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Abstract

This paper deals with an experimental study on flows in a pipe forcedto oscillate horizontally about a vertical axis through the cente
of its inlet section. The study is concerned with the laminar and transition flow regimes and the flow is investigated using streak
visualization technique. According to a similitude analysis, four criteria govern this phenomenon: the flow Reynolds number, the oscillatio
Reynolds number (or the reduced frequency), theoscillations amplitude and the Euler number. This paper is mainly concerned with th
effects of the oscillations and the flow Reynolds numbers. The results show that the pipe oscillations destabilize the laminar flow: the straigh
streak line observed in the case of a stationary pipe undergoes a bending and then deforms into anS shape; the longitudinal location of the
flow events correlates with both Reynolds numbers. The pipe oscillations are also observed to induce an earlier transition from the lam
to the turbulent regimes; again, the flow and oscillations Reynolds numbers determine the flow regime present in the oscillating pipe. A chart
based on the results of 130 tests is proposed to define the conditions of these regimes.
 2004 Elsevier SAS. All rights reserved.
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Introduction

The laminar flow of a fluid within a horizontal pip
subjected to radial oscillations is examined in laborat
tests. The axis of oscillationsis vertical, orthogonal to the
pipe’s axis and located at its inlet. This problem is
interest especially in the case of internal flows in mov
systems such as ships. Thepipe oscillations induce
transverse motion of the fluid and, as established in sim
problems [1], this secondary motion can play an impor
role in heat or mass transfer devices. It can indeed increas
the rate of both transfers by redistributing some of
heat and mass from the pipe wall to its centre. If
flow conditions are such that the maximum axial veloc
occurs near the pipe axis, convection of heat and mass
enhanced [2]. A momentum balance on the fluid particle
shows that the motion of the pipe generates tangential
Coriolis forces that are functions of the direction of t
oscillatory pipe motion and of the position of the flu
particles; more complexity is then expected in the fl
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field. The flow structure, the resistance to the fluid flow,
well as the transition to turbulence, may consequently
modified. The present experimental study adopts a sim
flow visualization technique to investigate the effect of
pipe oscillations. The objective is to answer the question

(i) What are the flow modifications in the laminar regim
due to the pipe oscillations?

(ii) Is transition promoted by the pipe oscillations?

This work is the experimental companion to previo
numerical studies [3–7] on this subject on which little is
found in the literature.

1. Description of the phenomenon and first analysis

Although the laminar flow of a fluid in a circula
pipe and its transition from the laminar to the turbule
regimes is a well-studied phenomenon, the superpositio
radial oscillations to the entire pipe and consequently
imposition of a time-varying boundary condition bring ne
facets to the picture of the classical case. The criteria
similitude are first determined from a dimensional analy
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Nomenclature

D internal diameter of the test section (3.78 cm)
e internal surface roughness of the test section

(smooth Plexiglas)

Eu Euler number,= �pD4

ρQ2 or �p

ρ�U2

FR reduced frequency,= Reω
Re = ωD

�U
g acceleration of gravity
L length of the test section (4.78 m)
Q volume flow rate
r, θ, z cylindrical polar coordinates
t time
U flow mean velocity

Vr,Vθ ,Vz local instantaneous velocities in cylindrical
polar coordinates

ZS longitudinal location of theS shape

Re flow Reynolds number,= ρD�U
µ

Reω oscillations Reynolds number,= ρD2ω
µ

β,βmax instantaneous angular amplitude, its maximum
�p static pressure difference between the pipe inlet

and outlet
µ,ν fluid dynamic and kinematic viscosities
ρ fluid density
ω oscillations angular frequency
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consistent with the governing equations.

1.1. Dimensional analysis

In the case of laminar and transition flows inside
horizontal pipe which is oscillating in a radial direction, t
main variables are

(i) the internal diameter of the pipe,D, its length,L, and
roughness height,e,

(ii) the fluid density,ρ, and dynamic viscosity,µ,
(iii) the static pressure difference between the pipe inlet

outlet,�p, the volume flow rate,Q, the frequency,ω,
and angular amplitude,βmax, of the oscillations, and th
acceleration of gravity,g.

