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Image enhancement acquisition method with short exposure based on
CCD camera for rotor PSP
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Abstract: In view of the requirements of rotor pressure sensitive paint measurement technology, an
image enhancement acquisition method with short exposure for rotor based on a charge-coupled device
(CCD) camera was proposed, and a corresponding measurement system was established. Two methods
(short-exposure image enhancement acquisition and transient image acquisition) of 9 exposure cases were
implemented on the rotor blades of a small-scale fan at 2 700 r/min. The experimental results showed that
the rotor enhanced acquisition method with short exposure, and the measurement system , can effectively
improve the rotor image quality; “no motion blur” image can be achieved when the blur length of the
rotating image obtained by using the image enhancement acquisition method with short exposure of the
rotor was less than 4 pixels; the brightness of the rotating state image was equivalent to that of the static
image when the number of acquisitions equalled to the ratio of static image exposure time to rotating state

image exposure time.
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Fig. 1 Schematic diagram of rotor and blade model
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Fig. 2 Enhancement acquisition method with short exposure for rotor
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Fig.3 Rotor image enhancement acquisition system

BT CCD ML B RE RS M 14 (i R
150 15 A ¥4 B B 2480 CCD M HL$E 2 Nikon 50
mm {/1.4D & 5L A . Hrfr, CCD HHL R K
FE(ERR RN 16 384, KR 1N 2 048 12K x 2 048
1% 2%, BRG] 500 ns~49 d, 7 35 5 i 5 5 0%
SIS [R] 328 /0N 55 DR Y6 05 1 401 DR Jok 5, il Jet A S i
ik 1 e R Y P {4 08 5 SR R 1y 1 X W DI ] (9 25K 5
K% R4 R G IR B 45 5 PSP 624 1 g — B0 I
J6 R LUEBROC IR A

WU DGR Ay I 7 e AR P % 22 0Ot LED
EFEFDCIR, ZOCIRTE— AN N Bl & L DG
R B EEANET 99.7%, BA YR E . WAE .
ROGRE 70 . Ao PEAF SO R OB AU A 8
TE i 28 TR B g M 1 RO B L 0GR 5T
AR WS G ) S X B I e T o AN P 0
Fr A AR TR 5 R AR AR, 77 AR &2 CCD AH#L
JIT s Ak kA5

& 4 Jyf5e KL 4 A 3 000 r/min B8 /N RS XURS
BEIAY T PSP VR X 7 U, A T i A
LR AR BRI T L2 B GO FE AN A [R], A H)
TG OGRS A o A R A2 sh AR 72 B 1Y
FIWr o PR, AR5 AE B 5 1 i i B
— JE URE S B AR €0 S O R AR UL SR T PSP
TR 55 58 O, U2 Y R RDHLRS B AH AT PSP
AT, ek 1 EUR 0 SO E, A F T
IR A8 A HE . 5 1k R X DL SR 5
B S BOIRREE AR . SO I AR i R A3,
FEORFERRIAEE, DU W] g ikt s 2 SE e At i5 4L .
SER I UNEL 5 TR, BGRB8 45 1E X XU i
F, R AT BEORIEAR LG Al i R T

Y

BRI

FOGI g

4 e g R A B BB R
Fig. 4 Blade with silver paint and reflective patch for
phase locking

22 XWHR

PLTC ik MR | R 5E BE v iy IR, o e
A 0 r/min (Y G R 42 BB OGRS [E] 7, = 270 ps, T
br s AT RS . IR E B0 #E I A B0
&6 s, BT A% T B R AT Al
JEAR Y, H A X3 B 5 A U 8% 2 (L B
BRI R, AE T RGO BE 19 22 1 5007 -
2o TR, BUR S HER R k=011 mm/f& &, it R X
) -4 AL EB, = 8267, R 4T 2k X 8 FH T X



%11

ERAR . T CCD MIMLAYHE T PSP 4 B [R5 1658 SR 4 7 vk 2813

s Sl

Fig. 5 Experiment scene

pAEES

0 300 600 900 1050

MEF
K6 #rikE%

Fig. 6 Static image

W AR 3.3 71 B BE S AR I B2 4 7 3

T B R T g RO R SRR AR TTIE S
I 22 48 BT B, AR SO 2700 r/min B9 55
AT T AN 1R AR 04 R LI 2 1R R 4R S
B O PRI 30 i R B o A D X bl SR 5 I O
1 5 1 5 R 4 B U OGN (1] 1, X e 1 IR 47
BAYR B SR AR R BB A R BOR A, Hoh TR«
PR IR

x1 BEBREFE

Table 1 Cases of image acquisition

B9 nlus N
FMOEEGIERRE WP EIGORE
1 0.5 540 1
2 2 135 1
3 5 54 1
4 10 27 1
5 18 15 1
6 27 10 1
7 45 6 1
8 54 5 1
9 67.5 4 1

