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Experiments on oscillating flow at the abrupt transition between a two-dimensional channel and
essentially infinite space are presented. It is shown that phenomena associated with the transition are
functions of three independent dimensionless parameters including the dimensionless radius
rounding the edge of the end of the channel. The effect of each of these three parameters on the
time-averaged pressure difference across the transition and the acoustic power dissipation is
explored by holding two parameters fixed while varying the third. Evidence is presented that the
losses due to oscillatory flow in this geometry are smaller than would be expected from commonly
accepted values for steady flow in similar geometry. 2@03 Acoustical Society of America.
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I. INTRODUCTION retical laminar oscillatory flow profiles. Morrist al® are
numerically studying oscillating flow in a sharp-edged two-
When a fluid flows through a system, energy is lost todimensional transition with finite area ratio, while Petculescu
viscous dissipation effects including boundary layer turbu-and Wilerf have built an apparatus that provides very accu-
lence and random motions in separated flows. These losseste pressure/flow relationships for small flow components
are often called head losses, since they result in a drop iand have recently used this apparatus to measure the losses
pressure head along the flow path. When energy is dissipatebsociated with axisymmetric acoustic diodes.
in pipe bends, valves, expansions, entrances, or anything In steady flow through abrupt changes in geometry, mi-
other than a length of straight pipe, the term “minor loss” is nor losses are commonly accounted for by use of a minor

used. loss coefficient:

The effects of minor losses in oscillating flow can be
either detrimental or advantageous. While minor losses in _ PpgH )
steady flow are manifested by a loss of flow wadk flow B 1 pu?

energy, minor losses in oscillating flow dissipate acoustic

power and create time-averaged pressure gradients. ThehereH is the head loss through the componenis the
time-averaged pressure gradient has been used to counterflaid density,g is the acceleration due to gravity, ands the
streaming flows in a thermoacoustic Stirling refrigeratord velocity at the smallest cross-sectional area. The minor loss
engine? On the other hand, minor losses can result in sig-coefficient can be thought of as the ratio of dissipated flow
nificant power dissipation in such refrigerators and enginesgnergy per unit massA(p/p) to the kinetic energy per unit
and therefore may need to be minimized. mass in the component.

Although extensive tablésf losses for steady flow are One of the few minor loss coefficients that can be theo-
available, few such data exist for oscillatory flow in any retically determined is the “Borda—Carnot” coefficient for
geometry, despite the fact that abrupt changes in geometsteady flow through a sharp-edged expan&i®he common
are ubiquitous in Stirling engines, thermoacoustics, and resassumption of spatially uniform channel flow resultskn
piratory flows. Current understanding relies mostly on the=1 for flow out of the channel into infinite space. Any de-
assumption that the losses due to oscillatory flow can bearture from uniform flow results in a larger loss coefficiént,
computed by cycle averaging the losses based on steady floas large as 1.5 for fully developed laminar channel flow. No
data. For example, it has been assumed that the minor lossdata for flow from a rounded sudden expansion are known to
for the entrance/exit geometry in Fig. 1 are the same as fathe authors, although it seems to be commonly assumed that
steady flow through a sudden expansidor the outward this geometry has similar losses to a sharp-edged expahsion.
flow) and through an entrandéor the inward flow. Steady entrance flow through a rounded 2D opening has

Currently, at least three other research efforts are ada minor loss coefficient that decreases with increasifing
dressing oscillatory losses in sudden area changes. Wakelamndherer is the edge radius anl is the channel width{see
and Keoliat have recently reported minor loss coefficientsFig. 1). Forr/D,>0.2, whereDy, is the hydraulic diameter,
for oscillatory flow through a sharp-edged area change based becomes constant at 0.83n the current studyy/D,
on the steady-flow theory referenced below but using theo>0.2 for all cases.
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@ wherep is the time-varying pressur&g is the minor loss
coefficient for the blowing strokey is the velocity, and the
K subscriptsa andb refer to those locations in Fig. 1. Similarly,
B during the suction stroke,
T + 2o Lkepuzip [0y 4
Pat 5pUa=Pp~ 5 KspUatp L dt X, (4)
X
A | / 1 5 xp du
r Pa=Pp=~ 5 pUa(Ks+1)+p Xaadx- )
l Averaging over a full period,
Ks AP 1JT/21 2(Kg—1)dt 1JT1 2(Kgt 1)dt
@ =7/, 5 PUa(Kg—1L)dt— = T/ZEPUa( st1)
-~ b p (Tl [*»du
FIG. 1. Schematic of transition between a flow channel and an open space + ? ol Jx de dt. (6
which exhibits entrance/exit flow losses. The loss coefficient during blowing a
is Kg and that during the suction ISs. The form of the last term, which represents inertial effects, is

