Draft: 6/30/93
DRAFT

DETERM NATI ON OF STACK GAS VELOCI TY AND VOLUMETRI C FLOWRATE
(Three-Di mensi onal Pitot Tube)

1. Applicability and Principle

1.1 Applicability. This methodis applicable for measurenent of
t he average axi al velocity (i.e., velocity vector parallel tothe axis
of the stack or duct) of a gas streamand for quantifying gas fl ow
under non-axial flowconditions andlimtations specifiedin section
3. 1.

1.2 Principle. The average gas velocity in astack is determ ned
fromthe average axial velocity and the gas density. A three-
di mensi onal (3-D) pitot tube provides the resultant velocity pressure
and the pitch and yaw angles of the velocity vector. Fromthis
information, the axial velocity is calcul ated.

2. Apparatus

Specifications for the apparatus are gi ven bel ow. Any ot her
appar at us t hat has been denonstrated (subject tothe approval of the
Adm ni strator) to be capabl e of neeting the specificationswll be
consi dered acceptable. (Note: See Figure 2F-1. Both the pitch and
yaw angl es are neasured froma line passi ng through t he traverse poi nt
and parallel tothe stack axis. The pitch angleis the angle of the
gas fl owconponent inthe plane that INCLUDESthe traverse line andis
parallel tothe stack axis. The yawangle is the angl e of the gas fl ow
conponent in the plane PERPENDI CULARto the traverse |ine at the
traverse point and is nmeasured fromthe |ine passing through the
traverse point and parallel to the stack axis.)
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2.1 Directional Probe. Any directional probe, such as United
Sensor Type DA Three-Di nensional Directional Probe, capable of
measuri ng both the pitch and yaw angl es of gas fl ows i s accept abl e.
(Note: Mention of trade nanme or specific products does not constitute
endor senent by the U. S. Environmental Protection Agency.) Assign an
identificationnunber tothe 3-Dpitot, and permanent|y nmark or engrave
t he nunber on t he body of the probe. Calibratethe 3-Dpitot according
tothe procedures insection4. See Figure 2F-2 for a schematic of a
5-hol e prism shaped sensing head. A brief description of the
measurenents invol ved fol |l ows:

2.1.1 The five holes of the 3-D sensing head are nunbered 1

t hrough 5, and t he pressures nmeasured at each hole arereferredto as
P, P,, P;, P, and Ps.

2.1.2 P,- P;=difference instatic pressures. Rotating the
sensing head and nullingthisreading (i.e., letting P, =P;) allows
det erm nati on of the yaw angl e froma protractor or ot her suitable
angl e measuring device. The yawangl e is the degree of rotation from
the axis of the duct or stack. Clockw se rotation is |abeled as
positive and counter-clockwi se rotation is |abeled as negati ve.

2.1.3 P, - Pg=function of pitch angle. The pitch angle for a
sensi ng head i s obtai ned froma calibrationcurvethat plotstheratio
F,or (P,—Ps)/(P,- P, vs. pitch angl e obtai ned froma protractor or
ot her suitabl e angl e neasuri ng devi ce (see Figure 2F-4 for atypical
calibrationcurve). Flowtowards thetester (P,>Ps) is | abel edas
positive, and flow away fromthe tester (P;s > P,) is |abeled as
negati ve.
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2.1.4 P, - P, =function of velocity pressure. This pressure
differential is not equal tothe velocity pressure, P, - P; (obt ai ned
froma standard pitot tube), at all pitch angles. The velocity
pressure is obtained froma calibrationcurve that plots the 3-Dpitot
coefficient ratioF,or Cs[(P, —Ps)/ (P, —P,)] %2 against pitch angles
(see Figure 2F-4 for atypical calibrationcurve). C.is the standard
pitot tube coefficient.

2.2 Yaw Angl e Measur enent Devi ce. Any device, such as a protractor

withindicator, tonmeasure the yawangletow thin £1° when t he 3-D probe
is rotated froma reference position.

2.3 Differential Pressure Gauges. Airdata Miultineter, or equival ent,
capabl e of readi ng pressures to w thin 0. 0001 i nch of wat er or capabl e of
nmeasuring pressure differentialsto 2 percent. The differential pressure
gauge nust have calibration traceable to the National Institute of
St andards and Technol ogy (NI ST) standards.

2.4 Tenperature Gauge. A thernocouple, liquid-filled bulb
thernmoneter, binetallic thernoneter, mercury-in-glass thernoneter, or other
gauge, capabl e of neasuring tenperature to within +5°F of the stack
tenperature shall be used.

