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ABSTRACT

A set of experiments has been performed to investigate the
behaviour of intermittency in pipe flow, particularly in response to
periodical disturbances at fixed frequency (up to 360 cycles per
minute) which were introduced in the flow.

The effects were studied at various values of Reynolds
number in the transition range from Re = 2000 to 3000.

The main object was to. relate the input frequency of the dis-
turbance to the output frequency of the turbulent slugs emerging at
the end of the pipe (Part III. C).

The propagation velocity of the interfaces separating re-
gions of laminar and turbulent flow was studied by performing
experiments with a single disturbance (Part III. B).

A single experiment has been performed also to investigate
the frequency and the intermittency of the turbulent slugs of a flow

with a fixed, geometrical perturbation at the inlet (Part III. A).
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SYMBOLS
X distance length along the pipe from inlet to exit

diameter of the pipe

L length of the pipe

u generical velocity

Uoru mean velocity of the flow laminar condition

Ugp velocity of the front of the turbulent slug

UR velocity of the rear of the turbulent slug

T temperature in °C

t generical time or time elapsed from onset of disturbance
T, interval of time of laminar flow

T interval of time of turbulent flow

TL,T interval of time of a laminar-turbulent couple

ttot or t¥ total time of an experiment

ATL interval of time of laminar flow between two parts of a

split slug

f or f'n input frequency (driving frequency)

f or fout output frequency (response of the flow)

n. natural frequency of turbulent slugs

v kinematic viscosity

Re Reynolds number

Y intermittency factor

1-y fraction of laminar flow

€ nondimensional slug frequency

UF/U - nondimensional velocity of the front of turbulent slugs

UR/U nondimensional velocity of the rear of turbulent slugs



u/4

T U/d
F(7U/d)
n]q_

()

(),

nondimensional length of laminar region

nondimensional length of turbulent region

normalized total distribution function F = =

number of intervals whose length is 7
denotes mean value
denotes turbulent

denotes laminar

8

’
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I. INTRODUCTION
A) Background

Bibliographic references are given at the end; here we can
recall fhe main works from which the present has taken inspiration:

1} Coles (1961): Interface and intermittency in turbulent
shear flow.

In the first part the author reviews the experiments on inter-
mittency for pipe flow. He analyses the behaviour at high values of
x/d and establishes the persistence of mixed laminar-turbulent
regions at stations up to 10,000 diameters from the entrance. He
also gives conclusions about the mean flow in the vicinity of a typical
turbulent slug.

2) Rotta (1956): Experimenteller Beitrag zur Entstehung
turbulenter Stromung im Rohr.

The author establishes the method for determining the
intermittency factor and the frequency of the turbulent slugs on
the basis of the difference in mean momentum between laminar
and turbulent flow (the same procedure was used in our experiments;
we have introduced only an electrical device to record the fluctua-
tions of the jet).

3) Lindgren (1957): The transition process and other
phenomena in viscous flow.

This can be considered the most comprehensive work on
propagation and characteristics of turbulent slugs. The author
focusses his attention on the evolution of a single turbulent slug

observing it at successive stations relatively near to the entrance.



-2-
He determines the front and the rear velocity of turbulent slugs as
functions of Reynolds number.

B) Present Work

In all the experiments of these authors, the transition was
"natul_'al,“ triggered by a fixed, geometrical disturbance.

The purpose of the present experiments was to study the
response of the flow to other types of disturbance, in particular
single pulses and periodic pulses. Apparatus to produce such pulses
was constructed and various properties of the transition were meas-
ured, e.g., intermittency factor, frequency distribution and, in
particular, the turbulent slug frequency resulting from given per-
turbation frequencies.

In addition, an experiment with natural transition was per-
formed to serve as a reference for the present series.

C) Some Basic Principles

The phenomenon of intermittency occurs in almost all types
of tﬁrbulent flow: near the boundaries of free shear flows (wakes,
jets, mixing layer) and also in bounded flows such as Couette and
pipe flows. As pointed out by Coles the research can easily be
started by studying pipe flow and using water as a fluid.

Transition in pipe flow is associated with intermittent tur-
bulence. At the lower (Reynolds number) end of the transition
range, in the presence of predominantly laminar flow, slugs of
turbulehce occur. With increasing Reynolds number, the number
of turbulent slugs increases. These persist along the pipe in a

statistically stationary equilibrium, if the distance downstream
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from the pipe entrance is sufficiently great,

The relative degree of turbulence is related to the number
and the size of those siugs; a measure of the relative degree of the

transition is given by the intermittency factor, vy = tlgfaiizfnuelem

3

The parameter that influences the transition is the Reynolds

number defined as

where

d = diameter of the pipe

v = kinematic viscosity of the fluid (monotonically
decreasing function of the temperature alone}).
U = mean flow velocity.

This number is the only possible nondimensional quantity charac-
terizing homogencous, incompressible viscous flow, provided x/d
is great enough for conditions to have reached a stationary state.

The mean flow velocity, u, was determined by measuring
volumetric flow rate (by collecting the flow in calibrated containers
over measured time intervals}).

The turbulent and laminar slugs issuing from the pipe exit
have different free-fall trajectories, due to their different momenta.
This may be illustrated as follows.

The laminar flow velocity profile is parabolic (Hagen-
Poiseuille flow) u/umax = (1 - (r/R)Z'). From the equation of con-

u
tinuity, u = r;ax so that u/u = 2(1 - (r/R)Z).

Generalizing the Blasius one-seventh-power velocity distri-

bution law for turbulent flow:
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u/u = (1 - 1'/R)1/Il
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From the equation of continuity u = Umax @ 1)(ZoF 1) so that
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We consider now the momentum:
‘R R L
I=‘S uz - 27T - dr=2775 uzrdr=u2A=B_ﬁzA
0 0 '

where

I = momentum of the flow

2 =2

B=u"/u
may be calculated from the distribution law for the above velocity
profiles.

We obtain, for laminar flow, P = 4/3 = 1,333

(nt1)%(2nt 1)%
2n%(nt2)(2nt2)

and for turbulent flow, =

forn=7 B=1.02

If the mass flow rate is held fixed, m = const, then being (ol = const,
since p = const, we obtain u = const, and we can compare the momen-
tum of the jet when it is turbulent and when it is laminar, comparing
the values of 8. We conclude that the momentum is greater for laminar
flow than it is for turbulent.

Due to this difference in mean momentum the trajectory of
the jet varies between two extremal positions. When the flow is

laminar the jet reaches further from the pipe exit than it does when



the flow is turbulent.

This furnishes a possibility for collecting the laminar flow
separately from the turbulent.

On this is based Rotta's procedure, which we followed, for
separating the laminar and turbulént flow. (Ref. 10). The intermit-
tency factor can be determined from the ratio of turbulent volume
to total volume. The mean velocity is determined from the total
volume flow collegted from both sides of the collector.

It was found in our experiments that the mean velocities of
the turbulent and laminar portions of the flow were not exactly the
same, that of the laminar portion being slightly higher.

This was determined from the separate collections of the
two kinds of flow, taking into account the intermittency factor, v.
At the lower Reynolds number the difference was very small, and
increased to 4 or 5% at the higher end of the transition range.

