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An experimental investigation of transition phenomena in non-steady boundary
layers of sinusoidally oscillating flows was conducted, and the effect of various
parameters on the transition process was observed.

The manner in which transition occurs appears to be related to a dimensionless
grouping designated as the non-steady Reynolds number, (Re)yg = LAU/27v.
When this number exceeds a certain critical value, transition begins with turbu-
lent bursts appearing periodically at the frequency of the free stream oscillation;
these are preceded by instability waves having the appearance of a Tollmien—
Schlichting instability. The transition Reynolds number depends, in this case,
only on the amplitude of the free stream oscillations and not on their frequency,
at least to the first order. Below a critical value of this parameter, transition
occurs at a relatively constant Reynolds number which appears independent of
the amplitude and frequency of the oscillation, at least over the range tested.

When the bursts appear periodically, their development appears to occur in
two succeeding phases: an initial or ‘creative’ phase marked by a sequential
appearance of turbulence upstream and rapid development and a latter or ‘con-
vective’ phase marked by turbulent spots having relatively constant leading and
trailing edge velocities.

The dimensionless amplitude, AU/U,, of the imposed oscillations was varied
from 0-014 to 0-29 while the oscillation frequencies extended from 4-5 to 62 ¢/s.
Pressure gradients imposed on the flat plate model during the course of the study
are given by dC,/dx = —0-004/ft., — 0-081/ft. and 0-045/ft. where C, = 2p/pU3,
and z is the distance (ft.) along the plate.

1. Introduction

All flows oceurring in nature or as a result of man’s engineering and scientific
endeavours exhibit some degree of unsteadiness. The unsteadiness may be due to
time-dependent boundary conditions or it may be the result of an instability
arising from the small disturbances which are present in all flows. The onset of
turbulence in the laminar boundary layer on a flat plate may be viewed as the
final stage of such an instability. Although the effects of free stream turbulence,
steady pressure gradients and roughness on boundary layer stability and transi-
tion have received considerable attention, little consideration has been given to
the effect of large oscillations in the mainstream.
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It was the object of this investigation to study experimentally the transition
phenomena in a boundary layer when sinusoidal oscillations are imposed on the
free stream. The oscillations considered were large in amplitude compared to the
magnitude of the turbulent fluctuations in the free stream but were substantially
lower in frequency.

The response of boundary layers to oscillations of low frequency has been
treated by Moore (1951) and Lighthill (1954). Lin (1956), by assuming that the
non-steady boundary-layer thickness was small compared to the steady thick-
ness, was able to treat the response of the boundary layer to high-frequency
oscillations. In these analyses, it was found that when the steady portion of the
impressed pressure gradient was zero, the effect of the oscillation on the mean
velocity profile was small. These analyses were extended and experimentally
verified by Nickerson (1957) and Hill (1958).

When the question of the stability and transition of a non-steady boundary
layer is broached, it should be realized that the criterion of stability in steady
flow cannot be applied directly. In the steady state, a flow is considered stable
to a small disturbance when it is monotonically damped with time. When the
flow is unsteady, however, a disturbance may pass from stable to unstable
regimes several times before its fate is ultimately determined. The instantaneous
stability of flows has been considered by Shen (1960). Conrad & Criminale
(1965a,b), by using a variational technique, have been able to determine sufficient
conditions for the stability of several non-steady flows. Some experimental
stability studies of a boundary layer on a flat plate with the mainstream under-
going small and slow oscillations have been conducted by Kobashi & Onzi (1962)
with the aid of the vibrating ribbon technique.

To the authors’ knowledge, the only extensive experimental study of the transi-
tion process in two-dimensional non-steady boundary layers on flat plates was
that of Miller & Fejer (1964). They imposed sinusoidal oscillations on the flow
over a flat plate and investigated their effect on the transition phenomena occur-
ring in the boundary layer. During this investigation, it was found that the transi-
tion Reynolds numbert was dependent on the amplitude parameter, N, =AU/|U,,
and independent of the oscillation frequency, w, over the range of frequencies
considered (4:5-125 ¢/s). In the transition region, the appearance of the turbulent
bursts was periodic in contrast to the randomness that is characteristic of transi-
tion in steady flows, while the transition length was observed to depend on the
frequency parameter, wy/UZ. The present study was conducted in the same
facility and may be considered an extension of this earlier work.

2. Experimental apparatus

The investigation was conducted at Illinois Institute of Technology in a closed
circuit 2 x 2ft. wind-tunnel having, under steady-flow conditions, a velocity

T The transition Reynolds number, (Re),, = .. U, /v, is based on the mean velocity of the
free stream, U, and the minimum distance from the leading edge, x,,, at which turbulence
first appears in the boundary layer, i.e. the intermittency, vy, becomes greater than zero.
Correspondingly, the turbulent Reynolds number, (Re),,, is based on the distance, z,,, at
which the boundary layer becomes turbulent, i.e. ¢ becomes equal to unity.
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range from 10 to 145ft./s and a turbulence level of approximately 0-15-0-20 %,.
When operated in the non-steady mode, the maximum tunnel velocity was
reduced to about 115ft./s while the free stream turbulent intensity increased
to approximately 0-2 9%,.

