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It has been suggested that hairpin vortices are a major sustaining flow structure
involved in the perpetuation of turbulent boundary layers, although their origin
within the boundary layer is unclear. One hypothesis is that hairpin structures are
formed by the breakdown of the low-speed streak structures which develop adjacent
to the surface beneath turbulent boundary layers. To examine this hypothesis, a
water-channel study has been done which utilizes injection through surface slots in
a flat plate to create artificial low-speed streak-type regions beneath a laminar
boundary layer. Under appropriate conditions, these synthesized low-speed streaks
develop a three-dimensional, shear-layer instability which breaks down to form a
hairpin-vortex street. Employing both flow visualization and anemometry measure-
ments, the characteristics of these hairpin structures and the parameters influencing
their generation have been examined. The hairpin streets were determined to develop
in a very periodic and repeatable manner within a definite range of flow parameters.
Detailed flow patterns obtained using dye and hydrogen bubbles, both individually
and collectively, indicate a remarkable similarity with previously observed patterns
in the near-wall region of turbulent boundary layers. In addition, the development
of the hairpin structures is observed to be quite sensitive to external forcing, as well
as exhibiting a tendency for organized development of larger, more complex
structures through a pairing-type process. Velocity measurements indicate the initial
presence of strong inflexional profiles which evolve rapidly to velocity and turbulence-
intensity profiles commensurate with those associated with turbulent boundary
layers, but which do not exhibit the marked spreading associated with turbulence.

1. Introduction

The study of boundary-layer turbulence in the last thirty years has clearly
demonstrated that the chaotic behaviour referred to as turbulence has a systematic
organization. Most researchers share a common belief that a cyclic bursting pheno-
menon is the predominant mode of turbulence production. The bursting phenomenon
can be described as the lift-up, oscillation and subsequent break up of low-
speed-streak regions occurring in the near-wall region of turbulent boundary layers.
Repeated observations and measurements (Kline ef al. 1967 ; Kim, Kline & Reynolds
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1971; Laufer & Narayanan 1971; Blackwelder & Kaplan 1976; Achia & Thompson
1976; Lee, Eckelmann & Hanratty 1974; Oldaker & Tiederman 1977; Smith 1978;
Blackwelder & Eckelman 1979; Utami & Ueno 1979; Nakagawa & Nezu 1981; and
Smith & Metzler 1983) have shown the near-wall region to be the source of the most
universally organized and identifiable structures, namely the low-speed streaks,
which are observed to be a primary constituent of the turbulent bursts. The other
major organized structures and events that are observed in conjunction with bursts
are streamwise counter-rotating vortices, sweeps and transverse vortices.

Numerous researchers, employing varying degrees of interpretation and specula-
tion, have hypothesized various models to explain the above cyclic bursting
phenomena and the associated structures and events. It appears that the hairpin-
vortex models hold a great deal of promise (Brodkey & Wallace 1982 ; Wallace 1982;
Perry & Chong 1982; Smith 1984). According to this model, the counter-rotating
streamwise vortices are pictured as the interacting legs of a hairpin stretched by the
streamwise mean flow, with the heads of the hairpins construed as the observed
transverse vortices. It is suggested that the low-speed streaks are generated and
maintained owing to the accumulation of low-momentum fiuid between these
counter-rotating legs. The burst phenomenon is equated to the sudden lifting of the
hairpin vortex and the entrained low-speed streak. The source of the hairpin vortices
is hypothesized as a roll-up of the unstable shear layer generated between the
lifted-up, low-momentum fluid (low-speed streak) and higher-speed wall-layer fluid.
Thus, the hairpin vortices provide a mechanism for (i) lift-up of fluid away from the
wall which interacts with the earlier bursts and/or vortical structures (thus creating
the break-up stage of the burst event), and (ii} redevelopment and perpetuation of
the low-momentum-streak regions following a burst, thus aiding in the formation of
new generations of hairpins.

Although hairpin vortex models appear conceptually promising, previous models
have several deficiencies; the three most serious of these are as follows.

(i) Although hairpin vortices have been observed in one study to extend through-
out the boundary layer (Head & Bandyophadyay 1981) and to occur behind trip
wires in transitional boundary layers (Perry, Lim & Teh 1981), their existence in
turbulent boundary layers is still not an established fact (Brodkey & Wallace 1982).
It is to be noted, however, that recent numerical simulations by Moin & Kim (1985)
indicate the clear presence of such hairpin flow structures in a simulated turbulent
channnel flow.

(ii) Despite the suggestion that the stretched legs of the hairpins create the
low-speed streaks by concentration of low-speed fluid between them, it is unclear how
this process can account for the apparent extreme length and persistence of streaks
(Oldaker & Tiederman 1977; Blackwelder & Eckelmann 1979). Although Smith &
Metzler (1983) and Smith (1984) suggest a conceptual mechanism illustrating how
hairpins reinforce, perpetuate and redevelop low-speed streaks, the role of hairpins
in these events have not been physically demonstrated.

(iii) The burst sequence has been described (Kim et al. 1971; Kline 1978) to be the
lift-up of a streak from the wall, followed by a violent oscillation and break-up of
the low-speed streak. Although Offen & Kline (1975), and Wallace (1982) suggest the
importance of hairpins in the bursting sequence, their suggestions are only
interpretations and speculations. Head & Bandyophadyay (1981) and Perry & Chong
(1982) discuss the formation of hairpins as necessary for the development of turbulent
boundary layers, but do not relate them to the cyclic turbulence processes (i.e. bursts,
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ejections, sweeps) or the low-speed streaks. Thus, the role of hairpin vortices in the
cyclic turbulence processes has not been established.

A major stumbling block in resolving many of the questions or deficiencies
associated with hairpin-vortex models of boundary-layer turbulence is our lack of
understanding of the actual behaviour of hairpin-shaped vortices. Until recently, no
study has been done to directly assess their characteristics and behaviour. However,
in a companion paper to the study described here (Acarlar & Smith 1987), a detailed
empirical investigation of hairpin vortices generated by the shedding of hemisphere
proturberances is reported. Acarlar & Smith not only establish many of the
behavioural aspects of hairpin vortices, but also demonstrate that hairpin vortices
generated in an otherwise laminar environment give rise to visualization patterns
and velocity statistics that are essentially the same as those obtained in turbulent
boundary layers. '

Although the Acarlar & Smith study strongly suggests that hairpin vortices do
exist in turbulent boundary layers, it does not address the question of the origin of
the hairpins. It is suggested by Kim et al. (1971), Hinze (1975), and Smith (1984)
that local near-wall inflexional profiles give rise directly to hairpin-vortex generation.
Furthermore, Wallace (1982) has suggested that local pressure-field fluctuations
distort and destabilize shear layers diffusing from the wall region, causing hairpin
vortices to form. Thus, it is expected that the artificial creation of an inflexional
profile would yield flow structures and behaviour that are more similar to the events
occurring within a turbulent boundary layer than the flow structures generated by
solid proturberances.

The present paper presents a study of the flow structure and behaviour resulting
from the creation of a local inflexional velocity profile within an initially subcritical
laminar boundary layer via continuous injection through a thin streamwise slot. This
injection of new fluid into the boundary layer is intended to simulate the development
of a low-speed streak in the near-wall region of a turbulent boundary layer. Because
the injected fluid has no initial streamwise momentum, it creates an elongated, locally
retarded flow region just above the wall. This yields a velocity profile (u) with
Odu/dy = 0 at a point above the wall, which Van Dommelen (1981) has demonstrated
as a necessary condition for the breakdown of a viscous, wall-region flow. A velocity
profile with a point of vanishing 0u/0y must also contain an inflexion point, which
is of course unstable and, as will be illustrated in this paper, results in a shear-layer
breakdown into a series of hairpin vortices similar to those produced by hemisphere
shedding and reported on in Part 1 of this work (Acarlar & Smith 1987).

Generally, the objectives of the present study were to:

(i) Examine the shedding conditions and characteristics of the hairpin vortices
generated by the synthetic streak roll-up.
(ii) Establish the developmental behaviour of these hairpin vortices throughout
their evolution.

(iii) Examine the effects of the vortices on the immediate surrounding regions, the
subsequent structures they generate, and their effect on the general stability
characteristics of an initially laminar boundary layer.

(iv) Examine the role of outer-layer disturbances on the synthetic low-speed-
streak behaviour and establish the potential role that outer-layer structures might
play in the streak break-up process within turbulent boundary layers.



