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ABSTRACT Time-resolved light diffraction of cw read-out laser
radiation by electrostrictive laser-induced gratings (LIGs) is
demonstrated to be applicable, under a special experimental ar-
rangement, for non-intrusive, local, and remote simultaneous
measurements of velocity and temperature in gas flows. The
experimental set-up and the model developed for adequate de-
scription of the experimental results are described. The method
for treating the data and estimating the experimental parameters
is reported.

The demonstrative, proof-of-principle experiments were
performed under stationary flow conditions in plane submerged
heated air jet in atmosphere at ambient pressure and tem-
perature. Phase-sensitive detection of the diffracted light was
accomplished by superimposing two signal beams, whose fre-
quencies were Doppler-shifted by the movement of the grating
together with the flow. Flow velocities in the range 10—160 m/s
and temperatures between ambient and 600 K were measured,
and profiles of the corresponding values along and across the jet
were demonstrated to be obtainable. In addition to velocity and
temperature values, characteristic longitudinal and transversal
spatial distributions of such a parameter as a LIG signal decay
time were obtained. These data may provide information on the
turbulent movement inside the flow and on the jet structure.

PACS 42.62.-b; 47.62.+q; 43.58.+z

1 Introduction

During recent years a significant amount of stud-
ies appeared, devoted to demonstration and assessment of
possibilities to employ diffraction by laser-induced grat-
ings (LIGs) [1-9] and related phenomena of four-photon
light—matter interaction, like degenerate four-wave mixing
(DFWM) [10] and coherent anti-Stokes Raman scattering
(CARS) [11-14], for measurements of flow velocities and
temperature in gases. The interest to these investigations
is due to the fact that these methods allow to accomplish
local velocimetry and thermometry simultaneously and non-
intrusively, without seeding the gas with scattering particles,
asitis usually done in the traditional methods of laser Doppler
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anemometry (LDA) [15, 16]. Moreover, simultaneous meas-
urements in a single laser shot provide possibilities to in-
vestigate velocity—temperature correlations in turbulent flows
that are of importance for numerical modeling of the relevant
processes.

Laser-induced gratings are spatial modulations of the
complex refractive index of a medium produced by the field
of the interference pattern, which is formed by two equally po-
larized pump laser beams [17]. The gratings can be efficiently
read out using Bragg diffraction of radiation from another
laser. In the studies employing LIGs, the investigations of
both spectrum of the diffracted radiation [1] and temporal
evolution of its power, with homodyne [2,5, 6] or hetero-
dyne [3,4, 7-9] detection of the optical signal and subsequent
time-domain [2—7] or frequency-domain [7-9] data analysis,
were being accomplished.

In our first experiments using the laser-induced gratings
technique for flow diagnostics [3], the possibility of applying
electrostrictive LIGs [18] for simultaneous velocity and tem-
perature measurements was demonstrated in the laboratory
for plane jets of air blown out of the slot nozzle into atmo-
sphere at ambient temperature and pressure. The advantage
of electrostrictive LIGs is that they can be non-resonantly ex-
cited in various test gases by any pulsed laser. In [3] LIGs
were “instantaneously” generated partly inside and partly out-
side the jet and read out using a cw probe beam. Time-domain
analysis of the diffracted light power temporal evolution was
employed to determine the flow velocity and temperature. The
values were measured near the exit of the nozzle as a function
of the averaged exit velocity. The LIG signals were recorded
using a version of a heterodyne signal detection scheme,
where the beam diffracted outside the flow was providing in
fact a reference beam. The disadvantage of this experimental
arrangement was its low spatial resolution defined by the large
length of the probe volume.

Further experiments were aimed at the development and
assessment of the approaches that allow one to employ LIGs
with the effective length smaller than the width of the flow
and thus to enhance the spatial resolution of the technique
in application to our purposes. First, two counter-propagating
read-out beams were arranged to generate two diffracted light
waves with the opposite sign of the Doppler frequency shift
resulting from the movement of a LIG with the flow [5]. The
diffracted beams were made to spatially overlap, enabling
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their interference. The flow velocity was determined from
the beat frequency in a LIG signal temporal evolution. The
period of the higher-frequency signal oscillation was simul-
taneously employed for temperature measurements. Second,
another modification of the experimental scheme, employ-
ing a frequency-shifted reference laser beam and based on
heterodyne-detection of the signal, has been developed and
later on tested in a large-scale supersonic experimental facil-
ity [8]. In more details this approach is described in a recent
paper [19].

The proof-of-principle simultaneous flow velocity and
temperature measurements (both single-shot and temporally
averaged) using the counter-propagating read-out beams [5]
have been initially performed at the axis of the jet near the ori-
fice of the laboratory slot nozzle, that was producing the flow
under investigation. In the subsequent work the experiments
aimed to demonstrate possibilities of point-to-point measure-
ments across and along the heated jets have been conducted.
Mainly temporally-averaged measurements have been per-
formed. The present paper describes in detail the experimen-
tal results obtained and the theoretical model developed for
data evaluation. It shows the possibilities and limitations of
the LIG technique to provide information on spatial distribu-
tions of temperature and velocity inside the flow. The data on
the spatial and temperature-dependent variations of the LIG
signal decay time inside the flow are also presented, giving
apromise to employ the technique for characterization of flow
turbulence. This possibility might be of interest for verifica-
tion of turbulent flow models.

