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A capac i t ive  method is being developed for  the m e a s u r e m e n t  of mois tu re  content in a vapor  
- g a s  medium. We provide  a de ta i led  de sc r ip t i on  of the measu r ing  appara tus ,  as well  as of 
the method of f ab r i ca t ing  and c a l i b r a t i n g  the p robes  which a re  produced on an a luminum 
oxide base .  

The capac i t ive  method of m e a s u r i n g  m o i s t u r e  content in a v a p o r -  gas m.edium - as developed by the 
au thors  he re  - is based  on the m e a s u r e m e n t  of the pe r m t t t i v i t y  of the a luminum oxide, which v a r i e s  as a 
consequence of the adsorp t ion  of wa te r  vapor  f rom the ambient  medium. 

The m o i s t u r e - s e n s i t i v e  element: of the capac i t i ve  h y g r o m e t e r  is fo rmed  by an a luminum backing to 
which an a luminum oxide f i lm of the r equ i r ed  th ickness  is appl ied by means of s u l f u r i c - a c i d  anodizing,  
The a luminum backing s e r v e s  as  one of the cove r s  of the capac i t ive  h y g r o m e t e r ,  with a l a y e r  of g raph i te  d e -  
pos i ted  e l e e t r o I y t i e a l l y  onto the a luminum oxide s u r f a c e  or  a thin meta l  f i lm apptied to the alumimam oxide 
by vapor i za t ion  in a vacuum s e r v i n g  as the o ther  cove r .  

An i n c r e a s e  in the r e l a t i ve  mo i s tu re  content leads  to a drop  in the r e s i s t a n c e  and capac i t ive  r e f r a e -  
lance  of the capac i to r ,  fo rmed by these  e l ec t rodes .  

The equivalent  e l e c t r i c  c i r cu i t  of the oxide l a y e r  [1] (Fig. 1) is formed of the capac i tance  C o and the 
r e s i s t a n c e  R 0 between the a luminum backing and the ex te rna l  e l ec t rode .  The change in the capac i tance  C o 
as a function of the r e l a t i v e  mo i s tu re  content is c om pa r a t i ve l y  smal l ,  and the r e s i s t a n c e  13 0 shunting this  
capac i tance  is r a t h e r  l a rge ,  so that  its effect is ins ignif icant .  The r e s i s t a n c e  R 0 is equivalent  to the r e s i s -  
tanee of the pore  wai l s  along t h e i r  length, while R 2 and C 2 r e p r e s e n t  the r e s i s t a n c e  and capac i t ance  of that 
por t ion of the oxide f i lm which is located between the pore  base  and the pure a luminum (the s o - c a l l e d  b a r -  
t i e r  l aye r ) .  With a low r e l a t i v e  mo i s tu re  content the value of R i is v e r y  high; the shunting effect  of C 2 on 
C O is ins ignif icant .  Since the adsorp t ion  of wa te r  by the pore  wal l s  with an inc rease  in the r e l a t i v e  t oo l s -  
l u re  content i n c r e a s e s ,  the co r r e spond ing  magnitude of Rt is  subs tan t ia l ly  reduced  and the effect ive  capac i -  
tance of the e lement  is de t e rmined  by the capac i tance  C 2 of the pore  base .  Because  C 2 can be made s e v e r a l  
hundred t i m e s  g r e a t e r  than Co, the effect ive  capac i tance  of the e lement  becomes  e x t r e m e l y  sens i t ive  to 

F ig .  1. Equivalent  e l e c t r i c  c i r -  
cuit  of the outside l a y e r .  

va r i a t ions  in the r e l a t i v e  mo i s tu re  content. There fo re ,  having chosen 
the f i lm th ickness  and the dens i ty  of the porous  s t r u c t u r e  - and 
these  depend on the condit ions of anodizing (the nature  and concenLra-  
l ion of the acid in the e l ec t ro ly t e ,  t e m p e r a t u r e ,  cu r r en t  densi ty ,  vo l t -  
age at the e l e c t r o d e s ,  and dura t ion  of the p rocess )  - we can achieve 
a r a t h e r  sens i t ive  e lement  for  the capac i t ive  hyg rome te r .  

F o r  the backing m a t e r i a l  we chose foil  of two g rades  of a lumi -  
num (AVO and AVOO) with a th ickness  of 90-100 # (40 • 25 ram). 

P r i o r  to the anodizing,  the foil  is pol ished on a bel t  wheel,  
deg re a s e d ,  and e lec t ropo l i shed .  
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Fig. 2. Measuring c i rcui t  for  probes of low capacitance,  with 
oxide layer  (up to 10 /~). 

