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The nonlinear instability of thread-annular flow
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The surgical technique of thread injection of medical implants is modelled by the
axial pressure-gradient-driven flow between concentric cylinders with a moving core.
The nonlinear stability of the basic flow is analysed theoretically at asymptotically
large Reynolds number and it is found that non-axisymmetric finite-amplitude neutral
modes can be supported over a wide range of thread radii and injection velocities.
The axial force on the thread is calculated and it is found to be significantly less
than that predicted by undisturbed-flow theory, in agreement with thread—annular
experiments.

1. Introduction

Thread injection is a newly devised surgical technique which enables porous medical
implants to be placed inside the body in a minimally invasive way, thus reducing
surgical trauma. The thread is stored on a spool and injected within a fluid by
applying an axial pressure gradient to the cylindrical container holding the liquid and
the thread (figure 1). The thread velocity V* is controlled by a motor. It is clearly
desirable for the thread to be injected smoothly and to not suffer lateral deviation:
it is therefore important that the flow is kept laminar. For this reason the transition
to turbulence of the basic thread—annular flow and its dependence upon Reynolds
number, thread radius and injection velocity are of great practical interest.

In a recent experimental paper Frei, Liischer & Wintermantel (2000, hereinafter
referred to as FLW) modelled the thread injection process by using a cylindrical rubber
filament to represent the thread. The filament was allowed to move concentrically
through a steel cylindrical pipe (representing the injection vessel) filled with water.
They measured various quantities including the axial force on the thread due to
pressure gradient and viscous effects. On comparing the results with the theoretical
predictions that arise from the exact Navier—Stokes solution for axial flow between
concentric cylinders they discovered that the force measured in the experiments was
always significantly less than that predicted by their theory. This observation forms
the motivation for the current study in which we investigate whether this discrepancy
could be caused by a nonlinear instability of the basic thread—annular flow.

There have been many theoretical studies of the stability of so-called core—annular
flows in which two fluids with different properties occupy a single pipe (e.g. the
temporal studies of Preziosi, Chen & Joseph 1989 and Huang & Joseph 1995 and
the spatio-temporal approach of Shen & Li 1996 and Chen & Lin 2002). In recent
years there has been less attention focused on the case where the inner cylinder is
a solid body rather than a fluid. The exact solution of the Navier-Stokes equations
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FIGURE 1. The thread injection process: fluid is forced out of the container and along the pipe;
simultaneously, the thread is injected using a motor attached to the spool. The thread forms a
porous tangle in the desired location within the body.

that arises in this case (to be derived in §1.1) was studied by Shigechi & Lee
(1991) and is also used by FLW, but although the linear stability of this flow has
been discussed extensively by Mott & Joseph (1968) and Sadeghi & Higgins (1991)
the critical Reynolds number predictions from these studies are much higher than
those observed experimentally. It would therefore appear that nonlinear effects are
particularly important at an early stage in the transition process for this flow.

The stability approach adopted in this paper is to study the thread—annular flow
at high Reynolds number and seek a nonlinear neutral wave instability structure
in which the critical layer (where the disturbance phase speed matches that of the
basic flow) is sited away from the annulus walls and is of the nonlinear inviscid type
first studied by Benney & Bergeron (1969). We find that the nonlinear disturbances
have a particularly strong effect on the mean flow. The stability structure found here
is similar to that derived by Smith & Bodonyi (1982) for flow through a circular
pipe, but there are a number of crucial differences which will be highlighted in §2.
Before moving on to discuss the instability in more detail we introduce the governing
non-dimensional equations and derive the basic thread—annular flow.

1.1. The governing equations and basic flow

The cylindrical polar coordinate system (x*,r",0) = (a"x,a’r,0) is used throughout
this paper, where x,r and 6 represent the non-dimensional axial, radial and azimuthal
coordinates respectively and the tube is of dimensional radius a*. The velocity com-
ponents are written as (u*,v*,w*) = (g*a**/p*v*)(u,v,w), where —4g"* is the constant
axial pressure gradient to be applied to the pipe. Here p* and v* are the density
and kinematic viscosity of the incompressible fluid. We express the pressure p* as
(g*%a**/p*v*?)p, and the time is written in the form (p*v*/g"*a*)t. These scalings enable
us to write the governing three-dimensional, unsteady Navier—Stokes equations in the
non-dimensional form:

ou dv v low
ou ou ou woau op 1 (0*u 0J*u 10u 1 0%u
(%+u8x+var+r89:_6>c+R(8>c2+8r2+r6r+r2692)’ (1.15)
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FIGURE 2. The simplified model geometry for which the Navier—Stokes equations have as a
solution the basic thread—annular flow derived in § 1.
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We wish to model the thread injection process by considering the axial flow be-
tween concentric cylinders r = 1 (representing the tube) and r = J (representing
a thread of dimensional radius 6" = a"d). The thread is moving in the axial di-
rection with non-dimensional velocity V' (corresponding to the dimensional velocity
V' =(g*a?/p*v*)V = (v*/a*)RV, from (1.2)). Figure 2 shows the geometrical config-
uration under consideration. The basic flow is expected to be steady and parallel so
we seek a solution of the Navier—Stokes equations (1.1) in which

u = Uy(r), v=w=0,

subject to the fixed axial pressure gradient dp*/0x* = —4g*, which in non-dimensional
terms can be written
op 4
ox R
From substitution into (1.1) the governing equation for Uj is
1

Uy + ;U(’) = —4,
subject to the viscous no-slip conditions
Uo(6) =V, Uo(1) =0.
The solution is easily found to be

V—1+482
Uozl—rz—l—glnr, o<r<1. (1.3)
Ind
Clearly this basic flow depends on two parameters: the thread radius J, which must
lie in the range 0 < 6 < 1, and the thread injection velocity V. There is a theoretical
maximum thread velocity at which the negative viscous shear force on the thread is
balanced by that due to the pressure gradient. It will be shown in § 5 that this is given
by
Viax = 1 — 6°. (1.4)

In figure 3 we plot the basic flow for various values of 6 and V' within their allowable
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FIGURE 3. The basic thread—annular flow Uy(r) for various values of thread radius ¢ and injection
velocity V. (a) 6 =0.2; (b) 6 =0.4; (c) 6 = 0.6; (d) 0 = 0.8. In each case six equally spaced values
of V are shown, ranging from (left to right) V =0to V = Vpyay = 1 — 62

range. Since the pressure gradient rather than the mass flux is kept fixed we see that
the mean velocity decreases as the thread radius is increased.

As remarked earlier there is a notable discrepancy between the results of thread-
injection experiments and theory assuming the basic profile Uy. For example, Koch
& Feind (1958) report that the experimental transitional Reynolds number R, for
thread—annular flow with a stationary thread lies in the range 3000-4000. On the other
hand, linear theory (Sadeghi & Higgins 1991) only agrees well with experiment in
the small-gap limit and generally predicts much higher values of R., with R, — o as
0 — 0 for all values of V. In this paper we will attempt to show that a possible reason
for this discrepancy is that the basic flow is susceptible to a nonlinear instability which
induces a distortion to the mean flow. To this end, in the next section we investigate the
stability of the basic thread—annular flow to nonlinear non-axisymmetric disturbances
using asymptotic methods based on a large-Reynolds-number assumption.

2. The nonlinear instability structure

In this section we will show that the basic thread—annular flow derived in §1.1
supports a nonlinear neutral wave structure of a similar type to that found by Smith
& Bodonyi (1982) for fully developed flow through a single pipe (Hagen—Poiseuille
flow or HPF) and that found by Walton (2002) for impulsively started pipe flow.
The neutral wave structure essentially consists of four main regions: a region where
to leading order the instability is governed by inviscid dynamics; two viscous wall
layers on the inner surface of the tube and the surface of the thread, and finally,
and most significantly, an inviscid nonlinear equilibrium critical layer where the basic
flow velocity is equal to the phase speed of the disturbance. The phase shifts induced
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FIGURE 4. The asymptotic structure of the nonlinear neutral modes for thread—annular flow.

across the two wall layers must be balanced by that induced across the critical layer
and this requirement leads to the determination of the amplitude of the disturbance
in terms of its azimuthal and axial wavenumbers and the properties of the basic flow.
A sketch of the neutral wave structure is given in figure 4. We start by considering the
inviscid part of the flow field before embarking upon the more complicated critical
layer analysis.