Since the energy required maintaining the fluid in mot
originates from two sources, a constant head and the t
varying motion of the wall imposed externally, the variab
Q and�p can be expected to be functions of time.

In the particular case of this phenomenon when gravit
neglected, there is only one characteristic mass, but two
sible characteristic lengths and three possible characte
times:MC = ρD2L or the mass of the fluid contained in th
pipe at any instantLC1 = D andLC2 = L

TC1 = D2L

Q
or

L

�U
TC2 = 2π

ω
, TC3 = ρLD

µ
or

ρD2

µ

TC1 corresponds to the convection time of the fluid inside
pipe (�U is the mean velocity),TC2 to the oscillation period
of the pipe andTC3 to the time of the viscosity diffusion
process. The standard convective Reynolds number fo
internal flow is obtained by the ratio ofTC3 andTC1 and the
oscillations Reynolds number by the ratio ofTC3 andTC2:

Re= ρD�U
, Reω = ρD2ω
µ µ
-

The same results are obtained by the conventional app
tion of the Pi theorem. On the other hand, the reduced
quency can be defined from the ratio of the Reynolds n
bers:

FR = Reω
Re

= ωD

�U
The resulting independent non-dimensional variables are
thenRe, L/D, βmax, Reω (or FR), e/D while the dependan
non-dimensional variable, if the pressure drop is taken
consideration, is the Euler number:

Eu= �pD4

ρQ2
or

�p

ρ�U2

1.2. Governing equations

The governing equations were previously established
numerical study of the problem presented in a compan
paper [3]. In order to link the similitude criteria to th
different forces present in this phenomenon, these gover
equations are briefly analysed.

Consider a developing flow in a horizontal pipe which
initially stationary. Att = 0 the pipe starts oscillating aroun
its vertical diameter at the entrance (z = 0), with an angular
velocity:

Ω = β̇ = βmaxω cos(ωt)

For a non-inertial frame of reference moving with the pi
the governing equations can be written in non-dimensio
form [3]:

∂Vr

∂r
+ Vr

r
+ 1

r

∂Vθ

∂θ
+ ∂Vz

∂z
= 0

DVr

Dt
− V 2

θ

r
= −∂P

∂r
+

(
∇2Vr − Vr

r2 − 2

r2

∂Vθ

∂θ

)

− 2[ReωReβmax]Vz cosθ cos(Reωt)

+ [
Re2

ωReβmax
]
zcosθ sin(Reωt)
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DVθ

Dt
+ VrVθ

r
= − ∂P

r∂θ
+

(
∇2Vθ − Vθ

r2 + 2

r2

∂Vr

∂θ

)

+ 2[ReωReβmax]Vz sinθ cos(Reωt)

− [
Re2

ωReβmax
]
zsinθ sin(Reωt)

DVz

Dt
= −∂P

∂z
+ ∇2Vz

+
[
2

Reω
Re

βmax

]
(Vr cosθ − Vθ sinθ)cos(Reωt)

−
[

Re2
ω

Re
βmax

]
r cosθ sin(Reωt)

In the momentum equations, the parametersReωReβmax and
Re2

ωReβmax indicate, respectively, the effect of the Corio
and tangential forces in the radial and azimuth planes at an
given cross-section of the pipe. The ratiosReω βmax/Reand
Re2

ω βmax/Re, appearing in the axial momentum equatio
are a combination of the reduced frequency and the ang
amplitude. These ratios represent, respectively, the effe
the Coriolis and tangential forces in thez-direction.