We tested the most  d iverse  combinations of duration, bath tempera ture ,  current  density, and kind of 
cur rent  in the annodizing of the aluminum foil in a sul fur ic-acid  solution. The acid concentration wasvar t ed  
here  f rom 18 to 52%. 

To produce outside fi lms with a thickness of 2-3 # and a maximum porosity,  the optimum approach 
is the following anodizing reg ime:  concentration,  50%; bath tempera ture ,  26-28~ current  density, 25 mA 
/cm2; anodizing duration, 25 rain; current ,  alternating. 

To produce oxide f i lms with a thickness of 9-10 p with an elevated porosity,  we employ the following 
anodizing regime:  acid concentration,  50%; bath tempera ture ,  18~ current  density, 30 mA/cm2; anodizing 
duration, 25 rain; current ,  alternating. 

The anodizing process  is accomplished with intensive bubbling. The thickness of the oxide film is 
determined f rom the voltage breakdown. We know f rom the l i terature  that the dc voltage on breakdown is 
equal to 37 V per  1 p of oxide-fi lm thickness; the p re s su re  of a steel bali on the oxide in this ease must  
be 1-2 kg; the leakage cur ren t  in this case is equal to 1 m A .  

The shape and location of the external e lectrodes,  when coated in a vacuum, is controlled by means 
of a stencil or a mask cut f rom a metal strip. Depending on the probe to be fashioned, the edge of the 
anodized specimen is covered with a 2 m m  wide Plexiglas film, on e i ther  one or both sides. This serves  
to fill up the pores  of the anodized surface,  and this segment thus ceases  to be sensitive to changes in 
moisture  content and subsequently se rves  to maintain contact with the drainage conductor. We used si lver  
applied in a vacuum as the metal coating, sprayed f rom a molybdenum container at a vacuum of p = 5 �9 10 -5 
mm Hg. A l iquid-nitrogen t rap  and a glass wool f i l ter  were used to prevent the vapors  of the oil f rom the 
diffusion pump f rom entering the working chamber  of the installation. F r o m  210 to 230 mg of s i lver  is 
needed to coat the external e lec t rodes  in one spraying operation; the s i lver  is vaporized at a distance of 
180 mm between the molybdenum container and the anodized foil. It was found that the thin film s produced 
with a smal le r  quantity of sprayed s i lver  exhibit ex t remely  high res is tance ,  which has a negative effect on 
the functioning of the sensing element.  On the otherhand,  the thick films producedwithquanti t ies  in excess  
of 230 mg of sprayed s i lver  also reduce the sensi t ivi ty of the probe, so that the fi lms become dense and 
t ransmi t  the mois ture  poorly.  We also found that to achieve a ra ther  porous external electrode with a low 
elec t r ica l  res i s tance  the p rocess  of s i lver  vaporizat ion should be per formed with great  intensity. 

After the coating of the external e lectrodes,  the specimens are immersed  into boiling distilled water  
for 30 sec, which makes the coating more  porous and imparts  g rea te r  sensit ivity to the element, However, 
with longer  boiling the coated layer  is degraded. 

The maintenance of contact between the AI and the drainage conductor, the external electrode,  and the 
other  cur rent  conductor is accomplished by means of a current -conduct ing paste. 

The use of probes of var ious  s izes and, consequently, various capacitances makes it necessa ry  to 
design special measur ing  circui ts .  

I n developing circui ts  for  measurement  of small capaci tances (up to 500 pF) we made an attempt to 
satisfy the following requi rements  r igorously:  1) an absence of a constant voltage component at the sensor;  
2) a small  amplitude for  the var iable  voltage; 3) a low initial capacitance for the measur ing input. 
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Fig. 3. Measuring circuit  for probes of low capacitance,  with a thin oxide layer  (2-3 p). 

Fig.  4. Ballist ic measur ing  circui t  for probes with substantial capacitance. 

Fig. 5. Typical cal ibrat ion curves  for  mois ture-content  probes (g denotes the scale graduation): a) 
with low capacitance,  using the circui t  of Fig. 2; b) with substantial capacitance,  using the circuit  
shown in Fig. 4. 

The f i rs t  requirement  is neces sa ry  only for mois ture-content  meters  operating with polarizing sen-  
sors  that are,  for  example, based on A[203 in which the dielectr ic  has a large tan 5. With a constant com-  
ponent for  the probe with a large tan 6 leads to excessive heating of the probe body, which serves  to make 
the readings of the mois ture-content  meter  dependent on the rate of the flow being measured.  This same 
drawback will be encountered when the probe is subject to a substantial variable voltage. 

In addition, the amplitude of the var iable  voltage must be lower than the permiss ib le  breakdown volt-  
age of the dielectr ic .  For  probes based on aluminum oxide, with ~ = 100%, this voltage amounts to ~0.6 

V/~ [11. 

