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I. INTRODUCTION 

The water vapor content for air in drier ducts, ovens, furnaces and the like is determined 
by a measurement of sound speed which is done by measuring the time difference between 
sound pulses reflected by two reflectors spaced a known distance apart in a guide tube. 
The transmitter-receiver is located at one end of the tube. The tube has enough number of 
holes to allow the hot moist air to get into the probe tube. A non-porous tube containing 
dry air placed in the same duct provides a similar measurement of dry-sound speed. The 
ratio of the two speeds of sound or the two measured time intervals is a simple hnction of 
the water vapor content practically independent of temperature thereby providing a very 
accurate measurement of water vapor content over an extremely wide range of 
temperatures. The sensor is accurate, immune to harsh environments, has an extremely 
low time constant, has absolutely no hysteresis and needs no calibration. 

The invention is described in U.S. Patent 4,876,889 of Oct. 3 1, 1989 and is attached in the 
appendix. 

1.1. The Sensor 

The transmitters are located at the cold ends of two tubes; one solid containing dry air and 
the other exposed to moist air. The transmitters can also receive reflected sound pulses. 
However it was determined that signals were better when a separate microphones were 
used for signal detection. Small holes allow moist air to flow into and out of one of the 
guide tubes. When a sound pulse is produced by an electric excitation applied to a 
transmitter, the pulse runs down the guide tube towards the far wall. The sound pulse is 
partially reflected by obstacles along the tube and is received after a time delay 
corresponding to the return travel. A single pulse returns as many pulses from several 
discontinuities that may be present in the tube. For the purpose of measurement of the 
speed of sound only two reflections are needed. These are from the beginning and end of 
the region sensed. 

1.2. Principle of measurement 

The ratio of moist speed of sound to dry speed of sound is a simple function of the 
moisture content independent of temperature. This is because the influence of 
temperature cancels out when the two tubes are at the same temperature. The accuracy of 
the sensor depends only on the accuracy of measurements of time intervals. The sensor 
measures only the property of air and is therefore immune to the presence of dust, droplets 
and condensation on the walls. Because the sound pulses ignore the walls and dust etc. 
and measure the sound speed (a thermodynamic property) directly, the sensor does not 
need calibration. The dependence of sound speed on moisture is well known from 
thermodynamics. 
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2. TECHNICAL OBJECTIVES 

The primary goal is to develop an acoustic hygrometer suitable for use in harsh industrial 
environments and field-test it. 

The objective is to build an acoustic hygrometer of the same length as a duct diameter in a 
mill duct because the measurement accuracy increases with the length of measurement. 
Also a more desirable average moisture measurement along the tube length is obtained. 

Sample estimates of a likely design would be the following. Typical duct lengths would be 
in meters and time intervals would be in the range of 10 milliseconds. Duct temperatures 
are usually below 70 degrees C and humidities below 100 %. The maximum increase in 
moist speed of sound over dry speed of sound is about 5%, which amounts to 0.5 ms. A 
measuring system providing 4 to 5 digit accuracy is needed to produce a 1% accuracy in 
moisture content. For example, two time intervals such as 9.4567 ms and 9.7404 ms give 
a ratio equal to 1.03, corresponding to a moisture content equal to 20% by volume. If 
the smaller number changes to 9.4475(the third significant place), we get a ratio equal to 
1.03 1, which increases moisture content by a factor 3 1/30 to 20.67% moisture. Time 
measurements to this accuracy can be done. 

3. EXPERIMENTAL SETUP AND PROCEDURE 

3. ?. General Description of preliminary fests 
A schematic diagram of the sensor used for preliminary studies is shown in figure 1. This 
was made of %” I.D. polyvinyl chloride plastic pipe which is easy to cut and assemble by 
glue to vary the geometrical parameters. The cold length was chosen by trial and error to 
be 15inches and the sensing length was chosen to be about 2 ft. The actual dimensions are 
shown in the sketch. This sensor is somewhat short for paper mill use. However it could 
be made between 1 and 2 m long for good averaging of humidity over the span of the 
duct. Also, the accuracy of time measurement increases with length. The present size was 
chosen because the environmental chamber, in which the sensing part was present, limited 
the sensing length to about 2 ft. 

3.1 .I. Transmitter 

The transmitter that produces the best pulses for the sensor was found to be the 
electromagnetic super tweeter shown in figure 1. This speaker is also particularly rugged 
for industrial use. During use it is not subjected to heat and moisture. However, an 
occasional accidental exposure to water does not damage it. This was determined in an 
early test with no isolation diaphragm in the sensor, which allowed moisture to condense 
on the loud speaker. 
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3.1.2. Microphone 

The microphone in figure 1 is an electret microphone with an internal amplifier. In the 
present sensor a 9 V battery supplies power and the a.c. signal is picked up through a 
small capacitor. A capacitor of 0.001 pF and an input impedance of 1 Mohm at the input 
to the oscilloscope gives a time constant of 1 ms. Pulses of width smaller than 1 ms pass 
through and slow variations are suppressed. For proper operation, signals below 1 kHz 
are not needed and are cut OK Also, the speaker does not generate efficiently at low 
frequencies because its frequency response covers the range 5 kHz to 40 kHz. The 
microphone works well either when mounted flush with the walls or when mounted at the 
center with the diaphragm parallel to the pulse wavefront (It is shown centrally mounted in 
the sketch, which corresponds to an earlier arrangement). 

3.1.3. Moisture isolation diaphragm 

The kapton diaphragm shown in figure 1 isolates the humid region from the dry region in 
which the microphone and loud speaker are located. The membrane must be thin so that 
sound pulses may pass through them easily. If the incident amplitude is 1 unit and the 
reflection from the diaphragm is R, the transmitted part is (1-R). This wave comes back 
after reflection from the end of the tube and passes through the membrane again to reach 
the microphone with amplitude equal to (1-R)(l-R), Ideally we prefer to have the two 
signals equal in amplitude, i.e., 

R = (1-R)2, 

Which gives R = 0.382. We tried 1 mil aluminized kapton in the initial tests and found 
that R was 0.58 which is higher than the above optimum value. This produces reflected 
end pulses with amplitudes roughly a third of the first reflection. Membranes thinner than 
1 mil would be desirable. If they are not available, 1 mil will do. 

3.1 -4. Preliminary Electronic System 

The electronic system consists of a commercial pulse generator, audio amplifier and 
oscilloscope. These are used to characterize the nature of signals and determine optimum 
values. The nature signals that produce sharp pulses are described in the next figures. 

3.1.5. Pulse required to drive transmitters 

The optimum input pulse to the amplifier shown in figure 2 was a rectangular pulse of 2 V 
height and 56 ps duration. The amplitude can be somewhat larger than this before 
overload occurs but this amplitude is in the linear zone of the amplifier used. (The 
amplifier by Radio Shack is well made and can be made a part of the prototype system). 

5 Acoustic Hygrometer Final Report 



3.1.6. Detected Pulses 

Figure 3 shows the pulse detected by the microphone at ambient condition of 21°C and 
26% RH. The initial pulse that triggers the oscilloscope is not shown. The first reflection 
is from the membrane and the second is from the end wall. This time interval is the round 
trip travel time for sound to go from the membrane to the end wall and back, and is equal 
to the time between the first positive peaks A and B pulse groups shown in the signal trace 
of figure 3. The signal level is 200 mV for the first pulse and approximately 100 mV for 
the second. This shows that an amplification by a factor of 10 would be sufficient to bring 
it to the volt level for signal processing. 

Another example of a trace of these pulses is shown in figure 4 at a higher temperature at 
59.2"C and at a higher humidity 76.3% RH. The time interval between A and B is shorter 
in this case. High temperature and humidity do not significantly affect the nature of 
signals . 

3.1.7. Sample Data Reduction 

At 19.8"C = 292.8K and 26% RH, the time of flight is proportional to 12.85 cm on the 
chart. We may take this to be the dry-time because the moisture content is negligible at 
this temperature. 336.8 K and 82% RH as indicated on another sensor, twet is 
proportional to 11.7 cm. At this temperature the dry time would be shorter and 
proportional to 

At 

-12.85(336.8/292.8)"' = 11.98 cm. The ratio of square roots of absolute 
temperatures expresses the ratio of speeds of sound at the two temperatures. 

