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ABSTRACT The signal of heterodyne-detected electrostrictive
laser-induced gratings (LIGs) originates from the interference
of a reference laser beam with the laser light diffracted at the
counterpropagating sound-wave packets, which are generated in
the overlap volume of crossed laser beams. The frequencies of
the sound waves, which contain the information on the sound
velocity and on the motion of the medium, can approximately be
extracted from the frequencies at the maxima of the two peaks,
which dominate the power spectrum of the heterodyne LIG sig-
nal intensity. In free-air jets behind a slot nozzle, flow velocities
up to 60 ms~! were determined by quick fits from the power
spectrum and by fitting the time-dependent signal intensity data
to model functions. Results agree well, the standard deviations
being about one-half in the latter case (1.6-2.6 ms~!, for pos-
itions close to the nozzle). Problems arising from the sampling
and from the finite observation time of the signal intensity are
discussed. Furthermore, the results of the LIG measurements
were compared with data provided by laser Doppler anemom-
etry. As an application of the instantaneous and unseeded LIG
measurement technique, temperatures in heated air jets were
determined simultaneously with the flow velocity by quick fits
from the power spectrum.

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

1 Introduction

In many applications where flow parameters are
measured, it is not possible to seed the flow with particles.
Therefore, the applicability of the particle-tracer techniques
like laser Doppler anemometry (LDA) [1] or particle-image
velocimetry (PIV) [2] is limited. A strong interest to avoid
seeding therefore exists. Several studies [3—14] in recent
years have demonstrated the functionality of seedless diag-
nostics approaches in various flow regimes, employing elec-
trostrictive and thermal laser-induced gratings (LIGs). The
combination of LIGs with heterodyne detection [3] allows the
simultaneous determination of flow velocity and temperature.
Modelling of the processes of grating formation and grating
interrogation is described in detail by Cummings et al. [3]
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and Schlamp et al. [6]. Walker et al. [4] used a single-mode
probe laser to obtain flow velocities by observing the fre-
quency shift. Maznev et al. described in [5] some specific ar-
rangements for the heterodyne detection of LIGs. The hetero-
dyne LIG technique was used by Schlamp et al. [8] to meas-
ure simultaneously sound speed and flow velocities. Elec-
trostrictive LIGs for flow diagnostics were employed in [7, 9].
In [7] heterodyning was accomplished with diffraction at zero
flow and in [9] with the superposition of two signal beams.
Hart et al. [11] determined flow velocities from heterodyne-
detected electrostrictive LIGs, comparing experimental data
with modelling in the frequency as well as in the time domain.
Hemmerling et al. [13] applied the single-pulse heterodyne-
detected LIG technique to the investigation of the flow behind
a rocket nozzle. Recirculation zones, predicted by numerical
simulations, could be observed, using simplified signal analy-
sis in the frequency domain (power spectrum). Advantages of
analysing single-pulse LIG signals in the frequency domain
and an example of gas-velocity measurements in pressurized
reacting flows have been presented by Brown et al. [14]. They
also discussed the effect of beam steering in inhomogeneous
media.

We present in this paper the technique of electrostric-
tive LIGs for flow measurements, with heterodyne detection
using a separate reference beam, and with data analysis in
the frequency domain (power spectrum), as it had been ap-
plied in [13]. Properties and applicability of this technique,
which allows for minimal and rapid signal post-processing,
are described, and they are elucidated by simultaneous meas-
urements of flow velocity and temperature in air jets behind
a slot nozzle. For comparison, flow velocities are also deter-
mined with LDA, and with the LIG data when carrying out the
evaluation in the time domain.

2 Electrostrictive and thermal LIG technique

with heterodyne detection

Laser-induced gratings are spatially periodic tran-
sient modulations of the complex refractive index. They are
usually generated as a response to the interference pattern
formed by two short-pulse pump laser beams of the same
wavelength A, and with wave vectors k; and k», which inter-
sect at an acute angle 6.

