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Abstract

The laminar-turbulent transition of a boundary layer induced by a jet injection in
the inlet region of a circular pipe was experimentally investigated. The jet was
periodically injected radially from a small hole in the inlet region into the pipe
flow. Axial velocity was measured by a hot-wire anemometer. The turbulence
induced by the jet within the boundary layer developed into turbulent patches
which then grew in the axial, circumferential and radial directions downstream. The
shape of the patches shown by the intermittency factor in the diametrical plane was
similar to the turbulent spot in the flat plate boundary layer at first, then became
similar to the turbulent slug in the pipe flow developed downstream. The turbulent
patches protruded from the boundary layer after they grew and reached the
circumferential opposite side, although they stayed within the boundary layer as
long as the shape was turbulent spot-like in the diametrical plane. The propagation
velocity at the leading edge became faster than the cross-sectional velocity, though
it turned slower at the trailing edge. Therefore, the growth rate of its axial length
varied downstream. The growth rate of the patches' circumferential length was
smaller than that in the turbulent spot under zero pressure gradient and was almost
the same as the spot under favorable pressure gradient.

Key words: Pipe Flow, Transition, Boundary Layer, Turbulence, Inlet Region,
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1. Introduction

Fully developed laminar pipe flow (Hagen-Poiseuille; HP flow) has been shown to be
stable in infinitesimal disturbances from theoretical and experimental studies®-®, As is
well known, however, if the Reynolds number exceeds a threshold level (1800 —2300),
isolated turbulent patches (turbulent puffs or slugs) originate intermittently. They occupy
the whole cross section and their axial length grows downstream, then the flow always
shows turbulence finally. The contradiction between the above fact and the linear stability
theory is attributed to an ignorance of two factors in the theory; finite amplitude disturbance
and upstream inlet (entrance) region. The latter has been shown to be unstable in finite
Reynolds number. Therefore, the role that the inlet region plays in the laminar-turbulent




Journal of
Template

Vol. 00, No. 0, 0000

transition is significant, and is expected to be elucidated. Recently, Mullin stated that since
the inlet region is more sensitive to the disturbances than the HP flow, it is important to
control the inlet disturbance®. He also stated that since in practical pipes flow comes in
with background disturbance or is easy to separate and become unstable due to acute edges
in an entrance, the inlet flow is important from an application standpoint. At present,
however, investigations about the inlet flow are less than those of HP flow.

The present authors have conducted experiments that introduced a disturbance to the
inlet laminar flow and studied the steady turbulent region formed downstream of
three-dimensional single roughness element on the wall, and revealed its properties®. Next,
isolated turbulent patches were generated by a jet injected perpendicularly to the pipe flow
from a hole in the wall®). The threshold flow rate of the jet to create the turbulence was
examined as a function of the Reynolds number and jet duration, leading to different results
from the HP flow. The velocity signals within the turbulent patches were also shown and the
effects of the jet flow rate and injection frequency on the axial length and internal velocity
fluctuation in the turbulent patches were examined.

However, after their generation, the shape of the isolated turbulent patches, their
spreading nature and relative position within the inlet boundary layer have not been
clarified. Unlike the HP flows, uniform flow without vorticity, the core region presents in
the outer boundary layer within the inlet region as well as the flat plate boundary layer.
Therefore, the characteristic of isolated turbulence patches that occur in the boundary layer
are expected to be similar to the turbulent spots of flat plate boundary layer rather than the
turbulent puffs or slugs in a developed circular pipe. The elucidation of the details may
contribute to elucidate the role of inlet flow plays in the turbulent transition in circular pipe
flows.

So far, the main facts elucidated by experiments about turbulent puffs or slugs in HP
flow are as follows: Whereas the puffs occur at low Reynolds number with high
disturbances, the slugs occur at high Reynolds number with low disturbances®. The leading
(downstream) edge is unclear, but the trailing (upstream) edge is clear in the puffs®-3: on
the other hand, both edges are clear in the slugs®®92 Ppropagation velocity of the leading
edge is faster than the cross-sectional average velocity, whereas that of the trailing edge is
slower than the cross-sectional average velocity. The difference extends the length of the
slugs downstream®(2), Among several theoretical and numerical studies of the puffs and
slugs, a new model has been proposed recently4),

Many studies of turbulent spots in the flat plate boundary layer have also been
conducted. The main elucidated points are as follows: Their shape on a plane parallel to the
wall protrudes outside (downstream direction) at the leading edge, but is recessed inside at
the trailing edge. The leading edge lifted from the wall and overhung the central
cross-section918) Although the leading edge is clear, on the other hand, within the trailing
edge the flow gradually returns to the laminar flow and a calmed region exists9(6), The
propagation velocity at the leading edge is faster than that at the trailing edge, making
streamwise length extend downstream. The propagation velocity remains constant
downstream at both edges under zero pressure gradient®-(2 but increases under a
favorable pressure gradient®@), When the origin and the transverse outer edge are
connected, they become a straight line. The half of the spreading angle of 9°—11° under
zero pressure gradient®NCY js smaller under the favorable pressure gradient@®®® and is
larger under an adverse pressure gradient(?6)-(28),

In order to clarify the still non-defined characteristics of the isolated turbulent patch in
the inlet region in a circular pipe, in this study the isolated turbulent patch generated
periodically in the inlet region was measured also in the inlet region as in the previous
report. Then the shape of the turbulent patch, and its relative position within the boundary
layer and the growth in three directions were examined. In addition, these characteristics
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were compared with the turbulent puffs or slugs in HP flow or turbulent spots in a flat plate
boundary layer.