2.1. The inviscid region

This region occupies the majority of the pipe where the radial variable r is O(1). The
scalings follow those set out in Smith & Bodonyi (1982, hereinafter referred to as SB)
and the appropriate expansions are:

u = Uo(r) + R~ Cupy(r) + R (uy(r, 0, x) + uzp(r)
+ -+ R us(r,0,x) + -, (2.1a)

v =R Y3u,(r,0,x)+ - + R Cvs(r,0,x) + - - -, (2.1b)
w =Ry (r) + R (wa(r, 0,x) + wan(r)) + - - + RSws(r,0,x) + -+, (2.1¢)

D= Ril/S(p2(ra 0, X) + PZM(V)) +- R75/6P5(V’ 0, X) + (21d)
with R > 1. The subscript M refers to a mean flow distortion which is the subject
of a detailed discussion in §4, but it is worth noting at this stage that the induced
streamwise and azimuthal mean-flow distortions are larger than the fundamental
disturbance, which has the subscript 2. The appearance of the terms with subscript 5
anticipate the occurrence of the induced O(R~!/?) phase shift to be discussed in more
detail in §2.2. The fundamental disturbances (u,,v;, w;, p2) take the form of the real
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parts of
Ao(F2(r),1Ga(r), Hy(r), Po(r)) exp(if), & = alx —ct) + N0, (2.2)

respectively, where o and ¢ are taken to be real and N is an integer. The main aim
of the analysis presented in this section is to determine the real amplitude A4, of the
neutral modes and demonstrate its dependence upon the wavenumbers « and N and
the basic flow parameters 6 and V. In the process the phase shift across the critical
layer will be calculated. The wave speed ¢ of the neutral mode is assumed to be O(1)
(the precise value will be determined as part of the analysis) and we write ¢ = ¢y to
leading order.

We substitute the expansions (2.1), (2.2) into the governing equations (1.1) and
obtain the leading-order inviscid balances:

, G, NH
aFy+ Gyt =2+ =

- = 0, (Uo — C())OCFz + G2 U(,] = —OCPQ, (2.3(1, b)

NP,

(U() — C())OCGz = Pz/, (Uo — CQ)OCHZ = — (23C,d)

The velocity components F», G,, H, can be eliminated, leaving the pressure perturba-
tion governed by Rayleigh’s equation:

" 1 ! N2 ! /
(Uy — o) (P2 + Py - (a2 + r2> P2> = 2U,P;. (2.4)

The appropriate boundary conditions express the inviscid requirement of tangential
flow on the boundaries, namely

P;=0 on r=39, P;=0 on r=1. (2.5)

As expected it is clear from (2.3) that the velocity components are singular at the
radial location where Uy = ¢o and a critical layer is required at this location to smooth
out the singularity. We define r. such that

Uy=c¢y when r=r,

and note that for thread—annular flow the critical layer position r. depends on the
values of 6 and V.

In what follows we assume that the thread injection velocity V is larger than the
(as yet unknown) disturbance wave speed co. If this is not the case, and V < ¢,
then there will be two values of r. and hence two critical layers to analyse. We will
see in §3 that the condition V > ¢y leads to the determination of a critical thread
radius below which no instability of the single-critical-layer type is possible. In view
of these remarks it is clear that there is a fundamental difference between the stability
properties of thread—annular flow with a moving (V # 0) and non-moving (V' = 0)
thread. It is only the former case that we consider here. The observation here that the
stability properties of thread—annular flow depend crucially on whether the thread is
moving is consistent with the experiments of FLW where they found major differences
between the results for V' =0 and V #+ 0. We will discuss these experiments in more
detail in § 5.

It is convenient at this point to define the skin-friction and curvature coefficients

10 = —r.Up(re), 11 = %rf U{(r.). For thread—annular flow these have the explicit form
vV —1+6? V—1+46°
. Skt oL AP S it
o= ms T T 2ms



Nonlinear instability of thread—annular flow 233

from (1.3). In order to match with the critical layer we need to derive the asymptotic
behaviour of the disturbance velocity components and pressure as the critical layer
is approached. It is straightforward to show from (2.3) and (2.4) that as r — r.—

p N2 2 2
F2~L — 4+ il N? + o’r? I—i-j Ine
o?ritg \ € Ty To

N? 2 22 5
35— — (1 - “) + 2 (1 + “)) +0(zIne), (2.6a)
70

3 To 3

A

p
Ar:To

2
G, ~— (—(N2 +o?r?) + (N2 — Pt — i(N2 + oczrcz)) elne
To
1
+ <i(N2 — oczrg) +3j; + gLI(N2 + oczrf)> e
; To

T (1 i “) ((N2 — oty = TNt oczrf)) e lng) +0(2), (2.6h)
To To

Np (1
Hy~——7F < +(1— “)) +0(e), (2.6¢)
or.To & To

1 2 2
Py~ p (1 — N+ <N2 (1 - “) — a2 <1 - “)) Ine + jsed

To 70

1 2 2 2
1 <1 n “) <N2 (1 . “) — <1 n “)) & lns) L0, (2.6d)
4 To To To

where the small parameter ¢ is defined by ¢ = (r. —r)/r., and p = P,(r.). As in SB and
Walton (2002) the quantity j; is unknown but can be found numerically by solving
the Rayleigh equation (2.4) subject to the boundary conditions (2.5). Finally, there is
a jump condition across the critical layer arising from the O(R~'/?) phase shift which
we determine precisely in the next section. The implication of this is that terms of the
form

Re(In(r. —r)exp(i&)) for r<r.

are replaced by
Re((In(r — r.) + iR"V2®) exp(i¢)) for r>r,, (2.7)

where the O(1) quantity @ is to be determined as part of the analysis. This means
that quantities such as In(r. — ) cos ¢ are replaced by In(r —r.)cos ¢ — R™1/2®sin ¢ as
we cross the critical layer. We therefore see by comparison with the expansions (2.1)
that (us,vs, ws, ps) will be the lowest-order terms to undergo a non-zero phase shift.
As far as the solution of the Rayleigh equation (2.4) is concerned, the appropriate
jump condition is simply that P, remains real as the critical layer is crossed. As in
previous works, the solution of (2.4) subject to the boundary conditions (2.5) and
the jump condition will determine the value of the wave speed ¢y for given values of
N,a,0 and V. The Rayleigh equation is solved numerically in § 3. Next we investigate
the dynamics of the critical layer with the ultimate aim of determining the scaled
phase shift @ analytically in terms of the disturbance amplitude A,.
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2.2. The inviscid nonlinear critical layer

The analysis in this section follows closely the work of SB and Walton (2002) and we
adopt a similar notation to theirs wherever possible. Rather than presenting all the
details here we just present the key results.

