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Abstract: In the present study, aflexible pipe has been considered to study the effect of ratio of
visco-elastic material viscosity to fluid viscosity on the stability of flexible laminar pipe flow with
axi-symmetric disturbances. The effect of thickness of visco-elastic material on the stability of
flexible pipe flow with outer rigid shroud has also been studied. The stability curvesare drawn for
various values of the ratio of visco-elastic material viscosity to fluid viscosity. It is observed that
stability of flow isincreasing by decreasing the ratio of visco-elastic material viscosity to fluid
viscosity.
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|.INTRODUCTION

Flexible pipe flow is normally seen in nature such as human body, industrial applications for
reactors and membranes. Two types of flexible pipe flow are found in nature. First type is one
in which shape and size of pipeis changed due to internal pressure of the fluid. Second typeis
the one in which shape and size are not deforming, which means pressure gradient is constant
along the direction of flow.

Kramer’s [1] - [4] studied the flow over flexible surface on aflat plate and it was found that
flexibility of flat surface delay the transition and drag is reduced that means flow remains
laminar for a longer period. Carpenter [5], [6], Davies, Carpenter and Lucey [7], [8] aso
obtained the same result.

Reynolds [9] performed the experiment inrigid circular pipe and classified the flow as laminar,
transition and turbulent based on the Reynolds number. Davey and Drazin [10] shown by
numerical analysis that flow is stable to very small disturbances at all Reynolds number R and
axial wavenumbersa. Rouleau and Garg [11] and Grosch and Salwen [12] have also confirmed
thisresult by numerical studies. Salwen and Grosch [12] showed that center line modes (waves)
are more unstable as compared to wall modes. Venkateswarlu et.al [13] have studied that
non-linear terms increased the instability of pipe flow.

Hamadiche and Gad-el-Hak [14] aso studied the flexible tube flow with 2-Dimension and
3-Dimemnsion disturbances problems. They found that flexible tubeis unstable at all Reynolds
number R and all axial wavenumbersa.which indicates flexible tube is unstable at very small,
medium and higher Reynolds number R and al axial wavenumbers a. In the present study
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considered a non-collapsible pipe flow problem. The flow have been chosen in such away that
the interface of the visco-elastic material and the fluid is getting deformed in the normal (N) as
well as on the tangentia (T) direction to flow and hence such aflow is defined by (N+T).

Rigid Shroud

. Visco-elastic material ™

v
Fluid ! ; H

Interface Intervention Plate

Figure 1: Model of the visco-elastic pipe problem.

A. The fluid-side disturbance equations

Here, thelaminar flow through circular flexible pipefor linear stability is considered asgivenin
figure-1. The outer side of the pipe is considered as rigid surface. Figure 1 shows the two
dimensional flexible pipeflow. Theu and v are the velocity along axial x-axis and radial r-axis.
The laminar average velocity can bewrittenasg =1-r2. Reynoldsnumber R=\r. /n , whereV is
maximum center line velocity and n isthe kinematic fluid viscosity.

Ther and x arethe deformation of flexible material along r-direction and x -directionand p,

is the pressure in the visco-elastic material. All details of mathematical terms are given in
figure-1.

In this paper, the stability is studied for flexible laminar pipe flow and outer surface of pipeis

considered asrigid. The Fourier waves (modes) are inserted into pipe as a disturbance as given
below:

(9, P) =[u(r),v(r), p(r)] €2 "
Here the disturbance velocity isgiven by c=c, +ic

The Navier Stokes and continuity equations may be expressed as follows:
X-momentum:

ia(@-cu+t'v=-ia p+%{u”+u?'_(a2)u:‘, (2)

y-momentum:

ia(U—C)V=—p'+1{V”+\/—[a2+lzjv}’ 3
R r r

Continuity:

iau+v’+¥:0- (4)

