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                               ABSTRACT

    A  confined  jet sometimes  causes  selfiexited  oscillations  due to an  existence  of  a

downstream  obstacle.  In this work,  the authors  study  this phenomenon  at low Reynolds

number  Clite-JI02). More specifically, the authors  deal with  a two-dimensional confinedjet  into
an  abruptly  expanding  channel  with  a downstream  square-eyEinder  target, experimentally  and

nurnerically. Experimentally, the authors  conducted  the velocity measurements  by  UVP

(Ultrasonic teloeity Profiler). As  a result,  the authors  specified the cylinder-distance  effect,

the  cylindeFsize  effect,  and  the  channel-beneath  effect  upon  both the Strouhal number  and

oscillation  range.  In addition,  the authors  revealed  the Reynolds nurnber  effectAimit  on  the

Strouhal number  and  oscillation range, Moreoveg the flow patterns in the fiuiclic oscillator

were  measured  by PIV  (Particte Image Verocimatry). Numerically, anatysis  was  performed
using  a finite difference method  (FDM). As  a  result,  it is comfirmed  that computed  Strouhal
number  show  good agreement  with  experimental  one.  Therefore this is intrinsically

two-dimensionalphenomenon.

    Keywords:Fluidie(]scillaton Flowmeter, F:tuid Logic, Ftow  lhduced Vibration,

                               Nip-Flop -let

              INTRODUCTION

    A  confined  jet sometimes  causes  selgexited

oscillations  due to an  existence  of  a downstream obstacle  .
This phenomenon is usefu1 for fluidic oscillators,

heat/material mixers  and  flowmeters, in order  to realize  a

low-cost high-reliability device without  mechanically

movlng  components.

T,k,hF,Ogi ,a.Md HZP.Pdig??//gg){ i9fh,C,  l.O.W, IE,f,`::e,X:ll]gS,a,k,2
sirnplest configurations,  that 

'is,
 a  two-dirnensional  jet

inside an  abrupt]y  expandeq  channel  with  a square

cylinder  leeward.
fiow-induced-oscillation
Karman-vortex-street-type
vortex-precesslon-type

oscillatoryjet-typeflewmeters

as fo1!ows](1) high reliability

elernents,  (2)'usability due to a  linear frequency response
in proportion to flow rate  and  (3) robustness  against  fluid

clensity, temperature, pressure and  composition.  Here,
the  oscillatoryjet-type  fiowmeters often  called  as

fiuidic-type flowmeters or  fiuldic-osciilatoptype
flowmeters, Here, "fluidic"

 eriginates  from "fluid

logic (elements)" or 
`tfiuidics",

 whose  researches  have
massively  developed in 1960s. However, most  fiuidic
osci!lators  have rather  complicated  geometries  with

Flowmeter  based on

 phenomena, such  as

              flowmeters,
    fiowrneters' and

  ,havecommonadvantages

    due to non-mechanical

control  port, feedback loQps and  so  on,  A  few exceptions

are the above  simple  ene  and  a three-dimensional  one

proposedbyShakouchi(1989).(2)

    Recently, the  increasing need  for micro  machines

prompts such  oscillators  to miniaturize,  as  well  as  other

device, Then, in this work,  the authors  study  this

phenomenon  at  lew Reynolds number  pte-il02), More
specifically,  the authors  deal with  oscillatory

phenomenon  a  two-dimensional  confined  jet into an

abruptly  expanding  channel  with  a  square-cylinder  as  a

downstream  target, experimentarly  and  numerically.

This configuration  is similar  with  the flowmeter
investigated by Yamasaki  et at. , but their channel

beneath is much  narrower  than  most  of  the present ones
and  will be shown  not  to be best for flewmeters in this
paper, From practical polnts ofview,  Yamasaki et  at.'s

results shew  that this jet oscillation is not  regarded  to be
suitable  as  a  fiowmeter especially  at low Reynelds
numbers,  because their result  showed  rather  sensitivity  of

the reduced  frequency over  fiow velocity and  over

geometrical parameters. In the present study, our

experiments  and  computations  about  the present confined

jet will  infbrm preferable features as  a  flowmeter or  a

fiuidic oscillator at low Reynolds numbers;  namely,  (1)
linearity of  frequency over  wide  range  of  flow rate,  (2)
the  existence  of  less-sensitive region  ofReynolds  number,
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and  (3) the existence  of  less-sensitive regions  of

geornetricalparameteTs.
 Experimentally, the authors  conduct  the velocity

measurements  by UVP  (Ultrasonic Vk)locity ProfileT),
where  the ftequency of  the jet oscillation  is given by  the

velocity  near  the sguare  cylinder. As a result, the
authors  specify  the cylincler-distaiice effect, the
cylinder-size  effect, and  the channel-beneath  effect upon

both the Strouhal number  and  oscillation range, In
addition,  the authors  reveal  the Reynolds number
effectilimit  on  the  Strouhal number  and  oscillation range,

Moreover, the fiow patterns in the fiuidic oscillator are

measured  by  PIV  (Particle Image  Verocimatry) during
one  cycle  of  the oscillation.  [[hese will explain

qualitatively the above  geometry  effects. NurnericalIM
analysis  is peTformed using  a  finite difference method

(FDM) formulated in terms of vorticity and  stream

function.
              NOMENCIATURE
BbcDd

fhei.

