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ABSTRACT

Flow viegualization results are presented wvwhich wvere
obtained in a curved channel with mild curvature and 40 to 1
agpect ratio. Inside channel dimeneions are 1.27 cm x 50.80
cm. For Dean numbereg from 60 to 200 and angular positions

from 85S° to 175° measured from the start of curvature, video

movies and photographic gequences of patterns in
spanwvige/radial planes ghow unsteady Dean vortex pair
behavicr. In particuler, information ie provided on
mechanisme by which vortex pairs appear and disappear.

Videos and e£till photographs of visgualized flow in a
gtraight channel with 40 to 1 aspect ratio and imposed bulk
flow uneteadiness ghow different =stages of transition,
including: (1) three-dimensional Tollmien-Schlichting waves,
(2) Lambda waves, 3) Lambda vortices, (4) vortex type
motion, (5) turbulent spots and (6) fully turbulent flowv.
Instantanecus veloccity traces <from hot-wire probes are
presented for Reynolds numbere from 1400 to 8400 and %Sirouhsal
numbere from 0. 004 to 0.047. These dat-,, without
ungteadiness, shovw that transition occure et a Reynolds
number of approximately 3000. With im-osed sinusoidal
uneteadinegs at a Strouhal number of 0.028 and 7% peak to
peak amplitude (relative to the meen velocity), tranegition

occure at a Reynolds number of approximately 2300.
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I. INTRODUCTION

A. BACKGROUND

Flow vigualization studies are conducted in tvo different
facilities: (1) a curved rectangular channel wvwith 40 ¢to 1
agspect ratio and (2) a straight rectangular channel with 40
to 1 aspect ratio and imposed bulk flow unsteadiness.

1. Curved Channel Flow

The 40 to 1 aspect ratio curved channel 1isg used to
gtudy and vigualize Dean vortex flow. Other flow
visualization studie=s in the same facility are described by
Bella ([(Ref. 13, HNiver fRef. 2] and Baun (Ref. 31]. The flow
vigvalization experiments undertaken here are intended to
provide additional information on the time variation of the
flowv. Photograph sequences are obtained to shov the deteiled
timevice development of vortex pairs.

Te obtain these sgequences, a video camera is used to
photoorapt:r the flow 1in the curved channel and still
photographe of +the individual video frames are then taken.
Using thie technique, sequencez of photographe are obtained
gpaced 1/30 second apart,. The flow is contaminated, such
that it may be vigualized, by burning hickory and meequite
wood chipe 1in the esame smoke generator used by Niver [Ref.
21. The flow viguaslization experiments conducted are for a

range of Dean numbere (De) from 60 to 200 end for a range of




angular poegitions from 85° to 175° measgured from the start of
curvature. |
2. Straight Channel Flov with Imposed Unsteadiness
No experimente have been undertaken so far to study
effecte of periodic unsgteadinees on laminar/turbulent
trangition in a 40 +to 1 asgpect ratio straight channel
(Ligrani and Subramanian [Ref. 41), Numerical simulation
resgulte are given by Singer, Ferziger and Reed [Ref. 5).
These resgults indicate that impoeed sginusocidal flow
oscillationg provide a etabilizing effect at s8ll but very low
frequencies in plane channel flowv at a mean Reynolds number
{Re) of 5000. At moderately low frequencies, oscillations in
the channel can initiaste nonlinear effects which trigger

transgition in flow regimee vhere the steady flov remains

laminar,

Prior to the flowv vigualization, the gtraight channel
wvas aseembled and made operational. The device used to
impose pericdic unstesdinese wvas aleo qualified from

instanteneoue veleccity traces measgured using a hot-wire
probe. Thie probe was inserted into the sidewall of the
channel upetream of the unsteady device. Mase flow rate ie
determined from the preesure difference ecroes 8 1.5 inch
orifice plate 1insgserted in the piping betveen the exit plenum
and blowver.

Flow vigualization experiments are undertaken

utilizing <the =same video techniques used for the curved

IN)




channel. Flow is visualized ueing the smoke wire technique
described by Siedband (Ref. 61. The flow visualization
experiments conducted are for a range of Reynolds numbers
from 1400 to 8400 and for a range of Strouhal numbers (Str)

from 0.004 to 0.047.

B. OBJECTIVES

The objectives of this thesis are:

1. To provide photographic documentation of the timewvise
development of flowv structure at 1/30 second intervals in a
40 to 1 aspect ratio curved channel over a range of Dean
numbere and etreamwise poeitione.

2. To provide photographic evidence of flov development
in a 40 to 1 espect ratio straight channel with imposed bulk
flow uneteadiness over a range of channel Reynolds numbers

and Strouhal numbere.

C. ORGANIZATION

Subsequent tc thie introduction, Chapter II discusses
experimental facilities. Chapter IITI discusses ex»perimental
procedureg for the curved channel and the straight channel.
Here, channel operation, the asmoke generator, and flow
vigualization techniques are deecribed. Chapter IV details
the flow wvisgualization resgulte obtained from the curved
channel and gtraight channel. Chapter V gives a gummary and

conclueions.




IXI. EXPERIMENTAL FACILITIES

A. CURVED CHANNEL

The 40 to 1 aspect ratio curved channel ies located in the
laboratories of the Department of Mechanical Engineering of
the Naval Postgraduate School. A schematic and a photograph
are shovwn in Figs. 1 and 2, respectfully. As discussed by
Ligrani and HNiver [(Ref. 73, the curved channel 1is designed
and constructed especially for flow visualizetion. The
ingide dimensione and cross-sectional area of the channel are
the =ame elong 1ite entire 6.77 m length. Side wall,
longitudinal, and croes-beam sguppcocrte are used to support the
upper and lowver wvalls go that the insgide dimensione and their
tolerancee at any gstreamvisge location are 1.27 + 0.015 cm for
the height and 50.80 + 0.05 cm for the width. The facility
was conestructed by McNeal Enterprigee, Inc. of Santa Cleras,
Californis.

