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The dependence of the damping of microwaves in moist capillary-porous materials on 
their moisture content is investigated theoretically. Expressions are obtained for the ab- 
solute and relative moisture content. 

Experimental investigations show [1-5] that there exists a stable functional relation between the 
microwave energy losses in moist materials and their moisture content. However, the theoretical founda- 
tion for microwave moisture determination methods remain at the level of empirical formulas. 

In an analytic examination of the relation between the damping of microwaves in moist matertal and 
the moisture content of the latter, most specialists working in this field use the well-known Maxwell, Lorenz 
-Lorentz, Lichtenecker, and Odelevskii equations and their various modifications, which make it possible 
to calculate the bulk content of each phase of a multicomponent mixture from its average dielectric con- 
stant [2, 3, 6]. 

Such an approach to the solution of this problem is connected with the traditional representation of 
capacitive moisture-content measurement, for which the formal treatment of the equations indicated above 
is valid. An analysis of [6, 7, I0, 13] shows that the solution of this problem has a physical meaning only 
in the case of the electrodynamic approach to the description of the processes involving interaction of 
microwaves with moist capillary-porous material. 

As is well known [9], the interaction of an electromagnetic field with matter is described by the equa- 
tions of macroscopic electrodynamics. When microwaves pass through moist capillary-porous materials, 
electric and magnetic dipoles, quadrupoles, and multipoles are excited in each structure phase. The 
energy drawn in this case by a particle from the incident wave goes to heating (absorption of the micro- 
wave energy) and secondary radiation (scattering of the microwave energy). The losses depend on the 
dimensions and shape of the particles of the corresponding structure phases, on the wavelength, on the 
complex dielectric constant, on the temperature, and on the placement and number of particles. The cal- 
culation is based on the theory of scattering and absorption of electromagnetic waves by particles of 
simplest form, such as spheres or cylinders, whose dimensions are smaller than the wavelength [11-13]. 
To simplify the calculations we assume that the particles are randomly distributed, that the scattered 
radiation is incoherent, and that the concentration and statistical distribution of the particles are constant 
over the entire path traversed by the radio waves. 

The moisture inclusions and the components of the dry skeleton of the capillary-porous material will 
be characterized by the effective scattering and absorption cross sections 

w s  W a  
= - -  % = - -  . ( I )  O's Wo ' Wo 

For  a th ree-phase  mater ia l  we find f rom (1) that the amount of energy scat tered  and absorbed on a path 
element dx is given by 
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TABLE 1. Values  of e,, e" ,  and tan5  for  Cer ta in  Dry  Mate r i a l s  

Material 

Red brick 
Gypsum 
Cement 
Lumber 
Lumber 
Cement 
Asbestos 
Sand 

10 3,4 
10 2,65 
10 2,1 
10 2,5 
3 2,6 
3 4,0 
3 2,0 
9 2,0 

0,085 
Io,oms 
0,0735 
0,175 
0,39 
0,08 
0,12 
0,04 

tg6 

0,025 
0,005 
0,035 
0,07 
0,15 
0,02 
0,06 
0,02 

Material 

Sand 
Sand 
Ice 
Snow 
Paper 
Grease 

l Nylon 

~, c m  

3,2 0,06 
3,0 0,04 
3,17 0,0021 
1,26 0,000[ 
2,7 0,135 
2,5 0,125 
2,8 0,029 

tg 6 

0,02 
0,013 
0,0007 
0,0004 
0,05 
0,05 
0,011 

d r ~  = - -  N %  tVoaX, dW'a = - -  N'oa tVoax, 

dWs = - -  N"os Wodx, dWa = - -  N"%Wodx,  (2) 

d ~ "  = - -  N'",;s"tVoeX, dV/2' = - -  g '" , ; ; ' tVodx .  

In tegra t ing  (2), we obtain the m i c r o w a v e  energy  lo s se s ,  in decibels ,  to sca t t e r ing  and absorp t ion  a f te r  
t r a v e r s i n g  a path x" 

K; = 4,343.10'.xEN'o's, Ka = 4,343. 102.xY.N'~;, 

K: = 4.343. 102.xY.N"o'~, Ka = 4.343. 102.xY.N"%,  (3) 

K~"= 4.343.102.xEN"'~'s TM, Ka" = 4.343. 102.xEN"'% ' ' .  

