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Laminar-to-turbulent transition of pipe flows occurs, for sufficiently high Reynolds
numbers, in the form of slugs. These are initiated by disturbances in the entrance
region of a pipe flow, and grow in length in the axial direction as they move
downstream. Sequences of slugs merge at some distance from the pipe inlet to finally
form the state of fully developed turbulent pipe flow. This formation process is
generally known, but the randomness in time of naturally occurring slug formation
does not permit detailed study of slug flows. For this reason, a special test facility
was developed and built for detailed investigation of deterministically generated slugs
in pipe flows. It is also employed to generate the puff flows at lower Reynolds
numbers. The results reveal a high degree of reproducibility with which the triggering
device is able to produce puffs. With increasing Reynolds number, ‘puff splitting’ is
observed and the split puffs develop into slugs. Thereafter, the laminar-to-turbulent
transition occurs in the same way as found for slug flows. The ring-type obstacle
height, &, required to trigger fully developed laminar flows to form first slugs or
puffs is determined to show its dependence on the Reynolds number, Re= DU /v
(where D is the pipe diameter, U is the mean velocity in the axial direction and v is
the kinematic viscosity of the fluid). When correctly normalized, A" turns out to be
independent of Re, (where h* =hU. /v, Re, = DU, /v and U, = Jt,,/p; T, is the wall
shear stress and p is the density of the fluid).

1. Introduction

Since the famous work of Reynolds (1883), it has been well known that all
phenomena connected to the laminar-to-turbulent transition of pipe flows are
intermittent. If the Reynolds number is high enough so that slugs form, a finite
development length in the pipe is required for the flow to go from its laminar into
its turbulent state. Over this length, the flow loses its strongly intermittent nature
and turns into a fully developed turbulent pipe flow. For a constant pipe length, one
observes that the flow intermittency goes from O to 1 over a small but finite Reynolds
number range, where the intermittency is defined by the ratio of the time summation
of the disturbed flow and the total measuring time.
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After the initial work by Reynolds (1883), there were numerous other experimental
studies, carried out e.g. by Rotta (1956), Lindgren (1969), Wygnanski & Champagne
(1973), Wygnanski, Sokolov & Friedman (1975), Rubin, Wygnanski & Haritonidis
(1980), Darbyshire & Mullin (1995), Draad, Kuiken & Nieuwstadt (1998) and
Hof, Juel & Mullin (2003), showing that two distinct turbulent flow structures
determine the intermittent laminar-to-turbulent transition process. Whether one or
the other structure occurs is dependent on the Reynolds number and on the flow
disturbance introduced. The flow structures are known as puffs (a low Reynolds
number phenomenon) and slugs (a high Reynolds number phenomenon).

The above-mentioned studies support the contention that the laminar-to-
turbulent transition of pipe flows takes place in the form of puff structures for
Re= DU /v <2500, and slug structures for Re = 3000, e.g. as reported by Wygnanski
& Champagne (1973). The results of their experimental studies showed that puff
structures travel with a velocity close to the cross-sectional-area-averaged flow and
their centreline velocity at the front edge does not have a clear boundary. As the
experiments show, the velocity at the front edge of a puff flow structure changes
gradually but at its back edge the velocity changes quite suddenly, showing a well-
defined change from the laminar to the turbulent region of the flow. Wygnanski et al.
(1975) initiated the puffs using a 1-mm diameter jet produced by a driven loudspeaker
and emanating from the wall at the pipe entrance. Rubin et al. (1980) showed that
the puff is independent of the type of device that produces the disturbance and
its streamwise location, since the basic requirement to initiate the production of
turbulence is the creation of a laminar-to-turbulent interface with a large velocity
drop across it. The shortcoming of jet triggering of puffs, the large variation in the
mass flow rate during the operation of the large disturbance, was removed by the
employment of orifice plates at the pipe entry by Bandyopadhyay (1986).

As mentioned earlier, puffs occur at relatively low Reynolds numbers (Re <2500)
and they are isolated patches of turbulent flow, which are advected downstream
with a velocity close to the bulk velocity. The puff flow structure extends 5-20 pipe
diameters, depending on the Reynolds number. The transition regions between the
laminar flow (outside the puff) and the turbulent flow (within the puff), at the two
edges of the puff, are called the front edge and the back edge.

The above investigations clearly show that there is a different type of turbulent
structure called a slug. The slug structures have different velocities at their front and
back edges. Their front edge travels faster than the cross-sectional-area-averaged flow
velocity and also faster than their back edge, so that the lengths of slugs increase as
they move downstream in a pipe. Furthermore, slug structures have, within themselves,
turbulence properties similar to those of fully developed turbulent flow.

