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Abstract—A unique experimental method for analysing mass transfer between gaseous flows has been
presented. It consists of the measurement of Lagrangian quantities, linked to intermaterial surfaces evol-
ution generated by means of a pulsed smoke wire technique. Stretch intensity, stretch rate, mixing-layer
thickness, separation distance between neighbouring segments of the interface, for a purposely designed
prototypical quasi-two-dimensional flow configuration, have been measured against time and presented in
terms of their statistical distribution and averages. A peculiar regime named ‘isolated mixing-layer regime’
has been identified by means of comparison of the mixing-layer thickness with the interface separation
distance. Further, the direct experimental evaluation of the stretch rate of the intermaterial surface allows
the evaluation of the role of the kinematics on reactive mixing-layers, in particular in the case of the
stretched diffusion flame.

1. INTRODUCTION

A great part of flow characterizations is based on
Eulerian measurements, in the sense that the measure-
ments are performed in fixed positions with respect to
fixed coordinate systems. For instance the charac-
terizations of turbulent flows are mainly obtained by
means of single or multi-point temporal correlations
and therefore they are inferred only on ‘local’ or
‘quasi-local’ characteristics of the turbulence.

It is known that some classes of flows are better
evaluated by means of Lagrangian quantities. These
flows are mainly related to mixing, since in this case
the molecular diffusion can be considered in a much
simpler way when it is linked to Lagrangian evaluation
of some peculiar characteristics like the ‘stretching’
and ‘folding’ of single [1, 2] or multiple [3] material
surfaces. This is of particular interest in the analysis
of mixing reactive layers [4-8] because, only in this
case, a detailed chemical kinetics description can be
considered feasible in the numerical modelling of the
process. These statements will be more clearly ana-
lysed in the part of this paper devoted to the
discussion, using some preliminary definitions that
will be given in the following section.

The main difficulty with the measurement of Lag-
rangian quantities, which are the basis of the afore-
mentioned descriptions, is due to the fact that the
quantities have to be detected in a three-dimensional
domain which is not known a priori and can change
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in a time-dependent process as in a turbulent one. A
much larger number of detectors (corresponding to
different spatial points) have to be active in respect to
those used during a single Lagrangian measurement.

This difficulty is even greater when the quantity is
tensorial and multidimensional. In fact, in the case of
tensorial quantities, multiple detectors have to be used
for each single component of the tensor. For instance,
the three components of the velocity have to be mea-
sured separately. Also, in the case of multidimensional
quantities, multiple detectors have to be used with the
additional difficuity that they have to be contiguous.
For instance, the measure of a surface area which is
placed in a three-dimensional (3-D) domain requires
an ensemble of detectors which cover the whole
domain.

Finally, a further complexity is related to possible
different requirements of spatial and temporal res-
olutions in determining contemporaneously both the
quantity and its evolution. For instance the temporal
growth rate of a surface area with linear extension of
10~3 m can hardly be followed if the surface is dis-
placed for a distance greater than 1 m, because
measurements from an object field with extension of
1 m have to be collected with a spatial resolution of
10~*m, if a 10% accuracy is needed when determining
the line extension. This means, in a one-dimensional
(1-D) domain, a detector with 10* elements is needed,
and in a two-dimensional (2-D) domain, 10® elements.
Due to these difficulties, Lagrangian measurements
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a intermaterial surface area

A initial intermaterial surface area

A, smoke wire cross-section

d, particle diameter

D mass diffusivity

E,  electric energy supplied to the smoke
wire

erf  error function

K stretch rate

I, smoke wire length

n normal unit vector to the intermaterial
surface

r position vector

R, electric resistance of smoke wire

Sc Schmidt number

SR stretch ratio

St Stokes number

t time

r* characteristic time

V.  electric voltage supplied to the wire

Y mass fraction

V4 distance normal to the intermaterial
surface.

NOMENCLATURE
Greek symbols

At,  width of the electric pulse applied to
the smoke wire

AV velocity differences across the mixing
layer

u dynamic viscosity

v kinematic viscosity

P density

Pw resistivity of the wire

T aerodynamic time-scale.

Subscripts

g gas

P particles

o initial condition

o passive scalar.

4, &9 mixing-layer thickness

An interface separation distance

At time interval between two consecutive
detected material surfaces

have rarely been used for detailed experimental
description of fluid-dynamic controlled processes.
This paper faces such problems and presents some
Lagrangian types of measurement which could be per-
formed, because some of the previous difficulties have
been avoided by contrivances regarding both the
experimental diagnostics and the flow. In particular,
the choice of using a quasi-2-D experimental con-
figuration simplified the detection of Lagrangian
measurements because the spatial domain in which
the quantity can evolve is much narrower compared
to the 3-D configuration and the available detectors
can be exploited in more convenient ways so that
space-resolved measurements can be performed.