Electrostrictive laser-induced gratings can be generated at

any frequency of the pump beams. The electric field polar-
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izes the dielectric medium, and the spatial inhomogeneity of
the field of the interference pattern exerts the so-called elec-
trostrictive force on the atoms or molecules. As a result, by
pulsed excitation two sound-wave packets of equal ampli-
tudes and with opposite signs are generated; see e.g. [15].
To avoid destructive superposition, the duration of the pulses
should be short compared with the acoustic period. The wave-
length A is defined by the fringe spacing of the interference
pattern, A = A,/(2sin(0/2)). The wave packets propagate in
the directions of the grating vectors ¢ and —q, which are ly-
ing normal to the fringes of the electromagnetic field intensity
generated by the pump beams. The equations +q = +(k; —
k1) hold, with ¢ = 2w/ A. In case of excitation with a multi-
mode laser, in order to obtain an efficient LIG, the difference
in path lengths of the two laser beams has to be within their
coherence length.

The sound-wave packets are detected by diffracting a cw
(probe) laser beam with a wavelength Ag (frequency wy), dir-
ected at the Bragg angle 6g = arcsin(X9/2A) to the optical
axis (bisectrix of the angle #). The coupling between elec-
tromagnetic and acoustic waves generates the frequencies
w12 = wo £ 2, in the diffracted beam [16]. Here €2, denotes
the frequency of the acoustic waves. For small dissipation, as
is the case in our experiments, we may write 2, = qvs, where
vy is the adiabatic sound velocity; see the discussion in [17].
The total signal beam, at the same angle 05 to the optical axis
as the incident probe beam, results from the superposition of
the beams diffracted at the two travelling sound-wave packets.
Dissipation of the sound waves is caused by viscosity and heat
conduction (see e.g. [15]), with dissipation decay rates pro-
portional to A~2. Therefore, to reduce dissipation, the angle 6
should be chosen small. Besides dissipation, the finite trans-
verse dimensions of the probe volume also limit the duration
of the LIG signal.

If the grating is formed in a flow with velocity v, the two
sound waves experience a Doppler shift and the frequencies of
the diffracted beam become w2 = wp & qvs + qv. However,
also in this case, we have w; — wy = 2€2,, so that the measure-
ment of the time-dependent intensity from Bragg scattering
does not contain information on the flow velocity, as frequen-
cies observable in such a scheme originate from interference
of waves. This is explicitly shown in the derivation given be-
low. To determine the flow velocity, a heterodyne-detection
scheme is needed'. The reference beam may originate, as
shown in [7], from diffraction of the probe beam in a re-
gion with vanishing flow. More flexible, however, is the use
of an additional beam. Its frequency w3 may be shifted by
Aws = wy — w3 with respect to the frequency of the probe
beam, as e.g. done in [13]. The beam is adjusted to pass the
LIG at the crossing point of the pump beams and to become
superimposed to the diffracted probe beam. The advantage of
shifting the frequency will become clear in the discussion of
the power spectrum of the signal.

Thus, by applying the equation of acousto-optical coup-
ling (the wave equation of an electric field with spatially de-
pendent permittivity due to density waves) [16], one obtains
for the field strength E(#) of the signal beam reaching the de-

1 Schlamp et al. [6] made use of beam misalignments to determine flow
velocities with homodyne detection.

tector, with the field strength of the reference beam added:

E(t) = Aexp [—t/ra —(r— f)z/r’z]

x sin [(wg — QLa+qv) t + 01 ] OF)

— Aexp [—t/ra —(r+ f)z/r”z]

x sin [(wo + Qa4+ qv) t + 01 ] O(F)

+ Bsin[(w) — Aws) 1 +as] . ey
The amplitude A characterizes the coupling constant of the
scattering of the probe wave at the sound-wave packets (the
change of sign in the first two terms is due to the opposite
signs of the two acoustic waves), B is the constant amplitude
of the reference wave, «; are phase angles, which have random
values, and t = 0 is the time of the grating formation, denoted
by the Heaviside function ®(f). The unit pulse function of the
reference wave is not written explicitly, as it is broader than
the decay function from the acoustic propagation and dissipa-
tion. Only the projection of v onto g, vy, enters (1); it is the
component of the flow velocity that can be measured.

