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Beauty and Sadness of Taiwan




Introduction

Premature Mortality Due to Air Pollution (deaths per year per 1,000 km?)

i B |
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Where on earth are you most likely to die early from air pollution?

Stationary Source Emissions

in air quality terminology is any
fixed emitter of air pollutants, such
as fossil fuel burning power plants,
petroleum refineries, petrochemical
plants, food processing plants and

other heavy industrial sources A
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Technology Needed for Smokestack
Flow Measurements

-

Technical challenges

e Swirl and inhomogeneous flow
e Complicated compositions
 Location of measurements

o Calibration of instruments

Cited from Airflow Sciences Corp r
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Characterization of Pitot Tubes
Introduction

AIRFLOW

'S *
Coﬂtﬂ]lﬂ)ﬁs Emission Monitoring System

EPA Methods 2F, 2G, and 2H
(40 CFR Part 60, Appendices A-1 and A-2)

+ Method 2 is fine for situations where there is a straight forward flow

profile, however it is prone to bias if cyclonic flow and wall effects
are ignored

4 Method 2G is used for accurate velocity and volumetric flow rate
measurements when stack gas has significant yaw angle; it may
conducted using either a Type S or 3-D probe

ne Method 2F 1s used for accurate measurements when stack gas has
» significant yaw and pitch angle: it must be conducted using a three- =
s dimensional (3-D) DAT or sphel ical probe -
<

¢ Method 2H (or CTM-041 for rectangular ducts) is used for accurate

measurements by accounting for velocity drop-off near the stack or TR BT TR
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Characterization of Pitot Tubes
- Flow visualization of pitot probes by CFD

Boundary Layer Wake Region

Flow Separation
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¥ 8 Governing equation: — + — + gz = constant
osk ! Measured co.d” il 2
B " values C _|— Potential flow R . .
Y Sacry Assumptions: (1) Steady flow. V —

(2) Incompressible flow.

-1-2 }— (3) Flow along a streamline.
T [T SR e |

(4) Frictionless deceleration along stagnation streamline.
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Characterization of Pitot Tubes
- Design of 3D pitot tubes

Omni-type
3D pitot tube

Flawes of Releients
Ferpai il as

Geometry and Construction

Measurement Accuracy (w/&=roprobe

Calibration)
Frohe Straight, L-Shaped Flow Angles | =1*
Geometry
Mumber of 12 Total Flow | < 1%:*
Holes Velocity
Tip Geometry | Spherical Required | Reference Pressure, Total
Auxiliary | Temperature
Data**
Tip Diameter | 65.35 mm, 9.53 mm Flow angle of | 120°
Receptivity

Material All-5tainless Stesl Calibration & m/s to 315 m/s (Mach =

Construction Flow Speeds | 1.0)
Pneumatic Tyegon R3603 Pressure Data | Omnipro Software
Connection Formulation, 1,/327 ID, Reduction

3/32" 0D Standard for Frequency Low, Best for Determining

Exit Tubing of 0.89 mm — | Response Time-tveraged Flows

1.6 mm (0.035" — 0.063")

ap.
Mounting Hex Prism (standard) Media Mon-Reactive Gases
Prohe Flat on Hex Mount with *Utilizing 0.1% Accurate Pressure Sensors
Reference “R" Properly Rated for Flow Speed
Flows Temp. 0*C—150°C **For Most Accurate Compressible P-v
Limits Reduction
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Calibration Facilities
- Calibration system construction at CMS

3D Motion = 3D Measurements

3D Calibration is needed !!

ITEE

Traversing control system
/ Pitch/Yaw angle control

=4 « Turbulence intensity control
3D pitot tube

Wind tunnel S A

i gllaa Computer
3 %‘ Data acquisition

* Pressure display

Pressure scanner

Copyright 2014 ITRI T2 1liff FEFR



Calibration Facilities

- Pressure measurements and calibration

Paint Acruisition _l,i;_m_(a ¥ |
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Move
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« Turbulence intensity control 5 PP oot PP oo
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3D pitot tube

. ARl DG P3Pl
Wind tunnel EEEEEEEEEEER T Coped PP 0 P4l
[ ] L FEIPs} n008ssa PISPal
n u Computer st el 000 PR
u ¥ . Data acquisition i FuFs om0t T
= ® . Pressure display beamion e ara - _
[ Pressure scanner ®
—_———— .o | ST Sl |
Gragking
T e |
L Velocte Fredaction: | Inwald l =
REFEREMCE CALIBRATION
SUPPLY 1 PZ Pu SUPPLY
PLR(GE
CALIBRATION
WHLVE
Sensor Pressure Static Accurac
: ~ Range (% F.S.
— -
i@ f;ﬁ 2 ¢y s +10inch H.O +.20%
mm'lﬁﬁ wy SERSDRS {25 kpa)z
' . FRESGURE TEMPERA_TURE -
FLL TIFLEXER ML TIPLEXER i-l s i2-5 psld 1-12%
'IEN'F{II.‘.:J’I' -
MICROFROCESS0R e oo +5 to 500 pSld +.05%
1 n
EMGINEERNG LNIT OUTPUT CTHER DE& MOOULES | i501 to ?5[] pSId i.ﬂa?flo
ETHERMLT OR HOST/CLIENT
DIGITAL SENSOR ARRAY T AR
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Calibration Facilities

