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A novel experiment has been devised which provides direct evidence for critical point behavior in the
longstanding problem of the transition to turbulence in a pipe. The novelty lies in the quenching of
turbulence by reducing the Reynolds number and observing the decay of disordered motion. Divergence
of the time scales implies underlying deterministic dynamics which are analogous to those found in
boundary crises in dynamical systems. A modulated wave packet emerges from the long term transients
and this coherent state provides evidence for connections with recent theoretical developments.
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The enigma of why the fluid motion in a pipe becomes
turbulent as the flow rate increases has puzzled the physics
community for more than a century [1,2]. All evidence
suggests that the flow is linearly stable [3] for all Re. (Here
Re = UD/v where U is the mean speed, D is the diameter
of the pipe, and v is the kinematic viscosity of the fluid.) In
practice, however, pipe flows are observed to be turbulent
even at modest flow rates. The transition to turbulence
occurs above a definite amplitude of an injected perturba-
tion and is catastrophic [4]. It is difficult to isolate the
effective part of the perturbation, so that the mechanism for
transition remains aloof. Therefore, we have devised a
novel experiment to investigate the reverse transition,
i.e., the change from turbulent to laminar flow. The flow
can now be considered as a dynamical system where the
turbulent attractor loses stability at a crisis as a parameter is
changed [5,6]. Exponential decay of the disordered motion
is found when the Reynolds number is reduced and, more-
over, the observed divergence in the time scales indicates
an underlying critical event. Interestingly, the long term
decaying transients contain wavelike structures which
point the way to direct connections with modern theoreti-
cal developments [7,8].

The size of the disturbance required to cause transition
has been shown to scale as Re™! [9]. This relationship
cannot hold for small values of Re and it was recently
shown that there is a sharp cutoff [10] at Re ~ 1800, i.e.,
below this value sustained turbulent flow cannot be created
by injecting large amplitude disturbances. Further, obtain-
ing clear estimates of this lower limit using significant
perturbations produces large scatter in the data since it is
known that the flow is sensitive to background noise [1].
The transition process which takes the flow from the
laminar to turbulent states is catastrophic [4] and it is
thus difficult to obtain insight into the detailed mechanisms
involved in the creation of turbulence from onset experi-
ments. Furthermore, the final state which evolves out of the
transition process has the form of a localized patch of
disordered motion [11,12] in the Re range 1800-3000.
Their spatial extent is constant for Re < 2223 [13] and in
this Re range they have been called “equilibrium puffs”
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[11] since they do not change their form. Puffs travel at a
well defined speed of = 0.9U, are approximately 20 pipe
diameters long, and comprise a block of disordered flow
with a weak decaying wave at the front and a sharp rear
interface. They are structured [11] and, recently, more
details of the structure [14] have been revealed. Cross-
sectional views contain azimuthal features which are
similar to traveling waves found in recent theoretical
work [7,8].

Our strategy was to generate a turbulent puff and ob-
serve its decay back to Poiseuille flow as Re was reduced in
a well-controlled manner. The puff can be considered as a
natural state or attractor for the system. The objective was
to see if the reverse transition was less abrupt, which in turn
may reveal more definite evidence for traveling wave
states. The decay of turbulence in pipe flows has been
investigated in the past where the focus was on the change
from fully turbulent to laminar flows [15-17]. The reduc-
tion in Re was achieved using both suddenly expanding
and diverging pipes so that change in Re was localized. The
investigations were concerned with the evolution of spec-
tral properties of the flow and exponential decay of turbu-
lence was found with different exponents for central and
near-wall regions. In our experiment, the chosen initial
state of the flow was an equilibrium puff which was
generated by introducing a short duration perturbation
into Poiseuille flow. Then Re was reduced in a controlled
way and the subsequent evolution of the puff was moni-
tored as it progressed downstream.

A schematic diagram of a side-view of the apparatus is
presented in Fig. 1. The pipe consisted of a tube of diame-
ter D =20 * 0.0l mm which was constructed using
150 mm long machined sections push fitted together and
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FIG. 1 (color online). Schematic diagram of the pipe flow
facility (drawn to scale). The piston moves at a controlled speed
and the fluid is pulled through the pipe at constant mass flux. The
usable experimental run time is =30 min.
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butted flush so that there was no measurable gap between
each section. The pipe was held on a steel base with a total
length of 15.7 m (785D) and was aligned using a laser. A
reservoir with a capacity of 100 liters was connected to the
pipe through a smooth trumpet shaped inlet. A 30 cm
diameter piston inside a ground steel cylinder pulled the
fluid at a constant mass flux along the pipe using a com-
puter controlled motor and lead screw arrangement. Hence,
even if the fluid in the pipe became turbulent, the mass flux
pulled through the pipe was unaffected, so that the Re
remained constant. The experimental facility also allowed
the speed of the piston to be varied as a function of time,
i.e., the mass flux could be changed during a run to speci-
fied values in a controlled way. The long term temperature
stability of the laboratory was controlled to =1°C at a
mean temperature of 20 °C. A typical temperature gradient
recorded from several thermocouple along the pipe was
0.2°C. By these means, we were able to maintain an
accuracy in Re of better than 1%. The facility enabled a
laminar flow to be achieved up to a flow rate corresponding
to Re =23000. The flow state was monitored using
Mearlmaid Pearlessence as flow visualization and single
point velocity measurements were made using standard
laser Doppler techniques in separate experiments.

