prisms in a 2D channel with sliding walls.
In these and all other flow field calculations, the suspen-
sion portion of a SHU, that is, the U-shaped beam fixed to
the E-block and supporting the magnetic head, is assumed
to be the only significant part of the structure interacting
with the flow. The sliding walls simulate the rotating sur-
faces of a pair of disks in a real drive.

It is also assumed that the vibration amplitudes of the
suspensions are sufficiently small that their motions do
not contribute significantly to the structure and dynamics
of the flow. This one-way coupling assumption greatly
simplifies the computational effort and is justified by the
smallness of the vibration amplitudes the hard disk drive
industry is prepared to accept (less than a few nanometers
or, equivalently, less than 0.01% of the suspension width).
Should the SHU model ever predict vibration amplitudes
that would affect the flow (so as to invalidate the one-way
coupling assumption), these would be so large as to be
unacceptable from the design point of view. In this event,
the present model is still useful in that it can identify
unacceptable designs.

The channel is of length LC ¼ 12 mm and height
HC ¼ 2.0 mm. Its walls slide at velocity UC ¼ 50 m/s along
their length. This yields ReC (=UCHC/m) » 4000 using
(m ¼ 15.8 · 10)6 m2/s for air at 300 K). The suspensions
are U-shaped prisms of constant cross-section and they
are symmetrically oriented with respect to the channel
midplane. For each prism, the width is b ¼ 2.0 mm, the
edge height is a ¼ 0.20 mm and the thickness around the
U-shape is t ¼ 0.10 mm. The prisms face each other along
the open sides of their U-shapes, the closed side of each
prism being located at a distance g ¼ 0.40 mm from its
corresponding channel wall. The upstream edges of both
prisms are located a distance y ¼ 3.0 mm from the
channel inlet flow plane.

Fig. 1. Instantaneous vorticity (top) and
pressure (bottom) fields for a pair of
U-shaped suspension-like prisms in a
channel with uniform inlet and sliding
wall velocities at 50 m/s (ReC ¼ 4000).
Fluid and wall motion are from left to
right. Coordinates: y along channel
length, z transverse to channel length,
x normal to plane of paper

377



2.2
Conservation equations, boundary conditions
and numerical solution
The flow field is described by unsteady, 2D, constant
property forms of the momentum and continuity
equations. These are solved numerically subject to the
following initial and boundary conditions: (a) flow starting
from rest, evolving to ‘‘statistically stationary’’ state; (b)
impermeable, no-slip velocity boundary conditions along
all solid surfaces; (c) uniform flow at the channel inlet
plane, moving at the velocity of the channel walls
(UO ¼ UC); (d) developed flow at the channel exit plane. An
algebraic system of finite difference equations is obtained
by volume integration of the conservation equations over
staggered control volumes for the velocity components and
pressure, respectively. The third-order QUICK scheme is
used to approximate convection terms and second-order
central differencing to approximate diffusion. A fully im-
plicit, second-order, three-level scheme is used for time.

Numerical solutions are obtained using the FAHTSO
code (Rosales et al., 2001). This incorporates an adaptation
of the SIMPLE algorithm to obtain velocity and pressure.
The modified strongly implicit procedure is used to solve the
system of algebraic equations. The grid spacing and time
steps employed in the present calculations are set by refer-
ence to the extensive study of these effects for similar cal-
culations (using the same code) of flows past square prisms
in 2D channels with fixed walls, performed by Rosales,
2001). The present calculations are performed on a
180 · 124 (y, z) non-uniform grid using a time step of
1.25 · 10)7 s. (This grid is the most refined we could use to
complete the volume of calculations performed in a rea-
sonable amount of time. A typical run time on a DELL 620
computer with dual 933 MHz Pentium III processors takes
about 75 h for a converged solution corresponding to a
physical time record about 10 s long.) We estimate that the
accuracy of the computed flow fields lies within 5% of grid-
independent results. Further details concerning the nu-
merical procedure are provided in Rosales et al. (2001).