46 M. 8. Acarlar and C. R. Smith

Video camera (top view)

Side camera mour:7
-

Traversing platform
S S F \ .
T LI | 1] |=1 !
g Hydrogen- Quartz
bubble 3 studio
Plexiglas probe \ - lamp
flow — == =Y = = =—=__"-_
channel —-+
Test plate
/ \

C B ) 11 1T
, AN
Video camera
(side view) J
Traversing cart
for strobe \ Q\Strobe

o T T

Ficure 1. End-view schematic of water-channel facility (flow is out of page).

2. Special equipment and techniques

The present studies were performed in a free-surface water-channel facility with
a 5 m working section, 0.9 m wide and 0.4 m deep, as described in Smith & Metzler
(1983). A general schematic of the facility and the associated equipment is shown in
figure 1.

Hairpin vortices are generated by the unstable interaction of an artificial low-speed
region with a subcritical laminar boundary layer. This artificial low-speed region is
introduced by injection of fluid through a streamwise slot beneath a laminar
boundary layer. A 9.5 mm thick Plexiglas flat plate, 0.85 m long and 0.5 m wide, with
a 5:1 elliptical leading edge was utilized as a test section. The plate was supported
10 em above the channel surface by four adjustable legs to allow controlled
development of a laminar boundary layer and to prevent interference by channel-
wall boundary layers. Uniformity of the flow above and below the plate was checked
and assured using hydrogen-bubble visualization.

As shown in figure 2, a streamwise slot, 1 mm in width and 63.5 mm in length, is
used to generate the synthetic low-speed streak via continuous uniform injection of
water normal to the plate surface. A half-cylinder reservoir located beneath the
streamwise slot assures uniform injection. An external reservoir supplies the water
for the streamwise-slot injection. The water used in the reservoir is taken from the
channel to assure fluid uniformity. A micro-rotameter monitors the injection rate.
A dye reservoir is connected by a T-junction to the water injection line to allow
introduction of dye into the low-speed injection fluid.

Three spanwise dye slots were utilized to introduce dye both upstream and
downstream of the synthetic streak as shown in figure 2. These dye slots were located
10 cm upstream, 10 cm downstream, and 24 em downstream of the streamwise slot
to allow visualization of the different regions of the wake and near-wall structures.
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Fioure 2. Schematic of streamwise slot and dye injection technique.

In order to prevent possible de-stabilization of the boundary layer, dye injection from
the spanwise slots was kept below the critical values suggested by Oldaker &
Tiederman (1977); stability of the initial laminar boundary layer with spanwise slot
injection was confirmed by both near-wall hydrogen-bubble visualization and
hot-film-anemometry measurements, which indicated uniform, steady behaviour up
to the maximum injection rate employed.

The hairpin vortices and associated secondary flow structures (i.e. low-speed
concentrations, secondary vortices, ejections, and burst-like events) were visualized
both by marking the hairpins with dye at the point of generation and by bleeding-in
different colours of dye upstream and downstream of the generation point. An
overhead traverse platform with a variable-speed drive was extensively utilized to
visualize the development and evolution of the hairpin vortices from a Lagrangian
reference frame. Figure 1 illustrates the method for mounting two video cameras on
the upper traversing platform to provide side and top views. Hot-film and hydrogen-
bubble-wire probes were also mounted on the upper platform; the lower platform was
primarily used for lighting purposes.

Both hydrogen-bubble-wire and dye-visualization techniques were extensively
employed to study the hairpin vortices and their evolution. A technique that utilized
a combination of these two techniques proved to be very useful, despite the difficulties
in developing appropriate lighting and background. Utilizing this combined visuali-
zation technique, hairpin vortices and the visualization patterns created by their
presence could be observed simultaneously.

The flow patterns were visualized using bubble-wire probes which allow a 25 pm
diameter platinum wire, 20 cm in length, to be located parallel to (horizontal
hydrogen-bubble-wire probe) or normal to (vertical hydrogen-bubble-wire probe) the
flat plate and transverse to the flow direction. Using these probes, mounted on the
traversing platform, lines and sheets of hydrogen bubbles could be introduced in any
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FicUrE 3. Schematic for split-screen viewing (top—side view).

location and orientation relative to the flat-plate surface and hairpin-vortex
orientation.

The advantage of the hydrogen-bubble method is that it reveals the local active
behaviour and carries a minimum of flow history, unlike dye visualization. In
addition, the details of the flow field can be visualized, whereas with conventional
dye visualization only the ‘skin’ or the outer borders of the structures can generally
be visualized. (Note that methods employing laser-light sheets can reveal interior
details, but the dye patterns still are reflective of the history of the dye in the flow
field, not the local behaviour.) The hydrogen-bubble method is also more useful for
obtaining quantitative information by geometric measurement and time-of-flight
techniques (see Lu & Smith 1985).

The viewing and recording system employed in the studies is a two-camera,
high-speed video system (manufactured by Video Logic Co.) which incorporates
synchronized strobe lights to provide 120 frame/s with effective exposure times of
107* 8. A split-sereen capability allows two different fields-of-view to be simultane-
ously displayed and recorded. Figure 3 is a schematic of the camera set-up for one
of the split-screen viewing techniques employed. The video system is described in
greater detail by Smith (1982) for various applications.

The lighting techniques used for both the dye and hydrogen-bubble visualization
were quite standard, and are discussed in detail elsewhere (Acarlar & Smith 1984).
The lighting and background employed for the combined use of dye and hydrogen
bubbles was much more difficult, owing to the opposing background and lighting
requirements of each individual visualization technique. Dye visualization generally
requires a light background and back-lighting techniques, whereas hydrogen-bubble
visualization requires a dark background and oblique, refractive lighting. After
trying various colour backgrounds and lighting techniques it was determined that
a gold plastic background (as suggested by Offen & Kline 1974) without backlighting
gives the best results.

End views of the generation and evolution of hairpin vortices were visualized using
a horizontal (spanwise) hydrogen-bubble wire. Use of dye visualization proved
unsatisfactory owing to the dark background experienced when looking upstream
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from end view. A schematic illustrating the technique employed for top—end
visualizations is shown in figure 4. A front-silvered wedge mirror (to assure the
symmetry of the flow field) was located 30 cm downstream of the hairpin generation
location. The apex angle of the mirror was optimized at 30°, which was found to
minimize blockage effects while providing a sufficient reflection angle. To assure that
the flow is not affected by the presence of the mirror, the flow field was visualized
at a series of locations upstream of the mirror to examine qualitative changes; it was
established that the mirror imparts no changes in the regions of interest. To assure
alignment and equal magnification of the two simultaneous views, a fixed-geometry
calibration insert of 1 mm thick Plexiglas with a carefully scribed rectangular
pattern was used.

To facilitate the determination of local motion, single-realization bubble lines were
generally used for the end-view studies with the frequency and duration of the
hydrogen-bubble lines synchronized with the frequency of hairpin generation. This
technique proved to be the most useful for end-view visualization of hairpin vortices,
allowing the marking of a single hairpin vortex with only a single bubble line. Since
in the end-view visualization the bubble lines move along the viewing direction of
the camera, the depth of field was maximized by appropriate lighting techniques to
assure that the bubble line would remain in focus. Lighting was generally accom-
plished using the 1000 watt strobe directed downstream at an angle of ~40° to the
line-of-sight of the camera.

Mean-velocity and turbulence-intensity profiles were obtained at several down-
stream locations in the wake using a DISA 55D01 constant-temperature hot-film
anemometer, DISA 55M25 linearizer, a TSI-1076 true RMS voltmeter, and a DEC
PDP 11/23 Minc data-acquisition computer. Mean and fluctuating velocity in the
streamwise direction were measured using DISA 55 R11 or 55 R15 hot-film probes
mounted with the sensor parallel to the test-section walls. The linearization
procedure involved towing the probe through the quiescent channel over a range of
velocities. The linearization technique utilized is described in Acarlar & Smith (1984).

Time averages over at least 300 cycles of hairpin generation were used to establish
mean data at each measurement point. Lengthy averaging times were employed to
ensure stable average measurements. The measurement points comprising each
profile (both mean velocity and turbulence intensity) were taken sufficiently close
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together such that variations from point to point did not exceed 10%. The
approximate total time for measurement of each profile was 4-8 h. Over this time
period, some drift would often be experienced due to dirt build-up on the probe sensor
and/or water temperature variations. To correct for voltage drift, the calibrated
velocity output was corrected using a simple linear correction technique suggested
by the work of Morrow & Kline (1974). A presentation, discussion, and verification
of this technique is presented in Bacher & Smith (1985).