(See Tables 2, 3, 4.)
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II. EXPERIMENTAL TECHNIQUE

A) Experimental Equipment

1) Pipe

In order to obtain a very large value of x/d (x = length of the
pipe, d = diameter of the pipe) within the limitation of the length of
the laboratory itself, the pipe was chosen to be of small diameter.
Brass tubing of 3/8 inch outer diameter was used; the internal di-
ameter was 0.182 inch (d = 0.462 cm). Each section of the tube was
12 feet long. Six sections (the last one was shorter than the others)
plus an additional piece in the vicinity of the apparatus for the per-
turbation, gave a total length of 851 in. (L = 2160 cm).

Thus x/d = 4650 for the experiments on natural transition;
this value is reduced to x/d = 3840 for the experiments with pertur-
bation due to the shorter length between the perturbation station and
the exit.

The 3/8 in. brass tubing was joined by drilling out 1/4 in.
standard compression unions to 3/8 in. I.D., and using O rings as
seals for the ends. The ends of each section were turned on a lathe
to assure an exact fit and this, combined with the bored out unions,
gave a smooth joint. The tubing was hung from the ceiling of the
laboratory, by means of bolts six in. long mounted on a concrete
wall. It was aligned with a transit and held straight by means of a
slotted angle iron. To reduce vibrations transmitted from the
building to the pipe, the space between the pipe itself and the sup-
port was filled with sand. The end of the pipe was chamfered to a

sharp edge to prevent dripping, especially at low mass flow rate.
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The upstream end of the pipe was connected, by means of a
flange, to a stilling section of 1.5 inch diameter (see fig. la). The
inlet to the pipe was rounded and smooth., The upstream end of the
stilling section was connected to a valve for the regulation of the
mass flow rate. A screen to reduce the entrance turbulence was
located downstream of the valve; a thermometer was also located
upstream of the inlet.

During the experiments with a fixed geometric disturbance,
a plug of diameter d = 0.4 cm. was introduced in the pipe inlet; the
free area was thus reduced to Afree = 0,041 cmz. (25% of the free
area).

2) Feed System

One-inch diameter rubber hose connected the valve to a
small reservoir at the top of a tower seven meters high arranged
to provide a sufficiently high, constant hydraulic head. The water
used was common city water whose characteristics are considered
constant and sufficiently near "standard."”

3) Mechanical Apparatus for Periodic Perturbations

At station P (154 in. downstream of the inlet) two holes
were drilled in the pipe to connect the flow to an accumulator which
was formed by placing a cylindrical box around the pipe (fig. 1b).
Pressuré perturbations could be applied to the accumulator (and
thus to the pipe flow) by means of a piece of rubber tubing, connected
to the bottom, which could be squeezed by means of a hammer
mechanism. An air bleed valve was provided at the top of the

accumulator.
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The hammer mechanism (fig. lc) consisted of a brass piece
attached to the armature of a solenoid; it squeezed the rubber hose
when the solenoid was energized. A spring bfought it back to thé
original position. A stop with an adjustable position was located above
the armature, and the support of the rubber hose also had an adjust-
able position.

This mechanism was mounted separate from the pipe to avoid
vibrations. The solenoid was driven at different frequencies by a
pulse amplifier which could operate properly up to 300 cycles per
minute. At higher frequencies the armature could not move prop-
erly due to inertia. The hammer was brought closer to the rubber
tubing but nothing definitive can be said as to whether or not a per-
turbation was induced in the flow and not absorbed by the rubber
itself. Also, beyond 400 cycles per minute the frequency was not
stable.

Thus the useful frequency range was at most 350 cycles

-per .rninute.

4) Electrical Apparatus for Periodic Perturbations. (Pulse
Amplifier).

An electrical pulse amplifier was built especially for this
research. This provided 32 volt pulses of constant, stable frequency,
for driving the solenoid.

Pulse width was 0.1 seconds; but at high frequency this was
reduced to 0.06 seconds. A circuit was also built to supply single

pulses for the single-pulse experiments,



-9~

5) Apparatus for the Response of the Flow

As explained before, all the measurements are based on the
varying position of the jet between the two extremal positions for
laminar and turbulent flow,
Collector. To collect the fluid issuing from the end of the pipe, while
keeping separate the laminar and turbulent flows, a simple rectangu-
lar plastic box was built (15 cm. high, 50 cm. long and 8 cm. wide).
It was divided‘- into four compartments by two knife-edge partitions.
(The two compartments in front were used to collect laminar flow,
the other two to collect turbulent flow.) The box was mounted on
rails to allow movement along and transverse to the axis of the pipe.

Thus, runs of long duration could be made by collecting in
alternate pairs of compartments; collecting in one pair while draining
from the other into calibrated measuring containers where volume
was determined. The marks on the glass containers were spaced at
20 cc. intervals and the total capacity of each was 2000 cc. A ther-
mometer was located in the box to observe the final temperature of
the fluid.

Grid. An electrical device was constructed for detecting and re-

cording the position of the jet (in order to have a faster responding
device than the collector previously described). This consisted of
a grid of stainless steel wires spaced at 2 mm.; resistors were con-
nected to the screws at the end of each wire, by means of which the
tension of the wires could be regulated. |

By placing this electrical grid horizontally in a plane pene-

trated by the jet, it could be precisely determined when the flow
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left the laminar position, and the amplitude and duration of each
turbulent slug could be measured. The displacement of the jet in-
creases with_Reynolds numbers so two grids were built, the first
with 17 wires for a distance of 2 cm. and the second with 5 wires
for a distance of 1 cm.

Grid Circuit. As indicated on the circuit (fig. 2) diagram, the

grid acts as a potentiometer (variable resistance) connected in
parallel to the resistance provided by the water. This latter re-
sistance is very large so it was necessary to place large resistors
between the grid wires; 10 K Q in one case (for a total of 170 K )
and 47 K 2 in the other case (for a total of 188 K Q) in order to be
able to detect the difference in potential due td the jump of the jet
from one wire to the next,

The circuit was energized by a battery of 45 volts; the sig-
nal could be observed either on an oscilloscope or recorded on a
visicorder. A calibration of the circuit was made to relate each
position of the wire-water connection to a corresponding position
of the signal beam on the recorder paper.

The connection to the water was completed either through
the pipe or through a copper plate under the grid (in order to reduce
the length of water involved in the circuit, and thus the resistance).

An electronic timer was used to provide a reference time scale
on the recorder paper. It marked intervals of one second.

Counter. An EPUT/Timer was connected to the pulse amplifier to
measure the frequency or the period of the input disturbance. The

visicorder also was connected with the pulse-amplifier, so that the
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input frequency was also recorded on the paper.

B) Experimental Procedure

Before each experiment it was always necessary to let the
water run for half an hour to reduce the difference between the inlet
and outlet temperature (especially during the daytime). The mass
flow rate was regulated with the valve to get the required value of
Reynolds number. All the runs of the experiments lasted two
minutes each and were repeated a second time, after measurement
of mass flow rate.

1) Simple-pulse Experiment

Ten runs at increasing Reynolds number were performed;

a minimum of five readings of volumes of laminar flow were taken,
for each run;the value recorded on the tables is the averaged one.
For every run the values of the inlet and o;ltlet temperatures were
recorded. When the flow was laminar (at the higher Reynolds num-
bers, occasional natural bursts of turbulence occurred), a

éingle perturbation was introduced, and the time of travel of the
resulting turbulence slug, between the perturbation station and the
exit was measured either by means of a stop~watch or from the
visicorder record.

