Flow rate measurement in modern ambient air
samplers—how accurate?

Presented by: Mark A. Weitz, P.E. Shaun S. Wulff, Ph.D.
Chinook Enginesring Associate Professor of Statistics
555 Absaraka Universty of Wyoming
Sheridan, Wyoming 82801 USA Laramie, WY 82071 USA
(307) 672-7790 (307) 766-6483
chinook@war mwind.com wulff@uwyo.edu
ABSTRACT

New generation ambient air samplers operate at much lower sampling flow rates than do
their “high volume’ predecessors, namely 16.7 litersminute. When these new air
samplers emerged severd years ago there were limited tools available with which to
asess and cdibrate their operating flow rate. 1n 1996 a flow meter specifically designed
for these new air samplers came available, known as the Streamline™ FHow Trandfer
Standard. With the establishment of a nation wide PM 2.5 sampling network in 1999
which use exclusvely 16.7 liter/minute samplers, Streamlines have come into wide

usage. This paper addresses the “accuracy” of flow measurements produced by
Streamline FTSs, and the subsequent accuracy of the flow rates of air samplers calibrated
with Streamlines.

A gatigicd uncertainty andyss was performed for the Streamline FTS used a a nomina
flow rate of 16.5 literSminute, yieding an uncertainty in its measured flow rate of

+0.67% which corresponds to +0.11 literminute. A subsequent uncertainty analysis was
performed for the flow rate of an ambient air sampler usng a Streamline and atypica

field instruments, yielding an uncertainty of +0.98% (+0.16 liters/minute) at 16.7
litersminute.

I. INTRODUCTION

Sample volumeis an essentid parameter in the determination of ambient air pollutant
concentrations. Most modern air samplers compute total sample volumes by integrating
a continuous volumetric flow rate measurement over the duration of a sample period.
Continuous flow measurements are accomplished with orn+board devices such as mass
flow meters or dry gas meters, accompanied by ambient temperature and pressure
measurements to account for ambient air density. By good scientific practice, and by
U.S. EPA requirements, these flow rate parameters measured and recorded by the air
samplers must be checked periodically againgt independent devices known as “transfer
standards’.

The Streamline Flow Trandfer Standard serves as the flow trandfer standard in many air
monitoring networks which use newer 16.7 litersminute samplers such as PM2.5 Federa
Reference Method manua samplers and TEOMSs™. 1t is the purpose of this paper to
provide air qudity professionas a method to gpproximate the uncertainty in their sampler
flow rate measurements.
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Metrology Concepts

Instruments which are used to cdlibrate other instruments are commonly referred to as
“transfer standards’. Transfer standards are typically compared or “cdibrated’ against
“primary standards’ which are maintained and operated under controlled conditions such
asalaboratory. Itisdesrablefor aprimary standard to be directly comparable or
“traceable’ to recognized “identity standard” which has a known and accepted vaue, and
is consdered the ultimate source for &l descendent measurements.

Inthe U.S,, the Nationd Ingtitute of Standards and Technology (NIST) maintains
recognized identity standards. Transfer standards, cdlibrated againgt primary standards,
cdibrated againg identity standards suggests an hierarchy of measurement traceahility.
Each cdlibration in the hierarchy introduces error. It is thus desirable to minimize the
number of calibration steps between an identity standard and descendent transfer
standards.

Some measurements, such asthe height of aliquid as a pressure measurement are based
on fundamental physica principles, are themsdlves considered “primary” and require no
identity standard. Other measurements, like mass or temperature, depend on an identity
standard with a mutualy accepted value againgt which other masses can be compared.
Still other measurements, like flow rate, are derived from a combination of messurements
and assumptions, and as such have no discrete identity standard.

M easur ement Uncertainty

All measurements have errors. The errors may be positive or negative, of variable
magnitude, and may vary with time. Those which can be observed to vary during atest
are called random errors. Those which remain constant, or apparently constant during a
test are called biases, or systematic errors. Actua errors are rarely known; however
uncertainty intervals can be estimated as upper bounds onthe errors.  The problemisto
construct an uncertainty interval which models these errors®. Often, measuring
insruments are adjusted or cdibrated againgt reference sandards to €liminate systematic
effects. However, the uncertainties associated with these reference standards must dso
be accounted for',

Many methods are employed for addressing measurement uncertainties. It isdesrableto
utilize common, comparable methodologies, and to that end the Internationa
Organization for Standardization (1SO) and the American Nationa Standards Ingtitute
(ANSI) have developed Standards'® for estimating measurement uncertainties, both
generdly and for fluid flow specificdly. However the subject is complex, involving both
engineering and datistics. The 1984 ANSI Standard gtates: “...it must be recognized
that no single method will give arigorous, scientificaly correct answer for dl Stuations.
Further, even for asingle set of data, the task of finding and proving one method to be
correct is almost impossible’®. Quoting further from the 1997 1SO Standard “error isan
ideslized concept and errors can not be known exactly” .



