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Re. 28,929 
ULTRASONIC FELUID SPEED OF SOUND AND 
FLOW METER APPARATUS AND METHOD 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifi 
cation; matter printed in italics indicates the additions 
made by reissue. 

BACKGROUND OF THE INVENTION 

The present invention is directed toward a fluid me 
tering system and more particularly to a system which 
provides data indicative of the speed of sound energy 
propagation through the flowing medium as well as the 
flow characteristics of the medium. 
Systems utilizing ultrasonic transducers in communi 

cation with a flowing medium are old in the art. Many 
systems have been disclosed which measure flow veloc 
ity, sound propagation velocity or both. Generally 
these systems require a voltage controlled oscillator for 
each direction of transmission through the flowing 
medium to provide an upstream and downstream fre 
quency proportional to the speed of sound. Some sys 
tems employ switching means whereby one VCO may 
be made to serve for transmission in two directions. 
Other systems impose a quadrature between the re 
ceived signal and the transmitted signal and control the 
output of a VCO through a phase detector. Other 
methods use the flowing medium as the frequency de 
terminative element in an oscillating or “ring around' 
system. 
Problems commonly arising in the foregoing types of 

metering systems relate to the loss of low flow rate 
information when using two oscillators, or the require 
ment for more than one pair of transducers when seek 
ing to transmit upstream and downstream, or the neces 
sity for unwieldy switching means, or any combination 
of these. 

OBJECTS OF THE INVENTION AND SUMMARY 

It is an object of the present invention to provide a 
measure of the velocity of sound propagation through a 
fluid medium as well as a measure of flow. 

It is another object of the present invention to pro 
vide a sound speed and flow metering system which 
utilizes a minimum number of transducers. 

It is another object of the present invention to pro 
vide a sound speed and fluid flow metering system 
which in one embodiment synthesizes the sound speed 
and flow proportional frequencies without using VCO's 
to provide frequencies inversely proportional to up 
stream and downstream transmission times. 

It is another object of the present invention to pro 
vide a sound speed and fluid flow metering system 
which provides a continuous direction of flow indica 
tion. 

It is another object of the present invention to pro 
vide a sound speed and fluid flow metering system 
which may be utilized for any flowing medium or pipe 
or channel size by maintaining a constant phase rela 
tionship between all control and data signals. 

It is another object of the present invention to pro 
vide a sound speed and fluid flow metering system with 
fine resolution of measurement down to zero flow. 

It is another object of the present invention to pro 
vide a sound speed and fluid flow metering system 
which is bi-directional. 
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2 
It is another object of the present invention to pro 

vide a sound speed and fluid flow metering system with 
a time calibrated output providing total flow and or 
flow rate. 

It is another object of the present invention to pro 
vide a sound speed and fluid flow metering system with 
an accuracy uninhibited by interference from echoes 
within the flowing medium caused by prior transmitted 
pulses. 
The foregoing and other objects of the invention are 

achieved in an ultrasonic speed of sound and flow me 
tering system for use in monitoring flow velocity and 
volume and speed of sound energy propagation 
through fluids conveyed in closed conduits or open 
channels. The system includes means for generating 
signals which are transmitted alternately in generally 
upstream and downstream directions through the fluid 
and means for receiving the signals so transmitted. 
Means are provided for shaping the received signal and 
for generating a reference signal which is used for 
phase comparison with the shaped received signal. 
Signal levels responsive to the phase relation and pro 
portional to upstream and downstream sound speeds 
are generated. The proportional signal levels are used 
to generate frequencies proportional to upstream and 
downstream sound speeds. Control means are provided 
which are responsive to the upstream and downstream 
frequencies to direct the alternating transmit/receive 
feature. Means are provided to combine the upstream 
and downstream frequencies to obtain sum and differ 
ence frequencies which are indicative of fluid sound 
propagation speed and flow respectively. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a simplified block diagram of the system. 
FIG. 2 is a detailed block diagram of the system in 

cluding frequency synthesis. 
FIG. 3 is a block diagram of the transmit/receive 

section of the system. 
FIG. 4 is a schematic diagram of the transmit/receive 

section of the system. 
FIG. 5 is a block diagram of the detector section of 

the system. 
FIG. 6 is a schematic diagram of the detector section 

of the system. 
FIG. 7 is a block diagram of the control section of the 

system. 
FIG. 8 is a schematic diagram of the control section 

of the system. 
FIG. 9 is a block diagram of the frequency synthesis 

section of the system. 
FIG. 10 is a schematic diagram of the frequency 

synthesis section of the system. 
FIG. 11 is a block diagram of the time calibration 

section of the system. 
FIG. 12 is a timing chain diagram of the signals in the 

control section of the system. 
FIG. 13 is a timing chain diagram of the data fre 

quency and control signals in the frequency synthesis 
section of the system. 

FIG. 14 is a timing chain diagram showing the multi 
plication of the data frequency in the frequency synthe 
sis section of the system. 
FIG. 15 is a timing chain diagram showing the divi 

sion of the high frequency VCO output frequency in 
the frequency synthesis section of the system. 
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FIG. 16 is a detailed block diagram of a system in 
cluding voltage controlled oscillators for frequency 
generation. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The invention described here is a fluid flow metering 
system which also provides indication of the speed of 
sound through the flowing medium. The system in 
cludes at least one pair of ultrasonic piezoelectric 
transducers mounted in communication with the flow 
ing medium to be measured. One embodiment provides 
for direct synthesis of a data frequency proportional to 
the flow of the medium and of a frequency proportional 
to the speed of sound in the medium from a single 
voltage controlled oscillator. The synthesized signals 
are derived from signals proportional to sound energy 
transmit times through the fluid in generally upstream 
and downstream directions. The data frequency and 
oscillator frequency are combined using standard 
upper and lower sideband separation techniques, bal 
anced modulators, and linear frequency mixers. The 
results are frequencies proportional to upstream and 
downstream sound speeds through the medium which 
are used to control transmission direction, selection of 
the proper transducer for reception, and synthesis of 
the sound speed and flow data frequencies. As can be 
seen in FIG. 1 the system includes a transmit/receive 
network 15 wherein the switch selections are made 
which provide for alternate functioning of the trans 
ducers as transmitter and receiver and receiver and 
transmitter respectively. The received signal is deliv 
ered from the transmit/receive network 15 to a detec 
tor network 16. The detector network 16 shapes the 
received pulse in a manner disclosed in copending U.S. 
Pat. application Ser. No. 250,760. A control network 
17 generates a reference pulse which is directed to the 
detector network 16. A phase comparison between the 
received pulse and the reference pulse is performed in 
the detector network 16 and a signal with its polarity 
determined by the relative early or late nature of the 
received pulse is directed to the control network 17. 
The control network 17 performs summations of the 
early/late signals which are delivered to a frequency 
synthesizing network 18. The synthesizing network 18 
operating on the summations provides frequencies 
which are proportional to the upstream and down 
stream sound propagation velocities. These frequencies 
are directed to control network 17 to provide control 
signals which properly sequence the transmit/receive 
switching performed in the transmit/receive network 
15. The control signals from control network 17 are 
also connected to detector network 6 providing proper 
signal sequence for the received signal and reference 
signal phase comparison, a receiver amplifier auto 
matic gain control, and a "no signal' indication alarm. 
The summations of the early/late signals from control 
network 17 are utilized directly within the frequency 
synthesizing network 18 to control the output fre 
quency of a voltage controlled oscillator 19 and to 
generate a data frequency. The output of VCO 19 
provides a frequency proportional to the speed of 
sound through the flowing medium. The data fre 
quency is proportional to flow. A time calibration cir 
cuit 20 receives the data frequency converting it to 
totalized flow or flow rate as desired on visual indica 
tors responsive to the output from the time calibration 
circuit 20. - 
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4 
Referring now to FIG. 3 the transmit/receive section 