Here prime(’) represent the differentiation withr.
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The Fourier waves areinserted into the linearized Navier-Stokes and continuity equations (2-4).
After doing some mathematical exercise, the 4™ order differential equation in terms of v for

axi-symmetric disturbances (2-D waves) in the fluid-side is obtained as follows:

\f’+;\/‘ [3+m2+lapm c)]\/+[§—z%2—3R(u c)]\/+[~

+£2 +a'+@° +—2)iaF(U—c)]v:0
r r

(5)

B. The flexible material equations

The Navier and continuity equations for displacements in the flexible materials may be
expressed as follows:

X - Displacement:

ox __ob, K {a % 1K Mﬂ, (6)
ot? ox z

+ +
ox* o ror r?og?

h - Displacement
R _ P, [azh +62h 106, 1 0% E} (7)

a0 o R|adTar rer rPoqr
Continuity:
67X+ﬂ+h7 O (8)
ox or r
Where, K istheflexibletermandisgivenas ; _¢ , i«

., or )
K:K+ma
K K moo (10)
R R ot

Kumaran (1995) gave a flexible parameter r as - /rvz/c, Where G is shear modulus of

flexible material. The~I2 isgiven by Kumaran as
K_1,mo and K_1. (11)

R I’ Rt R I?

For the visco-elastic materia and fluid sides. Introducing o we havek - k , where
ot

k - k,+ ik, asfollows: (12a)
(12 b)

K, = rinram,ci = K +am,c; K, =-am,c,

The flexible material deformations may written as
follows: (x 7, p,) = [x (r).h (r), p.] exp[ i{a (x - ct)}] (13)
The following differential equation for the visco-elastic material can be obtained in terms of h

i m, 2w |3 R 3 2% 1 R,
displacement asfollowsn™+ ™| 2 +2a “K}h |32 dae R (14)
[ 3; Za ZZR}h 0.
r r

C. Boundary conditions for visco-elastic and fluid sides
The boundary conditions for combined fluid-solid problem for axisymmetric case, n = 0, are
given as below:
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Pipe center at, r =0:

u'(0) = 0, v(0)=0. (15)
Surface of the pipe

At the surface of the visco-elastic pipe, viz. at r = H:

Xx(H)=0, h(H)=0. (16)

D. Interface between the fluid and the visco-elastic material

The boundary conditions at the interface between the solid and the fluid-sides may be written as
below: The continuity of velocities, linearised with respect tor = 1, isgiven asfollows:

oxX L) : (173, b)

—=4a+h,T,, —=V
ot YoM ot

Particularly, eg. (22d) is the tangentia no-dip boundary condition. The above interface

velocities can aso be written as follows:

—iacx, =u, +h, 0, —iach, = v, (18a~b)
The expressions for the stresses from the fluid-side and solid-side are given as below, where

generically t representsto thefluid-side stressesand s  representsto the visco-elastic material

-Side stresses.

Fluid-side:

f 5 21 o ¢ g 2T 19a, b

trr_ p+R|:6|':| trr p+R[v] ( )

t”rxzi[@+@} or ¢ :l[iav+u’]’ (203, b)
Rl ox or R

Solid-side:

.+ . 2K[3R] or __ 2K, 21a b

Srr__ps+?|:5:| Srr ps+ R[h] ( )

s _R|:aﬁ a)g:| or syxzﬁ[iah +X’]’ (228, b)

" R|ox  or R

The stress matching conditions respectively for the normal and axia directions, are given as
Sy =trrand Sy =ty
[11. Numerical Methods

Theabovedifferential equations can be solved by using the basic concept of the finite difference
techniques. The differential equations can be written for the Fourier modes in the matrix forms
asfollows:

[A;1[0,1=[P 11,3 =1,2,3,4, (2N + 2)»

