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(57) ABSTRACT 
Gas flow meters for indicating total volume flow. The 
flowmeters incorporate gravitometers having vibration 
densitometers including spring metal ferromagnetic 
cantilevered vanes which vibrate when driven. 
A thermally conductive housing stores heat and 
equalizes the temperature between a gas of interest 

and air. The air is kept dry by a desiccator. The gas is 
circulated through a first chamber in the housing 
containing one vane. Air occupies a second chamber 
having another vane therein. Both chambers are 
vented to the atmosphere. The gas is circulated 
through the first chamber very slowly so that the 
pressures in both chambers are approximately equal to 
atmospheric. 
In one embodiment of the gravitometer, gravity, G, is 
computed in a manner similar to 

G = 1 - DFAf, 
where, 
D is a constant, - 
F is the ratio of ambient air temperature to ambient 

air pressure, and 
Af, is the difference between the vane frequencies. 

In another embodiment, gravity is computed in a 
manner similar to 

G = 1 - VAt Af 
where, 
V is a contant, and 
At is the reciprocal of the difference between the air 

vane frequency and a vacuum frequency, f, 
where 

f = -A/B 
from the density, p, versus vane period, t, formula 

p = At + B 
where, 

f, = 1?t when p = 0. 
Another calculation of G is made as in 

G = 1 - DFAf, 
where the F factor is incorporated by using a pressure 
regulator with a flexible diaphragm between a sealed 
dry air chamber and a third gas chamber connected 
from the first chamber and vented to the atmosphere 
through a valve controlled by the diaphragm. 

44 Claims, 34 Drawing Figures 
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METHOD OF AND APPARATUS FOR PRODUCING 
FLUID GRAVITY AND DENSITY ANALOGS AND 

FLOWMETERS INCORPORATING 
GRAVITOMETERS 

BACKGROUND OF THE INVENTION 
This invention relates to the art of fluid measure 

ment, and more particularly, to apparatus which may 
be employed in densitometers, gravitometers or flow 
meterS. 
The word "gravity' is hereby defined for use herein 

and in the claims to mean the same thing that it conven 
tionally means in this art, i.e., it is hereby defined to 
mean the ratio of the density of a gas to the density of 
air at the same temperature and pressure. As will be ex 
plained hereinafter, the gravity of a gas is otherwise 
substantially independent of temperature and pressure. 

In the past, it has been the practice to measure the 
gravity of a gas by loading a gas tight cylinder with a gas 
and placing it on a balance with a gas tight cylinder of 
air. This apparatus is expensive and cumbersome to 
use. Moreover, gravity is obtained by performing a 
batch process which cannot run continously with flow 
meter apparatus to indicate instantaneously what the 
rate of volume flow and the total volume flow in a pipe 
line is. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, an instan 
taneous indication of density or gravity or signals di 
rectly proportional thereto may be obtained through 
the use of a vibration densitometer having a spring 
metal cantilevered ferromagnetic vane. 
Two such densitometers may be used in a gravi 

to meter. 
In accordance with the present invention, the gravi 

tometer thereof may be used in one or more total vol 
ume or rate of volume flow flow meters to provide an 
analog output signal directly proportional to rate of 
volume flow. The gravitometers and flowmeters of the 
present invention thus have a much faster speed of 
response and are more accurate than gravitometers 
and flow meters of the prior art. 
Notwithstanding the foregoing, the gravitometers of 

the present invention have utility when used by them 
selves and not in a flowmeter. For example, the output 
of a gravitometer constructed in accordance with the 
present invention may be connected to one or more 
process controllers, or to a D.C. milliammeter or re 
corder calibrated in gravity, or any other apparatus. 

Different natural gases are frequently blended to 
achieve a desired BTU content based on the gas gravi 
ties. 
A gravity indication is thus useful in estimating the 

BTU content of natural gas. It can be used in determin 
ing performance under gas delivery contracts specify 
ing BTU content. Further, estimated BTU content is 
also frequently used for billing purposes. 
As will be understood from the foregoing, automatic 

process controllers can be operated from the gravitom 
eters of the present invention to maintain automatically 
any desired gravity or BTU content. 
According to another feature of the invention, grav 

ity is obtained from the beat frequency analog of a pair 
of vanes. An air density analog is obtained by deriving 
the reciprocal of a difference frequency analog which 
is directly proportional to the vane frequency of a vac 
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uum minus the air vane frequency. Alternatively, a 
ratio of the temperature to the pressure of ambient air 
is obtained. If desired, a conventional phase locked 
loop may be employed to provide the D.C. voltage ana 
log of the beat frequency. 
Another feature of the present invention resides in 

the unexpected use of a single power amplifier and 
driver coil to vibrate two vanes even though the two 
vanes vibrate at different frequencies. 
Alternative air density analogs are provided by a gas 

chamber pressure control or by a TIP compensator. 
Other features of the invention reside in the use of 

efficient apparatus for temperature equalization, desic 
cator apparatus to keep the air dry, and resilient 
mounts for isolation from extraneous vibrational inter 
ference. 
The above-described and other advantages of the 

present invention will be better understood from the 
following detailed description when considered in con 
nection with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
In the drawings which are to be regarded as merely 

illustrative: 
FIG. 1 is a diagrammatic view of a flowmeter; 
FIG. 2 is a schematic diagram of a pickup shown in 

FIG. 1; 
FIG. 3 is a graph of a group of waveforms character 

istic of the operation of the invention shown in FIG. 1; 
FIG. 4 is a diagrammatic view of a flowmeter con 

structed in accordance with an alternative embodiment 
of the present invention; 
FIG. 5 is a diagrammatic view of a gravitometer; 
FIG. 6 is a top plan view of a twin cell assembly indi 

cated diagrammatically in FIG. 5, 
FIG. 7 is a vertical sectional view taken on the line 

7-7 through a mounting bolt shown in FIG. 6; 
FIG. 8 is a vertical sectional view taken on the line 

8-8 shown in FIG. 6; 
FIG. 9 is a horizontal sectional view taken on the line 

9-9 shown in FIG. 8; 
FIG. 10 is a vertical sectional view taken on the line 

10-10 shown in FIG. 6; 
FIG. 11 is a vertical sectional view taken on the line 

11-11 shown in FIG. 10; 
FIG. 12 is a vertical sectional view taken on the line 

12-12 shown in FIG. 6; 
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FIG. 13 is a horizontal sectional view taken on the 
line 13-13 shown in FIG. 12; 
FIG. 14 is a perspective view of a ferromagnetic rod 

shown in FIGS. 6, 10, 11 and 12; 
FIG. 15 is a vertical sectional view taken on the line 

15-15 shown in FIG. 6; - 
FIG. 16 is a horizontal sectional view taken on the 

line 16-16 shown in FIG. 15, 
FIG. 17 is a schematic diagram of a portion of the cir 

cuit shown in FIG. 5, 
FIG. 18 is a diagrammatic view of an alternative grav 

itometer constructed in accordance with the present 
invention; 
FIG. 19 is a schematic diagram of an analog adder 

shown in FIG. 18; 
FIG. 20 is a schematic diagram of portions of the 

blocks shown in FIG. 18; 
FIG. 21 is a graph of a group of waveforms character 

istic of the operation of the gravitometer alternative 
embodiment of FIG. 18, 
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FIG. 22 is a block diagram of an alternative embodi 
ment of the present invention; 
FIG. 23 is a rear elevational view of a gravity cell 

shown in FIG. 22; . 
FIG. 24 is a top plan view of the cell shown in FIG. 

23; 
FIG. 25 is a side elevational view of the cell shown in 

FIG. 23; 
FIG. 26 is a transverse sectional view of the cell taken 

on the line 26-26 shown in FIG. 23; 
FIG. 27 is a vertical sectional view of the cell taken 

on the line 27-27 shown in FIG. 24; 
FIG. 28 is a longitudinal sectional view of a conven 

tional pressure relay; 
FIG. 29 is a block diagram further illustrating the em 

bodiment of the invention shown in FIG. 22, 
FIG. 30 is a schematic diagram of a frequency-to 

voltage converter; 
FIGS. 31 and 32 are schematic diagrams of still an 

other embodiment of the present invention; and 
FIGS. 33 and 34 are graphs of a group of waveforms 

characteristic of the operation of the embodiment 
shown in FIGS. 31 and 32. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

THE FLOWMETER OF FIG. 1 

It is well known in the prior art that the total flow f 
Q dt where t is time and Q is the volume rate of gas flow 
per unit time, Q being measured in standard cubic feet. 
This standard cubic feet (at, for example, 14.7 
pounds/cubic feet pressure and 68 F.) of a gas in a 
pipeline may be calculated from the following equation 
(1) defining mass flow rate Q. 

O = K | P A PITG 

where, 
P is the static pressure in a pipeline 30 shown in FIG. 

1. 
AP is the differential pressure across an orifice 

32, 
T is the absolute temperature of the gas, and 
G is the "gravity' of the gas. 

The gravity, G, of a gas is defined by 
G F palpa 

(1) 

(2) 

where, 
p is the density of the gas at a predetermined tem 
perature and at a predetermined pressure, and 

p is the density of air at the same said predetermined 
temperature and predetermined pressure. 

It is interesting to note that G is substantially "inde 
pendent' of temperature and pressure. That is, for the 
same gas, the value of G will be the same regardless of 
which "predetermined temperature' and “predeter 
mined pressure' it is measured. The proof for this char 
acteristic follows. 

Boyle's law and Charles law may be combined into 
the single expression 

PV/T 

(3) 

which is equal to a constant. Hence, 
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PV = MRT 

: 4) 

where, 
P is pressure, 
V is volume, 
M is mass, 
R is the gas constant, and 
T is absolute temperature. 
If p is density, then 

S) 

Thus, combining (4) and (5), 
p = KPIT 

6) 

where, 

K = 11R 
7 

Equations (8) and (9) are analogous to (6) for a gas, 
g, of interest and air, a. 

pg - K1g Part 
8 ) 

p F Kia PT 

9 

Dividing (8) by (9) and assuming P = P and T = T, 
palpa - K1a/Ka 

10) 

Combining (2), (6) and (10), 
G F Raira 

fl. 1) 

Equation (11) thus indicates that G is truly "indepen 
dent' of which set of temperature and pressure condi 
tions are selected. 
Equation (1) may be proven as follows. The flow, Q, 

through an orifice is 
Q = KA 2g H 

12) 

where, 
K2 is a constant, 
A is the orifice area, 
g is acceleration due to the earth's gravity, and 
Hg is the differential pressure head in feet across the 

orifice. 
To convert the differential head to inches of air 



3,862,568 
S 

Hereinafter, the 68 F. and the 14.7 pounds/square 
inch will be referred to as "standard temperature and 
pressure T and P, respectively. 'Equation (8) can 
thus be divided by equation (9) as follows 

p = KGPIT 
(14) 

where, 
P is equal to P, 
T is equal to T, and 
p is equal top. 
Substituting p = p into (13), (14) into the resultant, 

one obtains 
Hg = Ha paT/12 K.GP 

(15) 

Substituting (15) into (12) one obtains 
Q, = K,A 2. Hapa T712KGP 

Q, = K, HpaTIGP 

Ka s K2A t I 2g/l 2K1a 

From expression (3) 
POIT A: PaOatta 

(16) 

Thus, 

(17) 

where, 

(18) 

(19) 

Thus, 
O = POTarpa 

(20) 

Combining (17) and (20) 

Q = K, Hip at IGPx PT/TP, 
(21) 

and 

O = K w P APITG 
(22) 

where, 

K : KaTaipa 

(23) 

and A p is equal to Hp (pressure equals height times 
density). 
The embodiment of FIG. 1 mechanizes equa 

tion (1) for continuously indicating total volume flow 
in standard cubic feet. 

In FIG. 1, a portion of a pipeline is indicated at 30 
having a disc 31 fixed therein to provide an orifice 32. 
A differential pressure transducer 33 senses the differ 
ence between the pressures on opposite sides of orifice 
32. A static pressure transducer 34 senses the pressure 
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6 
on one side of orifice 32. a temperature transducer 35 
senses the temperature on one side of the orifice 32. 

In FIG. 1, a multiplier 36, a multiplier 37, a divider 
38 and a square root extractor 39 are provided. An out 
put circuit 40 is connected from the output of square 
root extractor 39. Output circuit 40 includes a pickoff 
41, a saw-tooth generator 42, an inverter 43, a burstos 
cillator 44, a gate 45 and a counter 46. 

Differential pressure transducer 33 produces a D.C. 
current on an output lead 47 which is directly propor 
tional to the difference between the pressures on oppo 
site sides of the orifice 32. - 

Static pressure transducer 34 produces a D.C. cur 
rent on an output lead 48 directly proportional to the 
pressure on one side of orifice 32. Temperature trans 
ducer 35 produces a D.C. current on an output lead 49 
directly proportional to the temperature of the gas in 
side pipeline portion 30 on one side of orifice 32. 
A gravitometer 50 is connected from pipeline portion 

30 on one side of orifice 32 to produce a D.C. output 
current on an output lead 51 directly proportional to 
the gravity of the gas in pipeline portion 30. 

Multiplier 36 is connected from leads 49 and 51. The 
output of multiplier 36 is impressed upon an output 
lead 52 which is connected to divider 38. Multiplier 36 
then produces an output current in lead 52 which is di 
rectly proportional to the product of the output cur 
rents of temperature transducer 35 and gravitometer 
50. 

Multiplier 37 is connected from both of the pressure 
transducers 33 and 34 to divider 38. Multiplier 37 has 
an output lead 53, the current in which is directly pro 
portional to the product of the current outputs of the 
pressure transducers 33 and 34. divider 38 has an out 
put lead 54 which carries a D.C. voltage directly pro 
portional to the output of multiplier 37 divided by the 
output of multiplier 36. Divider 38 may, if desired, in 
clude a current-to-voltage converter at its output. A 
current-to-voltage converter, for example, may be sim 
ply a resistor connected from the output of divider 38 
to ground. . 
Notwithstanding the foregoing, any component part 

of the invention employed to produce a current analog 
may be employed to produce a voltage analog. 
Square root extractor 39 has an output lead 55 upon 

which a D.C. voltage is impressed which is directly pro 
portional to the square root of the output of divider 38. 
Pickoff 41 has an output lead 56 upon which a square 

wave is impressed. This square wave is generated by 
comparing the amplitude of the saw-tooth output of 
generator 42 with the amplitude of the D.C. voltage on 
lead 55. 
Inverter 43 is connected over an output lead 57 to 

gate 45. Inverter 43 inverts the square wave output of 
pickoff 4. 

It is to be noted that the dimensions of a square wave 
are conventionally vertical in volts and horizontal in 
time. The word "square' thus has no reference to any 
particular relationship between the amplitude and pe 
riod of such a wave. The phrase “square wave' is, 
therefore, hereby defined for use herein and in the 
claims to mean "a rectangular wave' or vice versa. 

Burst oscillator 44 produces output pulses at a con 
stant rate and at a pulse repetition frequency (PRF) 
which is large in comparison to the PRF of the square 
wave appearing on inverter output lead 57. Gate 45 is 
opened during the positive pulses of the square wave on 
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lead 57, and passes pulses from the burst oscillator 44 
to counter 46 during the pulses of the square wave on 
lead 57. 

All of the parts shown in FIG. 1 may be entirely con 
ventional, if desired; however, the combination thereof 
is new. Alternatively, the gravitometer 50 may be con 
structed in accordance with the present invention as 
will be explained. 

Multipliers 36 and 37 may be entirely conventional 
voltage or current multipliers, if desired. Divider 38 
may be an entirely conventional divider, if desired. 
Square root extractor 39 may be an entirely conven 
tional square root extractor or function generator, if 
desired, 
Saw-tooth generator 42, gate 45, inverter 43 and 

counter 46 may all be entirely conventional. Pickoff 41 
may also be entirely conventional, if desired. 

