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Investigation of Gaseous Acoustic Damping Rates
by Transient Grating Spectroscopy
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An investigation of acoustic damping rates in a pressurized gaseous medium by analyzing the temporal behavior
of laser-induced gratings is reported. Experiments were performed in various nonresonant gas samples as a
function of pressure and grating spacing. Acoustic damping rates were determined through model fits to the
acquired signals. The results were compared with theoretical calculations using both classical acoustic damping
rates and a more comprehensive model that includes rotational and vibrational energy transfer mechanisms. The
relationships between the measured acoustic damping rate and molecular structure and pressure and grating
spacing are discussed. The utility of exploiting the temporal signature from laser-induced gratings to determine
acoustic damping rates in high-pressure gases is identified.

Nomenclature
heat capacity at constant pressure

e = heat capacity of rotational modes

¢, = local speed of sound

¢, = heatcapacity at constant volume

cyi, = heatcapacity of vibrational modes
Dy, = thermal diffusivity

f = acoustic frequency

G = geometric factor

1 = signal intensity

M = molecular weight

P = pressure

q = grating wave vector, 2 /A

R = gasconstant

T = fluid temperature

t = time

Z = collision number

B = damping factor due to energy transfer
' = acousticdamping coefficient

y = specific heat ratio

An = local modulation in index of refraction
n = scattering efficiency of laser-induced grating
0 = full angle between beams

K = thermal conductivity

A = grating spacing

A = laser wavelength

n = dynamic viscosity

p = fluid density

T« = rotational relaxationtime

Ty, = vibrationalrelaxationtime
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Introduction

HE transient grating spectroscopy (TGS) technique relies on

the first-order Bragg scattering of a probe laser beam from a
dynamic grating generated by a pair of crossed, pulsed pump beams.
The amplitude of the signal scales quadratically with pressure and
pump beam intensity and linearly with probe beam intensity. The
temporal behaviorof the signalis a function of the local temperature
and transport properties. The oscillation frequency of the signal
amplitudeis a function of the local sound speed from which the local
temperature can be extracted. The decay of the signal amplitude is
due to thermal diffusion, molecular diffusion, viscous dissipation,
and molecular energy transfer. Historically, laser-induced grating
techniques have been developed to explore many time-dependent
phenomenain liquids and solids.! Only recently, investigatorshave
applied the TGS technique to studies in the gaseous phase. Since
the observation of the acoustic response induced by a nonresonant
laser in the gaseous phase by Govoni et al.,> different groups have
analyticallydescribed the temporal behavior of the TGS signal®* for
both resonant and nonresonantlaser induction. The TGS technique
has been used to measure sound velocity,’*¢ temperature,”~® thermal
diffusivity,!° and fluid flow velocity'!"!? in a number of laboratories.

Soon after the laser-induced grating signal was observed and its
time dependentbehavior was analyzed, it was proposed as a poten-
tial thermometer to be applied in combustion environments because
of its simplicity. The oscillation frequency of the TGS signal is
proportional to the local speed of sound, which in turn is a sim-
ple function of the local temperature under ideal gas assumptions.
However, the combustion products are composed of many different
species, and therefore, determination of the local temperature re-
quires knowledge of the local average molecular mass M and the
ratio of specific heats y . For overall lean hydrocarbon-air diffusion
flames, the major species will be nitrogen, water, carbon dioxide,
and oxygen, with lesser amounts of carbon monoxide. M and y are
determined by these major species and are relatively insensitive to
the dozens of minor species that may be present.

In the present paper, we report measurements of the acoustic
damping rate in high-pressure gaseous environments by analysis
of the temporal decay of nonresonantly induced TGS signals. This
damping rate is determined by the molecular composition of the
test gas because it reflects the viscosity, thermal diffusivity, and
collisional energy transfer behavior of the constituent gases. The
measurements reported here were conducted on pure gas samples.
Our aim was to demonstrate the ability of TGS to measure acous-
tic damping rates at elevated pressure. Strong differences in the
acoustic dampingrate in pure atomic, diatomic, triatomic, and poly-
atomic gases suggest the possibility of detecting the relative mixture
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fractions of the major species in a gas mixture composed primarily
of simple species.

