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A new dynamic modelling of the tape vibration in a magnetic recording system is
proposed by the concept that the length of the magnetic tape is divided into the entrance,
head-tape coupling and exit regions. The main contribution of this paper is that the
curvature effect of circular arc of the magnetic head is introduced in the dynamic
formulation of the head-tape coupling region. The new separation spacing between the head
and tape is defined. The steady state separation spacing and pressure distribution of foil film
are compared for various curvatures of the magnetic head shape.

© 2002 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

In order to further increase recording densities, new magnetic tapes are being used and
continue to be developed for high-density magnetic recording applications [1-3]. The
recording-density capability of the head element is highly dependent upon the head-tape
interface [4]. The head—tape interface is a case of elastohydrodynamic lubrication in which
we are faced with the solutions of two-coupled partial differential equations, the Reynolds
equation and the elasticity equations describing the tape motion associated with the
appropriate boundary conditions. A change in curvature with continuous slope has
a marked effect on the film thickness. Theoretical prediction curves allow the calculation of
the air gap as a function of the rate change of corner angle in the radius of curvature [5].
The tape displacements in the area above the head are coupled with the solution of the
Reynolds equation. The film thickness (flying height) can be calculated between the head
and tape. The simulated results for spherical heads were compared with the behavior of
experimental systems by Greenberg [6]. Some peculiar characteristics affected by tape
bending rigidity and tape wrap angle were found by Tanaka [7].

All the authors [5-7] were devoted to the solutions of the foil-bearing problem in which
the flexible medium is wrapped around a circular cylinder. Recently, three-wavelength
interferometry has been used successfully to measure the spacing for a digital linear tape
interface [8] as well as a multi-module head-tape interface [9]. The correlation between
head/tape spacing and asperity compliance of magnetic taper [10-12] has been investigated
analytically and experimentally by using three-wavelength interferometry to measure the
head/tape spacing and the contact spacing of metal particle tape as a function of contact
pressure.

To the author’s knowledge, no papers were focused on the curvature effect of circular arc
of the magnetic head. The purpose of this paper is to propose a new dynamic modelling
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Figure 1. Physical configuration of the magnetic recording system.

describing the behavior between the fluid film and elastic deformation in the thin foil
bearing. The Hamilton’s principle and calculus of variation are employed to obtain the
coupled equations and boundary conditions of the head—tape coupling problem. The string
and beam models describing the magnetic tape are compared. The curvature effect of the
magnetic head is considered in the dynamic formulation.

2. DERIVATION OF DYNAMIC EQUATIONS

Figure 1 shows the geometric configuration of the head-tape coupling system associated
with the flexure rigidity EI, the initial tension T, and the constant velocity c¢. The tape
travels across a cylindrical head with radius r. The tape length s = s(t) is measured from the
left-hand-side (LHS) support s =0. The right-hand-side (RHS) support is placed at
s(t) = s3. The interval from s = s; to s, is the length of the head-tape coupling region. The
interval from s = 0 to s, is called the entrance region while the interval from s = s, to s3 is
called the exit region.

2.1. GEOMETRY DESCRIPTION

In order to describe the geometry and the displacement relationship of the head-tape
coupling system, a fixed co-ordinate system OXY is located at the circular center of the
magnetic head and is shown in Figure 1. For the elastic tape, the position vector of any
point P before deformation is

Ri(s,t) = se, 0<s <S5, 1)

where e, is the unit vector tangent to the tape at point P in the direction of increasing s. If the
elastic tape is modelled by the beam theory, the displacement field is

U(s,t) = — yos(s, t)e, + v(s, t)e,, 0 <s <s3, )
where e, is the unit vector in the normal direction, v(s, t) is the transverse deflection of the
tape at location s and it is positive in the positive e, direction. Therefore, the position vector

of point P after deformation is

R/(s,1) = Ri(s, £) + U(s, ). 3)
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Taking the total derivative of R/(s, t) with respect to time, we obtain the absolute velocity
as
dR/(s,1) _ dR(s, 1) N dU(s, 1)
de  dt dt

= (C — ckv — YCUss — yvst)el + (Cvs + v = kaDS)ens (4)

where the travelling speed ds/dt = ¢ is used, k = 1/r is the curvature of the head shape and
can be obtained from de,/ds, and r is the radius of the magnetic head. The terms including
k are valid only for the head-tape coupling region throughout the paper. The kinetic energy
(KE) of the tape becomes

1= (dR/ dR’
KE=— T )44
2LL”<dz dt>d ds

1
jip[l(czvszs +vg + 2cv405 + 2k?0?) + A1 + kK*0? — 2kv + v))