If desired, an indicator 10' connected from counter 
46 may be calibrated in total volume flow in standard 
cubic feet. Counter 46, if desired, may be an entirely 
conventional binary counter. 

In FIG. 2, pickoff 41 is shown including input termi 
nals 58 and 59, and an output terminal 60. An amplifier 
61 is also shown in FIG. 2 connected to ground at 62 
and having an input lead 63 connected to a summing 
junction 64. A resistor 65 is connected from terminal 
59 to junction 64. A diode 66 and a resistor 67 are con 
nected in series in that order from terminal 58 to junc 
tion 64, a capacitor 68 is connected from the output of 
amplifier 61 to terminal 60. 

In FIG. 1, terminal 58 would be connected from saw 
tooth generator 42. Terminal 59 would be connected 
from square root extractor 39. Output terminal 60 
would be connected to inverter 43. The voltage sup 
plied to terminal 59 by square root extractor 39 would 
be a negative voltage. The output signal of saw-tooth 
generator 42 would be a positive going voltage. It 
would begin at ground and increase from there to its 
peak value. When the potential at terminal 58 equals 
or slightly exceeds the negative potential at 59, ampli 
fier 61, if it is a high gain amplifier having again of sev 
eral hundred thousand, will produce a square wave out 
put by being driven into saturation. The pulses at the 
output of amplifier 61 will then have a pulse width di 
rectly proportional to the output voltage of square root 
extractor 39. 
The saw-tooth output voltage of saw-tooth generator 

42 is indicacted at 69 in FIG. 3. The corresponding pos 
itive magnitude of the negative output voltage of 
square root extractor 39 is indicated at the horizontal 
line 70 in FIG. 3. The horizontal level of line 70 may 
vary from time to time, but will generally not vary as 
fast as the PRF of the saw-tooth voltage. 
As shown in FIG. 3, pulses 71 are produced at the 

output of pickoff 41 in FIG. 1 which have a time width 
determined by the end of each saw-tooth 69 and at the 
beginning which occurs where the inclined portion of 
each saw-tooth crosses line 70. 
As shown in FIG. 3, inverter 43 has output pulses 72, 

the time width of which is directly proportional to the 
amplitude of the output signal of aquare root extractor 
39. In FIG. 3, the portion of the output pulses of burst 
oscillator 44, which are counted by counter 46, are in 
dicated at 73. 

OPERATION OF THE EMBODIMENT OF FIG. 1 

In FIG. 1, the transducers 33, 34 and 35 produce dif 
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8 
ferential pressure, static pressure and temperature ana 
logs. The pressure analogs are multiplied together by 
multiplier 37. The temperature analog is multiplied by 
the gravity analog appearing on the output lead 51 of 
gravitometer 50 by multiplier 36. The output of multi 
plier 37 is divided by the output of multiplier 36 in di 
vider 38. The square root of the output of divider 38 is 
taken by square root extractor 39. The analog output 
of square root extractor 39 is then integrated in output 
circuit 40. Saw-tooth generator 42, pickoff 41 and in 
verter 43 produce a time analog at the output of in 
verter 43 of the output of square root extractor 39. This 
is converted to a digital number which is accumulated 
in binary counter 46, this digital number representing 
total volume flow in standard cubic feet. This digital 
number is indicated in indicator 10' which has one 
lamp for each flip-flop or stage in counter 46. 
THE ALTERNATIVE FLOW METER OF FIG 4 

The embodiment of FIG. 4 mechanizes equation (24) 
for continuously indicating total volume flow f Q dt. 
Rate of flow, Q, may be defined as follows: 

Q = K' pAP1G 
24) 

It will be recalled that equation (1) is as follows: 

Q = K V P APITG 
(25) 

Rewriting (14) 
P/T = p/KG 

26) 

Substituting (26) in (25) 
Q = K W paP/KG 

; 27 ) 

Hence, 
Q = K' pAP1G 

28) 

where, 
K' = K/ W Kia 

29 

Note will be taken that equation (28) is the proof of 
equation (24). 

In FIG. 4, a differential pressure transducer is indi 
cated at 74 connected to a pipeline portion 75 on oppo 
site sides of an orifice 76 in a disc 77 fixed in pipeline 
portion 75, as before. A gravitometer 78 is also con 
nected from pipeline portion 75, as before. A densi 
tometer 79 is also connected from pipeline portion 75. 
Also shown in FIG. 4 is a multiplier 80, a multiplier 

81, a divider 82, a square root extractor 83 and an out 
put circuit 84. Parts 74, 75, 76, 77,78, 83, and 84 may 
be identical to parts 33, 30, 32, 31, 50, 39 and 40, 
shown in FIG. 1, if desired. Densitometer 79, multipli 
ers 80 and 81 and divider 82 may all be, by themselves, 
entirely conventional, if desired. However, the combi 
nation thereof with the other parts of FIG. 4 is new, 
Further, if desired, multipliers 80 and 81 and divider 82 
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may be identical to multipliers 36 and 37 and divider 
38, respectively, shown in FIG. 1. 

If desired, densitometer 79 may be identical to that 
disclosed in copending application Ser. No. 65,371 
filed Aug. 20, 1970, by C. E. Miller and G. L. Schlatter 
for DENSITOMETER. The same is true of copending 
application Ser. No. 187,948 filed Oct. 12, 1971, by G. 
L. Schlatter and C. E. Miller for FLUID SENSING 
SYSTEMS and copending application Ser. No. 
188,888 filed Oct. 13, 1971, by G. L. Schlatter for 
DENSITOMETER. The entire specification, claims 
and drawings of all three of said copending applications 
are hereby incorporated hereat in this application by 
this reference hereto. 

In FIG. 4, differential pressure transducer 74, gravi 
tometer 78 and densitometer 79 have output leads 85, 
86 and 87. 
As before, differential pressure transducer 74 pro 

duces an output signal on lead 85 which is directly pro 
portional to the difference between the pressures on 
opposite sides of the orifice 76. 
Again, gravitometer 78 produces an output signal on 

lead 86 directly proportional to the gravity of the gas 
in pipeline portion 75. Densitometer 79 produces an 
output signal on lead 87 which is directly proportional 
to the density of the gas in pipeline portion 75. Multi 
pliers 80 and 81 have output leads 88 and 89. Divider 
82 has an output lead 90. Square root extractor 83 has 
an output lead 91. 

Multiplier 80 is connected from differential pressure 
transducer 74 and densitometer 79 to divider 82. Mul 
tiplier 80 produces an output signal on lead 88 which 
is directly proportional to the product of the signals ap 
pearing on leads 85 and 87. Multiplier 81 produces an 
output signal on lead 89 which is directly proportional 
to the square of the output signal on lead 86. 
Divider 82 is connected from the outputs of multipli 

ers 80 and 81 to square root extractor 83. Divider 82 
produces an output signal on lead 90 directly propor 
tional to the output of multiplier 80 divided by the out 
put of multiplier 81. 
Square root extractor 83 produces an output signal 

on lead 91 directly proportional to the square root of 
the signal appearing on lead 90. 

OPERATION OF THE ALTERNATIVE 
FLOWMETER OF FIG. 4 

In the operation of the flowmeter of FIG. 4, differen 
tial pressure transducer 74 and densitometer 79 pro 
duce output signals directly proportional to the said dif 
ferential pressure and gas density which are multiplied 
together by multiplier80. The square of the output sig 
nal of gravitometer 78 is produced by multiplier 81, 
gravitometer 78 producing output signal directly pro 
portional to the gravity of the gass in pipe portion 75. 
The output of multiplier 80 is divided by the output of 
multiplier 81 in divider 82. The square root of the out 
put of divider 82 is taken by square root extractor 83. 
As before, output circuit 84 produces an output 

which is directly proportional to the integral of the out 
put signal on lead 91. Output circuit 84 thus indicates 
the total volume flow in standard cubic feet. 

THE GRAVITOMETER OF FIG. 5 

A gravitometer such as that of FIG. S produces an 
output current, I, which is I-4 milliamperes at the low 
end of the span and 20 milliamperes at the high end in 
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10 
FIG.S, these limits being conventional for an industrial 
instrument. However, zero adjustment could be made 
so that 

I KG 
(30) 

However, 
dI/dC = a constant (S1) 

(3) 

even with the 4-20 mil span, where K is a constant. 
Equation (31) is true for the following reasons. 
If 

G = palpa 
(32) 

then 

G F 1 - pg - pg/p 
(33) 

It has been discovered in accordance with the present 
invention that an accurate measure of gas density, p, is 

p = At + B 
(34) 

where, 
t = llf, 
f is the vane frequency, 
A is a constant, and 
B is a constant. 
Equation (34) is an approximation of 

p = At + B 
(35) 

For the development of equation (35), see copending 
application Ser. No. 65,371 filed Aug. 20, 1970, by C. 
E. Miller and G. L. Schlatter for DENSITOMETER. 
Said copending application is hereby incorporated 
herein in its entirety by this reference to it. 
From (34) 

p = At - B 
(36) 

and 

p = At - B 
(37) 

where, 
a represents air, and 
g represents gas. 
Subtracting (37) and (36) 

p pr A(ta -- ta) 

(38) 

to - t F 1 if - 1 if 
(39) 
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llf - 1 If = f; - falff, 
(40) 

In both of the embodiments of the present invention 
shown in FIGS. 5 and 18, the product 

1 If X If, 
(41) 

may be considered a constant becausef, varies very lit 
tle, e.g., from 315.0 Hz to 317.0 Hz or less for G = 0 
to G = 1.0, and f, varies even less by percentage. Thus, 
the following approximation may be made 

1 If, - 1 If a C (f - f) 
(42) 

From (39) and (42) 

to - to FC (f, f.) 
(43) 

From (38) and (43) 

p - p = C1 (f, - f.) 
(44) 

Defining 

Af F (f - f) 
(45) 

pa - p = C, Af 
(46) 

From equation (9) 
p = P/RT 

(47) 

where K = Ra, the gas constant of air. 
Substituting (46) and (47) into (33) 

G = 1 - CAfRT/P 
(48) 

Substituting in (48) 
D = CR 

(49) 

and 

F = TIP 
(50) 

G = 1 - DFAf 
(51) 

In (51), D is a constant, and F and Afi are variables. 
The embodiment of FIG. S develops a direct current 
voltage directly proportional to Af, an analog of F and 
multiplies them together, then adds or subtracts a con 
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12 
stant voltage, as desired, such that the output current, 
I, in milliamperes can be defined by 

I = SW (1 - DFAf) + SX 
52) 

where S, W and X are constants. Thus, from (5) and 
(52) 

dI/dG = SW = a constant. , (53) 

In (52) and (53), I is defined by I = Io, where I is the 
current in the special case of FIG. 5 and lo is current 
in the general case. 
A gravitometer is shown in FIG. 5 having output ter 

minals 100 and 101 which provide an output current 
directly proportional to gas gravity. Thus, terminals 
100 and 101 may be connected to multiplier 36 in FIG. 
1 or to multiplier 81 in FIG. 4. Still further, terminals 
100 and 101 may be connected to any utilization means 
102 as indicated in FIG. 18. 
Thus, portions of FIGS. 1 and 4 may be considered 

to be, in the alternative, utilization means 102. Utiliza 
tion means 102 may also be a milliammeter calibrated 
in gravity, if desired. Further, utilization means 102 
may be a process controller or otherwise, whether or 
not described specifically or generally herein. 

In FIG. 5, a twin cell assembly is indicated at 103. A 
pipeline portion is indicated at 104. A filter 105, a pres 
sure regulator 106 and a flowmeter 107 are connected 
in series in that order from pipeline portion 104 to as 
sembly 103. 
Assembly 103 includes a driver coil 108, gas and air 

vanes 109 and 110, respectively, and gas and air crys 
tals 111 and 112, respectively. 
Also shown in FIG. 5 is a power amplifier 113, ampli 

tude modulation (AM) detector 114 and a phase 
locked loop 115. The AM detector 114 and the loop 
115 are connected in succession from the output of 
power amplifier 113. The output of power amplifier 
113 is also connected to driver coil 108 over a lead 
16. 
Amplifiers 117 and 118 are connected respectively 

from the outputs of crystals 111 and 112 to power am 
plifier 113. Automatic gain control (AGC) circuits 119 
and 120 are respectively connected from the outputs of 
amplifiers 117 and 118 to the gain control inputs 
thereof. 
Also in FIG. 5, a TIP compensator 121, a multiplier 

122 and an output circuit 123 are provided. 
Loop 115 includes a phase detector 124, a low pass 

filter 125, an amplifier 126 and a voltage controlled os 
cillator (VCO) 127 connected in succession in that 
order from the output of AM detector 114. The output 
of VCO 127 is connected to a second input to phase de 
tector 124 over a lead 128. 
The output of amplifier 126 is also connected to mul 

tiplier 122 over a lead 129. 
Multiplier 122 is simply a potentiometer 130 having 

a wiper 131 that is moved in synchronism with a piston 
132 in compensator 121 by a mechanical connection 
133 therebetween. Potentiometer 130 also includes a 
winding 134. The upper end of winding 134, as viewed 
in FIG. 5, is connected from the output of amplifier 
126. The lower end of winding 134 is connected to a 
potential V1. 
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As will be noted from the following, potentials V1 

and V2 are used. As a matter of convenience for opera 
tion in commercial applications, V may be equal to 
+10 volts and V2 may be equal to +20 volts. However, 
for a better understanding of this invention, and for an 
alternative construction, the symbol for ground herein 
may be considered to be -10 volts. In that case, the po 
tentials. V and V2 would be 0 volts and +10 volts, re 
spectively. 
Output circuit 123 in FIg. 5 includes a calibration cir 

cuit 135 and a voltage-to-current converter 136. Cir 
cuit 135 includes a differential amplifier 137, a resistor 
138, a resistor 139, a transistor 140, a diode 141, a po 
tentiometer 142, a resistor 143, a resistor 144, a resis 
tor 145 and a potentiometer 146. 

Resistor 138 is connected from the output of the mul 
tiplier 122 to the noninverting input of amplifier 137. 
The output of amplifier 137 is connected to a junction 
147. Transistor 140 includes a collector 148, an emitter 
149 and a base 150. Base 150 is connected to junction 
147. Emitter 149 is connected to a junction 151. Diode 
141 is connected between junctions 147 and 151, and 
poled to be conductive. in a direction toward junction 
47. Resistor 39 is connected from collector 148 to 

potential V2. Potentiometer 142 includes a winding 
152 and a wiper 153. Potentiometer winding 152 and 
resistor 43 are connected in succession in that order 
from junction 151 to an output junction 154. 
The inverting input of amplifier 137 is connected 

from a junction 155. Resistor 144 is connected from 
junction 155 to a junction 156. Junction 156 is con 
nected both to junction 151 and to potentiometer 
wiper 153. 

Potentiometer 146 includes a winding 157 and a 
wiper 158. Resistor 145 is connected from junction 155 
to potentiometer wiper 158. The upper end of potenti 
ometer winding 157 is connected to potential V2. The 
lower end of potentiometer winding 157 is connected 
to potential V1. 

If desired, a conventional screwdriver adjustment 
may be provided for potentiometer wiper 158 to pro 
vide a zero adjustment. 

if desired, a conventional screwdriver adjustment 
may be provided for potentiometer 142 for the adjust 
ment of span. Note will be taken that, in effect, the con 
stant voltage appearing at potentiometer wiper 158 is 
added, with opposite sign, to the input to circuit 123 
from multiplier 122 because the connections from re 
sistors 145 and 138 to amplifier 137 are to the inverting 
and non-inverting inputs thereof, respectively, 
The position of potentiometer wiper 153 adjusts span 

because it adjusts feedback to the inverting input via 
resistor 144. 
Any conventional output circuit may be employed in 

lieu of output circuit 123. The same is true of converter 
136. Converter 136 includes a differential amplifier 
159 which has a non-inverting input maintained at po 
tential V1. Converter 136 also includes transistors 160 
and 161, and resistors 162 and 163. Transistor 160 in 
cludes a collector 64, an emitter 165 and a base 166. 
Transistor 161 includes a collector 167, an emitter 168 
and a base 169. 
The output of amplifier 159 is connected to the tran 

sistor base 166. Emitter 165 is connected to base 169. 
Collectors 164 and 167 are connected together at a 
junction 170. Emitter 168 is connected to a junction 
171. Resistor 163 is connected between junction 170 
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and terminal 100. Resistor 162 is connected from junc 
tion 171 to potential V2. A lead 172 joins junctions 154 
and 171. The inverting input to amplifier 159 is con 
nected from junction 154. 
Compensator 121 may be entirely conventional. 