Darbyshire & Mullin (1995), Hof et al. (2003), Mullin & Peixinho (2006) and
Peixinho & Mullin (2007) introduced jet disturbances into fully developed pipe flow.
They concluded that a critical amplitude of disturbance was needed to cause a
transition and it depends on the Reynolds number. Durst & Unsal (2006) highlighted
the influence of the disturbed wall fence height and the results showed a dependence
of critical Reynolds number on the normalized height of their disturbances.

On the basis of the recent discovery of unstable travelling waves in computational
studies of the Navier—Stokes equations, Kerswell (2005) explains, in his review, that
the travelling wave solutions are the saddle points in phase space. These represent
the lowest level in a hierarchy of spatio-temporal periodic flow solutions which can
possibly be used to explain the transition to turbulent pipe flows. Faisst & Eckhardt
(2004) by numerical calculation and Hof et al. (2003) by experiments found that the
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turbulent lifetimes start to increase rapidly for Re = 1800 and follows an exponential
law with increasing Reynolds number. Peixinho & Mullin (2006) studied the decay
of the puffs with an alternative approach that used sudden decrease of the Reynolds
number after disturbing the flow. They discovered that Re~ 1750410 is a kind
of threshold for lower Reynolds number behaviour and Willis & Kerswell (2007)
estimated this Reynolds number by direct numerical simulation for Re =~ 1860.
Eckhardt et al. (2007) determined that between the laminar and turbulent states
there exists no intermediate state with definite spatial or temporal characteristics.
There can be states of the flow dominated by large-scale features that qualify as
coherent structures. Nevertheless, the turbulent patches are much larger than the
typical wavelengths of the coherent structures. )

The present study follows the work reported by Durst & Unsal (2006) with a detailed
investigation of the development and transport of puffs and slugs from the pipe inlet
to the pipe outlet. The present investigations use a test facility that is an extended
version of the test facility of Durst & Unsal (2006). They performed hot-wire velocity
measurements at the end of an L/D = 666.7 long pipe, where L is the pipe length and
D is the pipe diameter, and carried out pressure measurements over the entire pipe
length. In their experiments, the laminar-to-turbulent transition occurred naturally
at Re ~13000. Through ring obstacles of different heights, placed at the pipe inlet,
the transitional Reynolds number was decreased from 13000 to approximately 2300.
The transitional flow structures were formed as puffs for 2300 < Re <3000 and in the
form of slugs for 3000 < Re < 13000. A dimensionless ring obstacle height A* =hU, /v
(where U, = /t,,/p, T, 1s the shear stress at the pipe wall and p the density of the
fluid) was introduced to characterize the flow disturbance needed for transition as a
function of Reynolds number and the measurement results showed a nearly linear
dependence of the critical Reynolds number for the range 3000 < Re < 13000 and
a strong nonlinear relationship for the range 2300 < Re <3000. The parameter was
computed for many U, values for the fully developed pipe flow. Pressure measurements
were conducted along the pipe, permitting an insight into the development of the slug
flow structures downstream of the pipe inlet.

To trigger single puff and slug structures, Durst & Unsal (2006) also employed an
electrically driven iris diaphragm, which created instantaneous small flow blockages
in the pipe inlet for closing durations of down to 10ms. This triggering technique
permitted the repeatable generation of single puff- and slug-like flow structures in
the Reynolds number region where natural transition did not occur. Hence, in this
way, the device of Durst & Unsal (2006) greatly facilitated accurate measurements of
the front and back edge velocities of puffs and slugs through the installed pressure
sensors. Phase-resolved velocity measurements with a hot-wire sensor, located at the
end of the pipe, were also performed to gain a deeper insight into the flow structures
of slugs and puffs. These latter measurements were qualitative in nature in the work
of Durst & Unsal (2006) and did not aim to give the detailed characteristics of the
single structures.

In the present work, the ‘iris diaphragm single flow structure triggering technique’
was used to investigate the dynamics of the puff- and slug-structure development,
from their generation at the pipe inlet over the entire pipe length. The measurements
were conducted for different pipe lengths starting from 0.5 m and extending to 8§ m. The
pipe diameter was kept constant at 15mm. For every pipe length, the occurrences
of flow structures and their development were investigated by hot-wire velocity
measurements. The change in the puff structures, with increasing Reynolds number,
to slug structures could be shown through phase-averaged velocity measurements.
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FIGURE 1. Schematic representation of the experimental test rig, triggering device and
measuring equipment.

