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Instabilities in the slit-jet flow field

By J. F. FOSS anp D. KORSCHELT}#

Department of Mechanical Engineering, Michigan State University,
East Lansing, Michigan 48824

(Received 11 August 1982 and in revised form 3 February 1983)

Three modes of instabilities in the slit-jet flow field are recognized. Additional
evidence for the universality of the Strouhal number for the second mode
Sy = fw/U, =~ 0.43 and additional information on the wavelength (1) between, and
convection speed «, of the symmetrically placed, large-scale motions that result from
this instability are presented. Specifically A/w = 1.2 and u./U, = 0.51. The third
instability mode is initiated at a Reynolds number U,w/v of approximately 1600;
this instability results in a loss of the regular pattern associated with the large-scale
motions.

1. Introduction

The slit-jet flow field, and the definition of the symbols used herein, are shown in
figure 1; the indicated streamlines are from the potential-flow solution of Birkhoff
& Zarantello (1957). With the exception of quite small Reynolds numbers U, w/v,
the experimentally observed velocity and pressure distributionsare well approximated
by this solution since the viscous boundary layers are thinned by the strong
acceleration as the fluid approaches the exit plane. The inviscid core flow, which is
bounded by thin laminar boundary layers on the inside nozzle surfaces, represents
the ‘basic state’ for the hydrodynamic instabilities in the slit-jet flow field. The
present study is an experimental investigation of these natural instabilities; it
clarifies and extends the extant knowledge concerning them.

A similar, but not directly related, flow field has been extensively examined by
Anderson. These results are reported in a series of publications (see e.g. Anderson
1954). Specifically, Anderson has related the acoustic properties to the hydrodynamic
instability properties of a circular orifice flow with a finite lip thickness ¢. The
controlling parameter (in the absence of upstream cavity-resonance effects) is the
length ratio ¢/d. Asnoted by Anderson: ‘Only when the orifice becomes almost a knife
blade does the sound disappear’. In contrast, the present investigation is specifically
concerned with the condition ¢/w —0.

Two forms of hydrodynamic instability can be readily identified in the slit-jet flow
field. The first of these, the ‘rolling-up’ of the shed boundary layer, has not been
directly observed, but its presence is inferred from the closely similar flow studied
by Pierce (1964). Specifically, Pierce shows that a curved shear layeri is unstable and
that the passage frequency g, of the small (unit) vortex motions scales with the
boundary-layer parameters; viz f.8*/ U, = constant (6* = displacement thickness
at separation). The similar roll-up in a non-curved shear layer has been extensively

+ Present address: Brown Boveri & Cie, TCT-2, Gas Turbine Dept, CH-5401 Baden, Switzerland.

1 The flow studied by Pierce can be described as a ‘canoe paddle set normal to the oncoming

stream’. The curved shear layer is formed as the stagnation streamline separates from the lateral
edge of the paddle.
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Fioure 1. The streamline yr-pattern for the slit-jet flow field. This figure is taken from Birkhoff
& Zarantello (1957). The (x, y)-coordinate system is for the present, not the original, study. The
reference velocity U, is given by [2 ppienym/. oIk

studied ; Michalke (1972) provides an excellent discussion of the instabilities in the
planar problem. This first instability may be identified as a ‘shear-layer’ instability.

A second instability, and one that represents a dramatically smaller frequency for
moderate Reynolds numbers, has been studied by Beavers & Wilson (1970). Their
experimental observations are based upon dye streams that were introduced in the
boundary layers of the nozzle walls. These dye streams were observed to form
symmetric agglomerations of dye (R, = 200) which are inferred to represent concent-
rations of vorticity. It is interesting to note that numerical experiments, by these
authors, support this interpretation. The appropriate scales for this second instability
are the nozzle width w and the ‘inviscid-flow velocity’ U,. The passing frequency f
of the ‘large’ vortex motions may be used to form a Strouhal number Sg = fw/U,.
The principal result from the Beavers & Wilson study is that this Strouhal number
hasa constant value Sg & 0.43 over the Reynolds-numberrange: 200 < Uyw/n < 1500.
Hence, unlike the first instability, the second isnot dependent upon the boundary-layer
lengthscale at separation. Since the flow initiates from a (zero-velocity) plenum, and
since the flow was shown to be uninfluenced by the aspect ratio,t it is concluded
that the numerical value of 8 = 0.43 is a universal value.

It is instructive to consider the relative magnitudes of the passing frequency g,
of the unit vortex motions and the vortex motions from this second instability. An
approximate comparison can be formed by using the results from Pierce and by
‘equating’ the two reference velocities. That is, if U, and U, are considered to

1 The channel dimensions for the Beavers & Wilson study are given in Foss (1980). Their aspect
ratios were 2.94 < h/w < 8.
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represent, physically equivalent reference velocities, then the ratio of the Strouhal
numbers becomes

Be8*/Uy _0.09 _ Be 001
U~ 043 = 02 FRO2AG (1)

Since w/8* 2 0(10%) for even moderate Reynolds numbers, a large number of ‘unit
vortex motions’ will combine to form the larger vortex motion. This number will vary
with Reynolds number, but the passage frequency f and the circulation of these large
vortex motions are kinematically determined by U; and w.

