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Abstract

In the greenhouse gas emission monitoring from
industrial stacks, S-type Pitot tube is the moshicmnly
used to measure the stack gas velocity. Varioumrac
such as Reynolds number, misalignment of instalati
angle can be additional error sources for the 8-8ijpot
tube coefficients due to harsh environments. Irsgmé
study, wind tunnel experiments were conducted to
examine the effects of various factors on the &tiyfiot
tube coefficients. Numerical simulations were alsed
to understand flow phenomena around S-type Pitmé tu
when misalignment and distortion of geometry happen

I ntroduction

Extensive researches for reduction of greenhouse ga
emissions have been conducted in the countries avith
high proportion of greenhouse gas emissions arisomg
the energy and industrial fields, such as heavushdg,
petrochemical and power plants [1]. In order touced
greenhouse gas emissions, accurate and relialdéeestu
on greenhouse gas emissions measurement techniques
should be carried out first. Recently, the measergm
method of greenhouse gas emissions in the world is
changing from the fuel consumptions calculation
methods of IPCC guidelines to Continuous Emission
Monitoring (CEM) used in the U.S. EPA in terms of
accurate and actual emission measurements[2,3].
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Fig. 1. Configuration of S-type Pitot tube

The average flow rate in the CEM is obtained by
measuring an average flow velocity, a density and a
cross-section area in the stacks. To measure tve fl
velocity in the industrial stack, a S-type (Stawsbh or
reverse) Pitot tube have been used widely by ISO
standards and EPA Guideline [4-5]. The S-type Ritbe
was designed to measure flow velocity in high dust
environments for industrial stacks, which has large
pressure orifices and strong tubes compared wahlth
type Pitot tube, as shown in figure 1. The flowoodty

can be obtained by measuring differential pressure
between an impact orifice and an wake orifice based
the Bernoulli equation. The S-type Pitot tube dogdht

( Cps ) is used to calculate the flow velocity by

measuring the the differential pressure with the/&
Pitot tube as the following equation.

v=coo 2P
P.S P

where asAP is the differential pressure between the
impact and the wake orificeg.is the density of fluid in
the stacks. The S-type Pitot tube is calibratetthénwind
tunnel of the national measurement institutes @& th
accredited calibration laboratories. However, thg/i
Pitot tube is usually installed and inserted ingtecks of
harsh environments such as high altitude and high
temperature. It is also difficult to observe anedahthe
inside of the stack for the precise installationtlod S-
type Pitot tube. Therefore, the misalignments sash
pitch angle rotation are able to happen during the
installation of the S-type Pitot tube outside of stack.

As the diameter of stacks increases, the samplaigt p
positions for measuring velocity distributions retstack
should increase according to EPA method[5]. Sitee t
inserted length of S-type Pitot tube also increagegaw
angle misalignment of S-type Pitot tube can be edus
due to the deflection of the tube in the large diten
stacks. In addition, the flow rate of emission gas be
changed due to unstable process in each industrial
condition. This would cause the change of flow g#lo
(Reynolds number) in the stack, which is measuse8-b
type Pitot tube. Since S-type Pitot tube is used in
different installation alignments and velocity rang
conditions from calibration conditions, it affectie
accuracy of flow rate measurements using calibr&ed
type Pitot tube coefficients.

@)



g
& Settling Chamber
& ontraction

est section

Fan/Motor  Silencer

vaw angle

Pitch angle

Fig. 2. Experimental set-up of S-type pitot tub¢hea KRISS
wind tunnel

Various attempts have been made to evaluate agcurac
of S type Pitot tube coefficients for measuringfloiv
rate in the stack since the 70s of the last centugland
et al.[6] examined factors that affect the Pitobetu
coefficients, including  blockage,  misalignment,
proximity, turbulence and Reynolds number. Williams
and DelJarnette[7] evaluated the effect of geometry
changes, misalignments, aerodynamic effects and
swirling flows on accuracy of S-type Pitot tube. Moo
et al.[8] investigated the effect of the impact opg
misalignment of S-type Pitot tube which could be
deformed by harsh environment of stacks. Howevey, t
interval and range of misalignment and Reynolds
numbers in the above studies were larger than tbbse
misalignment can occur in the actual measurement
environment. Hence, it is not enough to evaluae th
uncertainty and accuracy of the flow rate measyr&b
type Pitot tube in the stacks. Little attention Heesen
given to explanation why the S-type Pitot tube ot
changes according to factors such as Reynolds msmbe
and misalignments.