2. Experimental Apparatus and Methods

The experimental apparatus is the same one used in the previous paper®. A plexiglas
pipe with a diameter, D = 2a, of 60 mm and a total length of approximately 6.2 m (= 104D)
was used in the experiments. A fan downstream of the pipe sucked air into the pipe. Six
pipes 1 m in length each are connected smoothly. The axial velocity was axisymmetric. For
the convenience of the reader, the coordinate system and flow field are reproduced in Fig. 1.
As a point disturbance, a single jet flow was injected perpendicularly to the main flow
through a 2-mm diameter hole 107 mm downstream of the coordinate origin, as shown in
Fig. 1.

In the present study, in order to inject the jet periodically, air emitted from an air pump
is led to a solenoid valve. In the control signal of the solenoid valve, periodically generated
rectangular voltage from a photo-interrupter is led to the valve. The injection duration is 0.1
seconds, but the non-injection duration, tjp, is 0.3 or 0.7 seconds; therefore, the combination
time of jet flow injection and non-injection, Tj, is 0.4 or 0.8 seconds. For measurements not
too far downstream from the jet hole (x—x;)/D = 19.2, the non-injection duration is 0.3s.
On the other hand, for downstream 26.1 = (x—x;)/D, since the turbulent patch elongates,
the non-injection duration is extended to 0.7s in order not to merge adjacent patches.

The Reynolds number based on the pipe diameter and the velocity averaged over the
cross-section, U,, is kept at 10000 (Ua = 2.5 m/s). This value is lower than the critical
Reynolds number in the inlet region based on the linear stability theory by Tatsumi®?,
Huang and Chen®® and Gupta and Garg®? (19400, 39800 and 23400, respectively, based
on a pipe diameter and cross-sectional average velocity). It is shown in the previous report
that the threshold flow rate of the jet to generate the isolated turbulent patch depends on the
injection duration and Reynolds number(®. In this report, the jet flow rate was set to 6.3 x
105 m3/s (jet speed v; = 2.0 m/s) which sufficiently exceeds the threshold flow rate at Re =
10000. That is, in this experiment a finite amplitude disturbance is inserted into a stable
region in line with the linear stability theory of the inlet region. At this time, the ratio of
flow rate, momentum per unit time and momentum flux (momentum per unit time and unit
area) between the jet and main flow are 9x10, 8x10* and 0.7, respectively. When the jet is
not injected in the pipe, the inlet region continues over the whole pipe length®.

Assingle hot-wire probe with a tungsten sensing element 5 um in diameter and 1 mm in
length was used in an axial velocity measurements. The output voltage from the hot wire
had been digitized at a 10 kHz sampling frequency and a 52-second sampling period. An
ensemble averaging based on the output voltage from the photointerrupter was performed.
The sampling period corresponds to 130 and 65 times of the ensemble average in the region
of (x—x;)/D = 19.2 (Tj= 0.4 s) and 26.1 = (x—x;)/D (T; = 0.8 s), respectively. When
the ensemble average number exceeds about 50, the difference of various quantities with
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Fig. 1 Coordinate system and air jet.
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the average number disappeared. In the Ref. (12) 60 times of the ensemble average was
conducted.

Results are shown here in the axial stations within (x—x;)/D = 2.5, 3.5, 9.4, 14.9, 19.2,
26.1, 31.6, 35.8 and 42.7. When the jet is injected, these stations are still within the inlet
region as will be shown in Fig. 6. A pipe of 150 mm in length including the jet injection
hole is adapted to rotate around its center axis. That makes it possible to select the desired
circumferential measurement position, 6, relative to the hole. The finest interval in the
circumferential position was 5°. Only the station of (x—x;)/D = 9.4 in both ranges of -180°
=6 =0°and 0° = ¢ = 180° were measured. Since the symmetry with respect to the
center position @ = 0° was good as described later, in the other stations only a region of 0°
< 6 = 180° was measured. Forty-three radial positions were measured in the region of 0.2
mm =y = 30 mm.

