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Earlier obtained experimental data concerning soprupagation in silica aerogels filled in by liqufele are
theoretically analyzed for normal as well as supgtfphase. The simple phenomenological model @pased for
normal phase. The data for superfluid phase arerided in a rather good manner by the hydrodynahgory with
taking into account the clamping of normal compdrsnsilica strands. It is shown also that at terapges below

1 K one needs a new hydrodynamic theory in whichmer@um transfer between aerogel and phonons imdliqu
helium should be taken into account
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Introduction

Porous media filled with fluid have been intenspvstudied experimentally and theoretically becaafstheir physical
and technological importance. The effect of discedepore structures on the properties of the fhaid be examined in
these systems. There has been considerable interés¢ behavior of superfluidHe in the presence of a random
disorder induced by highly open porous media. Reegperiments on the superfluid transition“bfe contained in
porous media such as Aerogel, Xerogel and Vycasgtave revealed that the superfluid transitiofediffrom that of
bulk “He [1,2]. The superfluid transition 8He in aerogel has been observed to be sharp [n#]has suggested a
genuine phase transition. The transition tempeegdtuaerogel, has been suppressed with decreasing aerogel fyorosi

Acoustic experiments are important to understantysomedia filled with fluid. Use of liquidHe offers unique
advantages due to the existence of the superfhadepwith more than one sound mode. For the huitk, flhere are first
sound in which the two fluid components move togetind propagates as a compressional wave anddssmamd in which
the two fluid components move in opposite direciod propagates as a temperature wave [3]. Irottoeip media where the
normal component is clamped by its viscosity arigt e superfluid component can move, the fourtimsopropagates and
can be used to determine the superfluid fraction.

The high-porosity aerogels are so soft that thegsbr ,
matrix clamped with the normal fluid is caused toven by the 250 (e
pressure and temperature gradients unlike otherupomedia. oa0 |
This results in sound modes intermediate betwestreind fourth
sound [4] and second-like mode [5]. McKenna et [&l]
calculated longitudinal sound velocity for the twmdes using
the modified two fluid hydrodynamic equations imer to take
aerogel motion into consideration. They also oleskrthe
propagation of both the fast (intermediate betwéest and
fourth sound) and the slow (second-like sound) mddé&e in , ‘ ]
aerogel from 1.1 K td.. They found agreement of the model I ™\, 94.8% |
with the observed sound velocity within the expertal 180 |- N
temperature range. ol v o

Longitudinal and transverse ultrasound velocitegehbeen T S
measured iffHe filled Vycor glass [6]. Warner and Beamish [7] UGBS
have studied transverse sound (4to 31 MHz) vgloaitd Fig. 1. Experimentally measured in [12] longitudina
attenuation in alumina (4Ds) ceramics with porosity changed ultrasound velocities in silica aerogels with var®
from 44 to 92 %. They argued that the experimemsiilts in porosities filled in by liquidHe
both the low and high frequency regimes for noramal superfluid phases can be quantitatively eltexity the Biot model
[8-11]. The alumina samples were made by diffeyefdip-casting, sinter and sol-gel process) anegity changed from
44% to 92%. They could make measurement in bothHalweand high frequency regimes by changing theasdiund
frequency, temperature from normal to superfluidgghand using ceramics with various porositiesy @ngued that the Biot
model [8-11] could quantitatively elucidate theogiy and attenuation in all cases.

In [12] we have observed sound signal of 10 MHgituadlinal ultrasound with three different porosagrogels from 0.5
K to 4.2 K, and measured the sound velocity arghagtion in order to study sound propagation iididHe filled aerogel
system both in the normal and superfluid phase.vid@us penetration depth of liguide at 10 MHz is estimated to be
longer than the typical SiG&strand distance. Then, the normal fluid in thestesns is expected to be completely locked to
aerogel matrix by viscosity. The sound velocityaefogel largely
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depends on the porosity so that we can obtain mrgelewhose 260 ———————— Ty
sound velocity is larger or smaller than that olkbiuid. It is g | s R2@n T e s
interesting to see what happens if the relatiosooind velocities b = liquid ‘e n 94.8% aerogel
between aerogel and fluid is counterchanged. Fader i ———