The splitting of puff structures, starting at a certain Reynolds number and at various
pipe lengths, is shown from velocity signals obtained at the centre of the pipes. This
phenomenon occurred at Reynolds numbers that were not high enough to produce
the slugs directly. The investigations showed that the split puffs propagate without
changing their form and duration at a certain Reynolds number.

A final set of measurements was also carried out to trigger the laminar-to-turbulent
transition of fully developed laminar pipe flows. For this purpose, ring-type obstacles
of predetermined height were employed and for each height the critical Reynolds
number was determined. There are different possible definitions of the start of
transition, e.g. according to the changes in root mean square values (Durst & Unsal
2006) while for the present investigation, it is defined by the first occurrence of puffs.
The results show that 41 (Re,) = constant holds for the triggered laminar-to-turbulent
transition of fully developed laminar pipe flows.

The plan of the paper is as follows. In §2, the test rig, the triggering device
and measurement technique are briefly outlined. Section 3 describes the verification
of the experiments and validation with the earlier experiments of Durst & Unsal
(2006). Section 4 details the development of slug structures. Section 5 discusses the
development of puffs and the puff structure. Section 6 summarizes the effect of
triggering at a location where the flow is fully developed. The conclusions and the
outlook for future research are presented in § 7.

2. Test rig, triggering device and measurement equipment

The experimental set-up, including the mass-flow-rate control unit (see figure 1),
used in the present investigations, was explained in detail by Durst et al. (2003) and
Durst & Unsal (2006). Therefore, only a brief description will be given here for
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FIGURE 2. Three-dimensioned presentation of the iris diaphragm triggering system.

the sake of completeness and to provide a clear understanding of the experimental
equipment employed.

The present parts of the test rig, shown in figure 1, were the mass-flow-rate control
unit (MFCU), the pipe flow test section, shown together with a flow conditioner
(plenum chamber with honeycomb structures and an inlet nozzle) at the inlet of the
pipe, the hot-wire anemometer system and the computer operated with a special data
acquisition system. This allowed different Reynolds numbers to be set and the preset
flow rate to be maintained for each of the investigations. Due to the critical valve
operation principle of the MFCU (see Durst et al. 2003), the pressure changes in the
pipe, induced by the turbulence structures during an intermittent transition process,
did not affect the set mass-flow-rate value. Hence, the employment of the MFCU
ensured constant Reynolds number operation of the test rig, in spite of the occurrence
of the laminar-to-turbulent transition of the investigated pipe flows.

To trigger single puff and slug structures in pipe flows, an electrically driven iris
diaphragm unit, shown in figure 2, was employed. Two magnets were used to achieve
independently controlled closing and opening of the iris diaphragm. The height of
the iris diaphragm after closing was adjusted to yield predefined heights at the wall
to trigger the flow in accordance with the findings of Durst & Unsal (2006) regarding
the critical ring obstacle height.

The duration of operation of the iris diaphragm was controlled electrically
through a driving signal imposed on the triggering device by the computer
employed. The smallest closing and opening duration that could be realized with
the added magnets was 30ms, which was small enough to generate repeatable
single puff and slug structures in all experiments. Therefore, the effect of a lapse
duration shorter than 30ms is not known, although if the lapse time exceeds
a certain value, the iris diaphragm obstacle would function as a ring-type obstacle,
which means that it disturbs the flow continuously, and as a consequence one obtains
two or more disturbed structures combined, which cannot be distinguished as a single
structure.

The present experimental investigations were carried out for a pipe of diameter
D =15mm and for nine different pipe lengths (L=0.5, 1, 2, 3, 4, 5, 6, 7 and 8§ m).
Hot-wire velocity measurements were conducted at each pipe outlet, ie. for each
pipe length, over the entire Reynolds number range Re =~ 2300-11500. (Re~ 11500
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was the critical Reynolds number (Re).; at which the laminar-to-turbulent transition
occurred naturally with the present pipe flow.) For each pipe length, the laminar
velocity profiles were measured to ensure flow symmetry. The velocity measurements
for studying the occurrence of slug- and puff-like flow structures were conducted at the
centreline of the pipe. Puff and slug structures, generated through periodical closing
and opening of the iris diaphragm, were investigated as functions of time by hot-wire
velocity measurements. Approximately 100 puffs and slugs were investigated in each
set of experiments so that statistically averaged values, such as the mean velocity and
different turbulence quantities, could be measured for each of the Reynolds numbers.
The test rig was also employed for transitional flow investigations with fixed height
ring-type obstacles mounted as described by Durst & Unsal (2006). These experiments
are described separately in § 6.

