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Measurement of bubble velocity in air-liquid two-phase flow based on
electromagnetic technique and cross correlation
ZHAO Qian'*, YIN Wuliang’, CHEN Guang’

(1. College of Engineering, Qufu Normal University, Rizhao 276826, China;
2. School of Electrical and Electronic Engineering, The University of Manchester, Manchester M60 1QD, UK;

3. China Aerospace Science and Industry Corporation, Tianjin 300192, China)

Abstract. Air-liquid two-phase flow is a common flow pattern in industrial area. The relative velocity be-
tween the gas phase and the liquid phase in air-liquid two-phase flow should be considered for the two-phase
flow. Technically, it is more challenging to study the instability of bubbles than regular and steady gas phase.
A novel method combining electromagnetic test and cross correlation has been carried out in order to determine
the bubble velocity in the air-water flow in vertical upward pipe. Higher excitation frequencies have better re-
ceiving signals. The high-frequency ( >1MHz) electromagnetic testing system was designed and two groups of
electromagnetic sensors were installed in two parallel sections of the vertical upward pipe, each of which in-
cluded an excitation coil and a receiving coil. Experimental results were collected and by cross-correlation al-
gorithm , the bubble velocity could be calculated by the time difference of the phase signals on two receiving
coils. Three kinds of bubbles with different velocities were distinguished in the experiment. Relative errors of
the experimental results were controlled within 10% . The technique which is simple, effective, non-contact
and non-invasive provides a new approach for the measurement of bubble velocity in two-phase flow. This
method can be improved afterwards for other industrial applications, e. g. bubble parameter measurement in
metal liquid.

Keywords: electromagnetic testing; air-liquid two-phase flow; bubble velocity; cross correlation; verti-

cal upward pipe

Received: 2017-02-21; Accepted: 2017-05-19; Published online: 2017-06-30 10.00
URL: kns. cnki. net/kems/detail /11.2625. V.20170630. 1000. 007. html
Foundation items: National Natural Science Foundation of China (61601260 ) ; Science and Technology Plan Project of Qufu Normal University
(xkj201502)
# Corresponding author. E-mail: zhaoq0620@ 126. com



2017 4 11 H
43 11y

> 2
EEME MR AR SR MR November 2017
Journal of Beijing University of Aeronautics and Astronautics mlgll I52] Vol.43 No. 11

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017. 0045

jbuaa@ buaa. edu. cn

ETERKAGHEKESEIEUSH

SERENE T %
Fl, K,

(1. Jest it zs R R 2 RECEHLE A FEINBE, LAt 100083 5

2. JEELZS AR R AR BRSO H TR 22 B, Jb At 100083)

i B b T HRE MO R KA O (WMS) B SRR E R EAERE, K
RET - AALHRREE R R ETHETEHRTUNITEERENET ., EZFTEF,R

BRSO G B WE TG RRFWRE T (WMS2//Lf) i E 2 o

AEWEHEEE, T EHEE AR TRE ., xR UGS R E T (WMS-2//1f) W9 £ I

B b 48 T Rk

WRrH#TEZRANE, S RETMNERE, #FHTRT ZRMANKNH AT E, ALNE
BEKEMANELERNDH., BLMNELRERLTH QMR BRI T 7 kAR

x ¥ .
hE 4RSS TP273
N akERiINAG . A

A S — b=l e fih X AR I kD 3k A
] JE T 5 B R I e 2 A SR S B AR O
TR AT VR I 1 A A B OO 1% IR i K 9
DI 5 38 2 R 1 15 5 2 o s O i £ 5 B9 07
FCEBRARIE R . P, PR I8 D63 % 3 3
AR A A B v e o s B0 0 B O 0 BT
KRB 1 v © g™ &2 0 IO il
B R e T R

TE U A I 1 Ot 3% 2 09 S bR E R /Y S b
B SCER T R I DGR R el
FHAE i e A 9 1 I 335 12 I, 3 30 38 O e A il
A 9 9 R B i A RO o 7 4 A D o
Sk rp AL AR SR BOL IR {5l
BRI #5543 B R S S — ORIk
5%, YGRS T8 — s B S hr b e,
WL A SR 2t — 25T R S B

(ELASH TR B A 2, 7 45l 0 T Dl 3 ik B s

WA H G E(WMS) ; ZIAME; RBROLE; RERKE; ZH UK

XEHS: 1001-5965(2017)11-2187-06

(b AL — O B AR 5 P I SR TE I IS S
R ER 2o PRI, AT LS 24 el A SO  $ 6
VI, A B R O ok AR AT I AR . IR
S AR TR R s RS S 3
WA 53 X I P A o i o O R JBE o AR IX A
B R LU O3S 19 15 S B Al . R
SR PO SV 1Bl T UAT 0t 418 iy
(R AR 3R AT B W (L AR 5 Z B K A 8l L T
W AT 25 M RO SRR (e

RSO T X WO T I A T Y g AT
LA B SRR BN 5 1% PO R s =
S T 7 ) I A T, B AR e T
E X B 04 e 5 S BEAT G 2R, T RUA 2K
IEE ARG I AL 300 M 75 0 8O i WL 0 3 4 SR B B2 L
PRIX B0 T & B A5 2 1 LG T vk, S IE
o B R W T vk A L 1% I AR DR IR I R
JEE B L v T A R

YRS B HA: 2017-01-24; EAEHI: 2017-02-24; B4 HRRATE . 2017-03-24 16.04
M 2& H RR # ik ;. kns. enki. net/kems/detail /11.2625. V. 20170324. 1604. 004. html
E£mB: BEBARF¥E4S (61225006, 61327011, 61370016, 61522102)

= BWAEE ;. E-mail: lijunxu@ buaa. edu. cn

SIR%: B, My, T F RTHRKAHNERGESEZENEWYAEKENE T E]] XFEMEMKAFEFHRH,2017,43(11):
2187-2192. YANG Y, LIU C, XU L J. Gas concentration measurement method based on WMS main peak spectrum fitting [J ].
Journal of Beijing University of Aeronautics and Astronautics , 2017 , 43 (11 ) ; 2187- 2192 (in Chinese ).


lenovo
全文下载

kns.cnki.net/kcms/detail/11.2625.V.20170324.1604.004.html

A A 4R
| i |

2188 95 2 ROk % % R 2017 4
03 - -
N N — WMS-2f, .-’I_!': 1
1 7 & o |—mamr
1.1 ERESMTIENSFE g g
TEWS I AE 5 1 T2 035 7 1 o, MOk 28 9 3K S

SRR — A F T AE 5% A R SE S K
B OB RO DK 5 ORI R
Fovs o FEdOEE T RS A R TR
WA OO AT LA 1 (o) o, HE g
Beer-Lambert 5 £,
I(t) =e M (1) =e V0N (1) (1)
A ca (o) HBORREG L WO AR K B 5 T, (1)
HWIER O B s P O B T iR, X, R
B AR X L JEE R 23 885 b (o) i Bl AR 9 2
RUBRE; S(T) R I A 1 2 2 5 B8, 24 U o i
H5IRE T X,
TR A5 A AW A BB O e R 1, (1)
J5 K ZAR T A B SOR g 2R AT AL H AR BUAH
HORAS %A 5 20 i) 5 ) A 32 {H RH 6 AH 22 90°
9 2 2HIE 5245 5 A e, 31X B IE 5% A% 5 MR R — 4
IR SO AR Y IE X A5 A ], — 2 I gl
WO R IE 25 5 00 2 4% . 0 RT3 —
VSIS EERe IR G 7 ) A R (S B Uk ISR &
5 BB A it T 2 A X RS (XL, X))
2 A Y 3RAFS (Y, Yy, TR 1,21 3500 B
— YO PSS M 0GR E S . T LR
AR T RS, AT LR A — YGE R o 0 =
YOS AR 5 217 b AR A 3L, 98 25 JE W i A
HTE’JIE./)E{F(?O — U AR T A AL — U I
BGER S, B AR

Wiy =
JE) T 1 ()]
Slf raw S 177 bg Slf raw Slf bg

(2)
2 AR raw FI bg 43 51 38 7 A b FR 1 58 2o Wz
AR A 5 RN 3 I A [ O' 2 f AR H T I IR
RIE RG-S BRGS0 T IR X [y ok
MR . — Ui S, T Ll i 2 (3) B
S, =X, + 5, (3)
BRI AR 5 1 U TR U A 5 0 A A T L R A
TE S AR (4 CO,) S
P13k T g S & CO, B AE I R
2N 6357, 3 em ™' Ab B 5 B A fE AR D1 5
(WMS-2//1f) FUH XTI 19 580 7] LA W s i ik
FmﬂﬁwﬁmwﬁﬁﬁwﬁMEm%ﬁjﬂi
T S 1A S R 3o e, X — 3 4 A TR b R il R

S

2

|
1
;:.é 1
{ 1
: 1
5 O AN
v ]
= -8 s :
= 0 0.25 0.50
B} [E)/ms

B B AR CO, B 0 6357.3 em ™!
Ab 7 ELHY WMS-2£/1F F H 3%
Fig. 1  Simulated WMS-2//1f and its derivative at

absorption center of 6 357.3 ¢cm ' with CO, as measured gas

AB fii2 T ok o I B B A5 5 A 8 A R 2K
TEHTZE AB (9 rf i Ak o [ 28 AB $8 2 19 2 i
RO MR LU R, 2R R AT R, DR T S rh R X

— BB F T B W £k IR AR Z I LG 2
S ) S 0 A A
R Stone-Weierstrass 5E ¥, (B B2 R 4 h

BT T A LU 2 iUk Ar R E i,
Jﬂ: AR 5 I th 2 AB i 222 19 38 43 o al DL
M2 AT G, F it — 2D A A

AL A — A K By 2 G i
AB, Z A N
Szfuf,AR(”) =x, + X0+ o+ xKnK +e(n) (4)
AP, (h=0, 1, K) HZIXRZE e(n) Jil
BHRZE  n R RAE S IEL

REEHIZL AB A A4S N RAFE S W0 (3) AT LA
RKmH
Sy =Ux +e (5)
KPS, HIE AB 1 ) i R E K,

Szf/lf_AB =
[Sopnan (1) Sy an(2) Synran(N) 1" (6)
U 88O, o0 3 O R A 57 9100 n (A T3]

>

o 1 'O
1 KI:'
- ' 5 7
o : O
T O
= AR
e NATRA A&,
e=[e(l) e(2) e(N)]" (8)
SR Y & B &
x=[% x - kaT (9)
x A RLIE G R ek g



At AL F R

511 WA, 5 O T A TR D o W 0L 010 o g S 1| 2189
x=(U'U)'U'S,,, (10)  HEMZIWKA KB CO, 78 6 357.3 em ' Ab Y

PR Dy 5 o 3 0, BT LU (i T DL AE
X)W FHOY 0 IREF. HiZk AB (1 T Bfe g
{E AR AT LA 7R

dSsz,AB (

+ Kxynt! =0
dn

M) =%, + 20,0, + -

(11)
A en,, Ry W RS R 50 B 6 {E R /N AT LASE
K (12) 745

K
PZ//I./‘ :SZ//lf,AB(nmax) =Xy F AN, ot xgn

(12)
TETH A B e (i 50, K Ve {5 15 0 B Y e (i
PEAT BN T T A A e
1.2 SMAMBHIWETTE
TEVE P AR 5 9 R0l & J7 ik b IS i &R R
JEE AR A 2 oy 22 T XA B B0 K R E o O T 4R F

b
CO, e
- =-00]
ol i - ®-0.02
; s — & -0.03
s X — w-0.04
= * 32
4 6 F R -4 -0.05
= %
e e
/! Vi b
3 I A LM
WA BT
!"‘ ~ i " =
(} I} A - y = =
1 2 3 4 5 6 7

i

(a) Yo AT MR

16
CO, et
- =-00]
12r ~-®-0.02
. % e ~ & -0.03
= é - w-0.04
wOSr XA - -005
= AN
® e L
s g K
4r T/ VA
i e % b T.
ﬁi, Dy #__‘*_,.. ——off
. e ™ e e
0 £ I
I 2 3 4 5 6 7
i
(c) SNR W65 dB

WA 5 #4770 Bt &, Ko Co, my ik B2
0.0144k %] 0.05,

TESEPRERAE SR 42 B A 2504 5= A Tk b
B MR TS TR IR 1 M N BT A AR o AL
YO . {5 MR (SNR) 43 5l & Ol 80,65 FiI
50dB, [&] 2 #3581 IO KA MR L 4 51 80 .65
150 dB 1, A v Ak — Yk D 06 1) EC(E S 0
H R4t 22 5 Z B LR .