2) Periodic Perturbation Experiments

A minimum of ten runs for each experiment was performed;
and a minimum of five volume flow readings for non-perturbed and
perturbed flow were taken in each run.

3) Natural Transition Experiment

With the fixed, geometric disturbance positioned at the
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inlet, runs were made at different Reynolds numbers. At each Rey-
nolds number, flow rates were measured with and without grid in

place. The grid output was recorded.

C) Sources of Errors

- The temperatures were measured with thermometers having
a range from 15 to 35°C and an accuracy of 1/10 of a degree. During
the runs no variations greater thaﬁ 2 to 3 tenths of a degree were
noticed. The difference between inlet and outlet temperatures was
at most 2°C, in only a few cases.

The average temperature was computed,on the basis of which
the kinematic viscosily and Reynolds number were calculated.

In the range of temperature in which the experiments were
performed a difference of one degree corresponds to an error of 3%
in the determination of Reynolds number. Another source of error
is in the determination of volumes; a precision of 10 cc. was possible
and -errors of 1% in Reynolds number could be introduced in this way.
The total error in the determination of Reynolds number is within 5%.

Other sources of errors can be found in the following: The
value of input frequency recorded on the visicorder paper is in good
agreement (1-3%) with the average computed on the basis of the
counter. This variation, even though not large, can introduce a
shifting of the fin value that can have a noticeable effect on the plot-
ting of the response frequency, especially at high frequency. The
output frequency was obtained from measurements on the visicorder

record. Two types of error inthis measurement are difficult to
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evaluate. Very small movements of the laminar jet might give con-
nections to the first grid wire, which would be interpreted on the output
as turbulent flow. Care was taken in positioning the grid to avoid this.
Another possible source of error was that, at the higher Reynolds
numbers, occasionally natural bursts of turbulence occurred. As a
result, the apparent response frequency would be in error (higher).

In this connection, we may note a phenomenon which occurred
during the experiments; for a long period of time (about 30 minutes)
after starting the experiment, the flow came back to laminar when
the perturbation was stopped. If the experiment was performed for
a longer time, we noticed a tendency of the flow to persist turbulent
even when not perturbed. To avoid this, we allowed conditions to
"settle" by closing down the flow for about a minute. The reason
for this behaviour is not understood; something like accumulation of
air near the inlet might be an explanation.

In the measurement of laminar and turbulent intervals, 7T

L

and T ON the visicorder record, one second corresponded to 10

millimeters of trace., The resulting error in ETL or Z'TT was 2 to 4Y%.
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III, RESULTS AND DISCUSSION

'A. Natural Transition; Flow with Disturbed Entry Condition

1) Introductory Remarks

Here again we repeat that intermittency is the main feature
of transition from laminar to turbulent flow. Alternating slugs of
laminar and turbulent fluid move along the pipe and persist even if
the pipe is very long.

Previous experiments (ref. 1) performed at values of x/d as
large as 10,000 have confirmed the existence of a statistically
stationary mixed laminar~turbulent regime.

In order to study natural transition, a cylindrical plug was
positioned in the inlet and centered coaxially with the pipe. The
free area was thus reduced from A = 0.167 cm.2 to A' = 0.126 cm. 2
(about 25%).

The effect of this fixed, geometric disturbance was to produce
fully turbulent flow near the pipe entrance. Natural processes (which
are not understood) then led to damping of the turbulence in certain
regions, so that the flow far downstream was only intermittently
turbulent.

Our measurements were made with a pipe of x/d = 4650, We
have performed a set of experiments at various values of Re in the
transition range to determine the average natural frequency of k‘che

* 3
turbulence 1 and the natural intermittency factor y = fs ydt/f;: dt .

2) Intermittency Factor and Natural Frequency

The intermittency factor y is an average value of an on-off
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intermittency function y, with y = 0 for laminar flow and y = 1 for
turbulent flow; strictly speaking, and assuming that it is possible
to discriminate between laminar and turbulent flow, the intermif—
tency function y depends on x, r, t, x/d and Re.

In all our experiments the pipe length and diameter were con-
stant,.and we averaged the value of y in some sense with respect to
radius, getting y =y (t,Re); then we averaged with respect to time
both the intermittency factor and the frequency getting y = y(Re)
and n = n(Re).

The latter quantity is made nondimensional by dividing by u/d,
so that we will speak of a nondimensional slug frequency: € =nd/U.

The parameter with respect to which we study the variation
of ¥ and € is the Reynolds number Re = U. d/v.

For Re < 2000 (approximately), the turbulent regions decay
and disappear downstream of the inlet where our disturbance is
positioned. No turbulent slugs have any chance to survive as far as
the end of the pipe.
| This value of Re = 2000 is in good agreement with the lower
limit obtained by many other observers. It is also in good agree-
ment with the values obtained in the present experiments by per-
turbing the flow with a single disturbance or with a periodic
disturbance, as will become evident in later sections.

For Re > 2800 (approximately), laminar regions never emerge
spontaneously from the original turbulent flow near the entrance, or
at any rate do not remain laminar at large values of x/d. Far down-

stream, the pipe is completely filled by turbulent flow for values of
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Re higher than this upper limit.
The range between these two extreme values of Re is the

transition range (2000 < Re < 2800}, and a regime of stationary

o
b

mixed laminar-turbulent flow can exist in this range.

For the most part, our experiments with natural transition
do not break any new ground. Our purpose in these experiments was
to show, by verifying the data of other observers, that our new
measurements with controlled disturbances were cafried out under
essentially normal conditions for pipe flow. We also wanted to
prove the instrumentation as well as to allow a direct comparison
of the data obtained with natural and with artificial transition.

We have taken as the most important properties of the
signal obtained from the electrical turbulence discriminator the
relative duration and the absolute frequency of the alternations
between laminar and turbulent flow.

The results obtained are given in table 1 and for the quan-
tities Y and € are shown in figs. 3 and 4. Particular care was
taken in the vicinity of the extrema of the transition range.

The intermittency curve in fig., 3 is in good agreement
with the data collected by Coles (ref. 1), taking into account his
remark that the viscosity (and hence the Reynolds number) was
not accurately measured in some of the earlier unpublished exper-
iments.

It is possible that the statistical properties of the flow

* The upper limit may be a weak function of the parameter x/d,
as will be discussed further.
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still depend slightly on the nature of the initial disturbance and on x/d,
even for x/d as large as 5000. A better test of such a dependence, if
any, is provided by fig. 4, which shows the average dimensionless
frequency € for natural transition.

To the extent that the velocity of the turbulent slugs in this
Reynolds number range is nearly the mean fluid velocity U, (see fig,
13), the reciprocal quantity 1/€ is nearly the length of pipe {measured
in diameters) occupied on the average by a laminar and a turbulent
region together. This length increases, and € therefore decreases,
towards the boundaries of the transition region, where either the
laminar or the turbulent regions become relatively longer.

