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Executive Abstract

Our work on the development and use of new, high-resolution, four-dimensional,
quantitative imaging measurements of the fully space and time varying fine scale structure
of turbulent reacting flows has achieved several important milestones which are summa-
rized in this Report. Our development of the first fully-resolved, four-dimensional, quanti-
tative, imaging diagnostic capability for turbulent flows was successfully accomplished and
is described in a manuscript accepted for publication in a Springer Verlag volume of new
laser techniques in fluid dynamics (Dahm, Southerland & Buch 1990). Results from our
use of this novel diagnostic in a fitst set of experiments documenting the fully detailed fine
scale structure of mixing and reactions in turbulent flows have also been presented at a spe -
cialists meeting (Dahm, Southerland & Buch, 1990) and have been submitted for publica-
tion in Physics of Fluids A (Dahm, Southerland & Buch 1990). These results directly
show that essentially all of the molecular mixing occurs isolated and interacting strained
laminar diffusion layers with a self-similar internal structure. A study of the interaction be -

tween the fluid strain field and the dynamics of these molecular diffusion layers in the care-
fully controllable flow field offered by the laminar vortex ring has also been accepted for
publication in Physics of Fluids A (Southerland, Porter, Dahm & Buch 1991). A major
result of this work is the identification of the diffusional cancellation process between adja-
cent interacting layers. This work has also resulted in a new method for detailed whole-
field velocity measurements in this flow using a unique scalar imaging velocimetry (SIV)
technique developed under our effort. The successful development of a new local integral
model which incorporates these experimental results to allow approximate yet accurate and
fast simulations of the mixing and complex chemical reaction processes in turbulent flows
has also been accepted for publication in Combustion & Flame (Tryggvason & Dahm
1991). This work, which also involves support from the Gas Research Institute, has led to
a further manuscript detailing its application for simulating the complex nonlinear phenome-
na, including local extinction, associated with large Zel'dovich number Arrhenius kinetics
in a shear layer. This work has been presented at a specialists meeting (Chang, Dahm &
Tryggvason 1990) and has been submitted for publication in Physics of Fluids A (Chang,
Dahm & Tryggvason 1990). We have also begun to examine an apparent similarity in the
fine scale structure of turbulent flows seen from our four-dimensional imaging measure-
ments and the "lamellar microstructure" seen in recent experiments on mixing in low
Reynolds number chaotic flows. Early results from this joint work undertaken with J.M.
Ottino suggest a remarkable degree of universality in the fine structure of mixing, which
appears to span across the boundaries of the Reynolds number regimes traditionally associ-
ated with such low Reynolds number chaotic flows and with fully turbulent flows.
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1.0 Introduction and Overview

This research program represents a combined experimental and theoretical effort
with the following three major objectives:

(i) to develop high-resolution, multi-dimensional, quantitative, imaging diag-
nostic capabilities for obtaining direct experimental measurements of the fine
scale structure associated with the molecular mixing and chemical reaction
processes in turbulent flows,

(ii) to use this measurement technique to experimentally determine the physical
characteristics of the fine structure associated with molecular mixing and
chemical reactions in turbulent flows, and

(iii) to incorporate results from these measurements into an improved understand-
ing of the molecular mixing, chemical reaction, and local extinction process-
es in reacting turbulent flows.

The current program addresses the fully space and time varying fine scale struc -
ture of Sc > 1 scalar mixing in turbulent flows with a unique four-dimensional, high-res-
olution, non-intrusive imaging technique developed as part of this effort. In parallel with
this, highly resolved imaging measurements of Sc = 1 scalar mixing in gaseous turbulent
flows are also being conducted. The principal feature is that in both cases the highly re-
solved nature of the measurements, together with their very high signal quality, permit di-
rect differentiation of the data to allow accurate evaluation of the derivatives in the scalar
gradient field involved in forming the scalar energy dissipation rate per unit mass. The
resulting simultaneous conserved scalar and scalar dissipation fields permit highly de-
tailed analysis of the structure and reaction progress in finite rate chemically reacting
turbulent flows for which the instantaneous thermochemical state of the reacting flow is a
unique function of the instantaneous conserved scalar and scalar dissipation fields. In
this context, the present highly resolved and multi-dimensional measurements of the con-
served scalar field fine structure provide a previously inaccessible means for directly de-
termining many detailed features of mixing and chemical reaction processes in turbulent
flows, including the local extinction of reactions in strained diffusion layers and the re-
sulting global combustion stability characteristics of reactive turbulent flows.

1.1 Background

Molecular mixing in turbulent flows plays a central role in an enormous range of
practical problems, ranging from the reacting flow processes occurring in future hyper-
sonic airbreathing propulsion systems to the reduction of environmental pollutants in vir-
tually all practical combustion systems. Many such problems can be formulated, either
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directly or in certain limiting cases, in terms of the mixing of a dynamically passive con-
served scalar quantity. This refers to any scalar property that is advected by the fluid and
diffuses relative to the fluid, but which is neither created nor destroyed within the flow
and which does not directly affect the flow field. Relevant examples include the concen-
tration field in the mixing of two different inert gaseous streams, the atomic mixture frac-
tion in chemically reacting turbulent flows, as well as numerous others. Sometimes the
diffusivity D of the quantity being mixed is comparable to the vorticity diffusivity v of the
fluid; in other words the Schmidt number Sc - (v/D) is approximately unity. However,
in many other cases the diffusivity of the scalar property can be much smaller than that of
the vorticity, so that Sc >) 1. In many problems of this type, and especially those in which
some sort of reaction or phase change is involved, it is processes occurring at the fine
structure level of the scalar field that can be crucially important in determining the out-
come of the mixing. Indeed, the fine structure of passive scalar mixing in non-reacting
turbulent flows is a subject of inherently wide interest, since in many important practical
situations it allows a direct evaluation of the thermochemical state and reaction progress in
an equivalent reactive turbulent flow.

It was recognized not long after the introduction of Kolmogorov's (1941) univer-
sal similarity hypotheses that some aspects of this theory also applied to the fine structure
of dynamically passive scalar fields being mixed in high Reynolds number turbulent
flows. The subsequent modifications to Kolmogorov's original hypothesis of a homoge-
neous statistical distribution of the dissipation, introduced to account for the spatial 'spot-
tiness' of the vorticity and kinetic energy dissipation, have their parallels in the scalar
field fine structure. In particular, Batchelor (1959) recognized that, when the scalar dif-
fusivity D is significantly smaller than the vorticity diffusivity v, the essentially uniform
strain rate e over regions in the flow much smaller than the finest vortical lengthscale Xv
provides a mechanism for sustaining scalar gradients over lengthscales XD << Xv. In that
case, the limiting scale XD in the scalar field results from a competition between the com-
pression due to this strain field and diffusion of the scalar, giving XD - (D/e) 1/2, with the
result that (XD/Xv) - Sc-1/2, where Sc N (v/D). This picture of a strain-diffusion balance
setting the finest lengthscales in the mixing of a scalar field is of course precisely the
mechanism in Burgers (1948) and Townsend's (1951) solutions of sheets and lines as the
canonical fine structure elements for the vorticity and kinetic energy dissipation fields in
turbulent flowst . Indeed, in both these line and sheet solutions, the vorticity is merely a
dynamically passive scalar quantity being advected by the flow and diffusing relative to
the flow. As a consequence, these vortical line and sheet solutions are also candidates for
the underlying canonical fine structure elements of passive scalar fields being mixed in
turbulent flows.

