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The legendary difficulties in studying turbulent flows stem, in part, from the

lack of high-frequency, high-resolution measurements to interrogate small-scale

structures and their rapid evolution. Our experiments, employing a burst-mode

laser system, capture both spatially resolved velocity fields and their dynamics

using high-resolution particle image velocimetry measurements at 100 kHz. We

show directly that fluctuations of flow velocity in an axisymmetric jet flow are

inhomogeneous and anisotropic. The velocity of the peak of the time-delayed

cross correlation function C(r, r′; τ) is smaller than the convection velocity; thus

Taylor’s frozen hypothesis [Taylor GI, Proc. R. Soc. London, Ser A 164, 476

(1938)] fails to generalize for inhomogeneous jet flows, consistent with prior

studies. Its peak decays exponentially in time. Second, the structure functions

are found to be isotropic at small distances, but not at large distances. Extended

self-similarity is found to hold [Benzi R et al., Physics Review E 48, R29 (1993)],

but no inertial range is found where the Kolmogorov 2

3
-law [Kolmogorov AN,

Dokl. Akad. Naud. SSSR 30, 299 (1941)] holds. Spectral-energy density of

the jet flow, although anisotropic, is consistent with the Kolmogorov-Obukhov

5

3
-law [Obukhov AM, Izvestiya Akad. Nauk. SSSR 32, 19 (1941)] in the flow

direction.

Time-averaged velocity fields of turbulent flows are studied as a function of the Reynold’s

number Re = vLs/ν, where v and Ls are characteristic flow velocity and length scale in the

flow, and ν the kinematic viscosity [1, 2]. The flow transitions from laminar to turbulent as

Re increases beyond a threshold. The dynamics of the consequent small-scale structures in

turbulent flows are chaotic and are typically characterized through appropriate statistical

objects such as cross correlation coefficients and structure functions [2]. Most theoreti-

cal developments are predicated on general considerations on energy transmission between

scales [3–5]. Specifically, it is assumed that a hierarchy of eddies of different scales acts as

intermediaries in energy transmission [6]. Eddies whose size is larger than the Taylor mi-

croscale λ =
√
10LsRe−1/2 transmit the entire energy to smaller scales; viscous dissipation is

only active at scales smaller than λ [7]. The smallest scale of turbulent flow is the Kolmogorov

scale η = LsRe−3/4, by which point viscosity has induced complete energy dissipation [3].

The derivation of observed facets of statistical objects requires an additional assumption

that for sufficiently large Re, small-scale turbulence is isotropic and homogeneous [3]. This
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assumption is justified by noting the reduction of inhomogeneity and anisotropy during the

energy transfer between scales due to the chaotic nature of the flow [2]. Under these con-

ditions dimensional analysis yields two celebrated results: (1) the “2

3
-law,” on the growth

of structure functions and (2) the “5

3
-law” on the decay in spectral-energy density [2, 3, 5].

Although these predictions have been experimentally verified in some configurations [8],

anomalous scaling of higher order structure functions [9] and anisotropic effects [10–12] have

been reported in others. Since these experiments lacked data with sufficiently high spa-

tial resolution, the statistical analyses relied on Taylor’s frozen hypothesis, that turbulent

fluctuations propagate downstream with no change [7, 13, 14].

FIG. 1. (a) Axisymmetric jet flow is generated by N2 gas ejected from cylinder of radius D = 4.7

mm. Rectangular region of size 13.4 mm× 17.7 mm where velocity measurements were made was

approximately 13D downstream of inlet. (b) Snapshot of velocity field for flow of Re ≈ 78, 000.

The critical technology that facilitated the resolution of the turbulent flow in both spatial

and temporal domains was the development of a long-duration (100-ms), high-energy burst-

mode laser capable of producing pairs of pulses at a rate of 5 kHz to 1 MHz [15, 16].

