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FOREWORD

Thermal dispersion mass flowmeters comprise a family of instruments for the measurement
of the total mass flow rate of a fluid, primarily gases, flowing through closed conduits

The operation of thermal dispersion mass flowmeters is attributed to L.V. King who, in 1914 [1],
published his famous King’s Law revealing how a heated wire immersed in a fluid flow measures
the mass velocity at a point in the flow. King called his instrument a “hot-wire anemometer!”
However, it was not until the 1960s and 1970s that industrial-grade thermal dispersion mass
flowmeters finally emerged.

This Standard covers the thermal dispersion type of thermal mass flowmeter. A companion
standard, ASME MFC 21.1, Measurement of Fluid Flow by Means of Capillary Tabe/Thermal
Mass Flowmeters and Controllers, covers the other most commonly used type of ‘thermal mass
flowmeter. Both types measure fluid mass flow rate by means of the heat convected'from a heated
surface to the flowing fluid. In the case of the thermal dispersion, or immersible,type of flowmeter,
the heat is transferred to the boundary layer of the fluid flowing over thé-heated surface. In the
case of the capillary tube type of flowmeter the heat is transferred to the bk of the fluid flowing
through a small heated capillary tube. The principles of operation_of the two types are both
thermal in nature, but are so substantially different that two séparate standards are required.
Additionally, their applications are much different. Thermal djspersion flowmeters are commonly
used for general industrial gas-flow applications in pipes _and ducts, whereas capillary tube
flowmeters are primarily used for smaller flows of clean-gases in tubes.

Suggestions for improvement of this Standard will, be welcomed. They should be sent to
The American Society of Mechanical Engineers; Attn: Secretary, MFC Standards Committee;
Three Park Avenue; New York, NY 10016-5990.

This Standard was approved as an Americai’National Standard on June 24, 2010.
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CORRESPONDENCE WITH THE MFC COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the

consensus of concerned interests. As such, users of this Standard may interact with the Committee
by requesting interpretations, proposing revisions, and attending Committee meetings. Corre-
spondence should be addressed to:

Secretary, MFC Standards Committee

The American Society of Mechanical Engineers
Three Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Standard_t¢Jincorporate changes
that appear necessary or desirable, as demonstrated by the experience gaified from the application
of the Standard. Approved revisions will be published periodically.

The Committee welcomes proposals for revisions to this Standard. Such proposals should be
as specific as possible, citing the paragraph number(s), the proposed wording, and a detailed
description of the reasons for the proposal, including any-pertinent documentation.

Proposing a Case. Cases may be issued for the purpéseof providing alternative rules when
justified, to permit early implementation of an approvéd revision when the need is urgent, or to
provide rules not covered by existing provisions. Cases are effective immediately upon
ASME approval and shall be posted on the ASMECommittee Web page.

Requests for Cases shall provide a Statement'¢f Need and Background Information. The request
should identify the Standard, the paragraph, figure or table number(s), and be written as a
Question and Reply in the same format as'‘existing Cases. Requests for Cases should also indicate
the applicable edition(s) of the Standdrd to which the proposed Case applies.

Interpretations. Upon request, the MFC Committee will render an interpretation of any require-
ment of the Standard. Interpretations can only be rendered in response to a written request sent
to the Secretary of the MFC Standards Committee.

The request for interpretation should be clear and unambiguous. It is further recommended
that the inquirer submit ‘his/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry.

Edition: Cite the applicable edition of the Standard for which the interpretation is
being requested.

Question: Phrase the question as a request for an interpretation of a specific requirement

suitable for general understanding and use, not as a request for an approval
of a proprietary design or situation. The inquirer may also include any plans
or drawings, that are necessary to explain the question; however, they should
not contain proprietary names or information.

Requests that are not in this format may be rewritten in the appropriate format by the Committee
prior to being answered, which may inadvertently change the intent of the original request.

ASME procedures provide for reconsideration of any interpretation when or if additional
information that might affect an interpretation is available. Further, persons aggrieved by an
interpretation may appeal to the cognizant ASME Committee or Subcommittee. ASME does not
“approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary device, or activity.

Attending Committee Meetings. The MFC Standards Committee regularly holds meetings that
are open to the public. Persons wishing to attend any meeting should contact the Secretary of
the MFC Standards Committee.
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vi



https://asmenormdoc.com/api2/?name=ASME MFC-21.2 2010.pdf

ASME MFC-21.2-2010

MEASUREMENT OF FLUID FLOW BY MEANS OF THERMAL
DISPERSION MASS FLOWMETERS

1| SCOPE

This Standard establishes common terminology and
gives guidelines for the quality, description, principle
ofoperation, selection, installation, and flow calibration
of|thermal dispersion flowmeters for the measurement
offthe mass flow rate, and to a lesser extent, the volumet-
riq flow rate, of the flow of a fluid in a closed conduit.
Mpltivariable versions additionally measure fluid tem-
perature. Thermal dispersion mass flowmeters are appli-
caple to the flow of single-phase pure gases and gas
mixtures of known composition and, less commonly, to
simgle-phase liquids of known composition. Companion
standard ASME MFC-21.1 covers capillary tube type
thermal mass flowmeters and controllers.

=

2 | TERMINOLOGY AND SYMBOLS

a) Paragraph 2.1 lists definitions from
A$ME MFC-IM used in ASME MFC-21.2.

b) Paragraph 2.2 lists definitions specificto this
Standard.

c¢) Paragraph 2.3 lists symbols (see Table-2.3-1) used
in|this Standard (see notes and superseripts).

d) Paragraph 2.4 lists abbreviatiens (see Table 2.4-1)

used in this Standard.

2.1 Definitions Copied From ASME MFC-1M

acguracy: the degree of freedom from error; the degree
of|conformity of theiindicated value to the true value
of|the measured quantity.

calibration: the (lexXperimental determination of the rela-
tignship between the quantity being measured and the
ddvice that\measures it, usually by comparison with a
standazd: Also, the act of adjusting the output of a device
topring it to a desired value, within a specified tolerance,

flow profile: graphic representation of\the ve¢locity
distribution.

fully developed velocity distribution: avelocity distripution,
in a straight length of pipe, that Has zero radjfal and
azimuthal fluid velocity compenénts and an axisymme-
tric axial velocity profile«that is independent g¢f axial
position along the pipe!

rangeability (turndown): flowmeter rangeability is the
ratio of the maximum to minimum flow rdtes or
Reynolds numbBer' in the range over which the meter
meets a specified uncertainty (accuracy).

repeatability (qualitative): the closeness of agrdement
among a series of results obtained with the same thethod
on-identical test material, under the same confditions
(same operator, same apparatus, same laboratoty, and
short intervals of time). [See also repeaflability
(quantitative).]

repeatability (quantitative): the value below which the
absolute difference between any two single test|results
obtained under same conditions may be expe¢ted to
lie with a specified probability. In the absence of other
indications, the probability is 95%. [See also repeqtability
(qualitative).]

reproducibility (quantitative): the closeness of agreement
between results obtained when the conditions gf mea-
surement differ; for example, with respect to djfferent
test apparatus, operators, facilities, time intervals, etc.

swirling flow: flow that has axial and circumfg¢rential
velocity components.

transmitter (secondary device): electronic system prgviding
the drive and transforming the signals from tHe flow
sensor to give output(s) of measured and irfferred
parameters; it also provides corrections derived from

parameters such as temperature
r r

fora particular value of the mput.

cavitation: the implosion of vapor bubbles formed after
flashing when the local pressure rises above the vapor
pressure of a liquid. (See also flashing.)

flashing: the formation of vapor bubbles in a liquid when
the local pressure falls to or below the vapor pressure
of the liquid, often due to local lowering of pressure
because of an increase in the liquid velocity. (See also
cavitation.)

uncertainty interval, u: an estimate of the error band,
centered about the measurement, within which the true
value must fall with a specified probability.

2.2 Definitions Specific to This Document

base conditions: the conditions of temperature and pres-
sure to which measured volumes are to be corrected
(same as Reference or Standard Conditions).


https://asmenormdoc.com/api2/?name=ASME MFC-21.2 2010.pdf

ASME MFC-21.2-2010

Table 2.3-1 Symbols

Dimensions Sl Units USC Units
Symbol Description (First Use) [Note (1)] [Note (2)] [Note (2)]
Abs () Absolute value of the quantity in parentheses [eq. (B-1)] dim-less
Ae External surface area of the heated section of the velocity sensor [eq. (4-2)] L2 m? ft?, in.?2
Ass Accuracy of flowmeter, percent of full scale [eq. (5-2)] dim-less % fs % fs
Apipe Cross-sectional area of the flow conduit or flow body [eq. (4-6)] L2 m? ft2, in.2
A Aeetracy-of-flowmeter—percent-efreadirefee—(—H Hr-tess Y St
A; Overall accuracy of flowmeter, in percent of reading [eq. (5-1)] dim-less % r % r
atm Atmospheric pressure at base conditions, 101,325 Pa ML T2 Pa, bar psi
b; Gas factors, i = 1, 2,...,5 [eq. (4-10)] dim-less
Cp Pressure influence coefficient (para. 5.6.1) MALT? % r/bar %'t/ psi
I Coefficient of specific heat of the fluid at constant pressure [eq. (4-9)] L2 K? J/kg-K Btu/lb-°F
Cr Temperature influence coefficient (para. 5.6.1) K? % r/K % r/°F
D Outside diameter of the velocity sensor [eq. (4-2)] L m ft, in.
F. Conduit factor [eq. (4-8)] dim-less
fO Function of terms in parentheses [eq. (4-9)] dim-less
h Film coefficient for convective heat transfer from the heated section of the MT3 K1 W/m? K Btu/
velocity sensor [eq. (4-3)] h-ft?.oF
he Equivalent film coefficient for convective heat transfer from the heated MT3 K'Y W/m?2.K Btu/
section of the velocity sensor [eq. (4-2)] h-ft2-°F
/ Electrical current input to T; RTD in the heated section of the velocity amperes A A
sensor (para. 3.5.2)
ke Thermal conductivity of the fluid [eq. (4-9)] MLT 30K W/m-K Btu/h-ft-F|
L Length of the heated section of the velocity sensor [eq. (4-2)] L m ft, in.
M Molecular weight of the gas [eq. (4-21)] kg/kgmole lb/lbmole
N Number of equal areas in the cross-sectional area Ap,. of a flow conduit dim-less
[eq. (4-20)]
Nu Nusselt number [eq. (4-9)] dim-less
n Number of input variables [eq. (B-2)] dim-less
P Static pressure of the flowing fluid [eq. (4-21)] MLT? Pa, bar psi
Py Base static pressure of the flowing fluid (para. 4.7(3) ML1T2 Pa, bar psi
- “normal” base conditions: P, = P, = 101,325 Pa (1 atm)
- “standard” base conditions: P, = P, =_101;325 Pa (1 atm)
P, The upper or lower limit of the pressure'flow calibration reference condition ML T2 Pa, bar psi
range [eq. (B-1)]
Pr Prandtl number [eq. (4-9)] dim-less
Q Heat convected away from the heated section of the velocity sensor by the ~ ML2 T3 w Btu/h
fluid [eq. (4-1)]
Q Stem conduction heat lo§s [eq. (4-1)] ML2 T3 w Btu/h
qm Mass flow rate of the fluid (para. 3.2) MT kg/s Ib/s,lb/mip
Am fs Full scale mass flow rate of the flowmeter [eq. (5-2)] MmT ! kg/s Ib/s,lb/mip
Qm,i Mass flow rat€ ofsthe fluid measured by flow sensor i [eq. (4-20)] MT kg/s Ib/s,lb/mip
q, Volumetric(flow rate of the fluid [eq. (4-16)] BT m3/s ft>/min
Qub Volumetric\flow rate of the fluid referenced to base (“b”) conditions [ bm?/s bft?/min
[egt (4:17)]
R Universal gas constant [eq. (4-21)] m>-bar/ (kg ft-Ibf/
mole-K) (Ilbmole{R)
Re Reynolds-numberof thevelocity-senserfeg—4-9)] dim-less
Repipe Reynolds number of the flow conduit, pipe, or flow body [eq. (4-8)] dim-less
Rs Skin thermal resistance [eq. (4-5)] M 1L 273K K/W °F/(Btu/h)
R: Electrical resistance of the T; RTD [eq. (4-1)] ohms ohms ohms
S; Sensitivity coefficient of g, to input variable x; [eq. (B-3)] varies
T Temperature of a gas in the absolute scale [eq. (4-21)] K K °R
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Table 2.3-1 Symbols (Cont’d)

