
;e3eRNNOlPXPlR6RTRSaF Improved Pressure-Type Flow Rate Control Apparatus
Background Of The Invention Field Of The Invention The present invention
relates to a pressure-type flow rate control apparatus for use mainly in
semiconductor manufacturing facilities and chemical plants. More
specifically, this invention concerns an improved pressure-type flow rate
control apparatus in which the flow rate of a fluid which is supplied at
sub-sonic speeds is determined accurately using a new empirical formula,
and 10 then the flow rate of the fluid to be supplied is controlled
accurately on the basis of this empirical formula. Description of the Prior
Art In semiconductor manufacturing facilities, chemical plants, etc., a
plurality of gaseous reactants are supplied at respective specific rates
and are normally reacted in a reactor to produce 15 an object or target
gas. In this process, if the reactant gases are not supplied at accurate
flow rates, then the chemical reaction proceeds unevenly, and as a result,
unreacted gases remain in the produced object gas. Reactant gases remaining
unreacted become impurity gases and lower the purity of the object gas.
Where such an unreacted gas is explosive, there is a particular concern
that explosions 20 may occur in subsequent facilities, and accordingly
special measures are adopted to remove the explosive unreacted gas. It is
therefore necessary to control accurately the flow rates of gases to be
supplied, and a mass flow controller has been used as gas flow rate
controller at many plants However, a mass flow controller has many
problems; for instance, 1 ) a relatively slow response time, 2) poor flow
25 rate accuracy at low flow rates, 3) numerous operational difficulties,
and 4) high costs. For this reason, it has been previously observed that
there is a need to improve the accuracy of gas flow rate control by means
other than a mass flow controller. In response, the present inventors
developed a pressure-type flow rate control apparatus and disclosed the
same in unexamined Japanese patent application no. 10-55218. In this
pressure-type flow rate control 30 apparatus, fluid is forced through an
orifice under critical conditions such that the flow velocity of the fluid
is super-sonic. FIG. 5 is an explanatory diagram of a theoretical formula
that has been used hitherto for calculating the flow rate of fluid. Below
is discussed a case where a fluid flowing into an orifice through a pipe
has an upstream pressure upstream of the orifice which is set at P,, and is
supplied 35 to a downstream pipe at a downstream pressure of P2; here the
upstream pressure P, and the downstream pressure P2 are expressed in
absolute pressure values.     2 It is known that the flow rate conditions
of the fluid passing the orifice change greatly once the flow velocity of
the fluid reaches the speed of sound. Under non-critical (sub-sonic)
conditions, before sonic velocity is reached, the downstream flow rate Q is
given by: Q = SC 9p2 (P1 - Pz2))'iz/.Liiz 5 but under critical (sonic)
conditions, once sonic velocity has been reached, it is found that the
formula: Q = SCP T1/2 holds good and is applicable; 



wherein T is the absolute temperature of the fluid at the time of passing
the orifice; 10 S is the sectional area of the orifice hole; and C is a
proportional coefficient. It is known m hydrodynamics that the critical
conditions at which the velocity of a fluid reaches sonic velocity are
expressed by the critical value rc of pressure ratio P2/P1 The critical
value rc is given by P2 / P, = rc _ (2 /(n + 1 ) -'  using the gas specific
heat ratio n. 15 Said specific heat ratio n is given by: n=Cp/Cv, where Cp
is the specific heat capacity of the fluid at constant pressure, and Cv is
the specific heat capacity of the fluid at constant volume. In the case of
two-atom molecular gases (e.g. Oz, Hz), n = 7 / 5 = 1.4, and rc = 0.53 In
the 20 case of nonlinear, three-atom molecular gases, n = 8 / 6 = 1.33 and
rc = 0.54. Thus these values may be expressed as rc _ 0.5 Problems That The
Invention Is To Solve With reference to FIG. 5, discussed below is a case
where, with the upstream pressure P, constant and the downstream pressure
P2 variable, critical conditions and non-critical conditions are 25
considered. Since critical conditions obtain when P2 / P, <- rc (_ 0.5) the