2 Experimental

In a LIG experiment electrostrictive gratings are
produced by two equally polarized pulsed pump laser beams
with an arbitrary wavelength Ap and the wave vectors k; and
k>, that intersect at a small angle 8p and interfere. The fringe
spacing of the interference pattern is A = Ap/2sin(6p/2) =
27/|q|,q = k1 —kz. The effective length of the volume excited
by the pump beams, d (the length of the grating), can be es-
timated as d = \/EA(ZIU()/)\.])), where 2wy is the 1/ e2-level
diameter of the Gaussian intensity profile of the pump beams
in the crossing area. For efficient Bragg diffraction, the laser
radiation reading out a LIG, with a wavelength Ag, should be
directed to the planes of the fringes at the angle 6g defined by
the relation:

sin QR = ()\R/)\P) Sin(ep/Z) .

The known requirement for Bragg diffraction Ard/A? > 1,
expressed in our case as \/E(XR/XP) (2wp/A) > 1, can be eas-
ily satisfied by the appropriate choice of Ap, Ar, 2w and the
geometry of the experiment.

To conduct the electrostrictive LIG experiments with the
oppositely directed read-out beams the standard LIG set-
up used previously [3, 18] had been modified as shown in
Fig. 1. The pump radiation at Ap = 1064 nm provided by
a pulsed Nd: YAG laser (Continuum, NY81-20, output energy
~ 80 mJ /pulse, repetition rate 20 Hz, Av ~ 1.1 cm™', pulse
length 7p =~ 8 ns), with the beam diameter of about 8 mm,
was focused using a lens L; (f = 1000 mm). A beam split-
ter BS placed just behind the lens produced two pairs of
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FIGURE 1 The scheme of the experimental set-up: BS - beam splitter;
L;—L4 - lenses; DL - delay line; M - retro-reflecting mirror; PMT - photomul-
tiplier tube; D - diaphragm; IF - interference filter; Ry, Ry - read-out beams;
S1, Sy - signal beams

roughly equally intense excitation beams of parallel polariza-
tions. The adjustable delay line DL ensured the appropriate
temporal overlap of the pump laser pulses (i.e., correspond-
ing to their coherence length) in the beams crossing point. To
decrease the length of LIGs, the beams were aligned to cross
each other at a larger than in [3] angle 8p ~ 2.63° resulting in
a fringe spacing A ~ 23.2 um. In the focal region the 1/e*-
level diameters of the Gaussian pump beams were measured
to be 2wy &~ 300 wm, that provided the effective length of the
grating of about 10 mm.

The cw radiation of an Ar'-ion laser at Ag = 514.5nm
(Spectra-Physics, BeamlLok M2060-5S, power =~ 0.9 W),
used to read-out laser-induced gratings, was focused into the
centre of the crossing region of the pump beams by a lens L,
(f = 1000 mm), with the focal spot diameter, 2wg, slightly
smaller than that of the pump beam. This radiation was dir-
ected at 6 &~ 0.64° to the planes of the interference fringes,
satisfying the Bragg condition in a 3-D backward phase-
matching geometry, and produced the forward-diffracted sig-
nal beam (beams R; and S, respectively, in Fig. 1). In this
case, the probe volume had a quasi-cylindrical shape defined
by the overlap region of the two pump and read-out laser
beams, with a longitudinal dimension expected to be slightly
smaller than the grating length d &~ 10 mm. After passing
through the flow, the read-out radiation was recollimated by
alens L3 (f = 1000 mm) and was reflected back to the probe
volume by a flat mirror M at the same Bragg angle to the
optical axis. In this way the retro-reflected beam (R;) was
employed as an oppositely directed read-out beam produc-
ing the backward-diffracted signal beam S,. The same lens L3
and mirror M were used to recollimate and retro-reflect, re-
spectively, the beam S; in such a way that it appeared to be
spatially overlapped with the beam S,.

The pulses of coherent light of the overlapped signal
beams, diffracted by LIGs, were directed to the iris diaphragm
D and then focused into a multimode optical fiber with
120 pm of core diameter. The fiber was used as a spatial filter
reducing background scattered light of the read-out radiation.
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The signal radiation was passing through an interference fil-
ter IF and was detected by a photomultiplier PMT (Philips,
XP2020). The temporally resolved signals were recorded
using a digital oscilloscope (Tektronix, TDS 744 A) with a full
bandwidth of 500 MHz and a sampling rate up to 2 GHz.

Since the signal beams S and S, were diffracted from the
same read-out beam within its coherence length, being spa-
tially overlapped they interfere at the photodetector. In this
case, the diffracted light of the beam S; was found to be de-
layed, as related to that of the beam S,, by about 8 ns needed
for the beam S; to travel forth and back until it became over-
lapped with the beam S,. Note, that the frequencies of light
diffracted into the beams S| and S, by the LIG generated in
a flow should have the opposite sign of the Doppler shift orig-
inating from the movement of the medium along the direction
of the grating vector ¢, since the wave vectors of the beams
R; and R; had opposite projections on ¢. As a result, the cor-
responding beat frequency in the temporal evolution of a LIG
signal could be observed and employed to deduce the flow
velocity component parallel to q.