3 H#ROWSITR

3.1 EHRSEGRELER

B 7 R ok IR S REM S FEUR. BT
W SIS ] ,=0.5 pstl &, 1X 5 8k A CCD ALY
POERAEF AR, K 7(a) B ER IR BB A0
3| fifi 25 MO R] ZE K r, = 18 psif, & 7(b) bt
A EMEA B ] W 28K B ERT )7 = 67.5 ps, R
B 7(c) i BGSE EA Fr Bt (47 B A+
6 R L RS, Tl B i 2 1 S0 40 5 R
A T T A 8 B S B )T o BT B e A
B4

(a) £=0.5 ps

(b) t=18 ps

(c) t=67.5 pus

7 Byt RS R R

Fig. 7 Rotor blade images of transient image acquisition

3.2 EREEBGIEERENE KRS

H 121 8 Jir 7 1) o B 1 P 50 i oR B 301 1 P 1%
AL, B AT SR A T S BB AASE FE T 6 AR
FH Y, a3 32 R PR A R B OG IRTAR 4 5 R AR 1Y O T



2814 o= 3

% %38 %

J7 G E3E 3 R AV N I BE FEARIE T 4N =1,
JUAE G [A] 7, = 0.5~18 psE 5 J8, (H1% 86
] A P15 (18] 8(a) AT 8(b) ) b B e~ 7 4F
IR W, URLAR ) SO Ak RS AR AR ), G
W 1) o Bl AR R Ik 5 2 0B Ol I (8] A SE Kt =
27 sy, [ 8(c) i [R5 5% B I R B 45 g St I 18] Y

(a) £=0.5 ps, N=540

(b) £=18 ps, N=15

() t=27 ps, N=10

(d) t=67.5 ps, N=4

8 JEMGER ISR AL R
Fig. 8 Images of enhancement acquisition with

short exposure

FE KT B (0 R R A URCR (1 S0 iz
SIS SR SO L I I I A [ Y 5 o i
Hahn, M1, =67.5 us, K 8(d) 1Y GBI 2 5 i —
AR, BRI B s B IR 1518 K, B 32 Sh AR
SE R SN B LB
33 B RESEMKENEENSHT

Xof L B O (R A5 i R 2 TR KT 8 1% 114
R4 ([ 6 £1.48) #4718 sh B K B s 421, IF
5RO RIE X HIE 9 R, S2
Pz SO 5 X (3) It B4 LR 58
G300 YRR R k 5EETE R, BRHs
SRR 32 i 7 15 R A 1) I s [ 1717 e P S 4
MRS [R]E, <18 psh, B0 UL B BRI B s<4
B3, BIXT R T 7%+ 2 0 i % $<0.5 mm, 7] LA
W Ry Tz shARE i e T R A R . BRI, X A
SCHGXT G 5 R A Ry, A BR A CCD AHBLAY G
[, <18 pst AT A3 28045 il i UG iy 3 ShASEHT,
PR EBAR R 50 7 -0 R B B AN 8 4 0.5 mm,

A G CR AE 5 A BOE UR 3 i R AR R
W DX Y TG i 991 34 5 BE B/ BN AL 10 TR o
AR, WRAS R 10 52 B2 B/ B, Rt VE DG IS [1] £, 9 HEE 4 17

16
x JE A °
PR
oL o T R
4% °
€ 8
“ ®
4+ ]
0
pe e 1 1 1 1
0 14 28 42 56 70
t/us

K19 MGG 3R AR (132 SR
Fig. 9 Motion blur length of enhancement acquisition with

short exposure

W____o_o_@

0.8 F

1.2

—o— FBLIE B R

BIB,

04

0 14 28 42 56 70
t/us

10 M F G Jo R A2

Fig. 10 Dimensionless brightness of blade images



%11

IR LT CCD AHBLIN A%+ PSP A0 G RG2Sk 4 7 vk

2815

LR, E e R AE AT AN Bk BRI 1/3; ]
TR MR 3 R AE T RLE TN = t/t,, Ji R
Ot G 38 588 R AR K15 G 7 40 52 B2 B/ B, ~ 1.0, K14
S RE Sk EMRSEAAE Y o X R IA SO R SR
o W S PRI 4 5 SR A 0 SR AR B N AMEE T 1
AT GRS TR R M a2 1
[7)