t A discussion of these strain-limited solutions for vortex 'sheets' and 'lines' in steady strain fields is given by
Sherman (!990); see his pp. 155-156 and pp. 564-567; see also Batchelor (1967) pp. 271-273. The extension
to time-varying strain fields is given by Carrier, Fendell & Marble (1975); see their Eqs. (4.1) - (4.4).
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Until recently, however, direct experimental measurements capable of discerning
the scalar field fine structure in turbulent flows have not been possible. Dahm & Buch
(1989, 1990) introduced fully resolved three-dimensional spatio-temporal measurements
of Sc > 1 conserved scalar mixing, from which they concluded that the sheet-like solution
referred to above forms the sole underlying canonical element of the scalar field fine
structure. However, their experiments involved measurements in only two of the three
spatial dimensions and thus, on the one hand, inherently underestimate the mixing rate
when the scalar gradient has a strong component in the third spatial direction, and on the
other hand required the assumption of isotropy in the scalar field to determine certain
quantitative characteristics of the mixing. More recently, Dahm, Southerland & Buch
(1990a,b,c) developed a technique for obtaining fully-resolved four-dimensional mea-
surements of the space and time varying conserved scalar field in a turbulent flow, from
which the true fine structure of the mixing process can be determined. This report sum-
marizes measurements obtained with this technique and their use to analyze several as-
pects of the underlying fine structure of molecular mixing and chemical reactions in tur-
bulent flows.

1.2 Formulation

In the mixing of any dynamically passive conserved scalar quantity , the con-
served scalar field (x,t) satisfies the conservative advection-diffusion equation

u V- Re V 2  (~)=0.(1

Here all variables have been made nondimensional by normalization with suitable refer-
ence outer flow length and velocity scales, I * and u*, and reference scalar value *.
Note that (1) above involves only the product ReSc of the outur scale Reynolds number
Re - (u*l*/v) and the Schmidt number Sc a (v/D), where v and D are the vorticity and
scalar diffusivities. However, the transport equation for u(x,t) introduces the Reynolds
number explicitly as

+u V- 1 V2" u (x , t l = - V p  (2)
Re Ip

and as a consequence the scalar field structure can in general depend on both Re and Sc.
However, when normalization is done with the corresponding local inner scales of the
flow, namely I* = Xv and u* = (v/k), then the inner scale Reynolds number is by defini-
tion unity. As a consequence, provided the scale separation between the local inner and
outer flow scales is sufficiently wide (i.e. the local outer scale Reynolds number is suffi-
ciently large), the velocity field u(x,t) on the inner scale should be independent of both
the particular shear flow and of the outcr Reynolds number. It is in wis sense that the

fine structure of the mixing and kinetic energy dissipation processes on the inner scales of

3



AFOSR-89-0541 1989-90 Annual Report
The University of Michigan

high Reynolds number turbulent flows are believed to be essentially universal (indepen-
dent of the Reynolds number and of the particular flow). The inner scales of turbulent
flows at Reynolds numbers sufficiently high for the scale separation to allow this univer-
sal structure to establish itself are generally beyond the reach of experimental resc!ution
capabilities. Ultimately, the experimental resolution capability places a limit on the high-
est Reynolds number at which such fine structure measurements can be made. In the ex-
perimental investigation undertaken here, the objective is to obtain highly resolved mea-
surements of the fine structure scales of the molecular mixing process in turbulent flows
at flow conditions for which the Reynolds numbers are believed to be high enough that
this universality begins to be approached.

From (1), the associated scalar energy per unit mass 1/2 2(x,t), defined analo-
gous to the kinetic energy per unit mass 1/2 u2 (x.t), where u - lul, follows the exact
transport equation

•-+u.V- V 1 2(x,t) = -- V(x,t) , (3)

tReSc 12 ReSc

where the same conservative advection-diffusion operator appears on the left side, and
where on the right side the term (ReSc)'V .V (x,t) gives the local instantaneous rate of
scalar energy dissipation per unit mass, namely the rate at which non-uniformities in the
scalar energy field are being reduced by molecular diffusion in the flow. In this context,
the scalar dissipation is often adopted as a meaningful quantification for the local instanta-
neous rate of molecular mixing in the flow. Alternately, the scalar gradient magnitude
[V (x,t)I is also sometimes used to define the mixing rate. Note that in terms of the
scaled logarithm of the mixing rate, these two definitions become identical.

The concepts of scalar energy and its dissipation rate play a central role in many
approaches for understanding and modeling molecular mixing and chemical reaction pro-
cesses in turbulent flows. In particular, any reactive scalar in the flow [such S tIhe mass
fraction Y,(x,t) of any i-th species] will follow an advection-diffusion-reaction equation
of the form

[ U. V_ 1__ .V2Iyi (x, t) = wi(x, t) '  (4)
t u. ReSc5  j

where wi(x,t) is the local instantaneous reaction rate of species i. In many practical
cases, the thermochemical state is determined entirely by the local instantaneous value of
a conserved scalar and a measure of the local time scale of the flow as

Yi(xt) = Yi( C(x,); VCT. V(x,t)).

When this is the case, then from (1) and (4) the reaction rate of each species is given by

(X, t) I C- VC(X)}{dY }2 (5)

4
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As a result, simultaneous knowledge of the precise structure of the conserved scalar field
C(x,t) and the associated scalar dissipation field V .VC(x,t) in a turbulent flow allow di -
rect evaluation of the thermochemical structure and reaction progress in the flow.

Measurements of these quantities have in the past been difficult to obtain, prici-
pally due to two obstacles. First, determination of the true scalar gradient field V (x,t)
and the associated scalar dissipation rate field VC.VC(x,t) requires measurement of the
conserved scalar field C((x,t) in all three spatial dimensions. Second, since the dissipation
rate is obtained by differentiation of the measured conserved scalar field, the spatial and
temporal resolution of the original scalar measurements must be high enough to accurate-
ly resolve the finest length and time scales on which gradients in the scalar fijd are pre-
sent in the flow. Beyond these requirements, the signal quality of the original scalar field
measurements must also be high enough to permit accurate differentiation to determine
the scalar gradient field.

1.3 Present Work

This study uses a laser imaging diagnostic, developed as part of this effort and

specifically designed for very highly resolved, four-dimensional measurements, to obtain
the full space- and time-varying conserved scalar field C(x,t) and the associated scalar en -
ergy dissipation rate field V .VC(x,t) in a turbulent flow. This technique produces a
four-dimensional (x-y-z-t) data space structured as shown in Figure 1. The resolution
achieved between adjacent data points in each two-dimensional spatial data plane, and be -
tween adjacent data planes within each individual three-dimensional spatial data volume,
as well as in time between the same plane in adjacent three-dimensional spatial data vol-
umes in the four-dimensional data space, is finer than the local strain-limited molecular
diffusion scale XD, allowing the fine structure of Sc ,, 1 molecular mixing in turbulent
flows to be directly determined. The bulk of the measurements summarized here were
obtained in the self-similar far field of an axisymmetric turbulent jet at an outer-scale
Reynolds number Re8 a (uS/v) of 6000, as shown in Figure 2. Note, however, that the
imaged region of the flow was quite small in comparison with the local outer scale 6, and
was comparable to the inner scale Xv, of the flow. In particular, each data plane spanned
approximately 1/17 of the outer scale 8 and approximately 1.6 times the inner scale X, in
both directions. As a result, if this outer-scale Reynolds number Res is large enough so
that on the inner scales I* =- X, and u* (v/v), for which Re -1, the velocity u in Eqs.
(1) - (3) has become independent of the outer-scale Reynolds number, then the scalar
field fine structure would also be independent of Res and would depend only on the
Schmidt number. Furthermore, once the fine structure has become independent of the
outer-scale Reynolds number, all memory of the outer scales is lost and the fine structure
would then not be particular just to the turbulent jet, but should apply to mixing in turbu -
lent shear flows in general. In this sense, we believe that many features %' the fine

5
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structure captured within our four-dimensional data space will to a large degree be generic

to mixing in all high Reynolds number turbulent flows.

