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[57) ABSTRACT

A plurality of individually actuatable, value weighted
digital bistable valve elements in parallel interconnect a
fluid source to a fluid receiver. A linear relationship is
preferably maintained between the resultant fluid flow
rate from the source to the receiver and the product of
a flow rate determinative fluid parameter times the sum
of the weighted values of the digital valve elements in
the open state. The fluid parameter is sensed, the states
of the digital valve elements are controlled, and a flow
rate representative signal is derived from the states of
the valve elements and the fluid parameter. If the fluid
is liquid, the parameter is the square root of the pressure
difference across the valve elements, in the absence of
cavitating venturis, and is the square root of the differ-
ence between the upstream pressure and the vapor pres-
sure of the liquid in the presence of cavitating venturis.
If the fluid is gas, the parameter is the source pressure
divided by the square root of the source temperature.
For measurement, the states of the digital valve ele-
ments are controlled to maintain the value of the flud
parameter constant. For control the states of the digital
valve elements are controlled to establish a set point

flow rate.

62 Claims, 10 Drawing Figures
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DIGITAL FLUID FLOW RATE MEASUREMENT
OR CONTROL SYSTEM

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue.

BACKGROUND OF THE INVENTION

This invention relates to the measurement or control
of fluid flow rate and, more particularly, to the applica-
tion of digital techniques thereto.

Conventionally, fluid flow rate is measured by a flow-
meter, such as a venturi meter, an orifice meter, or a
turbine meter. In a venturi meter and an orifice meter,
the flow rate is proportional to the pressure in a flud
passage having fixed cross-sectional dimensions. In a
turbine meter, the flow rate is proportional to the angu-
lar velocity at which the turbine rotates. For any partic-
ular meter, flow rate is proportional to the measured
parameter within a limited range of flow rates. There-
fore, to make accurate measurements over a wide range
of flow rates, a number of particular meters having
different dimensions must often be employed, each cov-
ering a segment of the range.

In a conventional analog fluid flow control system,
the flow rate is controlled by positioning a plug located
in the fluid stream. The degree to which the plug im-
pedes flow governs the flow rate. In order to establish
a set point value of flow rate, a flowmeter generates a
signal representative of the actual value of flow rate,
which is compared with a command signal representa-
tive of the set point value, and the plug position is ad-
justed by a control loop until the actual value corre-
sponds to the set point value. In large oil refineries,
chemical plants, and other processing facilities, supervi-
sory digital computers run the operations by issuing set
point commands to the individual flow control systems
and receiving data concerning the status of the opera-
tions, The limited range of present flowmeters men-
tioned in the preceding paragraph, however, restricts
the range of set point values that an analog fluid flow
control system can accurately accommodate. Further, it
is difficult to derive the actual value of flow rate indi-
rectly by calculation because flow rate depends in part
on the effective cross-sectional area of the flow passage
which is a complex function of the plug position.

In a digital fluid flow control system, a plurality of
individually actuatable, value weighted digital bistable
valve elements in parallel interconnect an upstream
manifold to a downstream manifold. Each valve ele-
ment exclusively assumes either an open state in which
fluid flows from the upstream manifold through the
valve element to the downstream manifold, or a closed
state in which no fluid flows from the upstream mani-
fold through the valve element to the downstream man-
ifold. The effective cross-sectional orifice areas of the
flow passages through the respective valve clements are
weighted according to a binary code, e.g. a geometric
progression of two, thereby value weighting the digital
valve elements. The valve elements are actuated by
binary signals weighted according to the same binary
code as the respective valve elements to which they are
coupled. The sum of the effective orifice areas of the
valve elements in the open state is related to the binary
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number or value represented by the actuating signals in
the binary code. Recent improvements in the design of
digital fluid flow control systems have virtually elimi-
nated any interaction between valve elements, 1.e., any
dependence of the effective orifice area of one valve
element upon the states of the other valve elements, and
minimized the effect of pressure variations and ambient
conditions on effective orifice areas. Consequently, the
sum of the effective orifice areas of the open valve
elements can be made proportional to the binary num-
ber represented by the binary actuating signals to a high
degree of accuracy.

SUMMARY OF THE INVENTION

According to the invention, a digital fluid flow con-
trol system is employed to measure or control fluid flow
rate. A plurality of individually actuatable, value
weighted digital bistable valve elements in parallel in-
terconnect an upstream manifold to a downstream man-
ifold. Each valve element exclusively assumes either an
open state in which fluid flows from the upstream mani-
fold through the valve element to the downstream man-
ifold, or a closed state in which no fluid flows from the
upstream manifold through the valve element to the
downstream manifold. The states of the valve elements
comprise a binary number representative of the total
effective orifice area between the upstream and down-
stream manifolds, i.e., the sum of the weighted values of
the valve elements in the open state. Preferably, means
are provided to maintain a linear relationship between
the resultant fluid flow rate from the upstream manifold
to the downstream manifold and the product of a flow
rate determinative fluid parameter times the sum of the
weighted values of the digital valve elements in the
open state. The fluid parameters is sensed and the states
of the digital valve elements are controlled, and a flow
rate representative signal is derived from the states of
the valve elements and the fluid parameter. In the pre-
ferred embodiments, the states of the digital valve eie-
ments are controlled partially or wholly responsive to
the sensed fluid parameter. The invention may be
viewed as functioning as an orifice meter having a plu-
rality of different size orifice plates corresponding to
the different possibilities of the sum of the weighted
values of the digital valve elements; responsive to the
sensed fluid parameter, the “orifice plate’” with the
appropriate size orifice is selected. The flow rate range
of the system can be increased without impairing accu-
racy by simply adding more valve elements.

If the fluid is incompressible, the sensed parameter is
the square root of the pressure difference between the
upstream and downstream manifolds. The linear rela-
tionship is maintained by establishing a sufficiently low
maximum pressure difference to avoid vena contracta
effects or by dissipating the vena contractas. In the
special case where a cavitating venturi is provided In
the flow passage through each valve element to main-
tain the linear relationship, the sensed parameter is the
square root of the difference between the pressure in the
upstream manifold and the vapor pressure of the fluid.

If the fluid is compressible, the sensed parameter is
the absolute pressure in the upstream manifold divided
by the square root of the absolute temperature in the
upstream manifold. The linear relationship is main-
tained by establishing a minimum pressure difference
that is sufficiently large so fluid passes through the flow
determining orifices of the open valve elements at sonic

velocity.
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For the preferred embodiment of flow rate measure-
ment, the valve elements are wholly controlled respon-
sive to the fluid parameter such that the valve of the
sensed fluid parameter remains constant. The value of
the measured flow rate is related to the states of the
value elements, 1.e., the sum of the cross-sectional areas
of the valve elements in the open state. Therefore, the
binary actuating signals and the constant fluid parame-
ter are multiplied to derive a signal representative of the
value of the measured flow rate, which can be displayed
by a digital indicator. Accurate measurement over a
wide range of flow rates can be accomplished in this
manner.

For the preferred embodiment of flow rate control,
the valve elements are partially controlled responsive to
the fluid parameter so that actual flow rate equals a set
point flow rate. The value of the actual flow rate is
related to the product of the sensed fluid parameter
times the states of the value elements, 1.e., the sum of the
effective orifice areas of the valve elements in the open
state. Therefore, the binary actuating signals and the
signal representative of the sensed fluid parameter are
multiplied to derive a signal representative of the value
of the actual flow rate. In this manner, a set point value
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of flow rate can be accurately established by a control 25

loop over a wide range of flow rates with a minimum of
sensing transducers and without complex computations.