2. Experimental set-up

2.1. Description

The experimental apparatus consists of a test sec
a hydraulic supply system and a scotch yoke mechan
r

,

(Fig. 1). The test section is a 4.78 m long Plexiglas p
with a 3.78 cm internal diameter. The hydraulic sup
system consists of a constant head tank and a se
chamber. The fluid flows from the settling chamber to
pipe via a profiled nozzle. The conditions required at
pipe inlet are those set in the numerical simulations:z = 0
is a location where the velocity profile is uniform, whe
the flow is free of turbulence and of any perturbatio
due to the mean flow, and furthermore, it is the locat
of a vertical axis of rotation. These conditions cannot
achieved perfectly in the experimental set-up. The addi
of a short and high contraction ratio nozzle upstream
the pipe inlet dampens the intensity of the perturbati
present in its inlet flow by the square of the contract
ratio (this ratio is 9 in the set up), in addition to produci
a uniform velocity profile outside a thin boundary lay
Since the nozzle is attached to the pipe, it oscillates slo
in the settling chamber. For a period of oscillation (βmax =
8.4 deg), the displacement at the nozzle inlet wall va
between−D/4 and D/4 from the stationary position
the intensity of the velocity perturbation (produced at
inlet wall) relative to the mean velocity can be sho
to diminish by a factor of 81 (the square of the noz
contraction ratio) as the flow exits the nozzle and en
the test section. Taking into consideration the length of
nozzle (1.75D) and the ratio of the flow velocity to th
pipe oscillation velocity, the intensity of the perturbatio
close to the wall at the pipe inlet can be estimated
meter,
s

Fig. 1. Experimental set-up.C, M , R, R1, R2, S andT are, respectively, the settling chamber, the bulk conditions measurement chamber, the flow
the constant head reservoir, the overflow-return reservoir, the test section support and the test section. ValvesV1 to V6 control the flow, either its rate or it
direction.V4 is used to calibrate the flow meter.
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0.0375Fr. For most of the tests, the value ofFr is less
than 1 and the effect of the moving wall at the noz
inlet is considered to be less important. This was confirm
experimentally: the streak line originating atz = 0 showed
no local curvature.

A portion of the wall of the stationary settling chamb
was replaced by a flexible membrane; this membrane
as a joint between the stationary chamber’s wall and
nozzle and allows for the relative motion of the nozzle-p
assembly. The pipe is mounted onto a table, the upstr
end of which is attached to the stationary settling cham
support by means of two ball bearings. Two low-fricti
wheels carry the table at the downstream end. The sy
is supplied with water the flow rate of which is set usi
a needle valve and a rotameter. The mass flow rat
determined by weight. Uncertainty in the case of the va
of the measuredReis always less than 3%.

The sinusoidal oscillations of the pipe around its verti
axis at the entrance are obtained using a scotch y
mechanism driven by a variable speed motor. The resu
uncertainty in the case of the measuredReω is less than 3%

Fig. 2 shows a sketch of the visualization set-up. The fl
is visualized by injecting a fluorescent dye and illuminat
the pipe with a 600 W halogen light. The dye injection s
up consists of a reservoir that delivers the dye (solu
of 2 g of fluorescein sodium salt in 1 L of water [8
to the injection tube, a 1.8 mm external diameter br
capillary tube mounted on the nozzle and extending
the test section inlet. A flexible piece of tubing links t
reservoir to the injection tube. To insure that the press
at the injection point does not differ from that of the pi
flow, the dye reservoir is connected to the water sup
immediately upstream of the settling chamber. The injec
tube is inserted at the geometric center of the pipe thro
the settling chamber and the dye is released at 7.4
downstream of the pipe inlet. Avalve located at the outle
of the dye reservoir allows for the regulation of the dye fl
rate. The images of the streak lines produced by the trac
nt
Fig. 2. Visualization set-up. The identification of the different components is:1 the settling chamber,2 the test section,3 the bulk conditions measureme
chamber,4 the test section support,5 the halogen light source and6 top view mirror. The lineβ = 0 corresponds to the reference axis.
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are captured using a video camera mounted 2.5 m from
test section. The flow is visualized over a length of 138
(approximately 36 pipe diameters).

