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The Effect of Reynolds Number on the Three-Dimensional Flow
Measurements with a Two-Stage Cone-Type Five-Hole Probe in a
Non-Nulling Mode

- Calibration Data in Low-Speed Flowfields -
Sang Woo Lee and Sang Bae Jun
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Abstract

The effects of Reynolds number on the non-nulling calibrations of a cone-type five-hole probe in
low-speed flows have been investigated at Reynolds numbers of 2.04%10°, 4.09% 10> and 6.13 X 10°,
The calibration is conducted at the pitch and yaw angles in ranges between -35 degrees and 35
degrees with an angle interval of 5 degrees. In addition to the calibration coefficients, reduced pitch
and yaw angles, static and total pressures, and velocity magnitude are obtained through a typical
non-nulling reduction procedure. The result shows that each calibration coefficient, in general, is a
function of both the pitch and yaw angles, so that the pre-existing calibration data in a nulling mode
are not enough in accounting for the full non-nulling calibration characteristics. Due to interference of
the probe stem, the calibration coefficients are more sensitive to Reynolds number at positive pitch
angles than at negative ones. The calibration data reduced in this study may serve as a guide line in
the estimation of uncertainty intervals resulted from the Reynolds number effects at low Reynolds

numbers.
&=, A (5
7lz4dg P P SEEENY A U FA 2
Cra s A ZAAF, A (1) Fig
Cy : AGAS, A 3) P, C R
Cp D AGASE, A @) Py CAY
Cra P 87AAF, A () Y] B o =
D :53xg2v9 3H Rep : X2 8 Reynolds 4 = UuD/ v
Py (5FLEE EY G T B Uo :AHHESE
* 39, FYFFYUtE A FsHy
J2|ARX}

Email : swlee@knut.kumoh.ac.kr
TEL : (054)467-4209 FAX : (054)467-4050 a : $ X, Fig. 1
» oY, IHFLFAAEE gy 7 AT 8 : 87}, Fig. 1




28 o ¥ %

v : BRAAAS
0 P AE

SHE X}
reduced : RA T2 1P oZRE do|A g

1. M2

53X 2 H(five-hole probe) 339 B EA 3
X Z}(pitch angle)¥+ S ZH(yaw angle) ¥7+ ohle},
A gltotal pressure)?t A l(static pressure)S 23 A
o2 ZA% F gl 7Y F9oE HEV|A ¢
B22g 329 #5349 d7d 98 AHgEHz
.0 sgxzug A8dd 339 /E53E 33
g o, 7 FAd 9FE £ F UT FHH=E
Reynolds &, Mach 4, Y FZA=E 2 2A4Y, &%
T, HE g A2 (wall proximity) 5] 315h©

Treasters} Yocum'e 9433 5gzTzHsl Zasz
g sgx2HE Fo diste] RAYY, dEAHA B3
4 2 2inA & A 7)Estdnh ol

IEL o] 44 5TZ2HE tlste] Reynolds
o @AIZHAL} & SR vAe G
tisted el AFatAh Smitho} Adeock®e:
#ggo] sEZar FHIH FHA AHWEF 5T
z2 8o st} Reynolds 47, Mach 4= 52 4&&
dApstgleh. Ligani $9¢ 53x2ro HAd =7
HEo] A SHE 7 AHFY gEE) AR T
& AN ZAg Fofstd AXE 3 (spatial
resolution) & AL 4 Sl WL AtstHith
olg}3tA 15L& &£ETulo] HlHEted SFZEH
ZAH N B 9 +l(down wash) $EE 1
23 SAEY S A AT

Ligrani 597¢ A¢ F7Zo] 1.22mm¢l 3@rl=
ol 22y STEZZH diste ojA e HAWH,
Az 2 ZAHA FYAE F& AAS| LA
A}l Dominy$} Hodson'V& BlR7)AS] #5 574
o dg AMgHE 458 ¢ JYv=g 5TER
o) ulstdd, Reynolds <7, Mach &, ¥43F9 W3k,
GEAE 5o 4% dTEH4AT 182 RE 4
oA 4L 0E2 nHste 82HS 20504
0= 2 HsiA7|EA A8e AT 1 2
a7te] ThE % g 9elA] Reynold 47} HA AT}
2 4gg ulde Wy 259 A s
Mach 47} T+ 7 $olE Reynolds o W& BJ
A% W7t A9 gtk HAZ Leest Yun®

&

z

A

Hu gAYt 959 sTTZere RAY nX
E 4 dstd dysad. 15e a7 By
optel sEZaHe ¥y Alole] HAlZt=E ¥W
Z2H Zdd 2 9FS vFE U, HEIHA
goll & 5879 Wi AEE AAAT
E dAFME Reynolds 479 W3} 53z an
o} 4% 334 % FH viXe 9F¥E I+
X gk dWtHo g U5y SFTLIHE XS
T A H(non-nulling method)& *&3ldq Al84E
%, x4z 87to] 7z 35EA +35% ¥
o Algol 7bssith ey A& A7
t AXzbo] 029 Aol 227tuhs WA
T, 8779 HHE 2054 1205 Alo]2 A FH
o] glch olw 7]Ee AFAE Reynolds %l
e BAAFESY Hans AFIS ¥, 1 2
vehvde AA 9x7, 87t AY, A% =9
a7) $9 walFs AAA Ragnh & A7l
Ne A4z 2748 77 35EAA +35%7H]
WA A, AA) A8 dHd AR RAAFY
Wl W ool wWe 38, 4, §54 A7 T
o] WalFE Atz st
B EmRAME, 428 STEZZHE AMEEY ¥
°] 30 m/s o]3}Qd A& FEFFAA 324
=A% o) HA3= Reynolds 9 4 F
stath dwrdozm B BIIA large-scale
32 f5S AU APAgA o] F
o EAAY 33449 FE55F] o