Therefore, tdry/twet = 1 1.98/11.7 = 1.024 

X= [I 1.312(tdg./t\\ret) - 10.61 0.837 
= 0.1494 
= volume fraction of water 

At 336.8 K, the saturated vapor pressure of water is 178 mm Hg and the corresponding 
volume fraction is 178/760 = 0.2342. Therefore, the relative humidity is 0.1494/0.2342 = 
63.8 Yo , 

3.1.8. Modifications for the next phase of design 

More accurate and refined measurements are expected to be available, particularly at 
higher temperatures where the accuracy improves because the moisture content increases. 
Also, using a muti-digit (4 to 5 digits) counter instead of an oscilloscope trace, the time 
resolution and accuracy will be increased very greatly. 
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Figure 5 shows this. The tweeter is contained in a cylindrical housing with h n p i t g  foam 
at the back and also a layer behind the button microphone located on the axis of the tube, 
a few inches in front of the tweeter diaphragm. The lead tube is 12” long. The isolation 
section of teflon is 3” long. The purpose of this is to provide thermal isolation and a good 
sealing surface at the kapton foil, which separates the inner sensor tube from the cold lead- 
in tube. The combination of teflon and kapton is good to 300°C, which is more than 
enough for any paper mill application. The two tubes are mounted together using the 
mounting flange as shown. The sensor tube can be made 40 to SO” long (or even longer) 
depending on the length of duct and the averaging desired. Ties attach the dry and wet 
tubes together and provide strength and rigidity. The tubes are made of stainless steel. 
The wet sensor tube has small holes (2 mm) drilled along the tube separated 2” apart. 
This allows moist air to enter and exit freely from the moist-sensor tube. These holes were 
found to be small enough that outside noise does not penetrate inside to cause signal 
degradation. 

3.2. Development of Mechanical Hardware 

The sensor tubes of stainless steel, silicone rubber tubes and kapton membranes were 
assembled as shown in the drawings in the appendix to complete the acoustic sensor. 
Drawings for the microphone mount are also shown there. In particular, 

figure 6 shows the hose coupler to connect the silicon rubber hose to the sensor tube 
figure 7 shows the end wall reflector 
figure 8 shows the end wall reflector on the dry tube 
figure 9 shows the mounting flange 
figure 10 shows stirrups holding the two guide tubes 
figure 11 shows the assembly 
figures 12 and 13 show the microphone holders. 

The design was modified to eliminate the damping sponge, which was not reliable. A 
length of lead-in silicone rubber tube not only eliminated ringing signals generated (when 
there is insufficient damping) when the transmitter was close to the first reflection as in the 
earlier design. Also the insulating transition piece was discarded because the silicone 
rubber tube serves the same function. The signal levels increased when there was no 
additional damping from the sponge (which is not required in the new design). Damping is 
not required because the multiple reflections that occur in rapid succession between the 
transmitter and the diaphragm when the distance between them is short are no longer 
present when the lead-in tube is long. In the present case a standard 10 foot length of 
tubing is used. 

The lead-in rubber tubes do not change the nature of pulses. Gentle bends also have no 
effect on the time of travel. 
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3.3. Development of Electronics 

3.3.1. Preliminary Electronic Design 

Initial circuit development used the following approach, which appeared to be the most 
convenient. The three pulses from each sensor tube contain the desired time interval 
information. The first is used to trigger the front-end circuit; the second to start the 
counter and the third stop the counter. To do this, gating circuits with the following 
property are required. First, the initial trigger pulse must not to be sent to the counter. 
Next, one channel must output the second pulse and the second channel, only the third 
pulse. The time intervals in which the second and third pulses occur are known for any 
design length of the sensor tube. 

The Exar-2240 integrated circuit will produce the required time gates. This chip has an 
internal clock and puts out pulses as shown in C of figure 14. The initial trigger generated 
from the microphone produces outputs from pins 1, 2, 3, 4, and 5 as a series of square 
waves shown. The first positive wave allows the second pulse to pass through when used 
as a control in an analog switch. The combination 1 and 2 and 3(obtained by “and”ing the 
three) will let the third pulse get through. These two pulses are used to start and stop a 
counter. The block diagram of the front end gating circuit is shown in figure 15. The time 
interval of the square pulses can be adjusted for any tube length. The gates are wide 
enough to allow operation over a large range of temperature and humidity. Two XR- 
2240 are required, one for each sensor tube. 

Accuracy of time measurement is not dependent on the timing accuracy of the Exar chip 
but only on the counter, We have verified stable operations to 5 significant figures. 

After verification of the breadboard circuit, a final version was planned to be designed 
such that it can be used, along with a counter board, in a personal computer, preferably in 
the form of a plug in card. The computer would have to sample the pulses from the two 
microphones alternately, which requires a switch operated by software. 

3.3.2. Modified Electronics 

The sensor system was simplified by the elimination of the external pulse generator, the 
front end gating circuit using XR gates and computer operated switches by combining the 
two sets of pulses with a time delay. This is explained later in the text. General-purpose 
computer cards and software made this simplification possible. The programmed wave is 
used as described below. This is accomplished by a computer card Model SM-1010 
Function Generator from Signametrics Corporation which is installed as a card in the 
personal computer. Any arbitrary electric wave can be generated digitally by this device. 

The wave generation program is called WAVEGEN.BAS and is run through Turbobasic 
in directory D:\TB\. The output of the program appears as 0UT.DAT in the same 
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directory. WAVEGEN.BAS is run through TB by going to D:\TB and typing TB. The 
TB window opens. At this point WAVEGEN.BAS is loaded and run. The output file is 
0UT.DAT and can be renamed *****.WAV if desired. This is copied into 
C:\SMl O\SM1 OFP for use with the sensor. 

In the present sensor, the wave that has been selected for use is a positive pulse of 1 ms 
width followed by a negative pulse of the same width after 40 ms. This wave is optimum 
for driving the transmitting loud speakers from Radioshack. The wave is generated 
digitally by the wave generation program. The total number of data points is 8192 and 
corresponds to 1 s. The wave is repeated at a frequency equal to 1 Hz. The wave 
repetition frequency is easily changed in a dialog box in the SMlO window if needed. For 
the present sensor tube lengths, 1 Hz works well. 

Other sensor tubes can be accommodated by reprogramming the wave or more simply, by 
changing the pulse repetition rate. If the rate is increased, all time intervals shorten and if 
the rate is slowed down all intervals increase. Lengths and times are proportional and 
therefore if the sensor length is increased, time also increase proportionally and pulse rates 
decrease inverse proportionally. 

3.3.3. The reason for the double pulse 

The system diagram for the acoustic hygrometer is shown in figure 16. The signal flow 
chain is seen at a glance in this diagram. Both the counter and wave generation card are 
located in the personal computer. The first positive pulse is applied through an amplifier 
and diode to one transmitter (loud speaker) and the second negative pulse is applied to the 
second speaker through an oppositely oriented diode. Each speaker sees only one pulse. 
Therefore the loud speakers produce sounds with a time delay between them equal to the 
chosen time delay of the applied electrical pulse. The corresponding trains of waves seen 
by microphones in the two sensor tubes are added to produce one composite wave train 
with a precisely maintained delay between the two sets. 

The sketch in figure 17 shows these signals with the main pulses MP and MP’ from the 
two microphones separated by a large interval. This allows the use of only one counter 
with delay control to measure time intervals from MP to R1, R2, Rl’ and R2’ in 
succession. The desired intervals R1-R2 and Rl’-R2’ are obtained by subtraction. 
Because only one composite signal is handled, only one preamplifier is needed. 