ReyTtUlnu

v

xor!

: Widthoffiuidicoscillators, m

: Widthofanozzieexit, m

: Lengthofonesideofasquarecylinder, m

: Lengthoffluidicoscillators, m

: Distance from a  jet exit  to a  square  cylincler,
            tt
  m ･

: Oscillationfrequencyofajet, s'i

: Heightoffiuidicoscillatoreg m

: Nlolumetric flux (fiow rate) from a nozzle  exit,

  m3!s  
'

: Reynoldsnumber =U.bly

: Strouhalnumber =foluL,

: TheoscMationcycleofajet, s

: Time, s

: Themaximumvelocityinanozzleexit, m/s

: Flow velocity  in a parallel direction with

  mainsitream,,'  mls  
'
 

'
 

''
                     '
:
 

.E,tihW.V,ei:O,Ctri:,X.i"
 
a.lgerpendicuiar

 
direction

: Coordinates, m

  EXPERIMENTAL  EQUIPMENT  AND  ME[[HOD
Expetimental equipment  

'
 

'

    Fig. 1 shows  the experirnent  equipment  used  for this
research.  Water purnps up  into a main  tank(D by  a

pump@,  and  flows to an  oscillator@.  A  pressure
difference is always  kept constant  by the' overflow

attached  in the main  tank. And  the volumetric  fiux of
water  can  be kept constant  by  keeping a pressure
difference constant.  A  valve@  adjusts  volumetric

flux. The  jet that fiows into the oscillator (Lefigth
D=6.0 × 10"m) from the nozzle  exit (Wldth b=i.2 ×

10-2m, Height h=1,2 X  10"m)  oscillates  in the presence of
a  square  cylinder@  placed downstream from the nozzle
exit, Fig. 2 shows  the detail of  the fiuidic oscillator

used  for this research.  Wbter  is stored  in a  sub  tank@

and  returned  to a  main  tank  by a pump@,  again. Thus,
water  always  circulates.

   

   

   

   
   

     ¢  Tlank ; @  Valve ; @  Hew  meter  ; @  Huidie oscillato:  ;
 e  Square cylinder  ; @  Ultrasonic trartsducer  ; @  Sub-tank ; @  Pump  ;

@  Ultrasoni¢  Velecity Ptofiler ; co PIV system

 
i
 Fig.I Experimentalapparatus.

  
  
  
  

              Fig.2 MuidicoscilIator.

Measurement efjet  velocity,  and  oscillatien  frequency

    Fig.3 shows  peints where  the authors  measure  the
representative  velocity  "  of the jet that flows from the
nozzle  exit.  Fig.4 shows  a  sample  data of  measured

fiow velocity  fiuctuation. The fiuctuation is anatysed,

using  FFT; and  shows  dominant frequencyfin a spectrum
such  as Fig.5.

SuarecIinder

cvr-

Um'sA..-r'---'-t'm'-ps5 t.D ''

tt

NozzieezitMeasurementoints
Fig.3 Measuring points ofjet's v'elocity,  (z=O.O).
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Fig,4 Velocity Fluctuation ofjet,  at  cth=2.5,  Bfb=15,

             tblb=9,  and  Re=500.
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Fig5  frequency ofconfinedjet,  , at c!b=2.5,  B/b=15,
            

'
 dlb=9,andRe=500.

Visualization by PrV
    The  fiow patterns in the fluidic oscillator are

observed,  and  are analysed  by cross-correlation  PIV
(Particle Image  Xlerocimatry). Laser is irradiated from
the side  of  the fiuidic oscillator, and  the x-y  plane was
photoed with  the CCD  camera  jnstalled above  the fiuidic
oscMato:'  

''

                   RESUM  .
Influence of  Reynelds  Number  Re  

'

    Length c of  a square  cylinder  and  width  B of  fiuidic
oscillator are fixed, and  the authors  investigate the effect

of  distanoe d from a  j･et exit  to a  square  cylinder  for some
Reynolds numbers  less than 1000. Experimental result is
shown  in Fig.6 and  Fig.7. Fig. 6 shows  the oscillatory

range  of d/b is almost fixed at Reit200, and  deereases
rapidly  at  ReS200.  In the prcsent study,  we  can  see that

the lower limit of Re  on  oscillation is just below 100,
while  the limit depends on  geometry.
    Fig.7 shows  that &  is almost  independent of  Re.

