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SUMMARY

I. Project Title

State-of -the-Art Report on Five Hole Pitot Tube

I1. Objective and Importance of the Project

Five-hole pitot tube is an effective detector that could measure a three dimensional average
flow field on a complex geometry. At the present study, have been mainly used in the field of
aerodynamics and nautics, the five-hole pitot tube is extensively investigated to apply on the
nuclear engineering.

I11. Scope and Contents of Project

Five-hole pitot tube could measure the three dimensional velocity to make use of a
relationship between pressure energy and kinetic energy from Bernoulli’s equation; therefore,
the report shortly overviewed the definition, units, and transducers of pressure and then
detaily was described about the pitot tube.

For five-hole pitot tube, history, kinds and fabrication methods were briefly provided. The
calibration methods for the five-hole pitot tube were deeply introduced in various methods
according to ssimple concept but complex process. Additionaly, causeses of detection errors
and estimation of uncertainty were included in the present report.

IV. Result of Project and Proposal for Applications

Five-hole pitot tube is a detector to measure the three dimensional average velocity based
on the simple Bernoulli’s equation. Optical measurement and how wire anemometers are
difficult to detect the flow velocity under enviroemental such astight lattice bundle geometry,
dusty flow and high temperature fluid. One of alternatives to overcome the diffculty is the
five-hole pitot tube.

If research for a miniature five-hole pitot tube is launched based on the development
experience of a measurement technique, it will be expected that five-hole pitot tube with fast
response time, about 10kHz, could be devel oped to measure the turbulence characterigtics.
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“ ...to make an instrument which would show the changes in the air, which is at times heavier and thicker,
and at times lighter and morerarified...”
Evangelista Torricelli (1644)

1.
1.1.
’ (1'1)
_dF
p= PTy (1.1)
(Compressive stress) , p=ML'T?
3
1) (static fluid)
(manometer)
( 1)
2)
(pressure transducer) ( 2 ).
3)
(undiminished) . (Hydraulic
lifts) (Deadweight test) ( 3 ).

! Fundamentals of Temperature, Pressure, and Flow Measurements, 2™ edition, John Wiley & Sons, R.P. Benedict



1. Static . (@)

()] : static

(b - p) = w(h, ~h) 2, F =0F =F,+W;(p-d,)dA= pdA+wdAdh; dp = —wdh.

3. Hydraulic lift p=F/A=F,/A,
Deadweight testing( ) P= w/ A



1.2.

1643 Torricelli 1859 kinetic theory
200
1643  Torricelli
30in
. Torricelli
(devoid of matter)
1647 Blaise Pascal Perier 2 Torricelli
“1 in/1000ft”
1660 Robert Boyle ‘barometer’
Boyle Robert Hooke
(Impact)
1738 Daniel Bernoulli “impact theory of gas pressure” Boyle
Bernoulli  *
" “Charles-Gay-Lussac law”
1811 Boyle Amedeo Avagadro 0°C 1 2.69 x 10"
molecules/cm?® . Hooke Bernoulli impact theory
Avagadro
impact theory 1847 ~ 1859 James Prescott Joule, Rudolf Clausius,
James Clerk Maxwell “kinetic theory of the gas pressure”
1.2)
2 KE 1 W
p=———==pV =NRT (1.2)
3Volume 3
Dalton ( (Mixture) )
Boyle kinetic theory 3 Charles
2 Clermont-Ferrand le Puy de Dome 1465m

3



James Jeans

kinetic theory

[Sir James Jeasn, 1952].

(évvclosed, revers'ble) pdV 5
(Path function)
(1.3)
SF = pdV — W,
dv = oW +oF (1.3)
P
(3) dv
(Point function). (1.4)
0Q+0F
ds="—="""
T (1.4)
1
1.4
M echanics Hydraulics Kinetic Thermodynamics
dF 2 KE oW +oF
= — d = — dh = — =
P dA P=rd 3 Volume P av




’ (1'1)
4
deadweight piston gauge, manometer,
barometer, McLeod gauge
Benedict[1977] . 2
3
2,