Flow M etrology

In contrast to measurements such as pressure, mass, time, there are no identity standards
for flow rate - no "golden liter per minute' againg which to compare dl flow meters.

How rateisa"derived" standard, based on a combination of mass, temperature, pressure,
time and/or dimensond measurements, dong with empirica knowledge of fluid
properties™®. A flow rate “primary standard” is an apparatus which indudes a fluid
mover, fluid reservoir, leak-free conduits for directing flow, a flow measurement dement
and accompanying instrumentation for determining fluid properties (e.g. pressure,
temperature, viscosty, etc.). Each component of the apparatus, the operator, assumptions
about the physicad components and fluid properties, and the calculations which produce
final cdibration relationships contribute uncertainties in aflow rate primary sandard
apparatus, and to its descendent transfer standards.

Streamline FTSs are calibrated againgt a primary standard gpparatus which employs
critic flow venturis (CFVs) asthe flow rate dement. CFV's, dso known as*sonic
nozzles are used by Chinook Engineering because they provide very stable flow
conditions, have no moving parts, and are well characterized and recognized as accurate
flow metersfor air®®. Chinook’s CFV-based cdibration apparatus is described below,
and depicted in Figure 2.

This paper employs a combination of Standard methodol ogies to estimate the uncertainty
associated with the cdlibration of Streamlines and their gpplication on ambient air
samplers. This paper is not intended to be an exhaudtive treatise on flow metrology, it
does not attempt to trace every measurement component to its ultimate NIST identity
standard. Rather, it isintended to be an understandable working mode! for use by air
pollution professonas. While sandard methodologies are smilar, there are numerous
differences and subtleties. When estimating many of the components of error, judgement
and estimation must be employed. Those interested in more exhaugtive treatments on
measurement uncertainty are encouraged to explore the wealth of information developing
on this subject, the ANSI® and 1SO! Standards being excellent starting points.

I[I. THE STREAMLINE FTSand itsUSE

Streamline Flow Transfer Standards are mounted on the inlet of modern air samplers, in
series with the on-board volumetric flow meters as depicted in Figure 1.

SreamlineFTS
mounted on an
ar sampler,
connectedtoa
manometer.

Figure 1



The Streamlineis an orifice type flow meter with a patented construction which provides
steady flow conditions, and prevents dimensiona changes with temperature - problems
which can significantly affect the performance of other flow meters, especialy when

used inthefidd. All Streamlines are cdibrated through their intended range againg the
sonic nozzle primary cdibration gpparatus described below and illugtrated in Figure 2.
Using Bernoulli’s model a unique cdibration relaionship is created for each Streamline.
dlowing use a dl ambient conditions.

An example cdibration rdaionship is shown in Equation 1. Equation 1isalinear form
of y =m(x) + bwhere“m” and “b” are the unique calibration constants.

(BP)(Tamb )
Pamb
where: Q, = actud flow rate in liters/min, 0.4022 and —0.3255 are unique cdibration

congtants (“m” and “b" respectively), DP = pressure drop across the Streamline in "H20,
Tamb = ambient temperature in Kelvins, Pamp = ambient barometric pressurein
amospheres. Equation 1 is aderivation of Bernoulli’ s equation shown in Equation 2.

Qa= (A)(Y)(Cd)‘/iE Equation 2

where: Q, = actud flow rate, A isorifice cross sectiond ares, Y isthe gas expansion
factor (thermodynamic term), Cd is the orifice discharge coefficient (frictiond term), DP
is the pressure drop across an orifice and r isfluid dengity (described in Equetion 1 by
the temperature and pressure of the ambient air).

Qa =0.4022 - 0.3255 Equation 1

Comparing Equations 1 and 2, the dope “m” (0.4022) in Equation 1 assumes the quantity
[(A)(Y)(Cd)] is congtant through a Streamlineg' s calibrated range. Thisassumption is
substantiated by the excdlent linearity of Streamline cdlibrations through their cdlibrated
range where "2 istypicaly >0.9999, as cdlibrated in the [aboratory. The orifice area (A)
will not change with ambient fluid conditions due to the Streamling s patented
congtruction. However, the expanson factor and discharge coefficient of air do certainly
change as Streamlines are used in the fidld at widdy varying temperatures, pressures and
humidities. Uncertainties associated with Y and Cd are therefore included later in this
paper where an example uncertainty andysis for an ambient air sampler is presented.