Vortex-shedding frequencies were determined employing hot-film-anemometry
measurements and the data-acquisition system. The downstream location and the
height of the hot-film probe were adjusted such that it was only affected by the
passage of the head of the hairpin vortices. Hot-film data were input to the
minicomputer and stored on disk. Shedding frequencies were then determined using
standard fast-Fourier-transform techniques. The shedding frequencies were checked
by simultaneous display of the anemometer signal on a storage oscilloscope.

3. Initial observations

Figure 5 (a) is a schematic illustration of the process of hairpin-vortex generation
due to the break-up of a synthetic low-speed streak created by continuous and
uniform injection through the streamwise slot. The low-speed-fluid region, which is
artificially generated near the wall, is called a ‘synthetic low-speed’ streak because
of its extreme visual similarity to the low-speed streaks observed by Kline et al. (1967)
and Smith & Metzler (1983) in the wall region of turbulent boundary layers. When the
injection rate is raised above a critical value, the synthetic low-speed region becomes
unstable, initiating an oscillation which breaks down into horseshoe-type vortices.
These vortices are carried downstream by the mean flow and undergo stretching by
the wall shear layer. This stretching process causes the horseshoe-shaped vortices to
elongate into hairpin-type vortices. As the heads and legs of the vortices lift-up from
the surface owing to mutual induction, they are further stretched, which increases
the induced velocity effects and causes the further migration of the stretched legs
away from the wall. The trailing portion of the legs which remain near the wall create
local lateral pressure gradients which cause the accumulation, concentration, and
lift-up of low-momentum fluid between the counter-rotating legs (see Ersoy & Walker
1985, for discussion of this mechanism). The consequences of this concentration and
lift-up process on the already existing hairpin vortices will be discussed later. Figure
5(b) is a combined top—side dye visualization of the hairpin-vortex formation process
described above and illustrated schematically in figure 5(a). The oscillation and
initiation of the vortex roll-up can be clearly observed in the side view.

Figure 6 (a) is a side-view visualization of hairpin vortices at x/6 = 36 downstream
location (f is the momentum thickness of the impinging laminar boundary layer,
x the downstream distance from the trailing edge of the streamwise slot); figure 6 (b)
is a vertical hydrogen-bubble-wire visualization of essentially the same structures on
the symmetry plane, illustrating the rotational behaviour within the tip of the
hairpin.

Figure 7 is a schematic illustrating the break-up of the low-speed stream to form
hairpin vortices. The impinging boundary-layer flow is deflected by the presence of
the injected fluid, passing over and around the lower-speed region; the result is the
contouring of the synthetic streak by the impinging flow which causes the synthetic
streaks to assume a streamlined appearance, as shown in figure 7.

Figure 8 is a top-view dye visualization of the flow in the vicinity of a synthetic
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FioURE 5. (a) Schematic showing the generation of the haii‘pin vortices due to the roll-up of the
low-speed region created by injection. (b) Top-side view of the generated hairpin vortices.

streak. Dye is introduced into the boundary layer via the upstream spanwise slot (see
figure 2). Note that figure 8 was obtained by injecting clear water through the
streamwise slot; this allows visualization of the behaviour of the surface fluid in the
vicinity of the synthetic low-speed streak and the hairpin-generation region. The
lift-up of low-momentum fluid due to effects imposed by the counter-rotating legs
of the hairpin vortices in proximity to the wall is visualized by the dark concentration
of dye downstream of the 5 cm mark line (marked as 1 in figure 8).

Note that although the fluid injection process does not generate a stagnation-point
flow, as was observed for the hemisphere shedding studied in Part 1 of this work
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FiGURE 6. Side-view of hairpin vortices at /8 = 36, Re, = 135. (a) Dye patterns.
(b) Hydrogen-bubble-line patterns.

(Acarlar & Smith 1987), a secondary-vortex flow structure was observed to develop
which is similar in configuration and behaviour to the horseshoe-type vortex observed
to form at bluff body/end wall junctures. Figure 7 illustrates the location of these
secondary streamwise vortices which form outboard of the counter-rotating legs of the
hairpin vortices, and extend well downstream of the injection slot. In general, these
secondary vortical structures were weaker than the typical horseshoe-type vortex,
and appeared to strengthen and develop with downstream distance. The presence of
these vortex structures is revealed in figure 8 by the development of two dye
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FiaURE 7. Schematic of break-up of a synthetic low-speed streak generating hairpin vortices.
Secondary streamwise vortical structures are generated owing to inrush of fluid.

concentrations (one is marked as 3) which appear laterally to either side of the dark
dye concentration created by the counter-rotating legs of the hairpin vortices
(marked as 1). The presence of these outboard vortical structures will be illustrated
in § 5 (particularly in figure 13).

4. Frequency characteristics

The dependence of the frequency of hairpin generation on free-stream velocity and
injection rate was established using power-spectral analysis of hot-film-anemometry
measurements, as described in § 2. The periodicity of the roll-up and generation of
hairpin vortices was examined for four different streamwise slot geometries. The
frequency characteristics are presented here for only one slot geometry ; for informa-
tion on the characteristics produced by the other slots see Acarlar & Smith (1984).
Figure 9 shows the roll-up frequency versus free-stream velocity characteristics
obtained with a 63.5x 1 mm streamwise slot for a series of injection velocities.
Figure 9 indicates that the hairpin-vortex generation frequency increases with
both the free-stream and the injection velocity. For a fixed injection velocity, an
empirical regression analysis indicated that the roll-up frequency of hairpins can be
approximated as

=Ky, V, U, (4.1)

where f = roll-up frequency (frequency of hairpin generation), K;, = a constant for
each slot injection velocity, V,, = injection velocity, U, = free-stream velocity.
Figure 10 shows the data of figure 9 replotted in a dimensionless form of f* versus
Rey (f* = f6*/U,,, Res = U, 6*/v, where 8* is the displacement thickness of the
impinging boundary layer at the beginning of the slot). Re,, is based on the injection
velocity, V,,; width of the slot, w; and kinematic viscosity, v. From figure 10 one can
observe that increasing Re;. results in a corresponding decrease in f*. Increasing Re,,
(an increase in V,, with constant slot width) causes an upward shift in the curve. Note
that the extent of the data in Re,. is the extent of the region over which stable hair-
pin generation would occur; below Re;. &~ 200 vortex shedding did not occur and
above Re; ~ 550 the shedding process became unstable (as one might suspect, since
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Re,., . ~ 520 for a Blasius boundary layer). Essentially, the results indicate that
stable hairpin-vortex generation can take place in a subcritical, laminar boundary
layer. Stable hairpin generation was observed to occur for essentially the same range
of Re,. for the other three slot geometries examined (both shorter and wider slots),
which otherwise demonstrate some moderate f* variations with geometry.

5. Flow patterns

This section presents and interprets a series of combined top-side view and
end-view visualizations obtained by using a combination of dye and hydrogen-bubble
flow visualization. The intent is to illustrate the evolution of the hairpin vortices
following their generation by the breakdown of a synthetic streak.

Figure 11 is a combined top-side view with dye and hydrogen bubbles obtained
at a downstream location of /0 = 12 (where 0 is the momentum thickness at the
point of hairpin roll-up). Introduction of dye through the streamwise slot allows the
hairpin vortices to be directly visualized in conjunction with the flow field induced
by the hairpins, which is illustrated by hydrogen-bubble time-lines from a horizontal
(spanwise) bubble wire. Figure 11 illustrates the effect of variations in bubble-wire
height on the visualized patterns. As the hydrogen-bubble wire is lowered towards
the plate (figure 11a—e) the bubble-line patterns reflect the presence of the hairpin
tip (figure 11a), the head (figure 11b), the counter-rotating legs (figure 11¢, d), and
very near the wall (figure 11¢) a streak-like low-speed concentration between the
counter-rotating legs.

One can note the similarity between the low-speed streaks of the turbulent
boundary layer, an example of which is shown in figure 17(d), and the elongated
low-speed region visualized near the wall in figure 11 (¢). Detailed study of numerous
video sequences of the behaviour of these low-speed regions indicated that these
low-speed concentrations first lift-up, begin to oscillate, and then are rapidly carried
away from the wall and downstream by the hairpin vortex. In previous visualization
studies of turbulent boundary layers by Kim et al. (1971) and Offen & Kline (1975),
the lift-up, oscillation, and breakdown of the low-speed streaks was described and
claimed to be the sequence associated with the bursting process in turbulent
boundary layers. Figure 11 (e) clearly illustrates a lift-up and oscillation phase of the
low-speed region ; the similarity with the description of turbulence-related bursting
is very suggestive, and is addressed further in §7.