'I:,I'F Ih.np 'Llnl,tﬂq.lnly

Deadweight 0.08 1o 10,000 0.00 to 0043, of reading

pision gage Psig

Manomeser 0.1 1 100 0.02 to 0.2% of reading

psig
Micromanometer U2 to 20 1% of reading
in. Hy0) to 0.001 in. HyD

Baromeber 27 o 3 MEKH to 003 % of reading
in. Hg
MeLeod QK 3o 0.5% of reading
A to 1 mm Hp
3.
Presswre Uit Canversion Factarn®
Frosaire Liah pd in. Hy0 in. Hg i ahar mm Hg a
1pa 100 ar, 2 OG0 .80 HH?:-- FLTIS LFRAER]
» -2
1 i HLO p539F)  (uOckeE) 1800 CLOT324 3418 BIEGA 1LEES) LREED
= pir®
I in. Hg [32"F) A0S 13614 1 0600 b el L= 29,400 e o
u g
L aim 1263535 HT.505 WETA Laa LOII3S T 1 5000
w0 w WP
| adsar 143504 40318 ] FE T 1,008 T 11,7500
{dyniene®y ® 10+ x Wt w Io-s E L ¥ [
1 mm Hg (3211 Q01917 053630 oy [ 1333 1,000 HiELD
= 1053
1w (337F) 13337 534800 1L3Im L3158 13132 Rl JELCI]
E 3 o] = 10 o Hr

% Adogieil frem WES Monegraph &, 1960




3. (Pressure Transducer)

3.1.
(Transducer)
(Elastic displacement)
4
Fluid energy  — Elastic eliemenl ey Mechanical
input ¥ | pressure transducer ¥ energy output
Fluid ensrgy 5 Elastic + electnc " Elactrical
impul — eiement pressure | L— eneroy cul pul
tansducer
Auxiliary electrical
anergy inpot
4,
3.2. (Mechanical Pressure Transducer)

(Manometer)

Zimmerli type, Well type, Inclined type

Bourdon Tube, Bellows, Diaphragm

3.2.1. Zimmerli Type

(Readability) 100mmHg

0.1mmHg . 5

Zimmerli ‘0 2



Hg
Faferance fube

5. Zimmerli

3.2.2. Bourdon Type

Bourdon

6. Bourdon tranducer



3.2.3. Diaphram Type

(Corrugated type)

[laphragme - Lrr=rrr -
in Porm al e i
r.l;hl.e'-: ™ I!l’ %\.
o 2,
/N o)
. 1 )
1 A ﬂ L 1l
i L ll
{ | Tee—
|||| ]_1'15'?# o ||||
1 A I
\ [
% F
Yy P
= ) .__/
e
HIF e — ‘I
e Appland
- (et
L | | L
:II':T\-HI Flar Camupated
7. Diaphram transducer
3.3. (Electrical Pressure Transducer)
(Active type) (Passive type)
piezoelectric

3.3.1. Piezoelectric type

1880 Curie
piezoelectricy
quarz, Rochelle salt, barium-titanate, lead-zirconate-

titanate



Y
oft) = PO A

, d piezoelectric electromechanical
elastic modulus

| wire

8. Piezoelectric transducer
3.3.2. Passive type
Strain Gauge
(Wire)
S ar-snanas
winEg Nrrabie wr i e
S FIEsaLnE
o Chimped
elasliz
semark
Eletivicilly Fised Tramie
nyuiahsi ping
9. Strain Gauge transducer
Capacitance

(1.5)



capacitance

(Bridge circuit)

LVDT{(Linear Variable Differential Transformer)

LVvDT 1 3
2
LVDT ,
180°

—n Output vollage

O D o of
Secorddary ol 1

€ input vilings

10. LVDT transducer

10



2 Five Hole Pitot Tube

“..theidea of this machine is so simple and natural that the moment | conceived it | ran immediately to

the river to make a first experiment with a glasstube...”
Henri de Pitot (1732)

1. 5 hole Pitot

3 (Hot Wire
Anemometry), LDV(Laser Doppler Velocimetry), 5 (Five Hole Pitot tube)
. LDV Doppler
(seeding)
5 1
5
L , 1997]. 5
tip hole
L , 1997].
1.1. Pitot-static Impact Pressure
Five-hole Pitot tube Pitot tube 3
pressure impact tube . Pitot
2.1)

11



2 2
Vo PV Py
2 p 2 p
A
Ps=P+po—-

2

V1 — 2( ps — pl)

(2.1)

Uniform velocity assumption

oV
2

2

P.=Ps+

Effective total pressure

pV?
=p,+

where o, =2.0, 1.02< 0y <1.15

a=1+27f

f  Darcy

1
F_ZIOQ(RD\/T)—O.B

(2.5) (2.1)

C isentropic process u
V= Ep ’ picp (Bj = const
A%

12

(2.1)

(2.2)

(2.3)

(2.3)

(2.4)

(2.4)