BRIEF DESCRIPTION OF THE DRAWINGS

The features of specific embodiments of the best
mode contemplated of carrying out the invention are
illustrated in the drawings, in which:

FI1GS. 1A, 1B and 1C are schematic diagrams of dif-
ferent embodiments of a digital fluid tlow rate measure-
ment or control system incorporating the principles of
the invention;

FIG. 2 1s a schematic diagram of the control circuitry
shown in FIGS. 1A, 1B and 1C;

FIG. 3 1s a schematic diagram of the sequence circuit
shown 1n FIG. 2;

FIGS. 4A, 4B and 4C are schematic diagrams of the
local computer shown in FIG. 2 for the embodiments of
FIGS. 1A, 1B and 1C, respectively;

FIG. 4D 1s a schematic diagram of an alternative
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version of a portion of the local computer shown in 45

FIG. 2 for the embodiment of FIG. 1C; and

FIG. § 1s a schematic diagram of an arrangement for
monitoring the operation of the disclosed digital fluid
flow rate measurement or control system.

DETAILED DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

Reference is made to FIG. 2 for a schematic block
diagram of control circuitry used to practice the inven-
tion. One or more analog signals representative of a
tlow rate determinative fluid parameter are coupled by
a transmission gate 10 to an input terminal 20 of a local
computer 11. A pulse source 12 controls transmission
through gate 10, Each time source 12 generates a pulse,
the parameter representative analog signal or signals are
transmitted to local computer 11. Thus, the value of the
parameter 1s sampled and applied to the input of com-
puter 11 at a rate determined by the frequency of source
12, The heavy broken lead lines in FIG. 2, each repre-

50

33

sent a plurality of binary signal leads. For the purpose of 65

illusiration, 1t 1s assumed that each heavy broken lead
line and each terminal and switch contact associated
therewith represents four binary signal leads weighted

4

according to a binary code comprising a straight geo-
metric progression of 2 i.e., weighted 1, 2, 4 and 8. In
practice, there would most likely be many more than
four binary signal leads and any binary code could be
used. An output terminal 24 of computer 11 (represent-
ing four binary signal terminals) is coupled through a
contact A of a switch SW-1 (representing four binary
signal contacts) to a first input of a digital comparator
13 and is coupled through a contact D of switch SW-1
to a digital indicator 14. An intermediate output termi-
nal 21 of computer 11 is coupled through a contact F of
switch SW-1 to a second input of comparator 13. A
supervisory computer 15 is coupled through a contact
G of a switch SW-2 and a contact E of switch SW-1 to
the second input of comparator 13 and is coupled
through a contact M of switch SW-1 to an intermediate
mput terminal 22 of computer 11, Computer 15 is also
coupled through contact G of switch SW-2 and contact
C of switch SW-1 to indicator 14. Usually the supervi-
sory computer is remotely located from the measure-
ment and control system and oversees the operation of
a number of different processes. A digital slewing cir-
cuit 16 is coupled through a contact H of switch SW-2
and contact C of switch SW-1 to indicator 14, is cou-
pled through contact H of switch SW-2 and contact M
of switch SW-1 to intermediate input terminal 22 of
computer 11, and is also coupled through contact H of
switch SW-2 and contact E of switch SW-1 to the sec-
ond input of comparator 13. Circuit 16 could be a four
stage counter driven by a pulse source so its four binary
output signals continuously step through the 16 states
representing each value of the binary code in succes-
ston. The output of an adjustable analog signal source
17 15 connected to an analog-to-digital converter 18.
The output of analog-to-digital converter 18 is coupled
through a contact B of switch SW-1 to the first input of
comparator 13 and 1s coupled through a contact N of
switch SW-1 to input terminal 22 of computer 11, The
output of comparator 13, which indicates whether the
value of the binary signals at its first input or the value
of the binary signals at its second input is larger, is
connected to a sequence circuit 19, The binary output
signals produced by sequence circuit 19 are coupled to
an iput terminal 23 of computer 11 and to the valve
elements of a digital fluid flow rate measurement or
control system described below.

A schematic block diagram of sequence circuit 19 1s
depicted 1in FIG. 3. The output of a pulse source 25 is
connected to one input of each of AND gates 26 and 27.
Output terminals 28 and 29 of comparator 13 are con-
nected to the other input of AND gates 26 and 27,
respectively. The output of AND gate 26 is coupled to
an upcounting lead U of a reversible counter 30. The
output of AND gate 27 is connected to a downcounting
lead D of counter 30. Counter 30 has four binary stages
connected so its four binary output signals step through
the 16 states representing each value of the binary code
N SUCCEessIon responsive to respective stepping pulses.
When the value represented by the binary signals ap-
plied to the first input of comparator 13 is larger than
the value represented by the binary signals applied to
the second input of comparator 13, output terminal 29
of comparator 13 1s energized and pulses from source 25
are applied by AND gate 27 to lead D of counter 30 to
reduce the value represented by the binary output sig-
nals of counter 30. Conversely, when the value repre-
sented by the binary signals applied to the second input
of comparator 13 is larger than the value represented by
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the binary signals applied to the first input of compara-
tor 13, output terminal 28 of comparator 13 is energized
and the pulses from source 25 are applied by AND gate
26 to input U of counter 30 to increase the value repre-
sented by the binary output signals of counter 30.

The operation of the circuitry of FIGS. 2 and 3 is
controlled by pulse source 12, which governs the fre-
quency of the samples supplied to local computer 11.
Each time a new sample is supplied to computer 11, a
new value of flow rate is calculated and sequence cir-
cuit 19 assumes a new state. The frequency of source 12
is selected to be sufficiently higher than the rate at
which the value of the set point flow rate from supervi-
sory computer 15 varies when the system is controlling
flow rate, to permit the circuitry to follow changing set
point values, and the frequency of source 12 is also
sufficiently high when the system is measuring to give
the desired response time. The frequency of pulse
source 25 is substantially higher than that of pulse
source 12 so that sequence circuit 19 is capable of step-
ping through all of the 16 states between sampling pe-
riods. The frequency of the pulse source driving slew-
ing circuit 16 is preferably variable so that a human
operator can control the slew rate.

In FIG. 1A is depicted a digital fluid flow rate mea-
surement or control system for an incompressible fluid,
such as water. An upstream fluid manifold 35 is inter-
connected by fluid flow passages 36, 37, 38 and 39 to a
downstream manifold 40. Plugs 41, 42, 43 and 44 are
disposed in passages 36, 37, 38, and 39, respectively,
where they are each positionable in response to an elec-
trical actuating signal exclusively in a first posttion in
which the plug seals an orifice to prevent fluid flow
through the passage, or a second position 1in which the
plug unseals the orifice to permit fluid flow through the
passage. Each passage and its related plug comprises an
individually actuatable, digital bistable valve element.
The valve elements are value weighted, 1.e., the ratio of
their effective cross-sectional orifice areas are equal to
the weighting of the respective binary electrical valve
actuating signals in a binary code. For the purpose of
illustration, it is assumed that the binary code 15 a
straight geometric progression of 2, 1.e., 1, 2, 4 and 8. In
practice more valve elements would normally be used.
Fluid is supplied to manifold 35 by a source in the form
of a conduit 45 and removed from manifold 40 by a
receiver in the form of a conduit 46. The fluid flows in
the direction of the solid arrows.

