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W TH PI LOT TUBE W TH AVERAGE PRESSURE PRI MARY ELEMENT BACKGROUND OF THE

| NVENTI ON 5 The present invention relates to nmeasurenent of
fluid flow. Mre specifically, the present invention relates to flow
measurenent of a process fluid using an averaging pitot tube t %e sensor.
Measur enent oWOI97@8#9%at e of process fluid is 10 necessary Pf'(yg

i ndustrial processes. In industrial processes, transmtters which
nmeasure flowrate (Q are placed at renote |locations in the field of a
process control system These transnitters-fransnmit flow rate information

to a control room The flow rate 15 | nf or.mat i d to control
operation of the FHOMETER WAEH RILAT [TURE WATH NM P#EQS&H refers to both
l'iquid and gaseous fluids. One conmon neans of neasuring flowrate in the
process control industry is to neasure the pressure drop 20 across a

fixed restriction in the pipe, oft@RINARYcEIEMENT differential producer
or primary el enent. The general euat | on. for calculating flow rate through

a differential producer can be£3 : o+ REVENT ION
5 The present 1nvent10n relates to measurement

of £luid flow. More specifically, the present invention

relates to flow measurement of a process fluid using an
averaging pitot tube type sensor.

Measurement of flow rate of process f£luid is

10 necessary to control industrial processes. In

' industrial processes, transmitters which measure flow

rate (Q) are placed at remote locations in the field of

a process control system. These transmitters transmit

flow rate information to a control room. The flow rate

15 information is used to control operation of the process.

As used herein, process f£luid refers to both liquid and

gaseous fluids.
One common means of measuring flow rate in the

process control industry is to measure the pressure drop

20 across a fixed restriction in the pipe, often referred
to as a differential producer or primary element. The
general equation for calculating flow rate through a
differential producer can be written as:

Equation 1

0= NC,EY,d?/ph
25
where
Q = Mass flow rate (mass/unit time)
N = Units conversion factor (units wvary)
C; = Discharge coefficient (dimensionless)
30 E = Velocity of approach factor

(dimensionless)
Y, = Gas expansion factor (dimensionless)



[err] 25 where Q = Mass flow rate (mass/unit tine) N = Units conversion
factor (units vary) Cerr] = Discharge coefficient (dinensionless) 30

E =._Velocity of approach factor (dinmensionless) Y[err] = Gas expansion

f act or (dimensionl ess) WO 97/ 25595

PCT/ US96/ 20898 -2- d = Bore of differential producer (leng ui d
density (nmad&Qemass95vol une) h = Differential pressure (forcé’%Mea) o

the terms in this expression, only the 5 units conversion factor, which
is a constant, is sinple to calculate. The other terns are expressed by
equations that range fromrelatively sinp?e to very conplex. Sone of the

expressi ons contai n nmany terns and reguj.re the ra S|n of nu
non-i nt eger powers. 10 Fhig iR c‘?f?rﬂiftf}ﬁ &FF ‘ﬁ%?’f/e(%%’r&)l on.

p = Fluid density (mass/um.t volume)

h = Differential pressure (force/unit area)

Of the terms in this expression, only the

5 units conversion factor, which is a constant, is simple .
to calculate. The other terms are expressed by
equations that range from relatively simple to very
complex. Some of the expressions contain many terms and
require the raising of numbers to non-integer powers.

10 This is a computationally intensive operation.

There are a number of types of meters which
can be used to measure flow. Head meters are the most
common type of meter used to measure fluid flow rates.
They measure fluid flow indirectly by creating and

15 measuring a differential pressure by means of an
obstruction to the fluid flow. Using well-established
conversion coefficients which depend on the type of head
meter used and the diameter of the pipe, a measurement
of the differential pressure may be translated into a

20 mass or volume rate.

One technique for measuring a differential
pressure for determining flow is through an averaging
pitot tube type primary element. In general, an
averaging pitot'tube type primary element for indicating

25 flow consists of two hollow tubes that sense the
pressure at different places within the pipe. These
tubes can be mounted separately in the pipe or installed
together in one casing as a single device. This design
jncludes a forward facing tube which measures total

30 pressure (Py;). A second tube measures a down stream
pressure. The differential pressure between the two
tubes is proportional to the square of the flow as given
in Equation 2.



