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[57] | ABSTRACT

An ultrasonic speed of sound and flow metering sys-
tem which may utilize only-one pair of ultrasonic
transducers by incorporating a unique time share fea-
ture. In one embodiment a direct synthesis of a fre-
quency proportional to the speed of sound in a flowing:

~medium 1s obtained using one voltage controlled oscil-

lator. An additional direct synthesis of a data fre-
quency proportional to the flow of the medium is de-
rived from signals inversely proportional to sound en-
ergy transit times upstream and downstream.

25 Claims, 16 Drawing Figures

15

6 N
FLOW

DETECTOR

|18

= ¢

| | DATA TIME
T —=—{ CALIB.
DATA

SYNTH'ES'.'IS CONTROL

17

FLOW TOTAL

- FLOW RATE



Reissued Aug 17,1976  Sheet1of14  Re. 28,929

~ 5
TRANSMIT -
RECEIVE |

.Ie

DETECTOR

|18

SYNTHESIS| CONTROL

19 ' ! — _
DATA TIME — FLOW TOTAL

T CALIB.] o FLOW RATE

SOUND SPEED  pg

to | o '_ - Flga|3

- 78

|
/ N\ /X "
] | | B
- ' _L—---OFF
' /183 ': o

ON

DATA

wmian  aEl ppinin S

—— OFF

| O ____CLOSE 14~
_ e —L— |74

OFF

- ' CLOSE 5-6




Re. 28,929
<
S
L

—gig| SISIHLNAS

.
St
QO
)
ﬂ .
= 2 O3 LNI
7 193 LNI _
TOHLNOD BT A 1
MO1 LIWSNVYL _
= 13y 9V 3 . _
2 WYYy~ HO1H LINSNya. —4 ,
 oh
o
-
3 JAIFD3IY _
> LINSNVYL
¥ g
S 2bi4
. Ve
R —— ‘9IS




Reissued Aug. 17,1976 ©  Sheet 3 of 14 Re. 28,929

3
| )
<
OoN|
» i |

DETECTOR




MUZ<J<m:

Re. 28,929

d0103.130

‘Sheet 4 of 14_

JONVIVE

Reissued - Aug. 17, 1976




Re. 28,929

Sheet 5 of 14

Reissued Aug. 17, 1976

- 99 IS

"OIANI
OIS ON

ayavno

LIWNSNVYH L

| 1 0103130 __ . AN_\/UN_




 IYNOIS ON-

. Q¥vNo
 LIWSNWYL

- Sheet 6 of 14

300W

_ 31y 1=—o Hu s
) mm<l——— _—wn__

m

AHvI——o
B 12V

~ Reissued Aug. 17, 1976

434 — Huqﬂ HH‘%
-

&

Sld

£ T13A3N

bid oyl
M8

__m._

o
i

0] v | TvNolS

||
A <
m—m—_m o o
o [z [
oY 4 ey -

AT A



Re. 28,929

Sheet 7 of 14

Reissued Aug. 17, 1976

HOIH *LIWSNVY .1
MO " LINSNVY L

434

ayavno

d/n
ay¥vnNo

\.\

88

LVILINI

Q/n
QyvNo

(1) 200A
NMOQd
dn

(13)100A




HOIH LIWSNVH L
HOIH LINSN! m<

MO LIWSNYY L —— - — R e

o - E e T——t—  (@hzooA

| _ 434 - - Hu o .. ~ NMOJ o |
o[ o T

Re. 28,929

ddavnog
_ v

—— dn .
- :t_ou> _

Sheet 8 of 14

2 OFLNI——-

| " O4LNI

A4V3

Reissued Aug. 17, 1976




9_
N 1 4
N
&
. _ ¥3.1114 — XiW—d6m | 433de
R ._N“v SSVd l‘lIIHA B . ANNOS—
41 _ ~ e
- -
I '3 P
N -
= ¢l _wn__.>__n_.
QL
-
o
0 '03Y¥4 VIVG—-
= oz
5 ISHIATY -
z zo;oum_ollxm _
. 8l _ . R
oﬂu \.\ | B W
N g) _ | o o
o yum |
O
az