The temporal decay of the Bragg-diffracted waves is taken
into account by introducing in (1) (a) 7, from acoustic dissipa-
tion and (b) the transit times v’ and t” of the acoustic waves
out of the probe volume, which is assumed to have a Gaussian
shape. 7’ and t” are related by /7" = (vs +vq) / (vs — vy).
The time interval 7, also introduced in (1), takes into account
that, in general, it cannot be arranged that the probe beam
meets symmetrically the two sound-wave packets. The acous-
tic decay time t,, being larger in the experiment (about 0.9 j.s)
than the acoustic transit time (about 0.35 ps), is no longer ex-
plicitly noted in the following. The radiation intensity I(f) is
defined, up to a constant factor, as the square of the electric
field strength, averaged over optical periods. One obtains the
various terms of /() according to the familiar rule that a super-
position of electric field strengths in the signal beam,

Cisin[(m 4+ Q)t+ ;14 Csin [(wo + Q) t + o] 2)
generates from interference the time-dependent term
CiCrcos [(2; — ) t + Ac] 2)

in the expression for the radiation intensity /(f). Thereby, @
is considered to be an optical frequency, and €2; and €2 are
low frequencies; i.e. there is no averaging over the respective
periods. Furthermore, by definition Aa = o; — .

Thus, one finds for the radiation intensity at the detector,
neglecting the constant contribution from the reference beam
alone, that

[exp[— (1 —T)?/1"*] cos(Qu1 + Aa)
—exp [—(t+1T)%/1"*] cos (2t — Aa)
exp [—2(t — f)z/r’z]
+exp[-2(t+7)?/7"?]
+(A/ZB) -2 exp [_(t_ .Z,)Z/.L,/Z
—(t+7)*/7'*] cos Qot

1(r) o0, 3
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where

Qo =22, = 2qvs,
Q= Q4+ Aws +qv,

Q1 =Q,— Aws —q,
Ad=oar—aj.

“)
Equation (3) confirms that the signal, without any reference
beam added, oscillates with the frequency €2¢ only. The terms
in (3), which carry the information on the flow velocity, may
be enhanced with respect to the € term by an intensity of
the reference beam large compared with the intensity of the
diffracted beam.

In the case of T =0, and v, < vs, which means that the
equation 7> = 72 = 72 holds approximately, one obtains
a somewhat simplified expression for 1(¢). It shows more di-
rectly the modulation (with frequency Aws+ qv,) and the
effect of Aa:

1(f) {exp(—tz/IQ) sin §2,¢ sin [(Aa)s + qvq) t— AO{]

+(A/B) exp(—2*/7%) sin® Qut} O(F) . 6)
The frequencies 29, 21, and €2, which carry the physical in-
formation on the measured flow (4), can be determined for
given data by fitting the experimental curve /(¢) to the model
curve of (3).

In this paper, the procedure mainly described is to de-
termine the frequencies €2; by spectral analysis. Both the
cosine transform /. (£2) and the sine transform I (£2) are, how-
ever, strongly Aa-dependent, even for a single term (with
one frequency). For the power spectrum P(2) = ICZ(Q) +
I2(82), which is used by us, the Aa-dependence enters only
if there is interference of different frequencies. The integrals
needed in the expression for P(£2) can be expressed by known
functions [18]. Qualitatively, neglecting any interference with
other peaks, the term with oscillation at frequency €2; has the

form

(Q _ QI)Z.C/Z

P(Q) o "% exp [— 3

}+0(9—91)2.

More precisely, P(€2) includes, besides the Gaussian function,
as given above, other terms of power two and higher even
powers. They cause a slower decay of the tails than from the
Gaussian alone. Besides peaks at the positive frequencies €2;,
the power spectrum also has analogous terms at the negative
frequencies —2;.

In the approximation that all interference terms depending
on different frequencies €2; can be neglected, because of their
frequency separation being large enough, the local maxima
of the power spectrum P(€2) for the function I(¢) are situated
at the frequencies +;,7 = 0-2, and at Q = 0. Otherwise,
the peak positions are slightly shifted from the frequencies
;, the shift being dependent on Aw. In the case of the 2
and €2, oscillations, the interference is supposed to be small
for (t'//2)7", (t"/3/2)7' « 5 — Q. The detailed analy-
sis shows that P(£2) contains contributions independent of
A, contributions proportional to cos(2A«), and contribu-
tions proportional to sin(2Aw).

The quantities of interest can be obtained in a straight-
forward manner from the frequencies €2;. First, from cal-
ibration measurements at zero flow, one obtains the fre-
quency shift Aws and the grating vector ¢, using the relations
Aws(vy =0) = (2 — Q1)/2and g = Q20(Tp) /2vs(Tp), which
follow from (4). In this way, usually, more accurate values
for Aws and g are obtained than from the setting of the fre-
quency shifter (Aws) and from geometric measurements (g).
The value for the adiabatic sound velocity vs(7p) at the tem-
perature T is taken from the literature.

