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1.0 SUMMARY

Flow in a curved channel wiih mild curvature, an aspect ratio of 40, and an inner-
to-outer radius ratio of 0.979 is étudied at Dean numbers from 35 to 430. The
primary objectivé is to obtain new information on the development and structure of Déan
vortex pairs as well as their influences on flow structure, including events leading to
transition to turbulent flow. These data include cross-sectional piane surveys of ‘
pressure, streamwise velocity, and all three VOrticity components to illustrate time-

averaged vortex pair features for each Dean number investigated.

At any streamwisé location from 95 to 145 degrees from the start of curvature, a
variety of different types of behavior develop as the Dean number increases. At low Dean
numbers (<40-60), the fully is fuIva laminar. As the Dean number increases to any
value between 40-60 and_ 64-75, flow visualizations show unsteady, wavy smoke
layers evidencing small amplitude secondary fiows. Then, at higher Dean numbers
(>64-75), vortex pairs develop as the primary instability, where the streamwise
location of the initial appearance of these pairs is dependent upon the Dean number.
Secondary instabilities then develop at Dean numbers from about 75 to 200 in the form
of vortex pair undulations, vortex pair twisting, and in the form of events where vortex
pairs split and merge. |

When viewed in cross section, experimental visualizations of undulating and twisting
vortex flows show rocking motion and changes in the direction of the flow between
vortices that are like those observed in the simulations of the time-dependent, three-
dimensional Navier-Stokes equations using periodic boundary conditions in the spanwise
ahd streamwise directions. When undulating vortices are present, experimental power
spectra and visualizations give frequencies that are somewhat lower than the most
unstable frequencies predicted by linear stability analysis. Experimental épectra show

that undulating vortices are replaced by the higher frequency, shorter streamwise



wavelength twisting vortices at higher Dean numbers. When twisting vortices are
present, experimental pbwer spectra give fundamental and harmonic frequencies in good
agreement with simulated values and with values from linear stability analysis.
Twisting is evidenced by experimental spectra over the largest Dean number range in
measurements near the concave wall within inflow regions and in measurements near
the concave wall near individual vortices. Fundamental amplitudes in these spectra are
strongly dependent upon Dean number as well as on the location within the vortex pair
structure. Twisting is important because it leads to increases in longitudinal fluctuating
intensities at Dean numbers above 160, particularly in upwash regions near the concave
surface, which appear to be the most unstable part of the vortex pair structure. These
fluctuating intensity increases are significant and strongly dependent upon the location
within the vortex pair structure as the Dean number increases from 160 to about 400.
Fully turbulent conditions then develop at Dean numbers greater than about 400.
Résults illustrating the splitting and merging of Dean vortex pairs are also presented.
When viewed in cross-section at Dean numbers from 75 to 220 and at angular positions
as small as 85 degrees ‘from the start of curvature, visualization results show two
distinctly different types of splitting events, and four distinctly different types of
merging events. These results indicate that local spanwise wavenumber values higher
‘ than O, the overall average spanwise wavenumber (in space and time) for a particular
Dean number, are prelude to the merging of a vortex pair across the channel span, and
" that values lower than @ are prelude to the splitting of a new vortex pair across the
channel span. After either a splitting event or a merging event, the reoccurrence of the
same type of event just afterwards is unlikely. Instead, readjustment of the spanwise
positions of pairs occurs as a result of the opposite event or spanwise shifting of pairs so
that local and spanwise-averaged wavenumbers eventually approach ‘«. Because of this
behavior, as well as variations observed in time-averaged distributions of the three

components of vorticity, vortex pairs are believed fo have preferred spanwise locations. .



2.0 INTRODUCTION

When Reynolds numbers are low enough in curved channel flows, the most basic
laminar flow occurs. This is called curved channel Poiseuille flow (CCPF). When
Reynolds numbers are high enough, the flow in a curved channel is unstable to
centrifugal instabilities. Secondary flows subsequently develop which eventually form
into pairs of counter-rotating vortices. This flow is‘réferred to as Dean vortex flow,
and the accompanying pairs of streamwise-oriented vortices are referred to as Dean
vortices. The parameter used to characterize Dean vortex flow is the Dean number,
defined as De=Re (d/ rj)1/2 (Dean, 1928), where Reynolds number Re equals Ud/v,
| U is the mean (bulk) streamwise velocity, d is the channel height, v is kinematic
viscosity, and rj is the radius of the convex (or inner) curved surface.

Vortices which develop from centrifugal instabilities are present in a variety of
practical applications. Near concave surfaces of turbine blades, centrifugal instabilities
result in the formation of Taylor-Gortler vbrtices. Within curved cooling passages
inside turbine blades, and within curved ducts and pipes used in components such as heat
exbhangers, vortices may again be present as a result of centrifugal instabilities '
imposed on the flow. This mechanism is initiated as faster moving fiuid some distance
away from a concave curved surface is subjected to greater centrifugal forces than the
fluid near the surface. Faster moving fluid packets then move toward the concave wall to
displace slower moving fluid first in a spanwise direction and then normal to and away
from the wall. The resulting spanwise periodic regions of high and low speed flow then
form into pairs of counter-rotating streamwise vortices. With more intense curvature,
circulation magnitudes of the vortices increase. Such vortices are important since they
may cause significant alterations to boundary layer structure and wall heat transfer
distributions. In addition, they may have an importaht effect on transition from laminar

to turbulent flow. In particular, Taylor-Gortler vortices may cause the onset of



transition to occur closer to the leading edge of a turbine blade pressure side compared to
a situation in which no vortices are present.

Using analytic means for narrow height channels where rj /rg is about 1, where rp is
the radius of the concave (or outer) curved surface, Dean (1928) first demonstrated
that curved channel flow is unstable to small amplitude disturbances for values of De
greater than 35.92. With sufficient streamwise development and when Dean numbers
are sufficiently higher than this value, Dean vortices then eventually fill the entire
channel cross-section. If the spanwise spacing of vortex pairs is A, then a non-
dimensional spanwise wavenumber of the vortex pairs is ®=2(d/ 2)75/ A. Defining
radius ratio Tlv=ri It , classical linear stability analyses, such as the one employed by
Dean (1928), predict neutrally stable Dean numbers for given & and 71 which set the
lower limit where vortices may be present.

The curve of neutrally stable Dean numbers versus neutrally stable spanwise
wavenumbers is called the neutral stability curve. The neutral stability curve then
separates unstable flow at higher Dean numbers, from CCPF at lower Dean numbers.
With CCPF, the velocity in the channel is purely streamwise with a profile similar to
the parabola of plane channel flow. The main difference from straight channel flow is
evidént in the maximum velocity which is shifted slightly towards the concave wall. The

minimum of the neutral stability curve for the primary instability then occurs at the

critical Dean number Deg and critical wavenumber O . For the radius ratio considered.
here (7} =0.979), Dec=36.92 (Finlay, 1989).

Following Dean, Hammerlin (1958) and Reid (1958) provided additional definition
of the neutral stability curve. In ah experiment with a 71=0.923 channel, Brewstér et
al. (1959) found pairs of steady counter-rotating vortices for experimental conditions
when the channel is unstable to small amplitude disturbances. He also provided evidence
supporting a critical value of Dean number at the onset of the instabilities which lead to

vortex formation. In work presented by Kelleher et al. (1980), results from a hot-



wire moving spanwise across the channel at different radii show that the periodic
secondary motion undergoes a phase shift as the probe crosses the midpoint between
concave and convex walls. These results and flow visualization photographs also indicate
the spanwise wavenumber to be approximately constant for Dean numbers from 79 to
1i3. Berger et al. (1983) present a review of experiments and analytical calculations
for square or nearly square channels in a paper that focuses only on axisymmetric and
time-independent Dean vortices. Much analytic work also took place before and after
this last study, as reviewed by Finlay et al. (1987, 1988). Of these analytic studies,
Finlay and Nandakumar (1990) show that the end vortices which form in the corners of
finite aspect ratio curved channels are only weakly coupled to the ones résulting from
centrifugal instabilities. | |
Additional characteristics of Dean vortices are given by Ligrani and Niver (1988),
and Finlay et al. (1988) for different values of De, and different locations from the start
of channel curvature 8. At low Dean numbers (<40-60), Ligrani and Niver (1988)
provide evidence of fully laminar, curved channel Poiseuille flow (CCPF) flow in their
curved channel. As the Dean number increases to any value between 40-60 and' 64-75,
flow visualizations then show unsteady, spatially uneven smoke layers evidencing small
amplitude secondary flows at any Streamwise location from 95 to 145 degrees from the
start of curvature. Then, at higlher Dean numbers (>64-_75), the flow is increasingly
unstable to centrifugal instabilities, and secondary flows develop which eventually form
into pairs of counter-rotating vortices, where the streamwise location of the initial
‘appearance of these pairs is dependent upon the Dean number. These values of De are
just greater than the neutral stability curve, and both Ligrani and Niver (1988) and
Finlay et al. (1988) indicate that individual Dean vortices may be axisymmetric such
that the two vortices in a pair are mirror images of one another. Such agreement
coincides with other quantitative . flow similarities (Ligrani et al., 1992a, 1992b),

which is interesting since one set of data is derived from observations of flow patterns
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visualized using smoke (Ligrani and Niver, 1988), whereas the other is derived from a
direct simulétion of the time-dependent, three-dimensional Navier-Stékes equations
(Finlay et al., 1988). The résults from Ligrani and Niver (1988) are different from -
those presented by Finlay et al. (1988) in several respects including the fact that
slightly greater 8 and slightly higher De are required for formation of symmetric Dean
vortex pairs in the former study than in the latter.

For De sufficiently greater than values on the neutral stability curve, Ligrani and
Niver (1988) and Finlay et al. (1988) show that the Dean vortices may become wavy.
Finlay et al. describe two different modes of waviness which manifest themselves as
superimposed waves travelling in the streamwise direction at constant speeds. These
modes are called undulating and twisting, and both produce vortices which are non-
axisymmetric. The first mention of experimentally observed waviness is given by
Kelleher et al. (1980), and the first photographic evidence of twisting was provided by
Ligrani and Niver (1988) who indicate that initial De and @ of twisting are in rough
agreement with values estimated by Finlay et al. (1988). Additional experimental
evidence of wavy vortex flow in a rotating curved channel is given by Matsson and
Alfredsson (1990). Numerical evidence of wavy vortex flows in a rotating channel is
presented by Finlay (1990). Experimental evidence of undulating Dean vortex flow in
curved channel flow is given by Ligrani et al. (1992a) alohg with additional evidence of
twisting Dean vortex flow. This paper. also compares experimental resuits from
undulating and twisting flows to data from direct simulations of the time-dependent,
three-dimensional Navier-Stokes equations. Further details on the quantitative
structure and developm.ent of wavy Dean vortex flows are additionally given by Ligrani
et.al. (1992a).

~ Another category of motions which has been observed is related to splitting and
merging of Dean vortex pairs as they are viewed in spanwise/radial planes across the

span of the channel. Evidence of such behavior for channel flow was first provided by
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Ligrani and Niver (1988) in the form of photograph sequences showing small secondary
vortex pairs observed temporarily in spanwise/radial planes for De ranging from 75 to‘
220. By examining the linear stability of nonlinear axisymmetric vortices to
disturbances of different spanwise wavelength, Guo and Finlay (1991) also study such
phenomena as they affect variations of .the spanwise wavenumber of vortex pairs in
curved and/or rotating channels. According to them, merging and splitting of vortex
pairs results from the instability of vortex pairs to spanwise perturbations (Eckhaus
instability). Accordingly, Guo and Finlay describe a closed Eckhaus stability bou.ndary
for curved channel flow with 71=0.975. Within this boundary, Eckhaus growth rates
are negative and pairing and splitting of pairs is not expected to occur. Here, growth
rate refers to the real part of the eigenvalue representing the perturbed flow component.
Outside of the Eckhaus boundary, growth and decay rates of the disturbances that cause
vortex pairs to split or merge are positive. They are lowest in proximity to an Eckhaus
valley, defined to be where positive growth rates are locally minimum.

In flow visualization results from a rotating channel (Alfrédsson and Persson,
1989), and from a durved channe! which rotates (Matsson and Alfredssén, 1990),
pairing and splitting of vortex pairs in streamwise/spanwise planes is evident from
flow visualization photographs of water contaminated with titanium-dioxide platelets.
Views of streamwise/spanwise planes show upwash and downwash regions as dark
streaks With Iight streaks in between. Spiitting is evidenced by the splitting of light
streaks between existing light streaks, and merging is evidenced by the merging of light
streaks. Similarly, Ligrani and Niver (1988) describe individual tubes of smoke which
occasionally divide into two branches, or adjacent tubes which merge together. Splitting
and merging of vortex pairs is also found in experimental results from a rotating flat
pllate boundary layer (Musuda and Matsubara, '1 989), and from a concave wall boﬁndary
layer (Bippes, 1978), and in simulation results for a rotating channel (Yang and Kim,

1991). Other investigators have noticed splitting and merging phenomena in wall
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bounded flows (Peerhossaini and Wesfreid, 1990),‘or discussed spanwise wavenumber
selection in analysis of boundary layers developing over concave surfaces (Floryan and
Saric, 1984) and in experiments of rotating Couette flow (Snyder, 1969). Ligrani-et
al. (1992b) present results which illustrate two distinctly different types of splitting
events, and four distinctly different types of merging events when viewed in cross-
section at Dean numbers from 75 to 220 and at angular positions as small as 85 degrees
from the start of curvature. These results further indicate that local spanwise
wavenumber values higher than @, the overall average spanwise wavenumber (in space
and time) for a particular Dean number, are prelude to the disappearance of a vortéx
pair across the channel span by merging, and fhat values lower than @ are prelude to
the appearance of a new vortex pair across the channel span from splitting. After either
a splitting event or a merging event, the reoccurrence of the same type of event just
aﬁerwards is unlikely. Instead, readjustment of the spanwise positions of pairs occurs
as a result of the opposite event or spanwise shiftihg of pairs so that local and spanwise-
averaged wavenumbers eventually approach «.

The motivation of the present study is to examine vortex structure and development
in a curved channel. Attention is focussed on the vortices resulting from centrifugal
instabilities as these ultimately have important influences on local shear layer
structdre, wall heat transfer distributions, and transition. Both streamwise
development and structural changes with Dean number are considered to provide
information for modelers attempting to develop schemes to account for the influences of
curvature. All results are obtained for De less than 430. A channel was used to provide
a well controlled experimental environment wherein shear layer thickness does not
change with streamwise distance after suffi_cient development length. Because of this,
the vortices in this study are different from Taylor-Gortler vortices which form in

boundary layers developing over surfaces with concave curvature.
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The curved channel employed for the study has J1 80 degrees of curvature, and an
aspect rafio of 40 to 1 (ratio of width to height). A 40 to 1 aspect ratio was chosen to
minimize side wall effects, proVide sufficient space for spanwise periodic flow patterns,
and because little other data is available in curved channels with large aspect ratio.
Results for aspect ratios less than 5 are not necessarily always applicable to larger
aspect ratio cases. Results are given for Dean numbers ranging from 35 to 430, and for
angular positions from the start of curvature ranging from 65 to 145 degrees. The
magnitude of the inner to outer radius ratio 7 is 0.979.4 According to existing criteria,
the amount of curvature is mild since &/rj is .011, where 3 is the shear layer thickness.

In order to measure flow characteristics, ordinary and subminiature sized hot-wire
sensors, a miniature five-hole pressure probe, and flow visualization schemes are
employed. With these techniques, a variety of results are obtained'including spectra
which show different frequency events occuring in the velocity field, surveys of
distributions of streamwise mean velocity and all three components of time-averaged
vorticity, and photo sequences which iliustrate time-varying flow characteristics.

Subsequent to this introduction, experimental apparatus and techniques are presented
in Chapter 3.0. This discussicn includes information on the curved channel, techhiques
~ used to measure distributions of time-averaged velocity and vorticity, spectral
measurement techniques, and procedures used for flow visualization. Experimental
results are then given in Chapter 4.0. A summary and _conclusions are lastly given in

Chapter 50
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3.0 EXPERIMENTAL APPARATUS AND PROCEDURES
3.1 CURVED CHANNEL

The curved channel is described in detail by Ligrani and Niver (1988) and by
" Ligrani et al. (1992a, 1992b). A schematic and a photograph are shown in Figs. 1 and
2, respectively. The facility is an open-circuit suction facility designed for low-speed
transition studies, and was designed and constructed especially for flow visualization. To
eliminate any discontinuities along the inside surface of the channel, the upper wall and
the lower wall are each made of three pieces of transparent plastic sheet bonded together
in one continuous piece so that no seams are present. The inside dimensions and cross
sectional area of the channel are the same along its entire 6.77 m length. Side wall,
longitudinal, and cross-beam supports are used to support the upper and lower walls so
that the inside dimensions and their tolerances at any streamwise location are 1.27 +
.015 cm for the height and 50.80 + 0.05 cm for the width.

The lip at the chénnel inlet is constructed of quarter circumference sections of 15.2
cm outside diameter pipe. FoIIowi-ng this is the 25.4 cm by 50.8 cm rectangular inlet
section for flow management, consisting of a honeycomb followed by three screens
stretched across the cross section. The distance between screens and between the
honeycomb and adjacent screen is approximately 10 cm, following suggestions given by
Mehta and Bradshaw (1979). Following the la;t screen is a 20 to 1 contraction ratio
nozzle, whose contour is given by a fifth-order polynomial. |

After the nozzle, flow enters the 40 to 1 aspect ratio cHannel. The first part is a 2.44
m long straight duct. _This length is used to provide fully developed laminar flow at its
exit for Dean numbers up to 640 (Han, 1960). The corresponding mean velocity is 3.8
m/s. After the straight channelt, the flow enters the curved test section. The concave
interior duct surface has a radius of curvature of 60.96 cm and the convex surface has a
radius of curvature of 59.69 cm. At the exit of the curved portion of the channel, the air

enters another 2.44 m long straight duct. At the exit are four screens and a honeycomb
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used to isolate the channel flow from any spatial non-uniformities in the outlet plenum.
A 45.7 cm long diffuser, having a total angle of three degrees, is also used to provide
some pressure recovery just prior to the exit plenum.

The flow rate through the channel is controlled by the pressure in plenurﬁ number 1,
shown in Fig. 1. One of two blower and piping systems is used to set this pressure. The
first system with blower number 1 is used to obtain Dean numbers from 150 to 500.
This blower is a vortex type, capable of producing 152 cm of water vacuum at 3.97
m3/min volumetric flow rate. The second blower/piping system attached to plenum
num'ber 1 is connected io blower number 2. This blower produces 10.2 cm of water
vacuum at 4.82 m3/min volqmetric flow rate. The suction side is connected to plenum
number 2 in Fig. 1. This plenum is used to mate the 14.0 cm diameter blower inlet to
piping without significant pressure losses, and additionally helps isolate the channel
from unsteadiness caused by the blower impeller. With this second blower/piping
arrangement, Dean numbers between 40 and 220 are obtained.

Each blower/piping system may be used independently since each one can be isolated
from the other. With the‘ pressure in plenum number 1 as a reference, flow
measurements from each system agree within one percent (Niver, 1987). The second
system with blower number 2 was used for most results of the present study, and
produced no noticeable unsteady oscillations for its entire range of operation. Flow rate
changes in the second system are made by throttling valve 1 just upstream of plenum
number 2 (see Fig.1) while bypass valve 2 is kept fully open.

The mass flow rate and Dean number are calculated from measurement of the
pressure drop across the 1.5 inch ASME standard orifice plate. The results of these
measurements are checked using a rotameter which is sometimes placed in series with
the orifice plate upstream of blower number 1. The orifice pressure drop is measured
usih‘g a differential pressure transducer and a carrier demodulator. The signal is

collected and processed using a data acquisition system, and a computer. Additional
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details on the transducers, acquisition system, and associated computer are found later
in this report.

The channel coordinate system is shown in Figs. 3and 4. (@, r, Z) are the normal,
streamWise, and spanwise directions respectively. The alternate radial coordinate
Y=(ro — r) is measured from the concave wall, radially inwards. The alternate
streamwise cdordinate X is measured from the channel inlet located at the nozzle exit
plane. The inner and outer walis of the curved channel have radii of curvature rj and ro
and the two curved plates are spacéd a distance d apart. r¢ is the radius of curvature of
the radial midplane of the channel, and thus, X= 8 rc. Two non-dimensional measures of
channel curvature are the radius ratio 71, and the ratio of shear layer thickness to
convex wall radius, (d/2)/ri=8/rj. As mentioned earlier, the latter parameter value
is 0.011, indicating mild curvature. Fig. 3 also illustrates the spanwise spacing
between vortex pairs A4, which, as mentioned earlier, is often given in non-dimensional
formas a=2(d/2)x/ A,

Fig. 4 shows how the coordinate system (X, Y, Z) is displaced at diffe‘reht channel
locations. The figure also shows a slot, 3.2 mm wide and 76.2 mm long, which is located
in the convex wall of the curved channel. It is aligned in the spanwise direction 50.8
mm off of the cemerline at a location 120 degrees from the start of curvature. A
support block of polycarbonate ‘(152.4 mm by 63.5 mm by 22.2 mm) is joined using
epoxy to the wall surrounding the slot to maintain the convex wall's dimensional
integrity, and to minimize the deflection of the curved wall in the vicinity of the slot.
Flexible sealant foam is used to line the slot to allow probe insertion with no air leakage
to the channel interior. This foém is carefully positioned to avoid any bumps or
discontinuities in the flow so that probes can be inserted into the channel and moved
freely in the spanwise and radial directions. It is attached to the slot walls using a layer

of adhesive attached to its backing material. A schematic of the support block and the
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. foam sealing device is shown in Figure 5. This figure also shows how a probe is inserted
into the channel. Additional details are given by Ligraniket al. (1992a, 1992b).

A series of tests were conducted to qualify the performance of the transparent curved
channel. To measure the turbulence intensity at the nozzle exit, a single sensor hot-
wire pfobe was mounted normal to the flow direction and operated in a constant
temperature mode. For channel Dean numbers‘of 290 and 450, the turbulence
intensities of the streamwise velocity are .0006 and .0010 respectively, based on local
mean velocities of 3.4m/sec ahd 5.2m/sec. |

The spanwise uniformity of the flow 120 degrees from the start of curvature is
indicated by total pressure contours shown in Fig. 6. Fig. 6a shows measurements using
a miniature total-pressure Kiel-type probe traversed across a plane with 5.08 cm span
at a Dean number of 54. Fig. 6b shows total pressure distributions for a Dean number of
49 which measured using a miniature five-hole pressure probe (Ligrani et al., 1989a,
1989b). Additional qualification of the five-hole pressure probe is provided because
the results in Figs. 6a and 6b are comparable qualitatively and quantitatively. Radial
traverses of the streamwise mean velocity at three spanwise locations are shown in‘Fig.
7. These profiles were obtained at a Dean number of 36 also using the miniature five- .
hole pressure probe (Ligrani, Singer and Baun, 1989b). The measurements in Fig. 7
show the profiles to be spanwise uniform and in general agreement with equations for
CCPF as given by Finlay et al. (1987). Small differences and minimal scatter are due to
the difficulty in measuring the low pressure levels associated with these velocities, and
the fact that the computed result represents fully developed flow, whereas the |
experimental profile is only partially developed. The components of velocity in the
radial and spanwise directions are expected to bé zero. These were measured to be less
than a few percent of the mean centerline velocity in the channel for De=36 as a result
of data scatter. The miniature five-hole pressure probe has a 1.22 mm tip diameter and

is shown schematically in Figs. 8 and 9. This same probe is also described in detail in
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the next section. The traverses were made using a two-dimensional automated
traversing mechanism and a data acquisition system, both computer controlled.
Pressures were measured using transducers having a full scale of 0.25 cm of water.

Additional details are given by Baun (1988) and by Ligrani et al. (1989b).

Tests were also conducted to determine the effects of blockages placed at the inlet of
the chénnel on observed flow visualization patterns. Because of the extremely low
velocities through the flow management apparatus, blocking as much as 50 percent of
the inlet caused no changes in observed visualization patterns or measured quantitative
results. Thus, wakes from the smoke generation device were also not expected to cause
any disturﬁances to the natural flow in the curved channel. Also tested were the effects
oi‘ small geometric perturbations to the side walls, small changes in the dimensions of
the top and bottom walls of both the straight and curved portions of the channel, strips of
tape just downstream of the nozzle, and geometric perturbations to the channel at the
locations where vortex formation initially begins. For Dean numbers less than 200,
none of these had any effect on quantitative or qualitative results.

Perturbations‘to channel geometry which were inipértant included leaks of any size
and at most any location, especially near points where visualization or quantitative
results were obtained. Also important was any unsteadiness produced by anything
(flapping plate, laboratory activity, closing doors) in the laboratory which affected the
flow at the inlet of the channel. To minimize this, test results were always obtained at
night and other times when virtually no activity was present in the laboratory
containing the curved channel.

