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The Transient Response Characteristics of
Compliant Coating to Pressure Fluctuations
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The amplitude and phase lag of surface deformation were determined for a compliant coating
under the action of turbulent pressure fluctuations. For this purpose, pressure fluctuations were
measured experimentally. The amplitude and duration of coherent wave train of pressure
fluctuations were investigated using digital filtration. The transient response was calculated for
stabilization of forced oscillations of the coating in approximation of local deformation. The
response of coating was analyzed with considerations of its inertial properties and limited
duration of coherent harmonics action of pressure fluctuations. It is shown that a compliant
coating interacts not with the whole spectrum of pressure fluctuations, but only with a frequency
range near the first resonance. According to the analysis, with increasing elasticity modulus of
the coating material £, deformation amplitude decreases as 1/E, and dimensionless velocity of
the coating surface decreases as 1/y/ E . For sufficiently hard coatings, deformation amplitude
becomes smaller than the thickness of viscous sublayer, while surface velocity remains compa-
rable to vertical velocity fluctuations of the flow.
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Nomenclature
C : Complex compliance of coating N Number of periods
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st - L.
E I Modulus of elasticity of viscoelastic coat- rigid-wall turbulent boundary layer
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Esn  Shear modulus of viscoelastic coating ma- ~ %o - Rms normal velocity fluctuation in the rig-
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fo : 1% resonance frequency of coating Vcoat - Normal component of coating deformation
H : Thickness of coating velocity
Ky @ Amplification factor (Ks=|{(H, t)|/As) As: . Static deformation of coating (As;=PH/
E)
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¢ Coating deformation
£  Nondimensional frequency

1. Introduction

The study of compliant coating has been a re-
current research topic for nearly 50 years. The
history of associated studies can be classified into
several stages. The initial, celebrated success by
Kramer (1957) inspired many researchers to at-
tempt to reproduce and understand his results.
Experimental works were about drag reduction
in turbulent flows (Blick and Walters, 1968 ;
Lissaman and Harris, 1969) and about transition
delay (Benjamin, 1960). Dixon et al.(1994) re-
ported results of optimizing a two-layer coating,
the transition Reynolds number becomes 5 times
the value for a rigid surface. In the experiments of
Gaster (1988), 30% higher transition Reynolds
number was reported in association with the com-
pliant coating.

Kramer’s coatings (1960) imitated the dolphin’s
skin and had very complex structures : several lay-
ers of viscoelastic materials connected by col-
umns or ribs and, in addition, filled with viscous
liquid. Analysis of oscillation characteristics for
these coatings is extremely difficult, having re-
mained unsolved until now. In the first stage of
study, simpler coatings, the so-called ‘membrane
coatings’, were used. There are many construc-
tions of compliant coatings and different para-
meters need to describe its properties. Classific-
ation of coatings schemes, taken from Kulik et al.
(1991), is given in Fig. 1. The oscillation char-
acteristics of membrane-coatings might change in
wide region from the film stresses (in different
directions) and using liquids with different vis-
cosity. However, these coatings cannot be used
in practice. A critical review of the first stage of
study was presented by Bushnell et al.(1977).

An alternative to the membrane coating is the
single-layered coating, which consists of homo-
geneous viscoelastic materials. This type is more
practical in terms of construction. According to
the relationship between the shear wave speed
Cshz/m and the freestream velocity U, the
coating is classified into two categories; ‘soft’

Deformed Coating

I

————
Homogenoeus || Porous medium | One Layer | | Mulli-Layerl
medium under under the
the membrane membrane

Fig. 1 Classification of compliant coatings

coating, in which a traveling shear wave develops
(Gad-El-Hak, 1986 ; Lee et al., 1993), and ‘hard’
coating, which ‘locally’ deforms to the pressure
fluctuations (Semenov and Semenova, 1988).