2.4.1 The tenperature gauge shall be attached to the 3-D probe such
t hat the sensor tip does not touch any netal; the gauge shall be in an
interference-free arrangenent with respect to the pitot tube face openi ngs.
Such an arrangenent i s one where t he sensor i s | ocated downstreamand at
least 0.5 inch to the rear of the 3-D pitot head.

2.4.2 Aternative positions may be usedif the 3-Dprobe-tenperature
gauge systemis calibrated according to the procedure in section 4.

2.4.3 If adifference of not nore than 1 percent in the average
vel ocity nmeasurenent i s i ntroduced, the tenperature gauge need not be
attachedtothe 3-Dprobe; this alternativeis subject tothe approval of
t he Adm ni strator.

2.5 Pressure Probe and Gauge. A piezoneter tube and mercury- or
water-filled U-tube manonet er capabl e of measuri ng gauge stack pressure
(Psg) towithin+0.1in. Hgis used. The static tap of a standard type
pitot tube or the pressure reading fromP, or P; of the 3-D pitot is
accept abl e.

2.6 Baroneter. Anercury, aneroid, or other baroneter capabl e of
nmeasuri ng at nospheric pressure to 0.1 in. Hy nmay be used. |n many cases,
t he baronetric readi ng may be obt ai ned froma near by Nati onal Weat her
Service station, inwhichcasethe station val ue (whichis the absolute
baronetric pressure) shall be requested and an adj ust nent for el evation
di fferences bet ween t he weat her stati on and t he sanpl i ng poi nt shall be
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applied at arate of mnus 0.1 in. Hg per 100-foot el evati onincrease or
vice-versa for elevation decrease.

2.7 Gas Density Determ nation Equi pnent. Method 3 equi pment, if
needed (see section 3.3.3) to determ ne the stack gas dry nol ecul ar wei ght,
and Reference Method 4 or Method 5 equipnent for noisture content
det erm nati on; other net hods nmay be used subj ect to the approval of the
Admi ni strator.

2.8 Calibration Pitot Tube. When calibration of the 3-Dprobeis
necessary (see section 4), a standard pitot tubeis used as a reference.
The st andard pitot tube shall have a known coeffi ci ent, obtained either (1)
directly fromN ST, Route 270, Qui nce O chard Road, Gaithersburg, Maryl and,
or (2) by calibration agai nst another standard pitot tube with an
NBS-traceabl e coefficient.

3. Pr ocedure

3.1 Traverse Points and Acceptance Criteria. The applicablecriteria
shoul d depend on the purpose for doing the 3-D neasurenents and t he
accuracy desired.

3.1.1 Using Type SPitot. Theresults of the 3-Dneasurenents nmay be
used t o eval uate the acceptability of the use of a Type Spitot tube. At
| east 16 traverse points are sufficient for this evaluation. The Type S
pi t ot shoul d be used only when t he yawangl es are wi thin £10° and the pitch
angles are within zero and +10°. No nore than 10 percent (or two,
whi chever i s greater) of the neasurenments shoul d exceed t he respective
limts, but none shoul d exceed 20°. A 10° angl e corresponds to about 1.5
percent error in axial velocity.

3.1.2 Axial Velocity. The 3-Dpitot tube can be used for determ ni ng
the axial velocity. At |least 16traverse points are sufficient for this
determ nation. Usingthelogdifferential approach and the esti mate of
F, = £3 percent and pressure differentials being measured towithin x2
percent, the 3-D probe is expected to provide resultant velocity
determ nations tow thin 3.2 percent at each traverse point for pitch
angl es bet ween +40°. The effect of theseerrorsinthe axial velocityis
a function of the resultant angl e at each neasurenent point. The average
resul tant angl e should be < 30° and no nore than 10 percent (or two,
whi chever is greater) of the neasurenents shoul d exceed *40°.

3.1.3 FlowProfiling. For flow profiling studies, at |east 40
traverse points (42 for rectangul ar ducts) shoul d be used. Between +40°,
pi tch and yaw angl es can be expected to be within £2°. Qutside of £40°,
the uncertainty inthe neasurenents will be hi gher than +2°; the confi dence
i n measur enment s depends on t he accuracy of the calibration curve and t he
nunmber of repetitions made at these angles. The acceptability of the
| ocation al so depends on the type of CFRM(princi pl e of operation, i.e.
howt he CFRMr esponds t o nonaxi al fl owconponents) bei ng i nstall ed on t he
sour ce.



3.2 3-D Measurenents.