An outline of the flow control procedure is shown in
Fig. 2. Each experimental run proceeded as follows. An
equilibrium puff was generated by introducing a perturba-
tion into fully developed Poiseuille flow 185 diameters
from the pipe entrance at Re = 1900. The perturbation
was created using a boxcar pulse of fluid which was
injected tangential to the main flow via a ring of six equally
spaced 0.5 mm holes. The amplitude of perturbation was
selected using the criterion established previously [9]. In
principle, the perturbation will have a global effect on the
flow but checks using push-pull disturbance generators
shows that the perturbation is localized in practice. The
puff was allowed to evolve for a further 100 diameters so
that any of the known sensitivity to initial conditions [4]
was lost. Then Re was reduced at a constant rate of 10/ sec
to a prescribed value in the range 1580-1740 and the
evolution of the puff observed. The reduction in Re was
achieved by decelerating the piston which pulled the flow
under computer control so that the mass flux was reduced
simultaneously all along the pipe. A settling time of 1 h
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FIG. 2 (color online). Schematic of flow control procedure.
Poiseuille flow was developed at Re = 1900 for 185D and a
perturbation was injected (indicated by the arrow). The puff
progressed downstream for 100D and Re was then reduced to a
prescribed value.

between each experimental run was found to be sufficient
to ensure that disturbances in the header tank had decayed.

The initial effect of the reduction was that all of the puffs
shrank to approximately half their original size during the
deceleration phase. The weak wave structure at the head of
the puff remained and there was evidence of vortical
structures at the tail of the puff. The initial stages of decay
were subtle but the final collapse was clear. In the latter
stages, the block of vigorous disordered motion at the rear
of the puff became detached from the wall and decayed
rapidly. This was followed by the decay of the longer
waves at the head of the puff. The distance taken for the
disordered patch to decay was probabilistic in nature.
Hence, the most useful measure which could be taken
was the probability, P, of observing a localized disturbed
region of flow as a function of distance downstream mea-
sured in pipe diameters (D). The measurements were made
using between 20 and 50 runs of the experiment for each
value of Re. The results are shown in Fig. 3 where the point
of injection of the initial perturbation corresponds to zero
on the abscissa. The straight lines are least squares fits of
exponentials P(D) « exp(—CD) to the experimental data
points, where C is a constant. Clear exponential decay is
indicated by quality of the least squares fitted lines to the
experimental points. It can be seen that the slopes increase
as Rey,, decreases, i.e., the distance required for the puff
to decay is shorter for smaller Reg .

A measure which can be extracted from the exponential
fits is the time required for half of the initial states to decay
[18] and this is defined as the half-life 7= (In2)/C. A
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FIG. 3 (color online). Probability of observation of a puff
versus downstream distance from the point of perturbation for
a range of Reynolds numbers (1580-1740). The data are plotted
on lin-log scales. The error bars indicate the experimental
uncertainty of the measurements.
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graph of 7 versus Re is shown in Fig. 4 where it can be seen
that there is a sharp cutoff at Re, = 1750 = 10, i.e., the
half-life diverges at this value. More points have been used
to construct Fig. 4 than available from the set of time
histories represented in Fig. 3 (solid points). Some of the
results (empty symbols) were obtained using different
forms of perturbation including both injection and suction
as well as combined injection and suction in one or several
holes. In short, the results are independent of the method of
creation of the puffs. Further tests on the robustness of the
results included varying the distance that the puff was
allowed to evolve between 10 and 500D and changing
the deceleration rate of Re from 1 to 1000/ sec. The results
were robust and were unaffected by any of these changes.