Dimensions S| Units USC Units
Symbol Description (First Use) [Note (1)] [Note (2)] [Note (2)]
Ty Base temperature of the flowing fluid (para. 4.7.3) K K, °C °F
— “normal” base conditions: T, = T,= 0°C
- “standard” base conditions: T, = T; = 21.1°C (or 70°F)
Te Average external surface temperature over the length of the heated section K K, °C °F
of the velocity sensor [eq. (4-5)]
f Temperature of the flowing fluid measured by the 7¢ RTD in the fluid K K, °C °F
temperature sensor (para. 3.2)
[ The upper or lower limit of the temperature flow calibration reference K K, °C oF
condition range [eq. (B-1)]
B Average temperature of the T; RTD over the length L of the heated section K K, °C °F
of the velocity sensor (para. 3.2)
The factor in uncertainty from the students t distribution [eq. (B-3)] dim-less
68 The factor in uncertainty yielding a 68% confidence level [eq. (B-3)] dim-less
95 The factor in uncertainty yielding a 95% confidence level [eq. (B-3)] dim-less
qm) Uncertainty in mass flow rate g, [eq. (B-3)] MT 2 kg/s Ib/s,|b/min
(x) Uncertainty in input variable x; [eq. (B-3)] varies
Point velocity of the fluid [eq. (4-7)] LTt m/s ft/mih
e Average velocity of the fluid over area Ay [eq. (4-6)] K m/s ft/mip
ave, b Average velocity of the fluid over area A, referenced to base (“b”) LTt bm/s bft/njin
conditions [eq. (4-6)]
b Point velocity of the fluid referenced to base (“b”) conditions [eq. (437)] LT? bm/s bft/min
ol Displaced volume (para. I-3.3.2) L3 m> ft3
4/ Electrical input to the T; RTD in the heated section of the velocity‘sensor ML2T 3 W Btu/H
(para. 3.5.1)
i Input variable, i = 1, 2, ..., n [eq. (B-2)] varies
4 Compressibility of a gas [eq. (4-21)] dim-less
Greek Symbols
8 Partial differential [eq. (B-3)] dim-less
AT Differential temperature T;-Tf (para. 3.5.1) K K, °C °F
At Transit time (para. 1-3.3.2) T 3 3
W Absolute viscosity of the fluid [eq/(4.9)] mLtT? kg/s-m lb/ft-h
p Mass density of the fluid [eq. (4.6)] mL3 kg/m? Ib/ft]
Db Mass density of the fluid that\is referenced to base (“b”) conditions and is mL3 kg/m? Ib/ft]
a constant [eq. (4.6)]
% Mass velocity (para. 4/6.1) ML2T? kg/s-m? lb/min-ft?
> () Sum of terms in parentheses [eq. (B-3)] dim-less
Subscripts
av Average Value over the cross-sectional area of a pipe or flow conduit dim-less
b Refereficéd-to base conditions of T, and P, dim-less
f Fluid, or flow dim-less
fs Fall*scale value dim-less
m Mass flow rate dim-less
n Normal base conditions of T, = 0°C and P, = 1 atm dim-less
pige Pipe or flow conduit dim-less
s Standard base conditions of T, = 21,1°C (or 70°F) and P, = 1 atm dim-less
v Volumetric flow rate dim-less
1 Refers to the 7; RTD dim-less
NOTES:
(1) M = mass; | = Length; T = time; K = thermodynamic temperature (degrees Kelvin); dim-less = dimensionless;

varies = dimensions depend on the quantity to which the symbol refers.
(2) fs = full scale; r = reading; Pa = Pascal; b = referenced to base conditions; b = lbm = pound mass; °R = degrees Rankin; W =
watts.
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Table 2.4-1 Abbreviations

Abbreviation

Description

b refers to base conditions

bara bars, absolute

barg bars, gage

bm/s meters per second referenced to base “b” conditions

bm3/s cubic meters per second referenced to base “b” conditions

DN European piping size (diameter nominal, millimeters)

normal m/s meters per second referenced to “normal” base conditions

normal m>/s cubic meters per second referenced to “normal” base conditions
PN European pressure standard (pressure nominal, bars)

PRTD platinum resistance temperature detector

psi pounds force per square inch

psia pounds force per square inch, absolute

psig pounds force per square inch, gage

RTD resistance temperature detector

Scfm standard cubic feet per minute referenced to “standard” base copnditions
Sfpm standard feet per minute referenced to “standard” base conditians
T; RTD RTD in fluid temperature sensor

T, RTD RTD in heated section of velocity sensor

base pressure: the pressure base condition of a fluid. Typi-
cally, the “normal” and “standard” base conditions are
both 101.325 kPa, 1 atm (14.69595 psia). (See also base
conditipns.)

base tenperature: the temperature base condition of a
fluid. Jypically, the “normal” base temperature is 0°C,
and the “standard” base temperature is 21.1°C (70°F).
(See also base conditions.)

batchinlg flow calibration standard: a flow calibration stan+
dard that provides an output signal only when a discrete
quantjty, or batch, of fluid fills the flow calibration
standdrd. (See also flow calibration standard.)

conduif factor: a correction factor for the velocity distribu-
tion ir] a flow conduit that is the ratio,of-the average
velocitly over the cross-sectional area.of* the conduit to
its centerline velocity. (See also fully’developed velocity
distribition.)

flow cdlibration facility: an open or closed loop piping
systen} used for the detetmination of the relationship
betwe¢n flow rate and the'output of the flowmeter under
test. Af a minimum;-the tlow calibration facility has the
followng components: flow generator, flow calibration
standfrd, and the flowmeter under test. (See also
calibration.)

flow calibration standard: an in-line or batching flowmeter

ac o

flow sensor: a fluid(inass flow rate sensing subassembly
in a thermal dispersion mass flowmeter consisting of a
fluid tempezature sensor and an electronically heateed
velocity sensor, both immersed in, and/or exposed [to,
the flowirg fluid.

in-line flow calibration standard: a flow calibration stan-
dard that provides a continuous output signal. (See also
flow calibration standard.)

in-line flowmeter: a flowmeter that is installed directly|in
a pipeline that is running full and generates an output
with a known relationship to the fluid flow in the pipe.

insertion flowmeter: a flowmeter that is inserted into the
pipeline and measures flow velocity at a point or oyer
a limited area or volume of the entire cross-sectional
area of the pipe.

installation effect: any difference in performance of the
flowmeter arising between the flow calibration under
ideal conditions and the actual conditions of use. This
difference may be caused by different flow conditigns
due to changes in flow profile, perturbations, or by dif-
ferent working regimes (pulsations, intermittent flgw,
alternating flow, vibrations, etc.).

linearity: the consistency of the change in the scaled
output of the flowmeter for a related scaled change|in

used im—a—+Heow—calibrationfacilibe

transfer, standard for the flow calibration of the flow-
meter under test. The flow calibration standard must
be traceable to a recognized national or international
measurement standard. (See also calibration; in-line flow
calibration standard; and batching flow calibration standard.)

cacondariz—or
S SEContat o

flow conditioner: a device installed in a pipeline upstream
and downstream of a flowmeter (or built into an in-line
flowmeter) for the purpose of normalizing or regulating
the flow profile and reducing swirling flow.

the mput of the rlowmeter.

normal volume flow: in this document normal volume
flow rate is interchangeably used as mass flow rate
because the normal base conditions density of the flow-
ing fluid is defined in the industry that is expected to
be the predominant user of this Standard.

Nusselt number: a dimensionless number that is the ratio
of convective to conductive heat transfer across (normal
to) the boundary.
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permanent pressure loss: the difference between the
upstream pressure and the downstream pressure of the
flowmeter after recovery.

Prandtl number: a dimensionless number approximating
the ratio of momentum diffusivity (kinematic viscosity)
to thermal diffusivity.

resistance temperature detector: a sensor that measures

3.1.1 In-Line Flowmeter Configuration. In-line ther-
mal dispersion mass flowmeters typically are applied
to pipes and conduits with diameters (or equivalent
diameters for noncircular cross sections) less than about
200 mm (8 in.). As shown in Fig. 3.1-1, in-line flowmeters
consist of the following major components: flow body,
process connections, flow sensor, flow sensor probe,
flow conditioner, transmitter enclosure, and transmitter.

mperature by means of the increase in its electrical
€ T J

registance as temperature increases.

)

sepsitivity: the slope of the raw nonlinear flow calibration
curve of the output signal versus mass flow rate.