3.2.1 Prepare the 3-D probe and differential pressure gauges as
recomrended by t he manufacturer. Capillary tubing or surge tanks nmay be
used t o danpen pressure fluctuations. It is recomended, but not required,
that a pretest |eak check be conducted. To perform a |eak check,
pressurize or use suction ontheinpact (P;) openinguntil areading of at
| east 3in. HO(or the maxi mumreadi ng on the gauge if less than3in.)
registersonthedifferential pressure gauge, then plug the inpact opening;
thi s procedure checks the P, and P, continuity. The pressure of aleak-free
systemwi || remain stable for at | east 15 seconds. Check the P, and P,
continuityandthe P,and Pscontinuityinasimlar fashion. Note: This
procedure will not work withthe Airdata nmeter; either a surge tank or
anot her gauge such as the Magnehelic or inclined nmanonmeter nust be
tenporarilyinstalledduringthis|eak check. Q her | eak-check procedures,
subj ect to the approval of the Adm nistrator, nay be used.

3.2.2 Position the probe at the appropriate | ocations inthe gas
stream and rotate until zero deflectionis indicated by the yawangl e
pressure gauge. Using a protractor or other angl e nmeasuring device,
det erm ne t he degree of rotation fromthe stack or duct axis. Recordthis
readi ng as the yaw angl e.

3.2.3 Holdingthe null readi ng position, read and record t he pressure
gauge readi ngs for the pitch angle (P, — Ps) and the i npact pressure readi ng
(P - Py).

3.2.4 CGalculate F,=(P,- Pg)/ (P, - P,) and deterni ne the pitch angl e
fromthe F; vs. pitch angle calibrationcurve. DetermineF,=C,[(P -
P)/(P,- Py)]Y2fromthe F, calibration curve vs. pitch angle calibration
curve. The F, value is used to calculate the axial velocity.

3.2.5 Repeat this procedure for each neasurenent point. Record all
necessary data as shown in the exanple field data sheet (Figure 2F-3).
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3.2.6 Periodically check for plugging by notingthe responsestothe
Magnehel i ¢ gauge and pressure differential readouts. Rotate andtilt the
3-D probe to determ ne whet her the gauge or readouts respond in the
expected direction. Plugging causes erratic results or cause sl uggi sh
responses. For these checks, it is hel pful to have Magnehel i c gauges
connectedinparallel withthedifferential pressure neter (section 2. 3).
These gauges al so serve as a cross-check of the differential pressure
readi ngs.

3.2.7 Conduct a post-test | eak-check (required) as described in
section3.2.1. If thecriteriafor aleak-free systemare not net, repair
t he equi pnent, and repeat the fl ow angl e neasurenents.

3.3 Gas Density.
3.3.1 Record the tenperature at each measurenent point.

3.3.2 Record the at nospheric pressure and t he st ack gauge pressure
readi ng Py, Thi s readi ng nay be obtai ned using a static pressure probe or
fromthe P, - P, reading. One reading per test runis usually sufficient.
The absol ute stack pressure woul d be Py = Py, + P,/ 13.6, where Pggisin
inches H,O and P, and P,, are in inches Hg.

3.3.3 Determ ne the stack gas dry nol ecul ar wei ght. For conbusti on
processes or processes that emt essentially CO, O, CO and N, use
Met hod 3. For processes emtting essentially air, an anal ysi s need not be
conduct ed; use a dry nol ecul ar wei ght of 29.0. For ot her processes, ot her
met hods, subject to the approval of the Adm nistrator, nust be used.

3.3.4. (Qvbtain the noisture content fromReference Method 4 (or
equi val ent) or from Method 5.

3.4 Cross-Sectional Area. Determ nethe cross-sectional area of the

stack or duct at the sanplinglocation. Wenever possi bl e, physically
nmeasure the stack di mensions rather than using blueprints.

3.5 Equations.

3.5.1 Use Equation 2F-1to cal cul ate the resul tant angl es at each of
t he nmeasurenent points.

3.5.2 Use Equation 2F-2 to cal cul ate the axi al vel ocity at each of
t he nmeasurenent points.

3.5.2 Use Equation 2F-3to cal cul ate t he average resul tant angl e and
average axial velocity.

4. Calibration
4.1 Calibration Flow System

12



4.1.1 The fl ow ng gas streamnust be confined to a duct of definite
cross-sectional area, either circular or rectangular. For circul ar
cross-sections, the mnimm duct dianmeter shall be 12 inches; for
rectangul ar cross-sections, thew dth (shorter side) shall be at | east 10
i nches.

