
MICROWAVE MEASUREMENTS OF WATER VAPOR PARTIAL 

PRESSURE AT TEMPERATURES UP TO 350° C 
OCRL—101866 

DE90 011484 
VICTOR R. LATORRE 

Lawrence Livermore National Laboratory 
P. O. Box 808; L-156 

Livermore, CA, 94550 
(415) 422-4161 

ABSTRACT 

This paper describes the theory of operation, design, construction, 
calibration and installation of a microwave coaxial resonator system 
for measuring the partial pressure of water vapor in air at 
temperatures up to 350° C. This is a relevant measurement for 
characterizing the unsaturated zone because the partial pressure of 
water vapor in the air in equilibrium with a rock mass is related to the 
capillary pressure of the rock. Although relative humidity (directly 
related to water vapor partial pressure) can be determined by Humicaps 
and psychrometers, these devices do not function at temperatures 
greater than about 150° C. Microwave resonators can operate at much 
higher temperatures and, therefore, are the subject of this discussion. 

INTRODUCTION 

One of the desired parameters in the Yucca Mountain Project is the 
capillary pressure of the rock comprising the repository. This 
parameter is related to the partial pressure of water vapor in the air 
when in equilibrium with the rock mass. Although there are a number 
of devices that will measure the relative humidity (directly related to 
the water vapor partial pressure), they generally will fail at 
temperatures on the order of 150° C. Since we have observed borehole 
temperatures considerably in excess of this value in G-tunnel at the 
Nevada Test Site (NTS), a different scheme is required to obtain the 
desired partial pressure data at higher temperatures. 

This paper presents a microwave technique that is being developed 
to measure water vapor partial pressure in boreholes at temperatures 

MASTER 



up to 350° C. The heart of the system is a microwave coaxial resonator 
whose resonant frequency is inversely proportional to the square root 
of the real part of the complex dielectric constant of the medium (air) 
filling the resonator. The real part of the dielectric constant of air is 
approximately equal to the square of the refractive index which, in 
turn, is proportional to the partial pressure of the water vapor in the 
air. Thus, a microwave resonant cavity can be used to measure changes 
in the relative humidity or partial pressure of water vapor in the air, 
and, since this type of device is constructed of metal, it is able to 
withstand very high temperatures. The actual limitation is the 
temperature limit of the dielectric material in the cable connecting the 
resonator to its driving and monitoring equipment - an automatic 
network analyzer in our case. 

In the following sections, the theory of operation, design, 
construction, calibration and installation of the microwave diagnostics 
system will be presented. The material discussed will then be 
summarized, along with some other geological applications of 
microwave techniques. 

THEORY OF OPERATION 

A block diagram of the microwave system used to measure water 
vapor partial pressure in air is shown in Figure I. The network analyzer 
transmits a swept frequency signal down to the input of the microwave 
resonator. Frequencies away from the resonant frequency of the 
resonator are reflected back to the network analyzer, while those very 
close to resonance find that they are "seeing" an approximately 
matched load and a:c therefore absorbed and little or no signal is 
reflected. A typical network analyzer trace is shown in Figure 2, from 
which the resonant frequency of the resonator is determined as the 
frequency of the minimum in the reflected signal trace. 

The sensitivity of the resonant frequency, fr, to small changes in the 
real part (£') of the complex dielectric constant is best understand by 
analyzing the response at the resonator input. Resonance is due to the 
cumulative interference of multiple waves traveling between the two 
ends of the resonator. If the reflection coefficients as seen by the 
resonator at its input and output are Ps andfY, respectively (Figure 3), 
then the total reflected wave traveling toward the left just inside the 
left end of the resonator is1 
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"resonator • 
b s 11 exp(-j?M (1) 

1 - P L f s exp(- j« f i ) 
where b s is the incident field launched by the input transformer (for 
example, a small coupling loop), P-L ( - **»i/v) is the electrical length of 
the resonator, v is the propagation velocity, w is the angular frequency 
( =2i">f), and ^ is the phase factor of the wave. 