The hot-wire probe employed was mounted on a traversing unit. A single-wire
probe, connected to DISA 55 MO1 constant-temperature hot-wire anemometer
electronics, was used in all the experiments. The traversing system was moved
vertically using the computer to change the wire position to measure the velocity
for 30s at each position to obtain the cross-sectional velocity profile. The traversing
system was also used to obtain the time profile of the puffs at different locations. The
hot-wire anemometer output was connected to a 16-channel, 16-bit, 333 kHz data
acquisition card for simultaneous measurements of velocities. The input flow rate of
the mass-flow-rate controller was also set by the computer and a special software
program ensured that all the measurements were carried out in a well-controlled
manner. Various sub-programs within the data acquisition software were written to
carry out the processing of all data to yield the flow information provided in the
present paper.

3. Verification experiments

Prior to carrying out studies of puff and slug flow development as a function of
pipe length, verification experiments were performed to ensure the correct functioning
of the entire test rig, especially the triggering device and the measuring equipment
employed. These measurements clearly showed that the test rig permitted the pipe flow
to remain laminar up to Re~ 11500 and over the length of L =8 m corresponding to
L/D =533.3 with D =15 mm. For different pipe lengths, the laminar flow development
was checked, yielding detailed cross-sectional velocity profile information. The
development of the velocity profiles with pipe length agreed with corresponding flow
predictions and confirmed the development length correlation proposed by Durst
et al. (2005):

% — [(0.619)" + (0.0567Re)"*]"/1. (3.1)

Hence, for every investigated flow Reynolds number, the development length required
to yield a parabolic velocity profile could be computed. This information permitted
the state of the flow to be assessed for the investigated pipe lengths, that is the
state in which the flow would have been without the introduced intermittent flow
disturbances.

The triggering system of the iris diaphragm permitted controlled flow disturbances
to be introduced that resulted in puff- or slug-like flow structures for 2300 < Re <
11500. To test the triggering system, ring-type obstacles were also employed to
obtain information on the dependence of the transition Reynolds number of the
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FIGURE 4. Natural transition and transition by ring fence obstacles.

flow on their height /4 for 1800 < Re < 11 500. For low Reynolds numbers with large
triggering ring obstacle heights & (see figure 3), puff-like flow structures resulted. For
higher Reynolds numbers, only slug-like flow structures were found. This is shown in
figure 3, which provides information on the triggering height ~ required as a function
of Reynolds number to yield the laminar-to-turbulent transition of pipe flows.

The results in figure 3 agree fairly well with those presented by Durst & Unsal
(2006), who also performed measurements with carefully manufactured ring fence
obstacles. The small differences recorded for the region of puff formation, caused by
the difference in definition of the critical Reynolds number, are not of any importance
for the studies described in this paper.

Figure 4 shows the dependence of the critical Reynolds number on the wall height
h by plotting the time-averaged u’ value versus Reynolds number. The u’ value is
defined as u' = E?:o (U —u,;)?/N, where U is the average velocity in time T, u, is
the instantaneous velocity and N is the number of measurement points in time 7. The
sudden jump of the u’ value at a certain Reynolds number indicates that the transition
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FIGURE 6. Puff (left) and slug (right) signals initiated by the iris diaphragm triggering device.

occurred. The iris diaphragm triggering device is able to provide arbitrary occurrence
of puffs and slugs: the open—close timing and opening area of the iris diaphragm
were changed from a minimum to a maximum value. In this way, the transition
usually observed for the natural laminar-to-turbulent transition (see figure 4) could
be studied at every chosen Reynolds number [Re < (Re).;] by adjusting the iris
diaphragm height accordingly. This suggests that the test rig with the iris diaphragm
triggering device is very well suited to study laminar-to-turbulent transition in pipe
flows. The control provided is well suited for detailed experimental flow investigations
of otherwise uncontrolled flow phenomena.