Then, we  can  see, if geornetry is properly chosen,  this

phenomenon is suitable for a flowmeter.
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                Re
Fig.6 OscillatoryregionchangingR
          B/b=15  and  clb=2.5.
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        T  HE  CALCULA  [10N  METHOD

    Numerically analysis  is performed using  a  finite
difference method  (FDM) formulated in terms ef vorticity

and  stream  function. The governing equations  consist

of  a vorticity-transport equation  and  a Poisson equation
for stream  function. Tb  specify  the  value  of  stream

function on  the. cylinder  surface,  the condition  of  single

valuedness  of pressure is applied.  As an  inflow
boundary condition,  velocity  distribution measured

experimentally  at the nozzle  exit is used.  The  mesh  is
set  to lf8 of  the nozzle  width  b, and  the regular  mesh

system  is used  with  same  spacing.  Model  geometry is
the same  with  the experiment,  i.e., the length of  the
fiuidic oscillator  is set  to 50b and  width of  the fiuidic
oscillator is set to 15b.
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            Re                      '                 '
Strouhal number  against  Reynolds number,
     at clb=2,5,  and  BIZ)=15. 

'

At Re=seo
Influence of  oscillator  width  B.

    Fig.8 shows  the oscillatory regime  of  jet at clb=2.5
and  Re=500.  It turns out  that the oscillatory  regime

becomes  large, as Blb or  tUb  bccomes large. But there
are  upper  limits of  B/b and  dlb, When  the  contour  line

about  the value  of st is drawn,a contour  line is sparce  at

higher dth, and  it is dense at  lower tUb.  Moreover, dth
effect  has the quite larger infiuence on  st than B/b efEect.
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    Fig.9 shows  the oscillatory regime  of  jet at Blb=t5
and  Re=SOO. It tums  out  that the oscillation regime

becomes  large, as  clb  becomes small.  But, it stops

osciliating  rapiclly  at  clb=O.5.  When  the contour  line
about  the value  of st is drawn, the value  of st ificreases
with  decreasing dXb. But, cth  has almost  no  influence on

S. Tliese results  show  that dlb effect  on  st is much  larger
than Blb effect  and  cth  elfect.
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      Fig.8 Oscillatory regime  on  theB-d  plane,
             at  c/b=2.5,  and  Re  =5eO.
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      Fig.9 Oscillatory regime  on  the c-d  plane,
             at  Blb=15, and  Re =500.

At  Re=leO
Infiuence of  oscillator  width B

    Fig.10 shows  the oseillatory regime  ofjet  at clb=2.5

and  Re=leO.  This shows  that the oscillatory regime  at

Re=500 is much  largef than that at  Re=100.  At longer
Bth, we  cannot  observe  oscillation  at  Re=100.  The

authors  consider  that the reason  is closely related with  the

dccrease of  etfective  local Reynolds  number.

!tng!ugn{;g-g2sgua!e.gy!ip{lg!-)bdd!hLgfl f lderdthc

    Fig.11 shows  the oscillatory  regime  at BLb=15  and

Re=500.  It tums  out  that the oscillation regime  becomes
1arge, as cth becomes large. Moreover, as compared

with  that at Re=500,  the oscillation  regime  becorrres small,

which  is at  clb=1.5-2.5  and  at dlb=7-9, This is nearly

the center  of  the oscillatory  regime  at Re=500.
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Fig,10 Oscillatory regime  on  the B-d plane,
         at  clb=2.5,  and  Re =500.
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 Oscillatory region  on  the c-d  plane,
 at Blb=15, and  Re =100.

--Re=leO

-･････Re=50e

Influenceofescillatorheighth  (aspect ratio).

    Using the present MEMS  technology, it is not so

easy  to make  3D  structures. So, it becomes practical to

check  the aspect  ratio effect of this device. Fig.12
shows  the iitfluence of the oscillator aspect  ratio hLb on
the oscillatory range  of  dlb. Thc oscillatory  range  of  dth
decreases gradually at hlbl4, and  decreases rapidly  at

hthS4. While theTe are  no  experirnental  results  at  hlb
$2, it seems  difficult to get oscillatory  flow at very  low
hth. This agrees  with  computational  results shown  later,

YsetCnhtiafieyV2eDali 
that

 
this

 
osciilatory

 
phenomenon

 
is
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   Fig.12 Oscillatory region  changing  hlb and  dlb,
          Blb=15, c/b=2,5  and  Re=500.

