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Abstract

The laminar-turbulent transition of a boundary layer induced by jet flow ejection in
the inlet region of a circular pipe was experimentally investigated. The jet flow was
periodically inserted radially from a small hole in the inlet region into the pipe
flow. Axial velocity was monitored by a hot-wire anemometer. The difference of
properties in laminar-turbulent transition from developed Hagen-Poiseuille flow
was examined. Isolated turbulence patches were generated by the jets, and then
they propagated downstream. The leading edge of the turbulent patch was definite,
whereas its trailing edge was not. This characteristic was similar to that of a
turbulent spot in a flat-plate boundary layer. The threshold value of the jet flow rate
to generate the turbulent patch was then obtained. The threshold value decreased
and saturated finally with the increase in jet flow duration. The normalized jet flow
duration when the threshold value was saturated increased with the increase in
Reynolds number, contrary to the developed region. The normalized threshold flow
rate tended to vary with the Reynolds number among three regions. All tendencies
were different from those of the developed region. With the increase in jet flow rate
beyond the threshold value, the duration of the turbulent patch increased, though
the fluctuating velocity within the patch did not. The propagation velocities of the
leading and trailing edges, and the duration and fluctuating velocity within the
turbulent patch were almost constant irrespective of the jet flow ejection frequency.

Key words: Pipe Flow, Transition, Boundary Layer, Turbulence, Inlet Region,
Isolated Turbulent Patch, Threshold Value

1. Introduction

Fully developed pipe laminar flow, i.e., Hagen-Poiseuille (hereafter HP) flow is known
to be stable to axisymmetric and all type non-axisymmetric disturbance from theoretical and
experimental results®~®, 1t is well known, however, that when Reynolds number exceeds
its critical value, 1800-2300, an isolated turbulent patch, i.e., turbulent puff or turbulent slug
appears intermittently. It gradually occupies the section perpendicular to the flow, its axial
length extends, and finally the flow becomes fully turbulent downstream. This contradiction
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has been attributed to the fact that the finite amplitude disturbance and an inlet region
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upstream has not been considered in the theory. In the linear stability theory of HP flow the
Reynolds number at which the flow becomes unstable is infinite. On the other hand, in the
inlet region the critical Reynolds number is 9700®, 19900® and 11700 based on a pipe
radius and velocity which is averaged over the cross-section in the linear stability theory
and approximately 7600 based on a pipe diameter in an experiment using tripping wires®,
Therefore, roles in which the inlet region plays are critical and to clarify this role is
expected. As one example of the fundamental flows such as the pipe flow, in the
laminar-turbulent transition process on a flat plate boundary layer, an isolated turbulent
patch, i.e., turbulent spot appears when the free stream turbulence is high®. The transition
process proceeds as the spots grow and merge with each other. In this way, the outline of the
transition process is similar in the pipe flow and flat plate boundary layer, though the wall
curvature and streamwise pressure gradient are different.

Previous studies on the onset of turbulence in pipe HP flow are reviewed at first. In
theoretical studies the relation between a threshold disturbance intensity needed for the
onset of the turbulence, & and Reynolds number have been investigated®-(7, In an early
stage, from balances between time-derivative, nonlinear and viscous terms in Navier-Stokes
equation or several estimates in a time scale in a nonlinear stability theory, & scaled in
proportion to Re’?, Re, Re’2 and Re-3(19(8), Then, a theory was published which suggests &
~ O(Re®)™, Recent theories showed that ¢ ~ O(Rel~ Re1)12-(7, Next, in experimental
studies as in a flat plate boundary layer, turbulent puffs or slugs have been originated
artificially from forced disturbances, and then their structure and development process have
been clarified-@), Especially, jet flow disturbances which issued from a pipe wall into
the main flow have been mainly used@@®-G2_ The threshold for the onset of turbulent
patches has been scaled to Re?3~ Re1528-(32)  |n their experiments, Hof et al. showed that
the threshold value decreased with the jet flow duration and finally saturated, and its
variation with the duration was irrespective of Re @),