+ A@? + 2cve0,)]ds, sf >s>s5

={ r1 )
Jip[l(czvfs + v + 2cv4v,) + Ac*(1 4+ v2) + A7 + 2cv,v,)] ds,

0<s<sy, S; <8<53,

where p is the mass density, A is the cross-sectional area of the tape, and I = {,y*d4 and
f4ydA =0 are used.
The engineering stain is

ETTRT

_|de|—|dRi|_ 6Rf_0Rf 172 1
Js 0s

= — yu — kv +3(1 — yk)*02 + HO.T., 0<s<s3. (6)

The total strain energy is

1
S.E. = J <O’08E + —Es%)dV
v 2

(1 1
J[§E<Ivfs + Ak*0* + IK*vd + ZAU? + 2Ikv?v,, — Akvvf)
1, + -
=(+T —kv—i—zvs ds, s;{ <s<s; (7)
1 2, 1 4 2 - o
5 Elvss—f-ZEAvs + Tov: |ds, 0<s<si; s, <s<s3,
\

where g, is the initial stress, T = oA and 1 E¢? are the terms due to the initial tension and
the deflections which are measured from the initially tensioned configuration respectively.
In equation (7), we neglect the high order terms y*vi, k*v*.4y*v2 4k*v* 4y*k*v?vZ, and
(1 — yk)*v? in the strain energy.
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Considering the virtual work done by the force due to the pressure difference in the
head-tape region, we have

SW =(p —paadv,, si <s<s;, 8)

where p is the pressure between the tape and head, p, is the ambient air pressure, and a is the
area of the head-tape coupling region.

2.2. HAMILTON’S PRINCIPLE.

For convenience, the subscripts 1, 2, and 3 of displacement v are used to represent the
entrance, head-tape coupling and exit regions respectively. The Lagrangian functions
L;,i=1,2,3 are the kinetic energy (5) minus the potential energy (7) in the entrance,
head-tape coupling and exit regions respectively. It is seen that L; and L5 are different only
in the subscripts 1 and 3 of the displacement v. The curvature k exits only in the interval
sT <s<s;.

Considering the entire length 0 < s < 53 of the head-tape coupling system, Hamilton’s
principle can be written as

ts Sy Ss S3
J U SL,ds +J (0L, +5W)ds+J oL, ds]dt:O, )
1 sy :

0 Sz

where t; and t, are two arbitrary ending times. Only in the interval s;7 < s < 55, the tape is
subjected to the pressure force.

In the process of taking variation of equation (9), using the virtual relations of
displacement and slope and collecting the like terms, we obtain the governing equations:

PA[V 4 + 2¢01 ¢ + P01 5] — T01 s — SEAVT 01 + Elvy s =0, 0<s<sy, (10a)
pA[Vs — 2kPvy + Pk + 2054 + Pvy] — Tk + EAKP v, + 3EAKVS  — T,

— 6EIk*v3 05 — 3 EAV3 05 4 + EAkvy U, o + Elvy oo = (p — Pa)a, 57 < s < 53, (10b)

PA[V34 + 20034 + P3.4] — T35 — 3EAVS U3, + Elvg g5 = 0, 55 <5 < 53 (10¢)

and the boundary conditions

01(0,1) = vy (0,£) = 0, (11a,b)

[EIvy WJoms = [Elvs s + EIke3 oy (110)

[Elvy g)s=s; = [ — 2EIK*v3  + EAkvyvy g + Elvy g ls=gr (11d)
[Elv, o + EIkv3 (Jg=s; = [EIv3 )55 (11e)
[ZElkzv%S — EAkvyvy g + Elvy go]s=s; = LEIV3 go5 s=57» (11f)
03(83,1) = U3 4(53,1) = 0. (11g,h)

V1 (815 8) = Ua (51, 001551, 1) = V2,551, 8), (111, j)

UZ(SE’ t) =1U3 (S2+7 t)aUZ,S(S£7 t) = 03,5(5;, t) (llks 1)
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The boundary conditions (11a, b) and (11g, h) are simply supported at s =0 and
s3 respectively. The boundary conditions (11c, d) and (11e, f) describe the balances of the
bending moment and shear force at s = s; and s, respectively. The continuous conditions
[13] shown in equations (111, j) and (11k, 1) imply that the points just before and after the
LHS and RHS points s = s; and s, have the same displacement and slope respectively. The
12 boundary conditions (11a-1) are enough to solve the three governing equations (10a—c).
All the above motion equations and boundary conditions are based on the Euler-Bernoulli
beam theory [14], and the rotary-inertia pI term is not considered in equations (10) and
(11).

