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Abstract. This is a brief report on thc properties of round jets of
different densitics issuing into the ambient air. Diffcrent densities
were obtained by premixing heliwmn and air in various proportions.
We show that thosc jets have two types of behaviour depending on
the density ratio between the jet and the ambieat fluids, one charae-
terized by very sharp peaks in the power spectral density of the
velotity in the hear field of the jet, and another with broadened and
much Iess prominant spectral peaks. We examine the possibility that
the first state corresponds to absolute instability, and the second (o
convective instability. It appears that the natre of instability can be
changed frotn absolute to convective by very simple means remi-
niscent of similar possibilities in low Reynolds number wakes of
circular cylitders. Flow visualization reveals that the low-density
Jets intermittently breakdown, and spread spectacularly, beyond a
certain smal] axial distance.

1 Introduction

The stability properties of fluid flows are of interest for a
number of reasons, one of them being the hope that they
contain a key to the eventual evolution to a turbulent state;
the other expectation is that this knowledge will be helpful
in the important arca of flow control. We drc her¢ consider-
ing that class of flows in which stability is lost at some
critical value of the control paramcter (such as the Reynolds
number), and a bifurcation into an observable periodic state
ensues. The periodic state is cxtremely regular in a subclass
of flows (whose detailed spccification we shall aveid here)
while being only roughly so in some others. As an cxample,
we show in Fip. 1a and b two power spectral densities, oric

..nf.wthich. was .meacnrsd in. the wake. of 2 circular sydinder, -- -

and the other in the unstable shear layer of constant density,
isothermnal round jet. In both cases, the fluid was air, and the
method of measurement and spectral rcsolutions were iden-
tical, but the differences in the nature of spectral densities
are immediately clcar. While the spectral peak correspond-
Ing to the vortex shedding in thc case of the wake is about
SiX to eight orders of magnitude above the broadband
‘noise’, the distinct peaks in the cold jet are hardly an order
of magtitude or so above the background. This qualitative
difference is important in both contexts mentioned earliet.

Some explanation for this type of difference has becn
offcred in the past (¢.g., Betchov and Criminale 1966; Gaster
1968), but more concrete progress has recently been made by
Koch (1985), Huerre and Monkewitz (1985), Monkewitz
and Sohn (1988). among others. While the stability analysis
of fluid flows is ubiquitous, the past analyses examine either
the temporal or the spatial growth of perturbations. The
principal point of the recent analyses, following the proce-
dure set forth by Briggs (1964) and Bers (1975) in other
comtexts, is that they cxarmine transient perturbations which
could grow in both space and time; if, for certain conditions
of the basic state, the analysis reveals the existence of insta-
bility modes of zero group velocity which grow temporally,
the resulting bifurcation state is believed to be dominated by
self-sustaining large-amplitude oscillations at some single,
very pure, frequency. This has bcen termed absolute insta-
bility by Landau (c.g., Briggs 1964). In a rough equivalent
sense, the flow is believed to develop global ‘resonance’ (e.g.,
Koch 1985) which then imparts this special pure-frequency
characteristic to the new state. There is some experimental
evidence for absolute instability in the wake of a cireular
cylinder (Strykowski 1986, Sreenivasan et al. 1987) and in
the shear layer betwcen two countercurrent shear flows
(Ramshankar 1986), and some numerical evidence in the
wake of a flat plate (Hennemann and Ocrtel 1987).

While, as can be expected from Fig. 1b and the above
description, the isothermal, constant density jets arc not
absolutely unstable, the analysis of Monkewitz and Sohn
(1988) indicates that absolute irstability could oceur if the
jot fluid ic heated sufficiently strongly 3o that the deasily
ratio is below about 0.7. An experimental verification of the
basic outcome of the theory would be desirable, but it re-
quires that, for air, the jet fluid bc heated to temperatures of
the order 500 K. This was thought to be somewhat cumber-
somec; instead, it was fclt that the principal featur¢ of the
analysis could be tested by obtaining the required density
ratios with the addition of varying amounts of helium to tiie
jet fluid. This paper describes the results of a preliminary
investigation. Besides this point of interest, oux study has
shown another phenomenon relating to a dramatically en-
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Fig. 1 aandb. Power spectral densities of the streamwise velocity
fluctuation a in the shear layer of the wake of & circular cylinder, 10
didmeters downstream, Re=48, and b in the shear layer of an
axisymrtictric cold air jet, x/D = 2, Re = 3000; the ordistate in these
and other spectral densities to be presented below is power i loga-
rithtnic units, to base 10

hanced spread, bcyond a certain x/D, of low density jets
compared to that of air jets. Together, these two form the
contents of this paper. So far as we are aware, both observa-
tiohis are new. Another aspect, very bricfly explored, is the
lock-in and quasiperiodic behavior of low-density jcts when
subjected to external excitations, and the evolution to chaos
at sufficicntly large amplitudes of the excitation source.