For the ‘soft’ coating, the condition of the exis-
tence of the traveling waves Cs,< Ux/1.2 (Duncan
et al., 1985), yields the upper limit for the shear
modulus of the coating. This kind of coating
should be in a jelly-like state, which is not appli-
cable to real practice. Comprehensive review of
theoretical and experimental studies was made by
Gad-el-Hak (1996). On the other hand, the ‘hard’
compliant coating consists of strong enough ma-
terials with high modulus of elasticity (Kulik et
al., 1991 ; Choi et al., 1997). Typical hard coat-
ings have been made from silicone rubber with
the thickness H varying from 2 to 7 mm and
modulus of elasticity E being roughly 5 MPa. The
major drawback of this material is the temporal
change of viscoelastic properties (aging) (Kulik,
2000) .

The drag reduction mechanism by compliant
coating was first attributed to the dissipation of
turbulent energy inside coating by Kozlov et al.
(1985). This attempt, however, lacked the de-
tailed measurement data, especially dynamic vis-
coelastic material properties. Later it was found
that this hypothesis contradicted to the experi-
mental results by Semenov and Semenova (1988).
Kulik et al.(1991) also demonstrated that energy
dissipation inside the coating is responsible for
only 0.01% of the total energy dissipation.

Semenov (1991) suggested and developed a kine-
matical hypothesis of interaction between com-
pliant coating and turbulent flow, as shown in
Fig. 2. Turbulent pressure fluctuations deform the
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Fig. 2 Mechanism of drag reduction by compliant
coating

coating surface. In the near-wall region the dis-
turbances from coating are added to the veloci-
ty fluctuations, thereby changing the Reynolds
stress. When the change is such that the turbu-
lence production decreases, it eventually leads to
drag reduction. Using simple models of turbu-
lence, it was shown that the phase lag of coating
deformation from pulsated pressure should be
in certain range (Semenov, 1991). This condition
was satisfied when the dimensionless resonance
frequency fit'=/ov/u> lies within the range 0.02
< fo"<0.6. This condition is consistent with the
idea of Fisher et al.(1975) for damping turbulent
bursts by coating.

The above-mentioned researches were based on
the assumption of ‘stationary deformation’, which
implies an instantaneous interaction of the coat-
ing under the action of pressure fluctuations. To
be more specific, harmonic interaction with con-
stant amplitude Ae™? is considered in this re-
gime. Figure 3 delineates differences in various
assumptions for the analysis of coating deforma-
tion. Real compliant coating is characterized with
its inertial properties, that is, finite density and
nonzero loss tangent. It is apparent that a real
compliant coating cannot oscillate instantly, ow-
ing to its inertial properties. This implies that the
temporal relaxation process of coating deforma-
tion under the action of non-stationary pressure
fluctuations should be analyzed.

Coating
Deformation

! f
Stationary Interaction MNon-stationary
Harmonic : ~e"" Interaction

Unsteady : {~A(t)e
i i [

Wave Locally-deformed “Step" “Bell-shape”
formation without waves influence influence

Bt

Fig. 3 Classification of assumptions for the analysis
coating deformations

In summary, investigations of the response of
compliant coating to pressure fluctuations can be
separated into characterization of the unsteadi-
ness of pressure fluctuations and analysis of tran-
sient coating response. Toward shedding some
lights on these two aspects, the present study
consists of three parts ; experimental investigation
of the unsteady coherent characteristics of wall
pressure fluctuations (Section II) and a calcula-
tion of coating response for the step-form pres-
sure fluctuations (Section III) and for the bell-
shape oscillatory wave-train (Section 1V), fol-
lowed by the discussion on the importance of the
loss factor in maximizing compliant coating de-
formation and hence the drag reduction effect
(Section V).

2. Measurements of Duration of
Coherent Action of Wall
Pressure Harmonics

If the applied pressure fluctuations are com-
pletely random, the corresponding coating defor-
mation becomes very small due to the inertia
effect. To effectively “excite” the coating, the ap-
plied load should be coherent over for a certain
period of time. If the duration of such coherent
impact is short, the amplitude at the end of the
action will be lower than that for the case of
stationary impact with the same force. It will be
investigated in the later section how deformation
amplitude depends upon the impact frequency
and duration. The duration of coherent action of
pressure fluctuations is also experimentally de-
termined in this section for the case of hydro-
dynamic measurements in an open channel with
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1991).
The wall-pressure signatures caused by the con-

natural external turbulence (Kulik et al.,

vecting turbulent eddies were analyzed by Russell
(1998). When the vortex structure passes by the
pressure transducer, the narrow-band analyzer
yields an output signal, the envelope of which has
a dome-like shape. As this structure approaches
the sensor, the harmonic amplitude will first in-
creases, and then decay out (Fig. 4). Pressure
fluctuations filtered by a narrow-bandpass filter
have a quasi-coherent character during the whole
period of a vortex structure passing by the probe,
that is, the period of one wave train. Therefore,
the time of coherent impact is determined by
duration of a wave train.

