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Axisymmetric Mixing Layer: Influence of the
Initial and Boundary Conditions

Z. D. Husain* and A.K.M.F. Hussaint
University of Houston, Houston, Texas

The mixing layer in the near field of a 12.7-cm-diam circular air jet has been experimentally investigated at a
jet speed of 30 m/s. Data have been obtained with a computer-traversed hot wire for laminar as well as
equilibrium turbulent exit boundary layers, both without and with a large end plate. The integral measures of the
mixing layer and their streamwise evolutions show essentially no dependence on the end plane geometry (i.e.,
exit boundary condition) except for a small A range (x/0e — 500) when initially laminar, but show strong
dependence on the initial condition (i.e., laminar vs turbulent). The mean velocity and turbulence intensity
profiles and streamwise spectral evolutions indicate that the shear layers have achieved self-preservation.
Initially turbulent layers show two stages of linear growth; compared to the initially laminar layers, the growth
rate is lower in the first stage but higher in the second stage. The turbulent field achieves self-similarity much
later than the mean field when the initial state is turbulent, but essentially together when the initial state is
laminar. The virtual origin is upstream of the lip for the initially laminar layers, but downstream for initially
turbulent layers. Suprisingly, the present data are in both qualitative and quantitative agreement with plane
mixing layer results. The Rex range (up to 106) in this study is apparently insufficient to resolve the question of
the asymptotic effect of the initial condition of a mixing layer.

Introduction

THE nonreacting, single-phase, isothermal, in-
compressible mixing layer of a Newtonian fluid is the

simplest practical turbulent shear flow. Accumulated data
reveal that even the simple integral measures of this reference
flow have varied from experiment to experiment,1"12 thus
pointing to the inherent complexity of turbulent flows.

The mixing layer is a function of the initial condition (i.e.,
flow structure at the start of the layer), the boundary con-
dition (i.e., the flow geometry), and the Reynolds number.
Since the ratio of turbulent to molecular diffusivities (i.e., the
Reynolds number) is large in a turbulent flow and since the
Reynolds number in a mixing layer increases with x, the
principle of Reynolds number similarity suggests that tur-
bulent shear layers should achieve a universal state. The
streamwise rate of evolution of the shear layer being slow, the
principle of dynamic equilibrium suggests that the layer
should progressively attain independence from the initial
condition. Thus both the principles of asymptotic and local
invariances suggest that all free mixing layers in the self-
preserving region should be universal. In contrast, published
data show considerable discrepancy, suggesting conflicting
flow physics.

Our studies showing strong dependence of the near field of
a plane jet on the exit plane flow characteristics suggested to
us that the discrepancies in the shear layer data might be
related to the initial condition. 1'3i6>12"14 Most early in-
vestigators did not document the initial condition,
presumably on the assumption that the self-preserving state
must be independent of it. (All future studies of near-field
free shear flows should include documentation/calibration of
the initial condition.) Our earlier measurements in a smaller
(7.6-cm diam) nozzle showed that the mixing layer charac-
teristics are independent of the initial momentum thickness
but are strongly influenced by initial fluctuation charac-
teristics.10'11
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Parenthetically, continued pursuits of the mixing layer
dynamics not only have failed to resolve these controversies,
but have contributed to them as well. For example, Chan-
drasuda et al.15 suggest that the vortex-roll-type Brown-
Roshko structure is rare; it is merely a relic of upstream
transition and the structure is indeed three-dimensional when
the initial or the freestream turbulence is high. Oster et al.16

found that a trip increased the spread rate of a one-stream
mixing layer but decreased that of a two-stream mixing layer.
In a subsequent study, Oster et al.17 found no evidence of
pairing when large entrainment was induced by controlled
excitation. This observation contradicts convincing
claims2'4'18'19 that the pairing process is responsible for en-
trainment (i.e., entrapment).