not generally known and will be discussed further below.
This paper will discuss the results of an experimentalHowever, the integral over a cycle of the derivative of the
study of effects at the rounded transition between a 2D charieriodic functionu will go to zero and therefore this term
nel and an infinite space. The results indicate that the flow i§an be ignored here. Rearranging, we have
governed by three dimensionless parameters. It will be re- 2

vealed that the exiting flow can, in some circumstances, ex- AP= pua’max[(KB—l)aB—(Ker 1)asg), @)
pand considerably in the slot edges, resulting in smaller 2

losses than those reported in steady flows. As will be diswhere

cussed in Sec. Il, calculation of minor loss coefficients from 1 .

acoustic power and time-averaged pressure data requires as- ;. —_ f u?dt,

sumptions about time-dependent inertial effects and the time- TU; max /0

independence of minor loss coefficients that are not realistic. 1 T
Therefore, we will present results in terms of acoustic power 4 =_— f u2dt,
dissipation and time-averaged pressure, using minor loss co- TU; maxJ 772
efficients only for qualitative discussion and idealized benchy p is the time-averaged pressure difference, andy.
marks against which to compare the data. The experimenta_lma){ua(t)]_ If the flow is sinusoidal, themg= ars= 1/4 and
apparatus and measurement techniques are described in Sec.

[Il and a description of the results is given in Sec. IV. Limi- Pui,max

tations to the applicability of this work and ideas for future AP= 8 (Kg=Ks=2). ©
work will be discussed in Sec. V.

®

In this derivation, we have assumed thats indepen-
dent of the coordinates perpendicularxoTaking such de-
Il. TIME-AVERAGED PRESSURE AND LOSS pendence into account is much more cc_)mpllcét@dWe
COEFFICIENTS have also assumed t'h;aI Kg, andKg are mdependent of
time. Furthermore, without a second equation, we can only
Following Swift et al,* minor loss coefficients for the gain information on the difference between the loss coeffi-
blowing and suction cycle can be related to time-averagedients and cannot infer anything about them individually
pressure by writing the unsteady Bernoulli equation with losswithout additional assumptions. Swit al! obtained a sec-
coefficients that are assumed to be constant over each half ohd equation foKz andKg by computing dissipated acous-
the cycle for flow between the poingsandb in Fig. 1. Itis i power, E=ApU, as a function of the loss coefficients,
assumed that poirit is sufficiently far downstream that the where the overbar indicates cycle averaging ahds the
velocity there has become negligible, and that variations iyolume flow rate. They argued that time-dependent inertial
density are negligible. These equations are then averagegfects on pressure could be ignored since these are 90° out

over a full cycle. During the blowing part of the cycle, of phase with the volume flow rate. However, this assump-
1 1 X du tion relies on thedu/dt term being the same during blowing
Pat Epug—EKBPU;i: Potp | Grdx (20  as it is during suction, which is to say that no nonlinear
*a effects contribute to inertial pressure. This seems unlikely at
or high Reynolds number, and results from the present study
1 % du indicate that this is not the case. Tlle/dt term can be
Pa— pb=—PU§(KB—1)+PJ —dx, (3) computed using velocity data acquired as described in Sec.
? xo dt Il betweenx=0 and pointb. This measurement was per-
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formed for Lo/h=17, r/h=1.3, and Re-354 (see defini- Ambient

tions below. For this particular case, the difference between fais
the magnitude of the time-average of tthe/dt term during

the outward stroke and inward stroke was on the same order —
as the time-averaged pressure. Hence, we cannot accurately r
computeK andKg for such a case by using E¢) and a
similar equation for acoustic power dissipation ignoring the
du/dt term. Doing so would yield an artificially higkg and L
a similarly low(and perhaps negativ& s. The present study A
also shows that the assumption of time-indepen#gnand Horizontally
Ks is questionable. Because of all these complications and Movable Y
guestionable assumptions, we will make only slight use of Channel —

Eq. (9) here, presenting results in terms/oP andE instead Support
of Kg andKsg.

Assuming that the aspect ratio of the slot is sufficiently
large to ensure 2D flow and that the axial length of the slot is
not important, the time-averaged pressure and acoustic x_ Adjustable
power dissipation are functions ofh, p, Uy max, the period Walls
T, and the viscosityx. Dimensional analysis shows that this
flow is governed by three independent dimensionless param-
eters. As will be shown below, the parametén affects the
severity of the adverse pressure gradient experienced by the
exiting flow (which in turn affects the tendency for the
boundary layer to separatethe Reynolds number Re
=Uy max,p/ 0 based on the maximum velocity and the vis-
cous penetration depth, = uT/mp affects turbulent tran-
sition and boundary layer thickness, and the dimensionless
stroke length_/h, WhereL0=fg/2uadt, governs the vortex
pair dynamics and steady-jet tendencies.