2 Expcrimental arrangement

The jet facility consists of a stainless stecl settling chamber
with screens of varying gradation and a capability for at-
taching matching nozzles of diffetent diameters. The details
of the facility are described in Stein (1969). Measurements
were made with nozzles of 4 and 6 mm. Each nozzle was
contoured to make sure that there was no internal separa-
tion; and, at the noz=le cxit, both tho frot and sesond deniv.

atives of the contour vanished. Most of the data reported
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here was acquired (unless othcrwise specified) with the 6 mim
diameter nozzle, for which the contraction ratio was about
100:1. The turbulence lcvel depended somewhat on the
nozzle diameter used, but a typical value is 0.15%. Thus the
jet cannot be considered a low turbulence facility.

Various densities of the jet fluid were obtained by com-
mereially prepared mixtures of helium and air in different
proportions; ih some cases, the desired density ratio (that i,
the ratio of mixture density to that of ambient air) was
obtained by mixing the right amounts of air and helium in
a stirrer, On a few random occasions, the proportion of
gases in the mixture was tested on a mass spectrometer.

The jet velocity was measured by rotometers calibrated
using a Pitot tube in conjunction with a Baratron pressure
transducer (Typc 370H-10) for Jow vclocities and a mereury
U-tube manometer for higher velocities. Hot-wires (5 pm
diatricter, 0.6 mm active length) operated on constant tem-
perature mode on the DANTEC 55M01 anemommeter were
used to mmeasurc the ‘velocity’ fluctuations. Since the hot-

' wire secs speeies variation also, the hot-wire voltage signals

in general do not strictly correspond to the velocity fluctua-
tions alone, but we shall argue in Sect. 3.9 that this is not a
serous problem 1n the present [low, The NOT-wirc way dl-
ways positioned along the jet eeatre-line, but our explora-
tory measurements have suggested that the important
aspects to be distussed below are independent of the radial
position. Power spectra were obtained on a single channel
HP Spectrum Analyser (model 3561A).

3 Results
3.1 Non-dimensional parameters

There are many parameters in the problem, and a detailed
discussion is required for deciding the itmportant ones. THe
Monkewitz-Sohn theory assumes that two important pa-
rameters are the jct Mach number and the density ratio
between the nozzle and the ambietit fluids. On this basis, we
take Mach number J/ (baged on the speed of sound in air)
and density ratio S as thé two most important parameters.
Another important pararmeter in the theory, namely the dif-
ference of the jet cemler velocity and external vclocity
divided by the sum of the two, i¢ trivially unity in this case.
The buoyancy cffects are believed to be small since the gra-
dient Richardson humber was typically estimated to be on
the order of 102 at the nozzle exit. The Reynolds number
is unimportant in the theory since it is inviscid, We therefore
expect ¢ priori some deviation from the theory at low Roy-
polds numbers, but the flow details beyond a certain Rey-
polds numbers may be independent of it as the theory as-
sumes. It should be pointed out that experiments to be re-
natrrad here do nat Allow enough variability in the available
paratoeters to be definitive ot this point.
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Fig. 2. Two typical power spectral densitics in the near ficld of cold

air jets fllustrating two different behaviours; the belical mode

marked fj in the upper figure is abzent in the lower figure, where a
harmonic appcars; x/D in both cases is approximately 2

