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Experimental study of the instability of the viscous flow past
a flexible surface
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~Received 27 April 2000; accepted 19 October 2001!

The viscous instability in the flow past a soft material is experimentally studied. The experiment is
carried out using the parallel plate geometry of a rheometer, and a sheet of polyacrylamide gel of
thickness about 4.5 mm is placed on the bottom plate. The fluid, silicone oil, is placed on the surface
of the gel and the top plate is lowered till a preset gap of thickness between 300 and 1000mm is
attained. The rheometer is operated in the stress controlled mode, where the stress is increased at a
constant rate, and the strain rate and apparent viscosity~assuming the flow in the gap is laminar! are
recorded. Care is taken to ensure the Reynolds number is less than 1, so that inertial effects are
negligible. The experimental results show that there is an anomalous increase in the apparent
viscosity, determined assuming the flow is laminar, at a certain strain rate. This indicates that the
flow becomes unstable and undergoes a transition from a laminar flow to a more complicated flow
profile. This transition is repeatable if the experiment is stopped before there is irreversible damage
to the gel surface. The experimental results are compared with theoretical predictions, and
quantitative agreement is found with no adjustable parameters for a range of gap thicknesses and gel
moduli. © 2002 American Institute of Physics.@DOI: 10.1063/1.1427923#
id
ro
it
in
an
e
b

ce
ca

tio
a
s

a
to
r-

in

th
b
er

la
y
th
r-
a-
an

ic
a lot
e

is
is a
is

ends
ty,
the
ow

le
in
olds

itude
m-

be-
a

var-
e to

ce
lds
less
a-
an
the

f
re
I. INTRODUCTION

There has been a lot of work on the stability of flu
flows past compliant surfaces, mostly motivated by ae
space and marine applications. In these applications,
desirable to delay transition from laminar to turbulent flow
order to reduce drag, and the possibility of using compli
coatings to reduce drag has been the motivation for th
studies. The first experimental studies were carried out
Kramer,1,2 who examined the possibility that the complian
of dolphins’ skins could result in reduced drag. Theoreti
studies were carried out by Benjamin3,4 and Landahl,5 who
used a linear stability analysis to examine whether transi
could be delayed. Benjamin represented the surface dyn
ics by a complex compliance~the ratio of the normal stres
and normal displacement at the wall!, while Landahl used
the complex admittance in order to characterize the w
They identified three classes of instabilities. In addition
the Tollmien–Schlichting modes in the flow past rigid su
faces, there are free surface waves~Class B waves! modified
by the flow, and a class of modes analogous to the Kelv
Helmholtz modes~Class C waves!. The authors concluded
that compliant coatings could reduce drag by increasing
critical Reynolds number and decreasing the growth rate,
reduction was unlikely for the parameters used in the exp
ments of Kramer.

More recently, Carpenter and Garrad6,7 did linear stabil-
ity studies on the flow past Kramer type coatings, and c
sified the instabilities into Tollmien–Schlichting instabilit
and flow induced surface instability. They observed that
Tollmien–Schlichting instability and the flow induced su
face instability could interact to give a powerful new inst
bility. In addition, there is the static divergence, which is
7751070-6631/2002/14(2)/775/6/$19.00
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absolute instability that precedes flutter in aerodynam
structures. The static divergence has been the subject of
of experimental research.8,9 The compliant wall used in thes
studies is a soft coating such as PVC plasticol, and it
observed that waves appear at the surface and there
significant increase in the drag force when the velocity
increased beyond a critical value. The onset speed dep
on the thickness of the coating and its modulus of rigidi
indicating a coupling between the flow dynamics and
dynamics of the surface. There is less evidence for the fl
induced surface instabilities.10

Biological systems form another important examp
where there is fluid flow past soft materials. However,
contrast to marine and aerospace applications, the Reyn
number is very low~typically less than 1!, and the elasticity
of membranes and tissues is about three orders of magn
lower than that in engineering materials. The Reynolds nu
ber for the blood flow through arteries and veins varies
tween a minimum of 0.01 in the micro-capillaries and
maximum of 600 in the aorta.11 The shear moduli of the
walls of arteries and veins have a shear modulus which
ies in the range 10–100 kPa, though this value is sensitiv
the strain imposed in the rest state.12

