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Research progress of improving nanofluid fuel performance
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Northwestern Polytechnical University, Xi’ an 710072, China

2. Hubei Institute of Aerospace Chemotechnology, Xiangyang 441003, China

Abstract: Nanofluid fuel is a kind of suspension liquid, which is made by adding nanoparticles
into the liquid fuel. It has advantages of high energy density and shorter ignition delay, and thus
shows the potential of improving the burning characteristics of the fuels. To further improve the
performance of nanofluid fuels and explore more effective performance control methods, the
progress of research on nanofluid fuels in recent years at home and abroad is briefly reviewed in
this work. Researches on the improvement of the stability performance, rheological performance,
evaporation performance, ignition performance and combustion performance of nanofluid fuels are
introduced, and the corresponding tailoring methods and mechanisms are analyzed. Adding
surfactant and surface coating are effective methods to improve the stability of nanoparticles in
the fuel. The methods of regulating ignition and combustion performance are based on improving
the heat conduction and absorption capacity of droplets and promoting the heat release of metal
particles, which mainly include nano-metal particles, nano-metal oxides, and new metastable
intermixed composites. The existing problems in current research are summarized. More
importantly, it is pointed out that the future study of nanofluid fuels should focus on broadening
the boundary of the fuel, exploring new surfactants, and establishing the theoretical framework of
ignition and combustion.
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Table 1 Base liquid, nano particle and surfactant commonly used in nano fluid fuel
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Fig. 2 Agglomeration mechanism of nanofluid fuels
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Crossing shock waves/transitional boundary layers interactions
in the double vertical wedges configuration

YI Miaorong, ZHANG Ruoling’, YUE Maoxiong, LI Li, REN Hu, ZHAO Huiyong

Science and Technology on Scramjet Laboratory, Aerospace Technology Institute of

China Aerodynamics Research and Development Center, Mianyang 621000, China

Abstract: Study on crossing shock waves/transitional boundary layer interaction in the double
vertical wedges configuration was carried out using wind tunnel tests and numerical calculations.
The wind tunnel tests were carried out at @600 mm pulse combustion wind tunnel. The Mach
number of the free stream condition is 3.0, and the unit Reynolds number is 2.1 x 10° m™'. The
schlieren images, wall pressure and wall heat fluxes were obtained during the tests. The results
show that because of the adverse pressure gradient caused by the crossing shock waves, the
separation of the laminar boundary layer was captured near the shock waves intersection point.
And the transition from laminar to turbulent occurred rapidly in the interaction region. After
installation of vertex generator devices or roughness devices, the boundary layer transition
position moved to the upstream of the interaction region, the separation was effectively inhibited.
And the heat fluxes in the interaction region declined obviously. The peak value of heat fluxes
was reduced by more than 25%. The shock wave structures and wall pressure distributions
obtained from tests and simulations agreed well, while the prediction heat fluxes were much larger
than the test results. The comparison between the calculated results of the transition model and
the turbulence model shows that the obviously larger turbulence viscosity is the main reason why
RANS methods over-predict the heat fluxes in the unseparated interaction region.
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Fig. 12 Heat flux distributions obtained from test and calculation
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Fig. 17 Calculated contours of pressure in the base flat plate
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Study on interaction between wing tip vortex and flat tail tip vortex

ZHANG Zeyu" ", LI Dong', ZHOU Jinxin', LIANG Yong®>, GENG Zihai’
1. School of Aeronautics, Northwestern Polytechnical University, Xi’ an 710072, China
2. Low Speed Aerodynamics Institute,

China Aerodynamics Research and Development Center, Mianyang 621000, China

Abstract: The development of the wingtip vortex is an important factor for the flight safety
and airport efficiency of the aircraft landing on the runway. The near-field characteristics of the
wingtip vortex mainly determine the vorticity of the vortex in the landing phase. In this paper, a
simplified model of A320 is used as the object to observe the near-field configuration of the
wingtip vortex in a low-speed tunnel of 1 m x 1 m. It is found that the horizontal tail vortex
rotates around the wingtip vortex, and the rotational angular velocity in different flow stations is
different. By comparing the simulation results, it is found that the rotational angular velocity of
the horizontal tail vortex around the wingtip vortex is basically consistent with the experimental
results, indicating that the development of the wake vortex under different Reynolds numbers has
certain similarity in the characteristics of the rotational angular velocity between two vortices.