3.2 The cold air jer

To provide a useful contrast, we point out a few salient
features of constant-density air jets. As a genera] rule,
distinet but broadband peaks cotresponding (as we shall
arguc in Sect. 3.4) to the axisymmetric and helical modes,
arc obscrved; these are identified as f;, and f; respectively in
Fig. 2a. The ratio fo/f; is about the same as that observed by
Drubka and Nagib (1981). The source of the peak at the
lower frequency of about 2,400 Hz i3 not clear, but it must
correspond to some combination of £ and f,. There is no
clear pattern on the relative amplitudes of £, and £, . Onc or
the other may be dominant depending on the precise exit
velocity profile, distance downstream, turbulence level, etc
(Drubka and Nagib 1981). Some flow conditions (such as
when there is 2 mild acoustic excitation) do not favor the

presence of the helical mode, and only f, and harmonics

appear (Fig. 2b). When the subharmonic f,/2 appears, both
Jo and fu/2 components grow with distance downstreane
(with the subharmonic lagging behind), but decay eventually
(with the fundamental deeaying catlicr). More detailed dis-
cussion of the constant-tensity jel dytiamics can be found in
Drubka and Nagib (1981) and Ho and Huerre (1985), and
in references cited there,

3.3 Power spaciral density in hellwn-air jets

With change in density ratio, the chatacter of the spectral
density changes. For certain values of M and §, the f, modc
becomes extraordinarily energetic and sharp; sharp peaks
simultaneously appear in the harmonics of /. The sharpness
of the peaks can be characterized by defining (arbitrarily) a
‘quality fattot” g=f,/4f, where 4f is the width of the
spectral spike at a power level two orders of magnitude
below its peak value at f;,. O is of the order 1 for the air jet

of Fig. 2a and b, but is of the order 10 or higher for the
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Fig. 3. Power spectral density in helium jet, showing large peakas at
fo, and its harmonics and subbarmonic; note the qualitative resem-
blance to Fig. 1a
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Fig. 4. The region of absolute instability in the Mach number
(M)-density ratio (S) plane, compared with the Monkewitz-Soha
theory for a cylindrical vortex sheet; the uncertainty in experimen-
tally marking the boundary is shown; the region of conditional
instability is shown at the bottéom of the diagram

3.4 The region of absolute instability in the Mach number-
density ratio domain

The boundary in the M-S plane between the two types of
speetra discussed above is quite well defined, and in Fig. 4
we plot that boundary. For these measurcménts, the hot
wire was positioned 1.33 diameters downstream of the
nozzle (diamcter 6 mm). The possible probe interference ef-
fects on the determination of the boundary are discussed in
Sect. 3.8. The precise definition of the O factor is irrelevant
for deiiniuyg e bvuudary buvaase dlanges avives itus
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rather sharp. There was some hysterisis effcot near the lower
boundary; that i3, the observed boundary was different de-
pehding on whether one approached it from above or below.
The transition Mach number was smaller when approached
from above, and larger when approached from below. The
difference in the two boundaries obviously marks the region
of conditional instability.

Figure 4 also shows the theorctically predicted boundary
for absolute instability in hot jets by Monkewitz and Sohn
(1988). The theory is linear (whercas the perturbation ampli-
tudes are fairly large), does not account for the non-parallel
growth of the flow, and ignores viscous and buoyancy ef-
fects; the particular set of calculations predicting thig curve
(urther assttinies that the shear is concentrated in a cylindri-
cal sheet. Although calculations have been made by Monke-
witz and Sohn (1988) for distributed vorticity, the essential
point can be illustrated by the compatison made in Fig. 4.
The trends in experiment and theory are the same, but some
differences do cxist. The most important qualitative differ-
ence occurs in the lower part of the diagram. Our first
thought was that this might be a low Reynolds number
effect, but subsequent experimerts by Kyle (1988) have
shown that the cortesponding boundary in a 12.7 mm nozzle
is substantially lower (if it exists at all). We speculate that the
differcnce could well be related to the small nozzle diameter
in the experiment. The reasonable agreement observed in the
figure could be interpreted in the most favorable light as
being duc to the fact that the theory incorporates the essen-
tial physics of the problem in spite of the several simplifica-
tions it invokes.

As we observe the evolution of the spectral densities while
crossing into the region of absolute instability, we have
toted that the lower of the two peak frequencies, the one
designated as f; , disappears while the higher frequency peak
designated as f; strengthens. In a convectively unstable jet;
/1 may rival f, or dominate it depending on the precise
situdtion, but thc Monkewitz-Sohn theory predicts that in
an absolutely unstable jet, the helical mode is significantly
more stable than the axisymmetric mode, Noting that the f;
peaks never appear in the absolutcly unstable region, and
that the observed f;, is indeed axisymmetric (as verificd in
flow visualization, sec Sect. 3.8), it appears reasonable to say
that the f| mode is helical. The transition in the spectral
character across the boundary is quite abrupt, as car be seen
from Figs. 5 and 6.