Oscillations of the free stream produced by means of a variable speed-rotating
shutter valve, located at the end of the test section, covered a frequency range
from 4-5 to 62 ¢/s. Variations in amplitude were achieved by using shutter blades
of different widths; the widest blades produced the largest amplitudes but also re-
duced the maximum attainable flow velocities. The amplitude was also dependent
on shutter speed.

In order to minimize any possible effects of the wave shape on the phenomena
under study, the investigations were limited to flow conditions resulting in the
most sinusoid-like oscillations. This occurred at oscillation frequencies near the
longitudinal frequency of the tunnel (10-4 ¢/s) and its harmonics with the maxi-
mum amplitude being, however, considerably reduced at the higher harmonics.

The wind tunnel, test set-up and hot-wire equipment used in this study are
basically the same as described by Miller & Fejer (1964); however, certain
relevant modifications were made.

The shape of the leading edge of the flat plate was changed, and the adjustable
flap which was located above the trailing edge of the plate on the ceiling of the
test section was eliminated. The latter served to position the stagnation point on
the upper surface of the leading edge which consisted of a 10° wedge, sharpened
from below. These changes were made when turbulent bursts observed down-
stream of the leading edge were traced to the movement of the stagnation point
around the leading edge during large amplitude oscillations. The new leading
edge, Lin. thick at its base and 6in. long, was formed by two intersecting circular
arcs of large radius, tangent to the upper and lower surfaces of the plate, with the
distance between the leading edge and the point of tangency being 4 and 2% in.,
respectively. The resulting leading edge shape was similar to that used by Schu-
bauer & Skramstad (1943). Another change, consisting of the elimination of
static pressure taps located along the centreline of the plate, was made when the
coupling between the oscillating pressure field in the tunnel and the air contained
in the tubing attached to the pressure taps was discovered to produce disturb-
ances triggering transition. The usable length of the new plate was 62-5in.
Finally, the hemispherical epoxy nose of the boundary-layer probe, which in the
earlier study was straight and positioned normal to the surface, was replaced by
a wedge-shaped tip which was inclined forward, included a 20° angle with the
upper surface of the plate and extended several inches upstream from its }in.
diameter vertical stem.

With the plate in a horizontal position, the streamwise pressure gradient was
approximately zero (dC,/dx = — 0-004/ft.) over the entire plate except the lead-
ing edge section. When a favourable pressure gradient was required, the plate
was inclined relative to the direction of the free stream at an angle of —2°. This
produced a reasonably constant pressure gradient of dC,/dx = — 0-081/ft. In this
configuration, a flap was used in front of and below the leading edge of the in-
clined plate to reduce the distance required by the pressure gradient to attain its
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constant value. To produce a non-favourable pressure gradient, dC,/dx = 0-045/
ft., a long airfoil-shaped contour made of styrofoam was attached to the ceiling
of the test section, and a styrofoam bump placed on the floor of the test section
just below the leading edge of the plate served to maintain the stagnation point
on the upper side of the plate. A photograph of this configuration is shown in
figure 1, plate 1. The streamwise pressure distribution was determined with a
static pressure probe positioned at a distance of 3in. above the plate.
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Figure 2. Velocity traces illustrating the transverse and lateral independence of the velocity
oscillation. U,, = 50 f/s, Ngy = 0-15, ® = 12'5 ¢/s, sweep 20 ms/cm.

3. Preliminary measurements

The nature of the velocity oscillations employed in this study is characterized
by the photographs of figure 2. The first photograph shows the mainstream oscil-
lation sensed by two probes, one of which (lower trace) was located on the centre-
line and 41 in. downstream of the other which was 18in. behind the leading edge.
The spanwise distance between the two probes was 6in. The two waveforms are
virtually identical indicating that the oscillations were essentially independent
of their streamwise position. The very slight phase lead exhibited by the down-
stream probe, which was approximately 15in. from the shutter valve, is indica-
tive of the incompressible character of the flow.
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Ficure 1. Test section with the adverse presgure contours in place.

OBREMSKI axp FEJER (Facing p. 96)






Transition in oscillating boundary layer flows 97

The conditions shown were typical of those used in the major portion of the
experiment. At higher frequencies, e.g. 60 ¢/s, the amplitude did vary somewhat
with z; however, little data were taken at these conditions.