(Isentropic process)5



(&_&j :(7_4}\’_
P Ps oo y )2

Mach number

\/ 2 2 4
&_& :p_p 1+M_+(2_}/)M_+L
P Ps oo 2 4 24

2 Euler 2.7)
(over bar
oU +u) +(U+u) oU +u) :_ia(m p)
ot 0s P05
6 (2.7)

(P+p), U+u’ ¢

+¢= const?
Po 2
(2.9)
P U +d
—+ +u = const
Po
(2.8) (2.9

® Zero vorticity condition
7

#(9)= [ U +uds. A2 49

13

(2.5)
(2.6)
(Unsteadiness)
Euler

)

2.7
(2.8)

(2.8)
(2.9)

(2.10)



(Stagnation point)

, instantaneous total
_ 1 _ )
(P+p); =P+ p+§po(U +U)
(2.12)
-1 2 =2
Pr = |0+poUU+§po(u —u’)
(2.13)

P =P+ (0 +T)

P2 PP+ pUu? +2p0 pu

stagnant

8 2 1/2 1 2
U ; u‘(u l J : u‘{1+?“ j; U (1+0.02)

14

(2.5)

; (HZ)UZ/U,

. 20%

(2.10)

(2.11)

(2.12)

(2.13)

0.2

(2.12)

(2.14)

(Isotropic



turbulence) pu=0 [Hinze, 1959].

pu _
p l? = ? (2.15)
0
p? 1 1/3p,(U?)’
AN
TN (T v @19
(2.11)
Becker Brown[1974] 2.1

2
R _ A (2.17)

(R-R) u?

11.

doted circle hot-wire , pitot

15



1.2.5

5 1915 Taylor
1950 NACA(National Advisory Committee for Aeronautics) 3
. 1953
5
[Dean, 1953]. 1958
Pien 3
. 1960
5 nulling -,
- . Seetharam
nulling
[Seethram, 1977].
. Non-nulling 1964  Schaub
90° 70° angle 3 [Schaub,
1964]. Bryer Pankhurst 1971
[Bryer, 1971]. , ARL Treaster and Yocum
non-nulling [Treaster, 1979]. NASA (National
Aeronautics and Space Administration)
1990 1.6mm  miniature probe
Taylor 2 3
[Reichert, 1994].
, [1997]
[1997] : °(Wake)
1 Treaster
Yocum 2
1
5
Matsunaga[1980]
5
2 3
. 2000 5
2 5 [ , 2002,
1
o wake

16



2.1.

2.1.1.

a) b)

Erwilh.h-":
&

L i v ] |
e e ?

©) d)
12. 5 : a) Matsunaga (2mm-diameter,
0.2mm-hole size), b) Matsunaga , €) d)

17



Matsunaga[1980] 2mm 100kHz
5 13
30W  hydrospeark 14

3} Hemispherical preve head (5 Fressure Lasd tube
@ Srem E:' Prowagre tranaduces

13. Matsunaga

OC Jmplilier HEri.!,“- oz I-—\-
H?E_t-nl.:lh.-n-Hk:up box I-_I |

Dan i1l ogesmpa

W

L
ERrATA AT

-I—l—r-—i-

|I| Hydtumpeakar E Yenael
E‘ Combipdd ELve=hole probs

Z} Pressurs Leansdecer

14.

2.1.2. Angled

Ligrani[1989]

1.2 mm 0.2mm

18



:I e
.-"I_.l,llI _i“J, .
f’% ——— |
.___._-_'_".-'-'-:.-"',-ﬂ"/

ot
e ___."_.'_h
o T
L--‘! __:-""J':— i fud A e i L
=N i
15. Ligrani miniature 5 (  :1.22mm)
©@®®
Q)
(a) . (b) X
Forward facing Pyramid ’ Perpendicular pyramid
= .
0©o0
QOO O
e d.gd)l r cone
Forward facing cone Perpendicula
Cone ( or wedge) angle
- -Yaw .
s
‘ +Yaw 1
2
16.5

slender body

shock wave

i T
II/"'.,_:\I D535 -

" e |
A AT o ||
(20 1D 0s) Ll -
1 - wi Pl '-\--\__\__\_ i I I I
¥ & PR R S ¥ I
p—————5 —
17. Slender body 5

19



2.1.3. Cobra

. Chen[2000]

3 45 0.5 mm

4 piezoelectric 1.5kHz
1kHz

Frosuurs Probs wich
Transducars and

-
;

18. 4  Cobra Probe

2.1.4.