Our experiments at x/d = 4650 show a maximum in € =n1d/U
of about 0.030 at Re = 2460. Previous experiments at lower values
of X/d show some differences, At the lower Reynolds numbers, for
example, the population of turbulent slugs may increase with increas-
ing distance down the pipe, due to splitting of individual slugs, and
at higher Reynolds numbers the population may decrease because of
consolidation of adjacent slugs. (In these remarks we anticipate our
data obtained with controlled disturbances, in order to explain the
tendency for the maximum in € to shift to lower Reynolds numbers,
(See Coles fig. 3, ref. 1) with increasing x/d.) Our experiments do
not show that these processes are complete, but they must be nearly
so. We also have the feeling that the inlet disturbance level was not
very high in these experiments especially at the lower Reynolds

numbers.
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3) Normalized Distribution Function

From the records taken during the experiments we could deter-
mine the statistical distribution function both for the laminar intervals
I, and the turbulent intervals T At low Reynolds numbers the turbu-
lent iﬁtervals are very short and almost uniform (0.1 to 0.3 sec.);
for Re > 2500 they rapidly increase in length as éhown in fig. 6. The
laminar intervals behave in the opposite way: At low Reynolds num-
bers they are very long (8 to 20 sec.); they decrease as Re increases,
and for Re > 2500 become short and almost uniform (0.1 to 0.4 sec.},
as shown in fig. 5.

At a given Reynolds number these figures show the relative
fraction of laminar or turbulent intervals having a value of 7 less than
a given value, that is, having a length less than a given length; they
are made nondimensional by multiplying by U/d.

4) Length of Laminar and Turbulent Intervals

For the particular values 0.1, 0.5, 0.9, of the normalized
distribution functions of figs. 5 and 6 (i.e., for the IOth, 50th, and
90th percentile), the relevant dimensionless length 7U/d is plotted
against Re in fig. 7 for the laminar and turbulent intervals.

Also shown are the mean curves obtained from the intermit-
tency and frequency data, using the definitions 1/H=?L+ ;T = ?T/-\Y
so that 7 U/d = y/€ and 7 u/d = (1-y)/€.

We conclude from these data that in the lower transition range
the turbulent intervals tend to have a uniform length of about 15 diame-
ters, while the length of the laminar intervals is almost uniformly
distributed over a wide range (except that very short values do not

occur). In the upper transition region the picture is reversed; the
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length of the laminar intervals tends to be about 10 diameters while
the much longer turbulent intervals are almost uniformly distributed
(except that very short values do not occur and there is some in-
crease of population density near 10-15 diameters).

As might be expected, the laminar and turbulent intervals
are equal on the average and both have a value of about 20 diame-
ters, at the particular Reynolds number 2460 where the dimension-
less frequency € has its maximum value (see fig. 8).

Also the percentile values for turbulent and laminar intervals

are equal at Reynolds number 2460 (fig. 7).

B. Response of Laminar Flow to a Single Disturbance

1) Introductory Remarks

As previously indicated in the general description of the ex-
perimental procedure, we performed a set of experiments in each
of which the flow was given a single perturbation after it had exhibited
a laminar behaviour for a long period of time. In general, the response
to this single perturbation was that the jet at the pipe exit performed
one or more oscillations and moved from the laminar to the turbulent
position; after the turbulent slug or train of slugs had passed, the flow

b

again took up the original laminar position. This experiment differs

* In many experiments the real slug, having a mean velocity consis-
tent with the average velocity of the flow, was preceded by an extra-
neous slug or group of slugs. We cannot account for this phenomenon
but we point out the numerical results later, with an attempted expla-
nation of which is the most obscure part of the phenomena cbserved.
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from the previous one in that our object is to study the dynamics of
‘turbulent regions embedded in a laminar flow at a particular Reynolds
number rather than the statistical properties of a mixed flow in equi-
librium. Our assumption is that laminar flows in the transition range
are unstable to finite disturbances, and our hope is that the response

of such a flow to a single strong disturbance is a well-posed non-linear

experimental problem for which reproducible and meaningful data can
be obtained.

2) Front and Rear Velocity of Turbulent Slugs

By the very nature of the problem, the flow must now depend
critically on time or on distance along the pipe. It is known (ref. 5
and ref. 1) that a turbulent region in such a flow grows in length at an
almost constant rate for Reynolds numbers greater than about 2500.
Time and distance, however, can only be called large or small in
terms of the characteristic time 1/n and the characteristic distance
U/n defined by the statistical measurements of the preceding section.

For our measurements the pipe length was constant with x/d =
3850 where x is now the distance between the point of disturbance and
the end of the pipe. The corresponding values of nx/U, or the pipe
length measured in statistical units, ranged from about 120 at Re =
2460, near the center of the transition region, to about 10 at Re = 2100
and Re = 2750 near the extrema. These values can give an idea of the
relative lengfh of the pipe at various experiments with different Rey-
nolds numbers.

The quantity measured in the experiments was the elapsed
times, t, from the moment of the disturbance to the occurrence of

various changes in the flow at the pipe exit.
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We note that the velocity x/t, formed from the pipe length
and elapsed time, can be interpreted as an average phase velociﬁy
for the disturbance and made nondimensional with the main flow
velocity U (see fig. 13; discussion will follow later on). However,
we emphasize that the flow is not strictly conicaf:< since the phase
velocity is not constant for small times and since unobservable
events known to occur inside the pipe, such as splitting, can affect
the phase velocity locally. Consequently the plotted data will be
left in the form Ut/d (see fig. 9).

Many experiments were perforined to establish the lower
limit of the transition, that is, the lowest Reynolds number at which
turbulence can survive and emerge at the end of the pipe. This
value has been found to be Re = 2000; turbulence at the pipe exit
was never ob_served in a hundred attempts.

At larger Reynolds numbers, from 2000 to about 2500, the
predominant phenomenon is splitting of the turbulent slugs produced
by tile disturbance. We can say that at low Reynolds number slugs
increase to a given length and split, repeating this process. In other
words the front and rear of a slug are not independent but interact
in some unknown way. For splitting to occur, a slug has to be of
sufficient length, which may depend on Reynolds number or possibly
Ex/U. Thus, as the Reynolds number increases, the increase in
the amount of turbulent flow is provided mainly by splitting rather

than by increase in length of turbulent regions (see fig. 10). Some

* j.e. flow properties dependent on x/t.
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unknown mechanism prevents slug length from increasing. Since our
experiments were carried out at fixed x/d, it is not clear whether the
increase of splitting with Reynolds number is connected more precisely
with the increase of nx/U.

At higher Reynolds nurﬁbers, above about Re = 2550, splitting
usually does not occur, and a single slug usually grows from a single
disturbance. The front and the rear of the turbulent slug appear to be
independent, and can be separated by distances that are related to the
Reynolds numbers. Turbulence can be increased (as Reynolds number
increases) by growing in length of a single turbulent slug. These
ranges overlap, in fact growing is still present for Re = 2300 but it
is damped by splitting that ceases around Re = 2550.