A third instability is suggested by the text of the Beavers & Wilson paper: ‘At
higher Reynolds numbers, the number of rings in the regular pattern continues to
decrease until at a Reynolds number of about 3000 no regular pattern beyond the
first vortex ring can be observed.’ This discussion is for a circular orifice; it is inferred
that the upper limit for the slit-jet studiest of U, w/v ~ 1500 is from a similar loss of
a coherent pattern.

Clark & Kit (1980) present, as a secondary? aspect of their paper, Sy = Sy(R., w)
values. The Strouhal values are independent of the Reynolds number for a given w;
however, their data clearly show an unexplained dependence upon the dimensional
value w. Foss (1980), in a discussion of their paper, called attention to the
inappropriateness of this dependence and suggested that it might represent some form
of an apparatus-dependent effect.§ Both of these sharp-edge orifice studies were
carried out in water channels whose nominal downstream dimensions were not
sufficiently large to preclude the possibility of ‘hydrodynamic feedback mechanisms’.

It was concluded that an independent investigation, that would provide not only
Strouhal number but convection speed u./U, and wavelength A/w information,
would be appropriate to determine if the S; = 0.43 result is indeed universal.
Furthermore, if the experiment were conducted with air as the working medium and
if the receiver downstream of the nozzle were ‘unbounded’ (i.e. the laboratory), then
a possible source of a ‘feedback’ effect (i.e. a ‘small’ receiver) would be minimized.

2. Experimental equipment and procedure

The slit-jet flow field is sensitive to disturbances in the flow system. A conventional,
or fan-driven, system has several inherent disturbance sources including the ‘organ-
pipe’ resonance of the plenum and the blade passing and associated subharmonic
frequencies of the fan. In an effort to avoid these problems, a special, ‘collapsing-
volume’, flow system was constructed for the present investigation; this unit is shown
schematically in figure 2.

The cover plate is hinged at the forward end of the chamber and counterbalance
weights were added to provide a net torque to lift the plate. The aft endplate of the
chamber is formed from a circular arc segment. Hence, as the cover plate is driven

t The lengthscale 2w was used by Beavers & Wilson for the Reynolds number. Hence their data
extend to U, 2w/v = 3000.

t The primary thrust of their work was the three-dimensionality of the breakdown of the
two-dimensional large-scale vortex motions.

§ The recognition of the third instability and the large (2 1500) Reynolds numbers of the Clark
& Kit study are sufficient to explain the otherwise anomalous S = Sy(w) behaviour of their study.
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Fiaure 2. Schematic representation of the collapsing-volume flow system.

downward by the extension of the air-cylinder piston, a volume flow is established
in proportion to the rate of collapse of the enclosed volume. Specifically,

WR? "|d¢
o= 30wz 30 @

where the discharge coefficient Cp = 0.611 (from Valentine 1959), ¢ = angular
position of the cover plate, B = length of the cover plate, and W = width of the
enclosed chamber. Equation (2) does not account for a leakage flow, but its form is
unchanged if the leakage is constant. This condition was obtained to within the
precision of the measurements by adding felt strips as flexible seals at the points of
moving contact.

The slit-jet nozzle is formed from four separate elements. This construction allows
a wide range of lengths (L < 800 mm) and widths (8 mm < w < 32 mm) to be
independently set. However, only one combination, L = 420 mm, w = 16 mm, aspect
ratio = 26.25, was used for the present investigation.

The experimental observations were obtained using three separate hot-wire probes;
the placement of the three probes is shown in figure 3. A calibrated wire, located at
(x = w,y = w, z = L), was used for the measurement of U,,. (Note that its streamwise
location is a small distance beyond the nominal vena contracta: x = 0.7w.t) The
second wire, at z = w, y = 0.19w, z = 0.625w, and the third wire at X = w+ Ax,
y = 0.19w, z = —w, were used to create a cross-correlation R, (x,r,7) (see figure 3).
The vortex structures of interest were sufficiently regular that the cross-correlation
with zero z-separation showed a distinct peak at 7 = 0. In addition, the cross-
correlation was more easily interpreted than an autocorrelation from a single wire
since the small-scale variations in the velocity time histories at the two wires were
uncorrelated.

The essential information, from the cross-correlation techniques, is provided by

t The inviscid-flow streamlines converge asymptotically to the width 0.611w. The nominal vena
contract is herein defined as the location where u(z)/U, = 0.98.
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FicURE 3. Data acquisttion equipment and techniques. (a) Schematic representation of the flow
field and the instrumentation. (b) Cross-correlation technique. 7, = 0 for Az = 0;7_=0forAz = A
(A wavelength between adjacent structures).