It permitted the performance of two-dimensional velocity measurements employing particle
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image velocimetry (PIV) at a rate of 100 kHz and a resolution of flow features (both spatially

and temporally) almost down to the Taylor micro-scale for Re < 80, 000. For example, at 100

kHz in the present study, we acquired ∼ 8, 500 velocity-field snapshots within the 100-ms

duration. Turbulent jet flows of Re between 21,000 and 78,000 emanated from a cylindrical

inlet of diameter D = 4.7 mm. As it moved downstream, the axisymmetric flow expanded

(nearly) linearly. Velocity measurements at 100 kHz were made on a grid of 51×67 of lattice

size 0.268 mm placed symmetrically in an axial plane approximately 13D downstream of

the inlet, as shown in Figure 1(a). Figure 1(b) is a snapshot of the flow velocity field for

Re ≈ 78, 000. The Taylor micro-scale and the Kolmogorov scale for the flow are 165 µm

and 3 µm respectively. Statistical objects were computed through time averages, which were

assumed to be reliable surrogates for ensemble averages [2]. Since the lattice size ∼ Taylor

micro-scale, nearly the entire inertial scale could be examined.

The time average of the velocity field v(R; t) and its deviation from the mean are denoted

v̄(R) and v′(R; t) respectively, where R is measured from the center of the near-boundary.

The axial and radial projections v̄z(R) and v̄r(R) are given by the Tollmien solution [17, 18]

derived by expressing the Reynold’s equation [1] in cylindrical polar coordinates (r, θ, z)

and noting that for sufficiently large Re, the viscous stresses are insignificant compared to

turbulent shear stresses. As shown in Supplementary Materials, the experimental velocity

fields satisfy the Tollmien solution, which is neither isotropic nor homogeneous. It has

generally been posited that even in such cases, small-scale turbulent flows are isotropic and

homogeneous at sufficiently large Re [2]. However, more recent work has cautioned against

the conjecture for inhomogeneous flows [19]. One advantage of the spatio-temporal jet-flow

data obtained in the present study is that they can be used to perform a direct test of the

symmetries of v′(R; t) down to the scale of the lattice (∼ 0.27 mm) [16, 20]. The results for

v′z(r, z; t) and v′r(r, z; t) can be summarized as follows. Their standard deviations decrease

along the flow axis and are nearly constant in the radial direction except near the edge of

the domain, where they decay. As shown in Supplementary Materials, the corresponding

turbulent intensity T ≡ σ[v′z]/v̄z [14] is nearly constant along the z axis and increases from

∼ 0.1 to ∼ 0.6 in the radial direction. The question we address is if and how Taylor’s frozen

hypothesis and scaling laws for structure functions and spectral energy densities are affected

by the inhomogeneity and anisotropy of axisymmetric jet flows.

We implement a pre-processing step to eliminate recurrent features of the flow, whose
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origins may lie in imperfections of the experimental set-up, acoustic reflections from labora-

tory walls, etc. Theoretical approaches consider only the remaining non-reccurent facets of a

flow. The implementation, based on robust mode analysis [21], is outlined in Supplementary

Materials. For jet flow at Re ≈ 78, 000, we find, and eliminate, one recurrent global mode

of period 0.72 ms.

CROSS-CORRELATION COEFFICIENT

Incompressibility of the fluid, diffusion, as well as the presence of tube-like vortex struc-

tures [22, 23] induce correlations between velocity fluctuations at neighboring sites in tur-

bulent flows. Among measures used for quantitative assessment are the time-delayed cross-

correlation coefficient

C (R,R′; τ) =
〈v′(R; t) · v′(R′; t+ τ)〉t

σ [v′(R)] σ [v′(R′)]
, (1)

and the analogous quantities Cz(R,R′; τ) and Cr(R,R′; τ) for the axial and radial velocity

components. Here σ [v′(R)] is the standard deviation of the signal v′(R; t). Note that

C (R,R′; τ = 0) → 1 as |R′ −R| → 0. When Taylor’s frozen hypothesis [7, 13, 14] is valid,

C (R,R′; τ) = 1 for sufficiently nearby points R′ downstream of R for τ = |R′ −R|/v̄z. Its
validity for inhomogeneous flows has been debated [19, 24]. In the absence of a theoretical

framework, spatio-temporal data is indispensable to establish, if and how the hypothesis is

modified for inhomogeneous flows. Analyses outlined below were conducted on recordings

from four 15 ms intervals (i.e., 1500 snapshots) of the data; the error bars are standard

deviations.