First, we can obtain the thickness of the critical layer using the following argument.
As the critical layer is approached from the inviscid region we can see that the
fundamental azimuthal disturbance ~R~'/3¢~!, while the pressure ~R~'/3. In the
critical layer nonlinear and pressure forces dominate with viscosity a higher-order
effect and so we have the balance p ~ w? from the azimuthal momentum equation
(1.1d). Thus we have ¢ ~ R~'/¢ in the critical layer and we write

r=r.+RYY with Y =0(1).
The velocities and pressure expand as follows:
u=co+ R VU(Y,&)+ (R InR VU3 n(Y, &)+ RTVPUNY,E)
4+ ROCUSY,E) 4+, (2.8q)

v=RPVIY, &)+ (R InR™V)3(Y, ) + RV, €)
+- 4+ R'Ws(Y, 6+, (2.8b)

w =R VWY, &) + (R InR™VO)W;0(Y, &)+ RTVPWA(Y, &)
+o A ROWS(Y O+, (28¢)

p=RPP(Y,&) + (R In RV Py 5(Y, &) + R7V2Py(Y, &)
4+ 4+ RIPS(Y,E) +---. (2.8d)

Substitution of these expansions into the Navier—Stokes equations (1.1) yields the
following leading-order nonlinear balances:
NW:

c

OCU]f + V]Y =+ = 0, (2961)

NW, U,
rC

NW Wi NPy
Ui Wie + ViWiy + —— = = ===,
from which we deduce that the main pressure disturbance is constant throughout the

layer and assumes the value

oaU Ui + ViUyy + =—aP;, Py =0, (2.9b,¢)

(2.9d)

Py = Aopcosé + pou(re),

from (2.1), (2.2) and (2.6). In order to match to the inviscid region the appropriate
asymptotic behaviour of the velocity components is

AypN?
U~ —2F +uiy(ret) — =22 cosé, (2.10a)
r. 2r.t0Y
ApD ) AopN
Vi ~ —LP(N2 +d?r?)siné, Wi~ Ui cos & + win(ret), (2.10b,¢)
or.To atgY
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as Y — oo, with the first term in (2.10a) arising from the basic flow. As in SB this
leading-order problem can be solved analytically. It has the form

N . b
Uy =——Gln), m=—mmat%=—“(Y—”>+am (2.11a—c)
or, N To
with
AopA N
= 2P . b=uy(red) + —win(rd), 4=N>+or (2.12)
oar.To or.

The solution depends on the variable #, a function of Y and ¢ given by

oTo r.b\?

n= <Y—‘> + pcosé.
2VL. )

At this order the function G(y) is arbitrary (it will be determined later in (2.25)), but

to match to the inviscid region we require the asymptotic behaviour

N i(20(;%7;(1))1/2N

implied by (2.10) and (2.11). The + signs refer to the upper/lower parts of the
critical layer where Y —r.b/tq > (2r.u(1—cos &)/aty)/?, and Y —r.b/tqg < —(2r (1 —
cos &) /aty)/?, respectively.

In order to determine the phase shift we need to examine the behaviour of higher-
order terms. It is convenient to define a skewed velocity

G(n) ' +win(rd) as n— o, (2.13)

N
am = O(1]111 + — I/Vm (214)
re
form=1,3/2,2,..., so that the continuity equation becomes
ami +Vuy = yf,i) (215)

Following some manipulation of the governing equations we can obtain an equation
for the shear i,,y. This takes the form

_ [ 2az,\ ' Oty _ 07 A7)
+(am> (n—peosé)2Eml = Som _ Z8n  Z0 . (2.16)

o0& oy oz aE Topm

¢

The quantities #" (m = 1,3/2,2,...; n = 1,2,3,4) are forcing terms arising from the
Navier—Stokes equations which can be written down for any particular m and n, and
the transformation of (£,Y) to characteristic variables (5,11) with ¢ = f has been
performed. A similar equation for W,, can be obtained and takes the form

_ 2OC‘L' 172 aVVm : /
+ ( 0) (’7—#0055)1/275 = usin EG'(n)iy,

re

N 2 1/2 N
+Vm <(XTZ + ( f‘l’-o) (17 — HCOS 6)1/2(;’(17) + 975:1‘) _ TP;ncf- (217)

This equation enables W,, to be determined once the shear term i,y is found from
(2.16). The corresponding equations to (2.16) and (2.17) in SB are their equations
(3.10a) and (3.10b).

In order to induce a phase shift across the critical layer we require the solution for
(&, Wi, Ppy) to possess an odd part about & = n, with V,, even. As in SB the m = 3/2
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solution does not give a phase shift and need not be considered further. Next we
consider the m = 2 stage for which the forcing terms take the form

Vi NYW,;:

7\ = —— = (2.18q)
NYW,Uy; N (NYW,W,: ViW, NYP
P 1Y NV e Py ), (2.18b)
2 r? Fe r? Fe r?
w2 NYW,W,:  ViW, NYPy
FO =1 F¥= ey & (2.18¢,d)

Fe r? Fe r?

Here the controlling equations are (2.16), (2.17) with m = 2, together with the asymp-
totic behaviour

T
U, ~ r—;Yz + Yy (ret) + o (ret)

C

Aop 2 2 Y

+20P N2 (18 + o?r? 14+2) ) in|—
0(2‘5()}"(2, 0 To Fe
N? 2 2r?

N2 g e (1427 ) cose (2.19a)
3 To 3 To
Aop 2 2 Y Y

=0 (v (1-2) o (1420)) T T

oaTor . To To e e

1 22 Y\ .
r(aN (142 ) 43— e (1-2) ) =) sineg, (2.19b)
3 To 3 70 re

NAop

Wy ~ YW, =4+) —
2 wip(ret) oo

(1 - ?) €08 & + W (1) (2.190)
0

as Y — +oo, implied by (2.6). Integrating the shear equation with respect to & we

obtain
2010\ /2 7l/2 20to N2
— ( 0) iy O k() £ (n — peos &)/ <—0

T - 2172y, rzA
203ty  2Nab , 44 2010\ /?
4220 e 66 ) ouN (Z2R) Gleosé. (220)
4 r? r r
From the boundary conditions (2.19) we deduce
2 ~
fay ~ (:2“ Y+JF as Y o +oo, (2.21)

with 2+ = ot} (r.+) 4 (N /r )W, (r.) being constants in the upper and lower regions
of the critical layer. The difference 1™ — /- is the vorticity jump across the critical
layer, and is crucial both in determining the phase shift and fixing the mean-flow
distortions (see §4). The function () in (2.20) is as yet unknown but must satisfy

_ 232y 12
K(n) ~ +71/2(211 + o)1 as n — oo, (2.22)
FeT

from (2.13), (2.21).
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Using ‘O’ or ‘E’ to represent contributions that are odd or even about ¢ = 7, the
forcing terms at the m = 4 stage (which include the first effects of viscosity) may be
abbreviated to

N
375‘1) =0’ 3722) = Uiyy + 7W1YY +°0’, (223a,b)
9723) —F, 97514) = Wiyy + 0, (2.23C,d)

with the shear governed by

_ 2010\ '? oil 0 N N? 0
+< .0> (n — peos¢)'? aj:y ZM,(UIYY“‘V.WIYY +‘0’> l aé(E)-I-‘O’

bl (Yati [YVaxd
=iyyy +°0° =0,

since iyyyy 1s zero from (2.11). It follows that iuy is ‘E’, V4 is ‘O’ and P4 is ‘E’. As in
SB the equation for W, can be integrated with respect to ¢, leading to

20t 12 J ' ¢ 1/2 L
. n G'(n) ; (n —wucosq)’~dq | + Ca(n) +°E, (2.24)

$W4=(

with C4(n) an arbitrary function. Imposing the condition of periodicity on W, fixes
the function G’(y) as

+ 2Nn TEN2
Gl =g with )= [ (- pcosq!Pda,  D* = (amr) T
1(n) 0 4
(2.25)
It follows that
1/2
G(n) ~ Gy + (2aforc)1/2¥ (]7 + J> as n — oo, (2.26)
T
with
2 1/2
Guw) =Gy, J= ( g) c, (2.27)
T
where we have uniform vorticity G, within the cat’s eye and C"V ~ —5.516 is the

same constant as in SB. Hence the finite part of the jump in G(rn) across the critical
layer is determined as

[GNEE = 2Q2uzr.)? 71 (2.28)

and this result will be used in the phase shift calculatlon and the determination of
the mean-flow distortions.