1. CHINOOK’sPRIMARY FLOW METROLOGY APPARATUS
Chinook Engineering employs criticd flow venturis (CFV's) as primary mass flow
eementsin its calibration apparatus, with associated high precision temperature and
pressure instrumentation. Chinook’ s apparatus, illustrated in Figure 2, was designed
following conaultation with NIST flow metrologists. CFVs are recognized as being well
characterized for accuracy, and due to the presence of a sonic cone, provide inherently
stable flow> #1211 Chinook’s flow metrology gpparatusis maintained in statistical

quality control by use of internal standards.



Figure 2 illudtrates that five measurements are collected for each cdibration point;
namely, the pressure and temperature of the fluid a the inlet of the sonic nozzle, the
ambient temperature and pressure, and the pressure drop across the Streamline.

Streamline FTS
with manometer

vacuum pump @
sonic
nozzle
«——{—]«

Figure 2. Chinook Engineering’s sonic nozzle cdibration apparatus (no scae).

V. UNCERTAINTY ANALYSISof aSTREAMLINE FTS
Asdiscussad in the Introduction there is no single best method for estimating the
uncertainties associated with flow rate measurements. This paper uses a combination of
techniques based primarily on 1SO and ANSI Standards'® modiified for this application.
A complete derivation of dl equations and assumptions are not included here, the reader
is referred to the references for comprehensive trestments.

The following uncertainty andyss entalls:

1.
2.
3.
4,

5.

|dentification of elemental sources of uncertainty.

Edtimation of standard uncertainties for each dementa source of uncertainty.
Combination of eementa components into sandard uncertainties for each
measurement component.

Cdculdion of sengtivity coefficients for each component of uncertainty from
Taylor's series derivations of the defining measurement equations.

Cdculation of an overdl uncertainty including the uncertainty introduced by least
suares regression using alinear structural modd!’.

The defining equations which reate the flow rate of the CFV-based calibration apparatus
to the pressure drop across the Streamline are as follows:

The mass flow rate of air through the CFV is given by®:

i = (PIN(A)CH)(Cd)

V(R)(Tin)

Equation 3

mass flow rate



where m isthe mass flow rate, Pin and Tin are the pressure and temperature a the inlet
of the CFV, respectively, A isthe cross sectional area of the CFV, C* isa
thermodynamic state variable that is afunction of the fluid pressure and temperature in
the nozzle throat, Cd is the discharge coefficient of the nozzle and R is the gas constant
with appropriate units.

The mass flow rate through the CFV can be converted to a volumetric flow rate through
the Streamline asfollows

volumetric flow rate Qa= ? Equation 4

where Qais volumetric flow rate and r isthe dengity of the ambient air.

The volumetric flow rate through a Streamline isfit to alinear form of Bernoulli’s modd

asfollows.
é u
Qa=mg ’w(ﬁ b Equetion 5
gl Pamb §

where: DP is the pressure drop across the Streamline at the discrete flow rates Qa
measured with the CFV gpparatus. Tamb and Pamb are the ambient temperature and
pressure, respectively.

Equation 5isin theform of astandard linear equationy = m(x) + b where*y” represents
the discrete flow rates Qa provided by the CFV apparatus, and “X” represents the
associated quantity under theradical. “m” and “b” are the dope and intercept obtained
by fitting the cdibration points by linear-least-squares through the calibrated range. The
measurement uncertainties associated with a Streamline cdibration are thus embodied in
the cdibration congtants“m” and “b”.

Combining Equations 3 and 4 obtains the operating equations for Qain units of the
messured input parameters:

_m_ (PIA)CHEC _ . (Pin)(Tamb)

Q2=+ JRTING)  WTinfPamb)

Equation 6

where K combines A, C* and Cd dong with the idedl gas constant and appropriate unit
conversons.

Elements of Uncertainty

The manufacturer of Chinook’ s CFV's cdibrate the nozzlesto NIST traceable mass and
time identity standards, and provides uncertainty estimates which include dl parameters
in Equation 3 (see Figure 2). The manufacturer’s stated uncertainty for the CFV's
performance will thus be used for the combined uncertainty of A, C*, Cdand R asa
defined parameter “K”. Pin and Tin are measured independently at Chinook
Engineering’ s facility hence these insruments are included here as dementa sources of



error. The ambient pressure and temperature instruments, and the precison manometer
used to measure pressure drops across Streamlines are a so identified as sources of
uncertainty.

