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H oo ABSTRACT

The amount of interaction between a fluid and a compliant

cdating is studied for a one dimensional shear fluid disturb-

%)

]

’ ance. A thin inhomogeneous viscoelastic layer is located at

X

A the interface between the fluid and the coating. The fluid is

% assumed to have no mean flow field. The effect of different

g coating properties, thickness of compliant coating and of

% transition layer as well as the frequency of oscillations are
% analyzed.
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;fs I. INTRODUCTION

4 (]

S The drag of a body can be decreased by a compliant coating
; only if a considerable amount of interaction exists between the
3 fluid and the coating. The coating has to be able to be

; excited by a fluid disturbance and, in turn, the coating

,§ ! disturbance has to change the characteristics of the fluid

f disturbance in such manner as to decrease the overall drag of
i; the body.

ﬁ | In typical applications, the flow field will have either a
;3 laminar or a turbulent boundary layer. For low Reynolds

} numbers (air application), the boundary layer will typically be
E laminar whereas for high Reynolds numbers (underwater applica-
¥ tion) the boundary layer will be turbulent. The interaction

‘ﬁ ] phenomenon required for drag reduction may be totally different
4 " in the two cases. The drag of a body with a laminar boundary

1 layer will consist mostly of the drag due to skin fri?tion.

E The drag of the same body but with a turbulent boundary layer

.i will, however, be influenced the most by the magnitude of the

: Reynolds turbulent stresses. The drag due to the laminar

) sublayer is always smaller than the drag due to the normal

é Reynolds stresses acting on a wavy wall (fig. 1).

‘? In order to properly model the fluid-structure inter-

? action, as represented by the flow fields discussed above, two
; . types of fluid disturbance should be analyzed: shear disturb-

N ance and normal (or longitudinal) disturbance. The shear

j ) disturbance will serve to simulate the interaction of the fluid
R
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with the coating for either the laminar boundary layer case or
¢ the laminar sublayer underneath the turbulent boundary layer.

The longitudinal (or acoustic) disturbance result will be used

RNy

to model the interaction between the Reynoids turbulent

&

-
'

stresges and the compliant surface.

The parameters which govern the local properties of a one
dimensional medium can be taken to be the density and the local
wave speed of the medium. A disturbance traveling in a given
direction will be partially reflected whenever a discontinuity
in the properties of the medium exist. The interface between a
coating and a fluid is an example of a medium discontinuity.

If the effect of the discontinuity could be ameliorated then
the reflection and the transmission of energy from one medium
to another could be changed. A transition layer which spreads
out the discontinuity between the two media, in a gradual
manner, can be expected to increase the magnitude of the
interaction between the two media.' The properties of the
transition layer may vary continuously from that of a solid on
one side to that of a fluid on the other side. Alternatively,
the transition layer may be assumed to be an equivalent layer
whose properties are determined by the overall local motion of

the surface of the coating (Fig.(2)). The transition layer

will thus exhibit the properties of an inhomogeneous layer with
continuously varying properties (Fig. (3)). Thus the transition
layer can either be designed as part of the compliant coating

or it can be thought to be an integral part of the coating with

the mean transition layer properties due mainly to the

.
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2 inability to properly identify the location of the interface
8 being forced in a random manner by the turbulence; in this
) context, then the transition layer will acquire average
v
? properties of the solid and the fluid and the actual magnitude
* of the properties will depend upon the average of the space-
j time history of the surface motion at each location.
A
R In the two previous reports,l1,2 .. digetribution of both
shear and normal disturbances, due to a disturbance at the
;§ bottom of the compliant coating were studied (Fig. (4)). The
§ results indicated that the transmission of shear disturbances
g into the fluid can be altered considerably by the presence of a
; thin transition'layer.l For the same conditions, longitudinal
:% (or normal) wall disturbances will be affected by the
; , transition layer in a much reduced manner.
‘; Pedersen et all have ghown that an inhomogeneous layer
% ’ with an exponentially varying ilmpedance at the interface
i varying from that of a solid to that of a fluid increases the
'j acoustic energy transmitted from the solid into the fluid.
-
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II. ANALYSIS

The analysis consists of the derivation of the governing -

equations for the fluid, the elastic solid and the tranaition
layer and the numerical technique utilized to integrate the

resulting differential equations.