The lir at the channel inlet ieg constructed of quarter
circumference sectione of 15.2 cm outeide diameter pipe.
Following this 1ie the 25.4 cm X 50.8 cm rectangular inlet
gection for flow management, congisting of &8 honeycomb
folloved by three Bcreene stretched acrose the cross section.
Following the 1last screen 12 a 20 to 1 contraction ratio

nozzle, vwhose contour ie given by a fifth-order polynomial.




After the nozzle, flov enters the 40 to 1 aspect ratio
channel. The first part 1is a 2.44 m long straight duct.
After the gtraight channel, the flov entere the curved test
section. The concave interior duct surface (ag the flow sees

it) has a radius of curvature of 60.96 cm and the convex

surface hasg a radius of curvature of 59.69 cwm. At the end 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 used to isolate the channel flow from any spatial
nonuniformities 1in the outlet plenum. A 45.7 cm long
diffueer, havinc a +total angle of 2°, is alsc used to provide
gome pregsure recovery just prior the exit plenum,.

The blovwer/piping syetem attached to plenum 1 is

connected +tc =a blower (see Fig. 1y, which 1= an ICG
ITndustries 10P +type. This blower produvces 10.2 cm of water
vacuum at 4,82 m? /min volumetric flowv rate. Plenum 2 ie uged

to mate the 14.0 cm diameter blower inlet to piping without
eignificant pregsure losses, and additionally helpes isolate
the channel from uneteadineges caused by the blower impeller.
Dean numbers between 20 and 220 are obtained using thie
blover/piping arrangement.

Flow rate changes are made by throttling valve 1 Jjust
upgstream of plenum 2 (gsee Fig. 1) while bypass valve 2 is
kept fully open. Any flow rate or Dean number 1is set by
referring to the pressure drop across an ASME standard 1.5

inch orifice plate.




Additicnal details and description of the transgparent
curved channel are given by Ligrani and Niver (Ref. 71 and

Niver [Ref. 21. .

B. STRAIGHT CHANNEL
1. Channel
The 40 +to 1 aspect ratio straight channel is located
in the laboratories of the Department of Mechanical
Engineering of +the Naval Postgraduate School. A gchematic
draving is shown in Fig. 3, with photographs showvn in Figs.

4-6. As diecussed by Ligrani and Subramanian [Ref. 4], the

channel is made of 0.635 cm thick plexigless with & straight
gection 4.27 wm (14 ft) in length, with insgide dimensione of
1.27 cm in height and 50.80 cm in width. It 12 supported by
ribe and croge beams along ite length. Three longitudinal
(in the direction of the airflow) ribs made of 1.27 cm » 1.27
cm polycarbonate are placed along the length of the channel
on the sidee. The =ide wells are removable in order to gsin
acceee to the 1inside of the channel. The facility was
constructed by Jay-Edmund Enterprises of Sandpoint, Idaho.
The lip at the channel inlet 18 constructed of half
circumference gectionse of 15.24 cm outeide diameter pipe.
The lip is attached to a 25.4 cm x 50.80 cm rectangular inlet
section with flanges, which is 15.24 cm in lenath to house a
honeycomb aesgembly. Thie 1is folloved by three 1.27 cm x

50.80 cm framee with flanges, 10.16 cm 1in length each.




Screene are stretched across the crose section between these
three framee. Following the last screen 12 a 20 to 1
contraction ratio nozz=le, whose contour is given by =a fifth
order polynomial.

At the exit of the 4.27 m long test section are 10.16
cm long framees with <flanges for screensg, honeycomb and the
uneteady device. Next, a tvo-dimensional diffuser 45.72 cm
long with 3.0° total angle is 1located just upstream of the
plenum chamber. The plenum chamber inside dimensions are
60.96 cm % 60.96 cm x 60.9896 cmwm. It 4182 made of 0.9525 cm
thicl acrvlic except for the one removable wall which ie 1,27
cm thick. In order to meter the flow, a 1.5 inch crifice
glate assemrbly between the plenum chamber and the blower is
installed. A % H.P. blover is employed to induct flow into

the  channel by depressgsurizing the plenum below atmospheric

The channel 1is designed such that transition occures

w
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after the laminar flew 1 fully developed. ITnitia' 11
development length is minimized since the overall length of
the test sgection ie restricted by physical apace limitatione.
For a channel Reynoclde number of 2741, the flow becomes fully
developed after 1.524 m of development length measured from
the exit of the 1inlet nozzle (Reynolds number is based on
channel width and mean velocity). For theee conditions,
64.3% of the test gection 1is2 then fully developed. Thie

fully developed reginon 1c then used to study the variation of




the transition =zone either as Reynolds number or flow
disturbance level is varied.
2. Unsteady Device

The most d1important design espect of any unsteady
device is the production of controlled deterministic and
periodic unsteadiness without additional flowvw disturbances.
To achieve this in an open circuit 1induction channel, the
unsteady device 1is best located juest dovnstream of the test
section. This way, wvakes and other flow disturbances from
the unsteady device are not convected into the test section.