Recently, several numerical studies have examioed t
understand flow phenomena around L-type Pitot.tube
Boetcher and Sparrow[9] carried out numerical
simulations of laminar flow around Pitot tube ire tlow
Reynolds number. They observed the change of
streamline pattern due to viscous effects neantse of
the Pitot tube. It caused 2 % deviation of calilorat
coefficients of Pitot tube. Numerical simulationer f
averaging Pitot tube have been conducted to uradetst
flow patterns around Pitot tube. Kabacinski and
Pospoita[10] designed new cross-section of avegagin
Pitot tube by using 2D and axi-symmetrical numérica
analysis with turbulence model. Calibration metlzod
installation effect of averaging Pitot tubes welsoa
evaluated by numerical studies[11-12]. Despite otegi
numerical studies on L-type Pitot tube and avemgin
Pitot tube, only few attempts have so far been ntade
investigate flow fields around S-type Pitot tube
numerically[13].
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Fig. 3. Computational domain and mesh distribution

The main objective of the present study is to eatalu
the effect of various factors such as installation
misalignment and Reynolds number on the S-typet Pito
tube coefficients for accurate and reliable measargs
of greenhouse gas emission in the industrial stathks
achieve this, wind tunnel experiments in KRISS dtad
air speed system were conducted to examine th@e-ty
Pitot tube coefficients with various factors coratit
Numerical simulations were also used to understivad
phenomena around S-type Pitot tube when misalighmen
and distortion of geometry happened.

Experimntal appar atus and numerical
simulation method

Experimentsin windtunnel

To determine S-type Pitot tube coefficients, calilom
tests were performed in subsonic open-circuit wind
tunnel of KRISS (Korea Research Institute of Stadsla
and Science), which was used as national air speed
standards as shown in figure 2. The test section
dimensions were 900 mm(width) x 900 mm(height) x
6000 mm(length). n present experiments, the inlet
velocities varied from 2 m/s to 15 m/s. The Reysold
numbers (Rey ) defined based on the diameter of

static/total pressure orifice are 1,000 ~ 7,000 Th
turbulent intensity in the test section is lessntiia5%.
The expanded uncertainty levels(U) of flow velocity
measurements in KRISS wind tunnel standards system
are less than 1.1% from 2 - 5m/s and 0.6% 5 - 1ban/
the 95% confidence level, which was evaluated by
ISO/IEC Guide [14-15]. To evaluate the effect of
misalignment installation for S-type Pitot tube
coefficients, S-type Pitot tube was installed oz wall of

test section with a rotating device. The rotatireyide

had been designed to change the pitch and yawsaogle
S-type Pitot-tube from -10° to +10° with 2° intekv&-
type Pitot tubes used in this wind tunnel testsewer
selected among manufactured products applied to
measure the air velocity in the stack.



0.850

i [ ] Ist
[ ] 2nd
e v 3rd

z R ) R

S A N A B

ivg. Value = 0.816
© 0.800 -
0775 L—L L 1 1 1 1 T P TR R
- 5.0E+03 1.OE+04 1.5E+04 2.0E+04 2.5E+04
Re

D

Fig. 4 Reynolds number effect on S-type Pitot tube

Numerical smulation method

To understand the flow phenomena around the S-type
Pitot tube, numerical simulations for three dimensai
incompressible Navier-Stokes equations were coeduct
by using commercial code ADINA 8.7[16]. The finite
element method based on Galerkin method was used in
the spatial integration of the governing equatidisw
Condition Based Interpolation (FCBI) function was
applied as a weighting function to calculate flaelds.

The integration was performed with ADINA composite
method with second-order accuracy.The turbulence
model in present simulations was Detached Eddy
Simulation (DES) model developed to solve flow
separation and reattachment phenomenon in high
Reynolds number [17]. DES is proposed by combining
the advantage of Reynolds Averaged Navier-Stokes
Simulation (RANS) and Large Eddy Simulation (LES).
Length scale is defined as follow in DES with Spala
Allmaras one-equation model. DES uses Spalart -
Allmaras RANS model with low computational cost
when length scale equals to length scale in thendheny
layer near the wall. On the other hand, LES SGCehod
was used with high resolution when length scale ihe
area away from the walls.