4.1.2 The cross-sectional area of the calibration duct nust be
const ant over a di stance of 10 or nore duct di aneters (see section 4.1.3
for an exception). For arectangul ar cross-section, use an equi val ent
di aneter, cal cul ated fromthe fol | owi ng equati on, to determ ne t he nunber
of duct dianeters:

D, = 2L W
L+ W
wher e:
D. = Equi val ent di anmeter
L = Length
W= Wdth

4.1.3 To ensure the presence of stable, fully devel oped, axial flow
patterns at the calibration site, or "test section,” the site nust be
| ocat ed at | east ei ght di anet ers downst reamand two di anet ers upstreamfrom
t he nearest di sturbances. The eight- and two-di aneter criteriaas well as
t he constancy of the cross-secti onal area are not absol ute; other test
section |l ocations may be used (subj ect to approval of the Adm nistrator),
provided that the flowat the test siteis stabl e and denonstrably parall el
to the duct axis. Straightening vanes or screens are highly recormended
to devel op axial flow.

4.1.4 The flow system shall have the capacity to generate two
test-section velocities: one between 20 and 40 f ps and one bet ween 40 and
60 f ps. The vel ocities nust be constant with tine to guarantee steady fl ow
during calibration.

4.1.4.1 Cut twoentry portsinthetest section 180° apart. One of
t he ports shoul d have an el ongat ed sl ot parallel tothe axis of the duct
at the test section and of sufficient | engthto all owneasurenent of pitch
angles tow thin +1° whil e positioningthe pitot head at the test-section
centroid. To facilitate alignment of the directional probe during
calibration, the test section shoul d be constructed of plexiglass or sone
ot her transparent material. Al calibration measurenents shoul d be nade
at the same point inthetest section, preferably at the centroi d of the
test-section, or in a finite area where there is no velocity
stratification.

4.1.4.2 Toensurethat thegas flowis parallel tothe central axis
of the test section, usethe manufacturer's calibration curve and determ ne
each yaw angl e and each pitch angl e frombot h si des. Each yawand pitch
angle nmust agree within £2° of 0°. Disagreenent indicates either
unacceptable flowinthe test section or inproper design of the 3-Dpitot

13



tube. Conduct this nmeasurenent at several points to ensure fully
devel oped, axial flow patterns.

4.2 YawAngl e Calibration. This calibrationistoensurethat when
the 3-Dprobeisinthe zeroor null position, the 3-Dprobeis actually
pointingdirectlyintothe flow. This calibration procedure requires an
axial flow direction (see section 4.1.4.2).

4.2.1 Set upthe 3-Dprobetoindicatethe zeroor null yawposition
of the probe. This nay be acconplished by insertingthe 3-Dprobeinto a
square tube and al i gning the face of the P, openi ng parallel (or vertical,
depending onthe direction of flow) tothe face of the square duct to be
used as the reference for the yawangl e neasurenent. Acarpenter's | evel
is hel pful inmakingthis alignnent. The yawangl e reference i ndi cator
shoul d read 0° when the 3-D probe is properly set up.

4.2.2 To determ ne the calibration accuracy of the nmeasurenents of
t he yawangl e, only the zero or null position needs be checked as fol | ows.
Set up the yawangl e i ndi cator onthe 3-Dprobe. Placethe 3-Dprobein
the test section suchthat the 3-Dheadis pointingdirectlyintothe flow
The yaw angl e i ndi cat or shoul d read 0° or within +x2° of 0°. Repeat this
check at any ot her points al ong the | ength of the probe where yawangl e
nmeasur enment s coul d be read i n order to account for variationsinthe square
t ube used to indicate 3-D probe head positions.

4.3 Pitch Angl e and Vel ocity Pressure Calibrations. The pitch angle
calibration involves generating a calibration curve of F;, or
(P, —Ps)/ (P, —P,) readi ngs agai nst known pi tch angl es (see Fi gure 2F-4 for
an exanpl e calibration curve). The velocity pressure calibrationinvol ves
generating a calibration curve of the 3-D pitot coefficient F, or
Cs [ (P, — P)/(Pl - P,)] Y2 agai nst known pitch angl es (see al so Fi gure 2F-
4 where C,, is the standard pitot tube coefficient. An exanpl e
calibration data sheet is provided in Figure 2F-5.

4.3.1 Place the standard pitot tube through t he unused port hol e at
alocationthat yields the sane vel ocity pressure as the 3-D probe. Mke
t hree neasurenents each at the standard pitot tube |l ocation andthe 3-D
probe | ocati on using the standard pitot tube. Alternate the neasurenents
bet ween t he t wo positions. The average nust agree to wi thin 0.7 percent
of the average velocity pressure. |f the selected |location for the
standard pitot tubeis acceptable, usethislocationtodetermne (P, - Py).