Recording of the pressure fluctuation signal
was performed using a measurement recorder
(Schlumberger) with frequency modulation. The
diameter D of the sensing area of the transducer
was D=1.5 mm. This probe was flush-mounted
to the streamlined surface of a body of revolu-
tion towed at a velocity of 9 m/s, within zero
pressure gradient turbulent flow. Details of the
measurement setup can be found in Kulik et al.
(1991) and Choi et al.(1997).
of a signal was performed using a specially de-

Digital filtering

veloped software package. The standard sound-
board “Vibra 16” was used for the data acquisi-
tion. The signal was quantized under the 16-bit
mode at three sampling frequencies : 11,025, 22,
050, 44,100 Hz. Bandpass filtering was performed
using a pulse filter with finite response region
with the Potter window. The bandwidths of the
filter were set to four regimes : octave, 1/3-octave,
1/6-octave, and 1/9-octave. The passband ripple,
the nonuniformity inside the passband, is almost
negligible and the decay rate beyond the passband

N | I|| i
Narrow band — ‘HI'||||I|| i .H"\
pass analyzer ‘ i \ |'| Ve

\

Sensor

.||‘|‘|

Fig. 4 The measurement scheme

is over —110dB/octave.
Typical signals after filtering are shown in
Figs. 5 and 6. The filtered pressure signal largely
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Fig. 5 Filtered pressure s1gnal examples using 1/3-

octave filters with varying center frequency
fo: (a) /=500; (b) fo=630; (c) /ob=794 Hz
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Fig. 6 Filtered pressure signal examples with the
center frequency f,=1587 Hz and varying
bandwidth, (a) octave filter; (b) 1/3-octave
filter ; (c) 1/6-octave filter
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consists of two parts ; one is fundamental oscilla-
tion component corresponding to the center fre-
quency of the filter and the other is low-frequency
modulation component representing the envelope.
The shape of envelope is largely asymmetric with
time, while symmetric is found only occasionally
(e.g. Fig. 5(c) at £=0.722—0.736 sec ; Fig. 6(b)
and (c) at £=0.717—0.723 sec). With 1/3-octave
bandpass filtering (in Fig. 5), visual separation of
the oscillation trains becomes possible from in-
termediate filter frequency of f>500 Hz. With
increasing center frequency, it is necessary to use
filters with narrower bandwidth. Thus, at the fre-
quency of f,=1587 Hz (Fig. 6), octave filtering is
not efficient, while the 1/6-octave filter does not
provide additional information in comparison
with the 1/3-octave filter.

In order to describe the response of a compliant
coating to turbulent pressure fluctuations, it is
important to know the characteristics of coherent
impact, that is, the shape of the wave-train en-
velope and the number of oscillations in one
wave train. It is found that a change in oscillation
phase occurs at the wave-train boundaries, as
marked by stars in Fig. 5. It is notable that the
duration of quasi-coherent action may be longer
than one train of oscillations.

Closer comparison of the wave trains reveals
the similarity that one wave-train consists of sev-
eral oscillations, the number of which increases
from 5 (at a frequency of 600 Hz) to 10 (1.5 kHz)
with increasing filter frequency. This is because
the vortical structure, consisting of various scales
and frequency components, moves as a whole
with a fixed convective velocity. For comparison,
based on the measurement of Willmarth (1975),
Duncan (1986) assumed for his calculations that
there are six oscillation periods in one wave train.

3. Calculation of a Transition
Regime for Stabilization of
Forced Oscillations

A transitional regime for the stabilization of
forced oscillations is investigated in the current
section for the simplest coating consisting of a
single layer of homogeneous viscoelastic material

glued to a solid substrate. The coating material
has an elasticity modulus £ and viscosity g. It is
also assumed that coating deforms only locally
(Kulik, 2000).