Here, N isthe number of intervals for above matrix. The above matrix can be solved for
visco-elastic materia sideand fluid-side by using the finite difference method. The numerical
equation for the fluid side and visco-elastic side are solved by using the FORTRAN
programming and these programs are compiled by the Fortran Lahey Fitjtsu.
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In present paper, stability curves are drawn for the effect of ratio of visco-elastic material
viscosity to fluid viscosity (m =m/m ) for normal plus tangential (N+T) motion of interface

of the fluid and visco-elastic materia. Here, it has been considered two types of modes (waves)
for the analysis of stability problem. One mode is unstable at very low Reynolds numbers and
defined it as M1 types modes. Other mode is unstable at intermediate and higher Reynolds
numbers and referred it as M2 types of modes. Further discussion, it has been referred these
modes as M1 and M2 modes. The effect of ratio of visco-elastic material viscosity to fluid
viscosity on the thickness of visco-elastic wall has also observed. Stability of flexible pipe flow
depends upon the damping of the modes. i.e. Whether Fourier waves (modes) are damped or
amplified. The modes are unstable for ¢; >0, stable for ¢;<0 and neutral for ¢;=0.

A. Effect of m on visco-elastic wall thickness(H)
The figures 2(a) and 2(b) show the effect of different values of m for the axi-symmetric
disturbances of M1 types of modes. From these figures, it is seen that the higher values of
m decreases the imaginary values of wave speed (c = ¢+ic;) because it is seen that the lower

positive values of ¢; is more stable as compare to higher positive values of ci. So, the lower
value of ¢ makes the modes more stable. The real part of wave speed (c;) has no effect on the
m values. It is aso found that higher value of wall thickness (H) makes the modes more
unstable as compare to lower H.

0.2

(b)
Figure 2: (a) Curvefor variation of H and ¢; for modes M1, G=6. ‘A’ isfor m =0.0 ‘B’ is for
m =0.5.(b) Curve for Variation of H and ¢, for modes M1, G=6. ‘A’isfor m =0.0 ‘B’ is
form =0.5.

The figures 3(a) and 3(b) show the variation of visco-elastic wall thickness (H) versus ¢, and ¢
for M2 types of modes for different values of m . From these figures, we found the same
observations and behavior of effect of m as discussed above for M1 types of modes on the

stability of flexible pipe flow i.e. flexible pipe surface becomes more rigid for higher values
of m . So, we can conclude that higher m value makesthe al types of modes more stable.
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Figure3:(a) Curvefor variation of H and ¢; for modesM2, G=6. ‘A’ isfor m =0.0 ‘B’ is for
m =0.8. (b) Curve for variation of H and ¢; for modes M2, G=6. ‘A’ is for m =0.0 ‘B’ is for
m =0.8.

B. Effect of wall compliance T’

Figures 4 (a) shows the neutral stability curvesin a -R plane for different values of T" for M1
types of modes. Here, we have taken the m =0 and H = 2. From this figure 4, we observed
that higher values of wall compliance I" increases the instability of the modes. i.e. area under
curvesareincreased by higher valuesT'. It isaso seen from figure 4 that M 1 types of modes are
more unstable for very lower values of Reynolds number R. Modes are unstable inside the
curve, neutral on the curve and stable outside the curves. Figure 4.(b) shows variation of the
neutral stability curvesin a -R planefor different values of I" for M2 types of modes and these
modes are unstable for medium and higher Reynolds number R. We found that the higher value
increases the instability of modes. So, we can conclude that al types of modes increases the
instability for higher values of T.