3.2 MEASUREMENT OF THREE MEAN VELOCITY COMPONENTS AND THREE

COMPONENTS OF MEAN VORTICITY

Surveys of mean velocity in cross-sectional (spanwise/radial) planes at the
location of the convex wall slot are measured using the miniature five-hole pressure

probe described by Ligrani, Singer and Baun (1989b). This device was developed to
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measure the three mean velocity components in the curved channel, where pressures are
low, flow is three-dimensional and laminar, and spatial resolution and pro/be blockage
effects are important considerations. The tip diameter of the five-hole pressure probe
is 1.22 mm. Experimental and calibration procedures are given by Ligrani, Singer and
Baun (1989b), except for techniques employed to account for spatial resolution and
streamline displacement, which are described elsewhere (Ligrani, Singer and Baun,
1989a). Velocity components are determined from pressures using calibration
coefficient data for yaw angle, pitch angle, total pressure, and total minus static
pressure. For Reynolds numbers based on probe tip diameter, these probe calibration
coefficients are independent of Reynolds number for values ranging from 80 to 400.
Using finite difference equations, distributions of the three components of mean
vorticity are determined from distributions of the three components of mean velocity.

Magnitudes of secondary flow vectors are used to determine the streamwise component of

vorticity, using the equation given by wg = dur/oZ - duz/or . Spanwise and radial
components of vorticity are calculated using equations of the form «, = dug/or+ug/r

and o, = - dug/0Z, respectively, where ug, ur, and uz represent streamwise,

. spanwise, and radial components of velocity. Streamwise derivatives are neglected since
measurements were takén in only one spanwise/radial plane. Some details of these
procedures are now presented.

Procedures for the calibration and application of ordinary-sized five hole pressure
probes are described by Treaster and Yocum (1979). Here, calibration coefficients for
the yaw angle, pitch angle, and total pressure are independent of Reynolds number based
on probe tip diameters for Reynolds numbers ranging from 2000 to 7000. The static
pressure coefficient shows small Reynolds number dependence which, if unaccounted
for, results in errors in magnitudes of measured velocity. Five hole probes similar in
size to the ones used by Treaster and Yocum are used extensively throughout the fluid

dynamics community and many results obtained from such probes are available in the
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literature. Treaster and Houtz (1986) describe the fabrication and calibration of
miniature five hole pressure probes with tip diameters ranging from 1.07 mm to 1.68
mm. Calibration coefficients are defined in the same manner as given by Treaster and
Yocum and also show similar depéndence on Reynolds number and wall proximity. in a
companion paper, Weltz (1986) describes a double interpolation procedure to obtain
velocity direction and magnitude from calibration data and measured pressures.
3.2.1 Experimental Details for the Miniature Five-Hole Probe

Two schematics and a photograph of the miniature five hole pressure probe efnployed
in the present study are shown in Figures 8, 9, and 10, respectively. The diameter of
the probe tip is 1.22 mm, where the central tube is surrounded by four other tubes,
where the end of each is tapered at a 45 degree angle with respect to the mouth of the
central tube. Each of the five hole tubes is made from stainless steel hypodermic tubing
with inner and outer diameters of .203 mm and .406 mm, respectively. The probe was
constructed by first spot welding together these five tubes. The five were then bent in a
90 degree‘turn with a radius of 1.52 mm to avoid any tube crimping. Silver solder was
then used to join the five tubes together continuously along their length. Finany', the
portions of the probe tip were tapered to appropriate angle\s using a surface grinder.
This approach is different from the one described by Treaster‘ and Houtz wherein probe
tips are ground and sanded into appropriate shapes after solder is used to completely
encase all tubes. Additional details are given by Ligrani, Singer and Baun (1989b).

Figure 9 shows that the present probe tip extends 5.08 mm ( 4 tip diameters)
beyond the bend in the stem to minimize the effects of stem fiow blockage at the
measuring location. Similarly, the tip is 22.9 mm (19 tip diameters) from the 9.53
mm diameter cylinder. Within this cylinder, each tube is connected to a 1.60 mm
diameter tube using a small manifold for each tube connection. The mounting cylinder

was sized for easy handling and mounting. On top of the cylinder is a second set of
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manifolds with five male connectors for attachment to 6.35 mm outer diameter/ 4.67
rhm inner diameter tubing. |

The miniature five hoié probe was designed to minimize the adverse effects of flow
blockage and spatial resolution when used for measurements in the curved channel.
When in place for measurements at the centerline of the channel, the mounting cylinder
is not exposed to the flow, and the probe produces 4.8 percent blockage over a 12.7 mm
x 12.7 mm area. The tip is conical rather than a prism type to minimize near-flow
blockage effects which are particularly severe for prism type probes.

The tubing used to connect the probe to transducers infiuences the pressure detected
at the transducer.- In particular, low amplitude pressi.ire oscillations may result when
there is a large volume of air in the tubes relative to that in the probe. With zero
differential pressure applied across the transducer, these oscillations have peak to peak
pressure amplitudes about .0003 cm of .water. The period of oscillation is
approximately one minute. These variations are believed to result due to
compressibility of the gas and the constriction provided to the air as it passes through
the 0.20 mm inner diameter holes in the probe tip from the larger diameter tubing. The
motion of the air and the constriction result in the pressure waves which seem to
initiate from small disturbances to the tubing. As the volume of air in the tubes
increases, the pressure detected at the transducer becomes more unsteady and longer
decay times are required before the measurement reaches a steady state. Ordinarily, to
overcome such effects, tubing is fixed in place so that it may experience minimal
vibration. Another alternative, used in the present study, is to minimize the volume of
air in tubes. Flexible plastic tubing with 3.16 mm outer diameter and 2.66 mm inner
diameter, less than 20 cm long, is employed for this purpose along with plastic adaptérs
to connect the tubes to the male connections of the piobe manifold. For differential
pressures less than 0.2 cm of water, the pressure unst‘e'g\diness is then reduced

considerably (Ligrani, Singer and Baun, 1989b).
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Two different sets of transducers are used to convert pressure to an electrical signal.
For differential pressures less than 0.25 cm of water, variable reluctance differential
transducers are employed. For higher pressures, another type of variable reluctance
traﬁsducers are used. A separate transducer is used to measure pressure relative to the
atmosphere for each port 6f the five hole probe.

Forvlo‘w pressure measurements, the five transducers each have a full scale range of
0.25 cm of water differential pressure, énd are used to measure pressures as low as
0.013 cm of water of five percent of the full scale range. These devices are quite
sensitive, requiring extra care as they are used, particularly as tubing from the probe
is connected or disconnected. This is done very slowly while monitoring transducer
output to avoid pressure overload. Each transducer is supported in a vertical position by
a plexiglass mount slightly above the probe. This mount minimizes gravitational effects,
vibration, and orients transducers to minimize the influence of magnetic fields from two
nearby stepping motors. Shielded cables connect the transducers to carrier demodulator
units. The shields extend to the transducer cases to provide a ground connection to the
demodulators and significantly reduce electronic noise. Further reductions are achieved
by mounting the demodulators on a thick metal plate to further isolate them from the
stepping ‘motors. The carrier demodulator units are essentially AC bridge circuits which
produce a DC voltage output proportional to the pressure signal from the transducers.

The signal to noise ratio of the transducer/carrier demodulator system for low
pressure measurements ranges from 100 to 5000. The amount of temperature drift for
zero differential pressure is typically less than 0.01 voits over an eight hour period.
This drift was recorded to be as high as'about 0.1 volt, but only for one transducer. This
is still quite low considering that the maximum voltage produced from a demodulator is
typically 10 volts. Demodulators‘are adjusted to maximize output voltage in order to

minimize the adverse effects of zero drift and to maximize the signal to noise ratio.
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For measurement of differential pressures higher than 0.25 cm of water, the other
type of variable reluctance differential pressure transducers are supported by the short
tubes extended from the mouth of the probe. The full scale range of each transducer is
2.0 cm of water. Carrier demodulators are again employed to convert electrical output
to DC voltage. When compared to the low-pressure range transducers, these deviceé
have higher noise levels, and for differential pressures less than 0.2 cm of water, more
significant calibration non-linearities.

Each transducer/demodulator system is calibrated by first adjusting the zero so that
the output with no épplied pressure is less than 0.01 volts. This small offset voltage is
determined from the averége of 50 samples taken by thé data acquisition system,
recorded and then accounted for in subsequent signal processing. Next, a constant
pressure, close to the value expected during measurement, is applied simultaneously to
the unused orifice of the transducer and to a horizontal manometer, which can be read to
an accuracy of 0.005 cm of water. A calibration coevfficient is then determined to be the
ratio of the manometer pressure and the difference between the average voltage and
offset voltage. This procedﬁre is repeated three times to give three calibration - |
coefficients which are averaged to reduce experimen;al unceftainty.» A typical value for
high pressure transducers is 0.15 cm of water differential pressure per volt.
Calibration coefficients for low pressure transducers are typically about .015 cm of
water per volt.

Each transducer/demodulator system is 'co>nnected to a data acquisition/control unit
equipped with analog multiplexing and a digital voltmeter with uV sensitivity. The
control unit is controlled by a computer, which also proceéses the data. The computer is
equipped with a 8 MHz 16/32 bit processor, dual 5.5 inch floppy disk drives, and a
memory of 1M'~bytés.

When data are acquisitioned from the probe, voltage samples are recorded

sequentially from the five channels until 50 samples are accumulated for each channel.
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The mean and standard deviation are subsequently calculated for each channel. One
hundred additional samples are then recorded for each channel provided each is within
three standard deviations of the current mean value. The overall sampling rate is about
SHz.

3.2.2 Miniature Five-Hole Pressure Probe Calibration

The wind tunnel used for probe calibration is an open circuit blower tunnel which
provides unifdrm flow at the nozzle exit with a free stream turbulence intensity of
approximately 0.1 percent at 30 m/s. Air enters the fan inlet from the surrounding air
through a coarse filter. A 1.6 mm clearance between the fan and diffuser isolates
vibrations from the fan to the wind tunnel body. The diffuser contains a second fine
filter to remove small particles from the air as well as four baffle vanes to reduce
spatial nonuniformities. A 16:1 contraction ratio nozzle leads to the 3.05 m long, 0.610
m wide test sectioﬁ. The height of the top wall is adjustable. For thié work, a zero
pressure gradient is maintained to within 0.013 cm of water differential pressure along’
the length of the test section. The exit of the tunnel vents of the laboratory.

To set probe angles during calibration, the probe is positioned in a manually operated
traversing unit. The unit has been modified to include a protractor to facilitate
positioning the probe to an accuracy of 0.5 degrees over a range of yaw angles from -40
de.grees to +40 degrees. The traversing device is mounted on a horizontal sled which fits
on top of the wind tunnel side walls. AThe mounting sled can be rotated through a range of
pitch angles from -45 to +45 degrees to an accuracy of 0.5 degrees. The pressure
transducers rotate with the probe and are sensitive to the direction of gravity énd thus to
the pitch angle. To account for diaphragm deflection from gravity as the transducers are
rotated, a constant multiplied by the sine of the pitch angle is added to the pressure
signal. Figure 11 shows a photograph of the calibration sled mounted on the top of the

wind tunnel with probe, traversing devise, protractor, and transducers.
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The probe is calibrated in the uniform free stream flow of the wind tunnel. The right
handed coordinate system shown in Figure 8 is employed. Positive yaw angles exist when
the pressure at port two is greater than that at port three. Pitéh is considered positive
when the pressure at port four is greater than that at port five.

The probe is first aligned in the wind tunnel. Zero yaw is defined to be that angle
where the pressures at ports two and three are equal. The calibration sled is constructéd
so that at zero pitch angle, the probe mounting cylinder is vertical within 0.5 degrees.
Here, the difference in the pressures at ports four and five produces a nonzero pitch
coefficient, which is also used to designate zero pitch when measurements are made.

To obtain calibration data, the probe is m‘anually fixed at a known yaw angle and then
rotated through the pitch plane. Similar procedures are employed by Treaster and
Yocum (1979) and Treaster and Houtz (1986). A total of 25 angle combinations are
used, five pitch angles at five different yaw angles. ' In addition to the pressures at the
probe's five holes, the total and static pressures are required. The tbtal pressure is
measured with a Kiel-type total pressure probe; the static pressure is measured at the
same streamwise position with a pressure tap in the side wall of the tunnel. To accour;t'
for small changes in the free stream velocity, the static and total pressures are updated
periodically. Typically, they vary less than 0.0005 cm of water during a three hour
calibration session.

For each prdbe position during calibration, yaw, pitch, total, and total minus static
pressure coefficients are calculated using:

Cpy = (P2 - P3)/(P1 - P)
Cpp = (P4 - Ps)/(P1 - P).
Cpt = (Py - P)/(Py - P)

Cpts = (P - Ps)/(P1 - P}

25



respectively. Cpp and Cpy have the same form as the coefficients embloyed by Treaster
and Yocum (1979). Fequals (P2 + P3 + P4 + Ps)/4. New expressions for Cpt and Cpts
are used to produce coefficients which do not approach zero as the Qaw angle and pitch
angle approach zero.

Calibration coefficients are presented in Figures 12-16 for a mean speed of 1.9 m/s,
which corresponds to a Reynolds number based on probe tip diameter F(epmbe of 86. Cpy
in Figuré_ 12 increases with yaw angle and is close to zero and zero yaw angle. Some
slight dependence on pitch angle is evident. Cpp variation with yaw and pitch in Figure
13 shows similar behavior, except it is about equal to -0.15 at zero pitch angle for all
values of the yaw angle tested. In Figures 14-16, Cpt, Cpts, and Cps show significant
dependance on yaw angle at a given pitch angle. Here, Cps = (P1 - Ps)/(P1 - P). The Cpt
and Cpts curves are somewhat non-symmetric about zero pitch angle indicating a slightly
non-symmetric probe tip.

The dependence of the yaw coefficient on probe Reynolds number is illustrated by
results presented in Figures 17-20. These results correspond to mean speeds ranging
from 1.1 10-5.0 m/s and probe Reynolds numbers ranging from 86 to 391. Except for
some differences for Re=86 due to scatter resdlting from measurements of extremely
low pressure levels, the yaw coefficient calibration curves are repeatable with minimal
scatter and are independent of Reynolds number. Tﬁis includes the value of Cpy at' zero
yaw angle and zero pitch angie. Other coefficients show similar behavior, in contrast to
the results of Treaster and Yocum (1979), where the static pressure coefficient shows
significant dependance on the probe Reynolds number. The forms of the presently used
coefficients were chosen to avoid this problem.

Calibration results and data reduction prbcedures were checked by placing the probe
in the wind tunnel at known yaw and pitch angles and then determining these angles using

the measurement procedures. At a mean speed of 2.7 m/s, both measured angles were
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generally within 0.3 degrees of preset angles. Differences of about 0.5 degrees occurred
only when the yaw angle was greater than 15 degrees.

Based on a 95 percent confidence level, the uncertainties of Cpy and Cpp are both
estimated to be plus or minus about 0.02. The uncertainty of Cpts is typically plus or
minus 0.04. The uncertainties of the slopes of the yaw and pitch calibration curves are
approximately plus or minus 4.4 percent.

3.2.3 Corrections to Account for Finite Spatial Resolution and Induced

Downwash Velocity

Adjustments must be made to account for pressure and velocity gradients measured in
three-dimensional flow fields using probes of finite size. de of the moét important
adjustments result from finite spatial resolution and induced downwash velocities. The
techniques described here are generally applicable, and discussed in additional detail by
Ligrani, Singer'and Baun (1989a).

Accounting for spatial resolution of multi-hole pressure probes is necessary since
different pressure ports are at different locations. - The simplest accounting corrects
pressures so -that all appear to be measured at the same physical location. For five hole
probes, if this cominon point is chosen to be the location of the central hdle, then four
pressures require adjustment..

Figure 21 illustrates how the spatial resolution scheme is applied. Here, locations
of the five pressure ports are shown as the probe is moved to different Z locations at a
constant value of Y. For this case, to simplify discussion, corrections are applied only to
ports two and three. In most real applications, the scheme is also used simultaneously
for ports four and five, provided probe data are available fdr at least three locations in
different planes normal to the wall. Spanwise gradiénts in total pressure appear as
differences in pressures measured at ports two and three. Thus, for the situation of
Figure 21, pressures from ports one, four, and five are ho;t affected by spanwise

gradients. Only pressures from ports 2 and 3 require adjustment.
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The correction is ih’nplemented after pressures from each of the five holes are
recorded at measurement locations k=1, 2, 3, ... n. As a first step, cubic spline curves
are fit to pressures méasured at port two for probe positions k=1, 2, 3, ... n. The exact
spanwise position of this port is used and not the location of the center hole. In figure
21, these locatlons of P2 measurement are Zy + d, where d is the distance between the
center hole (port one) and the center position of each adjacent hole A similar procedure
is used for P3 measured from port three, except that its locations are Zx - d. One smooth
curve is constructed for each port, each of which is then used to calculate the value of P2
and P3 at the location of port one. In Figure 21, these pressures are designated P k and
P3,k, and evaluated at Zx and fully corrected to account for finite spatial resolution. |
They may then be used to calculate the yaw coefficient for determination of the yaw angle
at locatibn Zx. If pressures from ports 4 and 5 had been corrected to give P4 x and P5x,
then these pressures could then be used to calculate pitch coefficients for pitch angle
determination at Z.

With this approach there are no adjustable coefficients. Required are Y and Z
locétions of port one and d, fhe distance between port one and the center of the other
probe pressure ports. For the custom-made miniature probe, d=0.041 cm. ‘The scheme
assumes that pressures vary smoothly without significant discontinuities between
pressure port locations and measurement locations. At the end points of any traverse,
satisfactory results may be obtained by extrapolation. For optimal accuracy, in the
présent study, endpoints are discarded after interpolation for their neighbors is
completed.

This scheme is physically more realistic than others which employ streamwise
velocity gradients as a basis to account for spatial resolution. Finite spatial resolution
is caused by variations of pressure, and thus, pressures must be corrected and not

velocities ‘or velocity gradients.
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The downwash velocity is part of induced secondafy flow which occurs as a resuilt of
the blockage _of blunt bodies within transverse gradients of mean streamwise velocity.
Young and Maas (1936) show that velocities measured in bodndary layers using flat-
faced pitot probes correspond to positions farther from the wall than where the
measurements are actually made. Livesey (1956) obtains similar resuits for flat-faced
probes, but finds that apparent streamline displacement depends strongly on probe
shape. Lighthill (1957) describes a theoretical model for flow around a sphere in a
uniform velocity gradient. He finds that the displacement of the stagnation streamline is
caused by downwash velocity near the sphere with flow from regions of high streamwise
velocity to regions of lower streamwise velocity.  He also confirms earlier work
showing that downwash velocity can be quite significant and depends strongly on the
shape of the probe. For multiple hole probes that are used to determine flow _direction as
well as speed, the induced downwash velocity, if uncorrected, causes larger errors than
displacement of the stagnation streamline.

After pressures and pressure coefficients are corrected for effects of finite spatial
reSolution, the velocity distribution is determined using data reduction procedures given
later in this chapter. With this velocity field in the computer memory, adjustment for
downwash velocity effects can proceed.

The present correction for induced downwash velocity is based on the work of
Lighthill (1957). He shows that D/(a'du/ds) is of the order of one near a sphere. Here,
a' is the sphere radius, and D is the induced downwash velocity in the s direction, which
is normal to the direction of u. The gradient of the u component of velocity with respect
to the S-direction is du/ds. For probe tips, downwash velocities in the normal and
spanwise directions may then be estimated using: |

Dy = (dug/dY)(a'Ey) and Dz= (dug/dZ)(a'Ez)
where a' is the probe tip radius and dimensionless quantities Ey and Ez are coefficients

which depend on probe geometry. These may be different from each other, especially for
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non-axisymmetric probe tips. In the present study, however, these two coefficients for
the normal and spanwise directions are assumed to be the same and equal to E. Normal
and spanwise velocity components uy and u, corrected for the effects of downwash
velocity are then given by:

Up = Upy +(dug/dY)a and Uz =uzy + (dug/dZ)A
where A=a'E. In the above two equations, uy, and uy represent velocities uncorrected
for the downwash effect. By fitting ug with cubic spline curves in the Y and Z directions,

dug/dY and dug/dZ can be determined. The cubic splines are differentiated analytically

and the values of the derivatives at every measurement point are then calculated.

In the present application, the final velocity components are corrected by
numerically fitting the cubic splines and differentiating them. The corrected velocities
are stored"to be used for later plotting and vorticity computations.

Figure 7 shows measurements of streamwise velocity after corrections are applied,
plotted at three radial traverse locations and compared to the curved channel Poiseuille
flow (CCPF) profiles of Finlay et al. (1988). The profiles were taken at a Dean number
of 36 and are generally in excellent agreement with the CCPF profile for this Dean
number. Small differenceé are due to scatter caused by difficulty in measuring the low
pressure levels associated with these velocities. |

Another example of the application of pressure and velocity corrections is presented
in'Fig. 22. At a Dean number of 100, secondary flow velocities are reasonably steady
‘and spanwise periodic, and result because of the presence of pairs of counter-rotating
Dean vortices. Because of these vortices, pressure gradients exist in both spanwise and
radial directions. Resulting streamwise velocity variations, which depend only weakly
upon the corrections, are shown in Fig. 22a. Corresponding secondary velocity vectors
when no corrections are made are presented in Fig. 22b. In this figure, vectors point
away from regions of high streamwise velocity to regions of lower streamwise velocity,

which is a physically unrealistic situation, especially near surfaces. Figure 22c then
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shows secondary flow vectors from the same flow after the pressures are corrected only
for spatial resolution. These vectors are substantially different from those in Figure
22b, even though vectors near walls still point away from the regions of high
streamwise velocity. The largest vector in Figure 22b is 0.14 m/s, whereas the largest
vector in Figure 22¢ is_ 0.10 m/s. In Figure 22d, both spatial resolution and downwash
corrections are applied. Here, the value of A employed in the induced downwash velocity
"~ corrections is 0.025 cm or 0.4a', and velocity vectors follow expected behavior. Well
defined vortices are evident and vectors show no consistent tendency to point into walls
or away from regions of high streamwise velocity. Secondary flow vectors indicate
upwash from the concave to the convex surfaces over the same areas where streamwise
velocity deficits are present in Fig. 22a.

3.2.4 Five-Hole Probe Use in the Curved Channel

In this section, the traversing mechanism, measurement procedures, data reduction
schemes, and qualification of the miniature five-hole probe are discussed as the device is
employed to measure mean velocities in the curved channel. Additional details are given
by Béun (1988) and by Ligrani, Singer and Baun (1989a, 1989b).

When measurements are made in the channel, the probe is oriented using a mount
attached to a travelling block which is part of an a'utomated two-dimensional traversing
mechanism. The set-up is shown in Fig. 23. The travelling block moves in the spanwise
and radial directions. These parts are driven by 20-thread per inch. drive screws and
guided by ground steel, case-hardened support shafts. The drive screws are rotated by
stepping motors. These motors are controlled by a motion controller, which directs the
movement of the probe according to instructions from the computer through a data
interface.

The mount used to orient the probe is also evident in Figure 23. This mount consists
of two collars. The first may be rotated relative to the radially mounted travelling block

to allow the pitch angle of the probe to be set relative to the channel flow. A second
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collar is attached to the probe by means of a set screw, which allows the yaw angle of the
probe to be adjusted. Changes to the yaw angle as small as plus or minus 0.1 degree and
to the pitch angle as small as plus or minus 0.5 degrees are possible with this
mechanism.

The probe is positioned and aligned before measurements are made; This is
accomplished by first inserting the probe into the channel at a spanwise location 5.08
cm from the centerline so that part just touches the concave wall. It is then visually
aligned with the flow and subsequently moved to the channel centerline using the
controller for the two-dimensional 'traversing mechanism. Small adjustments to the
probe yaw angle and pitch angle are now made using the probe mount to obtain a zero yaw
coefficient and a small pitch coefficient. A bulk flow velocity of 0.3 m/s is used for
aiignment since flow at this experimental condition is in the streamwise direction with
minimal secondary flows.  The low speed also means that the pressure differences
between the poris are small. Hence, there is some scatter in the pitch and yaw
coefficients. The final orientation of the probe gives a yaw coefficient of 0.00 plus or
minus 0.01 and a pitch coefficient of -0.60 plus or minus 0.01. This is equivalent to
+4.5 degrees offset accounting for the pitch coefficient of -0.15 obtained during
calibration alignment. More accurate pitch alignment forces the probe against the edge
of the slot, hence, the pitch offset is corrected during data reduction. No offset is applied
or needed for the yaw angle.