2.3
Flow field results and discussion
The numerical results reveal a highly non-linear, unsteady
flow. Instantaneous values of the vorticity and pressure
fields are shown in Fig. 1 for a pair of U-shaped suspen-
sion-like prisms. Detailed inspection of these results re-
veals: (I) at the upstream edge of each prism: (a) flow
separation and reattachment along the closed side of the
prism; (b) flow separation and vortex shedding along the
open side of the prism; (II) at the downstream edge of each
prism: (a) alternating vortex shedding along the closed
and open sides of the prism; (b) strong interactions be-
tween vortices along the open sides of the prism.

Both drag and lift coefficients are obtained. Typical
(simultaneous) time records of the total drag coefficients
CD½¼ ðFd=aÞ=ð1=2qf U2

OÞ�; Fd aligned in the y-direction in
Fig. 3] for the top and bottom prisms are plotted in Fig. 2.
The differences between the mean and rms values for CD

given in the caption illustrate that even over relatively long
time periods (relative to the largest flow oscillation peri-

ods), the average characteristics of the flow past a sym-
metrically oriented pair of prisms in a channel are not
necessarily symmetrical themselves with respect to the
channel mid-plane. The spectrum for CD corresponding to
the bottom prism is shown in Fig. 4. Given the clean na-
ture of the flow approaching the pair of prisms, it is clear
that the fluctuations in drag experienced by a prism are
associated with the vortices shed by it as affected by the
vortices shed by the other prism.

3
Suspension-head model and results

3.1
Geometry
For purposes of the drag-induced vibration calculations,
each of the two suspension-like prisms between the sliding

Fig. 2. Simultaneous time records of the total drag coefficients
for each of a pair of prisms corresponding to the flow in Fig. 1.
Top prism: CDave ¼ 2.36, CDrms ¼ 0.48; bottom prism:
CDave ¼ 2.52, CDrms ¼ 0.51

Fig. 3. Side view (top) and end view (bottom) of an idealized
SHU (one of a pair as described in the text) located above a
surface moving in the y-coordinate direction. Relevant dimen-
sions are given in the text. Drawing is not to scale
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channel walls is approximated as an Euler–Bernoulli beam
of constant U-shaped cross-section, with a magnetic head
suspended from its free end. Figure 3 provides side (x-z
plane) and end (y-z plane) views of the SHU geometry
modeled. The end view corresponds to a y-z plane passing
through the magnetic head. It is important to note that for
purposes of calculating the beam dynamics the head is
modeled as a point source of mass. However, for purposes of
calculating the contributions to drag due to friction between
the head and the sliding surface, the head is given a finite
surface area AMH ¼ 1.25 mm2. The length of the beam is
L ¼ 18 mm and its other dimensions are as given in Sect. 2.1.
Each beam is assumed to be rigidly fixed at its base (to what
would be the E-block). A hydrodynamic lubrication layer of
thickness h allows the head to ‘‘fly’’ over the sliding surface.

3.2
Beam equation, boundary conditions
and numerical solution
We are concerned here with the drag-induced motions of
the beam in the y-coordinate direction, parallel to the
sliding channel surface and its motion. (Lift- and torsion-
induced beam motions can be treated similarly, but this is
beyond the scope of the present work.) The dimensional
linear equation and boundary conditions describing the
motion of the beam about its average displaced location,
and the idealizations invoked to obtain the beam equation,
are given below. A detailed derivation is available in
Kazemi et al. (2001).

qA€YY þ qf UðxÞ½CDave þ cDðtÞ� _YY þ EI
o4Y

ox4

¼ 1

2
qf aU2ðxÞcDðtÞ ð1Þ

Yð0; tÞ ¼ 0;
oY

ox
ð0; tÞ ¼ 0;

o2Y

ox2
ðL; tÞ ¼ 0;

FC þ EI
o3Y

ox3
ðL; tÞ ¼ M€YYðL; tÞ þ AMH

lf

h
_YYðL; tÞ

ð2Þ

In these expressions: a, A, q, E and I are the edge height,
cross-sectional area, density, Young’s modulus and
moment of inertia of the beam (stainless steel); M (=
1.6845 · 10)6 kg) is the (point) mass of the magnetic head
at x ¼ L, and AMH its area at distance h from the moving
surface; qf and lf are the density and dynamic viscosity of
air; CDave and cD(t) are the average and fluctuating com-
ponents of CD due to the drag forces acting on the beam;
U(x) is the x-distribution (along the beam) of the ap-
proaching fluid velocity; Y is the displacement of the beam
at arbitrary x in the y-coordinate direction. The quantity
FC is a controlling force, explained below. For the analysis
in this section FC ¼ 0.