Let &(y, t) be a displacement of coating layer
at height y at time f. The equation of coating
oscillations takes the following form (Semenov
and Semenova 1988 ; Kulik 2000)

FL_ . F it

with initial conditions

¢(y, t) =0, %zo at £<0 (2)

and boundary conditions

&(y)=0 at y=0 (on a rigid wall)

__pot ¢ _ 3
P(t)=—E o M oot at y=H (3)
(on a flexible surface)
where
o 0 for <0
P<t>_{PeXp(iwl‘) for =0

Here, P is the amplitude of wall pressure with
frequency w. Using the integral transformation of
Laplace, we obtain the following :

7 Pexp(&t)

H, t)=+=~
ST fm (—iw)&/o(E+ud)
tanh (EHV o/ (E+ p€) ) dé

Singular points are :

1. £=0;
2. E=iw;
3.6=—FE/p;

_ —r0k+1)*utr(2k+1) 1 (2k+1)% - 16-HEp

8HZ

4. &

The first special point yields a trivial solution
independent of #, the second point yields stabi-
lized oscillations, the third point is the limit case
in succession &, as k— oo. Singular points 4
describe a transient response. Summing all the
deductions, we finally get the following :
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Pexpliot) tanh( iwH )
i/ (E+iop o J(ioptE)/p 4)
2P & exp(&xt) (uén+E)
How52w &,(&—iw) (u€x+2E)

C(H, t)=

Using the relationship

[Tia =5 (iFa@+1+i/ita—1)

after separation of the real and imaginary parts,
equation (4) can be arranged in the form of

EH, )=|¢(H, t)|exp[i(wt—0)]

Viscoelastic properties of real materials gener-
ally depend on frequency. At a fixed temperature,
there exists a plateau region where the elastici-
ty modulus and loss tangent 7=pw/E scarcely
depend on frequency.

Figures 7(a) and (b) represent the three-di-
mensional contour plots of coating deformation
amplitude | £ (H, ¢)| and phase @ as a function
of the number of time-periods of oscillation N
and a dimensionless frequency £, which is de-

fined as
o e [P
Q=Huo/o/E [ 2(1+79) } )

For transient response, the number of periods N
is meaningful, because it is a measure of time nor-
malized by the period of each frequency compo-
nent. (N=¢/(2x/w)=wt/x). Under the stable
oscillation regime, the coating deformation de-
pends only on the frequency parameter £. There
is no generalized parameter for describing of the
transient regime in contrast to steady oscillations
(this will be discussed later), therefore, in Fig. 7
we used coating properties almost similar to those
in Kulik et al.(1991) and Choi et al. (1997), name-
ly: H=5mm, E=5X10°Pa, p0=2X%10%kg/m®
7=0.2 and P=1 Pa. Here, as shown by Semenov
(1996), the amplitude of steady oscillations has
several maximums depending on oscillation fre-
quency. The first of them corresponds to the natu-
ral resonance at the dimensionless frequency £~
7/2. With increasing frequency £, the amplitude
in the transient regime becomes more oscillatory
with respect to NV, and the steady regime begins
from a larger value of N. In addition, the phase
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Fig. 7 Contour plots for the transient response of

amplitude (a) and phase (b) of forced oscil-
lations

exhibits clearer oscillatory behavior than the am-
plitude does.

For easy comparison, Fig. 8 illustrates transient
processes at the first resonance frequency. The
amplification factor Ky=|¢(H, t)|/As:, defor-
mation amplitude | & (H, #) | normalized by static
deformation value As;=PH/E, decreases signi-
ficantly with increasing loss tangent 7. Same
tendency can be found for the transition time,
which is the time required for the amplitude Ky to
attain a saturated value. The number of oscilla-
tion periods NN; required to reach the given am-
plitude level [/=|¢(#)|/|¢(t=0)| at the fre-
quency of the first resonance is shown in Fig. 9.
For 7>0.4, the relaxation time to /=0.708=1/
4/ 2 becomes less than one oscillation period. To
excite the coating to the half of the stationary
oscillation levels (/=0.5), it takes roughly half
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Transient process for stabilization of ampli-

tude of forced oscillations at the first reso-

nance frequency

o T I T | T [ T .I- T I
0.0 0.4 0.8 12 16 @ 20
Fig. 9 The number of oscillation periods required to
attain the given amplitude level. /=0.708
(@),05 (A)

of that required to reach the level /=0.708. For
materials with a loss-tangent plateau (7 does not
depend on frequency), change of the coating ma-
terial parameters (E, o and H) leads only to a
change in frequency @ of the first resonance and
does not affect the relaxation process. Therefore,
the relationships obtained are true for the whole
range of £, p and H.