In a typical sbanwise/radial plane traverse, the probe moves in the radial direction
frt)m the concave wall to the cdnvex wall as measurements are made. To begin
measurements at a new spanwise location, the probe first moves 0.254 c¢m in the
spanwise direction, then in the reverse span direction 0.127 cm, and finally toward the
convex wall until it is 0.254 cm away. A new radial measuring traverse then begins.
This procedure is used for positioning to reduce the adverse effects of backlash and give

repeatable data regardiess of the direction of spanwise probe motion.
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When measurements are made at a particular location, 150 samples of each pressure
are averaged. This is done by sampling pressure signals from probe ports in sequence so
that a longer averaging time is provided for each channel, thereby minimizing the
influence of short duration unsteadiness in the channel. For each probe location, about
two minutes of acquisition and proc;essing time is required. A traverse over an entire
~ plane requires about eight hours. The entire process is computer controlied and

generally performed at night when there is minimal unsteadiness at the channel inlet
resulting from laboratory disturbances.
Measured préssures from each probe port are stored by the computer until an
experiment is completed. These data are then corrected to account for the effect of finite
spatial resolution using procedures described in section 3.2.3.
The next step is to determine the values of Cpy and Cpp for each location using
"measured pressures. A four step procedure is used to determine the yaw angle and the
pitch angle. First, a preliminary pitch angle p' is calculated using:
p' = 9.8 (Cpp + 0.15) - poff
This equation provides a reasonable fit to pitch angle calibration data such as that shown
in Figure 13 for a mean velocity of 1.9 m/;ec. Here, poff=4.5 degrees, the pitch angle
offset resulting from the probe mount. Referring to yaw angle calibration data in Figure
| 12, the second step requires the determination of a preliminary yaw angle y' by
interpolation using p' and the measured value of pr. In the third step, pitch angle is
determined using the measured value of Cpp and y', again interpolating from results such
as the ones presented in Figure 13. The final pitch angle p is then determined by
subtracting poff. In the fourth step, the final yaw angle y is determined frdm Cpy and p
by interpolating results such as those in Figure 12.
Now that the yaw angle and pitch angle are known, Cpts is computed using a double

linear interpolation procedure. A plot of Cpts versus yaw angle and pitch angle at a mean
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speed of 1.9 m/s is shown in Figure 15‘. Knowing Cpts, the total velocity magnitude u is
determined using: . | v
o .U‘=_ (2 Cpts (P1 - By p )2

where p is the. fluid density. This approach gives less uncertainty for u than one which
employs two séparate ooeffi_cients‘ for the fotal pressﬁre and static pressure (i.e.
TreaSter' and Yocum, 1979). "The total pressure felative to atmospheric pressure Py -
Pt at each location tﬁen follows using:

Po-Pt=(Po-P)-Cpt (P - P)
Cpt is obtained using a double iinear interpolation scheme from results subh as the ones
given in Figuré 14. A coefficient for static Pressure Cpé is not used for data reduction.
The three velocity components are éubséquently given by:

ug = u cos (y) cos (p)

Ur = u sin (y)

| uzj = u cos (y) sin (p)
in the final phase of data reduction, corrections are made to account for the downwash
velocity correction using techniques described in section 3.2.3.

In' order to qualify the behavior of the miniature five hole pressure probe, the total
pressure distribution was measured and comparéd with meaéurements from the
miniature Kiel probe. Total pressure meashrements fbr.a Dean number of 49 are shown
in Figuré 6b. Comparison with the Kiel probe measurément (Figure 6a) shows
excellent agreement providing evidence of accurate five hole probe alignment and
measurement procedures..' Comparison is made at this Dean number since minimal
secondary flows afe present and because g_radients of mean streamwise velocity are very
small in the spanwise direction. For the data presented in Figure 6a, 40 spanwise
locations and 8 veriical ones are used with a spacing between locations of 0.127 cm. The

measurement area ‘_begins 0.127 cm from the concave wall, 5.08 cm from the channel
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centerline, and extends to 0.254 cm from the convex wall and 10.16 cm from the
channel centerline.

3.3 MEASUREMENT OF LONGITUDINAL VELOCITY FLUCTUATIONS

Techniques are now describéd for measurement of longitudinal velocity fluctuations
using hot-wire anemometer probes. These results were obtained at different Dean
numbers over a spanwise/radial plane located 120 degrees from the start of curvature
to obtain information on the growth of small scale disturbances and development of
turbulence in the channel. To prevent any air leakage from the interior of the channel as
each probe was traversed through the spanwise/radial plane, probes were inserted into
the channel with the stem between two strips of foam.

The sensor of each probe was made of 90% platinum and 10% rhodium wire with a 5
Km diameter. The active length of each wire was 1;25 mm, and the cold resistance of
each sensor varied between 4 to 5 ohms. The hot-wire probes were calibrated in an
open circuit subsonic wind tunnel using procedures for low velocity measurement
deécribed by Ligrani and Bradshaw (1987). During calibration and operation, wires
were operated using constant temperature anemometer bridges set with overheat ratios
of 1.8. Dynamic response of the hot-wire circuitry was established using a square wave
generated within the anemometer bridge. Corrections to account for temperature drift
were implémented using procedures described by Perry (1982) and Green (1989).
From the bridge, the signal was sent to a signal conditioner as well as to an oscilloscope.
The signal conditioner was used to amplify and low-pass filter the bridge output prior to
analog-to-digital conversion. A gain of 2 (with zero offset voltage) is used to provide a
dynamic signal within the +10 volt range of the analog-to-digital converter. The filter
passed only the fluctuating portion of the signal at frequencies up to 1 kHz for Dean
numbefs up to 275 and up to 3 kHz for Dean numbers greater than 275. |

The analog-to-digital converter was capable of 12-bit binary resolution. Although

the device was configured for two channels, only one channel was used to obtain the
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present results. Sample size and sémpling frequency were set to obtain accurate time-
averaged magnitudes of flow properties. A total of 20,000 samples were acquisitioned at
each data point at a frequency of 2.5 kHz for Dean numbers less than 275, and at a
frequency of 5.0 kHz for Dean numbers greater than 275. A total of 8 seconds of
sampled data were thus obtained at the lower Dean numbers, and 4 seconds of data were
obtained at the higher Dean numbers. The offset of the entire acquisition system was
determined by shorting the signal conditioner input, and then recording the output form
the analog-to-digital converter. The gain for a particular channel was found by
inputting a 1.5 kHz sinusoidal signal 6f known root-mean-square amplitude and then
comparing this to the amplitude of the root-mean-square of the signal at the output of
the analog-to-digital converter. Typical values for offset and gain were -0.006 and
1.918, respectively. The signal for the converter was collected and processed using a
laboratory computer which stored and processed 5000 sample s}ets of data in batches of
4 to obtain a total of 20,000 samples for each measurement point. The computer is also
used to control the probe traversing equipment.
kEach survey of mean velocity and longitudinal ve}ocity fluctuations was made over a
0.89 cm by 5.08 cm spanwise/radial plane divided into 328 grid locations (8 radial and
41 spanwise) spaced 0.127 cm apart in both directions. The traversing device was fully
automated, and as such, was operated so that measurements were delayed 10 seconds at
each new position to allow any perturbations introduced into the flow by probe
movements between measurement stations to dissipate. W‘ithin the device, the probe was
" attached to a mount which was secured to a travelling block that was moved in the radial
and spanwise directions using two 20 thread-per-inch lead screws. Each screw was
rotated using D.C. stepping motors connected to a drive and a controlier, which was

linked to the microcomputer through a data interface.
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34 POWEﬁ SPECTRA APPARATUS AND PROCEDURES

Techniques are now described for measurement of spectra of voltage fluctuations from
hot-wire anemorheter probes sensing velocity fluctuations. Both subminiature crossed-
wire sensors (Ligrani et al., 1987a, 1987b, 1989c) as well as conventional sized
single hot-wire sensors were employed. In some cases, the probes were mounted by
means of a plug in the channel side wall. With this mounting, single sensors wewre
oriented in the radial direction and normal to the flow at a streamWisé location 112
degrees from the start of curvature at Z/d=32.00-12.40 and Y/d=0.5. These spanwise
locations are equivalent to 9.60-10.16 cm from the channel side wall. These spanwise
positions were choseﬁ because flow visualization showed that this was an adequate
distance to avoid side wall effects. Baun (1988) vand Fields (1990) provide additional
details.

3.4.1 Probes and Measurement Chain

The subminiature crossed-wire probes were chosen to take advantage of the excellent
spatial resolution associated with this type of probe. These probes were manufactured
using fabrication techniques described by Ligrani, Westphal, and Lemos (1989c) and by
Westphal, Ligrani and Lemos (1989). The type of probes used were developed from
techniques described by Ligrani and Bradshaw (1987a, 1987b). The sensors of the
subminiature crossed-wire probes are 90% platinum/10% rhodium wire with a .
nominal diameter of 0.625 um, and a length of about 160 um. |

The conventional-sized horizontal hot-wire probes employed were fabricated of
platinum-plated-tungstén with diameters and wire lengths of 5.0 um and 1.25 mm,
respectively. The single wire probes were used to measure spectra averaged over a
larger portion of the chanﬁel height compared to the subminiature sensors.

The Reynolds numbers of the largest hot-wire sensors based on the maximum
velocities experienced were less than one. For the prongs of the. largest hot-wire‘

sensors, the maximum Reynolds number‘lattained was 4.9. According to Schlichting's
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(1979) results for cylinders in cross flows, both Reynolds number ranges produce
Strouhal numbers which are small enough to insure that there is no vortex shedding off
of the hot-wire filaments or prong supports.

| Probes were operated at elevated temperatures using standard commercially
available hot-wire bridges operated in the constant-temperature mode. Hot-wire
sensors were connected to the bridges using five meter coaxial cables. For the
conventionall-sized sensor, the time response of the sensor-bridge combination was
adjusted using the square wave test function of the bridge. Using an overheat ratio of
1.5, a response time of 12.5 usec was achieved. The subminiature hot-wire sensor has
much higher resistance than a standard hot-wire. Due to this, the commercially
manufactured bridge was modified by adding a 2000 ohm metal-foil resistor at the
location of the 0.09 ohm resistor setting. Recalibration of the bridge against an
ohmmeter indicated that 98.90 ohms should be added to the bridge reading when the
decade controller was switched to the 0.09 ohm position. Adjustment of cable impedance
was accomplished by setting the cable compensator to the 5 m position. For
subminiature hot-wire measurements, the bridge gain was then set at "1". For the
conventional-sized wire measurements, the bridge gain was set at "2". With these
arrangements, subminiature and conventional wire sensors were operated at overheat
ratios of 1.2 and 1.5, respectively. Ligrani et al. (1987a, 1987b) provide additional
details on the operation and maintenance of subminiature hot-wire probes.

Before passing to the signal analyzer, the output from the bridge was routed through a
signal conditioner, employed to filter and amplify the voltage signal from the hot-wire
bridge. The high-pass filter of the unit was set to 0.1 Hz in all cases td remove the DC
signal. To prevent aliasing, the low-pass filter was set depending on the frequency range
being investigated. . Gain settings were maximized depending on the type of wire and flow
velocity. Typi'cally,‘ a gain of 100 was used with the subminiature wire at all flow

conditions. A gain of 100 was also used with most experimental conditions when the
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~ conventionally ‘sized hot-wire probe was employed. The output from the signal
conditioner was sent simultaneously to the signal processor equipment as well as.to an
oscilloscope. |

3.4.2 Signal Processing and Analysis

Two. different methods were used to obtain spectra of signals from the hot-wire
sensors. With the first of these, a high speed data acquisition system was employed to
acquire data into computer memory. Spectra were then-computed using fast Fourier
transform software. With the second method, a real-time sighal analyzer was employed
to compute spectra. Results from both. methods were compared in order to check
software and to identify spectral variations from digital and electronic noise (Baun,
1988).

Referring to the first methqd, a multiprogrammer was used for digit‘alvprocessing and
acquisition of hot-wire time signals. This unit utilizes a four channél high speed data
acquisition card in conjunction with a scanner control card. Each channel has a
maximum sampling rate of 25 KHz. in the present study, one channel was used. A 12-
bit analog to digital converter digitizes and passes data via a buffered cable and random-
access-memory card to the computer. Data were gathered and sent to the computer in
blqcks of 2048 int;gers. A complete sampling of data then consisted of sixteen blocks of
data. The acquisition of data, including écquisition rate, was controlled by the computer
using parameters input by the user. The digitized time signal was stored on floppy disk
for analysis at a later time.

The time domain signal was transformed to frequency doméin using a fast Fourier
transform routine adapted from Brigham (1974). The transform and acquisition
software were written in Basic software language. The transform routine software read
énd processed each of the sixteen blocks of data separately ahd then ensemble averaged
individual spectra from[ each of the sixteen blocks. The Hanning Window weighting

parameter was used to treat the side lobes for each block of data. Before plotting, the
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amplitudes of the signal were converted to (Véltsz/Hz)., These were then normalized so
that the integral of the power over the frequency range was one. The digital processing
equipment and transform were tested by processing sinusoidal voltage signals produced
by a function generator.

With the second method, a signal analyzer is used to obtain spectra from the hot-wire
anemometer. The device employed is a dual-channel fast Fourier transform (FFT) based
analyzer with a 26.5 pHz-t0-100 kHz frequency range and a 150 dB measurement
‘range. The nominal sampling rate for all channels is 256 kHz. For the measurements of
the present study, one channel is employed. The analog-to-digital conversion (ADC)
portion of the analyzer works in two steps. First, it records a portion of the time
history of the signal. Second, this analog sample is converted into 14-bit digital words
in a time record which is 2048 samples long. The measurement stage then begins after
the analog signal is converted to digital data and properly scaled. In this part of the
measurement process, data are filtered to an appropriate frequency span. Windowing is
then performed using software and two specialized processors. A Hanning data window is
utilized in the present study to attenuate the input signal at both ends of the record,
forcing the signal to appear periodic. The fast Fourier transform is subsequently
implemented to convert the time varying signal to a frequency varying or:e. Next, the
floating point processor (FPP) of the signal analyzer averages and calculates the final
results. Continual measurements are made with one average, erasing the result of each
previous measurement. Computedlpower spectra are plotted with axes of
(VoltsZ/Hertz) versus frequency in Hertz.

Results presented in Baun (1988) show that results from both types of systems
produce nearly identical results when probe spatial resolution effects are negligible.

Additional information is provided later in this report.
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3.5 FLOW VISUALIZATION APPARATUS AND PROCEDURES

in order to obtain information on secondary flow motioné resulting from the
vortices, air in the channel was partiélly contaminated with smoke and then
photographed. Smoke patterns in both spanwise/radial planes and\streamwise/spanv&ise
planes (viewed from outside of the concave side) were 09§érved -and photographgd. |

3.5.1 Smoke Generatofs

The device used to generate the smoke for visualization in radial/spanwise planes was
a wood burning device. It is described by Ligrani and Niver (1988) and contéins a steel
pipe within which hickory or mesquite wbod is burned (also see Ligrani et al.v, 1992a,
1992b). The smoke exits the pipe and then passes into‘a large glass jar used to collect
particulates which is followed by a cooling system used to lower the smoke temperature
to a value near ambient conditions. The smoke was injected into the channel inlet using a
manifold and a rake of tubes to produce an array of laminar jets which were employed to
fill the nozzle and inlet of the channel about half full of smoke. The smoke produced by
this system was idea‘l for the present visualization because it is dense, white, neutrally
buoyant, and easfly visible against the black paper used to line the outside of the channel
as tests are conducted. The smoke was in sufficient quantity'to permit detailed
observations of flow structures for as long as 10 to 15 minutes. The smoke filled the
bottom half of the channel at the inlet of the curved poﬁion such that it enters near the
convex surface. Consequently, events emanating from the proximity of the convex wall
were srﬁoke rich, whereas secondary flows which begin near the concave side were
relatively free of smoke.

The device used to generate particulates for visualization in streamwise/spanwise
planeé was a commercial fog machine. This device is more compact and more convenient
than the wood burniﬁg smoke generator. It uses a mixture of glycols of low molecular
weight to produce the fog. During operation, fluid is drawn into the machine, heated to

near its vaporization point, and then atomized by forcing the fluid through an orifice.
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During experiments, the smoke was then injected into the entrance of the channel using
the same manifold and 1.27 cm inside diameter tubes as employed for the wood burning
generator. The fog generator was employed by injecting a single puff of fog into the
channel entrance in amounts which increased with Dean number. After a short period of
time, the fog then passed through the curved portion of the channel allowing pictures to
be taken over about a ten second period. Fog from the generator eventually collected on
the inside walls of the channel which obscured light, resulting in the need for frequent
channel cleaning.

3.5.2 Cameras and Lighting Systems

Smoke patterns were illuminated in spanwise/radial planes using spot lights
directed at 2 mrﬁ by 46 mm spanwise slits located 5 cm off the centerline in the black
paper used to line the exterior of the convex surface of the channel. This paper helped to
illuminate a thin plane of smoke and to minimized reflections and stray light. When spot
lights were not used, spanwise/radial planes were illuminated using a strobe light
employed with a strobe rate of 2400 flashes per minute. The strobe light was mounted
near the channel center of curvature with a collumator lens having a 75 mm focal
length. These arrangements allowed photographs to be made of smoke patterhs at
different angular positions in the curved portion of the channel.

For some of the experiments conducted (Ligrani et al., 1992a, 1992b), a video
camera with a zoom lens was used to record the illuminated, time-varying patterns in
spanwise/radial planes. The video camera was connected to a portable videocassette
recorder which collects images at rates as high as 60 frames per second. Recqrded
images were then played back using a videocassette recorder connected to a color
monitor. By employing the scan/stop action feature of this recorder, photographs of
instantaneous images were then obtained using a still camera with a 55mm, f2.8 lens,

motor drive, and intervalometer. Resulting photographs were then arranged in
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sequences spaced either 1/10 second or. 1/30 second apart to show time-varying
phenomena.

In other experiments, the still cahera was used directly to make still photographs of .
the smoke patterns which weré illuminated in spanwise/radial planes (Baun, 1988;
Ligrani and Niver, 1988). With this arrangement, lighting was supplied by a camera
flash system. The best results were obtained with an apperature setting of {4.0, a

shutter speed of 60, and an ASA of 1600. - For Baun's (1988) study, photographs were
taken in sequence with the camera intervalometer set for a pulse time of 0.1 secs. and an
interval time of 0.1 secs. in the repeat mode. The »still» camera was ideal for this.
procedure since it contained a through-lens metering system which allowed the camera
to measure the amount of light entering the fl‘ash unit and then automatically adjust the
shutter speed for the best exposure.

When photographs were taken of streamwise/spanwise planes, the still camera was
located outside of the concave surface and then focussed over half the channel width at
locations encompassing 50-80 degrees, 80-110 degrees, and 110-140 degrees
streamwise positions from the start of curvature. These photographs were taken in
sequence using the same intervélometer setting, pulse time, and repeat mode interval
time as for Baun's (1988) still photographs. The total time between photographs was
0.2 seconds. For illumination, large incandescent lights were employed instead of an
automatic flash. With this arrangement, the best results were obtained using an ASA
setting of 1600 on the still camera. The aperture and shutter speed were adjusted
‘manually for different lighting conditions. Typical settings were 4.0 and 30,

respectively.
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4.0 EXPERIMENTAL RESULTS
This section presents surveys of the three components of mean velocity, the three
components of mean vorticity, power spectra, and photographs of visualized flow, as
well as results based on analysis of these different quantities. All of these results were
obtained at Dean numbers from 35 to about 440.
4.1 SURVEYS OF TOTAL PRESSURE, THREE COMPONENTS OF MEAN
VELOCITY, AND THREE COMPONENTS OF MEAN VORTICITY
The three Imean velocity components and the three components of mean vorticity were
determined from pressure measurements made using the miniature five-hole pressure
probe described earlier. All of these pressure measurements were taken 120 degrees
from the start of curvature in the spanwise/radial plane located at Z/d from 4.0 to 8.0,
6r 5.08 cm to 10.16 cm off the channel centerline. Contour plots présented in Figs. 24-
27, 30-33, 35-42, 49-52, and 56-59 were obtained from surveys of a grid of 8 by
40 data points spaced 0.0127 cm apart. In these plots, Y and Z are normalized by the
channel height, d, so that Y/d=0.0 represents the concave surface and Y/d=1.0
represents the convex surface. Z/d is measured with respect to the channel centerline.

4.1.1 Total Pressure and Streamwise Velocity Distributions

Total pressure measurements normalized by (Po-Pt)* are given in Figures 24-27
for De=35 through 429, where (Po-Pt)' is the average of the maximum and minimum
pressure differentials measured. - A graph of these maximum and minimum pressures
measured at each Dean number. is presented in Fig. 28. This figure shows that the range
of total pressures measured increases nearly linearly with Dean number. Figure 29

then shows profiles of (Po-Py) at Dean numbers from 250 to 426. Time-averaged

streamwise velocity distributions are given in Figs. 30-33. in these figures,

streamwise mean velocities ug are normalized by U, the bulk mean velocity used to

calculate the Dean number. Profiles of ug at Dean numbers from 250 to 426 are then

given in Fig. 34.
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At Dean numbers of 35.0 and 51.4, the total pressure distributions in Fig. 24, and
the streamwise mean velocity distributions in Fig. 30 are reasonably spanwise uniform
compared to results at higher De. As Dean number increases, areas of low streamwise
velocity and low total pressure are evident near the concave surface. At De=61.9, each
velocity/total pressure deficit extends ‘0\'/er about haif of the channel height. However,
at De from 73.6 up to 138.7, most of the low velocity regions extend over most of the
channel! height up from Y/d of 0.1 up to about 0.8. The time-averaged distributions for
these De show several areas of low velocity near the concave surface in Figs. 30-31‘
which correspond to regions of low time-averaged total pressure in Figs. 24-25. Each

of these corresponds to a region where secondary flows are directed from the concave
surface to the convex surface. These are referred to aé upwash regions (with respect to
the concave surface), and are located between the two vortices in each vortex pair. At De
higher than 175.5 in Figs. 25-27, velocity deficits extend over smaller radial distances
and are somewhat smeared in the spanwise direction.

Examination of Figs. 24 and 30 reveals the replacement of one vortex pair with-two
vortex pairs on the left-hand sides of the two surveys at De of 73.6 and 86.7. Two pairs
are replaced by one pair on the right-hand sides of the surveyé as De increases from
162 to 187.7 in Figs. 25 and 31. From channel results which show spatial eVqution,
Bottaro et al. (1991) provide evidence that vortex pair merging and splitting occur in

_ the time-averaged flow field as it convects downstream. Similar events are probably
responsible for the events at De of 86.7 and 187.7 iin Figs. 24, 30, 25, and 31. If so,
the present. author believes that this behavior is occuring because of repeated
instantanous splitting and merging of pairs near the same locations where the time-
averaged results indicate splitting and merging. This is discussed in more detail later in’
this report. |

As Dean number increases above 237 to 250, Figs. 26, 27, 32 and 33 show spanwise

uniform time-averaged distributions of pressure and velocity. Simulations (Finlay, et
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al., 1988) and flow visualization (Ligrani and Niver, 1988) results show vortiqies at
these Dean numbers which'are much more unsteady, especially in the'spanwise
direction, than at lower Dean numbers. Because the spanwise lengthscale of the
amplitude of the unsteadiness is greater than the spanwise spacing between vortex pairs,
time-averaged results show gradients only in the radial direction without any evidehce
of individual vortex pairs.
4.1.2 Velocity Perturbation Distributions

Curved channel Poiseuille flow (CCPF) is present when flow in the curved channel is
two-dimensional and laminar, without secondary flows. This type of flow generally
exists for Dean numbers less than about 36.92. CCPF profiles differ from straight
channel Poiseuillé flow velocity profile in that the maximum velocity is shifted slightly -
closer to the concave wall. Figures 35 through 38 show plots of the difference between
measured streamwise velocity and mean velocity from the CCPF solution. The CCPF

solution for streamwise velocity, Uccpg. is obtained by determining the mass flow rate

(and U) from measured data and matching this U to the CCPF velocity profile. The data is
plotted here, using ug - Uccpr normalized by U, to illustrate Stieamwise Velocity
perturbations: with respect to curved channel Poiseuille flow caused by time-averaged
secondary flows. |

The normalized velocity perturbation contours in Figs. 35-38 were calculated using
the data shown in Figs. 30-33. At De=35.0 and De=51.4, results in Fig. 35 evidence
approximate spanwise uniform CCPF behavior. At De=61.9, the négative perturbation
contours are circular in shape. In this case, these contours correspond to newly
developed vortex pairs. This ié confirmed by the partially developed velocity deficits at
this De, and by flow visualization results which show that vortex pairs at this De begin
to develop only a short distance upstream. Bottaro et al. (1991) also note similar
perturbation contours at streamwise positions where vortex pairs are first seen. As the

Dean number increases to 73.6, the negative perturbations in Fig. 35 form into inverted
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triangular shapes, and become né_rrower (in the spanwise direction) as the pbsitive
perturbations become Wider. Thése narrower t;egative perturbations correspond to
regions where secondary flows directed radially inward’s from the concave sufface
' (upwash regions) are intensified and narrower in the spanwise diréction. At this and
higher De, maximum perturbation amplitudes are locally sometimes ‘gréater than 60
percent of the bulk mean velocity. At De=86.7, the perturbation distributions show
close agreement with ones presented by Bottaro et al. (1991) measured 112 degrees
from the start of curvature at about the same Dean number. The radial position of the
most negative perturbation for De=61.9 in Fig. 35 is Y/d=0.3. As Dean number
" increases, the present results show that the radial location of the peak velocity deficit
then moves toward the convex’v\vall. At De=138.7, Fig. 36 shows that the most negative
perturbation is centered at Y/d=0.5. The (ug - Uccpr)/U variations evident at this
Dean number continue for De up to 175.5. For De greater than 175.5 to 237.3, the
results in Figs. 36 and 37 show deviations from CCPF which are spread over larger
portions of the spanwise/radial plane wheré measureme‘nfs where made. At Dean
number greater than about 237.3, results in Figs. 37 and 38 show that contours of
velocity deficit and surplus magnitudes become more spanwise uniform. This is
consistent with spanwise uniform pressure and velocity data previously presented for
the same Dean numbers.