Although any configuration could be employed for
manifolds 35 and 40 and the digital valve elements inter-
connecting them, it is preferable to employ one of the
configurations disclosed in application Ser. No. 111,945,
filed Feb. 2, 1971, now U.S. Pat. No. 3,746,041; applica-
tion Ser. No. 169,930, filed Aug. 9, 1971, now U.S. Pat.
No. 3,785,389, or the application Ser. No. 432,153, filed
on even date herewith by Harry Friedland and Addison
W. Langill, Jr., all of which are assigned to the assignee
of the present application. The disclosures of these three
applications are incorporated herein by reference. The
resultant fluid flow rate from upstream manifold 3§ to
downstream manifold 40 through all the digital valve
elements that are in the open state is expressed by the
following equation:

(1}
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where Q is the mass flow rate of the incompressible
fluid, C, represents the sum of the effective orifice areas
of the open valve elements, AP is the difference in static
pressure between the fluid in manifolds 35 and 44, and
SG is the specific gravity of the fluid. The C, of each
individual valve element is defined as the flow rate (Q)
of water in gallons per minute (GPM) through such
valve element with a pressure difference (AP) of one
psi; the C, in equation (1) is the sum of the C,’s of the
individual valve elements in the open state. The fluid
flow rate determinative parameter is the square root of
the pressure difference (AP). The linear relationship in
equation (1) is maintained in either of two ways. First,
there is established a sufficiently low maximum pressure
difference (AP) to prevent formation of downstream
vena contractas having pressure dependent cross-sec-
tional areas. (With reference to the water flow curve of
FIG. 5 in a paper by Gordon F. Stiles entitled *Cavita-
tional Tendencies of Control Valves For Paper Pulp
Service,” which was presented at the 21st Annual Con-
ference of the Instrument Society of America, Oct.
24-27. 1966, in New York, N.Y., the maximum pressure
difference should be small enough to operate on the
straight portion of the curve for each digital valve ele-
ment.) Second, if the maximum pressure difference is
high enough to form downstream vena contractas hav-
ing pressure dependent cross-sectional areas then the
vena contractas should be dissipated by directing the
streams from the different valve elements at each other,
as taught in application Ser. No. 64,142, filed Aug. 3,
1970, the disclosure of which is incorporated herein by
reference. Thus, the linear relationship ts maintained by
preventing dependence of C, upon AP. By definition,
the specific gravity of an incompressible fluid 1s a con-
stant at a constant temperature. In practice, the specific
gravity of most liquids, which are the fluids regarded as
incompressible, does not vary substantially over a wide
range of ambient temperature. Accordingly, the flow
rate is proportional to the product of the square root of
the pressure difference between manifolds 35 and 40
times the binary number representing the sum of the
effective orifice areas of the digital valve elements in the
open state and the flow rate can be computed therefrom
for a specified fluid. Upstream manifold 35 and down-
stream manifold 40 are fluidically coupled to a ditferen-
tial pressure transducer 47, which generates an electri-
cal analog signal proportional to the pressure difference
between manifolds 35 and 40 P, - P, This signal 1s
coupled to control circuitry 49, which 1s discussed
above and disclosed in FIG. 2 in detail. Control cir-
cuitry 49 generates binary output signals that represents
the actual flow rate (Q) in the binary code to actuate
plugs 41, 42, 43, and 44, respectively, partially or
wholly in response to the sensed fluid parameter, 1e.,
the square root of P, - P,

If the specific gravity of the fluid in the system cannot
be regarded as constant, a densitometer 30 15 coupled
between manifold 35 or 40 and control circuit 49, as
depicted by phantom lines in FIG. 1A, In this case, the
calculation of flow rate by control circuitry 49 takes
into account variations in specific gravity of the fluid,
and the square root of specific gravity becomes part of
the flow rate determinative parameter. In some cases,
changes in specific gravity could be measured indirectly
by a thermometer, rather than by a densitometer.

For a description of the operation of the system dis-
closed in FIG. 1A, reference is made to FIG. 2 in which
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control circuitry 49 is disclosed, and to FIG. 4A in
which local computer 11 for the embodiment of FIG.
1A is disclosed. In FIG. 4A, samples of the analog
output signal from transducer 48, which occur at a
frequency determined by source 12, are applied to an
analog-to-digital converter 35 via input terminal 20.
Each heavy broken lead line represents four binary
signal leads weighted according to the binary code. The
output of analog-to-digital converter 5§, which repre-
sents the pressure difference between mantifolds 35 and
40 in the binary code, is coupled through contacts I and
K of switch SW-1 to a square root circuit 56. Analog-to-
digital converter 85 is coupled through a contact J of
switch SW-1 to output terminal 21 and input terminal 22
is coupled through a contact L. of switch SW-1 to
square root circuit 56. The output of circuit 56, which
represents the square root of the pressure difference is
coupled to a first input of a divider circuit 37. The out-
put of a register 58, which represents the square root of
the specific gravity of the incompressible fluid being
handled, is coupled to a second input of divider circuit
57. If densitometer 50 is employed, its output is coupled
through an analog-to-digital converter and a square
root circuit {not shown) to register 58, to provide an
output that varies in accordance with the square root of
the specific gravity. The output of divider circuit 37,
which represents the square root of the pressure differ-
ence divided by the specific gravity, i1s connected to a
first input of a multiplier circuit §9. The output of se-
guence circuit 19, which comprises the binary signals
actuating plugs 41, 42, 43 and 44 and is thus the binary
number representative of the sum of the effective orifice
areas of the open valve elements, is connected via termi-
nal 23 to a second input of multiplier circuit 59, The
output of multiplier circuit §9, which represents the
solution of equation (1), i.e., the flow rate from manifoid
35 to manifold 40, is coupled via output terminal 24 to
contacts A and D of switch SW-1,

When switches SW-1 and SW-2 are in the position
shown, contacts A, C, E, G, |, K, and M are closed and
the system operates in its set point control mode. Binary
signals representing a set point value of flow rate are
coupled from supervisory computer 15 to the second
input of comparator 13 and to indicator 14, Responsive
to the output of comparator 13, sequence circuit 19
counts up or down, thereby increasing or decreasing the
flow rate through the valve elements until the binary
signals at output terminal 24 of computer 11 are identi-
cal to the binary signals from supervisory computer 18.
Then, the actual flow rate from manifold 35 to manifold
40 is at the set point value, which is displayed on indica-
tor 14 for monitoring purposes.

When switch SW-2 is placed in the other position,
contact H is closed and the system operates in its man-
ual control mode. Digital slew circuit 16 1s connected to
the second input of comparator 13, and to indicator 14.
The binary output signals of circuit 16 change state in
sequence so they represent in turn each possible value
of flow rate. When indicator 14 displays the desired
value of flow rate to be established, a human operator
disables circuit 16, Then, sequence circuit 19 actuates
the digital valve elements to establish the actual flow
rate from manifold 35 to manifold 40 at this value, as
described in the preceding paragraph.

When switch SW-1 is placed in the other position,
contacts B, D, F, J, L, and N are closed and the system
operates in its measurement mode. The output of ana-
log-to-digital converter 55 is connected through
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contact J (FIG. 4A) and contact F (F1G. 2) of switch
SW.-1 to the second input of comparator 13. The output
of analog-to-digital converter 18 is connected through
contact B of switch SW-1 to the first input of compara-
tor 13. As the flow rate from upstream manifoid 35 to
downstream manifold 40 changes due to external condi-
tions, the pressure difference between manifolds 35 and
40 also changes. Sequence circuit 19 counts up or down
responsive to comparator 13 until the pressure differ-
ence indicated by transducer 47 equals the magnitude of
the signal from source 17, The signal magnitude of
source 17 is adjusted to represent a sufficiently large
pressure difference AP to cover the entire range of flow
rates to be measured. For example, it the fluid is water,
the C, when all the valve elements are open 1n 13, and
the maximum flow rate i1s 60 GPM, AP 1s 16 psi accord-
ing to equation (1). Thus, the signal magnitude of source
17 is adjusted to equal the magnitude of the output
signal from transducer 48 for a pressure difference of 16
psi. If the signal magnitude of source 17 is too small, the
valve elements are all open before the maximum flow
rate is reached and the larger flow rates cannot be mea-
sured. Moreover, if the fluid is very viscous, a depen-
dence of C, upon AP results in a range of very low
pressure differences so this should be avoided by oper-
ating above such range. If the signal magnitude of
source 17 is too large, too few valve elements are open
when the maximum flow rate is reached and the full
resolving capacity of the measurement system is not
utilized.