Raynolds number: a dimensionless number that is the
rafio of inertia forces to viscous forces.

skin resistance: the thermal resistance of the intervening
layers of material, or skin, in the heated section of the
velocity sensor that exists between the embedded heated
registance temperature detector and the external surface.
(Sge also resistance temperature detector.)

stqm conduction: the heat lost from the heated section of
the velocity sensor that is conducted through the stem
of |the velocity sensor to the environment external to the
flgwmeter.

tetperature compensation: means in the transmitter for
correcting the output signal for changes in fluid
temperature. (See also transmitter.)

e}

volumetric prover: the use of a calibrated volume tank;
gas density, and most generally a diverter valve, toeali-
brpte a flowmeter. Bell provers and piston proyers are
typical volumetric provers. (See also batching flow
calibration standards.)

2.B Symbols Used in This Standard
See Table 2.3-1 for symbols uséd-in this Standard.

2.4 Abbreviations Used in_This Standard

See Table 2.4-1 for théyabbreviations used in this
Standard.

3 | GENERAL DESCRIPTION

Thermal/dispersion mass flowmeters measure the
mass flowarate of a fluid or a mixture of fluids of known
composition flowing through a closed conduit. Multi-

and fluid temperature. This section describes the config-
urations and major components of thermal dispersion
mass flowmeters.

3.1 Configurations

Thermal dispersion mass flowmeters have two pri-
mary configurations: in-line and insertion. Figure 3.1-1
shows the two configurations and their major
components.

fretireflowmeters measure the ass flow Tate ] owing
through the pipe.

The process connections are flanged, pipéthreads, or
compression fittings. A separate or built-iir flow|condi-
tioner upstream of the flow sensor reduces the dtraight
length requirement of pipe upstréam'of the flow body
required to achieve a flow-profile independent of
upstream flow disturbancesand nonuniformities.

3.1.2 Insertion Flowmeter Configuration. Inkertion
flowmeters [4] typically.'are applied to pipes arld flow
conduits with diameters (or equivalent diameters for
noncircular cross‘séctions) greater than about 2P0 mm
(8 in.). Becauseythey are more economical than|in-line
flowmeters they also have found applications in gmaller
pipes orconduits and wide use as flow switches.

Insertion flowmeters have the same major qompo-
nents'as in-line flowmeters, but do not have a floy body.
Their process connection is a compression fitfing or
flange that is welded onto, or threaded into, an existing
process fluid conduit. Insertion flowmeters measpre the
mass velocity at a point in the conduit’s cross-sectional
area, but usually are flow calibrated to measure tHe mass
flow rate flowing through the conduit.

Multipoint insertion flowmeters measure th¢ mass
velocity at several points in the cross-sectional prea of
large pipes, ducts, and stacks. The mass flow rate
through the entire conduit is the average mass vlelocity
multiplied by the cross-sectional area [5].

3.2 Flow Sensor

As shown in Figs. 3.1-1 and 3.2-1, the flow sepisor of
both in-line and insertion configurations have an plectri-
cally heated velocity sensor and a fluid tempprature
sensor immersed in the flowing fluid. For that[reason
thermal dispersion mass flowmeters are also|called
“immersible” thermal mass flowmeters. Referephce [6]
describes the several types of flow sensors uped by
immersible thermal mass flowmeters.

3 ' sists of
a self-heated temperature sensor that both heats the
sensor and measures its own average temperature, T;.
The fluid temperature sensor is not self-heated and mea-
sures the temperature, Ty, of the flowing fluid. For higher
accuracy applications, the sensor elements in the veloc-
ity sensor and the fluid temperature sensor should be
wire-wound or thin-film platinum resistive temperature
detectors (RTDs). The electrical resistance of RTDs
increases as temperature increases. The platinum RTD
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Fig. 3.1-1 The Major Components of Two Configurations of Thermal Dispersion Mass Flowmeters
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Fature sefsor is called the “Tf RTD.” Other types
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and mjcfoeléctronic machined devices are used by some

(a) In-Line Configuration With Meter-Mounted Transmitter

conditioner

Flanged\process
gonnections

/—\@ Fluid sensor
s~ probe
Fluid
temperature Velocity sensor
sensor
Shield
y /
\l v
Fluid mass
Fluid q 4 flow rate
m
temperature Velocity sensor
sensor

(c) Detail of Flow Sensor for Both Configurations

side-by-side as shown in Figs. 3.1-1 and 3.2-1. Both s¢n-
sors are sheathed in corrosion-resistant tubular metallic
sheaths. The principle of operation described in sectioh 4
is based on this most common type of flow sendor
construction.

manufacturers:

In traditional velocity sensors, the Ty RTD sensor is
potted into the tip of the tubular sheath. The potting
compound, or filler material, typically is ceramic cement
or epoxy. Another category of flow sensors avoids the
use of potting compounds by tightly fitting a wire
wound platinum RTD into the tip of the sheath.

The flow sensors of most industrial-grade thermal
dispersion mass flowmeters have cylindrical single-
ended velocity and fluid temperature sensors mounted

tight-duty flowmeters rave unsheathed single-
ended, side-by-side sensors immersed in the flow or a
piggy-back construction that has coaxial velocity and
fluid temperature sensors with the velocity sensor
mounted on the end.

In yet another flow sensor construction for in-line
meters, the flow sensor is embedded in the wall of the
flow body and is not immersed in the flowing fluid [7].
Here the flow sensor consists of a heater element with
adjacent upstream and downstream temperature sensor
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Fig. 3.2-1 Flow Sensor of Thermal Dispersion Mass Flowmeters
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Digital transmitter electronic systems with
communication and a digital display facilitatg
meter diagnostics, validation, calibration adjus
and reconfiguration. Microcomputer-based digi
tems provide correction for changes in fluid temp
and optionally for other influence parameters.

digital

flow-
tment,
al sys-
prature

ted from the vn]nr‘i{'y sensor to the F]nnn'ng fluid

provides measurement of fluid mass flow rate, g,,.

3.3 Transmitter

The transmitter is the electronic system providing the

flow sensor drive. The transmitter transforms or linear-
izes the signals from the sensors into engineering out-
puts of the variables. The transmitter is housed in an
enclosure that conforms to relevant codes, such as haz-
ardous location codes or area classifications.

3.4 Temperature Compensation

In the great majority of applications for thermal dis-
persion mass flowmeters, the process fluid is a gas. Some
of the properties of gases influencing convective heat
transfer depend on gas temperature. The properties of
liquids may also depend on the fluid temperature. For
this reason, general-purpose thermal dispersion mass
flowmeters should have means for compensating for

changes in fluid temperature.
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The front end of the flow sensor drive is often an
analog Wheatstone bridge circuit. The velocity sensor
and the fluid temperature sensor are located on opposite
legs of the bridge. This provides analog compensation
for changes in fluid temperature. The bridge voltage is
a high level output signal in the order of several volts,
thereby greatly enhancing the signal-to-noise ratio. The

Mandatory Appendix I discuss these curves and the
need fpr flow calibration.

3.5t1 Constant Temperature Differential Mode. In
this mpde of operation, the flow sensor drive maintains
at a copstant value the difference AT = T, — Ty between
the temperature of the heated velocity sensor, T;, and the
fluid tmperature, Tr. The output signal is the electrical
powet, W, supplied to the heated velocity sensor
requir¢d to keep AT constant.

3.5.2 Constant Current Mode. In this mode of opera-
tion, the flow sensor drive maintains at a constant value
the elgctrical current, I, supplied to the heated velocity,
sensor| The output signal is AT.

4 PRINCIPLE OF OPERATION

This) section describes the principle of Operation of
thermdl dispersion mass flowmeters_[6<10]. The flow
sensor|construction used in this disctssion is that most
commpnly deployed: single-ended tibular velocity and
fluid t¢mperature sensors mounted in parallel and adja-
cent tq each other. The velo¢ity sensor element and the
fluid spnsor element are the )platinum RTD elements T,
RTD and Tf RTD, respgctively. This is the flow sensor
constryiction of Figs=3.1-1, 3.2-1, 3.3-1, and 4-1.

Although this_section applies to both gas and liquid
flows, |it has ptimary application to gas flows because
they constitute‘the vast majority of installations.

The purpose of this description is to provide a general

of gases. Their sensitivity is highest at lower flows (0 to
30 normal m/s) and at gas pressures that are in the low
to medium range (0.1 bars to 10 bars).

4.1.2 Liquids. Thermal dispersion technology is not
well suited for liquid flow applications because at the
no flow condition a majority of the heat budget is carried
away by the liquid due to its high thermal conductivity

ol at of gase a si-
tivity. To avoid cavitation problems AT must be Set|to
a relatively low value. This also reduces sensitivity ahd
increases dependence on small changes in liquid tem-
perature. Application to liquid flows should. be limited
to cases, such as ultra-low flow applications, where ther-
mal dispersion technology offers advantages over other
flowmeter technologies.

4.2 Measurement of Mass Flow Rate

Thermal dispersion-mass flowmeters measure the
heat convectively transferred from the heated velocjty
sensor to the gas, molecules passing through the viscqus
boundary layer surrounding the sensor’s heated cyljn-
drical surfage. Since the molecules bear the mass of the
gas, thetmal dispersion flowmeters directly measyre
mass_flow rate.

4.3 First Law of Thermodynamics

Figure 4-1 shows the first law of thermodynamijcs
applied to the heated section of the velocity sensor.

4.3.1 First Law. With reference to Fig. 4-1, the filrst
law of thermodynamics applied to the entire heated
section of the velocity sensor at steady-state conditiqns
is heat (or power) into the heated section equals the heat
(or power) out, or

W=0Q+Q “4-1)
where
I = current supplied to the T; RTD
Q = heat convected away from the heated section

by the fluid
Q1 = heat loss from the heated section via condtic-
tion down the stem of the velocity sensor (st¢m

conduction) to the ambient environment extpr-
naldatha £flo bhady ( Bpara 4 2 2\

underd ’randing of the prinriplp of nppmh’nn It describes
the major factors of influence without the detailed com-
plexities like the solution of differential equations. In
practice, all thermal dispersion flowmeters should be
flow calibrated, following the procedures in
Nonmandatory Appendix A.