To calcula te  the at tenuat ion it is  n e c e s s a r y  to take into account  the coefficient  of re f lec t ion  f r o m  the i n t e r -  
face  between the m a t e r i a l  and the a i r  

4r 2 sin S @ 

Ir l  ~--= (1- r) 2_b4r2sin ~ (4) 

The total  loss  following pas sage  of m i c r o w a v e s  through the moi s t  m a t e r i a l  is obtained by summing  (3) and 
(4) 

Kz = 10 lgl r [3 + 4.343.103.x (zg '~ '  s + Y.N'~' a + EN"~ + EN"~ a + ~.N'"~'s" + Eg'"aa ' ) .  (5) 

To calcula te  the total  effect ive c r o s s  sec t ion  for  sca t t e r ing  by inhomogenei t ies  of different  shapes ,  it 
is n e c e s s a r y  to solve the d i f f rac t ion problem.  Such a solution entai ls  cons iderable  diff icult ies,  and in mos t  
c a se s  one uses  app rox ima te  methods  based on the use  of the K i r chho f f -Heugens  principle.  Analogous 
p rob l ems  w e r e  solved in r a d a r  to ca lcula te  the effect ive c r o s s  sec t ions  of sca t t e r ing  by t a rge t s  of different  
types  [14]. Fo r  bodies  with v e r y  s imple  shape,  r i go rous  calculat ions were  based on solving Maxwel l ' s  
equations at  specif ied boundary  conditions [15]. In the case  of d ie lec t r i c s ,  such as  the s t ruc tu ra l  c o m -  
ponents of the cap i l l a ry -po rous  m a t e r i a l s ,  the solution becomes  m o r e  complicated.  For  a sphere  of radius  
a0, having a complex  d ie lec t r i c  constant  s*, the effect ive sca t t e r ing  c r o s s  sec t ion  is de te rmined  in t e r m s  
of a s lowly converging s e r i e s  in Legendre  polynomials ,  and does not lend i t se l f  read i ly  to calculat ions in the 
genera l  case .  In the s ca l a r  case ,  the p rob lem of sca t t e r ing  by the d ie lec t r ic  sphere  has  much in common 
with the quan tum-mechan ica l  p rob lem of sca t t e r ing  by a potential  b a r r i e r  at  high energy  [16]. It  should be 
noted that  the main  effects  a r e  de te rmined  in this case  not by diffract ion but by re l fec t ion  and re f rac t ion  
[17], as is the case  in our problem.  

Assuming  that  the inhomogenei t ies  in the s t ruc tu re  of the m a t e r i a l  and the mo i s tu r e  inclusions a r e  
sphe r i ca l  in fo rm,  and recogniz ing  that the i r  d imens ions  a r e  s m a l l e r  than the wavelength of the e l e c t r o -  
magnet ic  radiat ion,  we wr i te  formulas  for  the calcula t ion of the effect ive sca t t e r ing  and absorp t ion  c r o s s  
sec t ions  [10, 13-16], 

O'ss - -  p~ 
(6) 

%2 
as ---- -~ p3 % + c2,o = + c~p~). 

Assuming p = 2~ao/% < I, we solve (6). After the calculations we obtain 

64~a~ I e * - - I  2 

% - - -  ~.' " 8-~+-2+2[ ' (7) 
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* fo r  W a t e r  a t  D i f f e r e n t  T e r n -  T A B L E  2. V a l u e s  of e ' ,  t a n S ,  and c i 
p e r a t u r e s  and W a v e l e n g t h s  

~=1,2 cm a=acm a=J0cm 

T'~ c~ s' tg~ c~ 

1,5 
5,0 
15 
25 
35 
45 
55 
65 
75 
85 

~' tg5 c~ 

15 0,425 0,862 
17,5 0,395 0,881 
25 I 0,330 0,860 
34 0,265 0,795 
41 I0,215 0,704 
46 [0,275 1,391 
49 I 0,245 0,869 

50,5 10,125 0,454 
51,5 0,105 0,381 

e' tg 6 

38 1,03 
41 0,95 
49 0,70 
55 0,54 
58 0,44 
59 0.40 
60 0,35 
59 0,32 
57 0,28 
54 0,26 