Figure 2 summarizes features of the cross-correlation coefficient with R = 0 ≡ (0, 0) for

jet flows at Re ≈ 78, 000. The upper panel shows three snapshots of C (0,R′; τ), which

is seen to contain a growing downstream-flowing peak. Denote the mean flow velocity at

the n’th lattice site on the symmetry axis as v̄z(n), which, as shown in Supplementary

Materials, is a decreasing function of n. The time tn for a signal at the origin to reach the

n’th lattice site is bounded by
∑n

m=1
δ/v̄z(m) < tn <

∑n−1

m=0
δ/v̄z(m), where δ = 0.268 mm

is the lattice size. The bounds are indistinguishable, and the line (tn, nδ) is shown in red in

Figure 2(b). The position of the peak, shown by blue symbols in Figure 2(b), flows at ∼ 80%
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FIG. 2. (a) Three snapshots of the field C (R = 0,R′; τ), whose peak flows downstream and

broadens in time. Distances are given in mm and the center of the near-boundary is chosen as

the origin. (b) The downstream velocity of the peak is smaller than the convection velocity. (c)

The width of the peak, both in the flow direction and normal to it, grows linearly in time. (d)

The peak Pz(τ) (flow direction: θ = 0) decays exponentially in time. (e) Velocity of the peak is

nearly independent of the direction inside of a cone. The lines (shifted for clarity) show the peak

locations as a function of time for the flow direction and for directions oriented θ = tan−1(1/6),

tan−1(1/5), and tan−1(1/4) from the flow axis. However, as seen in (d), the peak intensity decays

faster as one moves away from the flow direction.

of this convection velocity, consistent with prior studies [25, 26]. (Deviations are found at

off-axial sites as well, but with differing ratio of velocities.) The difference is most easily

explained through Lagrangian flow; i.e., description from a frame co-moving with the axial

flow. As any velocity fluctuation diffuses to neighboring sites, where the flow-velocity is

negative (since the velocity is highest on the symmetry axis), thus dragging the disturbance
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backward. The deviation of the peak velocity from the convection velocity is thus due to

the inhomogeneity in mean flow, as given by the Tollmien solution [17].

A second modification to Taylor’s hypothesis, under which the peak intensity remains

1, is an exponential decay of the peak, see Figure 2(d). We propose that it originates

from the reversal of velocity fluctuations required to maintain an average flow velocity at

a site. The conjecture is motivated by a similar exponential decay (following transients) in

the paradigmatic mean-reversing stochastic dynamics, the Ornstein-Uhlenbeck process [27].

Since mean reversal of velocity fluctuations is necessary to maintain the mean flow velocity

at a location, it is a reasonable conjecture that the exponential decay of correlations will

also hold for homogeneous flows, although experimental validation at small distances may

be difficult. Figure 2(c) shows that the growth of the peak-width is linear both in the flow

direction and normal to it. Although differences in the velocity of the correlation peak and

the convection velocity have been reported in prior studies [13, 24, 28, 29], to the best of

the authors’ knowledge, this is the first quantitative assessment of the decay of the peak in

inhomogeneous flows.

Figure2(e) shows an interesting observation. Due to the anisotropic growth rate and shape

of the intense regions of C (0,R′; τ), the peak along any direction within a cone is seen to

be approximately independent of the direction. The four lines are the peak locations as a

function of time in directions bearing angles θ = 0 (flow direction), θ = tan−1(1/6) = 9.46o,

θ = tan−1(1/5) = 11.31o, and θ = tan−1(1/4) = 14.04o to the flow direction, the lines

being shifted for clarity. The slopes in all directions are nearly identical. (This direction-

independence fails for smaller Reynolds numbers, see Figure 9 of Supplementary Materials.)

However, as seen from Figure 2(d), the decay in the peak-intensity is not isotropic; it de-

creases faster as the deviation from the flow direction increases.

SPECTRAL ENERGY DENSITY

Velocity fluctuations in turbulent flows can be quantified via spectral components of the

“energy field” E(R) = 1

2
〈v(R, t) · v(R, t)〉t of a unit mass of fluid [4, 5]. When E(R)

is isotropic, dimensional considerations have been used to show that the spectral energy

density scales as Ê(k) ∼ k−5/3 in the inertial range [4, 5]. Due to lack of high resolution

spatial data, most previous investigations used single-point velocity fluctuations and invoked
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FIG. 3. (a) Energy density E(r, z) for a jet-flow of Re ≈ 78, 000. (b) Decay of Ê(kr = 0, kz) as a

function of kz. Each diamond represents the mean of Ê(kr = 0, kz) at four successive points and

error bars, the associated standard deviations. Dashed line shows Kolmogorov-Obukhov scaling.