Theory
TGS
If two laser beams with parallel, linear polarization are spatially
and temporally overlapped, an intensity grating will be formed in
the medium with a grating spacing A given by

A = A/2sin(6/2) (1)

The wavelength of the grating-inducing beams is given by A,
whereas the full angle between the beams is 6. Through various
physical mechanisms, the light intensity grating produces a modu-
lation in the local index of refraction An (Ref. 1). Typically, two of
these processes are important: First, A high-intensity nonresonant
light field will modulate the local fluid density through the process of
electrostriction!® During electrostriction, the electric field gradient
partially polarizesthe molecules,impulsively acceleratingthem into
the region of high field intensity. Not all molecules have the same
susceptibilityto this polarization,as measured by the electrostrictive
coefficient. This molecular movement modulates the local density
and, hence, the local index of refraction. Second, certain resonant
species in the target medium will absorb some of the incident light
energy and then modulate the local density through the process of
thermalization. During thermalization, a target molecular species
optically absorbsenergy through an allowable rovibronic transition.
(Electronic transitions are accessed with the visible pump sources
used in the work.) Via inelastic collisions, the absorbedenergy in the
excited speciesis transferred to the surrounding gas, locally heating
it and producing a thermal grating and concomitant modulation of
the local index of refraction. The hydrodynamicresponse of the gas
to both electrostrictionand thermalizationis to produce two coun-
terpropagating acoustic waves and a nonpropagating but diffusing
entropy or thermal wave. The alternating constructive and destruc-
tive interference of the two sound waves produces a standing sound
wave and makes the local index of refraction oscillateat a frequency
(the Brillouin frequency) solely determined by the grating spacing
and the local speed of sound. The pulsed pump beams, which form
the grating (ideally delta functions in time), have a pulse width of
approximately 10 ns in these experiments, whereas the probe beam
operates in a continuous wave mode. After the grating-inducing
pulses have passed through the sample volume, the grating struc-
tures themselves will be washed out in time due to dissipation of
both acoustic and thermal waves.

The optical grating can be efficiently read out by the probe beam
with wavelength A, under the Bragg scattering (coherentscattering)
condition expressed by the relation

)‘-pmbe/Sin(epmbe/z) = )‘-pump /Sin(epump /2) (2)
The scattering efficiency n of laser-induced grating is'
n= Isignal/[probe =G Sinz[ﬂ(L/)\'pmbe)An] (3)

The geometric factor G includesthe spatial profiles and spatial over-
lap of the incident beams. An is the perturbation of the index of
refraction and L is the length of the grating. For relatively weak
diffraction, Eq. (3) can be approximated as

n ~ G[ﬂ(L/)‘-pmbe)An]z (4)

Expanding the index-of-refractionperturbationin terms of two fluid
variables whose fluctuations are statistically independent, namely,
density and temperature, we have

on on
An=|—) Ap+|— ) AT (5)
), oT ,

The second term in Eq. (5) is quite small in gases and can be ne-
glected compared to the first.> Therefore, the relation between scat-
tering efficiency and the local density perturbation can be approxi-
mately expressed as

n~G|w IV
)‘-probe ap

The TGS signal gy is, thus, proportional to Ap?. As indicated
earlier, the density variation caused by laser-induced gratings is
composed of two counterpropagating acoustic waves and a non-
propagating, but diffusing, entropy or thermal wave. Therefore, the
total TGS signal appears as an exponentially damped oscillation.
The exponential decay of the envelope provides a measure of the
acoustic damping rate and thermal diffusivity. For excitation by an
infinitely shortlaser pulse at the initial moment # = 0, the signal will
be given approximately at > 0 as>®

Ligna (1) o< {A exp(—Dng’t) + B exp(~T'q*1) cos(c,qt + ¢)*}
)

The grating wave vector q is defined as ¢ = 27t /A. The coefficients
A and B and phase angle ¢ are simply used as fitting parameters. The
ratio of A to B determines the relative amounts of electrostriction
and thermalization present in the signal. The parameter ¢ is useful
in fitting noisy data in which there is ambiguity in setting the zero
point on the timeline. Note that Eq. (7) is an approximationin the
sense that it presumes an infinitely fast thermalization rate and a
pump laser with an infinitely narrow pulse width, as well as pump
and probe beams with plane wave fronts of infinite extent.