1

‘II.1 Fluid

Consider a one dimensional fluid disturbance located at a

distance h from the lower wall (Fig (3)). The equations
governing the fluid motion, in its most general form are the

Navier~Stokes equations and the continuity equation.

DV, At 3Type o
f
T @
s Dv T T
- 2 - 21f .22
’ P ot * Tax ¢ 33 ’ (2)
v oV
Do 1 _2)y =
Bt PG * gD =0, (3)

D

where It is the material derivative and is given by

D
bt

= 9_ 9 a_
aw tiwx tYe 3y (4)
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direction respectively and pg is the fluid density. The fluid

stresses T, ., T .. Ty and Typs dre given by

: v v
- 4 1 2 2

" ‘l'”fs P+U[§F"3'§-y— R (5)
v N
< 2f T st [y Y w ’ (6)
¥ r v
. T 2 1 4 V2
) = -p + - e—— —
: 2f= peu -5 5 e452] ()
where u is the fluid viscosity.
For a one dimensional fluid shear distrubance, the vy
e component of velocity term will be zero. If the fluid
fj disturbance is assumed to vary sinusoidally in time,
| . vy = vy exp(-iwt) , (8)
- then the governing equation reduces to
j dv

d 1 =
3 a-y (uw- ) + ‘ipfu) V-I 0 . (9)
i I1.2 Solid
,: . The fluid disturbance will propagate from its source to -
B
H the fluid-solid interface, where the no slip condition and the
: -5-
¥
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continuity of stress will cause the disturbance to propagate
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. into the fluid.

23

The generalized equations for the motion of the solid are

:i the Navier equations:

~

I" 2

s s at? X oy ’

4

v

< : 3%u

> s —2 . Tas %M ) l
s at? 39X 3y r

P

§ where p is the density of the material. The solid particle

o)

j displacements in the x and the y direction are u; and u2

: respectively. The solid stresses are linearly related to the
AN

- particle displacements u, and up>

¢ 26 duy duyq

2. s * & [“-V’sr *”a—y‘]' (12)
-

T12s © Tas T G[ ™ ] y (13)
.3

: u au

i - 26 1 2

-; Ts = T e + (1-v) 3y ]’ (14)
- where G is the shear modulus and v is Poisson ratio. 1In

_f general G will be a real number i1f the solid is purely elastic
i and a complex number if the material has damping properties.

i If the fluid disturbance is a shear vibration and is

4

N independent of its x location then the solid will, by

L™

l@ . necessity, vibrate in a similar fashion; thus equations 10-14
)

; are combined into an ordinary differential equation

e du

e d

: F g -eut=0 . (15)
X -6-
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A
N s For an inhomogeneous viscoelastic medium, the shear
i modulus G will be a complex function of y.
N @
i
N
3 I1.3 Unified Theory
3 The differential equation governing the fluid motion (Eq.9)
7 .and the -equation. governing the solid motion (Eq. 15) are
E seen to be very similar. For a fluid disturbance with no mean
¢ flow field, the fluid disturbance velocity v; 18 related to the
particle displacement u; by
. V‘I =. -i‘nU" . . (]6)
i The vibration of the fluid-solid system can be combined

into a unified equation given by

RS

& kgh) +ewtuy =0 (17)

' The parameter K is given by
‘ G solid

=iwu fluid ,

A L A L . e

and the density p is either the solid or the fiuid density.

The transition layer interposed between the fluid and the solid !
will be assumed to vary exponentially from the shear modulus G

on one side to the fluid viscosity H on the other. The

...................
..................
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discontinuous parameter K can thus be written as
K(y) = -iuw + [6 + ipw] exp(- y/2)" . (19)

For values of y close to the inner wall, the elastic solid
properties are recovered and for values of y far removed frox
the interface region (i.e. y >>2), the fluid properties are
obtained. 1In equation 19, £ is the nominal thickness of the
compliant coating and n is inversely related to the thickness
of the transition layer. 1In the limit as n*> , the thickness
of the transition layer approaches zero and the classical
elastic=solid-viscous-fluid equations are recovered.