The following can be shown (Kazemi et al., 2002):
(a) virtual mass effects are negligible in air; (b) viscous
damping by the lubrication layer supporting the magnetic
head is negligible for thicknesses h > 1 nm, approxi-
mately; (c) one-way flow-to-beam forcing can be assumed
due to the large stiffness of the beam; (d) similar equations
can be derived for the lift- and torsion-induced motions of
the beam.

Finite difference approximations to Eqs. (1) and (2) are
obtained using second order central differencing for both
the time and space terms. The resulting finite difference
form for Eq. (1) is implicit in time. Its application to
points along the beam yields a system of algebraic equa-
tions that are solved in time using Gaussian elimination.
The space and time steps used are Dx ¼ L/(200 ) 1) mm
and Dt ¼ 10)9 s. Because the time step for the beam cal-
culations is much smaller than that for the flow calcula-
tions, linear interpolation is used to obtain the values of
cD(t) needed to solve the beam equation. A typical run
time on a DELL 620 dual processor computer is approxi-
mately 10 h for a solution corresponding to a cD (t) time
record 1.25 · 10)2 s long. Further details are provided in
Kazemi et al. (2002).

3.3
Vibration results and discussion
Present results are for a constant, uniform approaching
velocity of U(x) ¼ UO ¼ 50 m/s with CDave and cD(t) pre-
scribed from the flow calculations. A typical time record
for the displacement of the free end of the bottom beam,
Yend, is shown in Fig. 6b, discussed below. At this velocity
we find that the average rms of the displacement of the free
end of either beam is Yrms ¼ 445.5 ± 63.5 nm. (Note: at
25 m/s we find Yrms ¼ 35.2 ± 3.1 nm.) Figure 4 shows the
spectra for CD and Yend of the bottom beam and very
similar results are obtained for the top beam. The reso-
nance frequency of the beams occurs at about 4.7 kHz and,
as already noted by Tokuyama et al. (1991), does not co-
incide with any of the fundamental vortex shedding fre-
quencies or their harmonics. Thus, for the time period
examined, the beams are driven by fluctuations in the drag
force of frequency that fortuitously coincides with the
beam’s resonance frequency.

Our results also reveal a beat frequency between the two
beams of about 66 ± 6.5 Hz. Given that the flow field is
unaffected by the suspension vibrations (because of the
assumed one-way fluid-to-suspension coupling), it is clear
that the observed asymmetric SHU vibration behavior is

Fig. 4. CD (top) and Yend (bottom) spectra for the bottom SHU of
a pair in a channel flow at 50 m/s
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due to flow field asymmetries. The origin of such asym-
metries lies in the interaction of the flow with the sta-
tionary suspensions in its path (Rosales et al., 2001;
Kazemi et al., 2001).

4
ICEME approach to control SHU vibrations
In the ICEME research approach the key notion is: ‘‘to
pool relatively sparse measured and calculated data bases
for a particular problem to create a composite data base
richer in total information content than its constituents
separately (Humphrey et al., 1993).’’ Judiciously chosen,
the combined data base should help accelerate problem
solving. To demonstrate the principle, the numerical
models used to calculate the flow and SHU physics are
taken here as the ‘‘laboratory experiment’’ to be controlled
via the ICEME approach.

Our objective is to use fluid mechanics information to
reduce the flow-induced vibrations of SHUs by feedback
control for higher tracking accuracy. Physically, what we
wish to do is add a controlling force, FC , to the left hand
side of the fourth boundary condition in Eqs. (2). We
assume that actuation and sensing mechanisms are avail-
able to generate FC at the suspension tip, and to measure
the tip displacement Yend. Our target performance is a
track density of 55 ktpi (track pitch ¼ 0.46 lm) with a
disk speed of rotation corresponding to 15,000 rpm
(UO ¼ 50 m/s). For illustration, we consider the control of
the bottom SHU only.