To distinguish the flow as laminar or turbulent, in the present experiment 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. The previous report showed all distributions of the
velocity and the wall static pressure without the jet injection(®,

3. Results and Discussion

3.1 Shape of Turbulent Patch

In this section, the intermittency contour maps were used to examine the downstream
variation of the shape of the turbulent patch at nine stations in the inlet region. First of all,
the instantaneous and local flow was discriminated as turbulent or non-turbulent, then the
intermittent function 1 (t, X, y, ) was set as unity or zero in the turbulent or non-turbulent
flow, respectively, where t is an instantaneous time. The ensemble average of this
function, <I >, is shown in Fig. 2. Although the time-averaged intermittent function, y (X, y,
d), is usually called the intermittency factor, in this paper the ensemble-averaged one,
<I>(t, x, y, @), is called the intermittency factor for convenience. Since this ensemble
averaging is performed about the lapsed time from the jet injection time, t (0 =< t < Tj), the
period of the ensemble average is the same as that of the jet injection, Tj. As a criterion for
the outline of the flat-plate turbulent spots, based on the ensemble-averaged mean velocity,
U + <u>, the position whose value changes as =0.02U. (U is the mainstream speed)
from the laminar flow velocity outside has often been used®7?%(2), Otherwise, based on a
deviation from the ensemble-averaged velocity, i.e., irregularly fluctuating intensity, u’, the
position where this becomes 0.02U.. also has been used®)@4), For the trailing edge, Glezer
et al. showed that the use of a half-intermittency is more suitable®®. Though the present
study adopted the half-intermittency, "<I > = 0.5", the shape of the turbulent patch based on
the present method and on "u’/ Ue = 0.02", was comparable near the pipe center axis. On the
other hand, near the pipe wall the region based on the present method became smaller, and
on the border of half-intermittency the fluctuation increased to u’/ U, = 0.1.

In Fig. 2, intermittency contour maps are shown on diametrical planes which pass
through the jet hole (6= 0°, y = 0), the pipe center axis and the wall of &= 180°. Therefore,
the development of the turbulent patch in the streamwise and radial directions can be
observed. In each figure the lower half (0 = y/a = 1)andan upper half (1 = y/a =
2) are € =0° and 180° sides, respectively. The numerical value in the ordinate is a height
measured from the surface of the jet-hole side (8 = 0°) wall normalized by the pipe radius.
In the abscissa, instead of the axial coordinate, x, a lapsed time normalized by velocity
averaged over the cross section and a pipe diameter, T = Ua(t + nT;) / D (n is an integer, 0 =
t < Tj), is used. At a location not to far downstream of the turbulence, the patch is within a
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Fig. 2 Intemittency contour maps on diametrical plane. (a) (x—x;) /D = 2.5; (b) (x—x;) /D = 3.5;
(€) (x—xj))/D=9.4; () (x—x;)/D=14.9; (e) (x—x;) /D =19.2; (f) (x—xj) /D =26.1;
(9) (x—x;j) /D =31.6; (h) (x—x;) /D =35.8; (i) (x—xj) /D =42.7.

small T area. On the other hand, the patch arrives downstream later, so it is within a large T
area. The downstream interface i.e., leading edge of the patch passes the hot-wire probe
fixed in space first, and finally the upstream interface i.e., trailing edge passes. Therefore,
the increase in the non-dimensional lapsed time, T, from the jet injection time corresponds
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to the passing of the observation time of the hot-wire probe. This means going back
upstream spatially from the leading toward the trailing edges within the patch. That is, in
each contour map of Fig. 2(a)-(i), the left (small T) side is the leading edge side, while the
right (large T) side is the trailing edge side. In flat-plate turbulent spots, non-dimensional
coordinate &= (x—x;) / (Ut) is used as similarity coordinate in many cases“®. Under the
zero pressure gradient where the velocity at the leading and trailing edges are kept constant,
the £ range of the spots becomes constant irrespective of x and is a convenient display. In
the present turbulent patch, however, since both velocities change downstream as
mentioned later, the display by & is not so appropriate. Thus, the non-dimensional lapsed
time, T, was used in this study. The increase in a turbulent patch's duration is reflected in the
increase in T range. Although the range of T drawn is almost within the surrounding laminar
flow range before and after the patch, it was limited to the range which is equivalent to one
period T; at the maximum. Since the leading edge velocity increases and the trailing edge
velocity decreases as it goes downstream as mentioned later, the patch does not necessarily
pass through the position x in each figure with a constant length shown in Fig. 2. The details
will be given in §3.3.

Moreover, as a guide of the center of the turbulent patch, the center of gravity whose
intermittency factor is regarded as mass on the diametrical plane was shown in Fig. 2 by the
open circles. The intermittency factor was interpolated and calculated in every 0.01U,T;/ D
in the T direction and in every 1/300 in the y/a direction, then the center of gravity was
obtained from the following equations using <I >; at each point:

20T 20y, @
T, =~ v Yo = .
T2, ToX,

Where the subscript i shows the data point number for the interpolation. Though at (x—
X)) /D = 2.5 and 3.5, two turbulent patches are shown in the pipe wall (8 = 0°) side and
upper part (pipe center side) as mentioned later, since the one in the pipe wall side grows
downstream, the center of gravity is shown only in this patch.

