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FOREWORD

The bellmouth is a common device for flow conditioning and flow measurement in the aerospace industry. Specifically,
the bellmouth is attached to the front end of a turbofan gas turbine engine. Turboshaft engine applications also use the
bellmouth but typically for flow conditioning and less frequently for flow measurement. The automotive industry
also uses the bellmouth in some test applications. This Standard was prepared by Subcommittee 26, Bellmouth Inlet
Flowmeters of the ASME Standards Committee on Measurement of Fluids in Closed Conduits (MEC)

This ig the initial release of this Standard.

This Standard provides information in both SI (metric) units and U.S. Customary units.

Suggestions for improvement of this Standard are welcome. They should be sent to The Americah|Society of
Mechanjcal Engineers; Secretary, MFC Standards Committee; Three Park Avenue; New York, NY 10016:5990.

This Standard was approved by the American National Standards Institute on March 30, 2011.
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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. Correspondence 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

Propobing Revisions. Revisions are made periodically to the Standard to incorporate changes that appear neces-
sary or dlesirable, as demonstrated by the experience gained from the application of the{Standard. Approved fevi-
sions willl be published periodically.

The Cpmmittee welcomes proposals for revisions to this Standard. Such proposals shiould be as specific as possjble,
citing the paragraph number(s), the proposed wording, and a detailed descriptionfof the reasons for the prop¢sal,
including any pertinent documentation.

Propobing a Case. Cases may be issued for the purpose of providing alternative rules when justified, to permit
early implementation of an approved revision when the need is urgent,)or'to provide rules not covered by ekist-
ing proyisions. Cases are effective immediately upon ASME approvakand shall be posted on the ASME Committee
Web page.

Requgsts for Cases shall provide a Statement of Need and Background Information. The request should identify
the stanflard, the paragraph, figure or table number(s), and beéwwritten as a Question and Reply in the same fofmat
as existing Cases. Requests for Cases should also indicate the:applicable edition(s) of the standard to which the pro-
posed Chse applies.

Interpfetations. Upon request, the MFC Committee Will render an interpretation of any requirement of| the
Standargl. Interpretations can only be rendered in response to a written request sent to the Secretary of the NMFC
Standargls Committee.

The rgquest for interpretation should be clearand unambiguous. It is further recommended that the inquirer $ub-
mit his/fher request in the following format:

Subject Cite the applicable paragraph number(s) and the topic of the inquiry.
Editionj Cite the applicable-edition of the Standard for which the interpretation is being requested.
Questiop: Phrase the question as a request for an interpretation of a specific requirement suitable for gen¢ral

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 questiony;
howe¥er; they should not contain proprietary names or information.

Requgsts that@re not in this format will be rewritten in this format by the Committee prior to being answered,
which nmjay inadveértently change the intent of the original request.

ASMH procedures provide for reconsideration of any interpretation when or if additional information that mjiight
affect ar)_initerpretation is available. Further, persons aggrieved by an interpretation may appeal to the cogrrl?tant
ASME Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construc-
tion, proprietary device, or activity.

Attending Committee Meetings. The MFC Committee regularly holds meetings, which are open to the public.
Persons wishing to attend any meeting should contact the Secretary of the MFC Standards Committee.
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ASME MFC-26-2011

MEASUREMENT OF GAS FLOW BY BELLMOUTH
INLET FLOWMETERS

1 GENERAL

1.1| Scope

This Standard applies only to the steady flow of
single-phase gases and gas mixtures and applies
only to bellmouth inlet flowmeters in which the flow
remjains subsonic throughout the measuring section
and|the flow is steady or varies only slowly with time.
It a]so addresses procedures by which calibration of
the [device can be made to allow for application with
congistent conclusions and within known limits of
uncprtainty.

Bellmouth inlet flowmeters should be used only
within the limits for which a given unit is tested, or if
addjitional uncertainty can be tolerated, over a range
witlin which extrapolation is reliable.

This Standard outlines the general geometry) and
method of use of bellmouth inlet flowmeters/to deter-
minge the mass or volumetric flow rate of the-gas or gas
mixfure flowing through the device. It also gives nec-
essqry information for calculating the flow rate and its
assqciated uncertainty.

Albellmouth inlet flowmeters a-device that provides
flow conditioning and flowrmeasurement whose inlet
is lgcated or positioned ifiva-large reservoir or supply
soufce. The reservoir €an be outside ambient, room,
or plenum conditions\depending on the application.
The| bellmouth inlét-flowmeter is also referred to as
an dirbell, nozzle-with zero beta ratio, borda tube, etc.
Typjcal geometry consists of a convergent inlet fol-
lowpd by.aconstant throat area. This flowmeter is a
differential pressure type device that allows determi-
nation(of the flow rate from the differential pressure

This Standard addresses the féllowing;:

(a) principle of operation

(b) design parameters and;considerations
(c) calibration methods and procedures
(d) instrumentation'and calculation methods
(e) installation requirements and consideratipns
(f) measurement uncertainty

1.3  Field of Application

The\bellmouth inlet flowmeter is a common device
that beth conditions the flow and measures its [rate and
iswidely used in the aerospace industry. Specififally, the
discharge of the bellmouth flowmeter is often pttached
to the front end of a test article such as a turbpfan gas
turbine engine. Turboshaft engine applications [also use
the bellmouth but typically for flow conditioningland less
frequently for flow measurement. The automotiye indus-
try also uses the bellmouth in some test applicatjons.

2 REFERENCES

The following documents form a part of this tandard
to the extent specified herein. Unless otherwige speci-
fied, the latest edition shall apply.

ASME Fluid Meters, 6th Edition, 1971

ASME MFC-1M, Glossary of Terms Used in thd Measu-
rement of Fluid Flow in Pipes

ASME MFC-3M, Measurement of Fluid Flow fin Pipes
Using Orifice, Nozzle, and Venturi

ASME PTC 19.5, Flow Measurement

Publisher: The American Society of Mechanical

between the total pressure and static pressure at a sin-
gle specified axial location in the constant area throat
of the bellmouth.

1.2  Purpose

The purpose of this Standard is to provide guid-
ance and recommendations for fluid flow measure-
ment of gaseous applications using the bellmouth inlet
flowmeter.

Engineers (ASME), Three Park Avenue, New York, NY
10016-5990; Order Department: 22 Law Drive, P.O. Box
2900, Fairfield, NJ 07007-2900 (www.asme.org)

ISO 5167, Measurement of fluid flow by means of pres-
sure differential devices inserted in circular cross-section
conduits running full

Publisher: International Organization for Standardization
(ISO), Central Secretariat, 1, ch. de la Voie-Creuse, Case
postale 56, CH-1211 Geneva 20, Switzerland (www.iso.org)
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3 DEFINITIONS AND SYMBOLS

This Standard is written to serve the flow measure-
ment community in general. Throughout this Standard
flow measurement nomenclature will be given first,
with aerospace-industry-specific nomenclature pro-
vided as ancillary. Similar treatment will be made for
equations.

3.1 Definitions From ASMF MFC-1M

pressure taps (piezometric taps): a hole or annular slot in a
flange, fitting or the wall of a pipe, or throat of a primary
device that is flush with the inside surface.

steady flow: flow in which the flow rate in a measuring
section is constant with the measurement uncertainty
and over the time period of interest, aside from varia-
tions related to natural turbulence generated.