3.3.4. Preamplifier 

The circuit diagram is shown in figure 18. This uses a transformer coupled front end and 
two stages of amplification using a newly available low noise opamp OP284 from Analog 
Devices. The 
transformer coupling gives a gain of 10, which is equal to the turns ratio. The first stage of 

This combination eliminated electrical noise pickup mostly at 60Hz. 
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the operational amplifier (OP284 contains two units in a common chip) produces an 
additional gain up to 45. The next stage has a maximum gain equal to 119. The total gain 
is thus adjustable between zero and the product of all three gains which is 53,550. The 
gain is large enough to produce clipped signals in the volt range, which is needed to 
trigger the counter properly. 

The gain control is adjusted such that the smallest reflection just triggers properly. The 
gain should not be set too high because unnecessary sensitivity increases the chance of 
random triggering by noise or from unwanted weak multiple reflections which will 
produce a wild readings. The program will detect and discard such wild readings but it 
wastes one data set. In practice a gain reading somewhat larger than the minimum 
required is satisfactory. The procedure is very simple and an operator at the factory can 
easily set it once and for all. Adjustment of this not critical. It was found that this circuit 
works better than a comparator originally planned. 

The signal pulses at the output of the operational amplifiers consist of sharp pulses at the 
volt level for measurement by the high-speed counter GT200 which is also a card on the 
personal computer. Other preamplifier designs and comparator designs were not 
satisfactory. The final design was the third version incorporating transformer coupling. 
This transformer-coupled circuit performs extremely well by being immune to electrical 
noise pickup. 

3.4. Method of measuremenf 

The signals we need to consider (shown in figure 17) are the main pulse M P  and the 
reflections R1 and €22 in the dry sensor and the corresponding set MY’ with the reflections 
R1’ and R2’ from the moist tube. The composite signal can be arranged to have pulses in 
the order MI?, MY’ ,  R1, R2, R1’ and R2’. We need to measure the time differences 
between MP and each of R1 , R2, R1’ and R2’ from which the differences R1-R2 and R1’- 
R2” are obtained. Moisture content follows from the ratio of the last two quantities. 
Temperature of the stream is also determined from the first difference. 

3.4.1. GT200 drive program 

A program called HYGRO.BAS (figure 19) has been developed. This is in directory 
C:\DOS\QBASIC. The program listing shows how all the time intervals are logged and 
averages over 10 pulses taken. The number over which the average is taken can be varied. 
If there is a missed pulse, data is discarded by specifying a tolerance for variations from 
pulse to pulse. The first time the program starts, there is a good probability of missing one 
pulse. After the first measurement, the problem disappears. 
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3.4.2. Descriptions of programs and samples of data 

The HYGRO.BAS program (figure 19) is shown with four selected time delays 0.015, 
0.025, 0.055 and 0.068 s to capture R1, R2, R1’ and R2’ respectively. The first pulse 
occurs at 15.15288 ms as seen in the sample data TRI2.DAT in figure 20. This shows 
how repeatable the pulses are. 

The output time intervals from a sample measurement are shown in figure 21. In this 
sanple where both sensors contain ambient air, the display shows only 4 decimal places 
and the variations in time intervals show up only in the times of flight given to 7 significant 
figures. In the example shown, the difference between the times of flight of the wet and 
dry tubes is simply due to slight change in lengths because there is no humidity difference 
between the two. The counter measures to 6 decimal places even though the listed display 
only shows 4 decimal places. 

3.4.3. The TOFWAV program 

Figure 22 shows the listing of three parts of the program which runs to 152 pages. This 
program lists the numbers needed to generate the double pulse consisting of a positive 
pulse from 0 to 10 lines followed by six pages of 2047 corresponding to the mid point 
followed by 10 zeros corresponding to the negative pulse peak in the next page. After this 
the value returns to 2047 and remains there until page 152. The last line is line 8192. 
This is the arbitrary wave that is used in the instrument. Note that 8192 intervals 
constitute one period which is nominally 1 sec. The time interval between two points is 
0.12207 ms. 

This waveform starts automatically from the SMlO window and runs until the computer is 
turned OE Even if the computer is doing other things, this wave train continues to be 
active. 

3.4.4. Repeatability 

Figure 20 already showed a sample time interval repeated 10 times. The first 
measurement has skipped a pulse and all others are very steady. This is typical. 
Measurements repeat to 7 significant figures and exhibit variations from then on. The 
sensor is therefore capable of very accurate humidity measurements. 

In figure 23, another sample of data printed by the program when the sensor is operating, 
is shown where all four pulses are measured. Two times of flight are determined from 
these measurements. The table shows that the initial times of flight are nearly equal but not 
exactly. This ratio is 99.744%. This does not cause any error in humidity measurements 
because this initial bias is taken into account, It is actually negligible. 
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4. 

The steps are the following. 

OPERATION OF THE ACOUSTIC HYRGOMETER 

1 .  

2. 

Turn on the personal computer 

Start windows. 

3. 

4. 

5. 

Open SMlO window. In this window click on the arbitrary wave and choose 1 Hz for 
the pulse repetition frequency. The signal output level is chosen by entering 10 V in 
the dialog box. SMlO window is minimized. The icon will always be present and the 
wave pulses will be active. 

Open GT200 and load C:\GTIWYGRO.BAS and run. The times of flight and 
humidities are printed out to a file or to a printer. Further processing of humidities as 
control signals can be implemented on the PC at a later stage or the information sent 
to the control computer. 

STATUS OF THE ACOUSTIC HYGROMETER 

The instrument has been developed. Several attempts were made in 97 to get a paper mill 
interested in allowing a test at their facility but it has not worked out. 

Boise Cascade Corporation has expressed an interest in this instrument as well as another 
type of humidity instrument (a micro sensor) developed at JPL. If we test the acoustic 
hygrometer under JPL sponsorship, which JPL was willing to do, more extensive data will 
be available. This did not come about. 

A list of contacts made to facilitate field-testing is given in the appendix. These are 
Letter to Mr. Glenn Ellis on Nov 10, 1993 regarding the DOEhdustry Conference at 
Georgia-Pacific Headquarters at which SPARKTECH presented a paper on the 
Acoustic Hygrometer 
Letter to Mr. Glenn Ellis on Feb 14, 1994 regarding our request to Mr. Robert Bareiss 
supporting DOE in Commercialization Efforts 
Questions from Mr. Robert Bareiss on Nov 19, 1993 
SPARKTECH’S letter to Mr. Robert Bareiss on Feb 14, 1993 
Letter to Mr. Stanley Sobczynski regarding the above on Feb 14, 1993 
List of contacts from Boise Cascade who visited JPL and were interested in the 
acoustic sensor to whom we sent all details 
Letter to Mr. Ed Reiss of GE who was intrigued by the acoustic sensor for use in an 
Engine test facility but gave up because of the large size of the sensor 
Letter to Ms. Valerie Robinson of DOE regarding her help with field testing 
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6. CONCLUSIONS 

The acoustic hygrometer has been developed as an industrial sensor with good 
performance. 

The fbture goal of SPARKTECH is to seek venture capital for commercialization. 
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Fig. 7 End wall reflector to be welded to sensor end 
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Fig. 8 End wall reflector of the dry tube 
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REM THIS IS A PROGRAM TO CONTROL GT200 
PRINT "WELCOME TO THE SPARKTECH HYGROMETER PROGRAM" 
OPEN "GT200$" FOR OUTPUT AS # 1 
OPEN "GT200$" FOR INPUT AS #2 
DIM T1(10), T2(lO), T3(10), T4(10) 

REM 
10 FAVl=O 

INITlALIZE ALL TIMES OF FLIGHT TO ZERO 

FAV2 = 0 
FAV3 = 0 
FAV4 = 0 

FORI= 1 TO 10 
Tl(I) = 0 
T2(I) = 0 
T3(I) = 0 
T4(I) = 0 
NEXT I 

REM INITIALIS5 ALL TIME VARIABLES TO ZERO 

REM 
SECOND 

INITIALIZE COUNTER BOARD AND ALLOW THINGS TO SEl'TLE FOR HALF A 

PRINT #1, "RESET" 
PRINT #1, "WAIT 0.5" 