2.2. Test conditions

In the case of the tests with the pipe in forced oscillati
the flow Reynolds numberRewas varied from 210 to 231
and the oscillation Reynolds numberReω , from 242 to 2788.
The angular amplitude of the pipe oscillations was se
βmax = 8.4◦, a value imposed by space limitations in t
laboratory.

The objective of this paper is to show the effects
pipe oscillations on the laminar flow and its transition
turbulence. An overall description of the visualization
given for some combinations of the two Reynolds numb
and an analysis of the details of the flow follows.

3. Results

3.1. Stationary pipe

In the case of the stationary pipe, a streak line
tracer, as it will be illustrated later in Fig. 4(a), displays
low frequency wave in the range 2313� Re� 2498. The
frequency of this wave increases withRe but no turbulent
mixing is detected. Significant but intermittent mixing
the flow begins forRe= 2602 and, steady mixing occu
for Re= 3852.

3.2. Forced oscillations

Two values ofRe (1388 and 2313) were selected
illustrate the effects of the pipe oscillation (orReω) on the
flow. As a corollary, the effect of the volumetric flow rate (
Re) on the flow regime is examined for two values ofReω
(1013 and 2788). Comments on the corresponding re
follow.

3.2.1. The effect of Reω in the case of Re= 1388
When the pipe is stationary, as expected the visual

streak line remains on the pipe axis and the flow is lam
(Fig. 3(a)). In Figs. 3(b)–(f) the pipe oscillates with differe
frequencies. These pictures correspond to the pipe pos
β = +8.4◦.

In the case of an oscillation frequency such asReω = 411,
the visualization video shows that the streak line resul
from the injected dye has a helicoidal form and its ti
evolution appears to be periodic. The axis of this helico
form is located on the pipe axis. The helicoidal shape of
streak line is due to the secondary flow induced by the p
oscillations [3,6,7]. The flow remains laminar (Fig. 3(b)).

For Reω = 641, the shape of the streak line is no lon
helicoidal over the entire length of the pipe, especially n
the pipe exit. Indeed, the trace adopts anS shape that can
be clearly seen on Fig. 3(c). This aspect of the phenome
will be considered in more detail later. Even in the prese
of the S shape, the streak line is well defined and d
not exhibit any turbulent mixing: the flow is considered
remain laminar.

For a pipe oscillation frequency such thatReω = 1365
(Fig. 3(d)), the time evolution of the streak line is n
periodic over the entire length of the pipe: theS shape is
formed further upstream and dispersion of the trace follo
and finally occupies the whole cross section of the pip
aboutz/D = 23. Near the pipe exit (aboutz/D � 36), the
flow structure evolves intermittently between a well-orde
and disordered structure. In the case of the ordered struc
the dye filament slips along the pipe length despite the
that it is dispersed: the flow evolves between laminar
turbulent structures, so it is in transition to turbulence.

For pipe oscillation frequencies in the range 641< Reω �
2788, the flow patterns resemble that ofReω = 641, but
the disordered structure occurs more frequently and at a
positions closer to the pipe entrance asReω is increased
(Figs. 3(d)–(f)).

3.2.2. The effect of Reω in the case of Re= 2313
In the case of a stationary pipe (Fig. 4(a)) the visuali

streak line is well defined but slightly unstable. This cor
sponds to the upper limit of laminar flow. In Figs. 4(b)–
the pipe oscillates with different frequencies. Again th
pictures correspond to the pipe positionβ = +8.4◦.

For Reω = 242, the flow patterns are similar to tho
observed in the case ofReω = 641 andRe= 1388 (Figs. 3(c)
and 4(b)). The flow is laminar.

