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We study the dispersion of tiny molecular clouds in turbulence by writing patterns in turbulent air and
following their deformation in time. The writing is done by fusing O, and N, molecules into NO in the
focus of a strong ultraviolet laser beam. By crossing several of these laser beams, patterns that have both
small and large scales can be painted. The patterns are visualized a while later by inducing fluorescence
of the NO molecules with a second UV laser and registering the image. The width of the lines that make
the pattern is approximately 50 pm, a few times the Kolmogorov length #, the smallest length scale in
turbulence, while the overall size of the patterns (*4 mm) is inside the inertial range of the used turbulent
jet flow. At small scales molecular clouds disperse under the joint action of molecular diffusion and
turbulence. The experiments reveal for the first time this subtle, yet very important interaction.
At macroscales (2200 ) we verify the Batchelor dispersion of objects whose size is inside the inertial
range; however, the expected influence of molecular diffusion is smaller than the accuracy of the

experiments.

DOI: 10.1103/PhysRevLett.129.254501

Introduction.—Turbulence is the erratic flow of a gas or a
fluid which mixes added contaminants extremely efficiently.
Turbulent motion is characterized by a range of spatial
scales which goes from the largest stirred scale to the
smallest one, the Kolmogorov scale #, where the scale-to-
scale energy flux ¢ is dissipated by molecular viscosity. The
intermediate scales are called the inertial range, character-
ized by an algebraic scale dependence of turbulence
statistics. Turbulent mixing on the smallest scales is crucial
for chemical reactions such as combustion [1]. Whether a
reaction proceeds efficiently or not depends on how well the
reactants are mixed on these scales.

In this Letter we study turbulent mixing on small to
inertial-range scales by observing how patterns written in a
strongly turbulent air flow diffuse and distort. These
patterns—tiny clouds—are created from the molecules
of the gas themselves. This provides a unique view on the
dynamics of turbulent mixing. The patterns are written by
weakly focusing UV laser beams with a wavelength of
193 nm in a turbulent air flow emerging from a jet, and
fusing the O, and N, molecules into the long-lived
molecular tracer NO. Tracer molecules are made visible
by exciting them with a second laser and observing the UV
fluorescence using an intensified camera [2]. Naturally,
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molecular spectroscopy is a key ingredient of our exper-
imental techniques.

In gases, the ratio of the kinematic viscosity v (the
diffusivity of momentum) over the mass diffusivity D,
the Schmidt number Sc = v/D,,,, is of order 1. Since the
smallest structures of the turbulent velocity field are set by
viscosity, the smallest spatial structures of tagged molecules
are blurred by molecular diffusion in the time they are
formed. In our experiment, therefore, the growth of clouds is
due to the combined action of turbulence and molecular
diffusion. The interaction between these effects is quite
subtle, as both may reinforce each other such that their
combined effect is more than the sum, or, on the contrary,
molecular diffusion may have an adverse effect on turbulent
dispersion [3,4].

We believe this is the first time that these effects are being
unraveled in an experiment. Contrary to numerical simu-
lations and stochastic models [5—7] we find initial linear in
time growth of small clouds. We verify that molecular
diffusion aids turbulent dispersion of the cloud size, and
attempt measurement of the adverse effect on the dispersion
of the cloud’s center of mass. Turbulent mixing with Sc ~ 1
is of key relevance for gas phase chemistry, but experiments
are rare [8]. Our experiments fit a recent renewed interest

© 2022 American Physical Society


https://orcid.org/0000-0002-1054-9780
https://orcid.org/0000-0002-2472-0155
https://orcid.org/0000-0002-9962-0677
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.254501&domain=pdf&date_stamp=2022-12-14
https://doi.org/10.1103/PhysRevLett.129.254501
https://doi.org/10.1103/PhysRevLett.129.254501
https://doi.org/10.1103/PhysRevLett.129.254501
https://doi.org/10.1103/PhysRevLett.129.254501

PHYSICAL REVIEW LETTERS 129, 254501 (2022)

pulsed excimer laser
193 nm,writing

pulsed dye laser
226 nm, reading

camera
f

FIG. 1. Experimental setup for writing in air. The beam of an
ArF excimer laser (a) at A = 193 nm is focused into the 6.4 x
6.4 mm? field of view (b) by lenses (c). A while later the created
NO molecules are illuminated by a light pulse from the dye laser
(d) at 1 = 226 nm using a broad beam that embraces the written
pattern. This wavelength is blocked by an absorption filter
(e) which transmits the induced fluorescence. The UV image
is registered by a gated, intensified camera (f). By crossing the
writing beam several times with a secondary beam (h), using a
lens and spherical mirror (g) to focus it, a double cross can be
written.

in the interaction between molecular dynamics and
turbulence [9,10].