2. SURFACE PROPERTIES

2.1. Stretch ratio and stretch rate

Definitions of surface properties are given in this
section for reference in the following parts of the
paper. The basic definition, by which all the other
ones are derived is the ‘area stretch ratio’, which has
been named by other authors as simply ‘area stretch’
[1, 2] or ‘area amplification factor’ [6]. This is a quan-
tity [1] that refers to an initial infinitesimal surface
located in a space point r, at time 7, of initial area d4
and orientation n, (normal to the surfaceinr,, ¢,). This
initial infinitesimal surface evolves in time yielding an
infinitesimal surface of area da and orientation n. The
stretch ratio SR is given by :

SR, .0, = ¢y

It is of interest, for what will be presented in the
following, to define a quantity named ‘finite’ stretch
ratio SR given by:

AA(r)

AA(r) @

SR(’)'S(:, t)=0=

In this case the ratio is between two finite area
values (at time ¢, and ¢) referred to a surface element,
which evolves according to a law symbolically given
by S(r,#) = 0. The case S(r,?) =0 can be approxi-
mated by a planar surface with a known centre ; the
surface can be [analogously to equation (1)] specified
in terms of R, and n,,.

The rate of stretch change is usually named stretch
rate X or, by some authors [2, 9] ‘stretching function’.
This quantity is given by logarithmic time derivative
of the stretch ratio and it is known as the finite stretch
rate (K) when it refers to SR:

DInSR
K()|e,iym, = D (3)
N DinSR
K(t)|S(r,x.,)=0 = T (4)

_The temporal averages of the stretch rate (X and
K) on a time interval Ar will be given by the following
equations:
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Equation (6) can also be expressed in terms of SR,
since K can be written as:

- 1 (@2 DInSR
K@) =— J = Dt

n | ——t | %)

2.2. Material and intermaterial surface

In the definition given above, we have not explicitly
mentioned the ccncept of the material surface,
because the stretch ratio and stretch rates can also be
of interest to different types of surfaces, for instance
flame surfaces, but they have been referred implicitly
to material surfaces because we have used the material
derivative symbols in defining the stretch rates.

In the following, we will refer always to surface
elements which are ‘material’ so that it is worthwhile
explicitly defining this concept.

A material surface is defined as a surface element
(arbitrarily defined at time z,) constituted by points
which are purely convected by the flow or, in other
words, which move with the average mass velocity [1].

In a mixing process, a peculiar material surface is
of interest. It is named the intermaterial surface [1],
that is a material surface which is chosen on an inter-
face. By ‘interface’ we mean a hypothetical surface on
which the concentration gradient of a tracer (present
only in the part of the flow which has to be mixed)
becomes infinite. Finally, by a tracer we mean a hypo-
thetical material which is purely convected according
to the material derivative of its mass fraction Y7

DY:

D1 0.

2.3. Mixing layer

We consider the mass balance of a conserved pas-
sive scalar « in terms of its mass fraction Y, with
respect to a coordinate system attached with its origin
to the centre of an intermaterial surface and with the
z-axis oriented in the direction of the normal to the
intermaterial surface. Under the hypotheses fully dis-
cussed by previous authors [1, 2, 6], concerning the
fact that mass fraction gradients along the axes par-
allel to the intermaterial surface are negligible with
respect to gradient components along z, the mass bal-
ance can be given by:

07, 0y,
at_KZ a

ot z Por =0 ®)

where D is the mass diffusivity of the species « in the
mixture and K is the stretch rate defined by means of
equation (3).

Equation (8) under the following transformation :

{=z"SR, ©= JwSRz(f) ds ®

can be written into the following equivalent form [1,
10]:

oY, 0%Y,
a1 oL

=0. (10)

Equation (10) is solved by a combination of vari-
able transformation which yields a solution of Y,,
based on the error function (erf) of the non-dimen-
sional variable (z/dq) [11]:

Yﬂ
— = erf(z/0.),

Y, - Y., an

where &, is the mixing-layer thickness defined as the
distance from the coordinate origin of the point
where :

Yoz =3d09)—Yu(z=0) _
Y.(z=0)—Y,(z=0)

09. (12)

Its value can be obtained by the following equation,
derived by Beigie et al. [3]:

2
bas(0) = @Dy Y, (3

The root mean square of the stretch ratio \/(SR?)
is obtained taking into account that the time average
is performed on a time range from initial time ¢, con-
sidered zero to a variable one 1.

It has to be stressed that the mixing layer thickness
800 is equal to \/(4D7) when SR(f) = 1. This means
that the mixing-layer thickness is equal to that
obtained in not-stretched conditions. Furthermore,
the factor \/ (SR?)/SR is always lower than 1 when the
stretch ratio is greater than 1, as occurs in the mixing
process, at least on average.

The analysis of the mixing layer, presented by
means of the previous equations, is valid only when
the distance from the origin of the coordinate to the
nearest neighbouring intermaterial surface, in the
direction of z, is much larger than §,,. In this case the
boundary conditions of equations (8) and (10) can be
considered constant in time and known.