Equations (17) and (19) can be re-cast in dimensionless
form and become

du1

. d .
. v Way ) * T Ry =0 ’ (17a)
) H(y) = -iR + (1+iR) exp(-y/2)" . (19a)

H 18 defined to be equal to K non-dimensionalized with respect
to the shear modulus G. For simplicity, it is assumed that the
fluid and the solid have the same density; this is a good
approximation for a rubber type of coating immersed in water.
R is defined to be the square of the ratio of the speed of
shear disturbances of the fluid to that of the elastic solid. T
is defined as the ratio of nominal coating thickness % to the
fluid shear wavelength Af, thus
R = (cp/c)? ‘ (20)
I = 2ma/A¢ . (21)

. .
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The fluid shear wave speed c. and the elastic solid

transverse speed cg are given by

c& = w/p ; (22
¢z = o/p : (23)

The parameters R and T can also be written as

R= w/6= (A )2 (202)

-3
"

wl/cg = & (pcu/u)15 . (21a)

In the limiting conditions (1.e. y<<f and y>>% ), the
unified system of equations reduce to the proper equations.
For y<<f , H equals to unity and equation 17a reduces to

2
d uy

Fv + rzRu] =0 . (24)

For y>>%, H equals -iR and the differential equation becomes

2
2

+ir? up = 0 . (25)
dy?

I1.4 Numerical Solutions

The governing unified differential equation

duy,
g.y(na.yl)»r rRuy =0 (17a)

-9-




is subject to the wall boundary condition and the imposed

particle velocity at y=h; thus

0 , (26)

L]

Uy (0)

(27)

[
-—
.

u] (h) =

Equation 17a subject the boundary conditisns 26 and 27 is
a split boundary value problem. The technique utilized to
solve the differential equation is the Runge-Kutta numerical

integration starting at y=0 and going out to y=h. The initial

value of the slope of u, ;¢ yu0 415 then iterated until the
outer boundary condition uj(h)=1 1s satisfied. The iteration
technique used 1is a linear interpolation and in most cases, 6~8
iterations are required to obtain accuracy of better than 0.1%.
The step size required for the numerical integration is a
function of the parameters R and ' and varies from y=0.01 to
y=0.001. In general, the smaller step size is required for
either thicker coatings, thinner transition layers or higher
frequencies.

It should be noted that all the parameters are complex

numbers, so that the iteration on the initial slope of ulis
really a double iteration, one on the real part of the

derivative and the other on the imaginary part.

The complete copy of the computer program used to solve the

system of equations can be found in the appendix.
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III. DISCUSSION AND RESULTS

The results from the numerical integration of the
equations is presented in the form of displacement, shear
stress and power distribution from the disturbance location,
through the transition layer and in the elastic coating.

The dimensionless parameters that have been studied are:

1. location of disturbance - h -,

2. thickness of transition layer - n -,

3. thickness of coating - ¢ -,

4. property of coating - R -.

The location of the disturbance is non~dimensionalized
with respect to the nominal coating thickness £ . Thus values
of h (fig. 1) less than unity correspond to disturbances
originating within the coating, while values of h greater than
unity correspond to disturbances within the fluid.

Values of n are inversley related to the thickness of the
transition layer. Figure 4 shows the variation of the real and
imaginary part of H (Eq. 19a) for two different values of n.

A value of n equal to 8 thus corresponds to a transition
layer starting at y/i= 0.75 and ending at about y/f=1.35. The
transition layer is thus seen to be about equal in thickness as
the main coating itself. A value of n equal to 32 instead
corresponds to a transition layer starting at y/2¢=0.95 and
ending ay y/2= 1.05; the thickness of the transition layer is

thus equal to 10X of the compliant coating. The transition

-11-
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layer has been defined as starting where the value of the real
part of H is less than 902 of its value within the compliant
coating. In a similar manner, the outer edge of the transition
layer 1is defined to be the point where the value of the
imaginary part of H is within 102 of the fluid value. The
point where the real part of H equals the imaginary part is the
location where the transition layer switches behavior, from
solid-like to fluid-1ike. -
Very rigid coatings with relatively large shear moduli
will give rise to smaller values of the parameter R than softer
coatings. The value of ' , being linearly related to the
dimensional coating thickness “2" will also give an indication
of the relative magnitude of the thickness of the coating. As
it can be verified by the corresponding definition of both R
anq I' , higher frequencies for the disturbance will result in a
simultaneous increase in both parameters. Table I gives
typical values for frequencies, coating thickness xnd shear
vave speed of the coating for the range of values of R and T

considered in this report.
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- -9 Cg = 2500 m/s --- £ = 103g;
R = 10