NOTE: The steady flows observed are, in practice, flows in which

base flou] rate: the flow rate calculated from flowing con-
ditions fo base conditions of pressure and temperature.

calibratiqn: the experimental determination of the rela-
tionship| between the quantity being measured and the
device fhat measures it, usually by comparison with
a standqrd. Also, the act of adjusting the output of a
device tp bring it to a desired value, within a specified
tolerancp, for a particular value of the input.

differentinl pressure (of a Pitot tube): difference between
the prespures measured at the total pressure tap and the
static prpssure tap.

flow ratef the quantity of fluid flowing through a cross-
section ¢f a pipe per unit of time.

ISA 193 nozzle: a nozzle that consists of an upstream
face thaflis perpendicular to the throat axis, a convergent
section ¢lefined by two arcs, a cylindrical throat, and a
recess. IPA 1932 nozzles always have corner tappings.

long radqus nozzle: a nozzle that consists of an upstream
face thaflis perpendicular to the throat axis, a convergent
section Whose shape is a quarter ellipse, a cylindrieal
throat, and a recess or a bevel.

Mach number: the ratio of the fluid velocity td, the veloc-
ity of sqund in the fluid at the same temperature and
pressurd.

mass flow rate: the rate of flow of fluid mass through a
cross-segtion of a pipe.

nozzle: cpnvergent device having a curved profile with
no discantinuities leading toa throat.

Pitot tube: tubular device consisting of a cylindrical
head attpched perpendicularly to a stem. It is provided
with ong or moré, pressure tap holes, and it is inserted
into a flpwing fluid, thus giving the stagnation or static
pressurd.

Pltot_sta 1 tube: o Pitot tube pvnv;r]nr‘] with static pvac

s 1 PR . _
([OarTItes Suclt ds veloCIty, pressurce, masrderrsrl'ym'rd-terrr, 0 era-

ture vary in time about mean values that are independentof fime;
these are actually statistically steady flows.

Taylor series: a power series to calculate the Walue jof a
function at a point in the neighborhood) of some r¢fer-
ence point. The series expresses the difference or differ-
ential between the new point and tlie reference point in
terms of the successive derivatives of the function.

NOTE: The function is not listed“as it is not referenced in| this
Standard.

total pressure Pitot thibe* a Pitot tube with only a fotal
pressure tap hole:

NOTE: A total-pressure Pitot tube is generally associated wiith a
separate static pressure tap located on the pipe wall.

traceability! property of a result of measurement wheteby
it canbe related to appropriate standards, generally ifter-
national or national standards, through an unbrdken
¢hain of comparisons. In the United States, the unbrgken
chain of comparison is with the standards at the NIST or
at the state agency of weights and measures.

NOTE: Measurements have traceability if and only if scientififcally
rigorous evidence is produced on a continuing basis to show that
the measurement process is producing measurement results|(i.e.,
data) for which the total measurement uncertainty is quantifi¢d.

uncertainty (of measurement): range within which the frrue
value of the measured quantity can be expected t¢ lie
with a specified probability and confidence level.

volume flow rate: the rate of flow of fluid volume through
a cross-section of a pipe.

wall taps: annular or circular hole drilled in the wall of
the pipe in such a way that its edge is flush with| the
internal surface of the pipe, the tap being such tha{ the
pressure within the hole is the static pressure at [that
point in the pipe.

sure tap holes drilled at specific positions on the cir-
cumference of the cylinder that is oriented parallel to
the flow direction. These holes can be drilled at one or
more cross-sections. The total pressure tap faces the flow
direction at the tip of the axisymmetric nose or head of
the cylinder.

NOTE: When there is no possibility of confusion, the expression
Pitot tube without further explanation may be used to designate a
Pitot-static tube.

3.2 Definitions Specific for This Standard

base conditions: specified conditions, base pressure, and
base temperature to which the measured mass of a fluid
is converted to the volume of the fluid.

base pressure: a specified reference pressure to which a
fluid volume at flowing conditions is reduced.

base temperature: a specified reference temperature to
which a fluid volume at flowing conditions is reduced.
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bellmouth inlet flowmeter: a device that provides flow
conditioning and flow measurement whose inlet is in a
large reservoir or supply source. The reservoir can be
outside ambient, room, or plenum conditions depend-
ing on the application. The bellmouth inlet flowmeter is
also referred to as a bellmouth, airbell, nozzle with zero
beta ratio, or borda tube.

boundary layer: influence of viscosity at high Reynolds
numbers is confined to a very thin layer in the immedi-

reference: a verifiable artifact or test facility that is trace-
able to a recognized national or international measure-
ment standard.

static pressure: the pressure of a fluid that is independent
of the kinetic energy of the fluid.

static temperature: actual temperature of the flowing gas.

total pressure (stagnation pressure): sum of the static pres-
sure and the dynamic pressure. It characterizes the state

ate fieighborhood of the solid wall. In that thin layer the
veldcity of the fluid increases from zero at the wall (no
slip) to its full value, which corresponds to external fric-
tionjless flow. This layer is called the boundary layer.

discharge coefficient [flow calibration factor(s)]: calibration
factpr(s) or coefficient(s) associated with the discharge
coeffficient used in determining mass flow rate. This
coefficient is defined as the ratio of actual flow rate as
detgrmined by a calibration standard, and the theoreti-
cal flow rate of the flowmeter device assuming an initial
discharge coefficient.

: difference between a measured value and the
“true” value of a measurand.

NOTE: The “true” value cannot usually be determined. In practice,
a cofpventional recognized “standard” or “reference” value is typi-
callyjused instead.

flowyneter: device for measuring the quantity or rate of
flow of a moving fluid.

foredgn object debris (FOD) screen: mechanism by which to
enstire no foreign objects are sucked into the bellfiiouth
inlef; also known as a debris guard.

insthllation effect: any difference in performiance of a
conjponent or the measuring system arising between
the|calibration under ideal conditions and actual
conflitions of use. This differénice may be caused
by (ifferent flow condition§ due to velocity pro-
file) perturbations, or by different working regimes
(pulsation, intermittent flow, alternating flow, vibra-
tiorys, etc.).

instfumentation plaié:all sensing points that are located
in the same axial plane.

prespure loss,there are two pressure loss quantities
refefred te.in this Standard.

(@) The' first pressure loss of interest is the total dif-

of the fiuid wherrits kineticenergy fscompieta]ly trans-
formed into potential energy.
total temperature (stagnation temperature)~>temperature
that would exist in the gas if the flowing ga$ stream
were brought to rest by an adiabatic process.

velocity distribution (flow profilé)- graphic refresenta-
tion of the velocity distribution. The velocitied at rela-
tive radial physical positions across any axially| defined
plane (of specific intexest'is the axially definedl instru-
mentation plane).

3.3 Symbols

See Table 8:3-1. Users of this Standard are cqutioned
to becomie familiar with units of all input an¢l result-
ant, calculated parameters. The desired units pystems,
measured parameter units, constants” units, arjd calcu-
tated parameter units should be thoroughly undlerstood
and included when generating calculation routjnes and
reporting data.

4 PRINCIPLE OF MEASUREMENT AND METHOD
OF COMPUTATION

The principle of operation of these devices is lpased on
physical laws defined by Bernoulli’s law and the mass
continuity equation. The flow through these dpvices is
typically achieved by drawing the gas from the space
surrounding the inlet of the device. The flow [rate cal-
culation is typically achieved by monitoring the pres-
sure difference between the total pressure and static
pressure at a specified axial location in the flow cross-
section of the device. The specified location is|defined
as an axial plane of the cross-section where a vpriety of
instrumentation techniques can be employed fo deter-
mine the free-stream and boundary layer velodities.