The capacitance of the measur ing  input leads to a reduction in sensitivity, which can be seen f rom the 
equation 

f m a •  k = ~ / Ctoo + Cin 
C0 "Jr- Gi n . (1) 

Hence it follows that as Cin ~ ,  k ~  1, while as C i n ~ 0 ,  k~Cloo /C  0 >> 1. The effect of Cin is par t icu lar ly  
pronounced in working with probes that are small  in size and, consequently, in probes with small C O . 

To sat isfy the above-indicated requi rements ,  the authors used circui ts  in which the probe is hooked 
into the circuit  of a sinusoidal voltage generator .  

A change in the mois ture  content leads to a corresponding change in frequency, which is then mea-  
sured ei ther  with a frequency detector  with a e lect ron- tube vol tmeter  at the output or it is t ransmit ted  to 
the input of the mixer  simultaneously with the pedestal frequency,  the difference between these two f r e -  
quencies being measured with a f requency meter  at the output of the mixer.  Both of these circuits ,  designed 
on the basis of these principles,  are vir tually equivalent in t e rms  of measur ing  accuracy.  They both p ro -  
vide for  a measur ing  accuracy  of 1%, which in most  cases  it higher than the accuracy  of the mois tu re -con-  
tent probes.  

The circui t  shown in Fig. 2 consists  of genera tor  with t rans i s to rs  T 1 and T 2, and a probe connected into 
the circuit  of this generator ,  in addition to a buffer amplif ier  with t r ans i s to r s  T 3 and T4, a mixer  T 5, a 
pedes ta l - f requency genera tor  T 6, and a low-frequency amplif ier  T 7. This circuit  employs a method for the 
compar ison of two frequencies:  the frequency determined by the pa rame te r s  of the probe and the pedestal 
frequency. Both of these frequencies  are  applied to the input of the mixer,  and f rom the input of the mixer  
a frequency equal to the difference between the two frequencies is applied to the input of the low-frequency 
amplif ier  and measured with a ThZ-7 frequency meter .  We can thus construct  the relat ionship between the 
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readings of the frequency meter  and the capacitance of the probe, which is the same thing as plotting the 
mois ture  content of the medium surrounding the probe as a function of the f r equency-mete r  readings. With 

= 0% the genera tor  f requencies  coincide (the frequency t r im  is accomplished with C10) and are equal to 
500 kHz. The choice of the frequencies  is governed by the operating frequency of the fe r r i te  r ings which 
fo rm the inductances of the circuit .  The lowest c ircui t  capacitance (Co) with a good Q-fac tor  for the circui t  
was achieved at these frequencies .  The stabili ty of the genera tor  f requencies  amounts to • The c i r -  
cuit is powered by a stabilized source with a voltage of 30 V. The amplitude of the variable voltage for the 
circui t  amounts to 400 mV. 

Another c i rcui t  is based on the principle of using a f requency detector  to measure  the generator  f r e -  
quency, a function of the probe capacitance.  This circuit  is made up of a two-stage generator ,  a diode 
l imiter ,  and a f requency detec tor  at whose output the voltage is measured with an electron-tube voltmeter .  
As in the previous case, the probe is connected into the genera tor  c ircui t  and measures  the resonance f r e -  
quency of the lat ter  with a change in the mois ture  content. The outstanding feature of this circuit  is the fact  
that because of the great  gain and the stable generation threshold it is possible to achieve a variable volt-  
age in the c i rcui t  that is equal  to severa l  millivolts.  For  normal  genera tor  operation this voltage must be 
set in a range of 50-100 inV. 

Each of these c i rcui ts  has a nonlinear scale. It should be noted that these scales  can be spread at 
any point. In the f i rs t  c i rcui t  this is accomplished by varying the frequency of the pedesta l - f requency gen- 
era tor ;  in the second circuit ,  this is accomplished by al ter ing the tuning of the frequency detector,  i.e., by 
shifting the S curve along the frequency axis through the required amount. Adjustments of this type enable 
us to determine the zero  reading of the record ing  instrument for any value of mois ture  content and to use 
the entire instrument  scale for  readings (100% - q~), switching the instrument to lower measur ing l imits (a 
frequency me te r  in the f i r s t  case,  and a vol tmeter  in the second case). 