In FIG. 1B, is depicted another embodiment of a
digital fluid flow rate measurement or control system,
for an incompressible fluid, such as water. This embodi-
ment is useful when the minimum pressure difference is
about 10% of the upstream pressure or greater. The
elements in common with the embodiment of FIG. 1A
have the same reference numerals. Flow passages 36,
37, 38, and 39 each have a cavitating venturi. Prefer-
ably, the valve body configuration and nozzle design
disclosed in FIGS. 4 and 5 of the Friedland and Langill
application filed on even date herewith is employed.
The resultant fluid rate from upstream manifold 35 to
downstream manifold 40 through all the digital valve
elements that are in the open state is expressed by the
following equation:

(2)

P, — P,

C, SP

where Q is the mass flow rate of the incompressible

fluid, C, represents the sum of the effective orifice areas
of the open valve elements and 1s as defined above In

connection with FIG. 1A, P, is the gauge pressure of
the fluid in manifold 35, P, is the vapor pressure of the
fluid, and SG is the specific gravity of the tlmd. Since
the pressure at the throat of a cavitating venturi 1s the
vapor pressure of the fluid, irrespective of pressure
variations in downstream manifold 40, the flow rate s
proportional to the product of the square root of the
difference between the pressure in manifold 35 and the
vapor pressure times the sum of the effective orifice
areas of the digital valve elements in the open state, and
the flow rate can be computed therefrom for a specified
fluid. Thus, the fluid flow rate determinative parameter
is the square root of the pressure difference (P, - Py).
The linear relationship i equation (2) is maintained by
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the cavitating venturis, which eliminate downstream
vena contractas by virtue of the controlled fluid diver-
gence in the diverging sections of the venturis. As de-
scribed in the Friedland and Langill application filed on
even data herewith, the maximum C, of the system must
be designed to be small enough vis-a-vis the external
“slumbing” to which the system is connected to pro-
vide a minimum pressure difference between manifolds
35 and 40, i.e., a pressure difference, when all the valve
elements are in the open state, sufficient to sustain cavi-
tation at the throats of the venturis. Upstream manifold
35 is fluidically coupled to a gauge pressure transducer
65, which generates an electrical analog signal propor-
tional to the guage pressure (P,). This signal is coupled
to control circuit 49, which generates binary output
signals that represent the actual flow rate (Q) in the
binary code, to actuate plugs 41, 42, 43 and 44, respec-
tively partially or wholly in response to the sensed fluid
parameter, i.e., the square root of P; - P,. Commercially
available gauge pressure transducers generate much less
noise than commerically available differential pressure
transducers, 50, other factors being equal, the embodi-
ment of FIG. 1B is capable of measuring and control-
ling with greater accuracy than the embodiment of
FIG. 1A. It should be noted that in the case of water,
the vapor pressure is essentially zero pressure and the
sensed fluid parameter simply is the square root of P,. If
the specific gravity of the fluid in the system cannot be
regarded as constant, a densitometer S0 is coupled be-
tween manifold 35 or 40 and control circuit 49, as de-
picted by phantom lines in FIG. 2A. In this case, the
calculation of flow rate by control circuitry 49 takes
into account variations in specific gravity of the fluid,
and the square root of specific gravity becomes part of
the flow rate determinative parameter.

FIG. 4B depicts local computer 11 for the embodi-
ment of FIG. 1A, In FIG. 4B, samples of the analog
output signal from transducer 65, which occur at a
frequency determined by source 12, are applied to an
analog-to-digital converter 66. Each heavy broken lead
line represents four binary signal leads weighted ac-
cording to the binary code. The output of analog-to-
digital converter 66, which represents the gauge pres-
sure in manifold 3§ in the binary code, is coupled
through contacts I and K of switch SW-1 to a first input
of a difference circuit 67. The output of analog-to-digi-
tal converter 66 is coupled through a contact J of
switch SW-1 to output terminal 21 and input terminal 22
is coupled through a contact L of switch SW-1 to the
first input of difference circuit 67, The output of a regis-
ter 68, which represents the vapor pressure of the fluid
being handled, is coupled to a second input of difference
circuit 67. The output of difference circuit 67, which
represents the difference between the gauge pressure in
manifold 35 and the vapor pressure of the fluid, is con-
nected to a square root circuit 69, The output of square
root circuit 69, which represents the square root of the
pressure difference, is connected to a first input of a
divider circuit 70. The output of a register 71, which
represents the square root of the specific gravity of the
fluid being handled, is coupled to a second input of
divider circuit 70, If densitometer 50 is employed, its
output is coupled through an analog-to-digital con-
verter and a square root circuit (not shown) to register
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the square root of the specific gravity. The output of
divider circuit 70, which represents the square root of
the pressure difference divided by the specific gravity,
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is connected to a first input of a multiplier circuit 72.
The output of sequence circuit 19, which comprises the
binary signals actuating plugs 41, 42, 43, and 44 and thus
the binary number representing the sum of the effective
orifice areas of the open valve elements, is connected
via terminal 23, to a second input of multiplier circuit
72. The output of multiplier circuit 72, which represents
the solution of equation (2), i.e., the flow rate from
manifold 35 to manifold 40, is coupled via output termi-
nal 24 to contacts A and D of switch SW-1 (FIG. 2).

In FIG. 1C is depicted a digital fluid flow rate mea-
surement or control system for a compressible fluid,
such as air. The elements in common with the embodi-
ment of FIG. 1A have the same reference numerals.
Flow passages 36, 37, 38, and 39 each have a critical
flow orifice through which the fluid flows at sonic
velocity. Preferably, the configuration with converg-
ing-diverging nozzle disclosed in FIG. 1 of the Fried-
land and Langill application filed on even date herewith
is employed. The resultant fluid flow rate from up-
stream manifold 35 to downstream manifold 40 through
all the digital valve elements that are in the open state 1s
expressed by the following equation:

(3)
kAP,

N1,

w

wherein w is the mass flow rate of the compressible
fluid, k is a constant depending on the ratio of specific
heats and the gas constant of the fluid, P ,is the absolute
static pressure of the fluid in manifold 33, T, 1s the
absolute temperature of the fluid in manifold 35, A, 1s
the sum of the effective orifice areas of the open valve
elements. Reference is made to the text, The Dynamics
and Thermodynamics of Compressible Fluid Flow, by
Ascher H. Shapiro, Vol. I, page 85, equation (4.17), The
Ronald Press Co., N.Y. 1953, for the exact relationship
between k, the ratio of specific heats, and the gas con-
stant. The effective orifice area A, of each individual
valve element is the value yielded by equation (3) for
given values of the other parameters when such valve
element alone is open, all other valve elements being
closed. The flow rate is proportional to the absolute
pressure in manifold 35 divided by the square root of
the absolute temperature in manifold 35 times the prod-
uct of the sum of the effective orifice areas of the digital
valve elements in the open state, and the flow rate can
be computed therefrom for a specified fluid. Thus, the
fluid flow rate determinative parameter is the absolute
pressure (P,) divided by the square root of the absolute
temperature (T,). The linear relationship in equation (3)
is maintained by the critical flow orifices, which elimi-
nate any dependence of flow rate upon the pressure in
downstream manifold 40. As described in the Friedland
and Langill application filed on even date herewith, the
maximum A,of the system must be designed to be small
enough vis-a-vis the external “plumbing” to which the
system is connected to provide a minimum pressure
difference between manifolds 38 and 40 when all the
valve elements are in the open sta'e sufficient to sustain

fluid flow at some velocity through the critical flow
orifices. Upstream manifold 35 is fluidically coupled to
a pressure transducer 75, which generates an electrical
analog signal proportional to the absolute pressure P,.
Similarly, manifold 35 is thermally coupled to an abso-
lute temperature transducer 76, which generates an
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electrical analog signal proportional to the absolute
temperature T, These signals are coupled to control
circuitry 49, which generates binary output signals that
represent the actual flow rate (w) in the binary code, to
actuate plugs 41, 42, 43 and 44, respectively, partially or
wholly in response to the sensed fluid parameter, 1.e.,
P, divided by the square root of T ,.

FIG. 4C depicts local computer 11 for the embodi-
ment of FIG. 1C. In FIG. 4C samples of the analog
output signals from transducers 78 and 76, which occur
at a frequency determined by source 12, are applied to
analog-to-digital converters 77 and 78, respectively.
Each heavy broken lead line represents four binary
signal leads weighted according to the binary code. The
output of analog-to-digital converter 78, which repre-
sents the absolute temperature of the fluid in manifold
35 in the binary code, is coupled through a square root
circuit 79 to a first input of a divider circuit 80. The
output of analog-to-digital converter 77, which repre-
sents the absolute pressure in manifold 35 in the binary
code, is coupled directly to a second input of divider
circuit 80. The output of divider circuit 80, which rep-
resents the absolute pressure divided by the square root
of the absolute temperature in manifold 33, 1s coupled
through contacts I and K of switch SW-1 to a first input
of a multiplier circuit 81. Divider circuit 80 1s coupled
through contact J of switch SW-1 to output terminal 21
and input terminal 22 is coupled through contact L of
switch SW-1 to the first input of multiplier circuit 81.

The output of a register 82, which represents the
constant (k) characteristic of the particular compress-
ible fluid, is coupled to a second input of multiplier
circuit 81. The output of multiplier circuit 81, which
represents the fluid constant times the absolute pressure
divided by the square root of the absolute temperature,
is connected to a first input of a multiplier circuit 83.
The output of sequence circuit 19, which comprises the
binary signals actuating plugs 41, 42, 43, and 44 and thus
the binary number representing the sum of the effective
orifice areas of the open valve elements, is connected
via terminal 23 to a second input of multiplier circuit 83.
The output of multiplier circuit 83, which represents the
solution of equation (3), i.e., the flow rate from manifold
35 to manifold 40, is coupled via output terminal 24 to
contacts A and D of switch SW-1,

In some cases the available pressure 1s not sufficient to
sustain operation of critical flow orifices in the emboda-
ment of FIG. 1C. Thus the linear relationship of equa-
tion (3) cannot be maintained. In this case, an absolute
pressure transducer 93 is coupled between manifold 40
and control circuitry 49, as represented by the phantom
lines in FIG. 1C. This provides an additional input to
establish the non-linear relationship between the flow
rate and the product of the flow rate determinative
parameter and the states of the valve elements. FIG. 4D
is an alternative version of a portion of local computer
11 shown in FIG. 4C. The output of transducer 73 is
coupled through an analog-to-digital converter 94 to
one input of a divider circuit 95. The output of trans-
ducer 93 is coupled through an analog-to-digital con-
verter 96 to the other input of divider circuit 95. The
outputs of transducers 75 and 93 are sampled at a rate
determined by source 12. Each heavy broken lead line
represents four binary signal leads weighted according
to the binary code. The output of divider circuit 93,
which represents the pressure in the downstream mani-
fold divided by the pressure in the upstream manifold, is
connected to the input of a function generator 97, Func-

10

5

20

25

30

33

45

50

35

65

12

tion generator 97 introduces the well known non-
linearity represented by the subsonic portion of the
curve in FIG. 4.3 on page 76 of the Shapiro text refer-
enced above. In other words, for an input having a
particular value of the abscissa of the curve, the output
from function generator 97 has the value of the ordinant
of the curve. The output of function generator 97 and
the output of register 82 are coupled to respective in-
puts of multiplhier circuit 81 for multiplication with a
signal representative of the flow rate determinative
parameter, i.e., the absolute stagnation pressure (P,)
divided by the square root of the absolute stagnation
temperature (T4). The output of multiplier 81 is pro-
cessed in the manner described above in connection
with FIG. 4C, to produce a flow rate representative
signal that reflects the nonlinear relationship.

The embodiments of FIGS. 1B and 1C operate in the
set point control, manual control, and measurement
modes in the same manner described above in connec-
tion with the embodiment of FI1G. 1A.

In FIG. §, several functions of control circuitry 49 in
F1G. 2 are monitored and displayed on a digital indica-
tor 90. When a contact A of a selector switch SW-3 1s
closed, indicator 90 displays the value of the first input
to comparator 13. When a contact B of switch SW-3 is
closed, indicator 90 displays the difference in value
between the first and second inputs to comparator 13,
When a contact C of switch SW-3 is closed, indicator 90
displays the output of sequence circuit 19.

The ratio of the effective cross-sectional orifice areas
of the valve elements could be weighted according to
any binary code; for example, they could be weighted
to follow a straight geometric progression of two, they
could be weighted equally, or they could be weighted
so the smaller valve elements follow a geometric pro-
gression of two and the larger valve elements are equal.
In any case, the binary signals actuating the valve ele-
ments are weighted according to the same binary code
as the respective valve elements to which they are cou-
pled.

The flow rate measurement or control range of the
system can be increased without impairing accuracy by
simply adding more valve elements; for example, as-
suming the valve elements are weighted according to a
straight binary progression of two, eight valve elements
provide an operating range of O to 256 units, 10 valve
elements provide an operating range of 0 to 1,024 units,
and 12 valve elements provide an operating range of 0
to 4,096 units, where the unit is determined by the C,or
A, of the valve element with the smallest value in the
binary code. In terms of resolution, eight valve elements
provide a resolution of 0.4%, 10 valve elements provide
a resolution of 0.19%, and 12 valve elements provide a
resolution of 0.025%. Accuracy is not impaired as the
operating range is expanded because the flow rate re-
mains proportional to the product of the sensed fluid
parameter times the sum of the effective orifice areas of
the open valve elements. In effect, viewing the inven-
tion as an orifice meter, if eight valve elements are em-
ployed, there are 255 separate orifice plates, each with
a different size orifice; each orifice plate becomes effec-
tive at an appropriate flow rate within the range.

The described embodiments of the invention are only
considered to be preferred and illustrative of the inven-
tion concept; the scope of the invention 1s not to be
restricted to such embodiments. Various and numerous
other arrangements may be devised by one skilled in the
art without departing from the spirit and scope of this
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invention. For example, the calculations performed by
local computer 11 could be carried out by an analog
computer instead of the digital computing circuits de-
picted in detail in FIGS. 4A, 4B, and 4C or by a pro-
grammed digital computer.