The final stage we need to consider (as in SB and Walton 2002) is m = 5 where the
shear equation is

_ {2oatg 172 1/20Usy Oilsy
+ (n —pcosq)
Ie 65

_ N aNt 24 0
=uzyyy—r7V1W4y+ pe 0YW4g T

By substituting for i,y from (2.20), integrating with respect to ¢ and demanding

(WiWy) +°0°. (2.29)
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periodicity, we can derive an equation governing the behaviour of the shear term

k(n). This equation can itself be integrated and after some simplification we obtain
To 2N ,

() — K0) = — e ( G'(n) — G(n) — uG' (1) + Go)

+

DZ 24 ’ 3
(6 =6y -2 [ da, @30

TOVL

where

3/2 2
+ AL 7, oNm N
D2 —_ i(ZTO) A T] i 21/2A 1 - 7 .

The finite part of the jump in x(y) can then be calculated. We find

T Vc omn 319N? ar) > N2
X [[ (ML = —=(219)"2 (Z — (27 + ‘EO)) J+ =2 T

~ A 242
_ (219)aN?
242

8n3N® [* [ s 1
@ — _ ~ 4
C W /H <I3 3 3N3sl/2> ds ~0.156

is a constant which also appears in the analysis of Walton (2002) for impulsively
started flow. This term should also be present in SB’s analysis of HPF but was
overlooked in their work. Using (2.20), (2.31) and the expression (2.27) for J, the
vorticity jump across the critical layer can be shown to be

(CP—=2)u'2, (231

where

1/2a1/2N2 120

T+ = — I3 +o0 +oo _
;p ;\/ - [[MZY]]—oc 2 1/2 1/2 [[ (7])]] S/ZA
al/zr(l)/z,ul/z 5N2 1 1 N2 N2
=— —c—— )W — g 4222 C?)).
7 (( 24 2 ro) o )

(2.32)

This expression will also prove useful in §4 when we discuss the mean-flow distortions.
In the present context it leads us to an expression for the phase shift. If we write

[[is]]* Z(ﬁn sinné + 7, cos né), (2.33)

n=1

then the phase shift is the coefficient (= ¢ say) given by

1 2Nn 1 0 2Nn
¢ = Nn/o [[@s]) 27 sin £ dE = —— 7[ﬂ </0 sy sinédé> dy

The details of the phase shift calculation are given in SB for the special case of HPF
and we simply quote the analogous result here, namely

s 4 N?
o = =227 —J7)+ r—zj(Zonorc)l/sz. (2.34)

c
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Substituting for AT — /1~ from (2.32) and J from (2.27) we obtain

1/2 A72
ATOU N A 27
L = < rg ) - ((6 - <1 + T01>> CW 427 +2%2(2 — c<2))> . (239)

c

We can now relate ¢ to the scaled phase shift @ by observing that if the asymptotic
form for @, contains a term of the form ki InY cos ¢, then in view of the replacement
(2.7) we have that ¢ = —k;®. From the asymptotic forms (2.6) we see that

Aop 2 2
k= P (_Nz (1_ “) or <1 +“>>,
oar:To To To
Aop 2 2
= ;)p <N2 (1—“) —ozzrf <1+Tl>><15.
ar:To To To

Finally, we can substitute this relation into (2.35) to determine the phase shift—
amplitude relation:

and therefore

A 21’1
_ = - 1) 5/2(7 _ ()
_rc(ocroN)z (6 e <1+ TO))C 4+ 2+ 2742 —-CY)

- (Aopd)rs N2 (1 - 2“) — o2 (1 + 2”)

70 To

(2.36)

Confidence in the validity of (2.36) is provided by the fact that it reduces correctly to
equation (3.25) of SB for the case of HPF (when 1y = 2r?, 1; = —r?) with allowance
made for the final term involving C'® which was missed in their analysis. From an
examination of the various constants involved it can be seen that the phase shift
predicted by (2.36) is always negative. This phase shift should be exactly balanced by
that produced by the two wall layers and this will determine the amplitude Ay of the
neutral disturbance. In the next subsection we investigate the dynamics of the wall
layers and calculate the phase shift arising from them.

2.3. The viscous wall layers

Here we re-introduce the viscous terms neglected to leading order in the critical
layer. The dominant balance in both wall layers is between the terms o(Uy — ¢o) and
R™'0%/0r?, implying a classical O(R™'/?) thickness. We deal with the inner wall first,
where we write

r=06+RY%.Z,

where Z is the O(1) normal coordinate within the wall layer. The velocities and
pressure expand as

u=V+RPUO)IZ + -+ R Pa(E,Z)+ -,

v=R0EZ)++,  w=RVWEZ) 4, p=R"pEZ)+,

where the scalings here are implied by the behaviour within the inviscid region as
r — 0. The normal momentum equation simplifies to dp/0Z = 0 to leading order,
implying that the pressure is equal to its value on the thread throughout the layer,
i.e. we have

p = AoPycos & + pay(9).
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The leading-order azimuthal momentum equation takes the form

ow  NAWP, . 1 0*w
O‘(V_CO)% = 50 OSIHf—I—r—%@,

and the solution of this equation that satisfies no slip on Z = 0 and remains finite as
Z — o0 18

NAP . 141
w = —Re 0°0 (1- exp(—erZ))exp(lf)} , m= (+1> a2V — o) V2.

ad(V — cp) J2
Now that the azimuthal velocity is known, the other velocity components can be
determined from the continuity and streamwise balances:
Qi 1as Now
o r.0Z 5 o0E 7
oil . 1 %
OC(V — CO)% == O(A()P() Slné + Eﬁ

The appropriate solutions satisfying the no-slip conditions are
A()P()

=7

(1- eXp(—mcm))eXp(ié)] ,

1 1 .
7 =—Re [(I/_c())msz(]\]2 + 26%) <m —r.Z — - exp(—erZ)> exp(lé)] .

Taking the limit of the latter expression as Z — oo we find
A()PO 2(N2 + 06252)1‘101)0

v~—RO__Z000
(V — co)ad? oV — ¢g))? 52

(N? 4+ o26%)r.Z siné + R™/¢

(sin & —cos &).

(2.37)

From comparison of (2.37) with (2.1) we see that the first of these terms matches to
the term G, in the inviscid region while the second displacement term includes the
anticipated phase shift and provides the condition on vs:

2(N2 + 05252)A0P0
N

(2a(V — ¢o))*/20?

Us (siné —cosé) as r—9,

where Py = P»(0).
A similar analysis can be carried out for the outer wall layer near r = 1, the only
difference being that Uy ~ 0 here and so there is no dependence on V. We find that
the resulting displacement effect leads to the appropriate condition on vs being
2(N2 + 062)A0P1
BT T Rueg)

(precisely as in SB) where P; = P,(1).

(siné +cosé) as r—1 (2.38)

2.4. The determination of the nonlinear disturbance amplitude by the balancing of
phase shifts

The critical layer analysis of §2.2 has revealed that the components (us,vs, ws, ps)
contain terms of the form

Ao(Fs(r)sin &, Gs(r) cos &, Hs(r) sin &, Ps(7) sin &)
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where

2(N? 4+ 026%) Ao Py 2(N? 4 o)Ay Py
2V = )25 (2uco?
from the wall layer analysis of §2.3. From substitution into the Navier—Stokes equa-
tions we find that Ps satisfies the same Rayleigh equation as P,, namely

Gs(0) =

Gs(1) = (2.39)

" 1 ! NZ 2 I D/
(U()—C()) P5 +;P5— r—z—l—a P5 =2U0P5,

but the boundary conditions are now

, (N? +0?6%) Py , (N? + o)Py
P{(6) = — P{(l)=———— 2.40
5( ) (2OC(V _CO))1/252> S( ) (2OCC())1/2 5 ( )
from (2.39), together with the jump condition
3 A
[Ps]* = — <N2 _opr PNy a2r§)> <rr_r) gqﬁ, (2.41)
To [4

deduced from the pressure behaviour in (2.6) and the jump (2.7). After some manip-
ulation we obtain

r , n_ ot r>r,
(UO - CO)2 (P5P2 B P2P5) N { o, r<re,

where the constants w* are given by

(2.42)

ot = (N 4+ 2)20) 2, * P, 0 = (N* + 020%)(2)" 2671 (V — ¢0) P2

Applying the jump condition (2.41) to this expression we find that @ must be given
by