Downstream variation of the turbulent patch is seen below. First, at (x—x;)/D = 2.5
(Fig. 2(a)), the patch can be seen in the range of 2.5 < T < 8.5. Although the patch is
beginning to separate into the pipe wall (6= 0°) part and upper part, the non-turbulent flow,
<l > =0, does not divide both patches completely.

At (x—x;) /D = 3.5 (Fig. 2(b)), the range of T where the patch exists changed to 3.5 < T
< 9.5, and this shows that the patch propagated downstream. Although the upper patch
shifts further upward, the one in the pipe wall (8 = 0°) side remains near the wall as ever,
and is separated completely from the upper one.

Farther downstream, at (x—x;) / D = 9.4 (Fig. 2(c)), the range of the upper patch
becomes small. On the other hand, the one in the wall (&= 0°) side still exists near the wall,
and the streamwise and radial range increases. Therefore, the turbulent patch is judged to be
the jet itself which is injected from the jet hole perpendicularly to the pipe flow. Since the
jet rises and enters the pipe core without velocity gradient, it is expected to disappear. For
the core range, the boundary layer thickness was shown in Figs. 5 and 6 later. The T range
based on the jet injection duration, tj = 0.1 s, that is, the normalized time for the streamwise
advance of the turbulent patch with the velocity Ua during 0.1 seconds, is approximately
4.3. This time almost corresponds to the region of the upper patch in Figs. 2 (a) and (b). Of
course, since the range seems to reduce during the advance of 2.5D or 3.5D in the
streamwise direction, this correspondence is a mere guide. Moreover, when the patch is
assumed to rise in the radial direction with the jet injection velocity, vj, during the
streamwise advance time of 2.5D or 3.5D, the raised height was estimated to be 1.9D or
2.8D, respectively. Since the upper turbulent patch in Fig. 2(a) and (b) has not reached even
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such height, it turns out that the injected jet is considerably bent in the streamwise direction
by the pipe mainstream. The locus of the bent jet was estimated according to Ref. (36) using
the velocity ratio between the jet and mainstream a = v; / Uy = 0.8 in this experiment. In
fact, its radial position had merely the same order of magnitude as the upper turbulent patch
in Fig. 2(a) and (b). The reason for the exact disagreement might be that the jet immediately
after the injection exists in the boundary layer near the wall where the velocity ratio is
larger than 0.8.

On the other hand, the turbulent patch in the wall (€ = 0°) side is considered to have
been induced by the jet. Since the wall-side patch exists in the boundary layer as the flat-
plate turbulent spot, it grows. The spatial relationship of the patch and the boundary layer
thickness is examined in Fig. 6. The jet immediately after the injection pulsated at 60 Hz
equal to the air pump driving frequency®. The 60-Hz periodicity remained in the turbulent
patch at (x—x;)/D = 2.5 and y / a = 0.03(, It corresponds to the patch in the pipe wall (9=
0°) side in Fig. 2(a). In addition, of course, the 60-Hz periodicity was observed in the
velocity in the upper patch. Farther downstream, at (x—x;)/D = 9.4, although the upper
patch damped considerably as mentioned above, the 60-Hz periodicity still remained. On
the other hand, in the patch in the wall (&= 0°) side the periodicity was extinguished®. That
is, while the upper patch which is the jet itself keeps the 60-Hz periodicity, it advances at
least 9.4D in the streamwise direction. On the other hand, although the turbulent patch in
the pipe wall (@ = 0°) side keeps the 60-Hz periodicity at 2.5D downstream, irregular
velocity fluctuation increases immediately since it exists within the boundary layer, and the
periodicity will be extinguished before it reaches 9.4D.

At (x—x;) /D = 14.9 (Fig. 2(d)), the upper patch has disappeared completely, and one in
the wall (€ = 0°) side has grown sufficiently long in the streamwise direction. The radial
range is the widest near the center of gravity.

At (x—x;) /D = 19.2 (Fig. 2(e)) the top of the patch reaches the pipe center axis, and the
patch begins to appear near the pipe wall (8= 180°). This means that the patch developed in
the circumferential direction reached 180°. Later this development will be explained with
the contour maps in the cross-section in Fig. 3. The leading edge of the patch is projected
toward downstream, and overhung the wall. On the other hand, the trailing edge is not
overhung. This form is similar to the turbulent spots in the flat plate boundary layer®. The
position where the radial range is the widest is closer to the leading edge rather than the
center-of-gravity position.

At (x—x;)/D = 26.1 (Fig. 2(f)), the grown-up patch exists in not only the & = 0° side
but also the 180° side, and both merge where the radial range is the widest and covers the
whole radial range 0 = y/a =< 2intheregionof 29 = T < 31.5. Then, from here, the

f (€9 (h) (i)
Fig. 3 Intermittency contour maps on cross sections at center of intermittency. (a) (x—x;) /D = 2.5;
(b) (x—xj) /D =3.5; (c) (x—xj) /D =9.4; (d) (x—x;j) /D =14.9; (e) (x—x;j) /D =19.2;
(f) (x—xj)/D=26.1; (g) (x—x;) /D =31.6; (h) (x—xj) /D =35.8; (i) (x—x;) /I D=42.7.
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center of gravity was calculated within the range including the @ = 180° side. Thus, the
measurements sufficiently covered downstream after the turbulence patch occupied the
whole section. The axial length of the patch extending up to 8 = 180° is still shorter than
that on the = 0° side. Hence, the patch at the leading edge is not completely symmetrical
with respect to the pipe center axis.

