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Ground impedance measurements are used for sound propagation predictions and to determine soil
properties. Solar heating of the ground leads to significant temperature swings and gradients in the
near surface soil. The equations of thermoacoustics are applied to estimate the magnitude of the
temperature effects on the impedance and develop an approximate equation for the adjustment of
measured impedance. Ambient temperature effects are shown to be significant; temperature gradient
effects in soils are negligible. The theory is applicable to noise control applications where larger
gradients may occur in sound absorbing materials. 1997 Acoustical Society of America.
[S0001-496607)03912-X]

PACS numbers: 43.28.Fp, 43.55.A\CS]

INTRODUCTION ents on ground impedance. Section IV contains a discussion

_ of the results and conclusions.
Measurement of the surface impedance of the ground is

important for the prediction of sound propagation over the
ground! Surface impedance measurements are also used toAPPLICATION OF THE THERMOACOQUSTIC

determine soil properties of agricultural grourds. EQUATIONS TO GROUND IMPEDANCE
Soils outdoors undergo wide temperature variations. The

temperature profiles in the ground are governed by the he%éined in a paper by SwiftArnott et al.” demonstrated that

input to the surface and the thermal properties of the soil. | ; . i
) . .~ _thermoacoustics could be formulated in terms of previous
many cases the temperature profiles are approximately linear

down to the damping deptth in the soil (the 1 length for porous media research. The notation of Ref. 7 will be fol-
lowed in this paper.

the dally cycle. Surface temperatures can vary by as much . . .
. . . Temperature gradients in porous materials have two
as 30 K in a day. Damping depths depend on the soil type . . ) . .
; principal effects; the gas properties are functions of tempera-
and moisture content but generally rang®@m 7 to 15 cm. A o
) ture and the complex compressibility is modified due to the
Temperature gradients can have large effects on soun . S
Change in temperature of the porous media with respect to
he gas as the gas is displaced by the sound wave. The rel-

A thorough review of thermoacoustic research is con-

propagation in the boundary layer of solid surfaces. In reso;

nance tubes, large temperature gradients can prodpce ampeVant equations from Ref. 7 give a second-order differential
fication of sound waves. The study of this effect is called

“thermoacoustics.® Arnott et al.” explicitly demonstrated equation for the complex acoustic pressure amplitude in a

the connection between the literature and notation of soun ore:
propagation through porous media to thermoacoustics. In @(z) d [F(\) dp(z)
subsequent paper, Arnadt al. measured the changes in im- F()) dz ( p(z) dz
pedance of a thermoacoustic stack as the temperature gradi- R
ent was varied. Significant, measurable changes in the im-  +k3(\,A1)p(2)=0, 1)
pedance occurred for a 20-K change in temperature acrossghere
4.0-cm-long porous stack.

In this paper, the theory of thermoacoustics is employed a(MA) =B arl ( FON)/FE(N) — 1) @
to investigate the possible effects of temperature and tem- T dz 2 1—Np, '
perature gradients on the normalized surface impedance %Rd
soils. Section | presents the thermoacoustics equations and
describes the adaptation of these equations to calculate the , )
surface impedance. Section Il develops an ambient tempera- Ko(NA1)= 2 FOn) [y=(y=DFQ)L; )
ture normalization factor for the fitted flow resistivity, then . . . _
develops a calculation of the effect of temperature gradientgnd the complex average yelomty amp"“_’de in the pore in
on the surface impedance of ordinary soils. Section llI de—terms of the pressure amplitude gradient is

velops an approximation for the effect of temperature gradi- | ) F(N) dp(2) @
z)= .
dz

iwp(2)
aW. Patrick Arnott is at the Desert Research Institute, Atmospheric ScienceE

>+2a()\,)\-|-) %

(1)2

Center, P.O. Box 60220, Reno, NV 89506, and is an Adjunct Assistan ere, a()\’)\T) IS a complex dampmg Or gain parameter and

Professor in the Department of Physics and Astronomy, University of Mis- oA A7) is th_e (_:omplex aQOUStiC wave number. For an ideal
sissippi. gasB=1/T; this is appropriate for air filled pores. The pores
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are assumed to have a circular cross section of raRiss  whereA is a complex constant arldis a complex constant
that the shear wave numbér) and thermal wave number evaluated at the surface. Substitution of this form into(By.