region of the diagram where P2 <_ rc P, (0.5 P1) constitutes a sonic
region. Conversely, where P2 > rc P1 (0.5 P,) is an sub-sonic region
(non-critical conditions). As mentioned above, when the fluid is under
non-critical conditions (in the sub-sonic region), the flow rate Qc of the
fluid that passes the orifice may be expressed by: 30 Qc = SC (P2 (P1 -
Pz))'iz/.hvz Simplifying this expression: Qc = K ~z (Pi - P2))`/2 the
proportional constant K may be expressed by: K=SC/T`~Z. 3 5 This flow rate
formula is derived from Bernoulli's theorem, but Bernoulli's theorem
relates to ideal conditions where a fluid is non-compressible. In actual
gas flow, however, compression   3 and expansion normally occur, and
therefore it is unsurprising that the above-mentioned flow rate formula Qc
gives errors when compared with actual flow rates. When the pressure change
of the fluid is small, i.e. where the change in specific weight of the
fluid is small, incompressibility of the fluid is approximated. Where a
fluid satisfies such ideal conditions, the flow rate of the fluid can be
controlled satisfactorily using this flow rate formula. In many cases,
however, these fluid conditions fail to be satisfied. As a result, if this
flow rate formula is used, the flow rate can not be controlled with great
precision. Accordingly, the inventors previously filed the aforesaid patent
application no. 10-55218 in which pressure ratio Pz/P~ is constrained to be
smaller than the critical pressure ratio r~ in order to 10 obtain critical
conditions, and the flow rate is controlled under such critical conditions.
The theoretical flow rate formula is therefore: Qc = KP>> and the
proportional constant K is given by: K = SC / T'~z. 15 Advantageously under
these cntical conditions, the flow rate Qc does not depend on the
downstream fluid conditions, with the result that the flow rate can be
controlled with great precision. However, a prerequisite for attaining such
high accuracy in flow rate control is that the critical conditions are
realized. If the critical conditions are not obtained, then the use of Qc =
KP, 20 to control the flow rate of a fluid will gwe rise to considerable
errors Furthermore, even if Qc = KPH is used as the flow rate formula, the
critical conditions are realized as long as the actual flow rate is great,
but as the flow rate decreases, the upstream pressure P, and the downstream
pressure Pz converge, and, as a result, the non-critical conditions
sometimes occur. In such cases, since the flow rate formula Qc = KP, no
longer holds good, the flow rate 



25 control will be substantially inaccurate. Thus, the prior art
pressure-type flow rate control apparatus has two serious shortcomings.
Firstly, since the theoretical flow rate formula used under non-critical
conditions, is predicated on the basis that the fluid ~s non-compressible,
large errors can arse when it is used to control the flow rate of a
compressible fluid under non-critical conditions. Secondly, even when the
flow rate 30 formula Qc = KP,, which ~s applicable under crtical
conditions, is used, non-critical conditions can occur as the downstream
pressure PZ increases. As a result, great errors can arise since the
applicable flow rate formula is then no longer formula Qc = KP,, but Qc = K
(Pz (P~ - Pz))'~z Summary Of The Invention Accordingly, it is a first
object of the present invention to provide an empirical formula 3 5 which
is applicable with high precision to the actual flow rate of a compressible
fluid under non critical conditions, and to control the flow rate of a
compressible fluid under non-critical conditions with high precision using
said flow rate empirical formula.   4 It is a second object of the present
invention to achieve high accuracy control of flow rate across the entire
range of flow rates using Qc = KP, under critical conditions, and using the
above mentioned flow rate empirical formula under non-critical conditions,
while always monitoring whether the fluid is under critical or non-critacal
conditions. The invention of clam 1 is an improved pressure-type flow rate
control apparatus, charactenzed in that when a fluid is passed through an
orifice for flow rate control, the fluid flow rate Qc of the fluid passing
through the orifice is calculated by the formula: Qc = KPz "' (P, _ Pz) (K
is a proportional constant; m and n are constants) 10 from the pressure P,