There are a nunber of types of neters which can be used to neasure flow.
Head neters are the nost common type of neter used to neasure fluid flow
rates. They neasure fluid flowindirectly by creating and 15 nmeasuring a
differential pressure by neans of an obstruction to the fluid flow Using
wel | - establ i shed conversion coefficients which depend on thﬁwﬁﬁﬂﬁgﬁkmpead
neter used aWOPHESH aneter of the pi pe, a neasurenent of the ditterenti al
pressure nmay be translated into a 20 mass or volume rate. One techni que
for measuring a differential pressure for determning flowis through an
averaging pitot tube type primary elenent™®~ In general, an averaging
pitot tube type prinmary elenent for indicating 25 fl ow consists of two
hol | ow tubes that sense theMPDE¥EsPR at different places VIPAIUAYLAMME pi pe.
These tubes can be nounted separately in the pipe or installed together in
one‘casing as a single device. This design includes a forward facing tube

whi ch nmeasures tqhal, 30 R esgure (dnfifd ldonvelsiBnORbctype Measures a down

stream pressure. e diffgrential prR&S WdefFdcienl bbethetaveRfind
proportional g0 the square of the flpitsats @limensionkgaali on 2.
D = Pipe diameter (inches)
Y, = Gas expansion factor (dimensionless)
p = Gas density (1b,/ft?)
h = Differential pressure (inches H,)
10

Accurate calculation of £flow based upon
pressure measurement requires accurate measurement of
density (p) and the gas expansion factor (Y,} for use in
Equation 1. These are calculated with exact equations,

15 look up tables, polynomial approximations or other curve
fitting techniques. Accurate determination of density
(p) and the gas expansion factor (Y,} requires an
accurate value for the static pressure (Pg,) for use in
the above techniques. Bowever, the averaging pitot tube

20 type primary element does not sense static pressure.
Neither the upstream or downstream facing tube provides.
an accurate indications of static pressure. In typical
prior art transmitters, density (p) and the gas.
expansion factor (Y,) are calculated using a separate

25 static pressure (Pg,,;) measurement. For accuracy, this
is spaced apart from the averaging pitot tube. This is
inconvenient, requires an additional sensor, and
requires and an additional entry into the process
piping.

30 The additional sensor to sense static pressure
(Pgrr) in the prior art is cumbersome, inconvenient,
expensive and provides an additional source of errors.

SUMMARY OF THE INVENTION )

The present invention provides a transmitter

35 for measuring mass flow rate (Q) using an averaging



WD 97/ 25595 PCT/ US96/ 20898 -3- [err]
wher e: N = Units conversion factor K =" flow coefficient of the
averagi ng 5 pitot (dinensionless) D Pi pe
dianeter (inches) Y[err] = Gas expansion factor (dinmensionless) [err]

= Gas density (Ib[err]/ft[err]) h = Differential pressure (inches
Herr]) 10 WO8U?5¥®% cal cul ati on of fl ow based upon pressur 088%ent
requi res accurate neasurenment of density (p) and the gas expansion factor
(Y[err]) for use in Equation 1. These are calculated with exact equati ons,
15 | ook up tables, polynom al approxirdt-i ons or other curve fitting
techni ques. Accurate determ nation of density &R%z and the gas expansion

factor (Y[ err|pitaigiubestype RERFYe el gMERE f o Fhenbeqniion foesspee
(Plerr]) for usteduirdea abeparitshatatis. priesawes  médsuranemgi ngopet ot t ube

20 type primalye ol eapnty JQ5sdidl ACRAE1 Al LCrBELP PHeBauldel bBfkoL N
upstream or downstream facing tube provides
senses total pressure {Py,) of a process fluid from one
5 pitot tube. A second pressure sensor measures a
differential pressure between the tubes of the primary
element. Circuitry in the transmitter calculates static
pressure (Pgu;) based upon the total pressure. The
calculated static pressure (Pg,) is used to calculate
10 fluid density (p) and the gas expansion factor (Y,).
Flow (Q) is calculated based upon the pressure
measurements, the £luid density (p) and the gas
expansion factor (Y,). '
F_DE OF DRAWING
15 Figure 1A shows a transmitter in accoxdance
with the present invention coupled to a process pipe.

Figure 1B is a top cross sectional view
showing an averaging pitot tube type primary element for
‘use with the present invention.

20 Figure_ 1C shows the averaging pitot tube.type
primary element of Figure 1C inserted in a process pipe.

Figure 2 is a graph showing a comparison of
gas density at maximum flow calculated using total
pressure and calculated using static pressure versus

25 differential pressure.

Figure 3 is a graph showing the difference
between total pressure and static pressure versus
differential pressure for carbon dioxide gas in an 8
inch pipe.

30 Figure 4 is a graph showing error in corrected
static pressure calculated in accordance with the
present invention versus differential pressure for

carbon dioxide gas in an 8 inch pipe.
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Figure 1A is a view of a process control
system 10 including a transmitter 10 in accordance with
the present invention coupled to process piping 12.
Process piping 14 carries process fluid having a
velocity (V) and a flow rate {Q). Pipe 12 conducts flow
of a fluid, either a gas or a liquid, in the direction
indicated by arrow 16.

The present invention does not require a
separate measurement of static pressure (Pgrpr) and
provides an accurate estimation of the Pgny based upon
the total pressure (Pp,), which is sensed by the forward
facing tube in an averaging pitot tube type primary
element, and the differential pressure (h) measured
between the two tubes. The estimated of calculated
static pressure is used in calculations for determining
fluid density (p) and the gas expansion factor (Y,).
The technique for estimating static pressure requires
less computational time and power than- using typical
prior art formulas.