Compensator 121 includes a cylinder 173 inside of 
which piston 132 moves. Piston 132 is thus sealed in an 
air tight manner to the internal cylindrical wall of cylin 
der 173. A piston rod 174 is fixed to piston 132 and 
moves wiper 131 of multiplier 122 in synchronism 
therewith. 
From the formula PV = MRT, it will be appreciated 

that when M and R are constants, the volume defined 
by cylinder 173 and piston 132 will be directly propor 
tional to the ratio of T.P. Hence, rod 174 always moves 
a distance which is directly proportional to T/P. 

In FIG. 5, filter 105, pressure regulator 106 and flow 
meter 107 may be entirely conventional. Preferably, 
filter 105 is a 2 micron filter. It may be made of a sin 
tered metal having gaps between particles bound to 
gether to permit fluid flow therethrough while trapping 
particles equal to or larger than 2 microns in their max 
imum cross-sectional dimension. 

If desired, amplifiers 117 and 118 and AGC circuits 
119 and 120 may be conventional, although their con 
nection is new. s 

AM detector 114 and phase locked loop 115 both 
may be entirely conventional, if desired. 
As is conventional, the phase of the input signal to 

phase detector 124 from AM detector 114 is compared 
with the phase of the output signal of VCO 127 by 
phase detector 124. The output of phase detector 124 
then passes through filter 125 and is amplified by am 
plifier 126. Amplifier 126 then produces a D.C. output 
voltage which is impressed upon VCO 127. The fre 
quency and thus the phase of the output signal of VCO 
127 is controlled in accordance with the magnitude of 
the input voltage impressed thereon by amplifier 126. 
The signal on output lead 129 from loop 115 is then 

a D.C. voltage, the magnitude of which is directly pro 
portional to the fundamental frequency of the output 
waveform of AM detector 114. Loop 115 is thus a de 
vice for producing a frequency analog in the form of a 
D.C. voltage. 

Pressure regulator 106 is employed to pass a portion 
of the gas in pipeline 104 through assembly 103 at a 
very low constant pressure and a very low volume flow 
rate. The gas is passed through a chamber in assembly 
103, to be described. The pressure in this chamber is 
then substantially equal to atmospheric pressure be 
cause the chamber is vented to the atmosphere and be 
cause the gas is circulated at a very slow rate. 

Filter 105 keeps the gravitometer clean. Flowmeter 
107 can be employed to fix rate of gas flow so that reg 
ulator 106 may be adjusted, if desired, for calibration. 
A top plan view of assembly 103 is shown in FIG. 6 

including a supporting plate 175, a supporting bolt 176, 
a central block 77, an inlet block 178 and an outlet 
block 179. Inlet block 178 is fixed to central block 77 
by six cap screws 180, only three of which are shown 
in FIG. 6. Similarly, outlet block 179 is fixed to control 
block 177 by six cap screws 181. A cover plate 182 is 
positioned between the heads of screws 180 and inlet 
block 78. Inlet block 78 has an inlet ferrule 83 into 
which a conduit may be inserted and sealed from flow 
meter 107. 
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Four cap screws 184 fix a subassembly to block 177. 
Similarly, four cap screws 185 fix another subassembly 
to block 177. Both of the said subassemblies will be de 
scribed hereinafter. 
As will be described, a ferromagnetic rod 186 

projects into and is fixed relative to block 177. A driver 
coil 187 is fixed relative to rod 186 therearound. 
Outlet block 179 carries gas and air vent ferrules 

fixed relative thereto. A conduit 190 is inserted into 
ferrule 189 and may be sealed therein, if desired. A 
dessicator 191 is connected from conduit 190 and has 
a vent tube 192 allowing air to pass back and forth 
through dessicator 191 from the atmosphere into block 
177, and out of block 177 to dessicator 191 to the at 
mosphere. 
Only one bolt 176 is shown in FIG. 6. However, four 

bolts are preferably employed. Other bolts would pass 
through holes 193, 194 and 195 in plate 175, as shown 
in FIG. 6. 

All the structures shown in FIG. 7 are fixed relative 
to each other. A plate 196 is provided below plate 175. 
Bolt 176 has a head 197 that rests on top of plate 175, 
a shank 198 which is slidable therethrough and a 
threaded lower end 199 which is threaded into plate 
196. A cylindrical spacer 200 is held in axial compres 
sion between plates 175 and 196, bolt shank 198 ex 
tending through the center of spacer 200. 

Plate 196 has four threaded holes 201, only one of 
which is shown in FIG. 7. The other three holes lie sub 
stantially in registration with holes 193, 194 and 195, 
respectively, of plate 175. 
As shown in FIG. 8, block 178 has two cap screws 

202 and 203 fixed relative thereto. The structure im 
mediately surrounding screw 202 is substantially identi 
cal to that surrounding screw 203. Thus, the structure 
immediately surrounding screw 203 will be the only 
structure described. The same is true of the structure 
surrounding screws 204 and 205 in FIG. 15. Plate 175 
is recessed at 206 and 207. Plate 175 has a web 208 
which separates the recesses 206 and 207. Web 208, 
itself, has an opening 209 therethrough through which 
the shank 210 of screw 203 projects. Screw shank 210 
is thus slidable through opening 209. A spring 211 is 
trapped and held in compression between web 208 and 
the lower end of block 178, as viewed in FIG. 8. A 
spring 212 is trapped and held in compression between 
web 208 and the head 213 of screw 203. A resilient 
mounting is thus provided for all the structure above 
plate 175 which is fixed relative to screws 202, 203, 
204 and 205. 
Screws 180, shown in FIGS. 6 and 8, are slidable 

through corresponding holes in plate 182 and block 
178 and threaded part way into block 177. 
As shown in FIG. 9, gas can be introduced into block 

178 through a conduit 214 therein through a frusto 
conical port 215 into a thin space 216. A number of the 
relative dimensions shown herein may be employed, if 
desired. Space 216 is defined by a recess 217 in block 
178 shown in FIG. 9. Gas can then enter a conduit 218, 
shown in FIG. 9, through another frusto-conical port 
219. A larger frusto-conical outlet surface 220 then lies 
in communication with conduit 218. One end of con 
duit 218 is closed by a screw 221 threaded there 
through and sealed therein. 
As shown in FIG. 9, the depth of recess 217 is quite 

small and is represented by the dimension A1. It is thus 
possible to equalize the temperatures of the gas and air 

16 
in block 177, to be described. Preferably, blocks 177. 
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178 and 179 are made of 302 stainless steel or are 
made of 303 stainless steel. Blocks 177, 178 and 179 
may be made of these or any other conventional mate 
rials which have a fairly good thermal conductivity and 
are nonmagnetic. However, it makes little difference 
whether or not any of the cap screws shown in FIGS. 
6, 7, 8 and 15 are or are not magnetic. They may or 
may not be magnetic, as desired. 
The lower face 222 of block 178, shown in FIG. 9. 

fits on the face opposite 223 of block 177, shown in 
FIG. 10, with the cylindrical surface 225, shown in FIG. 
10, having an axis that is the same as that of conical sur 
face 220, shown in FIG. 9. The width and heights of 
blocks 177, 178 and 179 are all the same. They also are 
all aligned as in FIG. 6. 
As shown in FIG. 10, another cylindrical surface is 

provided at 224. Cylindrical holes 224 and 225 extend 
completely through the width of block 177, spaces in 
side thereof being mostly defined by the surfaces 224 
and 225. These spaces may be hereinafter referred to 
as the gas chamber 227 and the air chamber 226. Note 
that surface 222 in FIG. 9 closes one end of air cham 
ber 226. 
Air vane 110 extends into air chamber 226. Gas vane 

109 projects into gas chamber 227. 
As shown in FIG. 11, rod 186 is fixed in block 177 

by a set screw 230. Rod 186 and set screw 230 may also 
be sealed therein, if desired. As shown in FIG. 12, 
vanes 109 and 110 are silver soldered at 231 to respec 
tive circular inserts 233 and 232 fixed relative to block 
177 by screws 184 and 185, respectively. 

Inserts 232 and 233 have respective recesses 234 and 
235 at the bottom of which piezoelectric crystals 112 
and 111 are bonded with any conventional agent such 
as a conventional epoxy. 

In FIG. 12, note will be taken that the lower end of 
rod 186 is disposed slightly above the upper surface of 
vane 110, as viewed in FIG. 12. 

If desired, vanes 109 and 110 may be identical. 
Moreover, the upper and lower surfaces thereof may lie 
in two corresponding single planes. Certain symmetry 
will be evident from FIGS. 12 and 13. 
The location of the lower end of rod 186 above the 

vanes is indicated at A2 in FIG. 12. 
As shown in FIG. 12, inserts 232 and 233 have cylin 

drical portions 238 and 239, respectively, which mate 
with the cylindrical surfaces 224 and 225, respectively. 
Note will be taken that each vane is set the same dis 

tance in a corresponding insert in a notch therein which 
has a depth A3, shown in FIG. 12. The nearest vane 
edges are thus spaced distances from the crystals equai 
to A4, shown in FIG. 12. 
As shown in FIG. 14, rod 186 may have a flat 240 for 

set screw 230. 
As shown in FIGS. 15 and 16, block 179 has frusto 

conical surfaces 241 and 242 defining spaces from 
which air and gas are vented to the atmosphere respec 
tively through ferrules 189 and 188, respectively. 

In FIG. 17, assembly 103 is again illustrated with am 
plifiers 117 and 118, AGC circuits 119 and 120, power 
amplifier 113 and AM detector 114. 
Amplifiers 117 and 118 are identical. For this reason, 

only one of these amplifiers will be described in detail. 
The same is true of AGC circuits 19 and 120. 
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Amplifier 117 includes a differential amplifier 243 
having a noninverting input lead 244, an inverting input 
lead 245 and an output connected to a junction 246. 
One side of gas crystal 11 is connected to potential 

V. Lead 245 is connected to a junction 247. The other 
side of gas crystal 11 i is connected to junction 247 by 
a capacitor 248 and a resistor 249 connected in succes 
sion in that order therefrom. Potential V1 is connected 
to junction 250. A resistor 251 is connected between 
junctions 247 and 250. 

Junctions are provided at 252 and 253. A lead 254 
connects junctions 246 and 252. A resistor 255 con 
nects junctions 252 and 253. A resistor 256 is con 
nected from junction 253 to lead 244. 

In AGC circuit 19, a diode 257, a resistor 258 and 
a resistor 259 are connected in succession in that order 
from junction 252 to a junction 260 which is main 
tained at potential V1. Diode 257 is poled to be con 
ductive in a direction away from junction 252. Junc 
tions are also provided at 261,262, 263 and 264. AGC 
circuit 119 also includes a differential amplifier 265 
having non-inverting and inverting input leads 266 and 
267, respectively. 
Junction 261 connects lead 266 to the lower end of 

resistor 258 and to the upper end of resistor 259. A 
diode 268 is connected between junctions 260 and 262, 
and poled to be conductive in a direction toward junc 
tion 260. A resistor 269 is connected from junction 262 
to potential V2. A capacitor 270 is connected between 
junctions 263 and 264. A lead 271 connects junctions 
261 and 263, lead 267 being connected to junction 
263. 
AGC circuit 19 also includes a field effect transistor 

272 including a source 273, a drain 274 and a gate 275. 
A resistor 276 is connected between junction 264 and 
gate 275. Source 273 is connected to potential V1. 
Drain 274 is connected to junction 253 in amplifier 117 
via a capacitor 277. 
Power amplifier 113 includes a differential amplifier 

278 having a noninverting input lead 279, and an in 
verting input lead 278. Lead 279 is connected to a 
junction 280 which is maintained at potential V1. Lead 
278 is connected to a summing junction 281. Another 
junction is provided at 282. Summing resistors 283, 
284, 285 and 286 are respectively connected from am 
plifier 118, potentiometer wiper 287, junction 246 and 
coil 108 to summing junction 8. Wiper 287 is the 
wiper of a potentiometer 288 that has a winding 289. 
The lower end of winding 289 is connected to ground. 
The upper end of winding 289 is connected to potential 
V2. 
A current pickoff resistor 290 is connected between 

a junction 29E and junction 280. Junction 291 is con 
nected from one side of coil 08 and from one side of 
resistor 286. A resistor 292 and a capacitor 293 are 
connected in succession in that order from a junction 
294 to a junction 295. The right end of resistor 286 is 
connected to junction 294. A lead 296 is connected be 
tween junctions 281 and 294. 
Power amplifier 113 also includes transistors 298 and 

299. Transistor 298 has a collector 300, an emitter 301 
and a base 302. Transistor 299 has a collector 303, an 
emitter 304 and a base 305. A resistor 306 is connected 
from the output of amplifier 278 to the transistor bases 
302 and 305. The transistor emitters 30 and 304 are 
connected to an output junction 307. A resistor 308 is 
connected from collector 300 to potential V2. A resis 
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8 
tor 309 is connected from collector 303 to ground. 
Junctions 307 and 295 are connected together by a 
lead 310. Coil 108 is connected between junctions 291 
and 295. AM detector 114 is also connected from junc 
tion 397. 
Power amplifier 113 performs several functions. 

However, in general, it acts as a conventional analog 
adder to add unconventional signals together and apply 
them to coil 108 and AM detector 14. 
The output voltage at junction 307 is a level shifted 

sine wave modulated sine wave. Its average value is not 
zero (V1 is assumed to be 0 volts; ground, -10 volts 
and V2, -10 volts), 
Not only is the voltage at junction 307 a level shifted 

sine wave, this level shifted sine wave is also amplitude 
modulated by a sine wave. 
The D.C. shift of the modulated carrier is constant 

and is kept constant by feedback. This feedback is 
achieved by the use of resistor 290. The voltage drop 
across resistor 290 is essentially directly proportional 
to the current in coil 108. The voltage drop across re 
sistor 290 is added at summing junction 281 through 
resistor 286 and lead 296. 
The voltage drop across resistor 290 establishes a 

constant level shift in both the voltage across and the 
current through coil 108. This level shift can be 
achieved by adjusting the position of wiper 287 on the 
winding 289 of potentiometer 288. Thus, the voltage 
appearing at wiper 287 is added at summing junction 
28 through resistor 284, the voltage across resistor 
290 being added thereto by the connection of resistor 
286 from junction 291 to summing junction 281. 
The outputs of amplifiers 117 and 118 are added to 

gether at summing junction 281 through resistors 285 
and 283, respectively. 
An A.C. voltage feedback to establish a constant 

A.C. envelope component of voltage across coil 108 is 
achieved through the feedback from output junction 
307 through lead 310, junction 295, capacitor 293, re 
sistor 292, junction 294, lead 296 to summing junction 
28. 
As stated previously, power amplifier 113 acts as an 

analog adder which has three inputs that are added to 
two feedback inputs. The outputs of amplifiers 117 and 
118 are essentially sine waves. Thus, a better under 
standing of the power amplifier 113 may be obtained 
by reviewing what happens when two sine waves are 
added together. 
The equation for the voltage e at the output of the 

power amplifiers 113 and 297 in FIGS. 5 and 18, re 
spectively, involves the familiar trigonometric identity 

sin x + sin p = 2 sin (x + p.)/2 cos (x + 1)/2 (59) 

Thus, e may be defined. 
e = E + 2E sin (x + pu)/2 cos (x + pu)/2 (60) 

where, 
2E is the peak amplitude of the carrier, 
r = Naowt/2 (61) 

pu- Novt/2 (62) 

where, 
a = 6.28, 

t is time, 
N is one of the integers 1 and 2, 
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w is the frequency of the output signal of the gas crys 
tal, for example, and 

v is the frequency of the output signal of the air crys 
tal, for example. 