The second photograph was obtained with the probes located in the transition
region of the boundary layer at the same streamwise position but with a spanwise
separation of 6in. The boundary-layer thickness at this point was approximately
0-15in. Locations of the leading and trailing edges of the turbulent burst are
identical, although the fine details of the burst and the waves which precede it
are not.t These photographs indicate that the osecillation imposed on the main-
stream was predominantly two-dimensional, essentially independent of z and of
sufficient strength to correlate, in the spanwise direction, the beginning and end
of the turbulent burst in the boundary layer undergoing transition.

d_C'p(l ) T (Re),, x 108 (Re),, x 10-8
dx ' (%) {dimensionless)  (dimensionless)
-~ 0-004 0-15 2-05 35
0-045 0-20 0-92 1-1
—0-081 0-15 3-40 —_

TaBLE 1. Turbulent intensity, transition and turbulent
Reynolds numbers in steady flow

The tunnel and instrumentation were checked out by measuring the transition
and turbulent Reynolds numbers in steady flow over a flat plate with zero and
adverse pressure gradients. (Because of the limitations in plate length and flow
velocity, fully turbulent flow was not attainable with a favourable pressure
gradient.) Table 1 shows the results of these measurements including the attend-
ant free stream turbulent intensities [T = (u2/U,)% x 100]. It is seen that in the
‘zero’ pressure gradient case (dC,/dx = — 0-004/ft.), the transition and turbulent
Reynoldsnumbersare infair agreement with the resultsinterpolated from the data
of Schubauer & Skramstad (1943), i.e. (Re)y = 2:3 x 10% and (Re)y = 3-8 x 108
at T = 0-159,.

In addition to the measurements shown in table 1, laminar boundary-layer
profiles were determined in steady flows, and mean velocity distributions were
made for a particular oscillating flow condition. It was found, as reported earlier
by Nickerson (1957) and Hill (1958), that the Blasius profile adequately represents
the mean velocity in a non-steady flow with a zero pressure gradient. A shift
in phase of the velocity oscillation in the boundary layer relative to the free
stream predicted in the analyses of Lighthill (1954) and Lin (1956) and verified
experimentally by Hill (1958) was also observed in the present investigation as
shown in figure 3 where the present data are compared with Hill’s experimental

t The term ‘turbulent burst’ as it is used in this paper refers to the duration in time of
the turbulence at a fixed value of . This interval is directly measurable from the oscilloscope
trace. The term ‘turbulent spot’ will refer to the spatial extent of a patch of contiguous
turbulence, the downstream edge of the spot being called its leading edge. As we have seen,
the turbulent spot appears to extend ribbonlike across the plate and in this it differs from the
three-dimensional spot of steady boundary-layer transition.

7 Fluid Mech. 29
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results obtained under somewhat similar low conditions. The agreement between
these curves is fair considering the differences in experimental apparatus and
instrumentation. This phase shift was not detected in the earlier investigation of
Miller & Fejer (1964). It is believed that in their study this phenomenon was
masked by streamline distortions due to the tip of their probe which was normal
to the surface rather than pointing into the flow.

50
40 xm/ Uy, | N 4
Hill (1958) 498 | 011
30 |- Present experiment 45 | 0109
%D 20 Curve faired through Hill’s (1958) data
-
?’:1; 10 b
)
[+0]
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L i ] | ] l j
0 1 2 3 4 5 6 7

Distance from the plate, y(w/2v)¢
Ficure 3. Velocity phase shift through an oscillating laminar boundary layer.

4. Transition in oscillating boundary-layer flows

The transition Reynolds number, (Re)ir, has been measured for the series of
flow conditions summarized in table 2. It will be shown that the transition
Reynolds numbers appear to lie along one of two curves depending upon whether
a dimensionless grouping, herein called the non-steady Reynolds number
(Re)yg = LAU |27y, exceeds or is less than certain critical values. The character-
istic length L, is defined as the length travelled by a fluid particle in the main-
stream during one cycle of the imposed oscillation, i.e. L = U,/w, and the
characteristic velocity, AU, is the amplitude of the oscillation.

In the following, the details of the transition process are described as observed
over various ranges of the non-steady Reynolds number.