The prezent design is =2hewn in Fig. 7, and is based
on a design described by Miller and Fejer [Ref. al. A
photograph of the present device is shown in Fig. 8. Since
the depth of the channel ie only 1.27 cm, 8 eingle rotating
vans 1= used to introduce the required unsteadinesgs into the
flow. The vane ie driven through a spur geer train by a DC
gtepper motor. The frequency of the imposed oscillations is
controlled by varying the vane rctaticn rate; the amplitude
of the 1imposed unsteadiness 1ig altered by using different
vane widths. The vane in Fig. 7 is made of a .3175 cm thick
braes strip with rounded edges, and spans the entire width of
the channel. The vane is supported at the ende by a .3175 cm
diameter shaft and bushings that are fitted to the side walls
of +the frame. One end of the shaft 1is extended to
accommodate a 48 TPI (Threade Per Inch) Bpur gear. Thisg gear

ie driven by a driver gpur gear with 12 TPI, which ie mounted




cr the Superior Electric, M092-FD310 Stepper Mcotor shaft, A
photograph of the unsteady device alongeide the motor is
ehown in Fig. 9. The uneteady device fully asczemhled and
installed in the channel 1ie2 shown 1irn Fig. 10, ric. 1! ghows

a photograph of the controller and drive syestem.




III. EXPERIMENTAL PROCEDURES

A. CURVED CHANNEL

The proceduree used to set-up the curved channel and
obtain flov visualization videos and photographse are now
deegcribed.

1. Channel Operation

The first gtep i to choose a Dean number at which

the flov visuaslization resulte are to be obtained. Once the
Dean number 1ie choeen, the pressure dreop acroee thse 1.5 1inch
orifice plate, used to meter the flow, is estimated using a
plct of presesure drop ve. Dean number frow Niver [Ref. 2: ¢.
3271, Valve 1 (Fig. 1) ie then adjusted until +this estimated
pressure drop 1is read on the Merian SC-1213 manometer. The
actual reading from the manometer is then entered into the
computer program "DEAN15" contained in a Hewlett Packard HP
9000 Series computer. The true value cf the Dean number is
gubsequently calculated by the program, taking into account

ASME flov coefficients as vwell as the ambient temperature to

calculate eir deneity. If +the Dean number is not close
enough to the one deeired, the procedure is repeated. With
the appropriaste flovw rate 1in the curved channel, flow

vigualization experiments are begun.
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2. Smoke Generator

The smoke generator uged 12 described by Morrieon
[Ref., 91, Niver (Ref. 2) and Ligrani and Niver [Ref. 713. A
achematic is2 shown in Fig. 12. Smoke ig produced by burning
Hickory and Meegquite wood chips in a 7.6 cm diameter, 40.6 cm
long vertical steel pipe. Combustion 1is initiated by
energizing a nichrome wire heating coil at the bottom of the
column of wood chips. The mixture of Hickory and Meequite
produces dense, vhite smoke, easily vieible against the dark
background paper used to line the outside of the channel
conver eurface. The esmolke exits the steel pipe and passes
into a large glass jar which is followed by a cooling system

coneisting of +two coilled +tubese surrounded by flowing wvater.

The 4=r collects cocmbuetion particles and water vapor after
the: are geparated fron the groke in the cooling system
located abave. The swolie then paseed into a rubber hose and

therr to & smolke rake located at the inlet to the curved
chanrnel. Tris rabe provides steady, laminar jets of smolke ac
it 42 directed intc the channel inlet. A lov pressure air
gstream ieg provided into the steel pipe for combustion and to
force the smoke through the system.

With the generator, smoke ie produced for as long as
ter. minutes, The best resulte are obtained wvhen just enough
gmole 1= produced toc fill the lower half of the noz==zle at the

channel inlet. The esmoke ie denge, cool, and in sufficient




quantity to permit detailed obeervatione of the flow
structurese under study.
3. Flow Visualization
a. Video Procedures
1) Camersa. The video camera used for flow

vigualization is the Sony DXC-M3 with Fujinon-TV-Z 1:1.7/10-

140 mm DCL-914BY zocom 1lens connected to a Sony V0-6800
portable videocassette recorder and Sony CMA-8 camera
adapter. This video camera is used because of its ability to
image 30 frames per sgecond. Camera position is shown in Fig.
12, For best results, the gasin of the camera is set at 9 and
filter number ! 1s ueed. The lens i=s set to the macro
gestting fo: focusing. Sonv  KCS20BR videocasesette tape 1is
veed for  the flow visualization videos. The video camera is

mount=2d on & Fairchild Camera & Instrumentse Corporation
¢Induestrizl Prodoctrs Divigdion? Model HZ225!1! +tripod fer
stability and to maintzin fccue. As =shown in Fig. 13, the
vides camerz 1=z oriented with ite viewing direction at an
angle of about 907 with reepect to the direction of the light
Bource. With this orientation, the camera views the flow a=s
it moves away from the observer. Flow visualization patterns
are recorded for one full minute for each experimental
condition.

2) Lighting. A General Radio Type 1531-A
Strobatac etrobe 1light 1= used to illuminate the flow as

visgual obeervaticne ard phontography are undertaken. If the
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video camera and strobe rate sre not at the same frequency, a
moving line will appear on the video viewing screen. To make
thie 1line disappear, a strobe rate of approximately 3600
flasheg per minute is used. The strobe iz mounted near the
center of curvature of the channel walls with a Rodenstock
XR-Heligon collumator lens having a 735 wm focal length
located just in front, as indicated by Fig. 13. The lens and
getrobe are adjusted so that light 12 in focus on a 2 mm x
46.0 mm slit located S cm coff the channel centerline on a
liner on the outside of the convex part of the curved channel
surface. Thie darlk colored liner minimizes reflections and
stray light. The etrobe and lens asgembly is mounted sco that
it can be pivoted and clamped to illuminate arv angular
positiorn on the curved test section. With this syestem, a
vell collumated light sheet is produced for viegualization and
photogragphky in spanvise/radial plenes at any one of a variety
cf angular poeoeitions spaced 5° apart from 0° to 185°. Thie
s+robe lighrt mriertation syetem 1= the same one used by
ligrani and Niver ([Ref. 71.
b, Still Photography Procedures