upstream of the orifice and the pressure Pz downstrearn of the orifice. The
invention of claim 2 is an improved pressure-type flow rate control
apparatus comprising an orifice for controlling flow rate, a control valve
provided on a pipe on an upstream side of said orifice, an upstream
pressure sensor provided between said orifice and sad control valve to
detect an upstream pressure P,, a downstream pressure sensor provided on a
pipe on a 15 downstream side of the orifice to detect a downstream pressure
Pz, flow rate calculating means for calculating a calculated flow rate, Qc,
by: Qc = KPz m (P~ _ Pz) from said upstream pressure Pl and said downstream
pressure Pz (where K is a proportional constant; and m and n are
constants), flow rate setting means for selecting a set flow 20 rate, Qs,
for fluid to be supplied on said downstream side, subtraction means for
determining a flow rate dii~erence, aQ, between set flow rate, Qs, and said
calculated flow rate, Qc, and a drive unit for controlling (opening and
closing) the control valve to adjust the flow rate difference, ~Q, to zero
so that the flow rate of the fluid to be supplied at the downstream side is
controlled to be said set flow rate, Qs. 25 The invention of claim 3 is an
improved pressure-type flow rate control apparatus according claim 2 which
is permitted to operate under non-critical conditions whereby the velocity
of the fluid flowing from said orifice is lower than sonic velocity. The
invention of claim 4 is an improved pressure-type flow rate control
apparatus comprising an orifice for controlling flow rate, a control valve
provided on a pipe on an upstream 30 side of said orifice, a pressure
sensor on said upstream side provided between the orifice and said control
valve for detecting an upstream pressure Pl, a downstream pressure sensor
provided on a pipe on a downstream side of the orifice for detecting a
downstream pressure Pz, cntical conditions judging means for judging on the
basis of the pressure ratio between upstream pressure P~ and said
downstream pressure Pz whether fluid flowing out of the orifice is under
critical conditions (i.e. 3 5 super-sonic) or not, non-critical flow rate
calculating means for calculating under non-critical conditions a
calculated flow rate, Qc, by: 



Qc - KPz m (Pi _ Pz)   5 (K = proportional constant; m and n = constants)
from said upstream pressure P, and said downstream pressure PZ, critical
flow rate calculation means for calculating under critical conditions said
calculated flow rate, Qc, by: Qc = KP, 5 (K = proportional constant), flow
rate setting means for selecting a set flow rate, Qs, for fluid to be
supplied on said downstream side, subtraction means for determining a flow
rate difference, OQ, between set flow rate, Qs, and said calculated flow
rate, Qc, and a drive unit for controlling a control valve to bring said
flow rate difference, ~Q, to zero so that the flow rate of fluid to be
supplied to the downstream 10 side is controlled to be said set flow rate,
Qs The invention of claim 5 is an improved pressure-type flow rate control
apparatus according to claims 3 or 4, wherein a critical pressure ratio r~
(= PZ / P,) is calculated according to: r~ _ (2 / (n + 1 )) "~-~ (n is the
specific heat ratio of the fluid molecule defined by Cp/Cv), 15 wherein
when pressure ratio PZ / P, is not higher than the critical pressure ratio,
r~, the fluid is judged to be under critical conditions, and when pressure
ratio Pz / P, is higher than critical pressure ratio, r~, the fluid is
judged to be under non-critical conditions. Brief Description Of The
Drawings FIG. 1 is a diagram comparing a flow rate empirical formula with
flow rate measured 20 values under non-critical conditions FIG. 2 is a
constitutional diagram showing a first embodiment of an improved pressure
type flow rate control apparatus using an empirical flow rate formula
according to the present invention FIG 3 is a constitutional diagram
showing a second embodiment of an improved pressure 25 type flow rate
control apparatus using an empirical flow rate formula according to the
present invention. FIG. 4 is a diagram which compares flow rates
corresponding to different control flow rate formulae. FIG. 5 is an
explanatory diagram of the theoretical formula that has been used hitherto.