Ceg = 250 m/s -—— £ = 10 Hz

2 -7 e, = 250 w/s -—- £ = 107 Hz
: R = 10
, Cg = 25 m/8s === £ = 10 Hz

- c. = 25 m/s --- £ = 103 gz
N R = 1077 s
. ca - 2.5 -/. -== f = 10 Hz

.. fae 103 Hz ---2 = 0.25 am
. f = 10 Hg === f = 1.25 an

3 . 3

iﬁ - f = 10° H === 2 = 1.25 am

: T = 102
X £f = 10 Hg === 2 = 12.5 aam

By e

£ a 103 Hz === 2 = 1.25 cm

3
I =10 £f= 10 Hz =-- % = 12.5 cm

s eame e
ANAR 3

hE

Table 1 - Typical Values of R and I for

. .o f@ .
v

\ and Elastic-Coating-Water System.
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:ﬁ The results of the numerical integration of the

[: differential equation afe presented in terms of particle

? ) displacenent |u I, local shear stress |T| and local power

% distribution | P | for the different parameters (n, h, R, ')

) considered. The power transmitted from the location of the

VE disturbance to any point of interest is obtained from the

3 definition ]

\I T

i P =f T du s (28)
: 0

.E where the integral 1is over one cycle of the disturbance and T
. and u are the local shear stress and particle displacement

‘E respectively. Noting that

N

3 ) T = 1(y) exp(-iwt) s (29)
g du = vdt = -feudt . (30)
T = 1/f . : (31)
¥

3 equation 28 can be written as

: P = t(y) uly) . (32)
é Figures 5-7 show the particle displacement distribution
vi for different location, h, of the disturbance and for three

y values of '. Only the profiles from the wall to the disturb-
ance is shown. Values of h less than unity correspond to

disturbances within the solid. The displacement distribution

for 2ll points within the solid, as expected, is thus seen to

P4 Ol gy
o
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be linear. For all values of I considered, the shear fluid
disturbance decays rapidly within the fluid and then once it
has passed the tramsition layer, goes to zero at the wall
linearly. Figure 8 shows the same type of result inm both the
linear and the log scale. The dotted lines shown in each of
the figures correspond to the classical solution in the absence
of a transition layer. Note that, while in the linear sciie,
the difference between the two displacement distribution seens
negligible, when the results are presented on a log scale, the
difference between the results with and without the transition
layer is more obvious. Figure 9 shows the effect of the
transition layer thickness on the displacement distribution,
where it is seen that a 10X transition l;yer thickness (i.e.
‘n=32) will still produce a particle displacement distribution
an order of magnitude larger than the classical no transition
layer solution. Note that for this particular case the
displacement distribution within the solid is about 10 orders
of magnitude smaller than the initial value. Figure 10 shows
the effect of the elastic layer property R on the displacement
distribution and is compared with the classical solution. As

in the other cases the coating displacement is magnified by the

transition layer.

Figures 11-16 show the shear stress distribution within
the transition layer and the compliant coating for the

different cases considered. Fig. 11 shows the distribution for

=15-
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three different source location. The distribution for the
transition layer case is equal to the classical analysis up to
the point where the visco-elastic layer switches from fluidlike
to solid-like; at this point the shear stress suddenly
increases by an order of magnitude and it then remains constant
to the wall. The magnitude of this shift is dependent updn the
thickness of the transition layer. The comparisons between the
results with and without the viscoelastic layer depend upon
whether in the classical solution the elastic is assumed to
exist up to y=% or out to the location where the layer switches
from solid-like to fluid-like (i.e. y=1.372% for R = 1075
either case, the present model is seen to cause larger stresses
within the compliant layer. Figure 12 shows the effect of the
thickness of the viscoelastic layer. Figures 13 and 14
illustrate the effect of different coating materials for two
different layer thicknesses and it is seen that in both
instances, the softer compliant coatings (i.e. larger values of
R) will result in greater differences between the coating-fluid
systems wlth and without the transition layer. Figures 15 and
16 show the effect of the compliant coating thickness upon the
shear stress distribution. From these figures it is seen that
the importance of the transition layer is more clear for
thicker compliant coatings (i.e. larger values of ). The
thicker viscoelastic layer, not only causes the sharp reversal

in the stress distribution, but under certain coanditions,

causes a double reversal to develop (see R=10"3* I'= 200 case).