Instruments have one or severad components of uncertainty which include the
repegtability of measurements, insrument resolution, cdibration hierarchies, and others
asddailed inthe andysis. The products of these dementa uncertainties are combined
into an indrument uncertainty by summing the square root of the sum of the squares of
the demental uncertainties, a standard technique for propagation of error anayses®'12,

Once raw measurements are taken the calibration data are fit by linear least squaresto
Bernoulli’smodel. The process of fitting measurements which contain uncertainties by a
least squares dgorithm introduces additiona uncertainty. The least squaresfit is
therefore identified as another component of uncertainty and istreated by the use of a
linear structura model”.

Referring to Equations 2 and 5, fitting Qa versus SQRT [(DP)(Tamb)/Pamb)] into alinear
mode presumes the discharge coefficient (Cd) and expangon factor (Y) are constant
through the calibrated flow range, manifested in the cdibration congtants “m” and “b”.
The vdidity of thisis assumption is substantiated by the excellent linearity of Streamline
cdibrations (r"'2>0.9999). However, in redity these parameters do change with flow rate
and fluid density?.

Because of the congtancy of ambient conditionsin the lab it is assumed that the dight
vaiaionsin Cd and Y which might occur during a cdibration are negligible, and are
therefore not included in the uncertainty anadysisfor a Streamline. However, end-users

of Streamlines measure flow rates a avariety of ambient temperatures and pressures. An
example uncertainty andydsfor an ambient sampler presented later in this paper does
therefore incorporate components of uncertainty for Cdand Y.

The Streamline uncertainty andysis is concerned with the following components:
CFV performance characteristics

Fin, measurement of nozzle inlet pressure

Tin, measurement of nozzle inlet temperature

DP, measurement of pressure drop across Streamline

Tamb, measurement of ambient temperature

Pamb, measurement of ambient pressure

linear least squaresfit of Qa (*y”) to SQRT [(DP)(Tamb)/(Pamb)] (“x”

No ok bR

Each component of uncertainty has a*“ sengtivity” or weight which it carriesinto the
overdl Streamline uncertainty depending on its function in the defining equations, and
the relative magnitude of the raw measurements. Sengtivity coefficients are estimated
for the individua components based on a Taylor’s series expansion of their defining
equations. A linear structural model” is used to propagate the component uncertainties
through the least squares dgorithm to arrive a an overdl uncertainty.



Uncertainty Analysis
Notes:

1) Thelinear structura modd requires inputs of nomina vaues and uncertaintiesin
raw measurement units, o much of the component uncertainty information
presented here are in units specific to Chinook’ s cdibration facility. In order to
facilitate the use and comparison of these techniques and results, corresponding
relative uncertainties derived from nomind conditions are also presented,
expressed in parts per million (ppm) = per cent*10,000. Rdative uncertainties are
more readily combined into end-user andysesfor their ambient air samplers.

2) ThelSO Standard! makes distinctions between techniques used to analyze
indvidud uncertainties-Type A and Type B - where Type A uncertainties are
obtained through repeated measurements under controlled conditions; Type B are
obtained through repeated use and operator judgment. Regarding Type A/Type B
anadyses, from the 1SO Standard®: “...a Type B evauation of standard uncertainty
cdlsfor indgght based on experience and generd knowledge, and isa skill that
can be learned with practice. 1t should be recognized that a Type B eva uation of
gtandard uncertainty can be asreliable asa Type A evaduation, epecidly ina
measurement Stuation where a Type A evaudtion is based on acomparatively
small number of Satigicaly independent observations’. Dueto limited Satistical
information, type B evauations are used often in this paper’ s uncertainty
anayses.

3) Rounding errorsin unit conversions and truncetion by eectronic cacuaing
devices aso contribute uncertainty, but are generaly recognized as being very
andl™’ and are ignored in the following anayses.

CFV Performance Characteristics

The CFV manufacturer states a standard uncertainty of 5000 ppm (0.5%) at a 95%
confidence interva. A coverage factor of 2 is used for reporting this uncertainty,
implying a standard uncertainty of 5000/2=2500 ppm which corresponds to 0.04
litersminute of anomind 16.7 liter/minute flow rate. Thisuncertainty is articulated
through the parameter “K” defined in section IV.1. The nomina value for K is 1.6457E-
3 (liter)(@am)/[sgrt(K)(mmHg)(min)] with corresponding uncertainty a 2500 ppm of
4.1E-6. Thisisatype A evauation provided by the manufacturer based on the
cdibration and andlys's of numerous nozzles.