Figure 3 shows the details of computational domain
which is identical with test section of wind tunng0D x
30D x 180D. D is the distance between the orifioks
static pressure and total pressure. No-slip boyndar
conditions were used in walls of S-type Pitot tane the
test section of wind tunnel. A pressure out conditis
applied as outflow boundary condition. The inflow
velocities were varied from 2 to 15 m/s and Reysold
numbers (Rey ) were 3,000 - 22,000, respectively.

875,500 unstructured meshes with tetrahedral eleamen
were applied in total computational domain.

Results and discussion

The effects of Reynolds numberson S-type
Pitot tube coefficients

The S-type Pitot tube coefficients are determingd b
comparing the L-type Pitot tube coefficients whiate
calibrated in the national measurement instituteshe
accredited calibration laboratories. In this studg,
determine the S-type Pitot tube coefficients, thg

Fig. 5. Pressure distributions and velocity vectomund S-type
Pitot tube aRey=10,000

and the L-type Pitot tube were installed in the agpie
direction of the test section, as shown in Figurd Be S-
type Pitot tube coefficients were calculated by sueiag
and comparing the differential pressures of twootPit
tubes in each inlet velocity as the following edurat

APgq,
APg

)

Cps =Cpgd.*

where Cpgq,Cps are L-type Pitot tube coefficient and
S-type Pitot tube coefficient, respectivelyPy, , APg

are differential pressures of the L-type Pitot talel the
S-type Pitot tube.

To investigate the effect of Reynolds numbershen $-
type Pitot tube coefficients, the wind tunnel expents

of S-type pitot tubes were conducted in the ranfie o
3,000< Rep, <22,000. The S-type Pitot tube coefficients

at each Reynolds number were determined by measurin
several times in the same way as the calibration
procedure of the national measurement institutether
calibration laboratories. Figure 4 shows the disiion

of the average values and the standard deviatmmS-f
type Pitot tube coefficients over range of the fr8/800

to 22,000. The expanded uncertainty of the S-tyipat P
tubes was 1.2%, which is slightly larger than thoké-
type Pitot-tube coefficients. The deviation of eactue
from the average value of S-type Pitot tube coieffits
were less than 0.3% within all range of Reynolds
numbers. Note that the effect of Reynolds numbethen
S-type Pitot tube coefficients is negligible congzhwith

the total uncertainty of the flow rate measurementss
result is accordant with those of previous resessabn

the correction of S-type Pitot tube coefficient.[6]

Figure 5 shows the pressure distributions and the
velocity vectors around the S-type Pitot tube otetdiat
Rey =10,000 by the numerical simulations. The pressure

values are normalized by dynamic pressurguq? ),
where Ry, Uy are the upstream pressure and velocity,

respectively. High positive pressure distributioase
observed near the impact orifice due to the stagmaif
incoming flow. On the other hand, negative pressure
distributions are presented near the wake orificees
flows are separated from surfaces of the wake cerifi
The difference of pressure distribution for the aopand
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Fig. 6. Effect of pitch angle misalignment on Sptube
coefficient

wake orifice is calculated to S-type Pitot tubefficients.
Due to complicated geometry between impact and wake
orifices, the separated flows are also developed to
vortical structure behind the impact orifice. THere,

the normalized pressure distributions near S-tyjiet P
tube are observed identically in the rangeRef, from

3,000 to 22,000, which is consistent with the ressof
figure 4.

The effects of misaligned installeation on S-
type Pitot tube coefficients

The pitch angles of the S-type pitot tube were edri
from -10° to +10° with 2° interval by using the atihg
device installed on the wind tunnel wall. The pesit(+)
pitch angle is the clockwise direction relative ttre
installed wall of the test section. Figure 6 shothe
change of the S-type Pitot tube coefficients adogrdo
the pitch angle misalignments within the range of
Reynolds number Rey ) from 5,500 to 22,000. S-type

Pitot tube coefficients Cp ) at each pitch angle are
normalized with S-type Pitot tube coefficientSp(. ) of

pitch angle 0°. The normalized S-type Pitot tube
coefficients decrease up to -2 % as the pitch angle
increases to +10°. Although the fluctuating of $Pi
tube coefficient can be seen according to the Rdgno
number, the symmetric tendency of coefficients athb
negative and positive pitch angle appears idemyidal
the all Reynolds numbers.