30 Reference Numerals 2 designates an improved pressure type flow rate
control apparatus; 3 an improved pressure-type flow rate control apparatus
(NFCS); 4 an orifice; 4a an orifice hole; 6 an upstream pipe , 8 a
downstream pipe; 10 an upstream pressure sensor; 12 a downstream pressure
sensor; 14 a temperature sensor; 15a pressure ratio calculation means; 15b
critical conditions judging means; 16 35 a control circuit; 17 flow rate
calculation means; 17a critical flow rate calculation means; 17b non
critical flow rate calculation means; 18 flow rate setting means; 19
subtraction means; 20 a valve drive unit; 22 a control valve; 24 a gas
tank; 26 a regulator; 27 a supply-side pipe; 28 a valve; 29 a   6
control-side pipe; 30 a valve; 32 a chamber; 34 a drive pump; P~ an
upstream pressure; Pz a downstream pressure; r a pressure ratio (Pz / P, );
r~ a critical value; Q~ a calculated flow rate, Qs a set flow rate, and OQ
a flow rate difference. 



Description Of The Preferred Embodiments 5 FIG. 1 is a diagram comparing a
flow rate empirical formula employed under non-critical conditions
according to the present invention with measured flow rate values. The
inventors examined a prior art theoretical flow rate formula that has been
used under non-critical conditions. The pnor art flow rate formula, which
~s derived from Bernoulli's theorem, is: Qc = K (Pz (P~ - Pz))'/z 10 This
may be re-written as' QC = ~zl/2 (Pl - P 2)'/z. The prior art flow rate
formula is an accurate formula when applied to an incompressible fluid.
With a fluid such, for example, as an incompressible liquid the flow rate
formula is applicable accurately enough. To adapt this flow rate formula to
a compressible fluid such as gas, it 15 is necessary to establish an
empirical formula having a plurality of parameters without greatly changing
the structure or form of the formula. Accordingly, the inventors proposed
the empirical formula: Qc = KPz m (Pi _ Pz)n and introduced two parameters,
m and n, for the purpose of close fitting. Here, a 20 proportional constant
K is given by: K=SC/T'/z, and is worked out from the material conditions of
gas flow and absolute temperature, T. In FIG 1, the abscissa axis
represents the downstream side pressure PZ in kPaA (kilopascal absolute
pressure). The ordinate axis represents flow rate Q in SCCM, i.e. flow rate
25 (cc/min.) under standard conditions The vertical broken line at Pz = 4.8
[kPaA] indicates the position of the critical value r~, and the region (A)
to the left of the line is a region under critical conditions, while the
region (B) to the right of the line is a region under non-critical
conditions. In FIG. 1, the black rhombuses plotted are the measured values
of flow rate. Parameters m, n are so determined that the above-mentioned
empirical formula Qc = KPz'" (P, - Pz) yields 30 values which are
substantially equal to the measured values; it was found that m = 0.47152
and n = 0.59492. The flow rates derived from the above-mentioned empirical
formula are plotted with black squares. It is noted that the values
provided by the flow rate empirical fonnula fit with and match with high
precision the measured values in the whole region (B) of non-critical
conditions. 35 In critical region (A), too, the empirical formula fits with
the measured values near the broken line. Since fitting or matching is
effected with two free parameters m, n, a fitting area also appears m part
of region (A) of critical conditions.   7 According to the study by the
inventors, the values of the two parameters m, n depend on the range where
the flow rate ~s to be controlled. The above-mentioned values m = 0.47152
and n = 0.59492 are applicable in the range where the flow rate is 0 to 10
sccm, but ~f the flow rate range is 0 to 100 or 0 to 1,000 sccm, then m and
n will deviate from those values. Studying the parameters m, n, which are
variable for the purpose of fitting or matching according to the respective
flow rate ranges, in teens of scattered value ranges, it is noted that 0.40
< m < 0.50 and 0.50 < n < 0.65. Hence, in an actual flow rate control
situation, optimum values of the parameters m, n selected from within the
above value ranges are used, depending on the range of flow rate to be
