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The Talbot effect has been adapted to measurement of the parameters of mixing in an axisymmetric turbulent
helium jet flowing out into a submerged air space. A two-dimensional array of angles of refraction of light
has been determined from the displacement of the image of unit Talbot elements in the reproduction plane of
the time-averaged talbogram. The distribution of the average refractive index of a medium and the concentra-
tion of helium in the flow field have been calculated by means of the Abel transformation. Based on an
analysis of the intensity distribution at the maxima of the Talbot image, it has been shown that the turbulence
of this jet is locally inhomogeneous and anisotropic.

Reproduction of the intensity distribution of the field of coherent monochromatic radiation with a periodically
modulated front, which is known as the Talbot effect [1], is quite frequently used for diagnostics of different objects.
In particular, the moire′ technique, where the object under study is placed between two identical exposed gratings and
both the size and type of inhomogeneity are evaluated by the distortion of the resulting moire′ pattern [2, 3], is con-
structed on this principle. Casnerale et al. [4, 5] have proposed a scheme (called the Talbot interferometer) in which
the receiving grating is placed in the reproduction plane of the first grating, which enables one to increase the base
and sensitivity of measurements. In [6–12], the Talbot-interferometer scheme has been used for achromatic light.

In a number of investigations [13–16], the Talbot effect has been successfully used for diagnostics of the
quality of laser-active media, including flowing gas lasers. Since the range of possible amplitudes and scales of inho-
mogeneities in gas flows is fairly wide, the technique for measuring them must possess the corresponding accuracy,
dynamic range, and resolution. Talbot interferometry entirely meets these requirements in view of the high sensitivity
of the technique to a change in the local angles of refraction of light. Two components of the deflection angle can
simultaneously be established at any point of a phase object with a high space density, which is determined by the
period of a Talbot grating. Furthermore, recording of an ordered interference pattern in the reproduction plane offers
a number of advantages compared to the techniques on the basis of random-interference effects [17, 18] due to the
much higher sensitivity of the Talbot image (talbogram) to phase distortions and due to its resolution and contrast.
This enables one to substantially simplify the procedure of processing of a talbogram and to improve the measure-
ment accuracy.

Methods of monitoring optical distortions based on the Talbot effect continue to actively be developed [19–
26] for different engineering and scientific applications. Below, we demonstrate certain capabilities of Talbot inter-
ferometry in measuring the average and pulsation characteristics of turbulent flows. The flow structure occurring when
an axisymmetric turbulent helium jet flows out into a submerged air space has been selected as the object.

Measurement of the Turbulence Parameters Using Talbot Interferometry. The use of the Talbot effect for
diagnostics of turbulent media possesses a number of features related to the presence of disorder of the flow, in which
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the quantities characterizing the flow experience random changes along the time and space coordinates. An analogous
behavior is also characteristic of the optical flow parameters. The instantaneous (recorded using Talbot interferometry)
value of the local angle of deflection of light in the case of turbulent flow can be considered as the sum of the aver-
age (over time) and pulsation values
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On the time-averaged talbogram, the displacement of unit intensity maxima or elements of the talbogram from
their initial position leads to a blurring of the image, which is caused by the pulsations of the gradient of the refrac-
tive index in the flow. The range of displacement of the center of gravity of a unit element is related to the average
value of the local refraction angle, whereas the light-intensity distribution within the unit element depends on the spec-
tral pulsation density related to the standard value of the pulsations of the deflection angle (ε′)2(x, y)
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An optical scheme of the experimental setup for investigation of the statistical characteristics of turbulent
flows with the use of Talbot interferometry is presented in Fig. 1. The radiation of an He–Ne laser is converted, upon
transmission by the aperture diaphragm and the neutral filter, to a homogeneous wide-aperture light beam with an ap-
proximately plane wave front using the collimator. The Talbot grating, representing a thin film with a system of uni-
formly distributed orthogonally packed holes, is fixed between a pair of plane-parallel plates of high optical quality
and is placed in the region of the laser beam immediately behind the collimator. A system forming turbulent flow of
the type under study (nozzle, gas burner, etc.) is installed at a certain distance from the grating (no larger than z1).
Depending on the required sensitivity of the technique, a screen is placed in the plane of reproduction of the tal-

Fig. 1. Optical scheme of the experimental setup for investigation of the sta-
tistical characteristics of turbulent flows using the Talbot effect.
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bogram at a distance zN from the grating surface. The length zN determines the position of reproduction planes in
which the field distribution replicates the distribution on the grating, i.e., zN = 2p2N ⁄ λ. The image on the screen rep-
licating the initial distribution of the incident-light intensity is recorded with a required space and time resolution using
a high-quality digital camera.

An axisymmetric helium jet was used in the work as the object of investigation. The jet was formed in flow-
ing out of the gas via a circular nozzle installed immediately behind the Talbot grating at a small distance l (Fig. 1).
The diameter of the nozzle exit section structurally located at the base of the confuser part of a cylindrical channel
(equipped with a system of honeycombs) was 3⋅10−3 m. The nozzle was supplied with the gas via a receiver in which
a constant pressure was maintained. The flow velocity in the nozzle exit section was maintained constant during the
experiments and was C40 m/sec.