15 of the system is shown in block form. This section of 
the circuit directs a transmission pulse to an appropri 
ate transducer and channels the received signal from 
the other transducer to an appropriate amplifier. An 
up/down input from the control circuit 17 is used to 
generate a pulse from either one shot device 21 or 22. 
Balance potentiometer 23 is connected to both trans 
mit pulse generators 21 and 22 to provide uniform 
transmit pulse width. The same up/down signal selects 
the position of the analog switch 24 which in turn alter 
nately connects first or second receiver amplifier 25 or 
26 to the received signal conditioning network in the 
detector 16. Tank circuit 27 is provided to boost the 
received signal from receivers 25 or 26 prior to direct 
ing it to the detector circuit 16. Inverter 28 provides 
the “down' signal since only the 'up' signal from 
control 17 is connected to the transmit/receive circuit 
15. The transmit pulse generators 21 and 22 are con 
nected to the input of high voltage transmit pulse am 
plifiers 29 and 32 respectively. Transmitter amplifier 
29 can be seen to be connected to transducer 33 and 
transmitter amplifier 32 can be seen to be connected to 
transducer 34 in the wall of pipe 35. 
Voltage comparator 39 is also alternately connected 

to the output of receiver amplifier 25 or 26 and directs 
an output to a high-low signal latch circuit 40 which 
also receives a positive transmit signal from control 
section 17. An integrator 41 receives the output of 
latch 40 and drives high voltage regulator 44 to meet 
the amplitude requirements set for the received signal 
at the comparator 39. The output of integrator 41 is 
also delivered to a comparator 45 which provides an 
alarm indication for a predetermined transmit pulse 
high voltage level which indicates a low received pulse 
level and probable malfunction. 
Turning now to FIG. 5 a block diagram of the detec 

tor section 16 of the system is seen. This section of the 
circuitry receives the signal transmitted through the 
flowing medium, conditions it, and makes an early or 
late reception decision for the received pulse when 
compared with a reference. Amplifier 46 receives the 
signal passed on from first or second receiver amplifier 
25 or 26, depending on the setting of analog switch 24 
in the transmit/receive circuit 15. Automatic gain con 
trol 47 adjusts the output of amplifier 46 to a predeter 
mined level. Automatic gain control 47 contains a con 
trol comparator 48 and an integrator 49 which provides 
an output driving the gain of amplifier 46 upward when 
it is not up to the predetermined level at comparator 48 
or reducing it to that level when it exceeds the prede 
termined level. Comparator 48 is directed to high-low 
detector 50 which is connected to integrator gate 51. 
Gate 51 provides an input to either the inverting or 
non-inverting input integrator 49. 
The output of amplifier 46 is connected to low level 

detector 52 which includes amplifier 52a. The output 
of amplifier 52a is directed to control comparator 48 in 
the AGC loop for amplifier 46. The detector 52 ampli 
fier 52a, a differentiator 53, and a comparator 54 are 
connected serially and are the major components of the 
trigger circuit disclosed in copending U.S. Pat. applica 
tion Ser. No. 250,760. 
A cross-over comparator 57 also receives the output 

of amplifier 46 and is connected to a gate 58. A nand 
gate 59 is connected to set the gate 58 and has two 
inputs. The first input is the trigger signal emanating 
from comparator 54, and the second is a path to ground 
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applied by a receiver mode switch 60, the position of 
which determines whether the output from cross-over 
comparator 57 or the output from the trigger circuit 
comparator 54 is utilized as the received and condi 
tioned signal. Gate 58 is connected to a charge dis 
penser 61 and a comparison gate 62. A one shot device 
63 delays the reference pulse for the one shot pulse 
width and then delivers it to gate 62 through a refer 
ence pulse gate 64 for comparison with the received 
signal from gate 58. . 
The guard signal from control section 17 is con 

nected to a received signal AGC reset comparator 65. 
It is also connected to charge dispenser 61 and compar 
ator 54 to inhibit those three devices during the dwell 
time of the guard pulse. The guard signal is inverted 
and delivered to the input of a “no signal" gate 66 and 
the charge dispenser 61. An early/late gate 67 receives 
the output from gate 62 and the charge dispenser 61. A 
pulse at either an early or a late output from gate 67 is 
provided depending on the early or late status respec 
tively of the received pulse. 
The transmit pulse from control section 17 enables 

gate 64 as well as the high-low detector 50 and an 
additional gate 67. This additional gate 68 is reset by a 
signal from gate 58 and produces an output enabling 
the "no signal' gate 68. 
The control section 17 of the system provides gener 

ally for the generation of the transmit pulse signal, a 
portion of the delay time and subsequent generation of 
the reference pulse, generation of the receiver guard 
signal, the up/down control signals, and the integrator 
outputs which are utilized as control signals in the syn 
thesizer circuit 18. Referring now to FIG. 7 a block 
diagram is shown for the control section 17. Signals are 
received from the detector section 16 indicating the 
early or late status of the received pulse. Latch circuits 
69 and 70 are alternately enabled by up/down flip-flop 
71 to pass a signal depending on whether the received 
signal is early or late. A signal from latch circuit 69 is 
connected to either the inverting or non-inverting input 
of amplifier 72 which provides an input to a first inte 
grator 73. In a similar manner a signal generated from 
latch circuit 70 is connected to the inverting or non 
inverting input of amplifier 75 which in turn provides 
an input to a second integrator 76. Output from both 
integrators 73 and 76 is directed to the synthesizer 
circuit 18. - 

Normal operation of the circuit requires continuing 
changes of state in both latch circuits 69 and 70 which 
are monitored by summing and alarm circuit 77. If 
either or both latch circuits 69 and 70 cease to change 
state for a specified period of time an alarm indication 
is provided by alarm circuit 77. 
The control section 17 also receives two frequencies 

from the synthesizer 18 which are directed to switching 
circuit 78 which performs a single pole/double throw 
function. Switching circuit 78 also receives inputs from 
the up/down control flip-flop 71. The 'up' signal from 
up/down 71 is also directed to the transmit/receive 
circuit 15 for control of analog switch 24. 
Switching circuit 78 is connected to transmit pulse 

generator 82 and also to divider circuit 83. Divider 
circuit 83 is connected to reference pulse generator 84 
and to a pulse generator 87. Pulse generator 87 is in 
turn connected to guard pulse generator 88 which af 
fords a guard signal and an input to the up/down con 
trol 71. Receiver guard 88 also provides one input to a 
gate 89 which is connected to a repetition rate pulse 
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6 
generator 90. Pulse generator 90 is connected to en 
able the transmit pulse generator 82. 
A signal from receiver guard 88 is connected to the 

detector section 16 and the signal from the reference 
pulse generator 84 is delivered to both the detector 
section 16 and transmit/receive section 15. The two 
signals from the transmit pulse generator are of oppo 
site polarity. The low transmit pulse is connected to the 
detector circuit 16 and the high transmit pulse is deliv- . 
ered to the transmit/receive circuit 15. 

Referring now to FIG. 9 a block diagram of the fre 
quency synthesizer section 18 of the system is seen. In 
accordance with well known upper and lower sideband 
separation techniques, balanced modulation, and linear 
frequency mixer utilization, frequencies are synthe 
sized proportional to upstream and downstream propa 
gation velocities. First and second integrators 73 and 
76 from control circuit 17 are again depicted. The 
integrators 73 and 76 are seen to be connected to a 
summing circuit 93 which provides a mean value of the 
two integrator outputs to an integrator 94. Integrator 
94 functions as the control signal generator for the high 
frequency VCO 19. Divider circuit 96 receives the 
output of high frequency VCO 19 and generates two 
signals in quadrature at one quarter of the frequency of 
the oscillator 19. These square wave signals, which may 
be referred to as sine theta and cosine theta are deliv 
ered to balanced modulators 99 and 100 respectively. 
The signals from the first and second integrators 73 

and 76 are also delivered through switches 101 to fast 
integrators 102 and 103. The output of integrators 102 
and 103 are directed to modulators 99 and 100 respec 
tively. The output signals from modulators 99 and 100 
are balanced by potentiometers 105 and 106 respec 
tively. 
The outputs from the fast integrators 102 and 103 are 

also delivered to comparators 107 and 108 which pro 
vide a square wave output at the output frequency and 
the relative phase of the fast integrators 102 and 103. 
The outputs from comparators 107 and 108 are utilized 
to actuate switch controls 110 and 111 respectively. 
Switches 101 are positioned by virtue of such control to 
provide trapezoidal wave forms in quadrature at the 
outputs of fast integrators 102 and 103 which may be 
referred to as sine b and cosine ds respectively. . 
The balanced modulated output signals from modu 