Figure 12 is an end-view hydrogen-bubble visualization of a hairpin vortex. The
formations marked B are the secondary streamwise vortices shown in the schematic
of figure 7. A schematic, shown in figure 12 (a), illustrates the process of intensification
of these secondary vortical structures due to the velocity gradients generated by
inrushing flow. Fluid that is induced down toward the wall outboard of the
counter-rotating legs of the hairpin vortices and an inrush of fluid due to continuity
(to replace fluid that is lifted-up from the wall between the counter-rotating legs)
combine to cause the formation of saddle points on the wall to either side of the
hairpin vortex. These saddle points are marked as S in the schematic of figure 12 (a).
Secondary streamwise vortices developing outboard of these saddle points are
generated with an opposite sense of rotation to the adjacent hairpin leg. Since the
bubble wire in figure 12 (a) is located above the centre of the core of these outboard
vortical structures, the existence of these structures is manifested as a downward
movement and roll-up of the bubble lines. Note that the location of the bubble wire
in figure 12(a) is 3 cm downstream of the streamwise slot, at the beginning of the
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Fioure 13. End-view visualization of the counter-rotating legs of a hairpin vortex. z/6 = 32,
Reg = 135, Rey,, = 17, V,,/U,, = 0.150.

Low-speed lift-up
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Secondary vortex Hairpin vortex

FicurE 14. Generation of secondary vortices due to the interaction between the lifted-up
low-momentum fluid and higher-speed outer flow.

merging region indicated on figure 8. Downstream of this merging region there is an
inrush of fluid towards the wall as shown in figure 7. Locating the bubble-wire 5 cm
downstream and moving the wire closer to the wall yields the bubble-line pattern
shown in figure 12 (b). In this figure, the fluid lift-ups caused by the counter-rotating
legs of the hairpins are marked as A. Since the bubble wire is now below the centre
of the cores of the secondary streamwise vortices, their presence is manifested by
additional lift-ups of the hydrogen bubbles in this region. These lift-ups are denoted
by points B in figure 12(b).

Figure 13 is another end-view obtained by the generation of a single hydrogen-
bubble line which clearly reveals the effects of the legs of the hairpin vortices. Using
this technique, the rotation of the counter-rotating legs is visualized as a double-sided
roll-up illustrating a ‘mushroom’-type pattern characteristic of this counter-rotating
behaviour.

6. Secondary instabilities

Figure 14 is a combined top- and side-view schematic illustrating the development
of a secondary vortex in proximity to the primary hairpin vortex structure. This
schematic is an idealization developed from the detailed observation of a series of
dual-view visualizations of hairpins approximately z/8 = 40—60 downstream of the

3 rLM 175
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F1curE 15. Generation of secondary vortices on the plane of symmetry. Re; = 150, Re,, = 17,
V! U, = 0.126.

injection slot. As are indicated in this figure, secondary vortical structures appear
to be generated owing to the roll-up of the high-shear layer which develops between
the lifted-up, low-momentum, wall-layer fluid and the higher-momentum, outer
boundary-layer flow. This secondary vortex generation was a common occurrence,
appearing to occur to a greater or lesser degree for all cases examined.

In order to study the generation/evolution of these secondary vortical structures
and their effect on the original hairpins, the hairpin development was observed in
a convected reference frame using the video viewing cameras mounted on the
traversing platform. The convection velocities of the hairpin vorticest and the
translating platform were matched to allow the recording of the Lagrangian
development of the hairpin structures. Figure 15 is a combined top—side visualization
of the generation and evolution of these secondary vortices. In figure 15(a), the

t Note that the convection velocities initially increase, but reach an approximately terminal
velocity fairly rapidly within the field-of-view.
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original hairpins are indicated as 1, 2, and 3. The shear layers which develop between
the lifted-up low-momentum fluid and the higher-speed outer boundary layer flow
are indicated as 1°, 2" and 3’ respectively. Note that the shear layer just upstream
of hairpin vortex 3 has already begun to roll-up and form a vortical structure 3’. Point
A marks the beginning of the region where the counter-rotating legs of the original
hairpins are weakened because of mutual vorticity-cancellation effects (see a discus-
sion of this process in § 9); this creates a kinked region (marked AA’ for hairpin 2)
which is characteristic of the observed deformation of a hairpin vortex. As the
vortices are followed downstream, all three of these shear layers evolve and roll-up,
forming the vortical structures marked 1’,2’, and 3’ in figure 15 (b) By /6 = 90 (figure
15¢), these secondary vortices evolve further and assume the shape of horseshoe or
hairpin vortices. As these secondary vortices evolve, they begin to interact and
agglomerate with the original hairpin vortices. The result is the development of
complicated large-scale structures which are observed to move suddenly away from
the wall in a somewhat chaotic fashion. This stage of the evolution process for the
hairpin vortex 1 and secondary vortex 1’ is shown in figure 15(d).

Often the secondary vortex may interact with the trailing hairpin rather than the
preceding hairpin vortex; such a development is shown in figure 16. In figure 16(a),
x/60 = 20, two hairpin vortices, labelled as 1 and 2 are followed. At z/8 = 90 (figure
16b) a secondary vortex (labelled A) begins to develop between hairpins 1 and 2. By
x/0 = 150 (figure 16d) this secondary vortex (A) has begun to interact by apparent
coalescence with the trailing hairpin, 1. The result is again an eruptive and rapid
ejection away from the surface as shown in figure 16(e).

7. Near-wall structure

Figure 17 is shown to emphasize the similarity between the break-up process of
the elongated low-speed regions generated by the counter-rotating legs of the hairpin
vortices and the break-up of dye streaks previously observed in turbulent boundary
layers. Figure 17 (a) is a dye visualization of the lift-up and break-up of the low-speed
region generated between the counter-rotating legs of the hairpin vortices. Dye is
introduced into the boundary layer from a spanwise slot noted in the figure which
is 10 cm (z/6 ~ 35) downstream of the streamwise vortex-generation slot. Note that
for this case the hairpins are not marked with dye; only the effect of the hairpins on
the near-wall behaviour is visualized by the dye slot. Figure 17 (b) is a two-picture
sequence of streak break-up during the bursting process as observed in a turbulent
boundary layer by Runstadler, Kline & Reynolds (1963). The similarity between the
two patterns illustrated by figures 17 (a) and (b) is quite obvious. Figure 17(c) is a
combined top-side visualization using (i) dye (introduced via the streamwise
generation slot) to visualize the hairpin vortices and (ii) a sheet of hydrogen bubbles
generated almost on the wall with a horizontal bubble wire to visualize the response
of the near-wall fluid. This figure clearly demonstrates that the lift-up of the hydrogen
bubbles is caused by the action of the counter-rotating legs of the hairpin vortex.
This lift-up appears as the elongated hydrogen-bubble concentration in the top view
of figure 17 (c), with distinctive undulations essentially identical with those viewed
in figure 17 (@, b) caused by the periodic passage of the heads of the hairpins. Note
also the essential similarity between the top-view hydrogen-bubble-line pattern in
figure 17 (c) created by the hairpin vortices and the omnipresent low-speed-streak
pattern observed beneath turbulent boundary layers, an example of which is shown
in figure 17 (d).
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The low-speed regions generated near the wall by the counter-rotating legs of the
original hairpins and the secondary vortical structures were observed to extend the
length of the test plate, sustaining their persistence and strength. This is illustrated
in figure 18 which is developed from visualizations at a series of locations downstream
of the synthetic streak. Existence of essentially the same bubble-line pattern at every
downstream location demonstrates the extreme length and persistence of these
low-speed regions. Interestingly, the hairpin disturbances do not demonstrate an
appreciable lateral spreading, unlike the behaviour of a turbulent spot. The reason
for this behaviour appears to be because the hairpin structures are generated in a
subcritical laminar boundary layer, which remains stable to the hairpin disturbances

as long as the boundary layer outboard of the structure remains subcritical (i.e.
Rey < 520).