On the other hand, for the inlet region a numerical simulation about transition length©®
and recently an experiment about transition Reynolds number®* have been published. For
forced transition experiments®@IRORAE-G7  fixed bodies such as orifices have been used
mainly and jets from the wall as HP flow have rarely been seen. Moreover, key observations
have been conducted in the HP flow region. Additionally, threshold properties in the inlet
region have not been investigated at all. In the inlet region the core contacts the boundary
layer as flat plate boundary layer. Therefore, the isolated turbulent patches originated in the
inlet boundary layer are expected to behave like the turbulent spots in the flat plate
boundary layer rather than turbulent puffs or slugs in developed pipe flows, though the
details of the turbulent patches have not been clarified. In this connection, the threshold for
the origin of turbulent spots might have not have been clarified either. From this standpoint,
the present authors thought that the natural transition process begins from the inlet region,
then installed a single roughness element in the inlet region and studied a steady turbulent
region which was formed downstream of the roughness element©®),

In the present investigation, a jet flow disturbance was introduced periodically in the
inlet region, and then the threshold value of the jet flow rate to produce the isolated
turbulent patches in the boundary layer was obtained as a function of a Reynolds number
and jet flow duration. Observations were also conducted in the inlet region, and then the
results were compared with those in the HP flow. The subject of observations in HP flow
covers whole sections which are perpendicular to the main flow. On the other hand, in the
present investigation isolated turbulent patches in the boundary layer were observed
exclusively, though a few whole sections were also observed. In addition, the isolated
turbulent patches originated by a larger jet flow rate above the threshold, and the effects of
the jet flow rate and jet frequency on the properties of the turbulent patches were studied.
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Nomenclature

a, D : pipe radius = 30 mm and diameter = 60 mm

Cow : static pressure coefficient = (p - po)/(0Ua2/2)

fi : combination frequency of jet flow ejection and non-ejection =1/ T;

| : intermittency function

P, Po : static pressure and its value at x =0

Qi Qjcrit. - jet flow rate during ejection into pipe and its threshold value for the origin
of isolated turbulent patch

Qv : pipe flow rate = (n/4)D?U,

Re :Reynolds number =D U, /v

T; :combination time period of jet flow ejection and non-ejection = 71+ 7, =871
U :axial instantaneous velocity

U, u :axial mean velocity and its deviation

u' : root mean square value of u

Ua, Uc @ velocity averaged over the cross-section and centerline velocity
Ue :velocity at edge of boundary layer
X,y :coordinate system, see Fig. 1

Xj  :station of jet flow ejection = 107 mm

) : boundary layer thckness defined by U / Ue = 0.995
o . peripheral angle from jet flow hole

v : kinematic viscosity of air

P : density of air
71, 72 jet flow ejection and non-ejection durations into pipe
<*> :ensemble average of quantity *

2. Experimental Apparatus and Methods

A plexiglas pipe with a diameter, D, of 60 mm and a total length of approximately 6.2
m (= 104D) was used in the experiment. A fan downstream of the pipe sucked air into the
pipe. Six pipes 1 m in length are connected smoothly. The axisymmetry of the axial velocity
was satisfactory.

Figure 1 shows the coordinate system and flow field. An axial coordinate, x, starts from
a position where the curvature of an inlet bell-mouth curve becomes straight. The
bell-mouth was made smoothly and the curve adopted was according to Ito et al.®? so as
not to make a separation. The origin of the coordinate is 90 mm downstream from the inlet.
The radial coordinate, y, starts from the wall surface and the peripheral angle, 6, starts from
the jet flow hole mentioned later. As a point disturbance, a single jet flow was ejected
orthogonal to the main flow through a 2 mm diameter hole 107 mm downstream of the
coordinate origin, as shown in Fig. 1.

90 mm % =107 mm

D =60 mm

\ _ B(_)unda_ryvlgy_er
\ A /

—p

0—=x

Quadrant of 6:1 ellipse  Periodic air jet  Periodic air jet

Fig. 1 Coordinate system and air jet.
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Air came from an air pump (Suisaku Co., Ltd., SSPP-3) is led to a solenoid valve (SMC
Co., Ltd., VT301). Two air exits from the valve are interchangeable periodically; one is
connected to the jet flow hole on the pipe wall, another is exhausted outside of the pipe. The
exits are changed at the moment that direct current voltage which changes from low to high
supplied into the valve and at the reverse moment. To generate the direct current, a
photointerrupter is used. Light beam emitted from an LED is interrupted periodically. To
make the interruption, a disk with a sector-shaped notch rotates around its center at a
constant speed. The center angle of the notch sector is 45° and that of the sector without the
notch is 315°. The rotation of the disk causes the interruption of the light beam. The ratio
without and with interruption hours equals the angle of the sector with and without the
notch, 1:7. Therefore, the ratio of jet flow ejection hours, 71, and no ejection hours, 7,
becomes 1:7. When the disk rotation speed is changed, the hours z1 and 72 can be changed
with the ratio of them unchanged. The air flow rate from the air pump can be changed by
supplying various alternating current voltage to the pump. The relationship between the
input voltage and output air flow rate has been calibrated by collecting the air exhausted
into water from the pump and measuring its volume.