For the higher order resonance frequencies, an-
alysis revealed a drastic increase in the relaxation

time for amplitude and phase. Therefore, while
analyzing the interaction between a single-layer
viscoelastic coating and a turbulent flow, for most
cases, it is sufficient to consider only the first reso-
nance.

4. Response to the Bell-Shape
Oscillation Train

As shown in Fig. 8, the rate of rise in oscil-
lation amplitude is very similar for different 7 in
the initial period of relaxation (IN<O0.5), after
that for small 7, it becomes higher. Therefore, a
flexure of the coating surface with 7 >0.8, which
relaxes during one oscillation period to the level
of 0.95, repeats the shape of pressure fluctuations
change (the wave-train shape), without reso-
nance. On the other hand, the time of relaxation is
longer than one oscillation period for the coatings
with a low loss tangent (7<0.5). Thus, the coat-
ing deformation does not simply repeat the shape
of pressure fluctuations wave train but becomes
dependent upon the previous oscillations cycles.

Coating response to wall pressure, changing as
P(t) =Peny exp (iwt) was analytically calculat-
ed. Frequency w was chosen equal to the first
resonance frequency of the coating. The envelope
was approximated by the following exponential
functions :

Pow=PB[1—exp(—t/7)] — for regions of growth,
Pow=DF; exp(—t/t) — for regions of attenuation.

The time constant z of pressure envelope, ap-
proximately corresponding to one fourth of the
wave-train duration, was chosen to be equal to
one, two and three oscillation periods.

The dimensionless velocity of compliant coat-
ing surface

Vdoat :i% <6>

Flow parameters are the same as those in Section
II: U=9m/s, zx=150 Pa, u.~0.4m/s, Py~300
Pa, 5 has been obtained from the condition of
smooth joint of the growth envelope and decline
envelope.

Fluctuating pressure and response of a com-
pliant coating are shown in Fig. 10 for the case
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of growing pressure envelope, as Pop=PF[1—
exp(—t/r)] with =3 (T=—27/w - oscilla-
tion period). Both the amplitude and relaxation

150
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Y

-150 —

-300 —

0.025 —

(b) 0.000

-0.025 —

-0.050 —

80 1 | L I 1 |
0 2 4 N

Fig. 10 Response of the coating to pressure fluctua-
tions P changing as P=Py(1—exp(—1¢/1)),
r=3 oscillation periods. (a) pressure fluc-

tuations ; (b) dimensionless velocity of coat-
ing surface v*; (c) phase shift between p*
and P

time of dimensionless velocity of coating oscilla-
tion in Fig. 10(b) decreases with the increasing
loss tangent 7. However, as shown v* in Fig. 10
(c), the phase shift between the velocity of coat-
ing oscillation and the pressure fluctuations re-
laxes to constant value of ®=~160—170° during
one oscillation period, regardless of the loss tan-
gent 7.

Figure 11 illustrates the behavior of a com-
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Fig. 11 Response of the coating to pressure fluctua-
tions Pchanging as P=Py(1—exp(—1/7))
for 0K N<2 and Pyexp(—¢/7) for 2< N<
4, ris equal to one oscillation period. (a)
pressure fluctuations; (b) »* for 7=0.1;
(c) v* for 7=0.5, Dashed curves corre-
sponding to zero relaxation time (7=0)
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pliant coating in the case of the wave train of
pressure fluctuations, consisting of four oscil-
lation periods (Fig. 11(a)). At low 7 in Fig. 11
(b), oscillations of the coating surface rise and
decay slowly, and this leads to an asymmetrical
shape of deformation wave train. As mentioned
above, the dimensionless velocity for the coating
with 7=0.1 is almost twice as large as that for
the coating with 7=0.5. For comparison, % is
shown with a dashed curve for the hypothetical
case with zero time of relaxation, that is, the
coating deformation being proportional to the
pressure fluctuations (7=0). The case of higher
loss tangent 7=0.5 in Fig. 11(c) exhibits a smal-
ler discrepancy with the ideal no inertia coating
(i.e., zero relaxation time). Thus, the difference
between the ‘real’ coating deformation and the
‘ideal’ coating deformation becomes larger with
decreasing loss tangent 7. It is also noteworthy
that within the growth regions, the oscillation
amplitude of the real coating is less than that of
the ideal coating, and that during the attenuation
region, it is higher.