From results like the ones presented in Figs. 35-38, magnitudes of e, the streamwise
velocity perturbation across the spanwise/radial measurement plane can be determined.
This quantity e is given by

= (1/A S(u*)2 dA )1/2
where u*=(u‘ - UccPF), and A is the area of the cross-section where measurements are
made. Magnitudes of e show a steadily increasing trend as Dean number increases
(Ligrani et al., 1992c). When compared with resuits from Bottaro ét al. (1991) for

the same De and approximately same streamwise location, the present results are lower. -
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This is probably .because the present results are obtained from integrations only over
the area within the spanwise/radial measurement plane where measurements were
made, and not over the entire channel cross section.

4.1.3 Mean Vorticity Distributions

Figures 39 through 63 present time-averaged vorticity distributions measured in
the spanwise/radial plane located 120 degrees from the start of curvature. Of these,
figures 39-48 present streamwise vorticity data, Figs. 49-55 give radial vorticity
data, and Figs. 56-63 present spanwise vorticity data.

In the streamwise mean vorticity contour plots in Figs. 39-42, contours of positive
vorticity are shown as dashed lines, and contours of negative vorticity are shown as solid
lines. At the lower Dean numbers (35.0-61.9), distinct patterns of positive and
negative vorticity are not evident except near Y/d=0.2. As the Dean number increases,
streamwise vorticity distributions show spanwise alternating regions of positive and
negative vorticity, where one pair of vorticies is evidenced by a region of positive
vorticity immediately adjacent to a region of negative vorticity. Each vortex is |
evidenced by contour lines which are approximately circular in shape, and vorticity
regions are seen as concentric circles with higher magnitudes of vorticity closer to the
center of the circles. About three complete pairs are evident for each Dean number for
Dean numbers from 99.9 to 162. Only two complete pairs are then evident in the
measurement plane areas shown for De=175.5 and De=226.8. in all cases, the spanwise

“locations between the two vortices within each pair correspond precisely to the negative
velocity perturbations in Figs. 35-38. Thus, areas of positive and negative vorticity lie
on either side of upwash regions, or regions where low pressure/low velocity fluid has
accumulated after being convected away from the concave wall by local secondary flows.
According to Swearingen and Blackwelder's (1987) results from a Gortler vortex fiow,

~ elongated streaks of low-speed fluid exist in these upwash regions, which are separated

in the spanwise direction by regions of higher-momentum fluid induced towards the wall
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from the outer flow. Dis‘tributionsbof the streamwise mean velocity perturbation and the
mean vorticity components are important since they indicate that Dean vortex pairs have
preferred spanwise locations and preferred spanwise spaciﬁgs in spite of some |
unsteadiness in the flow. This is evident since vortex signatures are readily apparént in
the time-averaged flow field, a conclusion also consistent with Swearingen and
Blackwelder (1987).

Magnitudes of the peak streamwise mean vorticity are plotted against Dean number in
Figs. 43-45. Peak vorticity is the maximum of»thé absolute value of vorticity over the
spanwise/radial plane area covered by each vortex within each vortex pair. Peak
streamwise magnitudes in Figs. 43-45 were determined from the streamwise vorticity
data in Figs. 39-42, where three vortex pairs are typically present across the span of
the measurement plane for each Dean number. To distinguish the vortex pairs from each
other, these are now referred to as the left, middle, and right pairs. Figureé 43-45
show that peak vorticity values increase with Dean number for all six vortices when 60
< De < 150. Peak vorticity values then show increasing scatter for Dean numbers abéve
150. The slightly different values of both components of peak vorticity at a particular
De are present because vortex pairs are triggered by small-scale disturbances
originating at the channel inlet which sometimes vary}across' the channel span (Ligrani
et al.,, 1992b). The random initiation of the vortexvpair>s thus results in vortices with
different amounts of streamwise development and hence, different strengths.

Circulation of streamwise vorticity, Ty, is plotted as a function of Dean number in
Figs. 46-48. Streamwise circulation is calculated by summing streamwise vorticity
values over an area of positive or negative vorticity and then multiplying this sum by
(0.0127 cm)2, where 0.0127 cm is the spatial spacing between adjacent data points.
Values of I'y plotted in Figs. 46-48 include ébsolute values for the positive vortex and
the negative vortex for the right, middle and left vortex pairs. Circulation values for

the two vortices in the right pair and the positive vortex in the left pair increase with
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Dean number for values up to De=240. Circulation values for the other vortices show
less definite trends and more scétter as the Dean number increases to 240.

Figures 49 through 52 show contours of the radial component of mean vorticity.
Here, adjacent contours of positive and negative radial vorticity prdvide particularly
clear indications of time-averaged Dean vortex pairs. According to Finlay, et al.

(1988), locations of radial vorticity maxima and minima also identify locations of shear
layer instabilities. Fig. 49 shows uniform streamwise flow for Dean numbers up to
51.4. At higher Dean numbers up to 162, pairs of vortices which are indicated by
positive and negative radial vorticity regions are readily apparent, and magnitudes of
absolute values of radial vorticity for each vortex pair increase. Upwash regiohs
between the two vorticies in a pair are evident where radial vorticity gradients are quite
large and an abrupt change in the sign of this vorticity component occurs as one moves in
the spahwise direction at constant Y/d. In Fig. 50, at a Dean number of 127.4, central
portions of upwash regions are located at Z/d of about 5.1, 6.1 and 7.0. Distinét
contours of positive and negative radial vorticity continue to be present at Dean numbers
from 175.5 to 237.3, but they less clearly defined and cover smaller spanwise/radial
measurerﬁent plane areas compared to the contours at lower Dean numbers. At Dean
numbers greater than 250.3 in Figs. 51 and 52, radial vorticity regions are not evident
in the time-averaged flow field due to large scale unsteadiness.

Peak radial vorticity values for the vortices contained in the left, middle, and right
vortex pairs are presented as dependent on Dean number in Figs. 53-55. Here, as
before, peak vorticity is the maximum of the absolute value of vorticity over the
spanwise/radial plane area covered by each vortex within each vortex pair. Peak radial
| \)orticity values increase with Dean number at about the same rate for all six vortices
for Dean numbers up to about 162. At higher Dean numbers, peak radial vorticity

values generally decrease with Dean number.
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Figures 56 through 59 show spanwisg_vorticity distributions over the range of Dlean
numbers where measurements were made. Vorticity contours at Dean ﬁumbers 6f 350
and 51.4 evidence‘spanwise uniform mean flow field behavior. At higher Dean“numbers
up to 237.3, local upwash regions are evidenced by. local regions. of positive vortiéity
which emanate from the concave surface and begin to move closer to the convex surface.
These result because low momentum fluid is moved away from the ‘concave wall by
upwash secondary flows. The locations of these secondary fiow regions are consistent
with distributions of the other two components of vorticity since they are Iocated.
between the two vortices in each vortex pair. Regions of negative spanwise vorticfty
exist between these upwash regions resulting in spanwise periodic distributions which
become more intense as the Dean number increases up to about 237. At Dean numbers of
250.3 and above, time-averaged spanwise vorticity distributions are then spanwise
uniform, as expected. Profiles of spanwise vorticity for Dean numbers from 250 to
428 are given in Fig. 60..

Figures 61 through 63 show peak spanwise vorticity changes with Dean number. As
with the other vorticity components, peak magnitudes are plotted separately for each
vortex in the three diffefent vortex pairs. For Dean numbers up to about 240, peak
positive vorticity values increase (near the concave surface) with Dean number at a
faster rate than peak negative vorticity values (néar the convex surface). Magnitudes of
positive spanwise vorticity are not only higher than absolute values of negative spanwise -
vorticity, but are also higher than the largest values of streamwise and radial vorticity
measured. The variations and scatter for all three vorticity components at Dean |
numbers higher than about 240 are associated with significant unsteadiness and with
significant increaseé of the longitudinal velocity fluctuations (Ligrani et al., 1992a).'

Magnitudes of circulation and maximum vorticity are determined over a Z/d range
specified for each individual vortex, and over a Y/d range covering the radial extent of

the measurements, ie. from 0.1 to 0.8. This is important in regard to all three
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components of vorticity, but e‘specially in regard to spanwise vorticity distributions
because absolute value maénitudes are probably significantly higher af Y/d outside of the.
range covered by the survey used to produce the results in Figs. 61-63.

4,2 SPECTRA OF HOT-WIRE SENSOR SIGNALS

Spectra of voltage fluctuations from hot-wire probes are presented to provide
information on frequencies of events in Déan vortex flow. The voltage fluctuations were
taken from hot-wire bridges, and result because of velocity fluctuations which change
instantaneous convective héat rates to and from the hot-wire probes. Tests conducted
with no flow in the channel showed maximum levels of most background electronic noise
to be about four to five orders of magnitude less than spectral peak amplitudes with flow.

Three different regimes of behavior are observed, each involving phenomena at
different frequencies. This first regime exists at Dean numbers from 40 to about 130,
the second regime is present at Dean numbers from about 130 to 185-200, and the
third regime is evident for De greater than 185-200. Observations end at a Dean
number of about 435. Details which characterize these different regimes are now
described.

4.2.1 Spectral Behavior for Dean Numbers From 40 to 130

Spéctra typical of results obtained at Dean numbers from 40 to 130 are presented in
Figs. 64 and 65. The results in Figs. 64a and 64b were obtained at a Dean number of
about 60, and the results in Figs. 65a and 65b were obtained at a Dean number of about
100. For both sets of data, hot-wire sensors were located at a streamwise location 112
degrees from the start of curvature at Z/d=12.2 - 12.4 and Y/d=0.5. These spanwise
locations are equivalent to 9.65 - 9.91 cm from the channel side wall. For each De,
spectra at these experimental conditions are qualitatively typical of speétra measured at
other Y/d and Z/d and similar 8 . The results occasionally show locally higher humps
(broad, small ampli_tude_local maxima) at frequencies of 0.5-2 Hz, 4-7 Hz, 7-9 Hz,

10-12 Hz, 12-15 Hz, and 17-21 Hz. The oscillations at 0.5-2 Hz correspond to the
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highest energy levels in the frequency plots, and are beliéved to be due to undulating
vortex motions (Ligrani et al., 1992a). Spectral variations at other frequencies may
also be partially reiated to undulating vortex motions, as well as to splitting and
merging, and to the fact that channel inlet conditions are not precisely constant with
time. Most of this unsteadiness occurs about vortex pair upwash regions, providing
additional evidence that the vortex pairs have preferred locations across the channel
span.

Thé spectra in Figs. 64a and 65a were obtained using the signal analyzer, and the ones
in Figs. 64b and 65b were obtained using digital sampling and fast Fourier transforms. .
When spectra in Figs. 64a and 64b for De=60 are compared, two additional rather sharp
spectral peaks are seen at 21 Hz and 38 Hz in the plot in Fig. 64b. These are attributed
to digital processing "noise" since they are not seen in the spectrum obtained with the
signal analyzer. Comparison of the results in Fig.s. 65a and 65b for De=100 leads to a
similar conclusion since the latter plot also shows evidence of digital "noise” at 21 Hz
and 38 Hz. |

A summary of spectra at Dean numbers from 50.5 to 435.0 is presented in Fig. 66.
These results were obtained from a hot-wire sensor located at a streamwise location
112 degrees from the start of curvature at 2/d=12.25 and Y/d=0.5. This spanwise
location is equivalent to 9.84 cm from the channel side wall. The low energy levels in
spectra measured at De equal to 50.5 and 100.3 are apparent when the results at these
De are compared to ones at higher De. A spectral peak at 60 Hz is apparent in both of
these spectra which is due to electronic noise. |

4.2.2 Spectral Behavior for Dean Numbers From 130 to 185-200

At Dean numbers from 130 to 185-200, twisting Dean vortex flow is present in the
curved channel (Ligrani and Niver, 1988). Twisting is the result of a periodic sighal

imposed on the vortex pairs in the form of rocking motion (as observed in
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spanwise/radial planes) at fundamental frequencies ranging from abqut 55 Hz to 100 Hz
(Finlay et al., 1‘988; Ligrani and Niver, 1988; Ligrani et al., 1992a).

Power spectra obtained during twisting show evidence of th}s periodic signal, as
illustrated by the spedtrum for De=150.1 in Fig. 66. This spectrum shows a broad peak
at 80 Hz which corresponds to the principal frequency of twisting vortices, along with
two harmonics at 160 Hz and 240 Hz. The broadness of the principal peak is caused by
twisting frequencies which vary somewhat ;Ni(h time due to mergings and splittings of
vortex pairs and the convective nature of curved channel flow. On the high frequency
side of the principal peak, flow background noise levels are about two orders of
magnitude lower than the local maximum. The measurement location for the De=150.1
spectrum in Fig. 66 is near an ubwash region within a vortex with negative vorticity
levels.

Spectra which are qualitatively similar to the one in Fig. 66 for De=150.1 are
observed at a varfety of locations in spanwise/radial planes located from 112 to 120
degrees for De from 130 to 185. As De increases, principal and harmonic peaks become
higher in magnitude and more apparent relative to power levels of background fluid
motions. Also present for De lower than about 150 within the twisting range are
motions associated with a spectral peak at 7-8 Hz (Ligrani et al., 1992a). For De
higher than 150, there is no evidence of the 7-8 Hz motions.

4.2.3 Spectral Behavior for Dean Numbers Greater Than 185-200

For De higher than 185-200, no evidence of twisting motion is apparent from
experimental measurements made thus far. Spectra at De from 200.1 to 435.0 in Fig.
66 illustrate this fact. All are broad band with no local maxima or spectral peaks. The
results at De near 435.0 additionally show many characteristics found in fully

turbulent flows.



4.3 FLOW VISUALIZATION OF DEAN VORTICES

The view seen in individual photographs which show flow visualization results is
evident from the schematic shown in‘Fig.‘67. Photographs show smoke patterns in
spanwise/radial planes such that flow is moving away from the observer. The concave
surface is then on the bottom and the convex surface on the top of each individual
photograph. The concave surface is the outer wall with the 60.96 cm radius and the
convex surface is th;z inner wall with the 59.69 cm radius. The left hand side of each
photograph is 5.08 cm from the channel centerline, and the vright side is 10.16 cm off of
the channel centerline. Thus, the width of each photograph spans a distance of about
5.08 cm, and the field of view is 1.27 cm by 5.08 cm such that the spanwise direction is
horizontal and the negative radial direction is vertical. |

The smoke patterns in Figs. 68-71, 73-77, 92, 95, 98-99, and 1>02 are influenced .
by the temporal and spatial history of the flow from the smoke injection location at the |
channel inlet to the downstream cross-section of observation. Fortunately, significant
‘secondary flows over this portion of the channel are generally non-existent until just
upstream of the observation location. After initial injection, the smoke fills the bottom
half of the inlet located just upétream of the nozzle. In the straight portion of the
channel downstream of the nozzle and prior'to the CUrved_ segment, flow is steady and
laminar, diffusion is minimal, no significant or discernible secdndary flows are
present, and flow streak lines, path lines, and streamlines are AII the same.
Consequently, the smoke then enters the curved section as a spanwise uniform layer next
to the convex surface (Fig. 68, De=42, 53). The streak lines followed by smoke
trajectories then continue to follow flow streamlines until smalil-scale unsteady
secondary flows develop and the vortices begin to form (Fig. 68, De=64, 73). After this.
occurs, vortex pairs are very coherent as they develop downstream (Fig. 68, De=90,
100), and smoke particles follow the same vortex pairs from their inception. This is

also apparent in results presented by Alfredsson and Persson (1989) and Matsson and
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Alfredsson (1990), and occurs partially because vortex pairs have preferred spanwise
positions with preferred épanwise spacings (Figs. 49-52), and partially because
spanwise unsteadiness is not Iérge enough to disrupt individual vortex pairs at low De
(ie. Fig. 68, De=90, 100). Thus, arrangement of smoke patterns from the spanwise
uniform Iayér which exists at the entrance of the curved section occurs due to significant
secondary flows in the channel, such as the ones associated with the vortices.. |

The initiation of vortex pairs is connected to infinitesimal scale disturbances which
originate at the channel inlet. However, in spite of their effects on initial vortex pair
development, the disturbances do not appear to influence the smoke layer upstream of
vortex initiation locations (ie. at the inlet of the curved portion of the channel) by
perceptible amounts. This is because they are probably not large enough to affect the
smoke until it is rearranged by the secondary flows within the vortex pairs. Such ultra
small disturbancés are present in all convective flows and their imperceptible
influences on the smoke layer is not surprising since they are undetectable to
observation and measurement with most any technique.

A test‘wa's conducted to confirm that the smoke layer upstream of vortex initiation
locations .is not dependent upon these time and spatially varying infinitesimal scale
disturbances. -ln this test, smoke was added to the channel inlet so that it filled the top
half of the inlet located just upstream of the nozzle, instead of the bottom half. With this
situation, the smoke entered the curved portion of the channel as a spanwise uniform |
layer near the concave surface, instead of as a spanwise uniform layer near the convex
surface, as is done nominally. The result of this test showed the same flow visualization
patterns as for nominal test conditions, except the patterns appeared so that what was
dark before was now light, and visa versa. Because the flow visualization patterns were
qualitatively and quantitatively the same for both situations even though the smoke
originated at different portions of the channel inlet, the infinitesimal inlet disturbances

do not appear to provide perturbations to the upstream smoke layer which are large
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enough to be observed in the vortex pairs farther downstream. Thus, the small scale
disturbances which trigger initial vortex developmént 'appear té alter smoke patterns’
only as they alter the initiation and development of vortex pairs, and not as they alter
the smoke layer upstream. This test also cdnfirmed the neutral buoyancy

characteristics of the smoke7 Other tests conducted with artificially induced
disturbances at the channel inlet (Ligrani and Niver, 1988) also showed these to have no
discernible effects on the smoke layer upstream. of vortex initiation locations.

In spite of the fact that the initial development of individual vortex pairs depends
upon inﬁnitesimal disturbances that seem to vary in time and space, specific vortex pair
features, specific splitting and merging events, and overall observations of vortex
behavior including splitting and merging are very repeatable over long time periods. If -
the random timewise disturbances which trigger initial vortex development were
qualitatively or quantitatively different over the long term, s_uch repeatability could not
have been achieved. This was partially because considerable care was taken to conduct
the present investigation when the inlet conditions of the facility were as quiet as
possible. The validity of the present results is additionally supported by their
agreement with some specific experimental results obtained in other laboratories
(Alfredsson and Perssbn,' 1989; Matsson and Alfredsson, 1990), as well as with
numerous analytic and numerical results (Finlay et al., 1988; Guo and Finlay, 1991;
Yang and Kim, 1991).

Smoke distributions thus give good qualitative indications of vortex locations because
these are associated with significant secondary flows which remain fairly coherent
within individual vortex pairs as they are convected downstream. The smoke, of course,
does not indicate exact quantitative distributions of vorticity or exact vortex outlines
because its locations are not directly due to vorticity. The smoke also does not follow the
instantaneous streamlines in the flow during transient events. However, the smoke does

indicate locations of vortex core regions, upwash regions and downwash regions such that
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stronger secondary flows correspond to smoke patterns which are more developed (ie.
Fig. 68, De=90 as compared to Fig. 68, De=73).
| 4.3.1 Smoke Patterns as Observed 115 Degrees From the Start of
Curvature

Smoke pattern development is now described for Dean numbers ranging from 42 to
218 (Ligrani and Niver, 1_988). The patterns were photographed at the
spanwise/radial plane located 115 degrees from the start of curvature, chosen since a
wide variety of smoke patterns and pattern unsteadiness are seen.

For Dean numbers of 42 and 53, Fig. 68 shows smoke in a thick layer near the convex
surface. Either because the flow is not fully developed or because the smoke has not yet
followed part of a vortex rotation, evidence of Dean vortices is not apparent even though
the Dean number is greater than the critical value. Flow visualization photographs show
similar uniform layers of smoke at streamwise locations up to 125 degrees from the
start of curvature for Dean numbers less than about 53, and at locations closer to the
starf of curvature at slightly higher De (Ligrani and Niver, 1988). These eventually
develop r_andomly uneven appearances over the channel span near the concave surface at
any particular streamwise Ioéation as the Dean number increases (Ligrani and Niver,
1988). Very small magnitudes of such spanwise waviness are evident in the smoke
iayer at a Dean number of 53 (in Fig. 68). It becomes more pronounced at a Dean
number of 64 where a comparison of photographs at different times evidences some
fadial unsteadiness. The dark, circular shaped regions for De=64 probably correspond
to upwash regions betweeﬁ the two vortices in a pair during their initial development.
Such behavior is somewhat similar to initial Gortler vortex development over concave
surfaces, where wavelength selection mechanisms and vortex growth are very receptive
to small departures from ideal flow conditions and to disturbances in the oncoming
stream (Floryan and Saric, 1984). Results for both De of 53 and 64 in Fig. 68 were

obtained at a spanwise/radial plane 115 degrees from the start of curvature. At higher
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Déan numbers ‘in the: vicinity of 75, spatially non-uniform smoke layers are evident at
locations only up to 75 to 90-95 degrees from the start of curvature (Ligrani et al.,
11992b). |
| When the Dean number reaches 73, mushroom-shaped smoke patterns for the 115
degree vspanwise/rad’ial plané in Fig. 68 provide evidence of Dean vortices. Such
patterns form due to spanwise variations resulting from the different upwash and
downwash regions associated with pairs of counter-rotating vortices. The vortices
gvidenced by these patterns appear to be symmetric (Ligrani and Niver, 1 988) but not
all the same height across the span of the channel. The region of radially inward flow
between two vortices is called the upwash region (with respect to the concave wall) and
corresponds to the bright "stem" of a mushroom-shaped smoke pattern (Ligrani and
’Niver, 1988). This sometimes lies on either side of a thin dark region relatively void of
smoke. The downwash regions between adjacent pairs of vortices are seen as bright lines
extending across the channel also in the approximate radial direction. Central portions
of each vortex then lie in the dark areas between upwash and downwash regions, and are
evideﬁced by the broad, dark "petal” porﬁons of the mushroom-shaped patterns (Ligrani
and Niver, 1988; Ligrani et al., 1992b). Fig. 69 gives some information as to how
~ these patterns change with time for De=73. These photographs, taken about 1 second
"apart, show mushroom patterns with discernible unsteadiness, changing radial henght as
they develop in-time at this streamwise station. At each instant of time, mushroom-
shaped smoke patterns of significantly different height co-exist together. Such behavior
probably indicates variations of the streamwise locations where vortex pégirs are
initiated. The spanwise locations of mushroom patterns also change with time in Fig. 69
providing evjdence of some spanwise unsteadiness.

At a Dean number of 77, Fig. 68 shows that adjacent smoke patterns again have
different shapes and different heights. However, here, less spanwise unsteadiness is

observed than for De=73. The smoke patterns at a Dean number equal to 90 in Fig. 68
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are more fully developed than at lower Dean numbers. At most times, these cover most
of the radial he'ight of the ehannel with small amounts of radial unst’eédiness. Spanwise
unsteadiness is also observed, especially when small, intermittent secondary vortices
are present or when splitting and mérging of vortex pairs are occuring. The mushroom-
shaped patterns for a Dean number of 100 take up the full radial height of the channel.
These well-developed patterns show godd spatial periodicity with an unusually small
amodnt of unsteadiness in any direction. Thus, as Dean number increases from 73 to
100, observations in the spanwise/radial plane located 115 degrees from the start of
curvature show that unsteadiness subsides in magnitude as the radial extents of |
,mushroom-shapes become larger and smoke patterns become more fully formed.

