Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 16 (2024) 164702

e AT LB A S 1 SRR SRR 5T

5 H Fo

¢ % ¥

G

REH  KE HNIE

(BB K22 REVES B, K> 410073)

(2024 4E 5 A 21 HULE]; 2024 4F 6 A 17 AU BB

WA WA Ik R T R e TR AR B G, WS P R AR AL, AR SOR IR SRR LT 1k )
T BT, B I 1 A TR A S X e (B R S 6 I e ) Oy SR T KR A T
I REsE , R 7 AR G 22 B0 T AR AR AR E ;s AN KORL T B TNBOG O BOR, TF R N AT
PP R I A 3 S0 s K, BRI T T A A TR RGN A TRl i AR Ak B R SR BGA RS AL
ST, SR T AE R 7 15 0 A I B JZRAS o (i B2 A (07 B 285 SR - A TR 1T ) T B 43 07 2 LE I
LY R TSNS T s o0 AT L P B R TR SRS X TR A SR R SR )

R LA G AR R EHATIX )

KRR WE, SR, GO TR BT TR0 GHUR, FR

PACS: 47.27.nf, 47.80.Jk, 47.27.Cn

1 5 =

DRG] T LA st T L AR A T A AT AR IR
WL, T AT B R UEA AT BN
SME IR, o2& AT g il i 7 v A4 B 2R K
. WUEARE N KR o B i 32 IR R I, B
ARBET A il i 2 DR A B e A D R,
I O A KGR O B SRR, SRR X
TR0 AR TR P RN T SEME. ARG A KU F 0 e
BRIk Eh B2 HE AT FLIE RAT I o 1—2 i
%, IO YL DK Bl P 3 R WA BE TR B4 i U
G2 RS AR P N A BT R 1, X e R Sl R R 2
i I PR B RATEREEAN — B, TR K
Fras i sh ot Al K, AF5Emees N i,
WLEEIEAE N T F R R AL IR, X BRI A IR
SHLEL, SETFWE BT K- R DR
PRA HE R

DOI: 10.7498/aps.73.20240713

FEXTIEAE I A2 g i o v, fil 45 AR
B AR B R R R BUR S S BN B TR
Lobb &5 P F1 AN [A] AU FR DU & 1 Wi 457 BE T i 5 2%
IR # . SR E SR, TR R A
R RS, B e T AT A i i il A
JZ AT S, Stainback 45 B Fll Harvey 45 4 35|
P EIRES | R AR IRER 5, A T o B i Y
A8 S T AR A | R TR B2 L 7 R T
T A5 R 2R G M I T ih SR R s e, 25 SRR
HF A IS BT A0 P RS R s Tl e B ) 2 R R

B TR AL BRGNS AL, APt
BB AR TS N . SUEHOREE
RGP E AL, B T RE5H R
WAMTFBL. 16 1935 4F Volta &1 I, I HIFRRER
TSR A IR A T R AR A X B 1 S
S IR, JE R IE I X SR /K R e AG 7 H W BE 45 T
. TP RIHSGEHARIE R 7RISR = REE A
() B B A A R AR R B2 W4 P S 45 R P T ok

* EHFHRPIE RS EREIES (ES: 12202489) FIMIRGE HARBIFR4 (HEHES: 20227J30652) ¥ IS

t iBfEVE#E . E-mail: luxiaogel8@163.com
T BIE1E#E. E-mail: zhangb@nudt.edu.cn

© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

164702-1


http://doi.org/10.7498/aps.73.20240713
mailto:luxiaoge18@163.com
mailto:luxiaoge18@163.com
mailto:zhangb@nudt.edu.cn
mailto:zhangb@nudt.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 73, No. 16 (2024) 164702
D7 BT E5H, WF5Y T =R | 3F = AR XS 1_ LQ(%/L)?)’ 2/L < m,
TR DL S W48 TUAT R =3 Z [RIRA AR, X e Di— D, _ Lim
G G ST B T AR L T R A B 1 5 y=Di 1

M) A 8 2555 O M SR SR SO BRI T BRI g ik
I8 (SERN) S BRI Tl ai by, g
S5 1713 3 0 R TR B 2 P S A R g o A
T O A5 A TE AL R AR 21 AN BB BB S IL SR I
AR 4341, Kiselev 45 B | FHZLAMBANLIAEE T A
[ B 37, 193] 7 AR sh 77 20 Rt R
B e PRETNR B 7, HAPFR 45 R R W, AT
Y PABEIR T, AL PR B I B A RS
TR AU

TELAERITFE, 22 (D0 P s/t Y
LR oA 010 T BHZRIRAS B2 g4t 08 S50
Ji& 1 R E SIS, EN T N i A2 7 A
FUR R, AT SCERARIE . PR, A SCBCTHl i Y
GRS Ve R 1 A S AL VAR N 2 S TETR
S (nanoparticle-tracer based planar laser scatte-
ring, NPLS) £, JF Mm% N i 3 1B s il 5, 2k
WU T WA N G A A A LS, 1 FH R 4R
TE il RIS

2 U TR AR 2 XUR AR

T WA W 4 T 5k B T A SR e R
PEBLG, P n] A0 7 e XU TR) 5 2 A M B B 1
SR s B D L R IR A
AW P X £ B RN IR
P22 B 45 R X A8 I 32 BR R M, L R Dl 1 1 %
SRR FENEL. A 19 A A PR U T A 1 2,
R M P B, R B L BE IR
P ERET, T RERI BT WY Ik BT, BR R
RETH b, A RE TSR V- B 2 R 19 A A T
YES

2.1 MiRAIEEERUEBRE R &L

WA 200 % IR %A, BT 1 A R
4 100 mm (%) x 120 mm (). H T FAOG 7 9
JST XA JBE AR R ], WA A I BR 2 700 mum,
R G GERE L BT 5 R BT A8 B A g Kk B
HUZE.