(A7) are given by yields
AN=Rypwln, Nr=Rypwc,/k, (5) —k2+ik2a’ (NN 1) +KG(N A7) =0 (13)

wherep(z) is the gas density the radial frequency of the With solutions
sound wavey the viscosity « the thermal conductivity, and K'=ia'+ VK—a'2 Kk =ia'—JKk—a'? 12
Cp the heat capacity at constant pressure. Hereand\ are e 0T e om & (12
related by the square root of the Prandtl numbgy, A\ Here, ¢’ andk, are the gain parameter and complex wave
= JNp\. The thermoviscous function for circular pores is number evaluated at the surface.
_ : : The treatment herein differs from Ref. 11 in three ways:
F(N)=1—(2NN[31(ViN3o(ViN) 1. (6) (i) The complex roots are evaluated from Efj1) di-
S n _
Figure 5 of Ref. 7 shows that the choice of pore Shaperectly'yleldmg unequal wave numbets, andk .
makes little gross difference in the value Bf\). These (it) 'I_'he wave numbe_r S are evalu_ated at the surface, not
small differences are significant when optimizing the perfor-at di2, since the surface |mpedar?ce IS _most affected by sur-
; . - o~ .face properties for sound absorbing soils.
mance of thermoacoustic devices, but should be negligible in (i) The effect of the changing material propert
estimates of temperature effects on ground impedance. Tl"lg()\)/ (2) is included in Eqs(8) ang(Qg property
relative independence of the wave number and impedance of P 9 '

. X . .~ If the temperature gradient is zero, the treatment above
uniform porous materials on pore shape factor is discussed in . .
. ) recovers the usual porous media wave numbers. The velocity
detail by Stinson and Champotx.

The temperature dependencegofi, Ay, and speed of contributions corresponding to the two wave numbers can be

sound,c, in terms of reference values @ are' calculated from Eq(4):

p—peTol T, Cmcy(TIT)%S, (7a 07 (2)=[F(\)/wp(2)]k*Ae™ 2. (13)
The boundary condition at deptth is that the surface
N=No(To/T)%%% Np=Ar (To/T)94 (7B impedance is that of a uniform semi-infinite porous media.
. To account for additional pore length due to the pores not
Values(7g are directly from Ref. 10, pages 29-30, and pqing normal to the surface or not being straight, we intro-
(7b) are from a power law fit to Eq10-1.16a of Ref. 10.  y,ce the tortuosity factar, which yields a pore length afd
The fact that the Prandtl number for air is approximately jepthd. This reduces the temperature and pressure gradi-

independent of temperature was also utilized. ents by 1¢. Impedance matching then determines the ratios
In thermoacoustic studies where the temperature gradis; amplitudesA /A ™ within the gradient layer:

ents can be as large as 2000 K/m, E4sand(4) are usually

solved by numerical integration. Atchlest al™* achieved jwp(d) [ek 99+ A-/A*ek 99 wp(d) .
good agreement with data by solving Efy) as a wave equa- kT qds A— At —aik qd] =Z(d),
tion with constant~(\)/p, a(\,\7), andky(\,\7) evaluated FOL) LikTe FATATIKCER T FOK (149

at the center of the stack. The change in the material property
F(\)/p(2) with depth is large for the small pores typical of where bothF(\) are evaluated at damping demthThe so-
the ground, so the method of Ref. 11 is extended. Equatiohution to Eq.(14) is