FOR I = 1 TO 10 
PRINT #I, "WAIT 0.1" 
PRINT #1, "INIT; DEL 0.015; FU TI A TO B DEL; GATE 0.03" 
INPUT #2, TI 
Tl(I) =TI 
FAVl = FAVl + TI 
PRINT #1, "WAIT 0.1" 
PRINT #1, "INIT; DEL 0.025; FU TI A TO B DEL; GATE 0.03" 
INPUT #2, TI 
T2(I) = TI 
FAVZ = FAV2 + TI 
PRINT #1, "WAIT 0.1" 
PRINT #1, "INIT; DEL 0.055; FU TI A TO B DEL; GATE 0.03" 
INPUT #2, TI 
T30) = TI 
FAV3 = FAV3 + TI 

PRINT #1, "INIT; DEL 0.068; FU TI A TO B DEL; GATE 0.03" 
INPUT #2, TI 
T4(I) = TI 
FAV4 = FAV4 + TI 
PRINT I, T1(1), T2(I), T3(I), T4(1) 
NEXT I 

REM COLLECTION OF TEN SETS OF TOF DATA BEGINS 

PRINT #1, "WAIT 0.1" 

REM 
REM 

AVERAGE TIMES FROM FIRST PULSE TO THE CHOSEN PULSES ARE CALCULATED 
STANDARD DEVIATION ARE ALSO CALCULATED AS PERCENT OF AVERAGE TIME 

FAVl = FAVl I 10 
FAVZ = FAVZ I 10 
FAV3 = FAV3 I 10 
FAV4 = FAV4 I 10 
SIGl = O  
SIG2 = 0 
SIG3 = 0 

Fig. 19 The basic program "hygro.bas" to Iist average time intervals from ten composite 
pulses 



SIG4 = 0 
FOR I = 1 TO 10 
SIGl= SIGl + 0 1 0  - FAVl) 
SIGZ = SIG2 + (T2(I) - FAV2) 
SIG3 = SIG3 + (T3(I) - FAV3) 
SIG4 = SIG4 + (T4(I) - FAV4) 
NEXT I 
SIGl = ABS((SIG1 / IO) .5) 
SIG2 = ABS((SIG2 I 10) .5)  
SIG3 = ABS((SIG3 / 10) .5)  
SIG4 = ABS((SIG4 I 10) . 5 )  
VALl = SIGl * 100 I FAVl 
VAL2 = SIGZ * 100 I FAV2 
VAL3 = SIG3 * 100 I FAV3 
VAL4 = SIG4 * 100 I FAV4 

2 
2 
2 
2 

REM 
REM 

USER SPECIFIES THE CONDITION FOR ACCEPTING OR REJECTING DATA 
IF DATA NOT ACCEPTABLE COLLECTION OF DATA IS DONE AGAIN 

PRINT "SPECIFY TOLERANCE" 
INPUT TOL 
IF VALl > TOL OR VAL2 > TOL OR VAL3 > TOL OR VAL4 > TOL THEN 500 

REM REQUIRED TOF VALUES ARE EVALUATED AND PRINTED OUT 
TOFl= FAV2 - FAVl 
TOF2 = FAV4 - FAV3 
PRINT "TOF ACROSS THE SENSOR TUBE="; TOFl 
PRINT "TOF ACROSS THE REF TUBE="; TOF2 

PRINT "DO YOU WANT TO CONTINUE (TYPE Y TO CONTJNUE)" 
MPUT A$ 
IF A$ = "Y" THEN 10 ELSE 1000 

REM THE USER HAS THE OPTION TO CONTINUE OR STOP THE DATA COLLECTION 

500 
CONTINUE)" 

PRINT "THE MEASUREMENT WAS NO GOOD: WANT TO TRY AGAIN?(TYPE Y TO 

INPUT A% 
IF A$ = "Y" THEN 10 ELSE 1000 

1000 STOP 

Fig. 19 The basic program "hygro.bas" to list average time intervals from ten composite 
pulses (continued) 

2 7/24/96 hygrabas 
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+3.0305775 19846E-002 
+ 1.5 15288 15289lB-002 
+1.5 15288758674E-002 
+1.515288758397E-002 
+1.5 15288153 169E-002 
+1.515288760478E-002 
+ l  .515288760478E-002 
+1.5 15288 154 140E-002 
+1.5 15288761449E-002 
+ 1.5 152887606 16E-002 

Sample measurements to show repeatability of time of flight. 

Fig. 20 Ten samples to show repeatability of time intervals 
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WELCOME TO THE SPARKTECH HYGROMETER PROGRAM 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
0.0218 0.0270 0.0657 0.0709 
TOF ACROSS THE SENSOR TUBE= 5.258782E-03 
TOF ACROSS THE REF TUBE= 5.253427E43 

Fig. 21 All four time intervals plotted to show repeatability 
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This is the data to be used for running the system at one Hertz 
4095 
4095 
4095 
4095 
4095 
4095 
4095 
4095 
4095 
4095 
2047 
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2047 
2047 
2047 
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2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2037 
2047 
2047 
2047 
2037 
2037 
2047 
2047 
2047 
2037 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 

Fig. 22 Listing of the first page of wave generation program TOFWAV. WAV 
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2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
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2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2037 
2017 
2047 
2047 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2047 
2047 
2047 
2047 
2047 
2047 
2047 

7 7/24/96 TOFWAV. WAV 
Fig. 22 continued 
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2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
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2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2047 
2017 
2047 
2047 
2037 
2047 
2037 
2047 
2047 
2037 
2047 
2047 
2047 
2047 

Fig. 22 continued 
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Time deIay, ms Mean time, ms Sigma, ms Max time, ms Min time, ms 
9 21.6931393 45 1.1466.W-3 2 1.8376698 20.4091 566 
9 2 1.8352206 940.39.1W-6 21.8370475 2 1.833 72 10 
25 27.1076456 474.44.10"-6 27.1081863 27.1066024 
55 65.7307335 739.74.10"-6 65.73 19849 65.729593 1 
68 70.989667 1 965.44.10"-6 70.991 1024 70.9886646 

Time of flight #1 = 27.1076456- 21.8352206 = 5.272425 ms 

Time of flight#2 = 70.9896671- 65.7307335 = 5.2589346 ms 

The ratio of the two times is 0.99744. This is due to the slight change in the two tube 
lengths and is simply a zero bias. This causes no inaccuracy in measurements of humidity 
because the ratio that is related to humidity is 

(Time#l/The#linitial) / (Tirne#UTime#2initial) which takes account of the initial bias. 

Fig. 23 Sample data from the acoustic hygrometer in ambient air to show mean and 
deviations of time intervals 

table1 sample 
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SPARKTECH 
2622 Gardi Street 
Duarte, CA 91010 
(81 8)358-8638 

SPARKTECH 

November 10, 1993 

Mr. Glenn Ellis 
Inventions Coordinator 
CE 521 
US Department of Energy 
Washington D.C. 20585 

Dear Mr. Ellis: 

Please find enclosed a copy of the material (with added notes) presented by me at the 
DOE/Industry Advanced Sensors Technical Conference held at Georgia-Pacific Headquarters in 
Atlanta. I have also enclosed a list of attenders and speakers. Some of them have expressed an 
interest in the new sensor we are developing. Mr. Robert Bareiss of Bareiss Associates is helping 
Stan Sobczynski in commercialization efforts and may help in coordinating the field tests of our 
sensor. 