2.3. TRAVELLING STRING MODEL
If all the terms containing EA and k are eliminated, the equation becomes

PA[U,n + ch,st + Czu,ss] - TU,ss + EIv,ssss

= (p — pa)a{H(s — s1) — H(s — s,)}, (12)

where H is the Heaviside function, and the boundary conditions are
v(sy,t) = vg(s1,t) =0, (13a, b)
v(s3,1) = vg(s3,t) = 0. (13c,d)

Equations (12) and (13) are the same as those of beam model studied by Stahl et al. [15],
Granzow and Lebeck [16], and Wickert [17].

The travelling string model can be reduced from the Euler-Bernoulli beam theory by
eliminating the flexural rigidity EI and the non-linear terms in equations (10) and (11).
Therefore, the linear governing equations become

pA [Ul,tt + chl,st + szl,ss] - Tvl,ss = Oa (143)
pALV2 — K20y + ¢k + 2c05 4 + P0p5] — Tk — Toy 5 = (p — pa)a,  (14b)
pA[U3,tt + 2CU3,st + c2v3,ss] - TU3,ss =0. (140)

Equations (14a-c) can be compounded into
pA [U,tt + 2cv,st + sz,ss] - Tv,ss
= [(p — pa)a + pAc*k*v — pAc’k + TKI{H(s — s1) — H(s — 55)}, (15)

where 2pAcvy, is due to the Coriolis acceleration, pAv,, is due to the inertial acceleration,
and pcAvg is the acceleration term due to the travelling speed. The three terms,
pAc’k*v,pAc*k and Tk, are the transverse forces due to the effect of the curvature. If the
curvature effect in equation (15) is eliminated, it is the same as that studied by
Lakshmikumaran and Wickert [18].

The boundary conditions (11) can be simplified as

v(sq,t) = v(s3,t) = 0. (16a, b)

2.4. REYNOLDS EQUATION

In all the previous studies [15-18], the displacement v(x,t) defined in Figure 2(a) is
measured from the x-axis and the separation spacing between the head and tape is

hix,t) = v(x,t) — 0(x), x; <X < X,. (17)
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Figure 2. (a) The previous physical model of the magnetic recording system; (b) the previous magnetic recording
system forced by the pressure (p — p,).
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Figure 3. (a) Developments of steady state tape spacing; (b) developments of steady state pressure rise solutions:
(..., 1ms,—-—-,2ms, ---, 3ms, ———, 10 ms, and ——, 1 s).
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TABLE 1

The parameters of the head-tape coupling system

Tape parameters

El/a(flexural rigidity) 1:52x107° Nm
pA/a(density) 2:07 x 10~ % kg/m?>
T /a(tension) 277 x 10> N/m
¢ (velocity) 2:54 m/s
Lubrication parameters
u (viscosity) 1-81 x 107° N's/m?
p. (ambient pressure) 8-41 x 10* N/m?
4, (mean free path length at ambient pressure) 635x10" 8 m
Head and tape geometry
l 834x10"*m
I 347x 10" % m

2 497%x107*m
r(radius) 2:04x107%m
O(s) is a circular arc

max 635x107°m
Finite difference parameters
At 1x107 s
Ax 127x10"*m

In these studies, the magnetic tape is subjected to the pressure rise (p — p,) as shown in
Figure 2(b), and the curvature effect of the head shape was not considered.

In the present work, the new separation spacing between the head and tape shown in
Figure 1 is defined as

h(s,t) = v(s, 1), $1 <5<, (18)

This separation spacing is then used in the one-dimensional transient Reynolds equation
to compute the pressure p(s, t) in the air-bearing head-tape coupling region s; < s < s,. The
Reynolds equation [15] is

(h*ppy)s + 624pa(h?py)s = 6uc(ph)s + 12u(ph), (19)

where /, is the mean free path length at the ambient air pressure p,, and p is the air viscosity.
In the entrance and exit regions, the pressure is the same as that of the ambient. The
pressures are assumed to be ambient at the edges of head:

p(s1,1) = p(s2, 1) = Pa: (20)

The initial conditions for the air-bearing region within the tangent points are taken as
h(s,0) = 0.643r(6pc/T)*3, (21)

h.(s, 0) =0, (22)

p(s,0) = p, + T/r. (23)

They are the steady state solutions [15] of a perfectly flex foil wraps around a circular
head of radius r. Two coupled transient equations (15) and (19) subjected to their
corresponding boundary and initial conditions must be solved simultaneously.
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MODELLING OF MAGNETIC TAPE RECORDING SYSTEM 645