The theoretical studies of Kumaranet al.13 and
Kumaran14 have shown that the flow past a flexible surfa
could become unstable even in the limit of zero Reyno
number. The flow becomes unstable when the dimension
number (Vm/GR) exceeds a critical value, and the mech
nism of instability is the transport of energy from the me
flow to the fluctuations due to the shear work done by
mean flow at the surface. HereV is the characteristic fluid
velocity, m is the fluid viscosity,G is the shear modulus o
the surface, andR is the fluid thickness. In addition, there a
© 2002 American Institute of Physics
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instabilities at high Reynolds number, such as the invis
instability ~Kumaran,15 Shankar and Kumaran16! and the
wall mode instability17,18 which are not continuations of th
rigid tube modes, but are qualitatively different. The w
model used in these studies, and in earlier studies on
past compliant surfaces,19–21is a continuum viscoelastic ma
terial, and the dynamics of the wall was described us
linear elasticity equations.

There have been very few experiments which have
ported anomalously large drag forces at low Reynolds nu
bers in the flow past soft materials. Krindel and Silberber22

studied the flow in a tube whose walls were made of po
acrylamide gel. They observed that there is an anoma
increase in the drag force even at Reynolds numbers of a
700 where the flow in a rigid tube is stable. However, th
have been no systematic studies on the viscous instabilit
the flow past soft materials.

The present experiments were motivated by the theo
ical studies of Kumaranet al.13 and Kumaran,14 which pre-
dicted that there could be an instability in the flow past a s
material even in the absence of inertia. Care was take
ensure that the Reynolds number is less than 1. Silicone
a highly viscous fluid with viscosity 1 Pa s was used, and
characteristic length in the experiment was maintained in
300–1000mm range to reduce the Reynolds number. In a
dition, all of the parameters in the linear viscoelastic w
model used in the theoretical studies were experiment
measured, and so there are no unknown parameters in
experiments. These studies provide experimental evide
for the presence of a viscous instability in the flow past a s
material even in the absence of inertia, and the results a
quantitative agreement with theoretical studies without a
adjustable parameters.

II. EXPERIMENTAL PROCEDURE

The parallel plate geometry in the Rheolyst AR 1000
rheometer was used for the experiments. This consists
stationary bottom plate, and a rotating top plate of radiu
cm. For viscosity measurements, the angular velocity and
torque on the top plate are recorded, and theshear stress and
strain rate at the outer edge of the top plate are calcula
assuming the flow is laminar. The rheometer can also b
used for oscillatory measurements of the storage and
modulus over a frequency range 1024– 100 Hz. In this case
the stress and strain at the outer edge are determined
the torque and angular velocity measurements assuming
deformation is affine. The rheometer is usually operated
stress controlled mode, where the torque of the rotor is fix
and the angular velocity is determined. However, it can a
be operated in the strain rate controlled mode.

The fluid used in the experiments was commercial gr
silicone oil manufactured by GE silicones of viscosity abo
1 Pa s, which is about 1000 times the viscosity of water,
the fluid density was measured to be 0.9963103 kg/m3. The
viscosity of the oil was measured using the parallel pl
geometry in the Rheolyst AR 1000N rheometer. First,
gap between the top and bottom plate is set to zero,
contact is detected by a normal force transducer in the
Downloaded 27 Sep 2004 to 141.58.128.52. Redistribution subject to AIP
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tom plate. The top plate is then raised and silicone oil
placed on the bottom plate. The top plate is lowered to
preset distance, usually between 300 and 700mm from the
bottom plate, and the oil in between the two plates is held
place by surface tension. The top plate is rotated with a c
stant torque, and the angular velocity is determined. Fr
this, the stress and strain rate at the outer edge of the p
are determined assuming the flow is laminar, and the visc
ity is calculated. The reported viscosity, shown as a funct
of shear rate for different gap thicknesses in Fig. 1, is nea
constant as the gap thickness increases above 300mm.