Transmitter 10 includes transmitter
electronics module 18 and sensor module 22. Transmitter
electronics module 18 also preferably includes a boss 20
for accepting an input from a resistive temperature
device (RTD), preferably a 100 ohm RTD which is
typically inserted directly into the pipe or into a
thermowell which is inserted into the pipe to measure
the process fluid temperature. The wires from the RTD
are connected to one side of a terminal block in a
temperature sensor housing 24. The other side of the

17

vent|l gn dges not

pressure (P[err])
2 SNTENSOr



differential pressure between the tubes of the primary element. Circuitry
in the transmtter calculates static pressure (P[err]) based upon the total
pressure. The calcul ated static pressure (P[err]) is used to calculate 10
fluid density ([err]) and the gas expansion factor (Y[err]). Flow (Q is
cal cul at ed based upon the pressure neasurenents, the fluid density ([err])
and the gasw@8Iass9son factor (Y[err]). BRI EF DESCRI PTI ON OPCTHBIYSINSMW! NGS 15
Figure 1A shows a transmitter in accordance with the present invention
coupled to a process pipe. Figure 1B is a top cross sectional view show ng
an averaging pitot tube type prinmary elenent for use with the present
I nvention. 20 . Figure 1C shows the averagi ng pitot tube type
primary el enenttermingl lklack if qonagctedaterwixes L uny haonghs” a
graph show ng atgB&EP2é i &ed e Fsupdeds tbybobs @i num fl ow cal cul at ed using
total pressure and cal cul ate S| atJj r r versl?r‘ZS .
differential pressure. Fi%‘?ﬂ%% hgggiéra_p% 'g‘ﬁ’%a'nﬁﬁggt h% 6#1 cgﬁ?ﬁgéagiet ween
total pressure prESsuxegenAcssformeaswringidiffevential pressvre f(b) car bon
di oxi de gassin gR48 d NGhedsile sensor for measuring total pressure
{Pyor) . The two sensors provide pressure signals which
are digitized and provided to a microprocessor. Module
22 connects to primary element 14 through manifold 21
supported by mount 23. The compensated, linearized and
i0 digitized signals are provided to the electronics module
18. The electronics module 18 in transmitter 10
provides an output signal indicative of process
conditions such as flow rate (Q) of the process fluid
flowing through pipe 12 to a remote location, by a 4-20
15 mA two-wire loop preferably formed using twisted pair
conductors, through flexible conduit 28. Further, in
accordance with the present invention, transmitter 10
also provides an output signal indicative of flow rate.
Transmitter 12 is coupled to primary element. 14.
20 Primary element 14 may comprise, for example, a pitot
tube such as that shown in U.S. Patent No. 4,154,100 to
Harbaugh et al. issued May 15, 1979, entitled Method And
Apparatus For Stabilizing The Flow Coefficient For
Pitot-Type Flowmeters With A Downstream-Facing Port.
25 With other types of primary elements 14 such
as orifice plates, nozzles or venturis, the pressure
sensed by transmitter 10 is the static pressure (Pgy)
of the process fluid, for use in calculating the gas
density (p) and the gas expansion factor (¥,). These
30 values are used in calculating the flow rate. 1In the
invention, transmitter 10 is used with an averaging
pitot tube type primary element such as that shown in
U.S. Patent No. 4,154,100, and the pressure measured on
the upstream side of the pitot tube is an average value



30 Figure 4 is a graph showing error in corrected static
pressure cal culated in accordance with the present invention versus
differential pressure for carbon dioxide gas in an 8 inch pipe. . WO

97/ 25595 PCT/ US96/ 20898 -5- Figure 5

Is a sinplified block diagramshowing a transmtter for det ow
rate (Q in NO3Pte with the present invention. DETAI LEDE@@F&PF OF

THE PREFERRED EMBODI MENTS 5 Figure 1A is a view of a process
control system 10 including a transmtter 10 in accordance with the present
I nvention coupled to process piping 12. Précess pi ping 14 carries process

of " fluld, et thdtt otk tFaL | e ik e, SRR R ow
16. The present i(Peadti ok steondnbube cfades af somngle teetbeardinggtiom st atic
pressure (Plerr])om@ng18u0vélds 2RalCCAlr AiFFeEEhEPA] Opreissute PRy rlidased
upon 15 the total B eea beebbbs {hd elfils" ihe BRRET BYellird OLyE!)

’ 5 is higher than the static pressure (Pg,;}, such that
using (P,,) to calculate the gas density and gas
expansion factor will result in errors in the flow rate.