4.3.2 Set up the protractor or other angl e measurenent device to
establishthe pitchanglestow thin xl1°. Recordthe baronetric pressure
to within 0.1 in. Hg.

4.3.3 Placethe 3—-Dprobe at 0° pitch. Null the 3-D probe for yaw,
t hen obtain readings of (P, - P,) and (P, — Ps). After taking these
readi ngs, ensure that the 3-D probe remnined at null conditions.

4.3.4 Repeat step 4.3.3in5° increnments for angles from-60° to

+60°. Performthe calibrationat both 30 fps and 50 fps. At +35° t hr ough
+60°, run duplicateruns. Averagethe F,ratios andthe F, rati os obtained
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for each pitchangleinthetw fl owranges, and pl ot a calibration curve
wi th t he aver age val ues versus the pitch angle. Drawa snooth |ine through
t he data points.

4.3.5 For each individual measured F, dat a val ues at both vel ociti es,
determ ne t he angl es and t he correspondi ng F, val ues fromt he snoot hed- out
calibrationcurve. Determ nethe differences fromthe actual neasured
angl es and F, val ues. For F,, the difference at each conpari son nust be
wi thin +£2° for angl es between 0° and 40°. For F,val ues, the difference
shoul d not exceed +3. 0 percent fromthe F,rati o at t he sane pitch angl e.

4.3.6 This calibration curve should apply to a vel ocity range of
about 20 fps to 100 f ps for pitch angl es between £40°. |f nmeasurenents are
conduct ed bel ow 20 fps, a separate cali bration curve shoul d be gener at ed
at 10 fps or as cl ose as possi ble tothe actual neasurenent level. 1In
addition, if the specification in section 4.3.4 cannot be net,
consi deration should be given to limting the applicability of the
calibrationcurvetoafinitevelocity range over whi ch measurenents can
be obtained within the specifications.

4.4 Recalibrationof 3-DPitot Tube. Conduct a calibration check at
| east annual |y, unl ess thereis visible damage to the 3-Dhead, at 30 f ps.
Check t he yawangl e. Check the F; and F, cal i brations at 0°, +40°, and -
40°. Pitch angl es should agree within £2° at each pitch angle and F,
readi ngs should agree to within £3 percent.

4.5 Differential Pressure Meter. Recalibratethis neter at | east
annual | y agai nst a NIl ST traceabl e reference neter. Readi ngs shoul d agree
to within 2 percent.

4.6 Tenperature Gauges and Baroneter. Sane as that in Method 2,
sections 4.3 and 4.4, except the tenperature should agree within =5°F.

5. Cal cul ati ons

Carry out cal cul ations, retaining at | east one extra decinal figure
beyond that of the acquired data. Round off figures after final
cal cul ati on.

5.1 Resultant Angle. The resultant angl e at each neasurenent poi nt
is calculated fromthe yaw and pitch angles as foll ows:

R, = arc cosine [(cosine Y) (cosine P)] Eq. 2F-1
wher e:
R = Resultant angle at traverse point i, degree.
Y; = Yaw angle at traverse point i, degree.
P, = Pitch angle at traverse point i, degree.
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5.2 Axial Velocity. The axial velocity at each traverse point is
cal culated fromthe yaw and pitch angles as foll ows:

T, ®,-FP)
v= B, K |21 _2 os¥) (cos P Eq. 2F-2
i 27p P‘Ml ( t}( t}
wher e:
vi = Velocity at point i, fps
K, = Conversion factor
= 85.49 (fps){[(Ib/Ib-mle)(in. HY]J/[(°R (in. HO]}¥?
T, = Absolute tenperature at point i, °R
P, - P, = Pressure differential from 3-D probe, in. HO
P, = Absolute stack pressure, in. Hg
= Ppar + Psg/13.6
P,or = Baronetric pressure, in. Hg
P, = Stack gauge pressure, in. HO
I\/(LJ = Mol ecul ar wei ght of stack gas, |b/lb-nole
F, = 3-D pitot coefficient, s [(P - P/ (P, - Py]Y2
P, - P, = Velocity pressure from standard type pitot, in. HO
G, = Standard pitot tube coefficient

5.3 Average Resultant Angl e or Axi al Vel ocity. The average resultant
angle or axial velocity is calculated as follows:

#Z;Xt Eq. 2F-3
Y =
ag n
wher e:
Xoq = Average resultant or axial stack gas velocity, deg or fps.
X; = Resultant or velocity at point i, deg or fps.

n Nurmber of traverse points.

5.4 Average Stack Gas Dry Volunetric Flow Rate. See Method 2,
section 5. 3.
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