The notation 'N' is used in equations (32) and (33) 
to indicate that the driver coil may be used with or 
without D.C. bias. If used without, the air and gas crys 
tal frequencies will be double the driver coil carrier fre 
quency (x + 1)/2. A divide-by-two divider, for exam 
ple, would then have to be connected from each of the 
air and gas amplifiers. Thus, with a D.C. bias 

N = 

(63) 

and for no D.C. bias 

(64) 

From the foregoing, it will be appreciated that w can 
equal f, and that V can equal f. 
D.C. bias may also be avoided by making rod 186 a 

permanent magnet. 
The magnitude of E is determined by the resistance 

of resistor 290 and the setting of potentiometer 288. 
The magnitude of E may be one to five percent of E. 
because the D.C. resistance of coil 108 is usually much 
less than the A.C. resistance thereof. The magnitude of 
E, for example, may be within the range of 0.1 to 0.2 
volt, inclusive, or lower or higher than this range. The 
magnitude of E may be less than, equal to or greater 
than 12.5 volts. The magnitude of E should be suffi 
cient to prevent the current in coil 108 from going neg 
ative. 
The current, i, in coil 108 may be similarly expressed 
i = 1 + 2 sin (x + p.)/2 + d cos (x - u)/2 + d) 

where 11, 2, b and b are constants. 
Coil 108 acts as an inductor. The terms b1 and b2, 

therefore, represent any A.C. current component lag 
which may be present due to the inductive reactance of 
coil 108. 

It is not permitted that i go negative. Thus, I always 
equals or exceeds 22. 
The fundamental of the output of the power amplifier 

113 is, therefore, directly proportional to e, where 
e = 2E sin (x + p.)/2 cos (x + 1)/2 
In FIG. 17, AM detector 114 includes a diode 311 

connected from junction 307 in power amplifier 113 to 
a junction 312. Junctions are provided at other points 
in the AM detector 114 at 313, 314 and 315. A resistor 
316 is connected from junction 312 to potential V2. 
Diode 311 is poled in a direction away from junction 
312. A diode 317 is connected between junctions 312 
and 313, and poled in a direction toward junction 313. 
Junctions 313 and 34 are connected together by a 
lead 318. A capacitor 319 is connected between junc 
tions 313 and 315. A capacitor 321 is connected from 
junction 314 to phase detector 124 in FIG. 5. 
Capacitor 319, resistor 320, and capacitor 321 form 

a filter to attentuate the harmonics of the fundamental 
appearing at the input of AM detector 114. 
The output of the AM detector 114 is then a full 
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equal to one-half the difference between the frequen 
cies at which the vanes 109 and 110 vibrate. 

20 
It is by no means a limitation on this invention, but, 

for example, vanes 109 and 110 may vibrate at fre 
quencies of 315 or 316 Hz. The complete range of G 
in this case may be indicated from, for example, 0 to 
1.0 with a mean frequency difference of 1.0 to 2.0 Hz. 
A typical mean frequency difference for G = .0 may, 
for example, be 1.77 Hz. 
From the foregoing, it will be appreciated that a volt 

age directly proportional to the term DFAfin equation 
(52) is impressed upon the input of the output circuit 
of FIG. 5 because the product of the variable F from 
the T/P compensator and the AfD.C. analog voltage 
at the output of the amplifier in the phase locked loop 
is obtained by the multiplier. of (52) is then derived 
by an appropriate zero and span adjustments in the out 
put circuit which establishes S, W and X. 

If the multiplier output voltage ent is defined as 
e = WDFAf 3S4 

The zero adjust can subtract Z thus 
WDFAf, -Z S5) 

where, 
Z = W -- X, and 
W and X are both constants. 

Thus, 
WDFAf, - (W + X) and |S6) 

-W (1 - DFAf) - X 57 ) 

With the span adjustment, (57) can be multiplied by -S 
thus 

I = SW (1 - DFAf) + SX (58) 

The span adjust thus controls S, and the zero adjust on 
controls Z, where Z = W -- X. 
OPERATION OF THE GRAVITOMETER OF FIG. S 

In the operation of the gravitometer of FIG. 5, filter 
105 keeps the gas from pipeline portion 104 free of 
small particles. Pressure regulator 106 reduces the gas 
pressure and keeps it constant. This gas then flows at 
a slow rate through flowmeter 107 into block 178 and 
into the space 216. The temperature between the air in 
chamber 227 and the gas in chamber 226 is then equal 
ized, all of the blocks 177, 178 and 179 being thermally 
conductive. Air chamber 227 is kept open to the atmo 
sphere through dessicator 191 and vent tube 192. The 
interior of the gas chamber 226 is continuously purged 
at a very low rate and the gas therein is exhausted 
through ferrule 188, shown in FIG. 6. Gas and air crys 
tals 11 and 112 in FIG. 5 are then vibrated by impress 
ing a level shifted sine wave modulated sine wave car 
rier on drive coil 108. Although unexpected, this single 
drive coil 108 vibrates the gas and air vanes 109 and 
110, respectively, at respective different frequencies. 
These different frequencies are picked up by gas and 
air crystals 111 and 112, respectively. The amplified 
outputs of the cystals 111 and 112 then are impressed 
upon power amplifier 113 by amplifiers 117 and 118, 
respectively. AGC circuits 119 and 120 keep the peak 
amplitudes of the output signals of amplifiers 117 and 
118, respectively, constant and equal to each other. 
Power amplifier 113 adds the outputs of amplifiers 

117 and 118 together with current and voltage feed 
back signals, and a D.C. current level shift signal, if de 
sired. The output of power amplifier 113 is then Im 
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pressed upon drive coil 108 and AM detector 114. The 
output signal of power amplifier 113 is the said level 
shifted sine wave modulated carrier. AM detector 114 
can operate as an entirely conventional AM detector. 
It may, in fact, be a conventional AM detector. Thus, 
the output of AM detector 114 removes the level shift 
and produces an output signal which is impressed upon 
phase detector 124 in phase locked loop 115. The out 
put signal of AM detector 114 then is a full wave recti 
fied signal at the mean difference frequency. That is, 
the full wave sine wave rectified output signal of AM 
detector 114 is the same as a full wave rectified sine 
wave at the mean difference frequency. The mean dif 
ference frequency is hereby defined for use herein as 
one-half the difference between the frequencies of vi 
bration of the vanes 109 and 110. 
Phase locked loop 115 then produces an output volt 

age which is impressed upon multiplier 122. The output 
voltage of loop 115 is taken from the output of ampli 
fier 126 and is directly proportional to the said mean 
difference frequency. 
The voltage appearing at wiper 131 of potentiometer 

130 in multiplier 122 is then a product of two inputs. 
One of these is the output voltage of loop 115 on lead 
129. The other input is proportional to T/P and is de 
termined by the location of movable piston 132 in fixed 
cylinder 173. This determines the other input because 
it determines the location of potentiometer wiper 131 
on winding 134 by the connection 133 thereto. 
The input impressed upon output circuit 123 through 

resistor 138 from multiplier 122 is then a D.C. voltage 
which is directly proportional to the product of the 
ratio T/P and the said mean difference frequency. 
Output circuit 123 then can be employed to, through 

the same or any different conventional voltage-to 
current converter 136, produce an output current di 
rectly proportional to G, as explained previously. The 
position of wiper 158 of potentiometer 146 in output 
circuit 123 determines what level shift is required to 
make the current at output terminal 100 directly pro 
portional to G. The position of wiper 153 on potenti 
ometer 142 determines what the range of current will 
be for a particular range of G. Note will be taken that 
amplifier 137 in output circuit 123 again acts more or 
less as a simple analog adder. However, since the input 
signal is connected to the noninverting input of ampli 
fier 137, the zero adjust voltage at the potentiometer 
wiper 158 is thus effectively subtracted from the input 
signal. See the minus sign in front of Z in equation (55). 
For span, the output feedback voltage at junction 

156 is added to the voltage appearing at potentiometer 
wiper 158 at summing junction 155, which junction is 
connected to the inverting input of amplifier 137. 
THE ALTERNATIVE GRAVITOMETER OF FIG. 18 

In both the embodiments of FIGS. 5 and 18, the out 
put of the phase locked loop amplifier is a D.C. analog 
voltage which is substantially directly proportional to 
Af. 
The output voltage of the loop amplifier is then mul 

tiplied in FIG. 18 by a factor that is directly propor 
tional to the period At of the output of the square wave 
generator. In this case, the output circuit produces an 
output current, I, defined by 

I e SW (1 VAtAf) -- SX (65) 

where, 
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St is the gain of the amplifier in the output circuit, 
Z W -- Xt, w 
Z is the zero adjust of the amplifier in the output cir 

cuit, 
W = CIC, 
C is a constant, 
C2 is a constant, 
At F 1/f, -f, , and 
f, - -A/B. 

Again, from (51) and (65), 
dI/dO = SW = a constant (66) 

The input voltage to the output circuit of FIG. 18 is 
WVAtAf (67) 

because the product of At and Afi is taken with the con 
stants of proportionality W and V. The term (67) can 
be explained as follows. 

Substituting (45) into (43), (43) into (39), (39) into 
(38) and (38) into (33) 

From (34) 
p = At -- B (69) 

If p is the density of a vacuum, then 
G = 1 - AC Afi?p - po (70) 

because p = 0, to being equal to + 1/f, where f = - B/A 
and is the frequency of the crystal oscillator in FIG. 18. 
Subtracting (69) from (36) 
p - p = A(1lf, -1lf.) (71) 

As in (42) 
1 If, - 1/f, S C2 (f - f.) (72) 

Defining (f, -f,) = Af, (73) 

and Af, F 1/At (74) 

and substituting (74) into (73), (73) into (72), (72) 
into (71) and (71) into (70), 
G = 1 - VAtAf (75) 

Equation (75) is then the proof of (67) where V = 
C1/C2, and term (67) is the D.C. voltage analog of 
VAtAf. 

In FIG. 18, parts 400, 401, 402, 403, 404, 405, 406, 
407, 408, 297, 409, 410, 411, 412, 413 and 414 may 
be identical to the respective parts 104, 105,106, 107, 
103, 117, 118, 119, 120, 13, 114, 115, 124, 125, 126 
and 27 in FIG.S. 

In FIG. 18, an AM detector 417, a square wave gen 
erator 418, a switch 419, an integrator 420, a switch 
42, an output circuit 422 and utilization means 102 
are connected in succession in that order from an ana 
log adder 416. Adder 416 has one input from the out 
put of the air amplifier 406, and another input from a 
crystal oscillator 415. Oscillator 415 is crystal con 
trolled to produce an A.C. output signal which is con 
stant in frequency. This frequency is f, as defined here 
in before. 
A timing circuit 423 is connected from the output of 

square wave generator 418 to switch 421 and integra 
tor 420. 

Circuit 423 includes differentiators 424, 425, 426 
and 427. All of the differentiators in circuit 423 are 
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identical. Thus, only one differentiator will be de 
scribed. Differentiator 424 includes a capacitor 428, 
which is connected from the output of square wave 
generator 418 to a junction 429. A junction 430 is also 
provided. Junctions 429 and 430 are connected to 
gether by a lead 431. Another junction 432 is provided. 
A resistor 433 is connected between junctions 429 and 
432. A diode 434 is connected between junctions 430 
and 432. Diode 434 is poled to be conductive in a di 
rection toward junction 432, which is grounded. Diode 
434 is employed to shunt the positive pulses at junction 
429 to ground. All the differentiators in circuit 423 
thus produce only negative output pulses at the trailing 
edges of the input pulses thereto. 
An inverter 435, a one shot multivibrator 436, differ 

entiator 425, an inverter 437, a one shot multivibrator 
438, differentiator 426, an inverter 439, a one shot 
multivibrator 440, differentiator 427, an inverter 441 
and a one shot multivibrator 442 are connected in suc 
cession in that order from junction 430 in differentiator 
424. 

Crystal oscillator 415, adder 416, and AM detector 
417 are employed to produce an alternating output sig 
nal of a frequency equal to one-half the difference of 
the frequencies of the air vane and the crystal oscillator 
415. The output of AM detector 417 is then converted 
to a square wave by square wave generator 418. 
Timing pulses for multiplication are provided from 

the output of one shot 438 to switch 421 and from the 
output of one shot 442 to an input of integrator 420. 
Adder 416 may be entirely conventional, as shown in 

FIG. 19, including a resistor 443 connected from am 
plifier 406 to a summing junction 444, a resistor 445 
connected from oscillator 415 to summing junction 
444, an amplifier 446 connected from summing junc 
tion 444 to an output junction 447 and a feedback re 
sistor 448 connected between junctions 444 and 447. 
Junction 447 is then connected to AM detector 47. 
A schematic diagram of switch 419, integrator 420, 

switch 421 and a portion of output circuit 422 is shown 
in FIG. 20. Switches 419 and 421 may be simply field 
effect transistors 449 and 450, respectively. Switch 419 
is turned on over the duration of each output pulse of 
generator 418. Switch 419 is turned off at all times be 
tween the output pulses of generator 418. 
Switch 421 is a sampling switch which samples the 

output of integrator 420. Capacitor 451 is connected in 
parallel with the input to output circuit 422 and may be 
considered a part thereof. Capacitor 451 is a sampling 
capacitor. It stores the output voltage of integrator 420 
during the times that switch 421 disconnects the output 
of integrator 420 and capacitor 451. 
A resistor 452 is connected from switch 421 to ca 

pacitor 451 and may be considered as a portion of out 
put circuit 422, if desired. 

Integrator 420 is entirely conventional and includes 
junctions 453, 454, 455 and 456. An amplifier 457 is 
connected between junctions 453 and 455. Switch 421 
is connected from junction 455. Junctions 453 and 454 
are connected together. Similarly, junctions 455 and 
456 are connected together. A capacitor 458 is con 
nected between junctions 454 and 456. The same is 
true of a field effect transistor 459 which, when actu 
ated, acts as a switch to discharge capacitors 458 and 
reset integrator 420. Transistor 459 is thus actuated to 
discharge capacitor 458 upon receipt of pulses from 
one shot 442, as shown in FIG. 20. 
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The output pulses of square wave generator 418 are 

indicated at 460 in FIG. 21. Pulses then appear at the 
output junction 430 of differentiator 424 as indicated 
at 461 in FIG. 21. The output pulses of differentiator 
424 are then inverted as at 462 in FIG. 21. One shot 
436 then produces pulses as indicated at 463. Differen 
tiator 425 produces output pulses as indicated at 464. 
One short 438 produces output pulses as indicated at 
465. One shot 440 produces pulses indicated at 466. 
One shot 442 produces output pulses as indicated at 
467. 
Although much of the structure shown in output cir 

cuit 423 may be omitted, if desired, one shots 436 and 
440 provide time delays to prevent sampling during 
computing, and reset during sampling, respectively. 
For example, if pulses 463 have finite width, comput 
ing, which is done during the period of pulses 460, can 
not take place during sampling which occurs during 
pulses 465. Similarly, resetting during pulses 467 can 
not occur during sampling at 465. Moreover, the trail 
ing edges of pulses 467 do not overlap pulses 460. Re 
setting, therefore, does not occur during computing. 
The use of an integrator in an analog multiplier is old 

and well known in the art. It is used precisely for that 
purpose in FIG. 18. However, the inputs or other struc 
tures connected there with are by no means obvious or 
expected. 