From Eq. (7), we see that the TGS signal has a gradual decay due
to diffusion and acoustic damping with an oscillation superimposed
on it. From the gradual decay rate, the local thermal diffusivity can
be extracted when thermal gratings are excited.!® The decreasing
magnitude of the oscillation part in the TGS signal represents the
absorption of the acoustic wave intensity.

Classical Acoustic Damping

In a classical view, the energy of the sound wave is dissipated
due to both internal friction and heat conduction; therefore, the
damping rate of the amplitude of an acoustic wave is a function of
the transport properties of viscosity and thermal conductivity. The
classical acoustic damping coefficient in a gas can be expressed as

Lo = (1/2p0[31 + (v = Dk /c))] ®)

where p, is the gas density. By curve fitting the TGS signal with
Eq. (7), the acoustic damping coefficient may be extracted.

Acoustic Damping in Real Gases

The classical acoustic damping coefficient works well for atomic
species, as will be shown. However, for molecules, vibrational and
rotationalenergy transfermust be accountedfor, in the attenuationof
acousticmodes.!*~18 A rigorous mathematical discussionis not pre-
sented, just the salientpoints. First note that, because g =27 /A and
Af =c,, ¢* can be written as ? /c?, where w =27 f . The damping
factor in the second term of Eq. (7) is then rewritten as

exp[(—a)z/cf) Fct] 9

Asalreadynoted, I". includesviscous and diffusivedamping. Damp-
ing dueto energy transferand dampingdue to viscosity and diffusion
effects are additive.'*~!8 For a single component gas, Eq. (9) can be
rewritten as

exp[—ﬂt — (a)z/c‘f)l“ct] (10)

where g is a function of molecular parameters and the local ther-
modynamic state. For simplicity we report and discuss the ratio

2 [.2
Fm — ﬂ + (a) /CS)FC (11)

Fc (0)2/63) FC

where I, is the measured damping coefficient. Various authorshave
discussedanalytical expressionsfor . Summaries of this work may
be found in Refs. 15-18. These discussionsare aimed at elucidating
the frequency and temperature dependence of the acoustic attenu-
ation due to energy transfer (relaxation), and the pressure depen-
dence of the attenuation is not explicitly developed. Inclusion of
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translationto rotation energy transferat 1 atm leads to the following
approximate expression's:

Fm/rc = 1 + X(Crm/R)Z (128.)
where
X =2(R*[e,e,){y/I1 + (3/16y)(9y — 5)(y — DI} (12b)

where Z denotes the collision number given by the ratio of the rota-
tional relaxation time to the time between collisions. Equation (12)
assumes that wt,o < 1. The inclusion of translation to vibration en-
ergy transfer requires the addition of a third term to the right-hand
side of Eq. (12), namely,

nr{a)rvib/[l +w?t2, (1 —r)]/l“c} (13a)
where
r=cwk/cyc, (13b)
The term is valid at all values of wt;,.

Experiments

The optical setup for the TGS experiments presented here is
shown schematically in Fig. 1. The frequency-doubledoutput of a
Q-switched, Nd:YAG laser was used to write the gratings. A beam
splitter divided the Nd: YAG beams into two pump beams of equal
energy (10 Hz; 50 ~ 150 mJ per pump beam). The 514-nm probe
beam was provided by an Ar ion laser to read out the gratings.
During alignment of the detector, ~4% of the probe beam is split
off to trace out the path of the actual TGS signal beam. The four
laser beams were directed to the investigation point inside the high-
pressure gas cell while satisfying phase matching conditions. The
signal beam is directed by a mirror through spatial and spectral fil-
ters and then onto a photomultiplier tube (PMT). The PMT was
connected to a digital oscilloscope to acquire the TGS signals. The
signalsare typicallyacquired and saved into the computer for offline
analysis. The high-pressure gas cell, 12.7 cm in diameter, was built
to operate at pressures up to 35 atm. To provide optical access, two
25.4-mm-thick BK-7 windows are mounted along the optical path.