R 2 A s E 5 R 25 % R OR
50 POt E M 4a xf 22 OF I ShR e, K £
T B BOME TR B S A s R oK E % 8 1 —
$o BCRE AT LU IS A R A BUE Z TR YA [
ME 2 s, REER R —F B EY 2T
B ECR T 55 T 4 BF, a0 22 %A W W As . A
I, 2 oE ok 4,

12
CO, iz
- ®-00]
9 ®a — e -0.02
. N — A -003
= ” - ¥ -0.04
® ° P - ¢-005
= i
:"'J VA R
3 G %y
P F A W
.} ; ~ S \
0 £ "= -‘,i‘t}#—— e
1 2 3 4 5 6 7
1514
(b) SNR80 dB
4
CO, e
— = -00]
. - ®-002
o - — & -003
| —w-0.04
™ *-005

HiR} D510
—_ td
e
Ay

A\

b*\\ I
J;%s?
.r‘//
g = g
'Illl
by

|
II

e ~--d--@a--8
0 1 1 1 1
1 2 3 4 5 (] 7
I #

(d) SNR ;50 dB

B2 WMS-2f/1f W {8 HY ELAE 55 0 S (B A 240 508 22 Bt o 22 10 % 4 A2 Ak

Fig.2 Variation of absolute deviation between true peak value and measured peak value of WMS-2f/1f with degree of polynomial

2 ZWHEREITRR

N T AR IR 75 0T 5 0 A W {00 ) S
AR SRR AEAL S B U I Y FE S o AT T
Z AU A o T i T (R A I BDRS B . 75K
v, e P B )RS BE G 5 RS2y 2 5 A 1Y
BRI A S 3 Fi3R T I i UM B 5 e L

B W ER 5y 2 H A IR B AL, S 5
BB AR AR B 1 SR ih 2k AB I, B H i
B TE W {7

{5 M b SNR A5 7 R T

szmg(2x%n/z(xu>-xV (13)

P X () SRR AR BE 5 X R 50 AN



g7

2190 6w %= MK K %= % M 2017 4F
46 50
""" R A ceee e WMS-21/1S
a5k Fisitla bk il Bassm X
. \
ol - /‘\Y
544 S 40t % \
= = }
& a 5y / \
2] ‘;i - i o
& =
= PN jz AT‘
42 R — ./\‘-;' ™ \\ A ‘ " H
=S 30 B/ .__ y
_;H 1 1 1 1 \"L\“‘."
0 20 40 60 80 100 . . . . , .
& s ) 0.4 0.8 17 1.6 2.0 24

P32 FOs o3 B X AR S HEAT Ab B
Wi RREFER LS R ERr25
G B A2 Al
Fig.3 Variation of gas concentration SNR with length of
data involved in main peak fitting for two harmonic

signal processing methods

{E P 21A

I LUE 15 M L R 2 5 05 B KR
BT R . M ALA BB E > F i 2k AB B
(100) 1) 40% I} , 1 B A7 5 19 FIELLA T ik 45
1415 W ELARS 385 15 5 10 0 R O T 25 R 15
WE LY DR HEE LA B 08 2 A RR AR I A T
B . MR AB 1 B0 480 ok LA
W fE MR R I &, 18 3 dB, fESLE T, N T 3K
198 AE R LG, i AB B R B 4 ok
A

T b b 3R I 2 T L T vk 2 BRI
WOR B 4 BB T MRS ORI RS TG
M CO, MR KA 0.01 B, oL B FE00 4%
Mg RO 5 M 7S 23 3 O IR 5 R,
B4 R, MCERIN S (03 15 5 B4 3R A e (.
HEEAMEMRIE, M2 WG AT LA R0
WA S PR LA OA RIS TG 155
SO Bz 3 B ST S, AR A 0 A B 3
HAH

T B U A5 T 0 S 0 A O 1 R
155 1 F WG 7L 7E AR R BE T 4528, CO,
WM 0. 01 B4 E] 0. 05, &5 43 1E 5% A 450 % 2
120 kHz, = f A R J2 1. 25 kHz, B
FEE R, ERE MR T 50 ORI A S, K’ S
J7R T2 iy i R0 A M L B A AR R AR A
FITE B, AT LA H,2 B 7 ik 09 45 M b 3 Bl A S
A Ve B B 8 T ImT 3Em . #E SR Ve BE A [ B, AR SC
P L0 IR AR 5 1 FR LA O R A M L
212 dB,

B[] /ms

B4 WMS-2f/1f LA F L& IR 1945
Fig.4 Curve fitting results of standardized second harmonic

signal WMS-2f/1f and main peak

—e— i G Ik
—h— R ik
56
2
~ 19}
A
&
nt
"5 1 1 1 L 1

0 0.01 0.02 0.03 0.04 0.05 0.06
CO, e

5 T 2 Flr R 00 I P AR AT b B )
17 W Vo Bl MR IR 2 Y AR AL
Fig.5 Variation of measured SNR with gas concentration

for two harmonic signal processing methods

3 &

1) H 2R S5 36 4 10 o6 1% 3 1Bl 4 s 213
W55 T4y, 4 T AR PR RT DAAS AL
b 4R v )

2) 7 CO, M BE N 0.01 24K 5] 0. 05 1 i 72
IR DA Y A O TR R A G g
PLE T BN R M T B 245 S i, 23 U &
1) 2t AT DL 0 v I 1 (5 T L 2 2 dB,

3) FEELRA R A 1F B HL ORI T 45 dB
(A8 LT, 7 [ 22 v A0 1 5% R A3 = 1 451 5 ) S5
AR 120 F101.25 kHz B, 385 % 15 5 1 32 0 41
A7 LI EK 0. 015 ¥k BE Y CO, Rk,
T8 D A 5 14 2 W 48 Jr 32 D) S mT A 3] 0. 025
WRERY CO, Rk, NIk, IS5 1 ELE T
0] DUAE — 5 (15 W LU SR T B AR A0 o 3 T o



%11

M PR 2 - T O T 3 U0 A T 0L A M e P N

2191

BT BR o AHR I DS = B9 W5 O TR A TR
I A S B R T R A T ik, FUA A R A
7 3T LRI 23 3 15 5 19 2 ab L, A RE AR
W DL 5 7 vk 4R e DN 2 SRR B R LE

% # ik (References)

[ 1] PHILIPPE L C,HANSON R K. Laser diode wavelength-modula-
tion spectroscopy for simultaneous measurement of temperature,,
pressure, and velocity in shock-heated oxygen flows[ J]. Ap-
plied Optics,1993,32(30) :6090-6103.

[2] LIU C,XU L, LI F,et al. Resolution-doubled one-dimensional
wavelength modulation spectroscopy tomography for flame flat-
ness validation of a flat-flame burner[ J]. Applied Physics B,
2015,120(3) :407-416.

[ 3] GOLDENSTEIN C S,SPEARRIN R M,SCHULTZ 1 A, et al.
Wavelength-modulation spectroscopy near 1.4 um for measure-
ments of H, O and temperature in high-pressure and -tempera-
ture gases| J]. Measurement Science and Technology,2014,25
(5):055101.

[4] CAI W,KAMINSKI C F. A tomographic technique for the sim-
ultaneous imaging of temperature, chemical species, and pres-
sure in reactive flows using absorption spectroscopy with fre-
quency-agile lasers [ J]. Applied Physics Letters, 2014, 104
(3):034101.

[ 5] SPEARRIN R M, GOLDENSTEIN C S, JEFFRIES J B, et al.
Quantum cascade laser absorption sensor for carbon monoxide in
high-pressure gases using wavelength modulation spectroscopy
[J]. Applied Optics,2014,53(9) :1938-1946.

[ 6] NEETHU S, VERMA R, KAMBLE S S, et al. Validation of
wavelength modulation spectroscopy techniques for oxygen con-
centration measurement | J ]. Sensors and Actuators B: Chemi-
cal,2014,192.:70-76.

[ 7] PENG Z M,DING Y J, CHE L, et al. Calibration-free wave-
length modulated TDLAS under high absorbance conditions
[J]. Optics Express,2011,19(23) :23104-23110.

[ 8 ] SUN K, CHAO X, SUR R, et al. Analysis of calibration-free
wavelength-scanned wavelength modulation spectroscopy for
practical gas sensing using tunable diode lasers[ J]. Measure-
ment Science and Technology,2013,24(12) :125203.

[9] QU Z, GHORBANI R, VALIEV D, et al. Calibration-free

scanned wavelength modulation spectroscopy—Application to

H,0 and temperature sensing in flames[ J]. Optics Express,
2015,23(12) :16492-16499.

[10] RIEKER G B,JEFFRIES J B, HANSON R K. Calibration-free
wavelength-modulation spectroscopy for measurements of gas
temperature and concentration in harsh environments [ J ].
Applied Optics,2009,48(29) :5546-5560.

[11] LIUJ T C,JEFFRIES J B,HANSON R K. Wavelength modula-
tion absorption spectroscopy with 2f detection using multiplexed
diode lasers for rapid temperature measurements in gaseous
flows[ J]. Applied Physics B,2004,78(3-4) :503-511.

[12] SCHULTZ I A,GOLDENSTEIN C S,JEFFRIES J B,et al. Di-
ode laser absorption sensor for combustion progress in a model
scramjet[ J . Journal of Propulsion and Power,2014,30(3) :
550-557.

[13] GOLDENSTEIN C S, ALMODOVAR C A, JEFFRIES J B, et
al. High-bandwidth scanned-wavelength-modulation spectrosco-
py sensors for temperature and H, O in a rotating detonation en-
gine[ J]. Measurement Science and Technology,2014,25(10) ;
105104.

[14] LIU J T C,RIEKER G B,JEFFRIES J B, et al. Near-infrared
diode laser absorption diagnostic for temperature and water va-
por in a scramjet combustor [ J ]. Applied Optics, 2005, 44
(31) :6701-6711.

[15] BAYRAKLI I, AKMAN H. Ultrasensitive , real-time analysis of
biomarkers in breath using tunable external cavity laser and off-
axis cavity-enhanced absorption spectroscopy|[ J]. Journal of Bi-
omedical Opties,2015,20(3) :037001.

[16] SUN K,WANG S,SUR R, et al. Sensitive and rapid laser diag-
nostic for shock tube kinetics studies using cavity-enhanced ab-
sorption spectroscopy [ J ]. Optics Express, 2014, 22 (8 ) :
9291-9300.

[17] XU L,ZHANG J Q,YAN Y. A wavelet-based multisensor data
fusion algorithm|[ J]. IEEE Transactions on Instrumentation and

Measurement 2004 ,53(6) :1539-1545.

EE R
R Lo WL RESE A . EEHER T W AR R I S T e
I HE o

BFE B BL B LR, FER TN RS
ARG I /Tl 3o 2 AT A R et R I 5 R R HE L = 2
WO BIRAR BB RS A 5 5 Rl E .



AL ALF R

2192 b 5OML A ML R K % % 2017 4

Gas concentration measurement method based on WMS
main peak spectrum fitting
YANG Yang', LIU Chang’, XU Lijun®"

(1. Large Aircraft Advanced Training Class, Beijing University of Aeronautics and Astronautics, Beijing 100083, China;
2. School of Instrumentation Science and Opto-electronics Engineering, Beijing University of

Aeronautics and Astronautics, Beijing 100083, China)

Abstract; A fast and accurate gas concentration measurement method by fitting the main peak of the ab-
sorption spectrum harmonic signal is proposed for the first time to significantly improve the speed and accuracy

of gas concentration measurement by laser wavelength modulation spectroscopy ( WMS). In the proposed

method, only the main peak of the absorption spectrum harmonic signal is scanned to obtain the peak value of

the harmonic signal ( WMS-2f/1f). This can greatly improve the scan speed due to the reduction of absorption
spectrum scan range. Higher accuracy measurement can be achieved via fitting the main peak of the absorption
spectrum harmonic signal (WMS-2f/1f) by a polynomial. The methods for choosing a suitable polynomial’ s

degree and the influence of fitting data length on measurement result are discussed in this paper. The experi-

mental results of carbon dioxide concentration measurement under different conditions validate the effectiveness

of the proposed method.
Keywords: wavelength modulation spectroscopy ( WMS) ; polynomial fitting; absorption spectrum; gas

concentration ; carbon dioxide
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Table 1 Parameter setting of improved firework algorithm
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Table 2 True value of particle size distribution and complex refractive index

(n,k)
ELvigin (D,o) AN I e
WA A, WK H A,
R-R (3.4,1.8) (1.359, 4.9x10°%) (1.363,2.5%x107%)
S-N (4.1,2.3) (1.352,4.9x107%) (1.358,2.5x107%)
L-N (3.6, 4.2) (1.352,5.0%x107%) (1.353,2.5x107%)
I AEFEHTHNELIHTRELER
Table 3 Retrieval results of optical constant and particle size distribution
(n,k) (&,a(n),e.4(k))/% B
EYiggiil - - - - (D,o) (& (D) ,e,u(a))/%
WA A, WKH A, WA A, WA A,
R-R (1.3589,4.85 x 1073) (1.3645,2.52 x 1073) (0.01, 1.04) (0.11,0.67) (3.45, 1.84) (1.47,2.22)
S-N (1.3525,4.94 x 1073) (1.3560,2.52 x 10°*) (0.03, 0.80) (0.11,0.95) (4.17,2.33) (1.71,1.30)
L-N (1.3516,4.99 x 107%) (1.3527,2.51 x107%) (0.03,0.13) (0.02,0.50) (3.57, 4.14) (0.83, 1.43)
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Reconstruction of particle size distribution and optical constant based on
time-resolved information

REN Yatao, QI Hong"

, ZHANG Xiaoluo, RUAN Liming

(School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001, China)

Abstract; The accurate measurement of particle size distribution and optical constant is of great impor-

tance for the prediction of radiative transfer in participating media. In the present work, an improved firework

algorithm was applied to estimate the particle size distribution and optical constant simultaneously. At different

angles, the time-resolved transmittance of a one-dimensional slab irradiated by laser of different wavelengths

was measured. Afterward, the particle size distribution and optical constant were retrieved using the improved

firework algorithm. According to the test cases for three different types of particle size distribution functions, it

can be concluded that the particle size distribution and optical constant can be retrieved accurately by the pro-

posed improved firework algorithm with assistant of corresponding physical property measurement technique.