Integrator 420 produces an output signal directly 
proportional to the product of the period of the output 
signal of square wave generator 418 and the D.C. volt 
age appearing at the output of amplifier 413. The D.C. 
voltage appearing at the output of amplifier 413 is di 
rectly proportional to the said mean frequency differ 
cCC. 

The output of square wave generator 418 has a pe 
riod which is directly proportional to the reciprocal of 
the frequency of the output signal of crystal oscillator 
415 minus the frequency of the output signal of air am 
plifier 406. 
The D.C. voltage at the output of amplifier 413 is di 

rectly proportional to the difference between the fre 
quencies of the output signals of amplifiers 405 and 
406. 
As stated previously, the use of an integrator for mul 

tiplication is old and well known in the art. The manner 
in which the multiplication is obtained, therefore, will 
not be explained in more detail herein. 

OPERATION OF THE ALTERNATIVE 
GRAVITOMETER OF FIG. 18 

In FIG. 18, the portion of the gravitometer shown 
above AM detector 409 operates in a manner identical 
to that described in relation to FIG. 5. 
As before, the output of power amplifier 297 is a 

level shifted sine wave amplitude modulated sine wave. 
AM detector 409 detects the said amplitude modula 
tion thereof. This is at the mean difference of the air 
and gas vane frequencies. AM detector 409, as before, 
attentuates the harmonics of the fundamental and the 
D.C. output voltage of amplifier 413 faithfully follows 
the mean difference between the frequencies of the gas 
and air vanes. 
Adder 416 adds two signals of equal peak amplitudes 

but of frequencies equal to those of the output signals 
of amplifier 406 and crystal oscillator 415, respec 
tively. As in the case of the output of power amplifier 
297, adder 416 has an output which again is, although 
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not level shifted, a sine wave amplitude modulated sine 
wave. The modulation of the output signal of adder 416 
is then detected by AM detector 417. AM detector 
4.17, as before, can also attenuate the harmonics of the 
fundamental, if desired. AM detector 417 may thus be 
of the same type as AM detector 114, shown in FIG. 
17, 
Square wave generator 418 may be entirely conven 

tional and produce a square wave output with a fre 
quency directly proportional to one-half the difference 
between the frequency of the output of crystal oscilla 
tor 415 and the frequency of the output of amplifier 
406. The width of pulses 460 in FIG. 21 is also directly 
proportional to the reciprocal of the frequency of the 
input signal to square wave generator 418. Coupling 
capacitor 321 in AM detector 114 in FIG. 17 may re 
move the D.C. If desired, square wave generator 418 
may simply be a high gain amplifier driven to saturation 
at the leading edge of each of the pulses 460. 
As explained previously, switch 419, integrator 420 

and switch 421 with timing circuit 423 act as a multi 
plier to obtain a D.C. voltage at the output of switch 
421 which is directly proportional to the product of the 
period of the output pulses of square wave generator 
418 and the D.C. voltage impressed upon switch 419 
from the output of amplifier 413. As stated previously, 
the D.C. voltage at the output of amplifier 413 is di 
rectly proportional to the difference between the air 
vane and gas vane frequencies of vibration. 
Output circuit 422 may be identical to output circuit 

123, shown in FIG. 5, with the exception that resistor 
452 and capacitor 451 are added thereto, as shown in 
FIG. 20. 

Utilization means 102 may be any one of a number 
of structures, as described hereinbefore. 
THE ALTERNATIVE EMBODIMENT OF FIGS. 22 

AND 29 

In FIG. 22, a filter and regulator is indicated at 500. 
This combination may include any conventional filter 
and regulator, e.g., filter 105 and regulator 106. Note 
will also be taken that the filter 401 and regulator 402, 
shown in FIG. 18, may likewise be conventional. The 
same is true of a flow meter 50, shown in FIG. 22, and 
all the other flowmeters disclosed herein. A pressure 
relay 502, a gravity cell 503 and a bleed orifice 504 are 
connected in succession in that order from filter and 
regulator 500 to flowmeter 501. Flowmeter 501 has a 
vent 505 to the atmosphere. 
Gravity cell 503 houses an air chamber 506 and a gas 

chamber 507. Air chamber 506 is charged with dry air. 
Air chamber 506 is then sealed. However, there is a 
connection between air chamber 506 and pressure 
relay 502 indicated at 508. However, the air in cham 
ber 506 cannot escape. 
Pressure relay 502 may be entirely conventional. It 

receives gas from a pipeline which has passed through 
filter and regulator 500 and admits this gas to chamber 
507. Pressure relay 502 and orifice 504 are so con 
structed and arranged that pressure relay 502 keeps the 
gas in chamber 507 at a pressure which is equal to the 
pressure of the air in chamber 506. 

Cell 503 is shown in FIG. 23 and is mounted resil 
iently on springs 509 relative to a fixed plate 510. Cell 
503 includes a block 51 1 which may be identical to 
much of the construction of blocks 177, 178 and 79 
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shown in FIG. 6, with these three blocks welded to 
gether in a gas tight manner. 

In FIG. 23, a drive coil Si2 is fixed to block 51 1, as 
before. Drive coil 512 has a cover 513 which is fixed 
to block 511 by cap screws 514. 
Block 511 has projections 515, 516, 517 and 518. A 

connecting tube 519 exists from projection 518 and en 
ters a thermally conductive block 520 having a slot 521 
therein. 
As before, block 511, including projections 515-518, 

may be made of a thermally conductive metal. The 
same is true of block 520. As shown in FIG. 27, tube. 
519 being hollow, the chamber 507 is filled with gas 
through a flexible bellows 522. This gas is circulated 
through tube 519, slot 521 and out through flexible bel 
lows 523. The left ends of bellows 522 and 523 are 
fixed relative to a plate 524. Plate 524, in turn, is fixed 
relative to plate 510. 

In FIG. 22, orifice 504 may be provided by an adjust 
able needle valve, if desired. However, this is not neces 
sary. For example, a ferrule 525 may be fixed inside a 
tube 526 connected to the left end of bellows 523, as 
shown in FIG. 27. 
As shown in FIG. 24, projections are also provided at 

527 and 528. See also FIG. 27. 
In FIG. 24, a flexible bellows 529 is connected from 

plate 524 to projection 528. See also FIG. 26. 
In FIG. 26, the gas chamber 507 and the air chamber 

506 are shown. Cantilever leaf spring vanes 530 and 
531 are vibrated in identical manner as the vanes de 
scribed hereinbefore. Moreover, the size and shape of 
vanes 530 and 531 may be identical to those described 
hereinbefore. The same is true of their mountings, ex 
cept that gas tight seals are provided by O-rings 532 
and 533, respectively. 

In FIG. 28, the pressure relay 502 is shown again. 
Pressure relay 502 receives inlet pressure from the out 
put of filter and regulator 500 at an inlet port 534. The 
outlet of regulator 502 to gas chamber 507 is taken at 
a port 535. Relay 502 has a vent at 536 to the atmo 
sphere. 
The pressure relay 502 of FIG. 28 is entirely conven 

tional. 
A sealed connection from air chamber 506 to the in 

terior 537 of a capsule 538 is provided in that the con 
nection is sealed through a port 539. 
Pressure relay 508 has a body 540 including a portion 

541 and a portion 542, between which a gasket 543 is 
sandwiched. 
Body 540 also includes a portion 544 and a portion 

545. A diaphragm 547 is sandwiched in between body 
portion 544 and 545. 
A nut 546' is threaded to body, portion 541 at 547. 

A seal 548 is provided between nut 546 and body por 
tion 54. A shaft 549 extends through nut 546' and is 
threaded through a ferrule 550 fixed in a bore 551 of 
body portion 541. A washer 552 extends around shaft 
549 and holds an O-ring 553 in an O-ring groove 554 
in the bottom of nut 546". Pressure is applied to washer 
552 by a helically coiled spring 555 which is mounted 
betwen ferrule 550 and washer 552. 

Shaft 549 has a longitudinal bore 556 which opens 
into the interior of capsule 538. Bore 556 is intercepted 
by a passage 557 transverse of shaft 549 that opens at 
both ends in port 539. Capsule 538 includes a ring 558 
fixed relative to shaft 549 and to half of the capsule 
538, as shown at 559. The other half is indicated at 
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560. A projection 561 is fixed to half 560 and adipated 
to engage one end 562 of a valve 563 that allows more 
or less of the incoming gas to flow through an opening 
564, depending upon the demand therefor. 
Gas passing through opening 564 can then flow be 

tween diaphragm 546 and body portion 542 at 565, 
through opening 566 and thence through the vent 536. 
Vent 536 is threaded into body portion 542 and 

sealed thereto by an O-ring 567. 
In FIG. 28, a backup plate 567 may be fixed to a plate 

568 by conventional means, if desired. However, the 
same is not necessary. A helically coiled spring 569 
then extends around a boss 569' integral with body por 
tion 542 and around a boss 570 fixed to plate 568. Dis 
tribution means 571 has ports 572 to distribute inlet gas 
arriving through an opening 573 throughout the space 
between diaphragms 546 and 547. Gas in the space be 
tween diaphragms 546 and 547 is allowed to escape to 
the atmosphere through one or more openings 574 
through body portion 544. One opening 574 is the only 
one shown. Further, this opening is shown in dotted 
lines. Valves 575 and 576 are fixed together via a stem 
577 and operate at tandem. Stem 577 has an enlarge 
ment 578 to keep valve 575 in a fixed position therein. 
Valve 576 allows more or less gas, if desired, to enter 

the space between diaphragm 547 and body portion 
545 through an opening 579. Opening 579 is provided 
through a resilient ferrule 580 fixed in a recess 581 in 
body portion 545. 
A plug 582 is threaded into body portion 545. Stem 

577 has another enlargement thereon as indicated at 
583. Stem 577 also has an end portion 584. A helically 
coiled spring 585 abuts stem portion 583 and extends 
around stem portion 584. Spring 585 is also retained in 
recess 586 in plug 582. 
End 562 of valve 563 is fixed to a flexible bellows 587 

that has holes 588 therethrough. Holes 588 permit gas 
above body portion 542 outside bellows 587 to pass 
through opening 564 and essentially be vented at 536. 

In the position shown, valve 576 is completely closed. 
It is not necessary for valve 575 to be closed in that po 
sition. 

THE OPERATION OF THE PRESSURE RELAY OF 
FIG. 28 

In the operation of the pressure relay 502, shaft 549 
is turned a proper amount until the gas in chamber 507 
has the same pressure as the air in chamber 506. The 
pressure of the gas in chamber 507 will then, at all 
times, be equal to the pressure of the air in chamber 
506. Since the volume in chamber 506 is effectively 
constant, the pressure of the air in chamber 506 will 
then vary according to Boyle's and Charles' Law. In 
other words, any increase in pressure and the air in 
chamber 506 produced by an increase in temperature 
will cause the pressure of the gas in chamber 507 to be 
increased an equal amount. The converse is also true. 
As the air pressure inside capsule 538 increases, 

valve 563 will be opened further. This will vent more 
of the pressure above body portion 542. Note that 
these chambers indicated at 589 and 590, respectively, 
are connected by a passageway 591. However, vent 
536 provides a restricted opening. This means that the 
pressure on the upper side of diaphragm 546 may be 
greater than the pressure in chamber 589. The dia 
phragms 546 and 547 can thus move in unison either 
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to close valve 575 and/or to open valve 576. The con 
verse is also true. 

THE EMBODIMENT OF FIGS. 29 AND 30 

Another block diagram of the gravitometer shown in 
FIG. 22 is again shown in FIG. 29. It is connected from 
a pipeline 592 via filter and regulator 500, pressure 
relay 502 and cell 503 to amplifiers 593 and 594. Am 
plifier 593 has an AGC circuit 595. Amplifier 594 has 
an AGC circuit 596. The outputs of amplifiers 593 and 
594 are impressed upon a power amplifier 597. The 
output of power amplifier 597 is impressed upon drive 
coil 512 via lead 598, and upon an AM detector 599 via 
a lead 600. A square wave generator 601, a frequency 
to-voltage converter 602 and an indicator 603 are con 
nected in succession from AM detector 599. 

OPERATION OF THE EMBODIMENT OF FIG. 29 

The embodiment of FIG. 29 is, in many respects, 
identical in operation to the other embodiments dis 
closed herein. However, by the use of the pressure 
relay 502 and the bleed orifice 504, it is possible to 
eliminate all electrical apparatus having to do with di 
viding by an analog directly proportional to the density 
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of air. 
In some cases, the use of square wave generator 601 

may be omitted. However, for an economical frequen 
cy-to-voltage converter 602, preferably square wave 
generator 601 is employed. 

In the operation of the system of FIG. 29, the output 
of converter 602 is a D.C. voltage directly proportional 
to gravity. The D.C. voltage may be indicated on indi 
cator 603. Indicator 603 may thus be simply a voltme 
ter calibrated in gravity. 
One embodiment of converter 602, shown in FIG, 

29, may take the form as shown in FIG. 30 having input 
terminals at 604 and 605, and output terminals at 606 
and 607, terminals 605 and 607 being grounded. 
The circuit of FIG. 30 includes various junctions at 

608, 609 and 610. The circuit of FIG. 30 also includes 
a differential amplifier 611 having a noninverting input 
612 connected from junction 609 and an inverting 
input 613 which is grounded. A capacitor 614 is con 
nected from junction 609 to ground. A resistor 615 is 
connected from terminal 604 to junction 608. A resis 
tor 616 is connected between junctions 608 and 609. 
A capacitor 617 is connected between junctions 608 
and 610. Terminal 606 is connected from junction 610 
and from the output of amplifier 611. 

THE EMBODIMENT OF FIGS. 31 AND 32 
Another embodiment of the present invention is illus 

trated in FIGS. 31 and 32. This embodiment may be 
employed with the filter and regulator 500, pressure 
relay 502 and the twin cell assembly 503, shown in FIG. 
29, and described herein before. 

In FIG. 31, an air crystal is indicated at 701 con 
nected to an input circuit 702 via a coaxial cable 703. 
A gas crystal 704 is connected to an input circuit 705 

via a coaxial cable 706. Input circuit 705 is identical to 
input circuit 702. Only input circuit 702 will thus be de 
scribed in detail. 
Two symbols for ground are employed in FIG. 31. 

One symbol indicated at 707 shows that the ground is 
an earth ground to the cell and pipe. Other grounds are 
indicated as at 708. This ground is only to the elec 
tronic chassis. The electronic chassis is thus insulated 
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from the said earth ground. Such isolation may or may 
not be employed, as desired. The said isolation is ac 
complished through the use of a transformer 709 in 
input circuit 702. 
Sometimes for ease of understanding, the type of 

ground indicated at 708 may be replaced with -10 
volts, V may be 0 volts and V may be +10 volts. In 
input circuit 702, a resistor 710 is connected from the 
center conductor of the cable 703 to earth ground. An 
amplifier 711 has a noninverting input connected to 
ground at 712, and an inverting input connected from 
a junction 713. Amplifier 711 has an output connected 
to a junction 714. A resistor 715 and a capacitor 716 
are both connected between junctions 713 and 714. A 
junction 717 is connected both to the center conductor 
of the cable 703 and to one end of resistor 710. A ca 
pacitor 718 is connected between junctions 717 and 
713. 
Transformer 709 has a primary winding 719 and a 

secondary winding 720. A capacitor 721 is connected 
in series with primary 719 to earth ground from junc 
tion 714 in that order. A resistor 722 is connected 
across secondary 720 at junctions 723 and 724. Junc 
tion 724 is maintained at potential V. An amplifier 725 
is provided having a non-inverting input connected to 
potential V1 and an inverting input connected to a junc 
tion 726. Amplifier 725 has an output connected to a 
junction 727. A resistor 728 is connected between 
junctions 726 and 727. A capacitor 729 is connected 
between junctions 723 and 726. 
Amplifier 725 is driven into saturation. It, therefore, 

acts as a limiter. Any conventional limiter may be em 
ployed at this point. However, for this reason, the reso 
nant frequency at which the air vane operates is formed 
into a square wave shown at 730, the resonant fre 
quency at the input to the limiter being a sine wave as 
indicated at 731. Similarly, the output of input circuit 
705 is a square wave 732 which has a pulse repetition 
frequency (PFR) equal to the resonant frequency of 
the gas vane. Note will be taken that the pulse widths 
and the frequencies of the square waves 730 and 732 
will be different for gas having a density different from 
that of air. However, the frequency difference for the 
range of the instrument may be only from 1 to 3 per 
cent. The same is true of the pulse widths of the square 
waves 730 and 732. Typically, the resonant frequencies 
of the air and gas vanes may be very close to 300 Hertz. 
The square waves 730 and 732 are impressed upon 

an analog adder 733 and are added thereby. Adder 733 
thus acts as a power amplifier for a driver coil 734. 
Adder 733 has one input resistor 735 connected from 
junction 727 to a junction 736. Adder 733 has another 
resistor 737 connected from the output of input circuit 
705 to junction 736. 
Adder 733 also includes an amplifier 738 having a 

non-inverting input connected to potential V1 and an 
inverting input connected to a junction 739. Adder 733 
has an output junction 740. A capacitor 741 is con 
nected from output junction 740 to a junction 742. 
Driver coil 734 is connected from junction 743 to chas 
sis ground. A constant current source 743 has an out 
put connected to junction 742 to maintain a constant 
D.C. current through driver coil 734 which is larger 
than the peak A.C. current therethrough. 