(1) Video Playback. Once the flow
viusuvalization ie video taped, it is played back on a Sony
VO-5800 videocassette recorder connected to a Sony PVM-1910
Trinitron color video monitor. The Sony VvQ-58Q0C
videocageette recorder has a scanning feature which allows

viewing in a number of modee including fast/slov forwvard,

13




fast/slow reverse, or stop frame viewing. This last mode ie
used for the =till photography. With this feature, it i=s
possible to view individual video visualization photogrephs
vhich are spaced 1/30 second apart.

(2) Camera. A Nikon F-3 SLR camera body with
attached 55 mm, 2.8 lens is2 used for the still photography.
The camera is mounted on a +tripod for stability and to
maintain proper focus, and positioned approximately 50.8 cm
from the TV screen. The camera is focused on the stopped
frame image appearing on the screen as shovwn in Fig. 14 which
illustrates the till photography set-up.

(2) Lighting. For the =til11 photographe the
video pleyback equipment and still camera are sgset up in =a
rocw without any natural light source. All artificial light
sourcesy are turned off so that all lighting is provided from
the TV screernn with the brightness turned down all the way.
Tc chooes the correct camera settings for the still
photography, & tes=t roll of Kodak Tri-¥ pan, 400 ASA film wac
then takern for camera f-gtop eettinge fromr 2.8 to 8 and
camera speede from 1/2 to 1/730 of a esecond. From these
tests, the optimal camera f-stop and speed were found to be

£5.€6 and 1/8 gecond, respectively.
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B. STRAIGHT CHANNEL

The procedures uged to eet-up snd quelify the straight
channel and obtain flow viesualization videoe and photographs
are listed as follow=: (1) calibrate the esystem for
determining mass flow rate and velocity through the channel,
(2) measure inetantaneous velocity +traces using a single
hot-wire probe, (3) uvtilize a smoke wire and (4) perform flow
vigualization experiments.

1. Mass Flov Rate and Mean Velocity

a. Meagurement
Macss flow rate through the channel is determinad

from measuring the pressure difference acrogs a 1.5 inch

1>

rifice plate. The comrputer program "DEANIS" 1= ucged tc

uvlate the mases flow rate from the measured pressure drop

L)
(™
[
n

arrocss the orifice plate. Flow rate is eltered by adjusting
the valve downetream of the orifice plate (gee Fig. 2.
k. Calibration

Tigc. 15-17 ghtew pleots of  mass flocvw rate,
velocity e2nd  Reynoldse number versuese orifice pressure drop,
delta P, for delta P less than 2.25 i1inches of water. Figs.
18-20 gshovw plote of the same quantities versue orifice delta
P for delta P values greater than 2.25 inches of water. Figs.
21-22 eghowvw plote of mase flow rate, velocity and Reynolde
numbe:r versgue plenum delta P for twvwo runse with a 1.5 inch

orifice plate and one run with a 1! inch orifice plate. The




data from these three sets of test agree, which validates the
experimental procedures employed.
2. Instantaneous Velocity Treces
a. Hot-Wire Probe

A DANTEC Electronice Inc. 55 P51 probe is
employed. Sengor diameter 12 5.0 pm and 8Bensor length is
about 2.0 mm. For measurements, the probe 18 placed
approximately 3.791 m from the beginning of the test section
(w/d = 298.5, wvhere » is measgured from the nozzle exit). At
thisg streamvise location, the probe ig 8.255 cm from the left
ingside wall of the channel (looking downstream), as shown in
Figs. 24 and 28S.

b. Hot -Wire Probe Operastion and Calibration

A DISA S5 M1Q constant temperature bridge is used
too operate the hot-wire. The connecting cable resistance ie
compencsated using the zero ohme adjustment on the bridge when
the probe  4e connected toc a ehorting plug. The probe cold
resietance 1 then measured on the decade counter. For
operatiorn, the hect resistance 4= then set using an overheat
ratio of 1.8.

A DANTEC Model 56 N20 esignal conditioner isg used
to DC couple, amplify, and lov-pass filter bridge voltage
outpute. During measurementse, the lov-pase filter is get to
10 kHz, the high-pase filter is eet to DC, and the gain is

set to 1. A photograph of the bridge and gignal conditioner

ic




along with the vane wmotor drive and controller isg shown in
Fig. 26€.

The hot-wire 12 celibrated in the channel.
Voltagee from the hot-wire bridge are measured using a 8050A
digital multimeter connected to the s8ignal conditioner.
Thesgze voltages and corresponding velocitiee are recorded as
the flow velocity 1is varied, and then entered into the
computer program P"HWCAL" to obtain calibration coefficients.
These coefficients are subsequently entered into the computer
prograr "0O_SCOPE1" wvhich determines instantanecus velocity
variztions and plotc the resulte.

c. Instantaneous Velcocity Measurerent

The output from the signal cenditioner i=s sent to
z HP €344 multiprogrammer/high speed data acquisition sgystem.
Datz 1= collected by the high speed acquisitic:s esyetem using

the HP Qon

]

eries computer and the computer program
"HOTWIRE! ", The same eignal frowm the signal conditioner is

zlec:

e 4in*c = PY Precieicnn Oscilloscope. The high speed

—~

vicitio:, eyzstenr {i=s shown 1in Fig. 27,

N
J2

3. Smoke Wire System
A smoke wire i2 used to vigualize flow patterns in
the straighkt channel. The wire wae located at y/d values of
0.00, +0.84 and -0.84, gtretched across the channel 1n the
transverse direction, vhere y is measured from the center of
the channel height. The wire wasz located Just upstream of

the previcus poesition c¢f the hot wire probe 2.422 n from the




exit of the nozzle (x/d = 275.5). This was chosen to obtain
flov vigualization resulte for %/d from 295.0 to 309.3 and
=/d frem -17.24 to +1.65. Here, = is measured from the
center plane of the channel gpan (right is positive looking
dovnetream), to give the same approximate gtreamvisgse location
ag the hot-wvire probe sgurveys.