At a Dean number of 123, Fig. 68 shows smoke patterns again with clearly defined
mushroom-shapes. At this experimental cpndition, oscillations are most significant in
the spanwise direction mostly in the form of a rocking-type motion. As the Dean number
increases to 163, this unsteadiness and the pattern distortion which occurs with the
oscillations are both more pronounced in the radial and spanwise directions. A sequence
of photographs clearly illustrating the unsteady rocking motion at this Dean number is
presented Fig. 70, where vortex pairs also seem to become non-symmetric with respect
to upwash regions. This is evidenced by mushroom-shaped patterns with different
shapes on either side of the stem which may mean that each individual vortex is no
longer a mirror image of the opposite vortex within each pair (Ligrani and Niver,
1988). Fig. 68 shows that mushroom-shaped patterns are more difficult to distinguish
at higher Dean n?mbers of 192 and 218 as a result of even greater unsteadiness and
distortion of smoke. This is particularly evident from the time variation of smoke
patterns in Fig. 71 for De=192 which shows spanwise and radial oscillations with length
seales on the order‘of the half-channel width.

in spite of the unsteadiness of the vortex pairs at Dean numbers from 53 to 218 at

" the 115 degree streamwise station, Figs. 24-63, which were discussed earlier, show"

60



that important time-averaged features of vortex pairs are still apparent. Tﬁis is
because the vortex pairs not only have preferred spanwise spacing, but also prefer
specific spanwise locations where they are readily apparent across the span of the
channel in the time-averaged flow field (Ligrani- et él., 1992b). Most of the
unsteadiness thus occurs about these time-averaged vortex pair positions. Referring
again to Figs. 30-33, which shows time-averaged streamwise velocity distributions,
several areas of low streamwise velocity (which also correspond to regions of low time-
averaged total pressure) are present near the concave surface in individual surveys for
Dean numbers from 61.9 to 237.3. These are located between the two vortices in each
vortex pair and thus represent the same portions of the vortex pairs as the mushroom
"stems” evident in Fig. 68. Each of these velocity deficits thus corresponds to an upwash
region, ie. a region where time-averaged secondary flows are directed from the concave
surface to the convex surface. It should be mentioned that direct comparison of the
precise spanwise positions of the time-averaged pairs with the flow visualization
results in Fig. 68 is not possible because the two types of results were obtained at
different spanwise portions of the channel.
4.3.2 Map of Smoke Patterns

An experimental domain rﬁap illustrating the conditions where different types of
smoke patterns are observed is presented in Fig. 72. These were obtained from results
such as thé ones just described, and are given for Dean numbers ranging from 40 to 220
and for angular positions from 65 to 145 degrees from the start of curvature. Symbols .
in Fig. 72 indicate_the experimental conditions at which photbgrapﬁs are available. In a
similar study, Matsson and Alfredsson (1990) produced é map from flow visualization
results in good .agreement with the one in Fig. 72

Expenmental points labelled "smoke layer" are present at lower Dean numbers and
smaller 8. These points indicate photographs which show spanwise uniform smoke

without significant distortion or waviness. "Wavy smoke layers" are present when

61



smoke layers are distorted with a wavy appearance near the concave side of the channel.
These layers are sometimes observed to have discernible unsteadinesé in radial or radial
and spanwise directions. |

Pairs of counter-rotating Dean vortices are believed to be present whenever
mushroom-shaped smoke patterns are observed. These "mushrooms” often exist with
periodic spacing across the channel span. Unless significant unsteadiness is present
which prevents identification of clearly defined patterns, about 3.0 to 3.5 mushroom
patterns are evident in photographs much of the time. |

As Dean vortices initially form at lower Dean numbers, ‘they are symmetric with
respect to spanwise/radial planes. Such vortex pairs are indicated by mushroom
"stems" which form radial lines of symmetry with smoke patterns which are mirror
images on each side of the line. In other words, the two vortices in each pair are
similar. For higher Dean numbers and larger downstream locations, Dean vortices
become nonsymmetric. Nonsymmetric patterns are distorted (when viewed in
spanwise/radial planes), generally by spanwise or radial unsteadiness in the flow, such
that no line of symmetry exists. For Dean numbers greater than 120 to 160, and ©
locations greater than 115 to 125 degrees, smoke patterns are generally so distorted by
unsteadiness that no mushroom-shaped smoke patterns can be discerned. This region is
labelled "no identiﬁable vortex pattern” in Fig. 72.

Another important feature clearly identifiable from photographs are the heights of
mushroom-shaped smoke patterns and smoke layers. Mushroom-shaped patterné which
identify Dean vortices are either full height or mixed height. Full height patterns exist
for higher Dean numbers and larger downstream locations, and are indicated by patterns
at different span locations which extend the complete radial channel width from concave
surface to convex surface. Mixed height patterns are present when phdtographs shdw
mushroom-shaped smoke patterns which vary in height across the channel span.

'Experimental conditions for this are indicated by the shaded region of Eig. 72. Mixed-
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height behavior seems to be present for roughly the same experimental conditions as
where symmetric Dean vortex pairs and wavy smoke layers are present.
4.3.3 Symmetric Dean Vortex Flow
Figure 72 shows that symmetric Dean vortex pairs are observed for a range of
conditions. For De < 100, the streamwise distance required for mushroom-shaped
patterns to first appear depends strongly on 6. For higher Dean numbers from .1 00 to
200, clear evidence of symmetric vortices is evident usually after about 85 degrees
after the start of curvature. For some visual observatlons over this De range, this
boundary is slightly upstream. The overall minimum Dean number where evndence |s‘
obtained is 64 for 6 ranging from 125 to 145 degrees. Because of the transitional
nature of these flows, these boundaries are not distinctly defined. The same can be
concluded regarding boundaries between other regimes of curved channel flow behavior.
Examples of smoke patterns of symmetric Dean vortices are presented in Fig. 73.
These were obtained at a 6 equal io 95 degrees and a Dean number of 123. The patterns
‘ show only a small amount of unsteadiness. The slight differences in shape. and spacing at
different spanwise positions may be due to differing amplitudes and locations of the small
upstream disturbances which trigger initial vortex development. The narrow
"mushroom stems" evidence narrow upwash regions from the concave wall. The large
"mushroom petals” evidence the sizes of the vortices themselves. The spacing between
| "mushrooms" then indicates large, spread-out side-wash and downwash regions.

A comparison of the smoke patterns in Fig. 73 with ones in Fig. 68 for Dean numbers
of 90 and 100, also for symmetric Dean vortex flow, shows the three sets to be
qualitatively and quantitatively significantly different in shape. Such behavior is
consistent with results presented by Finlay, et al. (1987, 1988), which indicate that
vortex shape changes' occur with spanwise wavenumber and Deanv number. However, the
present visualization results indicate that important shape changes also occur with

' streamwise development.
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In the qualitative streamwise development analysis of Finlay, et al. (1 987), Fourier
expansions are used to répresent spatial velocity perturbations of ari axisymmetric Dean
vortex pair relative to curved channel Poiseuilie flow. The locations where the first
Fourier mode of this approximate expansion reach 90 percent of full amplitude are
shown in Fig. 72. The corresponding Dean numbers are interpretéd to be the ones where
velocities of Dean vortices are nearly fully developed also at 90 percent of their full
amplitudes. These De are provided in Fig. 72 for moderate initial disturbances
(turbulence intensity approximately 0.0004) located at the start of curvature. The
curve for moderate disturbances approximately follows the boundary between smoke
layers and wavy smoke layers at Dean numbers lower than where symmetric vortex
pairs are present. The curve for low disturbances is at higher Dean numbers just below
where mushroom-shaped patterns are first observed. |f these first observed patterns
represeni vortices at 90 percent of their full amplitudes, then there is reasonable
agreement. However, mushroomv patterns probably require some additional streamwise
development before they correspond to fully-developed vortices.

| 4.3.4 Oscillating and Wavy Dean Vortex Flow

Figure 69 shows Dean vortices with significant unsteadiness in the radial direction
for De=73. Another good example is presented in Fig. 13 of Ligrani and Niver (1988)
for 6=125 degrees and De=64. In this latter case, very little spanwise oscillation is
present and mushroom patterns seem to move almost exclusively in the iadial direction.
The experimental conditions for radial oscillations are indicated in Fig. 72. When these
oscillations occur by themselves, they are mostly where symmetric Dean vortices are
observed, or in smoke layers near the onset of symmetric Dean vortex flow. As indicated
earlier, for 6=115 degrees, radial unsteadiness decreases in magnitude as overall
average vortex height increases and De increases from 73 to 100.

When oscillations occur only in the radial direction, different heights at different

spanwise positions may result because vortices initiate at different streamwise locations
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across the span of the channel. These initial initiation locations probably also change
with time which makes vortex heights appear to oscillate in the radial direction in
spanwise/radial planes at locations farther downstream.

Such variations of vortex pair height and unsteadiness are clues that the amplitudes
and levels of unsteadiness of the small disturbances which triggér. initial vortex
development also vary across the span. Clearly, if large amplitude or spanwise uniform
disturbances are present, vortex initiation would probably alsb be more spanwise
uniform and steady, and occur just after the imposition of curvature. However, in
reality, because qualification tests indicate. low initial turbulence levels and little
spanwise variation at lower Dean numbers, initial disturbances must'be very small, and
initial vortex developmen.t must be very sensitive to the.amplitudeé of these small
disturbances. Thus, radial unsteadiness is likely to be present whenever Dean vortices
are allowed to develop naturally. Other observed oscillations may be due to transients
which have not completely decayed. In Taylor-Couette fiow, Swinney (1983) indicates
that decay times are longer and susceptibility to small external perturbations is greater
as aspect ratio increases.

Less sensitivity to initial disturbances seems to result after Dean vortices become |
fully developed at larger downstream locations. Here, vortex heights at different span
positions show relatively small variations in height and spacing. This is certainly, in
part, due to the limi;atiOns imposed onivortex pair growth by the channel walis and
aspect ratio. Howevef, it is also additionally a result of the fact that, once initiated,
vortex behavior and development are strongly controlled by the centrifugal instability
from concave curvature.

Another type of oscillating Dean vortex flow is twisting. Twisting is different from
the radial oscillating modes just described because. it produces vortices that are wavy.
Twisting Dean vortex flow (TDVF) was observed in results from numerical work by

Fihlay, et al. (1987), and is evidenced in flow visualization results by mushroom-
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shaped smoke patterns which have a rocking type of motion. It is also discussed in more
detail later in this report. Twisting motion is observed mostly near the onset of non-
axisymmetric Dean vortex flow for experimental conditions in Fig. 72 where smoke
patterns are denoted to have spanwise oscillations or spanwise and radial oscillations.
Rocking motion associated with twisting is farely observed alone, rather it is most often
observed in conjunction with at ieast one other mode of oscillétion. in many cases,
rocking vortex pairs are adjacent to pairs with a different type 6f motion. Examples
believed to represent TDVF are shown in Fig. 70 for De=163 and 6=115 degrees. The
vortex pairs in these figures and for TDVF in general are nonsymmetric, which is
consistent with Fig. 72 and the simulation results of Finlay, et al. (1987, 1988).

Also included on Fig. .72 is a curve which indicates the experimental conditions where
TDVF reaches 90 percent of its full amplitudé (Finlay, et al., 1987) determined from an
approximate estimate where the first Fourier mode for twisting reaches 90 percent of
its fully devéloped amplitude. The associated Fourier expansion is for the perturbation
provided by TDVF relative to fully developed symmetric Dean vortex flow. The line is
given for a moderate level of disturbance at the initial development Iocation within the
channel. it shows some cohsistency with the present results in that most observations of
nonsyrhmetric patterns with spanwise oscillations and/or rocking .motion occur for
higher Dean numbers. When making this comparison, it is important to note that, in our
visualization, it is not clear whether the twisting patterns represent partially developed
or fully developed flows.

Mushroom-shaped smoke patterns with oscillations simultaneously in the spanwise
and radial directions are also present without twisting motion. Some evidence of the
range of conditions is indicated in Fig. 72. These generally have larger-scale
oscillations and greater unsteadiness than smoke patterns identified with twisting or
radial modes. In some cases, the oscillations also appear to be so chaotic that

mushroom-shaped patterns are barely distinguishable or cannot be identified. It is
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additionally not clear whether these oscillations are generic to curved channel flow or a

result of transient disturbances which have not completely decayed (Swinney, 1983).

Photographs of such patterns are shown in Fig. 71 for De=192 and 6=115 degrees.
4.3.5 Small Secondary Vortex Pairs

Photographs of smoke patterns in spanwise/radial planes which provide clear
evidence of the presence of small secondary vortex pairs ére presented in Fig. 74.
Figure 72 shows experimental conditions where these are seen in the study of Ligrani
and Niver (1988). Because of their nature and rapid growth rates, these small
secondary vortex pairs'rare always associated with spanwise and radial oscillations. They
are also discussed in more detail later in this report.

The example in Fig. 74 is for De=100 and 6=95 degrees. Here; two mushroom-
shaped patterns seem to have been replaced by one pattern between the first and second
photographs. By the time of the third photograph, the middle mushroom pattern again
seems to héve been replaced by two smaller patterns. In the study of Ligrani and Niver
(1988), such behavior was believed to result from either of two different phenomena.
The first of these possibilities was considered to be a situation in which vortex pairs are
present with radial oscillations in .combination with significant spanwise motion.
However, more recent work indicates that the second possibility suggested by Ligrani
and Niver (1988) is the more likely explanation. With this possibility, new vortex
pairs are forming near the concave wall between other pairs, followed by a readjustment
of the spanwise wavenumber (Ligrani et al., 1992b). The disappearance of a vortex
pair may be a result of this process in reverse. Additional evidence of formation is
indicated by mushroom-shaped patterns obs'ervéd in spanwise/radial planes, which
suddenly appear to "pop” out of the concave wall. When viewed from outside of the
concave surface, vortex pairs appear to be surrounded by tubes of smoke with non-
circular interior cross sections which are relatively void of smoke. Appearances and

disappearances or splittings and mergings of vortex pairs are indicated by adjacent tubes
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which occasionally divide into two branches or merge together. Similar observations
were made by Nakabayashi (1983) in spherical Couette flow. For square and
rectangular ducts, respectively, Hille, et al. (1985) and Komiyama, et al. (1984) also
give evidence of secondary vortices for certain Dean numbers, angular positions, and
inlet flow conditions. However, the secondary vortices in these studies are different
from the present one since they are not intermittent when present at a particular Dean
number.

Finlay et al. (1987, 1988) also observed secondary vortex pair formation with
decreasing spanwise wavenumber. After the new vortices are formed, steady-state
vortex pairs are double in number across the span, and increase in étrength as the
spanwise wavenumber is decreased further or as De is increased. Our results are
different since the original number, sizes and spacing seem to be resumed a short time
following formation. This sudden flow readjustment may occur as a result of the
merging of vortex pairs at some position away from the original appearance site,
followed by an adjustment of the spanwise pair positions across the span. The vortices
which are originally formed must _then increase in size and strength to quickly resume
the height and spacing of the original vdrtices.

4.3.6 Streamwise/Spanwise Plane Flow Visualization

’Figures 75 and 76 present photographs of a portion of flow, as viewed from exterior
to the concave surface of the channel.. Al photographs for a particular Dean number and
location were taken in sequence 0.2 seconds apart. In Figs. 75 and 76, photographs are
shown in the sequence they were taken, clockwise frofn upper left. The left side of each
photo represents the channel centérline and the right side is the channel side-wall.
Streamwise distance increases from the top to bottom of each exterior view photograph.

The secondary flows evident in the photographs of Figs. 75 and 76 for respective
Dean numbers of 145.2 and 104.8 appear as tubes of smoke. These tubes of smoke

surround vortex pairs which are relatively void of smoke (Ligrani and Niver, 1988).
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These photographs clearly show that the tubes of smoke are not always spanwise
penodlc In'Figs. 75 and 76, a merging event and a splitting event are evndenced by
tubes of smoke which join and divide, respectively. Shortly after this activity, the
streamwise oriented vortex pairs tend to resume their nominal spanwise spacing.

4.4 WAVY DEAN VORTEX FLOW |

In this section, experimental features of undulating Dean vortex flow and twisting
Dean vortéx flow are presented and discussed. Certain results are compared to wavy
vortex results obtained from direct simulations of the time-dependent, three-
dimensional Navier-Stokes equations. - Additional details on the numerical method used
for these simulations are given by Ligrani et al. (1992a).

Finlay et al. (1988) first calculated the linear stability of Dean vortex flow to
disturbances that cause the vortices to become wavy in the streamwise direction. For a
channel radiﬁs ratio of 0.975, it was found that as the Dean number increases above 1.2
times the critical Dean number, Dean vortices become unstable to low frequehcy, long
streamwise wavelength wavy disturbances that produce a temporally periodic wavy
vortex flow that Finlay et al. (1988) termed "undulating vortices”. Undulating vortices
are similar to wavy Taylor vortices that occur in Taylor-Couette flow. At higher De, a
second mode of wavy instability sets in that has considerably higher frequency and
shorter wavelength than the undulating mode. This second mode produces another
temporally periodic wavy vortex flow called "twisting vortices" (Finlay, et al., 1988;
Ligrani and Niver, 1988; Ligrani et al., 1992a). Some of he rocking motion mentioned
earlier is believedtto be associated with twisting. The first mention of experimentallyv
observed twisting is given by Kelleher et al. (1980), and the first photographic
evidence of vortex motions believed to be twisting is presentedvby Ligrani and Niver
(1988). Additional evidence of wavy vortex flow is given by Matsson and Alfredsson
(1990) for a rotating, curved channel, and in simulations by Yang and Kim (1991) for

a rotating channel. Some of their observations are similar to ones from three-
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dimensional nonlinear simulations (Finlay et al., 1990), which show that both twisting
and unduléting wavy vortices consist of waves travelling in the streamwise direction at
constant speed, superposed on the vortices. Some of the major qualitative features
associated with one period of these wavy vortex flows are defined by Finlay (1980).

4.4.1 Undulating Dean Vortices

Fig. 77 shows smoke visualization photographs of typical experimental undulating
vortices for De=3.4De¢ at a streamwise location 1150 from the start of curvature. Such
behavior - sometimes occur intermittently for 1.1De¢ < De < 3.5De¢ -3.8Dec and at
streamwise positions far enough from the start of curvature. The photographs are
separated by 1/30 second and time increases as one proceeds down the page. The
streamwise direction is into the plane of the paper. The convex surface (r=rj) is at the
top of each photograph and the concave surface (r=rp) is at the bottom of each
photograph. One pair of counter-rotating vortices is seen centered just to the left of
center in the first photograph, with two other pairs partially appearing on each side of
the central pair.

The inflow region of the left hand pair of vortices in Fig. 77 is seen tilted to the left
at the left hand side of the top photograph of Fig. 77. Shortly thereafter, it tilts to a
' nearly vertical orientaﬁon followed by tilting to the right and then back to a vertical
position by the end of the sequence. Each of the vortices on each side of the inflow region
rocks in the radial direction in phase with the changes in direction of the inflow region.
The central pair of vortices in Fig. 77 is seen to undergo similar motion. Observations
of many other flow visualization sequences show this type of motion occurs frequently in
the experimental channel, however in most cases it is transient, lasting locally only
about 70-100 d/(2U) .

Vortex rocking coupled with changes in direction of the inflow region that are in
phase with the rocking are two of the key qualitative features of numerically simulated

undulating vortices (Finlay et al., 1988; Ligrani et al., 1992a). When viewed in
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cross-section (i.e. in an r, Z plane), numerically simulated undulating and twisting
modes both cause the vortices to rock such that the line joining the center of any two
vortices rocks back and forth from positive to negative élope. The direction of the flow
in the inflow region between a pair of vortices remains aligned roughly perpendicular to
the line joining the vortex centers across the inflow' region, i.e. the changes in the
direction of the inflow re,c.;ion’occﬁr, in phase with the rocking of the vortices. Both
twisting and undulating modes have these features, but numerically simulated undulating
vortices also slip back and forth considerably in the spanwise direction during one cycle.
According to Finlay et al. (1988), this periodic spanwise sideslipping motion is one
of the principal qualitative features of numerically simulated undulating vortices. Such
periodic sideslipping is often observed experimentally, but not during all undulating
events. The present results in Fig. 77 show sideslipping which is probably partially a
result of undulation, but certainly also due to other types of events at other locations
across the span of the channel. In particular, splittings and mergings of pairs of
vortices may be disrupting the undulating motions since these also result in significant
spanwise motions at particular streamwise locations in the channel. In addition,
individual pairs of vortices in the .curved channel probably become unstable to waviness
at a different streamwise locations. Consequently, waviness of adjacent pairs is
sometimes not in phase, as it would be when spanwise periodicity is imposed, and the
vortices .cannol sideslip easily because neighboring pairs may be sideslipping somewhat
out of phase. Finally, conditions at the channel inlet that cannot be maintained precisely
constant with time may also cause undulation to exist at a particular frequency for
limited periods of oscillation. Thus, the convective nature of the curved channel
produces flow patterns which are much less regular temporally and ‘spatially than those
occurring in Taylor-Couette flow. The situation is also different in simulated channel

flows because periodic spanwise boundary conditions are not imposed experimentally.
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Shown in Fig. 78 is a sequence of plots showing the cross flow velocities associated
with one pair of numerically simulated, fully developed undUlating vortices at De=1.776
Dec, 7=0.979. The spanwise wavenumber is @=2.5, which is near that observed in
Fig. 77. (The spanwise wavenumber of the left hand pair of vortices in Fig. 77 varies
between 2.3 to 2.5. The central pair in the first photograph of Fig. 77 has ®~2.5.)
The s'treanvnwisey wavenumber is B=15, whiéh is near that of the most unstable
undulating mode based on the linear stability analysis of Finlay et al. (1988). Here,
stfeamwise wavelength of the waviness is m radians and the streamwise wavenumber is
defined as B=2 7 /m . Thus, B is the number of waves in a 27 circumference of the
curved channel. The streamwise direction is into the plane of the plot. Fully developed
numerical undulating vortices are exactly periodic in time, since the flow is due to a
travelling wave that is periodic in Z and 6 and that travels at constant speed in the
streamwise direction. One period of oscillation is shown in Fig. 78. The characteristic
rocking and directional changes in the inflow region are Astrikingly similar to those
observed experimentally.

Wavy vortices simulated numerically have shift-and-reflect symmetry within
round-off error, even though this symmetry is not imposed (Ligrani et al., 1992a). In
the shift-and-reflect symmetry equations, Z=0 is the location of either the outflow or
inflow plane when the flow is averaged over one temporal period or one streamwise
wavelength. This symmetry is apparent in Fig. 78 where plots separated by half a
streamwise wavelength (or half a period in time since the fiow is due to a travelling
wave) are just a reflection about their midplane of those half a wavelength upstream (or
half a temporal period earlier).

Shift-and-reflect symmetry is not observed in experiments since the removal of
streamwise periodicity is symmetry breaking. However, prior to the onset of waviness,
Ligrani and Niver (1988) observe that Dean vortices often appear nearly symmetric

about their inflow region, indicating they approximately satisfy the axisymmetric
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version symmetry that is also observed for numerically simulated axisymmetric Dean
vortices (Finlay, et al., 1988). At higher De, appearance and disappearance events
occur frequently in experiments. These events and finite streamwise length effects
preclude shift-and-reflect symmetry.

The frequencies of undulation observed experimentally are now comparéd with the
values expected from the linear stability analysis of axisymmetric Dean vortices given
by Finlay et al. (1988). Shown in Fig. 79 is the frequency of undulation n (in Hz) at |
various De/De¢ obtained from flow visualization records like that in Fig. 77. Also shown
in Fig. 79 are data obtained from Finlay él al. (1988) from linear stability analysis of
axisymmetric vortices (with spanwise wavenumber @ =2.5) subject to wavy
disturbances. For the range of De/Dec shown, the experimental data deduced from flow
visualization results are at lower frequencies than those associated‘with wavy
disturbances having maximum linear growth rates.

Frequencies of undulation observed experimentally may be converted into
streamwise wavenumbers B if one assumes the undulating waves travel at the roughly
constant angular speed of 0.0155 U/(d/2) (Ligrani et al., 1992a). This is possible
because the streamwise speed at which undulating waves travel is approximately
independent of their streamwise wavelength. Shown in Fig. 80 is the same data as in Fig.
79 but the experimental frequencies have been converted into streamwise wavenumbers
using this approach. (The simulation data in Fig. 3 have actually been converted from
wavenumbers to frequencies in the opposite manner.)

The experimental frequencies converted into wavenumbers in Fig. 80 lie
appfoximately between two and four, which means that there are between one and two-
streamwise wavelengihs lying inside the 180° curved section of the channel.
Wavenumbers in this range probably corresbond to the lowest wavenumbers which can
be observed experimentally because of the finite streamWise extent of the channel.

Because of the low wavenumbers, the streamwise wavelength selection of the undulating
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vortices is p’robabiy.strongly affected by spatially nonperiodic experimental boundary
oonditiéns at the inlet and outlet of the curved channel, as well as any temporal
variations of inlet conditions. In addition, diff'erenceé shown in Figs. 79 and 80 are
likely due to the fact that the linear stability analysis applies only to fully developed
vortices, whereas experimentally, waviness likely sets in before the yortices are fully
developed. (Partially developed vortices are indicated by flow visualization results
which show vortex patterns that do not span the entire width of the channel.) With these
considerations, it is not surprising that experimentally observed frequencies and
streamwise wavenumbers are different from those of the most L'mstable undulating mode
from the linear stability theory of Finlay et al. (1988).

Fig. 81 shows a spectrum obtained at De/Deg=1.35, and Y/d=0.10 in a
spanwise/radial plane 120 degrees from the start of curvature. These data were
obtained within the inflow region near the concave surface between two vortices which
make up a pair. A broad hump (with numerous local maxima) is evident at frequencies
ranging from 0.8 Hz to 2.0 Hz, which is believed to correspond to wavy undulating
events like the o‘nes in Fig. 77. The broad non-spikey character of the hump results
because of variations of the undulation frequency with time, and bécause the undulations

were probably present for only a few periods during the time that the spectrum was

sampled. Similar humps are evident in spectra obtained for 1.1De¢ < De < 5.0Dec-
5.4De. throughout the channel spanwise/radial plane located 120 degrees from the start
of curvature. However, flow visualizations indicate that these humps are associated with
undulations only for De up to about 3.4De;. Humps near 1-2 Hz are apparent in spectra
ét locations which include probe positions at Y/d=0.5 within inflow regions (position
2), Y/d=0.1 énd Y/d=0.5 within outflow regions (positions 3 and 5), and at Y/d=0.1
beneath individual vortices (position 4). The position of the Fig. 81 results (Y/d=0.1
within an inflow regibn) is denoted position 1. These positions with respect to the |

vortex pairs are determined from measurements of vortex pair structure at a Dean
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number of 2.82De,. Because the positions of pairs are altered slightly as the Dean
number varies, these five positions are somewhat approximate in regard to their
locations with respect to vortex pair structure at other Dean numbers. Thé vortex pair
structure within which positions 1-5 are located was chosen because it does not change
its spanwise position significantly as De varieé from 1.ODe'c to 5.5Deg.