Inlet Pressure Measurement (Pin)

The uncertainty in nozzle inlet pressure measurement is assumed to be made up of
uncertainties in three components: the variation of repested measurements, instrument
resolution and the calibration standard used to maintain the instrument™.

Variation of Observed M easur ements

Regular observations indicate the variation of measurements under congtant pressure is
less than the resolution of the reading. The standard uncertainty is therefore
conservatively assumed to be equd to the instrument resolution of 0.1 mmHg, which
corresponds to 200 ppm of a 500 nomina mmHg reading. Thisisatype B evaudtion.



I nstrument Resolution
Instrument resolution isincluded in Variaion of Observed Measurements above.

Calibration Standard

The electronic pressure instrument is calibrated against a mercury-in-glass absolute
barometer whose manufacturer states an uncertainty of 200 ppm. The manufacturer’s
cdami isinterpreted as the maximum bounds within which dl calibration values are said

to lie. The probaility digtribution is conservatively assumed to be rectangular (multiply

by 0.29) with aresulting standard uncertainty of 0.29(200) = 58 ppm, which corresponds
to 0.029 mmHg of anomina 500 mmHg reading. Thisisatype B evauetion.

Inlet Temperature Measurement (Tin)

The uncertainty in nozzle inlet temperature measurement is assumed to be made up of
uncertainties in four components: the variation of repeated measurements, instrument
resol ustjL %n, the calibration standard used to maintain the instrument and frictiond
effects~.

Variation of Observed M easurements

Regular observations indicate the variation of measurements under constant temperature
islessthan the resolution of the reading. The standard uncertainty is therefore
conservatively assumed to be equd to the instrument resolution of 0.1K, which
corresponds to 340 ppm of anomina 294 K reading. Thisisatype B evauation.

I nstrument Resolution
Ingtrument resolution is included in Variaion of Observed M easurements above.

Calibration Standard

The dectronic thermometer is calibrated against a mercury-in-glass thermometer, whose
manufacturer states an uncertainty of 0.3 K , the performance of which is confirmed by
periodic ice point caibrations. The manufacturer’s claim isinterpreted as the maximum
bounds within which dl cdibration vaues are said to lie. The probability digtribution is
conservatively assumed to be rectangular with a tandard uncertainty of 0.29(0.3) =
0.087K which corresponds to 296 ppm of anomina 294 K reading. ThisisatypeB
evauation.

Frictional Effects

The thermocouple probe is heated by friction from the air passing over it. The heet is
disspated by conduction and radiation of the surrounding surfaces. The worst case
standard uncertainty for these effects are estimated to be 0.01K and 0.01K, respectively?.
The standard uncertainty of these effects is the root-sum-square of 0.01K and 0.01K =
0.014 K which corresponds to 48 ppm of anomina 294K temperature. Thisisatype B
evauation.

Pressure Drop Measurement Across Streamline (DP)
A precison liquid manometer is used to measure pressure drops across a Streamline.
Uncertainty is associated with the scde which is used to read the liquid height, and the



variaion of repeated measurements. The height of a column of liquid is considered a
primary standard for pressure, so this manometer does not depend on a cdibration
standard.

Variation of Observed M easurements

The variation of observed measurementsis due to the operator’ s abilities to discern a
reading againg the scale. Regular observations indicate the variation of measurements at
congtant pressure is 0.0079 “H20 (0.2 mmH,0) which is assumed to be the sandard
uncertainty which corresponds to 1607 ppm for anominal pressure drop measurement of
4.9 “H,0 (125 mm H20). Thisis atype B evaduation.

Scale Accuracy

The manufacturer states an uncertainty in measurement of 200ppm. The manufacturer’s
cdam isinterpreted as the maximum bounds within which dl vauesare said to lie. The
probability digtribution is conservatively assumed to be rectangular with a standard
uncertainty of 0.29(200)=58 ppm which corresponds to 2.9E-4 “H,0 (0.0073 mmH20)
of anomind reading 4.9 “H,O(125 mmH20). Thisisatype B evauation.

Ambient Temperature Measurement (Tamb)
The uncertainty in ambient temperature measurement is assumed to be made up of
uncertainties in the variation of repested measurements and cdlibration uncertainty®.