To consider the mixing layers as an isolated tran-
sient 1-D diffusion process is a clear simplifications
of the analysis of the whole process, so that in the
experimental analysis it is important to compare the
mixing-layer thickness with some characteristic
lengths which are representative of the layers’ inter-
ference. For such purpose some authors [3] have
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i Nd-YAG laser 'i

Fig. 1. Sketch of the experimental set-up.

defined the distance between the neighbour diffusion
zones. More specifically this is the distance An of a
point on the intermaterial surface from the nearest
point on the interface along the direction normal to
the interface. This distance will be termed the ‘inter-
face separation’ and its relevance to the analysis of
the mixing-layer interference will be discussed in the
section devoted to the experimental results.

3. MEASUREMENT METHODOLOGY AND
EXPERIMENTAL DEVICES

In order to face the difficulty mentioned in the intro-
duction, the first requirement of the experimental flow
to be investigated was fulfilled by choosing a flow
which s 2-D or quasi-2-D. The generation of such flow
was selected according to some general considerations
about the turbulence level control and repeatability of
inlet conditions. These considerations were discussed
elsewhere [12, 13]. It turned out that a suitable set-
up yielding such a fluid-dynamic pattern has to be
constituted from a series of adjacent rectangular flows.
The main characteristics of this set-up are depicted in
the sketch in Fig. 1.

The test section of the experiment is a rectangular
channel, which has been built with Plexiglas in order
to have optical accessibility on all the four sides. In
the first part of this channel, 32 adjacent rectangular
ducts (5 x 100 mm cross-section) are mounted.

In order to analyse the mixing characteristics, inter-
faces and intermaterial surfaces two flows have been
generated by means of some devices described later.
In both types of surfaces (interface and intermaterial
surfaces) the diagnostics problem is the same. It con-
sists of detecting the concentration of some tracers,
which in the present cases are either clouds of solid
particles (TiO,) or submicron particles produced by
condensation and/or pyrolysis of gaseous material.
The optical characterisation of the intermaterial sur-
faces was performed by recording the pattern of the
light elastically scattered when the particulate is
illuminated by a laser sheet. An Nd:YAG pulsed
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laser was tuned on the second harmonic wavelength
(4 =532 nm) and its beam was shaped by a set of
cylindrical lenses in a sheet which was kept constant
in thickness (500 um) in all the experimental runs and
was varied in height according to the extension of the
objective field. The elastic scattered light was detected
with a CCD camera equipped with a variable-focus
telescope. The camera signal was recorded on a mag-
netic videotape and on a large memory computer after
A-D conversion.

The generation of the interface is obtained by seed-
ing the flow in one channel with submicron TiO, par-
ticles (0.2 um). The TiO, particles have been dispersed
in the air flow by means of a nubuliser which atomises
a slurry of isopropyl alcohol and TiO,. The particles
reach the jet outlet after a long residence time, so
that the alcohotl is vaporised in the air. The interface
corresponds to the discontinuity in the 2-D laser light
scattering intensity due to the discontinuity of the
tracer concentration.

The generation of an intermaterial surface between
gaseous jets is more difficult because it has to be
obtained only on a small fraction of the interface, and
it has to be detectable for a long time interval. In
principle, there are only two possibilities for generating
an intermaterial surface with those characteristics.
The first one is to tag for a short time a fraction of
one of the two jets which has been previously seeded.
This can be done, for instance, by using a phos-
phorescent seeding excited by a pulsed laser. This
choice is not particularly convenient because the laser
crosses the seeded volume inside a surface which is
only in part an intermaterial surface. Therefore, it is
difficult to discriminate between this last one and the
whole contour of the seeded volume. The second
choice is to produce a local seeding along a short
segment of the interface near the outlet of the jet which
shall be mixed. This has been performed in this work
with a device which is based on a pulsed smoke wire
technique.

The concept of such a device is shown schematically
in Fig. 2. A thin layer of liquid is placed on a thin
wire (Fig. 2a) ; the liquid is vaporised and/or partially
pyrolised by electrical heating of the wire for a short

o @

a b c
Fig. 2. Sketch of the operation of the pulsed smoke wire.
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50 mm

t=ty+50ms t=15+100ms t=1ty+ 150ms

Fig. 3. Example of temporal evolution of intermaterial line.

time (Fig. 2b). Eventually the vapour or the pyrolysed
product is condensed in a dense fog with a charac-
teristic length comparable to the wire dimensions (Fig.
2c).

The energy transfer to the liquid is proportional to
the electrical energy generated in the wire, that is:

VLN 14
E, = Ar, = ¥

where V,, R,, pu, L, A and At are the voltage differ-
ence supplied to the wire, the resistance, the resistivity,
the length, the cross-section of the wire and the electric
pulse width (that is the time interval in which the
voltage difference is supplied), respectively.