The velocity averaged over the pipe cross-section has been decided from measurement
of velocity distribution at x/D = 86. The Reynolds number, Re, based on the pipe diameter
and the velocity averaged over the cross-section is kept 10000 (U, = 2.5 m/s) excluding
§3-3. In our previous experiments with a single roughness element on the pipe wall and
resulting steady turbulent region, Re was 20000©®), To avoid effects of natural transition on
the present experiment, Re is lowered.

Assingle hot-wire probe with a tungsten sensing element 5 um in diameter and 1 mm in
length was used in the measurements. Axial velocity measurements were made with the
probe on the jet flow hole generator, i.e., &= 0°. The output voltage from the hot wire had
been digitized at a 10 kHz sampling frequency and a 52-second sampling period. A
conventional time averaging and an ensemble averaging based on the output voltage from
the photointerrupter were both performed. The sampling period corresponds to 65 times of
the ensemble average. This number is estimated as sufficient from preliminary tests.
Moreover, the number is approximately the same as that in the previous experiment®?,

To distinguish the flow as laminar or turbulent, various methods have been proposed so
far9-42)_In the present experiment, as a simple way, a one-order time derivative of axial
fluctuating velocity is compared with a constant threshold value which has been judged as
valid from many comparisons between the discrimination results and instantaneous velocity
signals. In this way, if the derivative exceeds the threshold value the intermittent function, I,
was set as unity, or otherwise set as zero at the time. The time-averaged intermittent
function is intermittency factor, », which is often used in stationary flows, though it was not
obtained in the present experiment.

3. Results and Discussion

3.1 Outline of Pipe Flows Without Jet Injection

First, experimental results of the present pipe flows without jet flow ejection are briefly
discussed. The Reynolds number is 10000. In the previous paper, properties of natural
transition with Re = 20000 have been described®®),

Time-averaged mean and fluctuating velocity distributions at 7 stations are shown in
Figs. 2 and 3. The theoretical velocity distribution by Tatsumi®® in the inlet region is also
shown in Fig. 2. Experimental mean velocities almost coincide with the theoretical profile
during the whole pipe length. Also, during the whole length, the fluctuating velocity is
rather low, thereby maintaining laminar flow at Re = 10000. The experimental result with
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Fig. 5 Distribution of wall pressure.

Re = 20000 at x/D = 91©®, also shown in Fig. 3, indicates that in this case the turbulent
transition occurs on the way there.

Figure 4 shows downstream development of the boundary layer thickness. The solid
line shows the smoothed experimental results. Even near the end of the pipe (x/D = 104),
the boundary layer does not reach the pipe centerline, y/a = 1, showing that the inlet region
persists along the whole length. When the jet flow is ejected from the pipe wall, as shown in
the next section an isolated turbulent patch develops in the boundary layer within which the
boundary layer thickens. Far downstream, the turbulent patch extends axially and
amalgamates with adjacent patches, thus forming developed flow before the end of the pipe.
Note that all experimental results from the next sections are obtained in the relatively
upstream inlet region.

Figure 5 shows axial distribution of wall pressure. As for the wall pressure shown by x
in Fig. 5, we first obtain the difference in wall pressure where x = 0. Then, we normalize the
distribution with the dynamic pressure based on the velocity averaged over the
cross-section. The present results well coincide with the numerical result of Kanda and
Shimomukai at Re = 10000 in the inlet region¥, where a velocity gradient is limited within
the boundary layer, thus making it steeper than the HP flow. Therefore, the pressure loss
becomes greater than that in HP flow. The loss is expressed as the U,2/2 times constant®®,
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Fig. 6 Instantaneous velocity signals of small jet flow measured on the centerline of the jet flow hole
and isolated turbulent patches measured at (x—x;j) / D = 2.5, y/a=0.03, 6= 0°.