(@) Zero pressure gradient; (Re)yg > 27,000

Within this regime, the amplitude parameter, N, = AU/U,, was varied from
0-039 to 0-27, and the oscillation frequency ranged from 4-5 to 14-7c/s. The
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U, ®
Run  (ft./s) Ny (cfs) (Re)ys x 104 (Re),, % 108 (Re),, x 10—
Zero pressure gradient
*1 64-8 0-250 12-1 75 2-94 2-03
*2 68-0 0-270 11-2 9-6 275 ‘ 2-03
3 585 0-137 4-5 8-7 5-49 343
*4 62-5 0-216 12-6 59 2:90 2-43
5 1052 0-064 10-4 5-8 8:60 —
6 85-0 0-063 16-0 2-4 17-50 —_
*7 85-0 0-103 12-6 50 5-80 —
*8 88-2 0-150 10-6 9-4 4-73 —
9 64-0 0-145 14-7 3-5 4-57 2-51
*10 638 0-175 10-0 6-0 3-92 2-05
11 1154 0-039 139 3-2 11-4 —
*12 117-0 0-050 115 51 9-38 —
13 52-5 0-155 13-0 2-8 4-0 —
14 54-5 0-150 12-8 2:9 4-0 145
*15 545 0-150 128 2-9 3-39 1-45
16 71-5 0-080 12:6 2-73 7-56 —
17 78-0 0-089 12-6 3-63 6-87 —
18 84:5 0-102 12-6 4-92 5-61 —
19 1168 0-014 20-0 0-85 14-6 3-35
20 116:5 0-019 32-3 0-70 14-9 3-32
21 1145 0-022 34-4 0-78 15-9 3-18
22 1141 0-017 49-0 0-38 15-6 312
23 83-2 0-042 17-0 1-50 : 15-4 —
24 83-0 0-043 23-9 1-04 15-0 —
25 776 0-030 62-0 0-24 16-4 —
26 785 0-037 520 0-12 16-0 -—
27 81-5 0-044 22-5 1-10 151 —
28 59-0 0-085 36-0 0-68 16-0 —
29 585 0-092 24-1 1-13 16-0 —
30 66-0 0-074 12-6 2-16 16-6 —
Favourable pressure gradient
8-1 46-5 0-268 111 4-55 3-60 —
S-2 50-7 0-215 13-3 3:54 4-14 1-50
S-3 53-8 0-243 12-2 463 3-69 —
5-4 52-7 0-227 124 424 3-84 —_—
8-5 57-0 0-280 11-3 6-61 3-35 1-75
Adverse pressure gradient
D-1 59:5 0-212 11-0 6-02 3-20 1-44
D-2 58-0 0-110 4-59 6-95 4-90 1-85
D-3 61-5 0-091 23-3 1-26 5-53 0-92
D4 61-6 0-064 339 0-61 6-95 0-92
D-5 775 0-085 124 3-48 5-94 2-11
D-6 825 0-045 23-2 1-15 7-97 1-32
D-7 82-0 0-047 4-55 6-03 7-92 147
D-8 81-5 0-046 37-0 0-72 7-84 1-16

* See text page 106 for explanation.

TasLe 2. Summary of flow conditions and transition results

7-2
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results of these tests, summarized in table 2 (runs 1-5, 7-18), show that the
transition Reynolds number is a function of the amplitude parameter and does
not depend on the oscillation frequency, at least to the first order. These findings
shown graphically in figure 4, are in qualitative agreement with the results of
Miller & Fejer (1964) represented by the faired curve. (Their definition of the
amplitude parameter is, however, N, = 2AU/U,.) The quantitative difference
between the results of the two studies may be attributable to the differences in
leading edge shape and the influence of the static pressure taps that have been
already described.

I~ (RE)NS <25,000
O
é _O__O_G.O___o_o__@——J—o-o—
s R 27,000
n 106 ( e)NS> >
a8 9
g 8t
g 7r
g 6 (Re) s> 6000
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% Al (Re) s> 35,000
&
8 3r
H Miller & Fejer (1964)
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H
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1072 101

Amplitude parameter, N4

Ficure 4. Transition Reynolds number as a function of the amplitude parameter for three
pressure gradients. O, dC,/dx = 0-004/ft.; A, dC), = —0-081/ft.; (O, dC,/dx = 0-045/ft.

In figure 5, a series of photographs taken from run 15 shows the development
of transition. The upper traee in each photograph represents the oscillating com-
ponent of the mainstream velocity, and the lower trace records the velocity
oscillations in the boundary layer where the local mean velocity was approxi-
mately 0-5U,. The time co-ordinate for all traces increases to the right. It should
be noted that successive photographs do not show the development of the same
turbulent burst; however, since the flow is incompressible and the turbulent
bursts will be seen to occur periodically, the upper trace assumes the role of a
timing signal and it becomes possible to describe the growth of the turbulent
burst in a Lagrangian sense based on Eulerian type measurements. One such
measurement is illustrated in the fourth photograph of figure 5, where 7, and 7,
represent the time lapse between the velocity minimum of the mainstream and
the leading and trailing edges, respectively, of the succeeding turbulent burst.

The first photograph of figure 5, taken above the leading edge, represents the
velocity oscillation in the free stream. In the second photograph, recorded at
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z = 10in., disturbance waves of essentially a single frequency are present in the
trough of the boundary-layer trace. At the 14in. position, these waves are in-
creased in amplitude, and a turbulent burst appears on the interior of the wave
packet midway up the positive slope of the imposed oscillation. Proceeding
downstream to the 26in. position, the turbulent burst has increased in duration
and is still preceded in time by disturbance waves, however, no disturbance
waves are evident atits trailing edge. By the time the turbulent burst has reached
the 32in. position, it is no longer preceded by the disturbances and it continues
to spread into the laminar interval until, at = 60in., the boundary layer is fully
turbulent.