lators 99 and 100 are connected to linear frequency 
mixers 112 which are in turn connected in predeter 
mined combinations to low pass filtering circuits 113 
and 114. The frequency outputs from filters 113 and 
114 are proportional to upstream and downstream 
sound propagation velocities respectively as will be 
shown in the functional description which follows. 
These two frequencies are delivered to control circuit 
17 as synthesized outputs from first and second voltage 
controlled oscillators. 
The outputs of comparators 107 and 108 are con 

nected to a flow direction phase detection gate 117 
which in turn provides an input to an exclusive OR gate 
118. Gate 118 provides an output indicative of flow 
direction. The outputs from comparators 107 and 108 
are also directed to a multiplier circuit 119 which pro 
vides an output at four times the comparator output 
frequency. A one shot device 120 receives the output 
from multiplier 119 and provides a data frequency 
output having a constant charge in each data pulse. 
The data frequency from one shot device 120 is pro 

portional to flow as mentioned before. Several means 
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by which the data frequency may be reduced to read 
able form are displayed in FIG. 11. First there is the 
well known method and circuitry provided in a digital 
to analog converter 123. Second the data frequency 
pulses by design present a constant charge per pulse so 
that they may be used to drive a frequency to analog 
converter 124. Such a frequency to analog device 
might take the form of a D'Arsonval meter movement 
with a mechanical action urged by the data frequency 
pulses which are filtered or smoothed by the inertia of 
one mechanical action in the meter. A third means of 
reducing the data frequency is through the injection of 
time calibration. 
FIG. 11 shows a read only memory 125 which has a 

program patch and which is connected to an adder 126. 
The adder 126 is connected to one of the inputs of a 
latch 129. Latch 129 also receives the data frequency 
from the one shot device 120. The output of the adder 
126 is transferred through the latch 129 to an accumu 
lator 130 by a data frequency pulse. The output of the 
accumulator 130 is directed back to the adder 126. 
Upon accumulation of a predetermined number of 

pulses the accumulator 130 generates a carry pulse 
which may be sent to circuitry which will either provide 
flow rate information or total flow information. In the 
type of circuit providing flow rate information the carry 
pulse is directed to an up/down counter 131. An input 
from a clock 132 is connected to the up/down counter 
131. A borrow and a carry output are connected from 
the up/down counter 131 to a flow rate display 135. 
The borrow output is connected to the input of a flip 
flop device 136. Outputs from the flip-flop 136 are 
directed to the flow rate display 135 and to an exclusive 
OR gate 137. Another input to the OR gate 137 is 
provided by the output of the exclusive OR gate 118 in 
FIG. 9. The output of gate 137 is directed to the 
counter 131 to direct the counter to count up or down. 
Should the flow information be desired in terms of 

totalized flow the carry pulses from the accumulator 
130 are directed to a second up/down counter 138. A 
total flow display 141, a flip-flop 142 and an exclusive 
OR gate 143 are connected in a manner identical to 
that described for the flow rate display above. A reset 
function is provided in the second counter 138 to pro 
vide for clearing prior counts to beginning a new total. 

Referring to FIG. 2 there is seen a detailed block 
diagram of the entire system and the interconnections 
between the major sections. 
We turn now to the operation of the system just de 

scribed. In the most general sense a transmit signal is 
generated, transmitted upstream of the flow, received, 
conditioned and used to trigger a transmit signal which 
is transmitted downstream of the flow. This process is 
repeated, transmitting alternately upstream and down 
stream. In this fashion upstream and downstream trans 
mission repetition rates arise proportional to frequen 
cies hereinafter referred to as upstream and down 
stream frequencies. Referring to FIG. 3 the generation 
and reception of a transmitted pulse will be discussed. 
Assuming that the up-down control from control sec 
tion 17 selects transmitter one shot device 21, a square 
positive going pulse is applied to the input of transmit 
ter amplifier 29. A negative going pulse from the high 
voltage regulated supply 44 is directed to the upstream 
situated transducer 33 in the pipe wall 35. Diodes D1 
and D2, seen in FIG.4, perform an important receiver 
noise isolation function. In the circuit being described 
they have a 0.7 volt junction potential which must be 
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8 
overcome prior to conduction. All noise from power 
supply 44 and the remainder of the transmitter cir 
cuitry is below 0.7 volts. 
Energy transferred to the flowing medium is received 

by the downstream transducer 34 and delivered to the 
input of receiver amplifier 25. The same up control 
pulse which selected transmitter one shot 21 also di 
rects the analog switch control 24 to close the switch at 
the output of receiver amplifier 25 while maintaining 
the switch at the output of receiver amplifier 26 in the 
open condition. Thus the received pulse from amplifier 
25 is delivered to the tank circuit 27 which is tuned to 
the received pulse frequency. A gain in received pulse 
amplitude is obtained through resonance in the tank 
circuit 27 which also suppresses undesired frequency 
components in the received pulse in the manner of a 
band-pass filter. The received pulse is then directed to 
receiver 46 in the detector section 16. 
The received signal is also directed from tank circuit 

27 to a received pulse amplitude detector 39 which is a 
voltage comparator. The comparator 39 is connected 
to the high/low signal latch 40 which controls the inte 
grator 41. The integrator 41 controls the output level of 
high voltage regulator 41 which provides the high volt 
age transmit pulses. This provides an AGC loop 
wherein a constant received pulse height is maintained 
by adjusting the transmitted pulse height. 
The output of integrator 41 also works into a com 

parator 45 which produces an output when the trans 
mitted pulse reaches a predetermined high level. The 
output of comparator 45 actuates an alarm because a 
high transmitted pulse level is produced through the 
AGC loop by a low received pulse level indicating 
probable malfunction in the system. 
Having transmitted a pulse in a downstream direction 

the up/down control from control section 17 now se 
lects transmit one shot 22 to provide an input to trans 
mitter amplifier 32 which in turn produces a negative 
going high voltage transmit pulse to transducer 34. The 
energy is transmitted in a relatively upstream direction 
and received by transducer 33. The received signal is 
delivered to receiver amplifier 26 and through the 
switch at the output of amplifier 26 which is closed by 
the same signal which selected transmit one shot 22 to 
produce the transmit signal. The remainder of the 
transmit receive circuit functions identically whether 
transducer 33 or transducer 34 functions as the re 
ceiver. 
Turning now to the detector section 16 reference is 

made to FIG. 5. The received signal from the transmit 
receive section 15 is presented at the input to the am 
plifier 46. The received signal is conditioned and pres 
ented to gate 58 as disclosed in copending U.S. Pat. 
application Ser. No. 250,760. The receiver mode 
switch 60 provides a low input to nand gate 59 when it 
is closed to ground. Gate 59 presents a continuous up 
state so the set input of gate 58 under this condition. 
The output from comparator 54 resets gate 58 and the 
next pulse from cross-over comparator 57 fires gate 58. 
In the case of flowing media injecting too much phase 
noise in the output of cross-over comparator 57 the 
receiver mode switch 60 is opened. This places a high 
state on one input of the nand gate 59 which allows a 
low output to be sent to the set input of gate 58 each 
time comparator 54 produces a pulse. The pulse from 
comparator 54 connected to the reset of gate 58 initi 
ates the output of gate 58 directly in this instance. 