The parameter that determines the magnitude of the

16~
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interaction between the fluid and the compliant coating is the

amount of power (Eq. 32) transmitted from the fluid into the

cpg;ing,u'rigure 17 shows the effect of transition layer

thickness on the power level, and figure 18 considers different

coating materials. 1In all cases, the transition layer allows

more power to be transmitted into the coating. From the
F results presented in figure 18 it is seen that while the
; transmitted power for the no transition layer varies linearly

f as a function of R, the presence of the transition layer

reduces the dependence to about 31/2,

Figures 19 and 20 compare the exponentially varying
transition layer inhomogeneity with a linear inhomogeneity with
the same end conditions. A stress driven fluid disturbance
propagating into the coating is shown in figure 21 and 22 and
as expected it is seen to have exactly the same distridbution as
the displacement driven disturbance. This latter result is as
expected from the reciprocal theorea of linear media.

The results by Pedersen et 113 are in general agreement

with the results obtained in this report.

-17-




IV. CONCLUSION

In this present analysis, the interaction between a fluid
transverse disturbance, a purely elastic compliant coating and
an inhomogeneous transition layer at the interface has beéﬁ
studied. The fluid disturbance has been assumed to take place
in the absence of a mean flow field, and either a transverse
displacement or a shear stress have been assumed to be one
dimensional in space and sinusoidal in time.

The results obtained in this report, have shown that a
thin viscoelastic inhomogeneous layer can radically alter the
interaction between a fluid shear disturbance and a compliant
surface. Depending upon the coating and the transition layer
thickness as well as the frequency of oscillation, the presence
of the transition layer lets a greater amount of energy into
the coating.

Although, to more fully understand the interaction
mechanism, the compliant coating was assumed to be purely
elastic, the results can be carried over to the case of a
damped coating. The transition layer will allow more of the
energy into the coating which would then be absorbded.

The inhomogeneity of the layer can be thought as being due
to one or more of four possibilities: (1) layer with coantin-
uously varying conditions, (2) a series of thinner homogeneous
layers each having different properties, (3) the coating is

hydrophobic (4) the coating, being forced in a random manner by
-18
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the fluid effectively spreads out the discontinuities of the
interface into a layer with finite thickness.

The greater percentage of power transfer from the fluid
into the coating, achieved by means of a transition layer may
stimulate new ideas which could lead to more successful

compliant coatings.
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Fig. 1. Compliant-Coating-Boundary-Layer-Interaction. (a) Laminar
Boundary Layer; ?b) Turbulent Boundary Layer.
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Fig. 2. Transition Layer Models. (a) Viscoelastic Inhomogeneous Layer;
(b) Equivalent Transition Layer Due to Surface Motion.
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Fig. 3. Variation of the Stress-Strain Coefficient as a Function of
Wall Distance for (a) No Transition, (b) Inhomogeneous Transition
Layer.
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Fig. 5. Particle Displacement Distribution. Effects of Location of
Disturbance. R = 10‘5, r =10, n = 8, ---- No Transition Layer.
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Fig. 6. Particle Displacement Distribution. Effect of Location of
Disturbance. R =105, T =50, n = 8.
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)/ NO TRANSITION LAYER
h=15

Y h=1.25

h=10

Fig. 7. Particle Displacement Distribution. Effect of Location of
Disturbance. R = 10-5, r = 200, n = 8.
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Fig. 8. Typical Particle Displacement Distribution. R = 10'5. n=32, h=1.25.
(a) Linear Scale; (b) Log Scale, =---- No Transition Layer. :
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. Fig. 20. Comparison of Shear Stress Distribution for the Exponential
. and the Linear Inhomogeneity. R = 105, T = 50, n = 32,

~. h =1.25. Exponential Inhomogeneity. ----- Linear
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Fig. 22. Stress Distribution for a Stress-Driven Shear Disturbance
R=10-5, T =50, h=1.25, n= 32,
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APPENDIX |

Computer program used to evaluate displacement, stress and

power distribution due to a unit displacement (or velocity) at

y=h.
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