The ideas outlined above are based on observation and com-
parison of grid outputs of individual runs, together with a study of
the statistical results, for example, those shown in fig. 13, where
the nondimensional values of the front and rear velocity of turbulent
slug.s are plotted versus Reynolds number. (The Lindgren curve
(ref. 5) is also shown for comparison._)

General features of fig. 13 are as follows. The branch UF/U
decreases to a minimum, then increases, changing curvature at about
Re = 2580, then seems to tend to a definite limit (stabilization of
turbulence growing). The other branch, UR/U’ after the point of
minimum at about 2300 is divided into the following sub-branches:

Branch (a) is the locus of the rear velocity of the last slug

of the group when splitting is present. This is joined to branch (d)
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(at Re = 2580 where the splitting range ends), which is the locus of
the rear velocity of the slug when only growing is present.

Branch (b) is the locus of the rear velocity when the slug is
single. This curve follows the increase of UF/U after the minimum,
up to Re = 2400, then decreases and continuously joins to curve (d}
at Re = 2580.

Branch (c) is the locus of the rear velocity of the first slug
of the group; for Re < 2400 it is almost coincident with (b), while
for Re > 2400, instead of decreasing, it is continuously increasing
up to Re = 2500; from this point, it is supposed that it joins branch (d)
at Re = 2580 to form a single curve.

In fig. 14 we have plotted values of UR/UF versus Reynolds

number (ref. 12) and also the values of U UR/U versus Reynolds

¥
number. We notice that, for values greater than about Re = 2600,
UR/UF is linearly decreasing while the difference UF—UR/U seems
to tend to a limiting value denoting a probable stabilization of grow-
ing at higher Reynolds numbers.

3) The Phenomenon of Splitting

We have already noted that splitting is present in the range
2100 < Re < 2500. The number of divisions of a single slug arising
from one perturbation tend to increase as Reynolds number increases
(see fig. 10). This may bc because effective length of the pipe,
_r-fx/U, is increasing in this range.

It was noted, when more than one slug travel together in a

train separated by laminar regions, that the first slug has a higher
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velocity than in the case of no splitting; fig. 10 shows the effect of
splitting on the front velocity of the first slug (data are expressed
in the form d4/Ut).

We have measured the interval of time ATL during which the
flow is laminar between two turbulent slugs when splitting phenomenon
is present; the data are scattered, and in fig. 11 we have plotted the
average results in the form ATL- U/d versus Re. We note a general
decrease of ATL as Reynolds number increases and as the number of
slugs of the same group increases. All the data converge to a value
of about 0.1 sec. for Re = 2500. This seems to be the shortest
laminar interval possible between two turbulent slugs; the minimum
possible length seems to be 10.5 diameters for Re = 2500.

In fig., 12 are plotted the mean values of the turbulent regions
expressed in the form UATT/d. The effect of growing that starts at
about Re = 2300 and becomes predominant only after Re = 2550 is
evident. We have also included the values from fig. 8 to show the
big aifference that exists in the mean values of the length of turbulent
regions between experiments on natural transition and the present
one on single disturbance. It appears that the slugs are bigger when
they are embedded in a laminar flow. However, it is possible that
the different kinds and magnitudes of disturbance in the two sets of
experiments canhave an effect on the length of turbulent slugs.

We have mentioned before the presence of a disturbance
ahead of the group of slugs that constitute the true response to the
perturbation. This phenomenon was not always present, but when

it happened it was always at a precise time interval after the
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beginning of the disturbance, so that the scatter of data from the
mean values reported in fig. 15 is very low. We are not able to
give a satisfactory explanation of this phenomenon and it is also
difficult to make conclusions about the influence it has on the tur-
bulent slugs which follow. The velocity computed on the basis of
the full length, x = 3850 diameters, is roughly twice that of the
real slugs. However, we suspect that these extraneous slugs are
produced somewhere along the pipe by a pressure wave which
passes along the pipe; they then travel with the same velocity as
the real slugs. We did not include them in our calculations of

splitting and in determining the values of UF/U and UR/U.

C. Response of Laminar Flow to a Periodic Disturbance

1) Introductory Remarks

Previously we have pointed out that the real purpose of
the present experiments is to attempt to control the intermittency
phenomenon in pipe flow by means of a periodic disturbance (with
given driving frequency).

We have already described the method of perturbation that
permits a wide range of frequencies of the disturbance (input
frequency) and the method for detecting the response of the dis-
turbed flow (output frequency); we have also pointed out the limi-
tation of these methods.

Our attention now is focussed on a narrow range of Rey-
nolds numbers, so we have performed five experiments at the

Reynolds numbers 2100, 2300, 2500, 2700, and 3000. The
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experiments were performed in an arbitrary order. For each ex-
periment about fifteen runs were made and repeated twice, with a
lag of time, in the same day. For the method and for the operations
of taking results see page 11.

Our experiments were performed at input frequencies from
about ten to about 350 cycles per minute. Only very few runs were
made at higher frequencies than this, chiefly because of problems
arising in the generation of such disturbances as discussed previously.
It should perhaps be remarked that at the higher frequencies (e.g.
up to 600) and Re up to 2300 it was not possible to produce fully
turbulent flow, and sometimes even c_:ornpletely laminar flow was
obtained. This could be due to a stabilization of the flow connected
with the periodic disturbance, but on the other hand it is not certain
that the flow was perturbed at those frequencies due to the mechanical
limitations. For this reason, our attention was focussed on the range
of 1qw frequencies (up to 350 cycles per minute).

Two sets of experiments for each Reynolds number were
performed, in an attempt to cover, with the second series, the
points of major interest which appeared during the first series. We
used this method also to check the reproducibility of the results.
Almost always the points obtained were in surprisingly good agree-
ment with the previous one (especially at Re = 2300). The scatter
of the results estimated by plotting the values recorded in two runs
of two minutes each is shown on the diagrams. Each experiment

itself has been divided in two parts and separate readings taken in
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order to check the constancy of the output frequency during one run.
The results are collected together with other data in tables 2, 3, 4.

In most of the experiments the scatter is very low; in all cases
the values taken from the two parts of a single run are very close.
Only in a few cases for the experiment at Re = 2500 do the values
from the two different experiments performed at the same input fre-
quency differ to such an extent that it is impossible to ascribe the
difference to error or to fluctuaﬁon of the results. In such circum-
stances there exist a low and a high value; the low value is usually
in good agreement with the general behaviour of the curve and it is
considered the correct one, while the high value is due in our opinion
to superposition of natural disturbances.

In figs. 16a,b,c, each at one fixed Reynolds number, the
dimensionless output frequency fd/U, based on the mean values of
the output frequency in cycles per second, is plotted versus the
dimensionless input frequency fd/U. We have preferred to repre-
sent the plot of the results as straight segments with discontinuities
iﬁ slope, rather than to attempt to work out a continuous curve; this
is suggested by the frequent almost perfect alignment of three or
four results. In addition the resulting diagrams are all collected
in one for better reference and easier comparison, see fig. 17.

In fig. 18 we have plotted the values of € out/e ; {ratio of output

in
frequency to input frequency) versus input frequency. All the curves
show a similar bchaviour; at low input frequencies eout/ein > 1 popu-

lation is increased over the number of disturbances; at high input

frequencies Eout/ein < 1 a damping effect reduces the population.
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Out of the five experiments, the three at Reynolds numbers
2100, 2300, 2500 show a similar type of behaviour notwithstanding
some differences that we will mention.

