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Introduction

AN edge tone is the sound of a discrete frequency produced
by a thin rectangular jet of fluid impinging on a wedge.

Edge tones were discovered in 1854 by Sondhaus and have
been the subject of a large number of experimental and
theoretical investigations. An admirable review of these is
given by Karamcheti et al.1 The wedge is essential to edge-tone
generation because the tone does not appear when the wedge is
removed from the jet. The nature of the flow processes occur-
ring at the wedge is therefore an important factor in edge-tone
production. The interaction region of the flow at the edge has
also been used to illustrate the leading-edge "Kutta condi-
tion." The detailed features of the unsteady flow at the edge,
however, are still to be understood. A discussion of the Kutta
condition in unsteady leading-edge flows is given by
Crighton,2 who suggested that the best illustration of such
flow is afforded by the edge-tone configuration. With this in
mind, an experiment was conducted to examine the unsteady
flowfield in the interaction region of the jet with the leading
edge of the wedge.

The main parameters or variables governing the problem
are the Mach number and Reynolds number of the jet near the
exit, the state of the flow at the exit of the nozzle, the
geometry and disposition of the wedge with respect to the noz-
zle exit, and the condition of the ambient medium into which
the jet is issuing. The present experiment was conducted in two
parts. The first part of the investigation deals with a high-
speed subsonic jet (M= 0.8) impinging on a 20-deg wedge. The
second part of the investigation deals with more detailed
measurements of the flowfield, using a low-speed subsonic jet
(M=0.23) impinging again on a 20-deg wedge. The Reynolds
number employed was based on the width of the nozzle and
was about 5 x 104 for the high-speed case; for the low-speed
jet case, it was about 3 x 104. From the measurements of the
mean velocity at the nozzle exit, top-hat mean velocity profiles
are observed for the two cases tested.
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Apparatus, Instrumentation, and Procedure
Experiments described here were conducted at two different

times and in two different laboratories. However, when
similar parameters were used, both experiments gave similar
results. The detailed flow measurements were made using a
low-speed jet (M=0.23) facility at NASA Ames Research
Center. For other measurements, the blowdown facility at
Stanford University was used. In the first case, the dimensions
of the rectangular exit of the nozzle used were 50 mm long (L)
and 3 mm wide CD), and were preceded by a 40-mm-long,
smooth, rectangular channel (50 mm x 3 mm). The experimen-
tal facility and model are described in detail by Krothapalli
and Home.3 A 20-deg wedge was selected here because of its
use in early Stanford investigations.

A B&K type 4138 microphone (3 mm diam), which has a flat
response to about 100 kHz, was used o make the acoustic
measurements. The microphone was calibrated using a B&K
type 4220 Pistonphone. The location of the microphone was
held fixed with respect to the leading edge of the wedge
throughout the experiment.

A self-synchronizing schlieren system employing a phase-
locked technique was used for flow visualization. The
schlieren image of the flowfield was displayed on a ground-
glass screen for visual observation or on a film to obtain a
photographic record. Schlieren photographs were taken using
Polaroid-type 57 instant film (ASA 3000).

The velocity field and surface pressure distribution of a low-
speed edge tone were measured at the anechoic chamber facil-
ity at Ames Research Center. A rectangular nozzle having
dimensions of 0.508 cm x 10.16 cm was used. A 20-deg
aluminum wedge was provided with 10 pressure transducer
ports and could be positioned at arbitrary distances from the
nozzle exit with a lead screw. It was found that multiple
nonharmonic tones were generated over most of the operating
range of this apparatus. In order to simplify the data sampling
procedure, the conditions M=0.23 and h/d = 6.25 were
selected for study since only harmonically related tones were
observed.

The velocity field was surveyed with a miniature X-wire
probe equipped with platinum-coated tungsten sensors 5 /mi in
diameter and 1 mm long. The probe was operated in the con-
stant temperature mode, which ensured accurate phase
response to 3 kHz. Fluctuating surface pressures were
measured with 0.48-cm-diam transducers embedded in the
wedge and connected to the pressure ports via 0.128-cm-diam
passages. The diameter of the pressure port at the surface was
0.064 cm. The intersection of the tip port with the edge pro-
duced a 0.064-cm width by 0.02-cm-long notch at the central
region of the wedge. All measurements were conditionally
sampled on the basis of the phase of one of the surface
pressure transducers. A detailed description of the apparatus
and procedure is given in Refs. 3 and 4.

Results and Discussion
Flow Visualization

Typical sequences of phase-locked schlieren pictures of the
edge-tone flowfield for two different edge heights at an exit
Mach number of 0.8 are shown in Fig. 1. The knife edge of
the schlieren system is oriented parallel to the jet axis. The
signal form the near-field microphone was used to trigger the
light source. The wedge in Figs, la and Ib is positioned such
that the edge tone operates in stage 1 and stage 2 modes,
respectively. The time interval between two successive pic-
tures during stage 1 operation is 25 /xs, while during stage 2
operation, it is 20 ^s. The figure shows the similarity of the
overall flowfield for the two cases.