A
Ill.l.lm--

x =10 in. Re, = 2:42x 10°
Sweep 10 ms/cm

x = 14in. Re, = 339x10° x =26 in. Re, = 630x10°
Sweep 10 ms/cm Sweep 10 ms/cm

5" h”kx L "\
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x = 32in. Re, = 775 x 10° x = 60 in. Re, = 146><106
Sweep 10 ms/cm Sweep 20 ms/cm

Ficorr 5. Oscilloscope traces illustrating the initiation and development of the turbulent
burst in the transition region. Upper trace: free stream. Lower trace: boundary layer.
Run 15, U, = 545 ft./s, Ng = 0-15, w = 12:8 ¢/s.

At the larger values of the non-steady Reynolds numbers in this range (say
(Re)yg > 40,000), the turbulence appeared regularly during each cycle of the
imposed oscillation with the initial burst of turbulence appearing close to the
trough of the waveform. This periodic behaviour has been noted previously by
Miller & Fejer (1964) and is referred to as periodic transition. As the non-steady
Reynolds number decreased toward 27,000, however, the periodicity of the initial
burst became weaker (i.e. it did not always appear during each and every cycle
of the imposed oscillation), and it occurred closer to the crest of the waveform as
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seen in figure 5 (x = 14in.), where (Re)yg = 29,000. This slight initial aperiodicity
disappeared as one proceeded farther downstream into the transition region.
The frequency of the small disturbances, such as seen in figure 5 in the trough
of the boundary-layer trace recorded at # = 10in., can be determined with fair
accuracy { + 10 9,) directly from the traces recorded at various positions upstream
of the beginning of the transition region. Such data were obtained from many
runs and when plotted in figure 6 against Reynolds number, based on the dis-
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F1eure 6. Non-dimensional frequency of the instability waves occurring in an oscillating
boundary layer as a function of the mean displacement thickness Reynolds number. O, non-
steady flow; , Tollmien (1929); ~—~, Timman-Zaat (1956).

placement thickness of the mean flow, were found to lie in the vicinity of branch
II of the Tollmien—Schlichting curve of neutral disturbances for a laminar
boundary layer on a flat plate. Also shown for comparison is the Timman-Zaat
curve of neutral oscillations. Considering the similar trends of the data and the
theoretical curves of neutral stability as well as the growth and decay of disturb-
ances at small 2’s, it seems plausible that the disturbances may be amplified
Tollmien—Schlichting waves.

For values of the frequency parameter, 20/U,,T in the relatively narrow range
between 0-6 and 1-3, the disturbance waves appeared first near the trough of the
wave. It is recalled that this parameter is proportional to the square of the ratio
between the viscous boundary-layer thickness and the so-called ‘ac’ boundary-
layer thickness and is sometimes used to distinguish between the low frequency
or quasi-steady, the intermediate frequency and high-frequency regimes in
oscillating boundary-layer flows. The values delineating the regimes are some-
what arbitrary and typical values might be: quasi-steady range zw/U, < 1,

1 © here has dimensions rad/s.
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intermediate frequency range 1 < zw/U, < 10 and high-frequency range
20U, > 10 (Farn & Arpaci 1966). Thus, the range of values at which the disturb-
ance waves were first detected straddles the upper limits of the quasi-steady
regime and the lower end of the intermediate frequency regime. The fact that the
disturbance waves arose while the boundary layer might still be considered in the
quasi-steady condition and had frequencies which were in close proximity to
branch II of the Tollmien—Schlichting diagram for steady boundary layers might
suggest that the stability of the flow could be analyzed under a quasi-steady
assumption, i.e. treating the instantaneous velocity profile at each instant as a
steady flow and determining if a superimposed disturbance will grow or decay at
the instant considered.

It is also noteworthy that although the initial instability was first detected in
the trough, at downstream positions the trough appears free of these disturb-
ances. This might be due to a change in the stability characteristics at the larger
values of zw|U,, or due to a calming period following the passage of a turbulent
spot. The results of this investigation cannot be used to evaluate the first of these
possibilities; however, the second possibility will be explored later in the paper
when data concerning the convective velocity of the turbulent spot are presented.

(b) Zero pressure gradient; (Re)yg < 25,000

In this regime, the amplitude parameter was varied from 0-014 to 0-092, and the
oscillation frequency ranged from 12-6 to 62 c¢/s. The results of these tests are
included in figure 4 and summarized in table 2 (runs 6 and 19-30).

It may be observed from the appropriate curve of figure 4 that the transition
Reynolds number is relatively constant, approximately 1-6 x 108, and appears
independent of both the amplitude parameter and the oscillation frequency, at
least for the ranges tested. This value of the transition Reynolds number is some-
what less than that appropriate to a steady boundary-layer flow having the same
free stream turbulent intensity. Here, the free stream turbulent intensity was
approximately 0-2 9, which in steady flow would correspond to a transition
Reynolds number of 2-1 x 10% (Schubauer & Skramstad 1949). The turbulent
bursts lacked the periodicity of the higher non-steady Reynolds number range
((Re)yg > 27,000), although the upper portions of the wave-form closer to the
crest were preferred for turbulent outbreak and development, as if tending to
occur at the higher local Reynolds numbers. Because of this preference, the
passage of turbulent bursts could not be characterized as occurring randomly in
time, nor were they periodic in the sense of the (Re)yg > 27,000 range; one could
best describe them as ‘aperiodic’.