The resistivity p,, is determined by the chosen wire
material (high temperature rupture resistance) ; in the
present work Ni-Cr material has been used. The
length is fixed by the constraint which requires the
generation of a ‘smoke’ plume along the wider side of
the jet cross-section (100 mm). The wire cross-section
area has been chosen as small as possible to keep the
thermal inertia as small as possible. But wires with
diameters smaller than 100 um were subject to fre-
quent rupture. A good compromise was a 127 ym
(0.005") wire that has been used for all the tests
reported. The pulse width ranged between 10 and 20
ms so that, accorcling to the average velocity of the
flow lapping the wire, a suitable intermaterial surface
length could be generated. The voltage difference on
the wire terminals could be varied up to 40 V.

Several liquids (silicon oil, water, o-methyl-
naphthalene, diesel oil) with different self-ignition
characteristics and boiling temperatures have been
tested. The most suitable liquid for producing a dense
fog was tetradecane, which has been used in the
measurement reported in this work.

An exemplifying sequence (20 Hz) of intermaterial
surface, which is represented by an intermaterial line
in this 2-D condition, is reported in Fig. 3. The pulse

time and voltage are in this case 10 ms and 28 V. The
jet on the right side of the lines was fed with an average
velocity of 0.5 m s~!, whereas the average velocity of
the external air was 0.15 m s~', It is clear from the
picture that the intermaterial line undergoes stretching
and folding, so that a spiral structure with an increas-
ing number of convolutions in time is formed. The
stretch ratio between the intermaterial line extension
at any time and that one detected as near as possible
to the jet outlet has been evaluated. The extension of
each intermaterial line has been measured on a hard
copy reproduction of the detected image by means of
a curvimeter with an error less than 5%, which
resulted in a possible error on the stretch ratio of less
than 10%.

4. RESULTS

The results, presented in this section, have been
obtained under experimental conditions, which have
been chosen with the purpose of obtaining the most
effective roll-up of the interface under the constraint
of keeping two-dimensionality. This was obtained by
adjusting the exit average velocity of one flow at the
highest level which was compatible with a reasonable
extension of two-dimensionality. This was achieved
by adjusting the average velocity at the exit of each
rectangular channel to 0.2 m s~', apart from one of
them (adjacent to the median plane) adjusted to 0.7
ms L

4.1. Interface
Even though the main object of the paper is focused
on methodological aspects in the experimental analy-
sis of intermaterial surface, a preliminary short
description of the flow in terms of the interface will
be of some help in the interpretation of the results.
Figure 4 shows the visualization obtained by means
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Vseed = 0.7 m/s
Vext = 0.20 m/s

10 cm

v'

Fig. 4. 2-D LLS patterns of the seeded jet.

of the laser sheet technique, which has been previously
described, for detecting the interface. The sequence of
consecutive visualizations is taken at a 10 Hz
frequency. The patterns show a very early (but weak)
formation of oscillations of the whole jet and of anti-
symmetric vortices (the first two are clearly dis-
tinguishable). Later on, the number of convolutions
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in each single spiral structure increases and some
couples of these structures are more in phase in the
sense that they are more symmetric than before, It is
not possible to determine whether these couples are
formed according to the usual pairing process, as it has
been described many times [14, 15], with the ‘vortices’
with the same sign (same angular rotation), since there
is uncertainty whether they are relative to spirals of
the same or opposite convolution. Each of this couple,
that we call ‘macro-structure’, seem to shorten the
distance from each other (not necessarily adjacent)
and seem to pair by squeezing away one or a couple
of spirals. Very large couples of spirals appear to be
isolated with respect to the others, even though they
are linked to the main spirals by extended filament-
like structures.

A sharp discontinuity of TiO, particle con-
centration is detectable in the first part of the pattern.
In the region far from the channel outlet, the dis-
continuity is not clearly observable due to the lack of
adequate space resolution. Therefore higher mag-
nification should be used when the intermaterial sur-
face has to be detected with the purpose of measuring
its extension. This consideration will be exploited
when intermaterial surface results will be presented.

The interface characterisation has been exploited in
previous works [12, 13] also to evaluate the extension
in which the flow could be considered 2-D. This assess-
ment was also performed by means of the comparison
between the interface patterns, as those reported in
Fig. 4, and the streaklines obtained by means of
Lagrangian tracking of a suitable number of discrete
particles introduced in a 2-D numerical simulation of
the flow [12]. The degree of similarity between the
experimental and numerical characterization was very
high under a wide range of flow conditions, for an
extension comparable to the object field used in the
patterns detection of Fig. 4. Only in the final part of
the patterns were some dissimilarities observed. These
can be attributed to some 3-D effects, present in the
experimental characterization, which could not be
simulated by a 2-D numerical model.

Another evidence of the two-dimensionality was
obtained [14] by means of the detection of the inter-
face in cross-sections of the flow at different distances
from the flow outlet. In this case the interfaces were
constituted of parallel straight segments for 3/4 of the
patterns reported in Fig. 4 and were slightly deformed
in nearly parallel lines for longer distances. Therefore
the final part of the patterns was considered quasi-2-
D.