> £ ooz 9b

ot o rf
to If

Pt

o MR

S
1o

o @ i o do

$ X g

oA
£

ol Jz

2 1

2. A ¥

—

2.1 %

Boal ol AMEE AEAA R 4£F 4FF
sgx 29 JEEEs) Fig 13 Fig 20 A7
ot} Fig. 13 Fig. 2 25 oA W& 2
Abe 178 Aolr), o] 5T EFHE ulZ United
Electroric Controls Ao A A &€ 2¢¢ Y95 5F
= 2 ¥ (DC-125-24-F-22-CD)ojt}. o] SEEZZHY
Ae A 7ZAE 3.18 mm (0.125 inchyol™, 4F ¢
Zdo] dFzte 9ol FF LFHY 9F
7+ 300tk tE& EAste s/ ¢HF
A7 L& 048 mmoly, o] F 4T #12 STLE
B BB ZzH FAMF gYsiA 31 A
, GEE #eA gEF #5E 0% HEoE 3
fxad WE oz Fu Yk ofjshwd

SZEE

Ju [ [



Reynolds 7} 22 €

AXISYMMETRIC
WIND TUNNEL

PITOT-STATIC
PROBE

4

T
\‘/ oy
2
1
5

HONEYCOMB &
MESH SCREENS

______

2-DIM. TRAVERSE SYSTEM 2-AXIS PROBE ROTATOR

Fig. 1 Top view of experimental apparatus

AN A 5BTEE % am

"Zéd FA gl sFEEH

Fig. 191419} o] mB 2t Eé’amlﬂi

o] B A REL Ao yrA AdE
.35 mm(0.25 inch)2 R4 = o] it}

ol s5gmeHE a7 Wgoz AT u Y
T #19 A7 wIekA dEE, 4YF #1Y
Y77t sE¥ZEE B AN FAA AdX
SES AAHAT). FAZL Fig. 19 IAE 9
o go) 5FTRAHEE WA BFoR A
ZtEojd, of HA2te ¢BF #49 ¢Fo] &Y
T #59 ¢¥Rg o 2 9 oxt Atk wEA
AL sFZe w7} Flg. 18] A $ix 5 AE
A% AXT o ¥ F}E ZA Ho 8F4L
52228y O (AW 2L FAZ AALY
oz HAF Axoln, o] 2742 ¢HT #2994
A4 gFe ¢¥HF #30%1 Z4¢ 4guyg

9 2 W F9 gol "ot

2.2 AEEA

AYAA & Fig 194 2ol 2A 23 TF
% sTEaH JAAANE FEH uch E F
T ARE FFL ONTFLE, ANPdEEe
A7l 50 mml ¥F FFoIT o] FFY FF
& AW Eel o zde] sbedty, FE T

S5& Ay 40 ms7tx] AEAA E2Ho] FE
t} o] FE59 f& FIEE % ooy, Wi
AEE 1%ojh 5FEZRBE HAL, HXZY

o] &% 334Y #% &R vAE ¥

29

TOP VIEW

UNIT : mm

0.2 1.70

Fig. 2 Tested miniature cone-type five-hole probe

AL dEREswel 0159 FE F53AFA
o9& e]FojAa, 92 WA} g FEY
Z+47]o)(Oriental Motor, UHGS50-2C)7} #3td
AC A B FE(Oriental Motor, KXSM240HG1-BL)9l|
oaf AFHoZ oFoHl o a7t AFIA
2z 4x EHTL 0.0012x0iH, o]RL I X
7z HAFR ] gA=] k. B AN ALS
" SFEZREE a7 WFgoR HAY Foe
sEzzHe A A7t WA gov, 3
7t wgko g AL & AfdE 2 A7t ZA
getAdc) olege sExI o 94X WIlE »
Ast7] ste] sTERHE FAANALL FHYxH
ol 7153 25 o)A fd FAHA Utk o
o$FX Z+ £ THK A}e BAaFo
MY E 7loje2 TAHY glod, AAES}
i f S8t olFAl A& ®zle FAY IS
2 gkt
B AfoAMe ¢4EEAL IBM PC AT-4862
2 AHA 2AHAN2EgE 2HQdsHon, IBM
PCIE trl% ¢35 ¥ R =(National Instruments,
AT-MIO-16D-H-9)7} WA =o] g}, 53EZ2B 2
Ree gHises 48 WEI)(Fumess Controls,
FCO12)ol oJ& A¢tez ®igdr. o ¢eEdg
71¢] DC 28 u]xgdYgA(Keithley, 2001)el
948 RUHHIT, T3 o A¢4S dris ¥&9
B9l 12-bit ADHEVIE S ASEHE Agd
. o] ADWEEVIY dioly 54 E(sampling
rate)e #Hd) 100 kHzolw Y FE®E A4
ZEGgO] AdA 1, 2 4 8 Tog WAL F
it 5EEREY 5709 dES eAHoE F
Ast7l st gEH AU (Furness  Controls,
FC091-6)8 At&3t x, o] dHaARE trls
dEHRE 9 TAEH VOE o &3t Aofsgich



30 of A} & .