Velocity is calculated from the difference between the
total and static pressures in the axial plane of thee instru-

ferehee-betweenthereservoir-pressure-and-thepressure
downstream of the meter after pressure recovery.

(b) The second pressure loss of interest is that which
is generated solely by use of an optional FOD screen
(foreign object debris).

pressure differential: pressure differential between the
total or stagnated pressure and the static pressure.

probe recovery error: correction for total pressure or total
temperature probe errors as a function of Mach number
resulting from probe design.

mentation located in the throat of the meter. This velocity
is then multiplied by the cross-sectional area of the bell-
mouth throat in the same plane to produce the volumetric
flow rate. Line pressure and temperature are also meas-
ured, which provide density. Mass flow rate can then be
determined from density and volumetric flow rate.

4.1 General Description

Figures 4.1-1 and 4.1-2 show a side view and front view
respectively, to introduce the fundamental description.
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Table 3.3-1 Symbols
“Flow” “Aero” A . Dimensions . .
[Note (1)]  [Note ()] Description (First Use) [Note (3)] Sl Units U.S. Customary Units
A A Area of the bellmouth determined at L2 m? in.2
constant throat diameter and axial plane of
measurement [eq. (C-1)]
C Cy Discharge coefficient, defined as the ratio Dimensionless
between the theoretical mass flow rate of
the bellmouth with respect to the actual
mass flow rate as determined from a recog-
nized standard [eq. (4.2-1)]
d d, Diameter of constant area “throat” section L m in.
of the bellmouth device, under operating
conditions [eq. (4.2-1)]
g, g, Conversion constant [eq. (4.2-1)] LMO~2(LIM10?) m-kg/(s2-N) ft-lbm/(s2-1bf)
i MW, Molecular weight of air, adjusted for relative M kg/kg-mol lbm/lb-mol
humidity [eq. (4.2-1)]
Ma m, Mach number (para. 4.4) Dimensionless
P P Pressure (section 4) MLT?2 Pa psi
P, P, Pressure, static [eq. (4.2-1)] MLAT2 Pa psi
P, P, Pressure, total [eq. (4.2-1)] MLAT2 Pa psi
AP DP Pressure, differential [eq. (4.2-1)] MISAT2 Pa, bar psi
a, w, Mass flow rate [eq. (4.2-1)] MT1 kg/s lbm/sec, lbm/min
GmsL W, 5 Mass flow rate, boundary layer (para. 7.3) MT? kg/s lbm/sec, lbm/min
Ay w,, Mass flow rate, free-stream (para. 7.3) MT1 kg/s lbm/sec, lbm/min
Amact W, acr Mass flow rate, actual (para. 7.3) MT? kg/s lbm/sec, lbm/min
/- W, 1 Mass flow rate, theoretical (para,7.3) MT1 kg/s lbm/sec, lbm/min
R RU Universal gas constant [eq. (472-1)] 12T —20 — 1 J/ (kg-mol-K) |bf-ft/(Ib-mol-°R)
R, e Surface roughness,of the bellmouth internal L m in.
finish (para. 6.2,2)
Re, Re, Reynolds nytber (para. 4.3) Dimensionless
T T Temperature [eq. (4.2-1)] K, °R °C °F
u(g,,) uw,) Urfeettainty in mass flow rate (section 8) MT kg/s, kg/min lbm/sec, lbm/min
u(x) u(x) Uhcertainty in x; (section 8) Same as x; Same as x; Same as x;
u(y) u@@) Uncertainty in y (section 8) Same as y Same as y Same asy
U U Expanded total uncertainty Same as x, y; Same as x;, y; Same as x;, y;
% % Velocity of flow (Nonmandatory Appendix C) LT m/s ft/sec
v, V, Sonic velocity (Nonmandatory Appendix C) LT m/s ft/sec
z z Compressibility Dimensionless
%RH %RH Percent.relatlve humidity (Nonmandatory
Appendix A)
e . . Partial derivative  Partial derivative . . .
oyl aylin, Sensitivity of y as a function of input, x;, of y with respect  of y with respect Partial derivative of y with

(Nonmandatory Appendix B)

to x;

to x;

respect to X;
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Table 3.3-1 Symbols (Cont'd)

“Flow” “Aero”

Dimensions

[Note (1)]  [Note ()] Description (First Use) [Note (3)] Sl Units U.S. Customary Units
Ax; Ax; Change in x; Function of x, Function of x; Function of x;
Ay Ay Changeiny Function of y Function of y Function of y
. . . Change in y with Changeiny . .
Ay/Ax, Ay/Ax, Ratlo of the change‘m y as a function of an respect to change with respect to Change in yW|t|j respect
introduced change in x; . W . to change in x;
sl )(I L :\ngn Iial )(l
B 5 Boundary layer thickness (Fig. 5.2-1) L m in.
« Specific heats ratio, isentropic exponent Dimensionless
I [eq. (4.2-1)]
T T Universal constant [eq. (4.2-1)] Dimensionless
p p Density mL3 kg/m3 lbm/ft3
n m Dynamic viscosity of the fluid mMLAT? Pass lbm/in.-sdc
NOTES:

(1) Flow” indicates symbols used by the flow measurement community.

(2) TAero” indicates symbols used by the aerospace community.
(3) pimensions: M = mass, L = length, T = time, ® = temperature

The]throat section is usually connected directly or with a
piping section to the process system.

(@ “Flow” indicates direction and is shown in the
sidd view of Fig. 4.1-1, axially from left to right.

() Orientation is defined by “axial” (side view)
radial” and “circumferential” (both in front view))

(@ The “inlet screen” is optional and is eften used
to prevent foreign object destruction (FOD)\té a down-
strepm test article. This device is also reférred to as a
“FQD screen” or “debris guard.”

(d) The “flared inlet” provides theflow conditioning
of the air and can be of a variety-of shapes; discussed
further in para. 5.3.

(@ The “throat” is the axial portion of the bellmouth
of cpnstant diameter (afea).” The object is to have paral-
lel Iines of flow direction.

(f] The “measurement plane” is the axial plane used
for p variety of.instrumentation techniques; discussed
further in patar4.3.

“

4.2| Computation

parameter units should be thoroughly understpod and
itfeluded when generating calculation routihes and
reporting data.

Mass flow rate is calculated from

(77 2) (ZKgCMair J[ AP](K] [ APJ(K]
g, =C|=d* P || === l1—-—| |[1-|1—-F—
4 TR(x —1) B R

Theprir 1L1P}c of thisethodof meastrenentisbased
on pressure and temperature at the throat of the bell-
mouth. Computation is achieved with any algebraic
variation of eq. (4.2-1) or eq. (4.2-2). The total pressure
and static pressure in the measurement plane can be
measured directly or inferred by a variety of instrumen-
tation techniques.

Users of this Standard are cautioned to become
familiar with units of all input and resultant calcu-
lated parameters. The desired units systems, meas-
ured parameter units, constants” units, and calculated

(4.2-1)
where

C = discharge coefficient, calibration cogfficients
(dimensionless)

d = diameter of the throat (constant arealsection)
of the bellmouth, in.

8. = gravitational constant, ft-lbm/ Ibf-sed?