Keywords: wingtip vortex; rotational angular velocity; horizontal tail vortex; numerical
simulation; low-speed tunnel
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Fig. 3 Experimental and measuring equipment
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Fig. 5 Installation of the model in the tunnel
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Fig. 6 The positional relationship between wingtip vortex and
horizontal tail vortex
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Fig. 7 The positional relationship between the wingtip vortex and horizontal tail vortex in different profiles along flow direction
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Fig. 8 The angle between wingtip vortex and horizontal tail vortex
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Fig. 9 The angular velocity of wingtip vortex and horizontal tail vortex
along flow direction
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B 10 TeHUER
Fig. 10  Airplane model
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Fig. 11 The grids of symmetry plane
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Table 2 The lift and drag coefficient of three grids
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Fig. 12 Vorticity profiles of vortex at x = 0.72b
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Fig. 13  Vorticity profiles of vortex at x = 7.46b
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Fig. 14 Vorticity profiles of different positions along flow direction for flying height 5 m and height 60 m
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Fig. 15 The comparison between the experimental results and the
numerical simulation results
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Flash infrared thermal wave detection of ice surface edge

. . . * «
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2. Key Laboratory of Icing and Anti/De-icing,

China Aerodynamics Research and Development Center, Mianyang 621000, China

Abstract: Ice accretion detection is an important means to ensure flight safety and an
important issue in the field of aircraft anti-icing. In this paper, the method of identifying the
boundary between the ice surface and the interior is discussed by using the infrared thermal wave
detection technology. With a flash infrared thermal wave detection system established, regular ice
accretion samples and ice accretion samples with internal boundary were made, the ice accretion
detection experiments were carried out, and the data of the infrared thermal wave sequence were
collected. In addition, the traditional algorithm based on the first-order differential operator and
the second-order differential operator was exploited for processing the ice edge. A new boundary
recognition method was proposed as well, which combined the gauss-Pierre-Simon Laplace
pyramid algorithm and the area filtering algorithm. Then, the feasibility of the proposed
algorithm to identify the boundary of the ice accretion surface was discussed and compared. The
experiments and the image data processing methods show that the traditional algorithm can
successfully recognize the outer boundary of ice accretion, but can not accurately recognize the
internal boundary of ice accretion. The new fusion algorithm can effectively recognize the ice edge
and the internal boundary, but the image noise is higher than that of the traditional algorithm. It
can be concluded that the new fusion algorithm has some advantages in the detection of the
irregular icing surface, and it is expected to provide a new research idea for icing detection in the

field of aircraft anti-icing.
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Fig. 2 The results of principal component analysis of infrared heat sequence diagram of ice samples
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Fig. 3 Traditional edge detection results of round ice samples
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Fig. 4 Traditional edge detection results of circular step ice samples
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Fig. 5 Traditional edge detection results of square ice sample
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Fig. 6 Traditional edge detection results of square step type ice sample
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Fig. 8 The result of Gauss—Laplace Pyramid after processing
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Fig. 9 The result of improved algorithm edge detection
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detection
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Experimental investigation on the flow-induced vibration
of a riser subjected to the combination of internal liquid flow
and external sheared flow

GAO Yue, ZHU Hongjun', HU Jie, XU Bing

Petroleum Engineering School, Southwest Petroleum University, Chengdu 610500, China