Keywords: firework algorithm; particle size distribution;

solved radiative transfer

optical constant; inverse problem; time-re-

Received: 2017-02-13; Accepted: 2017-06-30; Published online: 2017-08-04 16 .24
URL : kns. cnki. net/kems/detail/11.2625. V.20170804. 1624.002. html

Foundation items: National Natural Science Foundation of China (51576053 ) ; Harbin Special Fund for Scientific and Technological Innovation

Talents (2014RFQXJ047)

# Corresponding author. E-mail: qihong@ hit. edu. cn



2017 4 11 H
43 11y

tEMEMRKEFER

> 2
:":"'3-*& November 2017
Journal of Beijing University of Aeronautics and Astronautics m'gll I52] Vol.43 No. 11

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017. 0055

jbuaa@ buaa. edu. cn

mEMEHWAEM/ILASHRE

R, FED, RER, KHE, ¥R, KI 9

(1. B/RE TR RRIER% S TR0, WA/KEE 150001; 2. b D& TR, i 201100)

i B AU R — A2 B R R T On . R R ALK B R 1k (SPSO) &
BERET —RBERHREN MM NTEN S, §ENBT THAEEE L2 (RCWA) &% Fo
WAL AR E O EAREE, I R A RCWA 3K M T R Mt W b sl 37 17 AL 48 5 AR 48 IE 7] ALk
oy R o AT A L B AT B, F R R SPSO Kk b B AR B #, KU 1R B A A WA A
MO AN LA EEMUERE ;RGN THBEANMERRENREERN B H ., 4
R W ,SPSO S 7% 7T DLk o 2 SO U A LT 4 2 4, oF 3 3 R A 20 30,

x &
By R A R AR

HESES . TKI2I

MEKFRIRAS: A

DG 6 RE 0% {00 A S R R I 4 IR R AR AL
BT W TR N 7 A S 20 A 1E) A A O A2 T e
PR TR L AT R — A OR B, S
i 0 e A S G AH 2, 4 vl I A S B DA 3R T
B 25 7= A 5 A 0 4 G B S AF 10 5 TR 0 B
I3 AR B T R R (N R (AN E N 155
HEE )iz W T 0 R A G B RO L e 4
R S 4% 5 22 P U

Xof Tl A DY A B0 A G R R SR e AR SR R
S5 A% o PR AN TS 3 B R R Maxwell J7
TR ARAFOCM N LRG0 B BRI 7 147 T 4
-G % 43 # ( Rigorous Coupled Wave Analysis, RC-
WA) ¥ I A R 22 43 S5 354 T Be 4510,
RCWA V£ (R4 i B2 02 ™ 4% 19, e 15 2 07 B2 0
HER A, DI A 20 7 7z f 0  (H FAGE TR
fifk ) S0P 25 A Y 3 1) R

3 3 HL T 7 1 SR A T A 3 6 A A A A R
JCHIEEE G 5 AR G R A A DD OC &, DR AT i

W A g R E 5 R BROR B AR b (SPSO) %5 A% 48 4 K 4 AT (RCWA)

NXEHS: 1001-5965(2017)11-2199-08

A B TG LA IR AR ARAT B AT JE B A S 4
P RE ARSI , o P AR 4R S M e A R v A 5O
M LA AR

Ea AT A R R B s I G LA IR
AR R RCWA 3K fift S 9 38 . 1 7 [) fE 45 21
ST SRR SR T R 35t A% Bk (Genetic Algo-
rithm , GA ) B0 A8 — YK bR B rh 45 2 8050 AT fE Ak ot
WY | B3 45 2] 7 437 5 80538 31 90% L | A
PRASEBEE/NT 0.1 dB (e g ., & L
e K A P ) S ] S, SR RCWA 581 GA
MG AT T —ZE 52 M AU e | 7
SGM LA K mT A% 0 o i i L el B AR, 18 B T A
10 pm b B A7 & 555 05 1) R K A S R 4 D6 o Chen
45T SRH RCWA BoR i T = 76 06 W A0 3% % 6 it
N HL R 3, R FH 22 43 9F 4k ( Differential Evolution,
DE) 53k i 22 43 i#F 4k ( Micro-DE , wDE ) 8.3 {f
BTt T B A 28 06 A R T8 A I (E Y 21 41 R A
o iR RSk S 5 b aE DE Bk

IS BB 2017-02-13; £ HHA: 2017-06-07 ; M £ H KR AT id : 2017-08-04 1624
W 4% H AR H 4k kns. enki. net/kems/detail /11.2625. V.20170804. 1624.001. html

BE&TH: FEXARPEEE (51476043)
= BWAEE ;. E-mail; qihong@ hit. edu. cn

SIRtE: WK, FFE, HAEF, ¥ #HEHEHAMILASHRE]] BFMEMKAFEFWR, 2017, 43 (11 ) : 2199- 2206.
SUN S C, QI H, SUN J P, et al. Inverse estimation of geometric parameters of aluminum matrix microscale structure grating [J J.

Journal of Beijing University of Aeronautics and Astronautics , 2017 , 43 (11 ) : 2199- 2206 (in Chinese ).


lenovo
全文下载

kns.cnki.net/kcms/detail/11.2625.V.20170804.1624.001.html

T

2200 B[ T RS NIV NI 3 2017 4
BRI T WDE B3k X F 2 S8 08 wuDE B =uH (6)
BLEALT DE Bk, J=0E (7)

SR, 7€ GA I DE Bk A E S Rk J,=0,H (8)

SACTE RO B B A e i, T HL A S AR S L e 22
o3 DAL S AR B O A, A 3 L Y vk Y 1 52 B —
E BR . kL BE G 4k ( Particle Swarm Optimiza-
tion, PSO ) 53 1 J& 36 [ /0> B 2% %< Kennedy Fl1HL X,
TARIN Eberhart 52 52K W 847 48 &, T 1995 48
2 B — B R RO AR ST B R R B
- R R AY 7 S R ) 2D B RS W E
Sy T g BRSO, BRI A5 B )Tz 89 B H . Zhao
SR RCWA R fif I RIS AL, R ) LC 4%
RCH SR ASE R SR A A LA 2 800 IR (B S A R X
6], 48 J5 % ] PSO 30t Ak H #x ek 2075 2L L
AR o (HSRAERA PSO B kv SR 7 7E 2
WS 25 B B Ny 3 s D0 5 B0

Y Bk PSO Bk 4 SRy W S RE L B T
SRR T B HLAORLRE £ 4k (Stochastic PSO,
SPSO) Fivk o %S Bl ok 3 B E Ak 24 X AL
R URCE 0, ZEBR 1Y A R IR S [ I
TE A9 2R 25 0] P BB AL A — AN TORL 07 8 ok 08 B 1
4 R 4 R e T, A0 Ok g T PR 1 R B 4 R B
DCAEL L B7 LB bR B A i 38 e AL

AR SCUL—HEFEIE S My F 58 %8 42, St Al A ik
JEA BB E 40 . R RCWA 5K f# Maxwell
T5 A AR SR A5 1 MG 1 S S AR ST H AR R AL
K SPSO Sk AL Ak H 5 ok B, S i A5 1) B K
XURE FE I S ) TU AR 205 48 2 80, G 43 DG B 300 Lo
T LA IR B BE [R5 B T SPSO SRk
FHE DA /DN R 2% DX [) T A 235 A I i 1% 572 i)

1 IEj5)@&EEd

AT A T R R (R AR T AR i JE K
) Maxwell ﬁ*%?ﬂi%ﬁ{ﬂ :
B

VXxE=-""-1], (1)
oD

\Y4 = —

xH=J + Py (2)

V-D=p, (3)

V-B=0 (4)

XA E N E , V/m; By il & % %, Wh/
m’ s H NG SR, A/m J O LR %, A/m” ;D
S HLE L C/m’ s BT B, V/m p,
HLT B, C/m” X TR 4% 1) ) A R, HA
o R o oh '

D =¢E (5)

Khie HAHEE,F/ msp BT R, H/m;o
RHEFRE,S/myo, HHEFHE,Q/m,

RCWA 3k K fif M #E Y In) 80 32 22 0] 43 Oy 3
Y OR # Maxwell 75 78 28 15 51 2 565 X A 125 5
X1 HEL G 7 i 1 OE 25 @ T S Mt X fRL R 3 8 AT
Fourier i ¥ 15 24 & 3 Oy 2 @ XF I 41 X, 6
DX 375 S DX 30 B T b hn i R AR IR S ARG U
DRI ST R AR & B AT B ik . T T AR H )% (TE
) MBI RCWA 3 AR i 1 72

AL IR A TE 3% LA SR 0 M A BT «
J7 1] JE B AR AL B AR TR G b R EEANEL 1 R R,
d R G R UR B, A SR MR T O A T A
TOuMt z=0 &b, Mt SRR AT R 2 =d. KIF
R R A A R o 3 A R R IX (2 <
0) JEMHX (0 <z<d) FIEH X (2>d)

B

b TS

Bl 1 TE 3 A RIS B K

Fig. 1  Schematic of rectangular grating with

a TE wave irradiation
J 5 X 35 55 X f) H 3 T 43 i e Y
EI,)’ = Eim-,; + z Riexp[ - j(kxix - kaiz)J (9)

Ey, =Y Texpl~jlka~ky (z=d) ]} (10)

Kk, HAS TE B mE R M T, 53
LR @ S S I A 5 O 0 0 — AR PR s kL
ko ko 2 RO RRE Floquet 25 :H52 o

H Maxwell J5 F2 ] £5 2 5 X F135 5t X 0 3%
DE 3 A
H = (L) Vx E (11)

ol

Ko, WABE,

XEFOEM X, B3 U1 i (y J7 ) R 3% 0
O34 (oo 7 T8)) AT 0 ) 36 R Ry 23 8] 38 % f4) Fourier
EOEA

E, = 2 Syi(z)exp( - jk x) (12)
HgX:—j(ﬂ) 3 U, (2)exp( - jk,x) (13)
Mo :

K ie, IE I B B, A H SR



%11 PNBURL, 5 < Bh L B

Jb AL AR
2201

B SR UL AR5 0 B s ()18 I 0 1 3 Rl 3
Yl i o
[RIA, W 3 A 37 U 4 & 0l 2 A0 Maxwell

iR
oE,,
T J(UOMOH (14)
oH, oH,,
T—](UOILOE + o (15)
K H R W E = 7 1 A

Bz (12) ~ 20 (15) TR & oy A
9’8 /a(z")" = AS, (16)

Kb, Kl S AR ;2" = koz, ky =27/A,,
Xy R ELZS R BLTE K ;A =K - E K, WX
LICERN b,/ ky X FFEFE,E i A L w80 I
TiLZH %

16 2=0 fll z = d 4b , B3 0% 3 30 5 5600 ] 43031
For o

P R e LR

(17)

IS | I P L 18)

8, A B W R AT sn g RO IX BT 5 3
TRy B 5E B s R AT 43 0 hy 5 55 238 R Gl 385 5
i,V =WQ W Jy ¥Rk ) £ 56 BF , Q Fy XoF #1 H
¢’ eT NN E RBUE; XY MY g3l o
exp( = koqod) k. /ky F ky . /ky 258 H9 XF ff SR
M, q, NFEE A PRHEE BT AR,

Bz (17) Fiak (18) BRI sRAS45 M A ™

@E =R.R; Re(L)
kon | cos 6

k
%E =T Re(konucos 0)
P DE, FI DE, 43 51 S X 88 T b B 8 3l i IX
Sl IL s S Y A AT S AR
RERED (TM ) A G, Maxwell 75 P 2H 5K
fifp it B MRG0 SR A RS TE A S IR SO
], 3 AN FAEN 21 PRANHE S /] 225 S0k 14]

(19)

2 Rin@RE
2.1 PREG L EE

PSO Bk, 4 FURLE 00 15— A R
AL 9 R B, A O A% 3 7 1A P Ay — A
VRAE A, ANV 22 ) T A R4 22 X R
B, HEAC PSO Bk SR fi 261 s o - (0 S Y

S5 TL A S B
1E D 4E8 R % llﬂﬁ\j fek /> ORI B T J3E AL BT
ARFERH
V(i+1) =V.(t) + C,R (P, (1) -
X. (1)) + C,R, (P, (1) - X, (1)) (20)
X(t+1)=X,(t) +V, (¢ +1) (21)

KAV ()R VY Ce+ 1) 205 05 o fUH e+ 14
TORE @ BB BE s P, (o) AP, () 53 5 R AEREARSE
FARORLIE 04 Jry R e L 8 Fn 4 Ry B LA 85 €,
C, A ZE, I HEGR, MR, AAEXH[O,
1] NI 2] 53 A Y BEAILEL

Ry T 25 U T oKL B 00 AT K e L TR
PR PSO SR3% vh 5| AT 5 PR A EE IR Y 22 i R

R THOREHE B T A A
V(t+1)=wV,(t) + CCR (P,(1) -

X.(1)) + C,R, (P, (1) - X, (1)) (22)
Ko HEMAAE RN 7, e R, % (23)
A /)N S L G B 5 (LIS B A ) A P
R B I i

- — o) (23)

o

K0, M @, 53 50 A A E P 5 0 5 R AE
e/ IME 50 F1 2, 53 0 D 25 R AR R BRI R R AR
WHL,

PSO Bkt m A 2 s,
2.2 MENMMHBEREEE

1E SPSO Bk v, fWokL 3 B 2 b i 72 b K B
TEFTEE AR, B4 o =0, 0 SR o R E
s 3Ag ot
V(t+1)=CR (P, (t) -X,(t)) +

C,R,(P,(1) - X, (1)) (24)

53R PSO BEVEAH L, BORE Y JR 48 R e
BSRT HFBEI AR IR R L T
P AL A R R 6. ), 7E A A AR 4 R A
R B AIL ™ Az — 8 ROk 2
=Xt +1)
% (P, F(P,) < F(X.(1+1))

i_{x,(t 1) F(P) = F(X,(t+1)) (25)

g’ =arg min{ F(P,) ‘i = 1,2’...’M}
LA =arg min{ F(P]) ,F(P,) |
Ao F oy HbR ek %

TE 58 R OB S, ST LA 8

1) 2R P, =P, R BEAL ™ A 0 TORL ED oy 24
4 Ry i PR L e i DR A7 B 0 07 8 O A48 R =
[i1] PR P BT 7 A — A 0K, At 0K AE BE B P, AN
P, J5 kSl .

2) Rk P, =P, H SR A B A2 R s L7

a) = wmax



2202 b m = R KR

g7

2017 4

(e

TR 28 R ROR R

PR A (A 17 HE DA

|
!