4.2. Intermaterial surface

The analysis of Fig. 4 showed that intermaterial
surfaces cannot be detected with the same mag-
nification ratio used for the detection of patterns
reported in this figure. In fact the space resolution was
not adequate to resolve the interface in the final part of
the pictures and consequently intermaterial surfaces
crossing those regions could not be resolved. Fur-
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thermore, the use of only one camera in the detection
of a sequence of intermaterial surfaces may entail an
inadequate space resolution in detection of the first
and last intermaterial surfaces. Here it is anticipated
that finite stretch ratios were measured up to values
of 70. The minimum resolvable length with the mag-
nification ratio used in Fig. 3 was approximately 10
mm ; therefore the last intermaterial line should be in
the order of 700 mm. This means that the finite stretch
ratios are integrated on too long a line, if some con-
clusions concerning local characteristics of stretching
have to be drawn.

Finally, very high positive stretch ratios along the
intermaterial line yield high negative stretch in the
direction of the smcke thickness which can be smaller
than the minimum objective pixel. Consequently, the
laser light scattering from the smoke became too faint
and it cannot be detected. In order to face these prob-
lems, one has to detect intermaterial surfaces in
different adjacent objective fields, so that couples of
consecutive intermaterial surfaces are comparable in
extension and can be detected with the same suitable
magnification ratios. Furthermore, the extension of
the intermaterial line can be selected by adjusting
the pulse time duration of the supplied voltage to the
wire.

The time delay of the detection of the first inter-
material line is obtained by synchronising the video-
signal, the wire pulse and the laser pulse, while the
second material line is recorded after 0.05 s since the
laser frequency is 20 Hz. For each couple of inter-
material lines 100 records have been performed and
the finite stretch ratio has been evaluated. The dis-
tribution probability density function of these ratios
have been computed. Some of these distributions are
reported in Fig. 5. The symbol SR(¢) |, on the abscis-
sae of these plots refers to the finite stretch ratios
calculated between ¢ and ¢,. The first example in the
highest part of the figure shows the probability density
function (pdf) of the stretch ratios measured for
couples of material lines which have been detected at
0.05 and 0.1 s after the smoke wire pulse. The stretch
ratios range betwesn 1.2 and 2.8, with a modal value
around 2.2, and an average of 2.1. This is a peculiar
case among the examples reported in the figure
because this pdf presents a bell-shape type distri-
bution, whereas all the other ones, relative to detection
at longer times, show more asymmetric distributions.
In fact both the modal and average values decrease
with increase of detection time up to 0.25 s whereas
the stretch ratio domain is limited by the smallest
possible value (i.e. 1). Therefore the most probable
events, far from the inlet region, occur in relatively
unstretched conditions and only one side of the dis-
tribution is populated by events with high stretch. It
is also of interest to underline that the average values
for detection times higher than 0.25 s are relatively
constant and they range between 1.35 and 1.45. This
aspect is also shown in Fig. 6, in which the ensemble
averages of the stretch rates K obtained according to
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Fig. 5. Probability depsity function of the stretch ratio
SR(@) ;= r—0.05-

equation (7), are plotted vs the detection time. In
fact the behaviour of the plot is characterised by two
different trends for times shorter and longer than 0.2
s. In the first one, the stretch rate decreases with a
nearly constant slope, whereas in the second one it is
nearly constant around 6 s -

In the same plot, the finite stretch ratio SR between
the initial time, in which the smoke pulse is ended,
and the detection time of a second material line is
reported. This quantity cannot be measured with only
one magnification ratio, as has been discussed before,
so it has been obtained as the product of a sequence
of the stretch ratio averages which could be measured
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on couples of consecutive intermaterial lines detected
once at a time with suitable magnification ratios. In
other terms it is given by the following formula:

SR, - 0> = (SRO.05)], — o>
(SRODI, — 005> -(SRW, = 1-005)-  (16)

The ensemble average on the left side of the equa-
tion should not be interpreted as a true ensemble aver-
age. In fact, the product on the right side is only
an approximation of the ensemble average of the
finite stretch ratio {(SR). The approximation has
been evaluated to be less than 10% _in the sense that
bot~h types of averaging, <{{(SR()|,_.>> and
{SR(?)|,, - ¢, are available for sequences formed by
three consecutive detections of material lines and the
difference between the two is less than 10% of the
{SR) values. A second approximation has also been
used in the evaluation of {({SR(?)|, _,))> reported
in_Fig. 6 since the first term of the product
{SR(0.05)|,, - o> at 0.05 s is an estimation of the real
value. In fact, from some preliminary experiments, it
was known that the condensation time for the for-
mation of the smoke line was around 0.02 s so that
the measurements of the stretch in that time range are
overestimated with respect to the real one, because
the increase of the smoke line has also to be attributed
to particulate formation. The choice was made of
attributing to the stretch ratio at 0.05 s, the same value
measured at 0.1 s. This has to be considered as an
underestimation with respect to the value obtained by
considering the real stretch ratio occurring between 0
and 0.05 s since it is expected that the maximum
stretch occurs very early in the flow interaction.
Consequently the whole profile of the product of the
terms {{SR(?)|,, .oy is affected by a factor, which,
at present, cannot be measured, but should be higher
than 1. In any case the trend of the stretch ratio profile
in Fig. 6 presents a clear characteristic which is not
affected by this indetermination. It increases in the
whole temporal range in which the measurements
have been performed and it reaches a maximum value
which is at least 70.