Taylor’s frozen hypothesis to establish the behavior of the Fourier spectrum Ê(ω) of the

time series [16, 30]. We wish to test for scaling of spectral energy in axisymmetric jet flow.

Dimensional arguments analogous to those in Refs. [4, 5] show that the axial and radial

components Êz and Êr of the spectral anergy will scale as k
−5/3
z and k

−5/3
r respectively.

The spatio-temporal velocity fields permit a direct computation of E(R), which as seen

from Figure 3(a), is not isotropic. Prior to computing the spectrum, we extend E(R) in

both the z and the r directions so that the extended field is periodic. The Fourier transform

is performed on this extended field with periodic boundary conditions in order to minimize

spurious spectral components. The z extension is a reflection across zmax. In the r direction,

a linear transformation is applied on each z row of E(R) so that the transformed field

vanishes at the ends; it is then extended by reflection and multiplication by −1.

Since E(R) for the jet flow is anisotropic, it is necessary to analyze the behavior of the

2-dimensional spectral energy density Ê(kr, kz). We find that Ê(kr, kz = 0) is several orders

of magnitude smaller than Ê(kr = 0, kz). Figure 3(b) shows that the latter is consistent

with the Kolmogorov-Obukhov [4, 5] law.
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STRUCTURE FUNCTIONS

High-frequency, high-resolution velocity measurements aid in establishing several inter-

esting statistical characterizations of point-wise and joint velocity-fluctuations in turbulent

flows. The results from our analyses, presented in Supplementary Materials, can be summa-

rized as follows: (a) Point-wise velocity fluctuations, both in the axial (v′z) and normal (v′r)

directions, are nearly Gaussian distributed. Standard deviations in the axial and normal ve-

locity fluctuations differ; specifically σ(v′z) = 25.59±1.51 m/s and σ(v′r) = 17.80±0.51 m/s.

Furthermore, σ(v′z) exhibits a slow decay of ∼ 5% over 17.7 mm in the down-flow direction.

These observations imply the inhomogeneity and anisotropy of v′. (b) As seen in Figure

4(d) of the Supplementary Materials, cross-correlation between point-wise axial and normal

velocity fluctuations increases to the right and decreases to the left of the symmetry axis.

This observation indicates that velocity fluctuations are not randomly oriented; the on-axis

correlation is . 0.1. (Although the on-axis correlation should vanish by reflection symmetry,

it is only approximately so for the < 0.1 sec. duration of the experimental signal.) (c) Dis-

tributions of pairwise velocity differences δv′ ≡ v′(R; t)−v′(R′; t) are multivariate Gaussian

when the two points are far apart, but develop broader tails as points are brought close to

each other. In particular, they are nearly bi-exponential at the smallest distances [26, 31].

This anomaly may originate from incompressibility and the presence of tube-like vortex

structures [22, 23]. Figure 2(a), provides an alternative interpretation: as the peak of the

cross-correlation broadens, the strong correlation between velocity fluctuations at two neigh-

boring sites with those at the origin at an earlier time implies the correlation of velocity

fluctuations at the two points themselves.

Correlations between velocity fluctuations at neighboring sites can be characterized using

the family of structure functions

Sζ (R,R′) =
〈|(v′(R; t)− v′(R′; t)) · e‖|ζ〉t

〈|v′(R; t) · e‖|ζ〉t + 〈|v′(R′; t) · e‖|ζ〉t
, (2)

where e‖ ≡ e‖(R
′−R) is the unit vector in the direction (R′−R). Increasing ζ emphasizes

larger deviations. We find that structure functions are homogeneous on the symmetry

axis, i.e., do not depend on the “origin” R. Our computations of structure functions are

implemented on a 60 ms (6000-frame) segment of the flow. The error bars in Figure 4
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represent standard deviations for four different origins R on the symmetry axis.