M,,, = molecular weight of dry air corrected|for rela-
tive humidity, Ibm/lbmol

P, = total absolute pressure in the axial plane of
measurement, 1bf/in.2

I/Im — IIIdSS ﬁUW Idic Uf dil, FUIIl/IbcL

R = universal gas constant, Ibf-ft/Ib-mol-°R

T = total absolute temperature in the axial plane
of measurement, °R

AP = differential pressure between representative

absolute total and static pressures in the axial
plane of measurement, Ibf/in.?
K = specific heats ratio (dimensionless)
This Standard also presents equations in a format
that is independent of units” systems. U.S. Customary
units are presented for illustration only. Equation (4.2-2)
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Fig. 4.1-1 Bellmouth Inlet Flow Nozzle — General Description (Side View)

Flared inlet Throat

Y
Y
Y

Inlet screen 1

(optional) \

Flow

Y

Measurement plane

Axial

Y

Fig. 4.1-2 Bellmouth Inlet Flow<Nozzle — General Description (Front View)

Radial
Flared inlet

Circumferential
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presents use of aerospace nomenclature using the sym-
bols prevalent in the aerospace industry. Mass flow
(aerospace industry symbols) rate is calculated from

2
2yg MW, 1_DP [5)
T.RU(y—1 J( ?j

be designed with minimum flow disturbance, which
achieves the necessary structural requirements (i.e.,
length for probe depth and ability to withstand flow
forces at maximum Mach number).

(2) The quantity of probes will impact the posi-
tioning. For large diameter bellmouths, more probes are
desired. Typically, four probes is an adequate number,
equally circumferentially spaced. Two probes may be
adequate for smaller bellmouths. Larger bellmouths

W, = 2 B (v;l] (4.2-2)
Y
uf-oef
|L - ]
whdre

q = discharge coefficient, calibration coefficients
(dimensionless)

d = diameter of the throat (constant area sec-
tion) of the bellmouth, in.

DP = pressure differential between absolute total
and static pressures in the axial plane of
measurement, 1bf/in.2

g = gravitational constant, ft-lbm/lbf-sec?

MW._,. = molecular weight of dry air corrected for
relative humidity, Ibm/Ib-mol

p = total absolute pressure in the axial plane of
measurement (Ibf/in.?)

R = universal gas constant, Ibf-ft/Ib-mol-°R

Tl, = total absolute temperature in the axial plane
of measurement, (°R)

W, = mass flow rate of air, Ibm/sec

y = specific heats ratio (dimensionless)

4.3| Instrumentation Techniques

There are a variety of instrumentation teehniques
avaflable. These include combining pressures: static,
total, and/ or differential, with temperature;all assumed,
dir%tly measured, inferred, or corfected to represent
fluigl conditions at the bellmouth threat.
The throat free-stream conditions are directly meas-
ured axially at the throat, and radially such that sensing
poinpts are not in the boundary layer. Alternatively, static
pregsure can be measufed perpendicular to the flow via
wall static taps. TheSsensing points of inserted probes
usedl with wall static pressures should be such that
(@) all sensing-points are located in the same axial
plane that défines the instrumentation plane. The instru-
merjtatiofplane shall be located at a distance greater
than 0.5@’downstream of where the flared inlet ends
(i-e. i
or greater is recommended

(b) insertion probes, if used, are circumferentially
positioned such that there is no interference or distur-
bance to wall static taps. There are several considera-
tions that influence relative circumferential positioning
of insertion probes and wall static taps to minimize dis-
turbance on the wall static taps:

(1) The size and shape of the insertion probes

will impact the potential for disturbance. Probes should

Tay Lequiie up 1O eight TITSeTtioT plubeb (S€C para. 5.3
for discussion on relative diameter sizes of bellinouths).
Where possible, the wall static taps should be cifcumfer-
entially spaced equally between the insettion ptobes.

A general rule is that any insertiofijprobes shquld be a
minimum of +10 deg rotated from/any wall stafic tap.

Larger diameter bellmouth$.are less likely t¢ experi-
ence disturbance from relative ‘circumferential position-
ing of insertion probes afid wall static taps.

NOTE: Similar caution irtpoesitioning temporarily installpd bound-
ary layer probes duringii¥'situ calibration is required.

The following-are three popular instrumentatjon tech-
niques in industry, provided for demonstratior]. Within
each of thesg, further options are provided by fifferen-
tial or absolute measurements of the various pressure
sensihg locations.

Figures 4.3-1, 4.3-2, and 4.3-3 provide exanjples for
three sample instrumentation techniques denfonstrat-
ing circumferential positioning of various reasure-
ments. Further suboptions are available in fhat any
combination of two out of three of the followfing rep-
resentative measurements, P, P, and AP, may|be used
with simple algebra. This is true for all three instrumen-
tation technique examples presented below. Bpundary
layer probes are typically installed during in §itu cali-
bration only.

The assumption that the circumferential and radial
profile of static pressure is constant must be dssessed.
This assumes the bellmouth flowmeter is pdsitioned
symmetrically horizontally and vertically in tle “inlet
room.” In addition, the bypass ratio of air flow {entrain-
ment-to-core flow ratio) must be low. If the bellmouth is
located in an outside application, crosswind effects must
be accounted for or minimized if low flow unceftainty is
desired. It is imperative that the static pressurp profile
at the measurement plane be evaluated. If the profile is
assumed to be constant in the functions of mpss flow

ing ratlonahzatlon must be presented otherw1se, com-
putational fluid dynamics (CFD) or instrumentation for
direct measurement is required.

Caution must also be used specifically when using
the technique described in para. 4.3.1, shown in Fig.
4.3-1, assuming the pseudostatic pressure in the “inlet
room” for total pressure in the measurement plane. The
use of an optional inlet screen (i.e., FOD screen or debris
guard) will create a small unrecoverable total pressure
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Fig. 4.3-1 Clean Inlet Method

Room Room

pressure temperature

~ ~ P_- Wall static

I“S- Vvall statiC

[Note (1)]

Boundary layer
(between wall and dashed line)

BL probe [Note

P - Wall static

NOTE:
(1) Boundary Layer (BL) probe is monitored only during calibration.

(1]
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Fig. 4.3-2 Combo Probe: P,and P_ Method

BL p|

Room
temperature
Insertion - T
probe —~ ~ Insertion
robe
e PP
tr's

Boundary layer
(between wall and dashed line)

Fobe [Note (1)] BL probe [

Insertion Insertion
probe probe
Pt' Ps Pt' Ps

NOTE:
(1) Boundary Layer (BL) probe is monitored only during calibration.

Note (1)]
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Fig. 4.3-3 Combo Probe: P,and T, Method

P - Wall static

Insertion
probe Insertion
P, T, probe
P, Ty

Pg - Wall static
Boundary laver

(between wall and dashed line)

B

~

probe [Note (1)] BL probe [Note (1)]

Pg - Wall stgtic

| . Insertion
nsertion b
probe probe
P, T, P, Ty
ot P - Wall gtatic
NOTE:

(1\Boundary Layer (BL) probe is monitored only during calibration.
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loss that must be accounted for by engineering judg-
ment or by in situ calibration. The generic C; equa-
tion presented in para. 7.1 must be modified if the FOD
screen is installed.