Sincerely, 

f y w  
Partha Shakkottai 
SPARKTECH 



SPEAKERS 

James E. Anderson 
Technical Associate 
Herty Foundation 
P.O. Box 7798 
Savannah, GA 31418-7798 
Phone (912) 964-5541 
Fax (912) 964-5614 

Robert A. Bareiss 
Owner, Bareiss Associates 
130 1 Bellwood Avenue 
New Port Richey, FL 34654 
Phone (813) 842-3133 
Fax (813) 845-7191 

Dr. Arthur L. Fricke 
Professor, Department of Chemical 
Engineering 
Chemical Engineering Building, Room 429 
The University of Florida 
Gainesville, FL 3261 1 
Phone (904) 392-088 1 
Fax (904) 392-95 - 13 

Dr. Maclin S. Hall 
Acting Director, Paper Materials Division 
Institute of Paper Science & Technology 
500 10th Street, NW 
Atlanta, GA 30318 
Phone (404) 853-9535 
Fax (404) 853-9510 

Dr. Hemant P. Pendse 
Professor and Director, IPCoSS 
University of Maine 
21 1 Jenness Hall 
Orono. ME 04473 
Phone (207) 581-2290 
Fax (207) 581-2323 

Garry W. Roman 
Group Supervisor, Research and 
Development Division 
Babcock & Wilcox 
1562 Beeson Street 
Alliance, OH 44601 
Phone (2 16) 829-7484 
Fax (216) 823-0639 

Larry Jeffers 
Technical Advisor, Research and 
Development Division 
Babcock & Wilcox 
1562 Beeson Street - 
Alliance, OH 44601 
Phone (216) 829-7484 
Fax (216) 823-0639 

Stanley F. Sobczynski 
Program Director, Paper and Pulp Program 
U.S. Department of Energy 
1000 Independence Avenue, S. W. 
Washington, D.C. 20585 
Phone (202) 586-1 878 
Fax (202) 586-71 14 

Dr. Peter R. Solomon 
President, Advanced Fuel Research 
87 Church Street 
East Hartford, CT 06108 
Phone (203) 528-9806 
Fax (203) 528-9806 

Dr. James D. Rushton 
Chief Pulp and Paper Engineer 
O’Neal Engineering, Inc. 
PO Box 10269 
Greenville, SC 29603 
Phone (803) 232-7392 
Fax (803) 232-7392 

SPARKTECH 
2622 GARDI STREET, DUARTE, CALIFORNIA 91010. USA. 
TEL: (838)-398-8638 

DR. PATHASARATHY SHAKKOTTAI TEL: (81 XL358-Xh38 
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February 14, 1994 

Mr. Glenn Ellis 
inventions Coordinator 
Invention &Innovation Division-CE-52 1 
US Department of Energy 
Forrestal Building, 5E-052 
Washington D.C. 20585 

SUBJECT: Status of "Acoustic Humidity Sensor" 

Dear Mr. Ellis: 

S PARKTEC H 
2622 Gardi Street 
Duarte, CA 91010 

Please find enclosed the first quarterly report. The progress over the last three months has 
been very substantial. We are very close to fixing the final sensor configuration. Please see 
the dual-tube design drawing shown in Fig. 5 of the attached quarterly report. We are 
thinking that approximately 2 m would be the best length for good averaging, timing 
accuracy, and mechanical rigidity. However, if smaller or longer lengths are to be preferred, 
they can be accommodated. We have asked Mr. Robert Bareiss who is helping Mr. Stan 
Sobczynski in his commercialization activities to help us in field tests. His experience and 
contacts in the industry will be helpful in establishing the best length for the sensor. 

The electronic design has just started. In about three months, we will have all issues resolved 
and have a prototype system in operation. In the mean time, we will study software issues. 

Specific questions which Bob Bareiss had regarding this sensor were answered thus: 

1. 

2. 

3. 

4. 

We can expect a sensor to be ready for mill tests by Nov 94. 

We will keep you (Le., Bob Bareiss) posted on its performance and characteristics in 
reports similar to the present one attached with this letter. 

The sensor works best at higher temperatures because the moisture content is larger at 
higher temperatures and the sensor senses the absolute moisture content. At low 
temperatures, this sensor is not as sensitive as present day polymer membrane 
hygrometers or chilled mirror hygrometers. The present design with metal, teflon and 
kapton membrane moisture barrier is good to 300 "C. 

We will characterize the sensor and prove its performance as we proceed and will be 
in a position to have all bugs removed. We hope to have no "surprises" at the mill 
tests. 

sincerely, 

P. Shakkottai 
President 



BAREISS ASSOCIATES 
10301 Bellwood Avenue 

New Port Richey, FL 34654 

813-848-0113 (Fax) 
813-842-3133 

November 19, 1993 

Dr. Partha Shakkottai 
SPARKTECH 
2 6 2 2  Gardi St. 
Duarte, CA 91010 

SUBJECT: Technology Transfer for Newly Developed Sensors 
DE-FC02-93CH 10562  

Dear Partha: 

The objective of the subject contract is to obtain better- 
utilization of sensors developed under DOE sponsorship for the pulp 
and paper industry. This contract involves (a) selecting one or 
more sensors from those developed under DOE sponsorship, (b) 
demonstrating the selected sensors under field conditions, and (c) 
making the user community, at large, aware of the results of the 
demonstration. 

The first 1 2  months of a two year contract have been funded. The 
continuation of the contract in the second year will depend upon 
the success achieved in the first year. This initial success is 
highly dependent on the selection of sensors to be included in the 
first year’s work. 

Your Acoustic Humidity Sensor has been selected for consideration 
in this program. In order to properly evaluate your current status 
with this sensor, and to compare that status with others, I need 
your help in obtaining as much information as you can provide. 

In developing this technology transfer project it was assumed that 
candidate sensors would have achieved a state of development which 
provides adequate assurance that a field, or mill trial, could be 
successful. The DOE’S view of the stages of development of new 
technology, from concept to commercialization, are shown on the 
attached color reprint entitled “The Innovation Process.” 

Referring to this chart, will you please indicate your status in 
this vertical process for each of the five components - Technical, 
Marketing, Business, Skills, People. It is recognized that you may 
be at a different level in each of these components. 

Four  very basic questions come to mind. 

- When can YGU have a sensor ready for evaluation i n  a mill 
environment? 



Page 2 

- Do you have supporting documentation to convince a mill that 
the concept is viable and that the results will be useful? 

- What competitive technologies are you aware of and what are 
the relative strengths and weaknesses? 

- Do you have the resources required to produce the sensor and 
to support the evaluation project? 

With respect to this last question, please keep in mind that the 
subject contract only funds my efforts at essentially one-half 
time. Subcontracting for any other work needed is not included. 
My role is to find a location for the demonstration project, to 
assist in defining the benefits to the user, to monitor the project 
and provide input and guidance as needed, and to help in 
documenting and reporting the results. 

Please let me know if you have any questions on this subject. 

Sincerely, 

Roberf A .  Bareiss 

RAB:dlb 
Attachment 



S PARKTEC H 
2622 Gardi Street 
Duarte, CA 91010 

U U . U A 0 . J  1 L 0 . J " b L U C b J  

10301 Bellwood Avenue 
New Port Richey, FL 34654 

SUBJECT: Status of "Acoustic Humidity Sensor" 

Dear Bob: 

I am sorry it took longer than expected to send you this material. The progress over the last 
three months has been very substantial. We are very close to fixing the final sensor 
configuration. Please see the dud-tube design drawing shown in Fig. 5 of the attached 
quarterly report. We are thinking that approximately 2 m would be the best length for good 
averaging, timing accuracy, and mechanical rigidity. However, if smaller or longer lengths 
are to be preferred, they can be accommodated. Your experience and contacts in the industry 
will be helpful in establishing the best length for the sensor. 

The electronic design has just started. In about three months, we will have all issues resolved 
and have a prototype system in operation. In the mean time, we will study software issues. 

Specific questions which you had regarding this sensor have these answers: 

1. 

2. 

We can expect a sensor to be ready for mill tests by Nov 94. 

We will keep you posted on its performance and characteristics in reports similar to 
the present one attached with this letter. 

3. The sensor works best at higher temperatures because the moisture content is larger at 
higher temperatures and the sensor senses the absolute moisture content. At low 
temperatures, this sensor is not as sensitive as present day polymer membrane 
hygrometers or chilled mirror hygrometers. The present design with metal, teflon and 
kapton membrane moisture barrier is good to 300 "C. 

4. We will characterize the sensor and prove its performance as we proceed and will be 
in a position to have all bugs removed. We hope to have no "surprises" at the mill 
tests. 

Thank you for your inputs, support and guidance. As we go along, we hope to contact you 
more often. 