Turbulent free shear flows appear to be dominated by
large-scale coherent structures2'4'16'18 whose initial formation
through instability and rollup is determined by the initial
condition. The structure resulting from each interaction like
pairing depends on the structure preceding the pairing. As
such, the initial condition may continue to retain control over
a long distance. On the other hand, the structure at any x may
be organized by feedback from downstream.20-21

It was decided to study the effect of two distinctly different
initial boundary layers (viz., initially laminar and fully
developed turbulent) and two distinctly different exit
boundary conditions (i.e., no exit plate and a large exit plate).
Since effects of these changes are expected to be felt for a
limited length from the lip, the ease of modification of these
conditions suggested the choice of the axisymmetric mixing
layer. In order to make a large change in the exit plane
geometry, an end plate of a diameter about 12 times the jet
diameter was considered adequate.

Apparatus and Procedure
Data were taken in a 12.7-cm-diam air jet. Air from a filter

box (removes 95% of 0.5-/z diam particles) enters the six-blade
centrifugal blower driven by a dc motor. Air from the blower
moves through a 1.0-m-long muffler box designed to suppress
high-frequency acoustic components. Following the muffler
box is a 1.3-m-long straightener box of rectangular cross
section (33 cmx26 cm). The flow then passes through a 12-
deg square diffuser, fitted with four screens, and finally
through ten screens before exiting through an axisymmetric
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nozzle (36:1 contraction ratio). The nozzle is 76 cm long and
has a contour which is a compromise between the Batchelor-
Shaw and the cubic equation shapes.22 The nozzle is ter-
minated with a metal ring to which nozzle tips of various
lengths and various trip rings can be attached. A 6.35-cm-long
tip with a wedge angle of 20 deg is used for the initially
laminar cases (Fig. la). Various trip rings along with the 6.35-
cm-long tip showed that the boundary layer, though tripped,
was not developed and that the spectral broadening was in-
complete at the lip. Subsequently, a 25-cm-long tip was used
to obtain a fully developed turbulent boundary layer at the
exit. A 1-cm-thick aluminum ring projecting 0.08 cm inside
the nozzle wall (with its inner face knurled for inducing three-
dimensional disturbances) was used to trip the boundary layer
before the tip (Fig. Ib). In order to study the effect of the end
plane geometry (i.e., the boundary condition), a 1.50-m-diam
exit plate was so attached that the jet exits normal to and
through its center (Fig. Ic); care was taken to fill and smooth
the surfaces. The exit plate diameter, being an order of
magnitude larger than the jet diameter, was considered
adequate for demonstrating the exit boundary-condition
effect. Because of the falloff of the entrainment velocity as
the inverse of the radius, a rounded leading edge at the rim of
the exit plate was considered unnecessary. The coordinate
system of the flow is shown in Fig. Id.

The jet discharges into a large laboratory (30 m x 15 m x 3.5
m) with controlled temperature, humidity, and traffic. The
hot-wire traverse, with a resolution of 0.0254 mm, is per-
formed by a four-coordinate (x,y,z,($>) automated traversing
mechanism (backlash free) operated by stepping motors under
software control from the on-line laboratory computer (HP
2100S) located in an adjoining room. Analog data are
transmitted to the computer through a 25-m-long cable
provided with termination networks so that the signal is free
from distortion/reflection up to 100 kHz. Data were digitized
with the help of a 12-bit A/D converter (204 kHz), built in-
house. Data were obtained with a 2-mm-long 4-ju-diam
tungsten hot wire operated at an overheat ratio of 1.4 with
linearized TSI 1050 series anemometers. The spectra data
were obtained with a Spectrascope SD335 (500 lines) real-time
spectrum analyzer. Each spectrum plot presented is an en-
semble average of 128 separate realizations.

The initial boundary layer was characterized as turbulent
when four different criteria were satisfied simultaneously: the
shape factor should be close to 1.4; the mean velocity profile
should show clear logarithmic and wake regions in (U+ , Y+ )
coordinates; the longitudinal one-dimensional frequency
spectrum should be continuous and broadband; and the
turbulence intensity profile u' (y) should monotonically in-
crease as the wall is approached, reaching a maximum
essentially at the wall, i.e., at ^<0.167; <57 is the boundary-

Table 1 Initial integral parameters

6 7 , c m 0, cm UeO/v

d)

Fig. 1 Flow geometry and coordinates: a) nozzle tip for initially
laminar boundary layers; b) nozzle tip for initially fully developed
turbulent boundary layers; c) end plate geometry for both initial
conditions; d) flow coordinates.