Re. 28,929 
The output of gate 58 represents the time of arrival of 

the received pulse and is delivered to gate 62 for com 
parison with the time of arrival of the reference pulse 
from control section 17. The reference pulse is delayed 
by a negative going pulse from one shot device 63 
which provides an input to the reference pulse gate 64. 
Gate 64 is reset by the low transmit pulse from control 
section 17 and fires on the rise of the delay pulse from 
one shot 63 to provide the delayed reference pulse to 
comparison gate 62. The delay is carefully adjusted to 
match the delay imposed on the received pulse as dis 
closed in copending U.S. Pat. application Ser. No. 
250,760. The received pulse from gate 58 is also con 
nected to charge dispenser 61. The charge dispenser 
produces a pulse with a width extending from the end 
of the received pulse to the beginning of the next guard 
pulse from control section 17. The early/late gate 67 
contains a pair of nor gates which receive the outputs 
from the comparison gate 62 and the charge dispenser 
61 and provide a signal at either an early or a late 
output terminal. The inputs to gate 67 are connected so 
that a down going signal appears at the early output if 
the received signal arrives at the comparison 62 prior 
to the reference pulse from gate 64. Conversely a down 
going signal appears at the late output of gate 67 if the 
received pulse is later than the reference pulse. 
The low transmit pulse is also used to reset the addi 

tional gate 68 which is then fired by the output from 
gate 58. The high output state of gate 68 is connected 
to the no signal gate 66. One output from the no signal 
gate 66 is held in a down state by the signal from gate 
68. The inverted guard pulse holds the same output 
from gate 66 down while the gate 68 is being reset. A 
continuous down output from gate 66 is an indication 
of normal received signal operation and conversely an 
up output from gate 66 indicates a probable malfunc 
tion since received signal outputs are not being pro 
duced from gate 58. 
The low transmit pulse also resets the high/low detec 

tor 50. The outputs from detector amplifier 52a is con 
nected to the AGC control comparator 48 and the 
AGC reset comparator 65. The output of control com 
parator 48 is connected to the high/low detector 50. 
The reference voltage at the control comparator 48 is 
less than that at the reset comparator 65. When the 
output from the detector amplifier 52a is higher than 
the reference set in control comparator 48 it produces 
a signal directed to the high/low detector 50. The high/- 
low detector 50 output is sent to integrator gate 51. 
The output from gate 51 is connected to the input of 
integrator 49 which results in again control signal from 
integrator 49 which decreases the gain of amplifier 46. 
When the output from detector amplifier 52a exceeds 
the reference set in reset comparator 65 an output is 
produced which when delivered to the integrator gate 
51 generates an output from gate 51 which continu 
ously drives integrator 49 in a direction to reduce the 
gain of amplifier 46. This latter feature is a backup for 
the control comparator function. Integrator gate 51 is 
set to urge amplifier 46 to a high gain condition until 
directed otherwise by control comparator 48 or reset 
comparator 65. 
Turning now to the operation of the control section 

17 of the system reference is made to FIG. 7. Latches 
69 and 70 each contain two pair of nor gates. An early 
or a late signal arriving from the detector section 16 is 
in the form of a down going pulse. Thus an up indica 
tion from up/down control 71, which is in fact a low 
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state, enables the first pair of nor gates in latch 69 while 
the simultaneous high state signal from up/down con 
trol 71 to latch 70 blocks the first pair of nor gates 
contained therein. Latch 69 is now in a condition to 
conduct either an early or a late pulse to amplifier 72. 
An early pulse is directed to the inverting input of 
amplifier 72, and a late pulse is directed to the non 
inverting input. The resulting output from amplifier 72 
is directed to the inverting input of integrator 73 caus 
ing the integrator output voltage to rise in the case of 
an early received pulse and to fall in the case of a late 
received pulse. 
The outputs from the first pair of nor gates contained 

in latch 69 are also delivered to a second pair of con 
tained nor gates in such a manner as to cause their 
output states to change each time a transition is made 
between an early and a late pulse through the latch 69. 
Latch 70 functions in a manner similar to latch 69, 
sending an early or a late pulse to the inverting or non 
inverting input respectively of amplifier 75 which in 
turn produces an output driving integrator 76 in the 
same fashion as described for integrator 73 above. 
Latch 70 also produces a constantly changing state 
from a contained second set of nor gates if there is a 
constant transition between early and late pulses pass 
ing through to integrator 76. The changing states from 
latches 69 and 70 as a result of early/late transition are 
both directed to a summing and alarm circuit 77. 
Alarm circuit 77 contains a retriggerable one shot de 
vice which holds an alarm indication in a constantly up 
state as long as both latches 69 and 70 produce changes 
in state within the one shot period of the retriggerable 
device. In the event either latch 69 or 70 fails to display 
changes of state within such period, the alarm output 
fails to a low state indicating malfunction in the system. 
Referring now to FIG. 12 there is pictured a timing 

chain for a portion of the control section 17. A clock 
frequency 144 is shown as a relatively high frequency 
and is the synthesized frequency for f which is gener 
ated in the synthesizer section 8 and connected to the 
switch circuit 78. Switch circuit 78 passes either for f. 
depending upon the state of the up/down control 71. 
For example when the up/down control 71 is in the up 
selection condition it passes f through the switch cir 
cuit 78 and blocks f. f is delivered to the clock, input 
of the divider 83. A repetition rate pulse 147 is gener 
ated by the divider circuit 83 which has a period of 128 
clock pulses. A second divider output pulse 148 rises at 
the end of 128 clock pulses and falls at the end of 256 
clock pulses. The second divider output 148 is con 
nected to the guard and up/down initiate pulse genera 
tor 87. Pulse generator 87 fires on the rise of divider 
output 148 and terminates on the subsequent rise of 
pulse 48 to provide the pulse 149. Pulse 149 is con 
nected to the guard and up/down pulse generator 88. 
Pulse generator 88 provides output pulses 150 and 153 
on the fall of pulse 149. Pulse 150 is delivered to one 
input of gate 89. The second divider output pulse 148 
is delivered to the reference pulse generator 84 and 
generates a pair of outputs 154 and 155 on the fall of 
the pulse 148. Pulse 154 is directed to the transmit 
receive section 15 to allow comparator 39 to function 
during its dwell time and to enable the high/low signal 
latch 40. Pulse 54 is also connected to detector sec 
tion 16 where it is processed and compared in time 
phase with the processed received pulse. Pulse 155 
from the reference pulse generator 84 is directed to the 
second input of gate 89. Pulse 150 returns to a low state 
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while pulse 155 is in a low state producing a signal from 
the nor gate 89 which resets the repetition rate gate 90 
which is in turn fired on the next rise of the repetition 
rate pulse 147. The output of gate 90 is seen as the 
spike 156 which is connected to the transmit pulse 
generator 82. A low transmit pulse 159 and a high 
transmit pulse 160 appear immediately at the outputs 
of transmit pulse generator 82. The low transmit pulse 
159 immediately resets the dividers 83 beginning a new 
sequence for the repetition rate pulse 147 and the sec 
ond divider output pulse 148. It also resets the guard 
and up/down initiate pulse 149 and the high/low refer 
ence pulses 154 and 155 to their normal states. 
The up/down pulse 153 is connected to the up/down 

control 71. Pulse 153 rises prior to the time of genera 
tion of the transmit pulses 159 and 160. This changes 
the output control states at up/down control 71 as 
shown by up control pulse 161 and down control pulse 
162. Thus the up/down control 71 is turned around to 
set the appropriate switches and allow for a change in 
direction of transmission prior to the generation of the 
subsequent transmit pulse 160. 
The repetition rate pulse 147 was selected to recur at 

a specific rate relative to the clock frequency forf, for 
the purpose of supplying a transmit pulse 160 at a point 
in time when echoes existing in the flowing medium 
due to previous transmit pulses are at a minimum. In 
this embodiment the transmit pulses are spaced in time 
at 2.75 times the period of time required for the energy 
pulse to be propagated through the fluid. It can be seen 
that all of the pulses depicted in FIG. 12, while they 
may vary collectively in width or time or recurrence, 
remain precisely in the same proportion to one another 
in these respects since they are all governed directly or 
indirectly by the clock frequencies for f. Thus the 
same circuit is utilized and the same pulse relationships 
obtained for small or large diameter pipes, or for fluids 
of widely varying sound speeds. 
For an explanation of the functional characteristics 

of the synthesizer section 18 of the system, reference is 
made to FIG. 9. The two integrators 73 and 76 from 
control section 17 are shown providing inputs to the 
summing circuit 93. As long as the propagation velocity 
in the fluid is not changed by some changes in fluid 
characteristic the outputs of integrators 73 and 76 will 
vary equally in opposite directions. Thus their mean 
value will remain constant at zero and the output of 
summing circuit 93 will provide no drive to integrator 
94. In the case where a fluid sound speed change is 
experienced, one of the integrators 73 or 76 will pro 
vide a greater change in output in one direction than 
provided by the other in the opposite direction. This 
gives rise to a change in the mean value from the sum 
ming circuit 93, which in turn provides a drive to the 
integrator 94. Integrator 94 shows an output change 
which is delivered to the input of the high frequency 
VCO 19 altering the output frequency. It can be seen 
that the output frequency of the VCO 19 is constant for 
constant propagation velocities within the flowing me 
dium. It will rise for higher velocities of propagation 
and fall for lower velocities. Thus it is a quantity pro 
portional to the propagation velocity within the flowing 
medium. 
Referring to FIG. 15 the output frequency 165 is 