T

B e Bt -l R ) i R o RS OR 4 o
(5 oK, AR SCHE T T T PSP S I B
JE WG G IG5 R Ay ik, A T 3F CCD AL
I R Ge, AT T /NRSE KU B 1 i 1
G RERLRIUE, I T —H IR, KIF
Tl 53R i e LA 3R 1T D 1 PSP S 5 25
THARIRM ., FEMTLEICA:

1) % PSP 5256 i) IGCR 42 [n] B8 43 Br v]
1, EIMGCR AR 1 R G IS [] 2 5% ) 7% - PSP BIEUT
G AR SCHR T 3R T CCD A LAY S O E
GBS RAE T %, IR T #4757 PSP B
o JOT R AR Y SR B

2) WSCHL B T 1 PSP SEI A R S, R
2700 r/min B /N RSE XU §% 3£ 47 9 Fhig O B[]
14 gk 2 PRI R 41 5 i R G RS 3 st R 4 B0 UE T
T s PRV B it SR T 25 A A A5

3) 33N 2700 r/min /) RS XU BE T B 52
5 25 B R« 7 e I O IR AG H i R AR 1) I DY B[]
t, <18 pustsf T T 753 2] SR B s<d4 (R 0
ia BB B N U G MG S, 35 iR
T Ik 25 [RGB 5 I ' PRG3R AR IR
B RN = o/ B, BER RS BGEE 5% R RIE
Y

Sk

[1] DICKENS T, DAY I. The design of highly loaded axial compres-
sors[J]. Journal of Turbomachinery, 2011, 133(3): 031007.1-
031007.10.

[2] ERAM, X, 60 R, 5 R 7 R gh 55
I B9 R AR (0], U2 3l 1 2 4R, 2010, 25(10): 2327-2332.
WANG Qingwei, LIU Bo, HOU Weimin, et al. Tentative research
about pressure measurement on one point of compressor rotor blade
surface[J]. Journal of Aerospace Power, 2010, 25(10): 2327-2332.
(in Chinese)

[3] sk, skug e, sk &bk, He T 77 22 40 17 B Al 25 S L XU B 1
F oM R B (0], A 24, 2021, 42(5): 187-198.

ZHANG Shuai, ZHANG Qiangbo, ZHANG Xiamei. Identification

of foreign object impact on aero-engine fan blades with variance

N

[51]

(o)}

(7]

[8]

(9]

[10

(1]

[12]

]

[14]

[15]

(16]

[17]

analysis[J]. Acta Aeronautica et Astronautica Sinica, 2021, 42(5):
187-198. (in Chinese)

REID L, MOORE R D. Performance of single-stage axial-flow
transonic compressor with rotor and stator aspect ratios of 1.19 and
1.26, respectively, and with design pressure ratio of 1.82[R]. NASA
Technical Paper 1338, 1978.

) 25 0, AT, A, A BETE HUR AUMLES AR )
B R ARSI MR TR B S BT, 2018, 31(3): 5-13.
XIANG Honghui, JIANG Shiqi, GAO lJie, et al. Experimental in-
vestigation of rotor tip clearance flow instability in transonic axial
flow compressor[J]. Gas Turbine Experiment and Research, 2018,
31(3): 5-13. (in Chinese)

LIU T, TORGERSON S, SULLIVAN J, et al. Rotor blade pressure
measurement in a high speed axial compressor using pressure and
temperature sensitive paints[R]. ATAA1997-162, 1997.

NAVARRA K R. Development of the pressure-sensitive-paint tech-
nique for advanced turbomachinery applications[D]. Blacksburg,
US: Virginia Polytechnic Institute and State University, 1997.
BENCIC T. Rotating pressure and temperature measurements on
scale-model fans using luminescent paints[R]. AIAA 1998-3452,
1999.

GREGORY J. Porous pressure-sensitive paint for measurement of
unsteady pressures in turbomachinery[R]. Reston, US: the 42nd
ATAA Acrospace Sciences Meeting and Exhibit, 2004.

AHN J, SCHOBEIRI M T, HAN J C, et al. Film cooling effective-
ness on the leading edge region of a rotating turbine blade with two
rows of film cooling holes using pressure sensitive paint[J]. Jour-
nal of Heat Transfer, 2006, 128(9): 879-888.

WONG O, WATKINS A, INGRAM J. Pressure sensitive paint
measurements on 15% scale rotor blades in hover[R]. Reston, US:
the 35th ATAA Fluid Dynamics Conference and Exhibit, 2005.
KAMEYA T, MATSUDA Y, YAMAGUCHI H, et al. Pressure-
sensitive paint measurement on co-rotating disks in a hard disk drive
[J]. Optics and Lasers in Engineering, 2012, 50(1): 82-86.