United Sensor™® 3 DA DAT
17
DAT
Sensor 1/8”

0 www.unitedsonsorcorp.com

20

angle

. DA

DC

. United



CiA OAT (1

b) )
19. :a) 3-D , b) DAT , ©) DA

20.5
2.2 11
(repeatability) . (Miniature
Pitot tube, tip size 3mm )
Imm
stainless steel hypodermic tube 0.203mm,
0.406mm . 15 45
4 spot welding . crimping 1.52mm
90 5
(stem tube) tip 4

M Ligrani[1989]

21



. Transducer 6.35mm 0.D/4.67mm/1.D Polyflo tubing

tube ,
pressure wave : wave
tube
tube
200mm 2.66mm 12
[1994] 7
3mm 0.5mm, 0.9mm

|E£ﬂ|luuﬂ| 1= ote £ilu ;!L__

21. 7

2 1/8" commercial tube

22



3. 5 (Calibration Method)

3.1. Nulling mode  Non-Nulling mode

5 nulling mode  non-nulling mode . Nulling mode

, _ tip

Non-nulling mode

3.2.1

(Pitch) (Yaw)

, 1997, Yang, S.I, 1980].

¥iv)

22, 5

23



23.

(Correlation coefficient)

(Interpolation)

(R-F)

Chuen(2) = 1/2pu?

1 _ (R — F?)
CranlF) = 1/ 2pu?

(Pnose — Pstatic)

CO) =
A 1/ 2pu?

e=wm%Jmmaf+amﬂf)

24

[

(Approximation)

,1997].

(2-18)

(2-19)

(2-20)

(2-21)



(2-22)

v =utan(p)
w= utan(e) (2-23)
( )
20°
3.3. 2
1
- 2
(Linear)
pitch pitch yaw
Pitch-Yaw mode yaw pitch Yaw-Pitch mode

3

Pitch-Y aw mode Yan-Fitch mode
U = qcosa cosf U= (oosacosf
vV=(qcosasing v=qsna
w=qsina w=qecosaSng

(2-24)

3.3.1. Treaster & Yocum(TY) 13

1978 Treaster Yocum ARL/PSU(Applied Research Laboratory of Penn. State

Univ.) 5
331 332 angle prism
13 [1997] Treaster[1979] 5
calibration .

25



VECTOR RESOLUTICN FIR & PRiiE
CALIRRATE] B T TAW-FITCH MOZE

V- V caif cEn
Wy = ¥ omd ding

f/f_\\‘] WECTOR: RESOLUTION FOR A PRUEL

CALIBSATED 1M THE PRTOH-Y AW MODE

W= ¥ caso cesp

.'a-'i'slnl- l".l’l = ¥ding
W= ¥ cesa sing .
E.
i"l, |
FLOW DIRECTHN- —h
__pi j - "-\-uF,"
|
1 =
ANGLE-TUBE
FARE FEFERECE ur;g
FRISM FRIEE
24. Angle-tube probe Prism-type probe
0.318cm  prism (Probe)
0.127cm 5 angle-tube 14
(supporter) 0.635cm(0.25in)
prism (Turbomachinery)  angle-tube
1
. TY
_ (pz — ps) (2-25)
Pyaw —~ -25
BN )
_ (p4 — p5)
" (= p) (220

4 Assembled diameter : 0.381cm

26



_ (pl_ ptotal)

Protal (pl _E)
- (pl — pSE\tiC)
p,static (pl _ p)

E:(pz+p3+p4+p5)/4

total pressure probe15

— 2
V= \/_(Rotal - Pstatic)
e,

V= [(2/ P)(AP - AP)(1+C

,where AR =R - P,

3.3.2. Improved TY*®

TY
80°

TY

Pankhurst

% Total pressure

% 7Y Bryer Pankhurst

(2-27)

(2-28)
(2-29)

(Cpitch 1 Cyaw) 1: 1 (0!, IB)

pitch (a) yaw (8) Cuotat + Caaic
R Paic pressure coefficient
. Total static Kiel-type
pressure tap
(2-30)
12

Psatic Cptotal ):|
(2-31)

(Judd’'s suggestion)

45° . Judd[1975]
TY
+60°
40° Bryer
40°
3.2mm yaw 40°
( : Chue, 1975).
1971
Bryer Pankhurst

27



25,

Judd

(Standard deviation, o)
5 2 s :

o= (Z p.j -2.(p%)
1 1

AP, =P — (P + P+ Pyt Ps)

Ap, Ap,to 80°
— ol S e— o
e
020 40 6 T
_ Ll XP‘TPJH:F 1 % x
_ﬁ# "'_"""-LL__
-3
=4
26.