shown from VCO 19. Frequency 165 is delivered to a 
frequency divider 96 where the frequency 165 is re 
duced by a factor of 4 and two output frequencies are 
produced in quadrature. The frequency division and 
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12 
quadrature is obtained in the following fashion. A first 
edge triggered flip-flop contained in divider 96 receives 
the frequency 165 and produces outputs of opposite 
polarity 166 and 167 which are initiated and termi 
nated on the rise of pulse 165. Pulse 167 is delivered to 
a second edge triggered flip-flop contained in divider 
96 which generates pulses 168 and 171 on the rise of 
pulse 167. Pulse 166 is delivered to a third edge trig 
gered flip-flop contained in divider 96 which is fired on 
the rise of pulse 166 and produces outputs 172 and 
173. Outputs 168 and 172 can be seen to be in a 90° 
phase relation. Thus pulse 168 may be termed cosine 6 
and pulse 172 may be termed sine 6. The edge triggered 
flip-flops generating pulses 168 and 172 are cross cou 
pled in a manner insuring constant phase relationship 
and preventing quadrature inversion. Pulse 168 is de 
livered to the input of modulator 100 and pulse 172 is 
delivered to the input of modulator 99. 
Turning now to FIG. 13 the synthesis of the differ 

ence frequency is shown. Switches 101 are shown in 
their closed state by the solid lines 174 for the lower 
switch and 177 for the upper switch. At time zero the 
upper switch contacts 8 and 7 are seen to be closed 
which delivers the output of integrator 73 to the fast 
integrator 102. Also at time zero the switch contacts 3 
and 2 are seen to be closed which delivers the output of 
integrator 76 to the input of fast integrator 103. Fast 
integrator 102 produces the output 178 which can be 
seen to rise from zero at time to to its saturation point. 
The output of fast integrator 102 is directed to the 
input of comparator 107 causing an output 183 there 
from as the integrator output 178 passes through a 
preset comparator "on" voltage. The output 183 is 
directed to switch control 110 which opens switch 
contacts 3 and 2 and closes switch contacts 14 and as 
shown by switch closure diagram 174. At this point the 
output from integrator 73 is directed to the input of fast 
integrator 103 and the latter begins to produce an in 
creasing output voltage until it reaches its upper satura 
tion limit as shown by waveform 179. As the integrator 
output 179 approaches its upper saturation limit it 
passes through a preset comparator "on' voltage ad 
justed at comparator 108. At this point comparator 108 
produces an output 180 which is directed to switch 
control 1 11 and opens contacts 8 and 7 and closes 
contacts 5 and 6 as shown in switch closure diagram 
177. This removes the output of integrator 73 from the 
input of fast integrator 102 and replaces it with the 
output from integrator 76. Fast integrator 102 thus 
begins to decrease its output to its lower saturation 
limit as shown by waveform 178. As the waveform 178 
approaches its lower saturation limit it passes through a 
preset comparator off voltage which terminates the 
output from comparator 107 as shown by waveform 
183. This signal is again taken to switch control 110 
which opens switch contacts 14 and 1 and closes 
contacts 3 and 2. Integrator 73 is thus removed from 
the input of fast integrator 103 and the output from 
integrator 76 is applied thereto. Waveform 179 begins 
to decrease passing through a preset comparator "off" 
voltage and terminating the output from comparator 
108 as shown by waveform 180. The comparator out 
put 180 in turn repositions the switch contacts 8 and 7 
to close and 5 and 6 to open through the action of 
switch control 111. This sequence is repeated to pro 
vide the two waveforms 178 and 179 which may be 
termed cosine d and sine ds respectively. Cosine d is 
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directed to modulator 99 and sine d is directed to mod 
ulator 100. . . . . . 

Referring now to FIG. 14 the manner in which the 
data frequency is obtained is described. The output 183 
from the upper comparator 107 and the output 180 
from the lower comparator 108 are directed to a circuit 
119 which in this embodiment multiplies the frequency 
of waveforms 180 and 183 by a factor of four. The 
outputs are first delivered to the input of an exclusive 
OR gate which produces the pulse 184 when outputs 
180 and 183 are at different states. The output 184 is 
seen to be double the frequency of pulses 180 and 183 
since the latter are in quadrature. Pulse 184 is delivered 
to one of the inputs of another exclusive OR gate con 
tained in multiplier circuit 119 which is also fed a con 
stant down state at another of its inputs. This produces 
the output 185 which is merely an inversion of pulse 
184. Pulse 185 is sent to a third exclusive OR gate in 
circuit 119 and is also directed through a series of three 
inverters back to a second input to the third OR gate. 
The three inverters impose a very small time delay on 
the second input to the third gate as shown by pulse 
186. Thus the spike 190 is produced at the output of 
the third exclusive OR gate which is seen to be at four 
times the trapezoidal frequency as represented by the 
comparator outputs 180 and 183. The spike 190 is 
directed to the one shot device 120 which produces 
output pulses 191 at the same frequency as the spike 
190 but of a constant pulse width and amplitude thus 
carrying a constant charge in each pulse. 
The flow direction phase detector 117 is an edge 

triggered flip-flop device which receives the inverted 
output of the comparator 107 as its clock input and the 
inverted output of comparator 108 at its data input. For 
normal forward flow the clock input leads the data 
input which provides a normally down state at the flow 
direction output which is connected to the exclusive 
OR gate 118. An up state is supplied to the other input 
to the gate 118 which provides an up indication at the 
output of gate 118 for normal forward flow direction. It 
can be seen that if the data input begins to lead the 
clock input the subsequent flow direction output to 
gate 118 will be an up state providing a down state 
output from gate 118 indicating reverse flow direction. 
The balanced modulators 99 and 100 suppress both 

the carrier frequency 6 and modulation frequency ds 
and produce the sum and the difference frequencies at 
their outputs. This is demonstrated by the following 
relationships. 

COSBSIN.db = %SIN(8+d) - SIN(0-db)) 

SIN0COS = %(SIN(0-d) + SIN(0-d) 

The linear frequency mixers 112 receive the bal 
anced modulator outputs in the following combinations 
which are equivalent to the quantities indicated below. 

COS8SINds - SINGCOSdb = -SIN(0-db) 

-COS6SENds + SINBCOSdb = SEN (9-db) 

SINBCOSd) + COS6SINdb = SIN(0+d) 

-COS6SINds - SiN9COSdb = -SIN(0+d) 

If the following relationship holds for the upstream 
frequency: 

6 - d = f; 
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14 
and the following relationship holds for the down 
stream frequency: 

8 + d = f; 

then the relationships below arise. 
f - f = Kd 

Since 6 is a sub-harmonic of the output frequency of 
VCO 19 it can be seen that the output frequency of 
VCO 19 is proportional to the sum frequency, or the 
sound propagation velocity through a still fluid. Simi 
larly since d is the data output frequency it provides a 
signal proportional to the difference frequency which is 
an indication of flow velocity of the fluid. 
Low pass filters 113 and 114 contain cross-over volt 

age comparators which receive the mixed frequencies 
and produce square wave outputs. The ripple on the 
mixed frequency input is removed in this fashion leav 
ing only frequency f. at the output of low pass filter 113 
which is proportional to the upstream speed of sound, 
and frequency f. at the output of low pass filter 114 
which is proportional to the downstream speed of 
sound. 
Turning now to the function of the time calibration 

circuit, reference is made to FIG. 11. A program is 
patched into the read only memory (ROM) 125 which 
represents a number which will provide a desired cali 
bration of the data pulses from the one shot device 120. 
This number from the program contained in ROM 125 
is presented to the adder 126. The total of the program 
number and the number from the accumulator 130 is 
presented to the input of the latch 129. The next data 
frequency pulse reaching the latch 129 transfers the 
total from the adder 126 through the latch 129 to the 
accumulator 130. This latter figure is added to the 
figure already in accumulator 130 and is instantly sent 
back to the adder 126. The accumulated figure and the 
number from the program in ROM 125 are added and 
the sum is immediately presented to the input of the 
latch 129. The next arrival of a data frequency pulse 
transfers the new sum to the accumulator 130 as be 
fore. 
When the accumulator 130 has filled to a predeter 

mined level a carry pulse is directed to the up/down 
counters 131 and 138. When flow is in the normal 
direction counter 131 counts up, is cleared by clock 
132, and shows the count level at display 135. The 
display represents a calibrated quantity of flow per unit 
of time where the time period is determined by the 
period of the clock 132. In the event the flow direction 
is reversed the change in signal at the flow direction 
gate 118 causes the output of gate 137 to change state 
and to direct the counter 131 to count down, which 
means it must borrow since it has just been cleared. 
The borrow signal changes output state at the flip-flop 
136 which lights a minus sign on display 135 and also 
resets the output state of gate 137 so that the counter 
131 counts in an up direction, marking it as reverse 
flow by the minus sign at the display 135. 
Normal flow direction causes the up/down counter 