FIG. 4. (a) Contour plot for S1 (R,R′) shows that it is nearly isotropic when d = |R′−R| is small,

but that the growth slows in the flow direction as d increases. (b) The symbols show values of

the S1/2 (R,R′), S1 (R,R′), S2 (R,R′), S3 (R,R′), and S4 (R,R′) in the flow direction, with error

bars denoting standard deviations for four “origins” R. The black line is the best fit of the data

S1(z) for a functional form S1(z) = c1z
c3/(1 + c2z

c3) that satisfies the conditions for |R−R
′| → 0

and |R − R
′| → ∞. (c) The normalized structure functions NSζ(z) for ζ = 1/2, 2, 3, and 4,

showing the validity of extended self-similarity [32, 33] for large |z − z′|. Extended self-similarity

suggests that Sζ(z) ≈ 2ζ−1S1(z)
ζ . These are the lines shown in (b). (d) S2(z, z

′) does not show

an inertial range where the Kolmogorov 2

3
-law holds. (e) An assessment of the structure function

from a single-point time series invoking Taylor’s hypothesis is better approximated by the 2

3
-law.

Contour plot of S1 (R,R′), Figure 4(a), shows that it is nearly isotropic when |R−R′| is
small, but that its growth slows in the flow direction with increasing |R −R′|. Additional
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features of Sζ (R,R′) can be inferred from observations on the distributions of velocity

fluctuations outlined earlier. They include (a) continuity of velocity fluctuations imply that

Sζ (R,R′) → 0 as |R − R′| → 0. (b) Since the distribution of velocity fluctuations at R

and R′ are multivariate normal and the v′’s are independent when |R − R′| → ∞, the

distribution of v′(R; t)− v′(R′; t) is multivariate normal with a variance-covariance matrix

that is the sum of those for the two distributions. Since the variances of the distribution

of axial velocity fluctuations are (nearly) constant within the entire domain, it is seen that

S2 (R,R′) → 1 as |R −R′| → ∞. (c) In addition, Sζ (R,R′) → const. as |R −R′| → ∞,

the limiting value depending on ζ. Specifically, since E[|X|ζ ] = 2ζ/2√
π
Γ
(

ζ+1

2

)

σζ for a centered

normal distribution of standard deviation σ, it can be shown that Sζ (R,R′) → 2ζ/2−1 as

|R−R′| → ∞.

Figures 4(b) and (c) show the behavior of structure functions in the flow direction. Black

diamonds in Figure 4(b) are the values of S1(z), with z = |R−R′|. Consistent with the limits

for z → 0 and z → ∞, we use a 3-parameter fit S1(z) = c1z
c3/(1+c2z

c3); the best fit is shown

by the black line in Figure 4(b). The blue, red, green, and magenta symbols in Figure 4(b)

represent S1/2(z), S2(z), S3(z), and S4(z) respectively. Next, given Sζ(z) → 2ζ/2−1 when

z → ∞, we inquire if Sζ(z) will be a power of S1(z). The conjecture is tested using the

“normalized” structure function

NSζ(z) ≡
Sζ(z)

S1(z)ζ
. (3)

The symbols in Figure 4(c), NS1/2(z), NS2(z), NS3(z) andNS4(z), illustrate that a power-

relationship does hold for large z, the limiting value being consistent with NSζ(z) = 2ζ−1

(thin solid lines), except at the largest ζ. This is an example of extended self-similarity [32,

33]; it motivates us to inquire how well Sζ(z) is approximated by 2ζ−1S1(z)
ζ in the entire

range. The blue, red, green, and magenta lines in Figure 4(b) show that the approximation

does hold over the entire domain, but weakens as ζ increases. It is shown in Supplementary

Materials that (a) the discrepancy at large z can be attributed to small correlations and

differences in point-wise standard deviations, and (b) the behavior for small z can be found

using the near bi-exponential form of the distribution of velocity differentials.

The well-known Kolmogorov “2

3
-law” states that for highly turbulent homogeneous and

isotropic flows, there is an inertial range, terminating at the Taylor micro-scale, where
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S2 (R,R′) is isotropic and scales like |R′ − R|2/3 [2, 3], and that higher-order structure

functions scale as Sζ (R,R′) ∼ |R′ −R|ζ/3. Experimental evidence for these claims, many

of which are based on Taylor’s frozen hypothesis, have not been conclusive. For example,

while several studies appear to affirm isotropy of structure functions [34, 35], others report

anisotropy [36, 37]. An inertial range is not observed in some studies on turbulent flows [31]

and simulations [32], while it is found in others [9, 38, 39].