The soft material used in the experiments was polyac
lamide gel, which was prepared as follows. The typic
weight percentages of the constituents of the gelation m
ture were N-acrylamide~monomer! 5%, Bis-acrylamide
~cross linker! 0.05%, ammonium persulphate~initiator!
0.125%. The catalyst, TEMED, is added to the extent
0.0625% by volume. In order to achieve these concen
tions, stock solutions of 20% N-acrylamide and 0.5% b
acrylamide by weight were prepared, and a solution of 0.
by volume of TEMED was prepared. These were mixed
suitable quantities to get the desired concentrations, and
ammonium persulphate was weighed and then dissolved
order to vary the viscoelastic properties, the concentrati
of the catalyst and initiator were kept a constant through
the experiments, while the concentrations of the monom
and crosslinker were changed in the range 5%–8%
0.05%–0.08%. Two plane glass plates of side 5 cm w
separated by spacers of thickness 4.5 mm on three sides
clamped on these three sides, to form a rectangular conta
The gelation mixture was poured into the container, and
lowed to set for six hours. After the gelation was complet
the glass plates were removed and a rectangular sheet o
of side ;5 cm35 cm and width;4.5 mm was obtained
The gel density was measured as 1.0133103 kg/m3.

The linear viscoelastic properties of this sheet were
termined using a parallel plate geometry in the Rheol
AR1000 rheometer. The gel was placed on the bottom p
of the rheometer, and the top plate was lowered until it ma
contact with the gel surface. Contact was detected when
normal force on the bottom plate increased to 0.2N, which is

FIG. 1. Viscositym ~Pa s! as a function of strain rateġ ~1/s! for silicone oil
for different gap thicknesses. The solid line shows the reading for a
thickness of 700mm, the long dash for gap thickness of 500mm and the
short dash for gap thickness of 300mm.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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777Phys. Fluids, Vol. 14, No. 2, February 2002 Instability of the viscous flow
the default instrument setting for detecting contact. The r
ometer was then operated in the oscillatory mode, where
oscillatory stress was applied on the top plate and the ang
displacement was measured. The storage and loss m
were calculated assuming the deformation in the gap is
fine. It was verified that the variations in the modulus we
less than 2% when the top plate position was further lowe
by 50 mm, indicating that contact was established betwe
the two plates. The frequency spectrum of a typical gel c
using the above concentrations is shown in Fig. 2 in
range 0.1–10 Hz. It was not possible to obtain the modul
higher frequencies, because there was slip between the
plate and the gel, and because the maximum operating
quency of the instrument is 100 Hz and the errors in m
surement become significant as this frequency is approac
The storage modulusG8 shows a distinct plateau region i
the frequency range 0.1–10 Hz. The loss modulusG9 does
not show a linear dependence on the frequency in this ra
but it does increase with frequency. An important parame
in the theoretical studies is the gel viscositymg5(G9/v).
The frequency spectrum of this parameter, shown as a fu
tion of frequency in Fig. 3, is nearly independent of g
composition even though the storage modulus shows a v
tion from 1000–4000 Pa. In addition,

FIG. 2. Storage modulusG8 ~Pa! as a function of frequencyv ~Hz! of four
different gels.h—Monomer 5%, crosslinker 0.05%;s—monomer 6%,
crosslinker 0.06%;L—monomer 7%, crosslinker 0.07%;n—monomer
8%, crosslinker 0.08%.

FIG. 3. Gel viscositymg5(G9/v) ~Pa s! as a function of frequencyv ~Hz!
for four different gels. The solid line shows the relationmg516v21/2, which
was used for comparison with theoretical results.h—Monomer 5%,
crosslinker 0.05%;s—monomer 6%, crosslinker 0.06%;L—monomer
7%, crosslinker 0.07%;n—monomer 8%, crosslinker 0.08%.
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it shows a power law scalingmg}v21/2 in the frequency
range 1–10 Hz. This is characteristic of many soft sol
such as polymer gels emulsions and liquid crystalline ma
rials at high frequencies~Liu et al.23!. The theoretical predic-
tions for the parameter values used in the experiments i
cate that the frequency of the most unstable perturbat
varies in the range 10–500 Hz, and so it is necessary
determine the relative viscosity in this range. Since exp
mental measurements could not be made beyond 10 Hz,
because of the observation that the gel viscosity is prop
tional tov21/2 at the higher end of frequencies probed in t
experiments as expected for soft solids, the scaling lawmg

516v21/2 ~which corresponds to the broken line in Fig.!
was used.

