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ABSTRACT

The interaction between an open ended coaxial 1ine and a porous meisted
medium is investigated. The phase of the reflection facter, function of the
water content of the material, hes been theoretically evaluated and
experimentally measured at 3 GHz, Tha woisture content, measured with the
standard gravimetric method, has been found in fairly good agreement with
theory.

1 INTRODUCTION

The knowledge of the water content of the soil surface layers {s very
important in agriculture, hydrology and meteorology; indeed, the interaction
batween ol surface and atmosphere is responsible for the evapotranspiration
phenomenon.

Water content evajuation can be carried out with remote sensors, either
of passive or active type; alternatively, local sensor {in situ) can be used
/3/. The main limitation of remote sensing 1s dua to the penetration depth;
that cannot be greater than §-10 e¢m. Therefore, in situ sensors are necessary
when the water content of deeper layers has to be measured.

Local monitoring and controi of moisture content, possibly in real time,
has a large interest in other topics too. They can deal with basic and
applied research and with {ndustrial sppiications (e.g. drying processes of
materials). ) ) o

In this work a general method {s presented for water content
measurement of porous media which 1s based on the use of an open ended
coaxial Vine operating at microwave frequencies /2-4/. This type of in situ
sensor seems to be very simple and easily adaptable to different situations;
further on, it can be employed for real time measuraments on matarials of
various compositions and structures.

2 THEORETICAL INVESTIGATION '

A sketch of the probe operating {n the porous medium {s presented in
figure 1. An extensive use of the coaxial 1ine 1n the above mentioned fields
requires an accurate and general enough modelling in order teo:

1) optimize the dimensions of the coaxial 1ine for the specific use;
1) simplify the calibration procedure.

For this purpose & numerical model of the system has been developed,
{fig. 2), on the basis of the physical properties of the' perous wedium and
the coaxial line characteristics.

Porus medium modelling
Thres phases, solid grain, air and water, are génerally present in a
meisted soil, as sketched in fig. k8



The eleczromagnetic behaviour of the material can bie 1cil:escrilbed“:;yth:
rolation betwsen the real part of the compiex permittivity, % g- ind the
volumetric water content, Wc. Figure 4 depicts the var‘lati:n oweak Jah e
for three different soils. For each medium it can be observeh awc e s one
of £' up to a transition water content, Wi: then, for hig elrr e. the slope
of the curve increases sharply up to saturation. : ghas Ther o
experimental results, carried out on soils of different types,
similar electromagnetic behavio r, as evidenced by fig. 4. . /57 for the

Several formulas have been proposed in the 'Hterahlirsees o e
evaluation o° the electromagnetic properties of two pf e et
knowledge of the permittfvities and of the volumetric frac

is necessary.
Compoqﬁgta‘biwe mentféyned formulas do not agree with theidexpt:inmer!rthserﬁolg\:
water contents, i.e. when tha water is bound to the sol gr”. . Therefore.
at very low moisture levels the water is not free and 5
i ilar to those of 1ce.
pere;ﬁ'li;pail:'l!icsa‘i]m model, /6/, proposed to e"”““e,l tdhet cz‘mpiiiep:hn;%:t:::;i
or

i ives a good agreement to the experimental data 9
gtf‘ S:algesr' gl;:ient.g Accogrding to this model, the permittivity of the soil
water medium 1s given by:
£=WcEx + (P-Wc)Ea + (1-P}Er
with Ex=Li + (Ew —%1))\*; ¥/ Wt
for Nc < Wy; while, for Wc ts
€l Wy Ex £ (e - Hf)ﬂwé ()P -We)Ea+ (1-p)&r
M e rmittintties of of d bound water {ice) are

{vities of alr. water, solid an

respeli?veﬂe;?at.tgw. Er,E14; We .15 the volumetric and Wy the transition water

content , P -s the porosity, defined by: .
= = 1 - dg/d ) e
zher:vﬁ"i’t ané Vi grerrespectively the void and total volgmééc;dt;pnedoc;rszn
the dry and solid densities and 5 1;5711aenrgp1pr01:0as11:;n;tat1|_hé A e O e
i F aluation of Wi, . "
;:;:;:giurtem oenv the model 15 considered in the permittivities of the

constituants.