At (x—x;)/D = 31.6, 35.8 and 42.7 (Fig. 2(g), (h) and (i)), the patch grows further in
the axial direction. Moreover, the leading and trailing edge are also symmetrical with
respect to the pipe center axis. The leading edge of the present turbulent patch projects
downstream; on the other hand, the trailing edge is depressed, tapering inside like turbulent
slugs®. The shape can be explained in that the two patches approach from the upper and
lower sides in the figure and merge in at the radially thickest T position, though the trailing
edge has not merged yet.

From here, the development of the turbulent patch in the circumferential direction is
examined. Figure 3 shows the intermittency contour maps in the cross section perpendicular
to the pipe axis at the center of gravity time. The jet injection hole € = 0° is the bottom
position in each figure. The jet was injected from that position upward. Although the half
circumferential range 0° = @ < 180° (right half of each figure) was measured except for
(x—x;))/ D = 9.4 (Fig. 3(c)), the maps are drawn for the whole circumferential range by
drawing the left half symmetrically.

At (x—x;)/D = 2.5 (Fig. 3(a)) the turbulent patch induced by the jet injected &= 0°
can be observed in the range of —40° = 6 = 40°. The jet itself is observed near the pipe
center axis. At (x—x;)/D = 3.5 (Fig. 3(b)), the circumferential range of the turbulent patch
near the wall becomes smaller. The upper jet rises for a little height, as in Fig. 2(b). Farther
downstream (x—x;) /D = 9.4 (Fig. 3(c)), the patch in the wall side further spreads in the
circumferential direction; on the other hand, the upper turbulent patch has disappeared in
the center-of-gravity time shown in Fig. 3(c). Only in this station the whole circumferential
range was measured. The symmetry of the intermittency factor with respect to 8 = 0° is
well. The radial range of the turbulent patch is the widest at &= 0°.

Farther downstream, the spreading of the turbulent patch in the circumferential
direction continues, then connects with the opposite side of itself at 4= 180° and spans the
entire periphery in the cross section. Next, it gradually thickens also radially, finally
seeming cover the whole cross-sectional area. In fact, with reference to Fig. 2, the cross
section is totally covered with the patch at the center-of-gravity time.
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Fig. 4 Intermittency contour maps on concentric cylindrical plane. (a) (x—x;) /D = 2.5;
(b) (x—x;) /D =9.4; (c) (x—x;j) /D=19.2; (d) (x—xj) /D =26.1; (e) (x—x;j) /D =42.7.
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Figure 4 shows the turbulent patch at a fixed height expanded in plan views in five
typical stations. At (x—x;)/D = 2.5, 9.4 and 19.2 (Fig. 4(a), (b) and (c)), the intermittency
contour maps are cut at y/a = 0.13, 0.20 and 0.17, respectively, where in Fig. 3 at the center
of gravity the range of <I > = 0.5 is the widest periphery. On the other hand, at (x—x;)/D =
26.1 and 42.7 (Fig. 4(d) and (e)), where the turbulent patch has reached up to &= 180°, the
contour maps are cut at y / a = 0.04 and 0.05, respectively, where the T-direction average of
the rms value of the irregular fluctuation, u’, within the patch is maximum. The ordinate is
the circumferential distance ré = (a—y)@ normalized by the pipe diameter. Thus, the
circumferential position where the jet hole exists, i.e., the symmetry axis 6= 0° corresponds
tord=0. Also in Fig. 4, as in Fig. 3, the r@ = 0 side are drawn to be symmetrical with the
pipe center axis.

In the region of (x—x;) /D = 19.2, where the turbulent patch is in the form of a
flat-plate turbulent spot in the diametrical plane, Fig. 2, the leading and trailing edges are
projected to the outside together in the axis of symmetry 8= 0° in Fig. 4. That is, although
the leading edge form is the turbulent spot type, the trailing edge form is not a turbulent
spot type depressed inside. Even in the region 26.1 = (x—Xx;)/D, where the form became a
turbulent slug type in the diametrical plane, the form that projected outside in the axis of
symmetry does not change.