In order to study the flow past a flexible surface, t
rheometer was modified as shown in Fig. 4. The polymer
was placed on the bottom plate of the rheometer. The th
ness of the gelH was determined using the zero gap facili
in the rheometer as follows. In order to accurately set the
between the two plates, it is first necessary to find the
plate position at which the gap is zero. This is done by lo
ering the top plate until it touches the bottom plate, and
contact between the plates is sensed by a normal stress
sor on the bottom plate. The default value of the norm
stress for detecting contact is 0.2N. In the experiments on the
flow past the gel, the contact between the top and bot
plates was first detected using the zero gap facility. The
plate was then raised and the polymer gel was placed on
bottom plate. The top plate was lowered until it made cont
with the gel, and contact assumed when the normal st
reached the default value of 0.2N. The height of the top plate
at this stage provided the gel thickness, which varied
tween 4.2 and 4.7 mm for all the experiments reported h

After determining the height, the top plate was rais
and silicone oil was placed on the surface of the gel. The
plate was then lowered until it was at a preset distance, u
ally 1000–300mm, from the gel surface. Care was taken
ensure that this gap was filled with fluid. The rheometer w
then operated in the stress controlled mode, where the s
stress is increased as a linear function of time and the st
rate and apparent viscosity were recorded. The stress
trolled mode was chosen in preference to the more nat
strain rate controlled mode because the control in the st
rate controlled mode is achieved by a feedback loop, wh
makes it difficult to control the strain rate when the transiti
occurs. The result of a typical experiment is shown in Fig.

FIG. 4. Rheometer used in the experiments:~a! unmodified;~b! modified.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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In the case of flow between two rigid surfaces, though th
is some initial variation in the viscosity, probably due
instrumental limitations at low strain rates, it is observed t
the apparent viscosity is independent of the strain rate u
the maximum used in the experiment 1500 1/s. In the cas
flow on the gel surface, however, it is observed that the
cosity is close to that between rigid surfaces at low str
rates, and the difference between the two is probably du
a variation in the gap thickness due to gel compress
However, there is a sharp transition and the apparent vis
ity increases sharply at a strain rate of 700 1/s. This indica
that the flow in the gap is no longer has circular streamlin
as assumed while calculating the viscosity, but has a m
complicated form. After transition, there is an increase in
apparent viscosity. This is accompanied by a decrease in
apparent strain ratecalculated assuming that the flow is lam
nar and has parallel streamlines in the cross stream dir
tion, because the stress is maintained at a constant valu
the experiments. However, it should be noted that the visc
ity and the strain rate after the transition point are not indi
tive of their microscopic values in the fluid because the fl
is no longer laminar, and the only parameter of significan
is the strain rate and stress at which the transition takes p
It is important to note that in the rheometer, the quantit
measured are thetorque and angular velocityof the top
plate, and from these the strain rate and shear stress a
outer edge are determined assuming theflow is laminar with
parallel streamlines in the cross stream direction, and any
change in the form of the velocity field to a more comp
cated form with surface oscillations would give an appar
viscosity that is higher than the intrinsic viscosity.

If the experiment is allowed to progress, the surface
the gel gets damaged and small pieces break off from
surface. However, the transition point can be obtained
peatably if the experiment is stopped before damage
caused to the gel. Figure 6 shows the results for three di
ent runs on the same gel surface, where the experiment
stopped before the gel was damaged. This implies that
transition itself is repeatable, and not the result of some i
versible change in the fluid or gel properties.