- Turbulence generation

. n J L .
1 u - EHE || g 35
| u . - .
. - Traversing control system 34 3
. - / » Pitch/Yaw angle control ool - o
1 m— = Turbulence intensity control N
. D pitot tube P
1 [ . Z
. Wind tunnel [ 2 15
"TEEEEREREEREZ” ¥ = +Casel: 2em * 2 em
= -1
LI l‘l I a a Computer g ! =Case2: 1em* 1em
3/d4|3 . Laiti =
EIEIE) Data aCQUI_SItIOH = 0.5 Case3: 0.5em * 0.5 cm
* Pressure display =
Pressure scanner = . : . . .
0 1 2 3 4 5 6

Air speed (m/s)

» Without grids: T.l.= (0.7 to 1.4) %
o With grid No.4: T.I.=(1.7t0 4.4) %
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Calibration Facilities
- Traverse stage

* »Pitch/Yaw angle control ]

» Turbulence intensity control m
ESEEEEEEEEmEmn® E

Computer
+ Data acquisition
* Pressure display

Wind tunnel

Pressure scanner

T REMAR
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Calibration Facilities

- Angle measurements
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Calibration Data Analysis
- Dgfi[ﬂtion of pressure coefficients

Traversing control system
» Pitch/Yaw angle control
* Turbulence intensity cantrol
|

3D pitot tube

Wind tunnel

|
[0 R [ =2 050 001 8wt vaen
|

o Computer

B. Data acquisition
:' Pressure display

Pressure scanner

Input:

=P4_P5 P17 Ps

Baf Qr Bﬁ= Q.r

where Q'=p,—025X(p;+p;+p,+ps).

Output:
P27 P P27 Ps
o' |

. 0.4,=

probe
.......... . F M .

calibration facility

()

Spherical Conical

&
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Calibration Data Analysis

- Nu|||ng method— o hane preseure ot e phen A
Step 1: Align the probe so that the center hole is ::.:’t'.nf).‘f. TTOXLOL =
pointing towards a reference position. ; — T
Step 2: Rotate probe until P2=P3. This is the Yaw AT Stepl4
ang|e, e e it g T m

Pitch angle vs. Pitch angle pressure coefficient
Step 3: Calculate Pitch Angle Pressure Coefficient
[(P4-P5)/(P1-P2)]. TN ,
. €é\[) / \\

Step 4: Determine Pitch Angle - /

. Er(‘ ) P4
% N
. : . Ste AN
Step 5: Determine Velocity Pressure Coefficient LT | te

49 .33 -3 -2 - <IF 10 B 0 3 wmooEom I3 3 33 40 45

[(Pt_PS)/(Pl_PZ)] — .Pitch angle vs. VeI:)kc.ilt";/-;;:s-:ure coefficient
Step 6: Calculate Velocity pressure (Pt-Ps). R 1§ I A ———
. . TR T ————
Step 7: Determine Total Pressure Coefficient g o /é
[(P1-Pt)/(Pt-Ps)]. Lo A P
Y Step
Step 8: Calculate (P1-Pt) and obtain Pt.

uuuuuuuuuuuuuuu
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Calibration Data Analysis
- Non-nulling method

lI\IYFe)aLv{/-I;;md Pitch E E AR ‘EJ—* : : I\D(ﬁ\évha:r?élee
angle pressure E E Adaptive Neuro Fuzzy E = « Total and Static
coefficients . ot Inference System in = pressure coefficient
D e HE-
:IIIII:E E:ll;l: ﬁoxp ((J'j—c'u)z)
= yi(x)b; with yi(x) = Y 5
i=1 ;1—[1(\1)( J ’J]) )

Nodes in this layer
contains membership
functions

Compute the overall
output by summing all
incoming signals

This layer chooses
the minimum value
of two input weights

This layer includes

Every node of these i oqr functions, which

Iay_errs] Ca'ﬁ_”'ﬁt_es the  are functions of the
weight, which is input signals s
normallzed ’f g\:;gsmalTecI:Eﬂo -
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Future Work

Pitot tube characterization

» Characterization of yaw and pitch angle for
different types of 3D pitot tubes

» Flow visualization by CFD and PIV

Standard traceability
.| » Integration of wind tunnel and traverse stage
for 3D pitot tube calibration

Calibration of 3D 'Y
Pitot Tubes and
Flow Measurements|
of Smokestack |

Emissions =R Calibration method and facility establishment
. B ©  Comparison of calibration methods (nulling
\ = and non-nulling method)

Eul

A |
X,
N

e ﬁPT\"] Uncertainty evaluation

PiX,

\/ 7« Evaluation of uncertainty evaluation and calibration
procedure
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