72 (N2 +a®)P2  (N*+a26%)P¢ 21,
b ___ "0 i 0 222 2T N L2
5220172 ( 7 V= s /(N wre— (N* +orl) ),

(2.43)

and this represents the overall phase shift across the viscous wall layers. This phase
shift must be in tune with that found in (2.36) across the critical layer. Equating our
two expressions (2.36) and (2.43) for @ we obtain the final result

B 21/3r02/3131/3oc5/3N4/3
T N2 + o?r?
2/3
(6= (N2 22)N2 (14211 /20)) (~C1V) — 27 — 252 — C) /
(N2 + a2)cy P PR — (N2 + 0252)(V — ¢o) 5201 P¢ ’

(2.44)

where all the quantities on the right-hand side are either known analytically or can be
easily computed numerically. It is a straightforward matter to check that this result
for the amplitude reduces to the corrected form of SB’s equation (3.26) for the special
case of HPF.
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To determine the wave speed ¢y and the pressure quantities p, Py and P; we need to
solve the Rayleigh equation (2.4) numerically. This is carried out in the next section
and leads to the determination of the amplitude of the neutral modes and their
dependence on the thread radius § and injection velocity V.

3. The numerical solution of the Rayleigh equation
The numerical problem under study here is the solution of

1 2
(Ug — ¢co) <P2” + ;Pz’ — <];]2 + ocz) P2> =2UyP; (6 <r<1), (3.1)

where Uy(r) is given by (1.3) and depends on the parameters 6 and V. The boundary
conditions are

Pi(5) =0, Pj(1)=0.
In addition we need to apply the condition of zero phase shift at r =r. where

Uy(r.) = ¢o. From the asymptotic expansion (2.6) of P, as r — r.— we can derive the
jump in P;/P,. We find that

P17 1
[Pz] ~ 7(4sz8| + 8K hylel* In [¢ + 2(4)js + Khy — 2)3)lel), (3.2)
21 c

neglecting terms of O(&’ In |¢|), where ¢ = (r.—7)/r., and j», ju, h; and K are coefficients
in the series expansion of P, and are given explicitly by

. .= 3 2ty .
Jr=—=3(N* 4+ ), J4=J4+4<1+1> J3»
To
1 2 3 2
K=2((N—a2?)— N2 4 22)), =2 (142,
3 To 4 To

— 1
Ja= 3 (13N2 — 6N* — ofr? — 12N%o*r? — 6oz4rf)
110(27'2, T 17 T1 2 T2
c (T Ny L (2) -2
1 (fo> TN | 1 <’L’0> o)’

3.1. The numerical procedure

with 1, = —r2U{/(r.)/6.

Our numerical approach is as follows. First, for given values of axial wavenumber
o, azimuthal wavenumber N, thread radius é and injection velocity V' we guess a
value for the critical layer location r. in the range 6 <r. < 1. Then we proceed
to solve in 0 <r <r.(l—¢) (with ¢ suitably small) by marching forward using a
Runge—Kutta scheme with initial values P,(6) = 1, P;(6) = 0. The value of the
unknown constant j; can then be found using the ratio P;(r.(1 — ¢€))/Pa(r.(1 — ¢)).
Next we solve in r.(1 +¢) < r < 1 by marching inwards from r = 1 where we impose
P,(1) =1, P;(1) = 0. The jump [P;/P,]* can then be calculated. This whole process is
repeated, iterating upon r., until (3.2) is satisfied. Once the solution for r. is obtained,
the actual values of P,(d) and P,(1) can be found, and the wave speed ¢y follows
from Uy(r.) = ¢o. The amplitude of the neutral mode can then be determined from
(2.44). The procedure is repeated for a range of values of o, N,  and V. It can be
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FIGURE 5. Neutral mode results for N = 1, « = 0.01. (a) Wave amplitude A4, versus thread radius
for various injection velocities V. From right to left: ¥ = 0.1,0.2,0.4,0.6,0.8,0.9. (b) Critical layer
location r. versus ¢ for (from top to bottom) V = 0.1,0.2,0.4,0.6,0.8,0.9.

demonstrated analytically that the Rayleigh problem posed above has no solution if
N = 0: we therefore concentrate on non-axisymmetric modes.

3.2. Numerical results

In figure 5(a,b) we plot the amplitude of the neutral wave 4y and the critical layer
location r. versus thread radius ¢ for various injection velocities V. These results
are for a disturbance with axial wavenumber o = 0.01 and azimuthal wavenumber
N = 1. We see that a neutral wave is supported over a range of thread sizes but
there is a critical radius (6, say) above which no instability exists. This critical radius
corresponds to the vanishing of the net phase shift (2.43) across the viscous wall
layers: beyond this radius the phase shift is positive and it is no longer possible
to balance it against that induced across the critical layer (2.36), which is always
negative. It is also evident that this critical radius is generally much less than that
which corresponds to the theoretical maximum injection velocity (1.4). We can see
from figure 5(a) that 6 decreases as V increases, while figure 5(b) shows that an
increase in injection velocity results in the movement of the critical layer away from
the tube wall and towards the thread.

Figure 6(a,b) displays the corresponding results when the axial wavenumber is
increased to o = 0.5. The general trends described above remain unchanged but the
typical amplitude is increased and the instability exists over a slightly smaller range
of thread radii. A new feature, evident for V' = 0.1 (which is shown by a dotted line),
is the existence of a lower critical thread radius J; below which no neutral waves
are supported for this value of V. When ¢ < ., the calculated wave speed ¢, of the
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FIGURE 6. Neutral mode results for N = 1,a = 0.5. (a) Wave amplitude Ay versus thread radius
o for various injection velocities V. From right to left: V' = 0.1 (dotted), 0.2,0.4,0.6,0.8,0.9. (b)
Critical layer location r. versus ¢ for (from top to bottom) ¥V = 0.1 (dotted), 0.2,0.4,0.6,0.8,0.9.

disturbance is greater than the injection velocity V. In such a situation (as remarked
near the start of §2) our analysis breaks down since there is no longer a single critical
layer in the flow. When « is increased to unity (figure 7) the typical amplitude is
raised further, and the lower critical thread radius is evident for both thread velocities
V =0.1 and 0.2. The critical layer is sited well away from the wall at this value of
axial wavenumber.

Figure 8 shows the results for the situation where the parameters are as in figure 5
except that the azimuthal wavenumber has been increased to N = 2. Qualitatively
the same dependence of amplitude and critical layer location upon ¢ is observed
with the same trends as V' is increased. The typical amplitude, however, is much
smaller than in the N =1 case and the range of 6 over which an instability of this
form exists is reduced, particularly at larger injection velocities. In addition there is a
stronger variation of critical layer location with thread radius. These trends continue
as N is increased although the ever smaller amplitudes involved make the numerical
calculations difficult to perform accurately.

Another approach to the critical phenomena discussed above is to observe that for
a given thread radius J there is a critical injection velocity V, say, above which the
flow is stable to the nonlinear asymmetric disturbances studied here. In figure 9 we
plot V. versus ¢. It can be seen that V, decreases as the axial wavenumber « increases,
although V., is relatively insensitive to changes in o when ¢ is close to unity. The value
of V. also decreases significantly when the azimuthal wavenumber N is increased
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FIGURE 7. Neutral mode results for N = 1,a = 1. (a) Wave amplitude A4, versus thread radius ¢
for various injection velocities V. From right to left: V' = 0.1 (dotted), 0.2 (dashed), 0.4,0.6,0.8,0.9.
(b) Critical layer location r, versus ¢ for (from top to bottom) ¥ = 0.1 (dotted), 0.2 (dashed),
0.4,0.6,0.8,0.9.

from 1 to 2, and this trend continues as N is increased further, suggesting that if the
thread velocity is above critical for N = 1 the resulting basic flow will also be stable
to all higher azimuthal modes. At small values of ¢ it may be difficult in practice to
achieve such stability as figure 9 shows that in such cases the value of V. is close to
or in excess of the maximum achievable thread velocity Vi,.x defined in (1.4). These
results therefore suggest that for the thread injection process it is desirable to use a
relatively thick thread operating at or above the appropriate value of V..