FIG. 5. Apparent viscositym ~Pa s! as a function of strain rateġ ~1/s! for the
flow past a gel of shear modulus 2354 Pa and thickness 4490mm. The fluid
thickness is 300mm, and the shear stress was increased at the rate of 4
The broken curve shows the result for the same fluid thickness between
surfaces.
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Inertial effects are not important in these experimen
because the Reynolds number is at most 0.1. Therefore,
appropriate to compare the present results with the lin
stability analysis of the Couette flow past a flexible surface13

Though the present geometry is not a two dimensional fl
the gap thickness~300–1000mm! is small compared to the
radius of the top plate~2 cm!. Consequently, it is expecte
that the laminar flow is nearly two dimensional near the ed
of the plate. Further, the onset of an instability should oc
at the edge of the plate where the velocity is a maximum

Since the shear stress was increased linearly during
experiments, it is important to verify that the time scale f
the increase of the shear stress is long compared to the
verse of the shear rate of the flow, or the time scale for
gel dynamics, so that the results obtained here correspon
the results that would be obtained in a steady experim
This verification was carried out in two ways.

~1! It was first verified experimentally that the results for t
transition are independent of the rate of change of
shear stress by carrying out different experiments on
same gel with different rates of increase of the sh
stress. An example of this is shown in Fig. 6. Here, t
three symbols represent the transition values of the st
rates obtained for different rates of increase of sh
stress varying from 0.25 to 8 Pa/s. It is observed t
there is no variation in the transition strain rate when r
of change of shear stress is changed by a factor of 3

~2! The time scale for the variation of the shear stress w
compared with the other relevant time scales, which
the inverse of the strain rate and the ratio (mg /G8) for
the gel dynamics. The minimum strain rate at which t
transition was observed in the present experiments
;200 s21. The flow time scale, which is the inverse o
the strain rate, is at most 531023 s. Assuming that the
stress is increased linearly at the rate of 8 Pa/s~which
was the maximum value used in the experiments!, the
increase in the stress during a time period of 531023 s
is 0.04 Pa, which is two orders of magnitude lower th

/s.
id

FIG. 6. The variation of the apparent viscositym with the strain rate in a
controlled stress experiment. The solid curve shows the viscosity as a f
tion of strain rate for the flow between two rigid surfaces. The symbols sh
the results for the flow past a gel of thickness 4600mm and storage modulus
3113 Pa, and fluid thickness 500mm. s—Shear stress increased at 8 Pa
h—shear stress increased at 7 Pa/s up to 1250 Pa, and then at 0.5
L—shear stress increased at 7 Pa/s up to 1250 Pa, and then at 0.25
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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779Phys. Fluids, Vol. 14, No. 2, February 2002 Instability of the viscous flow
the minimum stress of 200 Pa at which the transition w
observed. The time scale for the gel dynamics, (mg /G8),
is 1.1331023 s for the softest gels used here (G8
;1000 Pa). This is even smaller than the flow tim
scale.

This indicates that the increase in the shear stress is n
gible over time scales comparable to the flow time or
time scale of the gel dynamics, and the results could be c
pared with those for a steady flow past a flexible surface

The linear stability analysis predicts that the flow b
comes unstable when the dimensionless parameteG
5(Vm/G8R) increases beyond a critical value for a giv
set of ratio of thickness of the gel and fluid (H/R) and vis-
cosity ratio (mg /m). In the present case, the parameterG
5(t/G8), wheret is the shear stress at the outer edge of
plate in the laminar flow as recorded by the rheometer. F
ure 7 shows the ratio (t/G8) as a function of (H/R) for
many different gels with shear moduli in the range 90
4200 Pa, wheret is the shear stress at the turning points
Figs. 6 and 7. It is observed that the parameter (t/G8) varies
only by about 5%–7% even though shear modulus chan
by a factor of 4. The variation in the experimentally me
sured values of (t/G8) could be due to variations in the ge
thickness. Since the gel is a soft material, it is not possibl
determine the thickness using measuring instruments tr
tionally used for hard materials. In the present case,
thickness was measured using the normal force measure
facility in the rheometer, using a preset value of the norm
force for measuring contact. There could be a variation in
gel thickness due to compression during flow. For the (H/R)
ratios used here, a variation of 1% in the gel thickness wo