Figures 1B and 1C show a more detailed view of

averaging pitot tube type primary element 14 which

10 penetrates into pipe 12. Element 14 includes an

elongated body 30A carrying a forward facing pitot tube

30B and a second, downstream facing pitot tube 30C.

Tubes 30B and 30C include a plurality of openings 32 and

34, respectively, distributed along the length of the

15 tubes. The multiple openings ensure that an average

pressure is measured across the entire flow 16. Tubes

30B and 30C connect to sensor body 22 of transmitter 10

through piping 21A and 21B and manifold 21. .

To illustrate the error in flow calculations

20 when using Pgr as an estimate of Py, it is instructive

to evaluate some examples. The following procedure is
used.

1. Assume a pipe size, fluid, pressure and
temperature range. The pressure assumed
25 in this step is the static pressure,

PS'!‘A’I‘ .

2. Based on the operating ranges, calculate

Purwr Purwr Pixs and Tymw: Tuws Tx to

30 evaluate the performance over the entire
range of pressure and temperature.

3. At the nine combinations of P and T from
step 2, calculate the flow rates through
35 a reference orifice flow meter at
differential pressure ranging from 2.5
to 250 inches H,0.



facing tube in an averaging pitot tube type primary elenent, and the
differential pressure (h) neasured between the two tubes. The estinated of
cal cul ated static pressure. is used in calculations for determ ning 20
fluid density (p) and-the gas expansion factor (Y[err]). The technique for
estimating statl Eressure requires | ess conput ati onal tlne and Bomer t han
usi ng typi c¥f art formulas. Transmtter 10 i ncl §§Z 8
transmtter 25 el ectroni cs nodul e 18 and sensor nodul e 22. Transn1tter

el ectronics nodule 18 al so preferably includes a boss 20 for accepting an
input froma resistive tenperature devi ce8{RTD), preferably a 100 ohm RTD
which is typically inserted- dlrﬁggly |n t he plpe or |nto a 30

t her mowel | “which is inserfed :‘E} egﬂ%% SHEEs Prénl ui d
tenperature. The wires fromt s'aFe P3 bﬁﬁ S|de of a term nal

bl ock in a tenperature sensor housing 24. The other side of the WO
97/ 25595 ET/U896/20898 -6- term nal
bl ock is connected to w fs V\{I h {u Yt
Ppop ™ Popan = \] &( j-( =P j ]J Equation 3
STAT
5

where: Pgop Total Pressure (psia)

Psrar = Static Pressure (psia)

Q = Mass flow rate (lb,/sec)

A = Area of pipe (in?)
10 Ry = Specific gas constant (R,/Mol Wt)

T = Absolute temperature (°R)

Se = gravitational proportionality

constant

v = ratio of specific heats (isentropic

15 exponent)

Equation 3 relates Py, and Pegpy. In addition,
the temperature used in the expression is the total
temperature. For the purposes of this analysis the
temperature measured by an RID will be. assumed to

20 represent the total temperature. For details see
"Generalized Flow Across and Abrupt Enlargement”
(Benedict, Wyler, Dudek and Gleed, Transactions of ASME,
Journal of Power Engineering, July 1976, 327-334). The
total pressure (Pn,) calculated using this relationship

25 represents the upstream pressure which would be
otherwise measured by the transmitter 10 using tube 30B.
The procedure continues:

5. Compare the density calculations using
the values of static pressure Pg,, and
30 calculated values of total pressure,

Pror-

6. Calculate the differential pressure (h)
drop across an averaging sensor using
Equation 2.

35 The effect on flow measurement error of using
the total pressure (Pp,) rather than the static pressure



tube 26 and are coupled to boss 20. Sensor nodule 22 includes a
differential pressure sensor for neasuring differential pressure (h) 5

and a pressure sensor for nmeasuring total pressure (P[err]). The two
sensors provide pressure signals which are digitized and provided to a

m croprocessor. Mdule 22 connects to primary el enent 14 t hr pggosseresssol d
21 supported wOuRS% 23. The conpensated, linearized and 10 digitized
signals are provided to the el ectronics nodul e 18. The el ectronics nodul e
18 in transmtter 10 provides an output signal indicative of process
conditions such as flowrate (Q of the proCess fluid flow ng through pipe

12 to a renote |ocation, by .a 4-2 Mg hb OPPE feddedbitnat or med
using tw sted pai ﬂpwﬁdﬁﬁt%ngsdﬁﬁ#gégﬁyf%ﬁ%g%nd it 28.1"!51 ratt%e;:hei n -
accordance with tpesplesdmn ithee fWpoPressurafAFCe15¢ i provides an.

out put si gnal indgaﬂgkx BF igags’.at erhiis adsnishown 1 iRigwsepi2d t 36ri mary
el enent 14. 20 rimary el

S as thar Shovdenaiey scaiabLared s o, Soral prasateic ey 18 ube
May 15, 1979, gent highdrMehand vhed dempsdty ugamlﬁ%i%%‘ggtgﬁe statd
Coefficient For Pitat-Tlype g owret ergg \ehbwh Bewwneigwren Bacidif fexence?s
Wth other types ?ﬁcgalagzgyag‘éﬂrgnffowlﬁa%écQ.ncreases and as the static
pressure decreases. Figure 2 shows a comparison of t?e
‘maximum error in gas density as a function of static

10 pressure for the three gases used in this analysis. The
data was calculated for flow in an 8 inch pipe.