Variation of Observed M easur ements

The variation of repested measurements is due to the operator’ s abilitiesto discern a
reading againgt the scale. Regular observations indicate the variation of measurements
under congtant temperature is 0.1 K which is assumed to be the standard uncertainty
which corresponds to 340 ppm for anomina temperature of 294K. ThisisatypeB
evauation.

Calibration Standard

The ambient temperature thermometer is calibrated againgt a mercury-in-glass
thermometer, whose manufacturer states an uncertainty of 0.3°K , the performance of
which is confirmed by periodic ice point calibrations. The manufacturer’sclam s
interpreted as the maximum bounds within which dl values are said to lie. The
probability distribution is assumed to be rectangular with and a sandard uncertainty of
0.29(0.3) = 0.087K, which corresponds to 296 ppm for anomina 294K ambient
temperature. Thisisatype B evaudion.

Ambient Pressure Measurement (Pamb)

The uncertainty in ambient pressure measurement is assumed to be made up of
uncertainties in three components: the variation of repeated measurements, instrument
resolution and the calibration standard”.

Variation of Observed M easurements

Regular observations indicate the variation of measurements under constant pressure is
less than the resolution of the reading. The variation is therefore conservatively assumed
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to be equa to the instrument resolution of 1.32E-4 atmospheres(0.1 mmHg), the standard
uncertainty being 0.1 mmHg which corresponds to 153 ppm of a 657 mmHg=0.865
atmospheres nomind pressurereading. Thisisatype B evauation.

I nstrument Resolution
Instrument resolution isincluded in Variation of Observed Measurements above.

Calibration Standard

The pressure instrument is calibrated against a mercury-in-glass absolute barometer. The
manufacturer states an uncertainty of 200 ppm which is interpreted as the maximum
bounds within which dl cdibration vadues are said to lie. The probability digtribution is
conservatively assumed to be rectangular with a standard uncertainty of 0.29(200) =
ppm which corresponds to 5.01E-5 atmospheres (0.038 mmHg) of a 0.865 atmosphere
(657 mmHg) nomind barometric pressure. Thisisatype B evauation.

Sensitivity Coefficients

The sengtivity coefficients associated with the above component uncertainties are

estimated from Taylor’' s series derivations of Equation 6 for Qa, and Equation 5 for the

SQRT[(DP)(Tamb)/(Pamb)]. As discussed earlier these quantities correspond to “y” and
X" which are fit by least squared to Bernoulli’s modd to produce the unique cdibration

congtants “m” and “b” of a Streamline.

Thefird five derivatives are associated with the quantities measured to determine Qa
vaues from the CFV gpparatus. The vaue for “K”, acombination of nozzle dimensions,
fluid properties and unit conversons as explained earlier is

K = 1.6457E-3_{ten(@tm)

(«/E)(mmHg)(min)
For CFV pen‘ormance'
gﬂQa ge(Pln)(Tamb) 0 ge (500)(294K) 6_991123 (mmHg WK)
¢ ﬂK - WkPamb)g S«/(294K)(865atm),a (atm)

e

for nozzleinlet pressure'

QﬂQa‘ ge(K)(Tamb) aE’(1 65E - 3)(294K) 9 (liters)

= =3.20E- 2— Y
gﬂPm— g(«/Tm)(Pamb)Q, 34(294K)(865atm)g (mmHg)(min)
a
for ambient temperature:
5 )

¢ qQa T_& (K)(Pin) 0_ &(L65E - 3)500) O (liters)

c - ~=Cy = "= 5.58E - 2
Tamb gﬂTamb— §(«/T. kPamb)E. €(294K)(.865atm) ; (K)(min)

for nozzle inlet temperature:
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pam ¢ ([VTinfpamb)? 5 8 (294} 865atm)2 5 = (@tm)(min)

g‘ﬂPamb_
e

Thelast three derivatives are associated with the quantities measured at the Streamline.
The quantity “X” is defined as x = SQRT[(DP)(Tamb)/(Pamb)].

For pressure drop across a Streamline:

o _C9x®_@ [(Tamb) ®_m (294K) 0_ 4 1a [
_gﬂDP;_gz (Pamb)(DP) 5 éz (865atm)(4.9"H20) 5 | (atm)

e (%]
for ambient temperature:
& 0 . = m
CTa:gﬂ;:gei (DP) o_@ (4.9'H20) 9_ . . |("H20)
gﬂT - &2V (Pamb)(Tamb) 5 &2 \(:865atm)(294K) % (atm)
ﬂ
for ambient pressure:
& 0
- EE (0]
A g X7 _ J(DP)(Tamb) (4.9 H20)(294K)_: 23.86((TZO)K)
¢Pa- Pamb ? 8 (0.865atm)%
e %]

Combining Uncertainties
Elementa uncertainties are combined by quadrature sum (square root of the sum of the
squares) into overall component uncertainties as summarized in Table 1.