4.1 Fluids

4.1.1 Gases. Thermal dispersion flowmeters are
ideally suited for the measurement of the mass flow rate

T tO—tHC—TOVWw DOty (oCC—pata—1957

Ry = electrical resistance of the T} RTD
W = 'R, = electrical power supplied to the T; RTD

All terms in eq. (4-1) are in units of watts (W). Radia-
tive heat transfer is ignored because it is relatively small,
except in extremely high temperature gas flow applica-
tions. The term Q is

Q = he A, (Ty - Ty) (4-2)
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Fig. 3.3-1 Two Modes of Flow Sensor Operation
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where is a second unwanted quantity (along with skin resist-
A, = wDL = external surface area of the heated  ance) and should be minimized or accounted for by
section manufacturers.
D = outside diameter of the velocity sensor
h, = “equivalent” film coefficient for convectiveheat ~ 4.4 Law of Conservation of Mass
3 transfer is defined by eq. (4-3) The law of conservation of mass (the continuity
L = length of the heated section equation) for the flow conduit or flow body is
T; = average temperature of the T; RTD over the
tenrgth£of the treated section, thequarntity T = PVove Aooe = PoVover 5 A @-6)
directly measured by the T; RTD ! e e
Tr 5 temperature of the flowing fluid measured by here
the Ty RTD Apipe = cross-sectional area of the flow"conduit
_ (pipe) or flow body
he = h/ 1+ 1A R) *3) ()» = term is referenced to “base” conditions (elg.,
where “standard” or “normal” _conditions) of base
h |= film coefficient for convective heat transfer temperature, Tb_’ and base pres su.re, P b
from the velocity sensor (& is the quantity Gm = Mass ﬂqw 1.'ate i the flow conduit or, in the
we seek) case of in-line flowmeters, the flow body
R, |[= “skin resistance,” defined in para. 4.3.2 Vave = average fluid-yelocity over Apipe
p = mass density of the fluid
The final expression for the first law of thermodynam-
ics applied to the entire heated section of the velocity From eq. (4<6) it is obvious that pVie = py Vavd -

sensor|now becomes
W = h, A, AT + Q; (4-4)
where
AT = Ty - Tf = temperature differential

As discussed in para. 3.5, in the constant temperature
differeptial mode of operation, W is the output quantity,
and AT is held constant. In the constant current;mode
of opetation, AT is the output quantity, and the(ctirrent,
I, is hdld constant.

4.32 Skin Resistance. The average‘extérnal surface
tempetature, T,, over length, L, shownyin Fig. 4-1 is less
than the temperature T, of the T;(RTD. This is due to a
tempetature drop that is required to pass the heat Q
through the intervening layers of the velocity sensor
betwe¢n the T} RTD and\the external surface. These
intervgning layers, the filler material and the tubular
sheath), are called the“'skin.” Their thermal resistance,
R, is qalled the ZsKin resistance.” R, is defined by

Q = (Tl - Te) / Rs (4‘5)

At Righer flow rates, the skin resistance, R,, causes

Likewise, continuity considerations require the saine
relationshipfor the point velocity, V; i.e.
pV=pV 4-7)

The flow sensor measures the point velocity at a pojnt
(or small volume) within the conduit’s cross-sectiopal

area, Apipe- The ratio, F,, of the average velocity, V] to
the point velocity, V, is defined as
F, = Ve /V = conduit factor (4-8)

In-line thermal dispersion mass flowmeters witlf a
built-in flow conditioner have a conduit factor, F,, cld
to unity, as do insertion meters in undisturbed fl
downstream of nozzles or smooth contractions. Mpst
insertion flowmeters have the center of the active afea
of the velocity sensor located at the conduit’s centerline.
For this case and with a fully developed velocity distri-
bution in the conduit, reference [11] presents a curve| of
F. as a function of the Reynolds number, Repipe, of the
conduit and wall roughness. Typical values of F, frgm
this curve are

F. 0.5 for Repipe < 2,000

F. 0.83 + 0.03 for Repin > 40,000

the droop, or reduction in sensitivity, of output signals
of the flowmeter, as evidenced by Fig. 3.3-1. Skin resist-
ance is an unwanted quantity and should be minimized
by manufacturers.

4.3.3 Stem Conduction. Conduction of heat through
the stem of the velocity sensor couples the heated section
to the ambient environment external to the flowmeter.
The value of Q; in egs. (4-1) and (4-4) therefore changes
with changes in ambient temperature. Stem conduction

10

Some manufacturers provide correlations for F. over
the range of Repipe between 0 and 10°.

4.5 Correlations for Convective Heat Transfer

4.5.1 General Empirical Correlation. The film coeffi-
cient, i, is found using empirical correlations. In most
applications the fluid is a gas; compressibility effects are
negligible; and the gas pressure is not excessively high.
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In this case, the correlation for & is expressed as a func-
tion of the following nondimensional parameters.

Re = [(Nu — by) / (by Pr%)]/8) (4-13)

Insertion of the expression for Nu given by eq. (4-12)

Nu = f(Re, Pr) (49 . - . . .
into the above equation yields the desired solution for
where Re for this example.
¢, = coefficient of specific heat of the fluid at con-
stant pressure [ D I ] (1/b,)
k; = thermal conductivity of the fluid [ wa X W - AT - (W~ QURs| ~ by
Nu = hD/k; = Nusselt number, the nondimensional Re =15 B bzl;rbs -
heat-transfer parameter
Pr = pe, / kf = Prandtl number, the ratio of the diffu- (4-14)
sivity of momentum to the diffusivity of heat
(a fluid properties parameter) . .
Re = pVD/w = Reynolds number of the velocity 47 Solutions for Output Variables
sensor, the nondimensional ratio of dynamic . g .
to viscous forces, based on D 4.7.1 PurPose. This section presents final :lose'd-
w = absolute viscosity of the fluid form expressions for all output variables of thernal dis-

4.5.2 Example Correlations.
examples of empirical correlations.

Following are two

Nu = by + by Pr¥s Rels (4-10)

Nu = Pr'1 (by R’ + by Re %) (4-11)
nere
b; = gas factors

The gas factors in the above equations are constants
fohind via flow calibration by the manufacturer follow-
ing the procedures in Nonmandatory Appendix Al

4.6 Solution for Reynolds Number, Re

4.6.1 General Solution. The primary desired output
vafriable is the fluid mass flow rate g,, flowing through
the conduit or flow body. Q,, depends on the product
pV, the fluid’s mass density times the point velocity,
embodied in the Reynolds number Re = pVD/p. pV is
offen called the “mass veloCity” and is the mass flow rate
pdr unit area (kg/s - m3). The solutions for the output
variables presented in\para. 4.7 are proportional to the
Rdynolds number, Re. In this section we find Re as a
fupction of the'Nusselt number.

Nu is foundsby combining egs. (4-3) and (4-4).

N = hD/kf

(4-12)
= [D/ (kAW = QL/[AT — (W = Qp)R{]

persion mass flowmeter§ based on the results of
ous paras. 4.3 through™4.6.

In-line flowmetersare flow calibrated (see Marjdatory
Appendix I) to-directly measure the fluid flow ratg in the
pipeline and thereby measure the flow rate quantities g,,,,
G», and_ gy in eqs. (4-15), (4-16), and (4-17), respeftively.

Insertion flowmeters are often flow calibratg¢d (see
Mandatory Appendix I) to directly measure thg entire
flow rate in a flow conduit and thereby meastire the
flow rate quantities ¢, 4,, and g, in eqgs. (4-15)/(4-16),
and (4-17), respectively. Alternatively, insertiorn flow-
meters are flow calibrated to measure the veloclty at a
point in the conduit’s cross-sectional area and thereby
directly measure the quantities V and V), in eqs{ (4-18)
and (4-19), respectively, and indirectly measure the flow
rate quantities g, g,, and ¢, , by applying the [appro-
priate conduit factor F, in eqs. (4-15), (4-16), and| (4-17),
respectively.

previ-

4.7.2 Other Approaches. The following closed-form
expressions and their derivations are presented s¢lely to
describe the principle of operation of thermal dispersion
mass flowmeters. They are primarily relevant to|digital
flowmeters. Some manufacturers may use| other
approaches, particularly those with analog or fhybrid
analog/digital products.

4.7.3 Definitions of Terms Used in Solutions for
Output Variables

The terms D, A,, and R; in eq. (4-12) are either directly
or indirectly determined by the manufacturer via flow
calibration for each flowmeter following the procedures
in Mandatory Appendix I.

The solution for Nu is inserted into the empirical corre-
lation eq. (4-9) [e.g., egs. (4-10) and (4-11)] that is then
solved for Re.

4.6.2 Example Solution. For example, if the correla-
tion in eq. (4-10) is used, Re can be found explicitly as

11

Apipe = cross-sectional area of flow conduit or
flow body
D = outside diameter of the velocity sensor
F. = conduit factor, the flow profile correction
factor [see eq. (4-8)]
Re = pVD/p = Reynolds number of the velocity
sensor, based on D
M = absolute viscosity of the fluid
p = mass density of the fluid
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()» = subscript signifying term is referenced to
“base” conditions of fluid temperature T,
and fluid pressure Py, for example:

(a) For “standard” (“s”) base conditions:
Ty = 21.1°C (or 70°F); P, = 101,325 Pa
(1 atm)

(b) For “normal” (“n”) base conditions:
T, = 0°C; P, = 101,325 Pa (1 atm)

where
M = molecular weight of the gas
P = absolute static pressure of the gas
R = the universal gas constant
T = absolute static temperature of the gas
Z = compressibility of the gas

The gas temperature, T, in eq. (4-21) either is directly

measured by flowmeterswath-the multizariable feat re
J

4.714 Mass Flow Rate in a Flow Conduit, g, (kg/s)

qm = (Fe Apipe)(H/D) Re

4.71.5 Volumetric Flow Rate in a Flow Conduit,
qv (m3 s)

(4-15)

do = (Fc Apipe/ p) (0/D) Re (4-16)

4.7.6 Volumetric Flow Rate in Flow Conduit Refer-

enced to Base Conditions, g,,, (bm>/s)
Gop = (Fc Apipe/ m) (/D) Re (4-17)
(a) For “standard” base conditions, “b” = “s.”

(b) For “normal” base conditions, “b” = “normal.”

4.717 Point Velocity, V (m/s)

V = (1/p) (n/D) Re (4-18)

4.7|8 Point Velocity Referenced to Base Conditions,
Vs (bny/s)
Vy = (1/py) (n/D) Re 4-19)
(a) For “standard” base conditions, “b” =\%s7"

(b) For “normal” base conditions, “b” =““normal.”

4.7}9 Mass Flow Rate in a Flow Conduit Measured
Via a Multipoint Insertion Flowmeter,.g}, (kg/s). In flow
condujts with large cross-sectional-areas, the mass flow
rate, gq},, through the entire conduit is often measured
with & multipoint insertienthermal dispersion mass
flowmegter, especially if the measurement plane is down-
stream| of an elbow ox/other upstream flow disturbances
[5]. Mpltipoint insertion flowmeters are designed and
installed such that'a separate flow sensor is located at
the centroid of.N“equal areas in the cross-sectional area,

or is inputted from a nearby temperature transducerfin
the pipeline. The gas pressure, P, is inputted~from] a
nearby pressure transducer in the pipeline.