convenience the obtained in [12] experimental tesare shown
in Fig. 1. The present paper is devoted to therdiieal discussion
obtained in [12] experimental results and to theagarison with
the existing theoretical approaches to sound patjmagin porous
media filled in liquid*He.
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The temperature dependence of the sound velocitiynigar to 180T dorg 9454 T

that of bulk for every aerogel (see Fig. 2, whexpegimental L e e TRV EF TS
data as well as data for bulk liquftHe and the obtained o T T.empe-ratur-e x
aerogel sound velocities are shown, see discusgitiw). The  Fig 2. The temperature dependence of the sourityeln

absolute value greatly depends on the aerogel iprds different aerogels filled in by liquidHe in normal
ordinary porous media, the sound velocity is medifiby phase. The similar dependence for bulk licfliit is
tortuosity and the acoustic indexdecreases with increasing shown also as well as sound velocities in aerogels
porosity. The absolute value varies in oppositian the obtained from these experimental results (seeféext
porosity dependence of the acoustic index. Thertudsity details)
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12 — cannot explain this behavior. The similarity of teenperature
variation brings scaled behavior to mind. The gtale
o o20% | temperature variations in the normal phase for esmiogel
o 948% 4 and also bulk liquid coincide with each other agvam in
el Fig. 3. This means the temperature variation isrdeined
mainly by bulk liquid.
. It is useful to compare our data with the longihadi
sound velocity irfHe filled Vycor [6]. In the normal phase, the
sound velocity in Vycor system was almost constaftecting
4 the constant sound velocity of Vycor glass. Cogttaraerogel
case, Vycor glass determined the sound velocity thef
) composite system. In the normal phase, we can canipa
-04 . . L . sound propagation in aerogel with other porous megahich

2.0 25 3.0 35 4.0 4.5 . . .

Temperature, K is usually explal_ned by Biot's theory [8-11]. _

Fig.3.  The scaled temperature dependencies ofisoun In a series of papers [8-11], Biot proposed a
velocities in aerogels filled in liquitHe and in bulk liquidHe. phenomenological theory of acoustic propagatiorp@mous,
Also the scaled density of ligdide is shown fluid filled, macroscopically homogeneous and ispic

media. The parameters of that theory are the tsitipa, the porosityg (fluid volume fraction), the density of liqujd

and solidpos, the bulk modulus of fluid;, the bulk modulus of solils, the bulk modulus and the shear modulus of the
skeletal framé<, andN. At frequencies high enough that the viscous dkipth is much smaller than the pore size Biot
argued that there are two (fast and slow) longitabdinodes in the composite system:

In a series of papers [8-11], Biot proposed a phemmwlogical theory of acoustic propagation in perdiuid
filled, macroscopically homogeneous and isotropiedia. The parameters of that theory are the toityues the
porosity ¢ (fluid volume fraction), the density of liqujg and solido,, the bulk modulus of flui&;, the bulk modulus
of solid K, the bulk modulus and the shear modulus of théetldeframeK,, andN. At frequencies high enough that

the viscous skin depth is much smaller than the pime Biot argued that there are two (fast and/)slongitudinal
modes in the composite system:
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where coefficient$,Q,Rcan be related to above parameters:
P_(1—40)[1—40-Kb/KS]KS+¢7(KS/Kf)Kb+gN 2
1-9-K, K, +¢(K,/K,) 3
1-9-K, K J oK,
Q= [ o /K] : ©)
1-¢p-K, /K, +pK /K,
R= A , @
1-g—-K, /K, + @K /K,
and the density terms are:
Putp,= a- ¢’)pso| ) (%)
p22+p12:Wf ’ (6)
P = (1_a)¢pf : (7)

In [13] Johnson applied the Biot’s theory for the supkaffHe in pores below 1.1 K when the normal component can
be neglected. In [14,15] this theory has been generalizeck inatbe of superfluid-saturated porous media, when all
damping processes are neglected.