Flow visualization
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   The  fiow patterns in the fluidic oscillator are

measured  by  PIV  during one  cycle  of  the oscillation.

Fig. 13 shows  the flow patterns drawn  cyery.118  cycles.

From these figures, two  re-circulating  areas  A  and  B  are

made  at the upstream  of  a  square  cylinder. [EWo vonical
stmctures  C and  D  are made  in square  cylinder  leeward.
At  t=T78,  the jet is deflected ttpwards.  The  vortical

structure  C  is stronger  than D, and  the flow is downward
in the down  stream  of  a square  cylinder. At t=2178,
vonical  structure  C  flows downstream. Thejet becomes
defiected downwards at t=3178. Nlortical structures  C

and  D  flow downstream, and  at  t=5178  the new  vortex  C
is made  at downstream of  the square  cylinde=  At

t=6178,  vortical  structure  D  fiow downstream.

e

  o

m

t=4T/8

o

o o

t=5T/8

o

om

o

,o

t=6T18

Q o

o

o
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o

o

t=7T/8 t=8T/8

  Fig.13 Mowpatterninonecycle,

 at BLb=15, e/b=2.5  dLb=7, and  Re=500.

waFl tten

   As a result of fiow pattem observation,  fiow patterns
are divided into three types. These fiow patterns are

shown  in Fig.14. And  the regirnes  of flow patterns are

shown  in Fig.15, Pattern A  is oscillating  one.  As
shown  in the above,  in the downstream of  square  cylinder,

two vortical structures are gencrated and  flow
downstream, altenatively.  With  increasing Blb,
increasing clb,  or  decreasing d/b, the flow pattern
becomes pattern B from pattern A. The boundary
between pattern A  and  B  is approximated  by the

following equation.

         dfb=O.18Blb+1.50clb+O.60.

(valid for o.ssc/bss.o,losBIbs62,andRe=5eO)

As  for pattern B, fiow is in vertical symmetry,  and  it does

not  oscillate. two  symmetric  vortical structures  exist  in
the downstream of  square  cylinder  afid they don't flow
downstream. Moreover, with decreasing B/b, or

increasing dlb, flow pattern becomes pattern C from

pattern A. The  boundary between A  and  C  is expressed
by  the fo11owing approximated  equation.
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              ･d,lb=O.33B/b+4.10.

(valid for o.s s  c1,b  ss,o,10  s  ti lb g 62, ai]dRe  =  500 )
As  for pattern C, a jet is biased,.to one  side, "}ith less
collision  with a square.. cylinder. And only  one  dqminant
vonical  structure  exists  in the downstream of  square

cylinder,  Ajetdoesnotoscillate.' 
"

oPattern A Pattern B

Fig.16

2 4 6 8.le  12 14 16 IS

             dib
Stronhal number  St against  target distance d,
  at  cXb=2,5,  Blb=15, and  Re=500.
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  Fig.14 3typesofflowpattern.

e
 

lo
 
2o
 
3sthco

 
50
 
60
 
7

     (a) cth=2.5  (b) B/b;15
  Eig.15 RegimeofflewpatternsatRe=500:'

ComparisQn between experimental  and.  numerical

results

    At Btb=15, cLb=2.5  and  Re=500, dlb effegt on  St is
shown  in Fig.16. The  numerical  results  that 

'are

substituted  the poisepille fiow as infiow ,conditions are

not  good agreement  with  the experiments.  But the
numerical  result  that substituted  the fiow velocity

distribution measured  by  the experiment  is in good
agreemcnt  with  the experiment  result. This shows  that

oscillatiQn is properly two-dimensional phenomenon, and
that st iS sensitive  to the velocity  profile of  Snfloit

                CONC[USION

    Experiments and  computations  about  the present
confined  jet informed preferable features as a fiowmeter
or  a  fluidic oscMator  at･low  Reynolds  numbers;  naMely,

authors  specified  the cylinder-distance  effect, the
cylinder-size  etfect,  and  the channel-beneath  effect  upon

both the Strouhal number  and  oscillation range.  In
addition,  the authors  revealed  the Reynolds number

effectAimit  on  the Strouhal number  and  oscillation range.

Moreever, the fiow patterns in the fluidic oscillator  were

measured  by  PIV  (Particle Image  Verocimatry) during
one  cycle  of the oscillation.

    Numerically, analysis  was  performed using  a finite
difference method  (FDM) formulated in terms of vorticity

and  stream  function. As  a  result,  the numerical  result

that substituted  the fiow velocity  distribution measured

by the experiment  was  in good  agreement  with  the
experiment  result. And  the authors  revealed  jet oscillation
in this fluidic oscillator  was  properly two-dimensional
phenomenon, (But, even  at h/b=3.0, flow can  oscillate.)
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