8. Effects on velocity characteristics
8.1. Mean-velocity behaviour

Mean and fluctuating components of the streamwise velocity were measured at
various locations downstream of the synthetic low-speed streak. The intent of this
study was to determine the effect of the evolving hairpin and secondary vortices on
the velocity field. Velocity profiles were measured at three lateral locations for each
of five downstream stations. The three lateral locations were: (i) the plane of
symmetry of the wake, corresponding to the middle of the low-speed region where
low-speed fluid is lifted-up between the counter-rotating legs (this location is marked
as 1 in figure 12a); (ii) just outboard of the plane of symmetry, marked as 2 in figure
12a; (iii) the region of the outer low-speed concentration, marked as 3 in figure 12 (a).

Figure 19 is a cumulative figure of all the measured mean and r.m.s. velocity profiles
measured in the wake. These profiles are plotted as a function of /6, where 6 is the
momentum thickness of the impinging laminar boundary layer at the point of hairpin
formation and y is the vertical distance from the wall. Detailed velocity distributions
are presented in Acarlar & Smith (1984).

Figure 19(a) is the mean-velocity distribution in the wake at a downstream
location of x/6 = 13.5, corresponding to a location 1.5 cm downstream (see figure 8)
of the streamwise injection slot. Curves 1, 2 and 3 correspond to the lateral locations
noted above. Note that an inflexional, high-shear layer occurs in curve 1 at
approximately y/6 =4, the region of interaction between the injected low-
momentum fluid and the higher-speed outer boundary-layer flow. Curve 2, obtained
at the same downstream location but at a transverse location of z/6 = 2.25, also
demonstrates an inflexional profile. Comparing mean-velocity magnitudes, it is
observed that below y/6 = 2.5 the mean velocity at z/6 = 2.25 is approximately 2.5
times the magnitude of that for z/6 = 0, demonstrating the presence of the low-
momentum injected fluid on the plane of symmetry. Since at z/6 = 4.5 (curve 3) an
outer low-speed concentration has not yet developed (see figure 8), the mean-velocity
profile does not differ substantially from the original laminar distribution.

Figure 19 (b) is the r.m.s of the fluctuating component of the velocity at the same
downstream and lateral locations as figure 19 (a). Curve 1 (corresponding to z/6 = 0)
displays two peaks, corresponding to the passage of the head (y/6 = 6.5) and the
counter-rotating legs (/6 = 4) of the hairpin vortices. Curve 2 (z/6 = 2.25) also has
two peaks, similarly corresponding to the influence of the counter-rotating legs
(y/6 = 2.7) and the streamwise portion of the head (at y/6 = 4.7). The peak due to
the streamwise portion of the head occurs at a higher y/6 value for curve 1 since the
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Fioure 19. Velocity distribution in the wake at various locations downstream of a synthetic
low-speed streak (Re; = 360). Curves 1, 2 and 3 corresponds to the lateral locations shown in figure
12(a). U, =12.5cm/s, V,, = 1.575 cm/s, slot size is 63.5 mm x1 mm. Slot is located 44 cm
downstream of the leading edge. #, mean velocity ; 4’, fluctuating velocity. Transverse location from
the symmetry plane: curve 1, z/6 = 0; curve 2, z/0 = 2.25; curve 3 varies in position: (a), (b)
z2/0 = 4.5; (c), (d) /0 = 6.3; (e}, (f) 2/0 = 7.20; (g), (k) /6 = 9.0.

tip of the head (the transverse portion of the head) lies on the plane of symmetry
(z/6 = 0) and is the highest portion of the hairpin vortex. Curve 3 displays a weak
peak, much lower in magnitude than demonstrated by its counterparts in curves 1
and 2, and is probably reflective of a weak influence of the developing legs of the
hairpin vortex.

Figure 19 (c, d) are the velocity and r.m.s. distributions at a downstream location
of x/6 = 45. Curve 1 of figure 19(c) is the mean-velocity distribution on the plane of
symmetry, which indicates a marked recovery of the mean-velocity profile from its
inflexional shape. Curve 2 of figure 19(c) is obtained at z/6 = 2.25. Comparing curves
1 and 2, it is observed that for the same y/§ values the mean-velocity magnitudes
are higher for curve 2. This demonstrates the persistence of the low-speed region on
the plane of symmetry that was observed at 2/6 = 13.5 (curve 1 of figure 19a). Curve
3 is the mean-velocity distribution at z/6 = 6.30 (transverse location 3). Lower
mean-velocity magnitudes below y/@ =4, compared with curve 2, indicate the
development of an auxiliary low-speed region. Visualization studies combined with
the above measurements indicate that the development of the low-speed region
revealed in velocity profile 3 is a result of the lift-up of low-momentum fluid from
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the wall by the secondary streamwise vortical concentrations (marked as B in figure
12).

Figure 19(d) is the r.m.s. distributions taken at the same locations as figure 19(c).
Curve 1 (obtained at 2/6 = 0) again displaye two peaks, which correspond to the
location of the head and the counter-rotating legs of the hairpin vortex. Comparison
of curve 1 for both figure 19 (b and d) demonstrates the effects of the lift-up of the
head from the surface (the peak in r.m.s., due to the passage of the head occurs at
a higher y/0 value in figure 19d compared with figure 195). Comparing curves 2 in
figure 19(b and d), it is observed that the lower y/6@ peak (due to the passage of the
counter-rotating legs) has moved closer to the wall at this location (see also figure
12). Curve 3 displays a single peak at y/8 = 1.5 which reflects the development,
presence and passage of the secondary, streamwise vortical concentrations on the
wall.

Figure 19(e, f) are obtained at a downstream location of x/6 = 108. Note that
Curve 1 continues to become fuller. Curve 2 also demonstrates a similar behaviour,
continuing to relax toward a fuller velocity profile. Note also that the transverse
location of the outer low-speed concentrations continue to move outward with
increasing downstream distance (i.e. the wake develops laterally). Thus, the z/6
location of the third lateral measurement station also increases as one moves in the
downstream direction (e.g. curve 3 in figure 19e is located at z/6 = 7.20 compared
to z/6 = 4.5 in figure 19a). Comparing curve 3 of figure 19(c and e), it is observed
that the velocity profile is strongly retarded, yielding lower mean velocities at
x/6 = 108 than at x/0 = 45. It is believed that the retardation of the velocity profile
is caused by the continued lift-up of low-speed fluid by the secondary vortices which
are developing outboard of the counter-rotating legs of the hairpin vortices. The
bubble-line patterns illustrating the development of these types of structures are
shown in figures 12 (b) and 18.

The peaks in r.m.s. of curve 1 in figure 19(f) demonstrate lower magnitudes
compared with figure 19(d), illustrating the effect of diffusion on the head of the
hairpins; also note that the upper peak moves to a higher y/6 value, demonstrating
the continued movement of the head away from the wall. The lower peak in curve 1
has moved much closer to the wall, compared with the lower peak at x/6 = 45. The
r.m.s. peaks in curve 2 also appear to relax, collapsing together and toward the wall.
In contrast to figure 19(d), curve 3 now demonstrates two large, closely spaced peaks,
essentially identical in shape with curve 2 in figure 19(b). The development of these
two peaks is believed to be due to the head and legs of secondary vortical structures
which develop at this lateral location (see Acarlar & Smith 1984). Note that these
secondary vortical structures were observed in flow-visualization results to develop
in this general location due to the interaction between the lifted-up low-speed regions
and the higher-speed outer flow which moves toward the wall outboard of the legs
of the initial hairpin vortices.

At x/60 = 280, figure 19(g), the mean-velocity profiles at all three lateral locations
have relaxed to essentially full velocity profiles, appearing quite similar. In figure
19 (%), it can be observed that the peaks in the fluctuating component of the velocity
distribution move quite close to the wall, displaying characteristics remarkably
similar to those representative of a turbulent boundary layer.

From the hot-film measurements and the previously displayed visualization
studies, it is apparent that passage of the hairpin vortices generates three low-speed
concentration regions near the wall. These low-speed regions are extremely long and
persistent, extending the entire length of the test plate. A higher-speed region (curve
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Figure 20. Clauser cross-plot of the mean velocity data on the plane of symmetry (curve 1)
from figure 19.

2 of figure 19a—4) develops between these elongated low-speed regions. Visualization
studies further demonstrate that the low-speed concentration on the plane of
symmetry of the wake is generated by the lift-up of a low-momentum fluid by the
counter-rotating legs of the hairpin vortices. The low-speed regions occurring to the
sides of the hairpin legs are generated by the lift-up of low-momentum fluid by
secondary streamwise vortices. These secondary vortices near the wall begin their
development at about z/6 = 45 (curve 3 of figure 19d), supporting the suggestion that
these are intensified vortex-concentration regions occurring outboard of the saddle-
point regions shown in figure 12(a).