18 T T T T T T
Q,=Q,-A-qv,
16 - -
14 <
Q=Q,-Aw Q,=Q, +Aw,

12 -
ERET < Q 4
& Q=Q,+A0+qv,

S
- 8 -
6 -
4+ 4
2 -
L Q, shown.
| 1 [A |

FIGURE 1 General form of the
power spectrum of a heterodyne-
detected LIG signal from numerical
modelling; a spectrum for quiescent
gas at Tp =295 K and its modifica-
tion with flow (v =40ms™") are
The  parameters  are
Q,(Tp) /2w = 13.4 MHz, Aw,/2n =

0 5 10 15 20
Frequency, Q/2n [MHz]

22MHz, A/B=0.2, Aa =0, T/ =
0.41 ps (for vy =0), vs =345m/s,
and7=0

25 30 35
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The flow component v, in the direction of ¢ is determined
according to the relation

Qz — Ql - ZAa)g
Vjy=—-———, 6
q 2% (6)
which follows from (4). Finally, the sound velocity vs(T') at
the location of the measurement is determined from Qg =
Q1+ Q9

Q(T) +Q(T)

v (T) = 2%

)
Thus, if gas composition and specific heat capacities do not
change in the domain investigated, the local temperature is ob-
tained from the ideal gas relation between sound velocity and
temperature:

2 2
- (vﬂ)) . (Qo(T)> I
vs (7o) Q0(To)
Figure 1 gives the general picture of how the power spec-
trum depends on the quantities 2,, 20 = 2£2,, Aws, and v,. It
should be emphasized that in the case of a non-zero shift A€
between the frequencies of the probe and reference beams, the

two peaks at 2| and €2, in the power spectrum of the photode-
tector signal exist even in quiescent gas. In a flow the peaks

®)

are shifted due to the Doppler effect, as related to their initial
positions in the quiescent gas: with the increase of the flow
velocity in the direction of ¢ the peaks move apart while, if
the flow has the opposite direction, the peaks move closer to-
wards each other. Hence, both the value and the sign of the
local flow-velocity component can be derived from the power
spectrum in this case.

The application of thermal gratings for flow-velocity
measurements can be discussed along similar lines. By the
absorption of light, in addition to counterpropagating sound
waves (Brillouin modes), the non-propagating Rayleigh mode
is generated in the medium [19]. In the case that the absorbed
radiation is instantaneously converted into heat, the E-field
at the detector from diffraction at the Rayleigh mode has the
form:

E(t) = Cexp(—t/t) cos[(20+qv) t + 1] O(1) ©)]

where 1}, is the dissipative decay time of the Rayleigh mode.
The case of non-instantaneous heat deposition is treated
in [20].

3 Experimental set-up
3.1 Set-up for heterodyne-detected LIG

A pulsed Nd:YAG laser (Continuum NY-81, A, =
1064 nm, pulse energy ~ 50 mJ, repetition rate 20 Hz, pulse

i Ar+-ion laser
Nd:YAG laser

PMT signal beam z

BS2

reference beajn o

OF D2

Flow

depth (d) width (w)

|, probe beam” q/

FIGURE 2 (a) Scheme of the ex-
perimental set-up. BS: beam splitters;
FS1,2: acousto-optical frequency
shifters; LS1,2: focusing lenses;
D1,2: iris diaphragms; FB: optical
fibre; PMT: photomultiplier tube;

M DO: digital oscilloscope; AOM:
acousto-optical modulator of the
probe and the reference beams.
(b) Relative arrangement of a noz-

zle and the probe volume in the
laboratory-fixed Cartesian coordinate
system
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duration ~ 8 ns, coherence length ~ 8§ mm) provided the two
equally polarized pump beams crossing at 8 = 2.26° to form
an electrostrictive grating with A ~ 27.0 pm in a standard ex-
perimental arrangement, as shown in Fig. 2a. A and 6 are cal-
culated from the grating constant ¢ = 2.32 x 10° m~!, which
was determined in a zero-flow measurement (cf. Sect. 4.1).
The corresponding acoustic decay time [15] is about 0.9 ps.
The excitation beams, as well as the probe and reference
beams, were focused by the same lens (f = 750 mm). The
diameter of the focal region of the pump beams was about
0.25 mm. Diameters of probe and reference beams in the focal
region of the pump beams were slightly larger.