138 in the total flow circuit to count up and show the 
total flow on the display 141 until the up/down counter 
138 is reset. In the event the flow direction is reversed 
the signal from the exclusive OR gate 118 connected to 
the exclusive OR gate 143 causes a change in output 
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state of gate 143 which directs the up/down counter 
138 to count down. Display 141 will show a decrease in 
total flow until it reaches the zero level. At this point a 
borrow signal is sent to the flip-flop 142 which causes a 
minus sign to appear at display 141 and changes one of 
the input states to gate 143. This resets the output state 
of gate 143 and causes the counter 138 to revert to the 
count-up condition. The count-up is delivered to dis 
play 141 where the reverse flow total is indicated by the 
presence of the minus sign. . . . . . 
A second embodiment of the invention does not 

include the synthesizer section 18 previously described. 
This embodiment contains all the features of the system 
previously described but utilizes two separate voltage 
controlled oscillators to generate upstream and down 
stream frequencies. Referring to FIG. 16 a transmit 
receive section 201 is shown which provides signals to 
and receives signals from transducers 202 and 203 in 
the wall of a pipe 204 and in communication with a 
flowing medium contained therein. The received signal 
is directed to a detector section 206 which in turn 
provides early and late signals to a control section 207 
as before. The first and second integrator outputs from 
control section 207 are directed to first and second 
voltage controlled oscillators 208 and 209 respectively. 
Frequency outputs from VCO's 208 and 209 are di 
rected back to the control section 207 and utilized as 
described before, and are also directed to a balanced 
modulator 211 which produces the sum frequency and 
the difference frequency proportional to sound propa 
gation velocity and flow velocity respectively. The fre 
quency outputs of modulator 211 are sent to high pass 
filter 212 and low pass filter 213 which remove carrier 
and modulation components in the sum and difference 
frequencies respectively. 
One form of the preferred embodiment has been 

constructed following the disclosure herein and used to 
meter the velocity of sound propagation and velocity 
and quantity of flow of water, contained in several sizes 
of pipe. The circuitry utilized is shown in FIGS. 4, 6, 8 
and 10. 
FIG. 4 shows the circuitry contained in the transmit 

receive section 15. This section of the circuitry gener 
ates the high voltage transmit pulse, receives the pulse 
from the transducer acting as a receiver, provides a first 
stage of received pulse amplification, and performs a 
high voltage transmit pulse regulation function. The 
various circuit components have the following values: 

RESISTORS 
R1 Kilohms 4.7 
R2 t 4.7 
R3 () 
R4 10. 
R5 
R6 
R7 10 
R8 10 
R9 Ohms 470 
RO 470 
R11 Kilohms 10 
R2 10 
R13 
R4 1 
R15 Ohms 470 
R16 Kilohms 20 
R17 Ohms 470 
R18 Kilohms 47 
R9 8.2 
R20 FA l 
R21 470 
R22 470 
R23 f 10 
R24 10. 
R25 
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16 
-continued 

R26 f 0. 
R27 Ohms 200 
R28 Kilohms 100 
R29 

CAPACTORS 
Cl mf .0 
C2 FF 0. 
C3 F . 
C4 .l 
C5 PF ,01 
C6 .0 
C7 f .01 
C8 O 
C9 mf .00 
CO 0. 
C1 0. 
C2 pf 220 
C3 mf 1.00 
C14 . 
C15 pf 220 
C16 220 

INDUCTORS 
Ll Microhenry 100 

SOLID STATE DEVICES 
Al w SN74123N 
A2 SN7423N 
A3 MC1590G 
A4 MC1590G 
A5 DG52 
A6 SN7254N 
A7 SN7402N 
A8. SN7402N 
A9 SN7402N 
A0 SN7402N 
All SN7274P 
A2 SN7254N 
A3 SN7404N 
A 4 SN7404N 
AS. DG152 
A 6 SN7404N 
D-4 N459 
O-4 2N2102 

FIG. 6 shows a schematic of the detector section 16 
of the system. The received signal is processed in this 
part of the circuit. A trigger signal is generated as dis 
closed in copending U.S. Pat. application Ser. No. 
250,760, and an early or a late determination for the 
received signal is made. The various circuit compo 
nents have the following values: 

RESISTORS 
R Kilohms 
R2 
R3 Megohms 
R4 Kilohms 0. 
R5 Megohms 
R6 Kilohms () 
R7 A () 
R8 O 
R9 20 
R10 47 
R P 15 
R2 A O 
R13 Kilohms 47 
R4 10 
R15 F. 2.7 
R6 () 
R17 
R8 P 20 
R19 F 20 
R20 f 1. 
R21 470 
R22 40 
R23 F 14.7 

CAPACTORS 
Cl mf .0 
C2 .0 
C3 . 
C4 . 
C5 1,00 
C6 F 1.00 
C7 pf 220 
C8 mf .001 



L 

Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A 10 
All 
A 2 
Al3 
Al4 
A15 
A 16 
A17 
A18 
Al9 
A20 
A2l 
A22 
Ol 
O2 

17 
-continued 

pf 100 

NDUCTORS 
Microhenry 100 

SOLID STATE DEVICES 
MC1590G 
SN725 14N 
SN7274 P 
SN7474N 
HA2605 
HA2605 

SN725 14N 
SN725 14N 
SN7254N 
SN7474N 
SN7400N 
SN7474N 
SN7400N 
SN7422N 
SN7400N 
SN7474N 
SN7474N 
SN7474N 
SN7474N 
SN7474N 
SN7400N 
SN7400N 
2N4360 
2N4360 

Re. 28,929 
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FIG. 8 shows a schematic of the control section 17 of 
the system. The early and late signals are transformed 
into control signals in this part of the circuit, and the 
time sequence is determined for the up/down, guard, 
reference and transmit control signals. The various 
circuit components have the following values: 

Cl 
C2 
C3 

Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A10 
All 
Al2 
D 
Al3 
A 14 
A15 
A 6 
A17 
A18 
A9 
A20 
A21 
A22 
A23 
A24 
A25 
A26 

RESESTORS 
Kilohms 4.7 

4.7 
F 330 
F 4.7 

F 4.7 
4.7 
4.7 
330 
47 
4.7 
47 

CAPACTORS 
mf 1 

l 
t l 

SOLID STATE DEVICES 
SN7402N 

rt 

SN7474N 
IN459 

SN74 122N 
HA2605 
HA2605 
HA2605 
HA2605 

SN7474N 
SN7402N 
SN74197N 
SN7497N 
SN7474N 
SN7407N 
SN74 107N 
SN7474N 
SN7474N 
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FIG. 10 shows a schematic of the synthesizer section 

18 of the system. The downstream and upstream fre 
quencies, f, and f, respectively, are synthesized and the 
signal frequencies utilized in their synthesis are found 
to be proportional to the sum frequency and to the 
difference frequency. A direction of flow indication is 
provided and it is necessary to use only one VCO. The 
various circuit components have the following values: 

RESISTORS 
R Kilohms l 
R2 10 
R3 10 
R4 Kilohms 
R5 r 10 
R6 10 
R7 47 
R8 15 
R9 10 
R10 0. 
R11 56 
R12 47 
R13 15 
R4 10 
R 5 10 
Rt 6 56 
R7 a 24.7 
R18 5 
R19 15 
R20 2 
R21 2 
R22 4.7 
R23 4.7 
R24 r 