Laminar: without end plate 0.0536 0.0211 2.533 432
with end plate 0.0538 0.0216 2.503 442

Turbulent: without end plate 0.1011 0.0706 1.432 1445
with end plate 0.0917 0.0632 1.453 1294

layer displacement thickness defined as fj5 (\-U/Ue)dy.
Even in a jet with an initially laminar boundary layer, there
will be significant u' within the boundary layer, its profile
having the peak value noticeably away from the wall,
typically at y~dlt and the spectra characterized by low,
discrete frequencies. These fluctuations can be attributed to
cavity resonance frequencies12 and blower blade passage
frequency, which are responsible for most of the exit cen-
terline fluctuation intensity. Acoustic suppression tests were
done with Helmholtz resonators and quarter-wave tubes
attached to the straightener box but improvements were
marginal, presumably because the settling chamber resonant
modes are too strong to be suppressed by the reactive
resonators.

Results and Discussion
For all the data presented here, the characteristic velocity

Ue was 30 m/s and the freestream turbulence intensity,
0.34%. The exit plane mean velocity and fluctuation intensity
profiles, measured at 1 mm downstream from the lip, are
shown in Fig. 2a for the initially laminar cases and in Fig. 2b
for the initially turbulent cases. The corresponding initial
integral parameters are given in Table 1.

Even though the addition of the end plate drastically
changes the exit boundary condition, the changes in the initial
integral measures, viz. <5/ and 6, are marginal; the shape
factor is essentially unchanged. The mean profiles for the
initially laminar cases agree well with the Blasius profile (Fig.
2a). Most of the disturbances in the initially laminar case
occurred at discrete frequencies predominantly below 150 Hz;
these frequencies can be attributed to the jet settling chamber
cavity resonance modes and blade passage and are about an
order of magnitude lower than the instability frequency of the
shear layer (discussed later). The only noticeable effect of the
addition of the exit plate is on the exit fluctuation intensity
profile (at 1 mm downstream from the lip), presumably due to
the interaction of the transverse boundary layer on the end
plate and the free shear layer. However, the true initial
condition must be taken upstream of the lip where the flow
structure should be the same with and without the end plate.

To what extent does the initial boundary layer in the tur-
bulent case compare with the equilibrium flat plate turbulent
boundary layer? Most previous investigators failed to
adequately address this important question. 10'11J4 The tripped
boundary layers in the experiments of Brown and Roshko,2

Champagne et al.,3 and Batt6 probably failed to produce
intially turbulent boundary layers.15 Figure 2c shows the
initial mean velocity distribution in the universal coordinates
(U+, Y+) for the turbulent case without the end plate. The
friction velocity U*( = \lTw/p) = U/U+ was determined by
the cross plot (Clauser plot) technique23 and was found to be
0.0453 Ue. The data clearly show a significant extent of the
logarithmic region, which is compared with the universal
relation U+ =5.6 log / 0y+ -1-4.9. The wake region of the
profile is typical of flat plate boundary layers; the wake
strength A(7+ =1.5 for UeOe/v=*140Q agrees with that ex-
pected for flat plate equilibrium boundary layers.24 The shape
factor (= 1.44) is close to the flat plate value. Figure 2b shows
comparison of our u'/Ue data with those of Klebanoff
replotted from Ref. 25 by assuming < 5 / < 5 / = 7 . (Most
publications report only <5, whose determination from data is
not unambiguous; more deterministic length scales like 6/ or 6
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Fig. 2 a) Initial mean velocity and longitudinal intensity profiles for
the initially laminar cases. Without end plate: o, U/Ue; A , u'/Ue.
With end plate: o, U/Ue; n, u'/Ue. ——, Blasius profile, b) Initial
mean velocity and longitudinal turbulence intensity profiles for the
initially turbulent cases. Without end plate: D, U/Ue; o, u'/Uf.
With end plate: A , U/Ue; o, u'/Ue —, Klebanoff's flat plate data
(U^/Ue = 0.037, Ued/v = 8x 104). c) Initial mean velocity distribution
for the case with the same symbols as in Fig. 2b; U* JUe =0.0453;
A£7 + : wake strength.