controlled. 10 m = 0.4? 152 and n = 0.59492, as specified above, are merely
examples selected from within the above-mentioned value ranges. However, it
should be noted that the values m = 0.5, n = 0.5 obtained from Bernoulli's
theorem are not within the above-mentioned value ranges. This 



means that the actual fluid is much different from an ideal fluid or
non-compressible fluid. The present invention was made by discovering a
flow rate empirical formula that holds good for and is 15 applicable to the
actual fluid. Thus, if the equation Qc = KPZ"'(P, - Pz) (0.40 < m < 0 50,
0.50 < n < 0.65) is used m flow rate control under non-critical conditions,
then flow rate control can be achieved with great precision. This formula
can reproduce and match the actual measured values much better than the
equation Qc = K Pz'~z (P, - Pz)'~2 that is derived from Bernoulli's
theorem. At the same time, it is 20 possible to achieve flow rate control
with high precision in the whole of the regions of non-critical and
critical conditions by employing additionally the equation: Qc = KP, as
theoretical fonnula under critical conditions. FIG 2 is an hypothetical
example showing the operational state of a first embodiment of 25 an
improved pressure-type flow rate control apparatus in which the empirical
formula of the present invention is employed. Said improved pressure-type
flow rate control apparatus 2 is designed on the basis that the fluid is to
be supplied under non-critical conditions, i.e. the velocity of the fluid
flowing from an orifice 4 is less than sonic velocity Said improved
pressure-type flow rate control apparatus 2 comprises said orifice 4 having
30 an orifice hole 4a, an upstream pipe 6, a downstream pipe 8, an upstream
pressure sensor 10, a downstream pressure sensor 12, a temperature sensor
14, a control circuit 16, a valve drive unit 20 and a control valve 22.
Said control circuit 16 primarily comprises a micro-computer and a built-in
programme. Alternatively, an electronic circuit may be used, or an
electronic circuit and a general purpose 35 personal computer may be used.
Said control circuit 16 comprises flow rate calculation means 17 for
calculating the calculated flow rate Qc according to said empirical
formula, flow rate setting means 18 for setting a set flow rate Qs of fluid
to flow, and subtraction circuit 19 for determining a   flow rate
difference ~Q (= Qs - Qc) between said calculated flow rate Qc and set flow
rate Qs. Said flow rate difference 0Q may be calculated from Qc - Qs. On an
upstream side of the improved pressure-type flow rate control apparatus 2
are connected a gas tank 24 containing high-pressure gas, a regulator 26
for adjusting the gas pressure of the high pressure gas to a proper level,
and a valve 28 for supplying said gas from supply-side pipe 27 to a control
valve 22. On a downstream side of the improved pressure-type flow rate are
connected a control side pipe 29 for flowing gas at a regulated flow rate,
a valve 30, a chamber 32, and a dry pump 34 to act as a vacuum pump. 10
Next, the control operation of the improved pressure-type flow rate control
apparatus 2 is explained. On said upstream side, a gas under a specific
pressure is supplied to said supply-side pipe 27, white on the downstream
side, said control-side pipe 29 is set at a low pressure by the dry pump
34. Gas is supplied to the upstream pipe 6 by the control valve 22, and the
upstream pressure 15 P, of this gas is measured by said upstream pressure
sensor 10. At the same time, the downstream pressure Pz of gas supplied
from said orifice 4 to the downstream side is measured by said downstream
pressure sensor 12. Also, the temperature of gas passing through said
orifice 4 is measured by said temperature sensor 14. In this embodiment,
the velocity of the fluid flowing from the orifice hole 4a is set lower 20
than sonic velocity by adjusting the exhaust rate of the dry pump 34 and
thus non-critical conditions are always maintained. The pressure ratio
Pz/P, is therefore not determined by said control circuit 16 and no
comparison is made with the critical value r~. Thus, in this embodiment,
the flow rate of fluid ~s controlled on the basis that the fluid is always
under non-critical conditions, i e.Pz~ P, > r~ always holds good. 