28

(2-32)

(2-33)



3.3.3. Kim iterative Method
[1997] 1
.2 5
total pressure
2 2
1 2
(R-R)
C:;L)itch (a,B) = 1/b2pqt2
Claw(a,ﬂ) — (R’ B Plz)
g 1/2pq
1 u
. Cyl@p)

{((Pnose_ Ps(alic)+ Kq(|RJ I R|+|R = F”)}

C.(a,pB)=
a(@f) 1/2pq°
Kq Cy(a,p)
q
q ,

Cq (a!ﬂ) q

L , 1997]. K,
3.3.4. Potential

tip
17 1 3

29

17

1
Kiel Probe
1
(2-34)
(2-35)
(a*)
(2-36")
20
0.1

[Milne-Thomson



[Wright, 1970]. probe tip

(Parameters)

a) M. A. Wright

Wright[1970] 2 2

[Milne-Tomson, 1950, Streeter, 1948].
0

27.
¢— conical angle, O - dihedral angle, 7 -
conical angle, t9n— n

P, = Ps+ %kn,OVz (2-37)

Bt~ Pr = Y5 PV (K — k) (2-38)
, P, n . Py free stream

kn (Pressure recovery factor) Re
Re * k, Re
n , 0.,

2 Re (4000 ) . Re

4x10° : 1.5x10°

30



0 6, pitch , a, yaw , B, :
conical , ¢, dihedral *', &, ( 28,29
). pitch yaw

. Wright

Fiteh plane

29. Concial dihedral

zn . dihedral

31



K, —k,

kl_w% _ —
e (00 ad L E=F(G.0)
— _Z(po_pz)
kO k2_ 4\/2
_Z(po_ps)
o =2RP)
5
1
K, K, K,

Angle factor, K,

4

D> (P—P)
K, =|1-n1

2{2(%— P.) }

Velocity factor, K,

pvz{i(po—pn) } }

K, =

n=1

Pressure factor, Kp ,

— 2(p - ps)
I<V_ 0 pv2

1/2

32

(2-39)

(2-40)

(2-41)

(2-42)

(2-43)

(2-44)



tang =R p%pz -p,) (2-49)

0
P(x') = (pV*/8){18x*~9x"~9x* sin*(cos *(x)) - 5 (2-46)
4 conical
¢
(Supporter or Stem)
(Extension or Supporter)
» N,
¢ =0.8509K, + O.3008K¢3 S 0.09879K¢5 (2-47)
K, =1.2097 + 0.0705¢4> + 0.0266¢* (2-48)
2

K, = 4.5exp(-0.39464°) - 3.5 (2-49)

b) Slender body theory®® cone
Huffman (Turbomachine) cone

cone slender body

22 |
B stream cross section slender body
d( )/dx ‘0 . slender body

——
— =T [T %

33



30. Huffman slender body

drag 3
slender body

31. Slender
1, 1 )
¢rr +F¢r +r_2¢99 + (1_ Moo )¢zz =0 (2_50)
@ (Perturbation velocity potential).

(2-51) (2-52) [Liepmann, 1958].

34



(V,sin,+4,)+(V, cosacosf+¢,)(dR/dz) =0, r=R(2) (2-51)
¢r,¢%,¢z—>0, r— oo (2-52)

(2-50) (2-51) 2 : (2-50) r
(2-51)
(Superposition)
[Huffman, 1979].

v /V_=1/2cosa cosS(R?) I r
—(sinpcosf+sinacosBSiNG)R* [ r?

V@ IV =(sinacosfcosd—sin fsin)R? [ r? (2-53)

V@ IV =1/2(cosa cosf f)+(sin fcosd
+ sinacospsing)(R?) ' r?

Shape (function), f (R?)'=d(R*)/dz

1 1
f =—1/2(R)'
A )(x/zz+§2r2 \/(Iz)2+52r2]

waRy| "2z |z (2-54)
JU-22+672 N2+ \1-z+ (-2 +57°
m 22 (l _2)2 2 2.2 2.2
VAR 2/(1 =22 +5%% —2| 2 +6%% |+L
Y [\/22+52r2 \/(I—z)2+52r2+ \/( Aot ot ]+

Shape f o0 1-M_?

0

attack angle stream line

35



32. Conical @, a=pf= 45, ), a= B = 9.

2 n 2 H, H,
C, =cos’ acos’ f[-f —(R)*]+sin* f(1-4sin 0)
+sin® a cos® B(1-4cos” ) — 2R'cosa sin 23 cosé (2-56)
—2R'sin2a cos’ Bsin@ +4sin2a cos B sin @ cosé

36



AC, =—4sin? f(sin® 6, —sin” §,) —4sin’ a.cos’ 8
x (cos’ 8, — cos’ 6,) — 2R'cosa Sin 23(cosd, — cosb,)
-2R'sin2a cos’ B(sind, —sing,)
+4sin2a cosf(sing, cosd, —sin g, cosd,)

6, 4 0o 6, 2
3
3r
2
] . A
I 200
0 i
0 i 150
" |
£ = :|||:- o
-9 | —+— —t—7-5
0 ——J8.0 ]
{1 g
OF 2pd 10-0 50 0 E00 58
b

ﬂ.ﬂu . -I:IIM:I > |:'|| t ulﬁu. 2 ﬂl.ﬂu
a5,

33.