Linear Structural Model
In order to find the overall uncertainty for Qa, it is necessary to find the uncertainty
associated with 'm’ and 'b'. These regression coefficients have uncertainty associated
with their variability, bias, and corrdation. The explanatory varidble, “X” inthe
regresson corresponds to the square root quantity in Equation 5 which is subject to
uncertainty associated with measurement error. The explanatory variableisaso a
random varigble due to variaions in ambient pressure and temperature. The response
variable, “y”, in the regresson corresponds to the quantity in Equation 6 which isaso
subject to uncertainty associated with measurement error. The associated uncertainties of
X" and “y” are potentidly corrdated. The quantities m and b are linear least squares
estimates in aregresson modd with errors in both random variables. Such models are
termed linear sructurd models (Reilman et d., 1986). Note, it isrecognized thereis




correlaion between measured vauesin “X” and “y”. However, the exact nature and
magnitude of the corrdationsis not known. For this anadyss conservative estimates for
correlations are assumed.
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Table 1. Summary of uncertainty components and senditivity components

normalized normalized
standard sensitivity nomind uncertainty sengitivity
Source of Uncertainty uncertainty u coefficient C measurement [ppm] coefficient
CFV performance characteristics (as 4.11E6 9911 16457E-3 2500 1
defined by parameter “K”)
Inlet pressure (Pin) 0.104 mmHg | 0.0329 500 mmHg 208 1
variance of repeated 01 200
measurementsiingtrument resolution
cdibration standard 0.029 58
Inlet temperature(Tin) 0.133K -0.0279 294K 453 %
variance of repeated 01 340
measurementsiinstrument resolution
cdibration sandard 0.087 29
frictional effects 0.014 48
Pressuredrop across Streamline (DP) | 0.0079 “H20 | 4.13 49“ H20 1607 %
vaidion of repested measurements 0.0079
Scae accurecy 29E-4
Ambient Temperature (Tamb) 0.133K 5.6E-2 for 'y’ 294K 451 1for'y'
0.07 for ‘X’ Yhor ‘X
vaidion of repested measurements 0.1 340
cdibration standard 0.087 29
Ambient Pressure (Pamb) 0.00014 atm | -19.0for‘y’ 0.865 atm 164 1for'y
-239for ‘X’ Yhor ‘X
variation of repeated measurements 0.000132 153
cdibration sandard 0.000050 538

The bias, variance, and covariance of the least squares estimators was smulated for this
Stuation where there are errors in both random variables. The procedureis as follows
(Rellman et d., 1986) for i=1,...n (n=# of observations in the regression =7 for a 7-point

cdibration:

1) Generate random ui and vi according to amultivariate norma ditribution with zero
mean and covariance matrix V where the diagona eements of V are the uncertainty
for x and the uncertainty for y. There is covariance between the uncertainties due to
the use of the same instrument for Pin and Pamb and since both x and y contain Pamb
and Tamb. The correlation between the two and is conservatively assumed to be near

1.

2) Generate arandom vaue for the nomind vaue of xi, given by Xi. Thisvaueisfrom
anormd distribution with mean associated with the expected nomind vaues and

variance from the expected variation in the ambient conditions.

3) Asaumealinear relationship between the nomind vaues of Xi and Yi , given by

Yi=aD+al* Xi.

4) Cdculate the observed vaues xi=Xi+ui and yi=Yi+vi .

5) Generate N data sets of Sze n and calculate mj (least squares dope estimate for data
stj) and. bj (leest squaresintercept for datasetj) wherej=1,...,N.
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6) Cdculatethefollowing for the least squares estimator in the above modd:

Slope bias= sb = (mean(mj)-al) Intercept Bias = ib = (mean(bj)-a0)
Sope variance = sv = variance(m)) Intercept variance = iv = variance(bj)
Slope MSE = (sb* sbtsv) Intercept MSE = (ib*ib+iv);

Covariance = corr(mj,bj)* sgrt(sv)* sart(iv)

7) The MSE for the dope and the MSE for the intercept are used to represent the
uncertainties in the dope (m) and intercept (b). The covariance estimate of the dope
and intercept is accounted for in the overal uncertainty andysis.

Result:

The above procedure was performed a the nomina conditions found in the laboratory for
ameasured flow rate of 16.5 litersminute. The total estimated uncertainty is+ 0.11
litersminute which corresponds to + 0.67%.