According to the analysis presented in Section 2,
the stretch ratio is relevant to determine the mixing-
layer thickness. In fact, when the intermaterial surface
undergoes significant stretch the maximum layer
thickness can be evaluated by using the values of the
finite stretch ratio of Fig. 6 in equation (13). The
mixing-layer thicknesses evaluated in such a way are
plotted in Fig. 7 with square symbols. In order to stress
the differences, the thickness obtained in unstretched
conditions, assuming a stretch rate equal to 1 (that is
S0 = A/(4D0)), is also plotted in the same figure with
a continuous line. In both cases §,, increases with
time, but it is clear that the difference between the
two thicknesses also increases because of the stretch
presence.

A second set of measurements has been performed
on the same imaggs exploited for the evaluation of

the stretch ratios. These are relative to the interface
separation (An) defined in Section 2. The measure is
obtained by considering the median point along each
detected material line and by measuring the distance
between this point and the nearest point of the inter-
material line along the normal to the surface. In Fig.
8 the probability density function of the interface dis-
tance measured at different times is reported. Also in
this case the measurements could be performed only
for times longer than 0.05 s because of the afore-
mentioned problems related to smoke line formation.
This fact is not important because the interface
detected in the early part of the fiow interaction was
always nearly straight so that interface separations
could be considered infinite at 0.05 s. In fact, if the
interface in this early region is nearly straight (as it is
shown in the left side of the pictures reported in Fig.
4), the intermaterial surfaces are not convoluted
because they are a fraction of the interfaces at different
times.

This characteristic is partially kept at ¢ = 0.1 s. In
fact the pdf at this time, reported in the higher part of
Fig. 8, shows that a great percentage of the events
are relative to infinite interface separation. The other
events are relative to An which range between 3.5 and
6.5 mm with a pronounced modal value at 5 mm.
Therefore the pdf appears to be bimodal with an
ensemble average (An) at 8.1 mm. At the following
detection time (¢ = 0.15 s) all An are finite. They are
more probable around the modal value at 3 mm even
though they are distributed in a larger range of values
up to 10mm. Attimes 0.2,0.25and 0.3 s, the events are
always distributed around their ensemble averages,
which are not significantly different from the modal
values and which decrease continuously with time.
This last point is also illustrated by the profile of the
ensemble average vs the detection time, plotted in Fig.
7 with round symbols. The trend of the interpolating
line shows that a significant decrease occurs in the
time interval between 0.1 and 0.15 s. In the same figure
the minimum values of the interface separations are
also reported with rhomb symbols. The trend of the
interpolating curve is similar to that relative to the
average estimation, the events corresponding to the
minimum value occur around 0.05 s earlier than those
relative to the average ones. The importance of the
comparison between the mixing-layer thickness and
the interface separation will be presented in the fol-
lowing section.

In the discussion of the results the average position
of the intermaterial lines will be also of interest. There-
fore this type of measurements has been performed
on the same ensemble of images used for the previous
measurements. The median point along the curvilinear
segment has been determined and its distance from
the outlet has been computed by means of simple
computer program. The averages of these distances
reported in Fig. 9 are interpolated against time with
constant slope up to 20 mm, which in corresponds to
a constant velocity of 0.7 m s~'. Later on the slope
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Fig. 8. Probability density function of the interface separation distance at different detection times.

continuously decreases, since the velocity of the
material line is more controlled by the external flow.
The standard deviation is quite low (¢ < 0.1) so that
in this particular flow the location of the intermaterial
surface at a fixed time can be reasonably assessed.