For Reynolds numbers of approximately Re=~ 11500, naturally occurring slug
flows were recorded for the present test rig and examples are shown in figure 5, which
illustrates the typical features already pointed out by Wygnanski & Champagne
(1973). Typical flow structures for Re <2300 puff flows and for Re = 3000 slug flows,
which were initiated by the iris diaphragm triggering device, are indicated in figure 6.
A comparison of literature data with the traces in figure 6 shows that there is no
difference in the forms of puffs and slugs compared with the signals reported by
Wygnanski & Champagne (1973). Furthermore, the velocity records along the pipe
permitted the front and back edge propagation velocities of the triggered slugs to be
compared with corresponding results available in the literature. Figure 7 shows good
agreement between triggered and naturally occurring transitional flow propagation
velocities. The comparison was made with the data recorded by both Lindgren (1969)
and Wygnanski & Champagne (1973), who measured the propagation velocities
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of naturally occurring transitional flow structures, together with the results from
Durst & Unsal (2006). The data of different studies collapse onto the solid lines
shown in figure 7. In fact, the comparisons in the figure confirmed that the present
puff and slug structures were similar to those which occur at Reynolds numbers
where the laminar-to-turbulent transition occurs naturally, as briefly mentioned by
Durst & Unsal (2006).

4. Studies of slug developments

The test rig, described in § 2 and applied in § 3 for the first experimental studies of
laminar-to-turbulent transition of pipe flows, was then extensively applied to study
slug flows. Examples of hot-wire velocity measurements at pipe lengths of L =0.5, 3
and 8 m are shown in figures 8-10 for Re =4160, 6250 and 8230. Each of the time
records shown is composed of 11 individual slugs. The individual slugs in figures 8-10
cannot be identified any longer, which shows the high degree of reproducibility with
which the iris diaphragm triggering device is able to produce slugs.

The shortest time (30ms) achievable to close partially and reopen the iris
diaphragm was employed for each Reynolds number. Each closing produced a
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ring fence disturbance with a height of 2 mm, in accordance with results plotted
in figure 3 to ensure that the initial disturbances had sufficient strength to form
a slug and allow its study as it moves downstream in the pipe. During this
motion, the length of the slug is increasing. This is shown in figures 11 and 12
for nine downstream measuring locations and four Reynolds numbers. These figures
clearly indicate the different speeds at which the front and the back edges of the slug
move. A higher front edge velocity, already indicated in figure 7, can be deduced from
these figures.

Figure 13 provides information on the duration of the deterministically produced
slugs. The figure shows that the duration Az, of a slug increased with increasing pipe
length and that the higher the Reynolds number, the smaller At, which indicates
that the decrease in the duration of the slug was caused by the increase in the
velocity. Figure 14 shows the non-dimensionalized propagation velocity of the front
and back edge propagation velocity. This is calculated as the time between the
iris diaphragm being operated and the slug being detected at the exit of the pipe.
The figure shows that both the front and back edge propagation velocities increase
drastically with the pipe length between L =0.5 and 2m. This indicates the strong
nonlinearity in the propagation velocity of slugs, caused by the effects of both
the development to the parabolic velocity profile and the turbulence propagation,
especially near the inlet region, L <2m.

The test rig also permitted sequences of slugs to be produced with time intervals
between them, as indicated in figure 15, which shows that changing the iris diaphragm
permitted the time intervals between the slug-generating disturbances to be changed.
Figures 15(a) and 15(b) show that a length of the pipe of L =8m was sufficient
for the individual slugs with two different intervals to merge. Hence there was one
slug-like flow left at the pipe outlet at L =8m. In figure 15(c), the interval was
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chosen such that the length of the pipe L =8 m was insufficient for the slugs to
merge. These slugs would have merged, however, if the pipe length had been larger.
Taking a certain length of pipe but at two different locations, the intermittency
is higher downstream than upstream. This clearly shows that laminar-to-turbulent
transition records show a strong L/D dependence as Rotta (1956) also mentioned in
his experimental investigation.

5. Studies of puff development

It is apparent that the test facility described in §2 is also suited to the introduction
of disturbances that result in the formation of puffs. For this purpose, the iris
diaphragm was closed sufficiently to yield disturbances of about h=~ 1.1 mm and the
Reynolds number of the flow was changed for this set of experiments from Re ~ 2300
to 4300. In this Reynolds number range, the changes in the structures of puffs were
studied.