84 J. F. Foss and D. Korschelt

t_(Ax), where Ax is the streamwise displacement between the two wires and 7_ is the
7-value of the first negative peak (see figure 3). For a zero value of Az, 7_ provides
a direct measure of the frequency, since (7.)~' is the repetition rate at which the vortex
structures pass a fixed location. From this initial condition, 7_—0 as Az increases,
the critical point 7_ = 0 is reached when Az = A, the wavelength between adjacent
structures. Since u, = Af, the non-dimensional convection speed may be written as

U _ Jw A
Us " Usw’ (%)

where the first grouping fw/U, is expected to be 0.43 after Beavers & Wilson, and
u./U, and A/w are also expected to have universal values.

3. Results and discussion

The collapsing cover plate provided a constant velocity of sufficient duration to
acquire 3 s of data for a given experiment. This elapsed time was sufficient for the
passage of nominally 200 large-scale motions. Figure 4 presents a representative
cross-correlation function for one experiment. The 7_ values, from the similar
cross-correlation records of sixteen different experiments at four different Az-values,
are presented in figure 5.

The present measurements 7_(Axz = 0) confirm the Beavers & Wilson value for the
Strouhal number St = 0.43. In addition, the measurements for Ax > 0 provide the
values, A/w = 1.2 and u,/U, ~ 0.51. Asis evident from the figure, the availability of
a set of measurements is most useful in establishing the linear relationship
7_ = 7_(Ax). Asecond characteristic, made evident in the figure, is that the well-defined
7_ value, at a given Az-location, can take on a range of values. Apparently, the
physical process that controls the spacing of the vortex motions is not ‘rigidly’
determined by the kinematic scales U, and w, although this spacing is well-defined
for a given experiment, as shown by figure 4.

A point of agreement with the Beavers & Wilson study is implicitly contained in
figure 5; that is, an upper bound appears to exist beyond which the regular vortex
street no longer exists. A well-defined 7_(Ax) value was obtained for all Reynolds
numbers such that B, < 1600. Conversely, a regular vortex street was not observed
for R, > 2500. The existence of a regular vortex street in the intermediate range was
apparently dependent upon the ambient disturbance level associated with any one
experimental realization.

The present apparatus could not be used to explore the lower bound of Reynolds
numbers for a regular vortex street, B, = 200 from Beavers & Wilson, since the air
cylinder did not operate smoothly at low speed.

Additional information, regarding the qualitative characteristics of the flow field,
is available from observations made with the speed-reference wire (at
x=w,y =%w,z=1iL). When the flow is dominated by the second instability, the
centreline velocity exhibits a ‘sinusoidal’ oscillation about the mean U, value. This
oscillation is not observed for the large Reynolds numbers associated with the third
instability. The relative magnitude of these oscillations was not recorded.

4. Summary

Three modes of instability in the flow from a slit jet are recognized. The formation
of small-scale vortex motions, in the shed boundary-layer fluid, is presumed to occur
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FIGURE 4. A representative cross-correlation u,(t)u,(f+7) between the fixed and the movable
probes. U, = 1.28 m/s, R, = 1360, f = 33.1 Hz, Sy = 0.44, ordinate units are arbitrary.
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F1aURE 5. The composite results of the cross-correlation measurements.

by analogy to the flow past a bluff object; the appropriate lengthscale for this
formation is some measure (e.g. 8*) the boundary-layer thickness. Hence the
associated Strouhal number is Reynolds-number dependent, as shown by Pierce
(1964). The second mode may be described as the agglomeration of the unit vortex
motions. Beavers & Wilson (1970) report that this process is initiated at U, w/v = 200
and is terminated for U, w/v 1600 with a nominal Strouhal number of fw/ U, ~ 0.43.
The present study corroborates the latter two results and extends these observations
to include the wavelength (A/w = 1.2 and the convection speed (#./U, ~ 0.51). The
two studies differ substantially in terms of the apparatus and the measurement
techniques; this adds confidence to the interpretation that the observed behaviour
is universal. Specifically, the existence of the third instability mode at U,w/v &~ 1600,
results in the destruction of the symmetrically placed, larger-scale vortex motions
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of the second mode. The physical mechanisms that are responsible for the mode-two
and mode-three instabilities are the subject of a continuing research programme,

This work was initiated when one of us (J. F.F) was on sabbatical leave at the SFB
80, University of Karlsruhe, West Germany. The freedom to pursue the thoughts that
led to this paper was made possible by a Fellowship from the Alexander von
Humboldt Foundation. This support is gratefully acknowledged. We also wish to
express our appreciation to the Deutsche Forschungsgemeinschaft for its Fellowship
support (D. K.).
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