4.3.1 CleanInlet Method. Inthecasewherea “clean
inlet” is desired for reduction of FOD risk, a pseudo-
static pressure may be measured in the “inlet room”

(reservoir or ambient surroundings) to infer total pres-
L alog 1 £ Tlac o 3

requirement for maximum mass flow rate occurs just
below the full range of a commercially available differ-
ential pressure transducer.

The size and shape of the flow conditioning flare is
discussed in section 5.
4.5 Fluid Properties That Affect the Flow Rate
Measurement

For most applications, the fluid properties of the inlet

surg-at-the-threat—hisis-done-assuming—the-air-vreloe
ity is very low, such that the pseudostatic pressure very
neafly equals total pressure, P, in the “inlet room,” and
very nearly equal to the total pressure in the instru-
menptation plane in the throat of the bellmouth. This
is used in combination with wall static tap pressure,
P_. Total temperature, T, is also measured in the inlet
room Or reservoir.

Flgure 4.3-1 shows the instrumentation technique of
usirlg a room pressure and throat wall static pressures.
Tenfperature is measured in the inlet reservoir (room,
plenjum, etc.).

4{3.2 Combo Probe: P,and P_Method. Combination
insqrtion probes may be used that consist of free-
strepm total pressure and free-stream static pressure.
Tenfperature can be measured at the bellmouth inlet via
attafhment to optional inlet screen, fixed position in the
“inlpt room” (ambient surroundings), or other repre-
senfative, consistent location.

Figure 4.3-2 shows the instrumentation techniqué.gf
usirlg an insertion combination probe consisting of free-
strepim total and static pressures.

4{3.3 Combo Probe: P,and T, Method. ~Eeombination
insqrtion probes may be used that consist-ef free-stream
tota] pressure, P, and free-stream total temperature, T,.
Thig is used in combination with @all static taps, P..
Fgure 4.3-3 shows the instrimentation technique of
usirfg an insertion combo pr¢be consisting of free-stream
total pressure and total tetnperature.

4.4 Method of Sizing (Mach Number, Reynolds
Number, Etc;)

Frequently; the size of the constant area throat section
is dictated bysthe geometry definition of the application.
Howevet, in some cases it is desired to achieve higher
Magh\priimbers at the throat instrumentation plane to

room, plenum, or outside reservoir provide jambient
conditions. However, in some testing applicatiohs, a ple-
num or room with conditioned inlet is desired| Careful
consideration must be given to propé€i-determination of
fluid properties.

4.5.1 Density. Often maS$s‘flow rate is the| desired
result. These applications require the deterrhination
of density. The total_pressure measurement |used in
the calculation as representative of the instrjimenta-
tion plane is to beised. Total system uncertginty for
mass flow rateqas a function of density has re¢latively
low sensitivity to temperature as measured in|degrees
Fahrenheit Or centigrade; therefore, the variouf instru-
mentation techniques of para. 4.3 for temperdture are
equally adequate.

4.5.2 Viscosity. Reynolds number is used in the cal-
culation and is a function of absolute viscosity. Ajuditable
traceability is complemented by using a redognized
standard for reporting the data for this fluid property.
A curve fit of data for typical applications has negligible
impact on the uncertainty of calculated result.

4.5.3 Isentropic Exponent.
applies for specific heats ratio.

Paragraph 4.5.2] equally

4.5.4 Thermal Expansion. The thermal ejpansion
of the bellmouth material as a function of temperature
will have an impact on the flow rate. This slould be
accounted for, and the value of the thermal ejpansion
should be obtained from a reliable source. Thiat value
and its source should be documented.

NOTE: Determination of an expansibility factor, often fised with
other differential producing flow measurement devicps, is not

required for the bellmouth inlet flowmeter.

improve pressure and temperature measurements. In
this latter case, a throat diameter less than the applica-
tion geometric diameter may require a divergent section
downstream of the instrumentation plane.

Direct measurement of the bellmouth-generated pres-
sure differential typically results in lower total system
uncertainty than calculating a differential between two
absolute measurements. Where possible the bellmouth
diameter should be sized such that the application

11

5 FLOW CONDITIONING
5.1

The reservoir can be outside ambient, room, or ple-
num conditions depending on the application. The bell-
mouth differs from other differential producing devices
in that the flow conditioning is close-coupled to the pri-
mary device. The calibration of the device is significantly
impacted as a function of installation effects.

Installation Effects (the Inlet Room, Reservoir)
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Fig. 5.2-1 Typical Boundary Layer Growth, Flat Plate Model

Laminar boundary layer

Transition region

Turbulent boundary layer

5.2

The irffluence of viscosity at high Reynolds numbers is
confined to a very thin layer in the immediate neighbor-
hood of [the solid wall. In that thin layer the velocity of
the fluidincreases from zero at the wall (no slip) to its'ftll
value, which corresponds to external frictionless\flow.
This laygr is called the boundary layer. The axial.devel-
opment [of the boundary layer is a significant-contribu-
tor to the deviation from theoretical flow tate as defined
(corrected to actual) by the discharge coefficient.

Flat plate models, illustrated in(Fig: 5.2-1, are often
used fogx the determination of Woundary layer growth
as an aqceptable method for design of boundary layer
probes. |The throat boundaty layer is the primary influ-
encing factor on the discharge coefficient.

Bpundary Layer

5.3 r|let Profiles

The design, of\the inlet flare for flow conditioning is
frequenily treated as proprietary. However, general
guidelines\can be presented. Considerations for the
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flare.“dn general, smaller diameter applications require
more flow conditioning and can tolerate the weight of
larger flares.
In all applications, flow conditioning requiremgents
can be mitigated by two factors.
(a) sufficiently large facility when compared to engine
diameter
(b) vertical and horizontal axisymmetric positioning
(1) For bellmouth throat diameters less than 2P in.
(d <20in.), more flow conditioning is needed. Examjples
of appropriate flares for smaller applications includg the
long radius or ISA 1932 nozzle (see MFC-3M).
(2) Next, medium sized bellmouth throat djam-
eters (20 < d < 50 in.) that require considerable support
to handle the weight of the larger bell often require use
of a shorter flare.
(3) Forvery large diameter applications (4 > 5(in.)
an even shorter flare may be required. Additional stabil-
ity of the boundary layer can be achieved by installing
boundary layer “trips” in the flare. This practice is dften
treated as proprietary.

design include the flow conditioning, weight, and cost.
Desired flow velocities for optimum instrumentation
may also impact design.

The following guidelines are recommendations based
on various experience in aerospace applications. The
tradeoff is between flow conditioning required and
the weight of the device. A larger or longer flare inlet
will provide better flow conditioning than a smaller or
shorter flare inlet. Yet the larger flare will present greater
weight that must be supported compared to a shorter

12

6
6.1

Bellmouth-inlet flow measuring devices should be made
of corrosion-resistant material. For high-temperature serv-
ice and many other services, stainless steel should be used.
Aluminum and composite materials, such as fiberglass,
are also recommended where operating temperatures and
pressures do not exceed material limits.

GENERAL REQUIREMENTS

Manufacturing Materials
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6.2 Weight, Envelope, and Other Physical
Constraints

The primary device is often hung from the front of a
test article such as a gas turbine engine. Considerations
of weight and subsequently size, shape, and material
are frequently driven by the need to minimize moment
forces on the test article.