For Reω = 411, the visualized streak line continues
be well defined near the pipe entrance. However, near th
pipe exit, it evolves intermittently between well-ordered a
disordered structures (Fig. 4(c)) as in the case ofReω = 1365
andRe= 1388 (Fig. 3(d)). The latter structure results fro
the presence of turbulent vortices. This flow pattern i
characteristic of transition to turbulence [9].

As Reω is increased further (Fig. 4(d)), the disorder
structure is more present during an oscillation cycle
occupies a longer section of the pipe. The flow contin
its transition.

For Reω = 1013, the turbulent structures cease to
intermittent. Due to turbulence the dye thread diffuses
the stream and the fluid becomes uniformly colored near th
pipe exit (Fig. 4(e)). The turbulent region tends to stre
along the whole length of the pipe asReω is increased
Indeed, the flow becomes fully turbulent along the p
length forReω = 2788 (Fig. 4(f)).

3.2.3. The effect of Re in the case of Reω = 1013
Fig. 5 shows the effect of the flow Reynolds numb

on the flow patterns at a fixed pipe oscillation freque
(Reω = 1013). For Re= 922, the visualization results sho
a helicoidal streak line near the pipe entrance. However
from the pipe entrance, this streak line adopts anS shape
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Fig. 3. Flow patterns forRe= 1388 andβ = 8.4◦ .
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and, further downstream, is dispersed by friction along
pipe wall (Fig. 5(a)). Despite these events, the dye filam
does not present any mixing and the flow is considere
remain laminar as in Figs. 3(c) and 4(b). In contrast, in
case ofRe= 1846 the streak line presents some turbu
vortices. The zoom of Fig. 5(b) clearly shows these vortic
However, they are not present during the whole oscilla
cycle. It is then a case of flow in transition to turbulence s
as in Figs. 3(d)–(f) and 4(c)–(d). In the case ofRe= 2313
(Fig. 5(c)), turbulent vortices are present during the en
oscillation cycle. These vortices induce a large mixing
the flow that becomes uniformly colored downstream a
illustrated on the zoom picture of Fig. 5(c). This flow is th
turbulent like the cases in Figs. 4(e)–(f).

3.2.4. The effect of Re in the case of Reω = 2788
Fig. 6 shows flow patterns forReω = 2788 that resembl

those observed in the case ofReω = 1013 at the correspond
ing Re. However the flow structure atReω = 2788 is more
destabilized than the one atReω = 1013 as can clearly b
seen by comparing Figs. 5(a) and 6(a), (b), 5(b) and 6
5(c) and 6(d). The visualization results show that the fl
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Fig. 4. Flow patterns forRe= 2313 andβ = 8.4◦ .
ine.
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s to
gth
at Re= 922 and 1142 is laminar but includes someS shape
that destroys the helicoidal form of the visualized streak l
Then, forRe= 1846, the flow is in transition with intermit
tent turbulent vortices and finally, forRe= 2313, the turbu-
lent vortices are present permanently.
3.2.5. Four types of flows
An analysis based on the comments of the previ

section and on additional visualization videos, permits u
define four main types of flow for the considered tube len
(L/D = 126.4):
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Fig. 5. Flow patterns forReω = 1013 andβ = 8.4◦ .
de-
m.
nd
w

ve
xit.

d
ine,
is
is

lly.
s
t-
or-
on-
erse
e

si-
c)

r-
ns-
d.
nt.
.
ns

ot
es-
tion
nsi-
s a
r in a
rom
-
of

xion
s-

mi-
7]

This
Type I: This type is characterized by a streak line that
velops periodically as the fluid flows downstrea
The geometry of this streak line is helicoidal a
the overall flow remains laminar. This type of flo
is shown in Fig. 3(b).

Type II: In this flow type, the streak line ceases to ha
a periodic evolution, especially near the pipe e
This streak line includes anS shape within the
length of the pipe. ThisS shape will be discusse
later. Even if this shape is present in the streak l
the flow does not exhibit turbulent mixing and
considered to remain laminar. This type of flow
illustrated in Figs. 3(c), 5(b), 6(a) and 6(b).