From the sequence of pictures, the following observations
are made. Large-scale vortical structures, referred to here as
primary vortices, can be identified in the shear layers on
either side of the jet, and these grow in intensity as the jet
approaches the wedge. At the leading edge, a secondary
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Fig. 1 Phase-locked schlieren visualization of the high-speed
(M=0.8) edge-tone flowfield, (I) primary or shear-layer, (II) second-
ary vortex, and (III) counterrotating vortex pair.

vortex arises, with its sign of rotation opposite to that of an
oncoming shear layer or primary vortex. Downstream of the
tip region, these two vortices form a counter-rotating vortex
pair. Eventually they merge and form a single large vortex
that moves downstream along the surface of the wedge, as
shown in figure. The nature of the primary and second-
ary vortex formation found here is quite similar to that
observed in low-speed (Re = 600) edge-tone flowfields studied
by Rockwell.5

From further examination of the details of the pictures,
some measure of the local vortex dynamics can be obtained.
For example, during the stage 1 operation, the wavelength X
and convection velocity Uc of the primary vortices can be
measured and found to be equal to 2.6 cm and 107 m/s,
respectively. Corresponding values for stage 2 operation
were 1.9 cm and 132 m/s. As a result, the frequency at
which primary vortices are created in a given stage was
calculated. Respective frequencies for stages 1 and 2 are 4115
and 6947 Hz. These values are close to the amplitude-
dominant frequencies obtained from the spectra of the cor-
responding near-field microphone signals.3 As expected (based
on earlier investigations of low-speed edge tones, that are re-
viewed by Blake and Powell6), the above observation suggests
that the primary vortices are shed at a frequency of the domi-
nant tone found in the near sound field. As noted by Karam-
cheti et al.1 and Blake and Powell,6 the convection velocities of

Fig. 2 Typical edge-tone flowfield, M= 0.23, h/D = 6.25: a) U com-
ponent of the velocity; b) V component of the velocity.

the primary vortices are different for different stages. Such an
observation is also made here with UC/U0 = 0.42 for stage 1 and
£/c/(70 = 0.52 for stage 2, where U0 is the centerline mean
velocity at the nozzle exit.

Another important length scale measured from these pic-
tures was the distance between the adjacent oncoming shear-
layer vortex and the secondary vortex at its inception (see the
first picture in both stages). During stage 1 operation, this
was found to be 0.27 X t ; the corresponding value for the
stage 2 operation is 0.31 X2.

Velocity and Surface Pressure Measurements
Because of the relative ease of making the detailed phase-

locked measurements in a subsonic jet, both mean velocity
and surface pressure data were taken at an exit Mach
number of 0.23. However, for fixed geometries of the wedge
and the nozzle, the major flow processes show insignificant
variation with exit Mach number at least for Mach numbers
less than one (see Krothapalli et al.7). All the data discussed
here are taken at a fixed edge height (h/d=6.5).

Typical phase-averaged U and V components of the
velocities are shown in Figs. 2a and 2b, respectively. In order
to compute vorticity, velocities are normalized with respect
to the maximum velocity at the nozzle exit, and the
corresponding spatial derivatives are computed using a cen-
tral difference mesh and are normalized with respect to the
nozzle width D. The normalized divergence of the velocity
field was computed in order to check the accuracy of the
measurements and was found to be less than 0.1 in most of
the flow region.

A complete motion cycle of the vorticity field and surface
pressure distribution is presented in Figs. 3a and 3b, respec-
tively. Periodic roll-up of the upper shear layer can be
observed in Fig. 3a. Also observed are the inception and
development of the secondary vortex (which can be iden-
tified by the + vorticity, labeled F, in plots 6, 7, 8, and 1 of
the figure) in the tip region. From the instantaneous pressure
distribution on the upper surface as shown in Fig. 3b, the
pressure at the edge is found to be small (with respect to the
magnitude of the pressure at other locations). Such an obser-
vation is also generally made at the trailing edge of an airfoil
placed in an unsteady uniform flow.8 This seems to indicate
that the leading-edge Kutta condition is satisfied at the fre-
quency of the corresponding edge tone. Also shown in the
figure are the positive and negative vorticity centers
associated with the secondary and primary vorticities, respec-
tively, indicated by the symbols © and ©. From the
amplitude distribution downstream of the tip region, a large
positive pressure gradient is observed in plot 3, immediately
followed by a positive vorticity center (see plot 4) signifying
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Fig. 3 Phase-averaged vorticity (QD/Um:
A=-l, B= -0.75, C=-0.5, Z>=-0.25,
£ = 0, F=0.25, G = 0.5, // = 0.75, 7=1) and
pressure distributions of a low-speed edge-tone
flowfield; A/=0.23; /z/Z> = 6.25. 0, 0 are
positive and negative vorticity concentrations,
respectively.
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the formation of the secondary vortex. At this instance, it is
interesting to note that the magnitude of the fluctuating
pressure is quite small and almost constant along the surface
of the wedge.