The present pressure approaches the HP value minus U,%/2 times constant, though the
constant is smaller than the described value“®. Values with jet flow ejection with the flow
rate, Qj/Qp = 8.0 x 10, which is above the threshold in this Re, are also shown in Fig. 5.
Due to the periodic turbulent patches with ejection, the pressure loss increases. With
continuous jet flow ejection, continuous turbulence results as shown later in Fig. 6(d), and
the loss increases and approaches Blasius formula.

3.2 Outline of Isolated Turbulent Patch within Boundary Layer Produced by Jet
Injection

In this section, properties of isolated turbulent patches originating within the boundary
layer due to the jet flow ejection are examined. Figure 6 shows instantaneous velocity
signals which contain the turbulent patches. Red rectangles indicating the lower side in each
figure indicate the duration when the jet flow is ejected from the solenoid valve to the pipe,
71, 0.1 second.

To estimate the jet flow velocity exhausted from the air pump, the jet flow was directed
to another hole with the same diameter as the pipe wall hole, and then its centerline velocity
was measured 1 mm away from the hole by a hot-wire anemometer. The velocity is shown
in Fig. 6(a). For 0.1 second, the air is not jetted continuously; high speed air about five
times and low speed air about one times the pipe centerline velocity, U, are respectively
ejected at the rate of 60 Hz (0.017 second each), alternatively. The mean velocity during 0.1
second becomes about 1.8 times as large as U.. It also becomes about 2.3 times as large as
the mean velocity over the cross-section of the jet flow hole. The reason for such a large
value was because it was measured on the centerline of the hole. In the power spectrum of
the fluctuating velocity, peaks are observed at frequencies of 60 Hz and its multiples, since
in the structure of the air pump a diaphragm acts by alternating current. To check whether
the air ejected with 60 Hz can be unstable and produce the turbulent patch finally, an axial
wavenumber was calculated from the frequency of 60 Hz and the velocity averaged over the
cross-section of the pipe, Ua.. The wavenumber and displacement thickness Reynolds
number at the jet flow ejection station, x; = 107 mm fell within the stable domain of
Tatsumi’s stability diagram®. Therefore, the development and interior characteristics of the
isolated turbulent patch may not be affected by the periodic fluctuation of 60 Hz but rather
by the flow rate above the threshold. The time when the air starts ejection, 0.06 second, is
0.01 second later than when the solenoid valve directs air in the pipe direction, for 0.05
second, due to the tube length 400 mm between the solenoid valve and the jet flow hole on
the pipe wall.
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Fig. 7 Instantaneous velocity signals of small jet flow and isolated turbulent patches measured at
(x—xj)/D=9.4,yla=0.04, 6=0°.

In Fig. 6(b), (c) and (d), instantaneous velocity signals including the isolated turbulent
patches are shown which are observed at the height of maximum fluctuating velocity, y/a =
0.03, at (x - x3)/D = 2.5, = 0°. The jet flow is ejected at the rate of f; = 1.25 Hz(r; = 0.1
second) and the Reynolds number, 10000. The jet flow rate Q;/Q, is 8.2x10**, which is
higher than the threshold shown later. In Fig. 6(b), a single isolated turbulent patch can be
seen. The time when the leading edge, i.e., downstream edge of the patch appears, is 0.05
second later than the time when the solenoid valve introduces air into the jet flow hole,
since it needs to travel the tube length in Fig. 6(a) plus axial distance 2.5D after it is ejected
into the pipe. The periodicity of 60 Hz shown in Fig. 6(a) still can be seen here even after
the patch traveled for the axial distance of 2.5D. Among the turbulent patches in the
developed region, turbulent puffs have an indefinite leading edge and a definite trailing
(upstream) edge; on the other hand, in turbulent slugs both edges are definite(*9@3)EN),
Present turbulent patches have a definite leading edge, though in the trailing edge the
velocity gradually changes. This character is similar to the turbulent spots in a flat plate
boundary layer®. The relationship between the characteristics of these leading/trailing
edges among the turbulent puffs, slugs and spots has not been explained definitely.
Recently, the role of vortex shedding from wall-attached shear layers to the formation of the
puffs and slugs has been suggested®”). How the approach can be extended to the present
turbulent patches is interesting. Figure 6(c) contains turbulent patches with five ejections.
Five turbulent patches corresponding to the ejection originated. The longer ejection time of
approximately 4.5 seconds in Fig. 6(d) produces a longer turbulent patch.