The other two experiments, at Reynolds numbers 2700 and
3000 are similar between themselves but show new phenomena that
need to be discussed separately.

Due to these fundamental differences we can divide the
transition range 2100 < Re < 3000 into two parts: first transition
2100 < Re < 2500 and second transition 2500 < Re < 3000. In the
following sections, various features of the phenomena in each of
these ranges are pointed out, with some attempt, where possible,
to explain them.

2) First Transition Range

We have already pointed out that our original belief (that
at every Reynolds number there should be a disturbance frequency
high enough to produce a fully developed turbulent flow) seems to
be wrong, certainly in the range of low Reynolds numbers. For all
input frequencies, most of the response frequencies are confined
to a band that is narrower for lower Reynolds numbers.

On the plots is shown a fan of straight lines through the
origih with slopes 1:1, 2:1, 3:1, etc., corresponding to response
frequencies of 1, 2, 3, etc., times the input frequency; these
are for reference, to indicate the average number of slugs at the
exit for each input pulse.

We consider now the line 1:1, which corresponds to a response

of one turbulent slug to each input disturbance; for this condition,
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either there are no splitting and no damping effects, or they balance
each other. The records of runs for this condition showed almost
perfect regularity of the response, in one-to-one correspondence
with the input (but some imperfection in the phase).

Analysing the diagrams for nondimensional output frequency
versus input frequency in the range of low input frequencies we see
that for Re = 2500 splitting is quadruple, in agreement with the ex-
periments for response to a single disturbance; for Re = 2300
splitting is double instead of the triple splitting observed for single
pulses, and for Re = 2100 splitting is between double and triple,
as compared to double splitting in the single-pulse experiments.
This non-monotonic behaviour with Re seems puzzling.

From fig. 17 we note that all the response curves have a
decreasing slope in the range of low input frequencies, leading to
a condition of maximum; as frequency increases in this range, some-
thing counteracts splitting more and more effectively. Output fre-
quenéies are greater than input frequencies in the low frequency
range; this indicates that there splitting is more effective than
any growing or damping effect.

In addition we note that the intersections of all curves of
response frequency with the line 1:1 are very close to each other
(€=0.019 to 0.0208). As input frequencies increase, splitting is
more and more counter-balanced by damping and growing, both re-
ducing the frequency of the response. In the range of intermediate
and high input frequencies, we have an alternation of the two oppo-

site effects, leading to sequences of maxima and minima in a
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narrow band of output frequencies. This band for Re = 2500, 1is
roughly centered about the value of the natural frequency.

The curve for Re = 2500 has two features not present in the
other two curves; there is an additional maximum in the low input
frequency range and another maximum at the natural frequency for
€ = 0.025 (approximately). The value of the response for this last
point is nearly equal to the input, meaning that the response is on®e
to one when input frequency is the same as the natural frequency-
(If we do not include this point, we find a slope that aligns four
points up to the real maximum that is in agreement with the maXx-
imum of the other curves in this region.)

The general behaviour of the resulting plots shows the
presence of several maxima and minima in the region observed-
The first maximum as already mentioned, falls always in the loWw
frequency region.

If we consider the input frequencies at which the maxima
and the minima occur, we note a general tendency for a shifting
of these frequencies towards higher values as Reynolds numbers
incrcase.

The minima tend to lie in a very narrow range of input fre-
quency and have almost equal output frequency, while the maxima
are more spread, both in input and output values. (Only for Re =
2500 do all the maxima have the same value of output frequency,
nearly equal to the value of the natural frequency.) For the other tWO
experiments there is a slight tendency for an increase of the value

of output frequency of the maxima, asthe input frequency increases:
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We have been able to find no evident relationships between
these minima and maxima to the natural frequency.

At Re = 2500, the band of output frequencies is slightly higher
than at the two lower values. This is possibly a consequence of the
fact that at Re = 2500 the splitting (in the single-pulse experiment)
is of higher order (up to four or five). Also of interest is the fact
that, on the basis of the measured growth of single slugs, one
would expect the flow at Re = 2500 to be fully turbulent (above a
certain frequency), whereas it still is made up of readily distin-
guishable slugs (the rclative duration of laminar and turbulent
intervals is discussed later). It may also be pointed out that at this
Reynolds number the effective length of the i)ipe is a maximum.

3) Behaviour at High Input Fregquencies

As mentioned on page 26, only a few experiments were
performed at high input frequencies (above 350); all gave a result-
ing very low output frequency response.

For experiments at Re = 2100, the results of three runs

gave:
input freq. 550 output 5 cycles per minute
input freq. 750 output 3 cycles per minute
input freq. 1000 output 0 cycles per minute

These values are averaged over ten minutes of experiment, not
recorded; between output perturbations the jet was always very
steady, clear and immobile.

For experiments at Re = 2300, the results of a run at an

input frequency 580 gave an output frequency response of 35 cycles
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per minute. At higher frequencies a completely laminar, steady
behaviour was observed.

For experiments at Re = 2500, the results of a run at de-
creasing input frequencies from 1000 to 600 cycles per minute always
gave completely laminar flow. In the range 350-600 many runs were
attempted without getting any reliable result.

Our personal impression is that a kind of stabilization of
the flow by periodic disturbances seems possible, especially at low
Reynolds numbers, while at high values nothing definitive can be
stated.

4) Determination of Total Duration of Laminar and Turbulent
Intervals

From the records of each run of the performed experiments,
we could estimate the length of the interval of time during which the
flow was laminar and of the interval of time during which it was tur-
bulent. The data have been reduced to a standard experiment of one
minute; minute-intervals within one run (given input frequency) are
kept separate to get some idea of the scatter.

To give an idea of the relative degree of the transition and
of the total duration of laminar intervals, we have plotted in figs.19,
20 and 21 the quantity (1—\7),' percentage of laminar flow, versus the
nondimensional input frequency. For studying these curves, the fol-
lowing observations may be useful. First, it is evident that we can
expect a response with a high output frequency when the time intervals

1, and T are both small. Second, on the basis of the present
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experiments we can add the important result that for values of input
frequency corresponding to maxima of output frequency we always
have points that are close to the line y = 0.5 in spite of the wide vari-
ation of ﬁn for natural transition at these Reynolds numbers (see fig.
3 for ?n versus Re).

The behaviour of the diagrams obtained for the three exper-
iments at Re = 2100, 2300, and 2500 should be studied keeping in
mind the corresponding figures 16a,b,c, for output versus input
frequencies.

At very low input frequencies all values of Re give a steep
decrease of the curve 1-vy, which indicates development of turbulent
flow in accordance with the high splitting order present in this range.
At higher input frequencies, when damping effects become effective
(zone of decreasing slope in the curve output frequency versus input
frequency) we have an increase of laminar regions, up to a maxi-
murm. These features are common to all three Reynolds numbers.

For Re = 2100 the values of 1-y are relatively high every-
where; the flow has a strong tendency to remain laminar. The turbu-
lence increases only in the vicinity of the maxima of cutput frequency.
Corresponding to the minima in output frequency we have maxima of
the curve 1—?, so that we can conclude that those minima are due to
the presence of big laminar intervals. In regions where the output
frequencies increase the values of 1-y decrease, while in regions
where the output frequencies decrease the values of 1-y increase,

exhibiting a "normal behaviour." The maxima of the percentage

laminar flow (1-y) have values increasing with the input frequency
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and indicate a tendency to establishment of laminar fiow (note the
alignment of the values of the maxima themselves) at very high input
frequencies.