Re. 28,929

Sheet 10 of 14

Reissued Aug. 17, 1976

3SH3A3Y

NO!12341a
Iy Yo B
. vV




Nfelople

2¢l _
> o<

2 .
AVdSIa | YOG _ \\
. /dn _

Re. 28,929

)

Tt

Q
- Gel ,

= | ‘

3 aOJu "WNODY
73 a:u ALV9 o

. ol . NOILD3dIG| Ol

—..If

> 431NNOD 143 LHIANOD

: AV1dSia _ . o 83LH3ANOO
= | Z?)_OD\n_D. vel <\h_-

- |

E %

4ILHIANOD

= 31V9 _ V/Q

O

w _
RZ cv g2l
"D

NOILD3d1Q

Y,

HOLV

ecl

1OHS
dNO
_

Oc

4344V

AHOW3IN
ATINO

O(Nm




Reissued Aug 17,1976  Sheet 12 of 14

Fig.l2

o 128 256 e 144
cock [l vy -
| 47

148




Reissued Aug 17,1976  Sheet 13 0of 14  Re. 28,929

|72

165
168
|73

g.15

184
190
ol

Fig.l4

183
185




| A
€12 | 193
_ oI

A 2} — 1) —
% e} + 14 L
<+ _ cle
3
L
i
)
\O
2 WYY HOIH LINSNVYL
— LOZ
20
< 02 €027
. = | dWV
- . . I al 3IAI3O3N
s 4 = . LINSNVY 1
= o' b14 T 10z~ LIWSN
R B _ . _ . v
- WAV Y

va
9IS




-~ Re.

1 .
ULTRASONIC FLUID SPEED OF SOUND AND

FLOW METER APPARATUS AND METHOD

Matter enclosed in heavy brackets [ J 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
cach 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-

28,929
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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 1s another object ()f 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-

25

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 swntchmg means, or any combination
of these.

OBJECTS OF THE INVENTION AND SUMMARY

30
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It 1s 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 1s 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 1in 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 1s 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 ﬂurd flow metermg system
which is bl-dlrectlonal |
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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 1s a simplified block diagram of the system.

FIG. 2 is a detailed block diagram of the system in-
cluding frequency synthesis. -

FIG. 3 1s a block diagram of the transmntKrecewe
section of the system.

FIG. 4 1s a schematic diagram of the transmlt/recewe
section of the system.

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

. the system.

FIG. 6 1s a schematic diagram of the detector séction
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 dlagram of the frequency synthesis
section of the system.

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

FIG. 11 1s a block diagram of the time callbratlon

~ section of the system.

60

65

FIG. 12 1s 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 showmg 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

28,929

sound through the flowing medium. The system in- -

cludes at least one pair of ultrasonic piezoelectric 10
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 dertved 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 1n 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
recelved 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 recetver 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. .

15

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
recelved signal from receivers 25 or 26 prior to direct-

ing 1t to the detector circuit 16. Inverter 28 provides

20
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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 mput 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 amphfier 32 can be seen to be connecled to
transducer 34 in the wall of pipe 35.

Voltage comparator 39 1s 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 recewed 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
235 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 1S 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 S1.
Gate 51 provides an input to either: the inverting or
non-inverting input integrator 49,

The output of amplifier 46 i1s 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 copendmg 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 S8 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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| 5 |
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

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 |

detoctor 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

width and then delivers it to gate 62 through a refer-

ence pulse gatc 64.for comparison with the rocewed
signal from gate 58.

The guard signal from oontrol 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 durmg 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 earlyflate 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 1S
provlded 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 enablmg 2

the “‘no signal” gate 68.