Bellmouth flowmeters are somewhat similar to a pipe
and orifice plate system, both of which are differential

6.2.1 Cylindrical Throat Specifications. The follow-
ing requirements for the bellmouth throat are in accord-
ance with ASME Fluid Meters:

(a) The throat of a flow nozzle (bellmouth) should be
asnearly cylindrical as possible. Any taper should
not exceed the following negative amounts:

(1) —0.0010 in. for d (in.) = 3.00
(2) —0.0015 in. for 3.01 = d (in.) = 6.00
(3) —0.0020 in. for d (in.) = 6.01

devlces. It is desired that the measurement be taken at a
poift where the flow is swirl-free and fully developed.
As dtated above, the shape and size are often dictated by
the moment forces caused by the bellmouth flowmeter;
therefore, bellmouth flowmeters feature a straight sec-
tion/behind a curved leading section that conditions the
flow. This curved section allows for a shorter upstream
sectjon and no need for a long pipe as in the traditional
pip¢ and orifice plate setup. This design decreases
weight while still achieving the desired flow measure-
merjt. A straight section is defined as not deviating more
thanp 0.4% from a straight line over a pipe’s length (see
ASNIE MFC-3M). Flanges are commonly used to connect
the ptraight sections and curved flow conditioning por-
tion] Once again, the ISO Standard requires the flanges
to be aligned so that it does not exceed 0.4% deviation
from a straight line.

When constructing a bellmouth flowmeter, a seam may
be ysed; however, the internal weld or connection must
be parallel to the axis of the bellmouth along its entire
length. The ISO dictates that the weld or connection
canfot exceed the allowed step in diameter and.notes
thatla weld or connection may not be placed \within 30
deg|of any pressure tap (see ASME MFC-3M). Annular
slotg (also used to secure instrumentation).do not require
the weld to be placed in any specifig location. Spirally
wound pipe is permitted, but musthe machined smooth
alor)g its internal surface.

The throat roughness of(a,bellmouth flowmeter is
megsured in terms of R { arithmetical mean deviation
of the roughness profile.) Again, ISO dictates that the
surface roughness shiould be measured at the same loca-
tion| as the internal pipe diameter was measured (see

face roughness and thus measured Values Bellmouths
and instrumentation should be cleaned, and new sur-
face roughness measurements should be taken and doc-
umented after cleaning.

ISO 5167 and ASME MFC-3M state acceptable con-
struction and design are achieved when flow across a
bellmouth is capable of swirl-free, fully developed flow
over all Reynolds numbers desired for an individual
test. Swirl-free is defined as a swirl angle at all points
within the primary unit of less than 2 deg.

eter decreases toward the outlet end.
(b) Any out-of-roundness of the nozzl¢ thro
not exceed the following:
(1) £0.002 in. for d (in.) =< 3.00
(2) =0.003 in. for 3.01 = dc(ix’.) = 6.00
(3) *=0.004 in. for d (in.)= 6.01
The actual diameter of th&bellmouth throat should be
determined by careful méasurements after all fmachin-
ing and finishing hasibeen completed. Measyrements
should be made on.fotur or more diameters anfl at two
or more axial planes. Care must be taken not t¢ scratch
the surface while'making these measurements.

o . 1 133 1l 1 1 .
LIdU IS5, dITy lapel SsIould DE SUCIl tidt e UlI]dt dlam'

t should

6.2.2<Surface Roughness Requirements. T¢ ensure
fully Mdeveloped flow with low fluid wall| friction
throughout the bellmouth flowmeter, the followfing wall
surface finish, R , requirement should be follow¢d for all
new designs:

R,=1075xd

6.3 Pressure Taps and Instrumentation

Industry practice reveals a variety of instrumentation
techniques. The flow rate through the bellmoyth flow-
meter is determined by the pressure differentigl devel-
oped by increasing flow velocity into the throgat of the
bellmouth. Total and static pressure measurenjents are
required along with the inlet temperature.

One common instrumentation technique uses feservoir
pressure as the total pressure. Depending on the appli-
cation, the reservoir conditions can be consider¢d as the
outside ambient, room, or plenum conditions. In this tech-
nique, total pressure loss must be accounted fof during
calibration. A major factor in the total pressure lpss of an
engine test setup is an optional FOD screen (foreign object
debris, also called a debris guard) It is used tol prevent
ib used in
many test situations. One d1sadvantage is its contr1but1on
to total permanent pressure loss. Another factor to con-
sider in a test setup is the velocity within the reservoir. If a
debris guard is not used and the velocity or Mach number
is low (M, < 0.1), the flow conditioning of the bellmouth
typically renders the total pressure loss negligible. Another
commonly used instrumentation technique directly meas-
ures the total pressure at the axial plane where instru-
mentation is located within the throat of the bellmouth.
In this approach it is critical to position instrumentation
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rakes such that required static pressure measurements in
the same plane are unaffected. It is important to note that
these techniques do not interfere with the flow within the
bellmouth and are therefore valid.

Static pressure must be measured in the axial plane
of instrumentation in the throat of the bellmouth. A
primary consideration when locating the axial plane of
static pressure instrumentation is to ensure static pres-
sure measurement with no total pressure component or

(a) For Re; <106,

C = 0.99822 — 6.59298 X Re, 03 (7.1-1)
(b) For Re; > 10°,
C =0.99822 — 0.10449 X R€d70‘2 (7.1-2)

NOTE: The current industry practice is to use eqs. (7.1-1) and
(7.1-2). These equations are cited as one set among many available
as approximating ASME flow nozzle data.! There is a modified

. paxs 1 1 . el - later version-of-the-same-eguationthat-mav-alse-be-used-by the
Veloc1ty. SIZET, SITAPT, dITd IITIEZTITY OT T STAtIT PIESSUIT T
taps are|critical. Notes on the general condition of wall industry.?
static taps (e.g., burrs and shapes), and the impact on
uncertainty can be found in the literature referenced in 7.2 Third-Party Lab Calibration
Nonmandatory Appendix D. .. . Q)
Y APP The device is flow calibrated at a facility traceable to
A tenjperature measurement must be made to cal- . . . .
national or international standards\(€.g., NIST in| the

culate density when mass flow rate is the desired
result apd for any thermal expansion considerations.
Temperature may be measured at the throat or in the
reservoifr, but careful consideration must be given to
account| for Mach number and probe recovery error.
See also|para. 4.3.

SCHARGE COEFFICIENT DEVELOPMENT

7 D

Like all other differential pressure devices, for best
measurgment practice, a traceable calibration is required
for the girbell. The discharge coefficient, C, given in the
functionf of Reynolds number, Re,, is the typical result of
such a cglibration effort. The discharge coefficient by def-
inition i the ratio of actual flow rate to ideal or theoretical
flow rat¢, where the actual flow rate includes the effects
of nonidal velocity profiles (e.g., boundary layer growith,
etc.), surfface finish of the device, viscous drag, etc,

The fqllowing are three options for obtaining the C vs.
Re, relationship for differential pressure, AR, devices.

7.1 Gpneric or Standardized From Database

Natiopally or internationally,recognized standards
organizdtions [e.g., The Amerieah-Society of Mechanical
Engineefs (ASME), British Standard (BS), International
Organizption for Standardization (ISO), etc.] may publish
an empifical relationship-from results of extensive labo-
ratory tgsting. At the fime of developing this Standard
there ard no nationally or internationally published tables
characterizing_the’bellmouth, airbells, or “nozzle with
zero beta ratioyd/D).” Some industry users have utilized
standards for nozzles, although these C vs. Re, relation-

U.S.) or state-recognized standards: (state organizaftion
for weights and measures) to develop the dischprge
coefficient values as a function/of the Reynolds nunpber
for the device. This method of developing the discharge
coefficient value for the’device is often used by inglus-
try, but with limitedrsiiccess. There are few facilities|that
have the capability to calibrate all sizes of the aifbell
meter, the calibration costs are often prohibitive, fand
there are still‘concerns regarding the effect of the inptal-
lation speécifics (i.e., the inlet size and relative position
of theswalls, space and available volume of the rqom,
crosswinds) on the C vs. Re; relationship.