2.0 Experimental Technique

The experimental method developed for these measurements is an extension of

our earlier work (Dahm & Buch 1989; Dahm & Buch 1990a, 1990b; Dahm, Southerland

& Buch 1990) in obtaining highly resolved three-dimensional (2563) spatio-temporal

measurements of the conserved scalar concentration field and the resulting scalar energy

dissipation rate field in turbulent flows. The technique is briefly described in the follow-

ing section.

2.1 Diagnostic Method

The present experiments are of mixing in a turbulent shear flow in water. In par-

ticular, the bulk of the measurements conducted to date have been in the self-similar far

field of an axisymmetric turbulent jet issuing into an essentially quiescent medium. The

mixture fraction is defined here by the concentration of a dynamically passive dilute laser

fluorescent dye (disodium fluorescein) carried by one of the fluids, and is a conserved

scalar for which the Wilke-Chang method"t suggests a value for the Schmidt number of

2075. In our experiments, this mixture fraction is measured repeatedly in time through-

out a small three-dimensional volume in the flow by imaging the laser induced

fluorescence from dye-containing fluid in the path of a laser beam rapidly swept in a
raster fashion through the volume onto a high-speed planar photosensitive array. The
measurements are conducted by issuing a jet through a round nozzle into a 0.8 m x 0.8 m
x 1.8 m glass tank filled with water, in which a very small coflow (5.75 cr/min) insures

that there is no recirculation of dyed fluid to contaminate the imaged volume in the flow.
For this coflowing velocity, the measurement volume is approximately one coflow mo-
menutm diameter downstream of the nozzle, placing it well within the pure jet limit of the

flow (e.g. see Biringen 1975).
The successive laser induced fluorescence data planes can be rapidly acquired into

gigabyte sized data sets using very fast computer disk ranks to produce a four-dimension-
al spatio-temporal data space structured as shown in Figure 1. Each such measured data

space consists of a rapid succession of individual three-dimensional spatial data volumes.
Each of these data volumes is itself composed of a sequence of two-dimensional spatial
data planes, which in turn each consist of an array of 256 x 256 individual data points.
The spatial separation between adjacent points within each data plane, and between adja-
cent data planes within each data volume, is smaller than the local strain-limited molecular

See MW Transf r, T.K. Sherwood, R.L. Pigford and C.R. Wilke, McGraw-Hill, Ncw York, 1975.
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diffusion lengthscale XD of the scalar field. Similarly, the temporal separation between
adjacent data planes within each data volume, and between the same data plane in succes -
sive data volumes, is shorter than the local molecular diffusion scale advection time XD/u.
This resolution, together with the high signal quality attained, allows accurate differentia-
tion of the measured conserved scalar data in all three space dimensions and in time to de-
termine the components of the local instantaneous scalar gradient vector field V (x,t) at
every point in the data space. From this, the true instantaneous scalar energy dissipation
rate field V .V (x,t) can be determined.

Key elements of the imaging and data acquisition system assembled for these
four-dimensional measurements are shown schematically in Figure 3. A pair of very low
inertia, galvanometric mirror scanners are used to synchronously sweep a collimated laser
beam in a raster scan fashion through the desired volume in the flow field. The principal
objectives of the scanner drive electronics are to synchronize the beam sweep with the
photodiode array timing, so that each data plane corresponds to a single sweep of the
beam, and to accommodate the minimum flyback times for the scanners within the period
between acquisition of successive data planes. The horizontal and vertical sweep angles
used are typically quite small; 0.125 and 4.260 respectively for our present measure -
ments. The resulting laser induced fluorescence intensity is measured with a 256 x 256
imaging array, having center-to-center pixel spacings of 40g.m. The array is synchro -

nized to the same clock that drives the scanners, and can be driven at variable pixel rates
up to 11 MHz, allowing measurement of successive data planes at a continuous rate in
excess of 140 planes per second. The fluorescence data from the array is serially ac-
quired through a programmable digital port interface, digitized to 8-bits digital depth, then
routed into a 16 MB high-speed dual-ported data buffer from which it can be continuous-
ly written in real time to a 3.1 GB high-speed parallel transfer disk rank. The overall sus-
tained data throughput rate to the disks, accounting for all line and frame overhead cycles,
is up to 9.3 MB/sec. The 3.1 GB disk capacity can accommodate more than 50,000 such
measured 256 x 256 spatial data planes within the four-dimensional data space.
Programmable gain and offset on the digital port interface allow the resulting data to span
the full 8-bits of digital depth. The rms noise levels achieved are in all cases less than ± 1
digital signal level out of the 256.

2.2 Spatial and Temporal Resolution

Since the principal interest in these measurements is in obtaining the scalar dissi-
pation field from the measured conserved scalar field via direct differentiation of the data,
the central issue is the spatial and temporal resolution achieved by the measurements.
From the measured thickness of the imaged portion of the laser beam, together with the
pixel size and the image ratio of the measurements, the volume in the flow (Ax.Ay.Az)
imaged onto each pixel can be determined. Furthermore, for the pixel clock rates used,

7
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the time At between acquisition of successive data planes within each spatial data volume,
and the time AT between the same data plane in successive data volumes, can also be de -
termined. To assess the resulting relative resolution achieved, these smallest spatial and
temporal scales discernible in the data must be compared with finest local spatial and tem-
poral scales on which gradients in the conserved scalar field can be sustained in the flow.
In particular, for local diffusion of vorticity in the presence of a time-varying strain rate
e(t), the competing effects of strain and diffusion establish an equilibrium strain-limited
vorticity diffusion layer thickness X, - (v/E) 1/2, closely related to the Kolmogorov scale,
giving the finest scale on which spatial gradients in the strain rate and vorticity fields can
be locally sustained in the flow. A similar competition between the effects of strain and
molecular diffusion of the conserved scalar establishes a local strain-limited molecular
diffusion layer thickness XD - (D/E)1/2, related to the Batchelor scale and giving the
smallest scale on which spatial gradients in the conserved scalar field can be sustained by
the flow. The ratio of the vorticity and scalar diffusivities, v and D respectively, estab-
lishes the relation between these two scales as XD - X.,"Sc-' /2, where Sc a (v/D) is the
Schmidt number and where, due to the similarity of the two strain-diffusion equilibrium
processes, the proportionality constant should be approximately one. Note that, with the
highest strain rates occurring locally in the flow scaling as C - (u/8).Re1 / 2, with Re E
(uS/v) the local outer scale Reynolds number, the strain-limited diffusion scale in the
conserved scalar field is (XD/8) - Sc- 1/2 Re-3/4. Measurements by Dowling (1988) give
indications that the resulting proportionality constant is roughly 25.