The results of the measurements for Reynolds numbers from Re~ 2300 (point A
in figure 3) to Re~2900 (point C in figure 3) with different pipe lengths are shown
in figures 16 and 17. These show that for the lowest Reynolds number, Re =2310
(figure 16a), a single puff formed in the entrance region of the pipe. As it moved
downstream with the flow, it was maintained as a single puff. As the Reynolds number
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was increased to Re = 2495 (figure 16b), corresponding to point B in figure 3, a single
puff remained only up to about a pipe length of L =5m. Thereafter puff splitting
occurred, yielding basically a sequence of two puffs. For even higher Reynolds
numbers (see figure 17a), corresponding to point C in figure 3, puff splitting was
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FiGURE 16. Puff development with increasing Reynolds number of different pipe lengths for
(a) Re=2310 and (b) Re =2495.

observed very much earlier, permitting the flow between the front and the back of
the disturbed flow to develop and yielding, further downstream, slug-like flows. The
front edge of the resulting flow still had the properties known for puffs, although the
structures appear much more like slugs than puffs in figure 17(b). The back edge of
the resultant flow structure showed already the steep change from the turbulent to
laminar state of the flow, characteristic of slugs.

For the smallest Reynolds number investigated in this set of experiments, Re = 2310,
puff average velocity information was obtained as illustrated in figure 18(a), showing
the velocity on the pipe axis at L =8m as a function of time. Single puffs with a
high repeatability of their velocity fields resulted for this low Reynolds number, with
a slow decrease in mean velocity at their front edge and a sudden velocity increase
at the back edge. The velocity profiles, provided in figure 18(a) as a function of time,
are typical for puff-like flow structures in the laminar-to-turbulent transition region
of pipe flows at L =8 m. If one keeps h~ 1.l mm and increases the Reynolds number
of the pipe flow in small steps, the puff-like flow structure changes, as illustrated
in figure 18(b—d). In figure 18(b), typical puff splitting occurs, yielding two velocity
peaks. Increasing the Reynolds number further yields velocity distributions over time
that are similar to those of slugs (figures 18c and 18d), at least in the centre part of
the structure. Only the front and back edges of the signal seem to differ from those of
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FIGUre 17. Puff development with increasing Reynolds number of different pipe lengths for
(a) Re=2680 and (b) Re=2865.

slug flows. Slugs can also be formed by low height obstacles if the Reynolds number
is sufficiently high, that is higher than the Reynolds number indicated by point C in
figure 3.

Figure 19(a—d) presents the turbulent intensities corresponding to the cases
illustrated in figure 18(a—d). Figure 19(a) reveals that the turbulent intensity varies
from 2 % to 15 % in the case of an equilibrium puff (Re =2310). The split puffs show a
similar trend of variation in the intensity (figure 19b). Figures 19(c) and 19(d) show that
the structures produced have similar aspects to slug structures; the average turbulent
intensities in the middle of the structures are 5 % and 4.5 %, respectively, keeping the
maximum instantaneous intensity value close to 15 %.

The results in figure 20 are examples chosen from a large number of time records
for the instantaneous velocities of the puffs at different radial locations r/R, where r is
the distance from the centre point of the pipe and R is its radius. Each time profile of
the axial velocities in the figure is obtained by phase averaging of 60 samplings. The
puff structures presented in figures 20 and 21 correspond to Re =2450. At the location
r/R=0.93, the axial velocity does not show a large change even when the velocity
at the centreline (/R =0) reaches the minimum value in figure 20. This complex
structure of puffs is discussed by Van Doorne et al. (2007), who visualized puffs by
the stereoscopic particle image velocimetry (SPIV) system. They claim that this is
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FiGure 18. Cycle-averaged-axial velocity distribution at the centreline of a puff at
(a) Re=2310, (b) Re=2495, (¢c) Re=3235 and (d) Re=4345 at L =8 m.

an indication of the quasi-periodic regeneration of hairpin vortices. The result shows
good agreement with their observations; whereas they took only one puff structure,
the present results are ensemble averaged signals. The typical cross-sectional velocity
profiles measured at the exit of the pipe for the puff structures at Re=2450 are
shown in figure 21. The figure shows that the structures do not have a block profile
inside whereas slugs and intermediate puffs do, as shown by Durst & Unsal (2006).
The measurements were carried out for one radius and are shown together in a
symmetrical way in the figure for clearer presentation. The structures reveal laminar-
to-turbulent transition between r =4 and 4.40s. The figure clearly shows the existence
of a vortex-like structure near the wall region.