The reflection coefficient actually measured at the feed point just 
outside the resonator is proportional to (1), but inverted by the 
coupling arrangement so that its magnitude is small at resonance and 
near unity away from resonance. If the resonator is critically coupled 
to the transmission line, the value is zero at resonance. In practice, 
critical coupling can oniy be achieved for a given coupling arrangement 
and frequency, and is generally obtained after a lengthy cut-and-try 
process. For our application, we normally try for a coupling efficiency 
of about 0.8, which is adequate. 

Resonance occurs when the denominator in (1) is minimum, or 

2-Prj5 » 2nn+ argTs + arg/Y , (2) 

where n « 0, 1,2 represents resonance mode number. The length of 
the resonator is determined by a number of factors to be discussed in 
the section on design. Using (2) and assuming Ps - / Y " " 1 - e x P flft") 
which corresponds to a resonator shorted at both ends, the resonator 
length is given by 

J - [2n!?+n +jr p\. r/4* - (n+1)X r/2 (3) 

where"^ r is the wavelength in the coaxial line at resonance. If, on the 
other hand, the far end of the resonator is left open, PL = +1 = exp(jO), 
which results in a resonator length of 

J U (2n + 1 ) \ r / 4 (4) 

At resonance, the resonant frequency, fr, is equal to the velocity, v, 
of the wave in the medium divided by the wavelength at resonance, "A r. 
In addition, v is equal to the velocity of the wave in a vacuum divided 
by the square root of the real part of the dielectric constants', of the 
medium. Thus, for an open-ended coaxial resonator 
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f r = c(2n + 11 (5) 

For air,tf*ie equal to the square of the refractive index, , which is 
directly related to the partial pressure of the water vapor in the air2, 
The resonant frequency, therefore, is given by 

fr - ( 2 n + 1 fc (6) 
4\ [1 + {210(PA/T) + 180[ 1 + ( 5580/T)][ Pw/T]}10"6] 

where PA is the partial pressure of air in mm of mercury, Pw is the 
partial pressure of the water vapor in the air in mm of mercury, and T 
is the temperature of the air in degrees Kelvin. 

The change in resonant frequency, for a given change in relative 
humidity or temperature, becomes more pronounced at higher relative 
humidities and temperatures, as can be seen from (6) and Figure 4, 
which is a plot of the partial pressure of water vapor versus 
temperature with relative humidity as parameter. This set of curves 
and the previous analysis clearly indicate why a microwave resonator 
is particularly suitable for measuring water vapor partial pressure at 
higher temperatures. 

RESONATOR DESIGN AND CONSTRUCTION 

As shown above, the physical length of a resonator is a major design 
parameter. There are, however, two major, competing constraints 
placed upon how long a resonator can be for use in the Yucca Mountain 
Project (YMP). The first of these is the physical dimensions of the 
region in which the resonator is to be located. Since the boreholes have 
finite dimensions and there are other sensors located within them, the 
resonators cannot be too long. This is of particular importance with 
open-ended resonators because the evanescent fields radiating from 
the the open end will sense objects within a short distance. These 
objects will change the output reflection coefficient, P L , which will 
change the resonant frequency, thereby negating the system calibration. 
Because of the above factors, the resonator should be short enough to 
avoid this problem. 

Countering the desire for a very short resonator is the constraint 
imposed by the available equipment driving the resonator. A very short 
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resonator will resonate at a very high frequency (c.f. equation (5), for 
example). This requires a very high frequency swept source (network 
analyzer) and very good high frequency coaxial cables. The network 
analyzers we chose are HP 8753B's, which have an upper frequency 
limit of 3 GHz, resulting in a minimum resonator length of 2.5 cm 
( ?W4). From our experience with coaxial resonators, however, it is 
desirable to have at least three transverse electromagnetic (TEM) 
modes with which to work (n » 0, 1, and 2). Thus, the first resonators 
used on YMP were selected to be 15 cm in length, which corresponds to 
resonances in the vicinity of 0.5, 1.5, and 2.5 GHz. These resonators did 
not interfere with or "see" other sensors, objects, or the walls of the 
boreholes themselves. 