7.3 In Situ Calibration

The preferred industry practice is to heavily instrument
the bellmouth flowmeter and calibrate the device in pitu,
developing the discharge coefficient curve for the device
as a function of Reynolds number. Boundary layer prbes
in the same axial plane as the “production” or “nortal”
instrumentation suite is a preferred method. This method
used alone requires careful consideration of the sfatic
pressure profile. Additional measurements can be njade
to ensure thorough flow profile determination, inclugling
multiple total and static pressures in the free-stream.

The following summarizes key steps involved in
activity:

(a) Boundary layer (BL) predictions are conducted.

(b) Boundary layer rake(s) are selected or desighed,
etc. (See ASME PTC 19.5, section 9 for additipnal
information on ASME-approved pressure probes [and
recommended traverse installations.)

this

ships are for nozzles in closed conduit. Although there is
no standard table or equation for this device, users may
use relationships presented herein with caution. The set
of equations below is presented as having reported suc-
cess, which also maintains representative fundamental
relationships of laminar and turbulent boundary layer
conditions. Associated uncertainties with cautionary
note for use of this equation set are presented in para. 8.3.
The discharge coefficient values (with aerospace indus-
try symbols) defined are as follows:

14

I Robert P. Benedict, Fundamentals of Temperature, Pressure, and
Flow. Third edition. New York: Wiley & Sons, 1984, pp. 440441,
equations 22.21 and 22.22.

2 J. W. Murdock and D. Keyser. Apr. 1991. "Theoretical Basis for
Extrapolation of Calibration Data of PTC 6 Throat Tap Nozzles,"
ASME ]. Eng. Gas Turbines and Power 113:228-232; ]. W. Murdock
and D. Keyser. Apr. 1991. "A Method for the Extrapolation of
Calibration Data of PTC 6 Throat Tap Nozzles," ASME J. Eng. Gas
Turbines and Power 113: 233-241.
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Fig. 7.3-1

~

Inlet Instrumentation (Technique From Para. 4.3.1)

Ps

L rake

Bell

Flow

-

(@ Bellmouth flowmeter is designed for appropriate
motnting of all rakes.
(d) Calibration plan is devised to coordinate other
initial test configuration checkouts.
(@ Collection of data and
conflucted.
Process fits are generated for the boundary layer
datq and total pressure as a function of radial distance
from bellmouth wall.
) Actual airflow in the boundary layer, q, 5, is
found using Pitot-static calculation.
H) Actual airflow in the free-stream, Dot is found
by getting C = 1, resizing diameter to the free-stream
boupdary value (imaginary effective area).
(i) Theoretical airflow, Do, THY is found using C) =1
with “production” instrumentation.
(j) Actual airflow, q,, ,-r, equals g, 5 )
K C= Tm,AcT / D, TH
The “production” or “normal” configuration for
megsuring airflow includes the pressure differential,
AP,|between static and total pressure for calculating
velqcity, and the total pressure, P, and total tempera-
turd, T, for calculating density, thus facilitating mass
flow rate determinatiqn. By calibrating in situ, not only
are the installation anid\boundary condition effects being
accqunted for, the “fiormal” configuration instrumenta-
tion[technique can-also be simplified. The parameters, P,
and| T}, can be obtained from inlet room pressures and
temperatures instead of having rakes in the bellmouth
at all titnes (see para. 4.3.1).

The\"calibration” configuration can often consist of

initial review are

<[

= £ ¢

GENERAL NOTE: This figure is shown without separate, larger free-stream rakes.

Another in situ method is-t0 use a transfer gtandard
(either heavily instrumentéd or carefully controfled, i.e.,
length, calibration duét)ih line with the bellmofith.

A practical approach used to develop the { vs. Re,
relationship is based on defining an imaginary “effec-
tive area” that‘allows maximum use of the bpundary
layer rake/information.

In deSigning the boundary layer rake, it i recom-
mended that at least two elements always residle in the
freesstream throughout the flow range of interegt. These
eléments can be used to assess the P, measurgment of
the “normal” instrumentation. A significant nymber of
elements of total pressure in the boundary layef should
be used. A minimum of four elements are recommended
to achieve reasonable representation. More is b¢tter, but
since typically a low order rational polynomipl curve
fit of this data typically will be used to calcylate the
mass flow rate in the boundary layer by means of area
averaging, large numbers of elements are generally
unnecessary.

For g, 5; determination, a curve fit (process fit)fis devel-
oped for the boundary layer (BL) rake total pressjures and
used with the “normal” configuration instrumentation,
P, and T,. For mass flow rate in the free-stream determi-
nation, ¢, ., a Pitot-static calculation using the “normal”
configuration instrumentation is used for airfloy inside
the free-stream. The actual flow rate, q, ,.p, i} simply
the sum of g, 5, and g, ;. This represents the cafibration
standard. The theoretical flow rate, 7 uSes the “nor-
mal” configuration instrumentation and a standlard dif-
ferential producer calculation routine with C =

simply adding boundary layer rakes. A boundary layer
rake consists of multiple total pressure sensing elements
of significant quantity to properly map the total pres-
sure profile radially from the wall to the free-stream (Fig.
7.3-1). If a review of the installation implies low distor-
tion to the flow profile, a reduced number of boundary
layer rakes, designed with a limited number of elements
always in the free-stream, may suffice. If any suspicion
exists regarding the inlet flow profile, additional rakes
for P, P, (free-stream), and T, must be added.
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If all secondary measurements are part of an estab-
lished metrology quality system that is traceable to
national standards and with known uncertainties, the in
situ calibration results are traceable to national stand-
ards and allow uncertainty analysis of the test data and
performance of the device.

CAUTION: It is imperative that the static pressure profile at the
measurement plane be evaluated. If the profile is assumed to be
constant, in the functions of mass flow, velocity, and/or Reynolds
number, the engineering rationalization must be presented;
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otherwise suitable modeling, such as computational fluid dynam-
ics (CFD) modeling, or instrumentation for direct measurement is
required (para. 4.3).

8 UNCERTAINTIES IN THE MEASUREMENT OF

FLOW RATE

General guidelines and discussions are presented
herein for determining the uncertainty of calculated

u,) =

)x (u(%RH))}
(8.1-1)

I
9%RH

airﬂow vi'Lh 1\1 TOWIT TITCeT tatrTties uf ar lLiﬂcu_y TIcasure-
ments. Users are directed to references for additional
reading [listed in Nonmandatory Appendix D for more
detailed|treatment.

8.1

The expanded total uncertainty of a measurement
is usually composed of numerous components, or
elementpl sources, of uncertainty. For consistency, all
uncertainties, both total and elemental, shall be stated
presuming 95% confidence intervals. The calculation
of mass| flow rate comes from para. 4.2. The uncer-
tainty of the calculated parameter must be determined
from th¢ uncertainties of the “raw” or direct measured
paramefers.