The aperiodicity of the bursts together with the independence of transition
Reynolds number on amplitude and frequency may suggest that the responsi-
bility of the oscillation in promoting transition has changed from a ‘ dominant ’role
in the regime where the transition Reynolds number depends on the amplitude
parameter and the transition is periodic to a ‘ co-operative’ one in which it merely
increases the local Reynolds number to values at which transition tends to be
initiated. The concept of ‘shifting co-responsibility ’ between flow characteristics
promoting transition is not new and has been suggested by Morkovin (1958) as a
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means of understanding other anomalous experimental results in transition. The
present results are not sufficient to determine those flow characteristics to which
the oscillation appears to have lost dominance as far as promoting transition is
concerned, if indeed this is really the case.

(¢) Favourable pressure gradient; (Re)yg > 35,000

For this group of tests, the steady favourable pressure gradient was dC,/dx =
—0-081/ft. Due to the stabilizing effect of the favourable pressure gradient,
transition occurred only at the higher values of the amplitude parameter,
N, = 0-21 to 0-29, which could be achieved only over a narrow range of fre-
quencies near 12 ¢/s. The results of this group of tests are also incorporated in
figure 4 and are listed in table 2 (runs S-1 to S-5). Transition was observed to be
always periodie, with the transition Reynolds number again depending only on
amplitude.

(d) Adverse pressure gradient; (Re)yg > 6000

The steady adverse pressure gradient was dC,/dx = 0-045/ft., the amplitude
parameter was varied from 0-04 to 0-21, and the oscillation frequency covered the
range from 4-5 to 37 c/s. Under these conditions transition was periodic, the
transition Reynolds number was again dependent on the amplitude parameter
and independent of oscillation frequency. The results are listed under runs D-1
to D-8 in table 2 and appear also in figure 4. As the figure shows, the adverse
pressure gradient had a destabilizing effect on the oscillating boundary layer.

5. Periodic transition, zero pressure gradient

It was mentioned above that under flow conditions where the transition is
periodic it is possible to plot the space-time co-ordinates of the leading and trail-
ing edges of the burst as they proceed downstream by using the mainstream trace
as a timing signal. The curve presented in figure 7 represents such a plot of data
taken from run 15; a portion of which was displayed in figure 5. In this run
Uy, = 54-5ft./s, N, = 0-150, and w = 12-8¢/s. In figure 7, the abscissa, z, is the
position along the plate while the ordinate, 7*, is the ratio of 7, the time lapse be-
tween an event and the minimum of the mainstream velocity trace which pre-
ceded it in time, and 7 the period of the oscillation. Hence, in figure 7, points on a
horizontal line indicate conditions along the plate at a given instant, while points
in a vertical line depict changes with time at a fixed position. In particular,
At*|, denotes the intermittency or when multiplied by 7, the burst duration,
while Az|7* represents the streamwise dimension of a turbulent disturbance at a
given instant. A positive slope indicates that the edge of the turbulent disturb-
ance is moving downstream relative to the plate, a negative slope indicates the
spreading of the edge of the turbulent disturbance in the upstream direction and
the magnitude of the slope is inversely proportional to the velocity of the edge.
In addition to the time-space co-ordinates of the laminar-turbulent boundary,
the approximate extent of the instability wave packet contignous to the turbu-
lent spot at the beginning of its development is also shown.
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From the curve of figure 7, it can be seen that a small turbulent spot appears at
7% = (-1 in the vicinity of a point located approximately 16in. downstream of the
leading edge. Initially, this spot spreads rapidly both in the upstreamt and down-
stream direction and ultimately attains at 7* = 0-8, a length of approximately
27-5in. At that time, its leading edge merges with the trailing edge of the preced-
ing spot and it enters the fully turbulent region of flow. It appears that in this
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F1cURE 7. Time-space distribution of the turbulent spot during transition, run 15,
U, = 54-5ft.[s, Ng = 015, v = 12:8 ¢/s.

case one can distinguish three distinct regions of flow: a region of instability
located upstream of z = 14in.; a fully turbulent region downstream of 58-5in.;
and an intermediate region containing, in addition to instability waves, periodic-
ally occurring laminar and turbulent spots. This region is identifiable with the
transition region of steady boundary layers where, however, the spots are of
course neither two-dimensional nor periodic.

+ The description ‘spreading upstream’ implies observed sequential appearance of the

turbulent edge at decreasing values of «, at least initially. At this stage of our knowledge, to
imply a mechanism for this upstream spreading would be premature.
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In the transition region, the leading edge of the turbulent spot is preceded by
instability waves in time and space up to 7* = 0-3 and « = 32in., while at the
trailing edge the waves disappear at 7* = 0-3 and z = 16in. (Refer also to the
appropriate photographs of figure 5.) The simultaneous emergence of the leading
and trailing edges of the spot from the wave-packet at 7* = 0-3 is probably a
coincidence.