3.5 Insensitivity to noise

The above remarks show that tHe obscrved pure frequency
mode roughly corresponds to a state of absolute instability,
but it is useful to explore this a bit further. It is obvious from
the stability theory that, in a convectively unstable jet, the
strength of the passing disturbance is proportional to the
initial perturbation amplitude (Freymuth 1966; Motkovin
and Paranjape 1971). Hence, if the perturbation to the jet is
provided by ah acoustic sotirce, the velocity perturbation
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Fig, 5. Changes observed in the character of the spectral density at
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«/0=132
S =04l

#{dHNark.red)

0 7 4 6 8 10
Frequency (kHz)

Fig, 6. Changes observed in the character of the spectral deasity at
two dilfercnt points across the boundary marked io Fig. 4

will be a monotonieally increasing function of the acoustic
field near the jet. e

On the other hand, in an absolutely unstable jet, since the
group velocity vanighes for at Jeast one unstable mode, it is
to be expected that disturbances grow in place without
bound 4t least until the linear cquations are no longer valid.
Any upper limit to the growing disturbance must come from
the balancing ponlinear effects. This limit is independent of
the strergth of the initial pertutbation ecaused, for example,
by an acoustic source.

This is an important corcept: the occurrence of absolute
instability bestows upon a system, after the appeatance of
the first bifurcation, a petfectly periodic state which can be
described by a limit cycle to a high degree of accuracy (e.g.,
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Srecnivasan 1985). This is ffi contrast to the convectively
unstable flows where the periodic state is strongly modu-
lated by inherent randomness. In fact, if onc uses the usual
methods now in practice for chatactetizing deterministic
chaos (such as the dimerision of thc attractor, Lyapunov
expomnents — for a description scc Eckmann and Ruelle 1985)
these mcasures confer the pedigree of chaos on convectively
unstable systems which onc knows a priori to be essentially
periodic — even if noisy in the sense of Fig. 1b. The reason
for this is not hard to understand. In a gpatially developing
flow whete the length scales grow with downstream dis-
tance, the most amplified disturbance is of slightly different
frequencics at different downstrecam distances, and what one
observes at aty spatial location is the collection of ail those
slightly disparate spatially amplificd waves. The situation is
more like a narrow-band-passcd random signal, and is not
appropriate for analysis according 1o the available tools of
deterministic chaos.

In Fig. 7, the responsc amplitude of the jet to external
excitation by a loud spcaker is plotted as a function of
excitation amplitude fot three flow conditions. Two of them

are in the convectively unstable regime (as per Fig. 4), and’

ore of them (the top-most curve) is in the absolutcly unsga-
ble regime. In the first two cascs, the jet responsc increases
by a factor of 10 (or 20 dB) for each fattor of 10 increase in
the root-mean-square voltage supplied to the speaker. If the
acoustic pressure {s proportional to the input voltage to the
speaker, we can say that «'/U varics linearly with the acous-
tic pressure for the convectively unstable jet. As thc excita-
tion amplitude is increased further, the response level
reaches a ceiling by virtue of nonlinear interdction.

For conditions corresponding to the uppermost curve in
Fig. 7, the response of the jet is essentially indepcndent of
the excitation amplitude, suggesting (again) that this case
corrésponds to absolute instability.

3.6 Helium jets with forced excitation

As we remarked earlier, in absolutely unstable flows, the
periodic state is very ‘clean’. We have already remarked on
the likelihood of this periodic state undergoing subsequent
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bifurcation which can be defined rather well. It is also likely
that fotcing this well-defined periodic state (in some orderly
way) will itself yield some useful insight into the flow dy-
namics. This is done here in the spirit of the work described
by Olinger and Srcenivasan (1938) in wakes behind oscil-
lating cylinders; there, analogics between excited wakes and
the sine cirele map were quantitatively exploited.