5. DISCUSSION

5.1. Diagnostics aspects
The experimental method for generating inter-
material surfaces, presented in this paper, seems to be

a unique choice in the case of gaseous systems. In
fact an intermaterial surface is formed by a tracer
which, by definition, is a non-diffusing, fully-con-
vected material. This means that no gaseous com-
ponents can be used for such a purpose because it is
not possible to prevent their diffusion. However, the
diffusion of particles dispersed in a gaseous medium
can be considered negligible with respect to gaseous
diffusion. In this case particles have to be dragged in
such a way that they are representative of the gas
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Fig. 9. Streamwise distance of intermaterial line centre from the jet outlet.

displacement. These two requirements (low particle
diffusivity and high particle drag) are generally evalu-
ated in terms of Schmidt and Stokes numbers. The
Schmidt number is defined as the ratio between
momentum (kinematic viscosity) and mass diffusivity
coefficient (Sc = v/D). It is approximately 1 when v,
and Dy, refer to gas media, whereas it is much higher
than 1 with particles, and it is in the order of 10° for
particles of 1 um diameter [16]. The Stokes number
[17] is defined as St = p,d2/18u,1,, where p, and d,
are density and equivalent diameter of the particles,
U is the dynamic viscosity of the gas, 1, is the aero-
dynamic time-scale with respect to particle response
time evaluation. This can be evaluated as the ratio
7,= 0/Av, where ¢ and Av are the characteristic length-
scale and velocity across the mixing-layer. According
to the results of Fig. 7, ¢ is in the order of 1 mm and
Av, from a conservative evaluation, is the difference
of the average velocities of the jets (0.7—0.2) m
s~' = 0.5ms~'. Therefore the acrodynamic time-scale
isin the order of 2 x 1073 s, so that the Stokes numbers
are smaller than those obtained for submicron par-
ticles dispersed in a gaseous medium. For instance,
for the TiO, particles, used for the interface charac-
terization, the Stokes number is smaller than 1073
taking into account that the largest particle size is 0.3
pum and the apparent density is 0.95 kg dm~>. In the
case of the smoke particulate formed by condensation
of vaporised—pyrolysed gaseous products, the Stokes
number should be in the order of 10~ since the par-
ticle size is around 1 ym [18]. Apart from these con-

siderations, concerning the technical capability of pro-
ducing submicron particles, it is worthwhile to stress
again that this type of particulate, for which S¢,> 1
and St«1, is the only possible choice of tracer in a
gaseous system.

A second unique feature of these techniques,
employed for the intermaterial surface charac-
terisation, is that the tracer has to be released or tagged
impulsively, so that only a small part of the interface
is characterised. The drawbacks relative to tagging a
pre-existing tracer have been discussed in the section
devoted to the experiments, whereas those linked to
the pulsed release of a tracer deserve some other com-
ments. The injection of material in a fluid-dynamic
field is generally intrusive and perturbative. In the case
of intermaterial surface generation the intrusivity can
be considered negligible because the injection has to
be performed on the border of the jet confinements.
In particular for the smoke-wire device, described in
this paper, it is not important because the wire was
smaller than the plate thickness on which it was placed
and it can be considered part of the confinements.
Some perturbations can be introduced in the field due
to heat and mass release. In the present case these
effects were limited because the electric power was
adjusted in such a way that the energy was deposited
only on a liquid phase. An experimental check to
ensure a low level of perturbation was performed by
detecting the interface both in the presence and in the
absence of the electric pulse. Only for pulse voltages
higher than 35 V and longer than 15 ms, the interface
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changes its shape from a linear straight contour to an
irregular one.

The final comment, devoted to the diagnostic
aspects, concerns the difficulty of performing Lag-
rangian measurements in a wide control volume. The
causes of these difficulties have been discussed in the
introduction. In synthesis, they relate to the need to
cover the control volume with a large number of con-
tiguous detectors, which are not available with the
present technology. Therefore, in this work it was
decided to keep the whole spatial domain of measure-
ment as small as possible. This resulted in a charac-
terization of a 2-D field which could be ensured for
the first 150 mm of the seeded jet extension, which
correspond to 0.3 ms residence time of a material
point on the interface.

Even though the methodological aspects of the mix-
ing analysis can be fully discussed in this temporal
range, the measurements were extended in a longer
temporal range, because, at least in their statistical
average, they are representative of the stretch. For
instance, it is interesting to note that, with the 2-D loss,
the stretch rate reported in Fig. 6 is nearly constant for
times longer than 0.3 ms, so that it will be important
to verify in the future whether this is a general charac-
teristic of the transition from 2-D to 3-D flows. The
constraint of the finiteness of the detector number
necessitates performing statistical analysis of couples
of consecutive intermaterial lines, whereas it would be
important to perform measurements of the stretch
ratios between couples of intermaterial lines detected
after a long period from each other. In fact the stretch
ratios, reported in Fig. 6, are not obtained as direct
ensemble averages of the measurements, but as the
product of partial averages of consecutive inter-
material lines according to equation (16). Even
though devices with a very large number of contiguous
detector elements will be available in the future, this
constraint seems to be the most restrictive one in any
Lagrangian measurement which is not limited to the
aim of only following the trajectory of a single point
with its related properties (e.g. mass concentration,
temperature).

Other technical features of the diagnostics used in
this work are not dealt with here because they are less
important from a methodological point of view, on
which we are focused at present. However, the analysis
of the mixing process deserves a deep discussion in
order to emphasize the generalization of the analysis
derived from the measurements presented in this

paper.