An inspection of the equations 1 and 2 does not
readily reveal the relationship between the total
pressure (P . the static pressure (Pgny) and the

15 differential pressure (h). However, if the differen?e
between the total pressure and the static pressure 18
plotted against differential pressure it is nearly
linear (see Figure 3). It is also fairly insensitive to
the static pressure and temperature.

20 The total pressure (Prpy) can be corrected.to
approximate the static pressure (Pgmr) bY exploiting
this nearly linear relationship. Since the total
pressure and static pressure converge to the same value
at zero flow rate, the relationship between the total

25 pressure and the static pressure can be expressed as:

oxr

Equation 5
Pgrpr=Pror~Cih qu

30
where C, is the average slope over the operating range

of pressure and temperature. Figure 4 shows that the
estimation technigue of Equation 5 is very accurate in



as orifice plates, nozzles or venturis, the pressure sensed by transmtter
10 is the static pressure (P[err]) of the process fluid, for use in

cal culating the gas density (p) and the gas expansion factor (Y[err]).
These 30 values are used in calculating the flowrate. 1In the invention,

transmtter 10 is used with an averaging pitot tube type prinar I nt
such as thatwobm2es99 n U. S. Patent No. 4, 154,100, and the pr@?ﬁgﬁ@gured

on the upstream side of the pitot tube is an average val ue WO 97/ 25595
PCT/ US96/ 20898 -7- of the total, sonetimnmes called stagnation, pressure
(P[err}). A second tube faces at an angl®®0 the direction of flow such
that a differential pressure I s devel op The

h bet h

total pressure EEtdmaring 5F§$‘H%’ghg?e?ﬂ‘éﬁet hgp’?f‘gt }Agg‘?)?}ésgﬁé gb‘?%f%er r1),
such that using aifRetentialopressrest dhi he Igaone @mhicdimeny  (RGCWSERMNS| on
factor wll res%ief\t/vth’% eﬁ\fé?.réaiguigﬁéﬁo%ﬁﬁ Epe H k¥ &faekB B uding oW a

nore detail ed vi ave agl ngﬁgl t ot tubed'é_gs_‘e primary el enment 14 which 10
penetrates into psilysomial of| bBigher 1degrRe “an
s Figure 5§ is a simplified block  diagram showing.

transmitter 10 for implementing the present invention.
Transmitter 10 includes microprocessor 40 coupled to
analog to digital converter 42. Analog to digital
converter 42 connects to pressure sensors 44 and 46 for
10 gsensing a pressure (Pry) from tube 30B and a
differential pressure (h) from tube 30C, respectively.
Sengsors 44 and 46 coupled to primary element 14 shown in
Figure 1A. Analog to digital converter 42 also receives
a temperature input from temperature sensor 24.
15 Microprocessor 40 operates in accordance with
instructions stored in memory 50 at a clock rate
determined by clock 52. Memory 50 also stores
information for microprocessor 40. Input/output
circuitry 54 connects to process control loop 28A
20 through terminal connections 56. Loop 28BA carries
current I from a remote source of power, which is used
by input/output circuitry 54 to generate power for
transmitter 10. In one embodiment, transmitter 10 is
wholly (or exclusively) powered by loop current I.
25 Information is transmitted over loop 28A by input /output
circuitry 54 by controlling the value of current I of
control loop 28A. Additionally, input/output circuitry
54 may digitally modulate information onto loop 28A.
Transmitter 12 is also capable of receiving instructions
30 over loop 28A. Microprocessor 40 uses the equations
discussed above and accurately calculates flow rate (Q)
using the total pressure (P} to determine fluid

density (p).



el ongat ed body 30A carrying a forward facing pitot tube 30B and a second,
downstream facing pitot tube 30C. Tubes 30B and 30C include a plurality of
openi ngs 32 and 34, respectively, distributed along the |length of the 15
tubes. The nultiple openings ensure that an average pressure i s neasured
across the entire flow 16. Tubes 30B and 30C connect to sengeirasosrosds? of
transnitter MWO9MSSWgh pi pi ng 21A and 21B and manifold 21. To illustrate
the error in flow calculations 20 when using Plerr] as an estimate of
Plerr], it ts instructive to eval uate sone_exanples. The follow ng

procedure is used. 1. Assune a pipe sizé}lrluid, pressure and tenperature
range. The pressure assuped 25

i | is gheledtdndteast atic
pressure, Plerr]. 2. Bas8f Bressot invention %i@vicmss a