The resolution requirements that Ax, Ay and Az must be small compared to XD to

allow meaningful differentiation in all three space directions within each three-dimension-
al spatial data volume, and that the time AT between the same data plane in successive
data volumes must be small in comparison with the fine structure advection timescale
(XD/u) to allow differentiation in time between data volumes, ultimately place a limit on
the highest outer scale Reynolds numbers at which such fully resolved four-dimensional
measurements are possible. Note that while the resolution Ax and Ay within each spatial
data plane can in principle be made very small by simply reducing the image ratio, the
resolution Az is nominally determined by the laser beam thickness. There are clear limita-
tions associated with the Rayleigh range of the optical resonator which determine how
fine this can be made over the entire extent of the image volume. In general, the resulting
minimum laser beam thickness is larger than the desired spatial separation between suc -
cessive data planes. However, if the time At between successive planes is small enough
so that the scalar field is effectively frozen, then the overlap in the measured scalar field
between adjacent planes represents a convolution of the true scalar field with the laser
beam profile. The measured scalar field can then be deconvolved with the measured
beam profile shape to produce an effective resolution Az comparable to the spatial separa -
tion between adjacent data planes, which is set by the horizontal scanner and can in prin-

ciple be made quite small.
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The present measurements were obtained at an axial location 235 jet momentum
diameters (1.15 m) downstream of the jet source and a radial location 13 cm off the jet
centerline. To estimate the resulting resolution requirements, we note that 8(x) = 0.44. x
and u(x) = 7.2 (J/p) 1"2 .x- ', where J is the jet source momentum flux and p is the ambi-
ent fluid density. At the outer scale Reynolds number of 6000 and with the Schmidt
number of 2075, these scalings give the local strain-limited molecular diffusion length-
scale estimate of XD - 407 .m and the local advection timescale estimate of (X ./u) - 100
msec at the location of the measurement volume. With the measurements having an
image ratio of 2.89, the in-plane spatial resolution was Ax = Ay = 116 .tm. The (lie)
laser beam thickness was measured as 380 .tm, while the spatial resolution Az between
successive data planes was 220 p.m. These Ax, Ay and Az values must be compared
with X-D to assess the relative spatial resolution achieved. In particular note that, for the
resulting pixel image volume, (Ax.Ay.Az) 1" 3 was nearly 3 times smaller than XD, while
its maximum dimension (Az) nearly 2 times smaller than XD Similarly, the temporal sep-
aration between successive data planes was At = 9.0 msec and the time between succes-
sive data volumes was AT = 45 msec, both of which are considerably smaller than the es-
timated local diffusion scale advection time of 100 msec. As a result, the present mea-
surements should be capable of resolving essentially all of the fine scale structure of the
local Sc 1 turbulent mixing process.

3.0 Major Results

Analysis of four-dimensional data spaces of the type obtained here has many par-
allels with the analyses of large scale computational data volumes obtained from full nu-
merical simulations of turbulent flows. Both can in principle be analyzed in considerable
quantitative detail. However, a significant challenge facing both experiments and numeri-
cal simulations of this type is the extraction of insightful interpretations from such a very
large amount of data. To this end we rely strongly on quantitative graphical visualization
of large subsets of the original data space and numerically processed versions of it to pro-
vide guidance into the underlying physical process contained within the data. Here we
choose to focus principally on the topology of the fine structure resulting from Sc > 1
scalar mixing in turbulent flows, and on the structural and associated statistical properties
of the corresponding scalar gradient field.

3.1 Fine Scale Structure

Figure 4 shows the 8-bit conserved scalar data in three typical parallel adjacent
256 x 256 spatral data planes from the same data volume. The color levels denote the
local conserved scalar value (x,t) at each point, with pure blue corresponding to pure
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ambient fluid ( = 0) and increasing uniformly to pure red, corresponding to the highest
scalar values in the data ( = 2.85 m). Recall that each data plane shown spans approxi-
mately 1/17 of the local outer scale 5(x), and approximately 1.6 times the local inner scale
XV(x), in each direction. The three spatial data planes are presented in order of increasing
z (and therefore increasing time) in the clockwise direction, beginning at the upper left.
Note that the relatively small change in the scalar field from one data plane to the next is a
reflection of the relatively high temporal resolution of the measurements.

In Figure 5 we show the true scalar energy dissipation rate field log V .V (x,t)
obtained by direct differentiation of the data in the three adjacent scalar planes in Figure 4.
Linear central difference approximations have been used to evaluate the three components
of the scalar gradient vector field V (x,t), with no explicit smoothing or filtering of the
results. The dissipation field obtained is presented here in logarithmic form because this
compression allows a wider range of mixing rates to be displayed. Additionally, we note
that in logarithmic form the results are identical to those obtained if the mixing rate is al-
ternately defined as IV (x,t)l. The 256 different color levels now denote increasing val-
ues of the mixing rate. The first level, colored black, denotes zero and very low mixing
rates, while the remaining levels range uniformly from blue through pure red denoting
logarithmically increasing values of the local instantaneous scalar dissipation rate in the
flow. For reference, pure red is scaled to the highest 0.1% of the dissipation rates and
corresponds to VC-VC(x,t) = 5647.6 (Cm/Xv) 2 . To examine the time evolution of the
scalar energy dissipation rate field, in Figure 6 we show log VC-V(x,t) in the same spa-
tial data plane but from four temporally successive three-dimensional data volumes (see
Figure 1). Time increases in the clockwise direction beginning at the upper left. Here the
comparatively small change in the dissipation field between one data volume and the next,
relative to the diffusion layer thickness, provides a clearer indication of the temporal reso-
lution of the measurements.

The fine structure maps of the instantaneous scalar dissipation field in Figures 5
and 6 clearly show that essentially all of the molecular mixing occurs in thin sheet-like
layers of the type described by Burgers and Townsend for the vorticity field. Both isolat-
ed and interacting layers can be seen. This appears to confirm the earlier conclusions of
Dahm and Buch based on lower-dimensional measurements. Especially relevant in this
connection are the broad features of relatively high dissipation near the center of the upper
portion of the data planes in Figures 5 and 6. While these at first appear to not be layer-
like structures, we find that most of the dissipation in these areas is due to the (a /az)2
contribution. In other words, the local scalar gradient vector is oriented largely normal to
the data plane and corresponds to a layer-like structure which is cut nearly tangentially by
the plane. All such layers oriented largely parallel to the data plane, as well as their con-
tribution to the total mixing in the flow, are of course missed in lower-dimensional nmea-
surements of the dissipation. The internal structure of the molecular mixing within the
layers apparent in Figures 5 and 6 can also be examined from our measurements, and this
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confirms the earlier conclusions that strain-limited solutions of the Burgers and
Townsend form give a remarkably accurate description of the true scalar energy dissipa-
tion profiles within these layers.