A4

8.0

| Re=204X10°(U,= 10mis)

P
o
T

»
=3

{Pitch Angle, Yaw Angle) = {35, 35)
. 36)

o €3 o

E 201 g 20

£ €

g oor g oo}

2 |

L

.g 20 é 20

3 40 3 40

> S
Bor (35, 35) 6o

Re = 409X 10’ (Ua = 20m/s)

{Pitch Angle, Yaw Angle} = (35, 35)

Re=8613X 10" (L= 30ms )

6.0}
40
20¢
00|
20}

40

NS
(&xﬁ €0}

Yaw Angle Coefficient, CY.

{35, 39)

80 S ST S S S
-80 £0 40 -20 00 20 40 60 80
Pitch Angle Coefficient, Cp.

(@) Re = 204 x 10° (Uw = 10 mss )

'8'98.0 50 40 20 00 20 40 €0 80
Pitch Angle Coefficient, C”

(®) Re = 409 X 10° ( Uw = 20 mfs )

80 M A P S
80 60 40 -20 00 20 40 60 80
Pitch Angle Coefficient, Cu

() Re = 6.13 X 10° ( Uw =30 m/s )

Fig. 3 Pitch-angle coefficient versus yaw-angle coefficient

3 A=A 9 Mgty
A7) A= Reynold &2 W3 A7)7] ¢4
AGEEEE(Us)E 10 m/s, 20 m/s, 30 m/s SO
2 W3ANZ, 8 A GdFAEE % o]
Wz dAdA FASYT. o8 AFAELEES
5eZ2Be Ny FA D)) 27§ Reynolds &
= 7}zl 2.04%10°, 4.09x10°, 6.13x 10°0]t}. A A
RANRL FHXZL 3522 nAHEn, 8742
35EoA 3522 WIAF|EA AlzEd. o H
AX 2+ 524 FIAFEA T x)2Ze] +3557)
g g7tz 2 ez YL FYPsiyt o
@A 2 WX fhE fzto] MEHoz W3}
A, B AFoj AL2d EIdAAE 9
#H97t Qo 4% BFo) W $5in 2
g Hasd £ g 2 dydMe
Reynolds 4:7b 4.09%x10°Qd o] 95%9] NHEZ
B3} % (uncertainty intervaDE Astger® 1 2
3 Yz BREES AFHT FYI
0.70%0] 12, X7 A4, 84AF, FGASF, A
Ar 59 EF=E zZtzb £0.120, £0.095, *
0.023, +0.043 So)Qt}.

o e N

3. 23 ¥ 4

3.1 Z2E8 DAY

ZTZH YL HLF BAHLAHGAAE B
A5} g7to] st zb g Fo e s
23 44, AY, Ay Fo] "ol o 77
24 44 g3 Zo] AAZRAF, 2717

fo lo ot

F A%, AGAS o2 ¥RAGD

Cpa = (Pa ~ Ps)(P1 - Pu) )
Cya = (P2 ~ P)/(P1 - Py) ©)
Cop = (Pav - PY(Py - Py) 3)
Co = (P - PY(P1 - Pu) C))

A7) Pi, Py, P3, Py, Ps B 2} FFHFAAN =
AE ¢¥olx, P} PE JAERZPYE=EZH
(Pitot-static probe)E o] &3l o2 24" #Ht
#F A¢E gnFch Pt W&d go] Hod
o,

Py = (Py + P3 + Py + Ps)/4 (5)

Z2ERAREG ol&% BHAMAPNME Zh7 o]
A3 azte) oislA Py, P, P, Py Ps, P,
P2 T ¢4¥ ol FER I, of YYER
e fXZAs, s4AF, ALdAS, AgAF
Fo] Aadnt. o v A RAAFES 9
Hog AXNAAL Ul 2244 BAFig 3), A
FA T EXFig 6) ¥ AGAse EEFig 7)
o2 €t vA Y {HEFNA 5FEZzHE
ZEE dojA P, Py, P3, Py, Ps 59 5719 ¢
He o] 43 37449 §455 47 e 24
o] 5719 AHo2RY SAGAFY sHQAFE
Axt# o st} whof Fig 33 o} A A9
A HHo] FHXZ-22F Hdsx dgids o
So] Ay, HAZ BIPEE FHLsld o] 1
Ag4AS o a5 gAZEY A4 g7}



Reynolds 7} 29 938 53 TZH

< vtz 3 ¢ ek o]FA Aoz HXg
87+e Az 27t 42 3EE ALAT
(Fig. 6)9 AHA S (Fig. 7) BA ] HEste] B
A, AGAT Codt AGAT Cp7t FHATH
é] (3)“‘]' 2 (@A Cyp, Cp, Pi, Pov 52 011 &

o g ol Hug, o ¥ Hozwy WY P
9'} A P2 vtz FE 4= gu}. o] AL A
o2RE #£9 3] Q= tLT Zo] FIHA
o

[ P,— P

E4 FEA U 3349 £ JEEL IA
Zt, 87F 49 37] Atole) dubARl #AA L
zRE 44 Ax2 £ 9n? Zzzragye
43 5TEZEH RAZTZ Y g glojA
14 F8% AL ddA AFT RADAFg 3,
Fig. 6, Fig. N2 %8 X7, a7, AY, A4 5
< AgsA Tite FHelth

32 HEAS

ARzt Ag=, 82, AGASE, AgASF §
9] BAAFTEL Reynolds o w& W37l Fig
3914 Fig. 79 &AH i o|E 7 1¥9
©olAx HHoz FAEY THEL Re=2.04%10°
9] A3& Jehdh