2,983 
2,885 
2,376 
1,971 
1,662 
1,530 
I, 391 
1,231 
1,062 
0,963 

80,5 
80,2 
78,8 
76,7 
74,0 
70,7 
67,5 
64,0 
60,5 
55,5 

0,31 
0,275 
0,205 
0,157 
0,127 
0,106 
0,089 
0,076 
0,066 
O, 055 

1,386 
1,229 
0,912 
0,691 
0,551 
0,425 
0,370 
0,310 
0,261 
0,209 

O~as (8) 

Substituting in (5) the effective cross sections for a sphere, we obtain 

K~ = I0 Iglr 1 ~ -~ 4.343.10Z.x {EN' 64~a~k4 

} ~  - 1  2 4~2a~ [ 6~;" ] +zN" 64aSa6 

• s ~ + 2  + E N ' ~  (el-t-2) 2+(e]')2 ) ~  

e 2 - - 1  2 N" 4~2a~ [ 6e2 ] v ',, 64aSa~ 

~ - ,  I ~ 4 ~  [ 6d ] 
• t e~ + 2 t + y'N''' ~ (e; + l) 2+(e~)2 " 

(9) 

Recognizing that in a microwave band the energy loss in the dry material (Table i) is smaller by more than 
two orders of magnitude than in water (Table 2), we write (9) in the form 

I 3 3 * 2 1 3n 2 16n aa ~ a -  t . 6~a (10) & = 4.343.102x~ --U- - - - 7 - -  ~ ~- (~; + 2) 2 + (~;,)2 �9 

Since  a 3 << ;b the  f i r s t  t e r m s  in  the  b r a c k e t s  of (10) can  be  n e g l e c t e d .  We then  ob ta in  

Kz = 4.343 �9 102xQ - ~  (e~ -? 2) 2 + (e~')2 " (11) 

At  c o n s t a n t  ~, e~, ~ ,  and x, the  r e l a t i v e  a t t e n u a t i o n  of the  m i c r o w a v e s  in  the  m o i s t  m a t e r i a l  i s  p r o p o r -  
t i o n a l  to the cube of the linear dimension of the included moisture, i.e., to the volume of the water :'m the 
pores of the dry matter. 

Equation (II) expresses the fact that radio-wave absorption is determined by the amount of water in 
the material. To establish an analytic connection between the microwave energy loss and the moisture con- 
tents of capillary-porous materials, let us consider a layer of moist material of thickness x. Taking (II) 
into account, we can conclude that the loss in moist material of thickness x is equivalent to the microwave 
energy loss in a layer of water of thickness x i (accurate to 0.1%) 

t2 

K~ = 4.343xl 

The  w e i g h t s  of the  w a t e r ,  d r y  and m o i s t  m a t e r i a l  p e r  uni t  v o l u m e  a r e  r e s p e c t i v e l y  

Pw ~-- XlTw S' (13) 

Pdm= (x - -  xl) 7dm S, (14) 

/)ram = XTmrnS. (15) 
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TABLE 3. Ca lcu la ted  and E x p e r i m e n t a l  R e s u l t s  of the M e a -  
s u r e m e n t  of the M o i s t u r e  Conten t  of Di f fe ren t  M a t e r i a l s  
by the Mic rowave  A b s o r p t i o n  Method (~ = 3 cm,  T = 25~ 

Material 

Asbestos cement 
The same 
Wheat 
The same 

t l  w l  

Nylon 
The same 
Coal (pulverised) 

x, c m  

0,6 
0,6 

32,5 
32,5 
32,5 
55 
55 
7,5 
7,5 
7,5 

25 
25 
t0 
10 
lO 
20 
20 
20 
ll 
I1 
11 
12 
12 
12 

K 5, �9 

db 

The same 

Sand 
The same 

x 

n 

w . 