For the flov vigualization, the nichrome wvwire (smoke
wire) is coated with paraffin baged oil. The smoke-vwire ie
connected teo an A/C-D/C voltage adapter, vhich, vhen
energized, sends current through the wvire to produce a sheet
of emwmelbe which 1= convected downetream 1in  the channel.
Voltage i applied to the wire by means of a Calrad 45-740
(0-130 VACHY variar ze* g+ 55 VAC. Energizing the wire ie
accomplished by puleing the "Momentary On" svitch of the A/C-
D/C wvnltane adapter. The zmoke wire equipment used in thic
ctudy 1= ehown in the photograph of Fig. 28.

The wirese pene+tvrates the side wall of the channel
thrnunoh a 1.07 om diameter hole, located 76.8 rm upstream
frow the end cf the straight test section. Using thie heole,
the wire can be moved to y/d locatione from +0.84 +to -0.84,
vhere vy 1e meacsured from the center of the channel. Alr
leakage ie prevented by using modeling clay or a small cork
to £111 in the holec around the wvire.

4. Flow Vimsualization
The viden camera used for flow visualization in the

gtraigh+t cha~nel i tre came one ucsed for flow visuvalization




in the curved channel. The camera ie positioned about 80 cm
above the =2traight channel on a tripod. The lens macro
getting was rncoct uesed. The lens waes focused on the straight
channel 1in the area wvhere the hot-wire probe had been
previouely placed (the hot-wire probe ie not introduced into
the channel during flow visualization). The same video
eystem gain and filter settings as the curved channel videos
are vueed for the straight channel wvork. Maxell KCS20BQ
videocascette tape is used for the flow vigualization videos.

Lighting 41 provided by two Berkey ColorTran

MLiltibezar "ESO" Model LAF-€ CSOW lights placed approxnimately

1.2!'C rm on either side of the channel and at the same height
z= the~  channol, The bottor of the channel ie lined with
Ylzol papev te provides a contrasting background for the white
=0 cererated  frorw the emoke wire. T oktain the best
poseitle videcos, gstray  light 1= Dblocked o0ff as much ac
rocsikls from the camera’s fileld of view. Fige. 2%(a) and
on/sey gk -w oochematico cf  thr lecetior, cf  thre camera an”

ligh*tirs for +he gtraight channel.

The photographic proceduree used to obtain the still
ptctographe are the same ae used for the curved channel wvork.
The Nikc-rn F-2 SLR camera waes poesitioned approximately 85.1 crm
fror the TV screen. Kodal: Tri-X pan, 400 ASA f£film was used
with optimal camera f-stcy and speed settinge of f4 and 1/4

eecond, reegpectively.
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IV. EXPERIMENTAL RESULTS

A. FLOW VISUALIZATION IN A CURVED CHANNEL
Flow vigualization regulte for the 40 to 1 aspect ratio
curved channel are now pregented. In each sequence of

photographe in Figs. 30 +through 45, time increases from top

tc bottom. Fach egeparate photograph 1in the sequence sghowse
tr: conve:: surface of the channel at the top and the concave
curface at  the bottow, The espanvice extent of each
rhotograph 1ig  approudrately 4€ mrm oand the vertica!l exntent of
eacr photograph 1= 12,7 mm, The sequencesz shevw the flow as

i+ 4¢ mevwing sway from the obeerver.
Photographic results for a Dean number of 75 =t angular

roziticnz cf €7 and 27 frc~ the start cf curvature are

11
v
«
b A
]
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sz, 20 and 2%, regpectfully. The time interval

Yotweor, photcaographs 4in each of these egequences i1z 1710
semoe T, Theces recults are diescueceed further by Hucghes [Ref.
!I"\’

Flow characteristics at a Dean number of 7% and 13%E°

frorm the etart of curvature are studied because a variety of
Dean vortex pair phencmena are observed. These include
fairly steady Dean vortex paire (over small time intervals),
acz well az paircs with considerable spstial unsteadiness
rezsulting fror vorter  palr appearance and vortew pair

dizappesrancs.