3.2 Isotropy

We next quantify the degree of anisotropy in the scalar gradient vector field cap-

tured in our four-dimensional data space by computing the probability densities for the
square of each of the three components of VC(x,t). The resulting distributions are shown
in Figure 7. Note that y points in the upstream direction, x points radially outward. If
the scalar field were fully isotropic, then all of these distributions would be identical, and
it is clear that this is not the case. In particular, the average values of (/aux)2, (a /ay)2

and (a QJz)2 are respectively in the ratio (2.18) : (1.64) : (1.00), indicating that the gradi-
ent vector shows a tendency to point more toward the x-direction than either the y or z di-
rections. This appears consistent with the fine structure of the scalar dissipation field in
Figures 5 and 6, which show a preponderance of layers oriented somewhat more normal
to the x-axis than toward the y or z axes. It appears likely that this does not represent an
underlying anisotropy in the self-similar far field of turbulent jets, especially in view of
the relatively small region of the flow spanned by each of the spatial data volumes (see
Figure 2). Instead, this would seem more likely to be an indication of the somewhat
marginal statistical significance of the relatively short time series represented by the tem-
poral dimension of our four-dimensional data. We examine this in greater detail below.

We can view the anisotropy suggested by Figure 7 more directly in terms of the
joint probability density 0(135,9) of the spherical orientation angles * and p of the scalar
gradient vector VC(x,t), defined in Figure 8. The resulting joint distribution is shown in
Figure 9, and the individual probability densities 3(i) and 13(p) are shown in Figures
10a and 10b respectively. Note that, if the scalar field were fully isotropic and the gradi-
ent vector orientation were statistically independent of its magnitude, then the probability
that the gradient vector in Figure 8 will point in any given direction would be the same for
all directions, giving 3(6,9) = 1/4, sin (p, while 3(6) = 1/2, and 13(p) = 1/2 sin (p.
These general features are indeed identifiable in Figures 9 and 10. In particular, Figures
9 and 10a show an at least roughly sinusoidal variation in the distribution of qp obtained
from the measurements. Note that the comparatively lower probability of (p being near 0
or nt is consistent with the lower values of (D./az) noted above. Figures 9 and 10b show
relatively little consistent variation in the observed distribution of 6 save for the two
peaks near 0 and it, corresponding to the same tendency noted in Figures 5-7 for the gra-

dient vector to point more strongly in the x-direction.
Again, the anisotropy apparent in Figures 9 and 10 seems likely to be more a fea-

ture of the relatively short duration of the scalar field in our measurement than a feature of
the overall scalar field itself. The relevant time scale for statistical significance within
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such a small region of the flow appears likely to be on the order of a few strain-limited
vorticity lengthscale advection times (k~/u). For the present data, the temporal dimension
of the data space spans slightly less than 1/2 (Xv/u), so the fact that some anisotropy is
seen here appears to be consistent with this comparison of timescales. Perhaps more im-
portant though is the observation that the results in Figures 7-10, and also those in Figure
11 below, approach the isotropy as closely as they do despite the comparison of
timescales noted above, suggesting that the timescale required to achieve statistically
isotropic scalar field data in a larger measurement of this type is indeed likely to be only a
very few (XV/u).

3.3 Mixing Rate Distributions

The distributions in Figure 7 of the square of each component of the gradient vec-
tor are, in effect, one-dimensional estimates of the distribution of the true mixing rate

.. Such lower-dimensional measurements of the gradient vector V are typically
used to approximate the scalar dissipation, since information in all three spatial dimen-
sions is not generally available. In Figure 11, the mixing rate distributions that result
from such one- and two-dimensional gradient approximations are compared with the re-
sult obtained from our fully three-dimensional measurement of the gradient. We note first
that, for the lower-dimensional approximations, the discrete nature of the original 8-bit
scalar measurements does not allow very low values of the dissipation to be accurately
determined. This is especially true for the one-dimensional approximation, and thus
these distributions have been truncated at the lowest discernible dissipation value.
Irrespective of this effect, the one-dimensional approximation, and to a lesser degree the
two-dimensional case, in principle have a long tail extending to the left and accounting for
the spurious low dissipation values that would be obtained whenever the gradient vector
has a comparatively large z-component (see Dahm & Buch 1989). If, however, the prob-
ability distribution 3(*,sp) of the scalar gradient vector orientations is known, then the
one- and two-dimensional scalar dissipation distributions lead directly to the three-dimen-
sional distribution. Furthermore, if the scalar field were truly isotropic, then the average
values of the one-, two-, and three-dimensional dissipation distributions would be in the
ratio (0.33) : (0.67) : (1.00). The actual average values obtained from Figure 11 are in
the ratio (0.45) : (0.79) : (1.00), again indicating a degree of anisotropy in the compara-
tively short temporal extent of our measurement as noted above. Moreover, while the
true scalar dissipation is generally assumed to be lognormally distributed, and thus its
distribution would have a Gaussian shape in Figure 11, it is clear that the result obtained
is not entirely lognormal. This too appears likely to be a manifestation of the marginal
statistical significance of our four-dimensional data space.
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3.4 Spottiness of the Dissipation Field

We can recognize in Figures 5 and 6 that the scalar energy dissipation field is not

spatially homogeneous. This can be seen more clearly in Figure 12, where we show the
dissipation field in linear form. Note that a very small fraction of the flow is occupied by
high dissipation rates, corresponding to orange and red colorings. To directly quantify

this 'spottiness' in the true scalar dissipation field, we show in Figure 13 the fraction of
the total dissipation that occurs in any given volume fraction of the flow, obtained from
the mixing rate distributions in Figure 11. Also shown are the results that would be ob-
tained from the lower-dimensional measurements of the scalar dissipation in Figure 11.
Notice that, in the lower-dimensional approximations of this result, manifestations of the
anisotropy noted above can be seen. In particular, in a fully isotropic scalar field the one-
and two-dimensional approximations should approach 0.33 and 0.67 respectively. Here
the comparatively smaller z-component of the scalar gradient, apparent in Figures 5-10,
renders the in-plane approximations somewhat higher than this. We also show in Figure
13 the curves for a lognormally distributed dissipation field, for which the result can be
obtained analytically, as well as for a spatially homogeneous dissipation field, in which
case the dissipation fraction is simply equal to the volume fraction.

Particularly noteworthy in Figure 13 is the result obtained from the true dissipa-
tion that just over 1% of the total volume of the flow accounts for nearly 10% of the total
dissipation, while less than 12% of the total volume achieves 50% of the total dissipation,
and 45% of the volume accomplishes nearly 90% of the dissipation. This rather striking-
ly quantifies the fact that a very small fraction of the flow accounts for the bulk of the
mixing achieved. Viewed another way, 65% of the flow accomplishes less than 10% of
the total mixing. Whether the result in Figure 13 will vary with increasing Reynolds
number and from one flow to another, or whether instead the separation between the local
outer scale 8 and the inner scale X.v in these measurements is large enough to achieve
Reynolds number independence and flow independence on the scale of our data volume,
remains an open question. The restrictions on the Reynolds number introduced by the
resolution requirements preclude, at least for the present time, comparably resolved mea-
surements at much higher Reynolds numbers.

3.5 Connection with Chaotic Advection

The picture emerging from our work of the universal small scale structure of mix-
ing and reactions in turbulent shear flows as occurring in thin strained laminar diffusion
layers bears a remarkable resemblance to certain features of the microstructure seen in re -
cent experiments on mixing in low Reynolds number chaotic flows (e.g. Ottino, Leong,
Rising & Swanson 1988; Ottino 1989; Ottino 1990). Those experiments find a "lamellar

microstructure" that results from the stretching and folding of the scalar field due to the
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due to the underlying chaotic dynamics of even comparatively simple periodic flows (in-
cluding, among others, the classical "journal bearing flow" and the "cavity flow"). The
dynamics in these flows that participate in the advection of scalar interfaces have been de-
veloped into a range of models for predicting various aspects of mixing and chemical re-
actions in these flows (e.g. Ottino et al 1988; Ottino 1989, Ottino 1990). The simultane-
ous observation of a highly folded layer-like fine structure in our present turbulent shear
flows and in such low Reynolds number chaotic flows suggests a degree of universality
in the fine scale structure of mixing that extends across the boundaries of the Reynolds
number regimes traditionally associated with such comparatively simple chaotic flows
and the turbulent flows investigated here.