Reference is made to the calibration procedure de-
scribed on pages 11 through 13 of a copending sole
application Ser. No. 432,152 of Robert A. Gallatin, filed
on even date herewith and assigned to the assignee of
the present application by an assignment recorded on
even date herewith. The effective orifice area (C, or A,)
of each valve element is individually adjusted in the
manner described in the sole Gallatin application to
establish the correct value weighting.

What is claimed 1s:

1. A digital fluid flow rate measurement or control
system comprising:

a source of fluid at a first pressure;

a fluid receiver at a second pressure lower than the

first pressure;

a plurality of individually actuatable, value weighted
digital bistable valve elements interconnecting the
source to the receiver, each valve element assuming
exclusively either an open state in which fluid flows
from the source through the valve element to the
receiver or a closed state in which no fluid flows
from the source through the valve element to the
receiver such that the resultant fluid flow rate from
the source to the receiver is a function of the prod-
uct of a flow rate determinative fluid parameter
times the sum of the weighted values of the digital
valve elements in the open state;

means for sensing the fluid parameter and generating
a first signal representative of the value of the fluid
parameter;

means responsive to the value of the fluid parameter
and the states of the digital valve elements for gen-
erating a second signal representative of the value
of the resultant fluid flow rate; and

means responsive to one of the signals for controlling
the states of the digital valve elements so as to main-
tain constant the value represented by the one sig-

nal.
2. The system of claim 1, in which the fluid is incom-

pressible, the fluid parameter is the square root of the
difference between the first and second pressures, and
the sensing means senses the square root of the differ-
ence between the first and second pressures.

3. The system of claim 1, in which the fluid is incom-
pressible, each digital valve element has a passage from
the source to the receiver which includes a converging-
diverging nozzle designed to maintain the vapor phase
of the fluid at its throat, the fluid parameter is the square
root of the difference between the first pressure and the
vapor pressure of the fluid, and the sensing means senses
the first pressure.

4, The system of claim 1, in which the fluid i1s com-
pressible, the fluid parameter is the absolute stagnation
pressure divided by the square root of the absolute
stagnation temperature, the sensing means senses the
first pressure and the temperature of the fluid at the
source, each digital valve element has a flow passage
from the source to the receiver, a flow determining
orifice formed in the flow passage, and a region in the
flow passage through which the fluid flows at sonic
velocity thereby isolating the flow passage upstream of
the flow determining orifice from variations in the sec-
ond pressure.
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5. The system of claim 1, in which the fluid is com-
pressible, the fluid parameter is the first pressure di-
vided by the square root of the absolute stagnation
temperature, and the sensing means senses the first pres-
sure, the second pressure, and the temperature of the
fluid at the source or receiver.

6. The system of claim 1, in which the controlling
means comprises means for controlling the states of the
valve elements to maintain the value of the fluid param-
eter constant.

7. The system of claim 6, in which the controlling
means additionally comprises:

a source of a third signal proportional to a desired
fluid flow rate from the source to the receiver, and
means responsive to the difference between the
third and second signals for changing the states of
the digital valve elements to reduce such difference.

8. The system of claim 6, additionally comprising an
indicator responsive to the controlling means for dis-
playing the states of the valve elements as a measure-
ment of the fluid flow rate.

9. The system of claim 1, in which the controlling
means CoOmprises:

a source of a third signal proportional to a desired
fluid flow rate from the source to the receiver, and
means responsive to the difference between the
third and second signals for changing the states of
the digital valve elements to reduce such difference.

10. The system of claim 9, in which the values of the
respective digital valve elements are weighted accord-
ing to a binary code, the third signal comprises a plural-
ity of binary signals equal in number to the digital valve
elements and weighted according to the binary code,
and the second signal comprises a plurality of binary
signals equal in number to the digital valve elements and
weighted according to the binary code.

11. The system of claim 1, in which the fluid flow rate
through at least some of the respective digital valve
elements in the open state are weighted according to a
geometric progression of two. |

12. The system of claim 1, additionally comprising
means for maintaining a linear function relationship
between the resultant fluid flow rate and the product.

13. The system of claim 12, in which the valve ele-
ments are arranged so the fluid streams flowing through
them are directed at each other.

14. The system of claim 1, in which the one signal 1s
the first signal and the value of the fluid parameter is
maintained constant by the controlling means.

15, The system of claim 1, in which the one signal is
the second signal and the value of the resultant fluid
flow rate is maintained constant by the controlling
means.

16. The system of claim 1, additionally comprising
switching means for alternatively applying to the con-
trolling means the first signal to measure flow rate or
the second signal to control flow rate.

17. The system of claim 1, in which the second signal
generating means comprises a signal multiplier respon-
sive to the first signal and the states of the digital valve
elements.

18. The system of claim 17, in which the sensing and
first signal generating means comprises transducer
means for generating a signal proportional to the fluid
parameter and a function generator for modifying the
signal generated by the transducer means.

19. A digital liquid flow rate measurement or control
device comprising:
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an upstream liquid manifold;

a downstream liquid manifold;

a plurality of at least three individually actuatable,
digital valve elements, each valve element having a
iiquid flow passage leading from the upstream man-
ifold to the downstream manifold, a sealable orifice
in the passage, and a bistable plug positionable ex-
clusively in a first state in which the plug seals the
orifice to prevent liquid flow through the passage
or a second state in which the plug unseals the
orifice to permit liquid flow through the passage;

first liquid pressure sensing means located in the up-
stream manifold:

second liquid pressure sensing means located in the
downstream manifold; and

means responsive to the liquid pressure difference
sensed by the first and second pressure sensing
means and the states of the digital valve elements
for generating a signal representative of the resul-
tant fluid flow rate from the upstream manifold to
the downstream manifold.

20. The device of claim 19, additionally comprising
means for controlling the states of the respective plugs
to maintain the liquid pressure difference sensed by the
first and second pressure sensing means at a substan-
tially constant value.

21. The device of claim 20, additionally comprising an
indicator responsive to the resultant fluid flow rate
representative signal for displaying the liquid flow rate

from the upstream manifold to the downstream mani-
fold.

22. The device of claim 19, additionally comprising:

a source of a set point signal proportional to a desired
liquid flow rate from the upstream manifold to the
downstream manifold, and means responsive to the
difference between the resultant flow rate represen-
tative and set point signals for changing the plug
states of the respective digital valve elements to
equalize the desired flow rate and the actual flow
rate.

23. The device of claim 19, additionally comprising
means for maintaining a linear relationship between the
resultant flow rate through the valve elements in the
second position and the product of the sensed pressure
difference times the sum of the effective cross-sectional
areas of the valve elements in the second state.

24. A digital liquid flow measurement or control de-
VICE comprising:

an upstream liquid manifold;

a downstream liquid manifold;

a plurality of at least three individually actuatable,
digital valve elements, each valve element having a
liquid flow passage leading from the upstream man-
ifold to the downstream manifold, a sealable orifice
in the passage, a bistable plug positioned exclusively
in a first state in which the plug seals the orifice to
prevent liquid flow through the passage or a second
state in which the plug unseals the orifice to permit
liquid flow through the passage, and a cavitating
venturi in the passage at which the liquid remains in
its vapor phase when the plug is in the second state;

liguid pressure sensing means Jocated in the upstream
manifold; and

means reponsive to the liquid pressure sensed by the
pressure sensing means and the states of the digital
valve elements for generating a signal representa-
tive of the resultant fluid flow rate from the up-
stream manifold to the downstream manifold.
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25. The device of claim 24, additionally comprising
means for controlling the states of the respective plugs
t0 maintain the liquid pressure sensed by the pressure
sensing means at a substantially constant value.