Abstract: Flexible risers which are commonly applied to transport submarine resources have
been widely utilized in offshore engineering. The intricate Flow-Induced Vibration (FIV) of
flexible risers is easily encountered with the presence of both internal and external flows. Once the
riser fatigue failure occurs, it causes serious environmental pollution. In this work, a series of tests
were conducted in a recirculating water flume to investigate the dynamic behavior of a flexible
catenary riser under the combination of the internal liquid water flow and the external shear
current. A non-intrusive high-speed imaging technique was employed to record the vibration
displacement varying along the riser span. The reduced velocity and the internal flow velocity
ranged from 3.55 to 44.69 and from 0.674 m/s to 1.651 m/s, respectively. The influence of the
internal flow velocity on the dynamic response was examined. The experimental results including
the spatial-temporal response amplitude and frequency as well as the mode evolution of out-of-
plane were analyzed. The results show that the response is enhanced with increasing internal flow
velocity except for the mode transition cases. In addition, the existence of the internal flow leads
to the earlier occurrence of the mode transition. When the lock-in occurs in the vortex-induced

vibration of the flexible riser, the amplitude of the flexible riser is magnified with increasing
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internal velocity, while the new mode response is not triggered. There is a new mode response

occurring in the mode transition cases.

Keywords: flow-induced vibration; flexile riser; internal flow; external sheared flow; nonintrusive

measurement
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Visualization experiment of wave dynamics in pressure oscillation tube

GUO Jiangtao, ZHOU Yihui', HU Dapeng, LIU Zhijun, HUANG Zhaofeng, GAO Feng

Dalian University of Technology, Dalian 116024, China

Abstract: Gas Wave Refrigerator (GWR) is a kind of equipment with strong adaptability to
complex working conditions. It has the advantages of high refrigeration efficiency, and can work
with liquid. The pressure oscillation tube is the core part of GWR. A visual flow field
measurement platform was designed to study the wave motion inside the pressure oscillation
tube. The flow field splices and the schlieren technique are used to obtain the density gradient
field in the tube, and the results are compared with the theoretical calculation of the two-
dimensional Euler equation. The deviation between the experiment and the simulation is 3.2%.
Based on the above method, experiments with different pressure ratios and rotational speeds were
carried out. The experimental results show that the shock Mach number can be increased by
increasing the pressure ratio or speed. When the pressure ratio increases from 1.5 to 3.0, the
intensity of the shock wave and expansion wave increases significantly. When the rotational speed
increases from 800 r/min to 2400 r/min, the motion path of the expansion wave system gradually
bends towards the nozzle, which prolongs the time of the expansion wave at the nozzle.

Keywords: pressure oscillating tube; wave motion; schlieren; visual experiment; flow field
splices; Gas Wave Refrigerator (GWR)

0 3 = A VA ML SORR <R o B AL P, R I 4 3 S K
W AT ELAE ) SE B A A RE B A M, AT A B YA B

AU VA R G 20 2 70 AR B VA E NAT (7 F 2 L Y TR S SR A ML R0 R,
)RR SR I — PR Y S AR B K A B AR Z MR K 73 9% 3% & B8 1 HE 51 41 B . Hanson 5P 44 [ @

i HER: 2022-04-02 ; fEEIHHEA: 2022-04-25 ; FAHHEA: 2022-04-28
ESWME: B MERSCEAL ) 8 E 5 E SRV RIE CRUBIE K $14 8 R S S5 R, 2018 YFA0704600)
* H{E/E¥E E-mail: zflower@dlut.edu.cn

SIS SRULHE, F—0F, BRI, 5. KRGS M RESAT NI AT R SEER I 7C [J]. SEERIRIR 115, 2024, 38(5): 54-64.
GUO J T, ZHOU Y H, HU D P, et al. Visualization experiment of wave dynamics in pressure oscillation tube[J]. Journal of
Experiments in Fluid Mechanics, 2024, 38(5): 54-64.