Figure 7 shows a downstream turbulent patch at (x - x;))/D = 9.4, #=0°, y/a=0.04, Re =
10000, Q;/Qp = 7.9x10. In Fig. 7(a), a single isolated turbulent patch is shown. More time
for arrival there requires a greater axial distance. The periodicity of 60 Hz cannot be seen
here. Actually, among the power spectrum peaks, those at (x - xj)/D = 2.5 were no longer
seen. Figure 7(b) shows multiple patches with periodical jet flow ejection. The duration of
the patch is longer than that in Fig. 6 because of the difference in velocity between the
leading and trailing edges as well as turbulent slugs. The velocity of both edge and
expansion of the patches will be reported in the future. Though velocity fluctuations can
still be seen at the centerline of the pipe, from the intermittency factor (not shown here), the
turbulent patch did not reach the centerline on the meridian plane including the centerline.
Hence, the turbulent patches remain within the boundary layer relatively upstream. The
shape of the patches will also be shown in the future.

3.3 Threshold Flow Rate for Origin of Turbulent Patch in Boundary Layer

The threshold jet flow rate, Qjcrit, i.€., lower limit for the onset of the isolated turbulent
patches, will be examined here. First of all, fluctuating velocity from an ensemble-averaged
velocity, 0 is obtained at every instance. Then, the fluctuating velocity is squared and
ensemble-averaged, i.e., <G?>. If its square root more than doubles in a laminar time

domain in this position, the turbulent patch is regarded as having been produced. In many




Journal of Vol. 00, No. 0, 0000
Template
[ T T T 1T T T
L (a) \‘ ‘\\
% %\° “~- e Re=2190
-2 \\ =
10 E *—o 7514 E
s | k}ow ]
> i 3735 ]
0’_‘10'3 3 \\qh .................. e 65734 E
E e 10004 ]
10-4 PP T | PP T | PP T
10" ———rrr—
FONEE 3
7 ICS 00\\0 “>. ¢ Re=2190
ME I o, ‘e— ¢ 2514
—_ 5 *—3g
N 10°F X\:\K.. 30973735 3
E _— — -0 5734 —-
(o4 e S
10004 1
10° P B | P B | MR T
10* 10° 10 102
T]_Ua/ D
Fig. 8 Threshold jet flow rate against normalized jet flow duration measured at (x—x;) / D = 15,
y/a =0.03, 6=0°.
5 T T T LU O N B |

(x-x))/D, y/a
—— 25 0.03
4 —— 94, 004

{1 <& 32, 004
4 —®— 43, 0.05

Qj,crit./ Q p

5 F Re® .

2 I 1 1 1 [ T T . |

2000 5000 10000 20000
Re
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previous experiments about threshold value, the origin of turbulence was judged visually. In
the present study, the fluctuating velocity is adopted since the turbulence within the patch is
important. The value, 2, was decided from many comparisons between non-production and
production. The comparison was easier especially in a high Re case and downstream, e.g.,
Fig. 11(c) and (d). Figure 8 shows the threshold flow rate as a function of normalized jet
flow duration measured at (x - x;)/D = 15, y/a = 0.03, &= 0°. Five cases in which turbulent
patches did not originate even with maximum flow rate of the air pump are indicated as
open symbols. The threshold normalized by the pipe flow rate in Fig. 8(a) decreases with
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Re. The variation with Re is examined in detail in Fig. 9. The threshold without normalizing
in Fig. 8(b) also decreases with Re. Also, the threshold decreases with the jet flow duration
and saturates where the duration is large. The duration at which the threshold saturates
increases with Re. In HP flow, the threshold also saturated at a large duration, though the
normalized duration at which the threshold saturated was constant, approximately 6,
regardless of Re®. In Ref. (29) the relationship between non-normalized threshold and
normalized duration was one. The present results in the inlet region are different from those
in HP flow.

Variation of the normalized threshold with Re is shown in Fig. 9. To determine the
threshold definitely, it was measured at a height at which the fluctuating velocity becomes
maximum at &= 0° in each (x - x;)/D. The jet flow duration 1 is 0.1 second. Division into
three Re regions helps to examine results. First, for Re smaller than 4000, the threshold
scales in proportion to Re~ Re™. Since the threshold becomes infinite near the critical
Reynolds number (1800~2300), the gradient thus becomes large. Actually, broken
imaginary lines become steeper with the aid of four open symbols in which turbulent
patches did not originate even at the maximum flow rate.