C1~C6 fl(Moo)' fZ(Moo)
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AC, =C,sin2acos’ 8

AC, =C,cosasin2f

<C,>=f,(M,)cos’ acos’ f—C,sin’ f—C,sin*acos’ 8
C, = f,(M,)cos’ acos® f-C,sin* f—C,sin’ a cos’ 8

¢) Semi-empirical approach(Tuning Parameter)

Offshore Technology Corporation J.C. Kuhn
(Tuning factor)

(Interpolation)

(Smoothness)

(Analytic)

(Parameters)

(2-46)

P(x') = (pV*18){18x*— 9x"~ 9x* sin*(cos *(x")) - 5

X'=—(AX+By,+C z), if <90°
+(AX +By,+C z), if 9>90°

S (stagnation)

38

0

(2-59)

(2-46)
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Pure Yaw divice

Pure Pitch mode

X, =—C0SaCOsf X, =—COSaCoSsS/f

y,=-Sinacosf y,=-Sna

z,=-sinp
p A,
1 -1.0
T
2 —COS——
V2
T
3 —-cos—
V2
T
4 —-cos—
V2
T
5 —-cos—
V2
35

z,=—cosasinf

Bp C o
0 0
T
0 - COS——
V2
T
0 + COS——
J2
T
COS—— 0
J2
T
+ COS—— 0
V2
Cpitch /Cyaw (34)
T
h._\_\-\‘ = -
. \.“j--r?.f
E i L I. T
u}_' 1 = 1 “I
_'L'!':l'i
_u..l. T ]
] -

shhd i cpaw aEs aom bE R LE A R

Coitch

34. Cpitch / Cyaw grid
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lll;l'

) L~
i | m;i--"'j‘(
z 'j }_"}_.' |Ill _q??f i
uh*__! i— -
o A AL Jl"‘:l\ -
. A - .
T s :
Coiteh
35. Citen / Cyan orid

1) Alignment adjustment angles

N C itch /empir,i — Cpitch theo,i
o [§lEmbm ot ]

i=1

N (C iri — (Cuawineo
(Ea)yaw_[.zl:( yaW)mp”’I ( yaW) :I:I

2) Effective Probe hole location adjustment angles

- (Cvelocity)theo,i } :|

N

E, - {i I:(Cvelocity)em)ir,i

3) Flow angle exponential

(EL) yin = {ZN: U(CpitCh)empir,i I\I‘(Cpitch)theo,i w

i=1

i=1

E) - {Z [1Cya)omes h;\(cyawxheo,i \]]
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(2-63)

(2-64)

(2-65)

(2-66)
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4) Linear flow angle multiplier

(Ep) i = {ZN: D(Cpitd”l)empir,i I\I‘(Cpitch)theo,i w

i=1

I

3) —20<a,f<20

(2-63) (2-69)

4 ca,f
36
_H.'
\_ Boundary Layer
-""1-.‘-.-1 raf
T-""‘—!n-n
‘ik\ o
The free stream fixed Direction
Coordinate System
36.
(Flow angle exponential) (Linear Multiplier)

a, f

a, =M _(a)* ifa>0
=-M, (o)™ if <0
=0 if =0

ﬂT:Mb(/B)Eb if >0
-M,(B)> if <0
0 if =0
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(2-68)

(2-69)

1), 3)
2)

(2-70)

(2-71)



M, = o multiplier
M, = S multiplier

E, = o exponential

E, = f exponetntia

o = tuned pitch angle, o

S = tuned yaw angle, S

(Stagnation point)

-Pure yaw device

Xy =—(1+0)cos(ar —a,)cos(fr — Ba)
Ys = —(1+ ) sin(a; —a,) cos(fr — B,)
z, = —(1+ ) sin(fr = B,)

(2-72)
X, = A, — 5 cos(ar —a,)cos(f; - f,)
y, =B, —&sin(a; —a,)cos(B; - B,)
z,=C,—3sin(B; - B,)
-Pure pitch device
Xs = —(1+ 8) cos(arr —ar,) cOS(B; — B,)
Yo = —(1+ &) sin(ar —a,)
z,=~(1+5)sin(f; — B,) cos(a; —a,)
(2-73)