mailto:zflower@dlut.edu.cn

% 5

VLS R JI4RG W R IE 34T 9 K AL SRR A AT 55

B (1 B0 A T 1) 2, ) O A U, LW
R T NI RS8N KA 1 A6 B R 1R
o BT E AR R TT, BRI A 20 a0 B 1T s I T
K. B, LT NAKE R H, HP N R i H, MP A
b IR 3 1, HT s 1, S1 9 E46 3, E1~E3 A
FERK B . AR HP ARG, 58 NIRRT
S 22 9 77 A S i e, B S R A8 R R DN G 5T 1h)
e & R AL 3 . Bk BA IR E R, HT 47
TF, T8 5 B0 32 2 77 o) AH IR B I B o A5 O TE B
BAE R T 38 R R, 2R AE H T B IR, O
FRE K e 22 18] b 422 fil 1T 23 B o 75 &) 391 55 5 3 <A
HEAUR, WOBOR R K A N R WS B, IR AR A
LT HEH, seal il W 07 8 0 i B, — ks i B
X3 RHO~@D X, mE 1~ OXNE NP6 IR
A, @ AR B E X8, @ X I IK ik ik § X 45k,
DX A BB v S X 38, 0 XM v e NS A4k

: [}
. Passage
LT s _MP
] ,Interface
Wall 2
Wall 1
HT
HP
Passage

B1 REFRE
Fig. 1 Wave chart of rotor

FERERUSLIG T 10, BT FEH AR TT T WEWs M bk
W W 22 2 ) S5 5 R 25 ORIV LAV R R
ey 7)o T B Sy S B M A B I O R
B ANRFAL, H o WF 7T A B HE 1 R AL AL SE BT T A
TR % TAE. Okamoto %5 12 HI U5 M e 5 A
It % B B E B, XK E Y 186 mm i B Ik &
W R A2 B AT 1 WE T, AR R TR I Y
P RIS BT RMPE, B USRI T IR R B
I K 38 0 P AR LI o Kuree 5510 #8587 K E A
500 mm. &N 20 mm x 40 mm 155 [ E . P
i 1% 1 J S9I0E A 2l 1) AT AR S 7 IR 9 5, DA AU
JBAFE 7R B KL T A SR B BEAT T PIV U &
L0 ) T B T P BN AN A AL . Ozawal' #5582
TR T m B E WAL eI R B, A

I B R PO RS O Y AR SE R R B IR
SEHL T AT AL o

£ F R PR35 RSO S A AL SL s R, 32 4L
5 111 TH] B2 BLAE 1R BR A1) 12, AT A Akl i K R 2/ T
200 mm, 5 AH )3 I8 SR DR T e R
o P, Y TE BCE ORI O, 7 R R R 5 T 2
8000~ 10000 r/min!, 3t izt s &5 T T. %2 B (1) 5% ok
VI o RN, R AT S5 A 8 I R A8 SR N
PR 3, @ DL 7 B A i R ILE A RISENES, B
BN AR I3 E IS5 R BNz, oIk ik
T 3k B 5 S0 B 22 18] D[R] 20 Wi 8255 2R o

RN TS T3R5 6 A IR RIS SRR AE, 52
(R4 IR VIR R S NS i = L S
TFHREARGE T UL REE, THBRKEN
450 mm. £E ) A% AR v d A B 2 & 7T
SURL IR b, $2H 1 — A0 BT B0 SO AL 37 F 2 55 0%
SRR BUE T W B R B o 3l I S0 BRI B g
AN JE AL B, W] A5 B A R 1 E R . Ik
b, R AR YR RR BT 72 R AT U735, B NND #%
A, (Non-oscillatory and Non-free-parameters Dissi-
pative scheme) " Xt & 18 W [ 3 R 18 sh @ 1T T 4
M. daLREHETEER, SENRGENE
2 BN 77 54T N EEAT BV S 58 AT BB B 7 .