3.2 Relationship of Mean Flow Quantities within Isolated Turbulent Patch and Inlet
Boundary Layer

In this section the relationship between the mean flow quantities within the isolated
turbulent patch and inlet boundary layer is discussed. Radial distributions of the
ensemble-averaged velocity in representative T at three axial stations are shown in Fig. 5.
The normalized time, T, where the distributions are drawn in the respective figure, are:
laminar flow outside of the turbulent patch, near the leading edge of the patch, the inside of
the patch, and near the trailing edge of the patch. Vertical lines are drawn in the position of
the selected T. For example, in Fig. 5(a) the distributions are drawn at T = 3, 6, 8 and 9.
With reference to Fig. 2, the position of the turbulent patch can be identified. Also, in Fig. 5,
in T of laminar flow, theoretical distributions in inlet laminar boundary layer of Tatsumi®©”
are also drawn in red lines. Moreover some radial extent is magnified. Tatsumi gave the
velocity against the height from the pipe wall normalized by the displacement thickness. In
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Fig. 5 Ensemble-averaged velocity profiles and boundary layer thickness on diametrical plane.
(@) (x—xj) /D =2.5; (b) (x—x;)/D=19.2; (c) (x—x;) /D=26.1; (d) (x—xj)/D=25,T=9;
(e) (x—x;)/D=19.2,T=18; (f) (x—x;)/D=19.2, T=33; (9) (x—x;) /D=26.1, T =24;
(h) (x—x;) /D =26.1, T = 47. Red line, Tatsumi profile; blue line, boundary layer thickness.
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this study, using the experimental values of displacement thickness in each (x—x;)/D and T,
the theoretical distributions were drawn. Therefore, distributions vary depending on (x—x;)/
D and T. In the previous report®, the time-averaged velocity distributions without the jet
injection were in good agreement with the Tatsumi distribution over the whole pipe length,
so the flow was completely laminar.

Although the laminar flow upstream shown in Fig. 5 is close to the Tatsumi profile, the
difference with the Tatsumi profile is remarkable in the enlargement near the wall (Fig. 5
(9) and (h)) as it goes downstream since the laminar flow gradually begins a natural
transition. The natural transition process has been explained in the previous report™. In the
core outside the boundary layer, however, the profile is in agreement with the Tatsumi
profile. Compared with profiles of the laminar flow in the same axial stations, the profile
within the turbulent patch is faster near the wall and slower away from the wall. Moreover,
within the patch the profile just behind the leading edge is not smooth. This means that the
deviation from the ensemble-averaged value in each patch is quite large. Distributions of
the deviation, i.e., the irregular fluctuation will be considered in the future. Moreover, the
boundary layer thickness, <6>, defined as the height at which the ensemble-averaged
velocity becomes 0.995 times the maximum in the radial distribution, is shown in blue lines
on both (6= 0° and 180°) sides, the thickness has been calculated in every 1.6T at (x—x;)/
D =25 and 19.2 and in every 3.2T at (x—X;) / D = 26.1. Note that the boundary-layer
thickness at T where the velocity profile is drawn is the position of the blue line not at the
intersection of the symbols but at the intersection of the normal line. At (x—x;)/D = 2.5
(Fig. 5(a)), although inside the turbulent patch near the wall there is a velocity gradient, the
velocity is constant near the center axis, thus showing that the existence of the gradient
governs a subsequent turbulent patch development as mentioned above. At (x—x;)/D =
19.2 and 26.1 (Fig. 5(b) and (c)), where only the patch near the wall persists, the velocity
gradient exists within the patch.

Next, the spatial relationship of the turbulent patch and the boundary layer is examined.
Figure 6 shows the boundary layer thickness, <6 >, of 8= 0° and 180° drawn in the white
lines on five intermittency contour maps chosen from Fig. 2. At the most downstream
station, (x—x;) /D = 42.7 (Fig. 6(e)), since the boundary layer does not reach the pipe center
axis in any time T, the station is therefore within the inlet region.
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Fig. 6 Ensemble-averaged boundary layer thickness on diametrical plane. (a) (x—x;) /D = 2.5;
(b) (x—xj) /D =9.4; (c) (x—x;j) /D=19.2; (d) (x—xj) /D =26.1; (e) (x—x;) /D =42.7.
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Fig. 7 Ensemble-averaged boundary layer thickness on cross sections at center of intermittency.
(@) (x—xj) ID=2.5; (b) (x—x;)/ID=9.4; (c) (x—xj) /D=19.2; (d) (x—xj) /D =26.1;
(e) (x—xj)/D=427.

The turbulent patch remains almost within the boundary layer at (x—x;)/D = 19.2
(Fig. 6(a), (b) and (c)), though it runs through the boundary layer and reaches the center
axis at (x—x;)/ D = 26.1 (Fig. 6(d)) where it spreads in the circumferential direction and is
connected at &= 180°. Considering the fact that the height of the flat-plate turbulent spot is
comparable to that of a turbulent boundary layer whose height at the origin is the same as a
laminar boundary layer there®”, the present turbulent patch is thicker than the flat-plate
turbulent spot.