5 GUIDELINES FOR FLOWMETER SELECTION

Improper flowmeter selection i§.a‘common factor that
can impair flowmeter performance in the field.

This section is primarily applicable to gas flow appli-
cations. Paragraph 6.2.2 describes liquid flow applita-
tions. The guidelines présented in this section are valid
for the most common, or typical, thermal dispersion
mass flowmeters. Ipis understood that departures fr¢m
the statements.and numerical values herein may exist
for some manufacturers.

The following information is used to select and s
both ifline and insertion flowmeters:

ze

—\(&as composition

mass flow rate range

pressure range

— temperature range

— permanent pressure loss

— performance (accuracy, repeatability, time responge,
and reproducibility)

Most manufacturers use sophisticated softwdre
accounting for these variables to properly select and s
the flow rate for the user’s application. It is recom-
mended that the user rely on the veracity of the flow-
meter selected via this process.

Table A-1 in Nonmandatory Appendix A present$ a
typical table used for sizing in-line flowmeters for
flow applications.

The specifications in the following may vary fr¢m
manufacturer to manufacturer. Users should not deploy
thermal dispersion mass flowmeters in applications fot

n-

Apipe, §f the-conduit. g,, is found as follows: falling Within th.e Ir}anufacturer’s.speciﬁcations. N
conforming applications may require that the manufac-
Tm — Qml T gm2 T -+ qnN \4—"0} turer fuuvidc o ol,lcuial ftownreter dcaisu orfhow
calibration.
where

Gmi = (Apipe/N) (/D) Re; = mass flow rate mea-
sured by flow sensor i (i = 1,2, ..., N)

4.7.10 Gas Mass Density, p (kg/m?). The mass den-
sity for gases obeying a modified perfect-gas-law equa-
tion of state is calculated as follows:

p=PM/(ZRT) (4-21)

12

5.1 Mass Flow Rate Range

Mass flow rate ranges are expressed here as the point
mass velocity, V, referred to base conditions of T, and
Py. Vy is explicitly applicable to insertion flowmeters.
The mass flow rate, g,,, for in-line flowmeters is found
via eq. (4-6) and by multiplying V), by F. p, Apipe-
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5.1.1 Minimum Mass Flow. The flowmeter’s accu-
racy specification should be taken into account in
determining the minimum mass flow rate. Thermal dis-
persion mass flowmeters are in the category of flowmet-
ers that do measure zero flow. Detectable minimum
point mass velocities as low as approximately 20 sfpm
(approx. 0.1 normal m/s) are specified by some
manufacturers.

specified is 500 psig (approximately 35 barg) at ambient
temperature. A typically specified minimum pressure
is -7 psig (approximately —0.5 barg) for both in-line and
insertion flowmeters.

Because the strength of materials degrades with
increasing temperature, for safety purposes users are
cautioned to follow the manufacturer’s specifications for
maximum process pressure versus process temperature.

5.1.2 Maximum Mass Flow Rate. The following limi-
tafions should be considered in determining the maxi-
mpim mass flow rate:

a) The Mach number (the ratio of the actual velocity
to| the speed of sound of the gas) should not exceed
approximately 0.3 to avoid unwanted compressibility
effects.

b) Measurement sensitivity should be sufficiently
high. Figure 3.3-1 shows the decrease in measurement
sehsitivity at higher mass flow rates.

c) The permanent pressure loss should not be exces-
siye. Typically permanent pressure loss is sufficiently
low that it is not a consideration (see para. 5.4 and
N¢nmandatory Appendix A).

For both in-line and insertion flowmeters the typical
maximum point mass velocity for air referenced to base
conditions is approximately 20,000 sfpm (approximately
10Pp normal m/s). With special flow calibration, the maxi-
mpm point mass velocity can be extended to approxi-
mately 35,000 sfpm (approximately 175 normal m/s).
N¢nmandatory Appendix A shows typical maxim@Gmn
aif mass flow rates through in-line flowmeters of-vari-
oys sizes.

5.1.3 Rangeability. Rangeability is the ratio of the
maximum mass flow rate to the minimum flow rate.
THermal dispersion mass flowmeters are in a class of
flgwmeters that have high rangeability. Typical flow cali-
brption yields rangeabilities from/10:1 to 100:1.

Manufacturers extend the‘miass flow rate range of
thermal dispersion mass.flowmeters by dividing the
total range into separate'segments that are then individ-
Qlly flow calibrated:\livthis case, manufacturers should
use multiple flow!calibration standards if required to
sure specifiéd jaccuracy. Multirange flow calibration

Pressure Range

he process pressure range of both in-line and inser-

connection. For in-line flowmeters w1th Class 150 1b
flanges (PN 16), the typical process pressure range speci-
fied by manufacturers is 0 psig to 230 psig (0 barg to
16 barg) at ambient temperature. The maximum pressure
typically specified for in-line flowmeters is 300 psig
(approximately 20 barg) at ambient temperature and
requires threaded or 300 ANSI/PN 40 flanges. For inser-
tion flowmeters with a compression fitting process con-
nection, the maximum pressure rating typically

5.3 Temperature Range

Process temperature ranges specified by\manyfactur-
ers typically range from approximately 15°F tq 250°F
(approximately —10°C to 120°C),to “40°F to|350°F
(approximately —40°C to 175°C).(Some manufakturers
offer optional temperature uppef limits ranging from
750°F to 930°F (approximately 400°C to 500°C).

5.4 Permanent Pressure,Loss

Thermal dispersjonmass flowmeters are in the cate-
gory of flowmetets.with relatively low permanent pres-
sure loss. In-lingé.flowmeters, without a flow condjtioner,
have negligible-permanent pressure loss; insertioph flow-
meters having flow conduits with internal diameters
equal to, or larger than, approximately 3 in. (approxi-
mately 0.1 m) have negligible permanent pressufe loss.
Nonmandatory Appendix A shows the permanent pres-
sure loss of typical in-line flowmeters.

5.5 Gas Composition

Thermal dispersion mass flowmeters should Qe used
for pure gases or gas mixtures of known compésition.
Typical pure gases include nitrogen, oxygen, farbon
dioxide, methane, propane, hydrogen, argoh, and
helium. Typical gas mixtures include air, natutal gas,
combustion gases, stack gases, flare gases, and digester
gases.

Consideration should be given to water vapor ¢ontent
and the potential for condensation of gas comppnents.
The gas should be compatible with, and not cprrode,
the wetted materials of the flowmeter.

5.6 Performance

5.6.1 Mass Flow Rate Measurement Accuragy and
Repeatability. Manufacturers of thermal disgersion
mass flowmeters should include the combined|effects
of 11near1ty repeatablhty, hystere51s and zero sfability

a s topic

is dlscussed further in para 6 1.6, Inﬂuence Parameters.

Manufacturers typically present the overall accuracy,

Ay, (in units of percent of reading) in the following ways:
(a) based on percent of reading A,

A ==+ A, (5-1)
(b) based on percent of full scale Ag

At == Afsqm,fs/qm (5_2)


https://asmenormdoc.com/api2/?name=ASME MFC-21.2 2010.pdf

ASME MFC-21.2-2010

(¢) combination of the above

A =+ (Ar + Afsqus/q;n) (5_3)

where
gm = actual mass flow rate
qmp = full scale (upper range limit) mass flow rate
of flowmeter

p. Cr is in units of percent of reading accuracy
per ddgree centigrade, or equivalent. Cp is in units of
of reading accuracy per bar, or equivalent. These

perature or pressure and the upper or lower limits of
the terhperature or pressure reference condition ranges,
and ar¢ then added to the relevant overall accuracy state-
ment ih egs. (5-1), (5-2), or (5-3). This is better explained
by tHe Example of Accuracy Calculation in
Nonmpandatory Appendix B.

Repeatability, expressed by the manufacturer as a per-
centagp of reading or of full scale, may also be important
in flowmeter selection. Typical manufacturers’ repeat-
ability|specifications fall in the range of 0.1% t0.0.5% of

readinp.

5.6]2 Multivariable Measurement Accuracy. Manu-
facturgrs of thermal dispersion mass_flowmeters with
optiorjal temperature measurement-typically express
tempdrature measurement accfiracy as an error in
degreds Centigrade (°C). Manufacturers should express
the ovgrall accuracy in terms)of the specific range of
tempetature to which it applies and provide a tempera-
ture influence coefficiént,"or the equivalent, covering
deparfures from this.xange.

5.6{3 Time Response. Manufacturers’ specified
time rgsponse\t6,d change in mass flow rate ranges from
approximately' 1 sec to 7 sec to within +63% of the final
value (i.g;-one time constant) for ﬂowmeters operated
in the [
flowmeters operated in the constant current mode
(para. 3.5) ranges from approximately 7 sec to 15 sec to
within +63% of the final value. Constant current opera-
tion is slower than constant temperature differential
operation because the temperature of the entire mass of
the velocity sensor must change if velocity changes. Time
response becomes faster as the mass flow rate increases.
Most manufacturers specify time response at the maxi-
mum mass flow rate of their flowmeter. Users should

select flowmeters that use the constant temperature dif-
ferential mode of operation for applications requiring
faster time response.

5.6.4 Reproducibility. The reproducibility, or stabil-
ity over time, of the flow sensor depends on its exposure
to severe operating conditions, such as temperature
cychng, temperature over ranglng, and p1pe11ne vibra-
ials

such as ceramic cements or epoxies that are exposed
such severe operating conditions may be susceptible| to
long-term drift (see para. 3.2). Velocity sensors that avgid
the use of these materials minimize the effect of long-
term drift when subjected to severe gperating confli-
tions. Preferably, susceptible flowmeters should not|be
installed at locations in the pipelinéthat have deleteriqus
operating conditions. If this is not-possible, devices that
reduce the severity of the eperating conditions shoyld
be installed upstream of«he flowmeter.

6 GUIDELINES FOR INSTALLATION AND
APPLICATIONS

Suboptimal performance of thermal dispersion mgss
flowmeters is often caused by installation effects ahd
misapplications.

Flowmeter installation should take into account phys-
ical constraints, flow conditions (including minimygm
and maximum fluid densities), application considefa-
tions, and safety [11, 12]. The manufacturer should spgc-
ify installation dimensions, preferred installatipn
configurations, and any installation constraints |or
restrictions of use.

6.1 Installation

6.1.1 General Installation Criteria

(a) With the exception of hot-tap applications (3ee
para. 8.7), during installation the process flow and elgc-
trical power should be turned off, the line should IOt
be pressurized, and the line’s temperature should 1ot
be excessive.