Plerr], Plerr] aadug ofrbtati¢ @nqs?slgxer{egr(lppgt)ga %?1’ u;cagrlxc&é"‘ tperelﬂsq{zreévél uat e
t he -perf or mance qy,ea%,th gnti;!é@_rrfiﬂ%ﬁnwa%sspresauﬁeteﬂp)erﬁm. an At
:E?oﬂéﬂeggonblnagker%ggng SSF°Feﬁé$%%§%$Bgri ?%%ﬁﬂ#?gafhﬁggérom%?ﬁkes
di fferential resimdnatesi whef extra Pensor in the prior art use to
measure static pressure and the extra intrusion into the
flow tube.
Although the present invention has been
described with reference to preferred embodiments,
10 workers skilled in the art will recognize that changes
may be made in form and detail without departing from
the spirit and scope of the invention. For example,
additional analog-to-digital convertors or
microprocessors may also be used to optimize the system.
15 Further, any type of averaging pitot tube primary
element may be used. It should also be understood, that
the step of calculating static pressure (Pgny) may be
implemented directly in other equations such as those
used to calculate density (p), the gas expansion factor

20 (Y,) or the flow rate Q).



to 250 inches Herr]O WO 97/ 25595
PCT/ US96/ 20898 4. Cal cutate—theexact total pressure Plerr] fromP[err]

usi ng the Equation [err] = Total Pressure (psia)
Plerr] Static Pressure mﬁ 'l [“ I"I“l I\/ass flow rate (I b[err]/sec)
A -—

Area of pipe = Specific gas
const ant ( RIMOY7253981 W ) T Absol ute terrperature (P W&[%err]
= gravitational proportlonallty constant [err] = ratio of specific
heats (isentropic 15 exponent) Equation 3 relates
Plerr] and P[err]. 1In addition, the temd&-ature used in the expression is

the total tenperature. For _the purposes of this analysis the tenperature

measured by an w&&%d to 20 represent the total

t enper at ur e. Bar det aBl sramsmit®ene faki cauplhngntdcrn avezagding rpiitot

Enlargement”  yype type primary element having a generally forward
facing tube and a second tube, the transmitter
calculating flow rate ({Q) of process £fluid and
comprising:

a total pressure sensor for sensing total
pressure (Pp,) of the process fluid using the
generally forward facing tube;

a differential pressure sensor for sensing a
differential pressure (h) in the process
fluid between the generally forward facing
tube and the second tube;

" cireuitry which calculates flow rate (Q) based
upon the total pressure {Pror) » the
differential pressure (h), fluid density (p),
and the gas expansion factor (Y,) wherein
fluid density (p) and the gas expansion
factor (Y,) are calculated as a function of
the total pressure (P,); and

I/0 circuitry for coupling to a process control
loop and transmitting the calculated flow
rate (Q) on the process control loop.

2. The transmitter of claim 1 wherein the
calculating circuitry calculates static pressure (Pgpg)
as a function of the total pressure (Pn,) and the
differential pressure (h), and wherein fluid density (p)
and the gas expansion factor {Y,} of the process fluid
are calculated as a function of static pressure (Pgpns)
and thereby as a function of total pressure (Pgy) .

3. The transmitter of claim 2 wherein a difference
between the static pressure (Pg,;) and the total
pressure (P;) is a linear relation to differential

pressure (h).



(Benedict, Wler, Dudek and d eed, Transactions of ASME, Journal of Power
Engi neering, July 1976, 327-334). The total pressure (P[err]) calcul ated
using this relationship 25 represents the wupstream pressure which

woul d be ot herw se neasur ecuﬂ H ﬂm er 10 using tube 30B. The
procedure continues: 5. mg “ E[I ty cal cul ation |
e d 80 s * I cui ate 6d\%gl ues

val ues of st O ®ssure Plerr|c an ca
of total pressure, 6. Cal cul ate the differential pressure (h) drop
across an averagi ng sensor using Equation 2. 35 The effect on

fl ow measurenment error of using the total 'ﬁ?éssure (P[err]) rather than the
static pressure WO 97/ 2559 . s : tati

PCT/ US96/ 20898 (Pferr]) g F‘tf?t_”rsé“f"ezﬁeﬁé%%alcl}aat’imng3t phexeIn S5282C hat
result when the tpuepsereufRaadrts elculatad @ftate the density of gases.
This is shown in Figure me'ljﬂ@ ensigy calculated using the total pressure

(P[err]) is 5 hi gher than the ngity cal culated using the static
pressure (P[err]). As éﬁ?ﬁﬁ’ i J‘Fl"ﬁu%e""%t,lsrcf’T'ﬁ:f'erence

5. The transmitter of claim 2 wherein the
difference between static pressure (Pg,;) and total
pressure (Py;) is calculated based upon a polynomial
relation to differential pressure (h).