One méde of vorte:: pair dieappearance 12 due to vortex
cancellation. This occurse when a8 pocsitive vortex and a
rejative verter merge together, and then disappear. Except
for vortex cancelletion, & positive vortex does not generally
merge with a negative vortex. Ingtead vortices of like sign
generally merge together. In the flov visgsualization
sequences, thie ie seen vwhen a large vortex pair engulfe a

emaller vortex pair such that one "petal” of the larger

verte:r pai: surrounds the smaller pair. The csmaller pair is
then engulfed esuch that vortices of 1like eign merge
*ogether, Another alternative hase alsc keer observed whereirn
emzaller vcrte:r pairs are engulfed inte the stem ¢cf a larger
ste gl
Figou:e. 20 through 4! show photc sequencers fcr z Dear
urber of 7% & ? oz angular position 123%S® from the cstart of
DoarrLtgee, Trezo: figures are now discueeed in deteil The
1w dnteorezl totween photographs i each  eseguesnceo Lz 120
,"44
Fig. 22 ehnwz steady Dean vortexn pairs with very little

variation over the tcotal time period. Fig. 22 ehowe the
graowth cof a vortex pair forming from the concave wall which
ther. merges with a vortex pair to itgs left. Fig. 34 =shcws &
vorte: palr which 1=  becoring smaller and is then engulfed
irtc the eter cf a larger vortex pair. Fig. 28 ghowe the
growth of a veortex pair which then engulfe an adjacent vorte:
1. ri;. oF

tlzs chows a emaller verter pair engulfed b o

[
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portion of a larger pair. Aleo evident ie the development of
a new pair on the right-hand sgides of the photographs. Fig.
37 shows a smaller vortex pair being engulfed by the "petal”
of a larger vortex pair.

Fig. 38 initially ghove a small vortex pair in the center
vhich get=s gmaller and then gtarts to tilt to the left until
the =stem 4ie almost horizontal. A "petal” of the larger
vorte» pair to the left then surrounds and engulfs the
emaller vorte:sx pair.

Fig. 39 shows complicated phenomena wvwherein a vortex pair

cr gome  esimilar  egymmetric etructure 1initially appears to
serlit. Tre resulting pair on the left ie then surrounded and
engulfed b the "petal” of a larger vorte: pair. The

reculting peir on the 1right appearcs to grov intc 2 stronger

woerternr pals which ther engulfs a2 weaker vorterr pai: tc ite
righ*.
Fig. 47 ghowo 2 emaller vortex pair being engulfed intc

the cter cf o livger vorte:w pair. Fig. 41 shcvz a vorte:

pz2iy merging intc the wall.

Photographic results for Dean number 100 at angular
positions of 257, 1052, 145° and 155® are shown in Figs. 42
through 45, regpectfully. The time interval in Figs. 42 and

42 i 1/10 eecond. For Figs. 44 and 45, the time interval ie

1720 pecond. Thege reegults are diecuesed further by Hughes
fRef. 101
22




B. STRAIGHT CHANNEL
Experimental resulte for the gtraight channel are

precented irn two perte: (1) Instantaneocues Velocity Traces and

Unsteady Flow Device Qualificetion and 2) Flow
Vigualization.
1. Instantaneoug Velocity Tracese and Unsteady

Flow Device Qualification

Instantaneous velocity data are presented for
velecities from 23 m/s to 10 m/e and vane speeds from O to 1.5
revolutione per sgecond (rps). Data are also provided for a
vane cpeed of 1.0 rpe for velocities from 1.7 m/s to 4.2 m/c.
Tarlaez T and TT 1iet channel mean velocity (U), vane rotation
fregqusrncwy, Reyrnolds number (Re) and Strouvhal number (Str) fcr

Tr. Tzkle T, +the firet twe numbers of the "Run Number”
gl vhe approximate flocw velocity (in m/e’ and the last two
{ive the vane rotation frequency (in rpe, multiplied
| S S A The "T" value in the flow velccity position of the
iz f£=r +the approximate transitior point from
lardrar £flovw to turbulent flow with ne imposed unsteadinecscs.,

In Table 11, the "Vi° of the Run Number column
indicatee a vane epeed of 1.0 rp=s. The last twvwo numbers are
uesd *7 deeignate separate data runeg, but also give the
approximate delta P (divided by 29 acroge the 1.5 inch

orifice plate.

v
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TABLE I. EXPERIMENTAL CONDITIONS FOR
INSTANTANEOUS VELOCITY TRACES

Yelocity Vare Rotation Reymolds Mo, Strouhal No.

Rur # {n/s) Freq (rps) {Re} {Str) Comments
RUN1O_00 10,026 0.0 Bidd No Unsteadiness  Turbulent
RUNIO (5 10.026 0.5 8444 0. 0040 Turbulent
RUNLG 30 10,026 1.0 Bad4 0. 0080 Turbulerd
RUNSO_1S 10.026 1.5 8444 0.0119 Turbulent
RUNO3_00 8.9776 0.0 7578 No Unsteadiness  Turbulert
RUNOI 05 8.9776 0.5 TS78 0. 0044 Turbulert
RUNO9_10 8.9776 L0 7578 0. 0083 Turbulent
RUNO3_1S 8.9776 1.5 7578 0.0133 Turbulent
RUNGB_00 7.9838 0.0 6729 No Unsteadivess  Turbulent
RUNGB_0Z 7.9898 0.5 6729 0. 0030 Jurbulent
RUNOB_10 7.9838 1.0 6723 0. 0100 Turbulert