should be reported so that data from different experiments
can be compared.) The small discrepancies between our data
and Klebanoff's are understandable: at low y/bj the
discrepancy is due to the fact that the measurements are in the
free shear layer (at 1 mm downstream from the lip) and the
discrepancy at large y/df is due to the fact that the centerline
turbulence intensity in our jet is higher than that in
Klebanoff's closed-loop tunnel. The w-spectrum anywhere in
the initial boundary layer is monotonic and broadband up to
10 kHz (see Fig. 5c). Thus the initially turbulent cases
compare well with the equilibrium flat plate turbulent
boundary layer.

The shear layer thickness is a measure of momentum ex-
change and can be represented by the width B = (y0.95 —yo.w)»
the momentum thickness 0 = f"«, (U/Ue)(l - U/Ue)dy, or the
vorticity thickness dw = Ue/(dU/dy)max=(l/ I co I m a x ) f - «,
lajldjv y095 and yol are the y locations where U/Ue is 0.95

and 0.1, respectively. Figures 3a, b, and c show the stream-
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Fig. 3 Streamwise evolutons of a) vorticity thickness 5^; b) width B;
c) momentum thickness 0; d) spread rate d0/djt. Without end plate:
o , laminar; a , turbulent. With end plate: + , laminar, x , turbulent.

wise evolutions of d w ( x ) , B(x), and 6 ( x ) , respectively. In
order to eliminate the error on the low-velocity side due to
large velocity fluctuations and the transverse entrainment
velocity, profile integration is terminated at y=yo.i in tne

calculation of 6. Being an integral quantity, 6 is not sensitive
to the details of the profile. dw is a more desirable measure of
the shear layer width, since it is independent of the low-speed
side measurement; it was determined from the slope of the
least-square-fit error function through the data between y095
and yOI. Except for the self-preserving region, where B, B,
and dw should be uniquely related, Figs. 3a, b, and c provide
somewhat independent information since 5W is weighted by
the middle of, B by the edges of, and 0 by the entire, mixing
layer.

The B, 0, and dw data manifest somewhat similar trends.
First, the stramwise variations of these quantities are in-
dependent of whether there is an exit plate or not. These
thicknesses for the initially laminar cases grow rapidly up to
about x=5 cm; then the rate of growth progressively
decreases. The stream wise variations are not linear, even
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Fig. 4 a) Streamwise evolutions of a and a^,; b) Streamwise
evolutions of the shape factor; c) Streamwise evolutions of u'p/Ue.
For legend see Fig. 3a.

though data for x>20 cm can be approximated by a straight
line. These thicknesses for the initially turbulent cases, even
though always larger than those for the initially laminar cases
at the exit plane, grow initially slowly and then rapidly, but do
not exceed the initially laminar values even at the end of the x
range of this experiment (Figs. 3a, b, and c). For the initially
turbulent cases, the Streamwise variations of B or 6 can be
closely fitted with two straight lines.10 The slope of the second
line is noticeably higher than that of the first line, and the
changeover occurs at about * = 20 cm ( — 300 6 e ) , The
changeover remains unexplained, but may be related to the
change in the coherent structure from that in the initial thin
shear layer to the axisymmetric jet structure, and is the focus
of a new investigation in our laboratory. Only Foss14 and
Browand29 have found such slope changes, but both in plane
layers. We take the second stage as the self-preserving region
and accordingly define the virtual origin x0. Figures 3a, b,
and c show that the virtual origin is upstream of the lip for
initially laminar cases but downstream for the turbulent cases.
Our data contrast the conclusion of Champagne et al.3 that
the virtual origin is predominantly downstream of the lip for
initially laminar cases but agrees with Brown and Roshko's2

observations. Bradshaw1 found that x0~ 150 6e for initially
turbulent layers and -200<jc/0e<350 for laminar cases.
However, other studies6'9'14 found the virtual origin upstream
of the lip for initially tripped boundary layers.