The coritrol section 17 of the system prowdes gener-.

ally for the generation of the transmit pulse signal, a

portion of the delay time and subsequent generat:on 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 pa'ss 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 asignal generated from

10

15

20

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 1s deliv-
ered to the transmit/receive circuit 15.
Referring now to FIG. 9 a block diagram of tho 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 mtegrdtors 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

25

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-

30

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-'

35

40

latch circuit 70 is connected to the inverting or non-

inverting input of amplifier 78 which in turn provides
‘an input to a second integrator 76. Output from both
integrators 73 and 76 1S dlrected to the synthes:zer
circuit 18. | S R S
-Normal operatlon 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 mdloatlon

Is provided by alarm circuit 77. |
- The control section 17 also receives two f‘requenmes

from the synthesizer 18 which are directed to switching

circuit 78 which performs a single pole/double. throw
function. Switching circuit 78 also reooivo_s-,inputs from
the up/down control flip-flop 71. The “‘up’’ signal from
up/down 71 1s also directed to the transmﬂ/recewe
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

45

50

535

60

65

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 gquadrature at the
outputs -of fast integrators 102 and 103 which may be
referred to as sine ¢ and cosine ¢ 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
souhd propagatlon 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 18 thmugh the m]ectmn of
time calibration.

FIG. 11 shows a read only memory 125 Wthh 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 1s 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 13S5.
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 mterconnec:tmns
between the major sections. . Lo |

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

1s 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

10

15

_ 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
0pen conditiofi. Thus the received pulse from amphfier
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

20

25

band-pass filter. The received pulse is then directed to
recerver 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.
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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 recewed 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

1s closed to ground. Gate §9 presents a continuous up

~-state so the set input of gate 58 under this condition.

60

65

The output from comparator 54 resets gate S8 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 88 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.
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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

Re. 28,929
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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 1s 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-
tton 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 hlgh/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 a gain control signal from
integrator 49 which decreases the gain of amplifier 46.
When the output from detector amplifier $2a 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
comparamr 65.

. Turning now to the operanon 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 1s now in a condition to
conduct either an early or a late pulse to amplifier 72.
An early pulse i1s 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
1s 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 contamned second set of nor gates if there s 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 f, or f, which is gener-
ated in the synthesizer section 18 and connected to the
switch circuit 78. Switch circuit 78 passes either f; or 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 148 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 18 to allow comparator 39 to function

‘during its dwell time and to enable the high/low signal -

latch 40. Pulse 154 is also connected to detector sec-
tion 16 where it 1s processed and compared in time
phase with the processed received pulse. Pulse 185
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 15 in a low state producing a signal from
the nor gate 89 which resets the repetition rate gate 90
which 1s in turn fired on the next rise of the repetition
rate pulse 147. The output of gate 90 is seen as the
spike 136 which 1s 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 183 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 f; or f, 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 f, or 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
charactenstic 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 fluld 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 1s
shown from VCO 19. Frequency 165 is delivered to a
frequency divider 96 where the frequency 165 1s re-
duced by a factor of 4 and two output frequencies are
produced in quadrature. The frequency division and
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quadrature 1S 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 1s delivered to a third edge trig-
gered flip-tlop 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 i1s 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 t, to its saturation point.
The output of fast integrator 102 is directed to the
mput 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 1 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 himit 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 111 and opens contacts 8 and 7 and closes
contacts § 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 1s 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 ¢ and sine ¢ respectively. Cosine ¢ is
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directed to modulator 99 and sme ¢o is directed to mod-

-~ ulator 100.

Referring now to FIG. 14 the manner in whlch 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 multipher circuit 119 which is also fed a con-

10

15

stant down state at another of its mputs This produces |

the output 185 which is merely an inversion of pulse
184. Pulse 188 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
trlggered fhp 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

direction output which'is connécted to thé 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 dlrectmn It -

can be seen that if the data’input begins to lead the

20

14

and. the following relationship holds for the down-

‘stream frequency:

ft+te¢ =1,

‘then the relationships below arise.