Since it is experimentally difficult to “dial in” an exact
value OfLolh or Re, some variation is inevitable. Hence, for FIG. 2. Schematic of test section. The top of the test section exits to ambient

“fixed” h of th is held ithi 0 conditions. The streamwise length of the channelL,sthe cross-stream
Ixe casgs, each of these parameters is held to within 2 /Q/vidth is h and the spanwise depfto the paggis W (not shown.
of the nominal value reported.
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i Channel Plates |

E Structure
[ Flow Boundary

To Drivers

sheet, normally at the spanwise center of the plenum. There-
IIl. EXPERIMENTAL SETUP fore, the resultant images should be interpreted similarly to
dye or smoke sheet images.

The apparatus used in this study is shown schematically Determination of acoustic power dissipation requires
in Fig. 2. Oscillations are generated by a driver system demeasurements of the time-varying pressure and a cross-
scribed in an earlier pap&rThe test section is connected to stream average of velocity. Phase-locked velocities are mea-
the drivers by a rectangular plenum. The flow channel is asured on one cross-stream half of the slot using a single
the top of the test section and is a rectangular slot with astraight hot-wire probe mounted on a traverse that moves
easily variable widthh in the cross-stream directiop a  automatically from one measurement location to the next.
length L of 24.1 cm in the streamwise direction and a  (Cross-stream symmetry has been confirm&pacing be-
depthW of 15.2 cm in the spanwise direction into the planetween locations is decreased near the wall to capture the
of the page. Three interchangeable pairs of channel platdarge velocity gradients in the boundary layer. In all cases,
with edge radiir=0.64, 1.27, and 2.54 cm are used. The360 samples are acquired per cycle at each location, and the
walls on the spanwise sides of the test section are made ofsults are phase averaged over 250 cycles.
glass to allow flow visualization or optical measurements. In  Oscillating flow is not a typical application of hot-wire
air at 80 kPa(Los Alamos atmospheric pressyréhe appa- anemometry and several unique issues must be addressed.
ratus can produce oscillating velocities up to 50 m/s, and haSince the temperature inside the test section is not exactly
a frequency range of Z1/T<<120 Hz. matched to the room temperatuithe drivers generate and

The flow is visualized using the double-pass shadowieak some heat into the test seclioihis necessary to simul-
graph techniqué? The images are acquired phase locked totaneously measure the time-varying temperature using a
the driving signal with a 1000 1000-pixel 10-bit CCD cam- constant-current cold wire to correct the hot-wire data based
era. The necessary density gradients are generated by tba the measured temperature. Furthermore, since the flow is
addition of a small amouriess than 1% of the peak oscil- oscillatory, great care must be taken to ensure that the hot-
lating flow rate of hydrofluorocarbon R134a introduced into wire sensor is not in the wake of its supporting probe body
the flow below the channel. The R134a is injected in a thinduring the inward part of the cycle. This is accomplished by
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EFEE B B s e s : have a substantially thicker boundary layer than those for the
1 B S mn®e suction stroke—the oscillatory boundary layer requires some
8
- ...%_ streamwise distance to become established, and the entering
o ' rr o A, = inflow has not traversed such a distance. The accelerating
0.5 “.; flow (t/T=0.125) tends to be lamindas evidenced by the
w maximum near the wallwhile the decelerating flow (0.25
E r ..“ <t/T<0.375) is turbulent, as observed previousiydow-
2 0e ® ° o 0 e ® see® | ever, the profile of the turbulent oscillating flow deviates
= © OOOooOoo significantly from that of steady channel flow at a similar
= L - Reynolds number. Data from Hussain and Reyn§iésr a
0.5 5V/h )’ k Reynolds number of 23 300 based on the centerline velocity
hadn Al and the half channel height are also shown in Fig. 3. Using a
fi A &) 8 4884 444 5500 similar definition(and using the peak centerline velogitiie
Reynolds number of the present data is 21 400. For steady
1% 1 © | l° | °' © 0 00600000 flow, the centerline velocity is the peak of the profile and the
0 0.2 0.4 velocity falls gradually toward the wall until the boundary

layer is reached and the rate of decrease becomes much
FIG. 3. Profiles of the streamwise component of velocity from the centerlinelarger_' Howgve_r, for the OSC'”atorY flow atT=0.25, the

y=0 to the wally=h atx=0, at eight equal increments in time through a Velocity profile is flat at the centerline value for 80% of the
full cycle, for Lo/h=20, r/h=1.0, and Re-905, (R§=uU, mahp/2u channel.