R25 
R26 t 100 

CAPACTORS 
C1 inf .00 
C2 .00 
C3 pf 470 
C4 470 
C5 pf 00 
C6 100 
C7 3000 
C8 3000 
C9 220 
C10 mf . 
Cl f 

SOLID STATE DEVICES 
Al HA2605 
A2 SN7474N 
A3 SN7474N 
A4 SN7474N 
A5 DG 90 
A6 DG190 
A7 HA2605 
A8 HA2605 
A9 SN7254N 
AO SN725 14N 
All SN7404N 
At 2 SN7404N 
A 3 SN7474N 
Al4 SN7486N 
A15 SN7486N 
A16 SN7486N 
A17 SN7486N 
A18 SN7404N 
A 19 SN7404N 
A20 SnT404N 
A2 SN74122N 
A22 SN74.13N 
A23 SN743N 
A24 SN7254N 
A25 SN7254N 
A26 MC545G 
A27 MC54SG 

The system just described demonstrated measuring 
capabilities in pipe sizes down to one-eighth inch in 
diameter which produced flow measurement down to 
0.008 feet/sec and resolution of sound speed of one 
part in 5,000. The system measures bi-directionally, 
may be reversed, exhibits no zero flow lock-up, pro 
vides independent sound speed and flow data, contains 
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self control alarms for loss of tracking, low received 
signal level and no received signal, and provides for 
transmit pulse echo suppression. 

I claim: 
1. In an ultrasonic speed of sound and flow meter 

system of the type utilizing first and second transducers 
spaced in relative upstream-downstream positions in 
communication with the fluid to be metered, means for 
generating signals to be transmitted by said transducers 
through said fluid, means for receiving signals sensed 
by said transducers, means for generating a reference 
signal, means for comparing the phase of the received 
signal and the reference signal and generating a phase 
dependent signal, means responsive to said phase de 
pendent signal for generating signal levels proportional 
to upstream and downstream speeds of sound, means 
responsive to said signal levels for providing frequen 
cies proportional to upstream and downstream speeds 
of sound, control means utilizing said frequencies for 
directing transmission alternately by said first and sec 
ond transducer and reception alternately by said sec 
ond and first transducer respectively, and means com 
bining said frequencies whereby a sum frequency is 
obtained proportional to the speed of sound in the 
medium and a difference frequency is obtained propor 
tional to the flow rate of the medium. 

2. An ultrasonic speed of sound and flow meter sys 
tem as in claim 1 wherein the means providing frequen 
cies proportional to upstream and downstream speeds 
of sound comprise first and second voltage controlled 
oscillators receiving downstream and upstream trans 
mitted signals respectively and wherein said means 
combining said frequencies comprise a balanced modu 
lator, said modulator operating to provide said sum 
frequency proportional to speed of sound in the me 
dium and said difference frequency indicative of flow 
rate. 

3. An ultrasonic speed of sound and flow meter sys 
tem as in claim 1 wherein said means providing fre 
quencies proportional to upstream and downstream 
speeds of sound and said means combining said fre 
quencies comprise a voltage controlled oscillator, 
means for controlling the output frequency of the volt 
age controlled oscillator utilizing said speed of sound 
proportional signal levels to provide said frequency 
indicative of sound propagation speed through the 
medium, means for synthesizing a data frequency utiliz 
ing said speed of sound proportional signals to provide 
said frequency indicative of flow rate, and means com 
bining said oscillator and data frequencies. 

4. An ultrasonic speed of sound and flow meter sys 
tem as in claim 3 together with transmit signal auto 
matic gain control responsive to the amplitude of said 
received signal, and voltage comparator means respon 
sive to a predetermined amplitude transmit signal indi 
cating a low received signal operating to generate an 
alarm and to block data from said oscillator and data 
frequencies. 

5. An ultrasonic speed of sound and flow meter sys 
tem as in claim3 wherein said means for controlling the 
output frequency of said voltage controlled oscillator 
comprises a summing circuit receiving said signal levels 
proportional to upstream and downstream speeds of 
sound, an integrator responsive to the output of the 
summing circuit, said integrator operating into said 
voltage controlled oscillator whereby a change is ef 
fected at said oscillator output proportional to the inte 
gral of said summing circuit output. 
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6. An ultrasonic speed of sound and flow meter sys 
tem as in claim 3 wherein said means for synthesizing a 
data frequency utilizing said speed of sound propor 
tional signals comprises first and second integrator 
circuits to receive said upstream and downstream 
speed of sound proportional signals, first and second 
comparators to receive the outputs of said first and 
second integrators respectively, switching means to 
direct the upstream frequency proportional signal al 
ternately to said first and second integrators and actu 
ated by said second comparator, switching means to 
direct said downstream frequency proportional signal 
alternately to said first and second integrators and actu 
ated by the output of said first comparator, and a fre 
quency multiplier circuit to receive the outputs of said 
first and second comparators to provide a frequency 
indicative of flow. 

7. An ultrasonic speed of sound and flow meter sys 
tem as in claim 6 together with a bi-directional flow 
indication actuated by phase relationship between said 
first and second comparators. * , 

8. An ultrasonic speed of sound and flow meter sys 
tem as in claim 3 wherein said means combining said 
oscillator and data frequencies comprises a frequency 
divider to receive the output of said voltage controlled 
oscillator, a pair of output signals in quadrature from 
said frequency divider, first and second balanced mod 
ulators, a pair of outputs in quadrature from said means 
for synthesizing a data frequency, circuit means direct 
ing said leading divider frequency and said lagging data 
frequency to said first balanced modulator, circuit 
means directing said lagging divider frequency and said 
leading data frequency to said second balanced modu 
lator, linear frequency mixing means to receive the 
outputs of said first and second balanced modulators, 
said mixing means operating to provide first and second 
frequency outputs proportional to downstream and 
upstream speeds of sound respectively. 

9. An ultrasonic speed of sound and flow meter sys 
tem as in claim 1 wherein said control means utilizing 
said frequencies for directing transmission alternately 
by said first and second transducers and reception al 
ternately by said second and first transducers respec 
tively comprises circuit means responsive to a predeter 
mined number of cycles of said upstream and down 
stream frequencies providing an up/down control, first 
switching means 'sensitive to said up/down control to 
alternately direct said signals to be transmitted to said 
first and second transducers, second and first preampli 
fiers receiving said signals sensed by said second and 
first transducers respectively, second switching means 
sensitive to said up/down control to direct output alter 
nately from said second and first preamplifiers, a trig 
ger circuit to define the phase of said received signal, 
said trigger circuit output directed to said means for 
comparing the phase of the received signal and the 
reference signal. 

10. An ultrasonic speed of sound and flow meter 
system as in claim 1 wherein said means for comparing 
the phase of the received signal and the reference sig 
nal and generating a phase dependent signal comprises 
circuitry having first and second output and providing 
one of said first and second outputs dependent on 
phase lead or lag of said received signal relative to said 
referer signal and wherein said means responsive to 
said phase dependent signal for generating signal levels 
proportional to upstream and downstream speeds of 
sound comprises circuitry for providing a signal level 
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having a polarity determined by said one of said first 
and second outputs for both upstream and downstream 
transmissions, and for integration of said signal level 
having a polarity separately for both upstream and 
downstream transmissions. ... r 

11. An ultrasonic speed of sound and flow meter 
system as in claim 1 wherein said means for generating 
signals to be transmitted by said transducers and said 
means for receiving the signals sensed by said transduc 
ers comprise switching means for directing said trans 
mission signals to said first transducer, circuit means 
for receiving and shaping a signal transmitted generally 
downstream, circuit means directing said shaped signal 
to actuate said switching means directing the subse 
quent transmit pulse to said second transducer for 
transmission generally upstream. . . 

12. An ultrasonic speed of sound and flow meter 
system as in claim 1 together with an alarm indication 
providing evidence of loss of system tracking when said 
means for comparing the phase of the received signal 
and the reference signal does not display a reversal 
within a preset period of time to said means responsive 
to said phase dependent signal. 

13. An ultrasonic speed of sound and flow, meter 
system as in claim 1 together with a preset repetition 
rate proportional to upstream and downstream speeds 
of sound, said repetition rate providing suppression of 
echoes generated within the flowing medium by prior 
transmission pulses. 