President 



SPARKTEC H 
2622 Gardi Street 
Duarte, CA 91010 
(81 8) 358-8638 

Mr. Stan Sobczynski 
Program Manager 
Office of Industrial Technology-EE233 
US Department of Energy 
Forrestal Building 
lo00 Independence Avenue, S. W. 
Washington D.C. 20585 

February 14, 1994 

SUBJECT: Status of "Acoustic Humidity Sensor" 

Dear Stan: 

Please find enclosed the first quarterly report and a copy of the letter to Mr. Robert Bareiss. 
We have answered his questions and also sent him the same report. 

P. Shakkottai 
President 
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June 2,1997 

Parthasarathy Shakkottai 
SPARKTECH 
2622 Gardi St. 
Duarte, CA 91010 

Mr. Ed Riess 
7962 Quebec Court 
Cincinnatti 
Ohio 4524 1 

Dear Mr. Riess: 

I am enclosing several papers dealing with the acoustic method wherin the speed of 
sound is measured to infer temperatures or compositions. In particular, a comparison of 
sound speeds in tubes containing dry and moist air serves to measure moisture content. 
A progress report on the acoustic sensor inlcates the present state of development. The 
sketches, system diagrams, sample data, assembty drawings etc. are easily understood. 

A patent on the Nafion hygrometer is also enclosed. At the moment we do not have the 
electronic measuring circuit because those that were built are being used at the National 
Archive Research Administration in Washington D.C. We have a proposal to build a 
new one to DOE. I am sending a copy of this also. Please do not circulate this to other 
organizations as the proposal is still pending. The Naf3on hygrometer is very rugged and 
is quite compact. Both the sensors were developed for the harsh environment of the 
paper industry. 

Information on the other microsensor developed at JPL will be sent to you shortly. I have 
been very busy with some tests and could not get this to you sooner. 

Sincerely, 

Parthasarathy Shakkottai 
President, SPARKTECH 



Sparktech 
2622 Gardi St 
Duarte, C" 91010 

Nov 19,1996 

Ms. Valerie Robinson 
Energy Efficiency Program Manager 
EE22 
US Department of Energy 
Forrestal Bldg 
1000 Independance Ave 
Washington, D.C. 20585 

Dear Ms. Robinson: 

I have enclosed a progress report on the developmental activities for the acoustic 
hygrometer being developed under grant DE-FG5 1-93CE15595, Amend No. MOO1. The 
report covers the work done since the last report on Feb 11, 1994. During 1995 the 
development was mainly of the electronics. It took a long time to come up with a reliable 
measuring system. The solution was achieved by using two computer boards, the counter 
GT200 which was being used right from start and the board SMlO which we became 
available this year and which we acquired in June 96 to generate arbitrary pulses. A low 
noise preamplifier was also important for this development. 

Programming the computer system and verifying its operation was done during June to 
Sept 96. The instrument is now ready for a field test. Field tests, demonstrations and a 
possible paper in TAPPI would be the next steps in commercialization. 

The concept is described in the patent. The system diagram in page b shows the signal 
flow. 

Any help fi-om you in industrial contacts to help in field testing would be very welcome. 
My number at JPL is 818-354-4808. 

Sincerelyj? u c  
P.Shakkottai ---- 
President, Sparktech 



United States Patent [I91 [I 11 Patent Number: 4,876,889 
Shakkottai et al. [45] Date of Patent: Oct. 31, 1989 
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[571 ABSTRACI 
The water vapor content for air in drier ducts, ovens, 
furnaces and the like is determined by a measurement of 
sound speed which is done by measuring the time differ- 
ence between sound pulses reflected by two reflectors 
spaced a known distance apart in a guide tube. The 
transmitter-receiver is located at one end of the tube. 
The tube has enough number of holes to allow the hot 
moist air to get into the probe tube. A non-porous tube 
containing dry air placed in the same duct provides a 
similar measurement of dry-sound speed. The ratio of 
the two speeds of sound or the two measured tune inter- 
vals is a simple function of the water vapor content 
practically independent of temperature thereby provid- 
ing a very accurate measurement of water vapor con- 
tent over an extremely wide range of temperatures. The 
Sensor is accurate, immune to harsh environments, has 
an extremely low time constant, has absolutely no hys- 
teresis and needs no calibration. 

10 Claims, 5 Drawing Sheets 
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gases on temperature and on composition. The ratio of 
the speed of sound in air containing water vapor to the 
speed of sound in dry air at the same temperature is a 
function of essentially only the water vapor content. 

1. Field of the Invention 5 The relationship is linear in water vapor content at 
The present invention is directed to a system for values UP to a Partial Presswe equal to 250 mm 

measuring the water vapor content in drier ducts, ovens The e W t ,  slightly nonlinear relationship is well 
and the like. By measuring the sound speed in the me- 
d i m  and also in a reference tube containing dry air at The sound Speed is measured by reflecting a sound 
the Same temperature, a sensor which measures the lo pulse from two reflectors contained in a tubular guide 
water vapor independently of temperature is made pos- separated by a suitable distance over which the average 
sible. In addition, no calibrations are required, all the sound speed is sought. In ducts and ovens lengths of the 
data being obtained by measurements of two time inter- order of 1 m woulc' be suitable. The time difference 
vals which can be done to high accuracy. The sensor between the two reflected pulses is inversely propor- 
has virtually no temperature limit for all industrial ap- l5 tional to the speed of sound. Two wave guide tubes 
plications. located near each other are used, one containing dry air 

for reference and another, which is porous, containing 
Moisture mesurements are necessary for the control the moist air in the oven. The ratio of time intervals 

of industrial Processes where drying is involved. For obtained from the two tubes is equal to the ratio of 
example control of drying of Paper in a Paper mil1 re- *' sound speeds in moist and dry air at the same tempera- 
quires a trouble-free rugged sensor for humidity con- ture and is a unique function of moisture content virtu- 
troL Many industrial environments are harsh. High ally independent of temperature. The sensor, being 
temperature, chemical corrosion or contamination are essentially a tube of will withstand tem- 
problem that make many tw Of humidity peratures far higher than that of any environment 
unreliable in operation. 

have been described by D. D' Lawson (''s' 

ACOUSTIC HUMIDITY SENSOR 

BACKGROUND OF THE INVENTION 

known, however. 

2. Description of the Prior Art 

25 whose moisture content is sought. 
hygrometers of a ParticularlY rugged The sensor has m y  valuable advantages for indus- No. trial applications. It is immune to dust, fibers, chemicals, 

and is made by DuPont. Its conductivity depends on 30 sensor at known humidity environments. This jmmedj- 
water vapor content and temperature. A variation of ately eliminates many uncertainties that exist with hy- this polymer with lithium doping has been shown to be grometers which change their properties on exposure to immune to degradation from dust and organic vapors in 
a paper harsh environments. There is absolutely no hysteresis as 
speeds of 4o ft/sec. (ref. 2). The sensor output is 35 in other hygroscopic humidity sensors. The time con- 

stant of the acoustic sensor is extremely short and de- over a limited region of humidity and temperature. 
absorb water have been used as pends only on the averaging time of the counters. It can 

humidity a messurement of capacitance. be as short as 1 ms if a single-shot signal capturing de- 
This type is made by Rotronic Instrument Corporation vice is used! 
(ref. 3). The only disadvantage of this sensor is that it can be 

Pacer system offers a moisture sensor b& on ab- Somewhat too bulky for some applications. 
sorption of ultraviolet light by moisture (ref. 4). The BRIEF DESCRIPTION OF THE DRAWINGS 
probe is claimed to withstand 250' C. Keeping the opti- 
cal windows clean is difficult. A more complete appreciation of the invention and 

Dew Point Hygrometers are &O used. memoelec- 45 the attendant advantage thereof will be more clearly 
tric cooling o fa  surface dew settle on the surface understood by reference to the following drawings 
whose property is detected by a change of light reflec- wherein: 
tion, capacitance change (ref. 5 )  or attenuation of sur- FIG. 1 is a Plot ofthe Sound speed of moist air, c m ,  
face acoustic waves (ref. 6). Such senson are not &- versus the Volume fraction Of Water vapor at tempera- 
mune to the presence of containments such as dust and 50 tures equal to 20'9 6 0 ' 9  1 0 0 ' 9  200' and 400" c.9 showing 
oil vapors. that Cm increases with both water vapor content and 