The spread rates dd/dx and dB/dx in the self-preserving
region is higher for the turbulent cases compared to those in
the laminar cases, suggesting that entrainment in the former
cases are higher. However, values of the spread rates are
higher for the laminar cases in the region 2.5 cm<*<20 cm.
At least for the plane mixing layer, dd/dx can be shown to be
VE/Ue where VE is the entrainment velocity, typically around
3% of Ue. Values of dd/dx, shown in Fig. 3d, were deter-
mined by passing a least-square-fit cubic equation through
five adjacent data points and taking its slope at the midpoint.
The large value of dd/dx at x-5 cm, for the laminar cases,
may be associated with the first pairing of the mixing layer
rolled-up vortex in the "shear layer mode."18 This in-
terpretation is consistent with the notion that most of the
mixing layer entrainment is due to large-scale coherent
structure interactions.4'16"19 The disagreement between the
two laminar cases at ;c~7 cm indicates influence of the end
plate, probably through influencing the first pairing of the
rolled-up vortices. For the initially turbulent cases, the
noticeable change in d6/dx at x—20 cm may also be
associated with the organized structure interaction like
pairing, presumably occurring in the "jet mode."18 The fine-
grained turbulence of the tripped shear layer acts to lower the
effective Reynolds number so that this layer also can undergo
large-scale instability, rollup due to nonlinear saturation, and
then pairup. This conjecture will be tested in the laboratory
through careful investigation in the mixing layer of a larger
(18-cm diam) axisymmetric jet and in a 91-cm-span plane
mixing layer.

The Streamwise variations of the similarity parameter a
corresponding to the Tollmien profile26 are shown in Fig. 4a
and the profile shape factor H=b,/Q is shown in Fig. 4b.
These show the inherent differences between the evolutions of
initially laminar and turbulent layers; a shows the effect on
the details of the profile and H the integral effect. Data in
these two figures clearly show that the profile shapes are
unaffected by the exit plate.

Even though o is meaningful only in the self-preserving
region, it is a measure of the variation of the profile shape.
For initially laminar cases, o increases rapidly, then decreases
rapidly until x— 5 cm before gradually increasing again. For
initially turbulent layers, o increases monotonically until
x—20 cm before decreasing gradually farther downstream. If
the virtual origin is taken into account, the values of o attain
essentially constant values a^ in the self-preserving region 20
cm<^<50 cm (see insert in the right-hand top corner in Fig.
4a); average values of o^ are 11.94 for the laminar cases and
10.47 for the turbulent cases. If the profile is represented by
an error function, ddw/dx = vWa; thus a is a measure of the
spread rate. The largest differences due to the end plate, even
though by no means significant, appear to be at x—5 cm for
the laminar cases and x—20 cm for the turbulent cases. These
were identified as the possible locations for maximum
coherent structure activity like pairing.

The evolution of the shape factor H is dependent on the
initial condition for *<15 cm, after which it reaches the
constant value of 2.845.

The Streamwise evolutions of the peak fluctuation intensity
u'p/Ue are shown in Fig. 4c for the four initial conditions. For
the initially laminar cases, the peak intensity increases ex-
ponentially due to linear instability, reaches its maximum due
to nonlinear saturation at x~6 cm before progressively
decreasing downstream. For the initially turbulent cases,
u'p/Ue increases monotonically due to growth-retarding
nonlinear effects of the already-present broadband tur-
bulence, but slightly exceeds the laminar value at jc>25 cm.
The evolutions of //and u'p/Ue are somewhat similar. Except
for the peak values for the initially laminar cases, the fluc-
tuation intensity data are, within the experimental un-
certainty, independent of the presence of the exit plate. Note
that the asymptotic values of u'p/Ue are 0.159 and 0.166 for
the laminar and turbulent cases, respectively. Batt6 found
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Pig. 5 Evolutions of </>„ along VI Ue =0.8 for initially laminar boundary layer: a) without end plate; b) with end plate; c) evolutions of <f>u along
U./Ue =0.8 for initially turbulent cases.