=21 400). The start of the cycle/{T=0.0) is defined as the first time step Nonlinear effects in the driving system result in some
with the volume flow rate>0. (@) t/T=0.0, (H) t/T=0.125,(¢) t/T . . . .
0250, (A) t/T=0.375, (O) t/T=0.500, () t/T=0.625. (0) t/T distortion of th_e average—yelocny waveform. Theseoresult |n0
=0.750,(A) t/T=0.875,(%) data from Hussain and ReynoléRef. 14 for ~ S€cond and third harmomcs_ that on average are 1/(_) and 2%
2D steady channel flow with Re uyhp/2,=23 200, wherauy is the cen-  Of the fundamental, respectively. We believe that this small
terline velocity. departure from sinusoidal flow does not alter the flow phys-

ics. However, it would cause significant errors in the normal-

using a standard boundary-layer prolehere the sensor is ized pressure and acoustic power if not accounted for. Pres-
offset |atera||y from the probe boajﬁnd pitching the probe sure and acoustic power dissipation are normalized by the
body to further remove it from the flow path. The single- temporal maximum of the cross-stream averaged exit veloc-
sensor hot-wire probe is not capable of sensing flow direcity squaredu? .., and cubeds3 ..., respectively. As a result
tion, and therefore its use is limited to regions where the flowof the distortion, the maximum during the blowing does not
direction is known to be along throughout the cycle. Since generally equal the maximum during the suction. The results
the flow might separate during the inward stroke for sharppresented are generated by averaging pressure separately
edged slots, creatingyacomponent of the velocity near the over the blowing stroke and normalizing by the blowing
edges during part of the cycle, only rounded slot edges arghaximum, and doing similarly during the suction stroke.
considered. All measurements are made at the top of thAcoustic power dissipation is normalized similarly. Since we
straight portion of the slot, i.e., the bottom of the slot edgebelieve that this corrects the distortion, the data will be pre-
radius(see Fig. 1, a location that we call the exit plane and sented as if the flow were sinusoidal.
define asx=0. Because flow inward looks the same as flow  Pressure measurements are made simultaneously with
outward to the probe, the hot-wire signal is a rectified sinehe velocity measurements using a series of piezoresistive
wave for sinusoidal flow. Processing software detects thgressure transducers mounted directly into the channel walls
flow reversals and changes the velocity sign appropriatelat seven streamwise positions. In order to avoid errors caused
before phase averaging is performed. The result of this proby the small nonlinearity of these transductrthe full volt-
cedure isu,(y,t) shown in some figures below. age waveforms from the transducers are digitized and a non-

Since an assumption of two dimensional flow is necesiinear calibration curve is used to convert voltages to pres-
sary in this study, the spanwise uniformity of the flow wassures. These pressure measurements are extrapolated to
checked in a series of measurements with the traverse ori=0 to obtain exit-plane values for time-averaged pressure
ented in the spanwise direction. The flow at the exit planeand acoustic power dissipation.
was found to be spanwise uniform, save for the boundary Referring to Eqs(3) and (5), we see that changes in
layers on the spanwise edges. Fortunately, for oscillatorpressure between two points can come from three sources:
flow, it was found that the spanwise boundary layers havél) conversion of kinetic energy to flow energy due to
exactly the same thickness and shape as the cross-streatneamwise velocity difference$2) minor losses, and3)
boundary layers which are measured as part of each data sétme-dependent inertial effects. The time-varying pressure
Therefore, the effect of the spanwise boundary layers on thdifference between the various measurement stations and the
average velocity can be easily accounted for. ambient and volume flow rate measuredkatO are shown

An example of phase-averaged velocity results is showiin Fig. 4 for a representative case. It should be noted that
in Fig. 3. Cross-stream profiles of the streamwise componerdompressible effects upstream»of 0 are small in all cases
of velocity are shown at eight points in time equally spacedeported here, so the volume flow rate can be assumed inde-
through the full cycle. The profiles during the blowing stroke pendent ofx inside the slot. The thin solid trace is the pres-
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LA R R L EL L R B AR from the fact that the sinusoidal pressure leads the volume
1 flow rate by almost 90°. The deviation from 90° is due to
minor losses at both ends. In addition, the pressure amplitude
is somewhat greater than the ordinary inertial pressure dif-
ference because of the minor losgehich generate pressure
differences that are about half of the inertial pressure differ-
ence. Near the top of the channek/h=—1.1), the length