The diameter of the resonator is another important design 
parameter. It is also constrained by the diameter of the borehole in 
which is to be used. In addition, it is necessary to match its 
characteristic imcedance, Z 0 , with that of the coaxial cable driving it 
so that unwanted reflections and loss of power are avoided. For any 
coaxial iine (which is what the resonator really is), the characteristic 
impedance is given by1 

?0 - 60 ln(b/a)/^ (7) 

where b is the inside diameter of the outer conductor, a is the diameter 
of the inner conductor, and4' is the real part of the relative dielectric 
constant of the medium filling the resonator (approximately equal to 
1.0 for our case - air). 

Since the coaxial cables used for this series of experiments in the 
YMP have a 2 0 of 50 Ohms, the value of b/a is 2.3. The actual values 
used for the recent series of simulation experiments in G tunnel at the 
Nevada Test Site (NTS) are b - 1.6 cm and a = 0.7 cm. 

The resonators used for the horizontal implacement experiments 
were made of Super Invar to minimize the amount of linear expansion 
due to increasing temperatures. Since this material is very hard to 
machine, suffered from severe corrosion in the test boreholes, and any 
thermal expansion effects can be included in the calibrations described 
below, Super Invar will not be used in future resonators. 

The resonators for the next series of experiments (vertical 
implacement) will be made of brass or stanless steel that is nickel and 
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then gold plated. The nickel will be used to combat corrosion, while 
the gold is used to increase the electrical conductivity of the resonator 
surfaces, thereby increasing the quality factor, or Q, of the devices. 
The Q of a resonator is given by the center frequency divided by the 3 
dB (half-power) bandwidth, and is a measure of the sharpness of the 
response. The sharper the response, the more accurately we can 
measure the resonant frequency. 

Because the resonators are made of metal, they will withstand high 
temperatures. There are, however, dielectric materials that are 
associated with the system. The dielectrics are found in the coaxial 
cables driving the resonators, and also in the input section through 
which the resonator is fed. The majority of coaxial cables are not able 
to function at temperatures above about 150° C. Even the copper-
jacketed cables will fail around this temperature because the 
dielectric used is Teflon which creeps and expands resulting in the 
cables splitting. For this reason, we use a high temperature glass bead 
for our feed-through dielectric on the resonator, while the coaxial 
cables are made of stainless steel conductors with a silicon dioxide 
dielectric. The cable connectors also have the high temperature glass 
beads to prohibit moisture from entering the cables. Cables of this 
type have been used successfully in military systems at temperatures 
up to 350° C. There are other very high temperature coaxial cables 
available which are said to perform well to 900° C, but they are very 
expensive and far exceed our present requirements. 

SYSTEM CALIBRATION 

Our measurement system requires two separate calibrations. The 
first of these calibrations is that of the network analyzer itself, and is 
performed with the coaxial cables that are to be used in the field. It is 
performed so that the measurement plane (the position at which a 
device under test is located) is moved from the output terminals of the 
network analyzer down to the output end of the cable. This calibration 
effectively removes the effects of unwanted reflections and 
attenuation caused by the cables, and is absolutely essential for an 
accurate determination of the resonator's resonant frequency. Since 
this is a standard procedure with network analyzers^, the details will 
not be presented here. It is important to note, however, that about ten 
or so calibrations are performed on each cable, and the pertinent data 
stored on disk for recall and use in the field. The reason we do this is 
that each calibration is valid for only one frequency range. Thus, we 
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use a wideband range, covering the entire frequency span over which we 
expect the device to resonate so that we can locate the approximate 
resonance in the field, and we then calibrate over a number of smaller 
frequency ranges to increase our frequency resolution and hence the 
accuracy of our measurement. As stated above, these calibrations are 
performed on each cable used in the field because the calibration 
matrix stored en the disk is different for each cable and frequency 
range and they are nol interchangeable. 