26, The device of claim 25, additionally comprising an
indicator responstive to the resultant flow rate represen-
tative signal tor displaying the liquid flow rate from the
upstream manifold to the downstream manifold.

27, The device of claim 24, additionally comprising:

a source of a set point signal proportional to a desired
liquid flow rate from the upstream manifold to the
downstream manifold, and means responsive to the
difference between the resultant flow rate represen-
tative and set point signals for changing the plug
states of the respective digital valve elements to
equalize the desired flow rate and the actual flow
rate.

28, A digital gas flow measurement or control device

comprising;:

an upstream gas manifold;

a downstream gas manifold;

a plurality of at least three individually actuatable,
digital valve elements, each valve element having a
gas flow passage leading from the upsiream mani-
fold to the downstream manifold, a sealable orifice
in the passage, a bistable plug positionable exclu-
sively in a first state in which the plug seals the
orifice to prevent gas flow through the passage or a
second state 1in which the plug unseals the orifice to
permit gas flow through the passage, and a critical
flow orifice through which gas flow at sonic veloc-
ity is maintained when the plug is in the second
state;

absolute gas pressure sensing means located in the
upstream manifold;

absolute temperature sensing means located in the
upstream manifold; and

means responsive to the absolute pressure sensed by
the pressure sensing means divided by the square
root of the absolute temperature sensed by the tem-
perature sensing means and the states of the digital
valve elements for generating a signal representa-
tive of the resultant fluid flow rate from the up-
stream manifold to the downstream man:fold.

29, The device of the claim 28, additionally compris-
ing means for controlling the states of the respective
plugs to maintain the absolute pressure sensed by the
pressure sensing means divided by the square root of the
absolute temperature sensed by the temperature sensing
means at a substantially constant value.

30. The device of claim 29, additionally comprising an
indicator responsive to the resultant flow rate represen-
tative signal for displaying the gas flow rate from the
upstream manifold to the downstream manifold.

31. The device of claim 28, additionally comprising:

a source of a set point signal proportional to a desired
gas flow rate from the upstream manifold to the
downstream manifold, and means responsive to the
difference between the resultant flow rate represen-
tative and set point signals for changing the plug
states of the respective digital valve elements to
equalize the desired flow rate and the actual flow
rate.

32. The device of claim 28, in which the critical flow
orifice comprises the throat of a converging-diverging
nozzle.

33. A digital gas flow measurement or control device
COMprising:
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an upstream gas manifold;

a downstream gas manifold;

a plurality of at least three individually actuatable,
digital valve elements, each valve element having a
gas flow passage leading from the upstream mani-
fold to the downstream manifold, a sealable orifice
in the passage, and a bistable plug positionable ex-
clusively in a first state in which the plug seals the
orifice to prevent gas flow through the passage or a
second state in which the plug unseals the orifice to
permit gas flow through the passage;

first gas pressure sensing means located in the up-
stream manifold;

second gas pressure sensing means located in the
downstream manifoid;

temperature sensing means located in one of the mani-
folds; and

means responsive to the pressures sensed by the first
and second pressure sensing means and the temper-
ature sensed by the temperature sensing means and
the states of the digital valve elements for generat-
ing a signal representative of the resultant fluid flow
rate from the upstream manifold to the downstream
manifold.

34, The device of claim 33, additionally comprising
means for controlling the states of the respective plugs
t0 maintain the pressure sensed by the first pressure
sensing means divided by the square root of the absolute
temperature sensed by the temperature sensing means at
a substantially constant value.

35. The device of claim 34, additionally comprising an
indicator responsive to the resultant flow rate represen-
tative signal for displaying the gas flow rate from the
upstream manifold to the downstream manifold.

36. The device of claim 33, additionally comprising:

a source of a set point signal proportional to a desired
gas flow rate from the upstream manifold to the
downstream manifold, and means responsive to the
difference between the resultant flow rate represen-
tative and set point signals for changing the plug
states of the respective digital valve elements to
equalize the desired flow rate and the actual flow
rate.

37. A method of measuring the flow rate in a fluid line
between a source of fluid at a first pressure and a fluid
receiver at a second pressure lower than the first pres-
sure, the method comprising the steps of:

interconnecting a plurality of individually actuatable,
value weighted digital bistable valve elements in
parallel in the fluid line between the source and the
receiver, each valve element assuming exclusively
either an open state in which fluid flows from the
source through the valve element to the receiver or
a closed state in which no fluid flows from the
source through the valve element to the receiver
such that the resultant flow rate through the fluid
line 1s a function of the product of a flow rate deter-
minative fluid parameter times the sum of the
weighted values of the digital valve elements in the
open state;

sensing the flow rate determinative fluid parameter;

controlling the states of the digital valve elements to
maintain [the} a fluid [parameter’} characteristic
in the line constant [as the flow rate through the
fluid line varies. ]},

sensing the digital valve elements in the open state; and

indicating the resultant flow rate through the fluid line

Jfrom the sensed flow rate determinative fluid parame-
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ter and the sensed digital valve elements in the open
state.

38. The method of claim 37, additionally comprising
the step of maintaining a linear function relationship
between the resultant flow rate through the valve ele-
ments in the open state and the product.

39, A digital fluid flow rate measurement or control
system comprising:

a source of fluid at a first pressure;

a fluid receiver at a second pressure lower than the

first pressure;

a plurality of individually actuatable, value weighted
digital bistable valve elements interconnecting the
source to the receiver, each valve element assuming
exclusively either an open state in which fluid flows
from the source through the valve element to the
receiver or a closed state in which no fluid flows
from the source through the valve element to the
receiver;

means for maintaining a linear relationship between
the resultant fluid flow rate from the source to the
receiver and the product of a flow rate determina-
tive fluid parameter times the sum of the weighted
values of the digital valve elements in the open
state;

means for sensing the fluid parameter; and

means responsive to the value of the fluid parameter
and the states of the digital valve elements for gen-
erating a signal representative of the resultant fluid
flow rate.

40. The system of claim 39, additionally comprising
means for controlling the states of the valve elements to
maintain the value of the fluid parameter constant.

41. The system of claim 39, in which the generating
means is responsive to the sensed value of the fluid
parameter and the states of the digital valve elements,
the system additionally comprising means for control-
ling the states of the digital valve elements responsive to
the signal representative of the resultant fluid flow rate.

42. The system of claim 39, in which the fluid is in-
compressible, the fluid parameter is the square root of
the difference between the first and second pressures,
the sensing means senses the square root of the differ-
ence between the first and second pressures, and the
means for maintaining a linear relationship comprises
means for establishing a sufficiently low maximum dif-
ference between the first and second pressures to pre-
vent formation of vena contractas having pressure de-
pendent cross-sectional areas downstream of the valve
elements in the open state.

43. The system of claim 39, in which the fluid is in-
compressible, the fluid parameter is the square root of
the difference between the first and second pressures,
the sensing means senses the square root of the differ-
ence between the first and second pressures, and the
means for maintaining a linear relationship comprises
means for directing the streams from the valve elements
in the open state at each other to dissipate the vena
contractas.

44, The system of claim 39, in which the fluid is in-
compressible, the fluid parameter is the square root of
difference between the first pressure and the vapor
pressure of the fluid, the sensing means senses the first
pressure, and the means for maintaining a linear rela-
tionship comprises a cavitating venturi in each valve
element.