of the slug of fluid between the pressure sensor and the am-
bient is small while the velocity is much larger than in the
ambient, and thus the pressure trace reflects only the minor
losses and kinetic-energy conversion. At the lower end of the
channel(e.g.,x/h=—6.9), the pressure fluctuations must ac-
celerate all the fluid above this location and the resultant
pressure trace is a mixture of all three of these effects.
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FIG. 4. Volume flow rate and pressure at various locations upstream of thé\. Flow visualization

exit plane forL,/h=20, Re=905,r/h=1.0. Volume flow rate—), pres- . . . L . .
sure atx/h=—1.1 (———). xth=—2.1 (——-), x/h=—3.1 (), x/h We begin with flow visualization. In Fig. 5, a series of

=—4.4 (), xIh=—4.9 (=), xIh=—5.9 (=), x/h=—6.9 (=), instantaneous Schlieren images acquired at 12 times equally
below the channe(—). These curves are also labeled by the pointers tospaced through the blowing half of the cycle are shown for a
the inset which shows where the transducers are located in and below tP@ase WithLO/h= 20,r/h=1.0, and Re-634. The image do-
channel. main is 4.1 wide and 3.8 high. The marked fluid does not
arrive in the visualized domain untiT=0.2. Shortly there-

sure measured in the large space below the channel. Thadter, a vortex pair is observed forming along the rounded
velocities above and below the channel plates are similar, savalls of the slot edge. The locations of the vortex cores
there is little contribution from kinetic energy conversion to indicate that the flow has expanded considerably during the
the pressure in the plenum. Pressure oscillations are domwortex pair formation process. Somewhat later in the cycle,
nated by linear inertial effects in the channel, as is evidenthe vortex pair leaves the exit plane and is convected down-

FIG. 5. Schlieren images taken at 12 equally spaced phase points during blowing cyel¢/3.48,L,/h= 20, Re=634,r/h=1.0).
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Reynolds number. The dashed line at 1 is the rg$tdf. 18 if Kg=1 andKg=0.

stream (/T=0.276). The turbulent vortex pair grows length is smaller for a larger dimensionless radius and larger
quickly, and a turbulent “starting jet” forms behind it.A Reynolds number. It is also evident that the Reynolds num-
more subtle but surprising effect is the separation behaviober has a very strong effect on the sensitivitykgf to Ly /h.

near the exit radius during the latter part of the blowing Similarly, the effect of the dimensionless radius is deter-
stroke. The detachment point that is initially nes+0 mined by fixing the Reynolds number at two valyesmi-
moves abruptly to 45° around the exit radius on both sides ofially Re=658 and 931 and the stroke length at,/h=30.

the slot after the start of the decelerating part of the blowingn order to achieve the range ofh shown, all three sets of
stroke ¢/T=0.301). The flow remains attached downstreamchannel plates are used. These pressure-difference data are
of x=0 for the remainder of the blowing stroke, although theplotted in Fig. &b), and several trends are apparent. The
images indicate significant fluctuations in the detachmenblowing loss decreases monotonically withh. In addition,
point. As will be shown below, the attachment pastO  the cases with larger Reynolds numbers have smaller losses.
results in deceleration of the flow, pressure recovery, and a The small discontinuities between the various sets of

reduced minor loss coefficient. data with matched Reynolds number indicate that an addi-
tional dimensionless parameter is affecting the results. There
B. Pressure are two possibilities: the slot aspect rat/'h, or the stroke

The effects of each of the three parameters on the timelgangth relative to the slot length,y/L. Future researchers

averaged pressure difference between the channel and ey want t-o control these pa.rametgrs more carefully.. Since,
infinite space will be examined by fixing two parameters and™ stated in Sec. lll, spanwise uniformity at the exit was
varying the third. Pressure is scaled such that the normalized
value is equal tKg if Kg=~0 [see Eq(9)] andKj is inde-
pendent of time during the blowing stroke. For the sake of
describing the pressure data, it will be assumed that the suc-
tion loss is indeed negligible, as justified by the larga
values used here.