(b) The flowmeter should be installed such that the
direction of flow in the pipe coincides with flow dirgc-
tion arrow or indicator on the flowmeter.
(c) The process pressure and temperature must

(d) The Class and type of pipe, process connections,
pipe materials, and erosion, corrosion, and deposition
of material in the pipeline should be considered.

(e) The flowmeter’s process connections should be

(1) seated squarely on the mating fluid connection
seals such that no part of the gasket is in the flow

(2) secured following the manufacturer’s guide-
lines such that the allowable leak-rate specifications are
satisfied
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(f) Any applicable hazardous area classification must
be considered. The cable entry into the transmitter enclo-
sure shall meet the hazardous area standard.

(g) Proper wiring and electrical power should be veri-
fied and follow applicable safety codes. The voltage, its
frequency, and its polarity should meet the manufactur-
er’s specifications.

(h) The environmental effects on the flowmeter, such

induce errors in measurement. In general, these devices
should be placed upstream of the flowmeter. Occasional
liquid drops striking the heated velocity sensor usually
do not cause damage, but will cause a spike in output
until they burn off.

For liquid applications (see para. 6.2.2), the use of
strainers, filters, air and vapor eliminators, or any other
protective devices may be required to remove solids,

as[ambient temperature, ambient pressure, humidity,
corosive atmospheres, mechanical shock, mechanical
pipeline vibrations, and external electromagnetic fields
shuld be considered. High ambient and process tem-
pdratures may require the installation of remote
el¢ctronics (see para. 6.1.5).

i) Shut-off valves upstream and downstream of the
flgwmeter (installed for the purpose of isolating, remov-
ing, zeroing, or flow calibrating the flowmeter) should
ndt disturb the main process flow when not in use.

j) Thermal dispersion mass flowmeters do operate
infpulsating flows, but performance may be degraded in
infense pulsating flows, such as locations immediately
dgwnstream of pumps. In this case, isolation or pulsa-
tign damping devices should be considered. The manu-
fafturer’s recommendations should be observed
regarding the use of such devices.

—_

[

6.1.2 Spatial and Orientation Requirements

a) Sufficient spatial clearance should be provided for
flgwmeter installation. Special considerations should
take into account the need for safe and conveniént
hyman access, as well as space for in situ flow ealibra-
tign, if required.

b) Sufficient clearance should be providéd for inser-
tign flowmeters to facilitate their unobstryeted removal.
¢) Insertion flowmeters with hot-tap hardware
shbuld have extra clearance, andsthe proper insertion
dgpth should be verified.

d) The flowmeter should notbe installed at a location
the piping system that-is-susceptible to liquid collec-
qn or condensation,

e) The flowmeter should be oriented in the flow con-
duit, or pipe, in‘the orientation for which it was flow
calibrated. This.is important because the zero flow read-
ing depends on natural convection which in turn
dgpends ‘onvthe orientation of the flow sensor relative
to|the(gravitational force vector.

(f)\The most common deployment is in horizontal

[

in
i

=

Vapors, and gas bubbies that could cause damjage to
the flow sensor or induce errors in measurement| These
devices are placed upstream of the flowndeter.

6.1.4 Flow Conditions and Straight Pipe Length
Requirements. The performance of thermal dispersion
mass flowmeters can be degraded”if the flowmeter is
installed where flow conditiens-are different from those
for which the flowmeter was,calibrated. Comporjents in
the pipe system upstredm,and to a lesser extent{down-
stream of the flowmeter*can create flow profile rfonuni-
formities, swirling/flow, and turbulence thgt may
degrade flowmeter performance. Such flow-disfurbing
components ifcdlude single or multiple elbows, expan-
sions, contractions, tees, heaters, coolers, valves, dtc. The
flowméter’s location should be chosen to minimfize the
effectof 'such flow disturbances. It is preferred ’:‘i:]it con-
trel\wvalves be installed downstream of the flowmeter.

Viscous forces in a length of straight pipe befqre and
after the flowmeter tend to reduce flow nonunifomities,
and create a fully developed flow profile with suffi-
ciently long length. To ensure specified performarnce and
avoid installation effects, the manufacturer’s tecom-
mended straight pipe lengths upstream and down-
stream of the flowmeter should be followed. The gtraight
pipe requirements for typical in-line and insertioh flow-
meters are shown in Tables 6.1.4-1 and 6.1.4-2,
respectively.

Flow conditioners installed as separate| units
upstream of in-line and insertion flowmeters may be
used to reduce the effect of upstream flow-disfurbing
components. Alternatively, an in-line flowmeter|with a
built-in flow conditioner may be used.

6.1.5 Remote Electronics Installation. If the ambient
temperature exceeds the manufacturer’s specified limits,
the electronics transmitter enclosure should be mpunted
remotely. A typical upper-limit value is 140°F (approxi-
mately 60°C). In excessively hot conditions, copsider-

pipes. In this case, the de facto flowmeter orientation is
with the flowmeter mounted on top of the pipe.

(¢) For deployment in vertical pipes, the flow direc-
tion either upward or downward should be specified
by the user.

6.1.3 Process Fluid Quality. For gas applications,
the use of filters, traps, or other protective devices may
be required for removing solids, liquids, and liquid
drops that could cause damage to the flow sensor or

15

meter
horizontally so that natural convection carries less heat
from the hot pipeline to the transmitter enclosure.

For remote installation, the cable connecting the trans-
mitter enclosure to the flow sensor should be that pro-
vided by the manufacturer and typically should not be
lengthened or shortened by the user because the electri-
cal resistance of the cable is part of the flow sensor’s
circuit. Some manufacturers provide compensation for
cable length.

e 1 111 - 4 - alle 41 £1
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Table 6.1.4-1 Straight Pipe Length Requirements for an In-Line Flowmeter With a
Built-In Flow Conditioner

Thermal Dispersion Mass Flowmeter [Note (1) orifrcept o 4]

Flow Disturbing Component Upstream [Note (2)] Downstream [Note (3)] (Upstream Lengt)

Single 40-deg elbow 1D 0D 28 D

Reductign (4:1) 3D 0D 14D

Expansipn (4:1) 3D oD 30 D

After coptrol valve [Note (5)] or pressure regulator 3D 0D 32D

Two 90-Heg elbows in same plane 3D oD 36D

Two 90-fHleg elbows in different planes 5D 0D 62D

GENERAL NOTES:

(@) Strajght pipe length requirements at 1 bara pressure. Consult manufacturer for pressure effects.

(b) Thege specifications may vary from manufacturer to manufacturer. Consult the manufacturer.

NOTES:

(1) For pn in-line flowmeter with a flow conditioner consisting of two separated perforated platesi\located in the flow body upstream of the
flow sensor.

(2) Nunpber of diameters D of straight pipe required between the exit of the upstream flow, disturbing component and the entrance of the
flowimeter.

(3) Nunpber of diameters D of straight pipe required between the exit of the flowmeéter‘and the entrance of the downstream flow disturbjng
component.

(4) For pomparison purposes only. The table shows the number of diameters D of upstream straight pipe required between the exit of the
upsfream flow disturbing component and an ISO Standard 5167 orificg{ptate with a beta ratio of 0.7.

(5) If the valve is always wide open, base the length requirement on the, valve’s inlet or outlet fitting.

Table 6.1.4-2 Straight Pipe Length Requirements for Insertion Flowmeters
With No Flow Conditioning

Flow~Disturbing Component Upstream [Note (1)] Downstream [Note (2)]
Single 90;deg elbow 15D 5D
Reduetioh 15D 5D
Expansion 30D 10D
After control valve [Note (3)] or pressure regulator 40 D 5D
Iwo 90-deg elbows in same plane 20D 5D
Two 90-deg elbows in different planes [Note (4)] 40D 10D

GENERAENOTES:

(@) Straight pipe length requirements at 1 bara pressure. Consult manufacturer for pressure effects.

(b) These specifications may vary from manufacturer to manufacturer. Consult the manufacturer.

NOTES:

(1) Number of diameters D of straight pipe required between the exit of the upstream flow disturbing
component and the insertion flowmeter.

(2) Number of diameters D of straight pipe required between the insertion flowmeter and the entrance
of the downstream flow disturbing component.

(3) If the valve is always wide open, the length requirement should be based on the valve’s inlet or
outlet fitting.

(4) For three 90-deg elbows, the required length should be doubled.

16
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6.1.6 Influence Parameters. Process temperature
and pressure and ambient temperature have a secondary
influence on mass flow rate measurement accuracy. Very
low process density may affect some manufacturers’
flowmeter performance. To achieve best measurement
accuracy, users should have knowledge of the actual
process temperature and pressure and ambient tempera-
ture of their application and specify those conditions

6.2.2 Liquid Flow Applications. Liquid flow applica-
tions are a minor fraction of the applications for thermal
dispersion mass flowmeters. The diminished sensitivity
of liquid flow applications is discussed in para. 4.1.2.

The following should be considered in liquid flow
applications. In all cases manufacturers’ specifications
should be followed:

(a) The difference AT between the temperature of the

tortheverder beforeprocuringtheftowmmeter—For best
measurement accuracy, the manufacturer should match
these conditions during flow calibration.

6.1.6.1 Process Temperature. As described in
pdra. 3.4, accurate measurement requires that the flow-
meter have means for compensating for changes in pro-
ceps temperature, either via analog, digital, or combined
analog and digital temperature compensation. The tem-
perature influence coefficient, Cr, described in para. 5.6.1
acfounts for the effect of process temperature on the
ovlerall accuracy of mass flow rate measurement. Better
temperature compensation leads to lower values of Cr.

¢}

6.1.6.2 Process Pressure. Thermal dispersion
mpss flowmeters intrinsically correct for the majority
of| changes in process pressure because they directly
measure the Reynolds number. The Reynolds number
dgpends on the gas mass density which, in turn, depends
or| the pressure. Nevertheless, this correction does not
actount for the relatively weak effect of process pressure
onl natural convection that primarily influences the zero
and lower flow ranges. The pressure influence coeffi-
cignt, Cp, described in para. 5.6.1 accounts for the effect
of[process pressure on the overall accuracy ofymass flow
rafe measurement. In the event that the a¢tual process
pressure in the field is different from thdt at flow calibra-
tign, some flowmeters with digital electronics provide
pressure compensation by facilitating the user inputting
the actual line pressure measured by a separate pressure
trgnsducer located nearby in ‘the process line.