In the previously reported TGS thermometry experiments, the
pump beams and the probe beam were crossed at the investiga-
tion point using a simple focusing lens. Focusing of the pump
beams provides sufficient intensity to generate gratings in high-
temperature (modest density) conditions. In the present work, un-
focused laser beams were used to measure the transport properties.
With the exception of the reduced laser intensity in the crossover
region, the probe volume generated by unfocused pump beams is
much larger than that formed by focused pump beams. With fo-
cused pump beams, the probe volume is a long, thin ellipsoid about

Art Lager S mdrror
/ rairror

Beara

Split
NAYAG Laser 332nm Nl

High
Pressure
Cell B

Fig.1 Schematic of the TGS optical setup.
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Fig. 2 Schematic of the path of one of the pump beams as it passes
from the laboratory through the window into high-pressure gas cell.

a few hundred micrometers in diameter (at the widest point) and
several millimeters long. Using unfocused pump beams, the diame-
ter of the probe volume is ~8 mm in the present TGS experiments.
When the probe volume diameter is small, the effect of the sound
waves propagating out the probe volume gives a contributionto the
grating reflectance decay rate. Therefore, one must provide a cor-
rection when extracting the acoustic damping rate from the decay
of the oscillating part of the TGS signal.* Because the environment
inside the high-pressure gas cell is homogeneous, we used an unfo-
cused beam setup. When better spatial resolution is desired, such as
in small samples or inhomogeneous environments, focused pump
beams should be used and attention should be paid to the effect of
the sound waves propagating out of the probe volume.

Once the initial alignment was established, the high-pressure gas
cell was filled with either pressurized air or CO,. The electrostric-
tive response from this gas sample is used to optimize the TGS
signal. Additionally, the actual grating spacing A was accurately
determinedthroughsignal analysis of the oscillation frequency. The
index of refractioninside the high-pressuregas cell will change with
different gas samples and pressures. As shown in Fig. 2, the wave-
lengths of the pump beams inside and outside the high-pressure gas
cell are related via

Acell = (AL /nea)nr (14)

In Fig. 2, the angles and indices of refraction needed for Snell’s law
are B; and n;, respectively. From Snell’s law,

np sin(oy) = ny sin(@y) = Reen Sin(eerr) (15)

where « is the half-angle between two pump beams. Combining
Eqgs. (14) and (15), we can rewrite Eq. (1) as
Acell Ang AL

A=— = . = — (16)
2 sin(ecen) 2R cen SIN(err) 2 sin(a)

From Eq. (16), we see that the grating spacing A is determined
entirely by the crossing angle and wavelength of the pump beams.
Therefore, we can measure the value of the grating spacing using
the signal of the alignment gas sample, and then use this value of
A to interpret all other TGS signals. In all reported measurements,
dry, high-purity (>99.99% pure) gases were used. When changing
gas samples inside the gas cell, the gas cell was first filled with
new gases, then the cell was evacuated by a vacuum pump. This
procedure was repeated three times to make sure that there was very
little residue of previously tested gases. After evacuation, the cell
was filled to the desired pressure with the new test gas.

Results and Discussion

The TGS experiments were performed with various neat gas sam-
ples (Ar, N,, CO,, CHy, etc.) over a range of pressures (from 1 to
25 atm). Examples of signals from atomic, diatomic, triatomic, and
higher-order polyatomic species of combustion interest are shown
in Fig. 3 The grating spacing A =22 pum. All signals shown are due
to the nonresonantelectrostrictiveresponse.