To obtain, for preliminary investigations, plane jets with
variable, but definite velocity and temperature fields under
stationary flow conditions, a dry air supply system available
in the laboratory and a simple heatable slot nozzle were em-
ployed. The nozzle was produced by flattening an end of
a copper tube 200 mm in length and 15 mm in inner diameter.
Thus, the tube ended in a plane nozzle about 20 mm in length,
with the orifice height 2 = 1.5 mm and width / = 22 mm. The
nozzle cross section at the exit was equal to Sy ~ 32.5 mm?.
The jets were submerged in atmosphere at ambient pressure
and temperature. The volume rates of air flow were measured
at ambient temperature using a flow-meter in a gas supply be-
fore the entrance to the nozzle and were varied over a range
of 20-2001/min. The corresponding averaged flow velocities
at the exit of the nozzle, vy, calculated as vp = Q/Sn from
the measured flow rates and the nozzle cross-section, were
changing from 10 to 100 m/s (at ambient temperature). The
resistance heater had been placed around the walls of the cop-
per tube providing variable heating up to 1100 K. The wall
temperature was controlled with a thermocouple. Different
gas temperatures T, = 295-600 K at the jet axis near the noz-
zle orifice, as measured by the thermocouple inserted into the
flow, were employed. In the axial plane of the jet gas tempera-
tures at the nozzle exit were checked to be constant within 1%
at the length of about 20 mm along the orifice.

Reynolds number inside the channel of the slot nozzle
near its exit can be calculated as Re = ovph/p [20], where
o is the equilibrium (i.e., spatially homogeneous) gas dens-
ity and p is the dynamic gas viscosity. This relation reduces
to Re = vg[m/s] x 10? for air at ambient temperature and
pressure. Thus, the estimates of Reynolds numbers at the
nozzle exit give the values Re &~ 10° — 10* for the flows em-
ployed at Tex = 295 K. Assuming that a flow in the channel
of the nozzle is similar to a fully developed pipe flow, the
critical Reynolds number should be about Re ~ 2 x 103 [20,
21]. Hence, one can expect that the investigated range of
flow rates corresponds to transition from quasi-laminar (at
about Q = 201/min) to turbulent free jets (at Q > 401/min).
Considering that the characteristic integral turbulent length
scale equals to &, the Kolmogorov length of the low-scale

turbulence can be estimated as Lo ~ hRe, 3/4 [20,21]. Here

the turbulent Reynolds number, Re, is defined by the tur-
bulent kinetic energy rather than mean velocity. Since typ-
ically Re, ~ 1072~10~'Re in a pipe flow [21], in our case
Ao < 270 wm. Hence, turbulent pulsations are averaged over
the probe volume.

The axes of the laboratory-fixed coordinate system were
defined as follows (see Fig. 1): the x-axis was coincident with
the symmetry axis of the nozzle and was pointing in the main
flow direction, and the y- and z-axes were lying in the plane
of the nozzle orifice, the y-axis being parallel to its wide side.
Hence, the origin of the coordinate system was located at the
centre of the orifice. The pump and read-out beams were ad-
justed to lie parallel to the x—y-plane. Their crossing point
(centre of the probe volume) was located in the x—z plane in
such a way that the optical axis was parallel to the y-axis and
the grating vector ¢ was parallel to the x-axis.

The alignment of the crossing of the pump and read-out
beams and of the detection system was carried out using dia-
phragms and a pin-hole located at the position of the beam
waists. The set-up adjustment, optimization and test of op-
eration was performed during measurements with LIGs in
room air by detection of one of the signal beams (S; or S;)
or two beams together. The measurements in the flow were
performed with the probe volume centred in the x—z plane
at various positions across the jet (along the z-axis) and at
various distances from the plane of the nozzle orifice, the clos-
est distance being equal to about 0.9 mm (x/h = 0.6). The
lengths of the excitation and the probe volumes (d A~ 10 mm)
were smaller than the width of the slot (/ = 22 mm), and hence
the fringes of LIGs were located completely inside the jet
flow.

3 LIG signal temporal profile:
data analysis approach

Electrostrictive laser-induced gratings are gener-
ated when the electric field of the interference pattern of two
short-pulse pump laser beams polarizes the medium, and the
spatially periodic inhomogeneity of the field exerts a force re-
sulting in the corresponding variations of density [18, 22, 23].
The efficiency n of Bragg diffraction by a LIG in the absence
of absorption of the read-out beam at the wavelength g is
expressed in a gas as [17]:

2 wd (on 2
on| ~|—(—) do]| .
AR \d0 /7

Here, Ps and Py are the powers of the diffracted and read-
out laser beams, while n and o, dn and §p are the equilibrium
refractive index and gas density and their variations across
afringe of the grating, respectively, and d, as above, is a length
of the grating. Equation (1) takes into account that in a gas the
weak dependence of the refractive index on temperature can
be neglected as compared to the change of n due to variation
of gas density.

The density variations affected by electrostriction can be
quantitatively described using the linearized hydrodynamic
equations [18,22,23]. The solution of these equations, that
is obtained under the conditions of weak acoustic damping,

n_PR_ AR
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is a superposition of acoustic waves, created by electrostric-
tive adiabatic compression of the medium, and acoustic and
stationary density modulations, due to the local temperature
variation resulting from the adiabatic compression. The wave-
length of the acoustic waves is defined by the fringe spacing
of the interference pattern, A. The acoustic waves propagate
in opposite directions with the wave vectors ¢ and —¢q, nor-
mal to the planes of the fringes, have equal amplitudes, and
spatially overlap. Hence, a standing acoustic wave, i.e., a spa-
tially periodic density modulation oscillating in time, appears.
This is accompanied, in accordance with (1), by the respec-
tive oscillation of the diffraction efficiency 7, if the LIG is read
out.