1 line
Theor?;lcat;eac:-:]tﬁias] o:n:P;sf:a:;athe interaction betweert the probe and the
medium has been carried out with the following hypothe:es;nnn the Tines
i}  no losses are present in the homogeneous dielectric : guced e he
i1} an infinite flat metalifc flange is supposed to be p
re of the line;
iit) :Eeert;;ieﬂa] under 1nvestigation, homogeneo%:. aci::otropic. linear,
nonmagretic, fills completely the right hand ha hsp e o ter to allow
Dimensions and frequency of operation have been ¢ os&: e e of the
the prepagation of only the TEM dominant mode. The m;;er;'I nvqln o velent
medium has been replaced by a perfecttcc()giigct;r;g wall_having
i i i urren . .
d1Str}zzm2213:12:gni§1ct::rf:i§bﬁem can be performed with '3 cantinuity
assumption on the azimutal component of the magnetic field at 2=0,
g {r, z=0"1 = Hy {r, z=0*) a<r<b. ) . " rure plane (z70] is
As far as the field distribution in the ape

into.
concerned, the contribution of the infinite higher order modes is taken in

line.

The numerical solution of the problem needs a truncation of the 1nfinite
serie of modes /4, 7/; therefore, the continuity condition 1s satisfied enly
on the N circles in the aperture {point matching).

3 RESULTS
Theoretical results

The theoretical model of fig. 2 has been employed to evaluate the
modulus and the phase of the reflectfon factor as & function of tha water
content. .

The physical properties of two typical porous media are reported in table
I, togheter with the parameter x.
In order to study the influence of the temperature and of the

content of the water, the following cases have been considered:
4. Medfum 1 at T=25°C;

b, ™ 1 at T=65°C;
.o 2 at T=25°C;

account. The modes can only be THon because of the axfal symsatry of the

fonic

¢
Td,om 2 at T=65°C;
e.

" 1at T=25°C with NaCl water solution of molality 0.1.

The permittivities of tha components have been assumad as follows:
bound  water ; £' = 3.2 ', £% = 0.1;

soltd grain 1 £' = 5,6 , gn = z;

water, 25°C, : E' = 76.7 , £" = 12.04;

water, 65°C, : g' =64 , E" = 43.9; :

NaCl water solution of molality 0.1, 25°C : E' =755, £" » 18,12,

A commercial semirigid cable, with internal diameter Di=1.628 mm and
external dfameter De=5.283 mm, has been used. The permittivity of the filling
materiail, teflon, isEcw2. 1, ‘ S

The modulus and phase of tha reflectfon factor ire presented in figures
6 and 7. It 1is evident the influence of tha temperature, caused by the
variation of the permittivity of free water. The modvlus {fig. 6) is strongly
influenced by the donfc content while the phase (fig. 7) 1s almost
independent from 1t. On the other sfde, the variation of the phase with the
vater content is much steeper. The main conclusion of the prasent theoratfcal

mode]l 1s the convenfence to use the phase of the reflection factor as the
measurement parameter,

Experimental results

Some preliminary experimental tests were carried out with 2 coaxial
cable, 8cm long, inserted in the porous medium inside an apposite container,
as pictured in fig. 8. The reflection factor measurements were done with a
HP 8410 network aralyzer, at the frequency of 3 GHz. The water content of
the poreus medium was measured by the' gravimetric method.

The material tested in the experiments was sand with dry and solid
densities, respectively dg=1.66 g/cm? and d.=2.68 g/emd, and a porosity,
P=0.38, similar to that of medium 1 of table I.

The probe was calibrated setting a zero phase value for the porous
material saturated with water. The specimen was dried in the oven from the
saturation pofnt. At regular time intervals the container and the probe were

wheighted with a precision balance and the phase of the reflection factor
measured.




/

Fig. 9 reports the experimental results, ranging from saturation to
dryness, as dots connected by a dashed 1line. The agreement with the
theoretical predictfons s considered good enough. The existing discrepancies
are considered due to:

- not exact knowledge of some parameters (e.g, empirical y» fonic content);

- absence of the flange at the aperture of the probe,

The second cause of error canm be more easTly evaluated with measurements on
ttandard materfals of known characteristics /8/.

4 CONCLUSIONS

The preliminary experimental results seem to confirm the reliability of the
theoretical model presented for the probe-porous medium system, which is
yanerally applicable without limitations on the cable dimensions and the
working frequency. The model can be used as an efficient method for
talibration purposes and it allows alse the evaluation of the influvence of
some parameters (e.g. temperature, ionic content of water}, which could ba
responsible for measurement errors, Finally, some uncertainties resulting
from the not exact identification of the porous medium could be estimated.
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Fig. 5 : a) Aperture in conducting plame
b) Equivalent source
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Fig. 7 : Phase of the reflaction factor varsus Fig. 9 : Experimental results compared with
theoretical ones of case b.
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NETWORK
AHALIZER

Fig. 8 : Measurement set-up

Medium 1 Medium 2
Sand 88X,
Composition| Sand + sitt 7,3%,
{in waight} water clay 4,7%+
water
Trensition
water 0.17 .20
content, Wy
Porosity, P 0.38 0.38
Empirical 0.5 0.4
parameter,

TABLE I