To assess this possibility, we have conducted a preliminary comparison of the
layer-like fine structure resulting from our four-dimensional measurements and the lamel-
lar structures from Ottino's experiments on mixing in the cavity and journal bearing
flows. In particular, in conjunction with J.M. Ottino, we have digitized several of scalar
field slides of the cavity flow experiment and from these determined the associated scalar
dissipation fields and examined the internal structure of the molecular diffusion layers.
Sample results are shown in Figures 14 and 15. In particular, Figure 14 shows a rela-
tively small region from the cavity flow, and in Figure 15 we have zoomed in on an even
much smaller region of the flow. For comparison, Figure 15 also shows one of the dis-
sipation field resulting from our present turbulent flow measurements.

It is essential to note at the outset that the resolution and signal quality in these
very preliminary results are still far from what can be attained. No attempt had been
made to adjust the imaging electronics to reduce the noise levels, and the illumination
source used was far from uniform. Further experiments with more highly resolved slides
are in progress, but several interesting conclusions can certainly be drawn even at this
level of simplicity. First, over a region of the order of a few diffusion layer thicknesses
in extent, dissipation fields in the chaotic flow show an overall structure that is very simi-
lar to that seen in turbulent flows. Furthermore, if we examine the internal structure of
these diffusion layers we find that, to the level of resolution achieved in these preliminary
comparisons, their internal structure appears to be essentially identical. Our present mea-
surements give no direct information about the kinematical foundation for these layers,

yet their presence is suggestive of a significant correlation between the scalar gradient
vector direction and the most compressive principle strain rate axis which appears to form

the basis of the lamellar microstructure in the chaotic flows.

3.6 Diffusion Layer Structure In Vortex Rings

A stable laminar vortex ring is formed when an impulse is imparted on a fluid in
an axisymmetric manner, and has in the past been viewed as a particularly simple canoni-
cal structural element for the more complex vorticity field in fully turbulent flows. The
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interest in vortex rings stems largely from the fact that the simple structure of the ring si-
multaneously lends itself well to experimental, theoretical, and numerical investigations.
In this same sense, the vortex ring provides a relatively simple flow field, accessible to
both experimental study and theoretical description, in which the understanding of the
molecular mixing process in fluid flows can be also be examined and extended. Yet the
mixing processes within such a laminar vortex ring do not appear to have been document-
ed in any significant detail. There are of course several problems in which these mixing
processes in the ring are of direct relevance, and many others for which they provide a
simple canonical representation of potentially more complicated processes. In a broader
sense, however, the laminar vortex ring provides a relatively simple and carefully con-
trollable flow field in which the interaction of strain and diffusion on the mixing process
can in principle be studied in considerable detail. For this reason, we have undertaken a
study of the mixing of dynamically passive conserved scalar quantities in such an ax-
isymmetric laminar vortex ring, giving a relatively detailed documentation based on ex-
perimental measurements of various features of the molecular mixing of such scalars in
the ring, and focusing on their interpretation in terms of the dynamics of the associated
mixing rate field.

Each ring was formed by discharging a volume of fluid through a round nozzle to

form a thin cylindrical sheet of vorticity. This vortex sheet rolls up and develops into a
stable ring that propagates away from the nozzle. The discharged fluid consisted of a uni-
form, weak, aqueous solution of a laser fluorescent dye (disodium fluorescein) that was
pneumatically driven through a contoured axisymmetric nozzle by driving its free surface
in a plenum with a high-pressure air stream metered through a micrometer-controlled,
variable throat orifice held at sonic conditions with a constant upstream pressure. A

solenoid valve in this high pressure air line was opened and closed via a variable delay
timing circuit to discharge the dye-containing plenum fluid. For a given upstream pres-
sure, the area of the sonic metering orifice set the air flowrate into the plenum, and the

solenoid delay time (typically 50-100 ms) set the total amount of air supplied to the
plenum. To keep the otherwise impulsive pressure rise driving the plenum fluid from ex-
citing oscillations at the natural frequency of the second-order system formed by the com-
pressibility of the air and the fluid mass in the plenum, the pressure rise was low-pass fil-

tered by placing a volume of air in parallel with the plenum. This pneumatic drive ar-
rangement allowed for a very low disturbance level and a high degree of symmetry in the
vortex sheet generation and roll-up processes which form the ring. The nozzle had an

exit diameter of 3.9 cm and produced rings with a center-to-center diameter a - 4.9 cm
under all operating conditions. The ring circulation r was estimated from the integral of
the exit velocity over time, dnd the corresponding Reynolds numbers Re - (F/v) were
typically in the range from 5,000 to 10,000. The Schmidt number Sc S (v/D) for the dye
solution in water is O(103), giving ReSc - O(107) in (1), (2) and (6). The details of the
mixing process in the ring were measured with the same technique described in §2 of this
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report.
The results from these measurements suggest that the evolution of the mixing pro-

cess within such an axisymmetric laminar vortex ring can be usefully classified into three
relatively distinct stages, namely (i) a ring generation stage, (ii) a 'pinch off' stage, and
(iii) an asymptotic sta, -. We will summarize here only the major results obtained from
the pinchoff and asymptotic stages; more complete details can be found in the full publi-
cation (Southerland, Porter, Dahm & Buch 1991). The 'pinch off 'stage is characterized
by the diffusional cancellation between adjacent strained molecular diffusion layers,
which occurs in turbulent flows also. In particular, from (1) the scalar dissipation field in
(2) can be seen to follow the exact transport equation

Re. c = I(VC VC)--V(V):V(V) (6)at +uV -J- 21v'ReSc 12 (¢..¢ ReSc

where the same conservative advection-diffusion operator is on the left. In the first term
on the right, e a 1/2(Vu + VuT) is the local strain rate field, and the contraction simply
selects the normal strain rate along the scalar gradient vector direction as -e,,,, (V .V).
The remaining components of the strain- rate act only to change the gradient vector orien-
tation, but do not affect its magnitude. In this form, it can be readily seen that this term
simply accounts for the reduction in scalar gradient magnitude due to extensional strain-
ing along the gradient direction, or conversely the increase in dissipation that results
when the scalar gradient is compressed. The second term on the right in (6) is strictly
negative, and gives the reduction in dissipation due to diffusional cancellation of gradi-
ents in the scalar dissipation field. It is this term that plays a key role in determining the
evolution of the mixing rate field at various stages in the ring.