Fig. 32 HXAZGAR(Ca) o SAAFGC)S &
A FHAz 27te WHIGE HE)o wet v
gl Aot} o] 1elx 7 ZMe nFL F
Ad (A, 87 FAM e AXLAFYg 84
A+E Jeidoh dutdez A48 87

g o] 43 334 FF A viAE= 9F 31

o] 9AZ AL wat AA Wasty, a4 AS
t gxZo] dAF® JFAL wet A WA
ojgfzr e @RL HRZely gZto] AEFE F
=434, fXZe] 029 FHAH 87| 0= =
Ae A FHEAAF &) 2 35024 F)
7 A Fsich. Xz} Q7fo] BF 059
e GYdAE 2 A PR FAY B
el FAol AAlzye] ZHE e BIFE HolA
ok, X743 97be] E45 A o] utgR
22 3A ¥¥Eed, o)A A WwEdA F
ek dwEon 7t Az FAo] FAAE
o 2HYFE B FHAAE fsioh

Fig. 3(a)~ 3(c)§- Az vas 2y, AFFH
7_:1;} Ae BAAY FHAM AR HREA

i, Reynolds 57t #$45 XA 59 22
T«l Hal 99rt o 2m Az ¥ge] ¢ 4
32 & 4 ok Reynolds 47} 2.04X 10°9] A
(Fig. 3(a)) &2t9] Adigte] 15% °atd 4%, 4
A RE7F A zte] 029 FHE FHLE FHE
A e] =2 &t 22} Reynolds 7} Z7}
G4 & ojgt e HgAYL A dsHE H
g2 Bl Zoh Fig. 3(c)lA A (Re=2.04x 10%)
7 AM(Re=6.13x10) 2.2 o]Fol7 THNEL A
g HlW3'H, Reynolds <ol w2 3 X ZtA ¢}
aZAe] WEE HE HAF & guk o ]
X OYeRREH I ke 870 25& o4
9l Ao9l WA Zte] omET F W a7Zto] ISE
B}t Ze J9ol A Reynolds 49 Qo] =LA

dEdE @ AT B8 &7 15E ug 2

& JAo A, A7l 1022 AT JFHo=z

HE 2552 A} TH Aol FroA
Reynolds ¢ 9ol FEFuh. olepz

40

8
5

f

075 -025 025 07

-1.00] -050 | 000 7

Yaw Angle, {degrees)
'3 O

55 's
Yaw Angle, f} (degrees)
o

8 8

Bl Bl

Pitch Angle. a (degrees)

@ Re =204 X 10° (Uko = 10 10s )

40
w7
0
.oso
.on N
-Ms 4’15 025 075 150 {
-20 .
\\ 40-_'. SRR
W v\
oo

‘La.sozoroom;o;om ‘.'maozomomzo:ow
Pitch Angle,  (degrees)

®Re=400 X 10 ( Uo=20ms5)

]
975

JH

050 |oo

Yaw Angle, f (degrees)
=

TR

53526 0 0 18 20 30 40

Prich Angle. a (degrees)

©Re=613 X 10 ( U =30 m’s )

Fig. 4 Contours of pitch-angle coefficient, Cp,



32 o 4 - A A
o . 2,00 300 40_ z_Q\s.oo\ 40- B — 2,002,
R i — wf 2R g T
o wf T e = ®F /_/_,__0.75\< _ 2ok —""f_"___’_(ﬁﬁ?_f*ﬁ
P [ g | —— 00— | S Ty SR L
§a IO- 025/\ §z 10~ 025 —_— g 10—— L T25= P
S o 000 oo 0.00—— D R
g I ? ol 025 ? o T e -
g | T——os—— 3 | T——— s - I et U
Te—Iie——— | e e | e e
B _,~z.oo/2 o T e =< i 6~ % s
- 8007 5 P N LU « .00 .00.3,]
40 30 20 -0 0 10 20 30 40 40 30 -20 -10 0 10 20 30 40 40 -30 20 -10 0 10 20 30 4
Pitch Angle, &t {degrees) Pitch Angle, 0(degrees) Pitch Angle, a{degrees)
@Re =204 X 10 (U= 10ms) ) Re =409 X 10 ( U =20 m's ) ©Re=613 X 10° ( U =30 ms )
Fig. 5 Contours of yaw-angle coefficient, Cy,
V. o ~,
£ 7 & 0} /// \§
. . N
. o | T AN
a  of 02 ( a o 02 =
S \r: g g
< 00 02 £ .o} g
L] : \ :
-0 -20% / > .
fr
-0t / 40: \ ’-0,4/ 4 .‘
! A {%4 TN ) 4 [ 7
40 -0 20 -0 [ 10 20 7] 40 '“-,40 % 20 -10 [ 10 20 30 40 "940 -3 20 10 [ 10 20 ] 40

Pitch Angle, a{degrees)

@Re=204 X 10 (Uo=10n75)

Pitch Angle, a(degrees)

O Re =409 X 10 ( U =20 mfs )

Pitch Angle, @ (degrees)

©Re=613 X 10 (Us=30ms)

Fig. 6 Contours of static-pressure coefficient, C,

Reynolds 49 & Fig. 4% A9 nY f
gds) =edrh

Fig. 4= X ZAF CG.E WXz a7e) 3
T2 EAG Aotk AntH oz ojgHoz A
A, Azd sFzzBo A AXNFAF TH
%3 HY3t Mo Holop & Aotk
Hx 2ol 05Y Aol AXNAAF FHe] A
o) FAM) ZHATL, Hxlzte] Hdigte] 0%
2o AFFE 1 zole ZA JYeida Aok
ol9}zre #AS Reynolds 7t 2.04% 10°0) A
6.13x10°02 Z713t9E auz §x9dh. Fig
4c)ol A HHoZ FAE Re=2.04x10°¢) ZA7}e}
Adoz EAE Re=6.13x10°9) Z7E s
R, A2 FXZgo] 0=xr} & HydE
3 Aelzb HlmA FH2 whd o] o=xT
AW 1 o7t o A#FAE & + ok 29
o] Wizt a7te] Auiglo] 2 A¥ETE 874
o ddigte] 2051t &g o F=exch

Fig. 5& 274AF CuE Xz 27t g

=
=

o
L.