The genera tor  c ircui t  shown in Fig. 3, as was the case with the famil iar  circuit ,  enables us to achieve 
a voltage of several  score  millivolts in the circuit  and, consequently, for  the probe. This is ex t remely  im-  
portant when working with probes with a sensit ive A1203 l ayer  of severa l  microns,  since it vir tually e l imi-  
nates the likelihood of e lec t r ica l  breakdown of the sensitive layer.  As we can see f rom Fig. 3, the genera tor  
circuit  is simple. It consis ts  of a two-s tage  amplif ier  with t r ans i s to r s ,  and it operates  with a common emit -  
ter .  The LC circui t  is connected to the amplif ier  input. Generator  excitation and voltage control in the c i r -  
cuit a re  accomplished with the winding of the coupler connected to the emi t te r  of the last stage. For  the 
circui t  capaci tance C we use the capacitance of the probe. The frequency is measured either with a f r e -  
quency detector  using a vol tmeter ,  or with a f requency meter .  

F igure  4 shows the c i rcui t  which is best  used in working with probes of substantial capacitance (up to 
1 mF) to avoid the effect of the re lay-con tac t  and installation capaci tances which, as indicated ear l ier ,  r e -  
duce the actually attainable sensitivity. 

The operating principle of this c ircui t  is based on the following. A variable voltage f rom the genera -  
tor  is applied to the re lay  winding. The reed of the re lay  switches the probe f rom bat tery charging to t r an -  
s i s to r -base  d ischarge  at the genera tor  frequency. The charging and discharging currents  are  proport ional  
to the probe capacitance which var ies  with a change in the mois ture  content. We can thus plot the function 
Idisch = f(~) and measure  the d ischarge  current  I. The discharge cur rent  is applied to the t r ans i s to r  base,  
intensified, and measured  with a mac roammete r .  In these measurements  the t r ans i s to r  must be placed 
into thawing ice, since it operates  on a low current  and under normal  conditions will be markedly subject 
to the destabil izing effect of the t empera tu re  of the ambient medium. 

We use 2 methods to test  the sensi t ivi ty of the elements  and their  scales:  a) in a hygrochamber ,  in 
which it is possible to achieve a relat ive mois ture  content of (P = 30-95% at room temperature;  and b) in 
closed vesse l s  with saturated salt  solutions, the mois ture  content above whose surfaces  is well known. 

The f i rs t  measurements  were car r ied  out in the hygrochamber .  For  the measur ing  surface we used 
the famil iar  c ircui t  of 2 vol tmeters  with a ZG-10 current  source.  With this circuit  we determined the r e -  
s is tance of the probe as a function of the mois ture  content of the air  at var ious  magnitudes of the supply 
voltage and the bal last  res is tance .  However, this method was not completely successful ,  since it resulted 
in a r a the r  large hys te res i s  as the mois ture  content of the a i r  varied over  wide limits.  In this connection, 
we use a method to measure  the capacitance of the probe. The c u r r e n t - v o l t a g e  charac te r i s t ic  of the probe 
is a straight  line which s tar ts  out f rom the coordinate origin; the slope of the straight line in this case de- 
pends on the mois ture  content for which the readings were taken. 
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The capacitance of the probe was measured by a method involving the shifting of 2 frequencies, and 
with the ballistic method considered above. 

The circuit based on the shifting of 2 frequencies was used for the probes intended for the measure- 
ment of moisture content in the boundary layer of a plate in the presence of heat and mass transfer, where- 
as the ballistic circuit is intended for probes designed to measure moisture content in electromagnetic 
dryers. Typical calibration curves are shown in Fig. 5. It should be noted that in this case a small hys- 
teresis is observed for relative moisture content in excess of 85%. The reaction rate of the probe to a 
pronounced change in the relative moisture content is quite satisfactory. Thus, when removing the probe 
from a medium with ~ = 100% to a medium with ~ = 10%, within 1 rain the probe will correctly indicate the 
moisture content, i.e., the transition lag of the probe is i min (measurement by the ballistic method). The 
delay time for the probes with an outside-layer thickness of 2-3 # is substantially smaller and amounts to 
several seconds, The overall error  in the hygrometer is estimated at • of the relative moisture content. 
With a temperature change from 0 to 80~ we have an additional er ror  of the order of • in which con- 
nection we require additional calibration for the higher temperatures. The stability of the readings given 
up by the moisture-content probes was checked over a period of two weeks through daily determination of 
the calibration curve. The maximum differences in the readings, based on calibration with respect to ref- 
erence points, did not exceed • 

A moisture-content probe is geometrically small in size, and it is without any temperature and mois- 
ture self-fields. The velocity of the vapor-gas medium exerts no significant effect on the readings of the 
probe, and it will not break down should moisture penetrate or if there is condensation of moisture on the 
surface of the probe. 

N O T A T I O N  

k is the conditional sensitivity of the moisture-content meter; 
Ct00 is the capacitance of the probe when ~ = 100%; 
C o is the capacitance of the probe when ~ = 0%; 
Cin is the capacitance of the measuring input. 
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