SRR Y 3 A

F R G TP, 5P ]

S IR EN R
LS NS ARNg]

Y

L S RS

fiE ik

El 2 PSO Bkt 5 e
Fig.2 Calculation flowchart of PSO algorithm
B R4 ORI 5 (24) AL
3) W P,#P,, H S B 2R e e
Far  BAEAERORE K (ko)) (7% X, (1 +1) =P, it
I O 6 3528 2 i) A2 11 95 A A
BAE R P, P, 5k SE A

3 #RE5iT1

3.1 BEEEEMENRE

— 4E A e s R 1 o,
JEE AN A L2 D B (A SN L RS w, B
Wi A=w+l, SeMEH T X NN a =
(AL ] BV S i RO A ) 1 2 Hon] 2 L
SCHR [ 16 ] o 1E ] ABUARE 78 SR i v B TR 22 19
Kwiecien 2 55 i) JF I A SR A, 17 3 GO m =
41, O REAS B 6 M 25 0 2 8, AR A O 1) RR A
(1 G 1 B AR ST R H AR R

F(a):Z(Pcs:()\i,) _Pmca(/\i)>2 (26)

K 2p o e, 3 500 DR A 1 B S 25 5 35 {8 11
TR n PR LA, A TV A H A KA A
B, A A DA AR G S R A R T L

Ry YA R TR BE R O 25 0 Xy

o ) = pu (1)
- Puea (X))

T™M J L 6 =30° A S B LM 5400 a,, =
[1.0, 0.9, 0.6] um WA IE SCMEET, 63 I B %
W3 WS TR . SR SPSO B3 X Ik 445 44
MHEEAT SO, SRR E R 1 R MLV,
& 53 A R RE R R R TR IO B

ST A R b A R L R KR TE A Ak i 2k
WME 4 fiR, OB RDEMEE S8 a,, = [A 20,
l+o,d+d] =[0.9991,0.9003, 0.5996] wm, %}
NG K SRR 3 LR . 45 SRR, SPSO
TR AT DIAR G- Ml 5 TG A JL AT 25 40 S 8k, O i
S RSB AT R 228 0.38%

G3 R AR PSO 83 bRif PSO B3 (SP-
SO 513k BIR A 553 PSO-GAM %t 2 e Al ik 47 )2
W, B AR R EE AR 2 & 5 BioR . oI LLE
i, SPSO 55 2 i S B 22 B B PR F 3L AR PSO #5
#fE PSO iR A& PSO-GA Bk,

M G5 G A A
WHESE T TM U LLAS [ f B A S i 1 i 3 45
Ao BT BRI AR B B AL, PR 25 53 4]

x 100% (27)

1.0
0.8
%
= 06f
%
0.4+
HIER4
5L .« RIOULH
0 2 4 6 8 10

P um

I3 SMDEHDE R %

Fig.3 Spectral reflectance of single-slot grating

#x1 SPSO EXSHiIEE

Table 1 Parameter setting of SPSO algorithm
24 Bl
M 50
Viax 3.0
c, 1.2
C, 0.8
b max 100

£ 10°°
A/ pm 0.1
A,/ pm 5.0
n 100
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Table 2 Inverse estimation results with different incident angles
ASHHIBE/(°) a.,/pm TR R/ % e RARXT IR/ %
0 [1.0006 +1.26 x 10 ~>,0.8992 £3.61 x 10 >,0.6004 +2.51 x 10 ~* ] 0.3805 2.8526
30 [0.9993 +3.09 x 10 > ,0.8993 £4.59 x 10 ~*,0.5992 £2.99 x 10 3 ] 0.368 9 2.8631
60 [0.9994 +2.90 x10%,0.9005 +3.23 x 10 ~*,0.5993 +3.02 x 10 ~* ] 0.3766 2.7999
*3 AEALEHMSYTRELER
Table 3 Inverse estimation results with different structure parameters
a.,/pm a.,/pum AR X 15 2%/ % I RARRS R 2%/ %
[1.0,0.9,0.6] [0.9993 £3.09 x10*,0.8993 +4.59 x10 ~*,0.5992 £2.99 x 10 ~*] 0.3689 2.8631
[3.0,2.5,1.5] [2.9991 +3.11 x10*,2.5005 +1.19 x 10 ~>,1.4994 £2.95 x 10 ~* ] 0.3596 2.9040
[5.0,4.0,2.0] [5.0006+3.33x10°,3.9992 +4.14 x10">,2.0006 £3.20 x 10 ~* ] 0.3315 2.8823
4 AEAHERETREER
Table 4 Inverse estimation results with different searching spaces
=] A /pum [ /pm d/pm AL H A5 o 50 P AE X R 25/ %
4] 1 [0.9,1.1] [0.8,1.0] [0.5,0.7] 59 3.25x1077 0.0209
B0 2 [0.8,1.2] [0.7,1.1] [0.4,0.8] 71 9.19x10 7 0.1155
w3 [0.5,1.5] [0.4,1.4] [0.1,1.1] 100 8.11x10°¢ 0.2064
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Inverse estimation of geometric parameters of aluminum
matrix microscale structure grating
SUN Shuangcheng' , QI Hong' * , SUN Jianping' , RUAN Shiting”, LYU Zhongyuan' , RUAN Liming'

(1. School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001, China;
2. Shanghai Satellite Engineering Research Institute, Shanghai 201100, China)

Abstract. Micro structure grating is a widely used electronic component. The geometric parameters of
one-dimensional rectangular aluminum matrix grating are inversely estimated using stochastic particle swarm
optimization (SPSO) algorithm. The theoretical overview of rigorous coupled wave analysis ( RCWA) algo-
rithm and particle swarm optimization algorithm is introduced, and RCWA algorithm is employed to solve the
electromagnetic field problem within grating. The objective function is formulated based on the spectral reflec-
tance obtained by the direct problem, and then the SPSO algorithm is used to optimize the objective function.
The geometric parameters such as the grating period, ridge width and groove depth are retrieved simultaneous-
ly. The effects of population size and searching space on the inverse estimation results are also investigated.
The retrieval results show that SPSO algorithm is effective and robust for estimating geometric parameters of
grating and the population size is suggested as 30.

Keywords: inverse estimation of grating structure; stochastic particle swarm optimization ( SPSO) algo-

rithm ; rigorous coupled wave analysis (RCWA) algorithm; spectral reflectance; radiative property
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Characterization of ray sampling for flame radiation in light field imaging
LIU Yudong, XU Chuanlong” , SUN Jun, ZHANG Biao, WANG Shimin

(Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and Environment,
Southeast University, Nanjing 210096 , China)

Abstract: To investigate the radiation sampling of the translucent media and optimize the parameters of a
plenoptic camera, a backward ray tracing model is established based on the paraxial approximation in this pa-
per. Considering the integrating properties along the sampling path of the translucent media, several indices
for evaluating the angular sampling are then proposed such as cone angle of a single pixel and sampling angel
of object side. The effects of the positions of the pixels and micro lenses of the plenoptic camera on the radia-
tion sampling and the effects of the optical parameters of the plenoptic camera on ray direction sampling per-
formance are analyzed. The results indicate that, for the light field sampling on flame radiation, a smaller di-
ameter of the micro lens is useful for improving the accuracy of radiation sampling in certain direction and de-
creasing the size of main lens aperture. Moreover, smaller focal length of main lens is advantageous for impro-
ving the sampling angle of object side.
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Fig.8 Validation results of multi-peak fast search algorithm

F1 EEHREER(4, EX)
Table 1 Results of peak search (A, mode)

O ER R SERE WS /MHz  IE{E /B E/ms

-100 6 10.724 4 -30.1659 0.058
-175 8 10.7278  -29.974 7 0.059
-50 6 10.729 9  -29.974 7 0.059
-25 6 10.729 9  -30.1659 0.057

0 6 10.7355 -29.974 7 0.058
+25 8 10.7376  -29.974 7 0.058
+50 6 10.741 1 -30.1659 0.096
+75 8 10.7424  -29.9747 0.059

+100 6 10.7445 -30.1659 0.058
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Table 2 Results of peak search (S, mode)

X FR A RARWE IR/ MHz BEfEE/dB W E]/ms
-20 4 109.5690 -27.4893 0.061
-15 4 109.5690 -27.4893 0.060
-10 4 109.5690 -27.4893 0.060

-5 6 109.5970 -27.4893 0.062
0 6 109.5970 —27.4893 0.061
+5 6 109.5970 —27.4893 0.061
+10 6 109.5970 -27.4893 0.060
+15 6 109.5970 -27.4893 0.060
+20 6 109.5970 -27.4893 0.062
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Fig.9 Validation results of simulation
algorithm for frequency shift( A, mode)
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Data acquisition instrument based on Lamb wave gas sensor

HUANG Yangyang, WANG Baoliang”* , JI Haifeng, HUANG Zhiyao, LI Haiqing

(State Key Laboratory of Industrial Control Technology, College of Control Science and Engineering,
Zhejiang University, Hangzhou 310027, China)

Abstract; Lamb wave gas sensor has broad industrial application prospects in gas sensing due to its
advantages of high sensitivity, low loss and multi-mode characteristic. However, Lamb wave gas sensor is now
still in fundamental academic research period. Experiments concerning the sensor are implemented by network
analyzers, which means that gas properties cannot be determined automatically but by manual operation. This
limits the applications of Lamb wave gas sensor. In this paper, a specified data acquisition instrument
designed for Lamb wave gas sensor was developed. The direct digital synthesizer technology and an embedded
system were introduced to obtain the information of the amplitude-frequency and phase-frequency of Lamb wave
gas sensor. Maximum peaks of all Lamb wave modes were determined by a multi-peak fast search algorithm.
To verify the effectiveness of the data acquisition instrument, frequency sweep experiment and algorithm verifi-
cation experiment were carried out under different modes. The experimental results show that the data acquisi-
tion instrument can accurately acquire the frequency characteristics of Lamb wave gas sensor and the informa-
tion of multiple peaks in a certain frequency range. Then, combining with the models of Lamb wave gas sens-
ing, it can directly output parameter measurement results, and achieve automatic detection of gas parameters.

Keywords: Lamb wave gas sensor; direct digital synthesizer; amplitude-phase measuring; data acquisi-

tion; multi-peak search
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Fig. 1 Schematic of hot-wire probe calibration wind tunnel o Sk STy ST B E ,;jsj Sz S o (1 S
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Table 1 Data of hot-wire probe calibration experiment
p./kPa E/V w/(m-s 1) po/kPa T,/K Ma p/kPa /K
151.7278 1.9896 103.5630 89.97159 296.064 2 0.302 14 84.43188 290.7558
149.5732 2.0903 119.6082 92.01807 295.7970 0.35092 84.53709 288.6870
149.767 1 2.1726 136.8528 94.23687 295.5267 0.40218 84.33002 286.2662
150.004 1 2.2325 152.4536 96.47722 295.2204 0.44839 84.03505 283.8084
150.068 8 2.2916 169.1456 99.148 41 295.0283 0.49972 83.61031 280.994 1
199.3663 1.9400 102.9812 82.30270 294.6315 0.301 66 77.26783 289.3652
200. 1850 2.0304 119.696 6 84.04759 294.5881 0.349 86 77.19720 287.5489
200.9823 2.1060 136.4103 86.20177 294.5995 0.40129 77.168 82 285.4076
200.422'1 2.1639 153.3180 88.85141 294.5995 0.449 60 77.22588 283.1524
199.9050 2.2324 169.8119 91.65186 294.6269 0.50226 77.23802 280.4761
249.8273 1.8640 102.4352 73.793 69 294.6897 0.30005 69.30657 289.4774
250.8831 1.9569 119.1594 75.45241 294.6462 0.35000 69.33975 287.5998
250.3660 2.0416 136.3172 77.649 67 294.5537 0.40137 69.52238 285.3595
250.7969 2.1113 153.3348 79.91157 294.4669 0.45231 69.46587 282.8920
248.7761 2.1741 168.7752 82.66891 294.3859 0.50119 69.740 60 280.3038
300.0945 1.7869 104.5098 65.30621 294.4921 0.30663 61.18371 289.0564
299.2757 1.8689 119.1939 67.18035 294.4011 0.35080 61.73054 287.3294
299.1249 1.9569 137.0858 69.42070 294.3504 0.40332 62.08120 285.0761
300.1375 2.0264 153.5973 71.51025 294.3011 0.45281 62.13774 282.7080
299.4696 2.0809 169.6432 73.98756 294.2577 0.50127 62.298 86 280.1777
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Table 2 Calibration coefficients of mathematical model

e HE Z2 KL A
¢ 4071.75
¢ -1938.92
e ~1650.43
e -2108.53
e 785.941
¢ 1008. 88
e 854.547
cs ~408.857

®3 EXLFEESHAEERELL
Table 3 Comparison of real velocity and fitting

velocity deviation

w/(m-s™') Aw/(m-s ") || w/(m-s™') Auw/(m-s ")
103.5630 0.4921 102.4352 0.4614
119.6082 -0.4438 119.1594 0.2800
136.8528 -1.8678 136.3172 0.7134
152.4536 -2.5912 153.3348 0.9013
169.1456 -2.0168 168.7752 2.7100
102.9812 -0.5745 104.5098 0.2200
119.696 6 0.6322 119.1939 0.1620
136.4103 -0.1356 137.0858 0.4894
153.3180 -5.1046 153.5973 0.7850
169.8119 -4.9542 169.6432 -2.0306

W () B8 3% 3l 76 10° 5 9, ik 9T L R DERL
XEHRERE Wi A3 SR g AT o0 A o 07 R R BRI W
S tEad R, R EOT R C X B U i
ARSI T U, U B R 2 s i C AR K
WU MAFTE RN ZER M C 5 W AR 38U
H A 3 i 2%

TE 2 JERAI B 89 5 SR R M SR 0 RTR Al 46
P75 R 21 I R 1) A S R R IA h AS E SE
T A R A ) % A R S R R R 2 LA A
P A A R o T R OR UL AR Y 2% Bk
R, A5 R B ™ i (H SRR b O B T4 1 2%
PER W T 55 A RO T 2 D B 2 i A Y,
AR LA 1 I3 FH AR 0 R 0 A R (8) 3
FEEE W2 FROR BIE LA 23 #r
cond(W) = [[wl|, - [w™], (8)
Hhicond (W) g W il 2 A5 (| WL S Wi 2
WHCG W R R A S (W o WY W
ARy BB T SGE AR, W =W (W
W) TN B2 S B WO RN AT S A

AL (8) 75 Al 13 cond (W) =1.595 x
10°, W i - 80k, Rk € ket 25 U
RN R . R EE U A e =1 m/s [
NSRS E, W 07 R 2 (5 ) 22
(U+¢g)=C-W (9)

RAFRZ (), A5 B A /NP 3 5 1 B
TR HE R B, WAk 4 FTR

XF R 2 A 4 H B RCHE AT, AR T R A
NS & 5, K% 7 FEAS B 649 AL 1 AR BOE 5
C R TRRIIBUE o A4S 2 i 485 00 B2
R =0.379 74, 484 8 8 5 ¥ f 22 Au = 43. 81 m/s.,
I BE /NS5 B B SR w + & S5 3%
fii 28 Au Xt EEHR W03 5 BoR .