25 The upstream pressure Pl, downstream pressure Pz and gas temperature T
are inputted into said flow rate calculation means 17. In said flow rate
calculation means 17, the proportional constant K is calculated from the
gas temperature T, and Pz"'(P, - Pz) is determined from the two pressures
P, and Pz, and finally the calculated flow rate Qc is determined in
accordance with Qc = KPz"'(P, - Pz)". Said calculated flow rate Qc
indicates the instantaneous flow rate of the fluid being 30 supplied from
orifice 4. The target flow rate of the fluid to be supplied to the
downstream side ~s inputted as said set flow rate Qs vra said flow rate
setting means 18. Said set flow rate Qs, and the above-mentioned calculated
flow rate Qc are inputted into said subtraction circuit 19 and the flow
rate difference 0Q is obtained from aQ = Qs - Qc. If the flow rate
difference ~Q is positive, then the flow rate is 3 5 insufficient, and if
the difference 0Q is negative, then the flow rate is excessive. A flow rate
difference ~Q signal is thus outputted to the valve drive unit 20, and the
control valve 22 is so controlled as to bring the flow rate difference ~Q
to zero. Accordingly,   9 adjustments are automatically made so that if the
flow rate is insufficient (~Q > 0), then the patency of the control valve
22 ~s slightly increased, whilst if the flow rate (OQ < 0) is excessive,
then the patency of control valve 22 is slightly reduced, thereby bringing
~Q to zero. The improved pressure-type flow rate control apparatus 2 has
the advantage that the 5 upstream pressure P, and downstream pressure Pz
are continuously measured. As a result, the opening and closing of control
valve 22 can be constantly controlled at a high speed such that the flow
rate can be controlled with high precision, at a high speed and
automatically all at the same time. The flow rate empirical formula Qc =
KPz'" (P, - Pz)" which is the essential point of the 10 present invention
accurately expresses the flow rate of a fluid not only under non-critical
conditions, but also under critical conditions in an area adjacent to the
critical value, as explained above. The improved pressure-type flow rate
control apparatus 2 can therefore be used for controlling fluid not only
under non-critical conditions, but also in an area including both
non-critical conditions and critical conditions. 15 FIG 3 is a block
diagram showing the operational state of a second embodiment of the
pressure-type flow rate control apparatus using the empirical formula
according to the present invention. Said second embodiment is different
from the first embodiment merely m regard only to the internal arrangement
of the control circuit 16 of the improved pressure-type flow rate control
apparatus 3, and is identical to the first embodiment ~n a11 other
respects. Only what is different are 20 explained below, while the other
parts (identical parts) are not repeated. In the second embodiment, the
pressure ratio Pz/P, is calculated from the upstream pressure P, and
downstream side Pz, and it is continuously determined whether the fluid is
under critical or non-critical conditions. The flow rate is controlled
under critical conditions using: Qc = KP, 25 while the flow rate is
controlled under non-cntical conditions using flow rate: Qc = KPz "' (P, -
pz)" such that the flow rate is controlled in the strictest way possible at
any given moment. The improved pressure-type flow rate control apparatus 3
of the second embodiment is the best mode and is therefore named NFCS (New
Flow Control System). Said control circuit 16 30 comprises pressure ratio
calculation means 15a, critical conditions fudging means 15b, critical flow
rate calculating means 17a, non-critical flow rate calculating means 17b,
flow rate setting means 18 and a subtraction circuit 19. If the upstream
pressure P~ and downstream pressure Pz are inputted, then the pressure
ratio calculation means 15a calculates the pressure ratio Pz/P,, and its
value r is memorized. Said value r 35 is inputted to said critical
conditions judging means 15b and is compared with a critical value r~. As
mentioned earlier, said critical value r~ is given by: (2 /(n + 1) "~("-')



10 In two-atom molecular gas, r~ = 0.53; in non-linear three atom molecular
gas, r~ = 0.54; and it can be expressed as r~ =about 0.5. If r > r~, then
the fluid is under non-critical conditions and the calculated flow rate Qc