6. The transmitter of claim 1 including a process
fluid temperature input for use in calculating flow rate
Q).

7. A method in a transmitter for determining flow

{Q) of a process fluid, comprising:
sensing a total pressure (Pyor) generated by an
averaging pitot tube type primary element;
sensing a differential pressure (h) generated
by the averaging pitot tube type element; and
calculating flow rate (Q) based upon static
.pressure {(Pgnas), total pressure (Ppy} and
differential pressure (h), wherein static:
pressure (Pgn;) is determined based upon total
pres'sure (Proy) and differential pressure th).
8. The method of claim 7 including:
calculating fluid demsity (p) based upon the
calculated static pressure (Psme) . the fluid
density (p) for use in calculating flow rate
Q). '
9. The method of claim 7 including:
calculating gas expansion factor (Y,) based upon
the calculated static pressure (Pgny), the gas
expansion factor (Y,) for use in calculating
flow rate {(Q).
10. The method of claim 7 wherein a difference
between the static pressure (Pgp,;) and the total



increases as the flowr the static pressure decreases.

Figure 2 shows a conpari f X | error in gas density as a
function of static 10 pqﬁﬂnr" Hmﬁee gases used in this analysis.
The data was cal cul ated f cl nch pipe. An inspection of the

equations 1 and 2 does not readily reveal the relationship between the
total pressWQI¥356%rr]), the static pressure (Plerr]) and A& 0898
differential pressure (h). However, if the difference between the total
pressure and the static pressure is plotted against differential pressure
it is nearly linear (see Figure 3). It i 34 so fairly insensitive to the

static pressure _and te ature., 2Q. Jhe .t.ot al sur Rerr])
can be correct e<§”i°§5é‘ﬁge?3>i<’mgtlegt glgfgfi Eelp?tels%arheﬁ’( E’fe‘rqéf?e yr%"eé%# oiting
this nearly |inauessarg (Bdship. Since the total pressure and static

pressure convergg to theheanRetiiddie oft EPiinf oW witéeird Neneel Bidanshi p
between the total .25, pressure and the static pressure can be expressed as:
[err] or [err] C:ﬁ?]\ﬁl%é'f’g‘s Ll f"f’i s the average sl ope over the operating
range Pror = Pgmar = Cih

where: C, is a constant. _

12. The method of claim 7 wherein the difference

between static pressure (Pgn,;) and total pressure (P}

is calculated using a polynomial relationship to

differential pressure (h).

13. The method of claim 7, including:
transmitting the flow rate (Q) over a process

control loop.

14. The method of claim 7 including: .
measuring temperature of the process fluid; and
including the temperature of the process fluid

in the step of calculating flow rate (Q}.



of pressure and tenperature. Figure 4 shows that the estimation technique
of Equation 5 is very accurate in WO 97/ 25595 :
PCT/ US96/ 20898 -10- estinmating static pressure (P[err]), even at large
di-fferential pressures (h). In one enbodinment, accuracy of the P[err]

calculation c i ncreased by using a polynom al of highe %ﬁﬁﬁ%& pn h.
5 Fﬂg}d(r;-é&%# s a sinplified block diagram show ng tré g‘%"'lo
for inplenmenting the present invention. Transmtter 10 includes
m croprocessor 40 coupled to analog to di g¢éal converter 42. Anal og to
digital converter 42 connects to pressure sensors 44 and 46 for 10
sensing a pressure (P[err]) from tube 30B and a differential
pressure (h) fromtube 30C, respectively. Sensors 44 and 46 coupled to
primary el enent 14 shown in Figure 1A. Analog to digital converter 42 also
receives a tenperature input fromtenperature.sensor 24. 15
M croprocessor 40 operates in accordance wth ins tions stored in
menory 50 at a clock rate determ ned by clock 52. ry 50 also
stores -, '

