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Table 1. Inlet flow parameters of the Goebel-Dutton

experiment.

REE Ms U/ms™! T/K P/kPa 6/mm
LEwMA 1.36 399 215 49 2.5
TERMAE 191 700 334 49 2.9

X =300 mm

48 mm

H=

K1 ReZERREE

Fig. 1. Schematic of the mixing layer flowfield.
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Fig. 2. Time-averaged velocity profiles at X = 150 mm
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Fig. 3. (color online) Time-averaged streamwise ve-

locity fluctuation profiles at X = 150 and 200 mm.
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Fig. 4. (color online) The ray tracing method in a 2-D plane based on grid and direct simulation: schematic

diagram (left) and flow chart (right).
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Fig. 5. (color online) Refraction and reflection of the
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Fig. 8. (color online) Schematic for calculating the convective speed of a vortex in mixing layer flowfield.
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N i NN N , REE Moo s~ 1 K P/kP
S 1R 38 8 g S 7398 P S5 ol (6) S 5 il Ufms™ T/K_P/iPa  6/mm
(Y IRLIGR I RSP TSI AL, A FRRE LS 6056 2816 898 18
AT AN Z0 (0 1T B At AN BE I K, LRSI X 3780k B LRV 24 8074 2816 898 16
b 1.0} t1
= N b KR
s i J‘E-&uﬂ-‘-i]:?ﬁ\-- 2 e g -
04 ) I
ALy :
1.0F t2
§ NI FL
0 L 1
0 1.0 2.0

Ko

(MFEA) AR A R R R4 1S 3)

Fig. 9. (color online) The motion of vortex with different sizes in the mixing layer flowfield.
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tex with different sizes.
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Table 3. Mean and variance of instantaneous convec-

tive velocity of vortex with different sizes.

N HiR PN
Uc'/m-s—! 702.1 693.5 699.8
Wik 28.2 30.9 45.6

4.2 A-RECXT XS T IE PRS0 BERT
SRR E

YHRAE IR RS, W - 8] B X 5 il
GRAENE S EAEKNNES) ), MR REAE R
W) — AN LR IRAT ) B FE % R 0 45 R R IR X i
A B AR R X TR NN RIR S B B AR K
AAHEEMERE L.

WHPIVIESHG TR 4, ZIREE RIS
WS HECN 0.5, J& T & R 4itEiiils. RH LES
TERZIR G Z IR AT BUE A, et A
S Ja, 1925 B g imE s i 11, K
t1, to, ts, ta Al ts WFZI I AIRGI N 50 pus. B BT,
FE A0, XS5 S5 7 (8 A2 3 T PR A i 45 ) 2 T PR T o

HEEERE, AR AR B .

x4 PERAGERG ERR IS
Table 4. Inlet flow parameters of a moderate com-

pressible mixing layer.

BAEE Ms U/ms™! T/K P/kPa 6/mm
TEdME 06 201.9 281.6 89.8 0.5
2w 1.6 538.3 281.6 89.8 1.2

M 11 ] W, A SR B R AE ¢+ I %) B 5 i
XF, PIRAR B H1 AE— 2, TR A-BIRXT. to B Z,
A-B X [ S8k 0L A O i A 2R AL IR B 32 B 1) e
Tk, HoW IR 2 (A1 BE RS A EE ¢ B 206 BT, 3R
B A JRAI BimZ [T TRl A IS, 2T A-BiRx)
(R 77 1) e i, L IR PR VR & 2 1B SR it s
FERL ST T 2 BRI B IR, ¢ B2, R i 4k 45
NGRS T e A, A998 2Rt A-B ¥R Ko 1 2 T e s
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Fig. 12. (color online) The instantaneous convective
velocities of vortex A and B during the process of pair-

ing and merging of the two adjacent vortices.
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(color online) The process of pairing and merging of two adjacent vortices in the mixing layer flowfield.
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Table 5. Streamwise moving distance of vortex A and

B that obtained by direct measurement.

ALy ALy ALs ALy
(tl — t2) (tz — t3) (t3 — t4) (t4 — t5)
Ain 0.46 0.47 0.42 0.36
B i 0.33 0.27 0.38 0.41
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Fig. 13. (color online) The mean convective velocities

of vortex A and B that obtained from two methods.
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Fig. 14. (color online) Movement of vortex in the strongly compressible flowfield.
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Table 6. The inlet flow parameters of a strongly com-

pressible mixing layer.

REE Ms U/ms™' T/K P/kPa 60/mm
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Fig. 15. (color online) The instantaneous convective

velocity of vortex in strongly compressible flowfield.
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Characteristics of convective speeds of vortex structures
in mixing layer”
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Abstract

Convective speed of a vortex structure in mixing layer is an important physical quantity for correcting aero-optics
caused by the flowfield as a beam passes; however, knowledge about the dynamic characteristics of convective speed of
a vortex structure in mixing layer is limited because the convective speed calculated from isentropic model, which is
widely used at present, is a constant. Based on the large eddy simulation and ray tracing method, the optical path
length (OPL) profile over the mixing layer flowfield as beams pass through the flowfield is calculated and compared
with the instantaneous vorticity contours at the same time instant. The analysis of the relationship between the local
minimum of OPL in the OPL profile and the position of vortex core shows that the point of the local minimum of OPL
just corresponds to the center of the vortex core. Based on this corresponding relation, the position extraction of vortex
core, which is a quantitative method of calculating the instantaneous convective speed of a vortex structures in mixing
layer, is proposed and validated with the data obtained from direct geometry measurement. Using this quantitative
method, the instantaneous convective speeds of vortex structures with different sizes, two vortexes in the process of
vortex pairing and merging, and vortex structures in the strongly compressive flowfield are calculated quantitatively and
analyzed. Our quantitative results clearly present the characteristics of convective speed of vortex structures in mixing
layer as follows. 1) The instantaneous convective velocity of a single vortex structure in the mixing layer flowfield varies
with time, that is the fluctuation characteristics, and the fluctuation amplitude also varies with the size of a vortex
structure and the compressibility of the flowfield. Specifically, the amplitude is proportional to the size of a vortex and
the compressibility of the flowfield. 2) In the process of vortex pairing and merging, the variation ranges of instantaneous
convective speeds of the two vortex structures are large. Specifically, the maximum value of instantaneous convective
speed is close to the speed of the high-speed layer, and the minimum value of instantaneous convective speed is close
to the speed of the low-speed layer, and the profile of instantaneous convective speed of each vortex structure in this
process approximately shows a shape of sinusoidal curve. 3) The mean value of instantaneous convective speed of a vortex
structure in mixing layer is not consistent with the theoretical convective speed of vortex structure, which is calculated
from the isentropic model, and the deviation between instantaneous convective speed and theoretical convective speed
varies with the size of a vortex structure and the compressibility of the flowfield. In addition, the physical reasons
for explaining the characteristics of instantaneous convective speed of the vortex structures in mixing layer are also

presented.

Keywords: convective speed, mixing layer, aero-optics, large eddy simulation
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