Second, in a region of 4000 < Re < 10000, the tendency is different between upstream
and downstream. For (x - x))/D = 15, the threshold scales in proportion to Re*® unlike HP
flow; however, for 32 =< (x - x;)/D, it scales in proportion to Re, showing that even in the
inlet region the tendency becomes similar to HP flow.

Last, for 10000 < Re, the gradient is large and the threshold scales in proportion to Re™,
The boundary layer is thin due to large Re, so the tendency may be completely different
from HP flow.

In this way, the present experimental result in the inlet region shows the threshold
scales in Re” as well as experiments in the developed region®-©2 and theoretical
analysis9-(18),

The manner of appearance of the turbulent patches is different between just behind the
jet flow hole and downstream and also different between low and high Re. Figure 10 shows
instantaneous velocity signals just behind the jet flow hole. In Fig. 10 (a) and (b), the jet
flow rate is under and above the threshold, respectively, in low Re. Even under the threshold
(a), velocity increase is observed periodically with the jet flow ejection. They had not been
regarded as the turbulent patches because of the low fluctuating velocity within them.
Above the threshold (b), however, fluctuating velocity within the patches are so large that
they are regarded as turbulent patches, though the velocity increase is not so different from
(a). On the other hand, in high Re and under the threshold (c), periodic variation can be seen
as low Re. Above the threshold (d), however, the velocity increase becomes larger and there
is larger fluctuating velocity within the patches.
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Fig. 10 Instantaneous velocity signals measured at (x—x;) / D = 2.5, y/a =0.03, =0°:
(a) Re =3458, Qj/Qp = 7.1x10%; (b) Re = 3458, Qj/Qp = 8.7x107%;
(c) Re = 9008, Qj/Qp = 3.3x10%; (d) Re = 9008, Qj/Qp = 4.6x10.
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Fig. 12 Instantaneous velocity signals of isolated Fig. 13 Ensemble-averaged mean and fluctuating
turbulent patches measured at (x —x;) / D velocity components and intermittency
=15,y/a=0.03, 6=0°. function measured at (x—x;) / D = 15,

yla=0.03, 0= 0°.

Figure 11 shows instantaneous velocity signals downstream. In low Re and under the
threshold (a), velocity increase is sometimes observed. For above the threshold (b), the
velocity increase becomes larger and fluctuation within the patch is larger, though the
velocity increase does not necessarily always appear. In high Re and slightly under the
threshold (c), no turbulent patch can be seen. For slightly above the threshold (d), definite
turbulent patches with large fluctuation appear every time. In this way, in high Re if the jet
flow rate exceeds the threshold slightly, definite turbulent patches appear suddenly.

3.4 Effect of Jet Flow Rate on Properties of Isolated Turbulent Patch in Boundary
Layer

In this section when the isolated turbulent patch is produced with a jet flow rate above
the threshold, the effects of flow rate on the fluctuating velocity within and the duration of
the isolated turbulent patch are examined. Measurements were performed at the maximum
fluctuating velocity, y/a = 0.03, at (x - xj)/D = 15, 6= 0°, Re = 10000. The jet flow duration
71 was 0.1 second, i.e., the combined time of the period of jet flow ejection and
non-ejection into pipe was 0.8 second.

Instantaneous velocity signals for five flow rates within 2 periods, i.e., 1.6 second, are
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shown in Fig. 12. The threshold, Q;crit/Qp, at this position and Re is approximately 4.0x10
as shown in Fig. 9. Slightly over the threshold, isolated turbulent patches appear definitely
because of high Re as Fig. 11(c) and (d).