In adder 733, a resistor 744 is connected between 
junctions 739 and 740. Adder 733 also includes transis 
tors 745 and 746. Transistor 745 includes a collector 
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747, an emitter 748 and a base 749. Transistor 746 in 
cludes a collector 750, an emitter 751 and a base 752. 
Bases 749 and 752 are connected to a junction 753. A 
resistor 754 is connected from the output of amplifier 
738 to junction 753. Emitters 748 and 751 are con 
nected together at a junction 755. Junctions 740 and 
755 are connected together. A resistor 756 is con 
nected from collector 750 to chassis ground. A resistor 
757 is connected from collector 747 to potential V. 
An AM detector 758 is connected from the output of 

adder 733 at junction 740 to the input of a squarer 750 
at a junction 760. AM detector 758 is identical to AM 
detector 14 and, therefore, will not be described. 
Squarer 759, which may be an entirely conventional 
Schmidt trigger, has an input resistor 761 having one 
end connected to potential V1, and its other end con 
nected to junction 760. Squarer 759 includes an ampli 
fier 762 having an inverting input connected from junc 
tion 760 and non-inverting input connected from a 
junction 763. A resistor 764 is connected from junction 
763 to potential V. The output of amplifier 762 is con 
nected to a junction 765. A resistor 766 is connected 
between junctions 763 and 765. Junction 765 is con 
nected to a frequency voltage converter 767, shown in 
FIG. 32. In particular, junction 765 in FIG. 31 is con 
nected to a junction 768 in FIG. 32. 
Source 743, shown in FIG. 31, may be any conven 

tional constant current source. Source 743 includes an 
amplifier 769 having a non-inverting input connected 
to potential V1. Amplifier 769 has an inverting input 
connected from a junction 770. A resistor 771 is con 
nected from junction 770 to potential V. Source 743 
also includes transistors 772 and 773. Transistor 772 
includes a collector 774, an emitter 775 and a base 
776. Transistor 773 includes a collector 777, an emitter 
778 and a base 779. 
The output of amplifier 769 is connected to transistor 

base 776. Emitter 775 is connected to base 779, Col 
lector 774 is connected to a junction 780. Emitter 778 
is connected to junction 770. Collector 777 is con 
nected to junction 780. A resistor 781 is connected be 
tween junctions 780 and 742. 

In FIG. 32, converter 767 includes a pulse former 
782 connected from squarer 759, and a low pass filter 
783 connected from pulse former 782 to a voltage-to 
current converter 784. The output of voltage-to 
current converter 784 is connected to utilization means 
785. Utilization means 785 may be a D.C. milliamme 
ter calibrated in gravity, or it may be any other utiliza 
tion means described herein. 

Voltage-to-current converter 784 may be identical to 
voltage-to-current converter 136 and, therefore, will 
not be described. 

In FIG. 32, pulse former 782 includes a diode 786 
connected from junction 768 to a junction 787 and 
poled in a direction to be conductive toward junction 
787. A diode 788 is connected from junction 768 to a 
junction 789 and poled to be conductive in a direction 
toward junction 768. Junctions are provided at 790 and 
791 which are connected together. A resistor 792 is 
connected between junctions 789 and 790. A resistor 
793 is connected between junction 790 and 787. Field 
effect transistors are provided at 794 and 795. Transis 
tor 794 has a gate 796 connected from junction 789, a 
drain 797 connected from a junction 798 and a source 
799 connected to junction 791. Transistor 795 has a 
gate 800 connected from a junction 787, a drain 801 
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connected from junction 791 and a source 802 con 
nected to one side of a resistor 803 in filter 783. A re 
sistor 804 is connected from junction 791 to potential 
V. A resistor 805 is connected from junction 798 to 
potential V. A zener diode 806 is connected from po 
tential V to junction 798. Zener 806 has an anode 807 
and a cathode 808, cathode 808 being connected to 
junction 798. 

Filter 783 includes an amplifier 809 having an in 
verted input connected from a junction 810, a non 
inverting input connected from potential V and an 
output connected to a junction 811. Filter 783 has vari 
ous junctions 812, 813, 814, 815, 816, 818, 819, 820, 
821, 822 and 823 throughout the circuit thereof. 

Filter 783 includes a potentiometer 824 having a 
winding 825 and a wiper 826. Winding 825 is con 
nected between potential V and chassis ground. A re 
sistor 827 is connected from wiper 826 to junction 810. 
Junctions 810 and 812 are connected together. The 
same is true of junctions 811 and 813. A capacitor 828 
and a resistor 829 are connected in parallel between 
junctions 812 and 813. A resistor 830 is connected be 
tween junctions 811 and 814. A resistor 831 is con 
nected between junctions 814 and 815. A capacitor 
832 is connected from junction 815 to potential V. 

Filter 783 includes an amplifier 833 having a non 
inverting input connected from junction 815 and an in 
verting input connected from junction 816. A capacitor 
834 is connected between junctions 814 and 816. 
The output of amplifier833 is connected to junction 

818. 
Filter 783 also includes a transistor 835 having a col 

lector 836, an emitter 837 and a base 838. Base 838 is 
connected from junction 818. A resistor 839 is con 
nected from collector 836 to potential V. Emitter 837 
is connected to junction 820. All four of the junctions 
819, 820, 821 and 822 are connected together. Junc 
tion 816 is also connected to junction 819. A diode 840 
is connected from junction 821 to junction 818, and is 
poled to be conductive in a direction toward junction 
818. A potentiometer is provided at 841 having a wind 
ing 842 and a wiper 843. Wiper 843 is connected to 
junction 821. Winding 842 is connected between junc 
tions 822 and 823. A resistor 844 is connected between 
junctions 819 and 823. A resistor 845 is connected 
from junction 823 to a junction 846 in converter 784. 

In FIG. 31, the envelope of the A.C. voltage across 
driver coil 734 is indicated at 847. The notches 848 in 
the envelope 847 occur at a frequency which is twice 
the difference between the air vane frequency and the 
gas vane frequency. 
The envelope 847 is halfway rectified and appears at 

849 at a junction 850 in AM detector 758. Squarer 759 
produces output pulses 851 at the notch frequency. 

In FIG. 32, pulse former 782 produces a waveform as 
indicated at 852, the leading edge 853 of each pulse is 
coincident with the leading edge of each corresponding 
one of the pulses 851. A capacitor 854 is connected 
from junction 791 with resistor 804 to potential V. 
The capacitor 854 with resistor 804 form an RC circuit 
that begins to discharge at a time 855 coincident with 
the trailing edge of a corresponding one of the pulses 
851. This provides pulses at 856 at the source 802 of 
field effect transistor 795. Pulses 856 are precisely 
formed and have the same shape throughout operation. 
They are generated at a rate variable with the differ 
ence between the air vane frequency and the gas vane 
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frequency. Low pass filter 783 then produces a D.C. 
output voltage on a lead 857 which is directly propor 
tional to the PRF of pulses 856. 
Converter 784 converts the D.C. voltage on lead 857 

to a D.C. current which is supplied to utilization means 
785. 

In FIG. 33, square waves 730 and 732 are indicated 
again. When square waves 730 and 732 are added to 
gether, the waveform 858 is obtained. From the follow 
ing Fourier analysis of the waveform 848, by inspec 
tion, the envelope 847 of the fundamental may appear 
as shown in dotted lines in FIG. 33. 
The envelope 847 is again shown in FIG. 34 with a 

fundamental carrier 860. 

THEORY OF OPERATION OF THE EMBODIMENT 
OF FIGS. 31 AND 32 

In FIGS. 31 and 32, the outputs of the input circuits 
are square waves. That is, they are perfectly square. 
The mark to space ratio is substantially equal to unity 
in each case. The frequency of one is slightly different 
from the other. The same is true of their pulse widths. 
However, the square wave amplitude in each case is the 
Sale. 

It is well known that the Fourier analysis of a square 
wave yields 
y = 4E/IT (cos x - 1/3 cos 3.x + 1/5 cos 5x. - 17 
cos 7x + . . . ) 

where 
X = 2ift, 
n = 3.1416, 
f, is frequency, and 
t is time. 
The Fourier analysis of the output of the air input cir 

cuit yields 
y = 4E/T (cos X - 1/3 cos 3 x + . . . ) 

where 
x = 2nft, and 
fis, for example, 300 Hz. 
The Fourier analysis of the output of the gas input 

circuit yields 
y = 4E/T (cos kx - 1/3 cos 3kx + . . . ) 

where, 
F 1 -t A, and 

A is in the range 0.003 to 0.01. 
Using the trigonometric identity 
cos u + cos v = 2 cos u + v/2 cos u - V12 y + y, 

8E/ar cos x + kx12 cost-Ax/2 - % cos 3.x -- 3 kx/2 
cost-3Ax/2 + 115 cos 5 -- 5k/2 cost5Ax/2 - 1/7 
cos 7 x + 7.kr/2 cost-7Ax/2 + . . . ) 

Note that the driver coil may have an inductive reac 
tance given by 
X = 2nfL 

where L is the inductance, and f = f-- kfl2. 
The term f is the fundamental carrier. Note, 
x + kx/2 = x(1 + k)/2 = 2aft X 1 + k/2 = 2nt X f-- 

kf/2 
Note that the amplitude of the third harmonic is one 

third that of the fundamental. However, the inductive 
reactance of the driver coil triples for the third har 
monic, 3f. Thus, the driver coil current may be, more 
or less, only about 11 percent of the fundamental am 
plitude. It is thus possible to use square waves rather 
than sine waves at the outputs of the input circuits with 
out disturbing the resonant operation of the device as 
two combined electromechanical oscillators. More 
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over, the circuit is more economical to construct be 
cause the square waves are used. 

It is important to note two things: 
1. There are no even harmonics. 
2. All odd harmonics go to zero when the fundamen- 5 

tal goes to zero. 
This means that a sharp notch in the envelope is cre 
ated. The notches may be much deeper than as shown 
in FIG. 34. This provides for exceptionally good moni 
toring of the fundamental envelope frequency. 10 
Not only does the terms cos 3.x, cos 5x, etc., go to 

zero when cos x = 0, the terms cos 3Ax/2, cos 5Ax/2, 
etc., go to zero when cos Ax/2 = 0. That is, not only 
the odd harmonics all go to zero at the same time, 
their envelopes all go to zero at the same time as well. 15 
OPERATION OF THE EMBODIMENT OF FIGS. 31 

AND 32 

In the operation of the embodiment shown in FIGS. 
31 and 32, input circuit 702 produces square wave 730 
at the frequency of the air vane. Input circuit 75 pro 
duces the square wave 732 at the frequency of the gas 
vane. Square waves 730 and 732 are then added to 
gether by adder 733. The A.C. component at the out 
put of adder 733 is then supplied to driver coil 734 via 
D.C. blocking capacitor 741. Constant current source 
743 maintains the D.C. current in driver coil 734 at an 
amplitude greater than the peak amplitude of the A.C. 
current therein. Thus, the instantaneous current in 30 
driver coil 734 flows in one direction only there 
through. 
AM detector 758 produces, by rectification, one-half 

of the envelope 847 shown in FIG. 31. This halfportion 
is indicated at 849 in FIG. 31. Squarer 759 produces 35 
pulses 851. Each pulse 851 has a leading edge with a 
slope which is substantially infinite. Each pulse 751 
also has a trailing edge with a slope which is substan 
tially infinite. Pulse former 782, responsive to the 
pulses 851, produces the waveform 852. From this, 40 
pulses 856 are obtained. Pulses 856 thus all have a 
leading edge, the slope of which is substantially infinite. 
Moreover, the decaying portions of all of the pulses 
856 are substantially identical. Thus, when the pulses 
856 are passed through the low pass filter 783, the out- 45 
put of the low pass filter 783 on lead 857 is a D.C. volt 
age directly proportional to the difference between the 
frequency of the air vane and the frequency of the gas 
vane. Moreover, a zero adjustment is provided by po 
tentiometer 824, and a span adjustment is provided by 50 
potentiometer 840. This means that it is possible then 
to cause the D.C. voltage on lead 857 to be directly 
proportional to gravity. The mathematical develop 
ments made hereinbefore apply equally as well to this 
CaSC, 55 

Voltage-to-current converter 784 converts the D.C. 
voltage directly proportional to gravity to a D.C. cur 
rent directly proportional to gravity which is impressed 
upon utilization means 785. 

SUMMARY 

From the foregoing, it will be appreciated that an 
input directly proportional to F and an input directly 
proportional to Af, is supplied to multiplier 122 in FIG. 
5 by connection 133 and on lead 129, respectively. The 
output of multiplier 122 is thus directly proportional to 
FAf, found in equation (51). 
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In FIG. 18, one input is supplied to switch 419 from 

square wave generator 418. This is an analog input. 
The time width of pulses 460 at the output of generator 
418 is directly proportional to the reciprocal of the dif 
ference between the frequencies at the outputs of am 
plifier 406 and crystal oscillator 415. This is the time 
width At. The input to switch 419 from amplifier 413, 
in FIG. 18, is again directly proportional to Af. Thus, 
the output of switch 421, through the use of the inte 
grator 420 as a multiplier, is, therefore, directly propor 
tional to the product of At and Afi which can be found 
in equation (75). 
The phase "alternating voltage' is hereby defined for 

use herein and in the claims to include, but not be lim 
ited to, either a sine wave or the sum of a sine wave and 
a D.C. voltage where the sine wave has a peak ampli 
tude greater than, equal to or less than that of the D.C. 
voltage. 
The air and gas flow into and out of block 177, shown 

in FIG. 6, may or may not be perfectly fluid tight, as de 
sired. It will be noted that, when operating at very low 
pressures, the need for sealing, in some cases, may not 
practically exist. 

In FIG. 12, if desired, dimension A5 may be 0.015 
inch, but this dimension is not critical. Similarly, in 
FIG. 12, dimension A2 may be 0.03 inch, but this di 
mension is not critical. Surfaces 224 and 225 may have 
a diameter of 1 inch. Vanes 109 and 110 may each 
have a maximum horizontal dimension, as viewed in 
FIG. 12, of 1 inch. Again, the 1 inch dimension is not 
critical. 
Assuming the foregoing dimensions, in FIG. 12, di 

mension A3 would then be 0.015 inch. Dimension A4 
might typically be 0.005 inch, but, again, this dimen 
sion is not critical. 