NI 7.383¢ 1.5 6723 0. 0150 Turbulert
RUNGT _OC 7. 0962 0.0 5943 No Unsteadiness  Turbulent
RUNG7_03 7,056 0.5 5943 0. 0057 Turbulert
RUNG? 10 7.0562 1.0 5943 0.0113 Turbulert
RUNO7_15 7.0562 1.5 5943 0.0170 Turbulent
RUNOE_00 5.8827 0.0 4354 No Unsteadiress  Turbulent
RUNOE_03 5.8827 0.5 4354 0. 0068 Turbulert
RUNOE_10 5.8827 1.0 4954 0.0136 Turbulent
RUNO6_15 5.8827 1.5 4354 0. 0203 Turbulent
RUNOS_00 4, 9033 0,0 4134 No Unsteadiness  Turbulernt
RUNGE 05 4,332 ¢.5 4134 0. 0081 Turbulert
RUNCS_10 4,9033 1.0 4134 0.0163 Turbulent
RUNGS_15 4,9033 1.5 4134 0. 0244 Turbulent
RUNOA_(( 3.9634 0.0 3343 No Ursteadiress  Turbulert
RUNG4_05 3.3654 0.5 3343 0.0101 Turbulent
RUNG4_10 3.9%% 1.0 3343 0. 0201 Jurbulent
RUNCA_15 3.96%4 1.5 3343 0. 0302 Turbulent
RUNT_0C 3.27 0.0 2754 No Unsteadiness Laminar
RUNT_05 3.27 0.5 2754 0.0122 Intersittert
RUNT_10 3.27 1.0 2754 0. 0244 Turbulent
RUNT_1{5 3.2 1.5 2T 0.0368 Turbulert
RUNO3_00 3,05 0.0 2563 Mo Unsteadiness Laminar
RUNO3_05 3.05 0.5 2969 0.0131 Laminar
RUNO3_10 3.05 1.0 2563 0. 0262 Intersittent
RUNO3_15 3.05 1.5 2569 0, 0393 Turbulent
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TABLE II. EXPERIMENTAL CONDITIONS FOR
INSTANTANEOUS VELOCITY TRACES
B d e Ereiee iR o GG Comments
RUNV] 13 4,2 1.¢ 3537 0.01% Turbulent
RUNVL 12 4.1 1.0 3453 0.0195 Turbulert
RUNVE 11 3.9 1.0 3284 0. 0205 Turbulert
RUNVI_10 3.75 1.0 3158 0.0213 Turbulent
RUNVI_03 3.5 1.0 23% 0. 0225 Turbulert
RUNVI_08 3.4 1.0 2863 0. 0235 Turbulent
RUNVE_07 3.1 1.0 2611 0. 0257 Turbulent
RUNVI_06 2.9 1.0 ohh2 0.0275 Turbulert
RUNVI_0S 2.7 1.0 2274 0. 029 Irtermitterd
RUNV1_04 2.45 1.0 2083 0.032¢ Laminar
RUNVI 03 2.0 1.0 1684 0. 0333 Laminar
RUNVI_02 1.7 1.0 1432 0, 0463 Lamirar
ReynoldsNumber = vd,
wd 2nnd,
StrouhalNumber = —Us— == 2




Fige. 46 through 55 show graphs of insetantaneous
velocity. The same coding system used in Tables I and II for
the "Run Number" is alsec used here. The time for each graph
begine 10 seconds after the start of data collection and
continues for 2.5 eseconds.

Fige. 46 through 52 &all show turbulent behavior for
vane gpeedes of 0.0, 0.5, 1.0 and 1.5 rps. In Fig. S3(a), at
a vane gpeed of O0.C rpe, the flow ie leminar with =ome
intermittency. Fig. S3(b) (0.5 rps} shove s=ignificant
intermittent unsteadiness and turbulence wvwhich ie occurring
durdirs +thez decelerating portion of each phage of the imposed
cezillation. Figs., 52(c) and 53(d) (vane sgpeeds of 1.0 and
1.5 rpe, respectively) agein zhow turbulent behavior.

Fic. S4¢(z2) (0.0 rpes) shows laminar behavior. In Fig.

S4a/by (0.2 rpz), = =light sinuscidal oscillation isg evident
witt zore 2mall turbulence fluctuationes. In Fig. S54¢(cy (1.0
rest, tre  flcocw  =zhows sigrificant intermittent unsteadinecss
ard turkulence which seemc tc be occurring during e
particular porticr. of the phase of the imposed ocecillstion.

Fig. 54(d) (1.5 rpe) showe turbulent behavior.

Fig. 55 showe data for a vane gpeed of 1.0 rps and

different flow velocities. Turbulent behavior 1e shown in
Fige. 55(a) through 55t¢h)}. Fig. 55(1i) eghowe intermittent
unsteadiness and turbulence vhich occure during the
decelerating porticn of each i1imposed oscillation. Figs.

=
-

(4% througtr S5SS71' shov sinucsoidal flovw oscillations with 2




versy smali amount of turbulence. The amplitudes of theee
turbulent fluctuaticne incresse with vane epeed.
2. Flov Vigualization

Flow wvisualization results for the 40 to 1 agpect
ratio straight channel are now discussed. In each photograph
sequence shown 1in Fige. 56 through 63, time increases from
tcp tc bottorm. In cases vhere there are two egets of
cequencese to a page, the time begins at the +top left
rhetoagrapt and end-  at the  lower right pheotogragpth. The

csranwice externrt cf each photograph i=s approximately 240 mm

od A longitoAdd 20 entert = f each photcoo: s, Y 4z
zroryoedratele 1PV S e The darlt line at the bottem lefd o f

tte location of the hot-wirrc ¢rote

wred £ ingtartorecur velccity trace measurement:o, The
P S TR e PL I Sl S X R A flow ac vigualization seguenze. wore

£ilead, Tlzw iz reovdine from the bottom of each photograrh to
thre 4o Tre 44w, Iinterwval between photogragphs ir each
cequencte io Y20 mooond

Flow vicolliootdinn resultc shov o woulote of
transition phenomena including: (1) three-dimensional
Tcllmien-2chldich ino vaveo, 2) Lambda wavec, (2Y Lambd:z

vortices, (4) vyortes tyree motion, (S5)Y turbulent espote and (€0

Table TITT 14~¢ channe? mear. velocity, vane rotation
frequency, Reyn<l<c rurber, Strouhal! number and y/d fcr ea-h

cequence of prhodtosvyacrts ir Fige. S€ through €22,




TABLE III. FLOW VISUALIZATION
EXPERIMENTAL CONDITIONS

Velocity Vame Rotation Rlyn?égs No.  Strouhal No,
)