These results demonstrate that the coating al-
most always operates under the transient regime
and never reaches maximal deformation ampli-
tudes typical of the steady regime. This difference
increases drastically with a decrease in the num-
ber of oscillations in one wave train of pressure
fluctuations, namely the decrease in time duration
of coherent pressure fluctuations.

5. Discussion

The coating deformation is described in terms
of compliance, which is defined as

{=C-P

where C— is compliance, P— wall pressure. {
and P is RMS-values. For static deformation
Cs+=H/E ; but for unsteady coating deforma-
tion in a turbulent flow the amplification factor
ka (Semenov, 1996) should be used. For real
coatings, the measured k4 values were found to be
less than the calculated one (kg=1~3) (Kulik et
al., 2005). It would be worthwhile to roughly
estimate the coating deformation and velocity

magnitude in real cases. Pressure fluctuations in a
turbulent flow under a flat plate can be correlat-
ed as Px2.75t, (Kraichnan, 1956). For ‘hard’
compliant coatings (E=5MPa, p=2X10*kg/
mé, H=5X10"%m) and for U=10m/s, 1, =150
Pa yields in the optimal stationary regime ¢<
1.5X107® m, which corresponds to {*=C¢u./v=
0.4, where 1, =+ 1/ 0o is the friction velocity and
©o is the liquid density. So, the displacement of
the coating surface is essentially less then the
thickness of laminar sublayer. The normal veloc-
ity of coating is calculated as vcoa: =27fo&, where
fo is the resonance frequency of a coating fo=
\/E—/,o—/4H. In connection with the above case
Vdoat =Vcoat/ Uz, Was estimated to be 0.1. It is
notable that in the vicinity of the coating (i.e., at
y*~1), the rms velocity fluctuations #g, v§ for
the ‘rigid-wall’ turbulent boundary layer were
found to be wu, vi~0.2 (Spalart, 1988). This
implies that the ‘rigid-wall’ velocity fluctuations
are comparable to the velocity of the coating. This
also shows that the ‘hard’ compliant coating can
have important influence on Reynolds stresses in
near-wall region in spite of the small amplitude
of surface deformation.

7w (ot tcoat) (Vo Vcoat) )
:<u0 u0> + <7/{0 Ucoat> + <ucoatU0> + <ucoatvcoat>

The dependency of the dimensionless coating
velocity on the parameters of compliant coating
and of flow is given as

1 o¢

Voat,stat =
’ Ut ot

Ur m

Here P is the amplitude of single harmonic com-

ponent of wall pressure fluctuations with fre-
quency @. Among various frequency components,
the component with frequency 2=x/2 (natur-
al resonance of a compliant coating) makes the
largest contribution in interaction between a coat-
ing and a flow. In practice, the measured quantity
is not the amplitude of a separate harmonic, but
rather a root-mean-square value of pressure fluc-
tuations in a certain frequency range. Therefore,
the value of v%atstar in Eq. (7), will correspond
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to the root-mean-square coating velocity in the
same frequency range. This is because the linear
dependence of deformation on applied pressure
holds for very small magnitude of coating defor-
mation (relative deformation ¢/H =107*). Simi-
larly as the empirical correlation between the
root-mean-square value of fluctuating wall pres-
sure in the whole frequency range and the shear
stress Px2.757, (Kraichnan, 1956), for the first
resonance frequency component, we can write
Prns=Kkr tw, where Kk, is the modified Krai-
chnan coefficient. Taking into account z,= 02,
we will finally obtain :

v Uz wt
Ugoat,stat X1 Kkr ————=+Ccoate™ <8>
JE/o

where  Ceoar =tanh [i%(l—l—nz) ”“/v 1+ }/
Y1447 . The value of v E/po determines the pro-
pagation velocity for perturbations in the coating
material. Figure 12 plots the magnitude of Cecoqr
as a function the loss tangent. The dependence
of | Ceoat| on the loss tangent can be approxi-
mated as | Ceoar | = 1.47277%%, Thus, at the first
resonance, the dimensionless velocity of the coat-
ing will increase as 1//E with a decrease in