The beam of an Ar' laser (Coherent Innova 90, A¢ =
514 nm, power ~ 0.9W) probed the laser-induced grat-
ing. The probe beam satisfied the Bragg condition in two-
dimensional forward phase-matching geometry. The refer-
ence beam was adjusted in the plane of the excitation and
the probe beams, symmetrically to the probe beam with re-
spect to the optical axis, to overlap the beam diffracted by the
LIG. Two dc-voltage-controlled acousto-optical frequency
shifters (Brimrose, TEF-80-30-514) introduce a frequency
difference of Aws/27m ~ 2.75 MHz between the probe and
the reference beams. This frequency shift was determined by
a LIG measurement at zero flow (see Sect. 4.1). The over-
lapping diffracted and reference beams were focused into
a multimode optical fiber (core diameter 120 um), which was
employed as a spatial filter to reduce background light of inco-
herently scattered probe radiation. Flow velocities that can be
measured with the set-up are between about —30ms~! (this
value depends on the chosen frequency shift Aws) and about
+200ms~!.

The temporally resolved heterodyne signals were detected
by a photomultiplier (PMT, Philips XP2020). To avoid sat-
uration of the PMT by the high cw light level of the ref-
erence beam, an acousto-optical modulator (AOM, model
ISOMET M1205C-2) was employed to gate the Ar™ laser,
synchronously with the excitation laser pulses, during the
period of about 2 ps. The gate width was selected to be larger
than the acoustic transit times t’, 7”7 (about 0.35 ps in our ex-
perimental configuration, see below). The gate time defines
the time t = —fy (t =0 is defined by the time of the grat-
ing formation, at the centre of the Nd: YAG pulse). The signal
beam is recorded using a digital oscilloscope (Tektronix, TDS
744 A) with a full bandwidth of 500 MHz and a sampling rate
of 1 GHz.

3.2 Model air jets

Two different slot nozzles were used in our experi-
ments to generate jets of air at atmospheric pressure, the first
nozzle (A) was used for the temperature measurements, the
second (B) for comparative measurements of the LIG with
the LDA technique. Both nozzles had an aperture formed by
compressing the end of a copper tube. The aperture of noz-
zle A had a cross section at the exit of Sy &~ 32.5 mm? (width
w = 22 mm and depth d = 1.5 mm). The deformed part of the
nozzle was 20 mm long. A resistance heater wrapped around
the tube provided temperatures up to 1100 K. Wall and gas
temperatures were measured by thermocouples. Fine grids of
copper wires were placed inside the nozzle to enable homoge-

neous heating of the flow, and this prevented its use to seed the
flow with particles. Non-heatable nozzle B, of similar length
to A, had slightly smaller orifice dimensions. The cross sec-
tion at the exit was Sy &~ 29 mm? (width w = 18 mm and depth
d = 1.7 mm).

The flow rate was measured with a flow meter (Vogtlin
V300). In our experiments the flow varied between 19.51/min
and 69 1/min at room temperature. This corresponded to aver-
age flow velocities between 11.2ms~! and 40 ms~!. Taking
the depth d as the characteristic length, the range of Reynolds
numbers is calculated to have values between about 1.2 x 103
and 4.3 x 10°.

The axes of our laboratory-fixed Cartesian coordinate sys-
tem were defined in the following way (Fig. 2b): the z axis
was coincident with the symmetry axis of the nozzle and was
pointing in the main flow direction, while the x and y 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 at the centre of the orifice. The pump and probe
beams were adjusted to lie in the y—z plane, with their cross-
ing point (centre of the focal volume) located on the z axis, in
such a way that the optical axis was parallel to the y axis and
the grating vector ¢ was coincident with the z axis.

The measurements in the flow were performed with the
probe volume centred at the axis of the jet, at various dis-
tances from the plane of the nozzle orifice. We define the
transverse extension L, = L, of the probe volume to cor-
respond to the waist diameter of the pump beams and ob-
tain L, = L, ~ 0.25 mm for our experimental set-up. As the
crossing angle between the pump beams is small (6 &~ 2.26°),
a large extension of the probe volume in the y direction (= L)
is obtained even in the case of focused beams. We estimate L,
to be about 10 mm. The extensions L, and L, of the probe vol-
ume are therefore small compared with the depths and widths,
respectively, of the nozzles used in the experiment, and inho-
mogeneity of the flow velocity in the probe volume is small for
laminar flows.