In the low frequency limit the expression for fast londihal sound velocity is given by

, (K, +4N73)+(1/9)(1- K, /K,)* K,
V= (8)
pscel + Wf

(oscer Is the density of solid skeletal frame, below thidue will be changed by the density of aerogel) the slow
wave doesn'’t propagate. In the case of aerogebubie modulus of Si@is much greater than the modulus of aerogel
K, > K, , and the expression (8) can be simplified.

To explain the data obtained in [12] for the norplsse we can apply the Biot's theory in low freqydimit since
the viscous penetration depth is larger than thennseparation of S¥OSo the mechanical properties of aerogel and the
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complex system can be evaluated by fitting forng8)ao the experimental data for every aerogel.\Baishould mention
here, that the structure of silica aerogel is stilfler studying and in contrast to usual solideeti®eno simple relationship
between the bulk modulus and the shear modulusceHitie mentioned fitting procedure includes so m@arameters in
order to get aerogel sound velocity. That is whyprna@pose some phenomenological model for soundagatjon in the
normal phase for the composite system in orderstionate the sound velocity in the aerogel. Actuttigre are three
"channels" for the sound propagation in the systader consideration and they work in parallel vilye first channel is
determined only by the elastic properties of licftkit and corresponds to the case when the sound weyesgate only
in the liquid confined between SiGstrands. The second channel corresponds to sotomhgation through the
interconnecting net of SiGstrands and is determined by the elastic progenfi@erogel. Finally the third channel can be
represented as the "mixed" channel when thereaminoous transformations of the sound waves fraames in liquid
“He to the waves in SiGstrands and back and this channel is determingtiebglastic properties of liquite as well as
of bulk SiG. Keeping mind the analogy with the consequeneseast spring the bulk modulus for this “mixed” chah
can be write down as:

K, = %, (9)

¢KHe + KSioZ

whereKye and K, stand for bulk modulus of liquitHe and silica strands. We note here that usuatioekhip
between bulk modulus and sound velocity for an elastic media with densjty

K = pu® (10)
and much more higher values of sound velocity aedsity of silica in comparison with liquitHe give us the
following simplification forK:

C? 5 C2

= Pl o0 - p i (11)

WHeCHe + pSiQ CSig
The relative weight of the third channelith respect to the relative weight of the firstdahe second channel can be
considered as the fitting parameter and might dipentemperature. The temperature dependence op#niameter
follows from the temperature dependence of thadifde density (the “effectiveness” of the sound transftion on the
boundary liquidHe - SiQ surface is determined by the densities differeritie® bulk modulus of the composite medium
can be calculated with the bulk modulus of thedfiffi,;,) and that of aerogeK() and the “mixed” channel and assuming
three different elastic media in parallel, resgjtin

K=1-a)@K.,tK,)+aK,,. (12)
The total density is expressed using density adgeip,, that of liquid heliumo,e and ¢ as p, +@o,.. Then, the
sound velocityu is expressed as

Z (p+a(l-@)+ p. u>(1-
u2 = pHeuHe(w a(l (0)) paua (1 a) (13)
¢pHe + pa
Note that this equation looks a rather similar8p (n the simplified form (a& = 0) the given equation has been used in
[12] to obtain aerogel sound velocity from the experimental data under assumption timterogel sound velocities

are constant with temperature, considering othpeegments [16,17]. The obtained aerogel sound u#&gcfor three
aerogels listed below are consistent with the dgdgipendence of aerogel sound velocity obtaineGimgs [18]:

mix

Porosity u,, m/sec
92.6% 256
94% 212
94.8% 182

We will use these values to analyze the sound mothe superfluid phase.

Strictly speaking there are two fitting parametersEq. (13):u, anda(T). The simplified casea(= 0) can be
considered as the first approximation. After thatfar as the temperature dependence & determined mainly by
liquid helium (see Fig. 3) we can neglect by terapee dependence afT) and get the main term in the expansion of
o(T) with respect td. So, in principle, the values aerogel sound vgjaand parameter can be found with the desired
accuracy.