AR A 2R U [ C (4% A% BIOR X 742 A i 2
KT 15% ) S MHEE (/AT 1) A5 81
s 22 AT R, A BE /NSl BeA AR RN (R
FROREAMERG , X B8 5 i U5 e B o RORT
B o PRt O (4 ) 00 0 A e i A8 7 0
B R AT A B T I AR R . BT 1 A
o AT, AR LR | T RE S B A L R
PSR AP AE 22 e, R BURRE WL 22, &
S g o, TS BOR S 5 B LS RIUR 22
x4 BFERERERBMENELE (MNEENLE)

Table 4 Calibration coefficients of mathematical
model and relative change amount (small velocity

perturbation added)

e U (E AH X AE AL i/ %
¢ 4773.38 17.23
(:2 ~2297.34 18.49
¢ ~1934.59 17.22
¢ ~2427.80 15.14
e 931.113 18.47
¢ 1172.13 16.18
¢ 983. 852 15.13
e ~474.975 16.17

*5 EXEESWEEEREILL (MNEE/NES)
Table 5 Comparison of real velocity and fitting velocity

deviation (small velocity perturbation added)

ut+e/(m-s D) Au/(m-s Du+e/(m-s™') Au/(m-s')
104.5630 -25.46 103.4352 -27.77
120.6082 -33.28 120.1594 -33.78
137.8528 -43.04 137.3172 -41.07
153.4536 -53.48 154.3348 -49.21
170. 1456 -63.85 169.7752 -56.78
103.9812 -33.50 105.509 8 -27.63
120.696 6 -39.39 120.1939 -33.90
137.4103 -46.44 138.0858 -40.76
154.3180 -57.26 154.5973 -47.71
170.8119 -64.61 170.6432 -57.32

3 NMEREBFEB
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JE 55 RS i R T 2 ) Y R R 2 S, R AR RO
e W RGP T, SR TG 0 AN AR B 7 36 0 4% S 80t AT
AL, HARTT T

pp= L M) (10)
maX(Po) - mm(Po)
T, — min(T
i o — min(7,) i= 12,0 (11)

o = max(7T,) — min(T,)
.- min(u)

" “max(u) - min(u)
, E, — min(E)
E; :maX(E) - min(E)
P epo To vl ED A3 A G B
A i i F AR A A DI Y LA I B A S X
7S o, VS B3 9 [0, 1] 5 n D FAR B LA o

SR R

IR TE A AL T 1 B AR T i TR T A e )
AR 22 S AR (ER h Jo B A s 2Rl
Totd AL AU (4) b2 8 20 K ek $ A A2
HONO MO, A TR DL g Ok AR, BT
JC i 940 78 o Bl B 30 T AR GE 6] s, IR
M R s #4948 (0, 1] Z A I, PLORIESUS )5
ML D R S5 A Dt Ay i A 1 19 Ot
3.2 WEERSW

FH UL b Bl b B 7 20 2 1 b i) S 50 B 0
PEATAAS 5 1 BACHE R BN =% 6 o .

AT B A TR R =0.998 95, 445 ok
FE S 349 2% A = 1. 203 m/s, ZUSE B w5004
JE A 22 Au XF LEECHR Q0 7 Fias o

H AL DI 2 DL G 3 32 - 2 i 2wl A, 0k 4
R A R X S Bl U S R R R T
e 3 DL R e 22 B 26 X X T 2 ()
Je7s o AT, R i 22 80K 1 A i o /b L3
i 22 s £ A7 JIT AR AR, B0 G o 49 e 0 AR v 2
TR0k S 56 KA B 0L K E S A 4R T AT SR i e
it 4 [ W) 2% 24 B cond (W) =3.655 x 107, i

i=1,2,,n (12)

i=1,2,-,n (13)

xR6 HEBAURKERH(SHELTENKL)
Table 6 Calibration coefficients of mathematical model

( parameters nondimensionalized )

e R B B
¢ 0.04305
¢ 0.3079
e 0.06127
e 0.4048
e -0.2002
¢ -0.7390
p 0.2058
e -0.2215

T EXEESHEEEREVNIL(SHTERNL)
Table 7 Comparison of real velocity and fitting velocity

deviation ( parameters nondimensionalized )

w/(m-s™') Aw/(m-s )| w/(m-s') Aw/(m-s ')
103.5630 0.2861 102.4352 0.3529
119.6082 -0.2606 119.1594 -0.0325
136.8528 -0.9045 136.3172 0.5056
152.4536 -0.9983 153.3348 1.2928
169.1456 1.5897 168.7752 4.8263
102.9812 0.1427 104.509 8 -0.4423
119.696 6 -0.5276 119.1939 0.1805
136.4103 -1.1067 137.0858 1.0381
153.3180 -5.0744 153.5973 1.7464
169.8119 -1.9727 169.6432 -0.7839
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Fig.2 Comparison of fitting velocity deviation
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*8 EXEESEREFHEEMIL(SHITENL)
Table 8 Comparison of real velocity and velocity

uncertainty ( parameters nondimensionalized )

w/(m-s™ ')y U/(m-s™") || w/(m-s') U/(m-s"")
103.5630 3.6520 102.4352 4.4596
119. 6082 3.1372 119.1594 3.8276
136.8528 2.7566 136.3172 3.3398
152.4536 2.4962 153.33438 2.9814
169.1456 2.2614 168.7752 2.6830
102.9812 3.9796 104.5098 4.9366
119.6966 3.4578 119.1939 4.2800
136.4103 3.0140 137.0858 3.7242
153.3180 2.7162 153.5973 3.3290
169.8119 2.4308 169.6432 3.0156

7 FH T ik 40 400 4 7 3 R A ) A 900 o i T
ST IR A L T A S OB R A
U, = 3.168 m/s, 1 J& ik 491k 48 4 7 J& - ¥4 ffs 2%
Au=1.203 m/s, Jo 5 R4k L4 3 B - 250 22 W 19
JINT T 1 R B S 5 B T i 40 Al % R
S AR 52 30 MO DL R R AR R R

® —a G AL
o IR LA A 2

[ (ms™)
s -
[;
if:;
_;:s-:::::f':
g
o

| Au|
Y i
-

(5]
T

A
1: /,,. \,\/ \ ./ :./-\

ol -9 '.._/' .\./ ~

0 2 4 6 8 10 12 14 16 18 20 22
n

&3 TGk 4 4k 005 L i 22 15 3 BE AN I A2 JEE X L
Fig.3 Comparison of nondimensionalized fitting

velocity deviation and velocity uncertainty

4 &

I TR B A o 2 B T AT 0 AN T A ) B
T, AN S I A T RO U R TR O Xk Ak
T WAL, T BT LR 458

1) X S0 o4 2 2 A TR 3 50 e b o AR R B
S S 6 Al AT AU, (EL SRR A o R HORR E 1R
P2, 0 o 3 B E /NS B

2) %Efﬁlﬁtﬁéﬂlﬁ/ﬁ’ﬁt%ﬁmt B AU
Xof PR R VR S 6 KA R AT ,/kﬁ’q’:&/ﬁ%
B E LA, AN Z /N %jnszE’J?Zﬂﬂ P
¥ﬁﬂ/ﬁﬁﬂﬂﬁ/l T A B O E L B IE

TG Ak 240 A1 68 BRS04 T 408 A Y At )
?f&éﬁﬁﬁﬁi’éi%)%ﬂ%iﬁﬁ?ﬂ%

2 # 3 ik (References)

[ 1] FREYMUTH P. On feedback control theory for constant temper-
ature hot wire anemometers [ J|. Review of Scientific Instru-
ments, 1969 ,40(2) :258-262.

[ 2] BRUUN H H. Hot-wire anemometry : Principles and signal anal-
ysis[ M ]. Oxford ; Oxford University Press,1995:19-26.



2230

b m = R KR

[3]

[8]

[9]

[10]

[11]

[12]

[13]

KING L V. On the convection of heat from small cylinders in a
stream of fluid: Determination of the convection constants of
small platinum wires with application to hot-wire anemometry
[ J]. Philosophical Transactions of the Royal Society A-Mathe-
matical Physical and Engineering Science 1914 214,373 432.
KOVASZNAY L S G. Turbulence in supersonic flow[ J]. Jour-
nal of the Aeronautical Sciences,1953,20(10) :657-682.
KOVASZNAY L S G. The hot-wire anemometer in supersonic
flow[ J]. Journal of the Aeronautical Sciences, 1950,17(9):
565-572.
STAINBACK P C,JOHNSON C B,BASNETT C B. Preliminary
measurements of velocity, density and total temperature fluctua-
tions in compressible subsonic flow; ATAA-1983-0384[ R]. Re-
ston: ATAA ,1983.

JONES G S, STAINBACK P C, HARRIES C D, et al. Flow
quality measurements for the langley 8-foot transonic pressure
tunnel LFC experiment; AIAA-1989-0150[ R]. Reston: AIAA,
1989.

2R B AR . PP 22 AR R R ) A R RS E T R (]
Holt Tl Ko 2448 ,1997,23(2) .42-45.

LI C,HUANG 8 J. The methods of the calibration of single hot-
wire in the velocity and directional sensitivity [ J]. Journal of
Gansu University of Technology, 1997,23 (2) :42-45 (in Chi-
nese) .

Ik AT, 0] 1B, PR, A5 I A XA Y — ol T A o
Frik ], AR H R R ,2013,36(23) :110-112.

YAO H Y,LIU G Z,SUN N, et al. A new calibration method of
constant temperature hot wire anemometer [ J ]. Modern Elec-
tronics Technique,2013,36(23) :110-112(in Chinese).
BEARZ . AR T [ M et T E R BOR AL,
2003:9-22.

SHENG S Z. Hot wire/film anemometer [ M ]. Beijing; Science
and Technology of China Press,2003:9-22 (in Chinese) .
JEK L, AR 2 THRS AH B4R R R (1) Il A 3 2
N RRLT]. RSl S8 5 R4, 1992,6(1) :49-56.
ZHUANG Y J,SHENG S Z. The dynamic equation of constant
temperature hot wire ( film ) anemometer with main bridge
prephase shift circuit[ J]. Aerodynamic Experiment and Meas-

urement & Control ,1992,6(1) :49-56 (in Chinese) .

KL B AR 2. 3 e AT TR AR R TR R PR (R ) T
s N R AT (T ] R S8 S5 I R, 1992,6
(3) :45-52.

ZHUANG Y J,SHENG S Z. The analytic solution of dynamics
equation of constant-temperature hot-wire ( film) anemometer
with main bridge prephasing circuit[ J]. Aerodynamic Experi-
ment and Measurement & Control,1992,6(3) :45-52 (in Chi-
nese) .

TEGRAE IR, 6 5. AL XU A3 [) i 0 42 3 %
BE[I]. 528 4325 ,1998 ,13(3) :393-398.
WANG J S,ZHENG J,SHU W. Measuring the velocity and the

5

temperature in a flow field at the same time with hot-wire ane-

2017 4F
mometer [ J ]. Journal of Experimental Mechanics, 1998, 13
(3):393-398 (iin Chinese).
[14] Bk, SRk KOEAAEZ M W &b g i L] =it

‘fﬂﬂ&* ,1990,2.65-70.

CHEN Z J. Application of the hot wire anemometer in measure-
ment for turbulent flow field[ J ]. Journal of Astronautic Metrolo-
gy and Measurement,1990,2:65-70 (in Chinese).

[15] SLHTEUAR, TR e, sk S5 M, 56 Bk XU {SCHE ) ik g ol XL
MRS (1], dL s R4 T8 ,2009,25(3) :17-19.
HUANGFU K L,XU Z,ZHANG X M, et al. Experimental study
on hot wire anemometer for measurement of power plant airflow
[J]. Power System Engineering,2009,25(3) :17-19 (in Chi-
nese) .

[16] REZE,FHEERK. 18 1 #A L KB ASLF 5 79 K BIL 14 JaE 30 4

(1] ATl KA [ ARB A 2441, 1999,29(2) 19195,
WU Z J,YIN C Q. Research of flow characteristics in internal
combustion engine with hot wire anemometer[ J]. Journal of Ji-
lin University of Technology ( Natural Sciences) ,1999,29(2) .
91-95(in Chinese).

[17] E, IE 528 P XU SRR )
B2 54K ,2001,7(2) :89-91.

WANG L,ZHOU Y,HOU Y K. Exploration of measuring veloc-

AR ].

ity with constant temperature anemometer system under low
temperature condition[ J]. Vacuum & Cryogenics,2001,7(2) :
89-91(in Chinese).

(18] W& B, BRI 45 U M. i 1 32 48 T 8 T #AVER XLkt
FEWsE )] S AR J1 2 ,2010,24(3) :8791.
LUN L Y, CHEN H L, CAI J H. Investigation on calibration

bR

method of hot-wire anemometer in high pressure reciprocating
flow[ J]. Journal of Experiments in Fluid Mechanics,2010,24
(3):87-91 (in Chinese).

[19] HEREE, MR, T Ak, 4. T I 45 VAL P F 3 44 2 XU ARG e
JrEW S T]. LA 241 ,2017,38(6) :120600.
DU Y F,LIN J,MA H S, et al. Research on calibration method
of constant temperature hot-wire anemometer in compressible
fluid [ J].
(6) :120600 (in Chinese) .

[20] LEON S J. Linear algebra with applications[ M ]. New York:

,2014:308-319.

Acta Aeronautica et Astronautica Sinica, 2017, 38

Pearson Education Inc.

EEEN:
MEEE T LBLBIT A BB M RS AR

R B R TR A AR, BRI E RS
= ik 5 N R RIS

g BB, S TR, BT R S R 5 W
mEAR

RERE B WL RIBTSC G, MRS S RS 1



LA 4R
511 3 R 5 O U O T 5T T 3k M5 2231

Research and improvement on logarithmic calibration
method of hot-wire probe
DU Yufeng, LIN Jun®, MA Husheng, XIONG Neng

(China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: Research on calibration method of hot-wire probe in compressible fluid is carried out to meet
usage requirements of various velocity measurements. The logarithmic calibration mathematical model is stud-
ied and it is discovered that there is a problem of matrix singularity in the process of solving calibration coeffi-
cients, which results in poor stability in solving linear equations with a small velocity perturbation. The mathe-
matical model is improved by nondimensionalizing the parameters and adding a positive offset to build a dimen-
sionless logarithmic calibration mathematical model. Calibration experiments are conducted with Mach number
varying from 0.3 to 0.5 and ejection pressure varying from 150 kPa to 300 kPa. When using the original loga-
rithmic calibration mathematical model, the results of data fitting show that correlation coefficient is 0.997 61
and deviation of fitting velocity in average is 1.378 m/s. Condition number of coefficient matrix in the process
of solving calibration coefficients is 1.595 x 10®, which means that the matrix has a strong singularity. After
introducing a small velocity perturbation (1 m/s), correlation coefficient becomes 0.379 74 and deviation of
fitting velocity in average becomes 43. 81 m/s, which shows instability in solving linear equations. When using
the dimensionless logarithmic calibration mathematical model, the results of data fitting show that correlation
coefficient is 0.998 95 and deviation of fitting velocity in average is 1.203 m/s. Condition number of coeffi-
cient matrix in the process of solving calibration coefficients is 3. 655 x 10°, which indicates a weak singulari-
ty, and the improved mathematical model is not affected by a small velocity perturbation due to selection of di-
mensionless method. Uncertainty of fluid velocity is analyzed and velocity uncertainty in average is 3. 168 m/s,
which is obviously greater than the deviation of fitting velocity in average. The experimental results verify the
feasibility of application of the dimensionless logarithmic calibration mathematical model to hot-wire probe cali-
bration in compressible fluid.