To acquire the information of acoustic damping rate, the TGS
signals were curve fitted with the expression in Eq. (7). Com-
mercial software (KaleidaGraph®), which employs the Levenberg-
Marquardt algorithm, was utilized in the nonlinear least-squares fit
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of the TGS signals. A typical example is shown in Fig. 4. The TGS
signal was acquired from CH, at 6.4 atm. For the extracted TGS sig-
nal frequency, the curve-fitting error is usually very small, less than
0.1%; for the TGS signal dampingrate, the curve-fitting error is usu-
ally less than 5%, for example, 1.2% for the signal shown in Fig. 4.
Table 1 presents some measuredresults of the acousticdamping rate
I',, along with values of classical acoustic damping coefficients I,
calculated using Eq. (8). In Table 1, only Ar exhibits a measured
acoustic damping rate close to the calculated result from classical
theory. For the other diatomic and polyatomic gases, the measured
acoustic damping rate is higher than the calculated classical acous-
tic damping rate reflecting attenuation due to energy transfer and
illustrating the utility of TGS in determining these acoustic dissipa-
tion rates for molecular species. The most important source of the
increased attenuation is the collisional transfer of translational en-
ergy torotationaland/or vibrationalenergy modes of the constituent
molecules. Whereas translation and rotation modes typically equi-
librate quickly, vibrational energy transfer is much slower and, for
small molecules, is efficient only at elevated temperatures. The rate
of collisional transfer of translationalenergy to rotational and/or vi-
brational energy modes is determined by the collisionrate between
molecules, which is a function of the temperature and pressure, as
well as the rotational and/or vibrational energy modes distribution,
whichis determinedby the molecularstructure. The absenceof these

Table 1 Acoustic damping rates

at 6.4 atm, 20° C?
Species I, 107 m?/s® T, 107° m?/s¢
Ar 2.32 2.34
N, 4.90 231
CO, 3.45 1.10
CH4 6.17 2.12
CoH, 18.12 1.16

3Grating spacing A =22 um.
bValues from measured TGS signals.
“Values calculated from Eq. (8).
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rotational/vibrational modes in atomic species explains why acous-
tic damping in Ar is fairly well predicted by the classical theory.

In Fig. 5, the measured acoustic damping rate ratio I',, /T, is
plotted, for gas samples of Ar, N,, and CO, as a function of pres-
sure. As seen, this ratio increases with pressure for the molecular
species, due to the increase in relative importance of molecular
energy transfer with increasing pressure. Although both viscosity
and thermal conductivity increase with increasing pressure for pure
gases, the increase is quite small and not enough to account for the
large damping rate increase.!” The reason for this larger acoustic
damping rate is that, at higher pressure, the excess translational en-
ergy is converted to rotational and/or vibrational energy faster due
to the greater collisional frequency.

For atomic gases such as Ar and He, the measured acousticdamp-
ing rate from the TGS signal is essentially equal to the calculated
classical acoustic damping rate over an extended pressure range.
For N,, previous studies?® have shown T, / T'. = 1.4 at atmospheric
pressure, whichis very close to the results shown in Fig. 5. This ratio
increases with increasing pressure due to the relative increasein the
importance of translational to rotational energy transfer. For CO,,
both rotational modes and the lowest frequency vibrational mode
receive energy from the excess translational energy, and the damp-
ing ratio exceeds that of N,. For molecules with more complicated
structure, such as C,Hy, the acoustic damping rate ratio not only is
much higher because of the greater number of available internal en-
ergy modes, but its dependence on pressure becomes nonlinear. As
the number of low-energy (bending) modes increases, the damping
rate will increase because these low-energy modes are less likely
to be frozen. Molecules with relatively simple structure, such as N,
and CO,, exhibit acoustic damping ratio changes that depend lin-
early on pressureincrease as shown in Fig. 5. The acousticdamping
rate ratios of C;H4 and N, are shown as a function of pressure in
Fig. 6.

. Carbon Dioxide

Nitrogen

I m/ T classical
w

Argon

acoustic damping rate ratio

¢ 5 10 15 20 25 30
Pressure (atm)

Fig.5 Acoustic dampingrate ratio I',,/I, vs pressure P for Ar,N,, and
CO;; grating spacing A =22 pym.
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Fig.6 Acousticdampingrateratio I,,/T"; vs pressure for N, and C;Hy;
grating spacing A =22 pm.

Table 2 presents the acousticdampingrateratios of three diatomic
gases, N,, O,, and CO, at different pressures. We can see that the
acoustic damping rate ratio for these diatomic gases are very similar
at fixed pressure, and the changes with pressure are similar as well.
The similarity is because the translationalfotational energy transfer
efficiency is similar for all three gases, as well as their molecular
weights and, hence, relative velocities. Interestingly, CH, has an
acoustic damping ratio similar to that of CO, at room temperature,
as shown in Fig. 7.