—0.914

elasticity modulus, and increase like 7 with a

reduction of the loss tangent.

Icmall
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Fig. 12 Dependence of | Ceoa: | on the loss tangent

From Egs. (4) and (5), the amplitude of the
coating deformation at the first resonance fre-
quency is obtained as (for the stationary regime) ;

I Ccoat |

2 PH
(1 + 772) —1/4

| gstat | %? E

Therefore, | &siae| is proportional to 1/E, with
Vdat,sta: being proportional to 1//E. Such a
difference between dependences of vdoar,siar and
| &siae | on E leads to the fact that “hard” coatings
(with large E) can have relatively higher velocity
of surface motion compared to the deformation
amplitude. This interesting fact can have an im-
portant application for the theoretical analysis of
compliant coating operation. It can be assumed
that the amplitude of coating deformation is low
enough to be neglected (| ¢* <1|); however, the
velocity of surface motion is not equivalent to
zero, and it can be compared with vertical veloci-
ty fluctuations of the flow. Thus, one can com-
pletely obviate the difficulties associated with the
realization of the boundary conditions on a mov-
ing wall (Benjamin, 1960).

The effective interaction between a compliant
coating with turbulent flow depends not only on
the velocity of the coating surface, but also on the
width of the frequency bandwidth of the interac-
tion, shown in Fig. 13. Here, the frequency band-
width of the first resonance is determined at the
level /=0.708 (as in Fig. 9) from the maximum

LFAD
fup“‘fll
1.2 —
0.8 —
4 fiou/To
0.4 —
0.0 T T T T T 1
0.0 0.4 0.8 n 1.2

Fig. 13 The frequency bandwidth of the first reso-
nance
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deformation amplitude. For real coatings (7<
0.5), this bandwidth is less than one octave and
is drastically reduced with a decrease in the loss
tangent.

In the previous work of authors’ (Kulik et al.,
2005), the properties of compliant coating, which
are needed for drag reduction, have been deriv-
ed. These properties, obtained from the analysis
of the stationary regime of coating deformation,
yield the dependences of coating thickness and
modulus of elasticity on flow velocity. As noted
above, however, a coating deformation is espe-
cially a non-stationary process and, therefore, the
loss tangent plays a very important role in drag
reduction. The increase in loss tangent has con-
flicting effects on the magnitude of coating defor-
mation and drag reduction :

(1) positive effect: the relaxation process of
forced oscillation becomes shorter (Fig. 9) and
the frequency band of interaction becomes wider
(Fig. 13);

(2) negative effect: the oscillation amplitude
decreases (Fig. 8).

Therefore, care should be taken to find the
optimal value of the loss tangent as well as other
properties for maximum drag reduction, along
with more detailed measurements in the turbulent
boundary layer. This will be the main topic of the
future researches.

6. Concluding Remarks

The transient response characteristics of a mon-
olithic, hard compliant coating under ‘modeled’
turbulent pressure fluctuations were calculated
in approximation of local deformation. The re-
sponse of coating was analyzed with considera-
tions of its inertial properties and limited dura-
tion of coherent harmonics action of pressure
fluctuations. It is shown that a compliant coating
interacts not with the whole spectrum of pressure
fluctuations, but only with a frequency range near
the first resonance. For sufficiently hard coatings,
deformation amplitude becomes smaller than the
thickness of viscous sublayer, while surface ve-
locity remains comparable to vertical velocity fluc-

tuations of the flow. It was also found that the
loss tangent plays mutually conflicting roles on
the magnitude of coating deformation and drag
reduction. Consequently, it is envisaged that an
optimal range for the loss tangent would be
present for given specific flow conditions.
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