2 EANF Aol HAXZLAIFe A9 uIst
A2 o] AFAQ s5ETEZIH AL Q7MAS ZA
52 {23 FYPF £HPAMo] Hojor & Aot}
azto]l 05Y AL aZAS X A #
P ZHEFA T, 87+e] Hugo] 0xrTh A
AT-E FHMo2REHY #Hygo) M gich
o] 712 Reynolds 27} 2.04x10°94 6.13%x 10° .
2 ZrMel® ag2 X9 Fig. 5 2
Moz FAE Re=2.04x10°¢] ZAi}s} AXoz
EAE Re=6.13x10°9] A#}E ujms) B9, 9
ZdAge A$9 wpAsAR diAz "Xzl 0
550 g ASdE F 499 ojrt HuFH
Fe wd, x| zZe] 02RT ZW 1 o7t o
2 4+ 9o

Fig. 3, Fig. 4, Fig. 59 235 29 u9, &
wH oz g7to] 0XQ ALE JIFog 879
oRct 2 A$e AL A$E vwams =Y,
Reynolds ¢l o1& #| Xt A|9 8.7 A 49 W
e Az A dAFdoz Jeyd. a8y 3



Reynolds 7 29 938 53X 2B E o] &3 3344d #5 2R nA: 9% 33

40 40

201

Yaw Angle, f3 (degrees)
: =]
T
Yaw Angle, 3 (degrees)
°

20+

Yaw Angle, 3 (degrees)

Pitch Angle, cz(degrees)

@Re=204 X 10 (U=10m5)

I VU DUPH TP HPUN SRV B v S I T B SR |
40 80 20 -0 0 10 20 30 40 40 30 20 -10 0
Pitch Angle, (x(degrees)

®) Re=409 X 10 ( Uo=20ms )

L1 A ORI SRS S AT N Ml S8
0 20 30 40 40 30 -20 -10 [} 1 20 30 40
Pitch Angle, «(degrees)

©Re=613 X 10 (U =30 m's )

Fig. 7 Contours of total-pressure coefficient, Cyp

2)zbo] 0%o] hejME ©] Reynolds &= &
g7 M2 g ez vehdA Fsoh olg
Zo] mXzto] 0RHT & FEH HEEHA 0
ExRt 2 g Reynolds ¢ 37 ¢ =2
A Uehde olfE STZTEHY XY 4F
o "9y #dol Jdey FAHAY F
Reynolds =7} Z+&+E A4 o] #A4H
o uld FUHzE, oo wet 5FETZH XA
el g FFo] Zkd Heloh

Fig. 62 X zt3t 8719 Wi @& HSHA
£ Cpo ¥ E Ho Fr} Fig 62 Fig. 304
2749 X3 Aoz HYAFE T3
e o1&HH, A )T T Aol AdE #
Atk Fig. 6(a)8 RHYW, 4tz AYATE
X437 gzte] F/AEFE 1 Adighe] F7ts}
v AES HoXe, 1 ¥ Oy FAH F o
A4 7 g7te] BF 0 Ao tiatd HojAol
HAE #3z d. dAZ g7e] 0= A
e AgATe 227 A2 A Hoe]A|gh
A zte] 0%l Mo dalde A= Aol HA
orgtth. Reynolds 427} 4.09x10°22 Zv}sid,
ol v AL ¢3t=EE HIFS Btk ozt
& A& Reynolds=7} 271845 SETEZEH
AR ofF f5o Wt AAFE oug
th A A(Re=6.13x10)3 4 A(Re=2.04X10%)& 1|
w3 HEH, Reynolds ol wiet AYASF7E vl
A ZA WgdE & 4 glrh 53] Reynolds 4
9 9o wx7Zo] 0xRt} F w F=EHch

Fig. 72 F| X3 a2t9 gzl @& MY
F Cpd FEXZ B9 Fu}. Fig. 72 Fig. 304
AAY WXzt 4702 RE AYASFE 13
Y ol &EHH, 4 E Tl HdYel ANE

AgAFE A¥Asds g8 o1 BEv a9
4 & HAZt# g7te] BF 0EQ Hel dist
A fdg AL Fyjold, AgAFY ¥
W diFF -5oA 0 AEE HAPASFY ¥
33 0ol A 1Ry HA AeA debseh oA
ol 27te] dA3A WaE o, F
At AdAFe) ¥y A8 § £ e
ojugt). Fig. 3()ol A HA(Re=2.04x 1077 A
Mg vnd Bd, AgASFE A LA S Fig. 6(c)
o B]a] Reynolds F=o] wh& wWstrt vjmA &
& geog & 9tk

gut® o2 Reynolds F7F F7t1g$E Xz
A o 874A4F EX(Fig. 3)oA BAF3H 4
Are] gido] AZolunt AALAF ZHAL,
X AFe 84AFe W "t FaHE
A3 2o FUT. 53] yAZe] 08t € o
Reynolds +2] 9 %Fe] F=aHRAYt. AdATE 3
YAFdE 28 1 BEJ FAXZa ga7o B
0529 do st gAFT 49 Hejolq,
AALY W3 HgE AYAse ¥3 deu
o 2R aA Jdeigd a8y dAgAes A
Alseof Wld Reynolds ¢ wh& W3zt sz
Zhgkth, e BRAAS thelsd, Reynolds ¢
P wxzto] 0B} g AR 0RY} 2