Figure # _(w/s) Freg (rps) {Str) y/d
% 2.8 1,0 3537 0. 013 +0, B4
57 3.0 1.0 3453 0.013% 0. 00
58 3.1 1.0 3284 0. 0205 +0, 84
53 3.2 1.0 3158 0,0213 40,84
80 2.6 4.5 2930 0. 0235 0.00
61 2.7 1.5 £863 0.0235 0.6
82 2.8 1.5 2611 0.0257 +0. 84
63 2.9 1.5 o882 0.0275 +0, 84

Fige. 56 through 59 are photographic sequences for a
vane rotation <frequency of 1.0 rpe. Fig. 56 4i8 for a flow
velocity of 2.8 wm/s &t a y/d of +0.84. Wavy three-
dimensional Tollmien-Schlichting waves are evident. Fig. 57
ig for a flow velcoccity of 3.0 m/s at the center of the
channel. Here +two Lembda vortices are seen to convect
downstream. A turbulent/laminar wave front is shovwn in Fig.
58 for a flow velocity of 3.1 m/s8 and a y/d of +0.84, Fig.
S9, for a flov veleccity of 3.2 m/e at a y/d of +0.84 shovs
turbulent flovw vwith a wavy gtructure convecting downstream.

Fige. 60 through €3 are photographic sequences for a
vane rotation frequency of 1.5 rps. Fig. 60, for a flow
velocity of 2.6 m/8 at the center height of the channel,
shovs Lambda wvaves and Lambda vortices convecting downstream.

Fig. €1 4is for a flov velocity of 2.7 m/8 and a y/d of +0, 84.

28




Here, vavy laminar motion i1s obeerved. Three-dimensional
Tollmien-Schlichting waves are evident in Fig. €2 for a flow
velocity of 2.8 m/=s at a y/d of +0.84. Fig. €3, for a flow
velocity of 2.9 m/e and & y/d of +0.84, showe turbulent flow

including 2 number of a turbulent spote.




V. CONCLUSIONS

A. CURVED CHANNEL

In the curved channel, video movie=s and photographic
gequencees of smole patterns in spanwviege/radial planes show
unegteady Dean vortew pair behavior. In particular,
information ie provided on mechaniegme by which vortex pairs

appear zand disappecor.

B. STRAIGHT CHANNEL
For +t+he rangoe of impocsed unsgteadiness thatl was studied 1in
tre ctraight channel, instantaneous velocity tracese show thzt

trangition occurz ot a2 Reynoldes number of approximately 22000

wittzoust unsteadirnecs=. With dmpoesed sinusocidal unsteadiness
R Crerovhel roar L cf 0,028 and 7Y% peal to pealr amplitude
‘relative to the mear velocity, transition occurs =2t =2

Rovnolds numbher of approvimately 22300,

Fleow wisualizzticr results in the streight channel show
different etage:z of +transition, including: (B three-
dimenesional Tollmien-ZSchlichting wavee, (2) Lambda waves, (3)
Lambda vorticies, (4) vortex type motion, (5) turbulent spots

and (&) fully turbulent flow.
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Flgare 10, Unetezdy Devics Triztzlled 4irn Ctraight Channel
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Figure 358S.
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APPENDIX B

SOFTWARE DIRECTORY

This Appendix givee =a 1listing of the various programs
used in this theeis. Each progream listing contains a summary
of how the program is used, user inpute, program outputs and

additionel featuresg, if any.

I. CURVED CHANNEL

A. DEAN1S
Progran to sample orifice presgssure drop and calculeste
Dean number,
uger input: a) ambient preasgure in ir.ches of water.
B2 ambient temperature (or temperature
measured by a trancsducer),.
program output: a) mass flov rate.
kY orifice pressure drog.
¢) Reynolde number.
d) Dean number,
additional features: allowe user to adjust throttle valve
(flow rate) and then recalculates the

Dean number.

D
(h




IXI. STRAIGHT CHANNEL

A. DEAN1S5S (or DEAN10O)

Same program used for the curved channel but here it ie
used to esample orifice presgsure drop and calculate masz flow
rate, velocity, and Reynolds number (DEAN15S usged for 1.5 inch
orifice plate, DEAN1O used for 1.0 inch orifice plate).
user input: a' ambient pressure in inches of wvater.

b) ambient temperature (or temperature measured
by 3 traneducer?).

program output: a'! masz flow rote.

b

BEY velocdity.

c' Revneclds rurber.

B. HOTWIRE1:

Prograr tc cszrgle heot-wire vcltage e=ignzl:z =
UPRCQ44A high cpeed data acgquisition syster.
uger input: cargling frequency.

program output: datc file of instantaneous voltage valuee.




Program wueed +to calculate calibration coefficients for
h-o*+-wire probee. The coefficients are used in the plotting
program "0Q_SCOPEL",
uger input: a) ambient temperature (°C).

b) ambient pressure (millibare).
c) orifice delta P in inches of water.
d) measured hot-wire mean voltage with no flow.

e) hot-wire mean voltage reading from a
voltmeter (with flow).

f) number of pointe.
program output: a) EOQOC (calibration coefficient).

by B (calibration coefficient).

D. O_SCOPE1:
Procoram which converte hot-wire ingtantanecus voltagee to
inztantaneous velocities and plote velocity ve. time.
uger input: e) values of EOC and B (from HWCAL),.
) tire to begin plotting (point number .
c' total time range to plot (point number
determined from frequency of data
acgquieition).

program output: velocity vs. time plot.
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