6.1.6.3 Ambient Temperature. The stem conduc-
tign phenomenon described in para. 4.3.3 couples the
flgw sensor withthe'ambient temperature external to
the flowmeter. Af\the actual ambient temperature in the
figld is different-from that at flow calibration, stem con-
dyction catvdegrade measurement accuracy. This influ-
ence is.worse in lower flow ranges and in flowmeters
with.Jiigh stem conductance, i.e., those with relatively

shiort vn]nr'il'} and fompornh 1re sensors..Some flowmet-

—_

heated velocity sensor and the temperature of th¢ liquid
shall not exceed an upper critical limit. For wateq flows,
this critical limit is approximately 10°C(to~20°C} If the
critical limit is exceeded, higher liquid flows may[reduce
the pressure behind the heated velocity sensor|to the
extent that flashing to the vapor phdse and subsequent
cavitation may occur. This phenomena can cause|erratic
and erroneous measurements'as well as damagg¢ to the
flow sensor. Flow sensors operated in the constapt tem-
perature differential mode are preferred for liqujd flow
applications because)AT is instantaneously mairftained
at its constant value preselected for the liquid flow appli-
cations (see pata. 3.5.1). Flow sensors operated| in the
constant current mode have a variable temperatiire dif-
ference~that is difficult to set up for liquid flow (see
paran3.5.2).

(b)" The process liquid should meet the fluid fuality
standards set forth in para. 6.1.3. Industrial liquidl flows
with poor fluid quality can cause contaminatipn and
fouling of the flow sensor.

6.3 Zero and Span Adjustment

After flowmeter installation is complete, a zero pdjust-
ment following the manufacturer’s instructions fnay be
needed if the zero offset is unacceptable. To ptoperly
check or adjust the zero, the flow must be stopjped. It
is recommended that both upstream and downstream
valves are closed during the process of zero adjugtment.
If possible, zero adjustment should be made undet actual
temperature and pressure process conditions.

After installation, a span adjustment can be made if
needed, following the manufacturer’s instructions. Elec-
trical span and multiple-point flow calibration vrifica-
tion and adjustment can be accomplished by uging an
accurate external digital voltmeter. Nevertheless, only
a flow calibration using a flow calibration standlard in

series with the flowmeter can be uised with absolute

ers with digital electronics provide compensation for
changes in ambient temperature.

6.2 Applications

6.2.1 Gas Flow Applications. The vast majority of
applications are gas flow applications because they ben-
efit from a high sensitivity of measurement (see
para. 4.1.1). All previous subsections in this section 6
are primarily devoted to gas flow applications.
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certainty to span and calibrate the flowmeter. This is
achieved either in situ or by sending the flowmeter to
the factory or a certified flow facility for flow recalibra-
tion. The flow calibration entity should follow the guide-
lines set forth in Nonmandatory Appendix A.

Before making field adjustments, the user should ver-
ify that the flowmeter is not actively monitoring or
reporting to any master control system. Adjustments to
the electronics may cause direct changes to flow settings.
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7 INSPECTION AND COMPLIANCE

If applicable, and upon request, the manufacturer
should provide the following certifications to the user:

(a) material certificates for pressure-containing parts

(b) certificate of conformance with applicable hazard-
ous area classifications

(c) flow calibration certificate and performance
result

of their flowmeters. Upon request, manufacturers shall
provide evidence confirming that the fully assembled
flowmeter was tested. This evidence shall be available
in terms of either a certificate or a test procedure.

8.3 Hazardous Area Locations

If the flowmeter is located in a hazardous area, it shall
comply with applicable codes and standards. Explosion

(d) gertificate of suitability for sanitary applications,
if applicable

Sincp the flowmeter is an integral part of the piping
systen}, it may be subjected to special inspection test
procedures similar to those applicable to other pipeline
equipinent or instrumentation. This could include a
dimenpional check, hydrostatic test, and radiographic
and/of ultrasonic tests to verify weld integrity. Upon
request, manufacturers performing these special tests
should make the results available to the user as a certified
report

8 S

Thefmal dispersion mass flowmeters may be used in
high pjressure and high temperature applications. They
also mlay be used for flammable and toxic gas applica-
tions gnd may be installed in locations with external
flammpble atmospheres. Therefore, care must be taken
to ensyre that the integrity of the flowmeter and general
safety fis maintained under actual process conditions.

FETY

8.1 Manufacturers’ Specifications

Flowmeters shall not be used in conditions (hat fall
outsidg the manufacturer’s specifications, irfespective of
whethgr they are the manufacturer’s normal published
specifirations or those resulting from‘a-special request.
The fqllowing issues must be given/consideration in
providing for the safety and protection of users and
their groperty.

82 P

8.2{1 Designand.Construction. For obviousreasons,
a burst or major leak-in the flowmeter must be avoided.
Manufacturers(should design and construct their flow-
meterq taking this into consideration. During operation,
users ghall-avoid overpressurizing and overheating the
flowmpgtet.

ocess Pressure and\Temperature

proot transmitter enclosures shatt comply with appiita-
ble standards. Upon request, the manufacturer shallpyo-
vide the user with a certificate indicating(that the
flowmeter is in conformance with the applicable stan-
dards. The user shall install and operate the’flowmefer
in accordance with the applicable stafidards.

8.4 Electrical Safety

During installation of the flowmeter, the user shall
perform the electrical wiringdwith the power off. Spedial
caution shall be exercised\to avoid shocks when wiring
the flowmeter to AC pewer. Manufacturers’ instructigns
and applicable electrical safety and fire prevention codes
shall be followed.

If applicable) the flowmeter should have the appt
priate certification ensuring that electromagnetic fie
generated by the flowmeter do not interfere with proxi-
mal eléctrical devices, and vice versa.

8:5. Leaks

Thermal dispersion mass flowmeters may be used
with unhealthful or irritating gases. Manufactur¢rs
should publish the leak rates of the flow bodies of thlir
flowmeters and, upon request, provide the user with a
leak test certificate or a test procedure. It is recom-
mended that the user make certain that the flowmefer
is properly installed and seated squarely on its seals| to
minimize process gas leaks. Seals should be inspectied
to ensure their integrity prior to installation.

8.6 Fluid Quality

8.6.1 Erosion. The effect of possible erosion of fhe
flow body depends on the gas velocity and the concgn-
tration, size, and composition of solid, and to a lesger
extent, liquid particles suspended in the flow. Although
typically of minor concern in gas flow applications, efo-
sion should be assessed for each type of use of the flow-
meter.

In liquid flows, cavitation and suspended solid paiti-

The degradation in the strength of materials with
increasing process temperature should be taken into
account. Manufacturers shall express the pressure rat-
ings of their flowmeters in terms of the intended temper-
ature range of operation and should properly convey
the information that the upper-limit pressure rating
decreases as process temperature increases.

8.2.2 Pressure Testing. Manufacturers should
hydrostatically test the fully assembled wetted parts
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cles that may cause erosion should be assessed.

8.6.2 Corrosion. The flowmeter selected should be
constructed of materials that are compatible with the
fluid. Special attention should be given to corrosive
gases or liquids. When in its liquid or droplet form,
liquids can react with gases to form acids or other corro-
sive agents. Such foreign components should be elimi-
nated from the pipeline via upstream traps or other
filtering devices.
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8.6.3 Unsafe Flow Calibration Gases. As shown in
Mandatory Appendix I, the flow-calibrating entity
should provide proper venting of unsafe flow calibration
gases, such as toxic or corrosive gases. Additionally, it
is recommended that the flow calibration system be
thoroughly purged with an inert gas.

8.7 Hot Tapping

Asomeanplcations incertion flowmaetare axao
7

[1] L. V. King, “On the Convection of Heat From Small
Cylinders in a Stream of Fluid: Determination of the
Convection Constants of Small Platinum Wires With
Application to Hot-Wire Anemometry,” Philosophical
Transactions of the Royal Society, A214 (1914): 373-432.

[2] ANSI/ASME MFC-1M-2003, “Glossary of Terms
Used in the Measurement of Fluid Flow in Pipes.”

[3] ANSI/ASME MFC-11M-2005, “Measurement of

ingtalled in the pipeline with hot-tap hardware. The
hdt-tap assembly provides an isolation valve facilitating
withdrawal and removal of the insertion flowmeter from
an| active pipeline without interruption of the flow or
leakage of fluid. The pressure rating of the hot-tap hard-
ware should meet, or exceed, that of the pipeline. For
safety purposes, hot tapping should be performed by a
trgined professional, and the installation should be done
with caution. Governmental regulations often require a
hqt-tap permit. The user is responsible for providing
prpof of such a permit.
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MANDATORY APPENDIX |
FLOW CALIBRATION

INTRODUCTION

Because the critical dimensions of the flow sensor
thermal dispersion mass flowmeters are so small,
mpnufacturing technology is currently incapable of
mpintaining sufficiently small tolerances to ensure
reproducibility from flow sensor to flow sensor. Addi-
tignally, analog electronic components have variations
and digital electronics have a fundamental digital reso-
lution. For these reasons, every general purpose thermal
digpersion mass flowmeter should be flow calibrated
byl the manufacturer, just like most other kinds of flow-
meters. Exceptions may include thermal dispersion flow
switches and low-accuracy flowmeters.
a) The term “flow calibration” as used herein has
the following definitions:
(1) the process of comparing the flowmeter’s indi-
cated mass flow rate to a traceable flow calibration
standard
(2) the process of adjusting the flowmeter’s output
tolpring it to a desired value, within a specified tolerance;
for a particular value of the mass flow rate input
b) Flow calibration falls into two categories;

(1) standard flow calibration — the details of which
b specified by the manufacturer

(2) special flow calibration — the(details of which
arg specified by the user
The majority of this MandatorytAppendix applies to
gas flow calibration. Paragraph.J*7 covers liquid flow
calibration. The distinction-between flow calibration of
intline versus insertiop~flowmeters is described in
para. 4.7.1. The guidelintes set forth in this Mandatory
Appendix should berfollowed by all flow calibration
entities: the manufacturer, the user, and third parties.
THe flow calibtation laboratory should be accredited. It
is preferred that the flow calibration laboratory have an
ISP 9001 ‘eertification. It is advantageous that the flow
calibration laboratory can demonstrate compliance with
the latest revisions of ISO/IEC 17025 or ANSI Z540.

=

a

=

flow calibrating entity use a procedure that fits-a gmooth
curve through the data. References [8] and [18] frovide
insight into curve fitting.

I-3 FLOW CALIBRATION METHODS

I-3.1 Flow Calibration Facilities

Gas flow calibration facilities are of two types: open
loop and closed loop. Figure I-1 shows as typical open-
loop facility. Figure 1=2 shows a typical closef-loop
facility. Each figure-lists the typical componentq of the
facility. Two of their critical components: the flow|condi-
tioning segtion’and the flow calibration standafrd, are
given spécial attention in paras. I-3.2 through I-8.3.2.