(1) can be rewritten for ideal gases as

A Lkt
4% (2) 4502 A~ _ it —kyga LLTKITKDT (15
N + Kk
B2 20 () ot ADB@=0, @ A (1=K Tk(d)]
The surface impedance of the media is then the ratio of
where p(0)/v(0) modified to account for the porosity and tortuos-
ity of the pores. Porosity), is the ratio of open pore area to
a' (M) = 1 dF()\)d_A+ E{F()‘T)_ NpF(N) d_T total area. The tortuosity introduces an additional factag of
U FEWN) | odh dT T (1=Np)F(N) dz’ to the surface impedance. With these average medium modi-

(9 fications, the normalized surface impedance is given by

includes the effect of the derivative &f(\)/p(z). wq (1+A7/A+)

In this paper, soil is modeled as a homogenous semi- Z(0)= R S S—
infinite half-space with an imposed linear temperature gradi- c(OFMN)Q [k™+(AT/ATK™]
ent to the damping deptt. Although the daily and yearly Here, F(\) is evaluated at the surface.
soil temperature variation is quite complicated, the tempera- Equation(16) is derived for cylindrical pores with tor-
ture profiles can often be approximated by a linear gradie”ﬁuosityq and porosityQ). In ground impedance studfe&13
to fixed depthd. The solution to Eq(8) is then approximated it is ysual to approximat&(\) and to evaluate the imped-
by ance in terms of the dc flow resistivity:

p(2)=Aek?, (10) o =802wp/ Q2. (17)

(16)
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TABLE |. Porous media properties.

Pore radius Porosity Tortuosity factor dc flow resistivity
(R) (®) (@) at 293 K

Low 9x10°m 0.5 1.4 7X10° Nsm*
Medium 6x10°°m 0.3 1.4 2710° Nsm
High 4x10°m 0.3 1.4 60X10° Nsm*

Real Part

Il. PREDICTION OF THE EFFECT OF TEMPERATURE 10

GRADIENTS ON NORMALIZED GROUND
IMPEDANCE

Imaginary Part

207

First, the effect of a uniform temperature change on the 30+
normalized surface impedance should be understood. For a 10 10 10
uniform temperature the gradient terms in Et). drop out.
The only temperature variation in the formula for the nor-
malized surface impedance is in the gas properties containgfis. 1. Normalized surface impedance of the ground with no temperature
in A and\;. Note that the measured flow resistance must beradient , a temperature gradient of 200 K/m for 10 cm ———, a
adjusted bW:U(To)(T/To)O'849 as developed from Eq17) temperature gradient 6200 K/m for 10 cm- - - - - - , a temperature gradient

. . of 200 K/m for 20 cm — - —.
with Egs. (7a) and (7b), and ¢ by Eqg. (79 to predict the
temperature dependence of Efj6). A temperature increase
leads to an increase in flow resistivity. A 30-K temperaturetemperature gradient effects on impedance. In addition, the
difference over a year leads to a 10% change in flow resissimilarity of the impedance change to the effect of exponen-
tivity. Surface impedance data of homogeneous soils takefially varying porosit)}“ leads one to suspect that an equiva-
over a wide range of surface temperatures should be normaknce between the temperature gradient and exponentially
ized to a standard surface temperature. varying porosity can be established and an analytic approxi-

Next, the dependence of impedance on the temperatuii@ation developed to determine if temperature gradient ef-
gradient in the soil is investigated. The depth dependence décts on impedance measurements are significant. This cal-
the temperature in the ground as the surface is heated by th@lation is developed in Sec. Ill below.
sun is well understoodAlthough the form of the variation is
quite complex, the temperature profile near the surface can
be approximated by a linear gradient down to the daily
damping deptld which is on the order of 7—15 cm. The total
daily temperature variation may be as large as 20 K over thi
distance for cultivated soils. As an estimate of the maximum In this section an approxima‘[e expression is deve|0ped

effect, the impedance for three media corresponding to lowfor the effect of a temperature gradient on the surface imped-
medium, and high impedance soils for a temperature changgnce of an homogeneous soil layer for low frequencies and
of 20 K in 10 cm was calculated using E@A.6). The prop-  for a semi-infinite temperature gradient. Approximations for
erties of the soil models are listed in Table I. F(\) have been used to develop expressions for the ground
Figure 1 displays the dependence of the normalizegmpedance of homogenous media for small thermal and vis-

ground impedance on the temperature gradient for low ﬂOV\COUS wave numbeﬂg_For Cy“ndrica] pores
resistivity ground. The imaginary part of the impedance in