To model the effect of increasing pressure on the damping rate
ratio, we augmentedthe modelin Egs. (12) and (13) toincludea pref-
actor, linear in pressure, namely, P /2. As already noted, Egs. (12)
and (13) were not developed to handle explicit pressure dependence
studies. We have found in our work that multiplying the second term
on the right-hand side of Eq. (12a) and the single term in Eq. (13a)
by P/2 (atm) yields good results in comparisons with experiment,

Table2 Acoustic damping rate ratio I,,/T",
of diatomic gases at different pressures?®

Pressure, atm N, 0, CO
4.4 1.8 1.57 1.85
7.8 2.25 1.92 2.15
11.2 2.92 2.68 2.88
14.6 3.55 3.19 3.5

18 4.23 3.99 4.37

3Grating spacing A =22 um.
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Fig. 7 Acoustic damping rate ratio I,,/I, vs pressure for CO, and
CHy; grating spacing A =22 pm.
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Fig. 8 Fit to damping rate ratios made using Eq. (12) after inclusion
of the P/2 prefactor. Z was used as the fit parameter.
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Fig.9 Best fit to CO, damping rate ratio made with Egs. (12) and (13)
and inclusion of the P/2 prefactor.
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Fig. 10 TGS signals (averaged over 64 laser shots) at different grating
spacings.

as shown in Figs. 8 and 9. The fits were made to the N,, CHy4, and
CO, data by varying the collision number Z. We find that Z =35,
15, and 16 for N,, CHy, and CO,, respectively. These values are
in excellent agreement (within experimental error) with published
literature values.!> The fits to the nitrogen and methane data were
made using only the modified form of Eq. (12), which incorporates
rotational energy transfer. The fit to the carbon dioxide data was
made using Egs. (12) and (13) and the published room temperature
vibrationalrelaxation time of 7,;, =6 us (Ref. 15).

Note that each of the damping terms, classical (I',w?/c?), rota-
tional (wZ Xc¢,,;/R), and vibrational [w times Eq. (13)] relaxation,
vary as w or w?, which is equivalent to varying as 1/A or 1/A2.
Therefore, changing the grating spacing is the same as changing
the acoustic frequency. Off-resonance, acoustic attenuation often
increases with frequency, and this is observed in our TGS measure-
ments as shown in Fig. 10. In principle, the grating spacing could be
varied continuously to find local maxima in the attenuation, which
is equivalentto finding the effective relaxationtime.'> Such maxima
serve to identify the absorbing species.

Summary

The experimental TGS acoustic damping rate data presented is
characterized by three trends: 1) The acoustic damping ratio in-
creases with increasing molecular complexity.2) The damping ratio
increases with increasing pressure. 3) Acoustic damping increases
with increasing acoustic frequency. It has been demonstrated that
the acoustic damping rates of pure gases at different conditions can
be investigated through model fits of TGS signals. The Ar result
is in good agreement with the simple theoretical calculations for a
monatomic gas, as expected. For polyatomic gases, the decay rates
are faster than those estimated from the simple acoustic theory.
This is caused by the collisional transfer of translational energy to
rotational/vibrational energy. Higher pressure causes the acoustic
wave to decay faster because of the higher collisional rate between
molecules. Increased molecular complexity leads to increased at-
tenuation due to the increased number of internal modes that can
receive excess translational energy. For molecules with similar ro-
tational and vibrational modes (number and characteristicenergies)
and masses, the contribution of collisional energy transfer to the
acoustic damping rate is similar at fixed pressure.

Based on the work presented here, we anticipate the ability to
distinguish between types of gas mixtures. Knowledge of the pres-
sure combined with a measurement of I',, at a carefully selected
frequency w should permit discrimination between exhaust gases
and unburned gases, for example. Typically, hydrocarbon fuels will
be polyatomic, products will be triatomic (water and carbon diox-
ide), and air/oxidizer will be diatomic. With the ability to measure
acoustic damping rates with TGS, it may be possible to discern
information regarding the state of the combustion process. Future
work will examine this possibility.
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