A 8.5 cm diameter Joudspeaker was placed in the stagha-
tion chamber and driven by a signal generator for the pur-
pose of foreed excitation. The jet velocity was kept constant
at 26 /s (M =0,08). The natural frequency (f,) of the jet at
this velocity is 960 Hz. The excitation frequcneics (f,) were
choscn such that they were rational fractions of f,. In the
present experiments, ratios (f,/fo) in the vicinity of 1, 4/5,
3/4, 2/3, 2/5, and 1/3 were chosen. Figure 8 shows a typical
power spectral density of the velocity fluctuations during a
typical ‘lock-ifi’ phenomenon. The frequency ratio is 2/3 in
this case. Note that the subharmonic (fy/2) present in the
unforced jct is completely abscnt in the excited jet but, in-
stead, rational multiples of the excitation frequency (f,) are
seen. The regions of lock-in as a function of the amplitude
of the excitation arc shown in Fig. 9. The upper limit of the
excitation amplitude was imposed by the distortion in the
response of the lsudspeaker beyond this voltage. The exact
dynamics of lock-in and its effects on the structure of the jet
are riot known at present, but it i clear that chaos (in the
form of broadband power spectral density) sets in at large
excitation amplitudcs. Although further work is clearly nec-
essary to understand this phenomenon, it appears from ex-
pericnce with wakes and analogies of the present situation to
thcm (Sreepivasan etal. 1987; Olinger and Sreenivasan
1988) that the helium/air jet dypamice in the absolutely
unstable region has the potential of being modelled simply.

3.7 Variation with axial distance

So far, we have discussed measurcments made essentially at
one downstream distance in the jet, but it is important to
establish the dependcuce, if any, of the flow properties on
the spatial distance. As one indicator, we have plotted in
Fig. 10 the power spectral densities of the streamwise veloci-
ty fluctuations at various distances downstream of the exist
for a given Mach number and for a density ratio of 0.4. Note
that the harmonics grow stronger for x/D>2, and tliat the
subharrionic evolution occurs beyond about an x/D of 3.5.
As the measuring probe gets closcr to the nozzle exit, there
is 2 pronounccd effect on the power spectral density
(Fig. 11), this being analogous to effects observed by Stry-
kowski and Sreenivasan (1985) in wakes. This led us to the
study of the suppression of flow instabilities as discussed in
the next section.

3.8 The control of absolute instability

First, a bricf qualitative note on the effects of probe location
on the jet instability is in order. For given M and S, once
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illustration corresponds to the .extreme case of the probe at the
nozzle exit

absolute instability was established, the frequency was vir-
tually unaffected by probe location. For the combination of
the nozzle diamcter and probe size used, this statemnent i$
applicable only for x/D > 1. However, probe location in the
region x/D <1 resulted in large frequency changes. Further,
for a given S, the valuc of the M corresponding to the
transition between the absolite and convective instabilities
depended on the streamwise location of the probe. In order
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0.38 mm; ® S=04, d.,., = 0.65mm .

to determine the marginal curve i the M-S plane without
the probe cffects, the following experiment was performed.
The probe was brought in from very far downstream while
repeatedly confirming the Mach number M,, of transition
from absolute to convective instability. The value of M, at
which it starts to change is noted to be the appropriatc one
for that density ratio. This elaboratc procedurc yielded re-
sults that were not substandally different from those of
Fig. 4, obtained at the fixed x/D of 1.33. In general, the
smallest probe distance x/D for which M,, is unaffccted at a
given S tends to be larger for smaller S.

Since the pature of instability could be affected by the
presence of a foreign body, it seemed reasonable to examine
{his issue in a controlled mapncr, (The sensitivity of absolute
instability to changes in geometry, and therefore ip the mean
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velocity field, should not be confused with its insensitivity to
cxternal noise discussed in Sect. 3.5.) Two thin wires = called
control wire hereafter — of diameters 0.65 and 0.38 mn were
used for the purpose. A wire was placed (at some fixed
streamwise position) in the center of the jet perpendicular to
its axis. Figure 12 shows an example of the cffect of control
wire on the veloeity spectrum. As can be seen, the resonance
is completely eliminated. For given M and S, control (by
which is roughly meant that one could alter the state of
instability from absolute to convective type) could be
achieved by placing the contro) wire within a definitc region
downstream of the exit. Figure 13 shows a plot of the maxi-
mum distance (x,) at which control can be achieved for 3
different density ratios (0.14, 0.3 and 0.4) and two wirc sizes
(0.38 and 0.65 ram). A fcw salient features are worth men-
tioning here For a given Mach number and density ratio,
control can be achicved at larger downstream distances us-
ing a larger control wire. The region withih which control
can be achieved decreases with decreasing density ratio for
a given M ~ mecaning that the instability is stronger at lower
densities. Further, for all S the region of control decreascs
with increasing M and, as can be seen, beyond a certain
Mach number control is not possible with the wire diameters
experimented here.