Inserts 232 and 233, shown in FIG. 12, may be per 
fect solids of revolution except for surfaces 238 and 
239. However, the inserts 232 and 233 need not be of 
this particular configuration. For example, insert 232 
could be a solid of revolution about a horizontal axis in 
the plane of the drawing of FIG. 12 about which the cy 
lindrical surface of recess 234 is concentric. Surface 
238 is a portion of a surface of revolution bounded by 
two planes intercepting the same through the axis of 
chamber 227. The radius of surface 238 is thus one-half 
inch, assuming the dimensions used are those given 
hereinbefore. A mathematical cylinder defined by a cy 
lindrical surface of a diameter of 1 inch would thus lie 
congruent with surfaces 238 and 239 in FIG. 12. 
That portion of the apparatus shown in FIG. 12 may 

be considered to be, if desired, precisely symmetrical 
about a plane perpendicular to the drawing through the 
axis of rod 186. However, perfect symmetry is, of 
course, not a requirement. In other words, inserts 232 
and 233 may be identical, although that is not required. 
The relative amplitudes and pulse widths of all the 

waveforms in FIG. 21 are not necessarily shown pre 
cisely to scale. 
The word "densitometer,' as used herein and in the 

claims, is hereby defined to include, but not be limited 
to, a device for producing an electrical output signal of 
a magnitude directly proportional to density, and it 
may or may not include any one or more utilization 
means therefor. 
The word “gravitometer' is hereby defined for use 

herein and in the claims to include, but not be limited 
to, any device for producing an electrical output signal 
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directly proportional to the ratio of the density of a gas 
to the density of air at the same temperature and pres 
sure, the device either including or not including any 
utilization means therefor. 
The word "indicate' in any of its forms is defined 

hereby for use herein and in the claims to mean the 
production of a signal which represents a predeter 
mined variable. The word indicate in any of its forms 
as used herein, therefore, does not necessarily mean a 
visual indication which can be seen by the human eye. 
The word indicate is also hereby defined to include a 
device which produces an output that may or may not 
be connected to some utilization means. 
The word "measuring' is hereby defined to include, 

but not be limited to, producing an indication, where 
the word indicate is implicitly defined in the foregoing 
definitions of indicate. This definition of measuring is 
made herein hereat for use herein and in the claims. 
Vanes 109 and 110 preferably are made of Ni-Span 

C, a conventional magnetic material. However, the use 
of this magnetic material is not critical. The material 
Ni-Span-C is preferred because it has a very low ther 
mal coefficient of expansion. The material N-Span-C is 
old and well known in the art, by itself. 

In FIG. 13, dimension A6 may be 1.0 inch, if desired. 
However, this dimension is not critical. 
Each of the vanes 109 and 110 may have a thickness 

of 0.010 inch, although this thickness is not critical. If 
desired, vanes 109 and 110 may be silver soldered to 
inserts 233 and 232, respectively, in slots slightly larger 
than 0.010 inch. Such insert slots are preferably no 
larger than is necessary to permit an easy sliding fit of 
the vanes thereinto, 

Preferably, the free vibratable ends of vanes do not 
touch the contiguous surfaces of block 177. 
The accuracy of the gravitometers of FIGS. 5 and 18 

herein may be within an error of about 0.2 percent or 
less over a gravity range of 0.0 to 1.0. 
From the foregoing, it will be appreciated that the 

systems of FIGS. 1 and 4 may be employed with or 
without one or the other of the gravitometers of FIGS. 
5 and 18. That is, the systems of FIGS. 1 and 4 may, in 
some cases, employ conventional gravitometers. How 
ever, the use of one of the gravitometers of FIGS. 5 and 
18 is preferred. 
Blocks 177, 178 and 179, shown in FIG. 6, are pref 

erably, but not necessarily, made of 303 stainless steel. 
The use of this material is not critical, but the blocks 
177, 178 and 179 preferably are made of a thermally 
conductive nonmagnetic material. 

All gas and air connections herein, if desired, may be 
made with conventional Locktite, but, as explained 
previously, this is not necessarily required. 
When used in connection with the flowmeters of 

FIGS. 1 and 4, voltage-to-current converter 136 may 
be omitted in the gravitometers of FIGS. 5 and 18, and 
multipliers 36 and 81 may be connected directly from 
the lower end of potentiometer winding 152. In this 
case, potentiometer 146 may be adjusted to set X = 0, 
where the output voltage at the lower end of potenti 
ometer winding 152 is directly proportional to what 
would be I or I. 
Counter 46 in FIG. 1 may be a conventional binary 

counter, if desired. Indicator 10' may include, if de 
sired, a row of lamps. One and only one of these lamps 
may then be connected from each stage of counter 46. 
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Indicator 10' may also be any other conventional digi 
tal indicator. 
The word "connector,' as used in any of its forms 

herein, is hereby defined to describe a connection 
made by a fluid conduit, a hydraulic or pneumatic de 
vice, an electrical lead or an electrical component. 
From the foregoing, it will be understood that any 

one or more or all portions of one embodiment of this 
invention may be combined with or substituted for any 
one or more or all portions of another embodiment 
without departing from the invention. 

In each of the input circuits 702 and 705 shown in 
FIG. 31, if total isolation is desired, amplifier 711 and 
the corresponding amplifier in input circuit 705 may be 
supplied with power from a power supply separate and 
wholly isolated from the power supply which supplies 
the voltages V1 and V2. 
The word "squarer' is hereby defined to include any 

pulse shaping network which provides consistently at 
least one trailing or leading edge which has a substan 
tially infinite slope. For example, squarer 759 in FIG. 
31 need not provide pulses 851 with perfect or large 
slope leading edges. Further, neither the amplitudes 
nor the pulse widths of the pulses 851 are critical. They 
need not be absolutely constant. 
Note will be taken that a permanent magnet may be 

substituted for constant source 743 in FIG. 31. That is, 
driver coil 734 may be wound upon a permanent mag 
net. 
The phase "source means' is hereby defined for use 

herein and in the claims to mean, in the laternative, ei 
ther only one or more than one of the following: a pres 
sure regulator, a conduit, a fitting or otherwise. 
What is claimed is: 
1. A gravitometer comprising: a body having first and 

second chambers therein to contain air and a gas of in 
terest, respectively; first and second spring metal ferro 
magnetic cantilevered vanes mounted in said first and 
second chambers, respectively, each vane having one 
end fixed relative to said body and a free end opposite 
thereof for immersion in said air and gas, respectively, 
said first vane free end being positioned to vibrate back 
and forth in a first pair of predetermined opposite di 
rections in said first chamber without touching said 
body, said second vane free end being positioned to vi 
brate back and forth in a second pair of predetermined 
opposite directions in said second chamber without 
touching said body, said first pair of directions being 
approximately parallel to the direction in which the 
thicknesses of both of said first and second vanes are 
measured, said second pair of directions being approxi 
mately parallel to the direction in which the second 
vane thickness is measured; driver coil means fixed rel 
ative to said body in a position to attract said vane free 
ends when said coil is energized; first and second piezo 
electric crystals fixed relative to and contiguous to the 
said one end of said first and second vanes, respec 
tively; amplifier means connected from both of said 
crystals to said driver coil means to impress an output 
signal on said driver coil means to cause said first and 
second vanes to vibrate continuously at respective fre 
quencies equal to the frequencies of the output signals 
of said first and second crystals, respectively, said am 
plifier means including means to produce a sum signal 
directly proportional to the sum of the output signals of 
said crystals, said amplifier means being connected to 
said driver coil to impress said sum signal thereon; 
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computer means connected from both of said crystals 
to produce an output signal responsive to the outputs 
of said crystals which is directly proportional to I, 
where dI/dG equals a constant and G = p/p, where p 
is the density of said gas, and p is the density of said 
air, and utilization means connected from said com 
puter means to receive said output signal thereof. 

2. The invention as defined in claim 1, wherein said 
amplifier means includes first and second amplifiers 
connected from said first and second crystals, respec 
tively, first and second AGC circuits connected from 
the respective outputs to the respective AGC inputs of 
said first and second amplifiers, a power amplifier hav 
ing first, second and third inputs and an output, first, 
second and third resistors connected respectively from 
said first, second and third inputs to a summing junc 
tion, said first input being connected to a first junction, 
a fourth resistor connected from said first junction to 
a point of reference potential, one side of said coil 
being connected to said first junction, said first and sec 
ond amplifier outputs being connected respectively to 
said second and third inputs, a capacitor and a fifth re 
sistor connected in series in that order from said power 
amplifier output to said summing junction, said power 
amplifier output being connected to the other side of 
said coil. 

3. The invention as defined in claim 2, wherein offset 
means are provided including an auxiliary resistor con 
nected to said summing junction to supply a substan 
tially constant voltage thereto. 

4. The invention as defined in claim 3, wherein said 
offset means is adjustable to adjust the magnitude of 
said constant voltage. 

5. A gravitometer comprising: a body having first and 
second chambers therein to contain air and a gas of in 
terest, respectively; first and second spring metal ferro 
magnetic cantilevered vanes mounted in said first and 
second chambers, respectively, each vane having one 
end fixed relative to said body and a free end opposite 
thereof for immersion in said air and gas, respectively, 
said first vane free end being positioned to vibrate back 
and forth in a first pair of predetermined opposite di 
rections in said first chamber without touching said 
body, said second vane free end being positioned to vi 
brate back and forth in a second pair of predetermined 
opposite directions in said second chamber without 
touching said body, said first pair of directions being 
approximately parallel to the direction in which the 
thickness is of both of said first and second vanes are 
measured, said second pair of directions being approxi 
mately parallel to the direction in which the second 
vane thickness is measured; driver coil means fixed rel 
ative to said body in a position to attract said vane free 
ends when said coil is energized; first and second piezo 
electric crystals fixed relative to and contiguous to the 
said one end of said first and second vanes, respec 
tively; amplifier means connected from both of said 
crystals to said driver coil means to impress an output 
signal on said driver coil means to cause said first and 
second vanes to vibrate continuously at respective fre 
quencies equal to the frequencies of the output signals 
of said first and second crystals, respectively, said an 
plifier means including means to produce a sum signal 
directly proportional to the sum of the output signals of 
said crystals, said amplifier means being connected to 
said driver coil to impress said sum signal thereon; sen 
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Sor means for producing an output directly propor. 
tional to F, where 
F - Ta/P where T is the temperature of ambient 

air, and P is the pressure of ambient air; computer 
means connected from both of said crystals and 
from said sensor means to produce an output signal 
directly proportional to I, where dI/dG is equal to 
a constant, and 

G = 1 - DFAf 
where 
Aff, f f, is the frequency of the output signal 
of said second crystal, f, is the frequency of the 
output signal of said first crystal, and D is a con 
Stant. 

6. The invention as defined in claim 5, wherein said 
amplifier means includes first and second amplifiers 
connected from first and second crystals, respectively, 
first and second AGC circuits connected from the re 
spective outputs to the respective AGC inputs of said 
first and second amplifiers, a power amplifier having 
first, second and third inputs and an output, first, sec 
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ond and third resistors connected respectively from 
said first, second and third inputs to a summing junc 
tion, said first input being connected to a first junction, 
a fourth resistor connected from said first junction to 
a point of reference potential, one side of said coil 
being connected to said first junction, said first and sec 
ond amplifier outputs being connected respectively to 
said second and third inputs, a capacitor and a fifth re 
sistor connected in series in that order from said power 
amplifier output to said summing junction, said power 
amplifier output being connected to the other side of 
said coil. 

7. The invention as defined in claim 6, wherein offset 
means are provided including an auxiliary resistor con 
nected to said summing junction to supply a substan 
tially constant voltage thereto. 

8. The invention as defined in claim 7, wherein said 
offset means is adjustable to adjust the magnitude of 
said constant voltage. 

9. The invention as defined in claim 8, wherein said 
computer means includes a main AM detector con 
nected from the output of said power amplifier, a phase 
locked loop connected from said AM detector includ 
ing a phase detector, a low pass filter, an amplifier and 
a VCO connected in succession in that order from said 
main AM detector, said VCO having its output con 
nected to said phase detector, said sensor means in 
cluding a potentiometer having a winding including 
first and second ends, and a movable wiper, said first 
winding end being connected from the output of said 
loop amplifier, said second winding end being con 
nected to a point of reference potential, a cylinder, a 
piston reciprocable in said cylinder, said piston sealing 
a quantity of air in said cylinder, means to move said 
wiper on said winding at a rate directly proportional to 
the rate of movement of said piston relative to said cyl 
inder as the ambient air temperature and/or pressure 
changes, and an output amplifier connected from said 
wiper to add a manually adjustable voltage of a prede 
termined polarity to the voltage appearing at said 
wiper, said output amplifier having a manually adjust 
able gain. 

10. A gravitometer comprising: a body having first 
and second chambers therein to contain air and a gas 
of interest, respectively; first and second spring metal 
ferromagnetic cantilevered vanes mounted in said first 
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and second chambers, respectively, each vane having 
one end fixed relative to said body and a free end oppo 
site thereof for immersion in said air and gas, respec 
tively, said first vane free end being positioned to vi 
brate back and forth in a first pair of predetermined op 
posite directions in said first chamber without touching 
said body, said second vane free end being positioned 
to vibrate back and forth in a second pair of predeter 
mined opposite directions in said second chamber with 
out touching said body, said first pair of directions 
being approximately parallel to the direction in which 
the vane thickness of said first vane is measured, said 
second pair of directions being approximately parallel 
to the direction in which the second vane thickness is 
measured; driver coil means fixed relative to said body 
in a position to attract said vane free ends when said 
coil is energized; first and second piezoelectric crystals 
fixed relative to and contiguous to the said one end of 
said first and second vanes; respectively; amplifier 
means connected from both of said crystals to said 
driver coil means to impress an output signal on said 
driver coil means to cause said first and second vanes 
to vibrate continuously at respective frequencies equal 
to the frequencies of the output signals of said first and 
second crystals, respectively, said amplifier means in 
cluding means to produce a sum signal directly propor 
tional to the sum of the output signals of said crystals, 
said amplifier means being connected to said driver coil 
to impress said sum signal thereon; f, source means; 
and computer means connected from both of said crys 
tals and from said source means to produce an output 
signal directly proportional to I, where 

dI/dG = a constant, 
G = 1 - VAt Af, 
V is a constant, 
At = 1/f, -f, 
f = - A/B y 

where A and B are constants in the equation of gas den 
sity p for both of vanes 
p = At = B 

where t is the vane. vibrational period, f, is the fre 
quency of vibration of said first vane, Af=f, -f, and 
f, is the frequency of vibration of said second vane. 

11. The invention as defined in claim 10, wherein 
said amplifier means includes first and second amplifier 
connected from said first and second crystals, respec 
tively, first and second AGC circuits connected from 
the respective outputs of the respective AGC inputs of 
said first and second amplifiers, a power amplifier hav 
ing first, second and third inputs and an output, first, 
second and third resistors connected respectively from 
said first, second and third inputs to a summing junc 
tion, said first input being connected to a first junction, 
a fourth resistor connected from said first junction to 
a point of reference potential, one side of said coil 
being connected to said first junction, said first and sec 
ond amplifier outputs being connected respectively to 
said second and third inputs, a capacitor and a fifth re 
sistor connected in series in that order from said power 
amplifier output to said summing junction, said power 
amplifier output being connected to the other side of 
said coil. 

12. The invention as defined in claim 1, wherein off 
set means are provided including an auxiliary resistor 
connected to said summing junction to supply a sub 
stantially constant voltage thereto. 
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13. The invention as defined in claim 12, wherein 

said offset means is adjustable to adjust the magnitude 
of said constant voltage. 