In case of purely diffusive spreading a Gaussian cloud
with one-dimensional concentration profile C(x,?) «
exp[—x?/c%(t)] spreads in time as 5%(7) = (4/Sc)7, where
the linear size o(¢) size of the cloud was made dimension-
less with the Kolmogorov length #, 6 = ¢/n, and time ¢
was made dimensionless with the Kolmogorov time z,,
1 = t/7,. The interaction between turbulence and molecu-
lar diffusion results in an extra contribution which is cubic
in time, &%(7) = (4/Sc)(7 +47). It was first derived by
Saffman [3].

At small initial separations, 6x(0) < #, the distance
between two fluid parcels initially grows linearly with
time due to the smoothness of the velocity field,
ox(t) = (1 + st/7,)6x(0), with s the dimensionless strain
rate, s = ((du/dy)*)"/*z, = (2/15)"/? in homogeneous
isotropic turbulence [11,12]. Whether this linear growth
survives averaging over turbulence or not depends on the
context of the problem: it is absent when the particles are
inserted in the flow, and their initial separation vector and
the local strain are uncorrelated [12]. It is present in our
experiment, where the tagged molecules are an intrinsic
part of the flow. The initial linear growth leads to a very
simple model for o(1),

where we added the turbulence-diffusion interaction in an
ad hoc fashion. It must be compared to the result of a
stochastic analysis of Refs. [5,7] which assumes no
correlation between the initial particle separation vector
and the strain, and where the influence of the turbulence
starts with a quadratic dependence on time:
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with S, the dissipation skewness, S, =~ 0.5 [13,14].

Experiment.—Our experimental setup is sketched in
Fig. 1. Two variants of this setup were used. With one
single writing laser beam we studied the widening of lines
[initial width ¢(0) ~ 50 pm =~ 3 5], while with three inter-
secting laser beams (as shown in Fig. 1), and employing the
nonlinearity of the writing process [2] we define two dots
whose separation A = 3.4 mm lies in the inertial range
(A ~ 200 77), while the dot size is comparable to the beam
width 6. By measuring the change of ¢ and A with time,
turbulent mixing both on small and large scales is studied in
a frame that moves with the flow, the Lagrangian frame.

A strongly turbulent jet flow emerges from a 1 cm
diameter nozzle. In the field of view of the camera, 40
nozzle diameters or 0.4 m downstream, the flow is approx-
imately homogeneous and isotropic, with typical mean
velocity U =40 m/s, turbulent velocity u = 10 m/s
(which varies by 2.5% over the field of view), Taylor-scale
Reynolds number R; = 460, Kolmogorov scale n ~ 17 pm,
and Kolmogorov time 7, ~ 20 ps.

The wrinkled lines of the deformed patterns are traced
using an image processing technique based on active
contours which finds their backbone: the ridge of local
maximum concentration [16]. Next, the profiles of
perpendicular sections of instantaneous lines i are deter-
mined by fitting Gaussians to the line intensity /;(z,¢{) =
1;(¢) exp[—z%/02({, t)] where z is measured perpendicular
to the line center, 0;({,7) is the line width, { is the
curvilinear coordinate along the line, and ¢ the time since
writing. It is these lines that we view as small-scale clouds;
they have a diameter o,(C, r) comparable to the Kolmogorov
scale 7. We follow these clouds, and we collect the statistical
properties of ¢;({, t) for increasing delay time ¢.

The nitric oxide tracer molecules which are created in
this experiment have a molecular mass that is comparable
to that of the indigenous air molecules. With molecular
diffusivity D, = 2.42 x 107> m?s~! and kinematic vis-
cosity of air, v = 1.5 x 107 m?s~!, the Schmidt number
is Sc =v/D,,,; = 0.62.