5.2. Mixing analysis

A synthesis of the whole set of the results is given
by the plots in Fig. 7. The square and round symbols
represent, respectively, the average values of the mix-
ing-layer thickness and the separation distance of the
interface. The two interpolating curves, fitting the
experimental data, cross approximately at 1* = 0.23 s,
This time ¢* can be chosen as an upper limit of a

temporal domain in which the mixing layers can be
considered isolated. Of course this is a criterion which
is arbitrary because it is based on an average value. A
more restrictive criterion is to choose the time at which
the smallest separation distance (rhombs) is equal to
the largest possible mixing-layer thickness (con-
tinuous line), which is of course that one evaluated in
non-stretched conditions. In both cases, one is capable
of identifying a peculiar mixing regime, which we call
the ‘isolated mixing-layer regime’, where the mixing
analysis is simplified both in terms of physical under-
standing and of numerical modelling. In fact, in this
case, the hypothesis of a 1-D time-dependent diffusion
process can be exploited in a convenient way, because
the whole mixing-layer can be described in terms of
equations (8) and (10) under well-defined boundary
conditions. In fact the mass fraction for z - — oo and
z — + oo are given by the inflow conditions (Y_, Y..).
It is worthwhile to stress that in this regime (r < r*),
the probability density function of the interface sep-
arations (as reported in Fig. 8) is not important in
respect to the mixing process, because the distances of
neighbouring segments of the interface are larger than
the mixing-layer thickness, which is the only relevant
length-scale. However, this probability density func-
tion is important in evaluating the following part
(¢ > t*) of the process, as is shown by comparing Figs.
5 and 8. In fact, the probability density function of
the stretch ratios (Fig. 5) and of the interface sep-
aration (Fig. 8) shows some similar features. In both
cases with time they become less disperse and their
ensemble average decreases. This means that it is poss-
ible that they reach a regime in which the stretch is
negligible, and the separation distance distribution
does not change with time. This situation is com-
parable to the pseudo-turbulent conditions discussed
by Gibson [19], who named this peculiar condition
fossil turbulent. In this case the convective stirring is
negligible and the evolution of mass fraction dis-
tribution is simply described by non-stretched diffus-
ive mixing. In the other case, in which the stretch is
still active after the characteristic time ¢*, the analysis
becomes more complex, but the knowledge of the joint
probability function of stretch ratios and the interface
separation is, in principle, the controlling parameter
on which models based on the explicit formulation of
mass fraction spatial structure are developed [1, 3, 17].
The measurement of this joint probability function is
a challenging task, because of the mentioned difficulty
of direct averaged measurements of the stretch ratio
SR(1) |, at a large detection time ¢, but it will be a
crucial step in the future development of the exper-
imental analysis of turbulent mixing in terms of the
methodology presented in this paper.

The final comment is devoted to the importance of
the feasibility of measuring the stretch rate in the early
part of the gaseous mixing-layers in the presence of
reactions which evolve in time-scales much smaller
than the diffusion time. This is the case of turbulent
diffusion flame, for which extensive analysis has been
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performed in terms of the stretch rate {7, 8] or of some
equivalent quantity like the dissipation rate [5, 6].
In this case the stretch rate significantly affects the
chemical Kinetics and the possible heat release related
to it. In particular, it is well known that diffusion
flames are stabilised only if the stretch rate is lower
than critical values evaluated in steady or non-steady
conditions. The technique, used in this work, is useful
in such kinds of analysis, because, as has been stressed
before, it is particularly suitable in the analysis of the
near field of the mixing process.

6. CONCLUSIONS

An experimental method for the analysis of the
gaseous mixing process in terms of Lagrangian quan-
tities has been described and used for the charac-
terisation of a prototypical fluid-dynamic configur-
ation. The analysis has allowed the identification of
the merits and the limits of the method. The main
advantage of the technique consists of the complete
characterisation of the mixing process in a space—
time domain which can be experimentally identified
by comparing the mixing-layer thickness with the sep-
aration distance bestween neighbouring segments of
interfaces. When the layer is smaller than the interface
separation, a regime, named the ‘isolated mixing-layer
regime’, is identifizd. In this case the experimental
characterisation of a measurable Lagrangian quantity
(the stretch ratio) is sufficient to describe the whole
isothermal mixing-layer. The same quantity expressed
in terms of its derivative (stretch rate) is also sufficient
to describe reactive mixing-layers. The main limit of
the experimental method relates to technological con-
straints rather than to its principles. In fact, it is due
to the finiteness of the number of contiguous detectors
available at present. This constraint entails that an
intermaterial surface can be detected with sufficient
space resolution oaly in a 2-D domain and for a lim-
ited range of length-scales. Therefore, it seems difficult
that the technique can be used directly in multi-
dimensional flow like turbulent ones, but it will be
very useful in the characterisation of prototypical
flows, which can be considered as elementary spatial-
temporal structures of more complex flows.
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