Figure 7 shows the boundary layer thickness in the center-of-gravity time on five cross
sections with the intermittency contour maps in Fig. 3 so that it may be easy to understand
the spatial relationship with the turbulent patch. At (x—x;)/D = 2.5 and 9.4 (Fig. 7(a) and
(b)), where the turbulent patch has not spread enough in the circumferential direction, the
boundary layer is thick in the circumferential position where the patch exists, but thin
outside the patch. The circumferential growth of the turbulent patch is quicker than that in
the boundary-layer-thickness direction, i.e., the radial direction. In the radial direction the
existence of the velocity gradient o U /4y within the boundary layer causes the
circumferential component of a vorticity, 2. The vorticity in the shape of a closed ring
along with the periphery within the boundary layer makes for easy transmission of the
velocity and vorticity fluctuations in the circumferential direction. On the other hand, the
lack of velocity gradient in the core region outside of the boundary layer makes it difficult
for the fluctuations to be transmitted in the radial direction.

3.3 Growth of Turbulent Patch

In this section the growth of the isolated turbulent patch in the axial, circumferential
and radial directions is discussed quantitatively. Figure 8 shows the axial variation of the
above-mentioned most downstream leading edge time, center of intermittency time, and
most upstream trailing edge time. For (x—x;)/D = 3.5, only the turbulent patch near the
wall is considered. The slope of the dashed line in Fig. 8 is unity, which means that (x—x;) /
t ~ U, i.e,, going on axial distance x—X; with the cross-sectional average velocity, Ua,
between the time t. Although the slope of the leading edge is close to unity at first and
mostly propagates with U,, the slope increases gradually and the leading edge propagates
faster than Ua. On the other hand, the slope of the trailing edge decreases gradually and the
trailing edge propagates slower than U,. This velocity difference of the leading and trailing
edges makes the axial length of the turbulent patch, i.e., the distance between T, and T in
given (x—x;) / D gradually longer. The axial length will be shown in Fig. 10 later. The
virtual origins of the most downstream leading and most upstream trailing edges almost
correspond to T = zero and Ua tjs / D = 4.3 (tj2 = 0.1 s), respectively.

Next the propagation velocities in the leading and trailing edges are shown to be made
dimensionless by the cross-sectional average velocity. For example, the leading edge
velocity, U,, is obtained from the distance between two axial stations divided by the
difference in the arrival time of the leading edge, t| = T) D/U,, at the two stations. The
leading edge velocity is normalized by the cross-sectional average velocity, and then is
shown at the middle point of the two stations. However, since the Reynolds number is fixed,
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the kinematic viscosity and also the average velocity vary with the stations. Therefore, the
distance is divided by the difference of tjU, between two stations, while Ax/A(tiUs) is
shown in Fig. 9 as the normalized leading edge propagation velocity in practice. The
propagation velocity in the trailing edge is also obtained similarly. Two solid lines in Fig. 9
are straight lines fitted by the least squares method from eight leading edge stations and
seven excluding the uppermost of trailing edge stations, respectively.

Although the trailing edge is faster than the leading edge at first, the leading edge
exceeds the trailing edge immediately. Then, the leading edge gradually becomes faster than
the cross-sectional average velocity and the trailing edge becomes slower than the average
velocity. The difference in both edges increases downstream, and it does not converge on a
constant value in the measured range. This fact differs from the propagation velocity of the
flat-plate turbulent spots under a zero pressure gradient*”-22, Moreover, the condition is
also different from the flat-plate turbulent spots under the favorable pressure gradient in
which the propagation velocities on both edges increase downstream@)@4, The propagation
velocity of the leading and trailing edges are larger and smaller than the cross-sectional
averaged velocity, respectively, in the turbulent puffs and slugs in HP flow; the condition is
in agreement with present turbulent patch. In the turbulent puffs or slugs the difference of
both propagation velocities increases downstream?, In the most downstream station in this
experiment, the normalized leading and trailing edge velocity are equivalent to those in HP
flow with the Reynolds number of approximately 5000. That is, the difference of
propagation velocity at both edges in the present turbulent patch in the inlet region is
smaller than that in HP flow with the same Reynolds number.

Figure 10 shows the axial variation of the turbulence patch's axial length. This length is
obtained from the difference in arrival time of the trailing edge and that of the leading edge,
(t-—t) times the propagation velocity of the trailing edge, Us, or that of the leading edge, Uj,
obtained from Fig. 9. These two lengths correspond to the turbulent patch's axial length
when its leading edge (blue symbols in Fig. 10) or trailing edge (red symbols in Fig. 10)
arrives at station x, respectively. Since the propagation velocities, U; and Uy, change in the
axial direction as shown in Fig. 9, at fixed x both propagation velocities are also changing
continuously during a period of (t—t). Therefore, the variation of both propagation
velocities with T is first obtained from Figs. 8 and 9; next they are converted into the
change with the time t, and from an integration with time from t; to t; the axial lengths are
obtained finally. In Fig. 9, the region of (x—X;)/D = 6 where the propagation velocity of
the trailing edge significantly differs from the blue solid line is excluded. Since the height
of the leading and trailing edges are not necessarily equal, the length Iy is not on a constant
height. The quantity shown in Fig. 10, however, can be a guide to the turbulent patch length.