With high-resolution spatio-temporal flow fields, we are in a position to perform direct

and indirect (i.e., based on Taylor’s frozen hypothesis) tests of Kolmogorov scaling in the

anisotropic and inhomogeneous jet flow. Due to experimental noise and limitations on

resolution, estimations of higher order moments are not reliable. The symbols in Figure 4(d)

show S2(z, z
′) and the line through them the best fit to a functional form S2(z) = c1z

c3/(1+

c2z
c3); the dashed line is the 2

3
-law. No inertial range is found for our data.

It has been conjectured that inhomogeneity and anisotropy induces deviations from a

single scaling index [9], and that structure functions scale only within irreducible sectors of

the SO(3) symmetry group [10, 40–42]. The axisymmetric jet flows reported here show no

scaling even within irreducible sectors.

Next, we inquire if use of Taylor’s frozen hypothesis can contribute to experimental obser-

vations of an inertial range [9, 38, 39]. Under the scenario, single point velocity measurements

at a location R = (0, z) on the symmetry axis can be used to evaluate the structure function

in the flow-direction via

STay
2 (t, t′) =

〈|v′z(z; t)− v′z(z; t
′))|2〉t

2〈|v′z(z; t)|2〉t
. (4)

In Figure 4(e), we show the form of the structure function at three locations as a function

of the effective distance v̄z|t′ − t|, where v̄z is the mean flow velocity at R. Since the

time interval between observations is 0.01 ms and the fluid speed in the flow direction is

∼ 130 m/s, the smallest effective distance accessible from the data is ≈ 1.3 mm; given

that the Taylor micro-scale is ≈ 165 µm, we are unable to access the lower distances in the

inertial scale. An inertial range cannot be observed, but STay
2 (t, t′) shows a closer agreement

to the 2

3
-law than S2 (R,R′).

The primary motivation for our work was to highlight advantages of the acquisition of

high-frequency, high-resolution spatio-temporal velocity fields in turbulent flows which, in
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our case, was made through a long-duration (100-ms), high-energy burst-mode laser capable

of producing pairs of pulses at a rate of up to 1 MHz [15]. As an example, we used the system

to study turbulent jet flows at Reynolds numbers between 21,000 and 78,000, and showed

that both the mean flow and velocity fluctuations are inhomogeneous and anisotropic. We

inquired if and how Taylor’s hypothesis is altered in the absence of isotropy and homogeneity.

We found that the peak in the auto-correlation function flows at a rate that differs from

the convection velocity and attributed it to non-uniformity of the mean flow. The peak

correlation was found to decay exponentially in time. We argued that the observation can

be attributed to mean-reversal of velocity fluctuations, which suggests that the decay will

persist in homogeneous flows as well, even at short distances. Next we used the flow fields

to test if scaling of structure functions [4, 5] and spectral energy density will continue to

hold for inhomogeneous flows. Even though extended self-similarity [32, 33] holds except

at small distances, we do not find an inertial range where the Kolmogorov 2

3
-law [3] holds.

The decay of the axial component of the spectral energy density is consistent with the

Kolmogorov-Obukhov law [4, 5].

METHODS

The N2-jet, inserted through a cylindrical inlet of diameter 4.7 mm with a flow rate set by

a mass flow controller (Alicat, MCR), expands axi-symmetrically into ambient stagnant air.

The 2D velocity measurements are made on a grid inside the boundary of the expanding

jet. Reynold’s numbers at the inlet for our experiments range from 21,000 - 78,000 (see

Supplementary Materials).

Velocity measurements are made using high-speed time-resolved PIV, whose acquisition

rates in our system are limited primarily by repetition rates of laser sources and infrared

camera memory. Wth an extended-duration dual-pulse burst-mode laser [16] we are able to

acquire the flow field measurements at 100 kHz over a duration of 0.1 sec. The flow field was

visualized using DEHS particles of diameter 0.25 µm. Under these conditions the motion

of the particles is passive [16], and thus their flow will represent that of the fluid faithfully.