4 Results and discussion

4.1 Procedure of data analysis

For each measurement a series of 100 single-shot
LIG signals containing 1000 points with a time step of 1 ns
(i.e. the duration of one signal is 1 ps) has been recorded. The
heterodyne time-resolved LIG signal is Fourier transformed,
in order to obtain the power spectrum. Two peaks at (approxi-
mately) 2; and €2, dominate the power spectrum; the third
peak (at frequency €2g) is clearly smaller, because A < B (cf.
(3)). An automatic peak-search algorithm can be applied to
the power spectrum to derive the peak positions and to cal-
culate the flow velocity v, using (6). The mean velocity and
its standard deviation can be obtained from the velocity his-
togram, which is approximated by a Gaussian distribution.
The time-resolved single-pulse heterodyne LIG signals
(cf. Fig. 3) are sitting on the top of a rectangular pulse (not
shown in the figure), which is introduced by gating the ref-
erence beam with an AOM as described in Sect. 3.1. The
detected signals are strings of 10 values, taken in steps of
1 ns, i.e. they have a total duration of 1 ps. Their power spec-
trum P(S2) is represented by the dots (marked by squares in
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250 T T T T T T FIGURE 3 Influence of zero fill-
ing on power spectrum. Dashed line:
without zero filling. Solid line: with
zero filling
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Fig. 3), which are connected in the figure by a dashed line.
In order to obtain a denser set of points in the power spec-
trum, a data string of 215 values is generated, where the values
added are zeros (zero filling, cf. [21]). This improves the ac-
curacy of determining positions of peaks in the spectrum, as
a smoother curve of the power spectrum (solid line in Fig. 3)
is obtained. With the number of 2! sampling points a spacing
of 0.03 MHz from point to point was provided. To get a final
resolution of 0.003 MHz, additionally a spline interpolation
was applied.

Note that by truncating the recorded signal before it has
fully decayed, the addition of zeros to the original data gener-
ates a discontinuity in the curve. As the Fourier transform of
a step function is a sinc function, additional peaks, so-called
sinc wiggles, appear in the Fourier spectrum. However, usu-

0.4 T T T T T T
0.3F b
5 02—ﬂ 1
S,
z
2 01 g
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g
g  of .
o0
w
)
=
- -01F 4
0.2k 4
03 1 1 L 1 L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a t[us]

20 25 30

ally, except in the case of experiments with weak signals, the
amplitudes of these wiggles are small compared to those of the
main peaks.

The power spectrum at zero flow provides approxi-
mate data for the experimental parameters ¢ (and therewith
Q.), Aws, T, A/B, T/, and t”. They were used as initial
values to fit the time-dependent curves I(f) (at zero flow)
to the model functions (3). The optimization, applying the
Levenberg—Marquard scheme, with holding fixed all param-
eters but one in the iterations, gave the following values:
g =232x10m™!, Aw,/2mr =2.75x10%s7!, T =41ns,
A/B =0.25, and v/ = t” = 0.347 ps. The transit times t’,
7" correspond to a propagation path of the sound waves of
0.12 mm, and the time 7 to a misalignment of 14 wm with re-
spect to the symmetry axis of the probe volume. The ratio

0.4 T T T T T T

03

0.1

LIG signal intensity [a.u]

-0.1

0.4 0.5 0.6 0.7

b t [us]

FIGURE 4 Two examples of experimental curves I(f) for v, = 0 and their fits with model curves. The data are (a) Ao« = —0.35 and (b) Ax =2.58
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(7' /2)71/(Q, — ), defined in Sect. 2, is approximately
equal to 0.11. However, as peaks in the power spectrum have
slower decay in the wings than Gaussian peaks, it may be
supposed that the flow velocities v, obtained from the peak
positions in the power spectrum still depend in an observable
amount on the random value of A«. Actually, numerical an-
alysis shows that the variations of A« generate movements of
the peaks in the power spectrum, which correspond to v, fluc-
tuations of about +5 m s~!. The difference for the mean value
of Aws, obtained from power-spectrum analysis (average over
Ac«) and from fits with I(¢), is small, however. It corresponds
to a deviation in v, of 0.4ms~!. From fitting /(?) the trig-
gering time of the photomultiplier, —fy, is also determined.
Figure 4a and b show that the experimental curves I(¢) fit very
well with the model functions if the optimized values of A«
are inserted.