Lumber 
The same 

B iek (led) 
The same 

Peat (milled) 
The same 

Relative moisture e?ntent,%~ 

calcu- I from the experimental 
lation I data 

10 13 
15 22 
15 12,4 
20 15,6 
30 22 
25 4,6 
36 6 
17,5 4,6 

7,3 
20 J13 
60 j 7,2 
50 6,1 
6O if9 
50 16 
20 6 
29 I0 
58 120 
80 30 
16,7i 5 
31 i lO 
58 20 
lO ;20 
5 10 

20 i40 

15 (1~ A. Berentsveig) 
20 
13 (g. B. Taylor) 
15,7 ,, 
20 
5 
6,2 
5 
8 

15 
7 (V. K. Benzar') 
6 

20 
16,2 
6,3 

12 " 
21 
28,5 
8 

12 
19,5 
16,5 
9~ " 

37 

F r o m  (13), (14), and (15) we ob ta in  e x p r e s s i o n s  for  the abso lu t e  and r e l a t i v e  m o i s t u r e  con ten t  

Ua = P._.._w_.w = X~Vw , 
Pdm (x - -  xl) 7dm 

Pw X~Vw 
Urel = Pmm-~ XiYw@ (x- xl) 7dm" 

Subs t i tu t ing  in  (16) and (17) the v a l u e s  of x i f r o m  (12), we ob ta in  

(16) 

(17} 

K~ 7w , (18) 
Ua = 2~ 

x.4.343 c, - -  K~ 7din 
% 

K; 
Urel K;-~- 7d,m x.4.343 c~--Kz 

?w 

The  e x p e r i m e n t a l  data  on the d e t e r m i n a t i o n  of the m o i s t u r e  conten t  of c a p i l l a r y - p o r o u s  m a t e r i a l s ,  
ob ta ined  by d i f f e r en t  a u t h o r s  and ca l cu la t ed  f r o m  f o r m u l a s  (18) and (19), a r e  s u m m a r i z e d  in  Tab le  3. The 
a g r e e m e n t  can  be r e g a r d e d  a s  s a t i s f a c t o r y  if a l lowance  is  made  for  the me thodo log ica l  e r r o r s ,  for  the 
d i f f e ren t  p r o c e d u r e s ,  and for  the in f luence  of the r e f l e c t i o n  f r o m  the i n t e r f a c e  be tween  the a i r  and m a -  
t e r i a l ,  which w e r e  not t aken  into accoun t  i n  the ca lcu la t ion .  

O ' S ,  (:r a 

W0, Wa, Ws 
N T, N ' ,  N TM 

N' +N" +N m =I; 
r =(r 
X 

K', K", K" 
K~ 
K~ =K' +K" +Kin; 

O'ss , O'as 

N O T A T I O N  

a r e  the e f fec t ive  s c a t t e r i n g  and a b s o r p t i o n  c r o s s  s e c t i ons ;  
a r e  the e n e r g i e s  of the inc iden t ,  a b s o r b e d ,  and s c a t t e r e d  waves ;  
a r e  the a m o u n t  of inc luded  d ry  m a t t e r ,  a i r ,  and m o i s t u r e ;  

is  the coef f ic ien t  of r e f l e c t i o n  f r o m  the f ron t  s u r f a c e  of the m a t e r i a l ;  
i s  the t h i c k n e s s  of the m a t e r i a l ;  
i s  the w a v e l e n g t h ;  
a r e  the m i c r o w a v e  e n e r g y  l o s s e s  in  the c o r r e s p o n d i n g  phases ;  
i s  the total  l o s s  in  de c i be l s ;  

a r e  the ef fec t ive  c r o s s  s ec t i ons  for  a sphe re ;  
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e~, e~, e~ 

el, C2, e 3 
Q = (4/3)~ra3N 
xl 

(4 
C ~ "  t,2 - -7  ; 

8e 3 1/ e 3 

S 

Yw, Ydm, 7mm 
2~x 

= -~-/~ - sin~O. 

a r e  the complex d ie lec t r ic  constants of the corresponding s t ruc tu re  phases;  

a r e  the functions of the d ie lec t r ic  constant; 
is the water  content per unit volume of the mater ia l ;  
is the thickness of water  layer ;  

is the a rea  of sample;  
a r e  the weights of water ,  d ry  mat te r ,  and mois t  ma t t e r  per unit volume; 
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