1 SLBRERZ%

11 LT E

P 2 TR, S A R E R R
2 /N T W A I R 4 T RN S R L i
T o B 2 G5 i R LU AR R G T ) A T
(P1~P6 Ay 6 N IE Sy Wil DRk, F TR 1E
o W E e i AR o R I b 1 R 9 9
ST TR AR O K U s A RIE
P o R SR R 1% R G B A B R U B S B
RS R AR AL, T U R RE N A R R

AL hEESE G RAERMZ AR, N
eI PR B4, Sz 06 T 91 T 4% 45 9 A 7 R 2 h
[ ILARTIIAL, 4713 X S — 5 2 &, O {3 BE 4T Ak b
FE i FIVHCHE AL FE, B0 44 R 4R T R

B 3 Sz & S B . 2 AN e e K mE g e )
— & EHLIKED, A i R B A A, TR TR )
IR 35 7 T 0 U A AL 25 R S o TR R AR A
SRR, 76 AR SRS AT S W R R U A, Y R R T
SR WO EA AR



56 LW

http://www.syltlx.com

Pressure sensor
......... ............:.....-...............................-.. control

Concave mirror A

Synchronous

Compressed air

Motor

Concave mirror B

4 camera,

Gradient

| ’ Yo, density filter
- - ".\__‘_-_'_‘__,»"

11

2 ZWREE
Fig. 2 Experimental process diagram

B3 SBFEAETWE
Fig. 3 Experimental platform test rig

W& WIT SR T SR 1 R, R
WE 75 AL S RT . R H o D e M
JE 77 CHa5% i 70 5 3% 5 8 WAR IR CAE X TR 1) 2 e,
AFRTE N 1.5~3.0. HIHLEE 3 n W] 155 [ 4 800~
2400 r/min. & 7395 & & KA 600 mm, 77 B K
JZ N 450 mm.

F1 BERTSHRIETSH
Table 1 Equipment design parameters and operating parameters

SRR ZHH SR ZHH
HHEKE 600 mm AIRLB B 450 mm
EEMTE 12 mm x 12 mm WIEEIN  32 mm x 15 mm
IgEMEFE 77 150~300 kPa (445 E71) | Jx KK/ 110 kPa (% E7))
AL 800~2400 r/min KR 0.4kg/s
1.2 # ?Ezc A%
121 QREZEHMEEENE

éi,%m#ﬂﬂ w5 I &R 12 30 AT A A UL T B .

O A T 56 B ML R A B RS B, A SCERE T —F

LU P L, FIH KBS e ik, ki
T T 88 BB R B R 0w B RIA . B b
MO BRAE 4 Frs

ﬁ%ﬁ:‘wﬂ%ﬁ SAMEECT A, B 4Ca))
) R 4R 4 l1%(l4<b>> FRE AT B 1
AL E, 4% 5 B AR R I (B 4Ce)) .
%Ea‘“ﬁﬁﬁﬂm%%almmi4%34\11%5@2@2!
P — e B R R P T (B 4Ce) ) o AR HE K % 53 1)
b € H s CE 40D ), wl AT DK 2K 8 5 A8 Oy % FE v
FE 3 11 € RIS R (B 4(D) .

e R, PR SEUE F T R R
tizsh. EHREEA, Fm}&**’“*vw’w&%l_zbns
A€ FAT N, AH N2 i 1 % W A R vT 3 oL v e
JEYEAT Ay, R P BRIl AT %}ﬁ%ﬁn
RE 1% SIZ I, 2 () K 4 4l 8 8 A7, 8 100 RS B B T o T
ML 28] o R . LR A MK ESRERN
25.4 mm, 7E b5 E B BB 174 MR R, B
TR 25 1) 2 B R 2905 0.146 mm /18 % . AR H
TAE 5 Bk 77 1, T 4% i 28 A 80 BHR TR D
R AR, Y U E AT B R sh R IL .