Data detailing the dynamics of this diffusional cancellation process are shown in
Figure 16, where for brevity we present results for the mixing rate field log V .V (x,t)
only. The sequence shown consists of every 20th frame from the imaging measure-
ments, corresponding to a time interval between successive panels of (At.F/2ita 2) =
0.089, and beginning at roughly the end of the ring formation stage. The quantitative
color values are assigned as shown, with the highest 0.1% of the mixing rates again cor-
responding to pure red. The key feature in this phase is the cancellation between the two
scalar dissipation layers seen in this dianetral plane which intersects the initially cylindri-
cal dissipation surface emanating from the nozzle. In the sequence in Figure 16, this can-
cellation is most readily apparent between the two dissipation layers which at this time
still connect the ring to the nozzle. At relatively early times these layers are still widely
separated, but the strain field induced by the ring then begins to draw them together on a
relatively fast time scale. A short time later, the two layers begin to interact strongly and,
owing to the cancellation term in (6), the mixing rate rapidly drops to zero. Beyond this
point, the ring is no longer 'connected' to the nozzle and all of the plenum fluid that will
eventually reside in the Kelvin oval has been committed to the ring. The ambient fluid
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trapped between the streamlines passing through the forward and rearward stagnation
points then simply continues to wrap on an increasingly finer scale with this plenum fluid
during the asymptotic stage.

Overall, the dynamics of the scalar dissipation layers in Figure 16 bear a strong

resemblance to the anticipated dynamics of the vorticity field associated with the ring pin-
choff process. Indeed, there is a similarity in the dynamics of the vorticity and scalar dis -
sipation fields. In particular, note that (6) for the scalar dissipation V .V is very simi-
lar to the transport equation for the square of the vorticity magnitude t.o, sometimes re -
ferred to as the enstrophy, which takes the form

+u.V- lV 1 (w co) = (CO. e. co) - Iva:Vw (7)

Re 2 Re

Comparison with (6) shows that the symmetric contraction in the first term on the right
now selects the normal strain rate along the vorticity vector direction, namely +e,(ox).
The further difference in sign reflects the fact that extensional strain along the vorticity
vector direction acts to increase its magnitude. Here, due to the axisynmmetry of the ring,
the scalar gradient and vorticity vectors will lie normal to each other, and thus the compo-
nent of the strain rate that affects their evolution will be different. Interestingly though, in
flows where V and Co are aligned, the dynamics of the scalar dissipation at a given value
of the dimensionless scalar diffusivity ReSc will be entirely parallel those of the vorticity
magnitude when Re is increased to this same value. Of course, in the vortex ring, the
initial condition for the scalar dissipation includes a nonzero disk in the nozzle exit plane
that has no parallel in the vorticity field.

Aside from the diffusional cancellation noted above, there is of course additional

cancellation of this type that begins where the dissipation layer extending from the for-
ward stagnation point meets the remnants of the layers that originally were connected to
the nozzle lip. This cancellation of the mixing rate within these layers continues along the
spiral arms as these two layers wrap around each other in their approach toward the vor-
tex core. As a consequence, the mixing rate begins to drop rapidly as the center of the
core is approached. This will be seen more clearly in the discussion of the asymptotic
stage given below. One last point regarding the pinch off stage is important here. Notice
that the two layers emanating from the nozzle do not remain symmetrically located around
the centerline of the ring. Except at the earliest times in this stage, the layers consistently
wander off the centerline, especially near the forward stagnation point. This appears to
be due to the fact that this is a hyperbolic point, and as a result the flow along streamlines
approaching it is sensitive to even very small displacements from the centerline. The ef-
fect of any slight initial asymmetry that causes these two layers not to pinch off precisely
on this dividing streamline will therefore show a large displacement when integrated over
time, even though the underlying flow field is very nearly symmetric.

Once the ring has pinched off, the ambient fluid trapped inside the Kelvin oval
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wraps up with the plenum fluid on an increasingly finer scale along the two spiral arms

extending toward the center of the core. This can be seen quite clearly in Figures 17a and
17b, which respectively show the scalar and scalar dissipation fields in the right half of
the ring during the 'asymptotic stage' where the ring has already wrapped up to a rather

large degree. As the axes indicate, the image covers only the right half of the ring, with

the centerline coinciding roughly with the left edge of the image and the vertical axis ref-
erenced to the core location z . The number of windings seen now give an indication of
the dimensionless 'age' of the ring. Note that the color values are assigned as shown,
with C* denoting the average scalar value of the fluid inside the Kelvin oval, determined
without radial weighting in the plane. The primary dynamical feature during this stage of

the ring evolution is the continual lengthening of the two spiral arms leading to the core in
Figure 17a. This extensional straining of the scalar dissipation layers in Figure 17b be-

tween these arms leads to a compressional straining along the layer normal direction.
This in turn creates a steepening of the gradient scale and a corresponding increase in the

gradient magnitude. Eventually the thickening effect of diffusion acts to balance the thin-
ning due to the strain, and the result is a strain-limited molecular diffusion layer thick-

ness. In Figure 17b this balance between diffusion and the strain field imposed by conti-
nuity appears to establish a thickening of the layers as they rotate through the upper half

of the ring from the furthest outboard point back toward the centerline, and then a thin-
ning of the layers as they rotate back through the lower half of the ring. The scalar dissi-

pation values furthest from the centerline of the ring also appear to be consistently lower
than those closest to the centerline, presumably due to diffusional cancellation between

the layers. This also leads to a rapid drop in the scalar dissipation within the layers as the
center of the core is approached. Indeed, the scalar values in both arms of the spiral can

be seen to approach the green value attained at the center of the core. Note in particular
that even the core center appears to be adequately resolved, suggesting that the scalar dis-
sipation field is sufficiently resolved throughout the ring to allow accurate determination

of the fine structure of the mixing process. There is, moreover, a pattern of alternating
high and low dissipation rates encountered as the core is approached along the layer nor-

mal direction. However, it is not clear if this results from the different strain rate histo-

ries to which the two scalar dissipation layers that originally emanated from the forward

stagnation point and from the nozzle were subjected, or if instead this is a remnant of the
initial conditions.

3.6 Scalar Imaging Velocimetry (SIV)

Equation (1) shows the effect of the underlying velocity field on the mixing pro-

cess within the ring. It is possible to use these relatively high resolution scalar field mea-

surements to invert (1) and extract a limited type of information about the velocity field

underlying the mixing process. In particular, since the velocity affects the scalar field
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only through the u.VC term in(1), the scalar field is affected only by the velocity compo-
nent u1(xt) oriented along the local gradient vector orientation. Inverting the conserved
scalar transport equation gives this velocity component in terms of the measured scalar
field C(x,t) as

(x,= R V 2 - d V/ Cv j (8)

Note that this involves not only the scalar gradient field examined thus far, but also the
Laplacian and the time derivative of the scalar field. If measurements such as these have
a spatial resolution that is sufficiently high to allow accurate determination of the second
derivatives in the Laplacian, and at the same time have a sufficiently fine temporal
separation between successive images in time to allow meaningful evaluation of the time
derivative of the scalar field, then in principle (8) will allow the velocity component
ut:(x,t) to be determined. Notice, however, that this inversion is only possible where the
scalar gradient is not zero. We point out also that the velocity ull(x,t) in (8) is physically
different from the notion of an isoscalar surface velocity discussed by Gibson (1968), for
which the time derivative does not appear.