Analysis of the flow shows that the drag force, Fd(t),
behaves like white noise; see Fig. 6a. Indeed, analysis
confirms that Fd(t) has a roughly flat spectrum over the
frequency range of interest. Hence we choose to model the
drag force as a zero-mean white noise process in our
control design. Calculating the standard deviation from
the time domain data, we findffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E½ FdðtÞ2�
q

¼ 0:149 N/m

where E[•] is the expectation operator. We also assume the
sensor noise V(t) at the free end of the suspension to be
white noise with the following standard deviation:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E½VðtÞ2�
q

¼ 0:025 lm :

We design a linear controller FC ¼ K(s) (Yend + V) that
minimizes the variance of the tip displacement Yend in
response to the drag force and sensor noise, with a rea-
sonable magnitude of the control force. The control design
problem can be formulated as follows:

min
KðsÞ

f½E½FCðtÞ2� þ q2E½YendðtÞ2�g

where q is a design weight. This optimization problem falls
into the framework of the linear quadratic Gaussian (LQG)
control theory and can be solved exactly.

We start our design based on the 200th order linear
model P(s) of the SHU obtained by spatial discretization
into 100 points over the interval 0 £ x £ L with 6th order
polynomial approximations of Y. Balanced model reduc-
tion is performed to obtain a reduced order model Pr(s) of

6th order. We design an optimal LQG controller based on
Pr(s) then evaluate the closed-loop performance by simu-
lation of the higher order model P(s). After some trial and
error, an appropriate value of the design weight is found to
be q ¼ 6 mN/lm.

Based on the design procedure described above, we find
a 6th order controller whose bode magnitude plot is shown
in Fig. 5a. We see that the dynamic controller is acting as a
differentiator in the frequency region around the first
mode 4.76 kHz so that the effective velocity feedback adds
damping to the first mode. As a result, the first mode is
well damped in the closed-loop, which can be seen in
Fig. 5b where the dashed and solid curves give frequency
responses of the SHU with and without control, respec-
tively. The same approach does not work for the second
and the third modes because their natural frequencies
(30.2 and 85.3 kHz) are much higher than the first and
hence a large control bandwidth would be required. Thus,
instead, the controller places notch filters at these
frequencies to avoid exciting these modes.

The simulation results of the time responses are pro-
vided in Fig. 6 where the 200th order model P(s) is used
for the SHU. Without control, the tip displacement Yend

vibrates due to the drag force Fd; see Fig. 6b. With the
feedback controller, the vibration amplitude reduces from
a peak value of 1.27 lm to a peak value of 0.21 lm; see
Fig. 6c. The required control force to achieve this is in the
order of 1 mN; see Fig. 6d.

While current actuator/sensor technology may not al-
low for the actual implementation of our controller at the
present moment, our findings demonstrate what it would
take, approximately, to achieve 55 ktpi at 15,000 rpm.

5
Conclusions
Numerical calculations have been performed for the un-
steady flow and vibration characteristics of a pair of SHUs

Fig. 5. Controller frequency response (top) and SHU frequency
response (bottom) with (dashed line) and without (solid line)
control. Results are for the bottom beam of a pair in a channel
flow at 50 m/s

380



under idealized but physically meaningful conditions. The
results obtained are in broad agreement with earlier ob-
servations. However, the present, more detailed calcula-
tions reveal asymmetric flow behavior resulting from the
suspensions that influences the vibration characteristics of
the SHUs. Using the flow and vibration numerical models
as the equivalent of the ‘‘laboratory experiment’’ in an
ICEME research approach, it is shown that real-time
knowledge of the drag forces acting on SHUs could, in
principle, be used to significantly minimize their vibra-
tions. The results obtained are especially encouraging and
the possibility of such advanced fluid information control
should be investigated in the physical laboratory.
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