Fed e oA B dF9 o] Reynolds
7 Al FE AL FE5FAAN Yelde &
Aolo, B#AH i FAFHY AulFed 27
712 5FERH AU dFe] A JE
7] ot}

o kbt 8

33 882, o¥, &9 37]
Reynolds o w2 BAASE wist ZAg

o



34 ol & %

Yaw angle (8)
s Re =204 X10° (U= 10m/s)

——
-

0 —0—
—o—

—

——

(@ pees = @) (degrees)
: (=]

I 1 i i

'
-40 -30 -20 -10 0 10 20 30 40

.20 1 L
Pitch Angle, a (degrees)

Fig. 8 (@,ogucea— @ ) @ Re = 2.04x 10’ obtained
with calibration data at Re = 6.13X10° (U

= 30 m/s)
20
5 Pitch angle (a)
15 Re =204 X 10" (U= 10mis) —~0—-30 —A—-25
- 20 —0—-15
10 —— -5
- 10+ 0 —#— 5
g 10 —0— 15
e st 20 ¢ 25
o 30
@ —
T o} ' %g; ..........
EN 8 '
v S5E
3 10t
Y
151
20 2 s 1 s 2 . 1
-40 -30 -20 -10 0 10 20 30 40
Yaw Angle, g (degrees)
. 3
F]g' 9 ( ﬁreduced_ /9 ) at Re = 2.04X10

obtained with calibration data at Re =
6.13X10° (Us = 30 m/s)

oalst: AT & 9uist AW, AEHA &9
AME Reynolds 4ol wet WAz, 2z, A,
A, w59 27] ol o= AE WHHEAS
Aoz sets A% s Fastch o Hel
felate ¥ ATFANE dEZA 2RO
=93 rAxg AL AEstdct. Reynolds
7t 6.13%10°Q 7§59 ol E RAAFE T3t
71 ¢ 712 dHlolgE 34, Reynolds 7} 2.04
X10°7 4.09%10°% F H 4o 234 549 &
AgE = Py, Py, P3, Py, Ps 59 HOHE o] =X
z2add 433k 1 A% X, 8.4,
gh, A %9 =7 59 Aak AFAE A

ol

A A

o
«

| Re=204X10" (U= 10 m/s)

o ©
« -
1

12)
o
N

2
-

VU

-P

6 b b o o

(4 I S R =
"

(Pnnduud

04

_05 1 L 1 i 1 A 1
-40 -30 -20 -10 0 10 20 30 40

Pitch Angle, a (degrees)

Fig’ 10 (Ps reducea'_Ps)/(p Ugo/z) at Re = 2.04
% 10° obtained with calibration data at Re

3
= 6.13x10° (Uw = 30 m/s)
05 v
aw angle
04} Re=204X10°(Uu=10ms) _o_.3ong_4(i)_25
—m 20 —O— 15
03¢ —4—-10 —— 5
— O 0~ §
R . —O0— 10 —O— 15
~% 04 ——20 = 25
2o
2 o0
~
Q01
§-0.2
1
o 03
04

Pitch Angle, a (degrees)

Fig. 11 (P, requcea— P)/(0U%/2) at Re = 2.04
x 10° obtained with calibration data at
Re = 6.13X10> (Us = 30 m/s)

ol mxztak @7to] *+35%9 AHLE BTt
Erxatn g, 30504 +30E74R9 & 169 (13
x13) AE<] ®HolEl7} AU o]FA &
A 7} A9 A (reduced value)9} o] &2
e EAAY AolE F A Aol 7=
(@retices™ DK (Breaucea— B), BETH A Aol
2 (P, reducea— P/ (0U%[2)% (P, resucea— P/ (0U/2),
& 2719 2olA (Qreduced Us) T EF3HA
Reynolds =9] <&l og WaFg yehdo
B2 ol @gEde BRAZ=OY AAY B
a7t £E = AFE Kosior

Fig. 8& Re = 2.04x10° #$ Reynolds =9} 9



Reynolds 471 29 9438 5BEZHE ol 4% 344 §%5 A viXe 9% 35

WXz H8F F (emw— S BHE H
Zoh. dwtd oz Xzt A7t 10=RE
B BY |t alol "N oW, HX 2
o] VERT & A% ltpmw—ade A 47%=
Aez vxd A JEgth 53 |2muea—al
o] 7b¢ & & mXZol 20 TAHo|H, oy
(Crotucea— @) 870 wE WstE 714 A
ettt ol AL Fig. 40)ollA Adst FHe 2
o7} 71 & 993 vuA F XIS

Fig. 9= Re = 2.04X10° 7% Reynolds ol ¢
& a7te] W F (Braw— A WS BEE
2o Fth. a7t Hugte] 5= oY A4
Broduer— A7 W% Zrow, sxzte} Adjgkol

RO Ao

Yaw angle (8)

14| Re=204X10° (U= 10mss)

o6t
o -:;o 1:0 -1lo <.) 1lo 2Io 3Io &
Pitch Angle, a (degrees)
Fig. 12 Qo0 Us at Re = 2.04X 10’ obtained

with calibration data at Re = 6.13x10°

(Un = 30 m/s)

WERT 2 @ (Bregue— A7t B1EH A Y
ok £3) 270 050 HE (Brmw— HT =
AHoz HojAe Wz AFS Ho FASL
AL azte) Rz DA | Brmca— AY
3 Aol A9 L uigoh