It is interesting that the experimental studies of Wygnanski & Champagne (1973)
resulted in two clearly separated regions for the appearance of slugs and puffs in
transitional pipe flow. They only observed puffs for very high levels of disturbances
and at low Reynolds numbers. This clear separation between slugs and puffs was not
found by Darbyshire & Mullin (1995), who detected both in some flow regimes. They
also found that their mixed occurrence was not just dependent on the magnitude
of the disturbance but also on the type of flow disturbances that they introduced.
In the present study, the flow disturbance was introduced at the pipe inlet by a
short duration of inserted ‘wall fences’. For this kind of disturbance, the results in
figure 3 were obtained, which indicated clear puff formation only for disturbances
located to the left of the marked vertical area, indicating that the introduction of
large disturbances was needed. As one moves away from the left-hand side of this
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(a) Re=2310, (b) Re=2495, (¢) Re=3235 and (d) Re=4345 at L=8m.

r/R r/R
0 0
0.07 0.0
0.13 0.13

[0.20 ‘ 0.20
027 0.27
033 ~ 0.33
0.40 0.40
0.47 0.47
0.53 \ 0.53
0.60 N 0.60
0.67 I 0.67
0.73 0.73
0.80 0.80
0.87 0.87
093 0.93

40 41 42 43 44 45

Time after iris diaphragm is operated (s)

FiGure 20. Axial velocity at different radial position r/R vs. time which is shown from the
time when the iris diaphragm is operated at Re = 2450.



442 M. Nishi, B. Unsal, F. Durst and G. Biswas

5 Time after iris
diaphragm is
operated (s)

Axial velocity (m s™1)

0 T T T T T T T T T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Position at pipe cross-section 7/R

FIGURE 21. Axial velocity as a function of different radial position /R at different time after
the iris diaphragm is operated at Re = 2450.

area, e.g. with increasing Re from point A, leaving & the same, the puffs that occur
split, yielding a sequence of two puffs initially. As the Reynolds number is increased
further, multiple splitting seems to occur that yields, finally, flow structures that
have an overall appearance similar to that of slugs. Without doubt, the present
test rig set-up proved to be well suited for studying phenomena of this kind. Its
highly reproducible triggering capabilities make the occurrence of puffs and slugs a
deterministic rather than a statistical phenomenon.

6. Triggering of fully developed pipe flow

So far, the investigation described has been aimed at a better understanding of
the laminar-to-turbulent transition of pipe flows when triggered by an iris diaphragm
mounted at the inlet of the pipe. This means that the triggering of individual
puffs and slugs by the iris diaphragm device occurred at the same location at the
inlet. However, at the inlet of the pipe, in all the investigations described so far,
the velocity profiles were dependent on the inlet flow conditions, defined by the
plenum chamber and honeycomb structures followed by the nozzle-type flow inlet
section to the pipe. This entire inlet flow arrangement also influenced the local
wall shear stress at the location where the flows were triggered. However, the flow
properties at the location of triggering were not well known and it was therefore
decided to carry out an additional set of experiments for which the flow is fully
developed at the location of triggering. Triggering was carried out with accurately
manufactured ring-type obstacles and the triggering was performed at a location
where the flow had reached the state of fully developed laminar pipe flow. Hence, in
this set of experiments, the flow conditions at the triggering location were the same.
To achieve this, the test rig in figure 1 was employed but the triggering location was
set at pipe lengths of L =5 and 8 m, at which the flows had reached fully developed
states up to Re~ 5900 and 9400, respectively, as equation (3.1) indicates. Thereafter,
a pipe length of L =2 m was added to ensure that the triggered flows developed into
slugs and puffs as described in §§4 and 5. The hot-wire measurements were carried
out at the end of this pipe to detect the first slug or puff formation as an indication
that the critical Reynolds number of transition had been reached.



The development of slugs and puffs 443

0.12

0.104 Wall fence location
m5m

0.08 e8m

2 .06
7 0.06
0.04 -

0.02 1

Re =1940

0.00

T T T T T T T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000
Re

FiGURe 22. Dependence of normalized ring fence height, 4/D, where D is the pipe diameter,
on the critical Reynolds number for fully developed pipe flow at triggering locations L =15
and 8§ m.

For triggering the flow, nine different ring-type obstacles were laser manufactured
with high precision and were placed at the triggering positions described above.
Thereafter, and for each obstacle, the mass flow rate was gradually increased until
the flow started to show the first disturbances indicating its transition to turbulence.
The relationship between the detected critical Reynolds numbers and normalized ring
fence height (/D) for pipe lengths of L =35 and 8 m are shown in figure 22, the C
indicating constant values in the figure. The results reflect the following:

(i) With the way in which the experiments were performed, the detected critical
Reynolds number for each ring obstacle was that for which the triggered disturbances
had not decayed by the end of the pipe.