these values to be 0.16 and 0.17, respectively. The asymptotic
values reported in the literature are 0.12,4 0.147,8 0.17,3J4

0.176,7'9 and 0.19.5
Further investigation of the evolution of the free shear layer

was attempted by measuring the longitudinal one-dimensional
frequency spectrum </>w . In order to capture the large-scale
activity in the mixing layer, it was decided to measure <£w at
the y location where U/Ue =0.8. From our study as well as
others,27 this location appears to be the optimum choice.
Figures 5a-c show the streamwise evolutions of </>w for the

initial conditions; since the spectral evolutions for the two
initially turbulent cases are almost identical, only one (Fig. 5c)
is presented; these are log-linear plots with arbitrary vertical
scales. </>„ is defined such that Jg°0£ (/)d/=i?. While the
spectral evolutions are different for the four cases, it is clear
that the broadening is complete by x— 10 cm, indicating full
development of each of the mixing layers.

For the initially laminar cases, the streamwise evolutions of
<j)u contain interesting details of the flow physics. For
discussion, let us limit ourselves to one case only, say Fig. 5b.
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Fig. 6 Profiles of £//£/<, and u'lUe in the self-preserving region: a)
initially laminar cases without end plate; b) initially laminar case with
end plate; c) initially turbulent case without end plate; d) initially
turbulent case with end plate.

The large peak at jc=1.27 cm is the shear layer instability
frequency (2020 Hz). Note that the initial condition spectral
peaks, due to tunnel acoustic modes and blower blade
passage, are at frequencies (essentially all below 150 Hz) too
low to affect the shear layer dynamics and growth.17 The
variations in the apparent instability frequency with x are
real, being due to the hot wire probe-induced shear tone ef-

-2

( y - y Q 5 ) / 0

Fig. 7 Streamwise evolutions of U/Ue and u'/Ue profiles without
end plate: a) initially laminar; b) initially turbulent.

feet.21 The large number of peaks say at ;c = 2.54 cm, is due to
vortex pairing in the "shear layer mode."18 It is interesting to
note that the subharmonic peak frequency progressively
decreases with increasing xy presumably due to (random)
occurrence of subsequent pairing.

For the turbulent cases, the initial spectra are monotonic
functions of frequency, with spectral contents up to 10 kHz.
These data confirm that both the turbulent cases originate
from fully developed turbulent boundary layers. Note that the
initial condition effect is "spectrally lost" at x>l cm (Figs.
5a-c).

The question naturally arises as to whether the flows have
achieved self-preservation, especially because of the limited
Streamwise extent of any axisymmetric mixing layer. In order
to answer this question, the appropriate length scale to be
used should be the distance from the virtual origin. However,
in view of some uncertainty involved in the graphical
determination of the virtual origin, it was decided that the
meaningful length scale is an appropriately defined local
length scale, say B. Since sufficiently far away from the virtual
origin, the flow can only be a function of x — x0, it is clear that
B, B, and <5W should all be proportional to x — x0. Con-
sequently, choice of B as the length scale is equivalent to a
linear stretching of the usual transverse coordinate (y —
y0.5)/(x-x0).

The profiles of mean velocity and turbulent intensity for the
four cases are shown in Figs. 6a-d and confirm, within the
experimental uncertainty, the achievement of (apparent) self-
preservation of the free shear layer. In order to determine how
rapidly the mean profiles achieve self-similarity compared to
the turbulence intensity profiles, the Streamwise evolutions
are shown for two cases: Fig. 7a for the laminar case and Fig.
7b for the turbulent case, both without the end plate. While
the evolution rates for the mean profiles are not noticeably
different for laminar and turbulent cases, those of the
fluctuation profiles are. The fluctuation intensity profiles
achieve self-similarity much earlier in x for the laminar case
than the turbulent case. For the laminar initial cases, tur-
bulence profiles achieve essential self-similarity at *—18 cm
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Fig. 8 Boundaries of the mixing layers for the x range: a) 5-50 cm; b)
0-16 cm. Without end plate: o , laminar; D , turbulent. With end
plate: A , laminar; o , turbulent. Solid symbols represent y05.