Under the conditions of weak damping, the density mod-
ulations due to temperature variations are small compared to
those caused by the adiabatic compression directly [23], and
hence can be neglected. As a result, in case of the “instanta-
neous” excitation by an infinitely short laser pulse at the initial
moment ¢ = 0 the approximate expression for the spatial and
temporal variation Ap of the equilibrium gas density can be
written att > 0 as
A=A [sin £t exp(—t/ra)] O(t) cos(gr) , 2
where the frequency of the acoustic wave §2 = 2mvs/A =
27 /T, is defined by the adiabatic sound velocity v, and T, is
the acoustic wave period, t, is the damping constant of the
acoustic wave, ©(¢) is the Heaviside step function. The scale
factor A in (2) is defined as (see [18]):

2w
A:yeA

[(Wi W) 2/5] . A3)

UsC
Here, y. = 0(de/00) denotes the electrostrictive constant,
with ¢ being the equilibrium dielectric constant, c is the speed
of light, W, , are the pump pulse energies, and S is the cross
section of the pump beams. Note that finite (focused) pump
beams create a pair of spatially limited acoustic wave packets,
that overlap in space and form a purely standing wave only at
the initial moment and diverge later on.

The amplitude of an acoustic wave in a gas is damped due
to viscosity and heat conduction. The time constant t, scales
as A? and is proportional to the gas density o [18,23], so
that the conditions of weak acoustic damping, expressed as
T,/27w < 1, are fulfilled the better the higher is the density.
However, in the experiments with the focused beams the os-
cillation of n usually decays faster, than is expected from the
estimate of t, value. In this case the decay time constant is pri-
marily determined by the rate of the relative displacement of
the two counter-propagating and initially overlapped acous-
tic wave packets. For beams with a Gaussian profile of the
transversal intensity distribution and similar beam diameters
2wgr < 2wy the decay of the oscillation of the LIG diffraction
efficiency due to this displacement can be characterized by the
parameter T, = wp/ V2, (acoustic transit time). The effect
can be quantitatively described with reasonable accuracy by
introducing the damping factor exp (—#/7, —*/7;), instead
of exp (—t/1,),in (2). If 1y K T,, the influence of 7, obviously
becomes negligible.

The more strict and physically successive analysis of the
LIG signal temporal evolution, that takes into account finite

transversal dimensions and probably slight misalignment of
the beams, should follow the elaborate approach presented
in [2]. However, in a simplified way the temporal evolution of
a signal from the moving medium, obtained in the experiment
with two oppositely directed read-out beams, can be reason-
ably described in the plane-wave approximation assuming the
infinite beams, as follows. The fields Eg, of the forward-
directed and Epg, of the back-reflected read-out beams R
and R, (see Fig. 1), with a wavelength Ag, and the fields Eg,
and Eg, of light Bragg-diffracted in forward (beam S;) and
backward (beam S,) directions, respectively, can be expressed
as

ER,, (r,1) = Eg , (1) exp (—iwrt £ ikgrr) +c.c.,

Es,, (r,1) = Es, (1) exp (—ia)Rt:l: ikslr) +c.c. 4
Here Eg,,(r) and Es,,(¢) are the complex amplitudes, kr
and ks, =kgr —q are the wave vectors of the forward-
directed read-out and diffracted beams, respectively, with
ks, = —ks,, and wg is the angular frequency of the read-out
radiation.

The density modulation, “instantaneously” generated by
the pump beams at r = 0 through electrostriction and de-
scribed by (2), under assumption that equilibrium temperature
and density are constant along the y-axis at the length of
the grating d, defines the complex amplitudes Eg, ,(7) of the
diffracted light, in accordance with [24], as

Egl,2 (H) x ER1,2 (HdAo x ER1,2 (1) sin 2t exp(—1/1,) O(1) .
Q)

Respectively, in the medium that moves with the velocity v,
the complex amplitudes E, , (¢) of the diffracted light waves
can be expressed as

Es , (1) < ER, (1) exp(Fiqur) sin £21 exp(—1/7,) O(1) . (5"
Combining with (4), one can see that the frequency of light
diffracted from inside the flow experiences Doppler shifts
+qv from the frequency wg of the read-out beam, and these
shifts are proportional to the component of the flow velocity,
vy, along g (the x-axis): qv = 27/ A) vy = (vq/v50) £20. Here,
index O refers to the medium at ambient (calibration) tem-
perature and pressure, where the sound velocity vy is also
supposed to be known. Inside the flow the sound velocity v,
and hence the frequency §2 of the acoustic wave, is determined
by the local gas parameters.

After the back reflection of the beam R by the mirror M
and spatial overlapping of the two diffracted coherent beams,
at t > t;, where ¢, is the time needed for the beam R to travel
forth from the probe volume to the retro-reflecting mirror M
and back, the total diffracted radiation field appears to be
a sum of the two contributions. The complex amplitude of
this field is Es(f) = Es, (t —t1) exp(ip) + Es, (¢), where ¢ is
an arbitrary phase shift between the interfering waves. The
temporal evolution of the total diffracted power P; (or the
photodetector signal) is obtained by integrating the diffracted
light intensity, proportional to EgE*, over the cross section
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of the diffracted beam:

Ps () f (EsEs*)dS = Asin® (1 — 1) exp(—=2(t — 1)/ Ta)

+ Bsin® 2t exp(—2t/1,) +2C cos(2(vg/vs0)$20f + V)
X sin £2(t — t1) sin 2t exp(—(t —t1)/Ta — t/Ta)

= A [sin® 2(t — ;) exp(—2(t — t1)/7a) + K sin® $2t
X exp(—2t/t,) + 2K, cos(£2nt + ) sin 2(t — 1))

x sin 2t exp(—(t — 1) /Ta — 1/7a)] , (6)
where the coefficients A, B and C, proportional to d?, are
determined by the pump beams pulse energies, power of the
read-out beams R; and R, and properties of the medium,
K =(B/A), K; = C/A and ¥ is an arbitrary phase shift. Thus,
a high-frequency (25£2) oscillation in the temporal profile of
a LIG signal is amplitude-modulated, due to the Doppler ef-
fect, with the low frequency $2,, = 2(v,/vs0) §29, proportional
to the x-component of the flow velocity. If t| « T, t,, (6) re-
duces to

Ps(1)
A+ K)[1+mcos(£2nt+¥)] sin® 2t exp(—2t/t,),
(7

where the modulation coefficient m is defined as 2K, /(1 + K).