Keywords: hot-wire probe; compressible fluid; logarithm; calibration; mathematical model; nondimen-

sionalization ; uncertainty
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Study on condensation in sonic nozzle based on experimental
condensation apparatus
WANG Chao'?, LIN Daxuan'?, DING Hongbing"**, WANG Gang'?, AN Haijiao’

(1. School of Electrical and Information Engineering, Tianjin University, Tianjin 300072, China;

2. Tianjin Key Laboratory of Process Measurement and Control, Tianjin 300072, China;

3. Tianjin Institute of Metrological Supervision and Testing, Tianjin 300192, China)

Abstract . The temperature of water vapor and moist gas will drop greatly in the sonic nozzle, which leads

to the condensation and will have a great effect on the measurements. Aimed at the phenomenon of condensa-

tion and self-oscillation of sonic nozzle, an experimental condensation apparatus was set up to observe the con-

densation of moist air in sonic nozzle, and the pressure distribution under different conditions was obtained. To

validate and supplement the experimental data, a gas-liquid two-phase flow Eulerian model was established

through numerical analysis of influence factors on condensation. The results show that the inlet pressure, hu-

midity and temperature have a great influence on condensation phenomenon. With the increase of humidity and

temperature, the location of condensation moves forward and the intensity also increases. With the increase of

the inlet pressure, the location of condensation moves forward, while the intensity weakens. The frequency of

self-oscillation is positively related to the humidity and temperature, and negatively related to the inlet pres-

sure. The amplitude is positively related to the inlet pressure, humidity and temperature.
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Fig. 1 Experimental system
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Fig.2 Identification results of spanwise vortex

A, criteria in vortex wave field
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Fig.3 Mean diameter and mean length of

long axis of spanwise vortex
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Fig.4 Long axis inclination angle and

eccentricity of spanwise vortex
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Distribution characteristics of spanwise vortex of vortex
wave field in channel flow
CHEN Bin" , LIU Ge, JIN Xing, DENG Yangqin

(Engineering Research Centre for Waste Oil Recovery Technology and Equipment, Chongqing Technology and
Business University, Chongqing 400067, China)

Abstract. The instantaneous velocity vector fields of the vortex wave field in the channel flow were meas-
ured by 2DPIV. The identification of the spanwise vortices is carried out by using the criteria of Reynolds de-
composition and swirling strength A ; criteria. The distribution characteristics of spanwise vortices are analyzed
from scale properties, mechanical properties and motion properties of the counter-clockwise and clockwise vor-
tices identified by swirling strength A ; criteria. The results show that the number of clockwise vortices is larger
than that of the counter-clockwise vortices in the flow field. The swirling strength of the counter-clockwise vor-
tices is in the form of parabolic shape in the range of normal direction 0.05 —0.45, while the clockwise vorti-
ces show the overall downward trend. And the average diameter and the long axis of the ellipse of the counter-
clockwise vortices increase slowly with the increase of the normal position, while the clockwise vortex tends to
decrease. The largest value of the inclination angle of the long axis of the ellipse of the counter-clockwise
spanwise vortices is 67.28°. The eccentricity of the equivalent ellipse of the clockwise vortices shows a de-
creasing trend, and the circularity is better. The contribution of the counter-clockwise spanwise vortices to the
total mean (vw_) has a maximum value of 61% at normal direction 0. 15, and the contribution of the spanwise
vortices to the total Reynolds stress is smaller; the population densities of counter-clockwise spanwise vortices
in the 0 —0. 08 normal displacement range have a sharp upward trend, and achieve the maximum 0.36; The
distribution of the clockwise spanwise vortices shows the inverted “U” -shape; The population density ratio of
spanwise vortices with different directions of swirling to total spanwise vortices is greater than 0. 3 ; the stream-
wise convective velocity of the spanwise vortices is less than that of the mean velocity of flow field in general,
and the difference between them is larger in the central region of the channel. The normal convective velocity
of the spanwise vortex increases from negative value to positive value with the increase of normal distance, and
two phenomena of ejecting and sweeping occur on the two sides of the central mainstream.

Keywords: channel; vortex wave field; spanwise vortex; identification of vortex; distribution character-

istics
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Double coupled Duffing oscillator simulation system
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Analysis of gas-liquid two-phase flow characteristics based on double
coupled Duffing oscillator
LI Hongwei® , SU Quan, SUN Bin, ZHOU Yunlong

(College of Energy and Power Engineering, Northeast Dianli University, Jilin 132012, China)

Abstract: The double coupled Duffing oscillator simulation system is put forward as a method for detec-
ting the signal of gas-liquid two-phase flow patterns in small channel. The double coupled Duffing oscillator
simulation and detection system is constructed, which is used to analyze the signal characteristics of flow
patterns by the three key parameters: damping rate, coupling coefficient and frequency. The performance of
the simulation system is tested by the typical chaotic signal of Lorenz and Réssler. When two-phase flow signal
is detected, the eigenvalues are extracted including the instantaneous oscillator velocity and oscillator displace-
ment, and based on the eigenvalues, the further study on flow pattern dynamic characteristics and flow pattern
identification was done. The results show that this analysis method has better noise immunity and represents
typical chaotic characteristics well through the verification of typical chaotic signals. The two extracted eigen-
values can reveal the mechanism of gas-liquid two-phase flow pattern transition process in small channel. Com-
bining the instantaneous oscillation velocity of oscillator with the oscillator displacement can identify the nitro-
gen-water two-phase flow pattern in small channel accurately, which will contribute to the characteristic analy-
sis and flow pattern identification of other multi-phase flow of different media.
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Optimization of air supply for bridge load air conditioning
based on aircraft cabin air quality
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(1. Institute of Electronic Information and Automation, Civil Aviation University of China, Tianjin 300300, China;
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Abstract: Aimed at the problem of poor effects of cabin comfort and energy saving caused by constant air
supply velocity of bridge air conditioning, in the paper, we built the cabin simulation model adopting the CFD
method based on the research object, Boeing 737 passenger cabin. And the validity of the CFD cabin simula-
tion model is verified by experiments. Based on this model, the effects of different air supply velocities on the
temperature field, wind velocity field and NO, concentration field in cabin are studied. Then the functional re-
lationship between the air diffusion perfoumance index ( ADPI) , the drainage efficiency and the bridge load air
conditioning air supply velocity is fitted separately. Meanwhile, the optimal air supply velocity of bridge load
air conditioning is obtained through the merit function in response to ADPI and drainage efficiency, which
could provide the basis for energy-saving control of bridge load air conditioning unit.

Keywords: bridge load air conditioning; thermal comfort; drainage efficiency; evaluation function; air

supply optimization

Received: 2017-02-13; Accepted: 2017-03-06; Published online: 2017-04-26 11.09

URL: kns. cnki. net/kems/detail /11.2625. V.20170426. 1109.001. html

Foundation items: Joint Fund of the National Natural Science Foundation of China and the Civil Aviation Administration of China
(U1433107) ; Natural Science Foundation of Tianjin (13CYBJC42300)

# Corresponding author. E-mail: jqlin@ cauc. edu. cn



2017 4 11 H
43 11y

tEMEMRKEFER

> 2
:":"'3-*& November 2017
Journal of Beijing University of Aeronautics and Astronautics m'gll I52] Vol.43 No. 11

http : // bhxb. buaa. edu. cn
DOI. 10.13700/j. bh. 1001-5965.2017. 0050

jbuaa@ buaa. edu. cn

SR 51 378 i 5 W RHT S B SR

RET, GFAY, AF, ELAC, REAH, F7°

(1. A EA R (bR HULARS s TR, Jbat 1022495 2. TR REIRBESERE, JE 1] 361005)

i B A MHAL) 2R ETHEAFUXTINFHE T HA LRI E S &
B H A0 T ETR T BRI AR (304 FHM)MBEBRTH. FRTHHEEE.
B RR-EEES S WU RN ISR A, LB K E MR E R
FoOMORTL & X AT & AT 4 (XRD) 247 3k T 0L 45 43 4 e 52 (SEM) WL &L 34 A8 BL B9 B AL 4
T AORAT A AT T BB BRI, R U B R AR B, R EF W BUR AR
HETHREGIR LT EBEAWPAALE, ERTHAFEERAER KRN E L F, BH-2
T A48 X 2 BOM ORI R T EL & R AR A A A R L

X 8 W BN S B KENE; ZBRAR

MmESHES. TKI21; V250.3
XHERFRIRAD; A

HAlh 7% % KR L, WL T Mo b
T, A o 2 WO 7E 5 S b b L R
THT , 5 350 2 T RS 351 , 25 LI 22 42 08 A ok AR
W s bR BREE I 4 A B 2 b R X %
FHE % B B THHL B0 30 1 | 25 58 R BIL 38034 46 1 R 3
R R 2 | R 7 P A A R R T
KPR — A EERERE L AN, AR R
764128 2o 38 B P AT OB SR o, S BT
PEFWZ " G A A IR b s
Vi B S A R R AR R O s Y 2 ok
T I L 3 a NE DT = N i1 =3
VR, BRSSO K RS TE AR T
AR K 7 7 B0 P 7 i o DRI I, R 5 80K wh i
R ORE 2 T 5 B8 45 IS bR 2 T O 4 E =2 18] 56 2
X4 CAT Rk K R W B B B R
SEE S ST bR L AR SO S S R
RS54 0907 ¥, BT 9 J0RE 5% 0 o i bR (304 R 45
) sk i oot bR T AR L L JORE 5 0 o 5

NXEHS: 1001-5965(2017)11-2266-07

M A ek i ) 453 LA R b ek 2 T ) 3 AR5 R A T
Sy R D 3 ORE 5 A R o AR T L i
KL A4 Rk A e el 1 FH S R T UKL A T O 5 b
PR TR . AR SCWF ST 322 A0 B8 58 UKL R
ZAET AR URL AT S CFURDRL AR 28 fb 90K 12 2l
B3 K O $88 o a3 23 A ) X A Rk o ol B A4 AT A 14
SR, A AROULE 53 ML ) 77 T 2 — 25 48 7 B S 45
HLEE

1 MRFZ*

1.1 £ %

P SO E O UKL v S O ek S G 7 B 2
B BRGNS N BEIER 1.5 kW KR, FEK
B P AR 28 K AT A B, 2 AR
12 mm {8 IS0 S5 30 o o S IR A A o SE R I AR PR
I PR I A IR, AR E 7 U R S e A A T
P BB e 5 11 A, AR e ol A B8 S 25 DR O K
i 3 R BT R A AR o SEIR A R [ E 2

Wi B 20170206; EABH: 201707-14; M4 H R E ;. 2017-08-31 0919
M 2% H RR # ik ;. kns. enki. net/kems/detail /11.2625. V.20170831.0919. 001 . html

HEEWAB: HEAKRFEESE (51376153,51406235)
= BWAEE ;. E-mail; yaojun@ cup. edu. cn

SIA%S: thFE, 74, BxF, £ Bustnnt EHHTAFLEI] XFERERAAFFR, 2017, 43 (11) : 2266- 2272.
YAO J, ZENG Z H, ZHOU F, et al. Investigation of behaviour of particle impact on material by impinging jet[J ]. Journal of Bei-
jing University of Aeronautics and Astronautics , 2017 , 43 (11 ) ; 2266- 2272 (in Chinese ).


lenovo
全文下载

kns.cnki.net/kcms/detail/11.2625.V.20170831.0919.001.html

%11

A% 2 < JBURL S I e i BT S

JL A 4R
2267

[ 7, A i [ 2 M AR 0 A R D SO 9 T 7 A
TS O el AR R A R S S U e o R o A R
FH 307 WLEE e B Oy e 45 AR A, AT LB L R
] AR O R O 2, DA B TORE T J3E AU
LYY 10.5 m/s A SCRT FI 52 5 01 R D B G
PR3 041 45 19 o 4 1 304 45 A9 Ak =% il 7y o 56 B

FfdhJE 2 mm ELAR D 16 mm oo 52 RE i 7 556 i
R UK 8 3 180,400 600,800 ,1200 2000 H # Ak i
WO AT I | B J5 7EAX AR L3 , LAGRIERE & ) B 32
A A SRR o [ A A R T Y
Wb, 3 FTRL AR 50 ~ 60 H A7 3 b JURE , A% Y 55 4
TIORE & (SR H0) 0 0.5%

F1 304 REWLFR S

Table 1 Chemical composition of 304 stainless steel

FA C Si Mn p S N Cr Ni Fe
RSB/ % 250.024 250.550 25 1.800 250.030 250.001 250.049 44 18.200 24 8.200 Pl 4%
1.2 HEITE EDORUIE AT

A SC i o FH B BB T T i R T AR 2L A E,=C(B,) """ FJV'F(9) (6)
FOSEA | EAT 0 3 o IR R kT B 7| 5 .