14. The invention as defined in claim 13, wherein 
said amplifier means includes first and second amplifier 
connected from said first and second crystals, respec 
tively, first and second AGC circuits connected from 
the respective outputs to the respective AGC inputs of 
said first and second amplifiers, a power amplifier hav 
ing first, second and third inputs and an output, first, 
second and third resistors connected respectively from 
said first, second and third inputs to a summing junc 
tion, said first input being connected to a first junction, 
a fourth resistor connected from said first junction to 
a point of reference potential, one side of said coil 
being connected to said first junction, said first and sec 
ond amplifier outputs being connected respectively to 
said second and third inputs, a capacitor and a fifth re 
sistor connected in series in that order from said power 
amplifier output to said summing junction, said power 
amplifier output being connected to the other side of 
said coil. 

15. The invention as defined in claim 14, wherein off 
set means are provided including an auxiliary resistor 
connected to said summing junction to supply a sub 
stantially constant voltage thereto. 

16. The invention as defined in claim 15, wherein 
said offset means is adjustable to adjust the magnitude 
of said constant voltage. 

17. The invention as defined in claim 16, wherein 
said computer means includes a main AM detector 
connected from the output of said power amplifier, a 
phase locked loop connected from said AM detector 
including a phase detector, a low pass filter, an ampli 
fier and a VCO connected in succession in that order 
from said main AM detector, said VCO having its out 
put connected to said phase detector, said source 
means including a crystal oscillator, an analog adder 
connected from said oscillator and said first crystal, an 
auxiliary AM detector connected from said adder, a 
square wave generator connected from said auxiliary 
AM detector, and output means connected from the 
outputs of said square wave generator and said loop 
amplifier for producing a D.C. output voltage directly 
proportional to VAtAf, where At is the period of the 
output signal of said square wave generator, and the 
output of said loop amplifier is directly proportional to 
Af. 

18. The invention as defined in claim 17, wherein 
said output means includes a first switch, an integrator, 
a second switch, an output circuit and utilization means 
connected in succession in that order from said square 
wave generator, said first switch also being connected 
from said loop amplifier to pass the output signal 
thereof to said integrator during the occurrence of an 
output pulse from said square wave generator, a timing 
circuit connected from said square wave generator to 
said integrator and to said second switch, said timing 
circuit causing said second switch to sample the output 
of said integrator after the trailing edge of each of said 
generator pulses and before the leading edge of each 
next succeeding generator pulse, said timing circuit 
causing said integrator to reset after each sampling and 
before the occurence of the next succeeding generator 
leading pulse edge, said output circuit including a san 
pling capacitor connected from the input thereof to a 
point of reference potential, said output circuit includ 
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ing an output amplifier connected from said second 
switch to add a manually adjustable voltage of a prede 
termined polarity to the voltage appearing at the output 
of said second switch, said output amplifier having a 
manually adjustable gain. 

19. The invention as defined in claim 1, wherein said 
Sum signal has an amplitude directly proportional top, 
where 

pf = 2E sin (x + u)/2 cos (x - u)/2 
where 2E is the peak amplitude of the carrier, x = 
Now t2, u, F Novt/2, where a) = 6.28, t is time, N is one 
of the integers 1 and 2, w is the frequency of the output 
signal of the gas crystal, for example, and v is the fre 
quency of the output signal of the air crystal, for exam 
ple. 

20. A gas gravitometer comprising: a gas tight source 
of a sample gas under pressure; first thermally conduc 
tive means providing a gas tight sealed chamber of dry 
air; second thermally conductive means in contact with 
said first means and providing a gas tight sample cham 
ber having an inlet and an outlet; a pressure relay con 
nected from said source and said sealed chamber to 
said sample chamber inlet, said pressure relay having 
means to pass varying amounts of said sample gas from 
said source to said sample chamber; an atmospheric 
vent; bleed means connected from said sample cham 
ber outlet to said vent, said bleed means providing a 
constriction to flow of said sample gas therethrough 
sufficiently small that said pressure relay holds the 
pressure of said sample gas in said sample chamber 
equal to the pressure of said dry air in said sealed cham 
ber; first and second cantilevered leaf spring ferromag 
netic vanes sealed in said sealed and gas chambers, re 
spectively; first and second piezoelectric crystals fixed 
relative to the fixed ends of said first and second vanes, 
respectively; first and second amplifiers connected 
from said first and second crystals, respectively; a first 
AGC circuit connected from the output of said first 
amplifier to the AGC input of said first amplifier; a sec 
ond AGC circuit connected from the output of said 
second amplifier to the AGC input thereof, said AGC 
circuits causing the peak amplitudes at the outputs of 
said first and second amplifiers to be substantially 
equal; a power amplifier means connected from the 
outputs of both said first and second amplifiers to pro 
duce an output signal directly proportional to the alge 
braic sum of the amplitudes of the output signals of said 
first and second amplifiers; a driver coil connected 
from said power amplifier means to vibrate both of said 
vanes simultaneously; output means connected from 
the output of said power amplifier means to produce a 
signal of a magnitude directly proportional to the dif 
ference between the frequencies of the signals appear 
ing at the outputs of said first and second amplifiers; 
and utilization means connected from said output 
caS, 

2. The invention as defined in claim 20, wherein 
said output means includes an AM detector, a square 
wave generator, and a frequency-to-voltage converter 
connected in succession in that order from the output 
of said power amplifier means to the input of said utili 
zation means. 

22. The invention as defined in claim 21, wherein 
said converter includes an auxiliary amplifier having its 
output connected to the input of said utilization means, 
a first resistor and a second resistor connected in series 
in that order from said square wave generator to the 
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input of said auxiliary amplifier, a feedback capacitor 
connected from the output of said auxiliary amplifier to 
the junction between said resistors, and a parallel ca 
pacitor connected from said auxiliary amplifier input to 
a point of reference potential. 

23. The invention as defined in claim 22, wherein 
said utilization means includes a voltmeter calibrated in 
G, where 
G - palpa, pa is the density of said gas in said gas 
chamber, and it is the density of said dry air in said 
sealed chamber. 

24. A gas gravitometer comprising: a gas tight source 
of a sample gas under pressure; first thermally conduc 
tive means providing a gas tight sealed chamber of dry 
air; second thermally conductive means in contact with 
said first means and providing a gas tight sample cham 
ber having an inlet and an outlet; a pressure relay con 
nected from said source and said sealed chamber to 
said sample chamber inlet, said pressure relay having 
third means to pass varying amounts of said sample gas 
from said source to said sample chamber; an atmo 
spheric vent; bleed means connected from said sample 
chamber outlet to said vent, said bleed means providing 
a constriction to flow of said sample gas therethrough 
sufficiently small that said pressure relay holds the 
pressure of said sample gas in said sample chamber 
equal to the pressure of said dry air in said sealed cham 
ber first and second cantilevered leaf spring ferromag 
netic vanes sealed in said sealed and gas chambers, re 
spectively; first and second piezoelectric crystals fixed 
relative to the fixed ends of said first and second vanes, 
respectively; fourth and fifth means connected from 
said first and second crystals for producing a first and 
second square waves, respectively, at frequencies equal 
to those at the outputs of said crystals, said square 
waves both having the same amplitude; first and second 
amplifiers connected from said first power amplifier 
means connected from the outputs of both said fourth 
and fifth means to produce an output signal directly 
proportional to the algebraic sum of the amplitudes of 
the output signals of said fourth and fifth means; a 
driver coil connected from said power amplifier means 
to vibrate both of said vanes simultaneously; output 
means connected from the output of said power ampli 
fier means to produce a signal of a magnitude directly 
proportional to the difference between the frequencies 
of the signals appearing at the outputs of said fourth 
and fifth means, and utilization means connected from 
said output means. 

25. The invention as defined in claim 24, wherein a 
capacitor is connected in series from the output of said 
power amplifier means to said driver coil. 

26. The invention as defined in claim 25, wherein 
sixth means are connected to said driver coil to supply 
a D.C. current thereto larger than the peak A.C. cur 
rent produced therein by the varying output voltage of 
said power amplifier means. 

27. The invention as defined in claim 26, wherein 
said sixth means supplies a constant D.C. current to 
said driver coil. 

28. The invention as defined in claim 27, wherein 
said output means includes an AM detector connected 
from the output, and a squarer connected from the out 
put of said AM detector, and a frequency-to-voltage 
converter connected from the output of said squarer to 
said utilization means. 
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29. The invention as defined in claim 28, including a 
voltage-to-current converter connected from the out 
put of said frequency-to-voltage converter to the input 
of said utilization means, said utilization means includ 
ing a milliam meter calibrated in gravity. 

30. The invention as defined in claim 26, wherein 
said output means includes an AM detector connected 
from the output, and a squarer connected from the out 
put of said AM detector, and a frequency-to-voltage 
converter connected from the output of said squarer to 
said utiliazation means. 
31. The invention as defined in claim 24, wherein 

sixth means are connected to said driver coil to supply 
a D.C. current thereto larger than the peak A.C. cur 

O 

rent produced therein by the varying output voltage of 15 
said power amplifier means. 
32. The invention as defined in claim 31, wherein 

said output means includes an AM detector connected 
from the output, and a squarer connected from the out 
put of said. AM detector, and a frequency-to-voltage 
converter connected from the output of said squarer to 
said utilization means. 
33. The invention as defined in claim 25, wherein 

said output means includes an AM detector connected 
from the output, and a squarer connected from the out 
put of said AM detector, and a frequency-to-voltage 
converter connected from the output of said squarer to 
said utilization means. 
34. The invention as defined in claim 24, wherein 

said output means includes an AM detector connected 
from the output, and a squarer connected from the out 
put of said AM detector, and a frequency-to-voltage 
converter connected from the output of said squarer to 
said utilization means. 
35. Apparatus for producing an output which is a 

function of two gas densities, said apparatus compris 
ing: a thermally conductive body defining first and sec 
ond spaced internal chambers, said first chamber being 
closed except for an inlet port and a vent port in said 
body, said second chamber being closed except for a 
vent port in said body, said first and second chamber 
vent ports venting said first and second chambers, re 
spectively, to ambient atmospheric pressure, said sec 
ond chamber being filled with air, said body having a 
portion defining a passageway therein with an outlet in 
communication with said first chamber inlet port, said 
passageway having an inlet to receive a gas to be moni 
tored, the portion of said body defining said passage 
way having a heat exchanger construction such that gas 
is caused to flow in said passageway in heat exchange 
relation with said body, the mass and thermal conduc 
tivity of said body being relatively large so that in com 
bination with said heat exchange construction, the tem 
perature of the gas which fills said first chamber 
through said inlet port thereof is maintained at a tem 
perature substantially equal to that of the air in said 
second chamber, source means to supply gas to said 
passageway inlet at a pressure sufficiently low that the 
gas and air in said first and second chambers, respec 
tively, are both maintained substantially at atmospheric 
pressure; first and second means mounted on said body 
in said first and second chambers, respectively, to pro 
duce first and second outputs, respectively, which are 
respective functions of the density of the gas in said 
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first chamber, and the density of the air in said second 
chamber; and third means connected from the outputs 
of said first and second means for producing an electri 

44 
cal output signal which is directly proportional to the 
ratio of the density of the gas in said first chamber to 
the density of the air in said second chamber. 
36. The invention as defined in claim 35, wherein 

said passageway is a slot having a thickness small in 
comparison to both its width and its length, the outputs 
of said first, second and third means all being electrical 
signals. 

37. The invention as defined in claim 36, including 
utilization means connected from the output of said 
third means. 

38. The invention as defined in claim 37, wherein 
said utilization means is an indicator adapted to read 
directly in said density ratio. 

39. The invention as defined in claim 35, including 
utilization means connected from the output of said 
third means. 
40. A gravitometer comprising: a body having a 

chamber therein to contain a fluid, a spring metal canti 
levered vane mounted in said chamber, said vane hav 
ing one end fixed relative to said body and a free end 
opposite thereof for immersion in said fluid, said free 
end being positioned to vibrate back and forth in pre 
determined directions without touching said body; first 
means mounted on said body and actuable to vibrate 
said vane as aforesaid; second means mounted contigu 
ous to said vane in a manner to produce a first A.C. 
output signal of a first frequency equal to a resonant 
frequency of said vane; third means connected between 
said first and second means in a manner to cause said 
first means to be actuated in a manner to cause said 
vane to vibrate as aforesaid, at least one of said means 
including an amplifier, said vane and said first, second 
and third means forming a closed loop electromechan 
ical oscillator in which the loop gain is adequate to sus 
tain vibration of said vane continuously; source means 
for producing a second A.C. output signal of a second 
frequency, said second signal having a period directly 
proportional to a reference fluid density at the same 
temperature and pressure as the fluid in said chamber; 
and output means connected from said third and 
source means to produce a third A.C. output signal of 
a magnitude directly proportional to the difference be 
tween said first and second frequencies. 
4. The invention as defined in claim 40, wherein uti 

lization means are connected from said output means 
to receive said third signal. 
42. The invention as defined in claim 41, wherein 

said utilization means includes a voltmeter calibrated in 
dimensionless units of the ratio of the density of fluid 
in said chamber to the density of said reference fluid at 
the same temperature and pressure. 
43. A densitometer comprising: a body having a 

chamber therein to contain a fluid; a spring metal ferro 
magnetic cantilevered vane mounted in said chamber, 
said vane having one end fixed relative to said body and 
a free end opposite thereof for immersion in said fluid, 
said free end being positioned to vibrate back and forth 
in predetermined opposite directions without touching 
said body, said directions being approximately parallel 
to the direction in which the vane thickness is mea 
sured; an electromagnetic driver including a coil, said 
electromagnetic driver being fixed relative to said body 
in a position to attract said vane free end when said coil 
is energized; a piezoelectric crystal fixed relative to and 
contiguous to said one vane end; amplifier means con 
nected from said crystal to said coil to provide a closed 
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loop electromechanical oscillator, said amplifier means 
causing vibration of said vane through energization of 
said coil at a frequency directly proportional to that ap 
pearing at the output of said crystal, said amplifier 
means having a gain adequate to sustain said vane vi 
bration continuously; output means connected from 
said amplifier means to produce an output signal di 
rectly proportional to the density of said fluid, and utili 
zation means connected from said output means, said 
output means producing an output signal approxi 
mately proportional to density p defined by 
p = At + B 

where t =1 If, f being directly proportional to the fre 
quency of vibration of said vane and A and B being 
COnStants. 
44. A densitometer comprising: a body having a 

chamber therein to contain a fluid; a spring metal ferro 
magnetic cantilevered vane mounted in said chamber, 
said vane having one end fixed relative to said body and 
a free end opposite thereof for immersion in said fluid, 
said free end being positioned to vibrate back and forth 
in predetermined opposite directions without touching 
said body, said directions being approximately parallel 
to the direction in which the vane thickness is mea 
sured; an electromagnetic driver including a coil, said 
electromagnetic driver being fixed relative to said body 
in a position to attract said vane free end when said coil 
is energized; a piezoelectric crystal fixed relative to and 
contiguous to said one vane end; amplifier means con 
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46 
nected from said crystal to said coil to provide a closed 
loop electromechanical oscillator, said amplifier means 
causing vibration of said vane through energization of 
said coil at a frequency directly proportional to that ap 
pearing at the output of said crystal, said amplifier 
means having again adequate to sustain said vane vi 
bration continuously; output means connected from 
said amplifier means to produce an output signal di 
rectly proportional to the density of said fluid; and utili 
zation means connected from said output means, said 
output means producing an output signal approxi 
mately proportional to density p defined by 
p = At = B 

where t = 1 If, f being directly proportional to the fre 
quency of vibration of said vane and A and B being 
constants, said vane being approximately rectangular 
and having a substantially uniform thickness between 
two rectangular plane surfaces thereof, said vane thick 
ness being substantially smaller than the length thereof, 

20 said vane thickness also being substantially smaller 
than the width thereof, said one vane end being bonded 
to a metal disc, said disc having a recess therein on the 
side thereof opposite the side to which said vane is 
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bonded, the bottom surface of said recess being located 
a distance from said one vane end substantially less 
than the thickness of said disc, said crystal being 
bonded to said recess bottom surface approximately 
midway along the length of said one vane end. 
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