Effective diffusion.—The linear approximation of Eq. (1)
defines an effective diffusion coefficient Dy, o*(f) =
O'2(O> + 4Defft, with

#m:#mml

Deff = Dmol + 62(0)5‘/21',1, (3)
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FIG. 2. Effective diffusion coefficient from short-time line
broadening. Dots, experiment; Dy = ({6%(t)) — (62(0)))/4t
measured from the width of lines for a range of turbulent
velocities u, with the observation time ranging from t/7, =
0.1 to t/7, = 0.5. The error bars are the rms variation of D
along the written line. Dashed line, Eq. (3). Solid line, D using
Eq. (2). Gray dashed line, literature value of D, [17].
The turbulent velocity u determines the Kolmogorov time z,,
via the turbulent dissipation ¢, 7, = (v/ €)'/2, with v the kin-
ematic viscosity, and where the relation between u and e was
established in a separate experiment.

where D, is the molecular diffusion coefficient. The
effective diffusion coefficient depends on the turbulence
intensity through the Kolmogorov timescale 7,; in quies-
cent flow, Doy = Dpq-

We measured the dependence of D on the turbulence
intensity through the widening of lines in an experiment
where we varied the flow velocity of the jet, D.; =
((67(1)) — (67(0)))/4t, where ¢ ranges from 7 = 0.1z, at
the smallest turbulent velocity u, to £ = 0.57, at the largest u.
An average is done over ~10° lines i and over the extent
of lines.

We compare the experimental result, shown in Fig. 2, to
finite differences computed from the simple model
[Eq. (3)], and from Eq. (2). At these small times ¢ the
influence of the interaction term is negligible. The simple
model agrees well with the data, while there is a large
difference with the prediction of Eq. (2). This discrepancy
owes itself to the absence of a term linear in ¢ in Eq. (2).

For vanishing turbulence, u — 0, D tends to D, =
242 x 107> m?s~!. The molecular diffusion coefficient
D, 1s larger than the literature value for the diffusion of
NO in air, D, = 1.99 x 107> m? s~! [17]. This is due to
the heat released in the tagging process [2].

Cloud dispersion at long times.—To observe the widen-
ing of lines over long times (a few times 7,) we have
written single straight lines 7 in a strongly turbulent flow
(R; =460) and measured their average squared width
(63(£, 1)), as a function of the delay time  between writing
and reading. Averages () were done over 4 x 10 lines, and
over the extent of each individual line.

Lo

FIG. 3. The widening of lines written in a strongly turbulent flow
is due to both molecular diffusion and turbulent dispersion. (a) The
line has been registered at time r = 35 ps after it was written. It is
shown together with a fitx({) of its backbone; these fits were made
using the technique of active contours [16]. (b) Symbols, squared
Gaussian width (62(¢)). The error bars are the rms variation of the
time-averaged o over the extent of the line. Full line, prediction of
Eq. (2) [7]. Dashed line, Eq. (2) without the interaction term %?3.
Dash-dotted line, prediction of Eq. (1).

Figure 3 shows the experimental results, which are
compared to Eq. (2) [7], and to the simple model
[Eq. (1)]. For short delay times Eq. (2) disagrees with the
experiment, consistent with the result in Fig. 2. For longer
delay times both models, Egs. (1) and (2), are in fair
agreement with the experiment, an agreement which owes
itself to the o 7 interaction term. Thus, this experiment
demonstrates the constructive interaction between molecular
diffusion and turbulent dispersion.

Dispersion of 3D blobs.—The creation of the NO tracer
molecules through irradiation by an intense UV laser is a
nonlinear process, with the tagged NO molecule concen-
tration depending quadratically on the laser intensity [2].
This offers the opportunity to write three-dimensional blobs
in the perpendicular intersection region of two laser beams.

Assuming Gaussian beam profiles with Gaussian widths
o, the concentration profile of a blob with center x = 0
is C(x,y) = Colexp(=x?/6?) + exp(—y?/c?)]f, with the
measured NO fluorescence profile proportional to C(x, y),
and # =1 in the case that the written concentrations may
simply be added while f =2 for a writing process with
quadratic nonlinearity. These two cases are illustrated in
Fig. 4(a). For = 2, the NO concentration profile has the
shape of a cross with a highlighted center which is
approximately Gaussian. In the analysis of the fluorescence
NO images, the lines and their intersections were found
using the technique of active contours [16], after which
the function C(x, y) was fitted to the intersection region with
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FIG. 4. The widening of dots in a turbulent flow. The dots are
small molecular clouds that were created at the intersection of two
laser beams, using the nonlinearity of NO formation. (a) Influence
of the nonlinearity of the writing process. The intensities of
the crossing lines are /; and I,, while / is the intensity of the
intersection point. (b) Open circles, (6%(¢)); the closed dots show
the influence of the deformation of the cross due to turbulence,
(6*(t)sin?(a, — ) — 7/2)). The statistical uncertainty is smaller
than the symbol size. Full line, prediction of Eq. (2) [7]. Dashed
line, Eq. (2) without the interaction term §7°. Dash-dotted line,
prediction of Eq. (1).

the parameters C, o, a; and a, determined in a least squares
procedure. The intensity profile C(x, y) with # = 2 is not a
simple Gaussian. Because of the nonlinearity, the fitted o
overestimates the true width.