X, = A, —ocos(a; —a,)cos(B; — f,)
y,=B,-dsin

z,=C,—-dsin(B; — B,)cos(a; —a,)

o=(r,/r)-1

r, = radius of body plus boundary layer
r = radius of body

a, = pitch dignment angle

S, = yaw dignment angle
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X'=

XYY +2,Z)
(X, + Y, +2,2)"(1+5)

Rl
| | !
= = .I-—'m' B
Boundary Layer Adjustment
| f
]
!
< i
|
] N |
i
L | =
—eke L i L
Aligmmant Adjustment
i
!
I
"F'I—-T[-?E- = ...—I.—..-' L=~ 3 =
Flow Angle Multiplier Adjustment
T [
T e - !
=t
|”-?d S| =
TRt S= ==
Eme [TITTTTIT

]

Flow Angle Exponential Adjustment

37. Tuning parameter
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1) (Cpitch)e (Cyaw)e

2) a =a,B =h

3) o, =q,,4 =h

4) i=1

5) « =05(a +ay), B =058 +4,)

6) (Cpitch)t,i’ (Cyaw)t,i’ (Cvdocity)t,i (2_74)
7) L.t
8) If abq(cyaw)t,i - (Cyaw)e] < t2 ! 16

9) if (C) >(Cran)es 13

10) S =4

1) if ab(Cpn,), 11~ (Cpan)s] <. then 4, = 5, +5.0°

12) 15
13) B, = /3

14) if abq[(C,a )1 — (Cyan)ii] <tp, then g = B —5.0°
15) if @b (Cpjen)i; — (Cpien)el <ty 22

16) If (Cpitch)t,i > (Cpitch)e’ 20
17) a, =«
18) if abq(cpitch)t,i—l _(Cpitch)t,i] <t, then o, =, +5.0°

19) 22
20) o, = ¢,

21) if abg[(Cya )i — (Can)i] <t then o = -5.0°

22) i=i+1 .5



3.3.5. Polynomial

Matsunaga[1980]
5 5 P,
P, (Pressure recovery factor) Cpi
¥ [SBlem fzia]
—a—
¥
]
a |
38.5
_R-R (2-78)
VP2
5 C,
4,000~1.5x10° C,
o o
C, = fi(a,9) (2-79)
24
24 1 1
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(Cp2 _CpS)

X =
ACpX
(2-80)
Y= (Cp4 _Cps)
Apr
AC, = Cr~Crs (Cpo2Cyo) (2-80a)
> Cpl_CpZ (sz < Cp3)
Cc,-C cC,>C
Acpy :{ pl p5 ( p4 p5) (2—80b)
Cpl _Cp4 (Cp4 < Cp5)
2-79 «a,o
a=f,(X,)Y)
(2-81)
o= 1,(X)Y)
(2-79) (2-81) X,Y
=F (X)G (Y
a=F,(X)G,(Y) 052
0 = F;(X)G;(Y)
Cpi
C, =F(2)G (%) (2-83)
F..G, F;,.G;F,G 5
C. =(a+ac+aa’+ac’+ac’+ac’
pi (a:l. az aS 4 aS aﬁ ) (2—84)

x (o, +b,0 +b,0% +b,6° +b,6* +b,6°)
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VZJ 2R —min(R,, R)]

' (2-85)
p[Cpl —-mi n(CDZ’CpB)]
pV?
Ps = F:. _Cpl 2 (2-86)

(2-24)
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3.4.

CFD
CFD

[Guzman, 1994].

(Flow separation)
. Dominy[1993]

oil mark

. Scale-up

(Limit stream line)
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LEADING EDGE
SEPARATION BUBBLE

SEFARATION LINES
. =

40. separation line  bubble
5 7
(Approximation) . 2
5 2 (Bivariate
interpolation) [Akima, 1978]. 3 10
10
( 10 )

[Rediniotis, 1998].

4.1,

(Wall taps)

4.1.1.

a)

(Ideal case)

41
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42,

(Stream line)

(Suction)
43 Rayle
—=
i3
- i
LU
0 RS
O e
LR e
e

49



nose effect

(Stagnation effect)

a5 151

Aplz,

a4

v

|
-JJLT:{;EE

/ L = 1

, A T
|

ge
|

R = () = 5

U1W3]]JIIIJ4W!-I:IJEI]}?G:II;IJHI:I
L |

44,
(Static tube)
effect (Nose)
stem
45
G f
+3
St STl —
2
1 /;
_.-r"f
N —
E‘.Er 24 20 18 12 = {Digmetes)