WA, RS, 4 5, 45 R 0 BURRORE B H I 4R (1]
L 25 2447, 2009, 30(12): 2435-2448.

CHEN Liusheng, ZHOU Qiang, JIN Xigao, et al. Pressure-sensi-
tive paint and its measuring technique[J]. Acta Aeronautica et As-
tronautica Sinica, 2009, 30(12): 2435-2448. (in Chinese)

i A, W, X, A R AR G X I R i
W B4 52 96 WF 5 [9]. 28 2 41, 2010, 31(1): 76-81.

GAO Limin, WANG Huan, LIU Bo, et al. Experimental of study
influence of measurement system characteristics on pressure-sensi-
tive paint calibration[J]. Acta Aeronautica et Astronautica Sinica,
2010, 31(1): 76-81. (in Chinese)

LB, HEAT, Wl 45 R HUB OB PSP L (1~ 600 kPa)if
SR E T IEAT S ()], S5 WA T2, 2021, 35(3): 69-76.

ZHU Yong, DONG Zhe, PENG Di, et al. A study of a wide range
(1—600 kPa) static calibration method for pressure sensitive paints
[J]. Journal of Experiments in Fluid Mechanics, 2021, 35(3): 69-76.
(in Chinese)

2 i, JE R, ThA AR, AF R T B SR Y TR ) SR R
P Ak B8 5 1k (0], 25 KBl 1 22 441, 2014, 32(2): 197-202.

LI Guoshuai, ZHOU Qiang, MA Husheng, et al. Image processing
methods of pressure sensitive paint based on prior calibration[J].
Acta Aerodynamica Sinica, 2014, 32(2): 197-202. (in Chinese)
TKAAE, BRMIAE, el FT, 45 SR R R 7R XU H Y
WF 5 [J]. 92563 0K 1 2%, 2010, 24(1): 74-78, 94.

ZHANG Yongcun, CHEN Liusheng, YAN Li, et al. Investigation


https://doi.org/10.1115/1.2241945
https://doi.org/10.1115/1.2241945
https://doi.org/10.1016/j.optlaseng.2011.06.022

2816

= B

A=

i 538 %

(18]

[19]

and application of pressure sensitive paint technique in wind tunnel
test[J]. Journal of Experiments in Fluid Mechanics, 2010, 24(1): 74-
78, 94. (in Chinese)

akE, RPLAS, EAE, A B E T T R PR 5 Lz PSP
BT[], 2 K3 1R, 2019, 37(4): 586-592, 599.
ZHANG Xue, ZHONG Hongjie, WANG Meng, et al. Fast re-
sponse pressure-sensitive paint measurement of transonic cascades
[J]. Acta Aerodynamica Sinica, 2019, 37(4): 586-592, 599. (in Chi-
nese)

XUAE, AEfd, BEOME, . 3T 0.6 mit G =55 XU B9 TR A
I A [I]. M5 23], 2020, 41(7): 134-142.

LIU Xiang, XIONG Jian, HUANG Hui, et al. Experimental tech-
nique of pressure sensitive paint based on 0.6 m trisonic wind tun-
nel[J]. Acta Aeronautica et Astronautica Sinica, 2020, 41(7): 134-

(20]

(21]

(22]

(23]

142. (in Chinese)

AL, BB AT H, SR TR GO 0 B R RS 2 S
SRR (1], AR B2 47, 2010, 31(2): 239-242.

LI Jia, HAN Chang, REN lJing, et al. Film cooling performance of
the embedded holes in trenches with compound angles[J]. Journal
of Engineering Thermophysics, 2010, 31(2): 239-242. (in Chinese)
PENG Di, JIAO Lingrui, YU Yuelong, et al. Single-shot lifetime-
based PSP and TSP measurements on turbocharger compressor
blades[J]. Experiments in Fluids, 2017, 58(9): 1-15.

JULIANO T J, KUMAR P, PENG Dij, et al. Single-shot, lifetime-
based pressure-sensitive paint for rotating blades[J]. Measurement
Science and Technology, 2011, 22(8): 085403.1-085403.10.

BT, R, A, SRR O AL B i T e i 3R
A E 760 )5 250 CN111076852B[P]. 2021-04-02.

(h#: T27E)



	1 短曝光图像增强采集方法
	1.1 PSP测量原理
	1.2 转子图像采集的问题分析
	1.3 转子短曝光图像增强采集方法

	2 转子PSP测量系统及实验方案
	2.1 转子PSP测量系统
	2.2 实验方案

	3 结果分析与讨论
	3.1 常规瞬态图像采集结果
	3.2 短曝光图像增强采集的图像分析
	3.3 图像亮度与模糊长度的定量分析

	4 结　论
	参考文献