The second calibration required is that of the resonator itself. This 
calibration is performed after the network analyzer has been 
calibrated, and is done on each resonator with its own coaxial cable 
(previously calibrated) driving it. The first portion of this calibration 
is accomplished in an environmental chamber whose temperature and 
humidity are controlled and measured by sensors traceable to NIST 
(National Institute of Standards and Technology). The results, however, 
are only valid to the temperature limits of the humidity sensors -
about 150° C or so. Above those temperatures, a vacuum oven is used 
and the "dry" response of the system measured, with the results 
extrapolated to include higher humidities. The following equation, 
suggested by Chesnut5, will be used for calculating Pyv from 
simultaneous temperature and resonant frequency measurements: 

P W - CT2 [ 1 - f r(P w)/f r(0) ] (8) 

in which fr(0) is the resonant frequency for absolutely dry air; it is 
only weakly dependent on the total pressure and temperature, and can 
be determined as an average over the temperature range of interest. In 
addition, C is approximately equal to 1/380 bars, and can be determined 
by a regression of Pw on T2[ 1 - f r(Pw)"r(0) ]> forcing a zero intercept. 

During the resonator calibration procedure, we record the resonant 
frequency for each resonator as a function of the relative humidity at 
various temperatures in the environmental chamber. In this manner, we 
are able to obtain calibration curves which include the effects of 
thermal expansion for each device that will be used in the field. The 
calibration curves for the resonators used in the horizontal 
implacement experiment are shown in Figures 5, 6, 7, and 8, from 
which it is very clear mat the system performs better as the relative 
humidity and temperature and, thus, the partial pressures increase. 
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From the curves in Figures 5,6,7, and 8, it is clear that the coaxial 
resonator provides a better response at the higher values of 
temperature and relative humidity. 

INSTALLATION 

The first step in the installation of the microwave system is the 
final check-out in the field before actually placing the resonators in 
the boreholes. Although the system does not respond well to lower 
values of water vapor partial pressure such as encountered in the air in 
G-tunnel itself, it is possible to obtain an approximate result that can 
be checked against results from the other sensors (psychrometers and 
Humicaps). This was done in the horizontal implacement portion of the 
YMP, and the results were consistent with those obtained by the other 
sensors. The system is checked again after placement in the 
designated boreholes. This check is performed before the borehole is 
sealed to ensure that the system is operating properly and that the 
relative humidity values determined from the resonant frequencies at 
the temperatures measured by thermocouples in close proximity to the 
resonators agree with those obtained from the psychrometers and 
Humicaps. It is then checked after the sealing of the boreholes and is 
ready to begin taking data. 

During the actual installation, it is important that each resonator be 
mounted open end down so that any water that may condense within the 
cavity will not remain there. This did happen with the two resonators 
in the horizontal experiment, and was responsible for their corrosion 
and subsequent failure. It is also important to make sure that the 
resonators are not "seeing" any objects, including the borehole walls. 
To prevent this from happening, we use metal feet on the open end of 
each resonator, which help to confine the evanescent fields that are 
radiated from the open end. Note that the calibrations must be 
performed with the feet in place. 

SUMMARY AND CONCLUSIONS 

This paper has presented a description of a new technique for 
measuring water vapor partial pressure in air with a microwave 
resonant cavity system. The theoretical development and resonator 
calibration curves have shown the system to be feasible and, with the 
use of special coaxial cables, to be capable of such measurements at 
temperatures well beyond the capabilities of other, currently available 
systems. 
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Microwave techniques are also able to measure water content in 
rock as we l l 1 - 4 , which is a more direct measurement of the suction 
pressure in the rock. Such a system will be employed in the vertical 
tests (in addition to the system described here), and utilizes a 
microwave strip line resonator, with welded Topopah tuff as the 
dielectric in the strip line. Prototypes of this technique have been 
built and tested in the laboratory, and have provided encouraging 
results. It should also be pointed-out that the strip line resonator's 
response can also be used to determine the partial pressure of the 
water vapor in the air in equilibriun with the resonator, and, as with 
the open-ended coaxial resonator, can be used at temperatures far 
exceeding those possible with other known sensors 6. 

In addition to the strip line, we have also used an open-ended coaxial 
resonator to measure water content in grout. The resonator had a 
ceramic cover on the "open" end, and was implanted in grout 7 , where it 
successfully measured the local water content. These and other 
microwave techniques are currently being considered for future 
geological applications. 
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