C .Effect of wall damping m

The figures 5 (&) and 5 (b) show the effect of visco-elastic viscosity to fluid viscosity (m ) for
M1 types of modes. Here, we considered H =2 and different values of m . From these
figures, it is observed that the higher value of m decrease the instability of visco-elastic pipe
flow. Higher valuesof m meansthemorerigidity i.e. lessvisco-elasticity. It isfound that even
with a large value of m = 0.2, there is little influence of m on the upper limb of the neutral

curve, and modest influence on the lower limb of the neutral curve. We may conclude that
higher values of wall damping m increases the stability of visco-elastic pipe flow.
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Figure4: (a) Sability Curvesin a - Rplanevarious G for modes M1, H=2.0. ‘A’ is for G=
6, m=0, ‘B’ isfor G=8,m=0, ‘B’ isfor G=9, m= 0, (b) Sability curvesin a - R plane
various G for modes M2, H=2.0. ‘A’ isfor G=4,m=0, ‘B’ isfor G=6,m=0, ‘B’ isfor G
=8,m=0
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Figure5: (a) Neutral stability curvesin a - Rplanevariousm for modes, M1, H=2.0. ‘A’ is
for G=6,m=0, ‘B’ isfor G= 6, m = 0.2, (b) Sability curvesin a - R planefor variousm for
modes, M1. ‘A’ isfor G=9, m=0, ‘B’ isfor G=9, m = 0.1.

Figure 6 (a) showsthe effect of m, in a - R on the stability of flexible pipe flow for M2 type of
modes. Here, we have consideredH =2, I'=4 and different values of m . From figure 8, it
found that the higher values of m increasesthe stability. It isseen that effect of m ismoderate
on the neutral stability curve. Figure 6 (b) represent the effect of m on the neutral stability
curve of M2 typed of modes on the flexible pipe flow for axi-symmetric disturbances. In this
figure, we consideredH - 2, I'=6 and different values of m_.It is observed that there is little
influence of m, on the lower limb of the neutral curve, and modest influence on the upper limb
of the neutral curve.
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Figure6: (a) Sability curvesina - Rplanefor variousm for modes, M2. ‘A’ isfor G=4,m
=0,‘B’isfor G=4,m=0.2and ‘C’ isfor G= 4, m = 0.4. (b) Sability curvesin a - R plane
for different valuesof m for modes, M2. ‘A’ isfor G=6,m=0, ‘B’ isfor G= 6, m= 0.1 and
‘C’isfor G=1,m=0.2.
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Figure 7: Sability curvesin a - Rplanefor different valuesof m  for modes, M2. ‘A’ is for G
=8, m=0, ‘B isfor G=8 m=0.2and ‘C’isfor G=8 m= 04.

Figure 7 shows the variation of neutral stability curvein a. - Rfor different valuesof m for M2
typed of modes. It is observed that thereislittle influence of m on the higher Reynolds number
R on the neutral curve, and large influence on the lower values Reynolds number R on the
neutral stability curve. From the above discussions of effect of wall dampingm , we may
conclude that the higher wall damping damps the modes. i.e higher values of m) increasesthe
stability of flexible pipe flow. The higher values of m (m =m/m ) means the higher
viscosity of visco-elastic material asper the definition of m . The higher valuesof m makesthe

flexible pipe more rigid. As we know that the rigid pipe flow is more stable than the flexible
pipeflow. Hence, final conclusion can be drawn that the more viscosity of visco-elastic material
makes the flow more stable.

V. CONCLUSIONS

The following conclusions have been drawn on the basis of the results given above.
(2) 1t isfound that the flexible pipe is unstable for all ranges of Reynolds number (R) and
azimuthal wave number (o).
(2) Theincreasein the visco-elastic material thickness (H) increases the instability of flexible
pipe flow, which means higher visco-elastic material thickness makes the pipe more
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flexible and hence more flexibility of pipe increases the instability. Asit is know that the
rigid pipe is more stable as compare to flexible pipe.

(3) The higher values of visco-€elastic parameter (I') increases the instability of flexible pipe
flow because more I' makes the pipe more flexible. So flexible pipes flow becomes more
unstable with higher I".

(4) Instability of flexible pipe flow decreases with thelarger values of m.i.e. the larger values
m makes the flexible pipe flow morerigid. It means that rigidity of visco-elastic materia
pipeisincreased by increasing the values of m.
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