Frequency (Hz)

lll. APPROXIMATE FORMULATION FOR LOW
SFREQUENCIES

-1

Fig. 1 is multiplied by—1 for display purposes. The surface FOV)=|=+ 18 (18)
temperature is 300 K for all cases. A 200-K/m gradient cor- 3\

responds to 300 K at the surface and 320 K at 10-cm depth.

The largest effect is on the imaginary part of the impedancélnd

at very low frequencies. The maximum change in impedance w\l4 y—1 8

due to the temperature gradient is on the order of 6%. The ko:7<g §+ T Npti xz} (19

effects of realistic temperature gradients on the impedance of
ordinary soils is negligible. The effect for the medium andFurther,F(\1) can be written in terms of (\) by noting 1
high impedance soils is smaller than that displayed in Fig. 1~ \/N_pr is small for air filled pores;

Also shown in Fig. 1 is the effect of depth of the gradi-
ent layer on the impedance. Doubling the layer depth to 20 F()‘T):F(‘/N_m)‘)
cm with the same gradient leads to a small increase in the dF(\)
imaginary part at very low frequencies, but it should be =F(\)-— (1- VNpOX. (20
noted that a 40-K total change between the surface and the
bottom of the layer is unrealistic. The small change in im-Substituting Egs.(9), (19), and (20) in Eg. (8), using
pedance when the depth is doubled indicates that a semi=Ay(Ty/T)¢, and evaluatingd F(\)/d\ in terms of F(\)
infinite approximation may be used for analytic analysis ofresults in
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d?p L 1 2 1dTdp
a2 |\ TN, [T-i078)]| T dz dz
w\2To[[4 y—lN 8 TZGA_O
o) Tl Mgl [P
(21

For low frequencies) is small and the term$x?/6 and
§—(y=1/9)N,, can be dropped leaving:

d2|6+1 of s 1 1dTdp

4z € 1+yN,/ | T dz dz
I e (T 2E_l“—o 22
Moo w2 lm) P70 2

Using Eq(7),1— 2[e + 1/(1 + YN,)] = —1.925and 2—1
=0.849. Note that the term containif, is due to the ther-
moacoustic modification of the complex compressibility.
The substitutionsT=Ty(1+az) and ¢{=(1+az)/a,
wherea is the normalized temperature gradiennin?, lead
to the differential equation and corresponding solution

d’p 1.925dp
a2 ¢ d¢
P(z)=CLMH " T2 L9, (24)

where . 7Z'=k(0)a%%?*91.425 andC is a complex constant.

+ k2(0)a0.849§0.849f): 0, (23)

Here,H{}),sis chosen since we have assumed a semi-infinit

gradient and radiation boundary conditions apply, H82,s

in such materials is the fractional temperature change per
wavelengthcy/ w(a) compared to the normalized impedance
Zp.

IV. CONCLUSIONS

The effect of uniform temperature changes in the ground
can be calculated as modifying the dc flow resistivity and
density[see Eq.7) and Sec. [). Realistic temperature gra-
dients in homogeneous grounds lead to negligibly small
changes in only the imaginary part of surface impedance.
Temperature increases in the ground are analogous to de-
creasing exponential porosity grounds, while temperature de-
creases are analogous to increasing porosity grounds. An ap-
proximate formula for the effect of a linear temperature
gradient on the surface impedance of the ground has been
developed and is used to demonstrate that the effects are
small for soils heated by the sun. Temperature gradient ef-
fects are measurable for low impedance surfaces as indicated
by Eg. (25 and by the results of Reference 8. However,
agricultural soils have too high a surface impedance for tem-
perature gradient effects to be measurable.
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