4.2 Flow velocities from LIG and LDA

We determined by LIG, as described above, the
flow velocities at various positions in the flow field of noz-
zle B. The measurement points were on the nozzle symmetry
axis at distances of z = 1.17d, z = 2.35d, and z = 4.7d from
the nozzle exit. To check the accuracy of the results from
the LIG technique, we compared the results with results ob-
tained from LDA. These latter measurements were performed
at the Swiss Federal Institute of Technology in the Laboratory
for Thermodynamics. A standard LDA set-up was used. The
measurement volume was a sphere with a diameter of about
80 pm. The mean diameter of the TiO, seeding particles was
1 wm. To assure that repeated measurements were at the same
positions inside the jet, a special mask was used for adjusting
the location of the probe volume.

The mean values of the flow velocity, obtained by LDA
measurements and by LIG measurements — from quick fits
with the power spectrum and, for the distance z/d = 1.17, also
from fits with the model signal intensity /(r) — agree well for
lower velocities and small distances from the nozzle (Table 1).
Results from LDA are, however, systematically larger when
the turbulence in the flow is supposed to become relevant
(at larger distances from the outlet and higher velocities).
Data for the fits with the model signal intensity I(f) are ob-
tained by selecting at random 10 measurements for each flow
condition (except for zero flow, and for the flow 11.2 m g1
at z/d = 1.17 : 20 measurements). Standard deviations are
clearly smaller for the LDA measurements than for LIG. LIG
standard deviations are about constant for flows supposed to
be dominantly laminar. A considerable part of the standard
deviations for the power spectrum (quick fits with the peak

positions) is due to the dependence on the random parameter
Aca, which is not accounted for in this technique. Doing fits
in the time domain and taking into account the influence of
the relative phase angle A« achieve a clear improvement. The
standard deviations are about one-half (1.6-2.6 ms~!) those
for quick fits with the power spectrum. The improved single-
pulse accuracy is of the same order as was earlier achieved
with a set-up using two counterpropagating signal beams and
data analysis in the time domain [9]. With the onset of turbu-
lence standard deviations for LIG measurements as well as for
LDA increase. The comparison of the results for z/d = 1.17
between LIG (quick fits from the power spectrum) and LDA
is illustrated in Fig. 5.

4.3 Simultaneous temperature and flow-velocity

measurements in heated jets

We report in this subsection the measurement of
temperatures, simultaneous with the flow velocity, which
were obtained from the power spectrum of single-pulse signal
intensities of heterodyne LIG. The sum of the frequencies €2,
and 2,, determined by a peak-search algorithm (Sect. 4.1),
equals €29, which is according to (7) and (8) related to the
sound velocity, and therefore to the temperature. The LIG
temperature measurements were performed at z/d = 1.17
of the jets from nozzle A, the air being heated to between
295K and 525 K. The values of the air temperatures were
obtained by a thermocouple placed at the flow axis near the
exit of the nozzle. During the measurements the flow rate
was kept constant at 19.5 1/min of the unheated air. Tempera-
tures determined by LIG agree within 1-2% with the tem-
peratures from the thermocouple, as one recognizes from the
results presented in Fig. 6a. The relative standard deviations
for T are of the order of 1% in the lower-temperature do-
main (300-400K). The deviations are clearly smaller than
for each of the frequencies 2| and €2, separately. For 525 K
they increase to 5%. Fluctuations of Qo (= ogq,) result from
the dependence of the power spectrum on random pulse-to-
pulse variations of the phase shift Ax(o,,) and from LIG signal
noise (oy,). Detailed calculations show that the contribution
of random variations of A« to og, is much smaller than for
oq, — 21 so that, presumably, o, contributes the dominat-
ing part to ogq,. Difficulties in determining peaks with the
search algorithm occurred at the highest temperature. This
contributed in addition to the noted standard deviation for the
temperature.