3.9 Flow visualisation

The helium jet was seeded with fine droplets of Uranine
solution in cthanol. A TSI 6-jet atomiser was used for gener-
ating the droplets. The droplets fluoresce when energized by
light. The jet was illuminated by a thin sheet of laser light
using a Nd: Y4G lascr. The light sheet thickness was on the
order of 250 m, and the pulsc width was about 10 ns.

Photographs of laser induced fluorescence (Fig. 14z and
b) show a sudden breakdown after a few diameters down-
stream. This abrupt breakdown, beyond which the jet
spread is rather spectacular, occurs intermiittently in the
form of jetlets, and its details are not understood at present,
We infer from a visual correlation of the pictures with the
previous data that the region up to the point of abrupt
spreading could be the region of absolute instability.

A closer look at the jet in the near-field reégion is shown
in Fig. 15. It is seen that the instability mode is indeed
axisymmetric as dicussed in Sect. 3.4. The scale of the vor-
tices just before breakdown is a sizeable fraction of the jet
vadius. In fact, this picture suggests the breakdown occurs as
soon as the size of the vortices gets comparable to the jet
radius.

Kyle (1988) has measured the centerline concentration of
helium a8 a function of axjal distance from the nozzle. He
has found that the concentration is essentially unchanged
until the breakdown point, suggesting that the hot-wire
located in this region responds primarily to velocity fluctua-
tions, and not to concentration fluctuations. This statement
i5 not correct for positions beyond the point of breakdown.
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’ Fig. 1S

Fig. 14aand b. Flow visualization pictures of the helium jet issuing from the pozzle into the ambient air; the growth rate beyond the break-up
point is much larger than tHat of air jets; M = 0.064, S = 0.14, arld Rc = 1400

Fig. 15. A closer view of low density jets in the near field. Note that the scale of the axisymmetric vortex structures is comparable to the
jet radius itself; M = 0,087, S = 0.3, Re = 7400, gradient Richardson number at the hozzle exit = 3.6 x 107

4 Discussion and conclusions

We have investigated some featurcs of jets of variable densi-
ty produced by premixing various combinations of helium
and air. The tmargin of absolute instability seems to follow
the theory of Mordkewitz and Sohn although therc arc dif-
ferences between measuroment and the theoretical predic-
tion. We believe that the cxistence of the pure tone, as in
wakes behind cylinders, cnables us to study the initial devel-
opment of bifurcation scquencc via the dynamical systems
approach. Some beginnings liave beon made.

The pure tone oscillations arising from this instability
could be suppressed by means of 4 control wire placed in the
near-field of the jet. The suppression of oscillations lies in
the capability of the control wire to prevent the ‘resonance’
or ‘fecdback’ in the near field of the jet. Since the strength
of the absolute instability (as can be secn from the intensity
of the velocity pcak compared to the background) increases
with decreasing density ratio, the efficiency of thc control
wire in suppressing the oscillations also dccrcases. Beyond a
certain Mach number, flow oscillations cannot be sup-
pressed by a given size control wire. However, the general
idea of comtrol has been established. We plan to explore
other methods of control based on the present work.

Flow visualisation pictures show a drastically different
structure of helium-air jets compared to normal constant-
density jets. It appears from a visual correlation of these
pictured and the spectial data that the organized roll-ups in
helium jets break down tather dramatically just beyond the

region of absolute instability. We believe that this sudden
breakdown has to do primarily with the significantly larger
energy stored in the roll-ups in the absolutely unstable jots
as compared 1o the convectively unstable case.

Finally, we may note that Corrsin and Uberoi (1950)
studied the spread of heated jets, and found that the asymp-
totic spread rate incxeases with increasing temperature (de-
creasing density); for $=0.51, the ratio of the spread rate to
that of the cold jets was about 1.7. But the ‘spectacular’
spread we refer to occurs at the end of the transition region,
and is a local phenomenon related to the stability character-
istics of the pear field rather than the dynatnics of the turbu-
lent region — the latter having been the primary subject of
Cortsin and Uberoi (1950).
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