For Re = 2500 the values of 1—_{[ are almost everywhere low;
the flow has a strong tendency toward turbulent behaviour. At this
Reynolds number (upper limit of first transition range) we have a
behaviour opposite to the "normal" one, observed at the lower limit
(Re = 2100); in regions where the output frequencies increase, the
values of 1-y are increasing and in regions where the output fre-
quencies decrease, the values for 1-y are decreasing too. This is
due to the fact that, at this Reynolds number, the tendency of the
flow seems to be turbulent, and to permit an increase of output fre-
quencies the laminar region must increase in length and number.

At input frequencies corresponding to the maxima in output frequen-
cies we always have values of 1-y = 0.5, and these also correspond
closely to the maxima of the curve itself. Corresponding to the
minima in output frequencies we have minima of 1-y indicating the
presence of big turbulent regions.

For Re = 2300, i.e. between the other two Reynolds numbers,
the values of 1-; are more scattered; the flow seems to have no
particular tendency favoring laminar or turbulent behaviour. As
the input frequency increases we have a decreasing of 1-y down to
an absolute minimum that corresponds to a minimum of output fre-
quency., We can now say that this minimum of output frequency is
due to the presence of big turbulent regions and we note that this

behaviour is opposite to the one for low Reynolds numbers. With
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further increase of frequency, 1-y increases continuously and a
maximum is reached at a frequency corresponding to the second
minimum of the output frequency. We can now say that this min-
imum is due to the presence of big laminar regions, a behaviour
similar to that at low Reynolds numbers. Finally we note the
tendency, as frequency increases still further, to reach a condition
of fully laminar flow, as also occurred for low Reynolds number.
(We do not exclude the possibility of a third maximum correspond-
ing to another increase of turbulence before we get the laminar
condition as a limit.) We conclude that, at low input frequencies,
the flow behaves as at high Reynolds numbers, while at high input
frequencies the flow behaves as at low Reynolds numbers. In
betwcen there is a zone of transition with values of 1-y always
increasing. Irrespective of the different behaviours pointed out
all the maxima in output frequencies give values very close to
l-y = 0.5 as already remarked.

On the diagrams we have also traced the lines I—Vn and -é-n
relative to values for natural transition. At low Reynolds numbers
there seems to be an increase in turbulence at a frequency corres-
ponding to the natural frequency; this is more noticeable for Re =
2300 (additional minimum) than for Re = 2100 (simple inflection}.
At high Reynolds numbers we note a decrease in turbulence (oppo-
site behaviour} at a frequency corresponding to the natural frequency.
At low Reynolds numbers the value of 1-§n for natural intermittency,
seems to be a limiting value for high input frequencies.

At the high Reynolds number (2500) the curve of percentage
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laminar flow, 1—'\7, seems to oscillate around the natural value, indi-
cating a possible stabilization of the flow by disturbances. In connec-
tion with this we may note again that for high Reynolds numbers the
phenomena are more likely to have reached completion, since the
effective length of the pipe is large, whereas at low Reynolds numbers,
when the pipe is relatively short, it may be that statistically stationary
conditions were not yet attained. This might explain why values of
1-y at low Re do not oscillate around the natural value, especially at
low frequencies, but show a tendency to reach natural values at high
frequencies.

Instead of collecting in one figure the curves for the values of
1-y we have computed the curves for the intermittency factor y and
collected them (fig. 22) for easier comparison. Here we see clearly
that the curve for Re = 2300, at léw frequencies, follows the one of
high Reynolds numbers, while at high frequencies it follows the one
for low Reynolds numbers. At low input frequencies, the high and low
Reynolds number curves have opposite behaviour; at the high Reynolds
number the maxima of ¥ occur at values of fd/U to which correspond
minima at low Reynolds number, and vice versa. At high input fre-
quencies there is a tendency for the maxima and minima to be in
accordance for all curves at the same values of £d/U, irrespective

of the very different values for nd/U of natural transition.
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5) Second Transition Range

In this range, 2500 < Re < 3000, there are only two experi-
ments performed at Re = 2700 and Re = 3000.

As the Reynolds number increases beyond the upper limit of
~ the first transition range (Re > 2500) the turbulence develops very
easily because of the phenomenon of growing of slugs. The intensity
of this growing is related to Reynolds number and increases as it
increases (see experiments for single disturbance, fig. 13). We no
longer have, as in the first transition range, two contrary effects
that were predominant alternatively in different zones of the interval
of input frequencies observed.

In the first transition range, in fact, there was a laminar
behaviour protected by an unknown damping effect, against which
splitting acted to produce turbulence to a greater degree than the
periodical disturbance itself would have done. Thus we had a wide
band of output frequencies due to the action of both splitting and
damping.

In the second transition range, on the other hand, there is
no more splitting (a doubling effect was noted a few times). Now
turbulence is promoted by the phenomenon of growing, that extends
the regions of turbulence. The response frequency is reduced, due
to overtaking of one turbulent slug with another, so that the entire
flow is engulfed if enough length has been allowed. Due to the length
of our pipe, x = 3850 diameters, the turbulent slugs had the chance
to grow and join together, to bring the flow to a fully-developed tur-

bulent state even when the input frequencies were low. The whole
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range of input frequency has been investigated, as was done for the
other experiments, but always {except for the very lowest input fre-
quencies) there was nothing but a continuous turbulent response to
the periodic perturbations. The position of the jet did not hold
steady but performed small oscillations, in the range of the turbu-
lent position, on the grid; the laminar position was never reached.

At very low frequencies (up to 7) it was still possible to get
some laminar regions. Careful experiments were performed for
one run at Re = 2700‘. We noted that the output frequency response
was twice the input for input irequencies of 1 and 2 cycles per
minute, and then reduced to a value equal to the input frequency
for 3, 4, 5, 6 cycles per minute (see fig. 23).>:<

We calculated, on the basis of the growing of a single slug,
the maximum input frequency for which it was still possible to have
a not completely turbulent response; this value is 6.3. Experiments
perf_ornled around the value of 7 cycles per minute gave as response
a fully turbulent flow; the last intermittent response was obtained
for an input frequency of 6 cycles per minute.

Fig. 24 shows the nondimensional time of travel of the dis-
turbance from the perturbation station to the pipe exit versus input
frequency. From this we can conclude that the velocity of slugs
decreases (larger travel times) when their population in the pipe

increases. (At ]l and 2 cycles per minute there was an apparent

* It may be useful to note that one minute is approximately the
time for a slug to traverse the length of the pipe.
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splitting of each slug, which was never observed at these Reynolds
numbers in the single-perturbation experiments. The number of

runs here was not enough to investigate this point thoroughly.)
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IV. CONCLUDING REMARKS

The results of our experiments on natural transition are in
general agreement with those of previous investigators, as regards
intermittency factor and nondimensional frequency variation with
Reynolds number. In addition, we have measured the distribution
functions for lengths of laminar and turbulent regions (fig. 7). An
interesting feature shox;vn there is that at Re = 2450 the laminar
and turbulent regions have the same distribution functions. (Re =
2450 is the value which corresponds to maximum average frequency
(fig. 4).) Another result obtained from the measurements of length
distributions is that, at the lower end of the transition range, turbu-
lent intervals tend to a maximum value of 30 diameters, while, at
the upper end of the transition range, laminar intervals tend to a
maximum value of 10 diameters. The latter value was also obtained
as a limiting value for the laminar interval between any two succes-
sive portions of a split slug, in the single-disturbance experiments.