1 A ML B 5 O Photron SA4, 4 HITEZ & A
1024 8 R x1024 18 2, REME )y 75000 i /s =
AN E T AUl 2 5, ARG IR L
K15 .



% 5 M

FRILW S EREGE NI RIE

Z B AT N AT AL SR B AT 57

——m——————

Part [ Part Il Part Il
| i ——————

5 mm .5 mm

450 mm
r 1

(a) NRGGLRTLE

L

prey il
X5

. " i
B e = o=

() MK EBEGEAT
SUY BRI FERR bR 2

() HEE G )35 B VR B L 1

B4 mEHETERE

Fig. 4 Density gradient calculation process

122 EHHENE

BB N R R EAE @A sh & K R i as, &
FE N 0~500 kPa, 413K~ 20 kHz. #4 8 & 0 [F 25 5L
HRE R M, RFEME N 100 kHz. WK 2 Fixs,
TE AT R AK T8 T 45 R BE A B 6 S R T BE I AT, Al
ST N R T . R R i T TE P RE R SR,
ify PR 0 2 T A

2 ZWHEREWRR

21 ENRFZFENKRIZED)
211 EARFZFE AR IEE

¥ = AR LD T AN [F] A B 1 R 4R 80 B G 4%
Bl 4 R AT A B, 45 B SO R B0 A L I iE
BEL

Bl 5Ca) M (D) Al NIEH a = 20 il n =
1400 r/min I (4R 3 5 R 32 3 SURE K FE I B AN
B RERERE VR . N AE T A B, S5 S0 S I ] (8] B I EY
EIEFATEGA . B F, o B R NG s
(HP)[IFRES, t NI IA], 0p/0x NS EREIE . MLt
o 2 R S N IEAE (0p/ 02 > 0, BIZ AL %5 B/
T 22, NI Rz, W R
FE NGB COp/0x < 0), B iZ AL % B KT 4 %
FE N R 46 s B4R 60 [ 3 O 2 B B P A 82 0 A
R iZ Ab 36 A T 5 B AR Ak o A T A B AT DL
FRWAMEREILAMINS, K& H T K% E
(ESCL RS EY SR M i A

2.6

24

2.2

2.0

1.8

1.6

1.4

t/ms

1.2

1.0

0.8

0.6

0.4

0.2

0 — . 40
0 150 300 450 150 300 450

2/mm z/mm

(a) SUGIKIEF (b) AR It &

5 EHRHELF/KEE (a=2, n=1400 r/min)
Fig. 5 Global wave diagram of pressure oscillation tube ( a = 2,
n = 1400 r/min )

212 EBEHYEHE
@6%mTEwﬁLa%ﬁ%&mUmmﬁm
QUKL . TR B, o SR NG,
T8 A7 it B S LR AR G, R A R Mﬁﬁ%ﬁﬁi
JEE 32T 3G 5 o 3K TR DRy TR M A e B o R e M



58 A

w1 % http://www.syltlx.com

BB, A RYVEYE B SL, 7R A A AR R R
JG B S8 bR — TE P, (E AT AR U T A .
S1MAi23) 1.3 ms 5, BEEEAM, HFAEER B
FH 32 5 4 AF T S R AR I B B T O BT, 3 A2
£ 38 . K B B2 78 0.67 ms I 30 180 A5 0 4% 336,
TE A 38 1ok 2 AR AT ek 55, 3 A PR R IR B B A B
Al — BT S WK 6 fia, WK B2 54
A 55 4 e S2, Ui BN S 3 AR <) AR 5 A 1 i
b, A & R ARG, 5 RN S i O
R R PO R 55 K 45 Ak R I

2.6
2.5
2.0

1.5

t/ms

1.0

0.5

0
0 50 100 150 200 250 300 350 400 450
2/mm

E6 ZHREREEE (a=15, n=2800r/min)
Fig. 6 Schlieren gray wave diagram ( « = 1.5, n =800 r/min )

213 BEANTERENE

B 72 1B 6 0 R B RERG LD . B T BN EL
7R T 46 S1. K B E1 5 E2 iz s 47
N, HEARBECE DEA - Lk, Bk
E2 fE [ A RS I R b, B8 T — R K 46 3¢ S2.