( — 850^). For the initially turbulent case, the intensity
profiles achieve self-similarity by 30 cm (^4506e). The latter
distance is considerably lower than the value of 10000e
suggested by Bradshaw1 or \5006e by Batt,6 but agrees with
the observations of Brown and Roshko.2 Figures 6 and 7 also
confirm our eariler observation that for initially turbulent
layers, the mean field self-preservation significantly precedes
that of turbulence field while both fields achieve self-
similarity essentially together when initially laminar.

Figure 8a shows the boundaries in the self-preserving region
and Fig. 8b, in the initial region. Note the inherent differences
in the initiations of initially laminar and turbulent shear
layers; the roll-up process for the initially laminar cases is
evident (Fig. 8b). Even though the widths are somewhat
different, the average boundaries in the self-preserving region
are indeed linear (Fig. 8a).

Concluding Remarks
The discrepancies among published shear layer data,

presumed to be due to effects of different initial and boun-
dary conditions existing in different experiments, were ex-
plored by measuring the average characteristics of four
mixing layers: two asymptotically limiting initial conditions,
viz., laminar vs turbulent, each with two distinctly different
boundary conditions, viz., with and without a large diameter
end plate.

The results show that the two boundary conditions produce
essentially identical evolutions for the mixing layer, for either
choice of the initial condition, demonstrating that the
presence or extent of the exit plate is irrelevant to the mixing
layer average measures in the (apparent') self-preserving
region. For the initially laminar cases, there is a noticeable
effect of the exit plane geometry (i.e., boundary condition)

for a small x range (x/6e^5QQ), presumably through
modification of the initial vortex rollup and pairing. Batt6

noted that the plane shear layer behaviors with and without an
end plate were nearly identical but neither showed any data
nor discussed the extent of this effect. The evolution of the
mixing layer depends significantly on the initial state: laminar
or turbulent. The differences between these two initial states
have been discussed.

It is interesting to note that the linear variations of the
widths and the constant asymptotes of //, a^, dO/dx, u'poo
continue unaffected through the last data station, at the end
of the potential core, where the coherent structure undergoes
a large change. In spite of the inherent differences between
plane and axisymmetric shear layers,28 there is an amazing
extent of both qualitative and quantitative agreement of the
present data with the plane shear layer data of Foss14 and
Batt,6 especially on 6W, u'p^, spread rate, etc. The location
x/6e — 30() for spread rate change in the turbulent initial case
coincides with Foss's data. Browand29 and Birch30 suggest
that the spread rate in the second stage of the turbulent case is
identical with the laminar case spread rate. Foss's14 and the
present data show different spread rates for the two cases.

We have not presented here any new findings of the
coherent structures, which probably control the shear layer
measure. It is not clear, however, that even detailed
knowledge of the coherent structures will one day explain
away the discrepancies in the published data. Since most
discrepancies center around average measures, which are of
technological importance, the data presented are significant
on their own and may serve as references for the develop-
ment/calibration of turbulent shear flow codes/theories.

Choice of the larger size of the nozzle still did not resolve
the question of whether initially laminar and turbulent free
shear layers evolve to identical asymptotic states. While both
the principles of local and asymptotic invariances suggest such
a state, it is not likely that such a state can be achieved in a
practical, axisymmeteric mixing layer. It appears that
equilibrium of the mixing layer, especially of its large-scale
coherent structure, must be relegated to a state essentially an
infinite distance away from the origin. The speculations by a
number of investigators 14'3°-32 must be tested in a long (as well
as wide) plane mixing layer; such a layer is being investigated
in our laboratory.
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