The main result of the single-disturbance experiments was
a delineation of regions of splitting and growing of turbulent slugs
(figs. 9 and 13). Splitting begins from the very beginning of the
transition range (Re = 2000), and at higher Reynolds numbers becomes
multiple. Growing of turbulent slugs begins at Re = 2300. After Re =
2600 only growing affects the slugs, and splitting no longer occurs.

In these experiments the front velocity was found to have
the limiting value UF/U = 1.15.

In the experiments with periodic input disturbance, it was

anticipated that the natural frequency would play an important role.
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This did not occur (figs. 16a,b,c); the output frequencies for all
values of Re have a roughly similar behaviour (fig. 17) and are not
related in any consistent way with the natural frequency.

The maxima and minima in the output curves are surprising.
We have attempted to explain their occurrence in terms of the op-
posing actions of splitting on one hand, growing and damping on the
other. The idea of "damping" (elimination of turbulent slugs) had
to be introduced to account for some of the phenomena in the periodic-
disturbance experiments (e.g. see fig. 18). "Damping" might occur
either due to joining of adjacent 'turbulent slugs or to their disappear-
ance. It is a feature only of the periodic case, where laminar
regions on each side of a slug are necessarily of limited extent.
In the single-disturbance experiments damping was never observed
above Re = 2000, i.e., an input disturbance always resulted in one
or more turbulent slugs at the exit. From the frequency output
curves (fig. 17) it appears that splitting predominates at low input
frequencies and increases output frequencies, growing (high Re)
or damping (low Re) predominate at high frequencies, and produce
the similar effect of making the output frequency low compared to
the input. In the intermediate input frequency range, these various
effects more or less balance, with alternating predominance, to
produce the maxima and minima.

The above discussion is for 2000 < Re < 2600; at higher
values of Re, splitting no longer occurs and growing leads to a

fully turbulent behaviour (fig. 23).
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When the maxima of output frequency occur, the intervals of
laminar and turbulent flow are the smallest possible, and in this case
the sum of all laminar regions is equal to the sum of all turbulent
regions (intermittency factor = 0.5).

At the lower end of the first transition range, high input fre-
quencies tend to make the flow go laminar, while at the upper end,
high input frequencies tend to make it go turbulent. We might say
that the tendency at the lower end of the first transition range is to
a "normal" state of laminar flow, while at the upper it is to turbulent
flow; high frequencies seem to promote the establishments of these
"natural" states. For low input frequencies, or in the case of fixed
geometric disturbance, we can think of the mixed flow as consisting
of the following: at the lower end, turbulent slugs are imbedded more
or less at random in a laminar flow, while at the upper end, laminar

regions are imbedded more or less at random in turbulent flow.
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APPENDIX 1
DISTRIBUTION OF LAMINAR AND TURBULENT INTERVALS

From the data recorded during the periodic perturbation ex-
periments for Re = 2100, 2300 and 2500, we have been able to deter-
mine the normalized distribution function of laminar ('TL) and turbulent
('TT) time intervals (see page 18 ). These data are not included in this
thesis, but it may be of interest to summarize the main results,
qualitatively, as follows. For this discussion, we quote values of
the time interval Tmax’ which corresponds to a percentile F(7) = .95
on the distribution curves. Thus it is a fair representation of the
extent of time intervals for the condition for which it is quoted.

At Re = 2100 turbulent values of Trmax 7€ short (0.6 to 1.0
sec.) compared to the laminar ones (6 to 7 sec.). The flow has a
tendency to stay laminar even if perturbed. This is typical of all
conditions except in the vicinity of maxima and minima on the fre-
quency output versus input curve (fig. 17). At the maxima thec
laminar values of Tmax 2T Very much shorter (0.4 to 0.6 sec.) with
a corresponding increase for the turbulent ones (upto 1.8 sec.). At
minima points the situation is reversed--the laminar values of Tmax
are long and the turbulent ones short.

At Re = 2500 the turbulent values of Tnax 25 1 to 2 sec.
while the laminar ones are about 0.4 to 0.5 sec. Here the tendency
toward increased turbulence is evident. At the maxima of output
frequency, the turbulent values of Tmax 2 reduced to 0. 6to 0.8

sec. while the laminar ones remain almost constant (0.4 to 0.5 sec.)
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Corresponding to the minima, there is an increase of the turbulent
value of Tnax to 2 or 3 sec. Thus the behaviour at this value of Re
is opposite to that at 2100.

At Re = 2300 there is a change from "high Re" to "low Re"
behaviour as input frequency is increased (fd/U = 0.025 is approx-
imately the change-over value); this corresponds to a similar change
of behaviour already described in regard to intermittency factors.
For £d/U < 0.025, the laminar values of 7_ __ are small (0.6 to 0.9
sec.) and the turbulent ones are long (1.5 sec.). For fd/U > 0.025,
the laminar values of T nax are long (2 to 4 sec.) while the turbulent
ones are 1 to 1.5 sec. In between there is a transition: the laminar
values of Tenax F€ increasing and the turbulent values of Tmax &€

decreasing irrespective of the fact that there is a maximum in out-

put frequency in this range.
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APPENDIX II

A few examples of visicorder record paper are collected
here to give a general idea of the various kinds of behaviour of the
flow. The photographic copies have been reduced to one half,
except those on page 83, which are reduced to one fourth. Symbol
L means position for laminar flow. Symbol T means position for
turbulent flow. Along the top is shown the time scale: one interval
corresponds to one second. Along the bottom are recorded the input

frequencies.
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Fig. 1: Natural transition: x/d = 4650 Rc = 2450
Intermittency factor y = 0.425
Nondimensional frequency € = 0.0297

Fig. 2: Natural transition: x/d = 4650 Re = 2610
Intermattency factor y = 0.915
Nondimensional frequency € = 0.0074
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Fig. 1: Natural transition: x/d = 4650 Re = 2450
Intermittency factor y = 0.425
Nondimensional frequency € = 0.0297

Fig. 2: Natural transition: x/d = 4650 Re = 2610
Intermittency factor vy = 0.915
Nondimensional frequency € = 0,0074
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Fig. 3: Single disturbance: x/d = 3850
Splitting at Re = 2200; uF/u = 0.92; uR/u = 0.91
Splitting at Re = 2400; .IF/u 0.915; liR/u = 0.885

Fig. 4: Single disturbance: x/d = 3850
Growing at Re = 20; uF/u 5. 1. 07; uR/u = 0.82



Fig. 3: Single disturbance: x/d = 3850
Splitting at Re = 2200; uF/u = 0.92; uR/u = 0.91
Splitting at Re = 2400; uF u - 0.9156; uR/u = (J.885

Fig. 4: Single d,i'sturybance: x/d = 3850
Growing at Re = 2W0; up/u=1.07; up/u=0.82
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