The effect ofLy/h on the time-averaged pressure will be
examined first. For very small stroke lengthy(h<0.01)
the oscillations do not cause separation on the outward
stroke, and thereforz is expected to be very small. This is
the region where the impedance of the nozzle is said to be
linear® As the stroke length becomes very large, which for a
fixed velocity amplitude is equivalent to a very small fre-
guency, the oscillatory jet should approach steady-jet behav- 02 —
ior, for which Kg~1. These expectations are confirmed in L 4
Fig. 6@, where the dimensionless stroke length is varied 0
with dimensionless radius and Reynolds number fiitbcee 0 0.1 0.2 0.3 0.4 0.5
different radii and two Reynolds-number cases are shown
These data verify that in every case the loss coefficient is y/h
small at lowL,/h and grows withLy/h. In addition, the  gig. 7. profiles of streamwise velocity 8T=0.25 for Lo/h=20, r/h
various cases demonstrate that the loss at a given stroken.833, and—) Re=416, (---) Re=587.

a,max

u(y,t)/u
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is currently an open question and worthy of further study.
The Reynolds-number dependence is shown in Rig). 6
As stated in the discussion of Fig.a above, smaller dimen-
sionless stroke lengths result in smaller loss coefficients at
fixed Reynolds number. While at very small Re the decrease
of Kg is more than linear, it becomes linear at larger Re for
each of the stroke lengths and dimensionless radii considered
here. The behavior of the blowing loss for fixeg/h and Re
in Fig. 6(c) is not monotonic, which may be further evidence
of aspect ratio effects. The large variation in the blowing loss
at small Re is likely due to changes in the velocity profile
shape associated with the transition from laminar to turbulent
flow. This transition has been reported to occur near Re
=550 for flow in smooth circular pip€s.Evidence for this
hypothesis is provided by velocity profiles from two of the
cases in Fig. @), shown in Fig. 7. The higher-Re profile has
/T a substantially thinner boundary layer than the smaller-Re

FIG. 8. Normalized cross-stream-average velocity and normalized pressuf@dS€. .ThiS can potentially al‘ffeCt the loss CoefﬁCient.belcause
for Lo/h=20 and(a) Re=905,r/h=1.0, (b) Re=634,r/h=1.0, and(c)  the thicker boundary layer in the smaller-Re case will likely

WO, oo p(t)/(puza,max 12)

0 0.25 0.5 0.75 1

Re=645,r/h=0.625. separate from the edge radius sooner and result in a smaller
pressure recovery and a larger minor loss.
confirmed for a small-aspect-ratio casd®/h=6.7), we con- The latter effect can be seen in the pressure traces shown

jecture that the increase in the loss for smaller aspect ratias Fig. 8. Pressure and velocity are shown for three cases,
can only be due to spanwise nonuniformity of the flonkat including two from Fig. c) and an additional case with the
>0. Flow visualization(not shown confirms that the down- smaller of these two Reynolds numbers, the sagh, and
stream flow expands more in tlyedirection in the spanwise a smallerr/h. The average velocities are nearly identical and
center than at the spanwise edge during the blowing strokesinusoidal. For the entire suction stroke and part of the blow-
The slot length can impact the results onlyif/L>1 since ing stroke, the pressures are also very similar. However, be-
the maximum entrance length over which an oscillatory flowfore the peak of the blowing stroke/T=0.25), the effects
can develop isL, (the flow reverses after traversing this of Re andr/h become apparent. Forh=1 and Re=905
distance. For slots that are much shorter thiag, the chan- [Fig. 8@a], there is a large pressure recovefp(t/T

nel flow boundary layer may not develop fully. For most of =O.185)/(pu§ma)[2)= —0.44]. Reducing the Reynolds
the present data, including the cases in Fi§),8.<L,. The  number to 634 results in a decrease in the pressure recovery
cross-stream velocity profiles at the peak of the blowing[p(0.190)/(ou§'ma)[2)= —0.38, Fig. 8b)]. The reduction of
(t/T=0.25) for cases with identical’h, Ly/h, and Re but r/h from 1.0 to 0.625 results in even less pressure recovery.
different Ly /L are found to have only minor differences in An additional flow visualization study confirmed that a
their velocity profiles. Hence, it seems that oscillatory-flow larger radius or a larger Reynolds number results in increased
entrance lengths are significantly less thg{ although this expansion of the exiting flow, and therefore a smaller nor-
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FIG. 9. Acoustic power as a function &) stroke length(b) dimensionless radius with, /h= 30, and(c) Reynolds number. The dashed line at7/3 the
result(Ref. 18 if Kg=1 andKg=0, and time-dependent inertial effects are ignored.
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FIG. 10. The effectiveness as a function ofa) stroke length(b) dimensionless radius, arid) Reynolds number. The dashed line indicates a valuenof 3