is calculated from: QC = ~z m (Pl - P2)n by said non-critical flow rate
calculating means 17b. If r 5 r~, then the fluid is under critical
conditions, and the calculated flow rate Qc is calculated from. Qc = KP, 10
by said critical flow rate calculating means 17a. In this manner, it is
constantly checked whether the fluid is under critical or non-critical
conditions, thereby making it possible to estimate the actual flow rate by
a proper flow rate formula. Finally, the flow rate difference aQ between
said set flow rate Qs and said calculated flow rate Qc is detenruned by
said subtraction circuit 19, and the valve drive unit 20 is actuated to 15
control (close or open) the control valve 22 to bring flow rate difference
OQ to zero. FIG.4 compares results from different flow rate control
formulae. A plotted line with black rhombuses shows results obtained when Q
= KP,, the flow rate formula intended for and applicable to fluid under
critical conditions, was applied to all of the regions (under critical
conditions and non-critical conditions). This formula is equivalent to the
prior art FCS (Flow Control System). The 20 other plotted line, with black
triangles, shows the results obtained with the NFCS (New Flow Control
System) With a maximum flow rate of 80 [SCCM], the system is so prearranged
that when the flow rate reaches 100% of the set flow rate, the flow rate
will be 80 [ SCCM].It is considered therefore that the greater the flow
rate, the better the critical conditions (sonic region) are satisfied. As
the 25 flow rate decreases, the fluid moves into non-critical conditions
(sub-sonic region). In the prior art FCS (the line with black rhombuses),
the fluid is controlled in all the regions using the flow rate formula Q =
KP, only. As a result, when the set flow rate is great, the critical
conditions are satisfied and the correct flow rate is indicated. However,
when the set flow rate is small, the fluid is under non-critical
conditions. Accordingly, the flow rate formula 30 applicable to critical
conditions fails to reflect the flow rate accurately. Hence, it is possible
that even if the set flow rate is 10%, wrong results will come out; for
example, flow rate = 0. At low flow rates, therefore, an additional
mechanism to correct the prior art FCS was needed. In NFCS, however, Qc =
KP,, flow rate formula applicable under critical conditions, is employed
under critical conditions, and under non-critical conditions, Qc = KPz "'
(P, - Pz), the 3 5 empirical formula for non-critical conditions, is used.
Therefore, a correct flow rate Q, proportional to the set flow rate, is
calculated and linearity with respect to set percentage of flow rate Q is
assured, as shown by the plotted line with black triangles m FIG. 4.   11
Needless to say, the present invention is not restricted to the
above-mentioned embodiments. It is to be understood that changes and
variations may be made without departing from the spirit or scope of the
present invention. Effects of the Inventions 



5 According to the invention of claim 1, a flow rate Qc of fluid passing
through an orifice, that is, the actual flow rate, is calculated by: Qc =
~z `" (P~ - Pz)"~ the empirical formula that accurately reproduces the
actual flow rate of fluid. As a result, an improved pressure-type flow rate
control apparatus that can control flow rate with high precision 10 can be
materialized. According to the invention of claim 2, a calculated flow rate
Qc is calculated by Qc = KPz m (P~ _ Pz)" and is compared with a set flow
rate Qs, and a control valve is so controlled to bring a flow rate
difference 0Q (= Qs - Qc or Qc - Qs) to zero. An improved pressure-type
flow rate 15 control apparatus that can control and set the flow rate of a
fluid accurately and at a high speed can therefore be materialized
According to the invention of claim 3, when a fluid flowing out of the
orifice is under non critical conditions, the improved pressure-type flow
rate control apparatus of claim 2 can be actuated, and therefore a highly
accurate, improved pressure-type flow rate control apparatus can 20 be
provided. According to the invention of clam 4, the flow rate is so
controlled that when fluid flowing from the orifice is under critical
conditions, the flow rate formula applicable under critical conditions 25
is employed, while when the fluid is under non-critical conditions, the