The mean-velocity data on the plane of symmetry of figure 19 were plotted on a
semi-logarithmic scale in figure 20 to determine whether the mean-velocity profile
develops a logarithmic region reminiscent of a turbulent profile. Figure 20 demon-
strates that at x/6 = 13.5, just downstream of the synthetic streak, the outer region
of the profile displays a large segment which is approximately parallel to the @/U
axis. This generally straight segment appears to roughly rotate in a clockwise
direction as the profile develops, finally taking the form shown at x/6 = 280, which
displays a strong similarity with the mean-velocity characteristic of a turbulent
profile. This is a relatively remarkable result, since this logarithmie region is localized
within an otherwise subcritical laminar boundary layer (figure 18 illustrates this
nicely). Thus, from the observed evolution of the mean-velocity profile and the
combined dye-visualization studies, it appears that the localized development of
secondary vortices and the burst-like events generated by interaction of the original
hairpin vortices with wall-layer fluid can give rise to alogarithmic-type mean-velocity
distribution. This observation strongly supports Perry & Chong’s (1982) suggestion
that turbulent boundary layers are composed of a hierarchy of hairpins (older
hairpins interacting with younger ones) which give rise to a mean velocity conforming
to a law-of-the-wall-type velocity profile.



Hairpin vortices in a laminar boundary layer. Part 2 69

A B

Flow ———t .

Hot-film senso?

Hairpin

vortex Hot-film sensor

Flow

Secondary
_ vortex

T U=a+u
(@) ®)
A B
Flow - >
Secondary 2 9 1

Agglomeration of

Hairpin 4 secondary and hairpin
e vortex vortex (2+2")
C D
FLOW > >
Hot-film
sensor
2'+2
A B CcC D
| |
| |/
NN
| | ||
T S
a ' u \[ ' i \/ \
| .
U=ia+u

(@)

Fi1UrRe 21. Instantaneous velocity signature # = u+u’ (u is instantaneous velocity, # mean
velocity, u’ fluctuating velocity). (@) /6 = 12, y/0 = 6; (b) /0 = 90, y/0 = 10, (c) x/6 = 240,

y/0 =17.



70 M. 8. Acarlar and C. R. Smith

8.2. Instantaneous velocity behaviour

To illustrate the time-dependent velocity behaviour caused by the generation and
passage of hairpin vortices, a storage-scope display of the velocity signal from a
hot-film anemometer located in the hairpin vortex street and the dye patterns of the
hairpin vortices were simultaneously displayed on the video screen. The resulting
velocity traces, obtained at three progressively increasing downstream locations, are
shown in figure 21 in conjunction with schematics of the phase and development of
the hairpin vortices.

Figure 21(a) is the velocity signal at a downstream location of x/6 = 12. As
illustrated; the instantaneous velocity reaches a maximum just after the core of the
hairpin head passes the hot-film sensor and decreases as the hairpin is carried
downstream. Figure 21 (b) illustrates the effect of the generation of secondary vortices
on the velocity signal. Following the passage of the head of a hairpin vortex,
secondary vortices, which develop between the interface of the lifted-up low-
momentum wall-region fluid and higher-speed outer boundary-layer flow, are
detected by the hot-film sensor as a lower-amplitude, secondary harmonic. At a
downstream location of z/6 = 240, agglomeration and interaction of the secondary
and initial hairpin vortices result in the burst-like events described in § 6 and
illustrated in figures 14-16. As shown in figure 21 (c), the effect of this rapid ejection
behaviour is detected in the velocity signal as a higher than normal peak.

9. Geometric and rotational characteristics

Several parameters characterizing the hairpin vortices spawned by the synthetic
low-speed streak were evaluated from the flow-visualization results. The evaluated
parameters are: geometric size and shape of the hairpin vortex at various locations
downstream of the synthetic streak; typical core diameters D,; circulation I'; and
convection velocity of the head of the hairpin vortices. There are a variety of ex-
perimental methods available to evaluate the above parameters for two-dimen-
sional vortices and vortex rings such as flow visualization, hot-film anemometry,
and laser-Doppler velocimetry (LDV). However, owing to structure-to-structure
variations in the characteristics of individual hairpins, the three-dimensionality
of the flow, non-uniform stretching, and the continuous evolution of the hairpin
vortices, it is impractical, if not impossible, to determine circulation using LDV or
hot-film-anemometry techniques. In this study, dye and hydrogen-bubble visualiza-
tion are used to determine the above parameters.

9.1. Geometric characteristics

Once a hairpin vortex is generated, it deforms non-uniformly since three-
dimensionalities and mutual induction effects cause different portions of the vortex
to migrate at different rates through the surrounding boundary layer with its varying
velocity gradient. Thus, the shape and the size of a hairpin vortex will undergo a
continuous evolutionary process. In the present study, the geometric variations in
the hairpin vortex at various downstream locations were determined using both
hydrogen-bubble and dye visualization. The evolving hairpin shapes presented in
figure 22 were obtained from a side-view dye-visualization sequence taken from a
reference frame translating with the vortex (i.e. the dye patterns are for the same
hairpin vortex obtained at a series of downstream locations), as described in §2. Dye
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patterns were traced onto clear plastic sheets from a series of hard-copy prints from
a video-graphic printer (see Smith 1982).

Figure 22 (a) illustrates the evolution of the hairpin vortex as it proceeds down-
stream. At the point of formation, the angle that the legs make with the wall is less
than 10°. Mutual induction effects cause the forward portion of these legs and the
head of the vortex to move away from the wall as shown in figure 22 (a) (this begins
about z/0=10). Since the trailing portion of the legs must connect back to lateral
vorticity sheets near the wall, that trailing portions of the legs undergo extreme
stretching by the local velocity gradient. This stretching further increases both the
induced velocities and the concentration of vorticity in the core of the legs.

A portion of these legs, which move into outer regions owing to mutual induction
effects, migrate together owing to image-vortex effects as shown in figure 22(b).
Since the legs are of opposite vorticity, as they approach each other they begin to
interact through viscous effects such that mutual vorticity cancellation begins to
take place (a process suggested by Head & Bandyopadhyay 1981).

Head & Bandyopadhyay (1981) suggest that a hairpin vortex in a shear layer will
be under the influence of two opposing effects. The first of these is a shear effect which
tends to rotate the hairpin back towards the wall. This effect is opposed by the
induced velocity that each leg of the hairpin imposes upon the other. They suggest
that the angle at which the hairpin reaches equilibrium will be the result of the
interaction between these two opposing effects. It is believed that the reduction of
the vorticity in the portions of the legs of the hairpin that closely approach each other
will reduce the induced velocity of those parts of the legs, creating an imbalance
towards the shear effect. A portion of the weakened legs will subsequently be pushed
towards the wall by the shear flow, initiating a kinked region (labelled AA’) which
is observed beginning at approximately z/0=x15 in figure 22(a). As the mutual
vorticity-cancellation effects proceed, the weakened portions of the legs (AA”) will
rotate further towards the wall under the influence of the shear effect. Note that once
the head of the hairpin vortex is out of the boundary layer, it will only experience
the effect of induced velocities. This effect causes the tip of the hairpin to curl back
upstream as illustrated in figure 22 (c). For a more detailed discussion of the hairpin
deformation dynamics the reader is referred to Part 1 of this study (Acarlar & Smith
1987).

Figure 23 is the variation in the convection velocity of the tip of a hairpin vortex
with downstream location (obtained for the vortex shown in figure 22). Since the
hairpin vortex is generated inside the boundary layer, its initial velocity after the
roll-up process is observed to be 0.52U _, with this velocity increasing rapidly as the
head rises through the boundary layer. Although the head curls back when it is
outside the boundary layer, its convection velocity still remains lower than the
free-stream velocity (at approximately x/6 = 108 the head has curled back, but its
convection velocity is 0.86U ). The defect in the convection speed is believed to be
due to the induced velocity of the curled-back portion of the head, which is in
opposition to the free-stream velocity (see figure 22¢). Smith (1978) observed that
a coherent flow structure, which could be associated with the lift-up and burst-type
behaviour in a turbulent boundary layer, would initially be observed to convect at
velocities on the order of 0.4U_, accelerating as they moved up and away from the
surface, similar to the behaviour illustrated here. In addition, Smith observed that
outer-region disturbances with convection velocities of 0.60-0.70U,, seemed to be
those most associated with the lift-up of wall-region fluid. Examining figure 23 it is
observed that the hairpins attain this velocity range at a downstream location of
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Fiaure 23. Relative streamwise velocity, U,/U ,, of the head of a hairpin vortex at various
downstream locations.

x/0=15-25, where the present study shows that lift-up of fluid by the counter-
rotating legs of the hairpin vortex is first noted. The similarity of these observations
suggests that what Smith observed as transverse vortical structures were actually
the heads of convecting hairpin vortices (which he speculates they may be).