malized time-averaged pressui@nd presumably a smaller expected given the wealkth effects discussed above. It also
blowing loss coefficientasr/h becomes small, the effect of appears that the sensitivity of the power dissipation to Re is
Re is diminished. Therefore, for a sharp-edged exit, it idess forLy,/h=230.
likely that the losses based on the profile-based velocity scale As stated in Sec. I, minor losses can be used to create
will be a function ofLq/h only. time-averaged pressure differences to block streaming mo-
tions or to convert oscillating flow to steady fldfvideally,
we would create this time-averaged pressure difference with
minimal acoustic power dissipation. It is natural to form an
“effectiveness” parameter that is the ratio of the dimension-
By assuming that all of the power flowing past the exit is|ess time-averaged pressure difference to the dimensionless
lost to viscous dissipation, the variations of the normalizedacoustic power dissipation:
acoustic power dissipation with each of the three parameters
and over the same parameter space reported in Fig. 6 are 2+8A P/PU;max
shown in Fig. 9. Since acoustic power dissipation is the time 7= E/pALS '
integral of the product of pressure 0 (which goes like PFYa,max
u2) andu, we normalize the acoustic power dissipation with Assuming® loss coefficients that are constant during the
velocity cubed as suggested by Backhaus and Sviifie  blowing and suction parts of the cycleg=37 when Kg
pressure ak=0 is extrapolated from the nearby measure->Ks.
ment locations. Using the data from Figs. 6 and 9,is plotted versus the
The effect ofLy/h is shown in Fig. a). Most of the ~ same three dimensionless parameters in Fig. 10. These data
data collapse on a single curve with the exception of the casgemonstrate that the effectiveness decreases with increasing
with the very large radius and small Re, which has morg/h or Re. It is shown above that increasing either of these
power dissipation than the rest, including other small-Rgdarameters improves the pressure recovery during the out-
cases. Also of note is the behavior néarh=7. This value = Wward motion. A lack of this recovery is responsible for the
of stroke length was identified by Smith and Swifas the time-averaged pressure difference desirable in some applica-
boundary between time-averaged “jetting” behavior andtions, so itis no surprise that improved pressure recovery can
reingestion of the vortex pairs generated during the blowindiave a detrimental effect on the effectiveness. Although the
stroke. Clearly acoustic power dissipation increases as theffectiveness increases with stroke length for srtiathinay
reingestion process becomes more domir@et, asL,/h  Re, it is a very weak function of,/h at larger Reynolds
becomes smallgrlt is also interesting to note that no such numbers.
effect is detectable in the pressure data for the same cases
shown in Fig. &). _ V. CONCLUSIONS
In contrast to the time-averaged pressure, acoustic
power dissipation is a weak function ofh, as can be seen The effect of minor losses on the time-averaged pressure
in Fig. Ab). In some parts of the parameter space, the behavand acoustic power dissipation generated by oscillating flow
ior is not monotonic. It should be noted that a representativén a rounded entrance/exit between a rectangular channel and
error for these data is0.0025. an infinite space has been investigated experimentally. Both
Acoustic power dissipation is shown in Figic®to de- of these quantities are functions of three dimensionless pa-
crease with increasing Reynolds number. Data for identicalametersiy/h, r/h, and Re. Cases with very small dimen-
Lo/h and similarr/h are more or less collapsed, as is to besionless stroke lengths tend toward linear oscillatory behav-

C. Acoustic power dissipation and effectiveness

(10

2462 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 B. L. Smith and G. W. Swift: Oscillating flow through sudden area change



ior and cases with large stroke lengths tend toward steady jeince. B.S. was supported initially by Los Alamos National
flow. Increasing the exit radius reduces the adverse pressut@boratory LDRD funds and later by the V.P. for Research at
gradient experienced by the exiting flow and allows the flowUSU. We would also like to thank Scott Backhaus for his
to expand more in the cross-stream direction near the exipatience and generosity through many hours of fruitful dis-
resulting in smaller losses. This effect can be enhanced bgussion.
increasing the Reynolds number. The Reynolds number alsqG W, Swift. b. L. Gard 4S. Backh Acousii lost
e H i . W, owilt, D. L. Gardner, an . Backhaus, “Acoustic recovery or 1os
governs the trangltlon from laminar to turbulent flow. Lami power in pulse tube refrigerators.” J. Acoust. Soc. AR5, 711-724
nar flow has a thicker boundary layer and thus has less ten-(199g.
dency to expand and recover pressure which results in largets. Backhaus and G. W. Swift, “A thermoacoustic-Stirling heat engine:
losses. It is also found that nonlinear inertial effects preventsgeté"_eg Stugyi" iz AIEOlIJSrt]-_kaIJC- Agi0_7v t3148—H31§6(2'?00- New York
one from making the necessary assumptions to use the equaiésgr'e and I. E. IdelchikFlow ResistancdHemisphere, New York,
tion for acoustic power dissipation to determine the blowing “Rr. s, wakeland and R. M. Keolian, “Influence of velocity profile nonuni-
and suction loss coefficients separately. A parameter is de-formity on minor losses for flow exiting thermoacoustic heat exchangers,”
fined that estimates the effectiveness of the sudden expansiqyf: Acoust. Soc. Am112 1249-12522002. .
for aenerating time-averaded pressure differences with mini- . J. Morris, S. Boluriaan, and C. M. Shieh, “Computational thermoacous-
org . 9 e 9 . P " . tic simulation of minor losses through a sudden contraction and expan-
mal acoustic power dissipation. It is found that the effective- sion,” 7th AIAA/ICEAS Aeroacoustics Conference, 2001, paper 2001-