empirical formula applicable under non-critical conditions . flow rate Qc =
KPz "' (P, - Pz)" is employed to control flow rate. Even if the fluid
changes from critical conditions to non critical conditions, therefore,
this change will be followed at high speed and the flow rate of the 30
fluid can be controlled with great precision. According to the invention of
claim 5, it is possible to judge accurately whether a fluid is under
critical conditions or non-critical conditions by merely measuring the
upstream side pressure P~ and the downstream side pressure Pz. Thus, a11
kinds of fluid can be controlled. 35   12 What is claimed is: An improved
pressure-type flow rate control apparatus characterized in that when fluid
is passed through an orifice for flow rate control, a fluid flow rate Qc ~s
calculated by Qc =KPz `" (P~ _ pz) (K is a proportional constant; and m and
n are constants) from the pressure P, upstream of the orifice and the
pressure Pz downstream of the orifice. 2 An improved pressure-type flow
rate control apparatus comprising an orifice for control of flow rate, a
control valve provided on a pipe on an upstream side of said orifice, an
upstream pressure sensor provided between the orifice and the control valve
to detect an upstream pressure 10 P,, a downstream pressure sensor provided
on a downstream pipe on a downstream side of the orifice to detect a
downstream pressure Pz, a flow rate calculation means for calculating a
calculated flow rate Qc by Qc = KPzm(P~ _ Pz) from upstream side pressure
P, and the downstream side pressure Pz 15 (K is a proportional constant;
and m and n are constants), 



flow rate setting means for setting a set flow rate Qs for fluid to be
supplied on said downstream side, subtraction means for determining a flow
rate difference OQ between the set flow rate Qs and the calculated flow
rate Qc, and a drive unit to control (open and close) the control valve to
bring flow rate difference ~Q to zero, so that the flow rate of fluid to be
supplied to the 20 downstream pipe is controlled to be the set flow rate
Qs. An improved pressure-type flow rate control apparatus according to
claim 2, which is permitted to operate under non-critical conditions where
the velocity of the fluid flowing out from said orifice is lower than the
sonic velocity. 4 An improved pressure-type flow rate control apparatus
comprising an orifice for 25 controlling flow rate, a control valve
provided on a pipe on an upstream side of the orifice, an upstream pressure
sensor provided between the orifice and the control valve for measuring an
upstream pressure P,, a downstream pressure sensor provided on a downstream
pipe on a downstream side of the orifice for measuring a downstream
pressure Pz, critical conditions judging means for judging on the basis of
the pressure ratio between the upstream pressure P, and the 30 downstream
pressure Pz whether fluid flowing from the orifice is under critical
conditions (in a sonic region) or not, a non-critical flow rate calculating
means for calculating under non-critical conditions a calculated flow rate
Qc by Qc = KPz m (Pi - Pz) (K is a proportional constant; and m and n are
constants) 3 5 from said upstream pressure P, and said downstream pressure
P2, critical flow rate calculating means for calculating under critical
conditions said calculated flow rate Qc by Qc = KP,   13 (K = proportional
constant), flow rate setting means for setting a set flow rate Qs for fluid
to be supplied on said downstream side, subtraction means for determining a
flow rate difference ~Q between said set flow rate Qs and said calculated
flow rate Qc, and a drive unit to control the control valve so as to bring
said flow rate difference OQ to zero, such that the flow rate of fluid to
be supplied to the downstream pipe is adjusted to be the set flow rate Qs.
An improved pressure-type flow rate control apparatus according to claim 3
or 4, wherein a critical pressure ratio r~ (= PZ / P,) is determined by: r~
- (2 / n + 1 ) '~c-~ > 10 (n is the specific heat ratio of fluid molecule
defined by Cp/Cv) wherein when the pressure ratio Pz / P, is not higher
than said critical pressure ratio r~, the fluid is judged to be under
critical conditions, and if pressure ratio PZ / P, is higher than said
critical pressure ratio r~, the fluid is judged to be under non-critical
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