(ii) According to Jovanovic & Pashtrapanska (2004), who looked at the laminar-
to-turbulent transition, the following relationship holds:

D D
(Re;)eris = 103/5 ~ (Rep)!/i ~ T~ (6.1)
where A and Re, are the Taylor microscale and the Reynolds number based on the
intensity and length scale of the disturbances, respectively. This readily suggests that

h 1
B ~ 7(Re)1/2 . (62)

crit

(iii) The experimental findings and the (Re);”ﬂ/ ? relationships are plotted in figure 22.

The small discrepancy between the predicted h/D — (Re).; relationships and the
experimental findings is due to the remaining experimental scatter of one data set.

The minimum critical Reynolds number which can be triggered with ring-type
obstacles is (Re)., = 1940, as the vertical line in figure 22 shows. This lower value
critical Reynolds number is in very close agreement with the theoretically obtained
(Ré)min deduced by Jovanovic & Pashtrapanska (2004). They investigated theoretically
the critical Reynolds number by considering the balance between production and
dissipation terms in the turbulence dissipation equation and for pipe flow they
obtained in this way (Re).i; = 1930.
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From the results in figure 22, it can readily be deduced that

_hUT_h cr
- B 2

ht U. (6.3)

5 D 8Re since U, =
Taking into account that h/D ~(Re)"'/? suggests that h*™=constant, ie. is
independent of Re,. This is shown in figure 23 to be in good agreement with
our experimental findings. Other values for the exponent in the Reynolds number
dependent relationship for different disturbance amplitudes are given in the literature,
e.g. Trefethen et al. (2000), Hof et al. (2003) and Peixinho & Mullin (2007).

7. Conclusion, final remarks and outlook

A special test facility was developed to investigate experimentally the laminar-
to-turbulent transition of pipe flows. This facility can deterministically create
disturbances which develop into puffs and slugs. This is described in the paper,
as is the way in which the experiments and measurements should be carried out
to study the properties of slugs and puffs. In particular, the results show how slugs
and puffs develop along the pipe. The information was obtained by measuring the
time variation of the longitudinal velocity at the axis of the pipe outlet cross-section
using different lengths of pipes. In a first set of experiments, the development of slugs
was studied and the results showed how the slugs expand along the pipe, as a result
of differences in the propagation velocities of the front and back edges of the slugs.
Second, the development of puffs was investigated with different pipe lengths taking
the Reynolds number into account. At fixed Reynolds number, at some distance from
the entrance, the structure of puffs and slugs seems to be independent of the nature
of the disturbances which created them. At lower Reynolds numbers, puffs form and
remain nearly unchanged along a pipe. However, when the Reynolds number of the
flow is increased, the puffs are characterized by one or more splits and for sufficiently
high Reynolds numbers, the puffs merge into slugs and start to expand as slugs do in
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pipe flows. The centreline velocity at the front edge of puffs changes gradually which
also occurs for splitting puffs but not slugs. The present paper provides a very detailed
morphology of equilibrium puffs and the mechanical view point of puff splitting and
slugs as a function of the Reynolds number.

A last set of experiments was carried out in which the triggering location was
moved downstream of the pipe inlet, where the flow had reached the fully developed
state of laminar pipe flow. The findings in these investigations suggest the following:

(i) The ring-type obstacle height, normalized with the pipe diameter, required
to trigger the laminar-to-turbulent transition of a pipe flow changes with Reynolds
number as ~(Re),/%.

(ii) On plotting the experimental findings as A*(Re,), it is observed that ht =
constant. The amplitude perturbation, 2™, is independent of Re,. This can be deduced
by similarity considerations.

(iii) The investigation shows that the minimum critical Reynolds number required

to cause transition is (Re),;; = 1940, below which obstacle-triggered puffs and slugs
cannot be maintained over long pipe lengths. This minimum critical Reynolds number
(Re)min=1940 turns out to be very close to the value theoretically deduced by
Jovanovi¢ & Pashtrapanska (2004) as (Re).,i; = 1930.
It is suggested that more experimental studies are needed to deepen the understanding
of the flow behaviour in the regime of the laminar-to-turbulent transition of pipe
flows. The theory of travelling waves and the possibility that chaos occurs around
them (see e.g. Kerswell 2005 and Eckhardt et al. 2007) is an important development
in understanding transition. However, more numerical investigations are needed for
a complete understanding of the laminar-to-turbulent transition of pipe flows. Also,
transitional flows warrant more investigation in order to show the dependence of
transition on the pipe diameter and compliance with many results that are available
in the literature.
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