45. The system of claim 39, in which the fluid is com-
pressible, the fluid parameter is the absolute stagnation
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pressure divided by the square root of the absolute
stagnation temperature, the sensing means senses the
first pressure and the temperature of the fluid at the
source, and the means for maintaining a linear relation-
ship comprises a critical flow orifice in each valve ele-
ment through which fluid flows at sonic velocity.

46. The system of claim 45, in which the orifice 1s the
throat of a converging-diverging nozzle.

47. A method for operating a digital fluid flow control
system having a plurality of individually actuatabie,
value weighted digital bistable valve elements intercon-
necting a source of fluid at a first pressure to a receiver
at a second pressure lower than the first pressure, each
valve element assuming exclusively etther an open state
in which fluid flows from the source through the valve
element to the receiver or a closed state in which no
fluid flows from the source through the valve element
to the receiver such that the resultant fluid flow rate
from the source to the receiver is a function of the
product of a flow rate determining fluid parameter
times the sum of weighted values of the digital valve
elements in the open state, the method comprising the
steps of:

sensing the fluid parameter and generating a first

signal representative of the value of the fluid param-
eter;

generating a second signal representative of the prod-

uct of the value of the fluid parameter and the states
of the digital valve elements; and

controlling the states of the digital valve elements

responsive to one of the signals so as to maintain
constant the value representated by the one signal.

48. A digital fluid control system comprising:

a first fluid manifold;

a second fluid manifold;

a plurality of individually actuatable, value weighted
digital bistable valve elements interconnecting the first
manifold to the second manifold, each valve element
assuming exclusively either an open state in which
Auid flows from the first manifold through the valve
element to the second manifold or a closed state in
which no fluid flows from the first manifold through
the valve element to the second manifold such that the
resultant fluid flow rate from the first manifold to the
second manifold is a function of the product of a flow

rate determinative fluid parameter times the sum of

the weighted values of the digital valve elements in the
open state;

means responsive to the value of the flow rate determina- 50

tive fluid parameter and the states of the digital vaive
elements for generating a signal representative of the
value of the resultant fluid flow rate;

means for sensing a control parameter in the system, and

20

first manifold to the second manifold which includes a

converging-diverging nozzle designed to maintain the vapor
phase of the fluid at its throat, the fluid parameter is the
square root of the difference between the pressure in the

5 first manifold and the vapor pressure of the fluid, and the
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sensing means senses the pressure in the first manifold.
53. The control system of claim 48, additionally compris-
ing an indicator responsive to the signal representative of
the value of the resultant fluid flow rate.
54. The control system of claim 48, in which the fluid

flow rate determinative parameter and the sensed control

parameter are identical, the generating means being re-
sponsive to the sensing means.

55. A digital fluid control system comprising:

a source manifold,

a receiver manifold;

a plurality of individually actuatable, value weighted
digital bistable valve elements interconnecting the
source manifold to the receiver manifold, each valve
element assuming exclusively either an open state In
which fluid flows from the source manifold through
the valve element to the receiver manifold or a closed
state in which no fluid flows from the source manifold
through the valve element to the receiver manifold
such that the resultant fluid flow rate from the source
manifold to the receiver manifold is a function of the
product of a flow rate determinative fluid parameter
times the sum of the weighted values of the digital
valve elements in the open state,

means for sensing the flow rate determinative fluid pa-
rameter,

means responsive to the sensed flow rate determinative
fluid parameter and the states of the digital valve
elements for generating a signal representative of the
value of the resultant fluid flow rate; and

means for controlling the states of the digital valve ele-
ments so as to maintain the value of a fluid character-
istic in the system constant.

56. The control system of claim 355, in which the fluid

characteristic is the pressure in one of the manifolds.

57. The control system of claim 56, additionally compris-
ing an indicator responsive to the signal representative of
the value of the resultant fluid flow rate.

58. The control system of claim 55, in which the fluid is
incompressible, the flow rate determination fluid parame-
ter is the square root of the difference between the pressures
in the source mainfold and the receiver manifold, and the
sensing means senses the square root of said pressure differ-
ence.

59. The control system of claim 55, in which the fluid is
incompressible, each digital valve element has a passage

from the source to the receiver which includes a converging-

diverging nozzle designed to maintain the vapor phase of
the fluid at its throat, the flow rate determinative fluid

means responsive to the sensed control parameter for 55 parameter is the square root of the difference between the

controlling the states of the digital valve elements so as
to maintain the sensed control parameter constant.
49. The control system of claim 48, in which the sensed
control parameter is the pressure in one of the manifolds.

50. The control system of claim 49, additionally compris- 60
ing an indicator responsive to the signal representative of

the value of the resultant fluid flow rate.
51. The control system of claim 50, in which the fluid
flow rate determinative parameter and the sensed control

pressure in the source manifold and the vapor pressure of
the fluid, and the sensing means senses the pressure in the
source manifold.

60. The control system of claim 35, in which the fluid is
compressible, the flow rate determinative fluid parameter is
the absolute stagnation pressure divided by the square root
of the absolute stagnation temperature, the sensing means
senses the pressure and the temperature of the fluid in the
source manifold, each digital vaive element has a flow

parameter are identical, the generating means being re- 65 passage from the source manifold to the receiver manifold,

sponsive to the sensing means.
52. The control system of claim 51, in which the fluid is
incompressible, each valve element has a passage from the

a flow determining orifice formed in the flow passage, and
a region in the flow passage through which the fluid flows
at sonic velocity thereby isolating the flow passage upstream
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of the flow determining orifice from variations in the pres-
sure in the receiver manifold.

61. The method of claim 37, in which the fluid charac-
teristic is the flow rate determinative fluid parameter.

62. A method for operating a digital fluid flow control
system having a plurality of individually actuatable, value
weighted digital bistable valve elements interconnecting a
source of fluid at a first pressure to a receiver at a second
pressure lower than the first pressure, each valve element

22

the resultant fluid flow rate from the source to the receiver
is a function of the product of a flow rate determinative
fluid parameter times the sum of the weighted values of the
digital valve elements in the open state, the method com-
5 prising the steps of-
sensing the flow rate determinative fluid parameter;
generating a signal representative of the product of the
value of the flow rate determinative fluid parameter
and the states of the digital valve elements; and

assuming exclusively either an open state in which fluid 10  controlling the states of the digital valve elements so as to

flows from the source through the valve element to the

receiver or a closed state in which no fluid flows from the
source through the valve element to the receiver such that

maintain the value of a fluid characteristic in the

system constant.
% » ¥ * *
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. ! Re. 29,383
DATED . Sept. 6, 1977
INVENTOR(S) © Robert A. Gallatin & Addison W. Langill, Jr.

It is certified that error appears in the above—identified patent and that said L etters Patent
are hereby corrected as shown below:

Col. 2, line 35, change "parameters" to ~--parameter--.

Col. 8, line 15, change "are open in 15" to --are open is 15--;

line 43, between "fluid" and "rate" insert --flow--.
Col. 10, equation (3), change "w" to —-w--;

line 30, change "w" to --w --;

line 63, change "at some velocity" to --at sonic
velocity--.

Col. 11, line 2, change "T." to —--P_=n:

after "P ﬁ insert %he following sentence:

--Similarly, manifold 35 £s thermally coupled to an absolute

temperature transducer 76, which generates an electrical analog

signal proportional to the absolute temperature TA.-—

Col. 12, line 5, change "of" to --on--.

Col. 20, claim 58, line 45, change "determination" to
-—-determinative--. :

Signed and Sealed this

Thirteenth D ay Of June 1978
[SEAL)

Attest:

RUTH C. MASON DONALD W. BANNER

Attesting Officer Commissioner of Patents and Trademarks
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