14. In an ultrasonic speed of sound and flow meter 
system of the type utilizing first and second transducers 
spaced in relative upstream-downstream positions in 
communication with the fluid to be metered, means for alternately transmitting signals through the fluid from 
said first and second transducers respectively, means 
for receiving signals from the fluid in said second and 
first transducers respectively, means for generating a 
reference signal, means for comparing said reference 
signal with said received signals and generating a com 
parison signal, means responsive to said comparison 
signal for generating signals proportional to upstream 
and downstream transmission times, and means respon 
sive to said last named signals for synthesizing frequen 
cies proportional to said upstream and downstream 
transmission times, said synthesizing means forming a 
sum frequency and a difference frequency of said up 
stream and downstream transmission frequencies indic 
ative of fluid sound propagation velocity and flow rate 
respectively. 

15. In an ultrasonic speed of sound and flow meter 
system of the type utilizing first and second transducers 
spaced in relative upstream-downstream positions in 
communication with the fluid to be metered, means for 
alternately transmitting signals to the fluid from said 
first and second transducers respectively, means for 
receiving signals from the fluid in said second and first 
transducers respectively, means for generating a refer 
ence signal, and means responsive to said received and 
reference signals for generating frequencies propor 
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tional to the upstream and downstream speeds of 60 
sound, said frequencies combining to form a sum fre 
quency indicative of sound propagation velocity. 
through the fluid and a difference frequency indicative 
of flow rate. 

16. A method of measuring fluid flow rate and veloc 
ity of sound propagation through a flowing fluid utiliz 
ing at least one pair of first second ultrasonic energy 
transducers capable of functioning as transmitters and 

65 
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receivers in communication with the fluid which com 
prises generating a transmit pulse, transmitting said 
transmit pulse from said first transducer through said 
fluid in a generally downstream direction, generating a 
reference pulse, receiving said transmitted pulse at said 
second transducer, comparing the received pulse and 
the reference pulse in phase and generating a signal 
with phase dependent polarity, connecting said signal 
with phase dependent polarity to a first summing net 
work, generating a first control signal in said first sum 
ming network, alternating the direction of the subse 
quent transmit pulse to said second transducer with 
said first control signal, transmitting a subsequent 
transmit pulse from said second transducer through 
said fluid in a generally upstream direction, generating 
a subsequent reference pulse, receiving said subse 
quent transmit pulse at said first transducer, comparing 
the subsequent received pulse and the subsequent ref 
erence pulse in phase and generating a subsequent 
signal with phase dependent polarity, connecting said 
subsequent signal with phase dependent polarity to a 
second summing network, generating a second control 
signal in said second summing network, controlling the 
output of a high frequency VCO with the mean value of 
said first and second control signals, synthesizing a data 
frequency responsive to said control signals, said VCO 
and data frequencies providing a signal frequency pro 
portional to the speed of sound through the medium, 
and a signal frequency proportional to flow rate respec 
tively. 

17. A method of measuring fluid flow rate and veloc 
ity of sound propagation through the fluid utilizing at 
least one pair of first and second ultrasonic energy 
transducers capable of functioning as transmitters and 
receivers in communication with the fluid which com 
prises generating a transmit pulse, generating a refer 
ence pulse, directing the transmit pulse alternately 
upstream and downstream of the flowing medium, re 
ceiving the transmit pulse, comparing phase of the 
received and reference pulses, generating a signal de 
pendent on said phase comparison, generating signals 
proportional to upstream and downstream sound 
speeds responsive to said signal dependent on phase, 
summing said proportional signals, controlling a volt 
age controlled oscillator with said sum, generating a 
data frequency utilizing said proportional signals, com 
bining said data frequency with said oscillator fre 
quency to synthesize upstream and downstream sound 
speed frequencies, generating control signals respon 
sive to said sound speed frequencies, said control sig 
nals operating to maintain a constant time relation 
between all system signals for varying fluid characteris 
tics and different size flow conduits. 

18. A method of measuring fluid flow rate and veloc 
ity of propagation as in claim 17 wherein generating a 
signal dependent on said phase comparison and gener 
ating signals proportional to upstream and downstream 
sound speeds comprises directing downstream received 
signals to a first channel, directing upstream received 
signals to a second channel, generating a pulse of one 
polarity for received pulse phase leading reference 
pulse and of opposite polarity for reference pulse phase 
leading received pulse, delivering said pulses in said 
first channel to a first integrator, delivering said pulses 
in said second channel to a second integrator, said 
integrators operating to sum pulses and to provide 
outputs proportional to downstream and upstream 
sound speeds respectively. 
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19. A method of measuring fluid flow rate and veloc 
ity of sound propagation as in claim 17 wherein gener 
ating a data frequency utilizing said proportional sig 
nals comprises directing said signals to first and second 
fast integrators, connecting said first and second inte 
grators to first and second voltage comparators, direct 
ing the output of said first voltage comparator to alter 
nately switch the upstream and downstream propor 
tional signals to the input of said second fast integrator, 
directing the output of said second comparator to alter 
nately switch the upstream and downstream propor 
tional signals to the input of said first fast integrator, 
and combining said first and second comparator out 
puts. 
20. A method of measuring fluid flow rate and veloc 

ity of sound propagation as in claim 19 wherein com 
bining said first and second comparator outputs com 
prises multiplying the frequency at said first and second 
comparator outputs to provide a data frequency, and 
providing a constant data frequency pulse charge to 
facilitate data reduction. 
21. A method of measuring fluid flow rate and veloc 

ity of sound propagation as in claim 17 wherein com 
bining said data frequency with said oscillator fre 
quency comprises dividing said oscillator frequency to 
obtain two outputs in quadrature, directing said data 
frequency and said divided oscillator frequency to first 
and second balanced modulators, mixing the outputs of 
said first and second modulators to obtain a sum fre 
quency and a difference frequency of the oscillator and 
data frequencies whereby the balanced modulator out 
put frequencies are proportional to upstream and 
downstream speeds of sound. 
22. In an ultrasonic speed of sound and fluid flow 

meter system of the type utilizing first and second trans 
ducers spaced in relative upstrean-downstream positions 
in communication with the fluid to be metered, reference 
means for generating a reference signal, transmitting 
means responsive to said reference signal for alternately 
transmitting signals through the fluid from said first and 
second transducers respectively, means for receiving 
signals from the fluid in said second and first transducers 
respectively, means for comparing in time said reference 
signal with said received signals and generating a con 
parison signal, means responsive to said comparison 
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24 
signal for generating signals related to upstreana and 
downstream transmission times, and synthesizing means 
responsive to said last named signals for synthesizing 
signals related to fluid sound propagation velocity and 
flow rate, said reference means responsive to both said 
fluid sound propagation velocity and flow rate related 
signals for controlling the tinning of said reference signal. 
23. An ultrasonic speed of sound and flow meter sys 

ten as in claim 22 wherein said transmitting means also 
is responsive to both said fluid sound propagation velocity 
and flow rate related signals. 
24. In an ultrasonic speed of sound and flow meter 

system of the type utilizing first and second transducers 
spaced in relative upstream-downstream positions in 
communication with the fluid to be metered, reference 
means for generating a reference signal, transmitting 
means responsive to said reference signal for alternately 
transmitting signals through the fluid from said first and 
second transducers respectively, means for receiving 
signals from the fluid in said second and first transducers 
respectively, and synthesizing means responsive to said 
received and reference signals for synthesizing signals 
related to fluid sound propagation velocity and flow rate, 
said reference means responsive to said fluid sound prop 
agation velocity and flow rate related signals for control 
ling the timing of said reference signal. 
25. A method of measuring fluid flow rate and velocity 

of sound propagation through the fluid utilizing at least 
one pair of first and second ultrasonic energy transducers 
capable of functioning as transmitters and receivers in 
communication with the fluid which comprises generat 
ing a transmit pulse, generating a reference pulse related 
in time to said transmit pulse, directing the transmit 
pulse alternately upstream and downstream of the flow 
ing medium, receiving the transmitted pulse, comparing 
the phase of the received and reference pulses, generating 
signals dependent on said phase comparison and the 
directionality of transmission, synthesizing signals re 
lated to fluid sound propagation velocity and flow rate 
from said signals dependent on said phase comparison 
and directionality, combining said synthesized signals to 
provide control signals for controlling the time relations 
between said transmit and reference pulses separately for 
each of the upstream and downstream transmissions. 
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