Our laser beams are a mere 50 pm wide, and crossing
them exactly in space is a challenge. The degree of spatial
overlap can be monitored by a measurement of the fluo-
rescence intensity I, in the intersection point, compared
with I, of the crossing lines (see Fig. 4). In the case of
perfect overlap and quadratic nonlinearity, the quantity
Iy/(I) +I,) = 2 (in the case that I; = I,). We find a fair
degree of overlap with an average ratio Ioy/(I; +1,) =
1.5 £+ 0.4, where the error is the root-mean-square fluc-
tuation; consequently, we fix # = 2 in our analysis.

The result for 62 as a function of delay time is shown in
Fig. 4(b), together with the predictions of Eqgs. (2) and (1).
The conclusion agrees with that for the spreading of lines:
the discrepancy with the model [Eq. (2)] at small times is
again evident, while both models highlight the importance
of the interaction contribution.

Turbulent dispersion at inertial-range scales.—A
surprising consequence of the interaction of molecular
diffusion with turbulence is that the dispersion of the center
of mass of molecular clouds lags behind the dispersion of
fluid parcels [3].

In our experiment we write a double cross, with A(#) the
separation of its nodes [see Fig. 5(a)]. Because the lines
broaden as time progresses, the A(¢) that we measure is
not the separation of two material points of the flow, but
the distance between the centers of mass of the inter-
section regions whose size grows to =10 # at the longest
delay times.
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FIG. 5. The dispersion of two dots in turbulence that at t = 0
have an inertial-range separation A, = 200 #. The separation A(¢)
is defined as the distance between the intersection points of three
lines written in a turbulent flow. (a) Image of double cross,
t = 10 ps after it was written, (b) delay time of = 40 ps. (c) Dots,
measured (A%(r)) — A2 as function of delay time t. Line, pre-
diction of the Batchelor formula [Eq. (4)]. Dashed line, Batchelor
formula including interaction of diffusion and turbulence.

In the absence of diffusion, the distance between two
material points x;, x,, which are initially separated by
|x, — x| = A, in the inertial range, grows in time accord-
ing to the well-known Batchelor prediction [15]. In
dimensionless units,

) S T R
(A%(1)) — A§ = ?Con/ 7, (4)

where C, ~ 2.1 [18] is the universal constant of the inertial-
range scaling law of the longitudinal second-order Eulerian
structure function, ([(uy — ;) - Ag/Ag)?) = Coe*3AL>,
and the factor 11/3 owes itself to the isotropy of the
velocity field. The Batchelor formula expresses the short-
time ballistic motion of two material points whose initial
separation is inside the inertial range. When these points are
the centers of mass of molecular clouds, diffusion slows
down (A%(1)) by 47°/3 Sc [3].

In the quest for the interaction effect, but now at inertial-
range length scales, we wrote 4 x 10 double crosses at each
delay time ¢ in the turbulent jet flow. From the images we
collected the statistics of A(z) = x, — x;, with the reference
A taken as the mean |(A;(t = 0)),|. The results are shown
in Fig. 5(b), and compared with Batchelor’s prediction
[Eq. (4)], including the diffusion term —473/3 Sc. Because
we measure A(7) in a two-dimensional projection of the
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actual separation, the isotropy factor 11/3 in Eq. (4) now
becomes 7/3.

The predicted lag of the cloud’s centers of mass is a mere
4% at the largest time delay, which is smaller than the
accuracy of the experiment. Otherwise, the dot separation
agrees well with Batchelor’s formula [Eq. (4)]. We empha-
size that the computation of Batchelor’s prediction does not
involve adjustable parameters; the dissipation rate € was
measured in a separate experiment. The statistical error of
(A%(1)) — A2 is smaller than the size of the dots in Fig. 5.
What remains are systematic errors due to the pointing
stability of the laser beams.

Conclusion.—Molecular tagging in a turbulent gas can
be used for velocimetry [19,20], but it fundamentally
cannot resolve motion on the smallest scales due to the
interaction with diffusion [2]. However, tagging molecules
opens up a unique view on small-scale turbulent mixing.

The structures that we write in a strongly turbulent flow
probe the initial episode of turbulent mixing. It is charac-
terized by the subtle interplay between molecular diffusion
and turbulent strain: without diffusion two very close points
would take a long time to separate to the Kolmogorov scale.
Once the cloud becomes sizable, turbulent dispersion takes
over. It is only in the Lagrangian frame—the context of this
experiment—that these interaction effects can be tested.
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