The exponential decay in the probability of observing a
puff downstream suggests that, at each value of Re, they
are independent events following a Poisson process.
However, the least squares fit to the data in Fig. 4 shows
that the half-life 7 « (Re, — Re) ™ '*%92 which in dynami-
cal systems theory is a generic feature associated with
transient behavior where an attractor loses stability at a
crisis [5,6]. In maps and low-dimensional dynamical sys-
tems the exponent has been found to be less than 1 but the
qualitative features are similar to those uncovered here.
Clearly describing the complicated state of turbulence with
its associated spatiotemporal disorder using the language
of low-dimensional strange attractors is fraught with diffi-
culties [19]. However, if the puff travels at a well-defined
speed it is perhaps justified to consider the temporal evo-
lution of the system in a translating frame of reference
while neglecting the spatial evolution. Moreover, at these
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FIG. 4 (color online). Variation of the mean decay rate as a
function of Re and a fit, which indicates a sharp cutoff at Re,. =
1750 = 10. The inset is the inverse half-life versus Re and a
linear fit.

relatively low values of Re it is well known that it contains
some spatial and temporal order [11,14]. Therefore con-
sidering the puff as a translating low-dimensional compli-
cated dynamical state is a reasonable first order
approximation.

When Re is reduced to 1750 = 10, 7 — oo, an interest-
ing new type of behavior was observed. We illustrate this
using the photographs and velocity-time traces shown in
Fig. 5. The velocity-time series were measured using a
laser Doppler velocimeter which measured the azimuthal
flow component 0.2D from the wall. A close-up view
(=10D) of the disordered region of an equilibrium puff
[4,11] at Re = 1900 is shown in Fig. 5(a). The entire puff is
approximately 20 diameters long and we have omitted the
decaying wavy structure which exists to the right of the
field of view of the photograph. Small scale structures are
evident and the puff reverts to laminar featureless flow
abruptly in the left-hand side. The velocity trace is irregular
although details of the temporal structure cannot be seen on
the scale of Fig. 5(b). A flow visualization photograph of
the state obtained after the reduction of Re to 1750 is
shown in Fig. 5(c). The lifetime of the decaying disturbed
flow approached infinity at this value of Re and hence the
decay was very slow and the observed structure passed
beyond the end of the pipe. Hence, it was not possible to
decide whether this flow was stable or a long lived tran-
sient. The flow depicted in Figs. 5(c) and 5(d) is clearly
more structured than those in Figs. 5(a) and 5(b) with a
modulated wave pattern which has an axial wavelength of
order of 1D. These structures were observed to emerge
after the initial decay of the small scales but in this range of
Re they had a more definite and regular form. In practice,
the right-hand edge of this wavelike structure reverted to
laminar flow via the weak decaying wave associated with
puffs so that the total size of the wavy states was on the
order of 50 pipe diameters.

It is interesting to note that wavelike structures are not a
strong feature of experimental investigations of plane
Couette flow [18,20-22], where exponential decay is
also found. The initial conditions in plane Couette flow is
a fully disordered patch of fluid which does not have the
clear spatiotemporal structures found in an equilibrium
puff. This important aspect is also a significant difference
with numerical modeling work on Poiseuille flow where a
very short calculation domain is used together with peri-
odic boundary conditions [23] with fully disordered initial
conditions. Another detail which can be seen in the flow
visualization photograph in Fig. 5(c), is two longitudinal
vortices at the left-hand side which shows a sharp contrast
with the puff shown in Fig. 5(a). Moreover, the velocity-
time trace shown in Fig. 5(d) contains an evident wave
packet trace of wavelength 1.5D. This is consistent with
the global characteristic of the recently discovered devel-
opment radial symmetric (m = 2) traveling wave which
has a typical longitudinal wavelength of 1.5D [7,8].
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FIG. 5 (color online).
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Flow visualization (the flow is from left to right) and azimuthal velocity-time trace for initial and final flows:

(a),(b) Re = 1900 and (c),(d) Re = 1750 after reduction of Re. These wavelike states were observed in 10% of the experiments.

Our results demonstrate a clear threshold for laminar-
turbulent transition which is manifest in the approach to
infinity of the lifetime of a disordered patch of fluid at a
critical Reynolds number. Below the threshold, turbulence
decays systematically via an exponential reduction in the
probability of the propagation distance. Close to the thresh-
old, the half-life becomes infinite and a new state which
comprises a modulated wave packet emerges. An appar-
ently simple scaling law with an exponent of one has been
obtained by performing a “‘clean’ experiment. The effects
of initial conditions have been removed using a natural
state of system, the equilibrium turbulent puff. Hence the
effects of external noise, which can lead to long transients
in dynamical systems [24] have been significantly reduced.
The divergence in time scales provides a definite estimate
with small error bars for the lower critical threshold which
is in accord with previous values [13,17]. Perhaps, most
importantly, our results indicate that the laminarization
process progresses through structured stages and suggests
a new research direction which will enable a detailed
quantitative comparison between experiment and theory.
This challenge may be met using a numerical approach
with longer calculation domains where the spatiotemporal
structure of the flow can be accommodated.
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