It is interesting to compare our results with the linear stability calculations of
Sadeghi & Higgins (1991) where a critical or ‘cut-off” velocity, beyond which the flow
is linearly stable at all Reynolds numbers, was identified. The thread velocity used in
their paper Vsy say, can be shown to be related to ours by

V = C(5)Vsu, C(5)=52+1—52 (1_111(52—1)).

2Ind 2021Ino

A quick calculation then shows that the cut-off velocities reported in their paper
are substantially lower than those found in the nonlinear setting considered here.
For example, for the case 6 = 0.5, N = 1, Sadeghi & Higgins find a cut-off velocity
Vs =~ 0.6495, which corresponds to V. ~ 0.082 using our non-dimensionalization,
and is therefore considerably less than the nonlinear cut-off velocity shown in figure 9.
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FiGure 8. Neutral mode results for N = 2, = 0.01. (a) Wave amplitude Ay versus thread radius
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FIGURE 9. Nonlinear cut-off velocity V, versus d. The solid curves are for N = 1, with (from left to
right): o = 1,0.5,0.01. The dotted lines are for N = 2 with (from top to bottom): o« = 0.01,0.5, 1.
The dashed curve represents the theoretical maximum thread velocity Via, = 1 — §°.
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This is physically sensible as one would expect a flow operating just above the linear
cut-off to still be unstable to finite-amplitude disturbances. Mathematically, as the
thread velocity increases, the net phase shift across the viscous wall layers becomes
too small to support a linear disturbance, but nonlinear instabilities can still persist.

The fact that nonlinear solutions exist for N > 1 is of some interest as the cor-
responding neutral wave structure for a single pipe only admits the N =1 mode
(SB; Walton 2001). Nevertheless, given the typically tiny amplitudes predicted for
the higher modes and the associated small cut-off velocities, it would appear that
N =1 is likely to dominate in practice and for this reason we will concentrate on the
behaviour of this mode in the remainder of the paper.

4. The mean-flow distortions

It can be seen from the expansions (2.1) in the inviscid region that a feature of
this instability structure is that the distortion to the mean flow is larger than the
fundamental disturbance. Hence when comparing with experiments (as we shall do in
§5) this mean flow distortion is of vital importance and we devote the current section
to its determination. From substitution of (2.1) into the Navier—Stokes equations the
streamwise mean-flow distortion satisfies

1
i+ ity = 143 (5P, — GaF -

NHsF, n NH2F5>
r r '

Substituting for the quantities on the right-hand side in terms of the pressure, this
equation may be rewritten in the form

" 1, 12 0 1 P5P2/—P5/P2 12 0 1 T
o=t (S D) (BTN e (2, 1) (20
u1M+ru]M 2 0<0r+r> (oc(Uo—co)2 2770 6r+r oar )’

using the result (2.42) from §2.4. Since w* are constants, the right-hand side reduces
to zero and therefore the solution for u,, that vanishes on r = 6 and r = 1 is simply

MiIn(r/0) (O <r<r.)

4.1
M Inr (re <r<l, (4.1)

uim(r) = {
where M; and M, are constants to be determined from the jump conditions across
the critical layer.
Again, from substitution of (2.1) into the Navier—Stokes equations, the azimuthal
mean-flow distortion satisfies

1 1
Wiy + ;W’lM — FWim = LA <<xH5F2 — oFsH, + GsH, — G,H, —

N [0 2 PsP, — P.P

_1pN (0 2\ ((PsP;—PiP

27042 <6r + r) (( r(Up — ¢o)?
N /0 2\ [t
12" (= 4 = -
_2A0a2 <8r+r> <r2>

=0.

H;G, n Gerz)

Therefore the solution for wy,, that vanishes atr =06 and r =1 is

Mi(r—6%/r) (O<r<r,)
wim(r) =

(4.2)
My(r—1/r) (re<r<1).
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We have four unknown constants Mj,..., My and so to fix their values we require
four jump conditions across the critical layer. Three of these are easy to obtain from
our critical layer calculation. First, from the m = 1 solution (2.11), (2.12) we have that
ougy + (N/r.)wyy is continuous, hence

[otgpr + (N /r)win]t = 0. (4.3)
Then, from the solution (2.27), (2.28) we have

(1)
s = LGOS = (roren) 2 e = Jy, (4.4)

24
while from (2.19), (2.32) we have
[ond;pr + (N/rewin] ™ = [y 1177

12172 12 2 2 2
:_“/TO u <<5N _1_Tl> C<1)+Nn+23/2N(2—C(2))>
A

7 24 2 % 4

= J,, say. (4.9)
To obtain a fourth jump condition further analysis of the critical layer is required,
and this is presented in the Appendix. We find that

(A ﬁ)1/2N3 AT
— S (g ) € 2R ) = s say (46)

27,
Thus, for given values of V,0, N and «, the wave amplitude Ao, pressure p and critical
layer location r. can be calculated using the numerical method of §3 and then the
quantities Jy, J,, J3 can be determined. Applying the jump conditions derived above to
the solutions (4.1), (4.2) obtained for the mean-flow distortions we find the constants
Mi,..., My to take the form

__NJ; Inr. —r.JrInr. — NJy/r.

[W;M]i =

M, oalnd ’ (4.7a)
w, — N5 In(r./d) —rcJaIn(r./8) — NJy/ e, (4.7b)
oalné
21 2 252 2452
]\43 (r(, ) J _ (1 + r(,) M4 _ (r(, 5 )J (r(, + 5 ) Jl- (47C,d)

T 2(1-6)7 2r(1—01)"" T 21697 2r(1-0?)

Figure 10(a—d) shows the dependence of the quantities My,..., M4 on the thread
radius 0 as the injection velocity is increased. The wavenumbers of the disturbance
in this figure are o = 0.01 and N = 1, but qualitatively similar behaviour is found for
other choices of o and N. It is clear that the magnitude of the mean-flow quantities
(and hence their effect on the basic flow) is generally increased by increasing the
injection velocity for a fixed thread radius. Of particular interest here is the quantity
M, which contributes to the axial shear stress on the thread. In view of the observation
that M; < 0 for all o, the effect of the instability is apparently to reduce the force
acting on the thread. We investigate this in more detail in the next section.

5. The force on the thread and the friction factor

In the previous two sections we have shown how the basic thread—annular flow
is susceptible to a nonlinear instability at high Reynolds number and we have gone



Nonlinear instability of thread—annular flow 249
0

02 04 06 08 10 301 (o
25
-100 2.0
M3
15
Ml
~200 10
(@ 05
-300
02 04 06 08 10
)
500
02 04 06 08 10
400 02 0
300 -0.4
M, "
4
200 ~06
100
(b) 081 ()
0.2 04 06 0.8 1.0 -1.0

0

FIGURE 10. Neutral mode results for N = 1, o = 0.01. The variation of the mean-flow distortion
coefficients M, M,, M5, M4 with thread radius ¢ for various injection velocities V. In each plot the
values of V are (from right to left) 0.1,0.2,0.4,0.6.

into some detail in explaining how the amplitude of that disturbance is affected by
the size and velocity of the thread. We would like to see whether this instability
actually occurs in an experiment and, if so, how it affects quantities that can easily be
measured experimentally. In their recent paper, FLW described a thread—annular flow
experiment that they performed under controlled conditions. Two of the quantities
that they measured were the force on the thread and a quantity known as the ‘friction
factor’ which relates the applied pressure gradient to the flux of fluid through the
annular tube. For both quantities they reported a sizeable discrepancy between the
experimental measurements and theoretical predictions based on the undisturbed
mean-flow profile (1.3). In this section we see what effect the mean flow distortion
derived in §4 has on these results and whether it could be responsible for this
discrepancy.