The expected linear growth of flow velocities with tem-
perature can be observed from the results of simultaneous
measurements of gas temperature and flow velocity (Fig. 6b).
With the enhancement of temperature the gas density of the

Mean outlet

flow velocity 112 17 235 32 40
2/d=1.17 LIG 168438 253+35 322444 432432 536438
LG 164421 257+1.6 343+£21 444426 56.7+2.1 ‘ o ,
LDA 163403 247+05 344+06 459405 584+06  TABLE 1 Airflow velocities in centre of air
2/d =235 LIGys 160£32  237+£40 322445 399452 508476  Jet measured by LIG and LDA at distances z/d
LDA 162 4023 247404 344+0.6 458407 583409 from o_ultlet of the air jet. All flow velocities are
2/d=4.7 LIG, 125456 185+37 277464 340464 420+63  nms . LGy quick fit from power spectrum
LDA 157406 238+21 333+£39 437454 550+62  Of LIG signal. LIGg fit with time-dependent LIG

signal intensity
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80 T T T T T T T FIGURE 5 Flow-velocity measure-
ments in air jets from LIG (quick fits
with power spectrum) and from LDA,
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medium at constant pressure decreases and, as a consequence, 5 Conclusion

the diffracted beam intensity decreases quadratically with
density. In addition, lower gas density and higher tempera-
ture result in smaller values of the acoustic transit times 7/, T
and of the damping time t,, and hence in a smaller number
of visible peaks in the temporal evolution of the LIG sig-
nal. The two factors provide an increase of uncertainty in the
determination of the oscillation period and larger standard de-
viations of measured flow velocities. To extend the upper limit
of measurable temperatures, changes in the set-up should be
provided. Especially, the diameter of the probe beam in the re-
gion of the acoustic waves should be enlarged to obtain longer
observation times.

We discussed in this paper conditions of using the
electrostrictive laser-induced grating technique with hetero-
dyne detection as a non-intrusive technique, with moderate
post-processing, for simultaneous single-shot measurements
of flow velocity and temperature. The heterodyne LIG tech-
nique, as implemented by us, employs (1) a reference beam,
which has its frequency shifted in relation to the probe beam,
and (2) data analysis with quick fits from peaks of the power
spectrum of the LIG signal intensity. Laboratory measure-
ments of flow velocity and temperature in free-air jets behind
a slot nozzle were performed, with flow velocities in the range
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FIGURE 6 Simultaneous temperature and flow-velocity measurements using LIG versus temperatures measured by thermocouple 7y, (for constant flow rate
of 19.51/min and at z/d = 1.17). (a) Temperature 71 G; the dashed line represents the line of equal temperatures. (b) Flow velocity; the dashed line shows

the linear fit
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of 15-60 ms~! and temperatures up to 525 K, to test the ap-
plicability and measurement accuracy of the technique. The
main findings are:

1. Using quick fits from the power spectrum of the single-
pulse LIG signal, standard deviations of the flow velocities
near the nozzle exit are of the order of 4 ms~!. The values
of flow velocities obtained from the power-spectrum an-
alysis were compared with the results obtained by fitting
the temporal shape of the same single-pulse LIG signals
to model functions. Mean values given by the two ap-
proaches are similar within the standard deviations. The
direct fitting of the signal intensity gives smaller stan-
dard deviations (about 1.5-2.5ms™!) than the quick fits
from the power spectrum. A considerable part of the stan-
dard deviations in the latter case is due to the dependence
on the random phase between the reference beam and
the Bragg-diffracted wave, which is not accounted for in
the quick fits. The shorter the observation time (given
by the acoustic transit and/or dissipation time), the more
strongly this unconsidered random phase affects the meas-
urement accuracy.

2. The flow velocities provided by the heterodyne LIG tech-
nique were compared with the results of LDA measure-
ments using the same flows. Mean values of the derived
flow velocities near the nozzle orifice are close for both
techniques, while the standard deviations of LDA-defined
values are significantly smaller than those of LIG meas-
urements. Under conditions where turbulence is assumed
to be stronger (larger distances from the nozzle orifice and
higher velocities), a larger discrepancy between the LIG-
and LDA-defined mean values and an increase of standard
deviations for both LIG and LDA measurements are ob-
served.

3. For temperature measurements using the heterodyne-
detected LIG technique (with power-spectrum analysis),
the mean values agree within 1-2% with values provided
by a thermocouple inserted into the flow. The relative stan-
dard deviations, at the lower temperatures, are of the order
of 1%.
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