After the turbulent spot emerges from its sheath of instability waves, the
velocities of its leading and trailing edges remain relatively constant throughout
the remainder of the transition regime (an exception to this is noted below). In
this latter portion of the transition region, the leading edge velocity, Oy g, for
this run was equal to the mean velocity of the free stream while the velocity of
the trailing edge, Cpp, was equal to 0-55U,,. Data for this run were taken in the
boundary layer where the local mean velocity was 0-5U,. Other data taken at
essentially the same free stream conditions but with the probe positioned at
0-7U,, and 0-9U, indicated that the velocity of the trailing edge was 0-57U,, and
0-64U,, respectively, while the velocity of the leading edge was unchanged, i.e. it
was equal to U,,. The observed independence of Cyy and Cpg on time for this run
is actually a reflexion of the relatively small amplitude (¥, = 0-15). At larger
amplitudes, the trailing edge of the burst experienced a decrease in velocity as it
approached the trough of the oscillation, i.e. 7§ = 0-9. Once through the mini-
mum, i.e. 7§ = 1-1, it resumed its previously constant value. This behaviour is
illustrated in figure 7 by the dotted lines on the upper branch of one of the curves.
In eight of the runs (marked by asterisks in table 2) the leading and trailing edge
velocities of the turbulent spot were relatively constant for a considerable por-
tion of the transition regime. The average leading edge velocity for the eight runs
was 0-88U,, with a standard deviation of 0-12U,, while the average trailing edge
velocity for these runs was 0-58U,, with a standard deviation of 0-06U,. Compara-
tive values for a three-dimensional spot in steady flow reported by Schubauer &
Klebanoff (1955) are 0-88U,, and 0-51U, respectively.

Referring again to the curves of figure 7, contrast the relatively constant,
downstream velocity of the turbulent spotin the absence of observable instability
waves at its edges to its behaviour when surrounded by them. In their presence,
the turbulence appears to spread initially both upstream and downstream, its
leading edge moving downstream at velocities in excess of that of the main-
stream. Subsequently, the velocity of the trailing edge of the turbulent spot
changes from negative to positive and then approaches the constant value of
0-55U,, as it emerges from the wave packet.t There appears to be sufficient con-
trast between the development of the turbulence when instability waves are
present and its development in their absence to justify denoting these two modes
of development by different names. The early mode of its development, when the
turbulence is spreading through the observable large-amplitude instability waves
will be referred to as the ‘creative mode’. The apparent upstream spread of the
trailing edge and the initially high leading edge velocity correspond to a growth
rate of the turbulent spot substantially larger than those observed in steady

1 Actually, in other periodic transition runs the extent of the apparent upstream spread
of the turbulence was considerably greater than that shown in figure 7.
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boundary layers. Farther downstream in the transition regime where the leading
and trailing edges of the growing spot move at constant, but different rates, the
term ‘convective mode’ will be used.t

In short the distinction between the two modes is primarily the magnitude of
the growth rate, which appears to be associated with the presence or absence of
observed large amplitude instability waves in proximity to the turbulent front.
The creative and convective modes were observed in varying degrees for all runs
in which the transition was periodic. During the transition examined in figures 5
and 7, the convective mode predominated. Below we shall examine some transi-
tion situations in an adverse pressure gradient case where the creative mode was
found to dominate.

Let us consider first to what degree the calming effect may be responsible for
the absence of instability waves in the trough of the trace as one proceeds down-
stream into the transition region, referring again to figure 7 and specifically to the
front of the instability wave packet which recedes from 7* = —0-1at z = 10in,
to 7* = 0-29 at x = 32in. In order to determine whether the calming effect of
the preceding spot may be at least in part responsible for the recession and
eventual disappearance of the instability waves in the latter region of the transi-
tion zone, consider the appropriate results of Schubauer & Klebanoff (1955).
They found that the passage of a turbulent spot ‘swept clean’ any instability
waves from the fluid through which the spot passed. This calm period lasted
until another turbulent spot or other instability waves arrived from upstream.
This quiescent period was the result of the differences between the trailing edge
velocity of the turbulent spot (0-510U,) and the propagation velocity of the
disturbance waves following it. One of their experiments yielded 0-23U, as the
velocity of the instability wave in the calm region, while a second experiment
yielded 0-29U, ; both values being somewhat less than that of the two-dimensional
wave calculated in stability theory. Since the instability waves detected in the
present study seem to bear some resemblance to a quasi-steady flow (as suggested
by the proximity to branch II in the Tollmein—Schlichting diagram), these values
will be assumed here in an attempt to assess the possibility of a calming effect
being responsible for the recession of the wave front and eventual abolition of
waves in the latter portions of the transition region.