It should be noted that in their experiments FLW use a Reynolds number Re which
is related to our pressure gradient-based Reynolds number R by

_2RQ
(1l +96)

where Q is the dimensionless flux of fluid through the annulus (related to the flux
Q in FLW by Q = RQ) and is given specifically in (5.6) below. The experiments
were performed at constant Re rather than constant R. In order to compare with the
experimental results for both the resistive force and the friction factor we therefore
first compute Q from (5.6) for given R and then calculate the corresponding Re from
(5.1). Alternatively, (5.1) and (5.6) together define R implicitly in terms of Re, so that
for given values of Re, 0 and V, the corresponding R can be calculated numerically.

Re (53.1)
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5.1. The resistive force on the thread
Working first in dimensional quantities, the axial shear force on a thread of length [* is

F:=2n5*l*u*<gu*> .
") s

In terms of the non-dimensional quantities introduced in §1, this becomes

F' = (p'v*?)2ndIR <0u) ,
aor r=0

where [* = a"l. Following the notation of FLW we introduce the non-dimensional

shear force
FooF _onair(2)
prv*2 or),_s

There is also a pressure force acting on the thread which arises from the constant
axial pressure gradient applied to the fluid. This force can be written

op*
ox*

F) = 1™l ( ) = (p"v2)no*4R,

and in non-dimensional form as

Fp _
p*v*2
The total resistive force on the thread is therefore

Fp= nS24lR.

~ ~ =~ 0
r=0
FLW introduce a non-dimensional pressure gradient P = —(a*3/p"v2)(dp"/ox"),

which in our notation is equal to 4R. In their experiments they measure the quantity
Fr/(Pl) which, from (5.2), can be written

I/‘T\R 1 ou >
— =510 | — 0°. 53
Pl 27-[ <ar>r—5+n ( )

To calculate du/dr we take u equal to Uy(r) + R™V%u;y(r), with Uy the basic thread—
annular flow given in (1.3) and u;y the mean-flow distortion calculated in (4.1).
Substituting for Uy and u;); we obtain

F\R _ T 1— 52 V
Pl 2\ |Ind| [Ind|
where the constant M is given in (4.7). The expression (5.4) is analogous to equation
(20) of FLW with the inclusion of the mean-flow distortion arising from the instabil-
ity. Note that the thread injection velocity V is equal to 4Ww7g/P in FLW’s notation.

In theory it is possible for the total thread force to be zero. In the absence of an
instability this occurs when the thread velocity is given by

Vmax =1- 52,

+ R1/6M1> , (5.4)

as this makes the right-hand side of (5.4) zero. This is said to be the maximum
theoretically achievable thread velocity for thread injection.
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FIGURE 11. Normalized axial thread force versus thread radius 6. (a) N =1, V = 0.08, Re = 100.
Results incorporating mean-flow distortion due to instability with « = 0.01 (dotted), 0.1 (dashed),
0.5 (dot-dashed). () N =1, V = 0.2, Re = 100 with o = 0.01 (dotted), 0.1 (dashed), 0.5 (dot-dashed).
On both plots the solid curve is the undisturbed theoretical result and the triangles are the
experimental measurements of FLW.

In figure 11(a,b) we plot the resistive force calculated from (5.4) as a function of
thread radius 0 for two different injection velocities V' = 0.08 and V' = 0.2, corre-
sponding to those used in the experiments of FLW, with Re = 100. This figure should
be compared with figure 5 in FLW. On figure 11 we also include the undisturbed
results (i.e. those obtained by setting M; = 0) and FLW’s experimental results. A
feature of the results (anticipated at the end of the previous section) is that the thread
force for given ¢ and V is reduced by the presence of the instability. It can be seen
that the results are relatively insensitive to changes in the axial wavenumber «. Only
the N = 1 instability mode is presented here for reasons given towards the end of §3.
The predicted thread forces agree quite well with the limited data available from the
experiments of FLW who noted the discrepancy with the undisturbed flow theory in
their paper. This discrepancy increases with increasing thread velocity and this obser-
vation is consistent with our theory. We should mention here that FLW also carried
out experiments at zero thread velocity for which our theory is not valid and they
also measured the force at thread radii in excess of 7, which again is not covered by
the present theory. Nevertheless the broad agreement between theory and experiment
is encouraging and offers a possible reason for the theoretical-experimental discrep-
ancy reported by FLW. It should be noted that although the flux-based Reynolds
number Re is only 100 for these experiments, the corresponding values of R (deduced
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FiGURE 12. Neutral mode results for N = 1, = 0.01. The flux distortion coefficient Ms versus o
for (from top to bottom): ¥V = 0.1 (dotted), 0.2,0.4,0.6.

from (5.1), (5.6)) were as large as 50000 in some cases, emphasizing the validity of a
high-Reynolds-number approach.

5.2. The friction factor
In their paper FLW also measure a dimensionless quantity known as the friction

factor 4 which is essentially the ratio of the pressure gradient along the tube to the
square of the mean flow through it. More precisely, 4 is given by

B 1672

RQ?
where Q is the dimensionless flux of fluid through the tube. The expression (5.5) is
equivalent to equation (24) in FLW. Taking the flow to be the basic thread—annular

solution plus the leading-order axial mean-flow distortion induced by the disturbance,
as in § 5.1, we have

(1—08)(1 — &% (5.5)

N
L=

1
0=2n /s (Uo(r) + R™Y8uypyy(r)) r dr

_r <4 (1_52)2_ 2 (1—-967) —~1/6
—2(1 0 +71n5 207 + s V+R V°Ms|, (5.6)

where
1
Ms = 4/ uy(r)rdr = M, (2rf ln(rc/é) + 02—+ My(r? — 1 —2r%1nr,).
5

Here we have substituted for uyy, from (4.1), while My, M, are given in (4.7). Thus A
can be calculated from (5.5) with Q given in (5.6). The flux distortion M5 is plotted
versus o in figure 12 for various values of V/, with « = 0.01 and N = 1. We see that
since this quantity appears to always be negative, it has the effect of reducing the
overall flux compared to the undisturbed case, with the effect becoming stronger as
the injection velocity is increased.

We compare with FLW’s experimental results in figure 13 where we plot logy, 4]
versus log;, Re, where Re is the flux-based Reynolds number used by FLW and is
defined above in (5.1). This plot should be compared with FLW’s figure 7. We present
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FIGURE 13. Log-log plots of friction factor 4 versus flux Reynolds number Re. In each plot
results incorporating the mean-flow distortion are shown with o« = 0.01 (dotted), 0.1 (dashed),
0.5 (dot-dashed). The solid lines are the undisturbed theoretical results and the triangles represent
the experimental data of FLW. (a) ¥V = 0.1; (b) V = 0.178 (corresponding to an experiment of
FLW); (c) V = 0.3. All the results are for a thread radius 6 = 0.51.

plots for thread radius 6 = 0.51 and at three different thread velocities with the second
of these (V' = 0.178) corresponding to one of FLW’s experiments. The corresponding
undisturbed friction factor (which is proportional to 1/Re) is also plotted in these
figures. Once again the azimuthal wavenumber of the disturbance is taken to be N = 1
and we show curves for different values of « (0.01,0.1,0.5). We can see that in all cases
the effect of the instability is to increase the friction factor, essentially by reducing
the mass flux Q due to the negative contribution from the term Ms. In contrast FLW
measured A to be slightly less than the undisturbed value and observed an increased
flux. They attributed this to radial movement of the thread which in reality is elastic
and whose shape will be affected by any non-axial velocity components present in
the flow. Our model assumes the thread to be rigid and clearly the incorporation of
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thread flexibility would be a useful extension which will be considered in future work
on this subject. In addition the upper limit on R for the friction factor experiment
turns out to only be about 1000, and we would therefore not necessarily expect our
asymptotic theory to perform well in this case.