A local maximum near 8 Hz is also apparent in Fig. 81. Although this result
corresponds apbroximately to the highest possible frequency for which axisymmetric
vortices are unstable to undulating disturbances (Fig. 79), observations in the flow
visualizations indicate that this is not associated with undulations. Similar frequency -
local maxima are not evident at other De for'position 1. At positions 3, 4, and 5, the 7-

8 Hz local maximum is again present only for De=1.35De;. However, at position 2,

which corresponds to Y/d=0.5 within inflow regions, local maxima associated with these
frequencies are present over a range of De from 1.35De to 4.06Dec.

Contour plots obtained from experiment and simulation, which show characteristics
of the time-averaged flow field when undulation is present, are given in Figs. 82 and 83,
respectively. The figures show distributions of the time-averaged streamwise velocity
perturbation, streamwise vorticity, radial vorticity and spanwise vorticity in the (Y,
Z) plane. Results are presented in Fig. 82 that are typical of spanwise periodic pair
characteristics measured over an area encompassing about two and one-half vortex
pairs. Results in Fig. 83’show one vortex pair from a simulation with spanwise periodic
boundary conditions. In Fig. 82a and 83a the curved channel Poiseuille flow velocity
profile has been subtracted from the streamwise mean velocity and then normalized
using the buik mean velocity U. All vorticity distributions are normalized using the
channel half-height d/2 and U. The heavy horizontal dashed lines in Fig. 83 show the
vertical extent of the data in Fig. 82. Dashed contour lines in each of these figures
correspond to negative values, whereas solid lines correspond to positive values.

Experimental results in Fig. 82 were obtained 120 degrees from the start of curvature
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for De=1.68Dec, and 71 =0.979. The measured spanwise periodicity of streamwise
velocity, streamwise vorticity, radial vorticity, and spanwise vorticity distributions
from one vortex pair to another is evident in this figure. Simulation results in Fig. 83
are for De=1.776Dec, &=2.5, 1=0.979, and streamwise wavenumber B=15.
Comparison of results in Fig. 83 to ones in Fig. 82 for 4.7 < Z/d < 6.3 shows that
the‘time-averaged distributions of streamwise velocity, radial vorticity, and spanwise
vorticity are in good qualitative agreement. Normalized streamwise velocity
distributions in Figs. 82a and 83a also show quantitative levels to be in good agreement,
especially near the concave wall (Y/d < 0.4-0.5). The same can be said for the radial
vorticity distributions. Experimental results show higher local gradients of radial
vorticity and higher vorticity levels occurring over larger portions of the time-
averaged vortices. Experimentally determined spanwise vorticity distributions in Figs.
82d show good quantitative and qualitative correspondence to simulation distributions in
Fig. 83d. Such agreement as well as radial vorticity trends provide some justification
for neglecting streamwise derivatives of uz and ur in the experimental determination of
radial and spanwise vorticity components. The agreement also validates the numerical
approach employed. Simﬁlated streamwise vorticity contours in Fig. 83b show two
significant regions of hegative vorticity and two significant regions of positive vorticity.
The experimentally determined distributions of streamwise vorticity in Fig. 82b show a
large region of positive vorticity and a large region of negative vorticity for Z/d between
4.7 and 6.3. The large regions of opposite sign near the center of the channel correspond '
to the principal vortices of the simulated pair, while those near Y/d=0 (which are only
apparent in the simulation results in Fig. 83b) are due to the shear layer near the wall.
Because of _the small magnitudes of secondary flow vectors in the curved channe! at
De=1.68Dec, the streamwise component of vorticity could not be measured

experimentally to an accuracy which exceeded the experimental uncertainty of this data.
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 Consequently, some scatter is evident in Fig. 82b, and these results show qualitative
trends which are somewhat different from the ones in Fig. 83b.

4.4.2 Twisting Dean Vortices

Power spectra obtained experimentally show the addition of a muéh higher frequency
periodic signal when the Dean number exceeds about 3.5Dec. This corresponds to the
addition of twisting vortices to the flow, which are the other kind of wavy vortices .
observed numerically by Finlay et al. (1988) and experimentally by Ligrani an‘d Niver
(1988) and by Ligrani et al. '(1982a). Also present for lower De within the twisting
range (i.e. up to 4.06Dec) are motions associated with the 7-8 Hz spectral peak shown
in Fig. 81. For De higher than 4.06Deg, there is no evidence of the 7-8 Hz motions, and
for De higher than 5.0Dec-5.4Dec, no evidence of twisting motion is apparent from
experimental measurements made thus far.

Linear stability analysis of axisymmetric vortices shows that the appearance of the
higher twisting frequencies is expected. The results from Finlay et al. (1988) show
that only undulating vortices have positive linear growth rate when De < 1.96Dec . Once
De > 1.96Dec, twisting vortices have positive growth rate. Undulating motion
frequencies then have lower growth rates than twisting motion frequencies when De >
2.11Dec for 11=0.975 and =2.5. Since the streamwise wavelength of the most
unstable twisting vortices is much less than that of the most unstable undulating mode
and both travel at approximately the same streamwise velocity, the frequency of the
most unstable twisting mode is much higher than that of undulation.

The experimental onset of twisting at considerably higher De, near De=3.5Deg, may
‘be because fully developed Dean vortices are employed in the stability analysis, whereas
in the experiment, twisting sometimes begins before the Dean vortices become fully
developed. Shown in Fig. 84 are power spectra of time fecbrds of voltages from a hot-
wire probe sensing velocity fluctuations (mostly in the longitudinal direction) sampled

at one point in the flow at Y/d=0.5 and 2/d=-12.25 and a streamwise location 1120
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from the start of curvature. For De/Deg corresponding to 3.81, 3.93, 4.07, and 4.21,

this location is within a vortex with negative vorticity levels and near an inflow region
(near position 2). In t’his figure and in Fig. 85, non-dimensional frequencies are given
as f=2nn(d/2)/U where n is the frequency in Hz, and values of U employed in Fig. 84
correspond to De/Dey=3.93. Referring to data in Fig. 84 at this De/Deg, the broad peak
‘centered near 2.5 U/(2rd/2) corresponds to the principal frequency of twisting
vortices; two harmonics are seen at 4.9 and 7.4 U/(2rd/2). (For the experimental
channel, U/(2rd/2) in Hz equals 0.211De.) On the high frequency side of the
principal peak, flow background noise levels are about two orders of magnitude lower
than the local maximum. All three peaks are considerably broader than observed in
closed systems such as Taylor-Couette flow (Fenstermacher et al., 1979) or Rayleigh-
Bénard convection. Such behavior is caused by twisting frequencies that vary somewhat
with time due to mergings and splittings of vortex pairs and the convective nature of the
curved channel flow (Ligrani and Niver, 1988). As De/Deg increases from 3.81 to
4.21 in Fig. 84, principal and harmonic peaks become higher in magnitude and more
apparent relative to power levels of background fluid motions.

Spectra which are qualitatively similar to thé one in Fig. 84 are observed at a
variety of locations in spanwise/radial planes located from 112 to 120 degrees from the
start of curvature, and at a variety of De ranging from 3.5Dec to 5.0Dec -5.4Dec. This
is illustrated by results presented in Fig. 86 which shows maximum amplitudes of
principal spectral peaks associated with twisting vortices for this De range. These are
given for probe positions 1-5, which are located with respect to vortex pair structure
exactly as described in the previous section. Tick marks just above the abscissa in Fig.
86 show the De where spectra are available for all five probe positions 1-5. Data are
also available for De/Dey=3.81, 3.93 and 4.21 but only for probe position 2 (i.e. Fig.
84 for a location 112 degrees from the start of curvature). Thus, if no data points are

located above a tick mark for a particular De, measured spectra are qualitatively
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different from the one presented in Fig. 84 in that clearly' defined principal and
harmonic peaks are not apparent. However, because amplitudes of spectral peaks from
twisting may be lower than surrounding flow noise and turbulence levels, this does not
necessarily preclude the existence of twisting. For some experimental conditions,
twisting may not be present, and‘in others, it may not be fully developed as it is
somewhat dependent upon the channel inlet turbulence intensity level (Ligrani and
Niver, 1988). |

Spectra which show some qualitative similarity to the one presented in Fig. 84 are
measured at all experimental conditions indicated by data points in Fig. 86. For these
data, it is apparent that the amplitudes of principal peaks from twisting are strongly
dependent upon Dean number, as well as on the location within the vortex pair structure.
Spectra measured near the center of the channel for Y/d=0.5 (i.e. probe positions 2.and
5, inflow and outflow regions, respectively) show principal péak amplitudes with little

dependence on 'De/DeC. However, spectra measured near the concave surface at Y/d=0.1

contain principal peaks with amplitudes which are much more strongly dependent upon
De/De with significant increases as this quantity increases which are about the same
for probe position 1 (inflow regions), probe position 3 (outflow regions), and probe
position 4 (beneath individual vortices). Of all five positions, twisting spectra are
apparent over the largest range of De/Deg within inflow regions at Y/d=0.1 (i.e.
position 1). The principal frequency in the twisting portions of spectra usually lies
between n=55 Hz and 90 Hz (or f ranging from 1.6 to 3.3). For De > 5.0De¢ -5.4Dec,
frequency peaks associated with twisting vortices are not apparent in measured spectra,
even though twisting may be present at De just above 5.0Deg -5.4De¢ along with some
turbulence activity, as mentioned ealrlie‘r.

Flow visualization sequences of photographs spaced 1/30 of a second apart are at too
low a frequency (30 Hz) to observe the complete details of twisting mo'tion. However, in

spite of this, photograpﬁs taken at uncorrelated and random phases of different twisting
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cycles show some characteristics of twisting motions. Such results_ in Fig. 70 (Ligrani
and Niver, 1988) show that experimental twisting vortices rock back and forth in phase
with directional Changes of the inflow region in the same manner as illustrated by

Firilay et al. (1988). However, both twisting and undulating vortices rock back and
forth in phase with directional changes of the inflow region. In numerical simulations,
twisting vortices are distinguished from undulating vortices by large periodic
sideslipping of the undulating vortices (Finlay et al., 1988), and the frequencies of
oscillation of the two types of wavy motions. As mentioned earlier, this sideslipping
motion does not always occur experimentally during undulations so this characteristic
cannot always be used to distinguish undulétion from twisting. However, the frequencies
of the two different types of wavy motions can be used. As indicated in Figs. 79 and 80,
the highest possible frequency of undulating vortices is an order of magnitude lower than
fundamental frequencies observed experimentally for 3.5De¢ < De < 5.0Dec-5.4Dec. |
Thus, the peaks observed in experimental spectra for this range of De are not due to
undulating vortices, but are instead due to twistingl vortices.

The twiéting vortices simulated by Finlay et al. (1988) at 17=0.975 and
De=2.733Dec and De=5.466Dec, which have streamwise wavelength near that of the
most unstable twisting mode, have fundamental frequencies of 2.61U/(2rd/2) and
2.69U/(2nd/2), respectively. A power spectrum from a simulation of twisting
vortices with 7=0.979, @=3.0, De=3.580Dec, and streamwise wavenumber B=200
(near that of the most unstable twisting mode) is shown in Fig. 85. The fundamental
frequency of 2.33 U/(2rd/2) gives a frequency n of 64.7 Hz, which is within the range
of the broad fundamental peak from experiment shown in Fig. 84. Also like the
experiment, the spectrum shows a series of harmonic peaks at multiples of the
fundamental frequency. Howevér, the different peaks in Fig. 85 are more clearly
distinguished than the ones in Fig. 84 because of much lower energy levels at locations

away from the peaks, behavior resulting because the simulation does not capture all the
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complexity present in the experimental flow. Despite different background noise levels,
comparison of Figs. 84 and 85 shows that twisting frequencies from the simulation
correspond closely to those observed experimentally.

We can convert the experimental frequency of twisting to an approximate
streamwise wavenumber as done earlier for undulating vortices. ’Using the roughly
constant angular speed of 0.015 U/(d/2) given by Ligrani et al. (1992a) for twisting
waves yields B=163 for the twisting vortices of Fig. 84. From simulation results at
De=2.733De, twisting vortices have positive linear growth rate for 30 < B8 < 270. At
this De, B=180 has largest linear growth rate. The range increases with De and so does
the B of the most unstable mode. Thus, the streamwise s)vavenumbers observed
experimentally are in the expected range for twisting vortices, but are at lower B than
the mode with largest growth rate from axisymmetric vortices. The discussibn in the
previous section as to why the experimental wavenumbers are not the mosf unstable
wavenumbers applies here. However, because streamwise wavenumbers associated with
twisting vortices are large, the finite streamwise extent of the channel is believed to be
much less significant in affecting the characteristics of twisting vortices than undulating
vortices.

Results that illustrate some time-averaged flow characteristics of twisting vortices
are presented in Figs. 87 and 88. These contour plots show distributions of streamwise
velocity perturbation, streamwise vorticity, radial vorticity and spanwise vorticity in
Y, Z planes. Results are normalized using the same procedures as employed in Figs. 82
and 83. Results in Fig. 87 are obtained experimentally for De=3.45Dec, 771=0.979, and
1200 from the start of curvature, and results in Fig. 88 are from a simulation at
N=0.979, *=3.0, De=3.580De¢, and B=200. In'the latter case, results are'given for
a single vortex pair. In the former case, results are given for three vortex pairs to
illustrate the repeatability of results between different pairs, and to illustrate the

spanwise periodicity of measured distributions of streamwise velocity, and the three
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vorticity components. As for the contour plots presented earlier, heavy horizontal
dashed lines in Fig. 88 show the vertical extent of the data in Fig. 87. Dashed cohtour
lines correspond to negative values, and solid contour lines correspond to positive
values.

Contour plots in Figs. 87 and 88 show reasonable qualitative and quantitative
agreement. Both figures evidence radially inward flow regions that produce the large
velocity deficits in the center of Fig. 88a, and at Z/d of about 5.1, 6.1 and 7.0 in Fig.
87a. Such inflow regions are located bétweén the counter-rotating vortices which make

up each vortex pair. Of the three components of vorticity, the épanwise component near
the walls has the largest magnitude as result of the shear layers there. The low
amplitude extremes near the convex wall fn Figs. 87c, 88b and 88c are a consequence of
the flow field produced the pair of counter-rotating vortices. Most large-scale features
produced by the experiment and simulation correspond well, and the experimental
results in Fig. 87 show comparable regularity and symmetry as the simulation results
in Fig. 88. With the exception of some quantitative differences which eXist near zero
values, distributions of streamwise velocity, streamwise vorticity, radial vorticity, and
spanwise vorticity shown in Figs. 87 and 88 show good quantitative and qualitative
agreement including spatiél sizes and extents of flow features. This provides additional
validation of the. simulation resuits.

Compared to the results in Fig. 82 for De=1.68Deg, the results in Fig. 87 for

De=3.45De evidence vortex pairs with closer spanwise spacings resulting in a larger

number of pairs across the span of the measurement plane. The time-averaged features
of pairs during twisting are thus more compact with slightly higher spanwise
wavenumbers. Compared to the undulating vortex pairs, they also contain larger
velocity and vorticity gradients between the two individual vortices which make up each

pair.
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4.4.3 Twisting and Transition"

Twisting is connectéd to important increases of the square of the rodt-mean-square
(RMS) of the longitudinal fluctuating velocity,?. This is apparent from surveys of
the stréamwise mean velocity and"uTz which are presented in Figs. 89, 90, and 91 for a
spanwise/radial plane located 1200 from the start of curvature (Fuqua, 1991). _ln the
first of these figures, dimensional _JE are presented as dependent upon De/De for three
different locations within the vortex pair structure: (1) within an inflow region near
the local streamwise mean velocity minima at Y/d=0.1, (2) within an inflow region at
Y/d=0.5 and the same Z/d as the open circled points, and (3) at the location where u? is
maximum. In contrast to the data presented earlief for positions 1-5 (i.e. Figs. 81 and
86) which were obtained using probes at fixed positions within the channel, these data
were obtained from the survey results in Figs. 90 and 91 for the vortex pair eVidenced
by the velocity deficit located on the left-hand portion of each survey plot. Thus, the
results correspond to specific locations within the vortex pair structure and not to fixed
Z/d locations as De/Deg is changed. |

Fig. 89 indicates that dimensional]‘f magnitudes are quite low for De/‘Dec <4.0. As

De/De. increases above this value up to about 5.0-5.4, twisting is clearly evidenced by

‘spectral results (Fig. 84). For these conditions, u'2 values increase for all three
locations within the vortex pair structure, although magnitudes within the upwash
region at Y/d=0.1 and Y/d=0.5 in Fig. 89 are signifiqantly'lowér than maximum values.
Here, the-u_'é increases are probably mostly due to the twisting motion itself, and
pairtially a result of fluid which, in sbme cases, may be agitéted by twisting. In the
latter case,_tF?- are associated with the longitudinal Dean normal stress. As De/D'ec then
increasesvfarther above 5.0-5.4 (wheie twisting is no longer evident because spectra
become broad band),_u_'f increases abruptly, especially at locations where'ﬁ is

maximum within the vortex pair structure, which, for this range -of measurement

locations and De/Deg, corresponds’ Y/d=0.1 within inflow regions. Under these -
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circumstances, the u'2 variations are probably not due to twisting motions at the
measurement location, but from fluid that has been agitated by twisting motions
occurring upstream (Ligrani et al., 1992a).

Surveys of the streamwise mean velocity normalized by the bulk velocities U are

presented in Fig. 90 for De/Deg from 3.40 to 5.44. Velocity deficits are evident for

each De/Deg at different locations across the span of the channel. These, of course,

oorréspond to radial inflow regions between the two vortices which make up each vortex
pair. The spanwise locations of different vortex pairs are then clearly evident in Fig. 90
along with the spanwise periodicity of corresponding velocity deficits. The time-
averaged merging of two vortex pairs into one vortex pair as. De/De increases is evident
on the right-hand sides of the Fig. 90 plots. The merging is believed to appear in the
time-averaged fiow field because of repeated instantaneous merging at the same
streamwise location (Ligrani et al., 1992b). The changes in Fig. 90 may then resuit

‘because this stationary position moves upstream as the Dean number increases. In Fig.

91, locally higher—J'_z‘/ue2 magnitudes are evident at locations which correspond to
inflow regions. At De/De;=3.40, Tﬁ/uez magnitudes are only minimally higher than
for other parts of the survey. However, for De/Deg > 4.08, increased—u-‘_z-/uez
magnitudes are quite apparent, especially for the inflow region associated with-the
velocity deficit on the left-hand sides of the plots. For 4.35 < De/De < 5.17, the
highest magnitudes of -l—.l-'-z—/UQZ within the left most inflow regions in Fig. 91 are
measured at Y/d from 0.2 to 0.4, and not at the smallest Y/d measured, 0.1.

The regions where longitudinal velocity fluctuation levels are locally increased
correspond closely to regions where twisting is most apt to be present (i.e. occurring
over the widest range of De/De. with the highest amplitudes, which is when spectra are
meaéured at Y/d=0.1 within inflow regions (probe position 1), and at Y/d=0.1 beneath
individual vortices (probe position 4)). The most compelling evidence that twisting is

associated with increases of longitudinal fluctuating velocity (which may be associated
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with longitudinal Reynolds normal stress) is that both occur at the same locations within
a vortex pair structure and over nearly the same range of Dean numbers. Twisting
energy levels in Figs. 84 and 86 are certainly high enough to stir up surrounding fluid
and produce significant changes to fluctuating energy levels. Thus, twisting may play a
significant role in the onset of turbulence (Bland and Finlay, 1991, ‘Ligrani et al.,
1992a). | |

The regions of locally higher fluctuatihg velocity which exist for 4.0 < De/Deg <
5.0-5.4 increase in intensity and spatial extent at higher De (Fig. 89). Eventually
these regions merge together into a fully turbulent flow. Thus, the sequence of
transition events (at one streamwise location as De increases) includes the development
of Dean vortex pairs from curved channel Pofseuille flow, followed by wavy modes and
splitting and merging. Then, the twisting wavy mode progresses into local turbulence
regions and eventually higher turbulence levels occurs. These instability and transition
events are thus much different from boundary layer fiow, wheré early stages are
dominated by the growth and eventual breakdown of two-dimensional Tolimien-
Schlichting waves, and from plane. channel flow, where transition often occurs through
the growth of local three-dimensional disturbances (Ligrani et al., 1992d).

4.5 SPLITTING, MERGING, AND SPANWISE WAVENUMBER SELECTION OF

DEAN VORTEX PAIRS |

Observations of instantaneous merging and splitting of Dean vortex pairs in the
present channel have been made at De from 75 to as large as 220 and at angular
positions as small as 85 degrees from the start of curvature (Ligrani and Niver, 1988).
These maximum and minimum De correspond to De/Dec of 5.96 and 2.03, respectively,
where Deg is the critical Dean number for an inner to outer radius ratio of 0.979b
(Ligrani et al., 1992a). Splitting and merging have important dynamical significance
because of their alterations to spanwise vortex pair spacing, and because of the agitation

which they impart to surrounding flow. These agitations influence other flow phenomena
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during transition, such as _undulations, and probably aiso result in local increases in
instantaneous wall heat transfer and wall shear stress rates.

Smoke distributions during splitting and merging give good qualitative indilcations of
vortex locations because these are associated with significant secondary flows which‘
remain fairly coherent within individual vortex pairs as they are convected downstream
(Ligrani et al., 1992b). This is because there are few unsteady events prior to the
splitting and merging observations presented which inierrupt the ooherehce of the
-vortex pairs or cause the streamlines to differ from the flow streak lines. When
significant unsteady events did occur upstream, they were transient which allowed the
results to be video taped over time intervals with no other observable transient events
(ie. merging and splitting) upstream. Thus, when the splittings and rhergings occur,
these are then shown by the sahe smoke which existed in the vortex paiArs as they
developed‘ upstream. This is why this portion of this study focuses on initial vortex pair
development, and on splitting and merging during the initial development of the vortex
pairs upstream of experimental conditions when spanwise unsteadiness is large enough
to disrupt smoke from the streak lines in individual vortex pairs. This is also why the
flow visualization patterns in the present study and in other studies (Alfredsson and
Persson, 1989; Matsson and Alfredsson, 1990) successfully depict these events.

in the photograph sequences which follow, photographs are separated by 1/10 second
or 1/30 second intervals, where time increases as one proceeds down the page. The
streamwise direction is into the plane of the paper. The convex surface is at the top of
each photograph and the concave surface is at the bottom of each photograph. Scales are
placed at the bottoms of each photographr sequence, with the smallest adjacent markings
being 1 mm apart. The observations and photographs of visualized flow patterns which
follow focus .on splitting and mefging of vortex pairs which occur at De of 75 and 100.
Figs. 92-98 illustrate several ’differen‘t types of merging events. Figs. 99-102 then

~ show two examples as to how vortex pairs may split.
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4.5.1 Dean Vortexv Pair Merging Events.

Fig. 92 shows how a vortex pair may be engulfed by a larger adjacent vortex for
De=100 at a position 125 degrees from the start of curvature. This is followed by -
emergence of a new pair from the flow near the oonéave surface. |Initially, in photograph
humber 1, about three and one-half vortex pairs are present each with a slightly'
different orientation. As time increases in photos 2-10, the middle vortek pair becomes
smaller, and starts to tilt such that the upwash region reaches an angle of about 60 |
degrees from the plane of the concave wall (photos 11-14). This tilting and the motion
of the smaller vortex pair towards the larger pair to iis left are speculated to occur
because of pressures in fluid redistributed by secondary flows. As this occurs, adjacent
smoke patterns show significant spanwise expansion as well as some rocking motion
from undulation. In photos 12-15, the right-hand vortex of the larger pair begins and
continues to surround the entire smaller pair. In photos 16-19, the right-hand vortex
of the larger pair is merging with the right-hand vortex of the smaller pair. Thus, the
smaller pair is engulfed by the larger pair such that vortices (which make up one-half
of each pair) with the same sign of vorticity merge together. The smaller pair is then
completely undistinguishable in photos 20-24.

_The type of merging event illustrated by Fig. 92 occurs because the net vorticity of
each vortex pair is non-zero, and because net instantaneous vorticity- magnitudes vary
from one pair to another. ’Variations between individual vortices are so significant that
they are even apparent in time-averaged results, as illustrated by Figs. 30-33. In the
direct numerical simulation of a rotating channel by Yang and Kim (1991), vorticity
variations between vorticies often cause them to merge into quadruples due to self
induction, which then leads to merging of vortex pairs and occasional cancellation of
individual vortices. The initial step of merging (and splitting) processes involves
instability of vortex pairs to spanwise perturbations (Guo and Finlay, 1991), a part of

the process which may be described by linear theory. As the process continues, non-
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linear effects become important. Pressures in fluid rearranged by secondary flows then
cause the vortex pairs to further alter spanwise positions as they are convected
downstream. Merging (or splitting) of pairs subsequently occurs, where the former is
often due to the same type of vortex self induction observed in rotating channel flows.
‘Thus, even though the photo sequence in Fig. 92 shows the timewise variation of flow
patterns, the merging event is the result of a spatially evolving flow.