Conclusions
In this investigation, as mentioned in the introduction, the

focus has been on the flow details of the leading-edge region.
From the phase-locked flow-visualization pictures of a high-
speed jet and conditionally averaged measurements of the
velocity, it has been shown that the jet edge interaction gives
rise to a secondary vortex at the leading edge in the presence
of an established shear layer or primary vortex. These two
vortices then form a counterrotating vortex pair and even-
tually merge into a single large vortex, which moves along
the surface of the wedge. These observations are quite
similar to those made by Rockwell and his co-workers for
low-speed flows.

From the instantaneous pressure distribution on the sur-
face of the wedge, it was found that the amplitude of the
unsteady pressure at the leading edge remains small near the
leading-edge region for the entire motion cycle. At the trail-
ing edge of an airfoil placed in an unsteady flow, the
assumption of zero pressure differential was experimentally
verified at low-frequency parameters. Because of the
similarities found in the surface pressure distributions near
the trailing-edge region of an airfoil and the leading-edge
region of the wedge, it may be concluded that the instan-
taneous zero pressure differential also exists at the leading
edge of the wedge.
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Introduction

AFAMILY of similarity solutions has been found1 for self-
preserving, incompressible, turbulent round jets. The

similarity parameter is 17 = r/5(x), where x and r are the axial
and radial coordinates, respectively, d(x) the jet half-width,
defined as the width of the jet at U/UQ(x) =0.5, U is the mean
velocity of the jet and U0 is the jet centerline velocity. All
memebers of the family lead to power-law decay for d and
UQ(X), namely dax and UQotx~l\ however, they differ in the
behavior of the eddy viscosity, vt. The classical Tollmien2

solution is given by constant vt. Other similarity solutions are
also possible depending on the variation of vt(rj). Some of
these solutions are not physically valid, even though they are
similarity solutions to the jet governing equations, because
they lead to zero vt at the jet centerline. One member among
those that give rise to finite vt(G) is found to give better agree-
ment with the mean and turbulent flux measurements of
Wygnanski and Fiedler3 and Chevray and Tutu4 than the
classical Tollmien2 solution. Since vt decreases from vt(G) to
zero as 17^00, it is more realistic than constant vt and is in
better quantitative agreement with measured vt.

The purpose of this Note is to make use of these similarity
solutions to obtain closed-form similarity solutions to the k
and e equations and, in the process, assess the influence of
the local equilibrium assumption on round jet calculations.
These closed-form solutions will be compared with the nu-
merical similarity solution obtained by Vollmers and Rotta5

using a k-kl closure model and the k-e model calculation of
Launder et al.6 It will be shown that while the neglect of the
equilibrium assumption leads to a decay of the centerline tur-
bulent kinetic energy, &0, as x~2, the asumption gives a
decay of A:"1. The latter result seems to be in better quan-
titative agreement with measurements.
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Analysis
Transport of turbulent kinetic energy k and the dissipation

rate of A:, e, in an incompressible round jet is governed by
the equations6

dx dr dr dr

(i)

(2)

where U and V are the mean velocities along x and r, respec-
tively, ak and ae are the Prandtl numbers for k and e, and
C£l and C€2 are model constants. The values assumed by
Launder et al.6 for ak, cre, Cd, and Ce2 are 1, 1.3, 1.9, and
1.4, respectively. The boundary conditions for k and e are
k(x,0) = k0(x), Ar(*,oo)=0, e(x,0)=eo(*), and e(jc,oo)=0,
where k0 (x) and e0 (x) are centerline values of k and e and
have to be determined as part of the solutions. If the local
equilibrium assumption or production of k balances the
dissipation of k is made; Eqs. (1) and (2) are then reduced to
forms similar to the mean momentum equation for round
jets. This suggests that Eqs. (1) and (2) can be analyzed in
the manner suggested by So and Hwang.1 Here, only the
most valid solution is used to analyze Eqs. (1) and (2). Ac-
cording to Ref. 1, that solution is given by

U= U0e (3)

(4)

(5)

(6)

(7)

where Ret- [U0d/vt(Q)]tn2, the turbulent Reynolds number,
is taken to be constant and is determined from jet spread,
the primes denote differentiation with respect to x. Substitut-
ing Eqs. (3-7) into Eqs. (1) and (2), invoking the assumption
vt(dU/dr)2-e, and making use of the boundary conditions,
the following solutions for k and e are obtained:

eo

*o'

-=— +

ofRe,
Re,(C(2-Cel)

I knU.

(8)

(9)

(10)

(U)
0 0

With the results, dax and U0ax~l from Eqs. (6) and (7), the
decay of k0 and e0 can be deduced from Eqs. (9) and (10) to
be k0ax~l and t0ax~3. Equation (11) gives a relation for the
determination of a( once Re,, ok, C f l , and C(2 are specified.
On the other hand, a similarity solution for k (even though