_f‘t - f2 = ,IK‘{b |
£+, =K@

Since @ 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 propagatlon velocity through a still fluid. Simi-
larly since ¢ 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,

25

30

normal forward flow the clock mput leads the data 35

input which provides a normally down state at the flow

40

clock input ‘the subsequent flow ‘direction- output to

gate 118 will be an up state providing d@ down state
output from gate 118 indicating reverse flow direction.

The balanced modulators 99 and 100 suppress both
the carrier frequency € and modulation frequency ¢
and produce the sum and the difference frequencies at
their outputs. This is demonstrated by the following

'relatlonshlps

| COS&SIN¢ = W[SIN(8+¢) — SIN(8—¢)]

smécos¢ = %[SIN(_H%{») + SIN(8—d)]

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

COSOSING — SINOCOSP = —SIN(6—¢)
—~COS6SING + SINBCOSH = SIN(6—)
SINGCOSd + COSESING = SIN(8+)

—~COSHSING — SINSCOS4 =-SIN(6+6)

If the followmg relationship holds for the upstream
frequency

e—fﬁi‘—'f\l
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and frequeney f, at the output of low pass filter 114
which 1s pre-portlonal to the downstream speed of
sound. S

Turmng 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
18 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 13(} as be-

- 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 1385.

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 1s 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 3

- 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 .
. 10

presence of the minus sign. . o

A second embodrment of the mventmn 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 oselllators to generate upstream and down-
stream frequencies. Referrmg to FIG. 16 a transmit
receive section 201 is shown which provides signals to
and receilves srgnals from transducers.202 and 203 .in
the wall of a pipe 204 and in communication with a
ﬂewmg medium contained therein. The reeewed stgnal
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 VCQO’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 Wthh produces the sum frequency and
the difference frequeney proportional to sound propa-
gation velocity and flow velocity respectlvely 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 dlfference
frequencies respectwely ~

One form of the preferred embodlment has been
constructed following the disclosure herein and used to
meter the velocity of sound propagation and. velocrty
“and quantlty of flow of water.contained i in several sizes
of pipe. The circuitry utlhzed is shewn In FIGS 4,6,8
and 10. | . .

FIG 4 shows the c1rcu1try contamed In the tmnsmlt
receive section 15. This section of the c:lrc:mtry gener-

ates the high veltage transmait pulse receives the pulse 45

from the transducer acting as a receiver, provides a first
stage of received pulse ampllﬁcatmn and performs a
hlgh voltage transmit pulse regulation function. The
various circuit components have the followmg values
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- -continued o
"R26 - - | 10
"R27 ~'Ohms - 200
- "R28 °  Kilohms - o 100
- R29 R | - !
o - ‘CAPACITORS _—
| 5 OF BETE N . mf | - -0l
c2 e 01
c4 v |
cs o o o 01
Cé6 ' | o .01
G s gt e .01
.c8 LT L - 01
co - mf. - 1.00
- C10 - N - .01
c1mro . 0
ci2 . pf . 220
Ci13 ©~ mf - - 1.00
Cl4. - R d
c15s . ..pf . - 220
- Ci6 - , 220
S INDUCTORS .
S -Mlcrehenry L 100
- - --SOLID STATE DEVICES
Al . | " SN74123N
A2 - A SN74123N
A3 T MC1590G
A4 - R R MC1590G
As | . o ~ DGI52
Ab L - -7 SN72514N
A7 . o SN7402N
A8 SR | . SNT7402N
| A9 . 7 SNT402N
- AI0 A AL SN7402N .
AL SN72741P
Al2 L .. SN72514N
- Al3 - I - SN7404N
S GAl4 T o s e o SN7404N
L LALS . T DGISs2
Ale - ' SN7404N
D14 - T T R IN459
+ Ql-4 o ... . -~ 2N2102