B
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b) (Probe blockage)

, OV,
(2-87)
=V (2-87)
V
Wyler
_G 8/9) (2-88)
2 (1-M9)
S d .
P~ ortal anga
Ml | _| )
. 3 'l.l
Flow —— o f
hnrn:r#:lrug R
w08
46.
46
C, =1.15+0.75(M -0.2) (2-89)
(S/C) (Frontal area)
(2-90)
2
§=d(Dj zD” _2d (2-90)
C 2 4 7D
(2-91)

3.2%, 5.8%
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op -2 1.15+0.75(M -0.2) | ( 2d
P, 1-M?) 2 7D
c) (Diplacement)
gcorrec’(ion = 035(%) (%j (2—92)
d D 47

Meatured it butios

D ek gy e gradeanl
M prisiia e o issebelly
indeparcdeci of §)

Fressass costin, B
(=]

Yirm maghs, 4

47.

4.1.2.

a) (Geometry effect)

attack angle . 5
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b)

attack angle

48

g

L8]
or

L F

(2-93)

attack angle

(2-93)

49

m

aE

1} e
Paynaics Aa v

49.
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(Streamline displacement)

c)
50
(Secondary flow) (Wake)
(Vortex) [Livesey, 1956].
':--,__Hca:ured dishribulian
I [ {lube dis, = d}
= ‘f'--__mmal distribution
E‘- [fube o = 0
=
 J.—Froka
Erl::r“ “_____H—Gml'ulr'r. Cimler
Position —
50.
o
—=f(K) (2-94
B (K) (2-94)
D ) 50 , K=ghear parameter :w
Sami[1967]
g 2
—=1.025K -4.05K“, K <0.3
? (2-95)
—=0.195,K >0.3
D
4.13. ,
5



a)

TAW | DEGREES |
o

]

ot A gopd
REYNOLDS NUMABLR

11
51.

b)

Static pressure increment =1/ 4p,u

Bt

55

COEFPICIENT Ma.z

S

<10 0 10
YAW ANGOLE
&)

m
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©)

4.1.4.

constant)

4K uLV
Z‘:#

7Pd*

(2-97)

4.2.

Kline[1985]

52

. DI

. Xie[1997] fludized bed

(s), u (Pas), K

(m), d
(m’), P (Pa)

transducer

[Reichert, 1994].

56

(Time
Poiseuille
(2-97)
Poiseuille , L
(m)v Vd
transducer
5
5

(Calibration data)



, OX,0%L ,0X,

Sp.. ) op : 2
5v) +(ow)” = f2 (—‘“pj +f2 [—“’JJ + 1, (59
( ) ( ) Pexp po—p Ped po—p ¢( )

(Influence function), fpa(p’ fpcd ) fq,

57

(2-98)

n

(2-99)

53



so. V2 5P V. 5p. )
[ Po j _ g;p[ pa(pj v (&J (2-100)
Po—P Bo—P Po—P

chal ’gpa(p 52

sp Y 5Pup ) 5P )
( Po J =h§p[ IOepr R (&j (2-101)
Po—P Po—P “ Po—P
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56 . O(l/ «/ﬁ)

56.

5 5
5 1950
LDV
3
tranducer  hydrophone
HWA [
, 1997].
LDV
LDV
HWA
5 3
5 1970 ~80
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“..an intrinsic variability exists which prevents us from getting exactly the same observation or

measurement on repeated trials...”

LDV HWA

1980

60

J. Stuart Hunter (1968)



‘r (Free stream velocity) “U”
¢
urx'
=Ux’ 4-1
¢ X+ 2(X|2+ y|2+ Zl2)3/2 ( )
P
P(x',y',z)=1/2) pU?* - (U +V*+W)) (4-2)
p =fluid density
u=dg/dx'=U +U/2(r®=3x?r)/r’]
v=dg/dy'=—(3Ux'y")/(2r?)
w=dg/dz'=—(3Ux'z")/(2r%)
r = (Xl2+ yl2+ 212)1/2
(4-2)
1 ] n _ pU2 12 |2_ l4_ 12 |2_ 12 |2_ 4
P(x,y,z)_84[18r X'“—9X"—OXx" y"“—9x" 2“-5r"] (4-3)
r
12 =y?+ 22 X'=rX"',y'=rY' (4-3) (4-4)
pUZ
P(X'L)= 3 [18X ?-9X"“-9X ? L"*?-5] (4-4)
L X'
L =sin(cos (X)) (4-5)
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(4-4) (4-5) (4-6)

P(X") = p: 2 [18X ?—9X "“—9X Zsin’(cos (X)) -5] (4-6)
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