Type III: The streak line in this case evolves chaotica
As it approaches the pipe exit the tracer become
blurred. The overall flow in this region is intermi
tent, changing from organized (laminar) to dis
ganized patterns. In the case of disorganized c
ditions, large structures are present and transv
mixing of the flow produces a uniform color of th
fluid. This type of flow is defined as one of tran
tion and is shown in Figs. 3(d)–(f), 4(c)–(d), 5(
and 6(c).
Type IV: As opposed to type III, this flow is characte
ized by permanent turbulent structures, and tra
verse mixing makes the fluid uniformly colore
This type of flow is considered to be turbule
Figs. 4(e)–(f), 5(d) and 6(d) illustrate type IV flow
Transverse mixing induced by the pipe oscillatio
is also clear on Fig. 7.

Visualization results show that flows of type III are n
laminar and those of type IV are turbulent. This clearly
tablishes that pipe oscillations induce an earlier transi
to turbulence than in the stationary case. This earlier tra
tion is due to the Coriolis force. Indeed, this force induce
transversal flow that causes a strong momentum transfe
pipe cross-section [3–7]. This transfer extracts energy f
the main axial flow and then destabilizes the flow. Schlicht
ing [9] reports some theoretical studies on the stability
laminar flows which assess that the existence of an infle
point in the axial velocity profile is a sufficient and nece
sary condition to destabilize the flow. In the case of a la
nar flow in an oscillating pipe, numerical simulations [5–
have established that an axial flow reversal can occur.
flow reversal introduces an inflexion point in theVz pro-
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Fig. 6. Flow patterns forReω = 2788 andβ = 8.4◦ .

Fig. 7. Turbulence induced by pipe oscillations.Re= 2070,Reω = 2160 andβ = 8.4◦ .
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file and destabilizes the flow. On the other hand, the e
transitions depicted here have been observed in other p
lems such as Taylor–Couette flow [10,11], oscillating fl
in a pipe [12], mixed convection [8] and radial rotation [1
In the last-mentioned problem, Cheng and Wang [13] h
conducted airflow visualization in a radial rotating tube a
shown that the Coriolis force can have a destabilizing ef
and induce an earlier transition at low flow Reynolds num
(Re= 500).

3.2.6. Transition chart
To obtain a flow chart indicating the limits of each ty

of flow in terms of the two Reynolds numbers, many com
nations ofReandReω were considered. The result of the
visualizations is reported in Fig. 8. This chart shows that p

Fig. 8. Chart of transition to turbulence forβ = 8.4◦ and L/D = 126.4.
The dash and solid lines correspond, respectively, to the reduced freq
FR = 1 and boundaries between the different flow types. The sym
indicate the flow types (F type I;" type II; 2 type III; Q type IV).
-
oscillations destabilize the laminar flow, cause many mod
cations on it and can also induce an earlier transition to
bulence. Indeed, the value ofRe for which the flow cease
to be laminar is lower than in the case of a stationary p
This critical value ofRe decreases asReω is increased. In
Fig. 8 the straight line corresponds to the caseFR = 1; this
line (Re= Reω or Dω = U ) intersects the boundary curv
between type I and type II at its point of maximum curv
ture. The onset of theS shape distortion is then particular
influenced byReω if FR � 1. This effect ofReω in the cases
of FR � 1 can be extended to the four types of flow.

3.2.7. Two features of the flow: slope change in the
helicoidal line and the S shape

For the cases of low and constantRe, a streak line
originating from the pipe inlet center slowly departs fro
a straight line on the pipe axis into a helicoidal line towa
the pipe wall. This helicoidal line can be clearly observ
for Re= 1388,Reω = 411 and 641 (Fig. 3). The first chang
in the slope of this line from a positive to a negative va
occurs, respectively, forz/D = 26 (Re= 1388,Reω = 411)
and 19 (Re= 1388,Reω = 641). This event occurs, but no
as clearly, forz/D = 9 in the case ofReω = 1365. The
development of this helicoidal line appears to scale w
Reωz/D since the same local event occurs forReωz/D =
11 500 within 6%.