W75 X4 B ok R = il 2k, 2Rk X
wr:

m[l —(z/L)?, /L > o,
(1)
s, DB TR s DO EE; o
S P I T 3 e AR 5 L i B A L
U5 7 50 K SR B R Halllt )
2%, FkF:

Va(z,9) :1+vm1(r,X) Uga(r, X) | vas(r,X)
Gy R R? R3 ’
(2)
Vy(z,y) _ (v+ 1) [oa(nX)
Q. 2R R
Vya(r, X))  vys(r, X)
+yR2 +yR3 +- | (3)

K, or=y/r; X =2R/(y+ 1)) (2/r); Vo
z 7 MBSy VN y TR EE A v N/
P S REE 2 07 0 LB vy /NI B B
y T 1A o, NP ROHWETRARN %
Ay W HAA

P X 3R B A7 A TR HE L8 R AR 2
AR N

(Ma2—1)1/2 dMa+d9
1+ (y—1)Ma?> Ma
tan 6 dz
_ &, 4
(Ma2—1)1/2—|—tan9 Y @
dy .
5 = tan [# — arcsin (1/ Ma)], (5)

A, AW M 0 = arctan (V,/ V) ; Ma R Hyif
B AR LT R AR AT R 5 2.

B IRAT 2 1 2 MU FEA5 B A 7 i iy
2, R TR TS R AR R R R B IR
TR R 2 AT B IE, 75 21 I I Y i
k.

2.2 ANiRATHERREEHES T

WA BTN 1 R, R T AR IEEE R
14 Rt P, 0T I AE R T B T A % A 3, AR i
WA E A, K AR SR — R R E R
0.008 mm, VARIEH BT y-+{E7E 1—2 Z 8. & 1
XoF LA ] P A B0 T3 25 SR A R ), e 200 2 I s
SR 1.4 X100 ARG FLZ A% JC Y fif.

164702-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 16 (2024) 164702

DmEET

OEE

ZJ’L‘X \

K1 W AR LY
Fig. 1. Nozzle grid structure.
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Table 1. Grid independence verification results.

AMa
A% %% /100 2=0 z2=30 2 =45
1.86 0 0
1.40 0.0011 0.0012 0.0159
0.79 0.0027 0.0034 0.0354

W AMa 55 M EI=1.86 x 10545 5 () 2 SRR 4w 22

z/mm

—150 =100 —50 O 50 100 150 200 250 300 350 400 450 500 550

y/mm
[=2)
[en}

0 o

Ma 0 0.250.550.85 1.15 1.45 1.75 2.05 2.35 2.65 2.95

P2 WA OE R T Eh A A 2 4

Fig. 2. Mach number cloud image of nozzle symmetry surface.
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Fig. 3. Mach number distribution of nozzle direction.
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Fig. 4. Velocity cloud image of nozzle exit section.
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Fig. 5. Supersonic wind tunnel with visible flow in nozzle.
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Fig. 6. Nozzle profile to achieve mirror effect.
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Fig. 7. Schematic diagram of experimental equipment.
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Fig. 8. FADS system.
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Fig. 9. Mach number distribution diagram of nozzle outlet.
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Fig. 10. NPLS image of nozzle flow field.
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Fig. 11. Fractal dimension of transition boundary layer (z =
140-260 mm): (a) NPLS images of the lower wall of the
transition nozzle; (b) boundary between boundary layer and
main stream in panel (a); (c) distribution curve of fractal

dimension along flow direction.
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Experimental study on boundary layer of internal flow
visible supersonic nozzle*
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Zhang Bo! Gang Dun-Dian

(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)
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Abstract

The high-frequency pulsation noise generated by the turbulent boundary layer on the wall of a Laval nozzle
can significantly affect the quality of the flow field at the nozzle outlet. In this study, a supersonic wind tunnel
with visible internal flow is designed and fabricated to observe the development and evolution of the boundary
layer on the contraction and expansion surfaces of a Laval nozzle, as well as to study the flow field inside the
supersonic nozzle. The subsonic, transonic and supersonic profiles of the nozzle are designed by bicubic curve,
Hall method and classical characteristic line method respectively. The results of numerical calculation and total
pressure measurement show that the flow field at the nozzle outlet of the wind tunnel is uniform and stable, and
the deviation of Mach-number-root mean square is better than the qualified level of China’s national military
standard. Nanoparticle-tracer based planar laser scattering (NPLS) technology is used to carry out the flow
display test of the internal flow visual supersonic nozzle, and the fine structure image of the whole flow field in
the nozzle is obtained. The image clearly shows the development and evolution of the boundary layer in the
nozzle. The interface between boundary layer and main stream and the wall curve of nozzle transition region
are extracted by image processing technology. The fractal dimension of the extracted boundary layer contour is
calculated, thereby establishing the corresponding relationship between the fractal dimension and the boundary
layer state, and determining the transition position of the boundary layer. The results show that the transition
position of the nozzle profile is closer to downstream than that of the nozzle straight wall. The fractal dimension
can qualitatively judge the flow state of the boundary layer; however, it is necessary to distinguish between
laminar boundary layers and hairpin vortices in the initial transition stage by considering the thickness of

boundary layer.
Keywords: nozzle, boundary layer, nanoparticle-tracer based planar laser scattering, transition
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