The transit times for the two counter-propagating acous-
tic wave packets leaving the probe volume become different:
Tyl = wo/V2(vs — Vg), Tu2 = wo/v/2(vs + v,). Under the as-
sumptions that flow velocities are not high, i.e., v, < vs, 50
that the dependence of 7; on v, can be neglected, and that
the read-out beam diameter wg is smaller than wg, to describe
the effect of this divergence quantitatively one can, as be-
fore, to replace the damping factor exp(—t/t,) in (5)-(7) by
exp(—1/ta — 12/72).

In accordance with (6),(7), the temporal evolution of the
power of the beam, diffracted by the standing acoustic wave,
shows a regular high-frequency oscillation with a period
/82 = T,/2. By deriving the acoustic wave period T, from
a LIG signal and assuming that the fringe spacing A remains
constant with pressure and temperature one can determine the
adiabatic sound velocity vy = A/T,. In an ideal gas vy is inde-
pendent on pressure and is given by the known relation

R
]/—T,

i ®)

where T denotes the temperature, y = cp/cy is the ratio of the
specific heat at constant pressure and volume, M is the molar
mass, and R is the universal gas constant. Thus, if the gas com-
position is known, and the dependence of y on temperature is
weak, with (8) one can calculate temperature. At a given gas
composition relative temperature measurements, that refer to
the value £2¢ defined at known calibration temperature, can
be performed as well. Note, that in a real gas there is a weak
dependence of vg on pressure.

Therefore, simultaneous measurements of flow velocity
and temperature using electrostrictive LIGs excited inside
the flow can be realized in the presented experimental ar-
rangement. They can be accomplished by deriving the values

£2m = 2(vy/vs0)$20 and £2 = §29+/T/ T from the same single-
shot or temporally-averaged signal as a result of fitting its
temporal evolution using (6) or (7), where the appropriate
temperature dependence of 7, and 7, is introduced, and em-
ploying the known values of vy and £2y.

The spatial resolution of the LIGs technique along the y-
axis (the bisectrix of angle 8p) is determined by the effective
length of the probe volume, which in our case of O < 6p/2
and wr < wy practically equals to the length of the grating
d. Since d ~ Awy, the spatial resolution can be improved, if
required (i.e., d can be decreased), at the expense of a re-
duction of A, by enhancement of the intersection angle 6p,
and/or a reduction of wy, by tighter focusing of the pump
beams. Employing (1)-(3), it can be easily shown that for
the diffraction efficiency of an electrostrictive LIG the rela-
tion 1 ~ (d8g)> ~ waz is valid, if wg ~ wg holds. Thus, with
the improvement of the spatial resolution the peak power of
the diffracted radiation remains constant if A is decreased,
or is growing if wy and wg are comparably decreased. Note,
however, that reduction of wy is limited by the requirement
mentioned above which defines efficient Bragg diffraction by

A
P . It should be also noted that

a thick grating: wy > A

with the reduction of parameterRs A and w the decay time con-
stants 7, ~ A% and t,, ~ wy are also decreasing. The minimum
of these time constants determines the duration of a LIG signal
and, as a consequence, the number of the observed oscillation
peaks of the diffraction efficiency 7. Hence, the decrease of
d, if needed, should be started with the reduction of that pa-
rameter, A or wy, which corresponds to the larger decay time
constant at given experimental conditions.

The effective length of the probe volume can be also re-
duced by tighter focusing of the read-out beam. In this case
the result would be a sacrifice of both the LIG diffraction ef-
ficiency and the decay time constant 7, defined now by wg,
rather than by wg. Hence, this way of improvement of the spa-
tial resolution looks less attractive.

4 Results and discussion

As described in Sect. 2, all the spatially resolved
measurements, demonstrating the applicability of the LIGs
technique to simultaneous determination of gas flow veloci-
ties and temperatures, have been performed under stationary
conditions in plane submerged jets of heated air blown out of
the slot nozzle into atmosphere at ambient pressure and tem-
perature. The measurement time for a single-shot LIG signal
was about 1 ps. However, the major part of signals used for
the measurements have been averaged over 30 laser shots, i.e.,
over a time period of 1.5 s. For each flow rate there were nor-
mally three temporally-resolved signals recorded: two traces
with only one of the read-out beams (R; or Ry) open and
one informative signal proper — with both beams open. The
temporal evolution of all the three signals shows a characteris-
tic regular high-frequency oscillation structure determined by
the acoustic waves excited in the probe volume. The oscilla-
tion periods are the same within 0.2%—0.3%. This oscillation
decays as a result of the finite size of the pump and read-out
beams, as well as because of damping of the acoustic waves.
Only the signal, produced by the interfering beams S; and
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S», has low-frequency modulation resulting from the Doppler
shift of the signal beams frequencies. Each of two other sig-
nals, corresponding to either S| or S;, is not modulated.

The examples of the temporal profile of typical single-shot
and averaged LIG signals are given in Fig. 2. These signals
were recorded at the jet axis near the nozzle exit (x/h = 0.6)
and correspond to the averaged exit velocity vp = 40m/s and
T.x = 295 K. In particular, the traces demonstrate the charac-
teristic high- and low-frequency features of the signal profile
and allow to evaluate the signal-to-noise ratio.