Core sizes of the transverse head and the streamwise legs of the hairpin vortices
were determined for selected cases using combined top-side- and top—end-view
hydrogen-bubble-wire visualization techniques respectively. A typical end-view
picture obtained using a horizontal hydrogen-bubble wire and the end-view-mirror
visualization technique (described in §2) is shown in figure 12 (a). In this figure bubble
lines that originate from a height of /0 = 4.3 lift-up and concentrate in the core of
the hairpin vortex, thus assisting in the measurement of the core sizes. From this
figure, the ratio of the core diameter D, to momentum thickness # (momentum
thickness of the impinging laminar boundary layer at the point of formation), is
measured as D /0= 1.7. Figure 24 is a typical top—side hydrogen-bubble visualization
used to determine the dimensions of the transverse head of a hairpin vortex. For the
case shown in figure 24, D, /6 is measured as 2.4. It should be noted that the visible
(apparent) diameter may not necessarily be the actual diameter of the vortex core.
It was shown by Schwartz (1981) that unless a bubble line is generated in the centre
of a vortex core, there is no accurate way to measure the actual vortex-core size.
However, assuming that the motion is irrotational outside the core (as for a Rankine
combined vortex), these apparent diameters can be used in estimating vortex
circulation strength, as will be described in the following section.

9.2. Rolational characteristics

For selected cases, the vorticity of the head w,, the streamwise legs w,, and of the
standing vortex w, were determined visually from the bubble-line patterns. It is
assumed that various eross-sections of the hairpin and the standing vortex can be
approximated as combined Rankine-type vortices. Outside the core, accurate
determination of vorticity from the bubble-line patterns is not possible. Within the
vortex core, it was assumed that V, = Qr, where £ represents the solid-body
rotational speed. Vorticity was determined from bubble lines marking the core of the
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Fiaure 24. Transverse head of a hairpin vortex. Re, = 135, x/0 = 48, Re,, =17,
Vo/ Uy = 0.150.

FioURE 25. End-view hydrogen bubble visualization used to determine the circulation of counter-
rotating legs. Re;, = 135, /60 = 48, Re,, = 17, V,,/U_ = 0.150.

vortex by measuring the angle of rotation of a bubble-line and the corresponding
period over which that rotation takes place. The average angular velocity £ is
determined by dividing the angle rotated by the time interval. The vorticity is
approximated as twice this angular velocity.

Once w is determined, it is non-dimensionalized on the velocity gradient at the wall:

. 20 . w
0u/0Y lwan  Ou/y
Outside the core of a vortex, if the motion is assumed to be irrotational (as for a

combined Rankine-type vortex), a line integral about the core will yield a value for
circulation reflecting the strength of the core alone. Thus

I'=Vyn2r,, Vy=8r,

where r, is the radius at a point of measurement and £2 the rotational velocity at
7,. Thus

wall

I'=Q2nr2 =1nDQ,

with non-dimensional circulation given by
r--L
v

Using the above equations and procedure, the vorticity and circulation of the
transverse head and counter-rotating legs were determined for selected cases. All the
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magnitudes given below are mean values obtained from thirty measurements carried
out for each case.

Figure 25 is an end-view hydrogen-bubble-visualization picture obtained from a
sequence used to determine the circulation of the counter-rotating legs. For the
sequence, the average values for the non-dimensional vorticity, w} and circulation
I't were determined as 0.938 and 99 respectively for a case with V,,/U_ = 0.150,
Re;. = 350 and z/6 = 48. For the same downstream location and Reynolds number,
the average values of the non-dimensional vorticity and the circulation for the
transverse head were determined to be 1.48 and 528. Thus, the circulation strength
of the counter-rotating legs appears to be approximately one-fifth that of the head.
Note that this ratio is similar to a one-seventh ratio determined for hairpin vortices
generated by hemisphere shedding and reported elsewhere (Acarlar & Smith 1987).
An uncertainty analysis indicates that the uncertainties for the measured vortices
and circulations are large (up to +40%). However, this implies that the circulation
of the transverse head is at worst three times the circulation of the counter-rotating
legs. The low value of circulation for the counter-rotating legs is believed. to be due
to (i) the mutual vorticity-cancellation effects that they impose upon each other and
(ii) vorticity transfer to wall-layer fluid through viscous effects (see Ersoy & Walker
1985). Note that for the transverse head there is no similar mechanism by which the
transverse circulation of the hairpin tip can be reduced, except when it is in close
proximity to the bounding surface.

10. Effect of outer-region flow structures on synthetic-streak breakdown

A number of previous studies have suggested that inner—outer layer interaction
plays an important role in the production of turbulence in turbulent boundary layers
(Offen & Kline 1974, 1975; Townsend 1956 ; Hinze 1975; Kline 1978; Wallace 1982;
Smith 1984). In particular, Offen & Kline (1974, 1975) suggest that the burst event
observed in turbulent boundary layers is the result of an interaction between a
transverse head of a previous burst and a low-speed streak. Furthermore Wallace
(1982) and Smith (1984) have suggested that local pressure-field fluctuations distort
and destabilize shear layers diffusing from the wall, causing hairpin vortices to form.
To examine the proposed influence of outer-region disturbances on wall-region
behaviour, the following study was performed with the synthetic-streak test section.

Outer-region boundary-layer fluctuations and previous burst structures were
experimentally simulated using hairpin vortices shedding at a constant frequency
from a hemisphere (for a discussion of the shedding behaviour see Acarlar & Smith
1987). A hemisphere of 0.762 cm was placed in an initially laminar boundary layer
4.6 cm upstream of the synthetic-streak generating slot. The effect of the passage of
the hairpin vortices on the behaviour of the synthetic streak was then examined for
various slot injection rates.

Figure 26 (a) is a side-view visualization of a stable low-speed, synthetic streak
marked with dye in the injection fluid. The Reynolds number based on the
momentum thickness of the impinging laminar boundary layer is Re, = 114,
Vw/%e = 0.144. Figure 10 indicates that for these conditions the synthetic streak
is stable and no hairpin vortices are generated ; hot-film measurements confirmed the
streak stability. Figure 26 (b) shows the effect of the hemisphere-shed hairpin vortices
on the same low-speed synthetic streak of figure 26(a). To obtain this picture, a
vertical hydrogen-bubble wire is located just upstream of the streamwise slot and the
height of the bubble wire above the flat plate is adjusted to mark only the heads of
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®)

Figure 28. Effect of hemisphere-shed hairpin vortices on already shedding synthetic low-speed
streak. (¢) Roll-up of synthetic streak in the absence of upstream hemisphere. Re, = 114,
Rey,, =11, V,,/U,, = 0.217. (b) Modification of roll-up characteristics of the synthetic streak of
figure (a) due to the presence of hemisphere-shed vortices. /R = 6. (c) Interaction and agglomer-
ation of hemisphere-shed and synthetic-streak break-up hairpin vortices. /R = 10.

the hairpins generated by the hemisphere. As the hairpins pass over the synthetic
low-speed streak, they cause it to break-up into vortical structures. The break-up
occurs at the passage frequency of the hemisphere hairpins. For the case shown in
figure 26(b), the shedding frequency of the hemisphere was 1.66 Hz. From a
comparison of figure 26 (a, b) it is clear that the hemisphere vortices, moving in the
outer portion of the boundary layer, interact strongly with the synthetic-streak
region, causing the streak to destabilize and roll-up into vortical structures with the
same frequency as the disturbance. A similar type of eruption of a laminar boundary
layer is demonstrated by Doligalski, Smith & Walker (1980) and Doligalski & Walker
(1984) to occur because of the passage of a two-dimensional, convecting vortex above
a plane wall.