To examine the duration and fluctuation of the turbulent patches quantitatively,
ensemble-averaged results for approximately 65 patches are shown in Fig. 13. The time is
expressed for one period, i.e., 0.8 second. In Fig. 13, first an ensemble-averaged velocity is
shown in black lines. Next, its deviation, i.e., fluctuating velocity is squared, then
ensemble-averaged and shown in blue lines. Finally, an ensemble-averaged intermittency
function is drawn in red lines. The abscissae are the real and normalized elapsed time from
the jet flow ejection time, respectively. First, duration of the turbulent patches is examined
for four flow rates at which the turbulent patches originate. If we regard the time range in
which the ensemble-averaged intermittency function exceeds 0.5 as the duration, they were
0.098, 0.126, 0.175 and 0.188 seconds in the order of the flow rate increase, respectively.
The increase of the duration with the flow rate means that as the jet flow is ejected strongly
the turbulent patch lengthens at least in the axial direction. Next, for the ensemble-averaged
fluctuation <g?>, if it is averaged within the range of < 1 > = 0.5, then normalized by U¢?
and its square root is taken finally, the values were 0.131, 0.138, 0.131 and 0.129 in the
increasing order of the flow rate, respectively; that is, it always remains constant. In
summary, the increase in jet flow rate does not change the velocity fluctuation within the
turbulent patches but lengthens their duration.

3.5 Effect of Jet Injection Frequency on Properties of Isolated Turbulent Patch in
Boundary Layer

Finally, the combined frequency of the jet flow ejection and non-ejection into the pipe
was varied as 0.25, 0.5, 1.25, 2.5 and 5 Hz; that is, the jet flow duration z; were 0.5, 0.25,
0.1, 0.05, 0.025 seconds. Measurements were performed at y/a = 0.05, at (x - x;)/D = 15, 6=
0°, Re = 10000. The jet flow rate, Q;/Qp, was 8.2x10* and well above the threshold.

Figure 14 shows instantaneous velocity signals. The starting time is at the first ejection
of the jet flow. For all jet flow rate the first isolated turbulent patch appears approximately
0.4 second after.

Figure 15 shows ensemble-averaged velocities. One period of non-normalized time was
drawn in each flow rate. The appearance times of the leading and trailing edge, t, t;, were
regarded as when < | > becomes 0.5 at first and last, respectively. The leading edge time, 7,
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Fig. 14 Instantaneous velocity signals of isolated Fig. 15 Ensemble-averaged mean and fluctuating
turbulent patches measured at (x—x;) / D velocity components and intermittency
=15,y/a=0.05, 6=0°. function measured at (x —x;) / D = 15,

y/a=0.05, §=0°.
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is constant for all frequencies and approximately 0.40 ~ 0.41 second. If we subtract t; and
the jet flow duration 71, i.e., duration of red rectangle in each figure from t, it corresponds
to the time for the growth of the turbulent patch in the axial direction while it proceeds for
15D downstream. The growth time is also almost constant for all frequencies. The previous
section square root of average <a?>/U¢? was obtained within the range of < 1 > = 0.5.
They were 0.126, 0.135, 0.134, 0.140 and 0.167 in the increasing order of frequency,
respectively. The larger value of the last is attributed to the fact that adjacent turbulent
patches begin to amalgamate as can be seen in Fig. 14. In summary, the combination
frequency of jet flow ejection does not affect the propagation velocity of the leading and
trailing edges, and the duration and velocity fluctuation within the turbulent patches.

4. Conclusions

In the pipe inlet region, the jet flow was periodically and perpendicularly ejected into
the main flow, then isolated turbulent patches were produced. Conditions of the jet flow rate
for generating the turbulent patches were obtained in the inlet region. Also, variation in the
turbulent patch with the jet flow rate and ejection frequency was examined. The following
conclusions were obtained.

(1) The threshold jet flow rate for generating the isolated turbulent patches decreases
with the jet flow duration and it finally saturates. The normalized time when the threshold
saturates increases with the Reynolds number contrary to HP flow. The threshold decreases
with the Reynolds number.

(2) The variation of normalized threshold with the Reynolds number can be classified
into three regions. For Re < 4000, the threshold scales in proportion to Re®~ Re™. For 4000
< Re < 10000, it scales in proportion to Re?® in upstream and Re in the same way as HP
flow in downstream. For 10000 < Re, it scales in proportion to Re™.

(3) The leading edge of the turbulent patch is definite, though in the trailing edge the
velocity gradually decreases. This character cannot be seen in the turbulent puffs and slugs
in HP flow but is similar to the turbulent spots in the flat plate boundary layer.

(4) Once the turbulent patch appears, if the jet flow rate increasing the velocity
fluctuation within the patch does not change, the duration of the turbulent patch increases.

(5) The combination frequency of jet flow ejection does not affect the propagation
velocity of the leading and trailing edges, duration and velocity fluctuation within the
turbulent patches.
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