FlG 6 shows a schematlc of the detecter 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 anearly or a late determination for the

received signal. is made. The various circuit compo-

~.nents have the followmg values:
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e - RESISTORS N
R1 Kilohms Y - 2
- R2 o S 47
R3 - ,;.r:.. _ e . :f 10 |
R4 o o o 10,
RS B o o I
R7 S 10
R& " T |
R9 - Ohms - | 470
R10 " . - 470 -
RI11 Kilohms L . 10
R12 v “ | - 10 .
R13 - ' S Tt -
R14 e o | . L ; 60
R15 Ohms | - | 470
R16 ~ Kilohms o 200
R17. Ohms - 470
RIS Kilohms | - 47
RI19 - | o B2
R20 e .
R21 o | D - 470
R22 o - T 470 0
R23 o S S £

R24 ' - ,, R m_"'

RESISTORS

Rl1 - Kilohms - | 1
R2 ‘o - 1
- .R3 .- Meguhm_‘gi DR | ‘ 1
-~ R4 - Kilohms  -. 10
RS Megohms - 1
R6 Kilohms | | 10
R7 o - 10
RE I > | S 10
RY IR | | 20
R10O S ¥
Ril T S 15
. R12 A S 10
‘R13. - Kilohms S 47
RI4 e S L
RIS - 7 R | 2.7
Rt¢ -~ . - . 10
R17 T | - 1
RiB T o - - 20
R19 - ' | 20
R20 . M I -~ |
R21 M - 470
R22 ' I 470
R23 ' | 147
CAPACITORS
Clt mf - - 0l
Cz '. re : .. .Ol
cy i | . 1
C4 't | y
CS5 o - 1.00
Cé ! - 1.00
C7 pf | 220

C3B mf | S .001
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| _continued FIG. 10 shows a schematic of the synthesizer section
C9  pf - 100 18 of the system. The downstream and upstream fre-
quencies, f; and f, respectively, are synthesized and the
(1 MicmhmrleDUCTORS | 100 signal frequencies utilized in their synthesis are found

> to be proportional to the sum frequency and to the

SOLID STATE DEVICES difference frequency. A direction of flow indication is

MC1590G

Al . 1 |
A2 . SNT25 (4N pro_wded and it is necessary to use only one VCO. The
A3 | SN72741P various circuit components have the following values:
Ad SN7474N | -
A5 HA2605 10 | |
A6 - HA2605 - RESISTORS
Al SN72514N R1 Kilohms - 1
AR SN72514N R2 '’ 10
A9 SN72514N R3 10
AlQ SN7474N R4 - Kilohms l
All SN7400N RS o 10
Al2 SN7474N 15 R6 & 10
A13 SN7400N R7 & 47
Al4 SN74122N RS 15
AlS SN7400N R9 '’ 10
Al6 SN7474N R10 ' 10
Al7 SN7474N RI11 ' 56
A1R SN7474N R12 '’ 47
Al9 SN7474N 0 RI13 ' 5
A20 SN7474N R14 '’ 10
A2l SN7400N R15 ' 10
A22 SN7400N R16 & 56
Q1 2N4360 R17 & 24.7
Q2 2N4360 R18 ' 1S
R19 & 15
25 R20 ! 2
| | - R21 "’ 2
FIG. 8 shows a schematic of the control section 17 of Egg i j-;
the system. The early and late signals are transformed R24 1
into control signals in this part of the circuit, and the R2s- " . | 1
time sequence is determined for the up/down, guard, 20 RZ6 | o | 100
reference and transmit control signals. The various | o ~ CAPACITORS
circuit components have the following values: & 0w Pt
| ‘ | C3 pf 470
- | RESISTORS - g; f l:11(7;8
R1 Kilohms 4.7 4
R2 ' 4.1 35 Co6 100
g | C7 ' 3000
R3 330 | '
iy y 7 C8 3000
RS Ly 4:7 c9 ' . 220
| C10 mf 1
R& 4.7 Cl1 1
R7 '’ 4.7 s
By ., o 40 . SOLID STATE DEVICES
R10 ' 47 - Al HA2605
R11 ' 47 A2 SN7474N
o | A3 SN7474N
CAPACITORS | t SN
g; mf : A6 DG 190
&3 y l 45 A7 HA2605
| . A8 HA2605
. SOLID STATE DEVICES | i?o gﬁggg N
:; | SNT402N All SN7404N
N y A12 SN7404N
Ad | Al3 SN7474N
AS ' 50 Al4 SN7486N
v y AlS SN7486N
.o ., Al6 SN7486N
N ., Al7 SN7486N
o - AR SN7404N
AlQ e ALY SN7404N
All | A20 $Sn7404N
| 7
Al2 SN7474N ¥ An SNT413N
DI IN459 A23 SN7413N
Al3l SN74122N A24 SN72514N
Al4 HA2605 A25 SN72514N
AlS HA2605 A26 MC1545G
Alb HA2605 A27 MC1545G
Al7 HA2605 60 '
AlS SN7474N
Al9 SN7402N | -
ig? g:;ﬂgm The system just described demonstrated measuring
A22 SN7474N capabilities in pipe sizes down to one-eighth inch in
igi SN74107N ~ diameter which produced flow measurement down to
ey S onadoan - 65 0.008 feet/sec and resolution of sound speed of one
- A26 SN7474N 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 sngnal and prowdes fer-