Superfluid phase
The propagation of sound in superfluid phase isigdescribed by linearizing the two-fluid hydradymic equations.
Following Atkins [19] we can write down the contityuequation:

‘;—’t’ =-00=-0(p,v,+poV,) (14)
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and the equation for the entropy conservation

0
%+Dmpavn):0. (15)
In equation of motion we omit terms quadratic ie tlelocities
p, Lo = Popp_p o (16)
ot P
e = Popp i pop. (17)
ot P
Adding last two equations together we have
0j
— =-[p, 18
3t p (18)

where further second quadratic terms sch@(s?ps/at) have been ignored. In combination, (14) and (i8ldythe
first linearizing hydrodynamic equation

62
at'f = Ap. (192)

To obtain the second one can eliminaipbetween (17) and (18)
Pra(v,=v.) = —potlT (20)

which confirms that a temperature gradient produglesive motion between two fluids. Finally comban(14), (15) and (20)
gives the second of the two equations we need:
d0’c ,0S

=5 g2AT. 19b
e (19b)

After substituting p=p,+ p' and T=T,+T' (where p,, T, are the equilibrium values ang'T' are the
perturbations due to sound wave) we get
2 2
0p0°p _A ,+6,06T _
op ot® oT ot®
2 A 2
000°p aaaT U’OSAT':O. (21b)
6p ot? 6T ot® yor

If we look for plane-wave solutions of these equadip' andT' are proportional to expi&ft — ¥u)), whereuis the
velocity in thex-direction. So we can rewrite equations (21a) &1idb) as:

(21a)

9 1| pw 9P 1= 0 (22a)
op oT
2
99 2429 0 T Ps o, (22b)
op aT P,

Neglecting the anomalous small for superfluid helitthermal expansion coefficiedjp/dt we obtain two velocities for
sound propagation from the secular equation oksy¢22):

u = (Z_Zj (the first sound), (23)

(the second sound). (24)

It is known that for liquid*He inside a porous media where the normal compoiseithmobilized and only the
superfluid is in motion the so-called fourth sourash be observed [20] and its velocity is given by:
—Ps 2 Pn &, (25)
ul 1Y
It is assumed here that the porous medla is alesogitl and doesn'’t take place in the oscillateiomotf liquid. The
silica aerogel represents an “easy carried alorgdiap so the normal component locked by its visgadlica strands and
aerogel matrix move together with a veloaoity The modified hydrodynamic equations were intredlfor this case by
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McKennaet al. [5] and were investigated partially in [21]. [ ]
Because of numerous mathematical errors in thepkgstr we 20 o eeeenon R
solve here the system of hydrodynamic equationthfasound 20 [ .
propagation in silica aerogel filled in by liquile. The starting 200 |
hydrodynamic equations are: g e ]
3 E 1oOF N
P +0(pv,*py.)=0, (26)  z wof oo \
at 8 1of 7 i colalatod values -
3 oo S ol e \
9(po) apt )i {pov,)=0, (27) sof : o .
ov or ]
e = Papp s p o, (28) wf ., ;
ot e 20 ®°000000000000500000000, o
0. aVn :—&Dp—Dpa—pSUDT, (29) 0o_o ' ofz I o!4 . Of6 I ofs . 1?0 ' 1?2 I 114 ' 1?6 I 118 I 2?0 22
ot Temperature, K
0, _ 30 Fig. 4. The calculated sound velocities for two esoiiom
ot +0(p,v,) =0. (30) equations (31) for 92.6% aerogel filled in by stipét
. . “He and experimental points from The temperatures
These differ from the bulk superfiuftie equations (14)-(17) dependencies of the first and second sound for'Helk
by the replacemenp, - p, + 0, = p,, on the left-hand side are shown also

of Eqg. (29) and the additional restoring foqgedue to the aerogel. Performing the same calcuoktas above and
introducing the perturbatigny,’ due to sound plane-wave we obtain finally:

2 2
p-{_u_ﬁw}”-{_uza_p_%% o Loz (31a)
U PPra T P Pra
2 52 2
p.{_uzia_p_apspa}”.{_u_za o, O ps(,o+pa)}+ n' Pz, (31b)
pOT  pp, u P, Pra Pra
2
pupnpa +T|Upspa+ pa'|:&—u_2:|:0_ (31C)
ppna pna pna ua