25k 5/ (kem™)
60
777777 50
2.0 0
30
15 20
g 10

= 0

1.0 -10
20
0 30
40
50
~60

0 o s = s -
0 50 100 150 200 250 300 350 400 450
z/mm

B 7 ZEMHERE (a=1.5, n=2800r/min)
Fig. 7 Density gradient wave diagram (« = 1.5, n =800 r/min )

X TR v R S A OC P P AR I TIK U B2 1 [
N = WY T 5 A (A9 RN WA S L A A7 g ]
) A s PN A T e T ] R B 5 T T 1] SR
ARG, s N SR 4 T 11X (] R R S
s, PEAET — KA R4 S2.

22 EORSENENST

8 45t T IR LA 2.0 B, AN [A] 4% 14 (800, 1400,
2000. 2400 r/min) & T 6 A~ & g 0 500
D174, o py~pe 43 A B g R AT P1~ P6
M 7. AT LR 4 R W el g TE I, RS
PN TE Y BUR 463, /£ 0~1 ms N, P1~P6 [
JE JIAE R 46 B AE N B BAK UGS T e B 8Ca)
AT DLV B, AN (R0 A Ak 1 7 W (B AT BT AR AL,
B S I A 7 WA T, IXOR BN TR
S1 AN [l i I8, 4 5 — 8 YRR bAT — 3 i
SNSRI ) SR, T J e T .

T I 15 A 58 A HE S, ) 4E R — e BT 1],
R IR A — B o B, HKC B S I e e
T B R A DG, RIS G A 0%, A ol /s U 42 36 I (1)
MK, R R K ST A S, mE
% IS 5 4= ¢ P, IX I 1 DX [0 P2 AR B K O B2, 4
E2 53 & W s w, MBI TR fESRg
T4 S2 M= A, 1T MR G prs sz, £
7 BE B CURGE I PL. P2 AL, JE /138 /NIE BTt
B85 AE E2 AR NG TR R4k S1 BIAE R
Joi o TE 2R bn] DLW 8 B I S 2 K B E1 M P6 s
B PLAL g, S O X SR — B K A A .
2.3 ZIAIEFEHEIRIE

R 56 I S 6 HHE R 0 2 W 3 P A R 0 Uk
P, G SEIG AT TORLILIRUE . RS TR, A
NND Z 73 % 200 = g R 757 FR 04T SRR, 3RAG T %
FERRE = B, 9 fron . BT BUE 2, 765
N 2.04 B3 A 1400 r/min (1 T T, 925645 R 5%
EITHERBOZEEEMANESSH. EHE S
B, s 00 B0 b 0 46 B S1. S2 R K Uk ELL
E2 ¥4 % BT -

K10 451 7 & = 500 mm &b [ o i 28 55 i 1
FEXT R 4k . T DL B, SRI6 45 R E W E S
1) i 7 LG ABE AL &5 SR T DM 0 4, SIZ 6 R ASE UL 1) 2 R
FE il 26 AWy G, A B0 0 R 4 k5 K D1 E —
B, T 4k 0 AR 22 3.2%. B 11 38347 TR 13
Pt L, AT DL B, S 56 AR UL 10 AR A0 A —
o Pk, W RAA A SEB6 H s B S n] E



5% 5 VLS R JI4RG W R IE 34T 9 K AL SRR A AT 59

“179.19kPa

'182.92 kPa

192.75 kPa

A\l
' ' : : ' 250 : : : : :
0 0.001 0.002 0.003 0.004 0.005 0.006 0 0.001 0.002 0.003 0.004 0.005 0.006
t/s t/s
(b) n=1400r/min

(a) n = 800 r/min

0.001  0.002 0.003 0.004 0.005 0.006

250 : : : : :
0 0.001  0.002 0.003 0.004 0.005 0.006 0
t/s t/s
(d) n = 2400 r/min

(¢) n=2000r/min

B8 ENRFEEN#L (a=2)
Fig. 8 Pressure curve of pressure oscillation tube (o =2)