transmit pulse echo suppression.
I claim: . ,
1. In an ultrasonic speed ef sound and ﬂcw meter
system of the type utilizing first and second trdnsducers

5paced in relative upstream- downstream pesmcns 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 obtamed 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 tcgether 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-

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

20
6. An ultrasonic speed of sound and flow meter sys-
tem as in claim 3 wherein‘$aid means for synthe5121ng a

- data frequency utilizing said speed of sound propor-
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tem as in claim 3 wherein said means for controlling the 60

65

tional signals comprlses 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 méter 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 frem sz;ud means
for synthesmmg a data frequency, circuit means direct-
ing said leading divider frequency and said laggmg data
frequency to said’ first balanced medulator circuit
means dlrectlng said laggmg 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
sald 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 contre] 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 circutt to define the phase of said received signal,
said trlgger circuit output directed to said méans for
comparing the phase of the received mgnal 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



"Re.- 28,929

21

having .a pelartty determmed by said one of said first
and- ,S_ecdnd outputs for both upstream and downstream
transmissions.and. for integration of said signal level
having -a polarity separately, for. both upstream and
downstream transmissions. .. S

11. An_.ultrasonic..speed of sound and ﬂow rneter
system as in claim 1 wherein said means for generating
signals to be transmitted by said transducers and said
means for recewmg the signals sensed by said transduc-
ers comprlse switching means. for dlrectmg said trans-
mission sngnals to said first transducer, circuit means
for recejving and shaping a s:gnal transmltted generally
downstream circuit means. dlrectlng said shaped signal
to actuate said sw1tchmg means. directing the subse-
quent transmit pulse to. said second transducer for
transmission generally upstream

12. An ultrasonic speed of. scund 'and ﬂow meter

system as in claim 1 together with an alarm indication

providing evldence of loss of system trackmg when said
means for comparing the phase ef the received srgnal
and the reference srgnal does not display a reversal
wrthm a preset period of time to sald means responswe
to sald phase dependent 51gna1
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13. An. ultrasonic speed of sound and ﬂow meter |

system as in claim 1 together with a preset repetmon
rate preportlcnal to upstream and downstream speeds

of sound, said repetltlen rate prowdlng suppression of

echoes generated w1th1n the ﬂowmg medlum by pI‘lOI‘
transmission pulses. -

14. In an ultrasomc sPeed of sound and flow meter
system ef the type utilizing first and second transducers
spaced. in relative upstream—downstream pesrtlens in
commumcatlon with the fluid to be metered, means for
alternately transmlttlng signals threugh the ﬂllld from
said first and sécond transducers reSpectwely, means
for receiving signals from the fluid’ in said second and
first transducers reSpectwely, means fqr generatmg
reference slgnal means for comparmg said reference
51gnal wnth said recewed srgnals and generatmg a com-

parison slgnal means reSpcnswe to said comparlson *
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signal for generating sngnals pmpertlonal to upstream

and downstream transmission times, and means respon-
sive to said last named signals for synthesizing frequen-
cies’ prepertmnal 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-

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 drfference frequency indicative
of flow rate.