The Levenberg—Marquardt algorithm of non-linear fitting
the temporal evolution of the signal using (6) or (7) was em-
ployed to define the parameters of interest, primarily, §2,, and
£2. Both single-shot and averaged signals, recorded with once
adjusted optical layout at various local gas flow velocities and
temperatures, could be reasonably described using the same
values of the parameters K and K;. The phase shift ¢ has an
arbitrary value, that randomly varies with time, and thus had
to be fitted for each signal independently. Observations of the
averaged signal profile had shown that during a 1.5 s accu-
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FIGURE 2 Temporal evolution of the LIG diffraction efficiency at vp =
40m/s and ambient temperature 7ex = 295 K recorded in a single shot (a)
and averaged over 1.5s (b). The lower traces, plotted at the same vertical
scale with an offset introduced for clarity, show in both cases the difference
between the data and the best fit

mulation period the phase shift ¢ was remaining practically
constant. The differences of the measured data and the best fit
are plotted in Fig. 2a and b (lower traces) with an offset for
clarity. The deviations do not exceed 20% and 10% for single-
shot and averaged signals, respectively. It is pertinent to note
that for on-line single-shot measurements in turbulent-flow
systems of practical interest derivation of gas flow veloci-
ties and temperatures by frequency-domain signal processing
using fast Fourier transform [7-9, 19] or wavelet analysis [25]
may appear to be more straightforward.

From the best fit of the averaged signal in Fig. 2b the angu-
lar frequencies £2 = 93.040.1 ws~! of the acoustic wave and
Qmn =32.240.3 us~! of the modulation due to the movement
of the gas are deduced. With the known sound velocity in air,
from £2y, the flow velocity v, = 59.6+0.3 m/sis derived. No-
tice that the difference between the values of v, obtained from
the single-shot and averaged signals presented as an example
in Fig. 2 is of the order of 1%.

The expected proportionality between the low modulation
frequency £2, of the LIG signal at the exit of the nozzle and
the flow rate has been verified in the range of 20—200 I/min
at the flow temperature Ty = 295 K. The result is demon-
strated in Fig. 3 by the comparison of the flow velocities
vy, derived at the jet axis at x/h = 0.6 from the beat fre-
quency of the signal, with the averaged exit velocities, vg.
Linear dependence is clearly observable, and the best-fit re-
sult v, = (1.48 £0.03)vg is shown by the dashed line. Notice
that this relation corresponds to a transversal velocity profile
characteristic for a viscous plane flow inside the slot nozzle
and confirms the improvement of the longitudinal spatial reso-
Iution of the present experiment, in contrast to that of [3].
There, the relation v, ~ 1.01vg had been obtained for meas-
ured flow velocities, that were in fact integrated along the
width of the jet. It is notable that in [19] a modification of LIG
technique with a frequency-shifted reference laser beam and
heterodyne signal detection [8] and a standard LDA method
have been applied for comparative velocity measurements in
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FIGURE 3 The relation between the experimentally derived flow velocities
v, near the exit of the nozzle (x/h =0.6) and the averaged exit velocities
v, calculated from the measured flow rates and the nozzle cross-section, at
the flow temperature Ty = 295 K. The dashed line indicates the best-fit linear
dependence
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air jets exhausting from the similar nozzle. The results of LIG
and LDA velocimetry show a reasonable agreement, and in
addition are in a good correspondence with those presented in
this work.

The examples of temperature measurements performed
at the jet axis near the nozzle exit (x/h = 0.6) at different
flow rates are given in Fig. 4a. The derived values are plotted
against the values Ty, provided by the thermocouple placed in-
side the flow at the position of the probe volume centre. The
dashed line shows the line of equality T = Ty,. The observed
deviations from this dependence do not exceed 3%. Flow vel-
ocities at the jet axis and x/h = 0.6, derived simultaneously
with temperature at flow rates Q = 24 1/min and 80 1/min, are
presented in Fig. 4b as a function of temperature given by the
thermocouple. As one can expect from the mass conservation
law, for a given flow rate the dependence of flow velocity on
temperature should be linear: v,(Q, T) = v, (Q, To)(T/Tp).
This dependence is confirmed by the measurements and is il-
lustrated in Fig. 4b by the best-fit dashed lines.
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FIGURE 4 Flow parameters measured at the jet axis near the exit of the
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vided by the thermocouple: (a) gas temperatures; the dashed line shows
T = Ty dependence; (b) relative flow velocities at two flow rates; the dashed
lines show the best-fit linear dependences of flow velocity on temperature for
a given flow rate

The precision of the measured values can be estimated
using standard deviations of single-shot simultaneous vel-
ocity and temperature measurements near the nozzle exit,
performed under flow conditions with presumably low turbu-
lence at the averaged exit velocity vg =~ 40 m/s. The results
of these measurements presented in [5] provide o, =2.5m/s
and oy = 1.8 K at Tx = 295 K. It is significant that these par-
ticular numerical values are mainly defined by the noise and
limited duration of LIG signals obtained, and not by turbu-
lent velocity and temperature pulsations, that agrees with the
results of comparative velocimetry using the LIGs technique
and LDA [19]. In our case the signal duration was determined
by the experimental conditions: the diameter of the probe vol-
ume, and gas pressure and temperature.