To further understand the pitch angle misalignments
the flow phenomena around misaligned S-type Putioé t
were investigated by numerical simulations. Figure
presents the normalized pressure distribution dred t
streamline in the cross-section of the S-type Ritbe,
which was cut in the center of two orifices withraléel
to the wall of wind tunnel. The flow patterns arduthe
impact and the wake orifices for pitch angle -1@” and
+10° at Rep =10,000 are compared. In the case of

negative pitch angle misalignment, the normalized
pressure values near the wake orifice decreaséodine
enhancement of separated flow from surface of the
orifice. Hence, the difference pressure betweenathp
and wake orifice increases. The S-type Pitot tube
coefficients with negative pitch angle show lowatue
than that of normal installation condition.

Fig. 7. Pressure distribution and velocity vectihw
misalignment installation according to pitch angle,
a) cross-sections of S-type Pitot tube, b) Pitalear0°,
¢) Pitch angle = -10°, d) Pitch angle = -10°

In the case of positive pitch angle misalignmenmice
the direction of incoming and separating flow neao
orifices is symmetric with that of negative pitchgée
misalignment, the S-type Pitot tube coefficient®wgh
similar tendency according to pitch angles to valog
negative pitch angle.

To investigate the effect of yaw angle misalignteetue

to the deflection of the S-type Pitot tube in tlegk
diameter stacks, wind tunnel experiments were cctedu

in the range of yaw angles from -10° to +10° with 2
interval. The positive yaw angle is the downstream
direction of flows in the test section. Figure ®nesents
the change of the S-type Pitot tube coefficiengmrding

to the yaw angle misalignments within the rangefrofm
5,500 to 22,000. The normalized S-type Pitot tube
coefficients decrease up to -2% regardless of Rdgno
numbers as the yaw angle increases to -10° in the
negative direction. In the case of positive yawlasgthe
S-type Pitot tube coefficients increase as Reynolds
numbers and yaw angles increase. To further explare
change of the S-type Pitot tube coefficients adogrdo

the yaw angle misalignments, numerical simulation f
flow fields around the misaligned S-type Pitot tuhere
conducted atRey=10,000 , as shown in figure 9. In the
case of -10° yaw angle, the low pressure distriimstiare
observed near the wake orifice since a verticaictire
grows up behind the wake orifice. Hence, the S-Bjpet
tube coefficients decrease in the negative yawesng|
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coefficient



Yaw angle = -10° Yaw angle = 0" Yaw angle = +10° _

Fig. 9. Pressure distribution and velocity vectihw
misalignment installation according to yaw angle

On the other hand, when the positive yaw angle
misalignments happen, incoming flows separate gtyon
at the upper edge of the impact orifice due totited
geometry. Therefore, the S-type Pitot tube coeffits
increase due to the recovery of the pressure lligioin
near the wake orifice. Note that the maximum déwmat

of the S-type Pitot tube coefficient is about 2r¥the
negative yaw angle misalignments which can occtinén
industry stacks due to the deflection of the S-tiAuet
tube.

Conclusion

For the reduction of greenhouse gas emission as
national policies about global warming, it is es&drto
develop accurate and reliable measurement techmique
for greenhouse gas flow rate. To this end, expemial
and numerical studies were conducted on the fathaits
affect the accuracy of flow rate measurements biggus
the S-type Pitot tube which used in the field afustry,
energy and plant etc. The effect of Reynolds nusjber
misaligned installations and manufacturing quaditen
the S-type Pitot tube coefficients were investigaby
considering the flow rate measurement environmants
the industrial stacks. Conclusions about the charigg
type Pitot tube coefficients by the factors invgstéd in
the present study are as follows.

The deviation and uncertainty of S-type Pitot tube
coefficients in range of 3,000 Re; < 22,000 were less

than 0.3 % and 1.21 %, respectively. Hence, thagha
of Reynolds numbers has no effect on the S-typet Pit
tube coefficients. The S-type Pitot tube coeffitsen
decreased up to -2% as the pitch angle misaligrsnent
happen from -10° to +10°. The symmetric tendency of
the S-type Pitot tube coefficients in both positiaed
negative pith angle misalignments were revealed by
numerical simulation of flow phenomena near theaotp
and wake orifices of S-type Pitot tube. The maximum
deviation of the S-type Pitot coefficient is abeR¥ in

the negative yaw angle misalignments which canoccu
the industry stacks due to the deflection of they®
Pitot tube. The flow structures near the impact aatte
orifices with numerical simulations explained thenge

of S-type Pitot tube coefficients according to the
direction of yaw angle misalignments.
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