6. Discussion and future work

In this paper we have modelled the surgical procedure of thread injection by
considering the incompressible axial flow between concentric cylinders where the inner
cylinder, representing the thread, moves in the axial direction at a constant speed.
For this flow we have derived the corresponding exact solution of the Navier—Stokes
equations. This model has been used by previous workers in the field, notably Koch &
Feind (1958); Shigechi & Lee (1991) and FLW. Motivated by the discrepancy between
the undisturbed theory and experiment reported in the last of these references we
considered the nonlinear stability of this flow at high Reynolds number. The instability
structure is such that a single non-axisymmetric mode dominates across most of the
annulus, but within the critical layer (where the disturbance phase speed equals the
basic flow velocity) the flow is fully three-dimensional. The critical layer is of the
equilibrium, inviscid, nonlinear type previously studied by Benney & Bergeron (1969),
Haberman (1972) and SB and produces a small amplitude-dependent phase shift. By
balancing this against the net phase shift across the viscous wall layers the amplitude
of the neutral modes can be calculated analytically as a function of the axial («) and
azimuthal (N) wavenumbers, the thread radius 6 and the injection velocity V. In §3
we presented results for certain values of these parameters and showed that neutral
modes exist over a wide range of thread radii and injection velocities. It is found that
although there are no axisymmetric instabilities, solutions for N > 1 exist, in contrast
to the single pipe case where N = 1 is the only instability mode possible. For a given
thread radius the amplitude of the neutral mode increases as V' increases, but if the
injection velocity is sufficiently large the aforementioned balance of phase shifts does
not prove possible and the instability ceases to exist in its present form. This ‘cut-off’
velocity is analogous to that found in linear theory, but is considerably larger in
magnitude. Conversely, for a given injection velocity there is an upper thread radius
beyond which this instability does not operate, and for small thread velocities there
is also a lower limit on the radius.

In terms of the medical application the results of our analysis suggest that it is
desirable to use a relatively thick thread operated at as high an injection velocity as
possible in order to minimize the lateral movements of the thread during the injection
process. This is in contrast to linear theory which predicts that very thin threads
are the most stable, irrespective of the injection velocity. Above the nonlinear cut-off
velocity V. the stability properties of the flow are open to conjecture. By analogy
with the linear cut-off analysis for Poiseuille-Couette flow (Cowley & Smith 1985) we
would expect that rather than the flow being completely stable above V., there is a
bifurcation to a larger-amplitude unstable state.

The nonlinear disturbance considered in this paper induces a relatively large mean-
flow distortion and this is derived explicitly in §4 and used in §5 to predict the
axial thread force. It is found that the effect of the instability is to reduce the thread
force significantly and our results are in line with the experiments performed by
FLW. We also derive the disturbed friction factor—this is found to be larger than
the undisturbed case due to a reduction in the flux. This was not observed by FLW,
whose experiments agreed well with undisturbed-flow theory for non-zero thread
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velocities. There are a number of possible reasons for this disagreement and among
the most likely are that the Reynolds number in the friction factor experiments
was not sufficiently large for our asymptotic theory to be valid, and that the thread
assumed an eccentric position within the tube. The experiments reported in FLW
were carried out for only a few choices of 6 and V, and it would be desirable to
compare with experiment over a larger region of parameter space.

The theory presented here could be extended in many ways. More analysis of the
disturbance behaviour close to the cut-off in 6 or V would be of interest, as would
analysis of the VV = 0 case where two critical layers are present. This latter problem
is of considerable interest as the experiments of FLW showed there to be a marked
difference in the flow behaviour when the thread is kept fixed. In addition there are
a number of refinements that would make the model more realistic. For example
the flexibility and eccentricity of the thread (treated here as a concentric rigid body)
should be taken into account, while the basic flow could be regarded as still evolving
temporally (as in Walton 2002) after the application of the pressure gradient, or
spatial evolution could be considered (particularly relevant near the leading edge of
the thread).

Nevertheless, we believe that by demonstrating that nonlinear neutral waves can be
supported by the basic thread—annular flow we have made a first step towards under-
standing the stability properties of the thread injection process and have gone some
way towards explaining the reported discrepancy between theory and experiment.

The comments of the referees are gratefully acknowledged.

Appendix. Calculation of the jump in w/,, across the critical layer

To calculate this quantity we need to consider the velocity components at the m = 5
level, for which the forcing terms of relevance here are

NY
*97(51) = TW45 + ‘0’, (A Ia)
1% ViW.
FE = Wayy + L — a(UsWa: + UgWae) — VaWay + -8
N 0 NY 0
L wawy - L S mw +0. (b

re 08

The azimuthal momentum equation (2.17) has the form

r2 o¢

_ [ 2a1\"? oW, N .
—l—( . 0) (’7—#0055)]/26755=y54)_7P56—V5W1Y—u5W15~

Integrating this equation across the critical layer and using the periodicity of Ws we

have
2n p+o0
/ / ( —P5€—V5W1y—u5W1§> dYy d5=0

The term involving Ps integrates to zero upon applying the condition of periodicity.
Then, integrating by parts with respect to & and using continuity, this equation

simplifies to
2n p4oo 2n
| [ e stwaarae - [z -o
0 J—w 0



256 A. G. Walton

Using (A1) for 75 W and 7% and recognizing that there is no contribution from the
‘0’ parts, the first 1ntegral can be written as

=LA

Wae + UsWye)

ViWy | NY Wy W
—VaWay + = =5 4 = 1>deé.

Consider the contribution

Viw. NY Wy W
1 4+ 4c ldef

21 o0
I = / / —o(Uy Wae + UsWoe) — VaWay +
0 J—xo

C (j

We know from the critical layer calculations that iy = aUs + (N /r.)W, is even: this
means that we can replace aUy by —(N /r.)W, in the above expression. Thus,

2n p+oo
N ViWy  NY Wy W
111:// (—aU2W4C;+rW4W25—V2W4y+ AT rz“f 1>de§
0 0 4

¢ c

21 p+oo
= / / <— O(U2W4g + W4(97(21) — sz — OCUzé)

ViW. NY W4 W
—VaWay + —2 + 24€ 1

)dY dé,

C C

using the continuity equation (2.15) with m = 2. Substituting for 97(21) from (2.18) we

obtain
m ptoo NY 0 0
m-// a—wmw+ s (WaW) — S (W) ) Y de

C

=— [V2W4]+QC d¢,
0

where the first two terms have integrated to zero due to periodicity. The remaining

contribution to I; is
21 p+o0
w
Is =/ / <Wm + r”) dy dé
0 J—wo ¢

= 2n Il bl

from (2.10) and (2.19). So we have that

2n 2n
h(MMMF+:MWMW)—O[%Wmiﬁ—A[WWW2M=0 (A2)
Note that since V, is odd, the component W, must also have an odd part to give a
contribution. However it can be seen from an inspection of (2.24) that the ‘O’ part of
W4 — 0 as Y — +oo and therefore the term V, W, will give no contribution.

We now need to consider the term involving V5. Since W) is even we need
information about the even part of Vs. From (2.33) we see that the jump in the
odd part of iis is ¢ sin ¢ and hence by continuity the jump in the even part of Vs is
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—¢Y cos &. Using the asymptotic form (2.10) for W; we conclude that

2n A on A
AoN AgN
/ [VsWil*7 dé = —p= p/ cos” ¢dé = —np "L
0 ot Jo oTo
We also have that
N
Do ()] = (G117 = 2(2wmor) *=F
from (2.28). Putting this information together, (A 2) reduces to
2 1/2 N 2 A NA
2 [Wipg(ro )] + 4 ("‘”) N7 ) 4 oNP
Fe A4 oTo

Substituting for ¢ from (2.35), p from (2.12) and J from (2.27), we finally obtain the
result

A A\1/2A73 A
[W;M(rc)]t = _((;p% <<3 — ]\7211> CO gt 23/2(2 _ C(z))) )
cd” To

This is the expression (referred to as J3) used to help determine the arbitrary constants
in the mean-flow distortions of §4.
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