The achievable precision of determination of the acous-
tic wave period T,, and hence temperature measurements,
using accumulated signals is represented by Fig. 5. Here de-
rived values of 7, are plotted versus relative jet flow velocities
vy /vso measured near the nozzle exitat Tex = 295 K. The regu-
lar variation of T, within 3% shows, however, a characteristic
quadratic dependence on v, /vy, that obviously corresponds
to the small decrease of the local sound velocity in the course
of adiabatic gas expansion [20], in accordance with the rela-

—1
tion: Ty = A/v, = Tho <\/(1 —(y— l)/2(vq/vso)2)> . The
dashed line in Fig. 5 shows this dependence of 7, for air
(y=14).

The results of measurements of flow velocity variation
along the jet axis in the range x/h = 0.6 — 8 at different flow
rates Q = 20-2001/min (and averaged exit velocities vg =
10-100m/s, respectively) and ambient temperature Tx =
295K are presented in Fig. 6a. The gradual decrease of v,
with the distance from the nozzle exit, the more pronounced
the higher the initial velocity, can be clearly seen. The same
data plotted as variations of normalized flow velocities along
the jet axis (Fig. 6b) provide the possibility to observe that the
increase of vy from 10 m/s to 20 m/s and higher results in
the qualitative change of the law of velocity decrease along
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FIGURE 5 Variation of the acoustic wave period 7, with relative flow vel-
ocity v, /vso measured near the nozzle exit at Tex = 295 K. The dashed line
shows the theoretical dependence of T,
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the flow in the investigated initial part of the jet (x/h < 8).
The indicated modification is probably caused by the varia-
tion of the jet characteristics from quasi-laminar to turbulent
in the range of the exit velocities used, as it was anticipated in
Sect. 2.

The examples of spatial distributions of flow velocities
and temperatures along the jet axis, simultaneously deter-
mined in heated flows at the flow rate Q = 801/min and
different temperatures T¢x at the nozzle exit, are presented
in Fig. 7a and 7b, respectively. The faster decrease of the
flow velocity with x/h along the jet axis at higher tempera-
tures due to gas cooling is clearly observed. Temperature
values Ty, measured using a thermocouple inserted into a flow
at the centre of the LIG probe volume, are also plotted in
Fig. 7b. The LIG temperature data are observed to be sys-
tematically higher than those measured by the thermocou-
ple in the region near the nozzle exit, at x/h < 2 (see also
Fig. 4a). This can be apparently ascribed, first, to the relatively
large dimensions of the thermocouple tip (~ 1mm) as com-
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FIGURE 7 Flow parameters variation along the jet axis at different gas
temperatures Ty at the nozzle exit and flow rate Q = 801/min: (a) flow vel-
ocity; the dotted lines are guides for the eye; (b) gas temperature; the dotted
lines are guides for the eye. Temperatures T, measured using a thermocou-
ple inserted into a flow, are also plotted for comparison

pared to the slot height, that may result in the local cooling
of the flow, and, second, to the irradiation heat losses of the
thermocouple.

Distributions of flow velocity (at Tex = 295 K) and tem-
perature (at Tex = 380 K) measured with a spatial resolution
better than 300 um across the jet, at positions x/kh = 1 and
x/h =4, for Q = 801/min are demonstrated in Fig. 8. Both
velocity profiles (see Fig. 8a) have a symmetrical shape. The
characteristic modification of this shape along the flow can
be observed. Notice that near the nozzle exit the distribution
v, (z) is found to be parabolic, as shown by the solid line in
Fig. 8a, in agreement with the transversal velocity profile of
a viscous plane flow inside the channel. A small (~ 0.1 mm)
but noticeable shift of the flow centre in the vertical direction,
along the z-axis, with increase of x/h is an imaginary effect
caused by a slight misalignment of the probe volume displace-
ment direction and the x-axis. As observed for the transversal
temperature distribution at the position x/h = 4 in Fig. 8b,
its centre is located at the same z value as the centre of the
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velocity distribution, in correspondence with the assumed jet
structure of the flow.

The demonstrated longitudinal spatial resolution of the
electrostrictive LIGs technique along the y-axis was estimated
to be about 10 mm. This value results in spatial averaging of
the derived velocity and temperature values in case of compa-
rable flow inhomogeneity in the y-direction. To obtain higher
spatial resolution, and also higher sensitivity of the velocity
measurements, the angle between the read-out beam and the
velocity vector should be as small as possible, that goes along
with a smaller fringe spacing, A. Since the acoustic decay
time constant 7, of a LIG is proportional to A2, it strongly
decreases at a smaller A, that may enhance the lower limits
of measurable flow velocity and temperature determination
error because of a reduced amount of the observable high-
frequency signal oscillation peaks.

It was observed that the decay time of the LIG signals
obtained noticeably decreases, as compared to the values
7, = 1.0 us and 7, &2 0.8—1.0 ws characteristic for the signals
in quiescent air at ambient temperature and pressure, with the

growth of flow velocity, as well as with even a slight increase
of flow temperature above the ambient one. This reduction is
observed already near the nozzle orifice, and enhances further
along the jet axis. Since in our experiments (v, /vs0)* < 1, the
acoustic decay, as well as the rate of the relative displacement
of the acoustic wave packets, should not noticeably depend on
the flow velocity — because of the small temperature variation
in the process of relatively slow movement of the gas inside
the nozzle. For the same reason, the reduction of the decay
time can be only partly ascribed to the appropriate variation
of the parameter ty;, that accounts for the displacement of the
acoustic wave packets together with the flow relative to the
space-fixed probe volume.