First, we consider Fig. 10(a) shown with the linear coordinates. Although the axial
length of the turbulent patch shown in the red triangles shrunk from (x—x;)/D = 2.5 to 3.5,
it immediately begins to extend significantly. This proves that in Fig. 9, although the
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propagation velocity of the leading edge is initially slower than that of the trailing edge, it
exceeds it immediately. Since the reduction of the patch is limited to within a few periods
and afterwards begins to grow, it is the growing stage that is mainly considered. This
growth rate is increasing downstream, i.e., the patch does not show linear growth. When the
leading edge arrives at the station furthest downstream of (x—x;)/ D = 42.7, the axial length
is approximately 19D from Fig. 10(a). This means that the trailing edge exists
approximately 19D upstream, i.e., at (x—x;)/D = 24. In fact, when the trailing edge exists
in (x—x;) /D = 24, the axial length is also approximately 19D from Fig. 10(a) and they
correspond well. At the furthest downstream station (x—x;) / D = 42.7, the difference in
length when the leading and trailing edges arrive there is approximately 29D. This means its
length more than doubles until the patch passes that location. This fact suggests that the
growth of the turbulent patch in this experiment is a result of the convective instability.
Though data were still in a curve in a log-log plot (not shown) usually tried in this kind of
expression, the semi-log plot in Fig. 10(b) clearly shows that a straight-line approximation
can be carried out. That is, the length of the turbulent patch increases exponentially. Two
straight lines in Fig. 10(b) are obtained by the least-squares method. Taking 7 = (x—x;)/D,
we obtain d Iy / dr = klx (k is a constant). This shows that the convective spatial growth is a
type with a spatial growth rate proportional to Iy itself.

Next, the growth in the circumferential direction is examined. From the intermittency
contour maps on the cross section in the center-of-gravity time in Fig. 3, the one side
circumferential length of turbulent patch, i.e., the widest circumferential region of <I> =
0.5, i.e., half-intermittency is shown in Fig. 11. Therefore, the height of the circumferential
length changes with (x—x;)/D. At (x—X;)/D = 19.2, where the turbulent patch reaches a
circumferential position of & = 180°, the circumferential length is obtained from an
extrapolation of the region of the half-intermittency. This length is not along the pipe wall,
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so the value at (x—x;) / D = 19.2 does not exceed (#/2)D. At (x—x;) / D = 9.4, both
circumferential (0° = #and & = 0°) lengths are shown. As seen in Fig. 4(a), (b) and (c),
since the circumferential range of the turbulent patch is almost constant in a wide range of T
including center-of-gravity, the circumferential length is shown in the center-of-gravity time
as representative.

The circumferential length increases in the downstream direction linearly. The five
points (only positive @region in (x—X;) / D = 9.4) are fitted to a least square straight line and
shown in Fig. 11. From a slope of the straight line of 0.072, the half spread angle in the
circumferential direction is estimated as approximately 4 degrees. This value is smaller than
in the turbulent spots in a zero-pressure-gradient flat-plate boundary layer (9°— 11°)(9(NED
and is comparable to that in a favorable-pressure-gradient flat-plate boundary layer (6° or
less®) or 3° —4°(4),

4. Conclusions

An isolated turbulent patch was generated by a periodical jet injection into an inlet
region of a circle pipe. The shape, spatial relationship with a boundary layer and growth in
three directions of the patch were examined in the inlet region, and the following
conclusions were obtained.

(1) The jet itself, which was injected perpendicularly to the flow rises as is, enters the
core and finally disappears. On the other hand, the disturbance induced within the boundary
layer becomes an isolated turbulent patch, and downstream it grows in the axial,
circumferential and radial directions.

(2) The shape in a diametrical plane of the turbulent patch in intermittency contour
maps is similar to the turbulent spots in a flat-plate boundary layer at first. Downstream it
resembles the turbulent slugs in the circular pipe in a developed region whose leading edge
sharpens toward the downstream and the trailing edge depressed toward its inside. Within a
plane parallel to the pipe wall, the shape is not similar to the turbulent spot. The leading and
trailing edges always project outside on the axis of symmetry.

(3) The patch grows in the circumferential direction quicker than in the radial direction.
While the shape in the diametrical plane is the flat-plate turbulent spot type, it remains
within the boundary layer. After reaching the opposite position of the periphery, it runs
through a boundary layer and reaches the pipe center.

(4) The propagation velocity of the leading and trailing edges of the patch shows
different downstream change from the flat-plate turbulent spots. As it proceeds downstream,
the propagation velocity at the leading or trailing edges gradually becomes faster or slower
than the cross-sectional average velocity, respectively. Moreover, compared with the
turbulent puffs and slugs in the Hagen-Poiseuille flow of the same Reynolds number, the
difference in the propagation velocity in the leading and trailing edges is smaller.

(5) An axial length of the turbulent patch increases exponentially in the axial direction.
The spatial extension rate is proportional to the axial length of the axial station itself. The
circumferential length increases linearly. The spreading rate is smaller than that of the
turbulent spots in a flat plate boundary layer under a zero pressure gradient and comparable
under a favorable pressure gradient.
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