Fig. 10& Re=2.04X 10’ Z$ Reynolds o w
g Fardstd A% sk =)
(P rouced— PO (pU%[2)9)  EXE  HA
(Ps,mdmd"Ps)/(PUEo/Z)'E‘ (@reaucea— O} (Bretucea— B
¢} @2 Reynolds ol @AGlol 4 0ET
2 #L ZEt)h o] B9 A4 ¥k Fig 6
o] Azl olygl, Fig. 83} Fig. 9olA A Al
2 z3 a7he] Wl gHME gFE we
th. gutgoz Aol 0xHUT  FHowW
(P;, retuced— P (ULI2)E 0.05 A=Z viad o
AA FAHE A, fXZo] (=BT AAY
o] ge @z Fiste AFL Btk BEA
(Py, reducea— P (pUS[2)E T X Zo] 30=A
2 {9, 2 HAE i 0130 S2Hetn Q)
t}. ols} §HA HxZte] FEFE 744 we
(P retucea— P (0U%/2)9) E3tE AR AAE

E S

M
*

A%E BT
Fig. 11& Re = 2.04x10° Z$ Reynolds 49
Wale] wE FxY e AFgF F

(P, otuced— P/ (0U%[2)8) 83} S Ho| Frh
(Pt,reduced_Pt)/(PUi/Z)"\f (Ps,reduced— Ps)/(pUEo/Z)
o} g Reynolds o] #FARo] tiRE &9
#e zreth #Xzo] 30xdA 0= FUE

Table 1 Minimum and maximum data of the difference between the reduced and measured values obtained
with the calibration data at Re = 6.13 x 10°

(e reduced a) (B reduced B) (Ps, reduced Ps) (P t, reduced Pt) (Q reduced UOO)
2 2
(degrees) (degrees) eU%/2 oU /2 Uo
Min | Max | Min | Max Min Max Min Max Min Max
Re=2.04 X 10°
474 | 184 | -3.63 | 2.39 | 0.0113 | 0.1284 | -0.1412 | 0.0195 | -0.157 | -0.024
(Ux=10m/s)
Re=4.09 x 10’
-3.13 ] 1.90 | -3.10 | 2.33 | -0.0037 | 0.0556 | -0.1486 | 0.0400 | -0.079 0.009
(Ux=20m/s)
Reduction Error | -1.37 | 1.50 | -1.36 | 0.77 | -0.024 0.008 -0.046 | 0.026 | -0.015 | 0.016
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Table 2 Root-mean-square data of the difference between the reduced and measured values obtained with

the calibration data at Re = 6.13 x 10’

(0' reduced ™ (I) (B reduced /3) (Pslreduoed'_ Ps) (Pt reduced Pt) (Q reduced UOO)
2 2
(degrees) (degrees) U %/2 pU /2 Ue
Re=2.04x 10’
1.22 1.26 0.022 0.037 0.030
(U=10m/s)
Re=4.09 X 10’
1.01 1.21 0.012 0.033 0.020
(Ux=20m/s)
Reduction Error 0.54 0.36 0.010 0.006 0.005

of e (P eea— P)I(oU%/2)E dAZ B2
Arde BFE Boly, 1 HAgGE dF 0.14
Axolth Ywtxqoz ZIHuHYo % 1A
wlo] QlolA, dA AAE HAZ} 27bo] A
otst Htel AAAAHN F JgF& wHh Fig
63} Fig. 7o}A Reynolds <ol w& HGASF
W7l AgtAre Hsig o FdE EFEn
(P retucea— PO (pUS[2)2) B BETE (P satucea— P/ (0U2/2)
2o 25 o ZA dEd olfE ¢AT JXF
3 a7kl W3t digd APAF Wahrt A<t
A4 @ztel] g ©] 27] wWEel

Fig. 12 %29 $4 37 F Qraguced U H
3 AF%E B F Quawt A 69 P
P AN P retiod® Phreauced® A7 Q3] &
ettt BN Qe Ut (Ps rotucea— P
(Py rotucea— P H3He} THI B0l Qo
Qretucei= UnBTH ZHE 3k
S A, Qeuced U= FXZH0] 30E0 4 30
g WM3g ¥ dx 74de AFLE HY
F3 gtk JA7o] 305U T Qrepees  UsOl
vl3 o 16% A= A

Table 1o X2, a2, A, A, 59 =2
71 59 ¥sg 5 2 HAA) HuR|st AAFH
o] glth olE FEE BAZZIOY BT 2
A% A EIHol glormz, o HILOF
(reduction error) Table 1o &7 A|A3HAT} o
Boate BAAS AL 712 delHg T4
% Reynolds F=ollA du]AddE T3 S4€ 5
o] ¢ e RAZ=IY YPse A

t}. o] oyl A¥eME Fig. 3¢9 4 g U
o #AZate A4y 74L& dog= MgIts
wog vz g7to] 309 30% Alo]
o & 144709 HHo o] RolAT. HA
Table 1] el 2z} Reynolds FollA e Ao
HAA 2Ag B o2 nashd 584
Reynolds 7ol <& ¥ Fs & + YA doh
Table 1¢] AAE dolEle §F 3&5Z4 . &
oAz HAdAel HALAE ujdtez HA BHA
JgolAe WE Foz HByE A o
& Aol #dstd, & A7 @ 2z AN T+
g Ixz, 87, Y, Ak F59 27 Y
Waleg BAgGYE Axd HAx ZAFHT
(root-mean-square) 3t gt AlMEm, 1 AHE
Table 20 A} A &5 th. Table 13} Table 2914 A
ANE dolHE A% FEFAN STZEHI =
zZranAYge ALso 334 /FEEE FHE
o e a9 HMAE FAseH K&