1.6x10°°

1.5x10°

1.4x107°

1.3x10°°

1.2x10°°

1.1x10°°

head-tape spacingh (m)

1.0x10°

9.0x107

8.0x107 T T T T T T T
0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048 0.050

@ I(m)

2.0x10*

1.5x10*

1.0x10*

5.0x10 *

pressure rise P-Pa

0.0

-5.0x10°

-1.0x10" T T T T T T T
0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048 0.050

(b) I(m)

Figure 5. (a) The steady state head-tape spacing with different radii; (b) the steady state pressure rise with
different radii; -+, r = 0:018 m; ———, r = 0-:0192m; (-----"), r = 0:0204 m.

3. NUMERICAL RESULTS

The numerical results of tape vibration equation (15) for the string model and Reynolds
equation (19) are solved simultaneously by finite difference method. To accomplish this,
a uniform grid of mesh A(s) is imposed on the spatial domain 0 < s < 53, while the time
domain is discretized by a time step A(t). Equation (19) is solved first for h(s, t) at a given time
step, and then the solution of the advanced time step of equation (15) is solved. This process
is repeated for successive time steps.

The appropriate space and time steps, A(s) and A4(t), must be determined first by
numerical experiments. The most critical is the value of A(¢). We find that the solutions of
the equations are stable for value of A(t) substantially larger than that required for accuracy.
To determine a suitable value of A(¢) for a given choice of A(s), a steady state solution is
calculated using a relatively large value of A(f). Next, the solution was continued for
a smaller A(t). If the steady state is achieved in the first run substantially, the solution is
continued for the smaller A(¢). In all the cases, only one or two refinements of A(t) are
necessary to find and cause no change in the steady state solution. Finally, the problem is
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rerun from the initial state using the value A(t) as found above. In a case of the steady state
solution obtained in the final run, the time step A(t) agrees with that obtained by the
refinement [15].

The first attempt is to solve the coupled system for the solution converging to a steady
state solution. Figures 3(a, b) illustrate the transient approach for a typical case, where the
numerical results of the various final times 1, 2, 3, 10 ms, and 1:0s are compared.
Table 1 lists the parameters in the numerical experiments.

In this paper, we are interested to investigate the curvature effect of a wide self-acting
foil-bearing geometry profile. The foil enters and exits through the tape guides and
a bearing contour is positioned between the foil boundary conditions (s; < s < s5).
Figures 4 (a,b,c) show, respectively, the geometric configurations of different radii:
r=0018m with s; = 0-:03937m and s, = 0044958 m, r = 0-:0192m with s; = 0-039116m
and s, = 0045212 m and r = 0:0204 m with s; = 0-038989 m and s, = 0-045339 m. Figures 5(a, b)
compare the steady state head-tape spacing and pressure rise for the different
curvatures (k = 1/r,r = 0-018 m, r = 0-:0192m, and r = 0-0204 m) at the final time ¢t = 1s. It
is seen that as the curvature of the head shape increases, the head-tape spacing and the
pressure rise increase, and the head-tape coupling region decreases.
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Figure 6. (a) The steady state head-tape spacing; (b) the steady state pressure rise with different flexural
rigidities: -+, EI/a = 76 x 10 5 Nm; - —-—, El/a = 1-52x 107> Nm; --—, EI/a = 0 Nm.
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At last, we compared the steady-state solutions between the Euler-Bernoulli beam and
string theories of the magnetic tape. For the beam model, the bending term Elv i must be
added at the LHS of equation (15). In Figures 6(a,b), the results of the head-tape spacing
and pressure rise with different flexural rigidities (EI/a = 1-52x 107, 7-6 x 10~ > and 0 N m)
are compared respectively. It is found that as the flexural rigidity increases, the head-tape
spacing increases. However, the pressure rise does not increase significantly.

4. CONCLUSIONS

The Hamilton’s principle and calculus of variation are successfully employed to derive
the governing equations and the boundary conditions of the head-tape coupling system. In
the new dynamic modelling, the magnetic tape is divided into the entrance, head-tape
coupling and exit regions. In the head-tape coupling region, the curvature effect of circular
arc of the magnetic head is included in the vibration analysis of the head-tape coupling
system. Numerical results for the steady state head-tape spacing and pressure rises are
compared for different curvatures of head shapes. It is found that as the curvature of the
head shape increases, the head—tape coupling region decreases, and the head-tape spacing
and pressure rise increase in the tape-head coupling region.
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