Increasing the injection rate to V,,/U, = 0.180 caused the low-speed streak to
become increasingly unstable. Figure 27 (a) shows this case, which just reveals the
initiation of a roll-up. Note that the formation of hairpin vortices occurs in an
irregular manner for this marginally critical flow condition. Figure 27 (b) shows the
response of the same synthetic streak to the hemisphere-shed vortices. The low-
momentum fluid of the synthetic streak (marked with dye) is lifted up by the head
and counter-rotating legs of the hemisphere-shed vortices (marked by the bubble
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lines), precipitating the break-up of the synthetic-streak fluid into hairpin-type
vortices, again at a frequency equivalent to the hemisphere shedding frequency.

Further increasing the injection rate (in the absence of the hemisphere) resulted
in the initiation of an oscillation which breaks down into a periodic series of
hairpin-type vortices as shown in figure 28(a). The frequency of vortex roll-up for
the flow conditions shown in figure 28 (a) is 2.04 Hz. Placing the hemisphere upstream
of the already shedding synthetic streak results in a modification of the roll-up
characteristics as shown in figure 28 (b); the roll-up frequency for the synthetic streak
is phase-locked to the hemisphere shedding frequency, decreasing to 1.66 Hz. Note
that the lift-ups that roll-up into hairpin vortices (marked with dye) occur between
the hemisphere-generated vortices (marked with bubble lines). Figure 28(c), obtained
at a location further downstream (z/6 = 40), shows that the hemisphere-shed hairpin
vortices and the hairpins generated from the synthetic streak agglomerate and
interact in a three-dimensional pairing process. This pairing process appears to
behave somewhat chaotically, with the resulting structures moving suddenly away
from the surface in a manner similar to both (i) the interaction process described in
§ 6, and (ii) the break-up stage of the Kline et al. (1967) turbulent burst event as
observed in turbulent boundary layers.

For an injection rate of V,,/U_ = 0.288, figure 29 (a), the natural roll-up frequency
of the undisturbed synthetic streak was observed to be 2.8 Hz. Placing the hemisphere
upstream of the synthetic streak again modifies the streak behaviour, imposing the
hemisphere shedding frequency of 1.66 Hz on the streak break-up. Note that at this
injection rate the transverse heads of the hairpin vortices generated by the modified
break-up of the synthetic streak (marked with dye) lift-up much faster compared with
figure 28 (b) and interact more strongly with the hemisphere-shed vortices. The result
is again a three-dimensional pairing process that suddenly lifts-up away from the
surface.

Further studies were carried out up to an injection rate of V,,/U, = 0.432, and
it was observed that for all the injection rates the roll-up frequency of the synthetic
streak remained constant at the hemisphere shedding frequency of 1.66 Hz.

The above results strongly support the earlier suggestions that the outer flow
interacts with the near-wall low-speed streaks, modifying and manipulating their
behaviour. It can also be speculated that if the strength of the outer disturbance is
sufficiently strong, the roll-up frequency of the low-speed streak will synchronize with
the passage frequency of the disturbance.

11. Summary and discussion

The results of the above studies have shown that under the proper conditions
streamwise low-momentum-fluid regions introduced beneath an initially subcritical
laminar boundary layer will become unstable and break down to form hairpin-type
vortices. The periodicity and repeatable characteristics of this process have enabled
the study of both the individual evolution and three-dimensional interaction of these
hairpin vortices. In previous studies of turbulent boundary layers, it is suggested that
the origin and generation of hairpin vortices in a turbulent boundary layer are due
to the distortion and destabilization of the low-speed regions diffusing from the wall
(Kim et al. 1971; Wallace 1982; Smith 1984). The development of hairpin vortices
due to the flow over and around a local streamwise low-speed region strongly supports
the above suggestions regarding the origin of hairpin vortices in turbulent boundary
layers.
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It was observed that once a horseshoe vortex is generated, it is stretched by the
wall-shear layer. Biot—Savart interactions between the various portions of the vortex
amplify the distortion of the vortex leading to the development of a hairpin shape
which displays a self-induced movement away from the wall. Portions of the
counter-rotating legs that move away from the wall migrate together owing to
image-vortex effects; viscous interaction between the portions of the legs result in
a mechanism of mutual vorticity cancellation, which gives rise to an apparent
‘kinking’ in the geometry of the hairpin, as shown in figures 5 and 22.

Since the trailing portions of the hairpin legs connect back to the lateral vorticit)i
sheets diffusing from the wall, the trailing portions of the legs undergo extreme
stretching by the local velocity gradient, and remain in close proximity to the surface.
These portions of the trailing legs that remain near the surface develop strongly
amplified vorticity concentrations as a result of stretching and three-dimensional
agglomeration of the streamwise legs of sequential hairpin vortices. The lateral
pressure gradients created by these counter-rotating legs cause the accumulation and
concentration of low-momentum fluid between the legs by the vortex interaction
mechanism suggested by Doligalski & Walker (1984). This effect provides the
mechanism to both pump low-momentum fluid away from the surface and develop
an extremely long and persistent low-speed concentration downstream of the
synthetic streak.

A high-shear layer is generated at the interface between the lifted-up low-
momentum fluid and the higher-speed outer boundary-layer flow. This shear layer
rolls-up into secondary vortices by essentially the same mechanism suggested by
Doligalski et al. (1980). These secondary vortices strongly interact with the original
hairpins, generating chaotic structures which suddenly eject away from the wall.
These events appear very similar to the break-up stage of the burst sequence observed
in turbulent boundary layers.

In addition to the low-speed concentration generated between the counter-rotating
legs, two other elongated low-speed regions are created to either side of the plane of
symmetry of the wake. It is observed that these lateral low-speed regions are created
due to a lift-up of low-momentum fluid by secondary streamwise vortices near the
wall. These secondary vortical structures (marked as B in figure 12a) are believed
to be generated owing to the distortion and intensification of vorticity by the inrush
of fluid outboard of the counter-rotating legs of the hairpin vortices. Details of the
generation mechanism of these secondary vortices is schematically illustrated in
figure 12 (a).

Hot-film measurements indicate that a strong inflexional velocity profile is present
just downstream of the synthetic streak. The velocity profiles evolve with down-
stream distance, yielding fuller profiles which eventually begin to resemble that of a
turbulent boundary layer. Combined visualization and hot-film measurements show
that transition of the velocity profiles to a turbulent-type profile requires the
interaction of the secondary vortices with the hairpins, creating sudden ejections
away from the wall. This result supports the earlier arguments of Perry & Chong
(1982) which suggest that a hierarchy of hairpin vortices must exist in order for the
mean-velocity profile to behave logarithmically.

Dye and hydrogen-bubble visualization of the near-wall, low-speed regions (gen-
erated by the presence of the hairpin vortices) illustrate that these low-speed regions
first lift-up, oscillate violently in a three-dimensional manner, and then break-up into
smaller-scale motions following the passage of a hairpin over them. It was observed
that the lift-up is caused essentially by the counter-rotating legs of the hairpin vortex
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(see figure 17c¢). This lifted-up low-momentum fiuid is caught up by various sections
of the hairpin, giving the appearance of an oscillation which is then carried away from
the wall and downstream. This process occurs in a manner very similar to the streak
break-up process described during the bursting in turbulent boundary layers, as
visualized and described by Kline et al. (1967), and Bogard (1982).

Simulation of outer-region disturbances of a turbulent boundary layer using
hemisphere-shed vortices demonstrates the strong interaction that can occur between
inner and outer regions of a boundary layer. The results indicate that an inner-region
synthetic streak will phase-lock with the passage of outer-region disturbances,
becoming unstable and rolling-up at the passage frequency of the outer-region
disturbance.

The results presented above have clarified many of the characteristics of generation
and interaction of both hairpin vortices and low-momentum streak-type regions near
a surface. It has been observed that hairpin vortices can originate from the roll-up
of three-dimensional shear layers. These hairpins can generate extremely long and
persistent low-speed concentrations between their counter-rotating legs, demon-
strating their potential role in the formation of the low-speed streaks of turbulent
boundary layers. Secondary vortices generated by the interaction between the
lifted-up low-speed fluid and the higher-speed outer boundary-layer flow were
observed to interact strongly with the original hairpin vortices, creating ‘burst-like’
events similar to the mechanism required for the turbulent bursting process. On the
basis of the above results, it appears that a strong case can be made for the presence,
if not dominance, of hairpin vortices in the wall region of turbulent boundary layers.
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Research for its support of this research. The continuing support of the AFOSR is
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