In Figure 18 we show each of the component fields involved in the inversion in
(8). The color values in each case denote linearly increasing values of the absolute mag-
nitude of the component field, and no explicit smoothing or filtering has been applied to
any of these fields. Figure 18a shows the original scalar field C(x,t) during a relatively
early stage in the pinch off phase. The resulting scalar gradient magnitude IVC(x,t) is
shown in Figure 18b. Numerically evaluating the divergence of this scalar gradient field,
again using linear central difference approximations, yields the Laplacian field V2 (x,r)
shown in Figure 18c. Here it can be seen that the original scalar field data are sufficiently
highly resolved to allow a relatively smooth determination even of these second deriva-
tives. We note, however, that the relatively high value of ReSc involved in these mea-
surements renders the contribution of the Laplacian in (8) practically negligible, and thus
the requirement that second derivatives of the measured data need to be accurately obtain-
able can in practice be relaxed. As far as the time derivative D/.t is concerned, we also
approximate this with a linear central difference among the scalar field image immediately
before and immediately after that shown in Figure 18a, with the result shown in Figure
18d.

From the component fields in Figure 18, the inversion in (8) can be evaluated to
determine ull(x,t). The result is shown in Figure 19, where the colors denote linearly in -
creasing values of u1j, and where points at which the scalar gradient magnitude in Figure
18b is essentially zero have been flagged red to show where the inversion is not possible.
Note also that the u(x,t) is presented in the original lab-fixed frame. The result obtained
shows relatively high values along the upstream and downstream sectors of the ring,
where the scalar gradient lies coincident with the direction of propagation, and much
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smaller values where the gradient vector is oriented largely normal to the propagation di-
rection. In principle, of course, continuity can be used to extract information about the
remaining velocity component u±(x,t) from the result obtained for u1 (x,t) in Figure 19,
since the velocity at the center of the core is known from the propagation speed of the
ring. We note that this would allow the strain rate tensor field e(x,t) to be evaluated
within the ring, and thereby permit a far more detailed quantitative study of the interaction
between the strain field and the molecular mixing in the ring than the documentation of
the mixing processes undertaken thus far.
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Fig. I. Structure of the experimentally measured, four-dimensional, spatio-temporal con-
served scalar data space (x,t) as a temporal progression of three-dimensional
spatial data volumes, each consisting of a sequence of two-dimensional spatial
data planes, each composed of a 256 x 256 army of data points. The spatial and
temporal resolution achieved is sufficient to allow direct differentiation of the con-
served scalar data in all three space dimensions and in time, allowing the evolu-
tion of the me molecular mixing rate field V .V;(x,t) to be directly determined.
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Fig. 2. The scalar field is measured in the self-similar far field of an axisymmetric turbu -
lent jet in water at an outer-scale Reynolds number Res of 6,000. The approxi-
mate size (L) and location of the imged region of the flow are indicated. In
terms of de local outer scale of the flow, (146) - 1/17, while in terms of the local
inner scale, (A) - 1.6. As a result, if Res is large enough so that all memory
of the outer scales u and 8 is lost on the inner scale of the flow, then the fine
sctre results obtained from the imaged region will to a large degree be generic
to Sc * 1 mixing in all high Reynolds number turbulent flows.
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Fig. 3. Key elemnts of the high-speed variable-rte imaging and data acquisition system
assembled for these fully-resolved four-dimensonal measuremntns of scalar mix-
ing in turbulent flows. Two low-inertia glalvanometrc mirror swannez are slaved
tothe imagingl array timing to rapidly sweep the laser bea in a successive rastr
scan fashion through the scalar field. The data acquisition system can achieve a
sustained data throughput rate to the disk bank of up to 9.3 MB/sec for volumes
as large as the full 3.1 GB disk capacity.
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Fig. 4. The measured Sc o 1 conserved scalar field (x,t) in three typical successive 256
x 256 spatial data planes. The 256 different colors denote the local conserved
scalar value at each data point. The x-axis points to the right, the y-axis points
up, and the z-axis points out of the page. The three planes are shown in order of
increasing z (and therefore increasing t) in the clockwise direction, beginning at
the upper left. Each data plane spans approximately 1/17 of the local outer scale 8
in Fig. 1, or approximately 1.6 times the local inner scale X,, in both directions.
The true scalar energy dissipation rate field obtained by differentiation of these
data in all three directions is shown in Fig. 5.
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Fig. 5. The logarithm of the scalar energy dissipation rate field /ogeV '-V (x,t) in a typi -
cal spat'al data plane, obtained by direct differentiation of the conserved scalar
data in the three adjacent data planes shown in Fig. 4 using linear central differ-
ences. The 256 different colors give the logarithm of the local instantaneous mix-
ing rate in the flow Note the fine structure of the molecular mixing process as a
collection of sheet-like strained molecular diffusion layers. The time evolution of
the dissipation field in this spatial data plane is shown in Fig. 6.



Fig. 6. The time evolution of the scalar energy dissipation rate field /ogeV.V(x,t) in atypical data plane from four temporally successive three-dimensional spatial datavolumes (see Fig. 2). Time increases in the clockwise direction beginning at theupper left. Note that the resulting AT is slightly less than 1/2 (XD/u).
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Fig. 7. Probability densities for the logarithm of the square of each of the three vector
components of V (x,tO as a check on the anisotropy of the scalar field within the
four-dimensional data space.
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Fig. 8. The spherical orientation angles 6 and (p of the scalar gradient vector V (xt) rel-
ative to the x-y-z coordinate axes in Fig. 4-6.



cis

l o

..i.

9-



0.8

0.4 ,

0

0 V2

p\
op

Fig. 10. The individual probability densities of spherical orientation angles for the scalar
gradient vector field. (a) 03(4p) giving orientation relative to the z-axis. (b) 03(5)
giving orientation of the gradient vector projection into the x-y plane.
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Fig. 12. The scalar energy dissipation rate field V .V (x,t) in the same data plane shown
logarithmically in Fig. 5. Colors from blue to red denote linearly increasing dis-
sipation rates. Note that only very little of the flow contains high dissipation
rates, indicating the 'spottiness' of the dissipation field.
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Fig. 13. Thw fraction of the total mixing achieved by the flow versus the fraction of the
total volume within which the mixing occurs, quantifying the 'spottiness' of the
scalar dissipation field. Note, for example, that nearly 10% of the mixing is
ac:hieved in just 1% of the volume, 50% of the mixing is accomplished in slightly
less than 12% of the volume, and 90% of the mixing occurs in just over 45% of
the volume. Also shown are the results obtained from lower-dimensional ap-

r oxaon of the dissipation field.
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Fig. 16. The logarithm of the dissipation rate field loge V.Vt(xt) during the pinch off phase of a
laminar vortex ring. The dimensionless time between successive panels shown is
(At.r/2xa2) - 0.089. Note in particular the diffusional cancellation occurring between
the two molecular diffusion layers emanating from the nozzle lip (see §3.6), as well as
the similarity between the dissipation layers seen here and the vorticity layers in this flow.
(Fee Es. (6) and (7) and related discussion in §3.6).
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Fig. 17. Present measurements of the asymptotic structure of the laminar vortex ring, showing
* right half of the ring only. (a) The scalar field (x,f). (b) The scalar dissipation rate field

V .V (xjg). Note the diffusional cancellation occurring among the molecular diffusion
layers near the core of the ring.



V.>

C) ieC)

4)

C'

C' . 4

0 bOO

*1 C) Cu

Irr

L~ 
'

I(1(' 2)Z Co.

+ + bt -

44



-0.3i 0.15

N [(Fla)

+ 0.33 J _______________ 0.03
+ 0.35 (r-rc)/D0  -0.25

Fig. 19. The velocity component along the local scalar gradient vector direction, u11(x,t), obtainedvia the scalar imaging velocimetry technique (Sly) -from the component fields in Fig. 18.