FIG. 7. The ratio (t/G8) of the transition value of the shear stresst and the
shear modulusG8 as a function of the ratio of gel and fluid thickness
(H/R) for different gels. The transition stress is the stress at the turn
points in Figs. 6 and 7. The solid and broken lines represent the theoreti
predicted transition stress forG851000 Pa andG854000 Pa for different
values of (H/R) from Ref. 13. s—H54490mm, G852305 Pa;h—H
54699mm, G853788 Pa; L—H54600mm, G854214 Pa; n—H
54690mm, G852642 Pa; ,—H54490mm, G852354 Pa; v—H
54678mm, G854040 Pa; x—H54690mm, G853595 Pa; 1—H
54150mm, G85947 Pa;3—H54300mm, G851027 Pa.
Downloaded 27 Sep 2004 to 141.58.128.52. Redistribution subject to AIP
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result in an error of more than 10% in the gap thickness
a gap thickness of 300mm, and so this could affect the
calculations. Considering the above uncertainties in the
perimental measurements, the variation in the results
smaller than that which would be expected from an ass
ment of the experimental errors.

Figure 7 also shows the theoretical predictions13 for the
variation of the transition stress with (H/R) for shear modu-
lus G851000 Pa andG854000 Pa, which is the range o
moduli used in the present experiments. These results w
determined using the following iterative procedure. For
given (H/R), a value of viscosity ratio (mg /m) was as-
sumed, and the critical parameterGc , the wave number of
the most unstable modekc and the frequency of the mos
unstable modevc were calculated. The viscosity of the g
mg was determined at the frequencyvc using the power law
relation in Fig. 3. The viscosity ratio was determined usi
the new relative viscosity, and a new critical valueGc was
determined for this viscosity ratio. This procedure was co
tinued till convergence was obtained for the value of t
viscosity ratio. The critical value ofG does shows very little
dependence on the shear modulusG8 for the following rea-
son. The theoretical studies predict that at a given gel visc
ity, Gc is constant with an increase in the modulus. Howev
in this case, as the shear modulus is increased, the chara
istic frequency of gel oscillations increases. This results i
lower gel viscosity due to thev21/2 scaling of gel viscosity
with frequency. SinceGc decreases slowly with a decrease
the gel viscosity, an increase in the shear modulusG8 causes
a small decrease inGc .

The good agreement between experimental results
theoretical predictions confirms that the transition in the ty
of flow is due to a viscous instability in the flow past
flexible surface.

III. CONCLUSIONS

The present study has probed the possibility of an ins
bility in the Couette flow past a flexible surface in the lim
of zero Reynolds number. The experimental results w
compared with the theoretical predictions of Kumar
et al.,13 and all the model parameters used in the viscoela
wall model were independently measured in the experime
The experimental observations confirm the existence of
instability in the flow past a soft material even in the absen
of inertial effects, and the results are in quantitative agr
ment with the theoretical predictions. These results co
have significant implications for flows involving biologica
systems, since most of these are at low Reynolds num
where inertial effects are not important, and involve soft m
terials. In particular, the results indicate that the effect
flow induced stresses at a soft surface could be different f
stresses induced by other mechanisms due to the coup
between the flow dynamics and the dynamics of the s
material.

Another important result of the experiments, which w
not reported in the experimental studies, is the absence
nonlaminar steady state after transition. Even though eff
were made in the experiments to maintain the shear stre

g
lly
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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780 Phys. Fluids, Vol. 14, No. 2, February 2002 R. Muralikrishnan and V. Kumaran
a value slightly higher than the laminar value, it was fou
that in all cases the apparent viscosity increases to a
enough value that eventually damage is caused to the
face. This seems to indicate that the transition is subcriti
and there is no nearby equilibrium state, unlike in the cas
Rayleigh–Benard or Taylor–Couette instabilities. This
consistent with the weakly nonlinear analysis of Shankar
Kumaran,6,24 where a Landau equation was derived for t
Couette flow of a fluid past a gel. In that study, it was fou
that the Landau constant is always positive for the pres
case, indicating that the transition is subcritical. Howev
there are still unanswered questions regarding the natur
the transition as the Reynolds number is increased.
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