Z-locations of the vortex pairs of Fig. 92 are presented in Fig. 93. Spanwise
locations of individual vortex pairs are determined from measurement of dark thin
"mushroom stems" from left hand edges of photograph sequences using scales placed at
* the bottoms of each sequence. Such measurements are always made at the radial
midplane of the channel (Y/d=0.5). In Fig. 93 as well as in Fig. 92, the four pairs. at
4.4 d/(2.0 U) secs. (photo 1) are designated A, C, D and E from left to right. The new
pair which emerges in photos 17-24 is denoted B. It begins to develop near the concave
wall to the left of the large vortex pair which engulfed the smaller pair. The emergence
of this new vortex pair occurs because of the merging event and subsequent spanwise
wavenumber selection. This is illustrated by Figs. 92 and 93, which show that the
adjustment of the spanwise spacing of vortex pairs during the engulfment of pair D by
. pair C is accomplished by the emergence of pair B. These two phenomena occur
concurrently from 66 to 90 channel time scales and are accompanied by rapid growth of
the emerging vortex pair B. Here, one channel time scale equals d/(2.0 U). In the study
of Ligrani and Niver (1988), such emerging pairs are referred to as small secondary
vortex pairs. According tovGuo and Finlay (1991), base vortices with secondary vortex
pairs between them are much more ‘unstablé to spanwise perturbations than base
vortices without secondary pairs present. Once secondary vortices reach nonlinear
amplitude, the resulting flow is then even more unstable to occurrences leading to

splittings and mergings. The radial growth of pair B is significant at 0.036 m/s or
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about 4.3 percent of the bulk mean velocity U, as determined from measurements of pair
heights ‘'in photos 20-24.

Spanwise wavenumbers between adjacent pairs are presented in Fig. 94. In this
figure, the large increase of wavenumber between pairs C and D for (2.0 t U)/d from 35
to 70 results as the two pairs approach just prior to the engulfment of D. fhe |
subsequent discontinuity then results as D is engulfed by C. At about the same time, the
wavenumber between A and C decreases just before pair B emerges. At 75 d/(2.0 U):
secs. after the start of the sequence, just after the emergence, values of & between A and
B, and between B and C are 3.9 and 4.9, respectively. As time increases, the values
between these bairs then decrease. Thus, if certain pairs split or merge', the subsequent
local readjustment of spanwise wavenumbers may change wavenumbers between other
pairs along with their splitting/merging processes.

In some caseé such as the one présemed in Fig. 95, vo.rtex pairs merge together in a
different way. The data in this figure are for a Dean number of 100 at a streamwise

* position 125 degrees from the start of the curvature. In photos 1-15 of Fig. 95, three
complete vortex pairs are evident with some rocking rhotion. Because of the frequency of
the rocking motion in this particular sequence, this behavior is believed to be undulating
Dean voriex flow (Ligrani et al., 1992a), and it appears to be occuring concurrently
with a merging event (photos 18-20). Finlay et al. (1988) also observe vortex pair
merging and splitting when undulating motions are present. The competi;ioh between

- them is determined by the growth rate of the wavy instability compared to the growth

rate Qf Eckhaus instabilities ( Guo and Finlay, 1991; Eckhaus, 1965).

From left to right, the three paifs in photos 1-15 of Fig. 95 are denoted B, C, and D,
respectively. The vortex pair which begins to appear on the far left-hand sides of all
photos numbered 14 and upwards is denoted A. In photos 15-17, vortex pairs B and C
become smaller and become reoriented such that the directions of upwash rggions are

oriented towards each other at angles of about 60 degrees from the concave wall. As the
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upwash region of pair B becomes normal to the concave surface (Photo 18), the upwash
region of vortex pair C tilts to the left. The left-hand vortex of pair C then merges into
near-wall flow, and the right-hand vortex merges with the right-hand vortex of pair B
(Photos 19-20). One vortex pair then |;eplaces the two pairs in all photos after
numbér 20. This type of event is considered to be the same type of merging as described
by the results in Figs. 92, 93 and 94. In some other cases, voriex pairs merge together
because of vortex cancellation. This occurs as two neighboring pairs approach each
other such that adjacent vortices of opposite sign appear to collide ‘and then cancel.
Spanwise locations of vortex pairs In Fig. 95, presented as a function of time in Fig.
96, illustrate the merging of vortex pairs B and C which occurs 0.6-0.7 secs. or 80-93
channel time scales after the start of the photo sequence. At times greater fhan or equal
to 80-93 channel time scales, spanwise adjustment of the remaining vortex pairs is
evident. In this case, vortex pairs move laterally towards the location of the merging
event. Eventually, roughly the same spanwise spacing of vortex pairs is presént as
existed prior to the cancellation. - This is evident in Fig.'95 since three complete vortex
pairs exist in photos 21-28. Some spanwise expansion and shifting of smoke patterns to
the right of these pairs is then evident in photos 29-37, probably because of some sort
of simultaneous splitting/merging event at some other spanwise location in the channel.
Simultaneous spanwise wavenumbers between vortex pairs A, B, C and D are given as
~ a function of time in Fig. 97. These values are determined from spanwise distances in
_ plots such as the ones shown in Fig. 96, and represent variations at the radial midplane
of the channel (Y/d=0.5). As time becomes greater than 0.55 secs. (73. d/(2.0 U), the
value of @ between pairs B and C in Fig. 97 increases drastically as a consequence of
merging of two adjacent pairs just prior to the cancellation. Prior to this increase,
values of & between vortex pairs A and B, and between vortex pairs C and D range
between 3.0 and 3.4. After the two vortices have cancelled, & values between the same

pairs vary between 2.2 and 3.0. The overall average (in space and time) at a particular
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experimental condition is denoted @ At this experimental condition, o is 2.82-2.88
when no perturbation exists in the flow. Values of & higher than this average, such as
exist at times prior to 60.0 d /(2.0 U) secs., are prelude to a merging event and the
merging of a vortex pair across.the channel span. Results later in ihis section‘will
illustrate that o values lower than @, such as exist at times larger than 140.0 d/(2.0
U) secs., are often prelude to the splitting of a new vortex pair across the channel span
even though this is noi yet evident in the time sequence shown in Fig. 95.

The instantaneous flow visualization results in Figs. 92 and 95 may be compared ‘to
the time-averaged results in Figs. 30 and 39 for similar De (99.9) and streamwise
Iocati'on (6 =1200), but different spanwise portions of the channel. This comparison
iIIustrates the presence of the vortex pairs in the time-averaged flow field in spite of
the unsteadiness which results from merging events. In‘addition, because the vortex
pairs are apparent within the time-averaged flow field, they have preferred spanwise
locations about which the unsteadiness from merging (or splitting) must be oécuring.

hesults in Fig. 98 are presented for a Dean number of 75 and an angular position 135
degrees from the beginning of curvature to illustrate how a smaller vortex pair may be
' swept into the upwash région of a larger adjacent vortex pair. Three pairs are
distinguishable in photos 1-9_ which corresponds to time scales from the start of the
sequence as large as 30.0. The smaller "mushroom shaped” smoke pattern previously in
the middle of these photos then merges with the "stem” of the larger pattern to its left in
photos 10-12. From measurements of the height of the smoke pattern corresponding to
the engulfed pair, its decay rate in photos 6-11 is approximately -0.025 m/s which
amounts to about 4 peréent of the bulk channel velocity U. The merging event is
accompanied by significant reorientation of the vortex pair on the right side of the
photos, a type of motion which continues to the last photo shown.

All of the flow visualization data shown thus far illustrate the merging of two vortex

pairs into one vortex pair. According to Guo and Finlay (1991), such two to one
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merging is the most common merging event not only in curved channels but in rotating
channels. Indeed, such behavior is evident in the flow visualizations of Alfredsson and
Persson (1989) and Matsson and Alfredsson (1990) in straight rotating channels as
well as in curved rotating channels, but from a plan view (streamwise/spanwise plane)
not from a cross-sectional view (spanwise/radial plane). P!an views from outside of
the concave surface in the present study, as well as in the study of Ligrani and Niver
(1988), show results similar to theirs. Vortex pairs appear to be surrounded by tubes
of smoke with non-circular cross sections that are relatively void of smoke. Mergings
of vortex pairs are then indicated by adjacent tubes which occasionally merge into one
* tube. |
Another type of event is observed in spanwise/radial plane views of visualized flow

which involves the replacement of two vortex pairs by one vortex pair (Ligrani et al.,
1992b). This type of event is different from the merging events described so far
because it does not involve interactions between two vortex pairs. instead, vortex pairs
decrease in radial extent to eventually merge with flow very near the concave surface.
Such collapses of vortex pairs are important because they are the most frequent mode in
which two pairs are replaced by one pair, as shown by frequency results in Figs. 104
and 105, which are described later.

4.5.2 Dean Vortex Pair Splitting Events

In Figs. 99-102, two different types of events are illustrated: (1) emergence of

pairs from flow near the concave surface, and (2) abrupt development of two new vortex
pairs from a single vortex pair. In the photograph sequences shown in Figs. 99 and 102,
individual photographs are separated by 1/10 second intervals and 1/30 second
intervals, respectively. All other layout details are the same as for the sequences
discussed earlier.

: In.the photograph sequence shown in Fig. 99, the vortex pair which is only partially

shown on the left sides of photos 1-8 is labelled A. The other pairs which exist across
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the span (from left to right) in photos 1-4 and in most subsequent photo:e, are
sequentially labelled B, D and F. The new pair which begins to emerge from near the
concave surface in photos 6-10 is denoted C and the new pair which appears in photos
23.25 is denoted E. Spanwise spacings of these six different vortex pairs are shown as
they vary with time in Fig. 100. Emergence of vortex pairs C and E are evident at (2.0 t
U)/d about equal to 80 and 290, respectively. - In Fig. 99, new pairs initially appear as
a dark spot near the concave surface wﬁich groWs in size in the radial direction to
eventually appear mushroom shaped about 50 d/(2.0 U) secs. later. In real time,
mushroom-shaped patterns suddenly appear to "pop” out of the concave wall (Ligrani
and Niver, 1988). As this occurs in Fig. 99, spanwise spacings of existing vortex pairs
readjust such that these pairs move laterally away from the location of newly formed
pairs. This motion is accompanied by some spanwise expansion of individual smoke
patterns, as well as intermittent rocking and radial motion.
_ Instantaneous spanwise wavenumbers between vortex pairs B, C and D are shown in
Fig. 101. Values between B and D for times less than 65 d/(2.0 U) secs. from the start
of the sequence are lower than 2.82-2.88, the overall average wavenumber for
De=100. As the new pair emerges, instantaneous ¢ between pairs Band C,and Cand D
are 4.5 and 3.3, respectively. As the new pair begins to grow radially, spanwise
spacings of existing vortex pairs readjust such that these pairs move laterally away
from the location of the newly formed pair. Instantaneous & then decrease with time to
approach «&.

Magnitudes of @ prior to the emergence event at t=80.0 d/(2.0 U) provide evidence
that values of the spanwise wavenumber lower than the overall average are prelude to
‘ the replacement of one vortex pair with two pairs across the channel span After such
events, the relaxation of vortex pair positions illustrated by Figs. 99- 101 does not
always occur. Instead, spanwise wavenumber readjustment may occur with some type of

merging event. However, in either case, the intermittent flow adjustrﬁems seem to
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occur so that local instantaneous wavenumbers subsequently approach the overall
average wavenumber .

Figure 102 shows how a splitting event results in the abrupt rearrangement of a
single \)ortex pair into two vortex pairs. This time sequence begins in photo 1 with two
vortex pairs along with a dark region near the concave wall to the left of the central
pair. As time increases further in photos 6-8, the central pair becomes
indistinguishable as two dark spots replace it to emerge as identifiable vortex pairs. -In
photo 9, the two newly formed pairs are evident along with the third pair to the right
which is also present in photos 1-8. As time increases in the last photos of the sequence
(10-14), the two newly formed vortex pairs reorient themselves such that upwésh
regions are directed normal to the concave surface with about equal spacing in the
spanwise direction bétween adjacent pairs.

- The most common event in which two vortex pairs replace one pair at a particular
streamwise station is one where new vortex pairs emerge between existing pairs from
flow very near the concave surface (Figs. 99-101). Guo and Finlay (1991) also
observe similar phenomena. They describe smaller new pairs forming between existing
pairs, which, in their secondary stability analysis, occurs Setween every second pair.
The present experimental results are different from ones given by Guo and Finlay
(1991) because the latter do not account for the finite span effects of the channel
employed. In addition, spanwise periodicity is hot imposed in experiments which allows
considerable spanwise shifting, as seen in all of the flow visualization sequences
presented. However, in the present results as well as those from Guo and Finlay
(1991), new pairs start to appear near the concave surface in the downwash regioh
between two existing pairs just before they grow radially inwards away from the
concave surface. Such behavior appears as the division of one smoke tube into two tubes
of smoke (Ligrani and Niver, 1988), or as the splitting of new bright streaks of

titanium-dioxide between existing streaks, when viewed from outside of the concave
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surface or from a plan view (Alfredsson and Persson, 1989; Matssbn and Alfredsson,
1990). | |

Such events are more likely to occur at some locations instead of others because the
Dean vortices develop freely without artificial disturbances. Their initial development
is then triggered by small scale disturbances which occur unevenly and non-uniformly
at the channel inlet. As a result, some vortex pairs begin to develop earlier and are
therefore stronger as they develop to one particular streamwise location in the curved
channel. The resulting variations of strengths of the different vortices and vortex pairs
across the span of the channel cause some to be more likely to merge and split compared
to others (cf. Yang and Kim , 1991, and Guo and Finlay, 1991).

4.5.3 Recurrent Splitting and Merging

The two types of splitting events observed include vortex pair emergence from flow
near the concave surface, and splitting, which involves the abrupt development of two
vortex pairs from a single pair. The four types of merging events observed include
vortex pair engulfment, vortex cancellation, the sweeping of a vortex pair into the
upwash of a neighboring pair, and the collapse of a vortex‘pair into flow near the concave
éurface. These are now discussed further in terms of recurrent events and frequencies
- of different events, which are presented in Figs. 103-105. This is followed by
discussion of variations of the instantaneous spanwise wavenumber and overall average
spanwise wavenumber (averaged in time and space), where variations of the latter
quantity with Dean number are presented in Fig. 106. |

Results in Fig. 103 show a time sequence of different types of splitting and merging
events as they are observed at De=100 in a spanwise/radial plane located 115 degrees
from the start of curvature. The recurrent nature of splitting and merging phenomena
is apparent. Close examination reveals that splitting type events generally follow
merging type events, and.visa versa, as described earlier. Such variations_are

important because they result in adjustments and readjustments of the spanwise
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wavehumber with time. Evidence of such recurrent phenomena were first presented by
Ligrani and Niver (1988) for curved channel flows. More recent studies indicate that
such phenomena also occur in rotating channels (Alfredsson and Persson, 1989) as well
as in curved channels which rotate (Matsson and Alfredsson, 1990). Recurrent
phenomena are also discussed by Guo and Finlay (1991), who indicate that they are most
apt to occur for 1.7De¢ < De < 2.2Dec.

information on the frequencies of splitting and merging events is presented in Figs.
104 and 105. These data were obtained from measurements in video sequences
photographed in 5.5 cm by 1.27 cm spanwise/radial planes located at different
streamwise locations (Kendall, 1991). On these plots, non-dimensional frequencies
f=2rn(d/2)/U are given, where n is the dimensional event frequency in Hz.

Results in Fig. 104 for different De for a spanwise/radial plane located 95 degrees
. from the start of curvature indicate that emergences are the most frequent type of
splitting event, whereas collapses are the most frequent type of merging event. Non-
dimensional frequencies decrease for Dean numbers less than 60 to 80 since frequencies
are recorded only for identifiable vortex pairs, and not for less developed smoke
patterns like the ones (Ligrani et al., 1992b). At highér De, strong dependence on Dean
number is evident. In addition; overall frequency magnitudes of all splitting and
merging events are about equal for each Dean number which indicates a balance between
these two types of phenomena. Such behavior also provides additional evfdence that
vortex pairs have preferred spanwise locations and preferred spanwise wavenumbers
across the span of the channel. The non-dimensional splitting and merging frequencies
increase with Dean number for values up to around 125. At the Dean numbers increases
further, decreases of these quantities with Dean number are evident.

Fig. 105 presents non-dimensional splitting and merging event frequencies at
different streamwise stations for De=100. Higher values are generally evident at

locations farther upstream. As for the results in Fig. 104, the most frequent splitting
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events are emergences, and the most frequent merging events are collapses. In addition,
a balance of overall splitting and merging events is evident.

The experimental results described so far indicate that local spanwise wavenumber
values higher than the overall average are prelude to the merging of a vortex pair across
the channel span, and that values lower than the overall average ére prelude to the
splitting of a new vortex pair across the channel span. ‘After either an splitting event or
a merging event, readjustment of the spanwise positions of vortex pairs may occur as a
result of: (1) splitting. of pairs, (2) merging of pairs, or (3) spanwise motions of
pairs. Except when spanwise shifting of vortex pairs occurs afterwards, the occurrence
of one particular type of event (splitting or merging) generally precludes the
reoccurrence of the same type of event just afterwards to achieve readjustment. This is
because of the alterations to the spanwise wavenumber which occur immediately
following such events. With splittings, @ is generally increased above the overall
average so that additional splittiﬁgs are unlikely, whereas with mergings, the spanwise
wavenumber is generally decreased below the overall average which makes the
occurrence of additional mergings unlikely. 'In either case, the subsequent flow
adjustments seem to occur so that local and spanwise-averaged wavenumbers eventually
approach o for a pariicular Dean number. This is discussed in more detail in reference
. to Fig. 106.

4.5.4 Spanwise Wavenumber Selection of Dean Vortex Pairs

Figure 106 shows variations of a, the spanwise wavenumber averaged in time and
space, as dependent upon De. In this figure, several different sets of experimental,
numeric and analytic results are included. For the experimental results, values of o
are given as determined from fléw visualization results, from time-averaged vorticity
distributions (Baun, 1988; Fields, 1990), as well as from the experimental study of
Kelleher et al. (1980). These distributions are compared to the curve for maximum

linear growth rate of the primary instability from Finlay et al. (1987, 1988), and to
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the Eckhaus valley from Guo and Finlay (1991). The primary stability boundary of
Finlay et al. (1987, 1988) is also included for reference.

Before these results are described and comparisons are made, determination of
values from time-averaged vorticity distributions is explained. The radial component of
vorticity measured at a Dean number of 100 at a location 120 degrees from the start of
curvature in Fig. 49 is employed for this purpose. Radial vorticity distributions in Fig.
49 show spanwise alternating regions of positive and negative vorticity. Pairs of
vorticies are evidenced by a region of positive vorticity (solid contour lines)
immediatebly adjacent to a region of negative vorticity (dashed contour lines). Three
complete pairs are evident in the figure. Because these data were obtained at a different
spanwise portion of the channel than where the flow visualization results were
observed, a direct comparison between the two is precluded. Upwésh regions between
the two vorticies in a pair are located where gradients of radial vorticity are quite large
and an abrupt change in the sign of this vorticity component occurs as one moves in the
spanwise direction at constant Y/d. In Fig. 49, central portions of upwash regions are
thus located at Z/d of about 5.1, 6.0 and 7.1. With this information, spanwise
wavenumber values are determined between individual vortex pairs for a particular
Dean number and channel location. These values are then averaged across the span in
order to determine o.

We now return to our discussion of the results in Fig. 106. Here, ‘a values from the

- flow visualization results and from vorticity distributions (ie. from Fig. 49 and from
Baun (1988) and Fields (1990)) generally show remarkable consistency for the range
of (De-Dec)/Dec shown. The Kelleher et al. (1980) ‘@ data are in the same general
vicinity but show no variation as the Dean number varies. Such o ;/ariations from
channel flows are dependent upon aspect ratio, and do not appear to be strongly dependent
upon inlet flow conditions. In contrast, vortex development is much more strongly -

dependent upon inlet flow conditions in boundary layers developing over concave
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surfaces (Floryan and Saric, 1984). There, magnitudes of ‘@ vary significantly aé
flow conditions change and do not follow a single curve (as the Gortler number varies) in
the fashion of the present results in Fig. 106. |

The Eckhaus valley is given by Guo and Finlay (1991) from an analysis of
instabilities occuring with respect to spanwise perturbations which lead to the merging
and splitting of Dean vortex pairs. The growth of these perturbations is denoted the
Eckhaus growth rate (Guo and Finlay, 1991), which is the real part of the eigenvalue
which determines the stability of the vortex flow. According to Guo and Finlay (1991),
splittings of secondary vortex pairs observed by Ligrani and Niver (1988) are
. probably initiatéd by Eckhaus instabilities. In\ add'ition, the Eckhaus growth rate is
positive for all experimental conditions examined in the present paper since they are
outside of the Eckhaus stability boundary. The Eckhaus valley shown in Fig. 106 is then\
where the growth rate is the minimum in the unstable part of the (De-Dec)/Dec versus
@ plane. This curve indicates where vortex pairs are most likely to be observed in
experiments since these are the ones which are Ieést apt to split or merge. Such bairs
may then be in place for longer time intervals than surrounding pairs partially because
their splitting or merging is suppressed by splittings o.r mergings at some other &
. where the value of the Eckhaus growth rate is greater than the minimum. Thus, for
values of & close to the Eckhaus valley, a relatively small number of vortices split and
merge for a given number of base vortices. Further away, Eckhaus growth rates are
higher and a large number of vortices split and merge.

Most experimental data in Fig. 106 are in close agreement with the Eckhaus valley
for all (De-Dec)/Dec greater than 1.3 shown. This provides some evidence that o
values over these conditions are influenced by splitting and merging phenomena.‘ The
differences between these data and the Eckhaus valley may suggest that the Eckhaus

instability does not completely dominate flow behavior for all (De-Dec)/Dec greater
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than 1.3. Instead, time and spatially averaged positions of the vortex pairs are probably
also influenced, at least in part, by phenomena not leading to splitting and merging.

When no spanwise selection mechanism is imposed on the flow, the overall average of
the spanwise wavenumber is determined by the maximum linear growth rate of the
primary instability (Guo and Finlay, 1991). That is, the vortices themselves, rather
than their responses to perturbations from different spanwise wavenumbers determine
the spanwise spacing of adjacent vortex pairs. This is consistent with Fig. 106 for (De-
Dec)/Deg less than about 1.2 where most of the present experimental resuits lie near
the maximum’grow»th rate curve.

Instantaneous values of the spanwise wavenumber may deviate significantly away
from the (De-Dec)/Deg versus ‘@ curve shown in Fig. 106. When values of « lie to
the right of the & curve for a particular De, a merging event is likely to follow.
Similarly, « values to the left of the ‘@ curve are often subsequent to an splitting
event. The observations of Guo and Finlay are similar, except they also refer to &
behavior on right and left sides of the closed Eckhaus stability boundary which extends
only to (De-Dec)/Dec as high as 0.3. For De=75, 100 and 125, instantaneous valljes of
the spanwise wavenumber from the present study are observed to be as low as 1.6, and
aé high as 6.2. Although the smallest values observed are quite far away from the
primary stability boundary in Fig. 106, the largest values observed are certainly in
close proximity to the right-hand side of this boundary. | After o deviates significantly
from T, the trend is then to return to the (De-Dec)/Dec versus & curve either by an
splitting event, merging event, or spanwise adjustment of pair spacings. Either
mergings or splittings can cause an overshoot which then results in the likelihood of the
occurrence of the opposite event, and then recurrent phenomena. Such perturbations
occur with respect to the time-averaged flow field, and thus, with respect to time-
averaged spanwise vortex positions and spanwise wavenumbers (averaged in space and

time), as mentioned earlier.
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455 Longitqdinal ‘Ve_locity Fluctuations Associated With Splitting and

Merging | |

Surveys of time-averagéd longitudinal velocity fluctuations measured_ in the
spanwise/radial plane located at 6 =1200 are given in Fig. 107 for experimental
conditions when splitting and merging are present (Dé=50.2-125.4). In this figure,
the quantity of interest is E/uez, the square of the root-mean-square (RMS) of
longitudinal velocity fluctuations normalized by the local streamwise velocity. The
spanwise locations of upwésh regions are denoted by small arrows fo_r each survey plot
in Fig. 107. Locally higher fluctuation magnitudes are evident at locations which
correspond to upwash locations between individual vortex pairs. Even though these
magnitudeé are only minimally higher than for other parts of the 'éurveys, interesting
and repeatable structural characteristics are apparent. At De of 60.2 and 70.2,

individual regions of increased u'2/ug 2 show singular local maxima near the spanwise

middle of each upwash region. However, at De from 80.3 to 125.4, individual regions of

increased u'2/ug 2 show two local maxima on each side of upwash regions at locations

where spanwise gradients of the streamwise mean velocity are highest (Fuqua, 1991).
Values of .u_'é/uez at the same streamwise location are much higher as Dean numbers
increase above 150 and Dean vortex pairs.are twisting '(Ligrani et al., 1992a).