470839765) using a fluorocarbon polymer containing and a n d e m t i o n  of water if it occurs, as it does occa- 
sionally, in drier ducts. There is no need to calibrate the acid groups' This polymer is called 

at temperatures near 65' c. and air 

polymers 

40 

OBJECTS AND SUMMARY OF THE 
INVENTION 

It is a primary object of the present invention to pro- 55 that there is no temperature dependence; the tempera- 
vide a system for obtaining the water vapor content of tures indicated along the curve representing the maxi- 
hot air in harsh industrial environments, in moving or mum values of water vapor content at that temperature; 
quiescent air, particularly at high temperatures where FIG. 3 is a plot of (CdCdr)-(Cm/Cd) VS. water 
most humidity sensors do not survive. vapor content where the subscript t refers to quantities 

It is another object to produce a sensor practically 60 obtained from standard gas tables; the above ratio.repre- 
independent of temperature over an extremely wide Sents the error in using fued degrees of freedom for the 
range of temperature, there being virtually no tempera- calculation of (Cm/Cd), the error being quite small as 
ture limit for operation of the sensor. shown by the greatly enlarged vertical scale; 

Yet another objective is to produce a sensor which FIG. 4 is a sketch showing the dual sensor tubes in an 
does not need any calibrations at standard conditions of 65 oven, one containing dry air and the other being porous 
humidity or temperature. to allow the moist air to enter the region between the 

The principle on which the sensor is based is the reflecting stub and end wall, driven by two transmitters 
simple dependence of the speed of sound of a mixture of located outside the oven at the end of the sensor tubes 

- 

temperature in a regular manner; 
FIG. 2 is a plot of Cm/Cd, the ratio of sound speed of 

moist air to that of dry air vs. volume fraction showing 
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by a common pulse generator, the transmitters also 
acting as receivers and dual signal processing chains (8) Zn,k ( - P P ) ~ ( ~ / P )  containing delay gates, counters and an output device p d ( l / p )  + dp /p  = - Lc',,n, (microcomputer) to display measured temperature and 
water vapor content; 5 

FIG. 5 is a samDle record of Dulses reflected in drv air 
from a stub and ;nd wall, with 100 holes of 3/32 kch  
diameter between the stub and end wall, showing the 
Dresence of sham waks in the D U I S ~ ~  and also the ures- - 

From (9, (6) and (7), dT may be eliminated to get for 
the square of the speed of sound C the equation 

C= dp /dp  = ( 1  + Z n f k ~ n , c ' v I ) p / p  (9) ence of small c'.'o&illations beiween the pulses caused '" 
by the holes, the digital device enabling the time inter- 
val between p e d  3 and peak 24 to be measured to 3 
decimal places as 3.844 ms. 

The specific lxat for a singie molecule is simply equal to 
kf/2 because each degree of freedom is associated with 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

15 an energy equal to kT/2 and there are f degrees of 
freedom. Using this, 

The system for measurement of sound speed is essen- C2=(1 +2In,/ZnJI) ( tn ,kT /Zn ,m, )  (10) 
tially the system for temperature profile measurement in 
large furnaces and kilns and method therefor, a disclo- 20 This relation depends on T, masses of molecules m,, 
Sure f&d by p. Sh&ottai and S. p. Vek teshan  on number densities wand degrees of freedom ff, which are 
10/15/87 with the Ser. No. 07/108,813, which has been 
examined and found allowable for insurance of Letters For dry air the fraction number densities, molecular 
Patent. The present system is somewhat simpler because 
humidity profiles are seldom required, a single average 25 

1 N2 0.779 28 5 The guide tubes are modified to allow the humid air to 

the tube. 3 Ar 0009 40 3 

known. 

weights, and degrees of freedom are tabulated below. 

measurement being usually the only quantity required. I n l / I n ,  mf/mH f 

go into the sensor tube by drilling a number of holes in 2 02 0.209 32 5 

30 4 C02 0.003 44 6 
Speed of Sound of Mixtures 5 H20 o.Oo0 18 6 

The internal energy of a unit mass of a mixture of 
perfect gases u, heat supplied q and work done by pres- 
sure p in a change of specific volume v are related by 

( I )  

using these, C2can be calculated for dry air and for air 
containing a volume fraction ng/Zn, of water vapor. 

In FIG. 1, the speed of sound of moist air, C m ,  is 
plotted versus the volume fraction of water vapor at 
temperatures equal to 20', W, loo', 200" and 400' C .  
These curves show that C, increases with both temper- 
ature and volume fraction. The curves are almost 

FIG. 2 shows the ratio of speed of sound in the moist 
where p is the density of the mixture. Denoting c'", to be air Cm, to the speed in dry air, Cd, as a function of 
the specific heat of a single molecule of species i, volume fraction of water vapor. This curve is not de- 
changes of internal energy with temperature of unit pendent on temperature. Values of temperatures 
mass of a rmxture is also given by 45 marked along this curve refer to conditions of satura- 

tion or of 100% relative humidity. At and above 100' 
du=Pc ' ,n , v  dT=Zc' ,n,dT/p.  C . ,  the volume fraction can reach 1.00. In general, the 

volume fraction will be less than 1. 

35 
du=dq-p  dv, 

which under adiabatic conditions is simply, 

du= -pd v =  - p d ( l / p ) ,  (2 )  40 straight and parallel. 

(3) 

Estimates of error where n, is the number of molecules per unit volume. 
The equation of state for the mixture is 50 

In deriving (lo), fixed numbers of degrees of freedom 
were associated with different species. In reality, as 
temperature increases, more degrees of freedom are 
excited. To estimate errors from this variation, the 

55 speed ratio is calculated from gas tables where the spe- 
cific heats of dry air and of water vapor are available 

p = Z n ,  m,, ( 5 )  directly. These calculations are performed by determin- 
ing the gas constant R and the mass weighted averages 
of specific heats of the mixtures to find the ratio of 

p = I n ,  kT. (4) 

where k is the Boltzmann constant. The density of the 
mixture is given by 

where m, is the mass of 1 molecule of gas i. Using these 
equations, T must be eliminated. From (4) and ( 5 ) ,  60 specific heats, y ,  and hence 

d @ / p ) = p  d ( l / p ) + d p / p = I n , k  dTLXn,m, (6) C=(YRT)''~ ( 1 1 )  

From (2) and (3), 

d T =  pdufic ' , in i= - ppd( 1 / p ) / P c ' , n ,  

From (6) and (7), 

The ratio C , T / C d . r  represents the speed ratio obtained 

should ideally be unity. Departures from this value are 
due to effects of varying degrees of freedom of mole- 
cules. The above quantity is plotted in FIG. 3 versus the 

65 from gaS tables. The quantity ( C m I / C d T ) - ( C m / C d )  
(7) 
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VO~ume fraction Of Water vapor at Various temperatures peak in pulses 23 and 24 is measured. This can be done 
equal to 306”, 361’, M”, 556”, 778”, 1ooO’ and 1667’ K. to 3 decimal places using the electronic cursor in the 
at which tabulated data were available. The ratio on the signal analyzer that was used in this particular case. For 
y axis has a very enlarged scale. Most of the characteris- example, in the record shown it is 3.844 ms. The ratio 
tic lines are within 1% showing that the approximation 5 C,/Cd (= td/tm) can be determined to three decimal 
involved in using fixed degrees of freedom is quite places easily. A number like 1.123+0.001 represents.an 
good. The curve for Cm/Cd given in FIG. 2 as a func- error on the order of 20.004 in vapor.volume fraction 
tion of the volume fraction x can be represented by because the full scale value of C,,,/Cd in FIG. 2 is only 

1.250 which differs from 1 by 0.250. This shows that 
(I2) lo determinations of volume fraction to 0.5% is easily 

betwen the Q. . . done independent Of temperature in the region of 50% 
water vapor fraction. At lower humidity values, the 
-e error will be larger if only 3 decimal Place accu- 
racy is achieved in the above ratio. However, it is possi- 