The PIV resolution was made for each condition using the standard interpretation [20],

requiring the vector correlation size (537 µm), laser sheet thickness (500 µm), and time

resolution between correlated images (2 µs). For conditions analyzed, the spatial resolution
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varies from 266 µm to 277 µm. Ref. [16] provides a detailed analysis of particle motion and

rigorous definitions of spatial and temporal resolution. For all cases, a standard definition

of resolution was used, i.e., the Taylor micro-scale wave-vector at which the correction ratio

of the squared spectral filtering function fell to 0.7. This can be interpreted as the point at

which corrections of less than 30% are required to the spectral density tensor, in agreement

with the standard work of Lavoie [20]. However, if a more stringent definition is applied

(e.g. corrections less than 10%), then the effective spatial resolution would decrease.

The integral length scale was estimated as the product of the mean convective velocity and

the measured integral time scale [43]. The time-scale was measured using the exponential

decay of the temporal autocorrelation function [43]; the length-scale Λ was expressed in terms

of the turbulence intensity (estimated from the standard deviation σ1 in the axial direction)

and the dissipation rate ε was estimated using Λ ≈ σ3
1/ε [44]. The Taylor micro-scale was

estimated by substituting this expression, yielding λ ≈
√

15νΛ/σ1, and is a function of

derived and measurable axial quantities in the experiment: kinematic viscosity ν, Λ, and

σ1. The Kolmogorov scale was estimated using the approximation η ≈ (ν3Λ/σ3
1)

1/4 [44].

Further details of these calculations can be found in Ref. [43].

The velocity measurements are made on a 67× 51 grid placed symmetrically on an axial

cross section, as illustrated schematically in Figure 1(a). There were a very few instances

(∼ 0.01%) where both the recorded axial and radial speeds vanish, indicating that the site

was not seeded. (We find no cases where only one component vanishes.) Each such recording

is replaced by the mean of the corresponding velocities at the same location in the time steps

immediately preceding and following the instance.
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Figures

Figure 1

(a) Axisymmetric jet �ow is generated by N2 gas ejected from cylinder of radius D = 4.7 mm. Rectangular
region of size 13.4 mm × 17.7 mm where velocity measurements were made was approximately 13D
downstream of inlet. (b) Snapshot of velocity �eld for �ow of Re ≈ 78, 000.



Figure 2

(a) Three snapshots of the �eld C (R = 0, R0 ; τ ), whose peak �ows downstream and broadens in time.
Distances are given in mm and the center of the near-boundary is chosen as the origin. (b) The
downstream velocity of the peak is smaller than the convection velocity. (c) The width of the peak, both in
the �ow direction and normal to it, grows linearly in time. (d) The peak Pz(τ ) (�ow direction: θ = 0)
decays exponentially in time. (e) Velocity of the peak is nearly independent of the direction inside of a
cone. The lines (shifted for clarity) show the peak locations as a function of time for the �ow direction



and for directions oriented θ = tan−1 (1/6), tan−1 (1/5), and tan−1 (1/4) from the �ow axis. However, as
seen in (d), the peak intensity decays faster as one moves away from the �ow direction.

Figure 3

(a) Energy density E(r, z) for a jet-�ow of Re ≈ 78, 000. (b) Decay of Eˆ(kr = 0, kz) as a function of kz. Each
diamond represents the mean of Eˆ(kr = 0, kz) at four successive points and error bars, the associated
standard deviations. Dashed line shows Kolmogorov-Obukhov scaling.



Figure 4

(a) Contour plot for S1 (R, R0 ) shows that it is nearly isotropic when d = |R0 −R| is small, but that the
growth slows in the �ow direction as d increases. (b) The symbols show values of the S1/2 (R, R0 ), S1
(R, R0 ), S2 (R, R0 ), S3 (R, R0 ), and S4 (R, R0 ) in the �ow direction, with error bars denoting standard
deviations for four “origins” R. The black line is the best �t of the data S1(z) for a functional form S1(z) =
c1z c3 /(1 + c2z c3 ) that satis�es the conditions for |R − R0 |  0 and |R − R0 |  ∞. (c) The normalized
structure functions N Sζ (z) for ζ = 1/2, 2, 3, and 4, showing the validity of extended self-similarity [32, 33]



for large |z − z 0 |. Extended self-similarity suggests that Sζ (z) ≈ 2 ζ−1S1(z) ζ . These are the lines shown
in (b). (d) S2(z, z0 ) does not show an inertial range where the Kolmogorov 2 3 -law holds. (e) An
assessment of the structure function from a single-point time series invoking Taylor’s hypothesis is better
approximated by the 2 3 -law.
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