»
g

t




information for mcroprocessor 40. | nput/out put circuitry 54 connects
to process control | oop 28A 20 t hrough term nal connections 56. Loop
28A carries current | froma renpote source of power, which is used by
i nput/output circuitry 54 to generate power for transmtter 10. In one
enbodi ment, tr ] r 10 is wholly (or exclusively) powere
- current 1. 25 &Bﬁjﬂ)?%#iation is transmtted over |oop 28A by iﬁ%‘gﬁ ou pﬁt
circuitry 54 by controlling the value of current | of control |oop 28A
Additional ly, input/output circuitry 54 gpgy digitally nodul ate information
onto loop 28A. Transmitter 12 is al so capable of receiving instructions 30
over |loop 28A. Mcroprocessor 40 uses the equations discussed above and
accurately calculates flowrate (Q using the total pressure (Plerr]) to
determne fluid density (p). WO 97/ 25595
PCT/ US96/ 20898 -11- The present invention provides an estimted val ue of
static pressure (P[err]) based upon the pressure (P[err]) and the
differential pressure (h) froman
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averaging pitot tube type primary el enent. This 5 elimnates the extra
sensor in the prior art used to neasure static pressure and the extra
intrusion into the flow tube. Although the present invention has been
described with reference to preferred enbodi nents, 10 workers skilled in
the art will r@qep@pssg that changes may be nade in formand d ). W t hout
departing fromthe spirit and scgpe of yt he i nvention. For exaﬁﬁ}é’{sgm“”
addi ti onal anal og-to-digital convertors or mi croprocessors nay
al so be used to optimize the system 15 3Murther, any type of averaging
pitot tube primary el ement may be used. It should al so be understood, that
the step of calculating static pressure (P[err]) may be inpl enented
directly in other equations such as those used to calgulatg d nsHég
t he gas expansion factor 20 (Y[err]) or the flowrafe ( -]
IS CLAIMED IS: 1. Atransmtter for coupling to fan av ra i ng fpi t ot
tube type primary el enent having a generally forward
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facing tube and a second tube, the transmtter calculating flowrate (Q of
process fluid and conprising: a total pressure sensor for sensing total _
pressure (P[err]) of the process fluid using the generally forward facing
tube; a differential pressure sensor for sensing a differential pressure
(h) in the progess fluid between the generally forward facing he
second tube; ci%f?:%lntsﬁf whi ch calculates flowrate (Q based uﬁ%’?ﬂ’gyé
total pressure (Pl[err]), the differential pressure (h), fluid density
([err]), and the gas expansion factor (Y[ er&fB) wherein fluid density
([err]) and the gas expansion factor-(Y[err]) are calculated as a function
of the total pressure (P[err]); and I/Ocircuitry for coupling to a process
control loop and transmtting the calculated flowrate (Q on the process
control |oop. 2. The transmitter of claim 1 wherein thgs
calculating circuitry Gpiofil ates static pressure (Plerr]) as a fupction of
the total pressure (P[eN\§and the differential pressure (h), anpi@herein
fluid density ([err])
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and the gas expansion factor (Y[err]) of the process fluid are cal cul ated

as a function of static pressure (P[err]) and thereby as a function of

total ~pressure (Plerr]). 3. The transmitter of claim2 wherein a
pressure

difference between the static pressure (P[err]) and the total
pressure (h). 595
FerGpitee

(Pl[err]) is a 'g@gg relation to differential

PCT/ US96/ 2089§¢Té -954. The transmtter of claim3 wher

pressure (P[err]) is calculated as: P[err] - Plerr] = (Jerr]h where: Cerr]
is a constant. 5. The transmitter 5/6f claim 2 wherein the

di fference between static pressure (P[err]) and total pressure (Plerr]) is
cal cul at ed based upon a polynom al relation to differential pressure (h).
6. The transmitter of claim1 including a process fluid tenperature

input for use in calculating flowrate (Q. 7. A method in a
transmtter for determning flow . T .

ﬁ
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(Q of a process fluid, conprising: sensing a total pressure (Plerr])
generated by an averaging pitot tube type primary el enent; sensing a
differential pressure (h) generated by the averagi ng pitot tube type
el.enment; and calculating flowrate (Q based upon static pressure
(P[err]), tot [ re (Pl[err]) and differential pressure rein
static pressu?é’%gﬁi?]) is determ ned based upon total pressﬂ‘(r‘gb?%%ﬁ])
and differential pressure (h). 8. The net hod of claim 7 including:
calculating fluid density ([err]) based ufdb the cal cul ated static pressure
(P[err]), the fluid density (p) for -use in calculating flowrate (Q. 9.
The nmethod of claim 7 including: calculating gas expansion factor (Y[err])
based upon the calculated static pressure (P[err]), the gas expansion
factor (Y[err]) for use in calculating flowrate (Q. 10. The met hod of
claim7 wherein a difference between the stati.c pressure (P[err]) and the
t ot al :
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WO 97/ 25&5

11.
Plerr]

= (err]h where:

PCT/ US96/ 20898 - 14-

pressure (Pl[err]) is a linear rel ationship to differential pr e
relationshi‘&S ; ] -

The nmet hod of claim 10 wherein the |inear

derr]

is a constant.

12. The netiR8s

7 wherein the difference between static pressure (P[err]) and ko

pressure (P[err]pgy cal cul amﬂnmﬁm
di fferential prggfrre (h). 13. THE™

“WB@ANWE%t i onshi
od of claim7?
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{57) Abstract

A transmitter (10) in a process controt system for measuring flow rate measures total pressure (Pro7) and differential pressure (h) of

process fluid flowing through a process pipe. Themuc pressure
static pressure is used to determine the fluid density (p) and the

(PstaT) is determined based upon the total pressure (P-rorr) The cglculated
gas expansion factor (Y1) of the process fluid flowing in the pipe 12).

This information is used to calculate flow rate (Q) of the process fluid.