Flowcalibration facilities should be capable|of the
following;:

(a) generating a stable, steady-state, reproducible gas
riass flow rate.

(b) accommodating with required accuracy th¢ entire
mass flow range specified. If extrapolation has been
used to extend the range, this information shquld be
made available to the user upon request.

(c) reproducing the gas composition, tempefature,
and pressure to be encountered in the actual application.
Closed-loop facilities, such as that shown in Hig. I-2,
are designed to accomplish this objective. Altejnately,
a surrogate, or reference gas may be used at reference
temperature and pressure conditions.

It should be noted by the flow-calibrating entjty that
the simplest flow calibration facility (an open-lpop air
flow facility with a fan as the flow generator) actually
is a closed-loop facility with the loop closing within the
laboratory. For air velocities less than about 5 m /s, such
ambient pressure flow calibration facilities can pxperi-
ence shifts due to the opening and closing of dpors to
the room and other causes of pressure and tempegrature
changes in the room. Operators of such facilities should
minimize and account for the effect of siich vaniations

I-2 FLOW CALIBRATION CURVES

Figure 3.3-1 shows the flow calibration curves of typi-
cal thermal dispersion mass flowmeters. The curves are
nonlinear and of a logarithmic nature. The nonlinearity
is advantageous because it provides wide rangeability
for a single flowmeter. It is disadvantageous because it
requires several flow calibration points to properly
define the calibration curve. It is recommended that the
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on the accuracy of flowmeters.

I1-3.2 Flow-Conditioning Section

The flow-conditioning section is an essential, but often
overlooked, component of the flow calibration facilities
shown in Figs. I-1 and I-2. Its purpose is to condition
the flow prior to the flow entering the flowmeter under
test. The flow-conditioning section should have the fol-
lowing attributes.
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Fig. I-1 Typical Open Loop Gas Calibration Facility

JA
T <
D A
B1 B2
- : —5—@—»(
E H |
A1 A2

LEGENDB:
A1l = Flow source (air blower or pump).

A2 = Alternative flow source (pressurized gas tank).

B1 = Flow controller (variable speed motor drive).

B2 = Alternative flow controller (flow control valve).

C = Flow conditioning section (see para I-3.2).

D = Flowmeter under test (insertion meter shown).

E = Tgst section (part of flow conditioning section; for insertion flowmeters only; see garal-3.2).
F = Plessure relief valve (for pressurized facilities only).

G = Pfessure regulator (for pressurized facilities only).

H = Djverter valve (for batching calibration standards only).

| = Flow calibration standard (either batching or in-line).

J = Vpnt (leads to outside environment or to scrubber or other gas purifying device).

(a) For in-line flowmeters, the flow-conditioning:sec-
tion should be straight pipe with lengths upstreatn and
downgtream of the flowmeter under test thatimeet the
minimum specification requirements specified by the
manufacturer. A flow straightening and\swirling flow
eliminpting device may be requiredjupstream of the
upstrepm pipe.

(b) For insertion flowmeter$ installed in pipes with
fully developed velocity profiles, the flow-conditioning
sectior} should be a length of straight pipe upstream of
the flowmeter under testthat is sufficiently long to create
a fully| developed yelocity distribution.

(c) Kor insertionsflowmeters in large flow conduits
and in|generaldpplications, it is recommended that the
flow-cpnditioning section is capable of generating a flat,
quiet, honswirling velocity profile. In this case, the pre-

in the central two-thirds portion within approximately
0.5% to 1%; a turbulence intensity less than about 0.59
and a cross-sectional area large enough so that the fI
blockage ratio is less than approximately 5%.

I-3.3 Flow Calibration Standard

It is recommended that the flow calibration standdrd
component of the flow calibration facility have an ac¢u-
racy at least 3 times better (i.e., an uncertainty of one-
third, or less) than that specified for the flowmeter under
test. Flow calibration of the flow calibration standdqrd
should be traceable to a recognized national or interma-
tional measurement standard, and its most recent trafe-
able accuracy should be documented. This information
should be made available by the manufacturer, upon

ferred-ftow-conditioningseetionhas-thefoHowing
components:

(1) a flow-quieting section, such as a plenum with
a flow straightener and screens or other means that
reduce flow nonuniformities.

(2) a nozzle to further flatten the velocity profile.

(3) a test section consisting of either a straight
walled section or a free jet into which the flow sensor
of the insertion flowmeter under test is inserted. The
test section should have a velocity profile that is uniform
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tha 1icar/c paciiack
the-user’sreqtest:

Flow calibration standards that measure volumetric
flow rate or displaced volume should have temperature
and pressure transducers located close to the entrance
of the flow calibration standard, but with no flow
obstruction. These measurements are used to compute
the mass density p of the gas (i.e., in units of kg/ m?),
as in para. 4.7.10. The mass density, p, is then used to
compute the mass flow rate g,,, as shown in subsequent
sections.
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Fig. I-2 Typical Closed Loop Gas Calibration Facility

% Flow conditioning section (see para I-3.2).

LEGENDS:

A

B

C § Flow controller (variable speed motor drive; or flow control valve).
D [ Flow conditioning section [for flow calibration standard(s)].

E

F ¥ Pressure relief valve.

G E Vacuum pump (evacuates gas in system prior to gas filling).

H E Vent (leads to outside environment or to scrubber or other gas purifying\device).
|

J

Flow calibration standards are of two types

a) in-line flow calibration standards: used in both
ogen-loop and closed-loop flow calibration facilities

b) batching flow calibration standards: used in open-

lopp flow calibration facilities

I-3.3.1 In-Line Flow Calibration Standards. Typical
intline flow calibration standards-that measure the volu-
metric flow rate, g, (e.g., in units'ef m3/ s), include rotat-
ing and reciprocating positive displacement flowmeters;
turbine flowmeters; multipath ultrasonic flowmeters;
venturi flowmeters; flow nozzles; and sonic nozzles. The
ddsired mass flow rate is computed as g,, = p g, (kg/s).
Typical in-lineflow calibration standards that directly
measure the mass flow rate g, include

a) Coriglismass flowmeters

b) specially calibrated thermal dispersion mass
flgwmeters

c)(specially calibrated capillary tube thermal mass

= Gas source (for pressurized facilities — compressed air or pressurized gas tank; for air windtunnels — no “gas source” is used).
= Flow source (for pressurized facilities — high pressure axial or centrifugal pump; for air Wind“tunnel — fan or blower).

= Flow calibration standard(s) (in-line only; multiple sized standards may be useet6, extend rangeability; see para 1-3.3.1).

= Flowmeter under test (for insertion or in-line flowmeters; in-line flowmeter shown).

of the flow calibration gas passing through the flow-
meter under test [14]. Typical flow calibration stapndards
of this kind are positive displacement flow caliljrators,
or volumetric provers, such as bell provers and|piston
provers. In these flow calibrators, the displaced yolume
Vol (e.g., in units of m?) and the time of transit At (e.g.,
in units of seconds) of the bell or piston are measured
and used to compute the desired mass flow rate as
Gm = p Vol/At (kg/s).

Vol and At should be measured only duripg the
steady-state rise of the bell or piston (i.e., aftqr their
initial acceleration and before their final deceleration).
The transit time At should be sufficiently long o that
both the resolution of the At measurement and small
flow rate variations have negligible effect. Becatise the
size of batching flow calibration standards is lfmited,
their use should be relegated to gas mass flow fates in
the lower ranges. In-line standards should be uped for

flowmeters

Flow calibration of a thermal dispersion mass flow-
meter with another specially calibrated thermal disper-
sion mass flowmeter should be performed with caution
because influence parameters may affect each flowmeter
in a similar manner (bias) that may not be indicated in
the flow calibration result.

I-3.3.2 Batching Flow Calibration Standards. Typical
batching flow calibration standards measure the volume
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higher ranges.

I-4 FLOW CALIBRATION PROCEDURES

All flow calibrating entities should adopt the follow-
ing procedures:

(a) The flowmeter under test is installed in accordance
with the manufacturer’s recommendations (see
para. 6.1).
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(b) The flow calibration is preceded by an appropriate
warm-up period for each flow rate calibration data
point.

(c) All transmitter configuration data is recorded
prior to the start of the test.

(d) The test flow rates are selected to ensure that the
flowmeter’s performance meets its specification over the
operating flow range.

test gas data and the test temperature, pressure,
etc.

calibration laboratory’s basic methodology of flow
calibration (see para. I-3)

unique identification of the flowmeter under test
traceability of the flow calibration facility
reference identifying the flow calibration laborato-
ry’s documentation and how it can be reviewed

(e) The calibration of the flow calibration standard 15
currenf and traceable.

(f) The uncertainty of the flow calibration standard
is recgmmended to be one-third, or better, than the
uncerfainty of the specification for the flowmeter
under [test.

(g) The flow rate is maintained constant while a data
point 1s being taken. This is especially important if a
batching flow calibration standard is used.

(h) The zero value is measured and only when there
is absglutely no flow in the facility and, if possible, at
procesp pressure and temperature.

(i) Yariations in gas temperature and pressure are
inimfized during the flow calibration process. The gas

calibration date

ceftificate’s date of issue

id¢ntity of the party commissiehing the
calibration

name and location of the-flow calibration
lahoratory

uTceTtainty statement forthe ffow catibration
laboratory

relevant ambient conditions

name of the calibration operator

configuration data within the transmitter when
the calibration was performed

table showing all mass flow rate data including
the temperature, pressure, afnd other measure-
ments taken concurrently

I-6 FREQUENCY OF RECALIBRATION

Thermal dispersion mass flowmeters generally
require infrequent flow recalibration. The manufactuper
should infornmthe user of the typical recalibration ffe-
quency fordheir application. The frequency of recalibya-
tion is goeverned by the criticality of the measuremdnt,
the nature of the operating conditions, the level of corjfi-
denge'required by the user, and the stability of the fl
sensor. For fiscal and custody transfer applications| a
higher recalibration frequency is recommended. If the
installation conditions change, such as the result of pipe
work modifications in the vicinity of the flowmeter,
recalibration may be required.

I-7 LIQUID FLOW CALIBRATION

Liquid flow calibration systems fall into three catego-
ries: gravimetric, volumetric, or in-line flow calibratipn.
Many of the gas flow calibration procedures in the pfe-
ceding sections are applicable to liquid flow calibratipn.
Liquid flow calibration is thoroughly described in the
open literature (e.g., references [3, 14, 15]).
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