ness increases with decreasinth and Re, and increases 2272,
with increasingL,/h for laminar flow. 6A. Petculescu and L. Wilen, “Lumped-element technique for the measure-

. . . ment of complex density,” J. Acoust. Soc. Ariil0, 1950-19572001.
This work is but a small, imperfect step toward the un- L. Wilen, A. Petculescu, and G. Petculescu, “Impedance measurements of

derstanding needed for the deliberate and confident use Ofstacks, regenerators and jet pumps,” Proceedings of the 17th International

minor loss phenomena to control streaming in _Congress on Acoustics, Rome, ltaly, 2001.

; [T ; ; 8J. K. Vennard, “One-dimensional flow,” itdandbook of Fluid Dynamigs
thermoacoustic—Stirling engines and refrigerators. Here, we edited by V. L. StreetefMcGraw-Hill, New York, 1963,

worked Withlpavpm.~ 0.01 andu,|/a~0.1, w_herepm is the 9B. R. Munson, D. F. Young, and T. H. Okiishfundamentals of Fluid
mean pressure aralis the sound speed, hoping that the flow Mechanics 2nd ed.(Wiley, New York, 1994, Fig. 8.28.

could be regarded as incompressible. We were also restrictéd G- Fredrickson and R. B. Bird, “Transport phenomena in multicompo-

. . nent systems,” ilrHandbook of Fluid Dynamicsedited by V. L. Streeter
to a fixed phase betwegn andu,, set by the impedance of (McGraw-Hill, New York, 1961, Eq. 6.208.

the transition. In enginésand refrigeratorj_s _t_hus far,  1p L smith and G. W. Swift, “Measuring second-order time-averaged
|pal/Pm~0.1 and |uy//a~0.1, so compressibility effects pressure,” J. Acoust. Soc. Ant10, 717-723(2001.
could be important; if so, then not 0n||Va|/Pma|Ua| but also 12G. S. SettlesSchlieren and Shadowgraph Techniqu&pringer, New

. York, 2002, Fig. 3.8.
the phase betweepa and Ua must be Important. Further- M. Ohmi, M. Iguchi, K. Kakehashi, and M. Tetsuya, “Transition to tur-

more, here our exit geometry was unconstrained, while other pylence and velocity distribution in an oscillating pipe flow,” Bull. JSME
design considerations typically lead to exit jets that impinge 25, 365-371(1982.

H 14 H “ .
on a tube-sheet, are constrained laterally, or perhaps everf* K. M. F. Hussain and W. C. Reynolds, “Measurements in fully devel-
interact with nearby elbows. Both axis mme‘fﬂé and 2D oped turbulent channel flow,” J. Fluids Eng7, 568—580(1975.
inte y : Yy 15M. Gharib, E. Rambod, and K. Shariff, “A universal time scale for vortex

geometrie% are to be explored. The best hope for under- ring formation,” J. Fluid Mech360, 121—140(1998.
standing may lie with extensive numerical studies bench°U. Ingard and S. Labate, “Acoustic circulation effects and the nonlinear

marked against a few limited experimental studies. impedance of orifices,” J. Acoust. Soc. AR2, 211-218(1950.
9 P 17B. L. Smith and G. W. Swift, “Synthetic jets at large Reynolds number

and comparison to continuous jets,” 31st AIAA Fluid Dynamics Confer-
ACKNOWLEDGMENTS ence, 2001, paper 2001-3030.

. . . 18G. W. Swift, Thermoacoustics: A Unifying Perspective for Some Engines
G.S. would like to aCkn0W|edge the financial support of and RefrigeratorgAcoustical Society of America, Publications, Sewick-

the Division of Materials Science in DOE’s Office of Sci- ley, PA, 2002.

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 B. L. Smith and G. W. Swift: Oscillating flow through sudden area change 2463