(13) l 5  ble to get one more decimal place in timing, by averag- 
ing over many pulses. In summary, it is possible to get 
an accuracy of 0.5% over a wide range of water vapor 
content. 

c m / c d =  1 +0.148~+0.0884~~ 

ne m u h u m  difference in 
(12) and the curve in FIG. 2 is only 0.13%. D e t e d n a -  
:ion of x is therefore simplified by use of Eq. (12) to 

X = ( l 1 . 3 1 2  cm/cd- 10.61 1)1-0.837. 

valid within 1% error from 330” to looo’ K.! 
The humidity sensor 

A sketch of the humidity sensor is shown in FIG. 4 
where two sensor tubes, one porous 2 and the other 1. D. D. Lawson, U.S. Pat. No. 4,083,765, “Polymer 
non-porous are shown. The moist environment in the Electrolytic Hygrometer,” Apr. 11, 1978. 
oven 9 is sensed by tube 2 whereas tube I is filled with 2. D. D. Lawson, P. Shakkottai, S. P. Venkateshan, 
dry air. Sound pulses reflected from the stub 3 (a diame- 25 “Humidity Measurements by Polymer Electrolytic 
tral rod) and the end wall 5 have a time interval which Hygrometer for Harsh Environments,” Proceedings 
is equal to twice the separation between the stub 3 and of Sensors Expo, Detroit, Mich., Sept. 15, 1987, pp. 

49-59. 
Similarly, the time interval between the reflected pulses 3. Rotromic Instrument Corporation brochure, Humidi- 
from stub 4 and end wall 6 is determined by the speed of 30 ty-Temperature transmitter HT-150 Series. 
sound Cm of the moist air in tube 2. The pulses are 4. Pacer Systems Inc , “Vapor Sense IOOO,” brochure. 
generated by transmitter-receivers 7 and 8 driven by 5.  Capacitive Solid State Dew Point Hygrometer, 
amplifiers 10 and 11 by a common pulse generator 12. Honeywell brochure. 
The time intervals are measured by two counters 15 and 6. Vaisala Inc., Dew Point Sensor DEWCAP in ECON 
16 discarding the initial transmitted pulse by using delay 35 200-The new Industrial Dewpoint Measuring Sys- 
gates 13 and 14. The ratio of the two time intervals is $em. 
converted to the water vapor content and is displayed The embodiments of the invention in which an exclu- 
by 17. Also, temperature measured by the sensor tube I , sive property or privilege is claimed as defined as fol- 
is also displayed by the output device 17. Print outs, lows: 
a l a r m s  and control sign& could also be produced by 40 1. An acoustic time-of-flight method for deriving data 
using a microprocessor in 17. indicative of average gas temperature and average 

A blocking diode 18 prevents short circuiting of re- water vapor content in humidity chambers, ovens, dri- 
turn pulses by the output amplifier 10 and also prevent ers, furnaces and the like comprising the steps of: 
oscillations in the reverberant environment inside the (a) installing a closed tubular sensor containing dry 
sound guides. The termination resistor 20 is also shown. 45 air and allowkg it to come to equilibrium with hot, 
Similarly, diode 19 and resistor 21 are used for the other moist air in one of said chambers, ovens, driers. or 
tube 2. furnaces, 

The sensor tube 2 is made porous by drilling holes 22 (b) transmitting sound PUIS6 from the cold end of 
of such size and number that adequate ventilation is said tubular sensor and allowing said pulse to prop- 
obtained without excessive sound reflections. The holes 50 agate through said dry air, 
also reflect sound waves. One acceptable design arrived (C) receiving Sound Pulses PafiiallY reflected from 
at experimentally using a 1 inch sensor tube consists of both a stub or other reflecting means located in said 
100 holes of diameter 3/32 inch spaced 1 inch apart, sensor and the end wall, 
four to a circumference, along a tu& occupying a (d) measuring a time difference between said re- 
length equal to 25 inches. Even larger holes up to t in 55  flected P d ~ ~  
diameter can be used successfully because more baseline (e) synchronously transmitting sound pulses in a sec- 
noise can be tolerslted. The noise is not the usual random ond tubular sensor of identical size as the first said 
noise but represents the fued coherent rumble caused tubular sensor, but containing many holes in the 
by the holes which repeats from pulse to pulse. The 6o region between its end wall and stub or other re- 
porosity of this configuration is approximately 1%. flecting means, to allow moist environment of said 

chamber, oven, drier or furnace to be present inside 
said second sensor, 

(0 receiving sound pulses as in (c) partially reflected 
from the end wall and from said stub or other re- 
flecting means located at the same distance from 
said end wall as in the first sensor. 

(g) measuring a time interval between said pulses in 

20 REFERENCES 

end wall 5 divided by the speed of sound Cd in dry air. 

Typical Signals and Measurement Accuracy 
A typical signal record showing the pulse 23 re- 

flected from the stub 3 and the pulse 24 reflected by the 
end wall 5 is shown in FIG. 5. The reflection 25 from 65 
the holes is seen present between the two pulses as a 
general rumble. To obtain the round trip transit time of 
sound waves, the time interval between the first positive (9, 
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(h) forming a ratio of time interv;., found in (d) and sensor t i  ~ es are between 30 cm and several meters in 
(f) which is equal to ratio of speeds of sound in length, depending on the size of said oven, drier or 
moist air and in dry air, chamber. 

(i) and calculating the volume fraction of moisture 4. A system as described in claim 2 wherein the diam- 
which is related only to said speed of sound ratio in 5 eter of said sensor tubes ranges from a few mm to 50 
(h) independently of said air temperature in said mm. 
chamber, oven, drier or furnace, over an extremely 5. A system as described in claim 2 wherein the mate- 
wide range of temperatures. rial of said sensor tubes is resistant to high temperature 

2- A System for Processing signals and deriving mois- and humidity, most commonly stainless steel. 
tUre Content and temperature Of hot, moist air in OVelS lo 6. A system as described in claim 2 wherein the dis- 
driers, furnaces and the like comprising: Two tubular tances between said stub and said end wall are the same 
sensors of heat and moisture resistant material contain- for both said sensor tubes and can be chosen between 30 
ing two sound reflectors in each said sensor tube, one cm to a few meters, as required. 
being a diametral stub and the other being the end wall wherein the dura- 
of said sensor, tube; adequate porosity in the form of a 15 tion of said pulses is adjusted such that a typical wave- 
large number Of in the region between said length in said sound pulse is greater than the diameter of reflectors in One said tube to 'low free entry Of said sensor tubes such that only plane waves propagate. 
said moist air from said drier or furnace, the other said Typically, a pulse width of o,l ms corresponding a 
reference; two transmitter receiver means mounted 20 3.5 cm at room temperature in dry air and would be outside said oven or furnace at the cold ends of both suitable for a sensor tube of diameter equal to 1.25 cm. said sensor tubes; two power amplifiers to drive said 
transmitter-receiver means; an isolating diode between 8. A system as described in claim 2 wherein a single 
said transmitter-receiver means and said power amp,i- ended transmitter-receiver means mounted at the cold 

short circuiting of received pulses by said power ampli- 'peeds Of the media 
fier; a to drive both trans- 9. A system as described in claim 2 wherein said 
fitter-receiver simultaneously in a con troll^ pulses of sound are repeated at time intervals larger than 

of pre- the round trip travel time from said transmitter-receiver 
amplifiers, time gates and counters to process detected 30 to said end 
pulses reflected by said reflectors in each said sensor 10. A system as described in claim 2 wherein a signal 
tube; output for calculating and displaying said source drives both said transmitter-receivers simulta- 
temperature and said from mea- neously to increase accuracy of measurements of time 
swed time intervals between said reflected pulses. difference between said reflected pulses. 

7. A system as described in claim 

tube being airtight and containing dry air for bandwidth of 10 kHz has typical to 

fier to suppress unwanted o&lations and to prevent 25 end Of said tubes lo probe said sound 
said tubes* 

3. A system as described in claim 2 wherein said j5 * * * * *  

4s 

50 

5s 
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