16. A method of measuring fluid flow rate and veloc-
ity of sound propagation through a flowing fluid utihz-
ing at least one pair of first second ultrasonic energy
transducers capable of functioning as transmitters and
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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, comparmg the received pulse and
the reference pulse in phase and generatmg 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
s:gnal with phase dependent polarity, connecting said
subsequent slgnal with phase dependent polarity to a
second summing network, generatmg a second control

signal in said second summing network, ccntrcllmg 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-

| portmnal to the speed of sound through the medium,

and a s:gnal frequenc},r propertlonal to ﬂow rate respec-
tlvely N

" 17. A method of measurmg fluid ﬂow rate and veloc-
ity of sound propagatlen 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 ﬂowmg medium, re-
ceiving the transmit pulse, comparing phase of the
received and reference pulses, generatmg 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 utrhzmg 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 sard ﬁrst and second eemparator out-
puts. | _ .

20. A method of meast:rmg fluid flow rate and velec-—
ity of sound propagation as in claim 19 wherein com-
bmmg said first and second comparater outputs com-
prises multiplying the frequeney 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 measurmg fluid flow rate and veloc-
ity of sound propagation as in claim 17 wherein com-
bmlng sald data frequeney with said oscillator fre-
quency eompnses dlwdlng 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-

5

10

15

20

25

30

quency and a difference frequency of the oscillator and

data frequeneles whereby the balanced modulator out-
- put frequencies are propertmnal to upstream and
- downstream speeds of sound.

22, In an ‘ultrasonic speed of sound and ﬂmd ﬂew
meter system of the type utilizing first and second trans-
ducers spaced in relative upstream-downstream posmons
in communication w:th the fluid to be metered, reference
means for generating a reference signal, transm:mng
means responsive to said reference signal for alternately
transmitting signals through the fluid from said first and
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second transducers respectively, means far 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 com-
parison signal, means responsive to said comparison

45
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signal for generating srgnais related to upetream .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 propagdtion velocity and flow rate related
signals for controlling the timing of said reference signal.

23. An ultrasonic speed of sound and flow meter sys-
tem as in claim 22 wherein said transmitting means also
is responsive to both said fluid sound propaganen veloezty“
and flow rate related signals. -

. 24. In an ultrasonic speed of sound and flow meter
sysrem of the type utilizing first and second transducers
spaced in relative upstream-downstream positions in
communication with the Sluid to be metered, reference
means for generating a reference signal, transmitting
means responsive to said reference signal for alternately |
transmitting signals througn the fluid from said first and

second transducers respectively, means for receiving

szgna[s from the ﬂurd 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-
agarzon vefocuy and flow rate related signals for conrrol-
ling the timing of said reference signal. o
25.A4 methad of medsuring fluid flow rate and velocrty

of sound propagation through the fluid utilizing at least

one pair of first and second ultrasonic energy transducers
eapable of functmnmg as transmitters and receivers in
communication with the ﬂmd which comprises generat-
ing a transmit pulse, genemtmg 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 tranemztted pulse comparing
the phase of the received and reference pulses generating
signals. dependem on said phase comparison and the
directionality of transm:ss:on synthesizing signals re-
lated to fluid sound propagatmn velocity and flow rate
from said srgnals dependent on said phase comparison
and directionality, combining said synthesized signals to
prowde control signals for comre!!mg the time relations
between said transmit and reference pu[ser separately for

each of the upstream and downstream_transmissions.
* k% k%
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