LA LT AR G A B ORI Sl B, R H] F(o) = A g 7
1=1

S 4S5 ol o okt (9 S RO SR AR
e AN]R8 A U R, 45 1 O R 4 o
Ty L 3h &7 B, T4 2 RNG k-g i Ui
o 10
1.2.1 Batad=h i

SR B SR B A W H O RESR . Wb
BTS2 BON 0.5% |, 1 BE AR /0N % 22 AT A A
5 TBORE U 1) %85 8 A 25 0K, PRI, T 220 s [ £ 50k,
2 B 1 G2 L Ty (BRI R R R R S &
(8 B g UKL e e T 1 SEVE O —JER T % IR
LREN VB A= i - R
dxpi

dt :u‘pi (1)

du |

T;:F(uﬁ —upi)‘uﬁ —upi (2)
3C,p;

F= (3)
4p D,

AR fop G 235 Dy 3 A | IR A S JE]
Ji o0 by 23 (6] AR B 6 5 0 O BT 5w O s gl 8
JEE 5 F Ay [ A JBORE T 52 B 48 B2 7 5 D Ay T R 50K 14
ELAE 5p AL C, O [ ABURE B TR KL Re, 2 LI

24 (1 +0.15Re) ") Re, < 1000
C, ={Re, (4)
0.4 Re, = 1000
ReP:DP‘u[i_upl‘/V (5)

Ho v HIELARRE BB
1.2.2 BEREA

J8 ] Yao'"*' Fil Finnie "' % Jg§ 1 15 v ofy B 5¢
SRR RN = T AR o < 9 = Ny s
R (6) AR (7) L5 2% 18 T 8 A ks o of 3k
FE e RS B T B ORHRE BE | 1A 0B IR 25 X

L E, AR ik B B By, S AR A IR
B RE 5 Fg Sy UKL (14 7R 7 R B0 (SR BEMURLER 1.0, 2
B JE ORI 0. 53, [RUE UKL 0.2) 5V, S UKL 1Y)
i EE ;0 Sy il MR Con FL A, 200 H B
6 Ay AR A BE TR ORL B A2 09 28 30 0 B, A S g Al ]
FE b 304 OG5 B9 R8I Sy 187, 1R s UKL Sy B JE
Wi, Fg H0.2,
1.2.3 B\ R LR

[ AR F3 o BE TR0 P A7 7 BB 5 19 5% A% i
R, RIE A BAL T FE SR E LS . AR
P S Y 3l B K S T AR AT
e, =1.0 —0.786 +0.84¢° - 0.0216" +

0.0286" - 0.0226¢ (8)
e, =0.988 — 0.780 + 0. 196" - 0.0240° + 0.027¢"
(9)

e, Ml e, 050 S ik i) AU 1) PR 453 28 0
1.2.4 JUfTAEA

A ANSYS GAMBIT # @i # JL A7 B2, 4n
BLFT 7, B 5 WG e i DX I3, K A G 3 - 53
Sl s SCUGE I BE TAT AR PRS0 R i o ol 1T S G

B e 3 LA s 2

Fig.1 Geometric model of numerical calculation



2268 b 5 M = MK k% F M

JeALF R

2017 4

o [ (R BE THT , HC At 300 57 o i g 1 1 s B 264 ik
LK Ty reflect, T BE A 75 WS¢ 3 11 4k
P& % F o 185 T3, 7 il BE T B 30T Jon 2% Ak B

2 HFRWiE

2.1 FRIRLE RS EIRTT A BT

S FiE UKL R 50 ~ 60 B RS 1 A B AD
Bl 2 A g wb WUk SEM JE #i, Bl 2 (a) I
B 2(b) 4350 A A1 B b ) d R A2 16 5 ook 48 b
A a e bR AR . FR R 2 AL R el R A R
T 5 BLARAS /N, B 2 rf ORL Y 7 2 AR AT 36 2
IR

2 N A BERDURLRL AR W 5 B . R
W [ R R A2 50 ~60 B 5 100% . 7E #h ik
12h J5,50 ~60 H i m9 A 5 rwb i & o o > 2

! / —
— 413 pm

54800 15.0kV 8.5mm x35 SE(M)

36.3% ,60 ~70 H KA 1A 8 /0 R 43 F0 n &
45.8% ,70 ~80 HKiA% (1 A1 P rb 5 & 4 F fin 2
10.9% , KT 80 H K42 ()4 JLrb i i 4 B
7%, fEMih 48 h J5,50 ~60 H B4R M4 TR
A B D & 25.6% ,60 ~70 H KR I A D
T A EO8 0 F 29.8% ,70 ~80 H RLAZ A
WO R A BN = 32.5% , KT 80 H ORI AR Y
AYERD R T B E 12, 1% , 18 i i AT
ML 12 ~48 h ppphax B it ) o 2 v, 50 ~ 60 H
BLAR I A1 B D UKL T B 4 08 B 5 60 ~ 70
FRLAR (9 A D b 0K BT 7 40 B0/ N i 2 R4 4
F 70 ~ 80 HKLAR (A J 0 JURE T B 4 B0
i, I LR b i s ] 0 B, FORLRE AR A 70 ~
80 HAE T H#H,

3 g 304 ASGEAIAC T ] vh ik 48 h o B2 rf iy

(a) F A0k

27 "
271 pmy
| \

P

S4800 15.0kV 8.5mm x35 SE(M)

1.00 mm

(b) ifrfiid8 hiTHikr

2 0K SEM JE 5
Fig.2 Particle morphology of SEM



811 )

Wh%, A% ORI R vh o A4 RHT D E 5

JeALF R
2269

®2 AEMWARAHEENNES S
Table 2 Particle size distribution with

different time period

o TBURLRL AR 5 4 23 B/ %
i il /b KAz KAz kLAt LAz
50 ~60 H 60 ~70 H 70 ~80 H >80 H
0 100 0 0 0
12 36.3 45.8 10.9 7
48 25.6 29.8 32.5 12.1
9
[ =
@2 [ \
= 6 —n
= i .‘\l—l
& 0 X
;E{ i W
= 3r
o F e
B -
0 10 20 30 40 50

eI i)/
PE 3 304 45 4 T ik JEE 451 B o e et ] A2 £
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Investigation of behaviour of particle impact on material by impinging jet
YAO Jun'?** | ZENG Zihua’, ZHOU Fang’, DONG Shigang’, ZHAO Yanlin', LI Ning’
(1.

College of Mechanical and Transportation Engineering, China University of Petroleum-Beijing, Beijing 102249, China;
2. School of Energy Research, Xiamen University, Xiamen 361005, China)

Abstract; Particle-material impact is popular in the nature and industries. In this work, experimental
measurement and numerical calculation were carried out to investigate the particle impinging jet effect on the
behaviour of material (304 stainless steel). Herein, particle diameter, particle tracking trajectories, particle-
wall collision point distribution were considered to study material loss and the phase change of material struc-
ture. In the experimental work, the measurements were carried out for material mass loss, material element
X-ray diffractometry (XRD) analysis, surface micro-structure scanning electron microscopy ( SEM) observa-
tion and so on. In addition, the behaviour of particle impinging jet impact on wall material was studied by
numerical simulations. Particularly, flow fields, particle trajectories and wall material loss were obtained. The
results show that particle collision point distribution is quite different from their tracking trajectories under par-
ticle impinging jet impact, which causes the wear zones on sample surface different from each other obviously.
It is concluded that particle-wall impact will not only lead to material loss but also cause the phase change of
material structure.
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Flow pattern identification method of gas-liquid two-phase
flow in ductule based on new C*D
SHENG Bixia, JI Haifeng® , WANG Baoliang, HUANG Zhiyao, LI Haiqing

(State Key Laboratory of Industrial Control Technology, College of Control Science and Engineering,
Zhejiang University, Hangzhou 310027, China)

Abstract. Based on the capacitively coupled contactless impedance detection sensor with radial structure ,
a new method for the flow pattern identification of ductule gas-liquid two-phase flow is proposed by using wave-
let packet analysis and K-means algorithm. Firstly, the real part and the imaginary part of the electrical im-
pedance signal,which can reflect the information of the measured fluid, were obtained by using the developed
capacitively coupled contactless impedance detection sensor. Then, the real part of signals and the imaginary
part of signals were decomposed into 4 sub-bands by wavelet packet decomposition technique, and energy dis-
tributions of different frequency ranges were calculated. By combining the mean and variance of the real part
and the imaginary part of the signal, the feature vectors was constructed. Finally, using K-means algorithms to
do pattern classification, the flow pattern identification model was built. Experiments were carried out in small
glass pipe with different inner diameter of 3.5 mm and 5.5 mm. The results show that the developed capaci-
tively coupled contactless impedance detection sensor, which can obtain the information of the fluid flow, is
successful , the proposed flow pattern identification method is effective, and the accuracy of flow pattern identi-
fication can be above 88% .

Keywords: capacitively coupled contactless sensor; flow pattern identification; two-phase flow; wavelet

packet analysis; K-means algorithms
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Application of K-means clustering in flow pattern
identification of CCERT system

LI Kaifeng, WANG Baoliang® , HUANG Zhiyao, JI Haifeng, LI Haiqing

( State Key Laboratory of Industrial Control Technology, College of Control Science and Engineering,
Zhejiang University, Hangzhou 310027, China)

Abstract. Flow pattern is one of the most important parameters of gas-liquid two-phase flow and has great
influence on the flow of gas-liquid two-phase flow. In this paper, gas-liquid two-phase flow patterns in a hori-
zontal pipe are analyzed with capacitively coupled electrical resistance tomography ( CCERT) system. Princi-
pal component analysis (PCA) method is used to extract the principal components of the electrical conductivi-
ty information under different flow patterns, and thus the redundancy of signal between different electrode pairs
can be eliminated. The three flow patterns are recognized by using K-means clustering algorithm. The experi-
mental results show that this method has high accuracy. The static identification accuracy for bubble flow,
stratified flow and annular flow is 97% , 96% and 99% , respectively, and the dynamic identification accuracy
is 92% , 90% and 87% , respectively.

Keywords: gas-liquid two-phase flow; CCERT system; flow pattern identification; K-means clustering;
principal component analysis ( PCA)
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Study on properties of huge waves in churn flow
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4. State Key Laboratory of Multiphase Flow in Power Engineering, Xi’ an Jiaotong University, Xi’ an 710049, China)

Abstract: The present paper focused on huge wave’ s feature parameters (e. g. wave shape, wave ampli-
tude, wave length, wave frequency, etc. ) and kinetic properties in gas-liquid two-phase churn flow in vertical
pipe under different working conditions and conducted experimental study. The effects of flow parameters on
feature parameters and kinetic properties of huge wave were investigated. The results indicate that the competi-
tion between gravity and shear force under different flow conditions affects the wave behavior significantly. The
huge wave firstly moves downward due to the gravity till it reaches a critical amplitude for the flow reversal,
which demonstrates that the flooding of the film is a characteristic of the churn flow throughout the regime and
the reason makes churn flow highly disturbed. The shape of huge wave can be described by a normal-distribu-
tion function, and the wave amplitude of huge wave is larger than disturbance wave in annular flow. The am-
plitude and wavelength of huge wave decrease with the increase in gas flow rate but increase with the increas-
ing liquid mass flow rate, which is similar to annular flow. At lower gas superficial velocities, the critical
amplitude asymptotically approaches a constant value at greater liquid mass flow rates. The wave frequency is
found to be proportional to the gas and liquid velocity.
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Table 1 Coordinates of wire attachment points P, and B,

P, 5 A5 R/ mm B, 15 A 4R/ mm

P, =( -438.2,241.7,241.7)
P, = (400.7,194.8,112.2) B, = (1940,955,955)

P, = (400.7,194.8, ~112.2) B, = (1940,955, —955)

P, =( -438.2,241.7, -241.7) B, =( —1509,1145, —1145)
Py =(-438.2,-241.7,-241.7) Bs=( -1509, - 1145, —1145)
Py =( -438.2, -241.7,241.7) By =( -1509, —1145,1145)
P, =(400.7, -194.8,112.2) B, = (1940, - 955,955)

Py =(400.7, -194.8, —112.2) B, = (1940, 955, -955)

B, =( —1509,1145,1145)

2 BESIABRXERRREMN

DBk T A2 5| IR SR AR GE N T R 7
DRI 12 BRI A e A Y E A 20 A 3l o A
TREMREME, R s B S8 R AD-
AMS 3l Jg 245 FLAR AR X R G b AT iR 1 3 S 4
| A ARG, Horp HE OB B 80 kg

NG R 4 HAR N R GRS E MBI R, 7
SRR B AR 4.5 .6 mm PEATF H A3 Hr . WD ARAR
BT 8 MRAET M2 WMENBEN F = (1257,
1772,2251,1266,2032,2003,2428,1905)N, H
UCAEASE Y S50 KB Tl AR 7 B9 3 T AASE DRSS 2 7 3
Gy 32 BB AT o 4 03 A I, AR 5 i

= . 1 . - s ;
20 F, =7pv2AC,,,p N KL BE v AR

HPE A NHERB R S E AR, C, B R R
SCHRL 17 ] AT £ 75 HE PR A8 280 2 2 25 f [ 7 2R 01
LR S 7. 8, A% B kA R B A2 B 29
3.5 kNG [H MO g B A I A A 17 5 v it i T A R
Jot s 1 e 2 A B I 3.5 KN I 7 [ 9 - X
Jrta), whid AR R 1s, ply 7 R X A5 Y i i
Fo 5 18] B A A, B0 B AR AL YA X 7
[a] , 75 B 468U 5O A2 AL AN & 4 B

F P AL A e AR R R T R

i 4 8

e

B3 442 5] I IR S 4% kA AR

Fig.3 Wire-driven parallel support cone model
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Table 2 Force on steel wire ropes with

different diameters

HBER/ LRI R REIRZ
mm e KAE/kN $ir 77 W BRAE /KN
4 2.79 8
5 2.80 12
6 2.80 18
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Fig.5 Grid distribution of flow field with wire-driven

parallel support system
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Table 3 Comparison of normal force coefficient

between calculation results and test results
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Fig.6  Normal force coefficient
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modal analysis
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Feasibility analysis of WDPR support cone model application in
hypersonic wind tunnel

HU Zhenghong, PENG Miaojiao, JI Yangfeng, LIU Ting, LIN Qi, WANG Xiaoguang "

(School of Aerospace Engineering, Xiamen University, Xiamen 361005, China)

Abstract; Wire-driven parallel robot ( WDPR) provides a new support method for wind tunnel tests due
to its effective simulation of the aircraft model’ s pose, and has a great application potential. This paper gives
details of an investigation of stability and aerodynamic interference referring to the application of WDPR in
hypersonic wind tunnel. The parallel support system with 8 wires was constructed, and the 10° cone model
was selected as the test model whose position and pose can be adjusted through the wire length. The support
system’ s stability under the action of aerodynamic force is simulated, and the wire diameter is optimized.
Based on the constructed three-dimensional model, under the condition of Mach numuber is 7. 8, the aerody-
namic coefficient of the model suspended with WDPR at different angles of attack is calculated in CFD. The
comparison of the simulation result with the result of the same model without wires and the experimental data in
reference indicates that, at small angle of attack, the relative error of the aerodynamic interference caused by
the wires is small, and the interference increases with the increase of angle of attack. In addition, modal char-
acteristics of the WDPR and the crescent shape support system are analyzed and the natural frequencies of the
two support systems are compared. The comparison result shows that the natural frequency and the stiffness of
the WDPR are higher than those of the crescent shape support system. The academic research work of this pa-
per provides reference to the application of wire-driven parallel support technology in hypersonic wind tunnel.