By neglectingdp/ot the secular equation for the system (31) is rediteethe equation from [5]. Excluding, from
(31c) we arrive to two-equation system similarhe tbtained in [21] from which the sound convergiienomena in
superfluid*He in aerogel can be investigated. The numeridalitzdions of (31) give the sound velocity of theotmodes
— the fast and the slow ones (solid and dotted limé-ig. 4-6, respectively). The temperature ddpane between about

—T — T T T
240 - o~ —e—os 240 - o~
220 220 |
200 . 200
180 - - 180 [
3 160 [ . 2 1e0[
@» | 7]
@ = r " 1
E 140[ c0000°°0 g E 140 coo000°°0 -
Z 120 ’ ] Z 0l : — ]
© T * ] S r |- 6 - calculated values ~ -
3 100 4 experiﬁ:r:jtl;tigiﬁslues N 5 100 | Y SOEEIEETE )
- Vo= Y . [} - . Pt -
>  the first sound in bulk *He N > F . the first sound in Het
80 |- . n 4, Vo 80 | ® o the second sound in "He _
o the second sound in bulk "He ] ——— sound in aerogel \
60 o — sound velocity in aerogel n 60 '_ o ' i
40 | s 1 40 | . g
20 °9600000000000000000000, 20 - %9000000000000000000000,
0 L 1 n 1 L 1 n 1 I 1 L 1 L 1 L 1 n 1 I 1 L ] 0 [ n 1 " 1 n 1 n 1 n 1 " 1 " 1 " 1 L 1 n 1 .’
00 02 04 06 08 10 12 14 16 18 20 22 00 02 04 06 08 10 12 14 16 18 20 22
) ] Temperature, K Temperature, K
Fig. 5.  The same as in Fig.4, for 94% aerogel Fig. 6. The same as in Fig.4, for 94.8% aerogel

1 K andT. is elucidated from the calculation using the aef@gund velocity estimated from the analysis & rtbrmal
phase. The sound velocities of these modes convergeat of bulk helium and aerogel, since theradither normal
component nor viscous coupling in between at lawperatures. The slow mode velocity goes to zei.dt is clearly
shown that the experimentally observed

sound mode in [12] corresponds to the fast modey Egree well between 1 K afd for all aerogels. However, the
discrepancy becomes significant below 1 K. Theutated fast mode converged to the bulk liquid sowsldcity in the
case of 94.0 and 94.8 % aerogel since aerogel salodity is slower than liquid. The sound veloditythe fast mode for
92.6 % aerogel becomes higher than bulk liquidat |

temperatures which results from the higher sounibcitg of aerogel than bulk liquid. On the othernta the
experimentally observed sound velocities at low perature are lower than the calculated values. phwsity
dependence of the velocity can not be determindtidyortuosity as in the case of normal phase.
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Then, the coupling between liquid and aerogel shbel considered apart from viscosity of the norflad. We
compared the mean free path of phonon and roton thatd determined geometrically by aerogel strantse
geometrically limited mean free path becomes shainin that by phonon and roton below 1 K. Acouptionons are
thought to be scattered by aerogel strands andrgigeo the momentum transfer between aerogelpandons. This
means that the simple hydrodynamic theory is nptiegble to this temperature range because thame imechanism
of momentum transfer due to no viscous fluid. A ribeory is necessary in which momentum transfevéen aerogel
and phonon should be taken into account as inake of liquid®He -aerogel system [22)].

Conclusions
In conclusion, we have studied theoretically the temperature acoustic properties of ligthitk filled aerogel system
for various porosity aerogels and interpreted thseoved in [12] compressional wave in both the radremd the
superfluid phase using 10 MHz ultrasound. It hasnlbfeund that sound velocity is strongly influendsdaerogel. The
temperature dependence of the sound velocity igagito that of bulk liquid but the absolute valgevaried by aerogel.
The scaling behavior has been shown in the norinasg The simple phenomenological model is propfmethe
normal phase.

In the superfluid phase, the three sound modegaloalated from the hydrodynamic model and the olese
sound mode has been shown to correspond to thente. The temperature variation between 1 K&nd explained
by this model.
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