In the (z, 7*)-plane of figure 7, the duration of a possible calming period can be
determined for a given location from the vertical distance between the branch of
the curve representing the measured trailing edge velocity of the turbulent spot,
Crg, and a line corresponding to the assumed velocity of the instability wave,
C.. Two such lines representing values of C. equal to 0-23U_ and 0-29U, are shown
in the figure starting from « = 16in. If the wave had a velocity C. = 0-23U,, and
had started immediately after the trailing edge of the spot passed the 16 in. posi-
tion, this line would represent the extent to which the calming effect of a spot
could be effective. Thus if the flow upstream of this line and outside the wave-
packet appears quiescent this must be due to other causes. If the wave velocity

1 One notes that the growing three-dimensional turbulent spots of Schubauer & Klebanoff
(1955) are also convected downstream and that the two edges grow at different but constant
rates, similar to those observed here.
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were 029U, then the figure shows that calming should occur in the neighbour-
hood of x = 30in. and 7* = 0-2 and that it should last 0-038 sec. The region down-
stream of the 0-29U, line is seen to be free of instability waves, and thus the
possibility exists that this may be due to calming. It would appear from the above
discussion that the calming effect may play a role in terminating the creative
period of transition and, by doing so, increase the length required for transition
to be accomplished.
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Ficure 8. Oscilloscope traces illustrating the velocity fluctuations before and after the
beginning of the transition region for three runs with a steady adverse pressure gradient.
dC,fdx = 0-045/ft. Upper trace: free stream. Lower trace: boundary layer.

6. Periodic transition: adverse pressure gradient

An examination of transition diagrams constructed from data obtained during
the imposition of a steady, adverse pressure gradient on the non-steady flow will
serve to illustrate the topography of the transition region when the transition
occurs primarily in the creative mode. This will be made apparent with the aid of
figures 8 and 9 which refer to adverse pressure gradient (dC,/dx = 0-045/ft.) runs
D-5, D-6 and D-7 made at approximately the same velocity of 80 ft./s. In figure 8
the top two photographs on the left were taken just upstream of the position
where the first manifestation of turbulence was observed, while in the third photo-
graph, the presence of ‘spikes’ may be indicative of turbulence in a very early
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stage.} The photographs on the right side of figure 8 were taken just inside the
transition region, and serve to illustrate the early development of the burst.

The co-ordinates of figure 9 are the same as those of figure 7. The curve of
figure 9a, run D-5, is similar to that of figure 7 and establishes that under a steady
adverse pressure gradient of the magnitude used here a considerable portion of
the transition may occur in the convective mode.
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Ficure 9. Time—space distributions of turbulent bursts during periodic transition under a
steady adverse pressure gradient. dC,/dx = 0-045/ft. (a) Run D-5: O, N, = 0-085,
© =124 ¢/s; (b) RunD-6: 1, Ng= 0-043, v = 23-2 ¢/s. RunD-7: A, Ny = 0-047; v = 4-55 ¢/s.

For the two runs D-6 and D-7 shown in figure 95 laminar flow does not, at any
time, appear downstream of the turbulent flow region. Thus, in run D-6 it is as
though a boundary line between laminar and turbulent regions advances and
retreats with the period of the free stream oscillation over a section of surface
located between x = 21lin. and z = 37in.; in run D-7, the movements of the line
cover the region between x = 22in. and x = 40in. Thus, the apparent upstream
excursion of the turbulence in run D-6 was 16in. while in run D-7 it was 18in.

1 This photograph illustrates the difficulty of determining precisely where the first turbu-
lent burst appears. Under many of the flow conditions tested, however, the uncertainty con-
nected with determining the beginning of the transition region was resolvable within an inch
along the plate. The outbreak of turbulence was taken as the appearance of a burst of high
frequency and amplitude compared with the waves surrounding it.
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The upstream excursions cited here were the largest encountered during the
study.

According to our definition, the transition in the runs D-6 and D-7 occur pre-
dominantly in the high rate creative mode. The very rapid growth rate of the
creative mode in these two runs precluded the existence of the laminar tongues
which appear in figure 9a.

When creative transition predominated, the wave-form was observed to be
contaminated extensively with instability waves prior to the initial turbulent
outbreak. A comparison between the photos of runs D-6 and D-7 and those of
run D-5 serves to illustrate this point. Transition lengths in which the creative
mode dominated were usually considerably shorter than in the case of convective
transition where the calming effect may be partially responsible for prolonging
the transition length.

7. Concluding remarks

The transition Reynolds number, asit has been used in this paper, is based upon
the position where the intermittency becomes greater than zero, i.e. the vertical
tangent to the curves of figure 9 or the minimum in z. The Reynolds number which
corresponds to the horizontal tangent to the curves or the minimum in time over
a cycle may also be significant since it corresponds to the birthplace of the spot
during each cycle of the oscillation. The difference between these two represents
the extent of the sequential appearance of turbulence upstream. To describe this
process, unknown in steady flows, by the word ‘propagate’ would imply a
mechanism of upstream triggering by downstream turbulence which at the pre-
sent stage of our knowledge would be prejudging the matter.
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