Further downstream, the helicoidal line forms anS shape,
one portion of the fluid at a givenz/D moving with a slower
axial velocity than the other portion. An enlarged view
theS shape is shown in Fig. 9. This shape has been obta
in additional tests performed to understand the mechan
of generation of theS shape distortion: the dye was inject
by means of a capillary tube located at the horizontal pl
passing through the pipe axis near the wall. To achiev
front view of the resulting streak line, the video camera w
mounted at 1 m from the test section (see Fig. 2). Fo
top view, a mirror was placed behind the test section
height of 3 cm from the pipe with a 30◦ angle relative to a
Fig. 9. Top and front views of theS shape distortion.Re= 1000,Reω = 1104 andβ = 8.4◦.
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Table 1
Axial location of theS shape distortion

Reω Re ReωzS/D

641 1388 17563
1365 1388 19383
2160 1388 18511
411 2313 11685

1013 922 24582
1013 1846 16500

vertical plane. Several visualizations were performed and
case ofRe= 1000,Reω = 1104 andA = 8.4◦ was selected
in Fig. 9. The upper picture is the top view. The pipe h
left its central positionβ = 0 and is moving towards it
extreme positionβ = −8.4◦. The dye injection tube is a
the leading edge. The transversal component of the Cor
force, directed towards the trailing edge [3], pushes the fl
to this side of the pipe. Fluid particles marked by the dye
then pushed towards the pipe center where the axial velo
is important. These particles are accelerated and reach
injected previously.

The occurrence of this distortion of the streak line in
an S shape seems to concur again withReωz/D, the most
upstream part of theS being located atReωz/D = 18 500
within 4% (for cases c and d of Fig. 3,z/D = 27 and 14). As
Reω is increased, the different events are forced to occur a
an earlier location upstream andover a shorter distance. Th
distortion into anS shape, for example, according to the ru
of Reωz/D = 18 500, should appear at the locationz/D =
8.57 and 6.64 forReω = 2160 and 2788, respectively. In th
figure, theS shape is not recognizable but larger amount
the tracing fluid can be identified at these two locations.

For the two previous common features, the flow
laminar. For identification purposes, the portion of the fl
with a straight and helicoidal line is defined as type I wh
the portion containing its distortion into anS shape is type II
(see Section 4.1). For a given value ofRe, the appropriate
similitude criterion for local events in these portions of t
flow is ωzD/ν, a Reynolds number based on the local w
velocity. If ZS is defined as the axial location where t
S shape distortion takes place, the data obtained from
visualization are tabulated in Table 1. These data woul
the following empirical relation:

Reω
ZS

D
= 32 810− 9.31Re

Downstream of theS shape, the streak line tends to
chaotic and diffuses significantly. The structure of the flow
evolves intermittently from organized laminar to disorg
nized.

4. Conclusion

An experimental visualization has been conducted
examine the developing flow in a pipe forced to oscillate
horizontal plane. This paper deals mainly with the effec
pipe oscillations on transition to turbulence.
e

The visualization results show that pipe oscillatio
induce a secondary transversal flow as indicated by
helicoidal form of the streak lines. At relatively hig
oscillation frequencies, the intensity of this transversal fl
increases and may destabilize the flow structure. Ind
large mixing is induced in the flow and leads to t
development of turbulent vortices even when the fl
Reynolds number is lower than its critical transition va
for a stationary pipe (Re< 2000). This earlier transition
to turbulence, attributed to the Coriolis force, occurs
lower values ofReas the oscillation Reynolds number,Reω,
increases. The flow structurecan become fully turbulent i
Reω is further increased. A chart indicating the limits
the transition and full turbulent flow structures has be
established.
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