The density of the neutral filter and the entrance aperture of the lens of a Canon 300D digital camera were
selected so as to obtain the optimum quantity of light on the photorecording matrix of a charge-coupled device (CCD)
in exposures sufficient for averaging of turbulent pulsations. The difference flow pattern produced in the reproduction
plane is presented in Fig. 2. It is seen that, in addition to the local displacement of the intensity maxima over the flow
field ∆

__
i = (∆Xi, ∆Yi), which are caused by the presence of the average angles of refraction of light, we have their sub-

stantial smearing due to turbulent pulsations. Figure 3 gives the intensity distributions in a unit element of the tal-
bogram before and after the transmission of light by the axisymmetric turbulent jet. It is seen that the pulsation
component of the local deflection angle substantially transforms the character of the intensity distribution in the unit
element, which has an approximately elliptic shape with values of the ratios of large and small semiaxes and the angle
of their inclination to the x axis different over the flow field of the jet. As is seen from expressions (2), the noncir-
cular shape of unit elements of the Talbot image and the inclinations of large semiaxes of the ellipses demonstrate the
inhomogeneity and anisotropy of the field of turbulent pulsations in jet flow.

Calculation of the Distribution of the Average Concentration of Helium in the Field of Axisymmetric-Jet
Flow from the Average Talbogram. Since the axis of symmetry of the turbulent jet was perpendicular to the optical
axis of the setup in measurements and was directed along the x axis, the Euler equations for the angles of deflection
of light in a cylindrical coordinate system can be transformed to the Abel equations
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Fig. 2. Talbogram of an axisymmetric helium jet. The exposure time is 1 sec.

Fig. 3. Intensity distributions in a unit element of the talbogram before and
after the transmission of light by an axisymmetric turbulent jet.
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Figure 4 gives the characteristic form of the distribution of the average angle of deflection of light for one cross sec-
tion of the axisymmetric jet.

To transform the Abel integral to a form resolved for the function n(r) determined [27], multiplying Eq. (3)
by 1/√y2 − r2  and integrating with respect to y2, after simple transformations we obtain

1

r
 
∂n

∂r
 = 

1

π
 










εy (R) ⁄ y

√R2 − r2
 − ∫ 

r

R
∂
∂y

 


εy (y)
y





√y2 − r2
 dy









 ,   
∂n

∂x
 = 

1

π
 










εx (R)

√R2 − r2
 − ∫ 

r

R
∂εx (y)

∂y

√y2 − r2
 dy









 . (4)

Since the light beam transmitted by an inhomogeneity at the point y = R is not deflected, Eqs. (4) can be written in
the form
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By repeated integration of the first equation of (5), we find
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In diagnostics of turbulent flows with Talbot interferometry, use is made of a discrete set of data on the average flow
parameters (Fig. 4) dependent on the period of a Talbot grating p, so that relation (6) can be written in recurrence
form:
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The distribution of the refractive index of the medium in the turbulent jet which has been restored in such a
manner can be used for calculation of the average concentration of helium in the flow field. Considering a helium—air
mixture as a binary one and assuming that the values of the refractive index for gas media differ from unity only
slightly, we represent the Lorentz–Lorenz formulas in the form of the system of equations

Fig. 4. Distribution of the average angle of deflection of light at the distance
from the nozzle exit section y = 10 D. sεt, angular seconds; x, mm.
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. The results of calculations of the average concentration of helium in the field of jet flow from
formulas (7) and (8) on the basis of the data of Fig. 4 are presented in Fig. 5.

It is obvious that the characteristic features of flow occurring in interaction and dissipation of jets of hetero-
geneous gases can be revealed in the distributions of the concentration of helium and the average angle of deflection
of light. The possibility of measuring the spatial distribution of the average concentration of the impurity makes this
technique quite promising when the processes of turbulent mixing are studied.

The investigations carried out enable us to infer that Talbot interferometry is a powerful means for diagnosing
liquid or gas flows, including turbulent ones. The technique allows determination of a two-dimensional array of local
angles of refraction of light with a high spatial resolution (step to 200 µm) over the flow field and a sensitivity to
10−5 rad comparable to the sensitivity of high-quality shadow units of the type IAB-451. The optical scheme of the
technique is easy to implement, requires no expensive optical elements, and is clear and easy to operate. Owing to the
small number of elements, including a periodically transmitting Talbot grating and a collimator, the technique depends
on external disturbances only slightly and can be used under industrial conditions.

The applied capabilities of the technique have been illustrated by its use for measurement of such average pa-
rameters of an axisymmetric turbulent helium jet flowing out into a submerged air space as the refractive-index distri-
bution and the concentration of helium in the flow field.

This work was carried out with support from the Foundation for Basic Research of the Republic of Belarus
(project No. T03MF-046).

NOTATION

a1 and a2, polarization factors of helium and air molecules respectively, m3; CHe, concentration of He, %; D,
nozzle diameter, m; Eεx

 and Eεy
, spectral density of pulsations of the local deflection angle, rad2⋅m; k, wave number,

m−1; l, distance from the Talbot grating to the object under study, m; M, number of unit Talbot elements in the field
of jet flow; n, refractive index; N1 and N2, concentrations of the components of the mixture, m−3; p, period of the
Talbot grating, mm; r, running radius in the cylindrical coordinate system, m; R, jet radius, m; t, running time, sec; T,
averaging period, sec; x, y, and z, running Cartesian coordinates, m; z1, z2, and z3, distances to Talbot images of the
corresponding orders, m; ∆∆

__
i , radius vector of displacement of a unit Talbot element from the initial position, m; λ,

incident-radiation wavelength, µm; ε, εx, and εy, local angles of deflection of light, rad. Subscripts and superscripts: i,
running index; k, order of restoration of a Talbot image; x, y, coordinates in the cross-sectional plane of the jet; 0,
undisturbed medium; ′, pulsation component of the medium’s parameters; 

_
, time averaging.

Fig. 5. Distribution of the average concentration of helium at the distance from
the nozzle exit section y = 10 D. r, mm.
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