The dfrect measurements on the right side of eq. (4.2-1)
are not all independent. However, for practical applica-
tion, asspming independence as a first order approxima-
tion proyes reasonable. This is due to the fact that the only
correlatdd terms that may present themselves among the
asured parameters are associated with calibra-
e pressure measurements. These are typically
tributors to each parameter’s total uncertainty
and will|be treated as negligible here.

Sensitjivities can be determined analytically’via par-
tial deriyatives, but are often found empirically by per-
turbatiop of the complete equation se¢t (Nonmandatory
Appendjix B). Empirical determination proves practical
in the cgse of mass airflow since the desired flow rate
result is| found by simultanequs and iterative solution
of q,, Cland Re,, making analytical derivation of partial
derivatiyes difficult.

The direct measureds parameters’ uncertainties are
propagated into thecalculation by way of Taylor series
expansi¢n, ignetifig second order (and higher) covari-
ant ternfs basedion the assumption of independence as
mentioned.above. The direct measured parameters are

Definition of Uncertainty

8.2

The following steps are taken to develop uncertairties
of calculated parameters:
(a) Define resultant calculated parameters of intgrest
and all associated intermediate caleulated parametefrs.
(b) Define the instrumentdtion list adequatq to
achieve all desired calculated\parameters.
(c) Define typical valueSifor all calculated paramgters
of interest, associated sintermediate calculated pagam-
eters, and “raw” diréct measurements to be used fof the
analysis (nominal values of interest).

General Steps for Uncertainty Determination

that
will

NOTE: By generatirig'a matrix of “input” or “raw” parameter
fully captures thie operating envelope, full factorial calculatior]
not be necessary.

and

”

(d) Determine sensitivities of all intermediate
end(calculations, at the typical values, such that “rpw
direct-measured parameters’ uncertainties are| all
that are needed to complete the analysis. Sensitivjties
may be obtained via partial derivatives or empiri-
cally derived by perturbation of the equations agdinst
each “raw” direct-measured input parameter. A $im-
plified demonstration is provided in Nonmandafory
Appendix B.

(e) Individual “raw” or direct-measured param-
eters’ uncertainties are reported. A typical uncertafinty
analysis is done using values guaranteed achievpble
for 95% of all reported data for some specified ¢ali-
bration interval. This will often lead to conservdtive
estimates.

(f) Uncertainties and sensitivities are combined] via
Taylor series, in a root-sum-square (RSS) method, which
is statistically aligned with 95% confidence level (hor-
mal or Gaussian distribution coverage).

(¢) Resulting uncertainties are presented both in
engineering units and as percent of the nominal or tfypi-

calvalues of interest

then listedas-C-d R T AR (relative humidity, %RE,
should also be included as it impacts the molecular
weight of air, M_, ).

The end-to-end expanded uncertainties of these direct
measured parameters must be determined. For the dis-
charge coefficient uncertainty, caution must be exercised
as delineated throughout this Standard regarding deter-
mination method and installation effects. The simplified
first-order Taylor series expansion appears as eq. (8.1-1).
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Frequently it is convenient to evaluate each of the
direct-measured parameters at four or five points that
cover the full capability of the device. This then facilitates
curve fitting of uncertainty as a function of each measured
parameter’s engineering values. This approach allows
flexible updates in evaluating the calculated uncertainty
for different operating conditions. The end result can also
be treated in this way with appropriate caution.
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8.3

This paragraph provides discussion regarding the
uncertainty of the discharge coefficient as reported in
para. 7.1, egs. (7.1-1) and (7.1-2).

The uncertainty reported herein is simply derived
from the data scatter of the ASME nozzle data used
to derive the curve fit. As mentioned throughout this
Standard, the bellmouth device is highly susceptible
to installation effects. Caution must be taken to ensure

Uncertainty for Reported “C Equations”

surrounding reservoir, and the bypass ratio of sur-
rounding air velocity. For Re; > 2 X 10%,

u(C) = £0.5% of reading

This set of equations is chosen from the reference in
Nonmandatory Appendix D and is presented as having
reported success. This set is also chosen in that it main-
tains representative fundamental relationships of laminar
and turbulent boundary layer conditions. The variable

thaii‘nstallation effects do not invalidate the use of this
or any other standardized equation for discharge coef-
ficignt. This caution includes, but is not limited to, all
the [items delineated in this Standard regarding lim-
its ¢f use, manufacture specifications of the primary
devjce, symmetrical positioning of the bellmouth in

transition point from laminar to turbulent) bpundary
layer is typically approximated as Re, = 5"X 1p° in the
literature. This equation set better approximateg the ref-
erenced author’s empirical relationship,in the regime of
5 X 10° < Re; < 1 X 10°, using the Re; = 10° transition
approximation.
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NONMANDATORY APPENDIX A
SAMPLE CALCULATION EQUATION SET

s for demonstration purposes. The fluid is air.
Inputs (all units are critical)
(1) System characteristics: d, o,

(2) Known constants: R, M, , m, g,
(3) Measured parameters: P,, T.p, AP, %RH

Calculations
P,=P,-DP (A-1)
T, =T, +459.67 (A-2)
d, = dX[1+ a,X(T.; —529.67)] (A-3)

E: The use of 4 in subsequent equations assumes prerequisite
ction for thermal expansion as described in eq. (A-3).

he following are examples of curve fits for air from
pable data for specific heats ratio and absolute
psity!:

1.3930336 — 6.81374 X 107> X T., — 1.11831 X107 X

T..> +3.16776 X 107" X T.,;° (A-4)
TD 1.5
145.8 1077 (R) As
w= % '0.0056 (A-5)
T:’R
R 1+110.4
1.8

—

INBS Circular 564, Tables of Thermal Properties of Gases.

a) e on-g and Re 1N

(aprxatirilﬂg te applicatin).
q,, = 400 Ibm/sec

C=099

Re,; = 100,000

Three equations iterated,and solved simultar

arameters

eously.

(7, 2kgM,,, _AP (KE) [,
”""_C(4d )P’ [TR(K—l)j[l Pt] ' [l 1

4 >< qﬂl
ed =Eee——
X uXd
For Re, < 10°,
C =0.99822 — 6.59298 X Red—O.S

For Re, > 10°,
C = 0.99822 — 0.10449 x Red_o'z

This published discharge coefficient can be
by the resultant C of an in situ calibration. ]
bration result is typically a curve fit of dischaj
ficient, C, as a function of bellmouth throat R
number, Re,.

This ends the calculation routine.

p ()
J

S

(A-6)

(A7)

(A-8)

(A-9)

eplaced
'he cali-
ge coef-
eynolds
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NONMANDATORY APPENDIX B
EXAMPLE OF EMPIRICALLY DERIVED SENSITIVITY

Sensitivities—for—conductna propacated—uncertaints
(ST g o) 7

X1 — it
i

analyseq for this calculation can be determined empiri-
cally by| perturbating each direct measured parameter

one at

time. It is recommended that small perturba-

tions be Jused, such as 0.1% of the original nominal input

value; t
nuities.
0.001%.
delta of

is practice generally avoids potential disconti-
The following example uses a perturbation of
The sensitivities are then the quotient of the
calculated airflow over the delta of each input

parameter.

Keep

b1l other parameters constant.

Y = result

le =1.001% X X1

Y, = perturbated result

Sensitivity (partial derivative)
aY AY (-Y)

oX1  AX X1, - X1)

B-3)
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