Even though spectra of hot wire signals corresponding to the locations and
experimental conditions of the data in Fig. 107 occasionally show locally higher humps
(broad, small amplitude local maxima)‘ at frequencies of 0.5-2 Hz, 4-7 Hz, 7-9 Hz,
12-15 Hz, and 17-21 Hz, there is no evidence at present to suggest that the time-
averaged velocity fluctuations in Fig. 107 are associated with one particular frequency
of fluid motions. Examples of spectra are shown in Fig. 108 along with corresponding
time traces in Fig. 109. These data were measured using a hot-wire probe sensing
longitudinal velocity fluctuations placed at 6 =1120, v/d=0.5 and Z/d=12.25, and for

each De, are qualitatively typical of spectra measured at other Y/d and Z/d and similar
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6 . The oscillations at 0.5-2 Hz evidenced in Figs. 108 and 109 are believed to be due
to undulating vortex motions (Ligfani et al., 1992a). Spectral variations Vat other
frequencies may also be partially related to undulating vortex motions, as well as to
sblitting and merging, and to the fact that channel inlet conditions are not precisely
constant with time. Fig. 107 shows that most of this unsteadiness occurs about vortex
pair upwash regions, providing additional evidence that thé vortex pairs have preferred
locations across the channel span.

Results from Fig. 104 indicate that the overall average dimensional frequency of
splitting and merging events together increases with Dean number. Values for De of 75,
100, and 145 are 2.1 Hz, 4.4 Hz, and 5.8 Hz, respectively. Figure 108 shows low-
amplitude spectral humps near 2.1 Hz for De=50.4 and near 4.4 Hz for De=100.2,
however, there is no evidence, at present, which suggests that fluid agitations from
splitting and merging occur at one particular frequency or wavenumber for a given
location and De. This is because splitting and merging seem to occur somewhat randomly
about the time-averaged vortex pair locations. In addition, the time trace in Fig. 103
provides evidence that splitting and merging frequencies are not stable with time, but
varying continuously, which would make them unapparent in ensemble-averaged

spectra.
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5.0 SUMMARY‘ANb CONCLUSIONS

| The development and structural characteristics of Dean vortices in a curved channel
were measured and evaluated. The channel has a 40 to 1 aspect ratio, a radius ratio of
0.979, and mild curvature. Results were obtained at Dean numbers ranging from 35 to
430, andlat angular positions from the start of curvature ranging from 85 degrees to -
145 degrees. Of particular interest are the sequence of events as transition proceeds
from laminar flow to fully turbulent flow, and the roles and effects played by Dean
vortex pairs during these events.

For positions from the start of curvature ranging from 85 to 145 degrees, the.
sequencé of of transition events begins with curved channel Poiseuille flow at Dean
numbers less than 40 to 64. As the Dean number increases, observations show initial
development of Dean vortex pairs, followed by symmetri'c vortex pairs which, when
viewed in spanwise/radial-planes, cover the entire channel height (De=90-100). At
Dean numbers from 40 to 125-130, the vortex pairs often develop intermittent

- waviness in the form of vortex undulaﬁons. Splitting and merging of vortex pairs is also
observed over the same experimental conditions as well as at higher Dean numbers.
When Dean numbers range from 130 to 185-200, the undulating wavy mode is replaced
by a twisting mode with higher amplitudes of oscillation and shorter wavelengths. The
twisting wavy mode 'results in the development of regions whefe turbulence intensity is
Iocavlly augmented at Dean numbers from 150 to 185-200, principally in the upwash
regions between the two individuai vortices which make up each vortex pair. These
turbulent regions eventually increase in intensity and spatial extent as the Dean number
increases further, until individual regions merge together so that the entire cross
section of the channel contains chaotic turbulent motions. When Dean numbers then
reach 400-435, spectra of velocity fluctuations then evidence fully turbulent flow.
Time-averaged measurement surveys of the three components of mean vorticity,

streamwise mean velocity, and total pressure in a spanwise/radial plane located 120
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degrees from the start of curvature show that spanwise non-periodic disturbances
develop near the concave surface of the channel at Dean numbers in the vicinity of 61.9.

" At De greater than or equal to 73.6, evidence of pairs of Dean vorticies are apparent in-
these surveys which, in many cases, are fairly periodic across the span of the channel.
These results confirm that Dean vortex pairs not only have preferred spanwise spacing,
but also preferred spanwise locations since they are readily apparent in the time-
averaged flow field. Streamwise vorticity distributions clearly show spanwise varying
regions of positive and negative vorticity which correspond to different yortex pairs.
Upwash regions (with respect to the concave surface) are present between the two
vortices in each pair where fluid with low streamwise velocity (and low total pressure)
is moved away from the concave wall by local secondary flows. In the radial vorticity
distributions, these upwash regions are located where gradients of radial vorticity are
quite large and an abrupt change in the sign of this vorticity component occdrs as one
moves in the spanwisé direction at constant radial distance. In distributions of the
spanwise oomponént of vorticity, upwash regions are evidenced by local regions of
negative vorticity emanating from the concave surface. Levels of maximum vorticity and
circulation magnitudes of the streamwise vortices inérease as the Dean number
increases, until Dean numbers reach 150-240. Because the length scales of the
spanwise unsteadiness at Dean numbers higher than 240 are greater than spanwise
vortex spacings, time-averaged distributions are then spanwise uniform with gradients
apparent only in the radial direction.

At experimental conditions where the Dean vortices first begin to develop for Dean
numbers greater than 64 and angular positions at least 85 degrees from the start of
curvature, observations and photographs of visualized flow patterns in spanwise/radial
planes show evidence of pairs 6f counter-rotating Dean vortices indicated by mushroom-
shaped smoke patterns. At Dean numbers and angular positions near these values, radial

oscillations of smoke patterns are believed to result because of unsteadiness and
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nonuniform spanwise positions of the infinitesimal amplitude disturbances which
trigger initial vortex development. When vortex pairs are present at these low Dean
numbers, radialkheights vary cohsiderably across the span of the channel. As the Dean
number increases to values in the vicinity of 90-100, the sizes of smoke patterns
which evidence pairs increase, radial extents become more uniform across the span, and
the heights approach the full channel width. The radial unsteadiness is then much
smaller, and the size, spacing, and behavior of the Dean vortex pairs appears to be much
less sensitive to the presence and magnitude of initial disturbance levels. Most
unsteadiness at De from 90 to 100 seems to be due to splitting and merging, which, as
mentioned earlier, are also observed at higher and lower Dean numbers as well.

Detailed observations of splitting and merging have been made in spanwise/radial
planes at angular positions from 95 degrees to 135 degrees from the start of curvature
at Dean numbers of 75 and 100. Visualizations at these experimental conditions show
two distinctly different types of splitting events: (1) vortex pair emergence from flow
near the concave surface, and (2) splitting which results in the abrupt development of
two vortex pairs from a single pair. In addition, four different types of merging events
are observed. These include: (1) engulfment of a smaller vortex pair by a larger pair
such that vortices having the same sign of vorticity merge together, (2) cancellation of
adjacent vorticﬁes having opposite signs of vorticity in two adjacent pairs, (3) the
sweeping of a vortex pair into the upwash of a neighboring pair, and (4) the coliapse of a
vortex pair into the flow near the concave surface. Of these, vortex pair emergence and
collapse are most often observed. According to Ligrani and Niver (1988), similar
behavior are observed at De as large as 220 and at angular positions as small as 85
degrees from the start of curvature.

.Splitting and merging events observed in spanwise/radial planes are a consequence of
phenorhena occurring durihg the streamwise development of vortex pairs. As this

occurs, splitting and merging agitate nearby flow. Undulating motions, in particular,
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are disrupted. and more intermittent because of splitting and merging (Ligrani et al.,
1992a). However, in spite of such disruptiohs, there is no evidence at present to
suggest that such agitations occur continuously in the unsteady part of the flow at one
particular frequency or wavenumber. This is apparent from spectra during splitting
and merging, which mostly appear to be broad-band with several low-amplitude local
maxima and no local sharp peaks. Thus, splitting and merging do not contribute
disruptions at one particular wave number during transition, even though their overall
effects are speculated to cause twisting to occur at lower Dean numbers than if no
splitting and merging were present. |

Overall average spanwise wavenumbers (in space and time) ‘a are close to the
Eckhaus valley (Guo a}nd Finlay, 1991) for all (De-Dec)/Dec greater than 1.3. This
suggests that splittings and mergings of Dean vortex pairs result because of Eckhaus
instabilities to perturbations from different spanwise wavenumbers. ‘Differences from
the Eckhaus valley over this (De-Deg)/Deg range, and for (De-Dec)/Dec < 1.2 suggest
tHat positions of the vortex pairs (averaged in space and time) are probably also
influenced 'by phenomena other than ones leading to splitting and merging (Ligrani et al.,
1992b). The present wavenumber results lie near the ‘@ curve which represents the
maximum linear growth rate of the primary instability (Finlay et al., 1988) when
(De-Deg)/Deg is less than about 1.2, which suggests that the spanwise spacing of
adjacent vortex pairs is determined mostly by the vortices themselves rather than their
responses to perturbations from different spanwise wavenumbers (Ligrani et al.,
1992b). |

The present results also indicate that instantaneous local spanwise wavenumber
values higher than ‘a are prelude to the merging of a vortex pair across the channel
span, and that values lower than ‘« are prelude to the splitting of a new vortex pair
across the channel span. After either an splitting event or a merging event, the

reoccurrence of the same type of event just afterwards is unlikely because of the
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alterations to the spanwise wavenumber which occur immediately foIIoWing such events.
With splittings, local wavenumbers are generélly incréased above the overall average so
that additional splittings are unlikely, whereas with mergings, the spanwisé
wavenumber is generally decreased below the overall average which makes the
occurrence of additional mergings unlikely. In either case, subsequent flow adjustments
seem to occur as a result of the opposite event, or spanwise shifting of pairs, so that
local and spanwise-averaged wavenumbersb evéntually approach the ‘@ value for a
particular Dean number. Such spanwise wavenumber variations and the overall balance
of the frequencies of different splitting and merging events provide evidence that vortex
pairs have preferred spanwise spacings across the span of the channel in spite of the
unsteadiness from splitting and merging.

)

When viewed in spanwise/radial planes, visualizations of undulating and twisting
vortex flows show vortex pairs with rocking motion and changes in the direction of the
flow between vortices that are like those observed in the simulations. The spanwise
sideslipping observed in numerical simulations of undulating vortices is present
experimentally, but it is interrupted sometimes because o_f the convective nature of
curved channel flow, as well as by vortex pair merging and splitting events at other
locations across the span of the channel. Experimental frequencies of twisting vortices
agree with values predicted by simulations, as well as with values from linear stability
analysis of axisymmetric vortices given by Finlay et al. (1988). The numerical and
experimental results also agree in that both indicate that undulating vortices have much
lower frequencies than twisting vortices though the most unstable undulation
frequencies from the linear stability analysis are somewhat higher than ones observed
in the experihent (Ligrani et al., 1992a).

Undulating streamwise wavenumbers estimated from frequencies by using constant
angular speeds of wave motion indicate there are only a few streamwise wavelengths

present in the 180° curved experimental section. Because of this, finite streamwise
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length effects in the experimental channel are believed to be important if the accuracy of
quantitative predictions of this flow are to be improved. Undulating bean vortex flow is
observed in the experimenta‘ﬂ curved channel mostly at sfreamwise positions some
distance away from the point where curvature begins. Spectra obtained obtained when
qndu]atiqns are present occasionally show locally higher humps (broad, small amplitude
maxima) at frequencies of 0.5-2 Hz, 4-7 Hz, 7-9 Hz, 10-12 Hz, 12-15 Hz, and 17-
21 Hz. The oscillations at 0.5-2 Hz correspond to the highest energy levels in the
frequency plots, and are believed to be due to undulating motions. At De=105 and a
position 120 degrees from the start of curvature, evidence of undulating motions are
present throughout the spanwise/radial measurement plane from Y/d=0.1 to Y/d=0.5.
Measured distributions of mean velocity and vorticity components at De=65 illustrate
the structural characteristics of the time-averaged flow field when undulation is
present. Good agreement generally exists between experiment and simulation (Ligrani
et él., 1992a).

Experimental power spectra show that twisting vortices are associated with higher
frequencies and shorter streamwise wavelengths compared to undulations. Fundamental
and harmonic frequencies from experimental spectra during twisting are in good
agreement with simulated values. Experimental spectra which evidence twisting over
the largest De range are measured within inflow regions at Y/d=0.1 and near individual
vortices at Y/d=0.1. Fundamental amplitudes in these spectra are strongly dependent
upon De as well as on the location within the vdrtex pair structure. Contour plots in a
spanwise/fadial piane of time-averaged vorticity and streamwise velocity evidence
pairs of counter-rotating vortices on either side of upwash regions (with respect to the
concave wall) which produce velocity deficits emanating from the concave surface.
Distributions of streamwise veiocity. streamwise Qorticity, radial vorticiiy, and
spanwise vorticity are in good quantitative and qualitative agreement with simuiation

- results (Ligrani ét al., 1992a), including spatial sizes and extents of flow features.
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Twisting is connected to local increases of the fluctuating longitudinal velocity (and
probably also the longitudinal Reynolds stress), which, like twisting, are initially
present near the concave surface within flow regions. When twisting is present for 130
< De < 185-260, fluctuating longitudinal velocity magnitudes are significantly higher
than for lower De values. When De increases above 185-200, additional longitudinal
velocity fluctuation level increases are present at different spanwise/normal plane |
locations within the channel perhaps as a result of fluid having undergone breakdown
after upstream twisting. At Dean numbers from 185 to 200, the spectral peaks which
characterize twisting decrease in amplitude relative to surrounding energy levels. At
higher Dean numbers, spectra are broad-band without spectral peaks or local maxima,
and flow visualization obéervatipns show complex chaotic motions with large-scale
oscillations in spanwise and radial directions. When Dean numbers reach 400-435,
spectra then evidence fully turbulent flow.

To measure distributions of time-averaged velocity componenté, the present study
also included the development of a miniature five-hole pressure probe. This probe was
designed with a 1.22 mm tip diameter specifically for use in the cuWed channel where
.spatial resolution and blockage considerations are very important (Ligrani, Singer and
Baun, 1989b). The device was calibrated in a separate wind tunnel at Reynolds numbers
based on probe tip diameter ranging from 80 to 400. Spatial resolution and induced
downwash velocity correction schemes were developed to correct results obtained from
the curved channel (Ligrani, Singer and Baun, 1989a). After application of these
corrections, pressure measurements from the probe were used to determine the three |
mean velocity components. From these, the three components of mean vorticity were

also determined (Ligrani, Singer and Baun, 1989b).
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FIG. 2. Photograph of the transparent curved channel test facility.
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| FIG. 10. Photograph of miniature five-hole pressure probe. Distance between adjacent
| scale markings is 0.10 mm.
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FIG. 11;

Photograph of miniature five-hole pressure probe calibration sled.
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FIG. 23. Curved channel traversing mechanism, transducers, miniature five-hole
pressure probe, and probe mount.
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'FIG. 64. Spectrum obtained at De=60 at a location 112 degrees from the start of
curvature at Z/d=12.2-12.4 and Y/d=0.5. (a) Signal detected using a subminiature
hot-wire sensor and analyzed using the signal analyzer.
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FIG. 64. Spectrum obtained at De=60 at a location 112 degrees from the start of
curvature at 2/d=12.2-12.4 and Y/d=0.5. (b) Signal detected using a subminiature
hot-wire sensor and analyzed using fast Fourier transforms of the digitized time varying

signals.
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FIG. 65. Spectrum obtained at De=100 at a location 112 degrees from the start of

curvature at Z/d=12.2-12.4 and Y/d=0.5. (a) Signal detected using a subminiature

hot-wire sensor and analyzed using the signal analyzer.
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FIG. 65. Spectrum obtained at De=100 at a location 112 degrees from the start of
curvature at Z/d=12.2-12.4 and Y/d=0.5. (b) Signal detected using a subminiature
hot-wire sensor and analyzed using fast Fourier transforms of the digitized time varying
signals. :
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FIG. 66. Spectra at Dean numbers from 50.5 to 435.0 from voltage signals detected
using an ordinary sized hot-wire probe and analyzed using the signal analyzer. To obtain
the measurements, the probe was placed at a location 112 degrees from the start of
curvature at Z/d=12.25 and Y/d=0.5.
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FIG. 67. Schematic showing arrangement of apparatus used for visualization of smoke
patterns in spanwise/radial planes.
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FIG. 68. Smoke patterns in a spanwise/radial plane located 115 degrees from the start |
of curvature for Dean numbers of 42, 53, 64, 73, 77, 90, 100, 123, 163, 192, and |
218. |

184 |



FIG. 69. Sequence of smoke patterns in a spanwise/radial plane located 115 degrees
from the start of curvature timed approximately 1 sec. apart, De=73.
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FIG. 70. Same caption as Fig. 69, De=163.
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FIG. 71. Same caption as Fig. 69, De=192.
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FIG. 73. Photographs timed about 1 sec. apart illustrating symmetric Dean vortex pairs
with small amounts of unsteadiness in a spanwise/radial plane 95 degrees from the start
of curvature for De=123.
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FIG. 74. Photographs timed about 1 sec. apart illustrating small secondary Dean vortex
pairs in a spanwise/radial plane 95 degrees from the start of curvature for De=100.
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FIG. 75. Visualization of flow patterns as viewed from outside of the concave surface,
De=145.2, 50-80 degrees from the start of curvature.
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FIG. 76. Visualization of flow patterns as viewed from outside of the concave surface,
De=104.8, 80-110 degrees from the start of curvature.
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FIG. 77. Shown is a time sequence of eighteen smoke visualization photographs of
experimental undulating vortices taken at 1/30 second (0.0333 sec.) intervals for

De=3.4De¢ at a streamwise location 1150 from the start of curvature. The streamwise

direction is into the plane of the plot, the concave surface is on the bottom of each
photograph, and the convex surface is on the top of each photograph.
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FIG. 78. Undula{ing Dean vortices obtained by numerical simulation are shown at

De=1.776Deg, ®=2.5, 7=0.979, and streamwise wavenumber B =15. The flow is
projected onto an (r,Z) plane at one streamwise location at times separated by one-tenth
of one period of oscillation where 0.372 sec. is the period of oscillation.
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FIG. 79. The frequency of undulating vortices in Hz obtained from experimental flow
visualization sequences is shown. Also given are results from linear stability analysis
of axisymmetric vortices to wavy disturbances (Finlay ef al. 1988) showing the highest
possible frequency of undulating vortices and the frequency of undulating vortices that

have the maximum linear growth rate for 71=0.975.
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FIG. 80. The frequencies shown in Fig. 79 are converted approximately into streamwise
wavenumbers by assuming the undulating waves travel at streamwise angular speed
0.0155 U/(d/2) radian/sec.
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FIG. 82. Contours of (a) streamwise velocity minus the curved channel Poiseuille
profile, (b) streamwise vorticity, (c) radial vorticity, and (d) spanwise vorticity as
measured for De=1.75De¢, 11=0.979, and 1200 from the start of curvature

illustrating time-averaged flow field characteristics when Dean vortices are undulating.
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FIG. 83. Contours of (a) streamwise velocity minus the curved channel Poiseuille
profile, (b) streamwise vorticity, (c) radial vorticity, and (d) spanwise vorticity as
determined from a simulation for De=1.776Dec, *=2.5, 71=0.979, and streamwise

wavenumber B'=15 illustrating time-averaged flow field characteristics when Dean
vortices are undulating.
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FIG. 85. Temporal power spectrum from a simulation of twisting vortices with
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measured for De=3.56De¢ 71 =0.979, and 1200 from the start of curvature illustrating
time-averaged flow field characteristics when Dean vortices are twisting.

203 -



1.0 i r—f—r———r——— _0.05

{a) ~-0.05
0.8 kL & "7-0.!5

y—-\\,...~ -.——_::r———-.—__.—ﬁ—

oocoo0

DLEN—O

[oRa)s,Fé 14 ]
o
D

o

SN

Normalized distance from concave wall, Y/d

©0 oo

VANN

0.0 0.3 0.6 0.9
Normalized spanwise
- Distance, Z/d

FIG'. 88. Contours of (a) streamwise velocity minus the curved channel Poiseuille
profile, (b) streamwisé vorticity, (c) radial vorticity, and (d) spanwise vorticity as
determined from a simulation for with 17=0.979, ®=3.0, De=3.580De¢, and

streamwise wavenumber f3 =200 illustrating time-averaged flow field characteristics
when Dean vortices are twisting.

204



N 03
c
5 E
3 < - 0
S |
§ 3’ 0.2+ e
) 0
sy -—
© 3 3
© 2o
z 2
“— )] Ol [ 0 0
o £ °
» ©
g o
s < o o
> S 08 o °©
“ % 00 J-i@‘i"ﬁ@% e 28890 o | .
2.0 4.0 6.0 8.0

Dean number ratio, De/DeC

° Moximum measured value
o Valueat Y/d=0.10
¢ Value at Y/d =0.50

FIG. 89. Square of the root-mean-square (rms) of the longitudinal fluctuating velocity
for the left-most-located upwash regions shown in Figs. 90 and 91, shown as dependent
upon De/Deg. Data are given for three probe positions. '

205



——

-
\

aod =
[P De/DeC-3.4O

Normalized distance from concave wall, Y/d

8.0

Normalized spanwise distance, Z/d
U /URANGES

0.35-0.45
0.45-0.55
0.55-0.65
0.65-0.75
0.75-0.85
0.85-0.95
0.95-1.05
1.05-1.15
1.15-1.25
1.25~-1.40

VONOODWN—=-0 @

FIG. 90. Surveys of the normalized streamwise mean velocity in a spanwise/radial
plane located 1200 from the start of curvature for 77=0.979 and De/Deg from 3.398 to
5.439 when twisting vortex motions are present.

206



=

Normalized distance from concave wall, Y/d

| | De/De._ = 3.40
| i :
r 4.0 1// 6.0 \ 8.0
Normalized spanwise distance, Z/d
| u'z/ug RANGES
| O .0001 - .0005
1 .0005 - .0050
| 2 .0050 - .0100
| 3 .0100 - .0150
‘i 4 0150 - .0200
| 9 .0200 = 02860
6 .0250 - .0300
7 .0300 - .0350
8 .0350 - .0520

207

FIG. 91. Surveys of the square of the root-mean-square (rms) of the longitudinal
fluctuating velocity in a spanwise/radial plane located 1200 from the start of curvature
for the same experimental conditions as the data presented in Fig. 90.



FIG. 92. Time sequence of twenty-four smoke visualization photographs illustrating
how one vortex pair may be engulfed by an adjacent vortex pair followed by the
emergence of a vortex pair from the near-wall region for De=100 at a streamwise
location 1259 from the start of curvature. Photographs are spaced apart by 1/30
second (0.0333 sec.) intervals. The streamwise direction is into the plane of the plot,
the concave surface is on the bottom of each photograph, and the convex survface is on
the top of each photograph.
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FIG. 93. For the same experimental conditions as for Fig. 92, results are presented

which illustrate the spanwise locations of vortex pairs as a function of time.
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FIG. 94. For the same experimental conditions as for Fig. 92, results are presented
which illustrate the local spanwise wavenumber variations with time between vortex
pairs A, B, C, D, and E.
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FIG. 95. Time sequence of thirty-seven smoke visualization photographs illustrating
vortex pair engulfment for De=100 at a streamwise location 1250 from the start of
curvature. All other figure details are the same as for Fig. 92.
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FIG. 96. For the same experimental conditions as for Fig. 95, results are presented
which illustrate the spanwise locations of vortex pairs as a function of time.
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FIG. 97. For the same experimental conditions as for Fig. 95, results are presented
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FIG. 98. Time sequence of fifteen smoke visualization photographs illustrating how one
vortex pair may be swept into the upwash region of a neighboring vortex pair for De=75

at a streamwise location 1350 from the start of curvature. All other figure details are
the same as for Fig. 92.
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FIG. 99. Time sequence of twenty-five smoke visualization photographs illustrating the
emergence of vortex pairs from near-wall regions for De=100 at a streamwise location

950 from the start of curvature. All other figure details are the same as for Fig. 92
except that the time interval between photographs is 1/10 second.
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FIG. 100. For the same experimental conditions as for Fig. 99, results are presented
which illustrate the spanwise locations of vortex pairs as a function of time.
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FIG. 101. For the same experimental conditions as for Fig. 99, results are presented
which illustrate the local spanwise wavenumber variations with time between vortex
pairs B, C, and D.
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FIG. 102. Time sequence of fourteen smoke visualization photographs illustrating how
one vortex pair is abruptly rearranged into two vortex pairs for De=75 at a streamwise

location 1350 from the start of curvature. All other figure details are the same as for
Fig. 92.
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FIG. 103. T|me trace -illustrating sequence and frequency of dlfferent types of sphmng
and merging events for De=100 at a streamwise location 1150 from the start of
curvature.
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streamwise location 950 from the start of curvature.
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