AEZ AHEH A Rojrh

4. 2 B

B aFdde Tzuaygyue Agd 48
29 928 sErZznz 4% 39 F5S 23
& u WA Reynolds o] Aol thated @
Fa%ch 1 A% ged ge AR 9 #
AT

(1) 4923 T2uagddA AsHE 27
A% Eo] e Reynolds 5o Fge 27 v
ohizgl, £Ad MAZte ool weAT w



Reynolds =7} 2¢ 9%¥ 5328

A gR1Zto] 0= EelA 7
A de 7E 479 HolHEE BE 97
87 e AA BAASF 542 olste
o A7 ik

) XA 824 A G 3t Reynolds
o 9L F2 I Zo] (= Y F ¥ FE=g
AA  Jeigth oA B dFdA oE
Reynolds <= WA 5FzZzvol AUy 9
o] A debdg ov g

(3) Reynolds o #AGlol, R a7t A
dgel 23 HAGAFY ¥ Hee FgAF
Aslgo] g AR ZA Jeigth dvidez
AAA = Reynolds o] we} v¥lmZA A7 A
8519 A g, Reynolds o m& AYA 42 ¥
& oo He Atk

4 £ AFNME dEAY B3PS F3to
Reynolds ol 93+ X2, a7z, A<k, A, &
4ol 27 T HaFE FIAUL, olF AAA
o2 At ditd oz o8 FgE ET I
Azt a7to) atet 3A WAt o] dolE
& BB7)A largescale RdoAe §F =3
ol A@AA o]FoR = HEEY ALERE
&3 A Reynolds ol 9§ ox& F3t=vl
88 ot

(5) Reynolds 2] W3le] W& FPASFY =
o} AgASe] ®3lel wE o] Fo= B8
31, Reynolds 47 @& Z<te] wWslaro] Ao
WstEch o A veigth o|3le UA 234
X ztst aZto 2 RE Ay AL FIe #
oA, A7 HXzt7 azte] Wt o A
gAlr Wiyl FgASFe #Etd v o 2
7] o &olrt.

= 7

2 A7E Ae799 g7 Ador 35
feUth #4124 AEA FAEEYG.

1]
o

k-t

(1) 282, oJ4%, d&9, ojuld, 1993, “Ay
Bl AlxAolz BZAAN 334 /F 54,
o 8k7] A8 =23, Vol. 17, pp. 3146 ~3165.

(2) Lee, S. W, Lee, J. S. and Ro, S. T., 1994,

& o188 3449 +F &3 HA= 9F 37

"Experimental Study on the Flow Characteristics of
Streamwise Inclined Jets in Crossflow on Flat
Plate," ASME Journal of Turbomachinery, Vol.
116, pp. 97~105.

(3) Lee, S. W, Kim, Y. B. and Lee, J. S., 1997,
"Flow Characteristics and Aerodynamic Losses of
Film-Cooling Jets  with
Orientations," ASME Journal of Turbomachinery,
Vol. 119, pp. 310~319.

(4) Lee, S. W, Park, S. W. and Lee, J. S., 2000,
"Flow Characteristics Inside Circular Injection
Holes Normally Oriented to a Crossflow: Part T -

Compound  Angle

Flow Visualizations and Flow Data in the
Symmetry Plane," ASME Journal of Turbo-
machinery, Vol. 123, pp. 266~273.

(5) Lee, S. W, Joo, S. K. and Lee, J. S., 2000,
"Flow Characteristics Inside Circular Injection
Holes Normally Oriented to a Crossflow: Part II -
Three-Dimensional Flow Data and Aerodynamic
Loss," ASME Journal of Turbomachinery, Vol.
123, pp. 274~280.

(6) Lee, S. W. and Yun, T. J., 1999, "An Investi-
gation of Wall-Proximity Effect Using a Typical
Large-Scale Five-Hole Probe," KSME International
Journal, Vol. 13, pp. 273 ~285.

(7) Treaster, A. L. and Yocum, A. M., 1979, "The
Calibration and Application of Five-Hole Probes,"
IS4 Transactions, Vol. 18, pp. 23~34.

(8) Smith, A. L. and Adcock, J. B., 1986, "Effect
of Reynolds Number and Mach Number on Flow
Angularity Probe Sensitivity," NASA TM-87750.

(9) Ligrani, P. M., Singer, B. A. and Baun, L. R,
1989, "Spatial Resolution and Downwash Velocity
Corrections for Multiple-Hole Pressure Probe in
Complex Flow," Experiments in Fluids, Vol. 7,
pp. 424~426.

(10) Ligrani, P. M., Singer, B. A. and Baun, L. R,
1989, "Miniature Five-Hole Pressure Probe for
Measurement of Three Mean Velocity Components
in Low-Speed Flows," Journal of Physics E:
Scientific Instruments, Vol. 22, pp. 868 ~876.

(11) Dominy, R. G. and Hodson, H. P., 1993, "An
Investigation of Factors Influencing the Calibration
of Five-Hole Probes for Three-Dimensional Flow



38 o 4 -4 %

Measurement," ASME Journal of Turbomachinery, Dowdell, R. B., 1985, "ASME Measurement

Vol. 115, pp. 513~519. . Uncertainty," ASME Journal of  Fluids
(12) Abemethy, R. B., Benedict, R. P. and Engincering, Vol. 107, pp. 161~ 164.