Keywords ; wire-driven parallel support; 10° cone model; hypersonic; stability; aerodynamic interference
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Table 2 Starting characteristics under different jet pressure and velocities
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Effect of injection on starting characteristics of hypersonic inlet
JIN Yichao, YAN Chao” , LIN Boxi

(School of Aeronautic Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100083, China)

Abstract. In order to explore the feasibility of using injection technology to reduce the start Mach number
of hypersonic inlet, the flow field of the two-dimensional hypersonic inlet was calculated by numerical simula-
tion. The effect of injection on the hypersonic inlet was analyzed by comparing the flow field structure, mass-
captured coefficient and total pressure recovery coefficient under different working conditions, and the influ-
ence of jet velocity, pressure and angle of inclination on starting performance of the inlet was also studied. The
analysis results show that the change of original interference form of the shock wave and inlet boundary-layer is
the main reason for the reduction of the start Mach number of inlet. The study also shows that increasing jet
velocity is conducive to improving the control effect, but increasing jet velocity continuously would result in an
increase in the back pressure of the isolation section. This phenomenon is related to the jet pressure, and re-
ducing the jet pressure could expand the effective jet velocity range to start the inlet. At different jet angles of
inclination, the above rules are consistent. The simulation results reveal the systematic rule of changes of the in-
let starting ability with injection parameters, which can be used to guide engineering design and optimization.

Keywords : hypersonic inlet; shock wave/boundary-layer interaction; flow control; injection; start
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Effects of lateral wind on aerodynamic force of a flapping wing

MOU Xiaolei', XU Na**~

(1. School of Civil Engineering, Yantai University, Yantai 264005, China;

2. School of Mechatronics and Automobile Engineering, Yantai University, Yantai 264005, China)

Abstract: Insects are often disturbed by lateral wind when flying in nature. Thus understanding the vari-

ation of aerodynamic force of the flapping wing under the lateral wind is significant to the research on flying

mechanism of insects. The fluid fields around the flapping wing under the lateral winds were simulated using

the method of computational fluid dynamic ( CFD), which were then compared with the hovering situation

(with no lateral wind) , and the effects of the dynamic characteristics of flapping wing was investigated from

two aspects of the strength and direction of the lateral wind. The results indicate that the lateral wind has two

contributions to the aerodynamics of the flapping wing: one is “changing-relative-velocity” effect, and the oth-

er is “changing-LEV-axial-velocity” effect. Lateral winds in different directions ( from wing-tip to wing-root or

from wing-root to wing-tip) have obviously different effect on the aerodynamics; however, under lateral winds

with different intensities but the same direction, the variations of aerodynamic force are similar, and there are

only numerical differences.
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Fig. 1 Initial reconstructed images
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threshold processing
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Table 1 Relative error of initial reconstructed image

E,
i Ay

LBP  Landweber P44  GPSR  OMP
WA 1 1.4053  0.7933  0.8078  0.5907 0.7988
Wih2  1.2383  0.8070  0.6891  0.6752 0.6893
WH3  1.5709  0.8826  0.7189  0.7740 0.8639
Wifl4  2.0027  1.0204  0.8925  0.8837 0.9381
Wm5  2.0528  1.1147  0.9041  1.0910 0.9715

R2 VMKEZEEGHEXRE
Table 2 Correlation coefficient of initial

reconstructed image

c.

i 1
LBP  Landweber PN /&% GPSR OMP

WAl 0.6169 0.7696 0.8138 0.8742 0.737 5
W2 0.5693 0.7423 0.8431 0.8390 0.8558
W3 0.4458 0.6850 0.7303 0.8129 0.575 2
WAl 4 0.3578 0.6030 0.6627 0.7288 0.5516
WALS  0.3228 0.5366 0.6752 0.6322 0.525 6

*3 EREESZEGEINIRE
Table 3 Relative error of reconstructed image

after processing

E

r

Ly L
LBP Landweber

J& Ab 3 JaAbBE  JEAb B
N R GPSR OMP

A1 0.8549 0.3397 0.3922 0.2774 0.4251
WA 2 0.7845 0.3922 0.2402 0.2193 0.3252
WA 3 0.8720 0.6922 0.4895 0.1021 0.7478
i 4 1.2583 0.6403 0.5174 0.4082 0.8229
WS 1.0308 0.6982 0.4976 0.5590 0.7020

x4 ERESEEGEXRH
Table 4 Correlation coefficient of reconstructed

image after processing

Cc

PR RAE MR RAM RAE JRA

LBP  Landweber PN 5k GPSR OMP
WAL 0.6306 0.9431 0.8138 0.9584  0.7388
WA2  0.6966 0.9204 0.9666 0.9722  0.9383
WE3  0.6819 0.7006 0.8706 0.9941  0.5078
WE 4 0.5522  0.8461 0.7974 0.9154  0.5427
WAS  0.5002  0.7169 0.8193  0.7994  0.6630
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Table 5 Consumed time of image reconstruction

AR T ] /s

i

LBP  Landweber [N 5% GPSR OMP
WAL 1 0.01343 4.79904 8.60949 2.77911  0.06046
WA 2 0.01473 4.58568 8.79192 2.62362 0.04396
A3 0.01182 5.56035 9.09521 3.53922 0.05418
WAl 4 0.01381 5.26273 9.86251 4.61025 0.08701
A5 0.01543 5.04001 9.93223 4.73556 0.11994
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U D, FOE g E] 20 T Landweber 553% ; OMP
B IR AR B A I B T AL 1) A 5, R A [
180 5 I ] B

O o E P E B T A AR CS Bk E A AR
Jo gk % G o ot i o I ) AT, R ) GPSR B8 ik W)
BN R A T A 2 Pl A Y T I R A R ) S
e 5 0T T ] B Y [ N R R ORI, T 2%
R OMP 559k BEA7 18145 F At , HE S I PR 45 i
D S R A i 5 (A A B R N
SE AT B A PO 2RO B X B
PR IR AT e A o B A R o

4 &

1) 57 CS Hg S T ECT RGERAL,
S, WEHE T FFT B b AT RO /9 Fiv i 1L S8 05
T R BEHLI kit T ECT & 48 i WL I o 1
IS AR LA e T LU RE R s e WESE T T A AR
1 \GPSR Ev: L K OMP S5 3E1y CS S A 1t

2) AT TAHRE A5 B, A5 AR A
5 A RO B2 B, (H FE I A B 1S ; OMP BR03%
R E R HHCE RS B2 A T GPSR B Bk
R RE B, FRIN A T ik 5 OMP B3k 2 ], [H
W 5 AR A S R P 5 SR 0k 4 0 N Y 1 A o
Bk
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Compressed sensing application to electrical capacitance tomography
ZHANG Lifeng”

(Department of Automation, North China Electric Power University, Baoding 071003, China)

Abstract: Based on the sparsity or compressibility of the signal, compressed sensing ( CS) theory can
achieve high-accuracy reconstruction of the signal by sampling a small amount of data. In this paper, CS theo-
ry was used for the image reconstruction of electrical capacitance tomography ( ECT). First, using the fast
Fourier transformation ( FFT) basis, the gray signals of original images can be transformed into the sparse sig-
nals. Then, the random observation matrix of ECT system was designed by rearranging the rows of the sensitiv-
ity matrix of ECT in a random order. Finally, interior point method, gradient projection for sparse reconstruc-
tion (GPSR) algorithm and greedy algorithm which are the three commonly used reconstruction algorithms of
CS were used for ECT image reconstruction and the comparison was made with linear back projection algorithm
and Landweber iterative algorithm. Simulation results indicate that reconstructed images with higher accuracy
can be obtained using the ECT image reconstruction algorithm based on CS theory. Meanwhile, the advantages
and disadvantages of the three CS image reconstruction algorithms were analyzed. The advice of selecting
which type of image reconstruction algorithm was given.

Keywords : electrical capacitance tomography ( ECT) ; image reconstruction; compressed sensing (CS) ;

interior point method; GPSR algorithm; greedy algorithm
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Abstract; Tomographic reconstruction is the core step of tomographic particle image velocimetry ( Tomo-
PIV) technology to realize the reconstruction of three-dimensional position and intensity information of particles
(3D particle field). Compared to the Tomo-PIV based on the multiple conventional cameras, a single focused
light field camera can simultaneously record the direction and position information of the scattered light pro-
duced by tracer particles. In this paper, a tomographic reconstruction technique based on a single focused
light field camera is proposed to reconstruct the three-dimensional position and intensity information of the par-
ticles. To verify the feasibility and accuracy of the proposed method, the light field imaging model of the tracer
particles is established by the geometrical optics. The imaging of the particle in the focused light field camera
is simulated by ray tracing technique. The light field imaging differences of the tracer particles in different
depth positions are compared. The tomographic reconstruction based on single focused light field camera is
mathematically modeled. A multiplicative algebraic reconstruction technique ( MART) is used to reconstruct
the 3D particle field by retrieving the simulated light field image. Reconstruction quality of multiple particles is
characterized by the normalized correlation coefficient. The reconstruction results show that the position accu-
racy of a single particle in the Z axis direction is +0.35 mm, which validates the feasibility of the 3D particle
field reconstruction method based on focused light field imaging theory.

Keywords : tomographic reconstruction; particle image velocimetry; light field imaging; light field cam-
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Magnetic induction tomography system with multi-excitation
frequency mode
WANG Ye, TAN Chao”, DONG Feng

(Tianjin Key Laboratory of Process Measurement and Control, School of Electrical and Information Engineering,
Tianjin University, Tianjin 300072, China)

Abstract; Magnetic induction tomography ( MIT) has promising applications in biomedical examination
and diagnosis. In order to acquire biological tissue characteristic information, a magnetic induction tomography
system with multi-excitation frequency mode is designed. The system operates under voltage excitation and
voltage measurement mode, and it can select three excitation frequency modes of single frequency, sweep
frequency and mixed frequency from 100 kHz to 4 MHz. The system includes excitation source module, sensor
coil array, data acquisition and conditioning module, and digital demodulation module, and it uses field-pro-
grammable gate array( FPGA) to control multiplexer, programmable amplifier, analog-digital converter and so
on. The simulation experiments show that the test data acquired by the system with multi-excitation frequency
mode has good consistency, its signal to noise ratio is above 46 dB, and voltage difference acquired at different
excitation frequencies can be used to realize the image reconstruction of measured object conductivity distribu-
tion.

Keywords ;: magnetic induction tomography; biological tissue; system design; excitation mode; excitation

frequency
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Electrical capacitance tomography system design based on
industrial bus standard
XU Kang, TAN Chao”, WU Hao, DONG Feng

(Tianjin Key Laboratory of Process Measurement and Control, School of Electrical and Information Enginecering,
Tianjin University, Tianjin 300072, China)

Abstract: To ensure that the electrical capacitance tomography ( ECT) system meets the requirements of
multiphase flow parameter measurement in aerospace field, an ECT system based on the CPCI industrial bus
standard is designed. A high-performance field-programmable gate array ( FPGA) chip is used as the main
control chip to realize the integrated design of signal excitation module, multiplex switch module, data process-
ing module, data demodulation and transmission module. The signal is preprocessed with signal filtering, am-
plification and phase-sensitive demodulation, and then the demodulated capacitance data is transferred to the
host computer through the CPCI industrial bus interface. Finally, the image is reconstructed in the host com-
puter. The experimental results of ECT system show that the image acquisition speed can reach 1 785 frames
per second at 1 MHz excitation signal with 8 electrode sensor and 10-cycle test signal for demodulation. The
system can operate under a SNR of above 60 dB, while the imaging results have good spatial resolution.

Keywords: electrical capacitance tomography ( ECT) ; multiphase flow parameter measurement; indus-

trial bus interface; integrated design; image reconstruction
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Table 3 Correlation coefficients of LBP, original

image and optimized image
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Visible measurement of gas-liquid two-phase flow in aircraft engine
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(School of Electrical Engineering and Automation, Tianjin University, Tianjin 300072, China)

Abstract; This paper focuses on the lack of the sensitivity coefficient information and the low utilization
of the measurement voltage in FCM clustering algorithm in electrical impedance tomography ( EIT) technolo-
gy, and proposes a new imaging algorithm. In the new algorithm, sensitivity matrix information is introduced
to correct the voltage of each subdivision unit. And at the same time, we propose to handle the measurement
voltage according to its weight coefficient in the total voltage value, and this method can be applied to all EIT
classical inversion algorithms. Both the theoretical analysis and numerical simulation results demonstrate that
the new algorithm is more accurate in locating two-phase flow patterns than the existing FCM clustering algo-
rithm, the spatial resolution deviation of reconstructed image has been reduced by 5% to 15% , and the corre-
lation coefficient has been increased by 5% to 20% .
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Measurement of phase holdup in gas-liquid-solid three-phase flow
based on CCERT and acoustic emission

ZHANG Kai', HU Dongfang’, WANG Baoliang" * | JI Haifeng' , HUANG Zhiyao', LI Haiqing'

(1. School of Control Science and Engineering, Zhejiang University, Hangzhou 310027, China;
2. School of Chemical and Biological Engineering, Zhejiang University, Hangzhou 310027, China)

Abstract. The traditional method to measure the phase holdup of three-phase flow is only for some single
phase. In order to solve this problem, models to predict the phase holdup were established and a non-invasive
method was proposed for the measurement of each phase holdup in three-phase flow based on capacitively cou-
pled electrical resistance tomography ( CCERT) and acoustic emission. Firstly, the phase holdup measurement
model of gas-water two-phase flow was established by using partial least squares regression method in the static
case. Meanwhile, the dynamic experiments that compare the method with the differential pressure method to
verify the validity of the modelwere carried out on bubbling bed to fulfill the non-invasive measurement of the
two-phase phase holdup. On this basis, the measurement model of gas holdup was established through process-
ing the sound signals collected by acoustic emission system. Then, the gas holdupis measured in three-phase
system by using the model and is combined with the non-conductive phase holdup measured by CCERT. Thus
each phase holdup in three-phase flow is obtained in a non-invasive way.

Keywords: capacitively coupled; electrical resistance tomography; gas-liquid-solid three-phase flow;

acoustic emission; phase holdup
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