V. UNCERTAINTY ANALYSISof FLOW RATE for a16.7
literminute AIR SAMPLER

Following the methods employed the previous section, one can estimate the uncertainty
in flow rate measured by air samplersin one's own ar monitoring network using the
gandard uncertainties of the network’ sfidd transfer Sandards. The following exampleis
done with standard uncertainties and sengitivity coefficients presented in normalized form
(ppm) to facilitate presentation and caculations. If one's sampler cdlibration procedures
incorporate aleast squares fit of the caibration data, alinear structurd modd should be
used as was presented in the previous section.

Note, as discussed earlier the Streamline uncertainty andys's assumed the discharge
coefficient (Cd) and expansion factor (Y) to be congtant in the laboratory. In practice
Streamlines are used at a variety of temperature and barometric pressures and some
uncertainty istherefore associated with these parameters. Conservative uncertainties for
Cdand Y arethusincluded in this uncertainty andysis for a 16.7 liter/minute sampler.

The individua uncertainties estimated for Cd and Y are obtained from the tabulated
empirical data®® by esimating the variation of each of these parametersto changesin
flow and ambient conditions (as Reynolds number). Variations were taken over extremes
of ambient conditions and flow rates and can be considered worst case. The probability
distribution of the tabulated data are assumed to be rectangular. Following are the
assumed uncertaintiesin Cd and Y

Discharge coefficient (Cd) = 0.29(13000) = 3770 ppm
Expangion factor (YY) = 0.29 (15000) = 4350 ppm

The uncertainty for atypicd 16.7 liter/minute air sampler is summarized in Table 2.
Individud standard uncertainties were estimated following the analysisin the previous
section. These standard uncertainties were weighted with their normalized sengtivity
coefficient, and the overd| uncertainty obtained by quadrature sum.



Table 2. Summary of uncertainty components for the flow rate of aPM2.5 sampler.

Standard
Uncertainty u Sengitivity Product (C)(u)
Source of Uncertainty [ppm] Coefficient C [ppm]

Streamline performance characteristics 6700 1 6700
Pressure drop across Streamline (DP) 8393 Y 4197

variance of repeated observations (0.05"H20) 8333

cdibration standard 1000
Ambient temperature (Tamb) 533 e 267

variance of repeated observations (0.1K) 340

cdibration standard 410
Ambient pressure (Pamb) 529 e 265

variance of repeated observations (0.01"Hg) 334

cdibration standard 410
Dischar ge Coefficient (Cd) 3770 1 3770
Expansion Factor (Y) 4350 1 4350
Combined Uncertainty 9787 = 0.98%

Readers are encouraged to subgtitute estimates for the individua uncertainties of ther
particular field ingrument to estimate the overd| uncertainty of the samplersin ther
network. Such an analysis dso alows a sengtivity evauation of each instrument’s
contribution to overdl flow rate measurement uncertainties. For example, in the above
example the manometer used for measuring pressure drop across the Streamline
contributes by far the most uncertainty of the dectronic field insruments.

VI. CONCLUSIONS

An uncertainty analysis was performed for flow rates measured by the Streamline FHow
Trandfer Standard. Conservative decisions and estimates were usein dl cases. The
resultsindicate that Streamline FT Ss are cgpable of providing flow rates with
uncertainties of approximatdy + 0.67%, or + 0.11 liter/minute at 16.5 liters/minute.

Utilizing this result asmilar andysis was performed for atypica 16.7 liter/minute air
sampler. The andyssindicates that these samplers are capable of measuring flow rates
with accuracies gpproximately + 0.98%, or + 0.16 litersminute at nomind flow of 16.7
litersminute.

Ingpection of the relative contributions of component measurement uncertainties alows
end users to select suites of instruments which combined will satisfy their quality
assurance criteria

VII. IMPLICATIONS

Flow rateisan integra component in the caculation of sample volumes for air pollution
samplersin that sample volumes are afundamenta component in the determination of
ambient pollutant concentretions. This paper providesingghts and tools for estimating
the accuracy of sample volumes collected by ar samplers, and therefore for the accuracy
of ar pollution concentration measurements. Thiswork is intended to assst regulators,
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ar quaity network managers and quaity assurance personne in determining the
accuracy and effectiveness of ambient air quaity monitoring programs.

VIII. KEY WORDS

Uncertainty andyss, Streamline How Trandfer Standard, fine particle measurement,
PM2.5, flow rate, flow metrology, ar flow.
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