The analysis of the recorded LIG signals shows that the
faster decay of a signal can be quantitatively characterized by
introducing into (2),(5) an effective exponential decay time t,
that replaces the acoustic decay constant t, and is used, at the
fixed 7y, value, as an unknown variable parameter. The values
of 7 derived in this way from the experimental data along
the jet axis at different flow rates and ambient temperature
Tex =295 K are presented in Fig. 9. While in the quiescent
gas or at the minimal flow rate Q = 201/min the effective
decay time 7 is close to t,, it is clearly seen that it rapidly de-
creases with the increase of flow velocity above v, ~ 30 m/s,
even near the nozzle orifice (x/h ~ 1), i.e., at presumably
the weakest turbulence conditions. The character of t vari-
ation along the flow axis is also different for O = 201/min
and Q > 401/min, similar to and probably in correlation with
what has been observed for the normalized flow velocities (see
Fig. 6a).

The distributions of t values across the flow at differ-
ent positions x/h along the jet axis at Q = 801/min and
Tex = 295K are presented in Fig. 10. Both transversal dis-
tributions have a quasi-symmetrical shape, correlating with
the jet structure (Fig. 8a), but significantly varying along the
flow axis. Near the nozzle orifice (x/h = 1) values of t are
higher near the flow axis, while in the regions of the bound-
ary layers between moving and quiescent gas the distribution

1.2 L ) ) . . , | |
é _ ¢ Tex = 295 K

1.0 4 oI ) i
- R ;

- | i { I Loovvrernens } 20 1/min |
S 08 - _
*.7, ] ﬂ_ _
g 0.6 I { _
8 T o umn
s g bbb »

0.4 + i
- ;t EEISRITIEY TOUUPURONNY = BUPOOPY 80 I/min
> 1 L7 i % _____ ) U 120 I/min 3
© | TR A 160 |/min i
0.2
S S
D | -
o | [ I l I T T T T T T
0 2 4 6 5 A .

Position along the jet, x/h

FIGURE 9 Variation of the effective decay time of the LIG signal along
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has noticeable minima. Outside the jet boundaries the increase
of the exponential decay time is observed. At x/h =4 the
distribution of t in the central part of the flow is practically
flat, with weak indications of a maximum near the flow cen-
tre and minima in the regions of the boundary layers. The
values themselves are smaller than those at x/h = 1, despite
the lower flow velocities at this distance (see Fig. 6a).

The shorter decay time of the LIG signal at elevated flow
temperatures can be only partly ascribed to the decrease of 7,
because of growth of sound velocity with temperature (z ~
v, ! ~ 7709). Additional reduction is provided by the de-
crease of the effective exponential decay time 7. The tempera-
ture dependence of t at the nozzle exit (x/h = 0.6) is shown in
Fig. 11 for two different flow rates (20 and 80 1/min). The no-
ticeable effect of a rapid decrease of T with temperature in the
range of Tox = 295-500 K at both flow rates is stronger than
could be expected from the approximate relation 7, ~ T,
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FIGURE 11 Variation of the LIG signal effective decay time at the nozzle
exit with temperature Tix at flow rates Q = 201/min (solid symbols) and
QO = 801/min (open symbols). The dashed line shows the assumed T~
dependence of the acoustic decay time constant 7,

with the corresponding dependences shown by dashed lines in
Fig. 11. This relation accounts for the decrease of gas density
inside the heated flow, as well as the weaker 70 dependence
of viscosity and thermal conductivity on temperature at low
densities.

Obviously, the observed strong reduction of the signal de-
cay time in a flowing gas confines the possibilities of the
technique, especially in the measurements of lower flow vel-
ocities at elevated temperatures. It is reasonable to assume
that it might be turbulent fluctuations in the flow, that destroy
the fringes of LIGs and thus decrease the signal decay time.
This conclusion is confirmed by the observed in [19] more
than an order of magnitude growth of standard deviations of
LDA velocity measurements with the increase of the aver-
aged exit velocity and especially of the distance x/d from the
nozzle orifice. Notice that the corresponding standard devia-
tions of single-shot measurements using LIGs do not increase
to a similar extent (see [19]), since in the vy and x/d ranges
employed shot-to-shot variations of the derived velocities are
still substantially defined by the noise and limited duration
of analysed LIG signals. The question of correspondence of
the experimentally derived parameters t or standard devia-
tions of single-shot LIG measurements with characteristics
describing the turbulent movement inside the flow has to be
clarified in a special investigation, either by employing a test
object with known flow turbulence, or by comprising sup-
plementary measurements (those of e.g., spectrum and mean
amplitude of pressure pulsations in the flow) and numerical
flow simulations.

5 Conclusion

The presented results demonstrate the applicabil-
ity of the laser-induced gratings technique for non-intrusive
and spatially resolved simultaneous velocity and temperature
measurements in a gas flow, and provide the examples of
such measurements. The realized longitudinal spatial reso-
Iution of the electrostrictive LIG technique was about 10 mm.
This value gives a scale of homogeneity of flows where the
technique can be efficiently applicable. A lower limit of flow
velocity and upper limit of temperature, that can be measured
accurately, is set by the LIG signal decay time. Consequently,
the described technique might be of the most value for flows of
relatively high velocity (> 5-10 m/s) and low temperatures
(< 600-1000 K), with low degree of turbulence.

The results of the research also give a promise that, in add-
ition to velocity and temperature values, spatial distribution
of such a parameter as the LIG signal decay time may pro-
vide information on the turbulent movement inside the flow
and on the jet structure. However, detailed analysis of the pos-
sibilities, advantages and limitations of the method demands
conduction of systematic measurements using special model
objects with well-characterized flow and turbulence parame-
ters. Understanding of the availability of any additional infor-
mation on flow characteristics from the LIG signals obtained
would be of interest. More thorough study of the possible tur-
bulence effects, that are assumed to limit the possibilities of
the technique, is also of importance.
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