241 EWXNERERIEIHZN
B DB Mag e R B ERNEES &,
Pl i DA m s T W e e R R G M B N

e

24 EARGERZEFNZMES

FEE TR E S, @K AEIKE E2 135 X
. @ IX IR BE Ty B3 B R I VA WL I R e 1Y,
DRI Ty BN S5 Bt T #6174 285 S £ 47 3



60 St

http://www.syltlx.com

t/ms

0 = —
100 150 200 250 300 350 400 450 500 550
z/mm

(a) SEHH A

t/ms

0 100 200 300 400 500 600
x/mm

(b) B

9 HEHEREXEE («=2, n=1400r/min)
Fig. 9 Contrast diagram of density gradient wave diagram (a=2,n=
1400 r/min )

L — Experiment
40 - -+ Simulation

P2 g )

0 0.5 1.0 1.5 2.0 2.5
t/ms

B 10 O MEBERERREEE (x =500 mm)

Fig. 10  Central axis density gradient comparison curve (x=500mm )

Ma, = &=~ (D

1
I WOBEE o, OIS Bl K 480 L 5 vy
PRl DX IR CQO DO YA 8 L, W T T /A U
Mgk, BRI vy 29 05 ¢ IO IX 24 1 73 .
BRI g IR AR W AR R R R AR

250 T
— Experimen
200 - -+ Simulation P1

150 F
100
250
200 |
150
100
250
200 |
150
100 k
250
200 |
150 |
100 &
250
200 |
150 | i s

100 N

250 s P me e

200 | P6
150 |
100 k

p/kPa

p/kPa

p/kPa

p/kPa

P5

p/kPa

p/kPa

0.003

0.002
t/s

11 EAZTE#LZ (a =2, n=1400 r/min)
Pressure comparison curve (o =2, n= 1400 r/min)

0 0.001

Fig. 11

1, WO JE X B (@ X)) 77+ SR8 IR 3 v i
oA RTHEA W, o, @R EE T, 19155 %
LI

P 71
L_p oyl 2
T1 y+1 b1

__l’__

y—1 po

X Ty NOXRFE s py Al py 7355 NO X A@ X
JE 15y N AR EL BUE 1.4, @ XHLE T3 1

S EWR:
Do Ty T
Bo_ (20 (3)
D3 (Ts)

K py Flps 0 A R 78 0O X M@ X 1) 75 Ty N
0 XS .

BT K AT A S T R, IO X 5@ X
WRFATHEREALERR, WAL (DR 5] 1t
HAFB@XIEE Ty, B

C3 (4)

Cqy = Uz —

-1

Da T4>7_Y1 (
Pa_ (24 5)
D3 <T3

oz vy Al vy 2350 9@ X AN@ X FE 5 e A
¢y 7A@ XK@ X ) 2 Al py DX KA.



5 M

FRUL VS TR 3R I R AZ BIAT 9 ¥ R] ARG SE B AT U 61

Bl 1245 H T AR E &0 T & 28 Gk
HBOE SR A@OXER SR RE . AE
HET DU B I A 28R B T B 3 K i 4
S o {HL L 3 K A £ 1 5 U8 6t P AR 1 o A A
Ry XAE— B TR BT A . R R
1 0.5, 56 HRiR BT 3 5271 22,53, 16.86. 13.01 K,
15 B R oR R

500

—=— 800 r/min

—&— 1400 r/min
475 —a— 2000 r/min
—w¥— 2400 r/min

1.5 2j0 2j5 3.0
a
(a) WU o SIEL o (XA I

1.40

1.35
1.30

1.25

—=— 800 r/min

110 —&— 1400 r/min
1.05 —4&— 2000 r/min
—%— 2400 r/min
1.00 ! !
1.5 2.0 2.5 3.0
a

(b) WP IHEL Ma, SR a BIR AL

90

—m— 800 r/min

—&— 1400 r/min
80 —a— 2000 r/min
—%— 2400 r/min

=

70

1.5 2j0 2j5 3.0
o
(¢) @K AT 5K o MR
B 12 &SES5ELHXER

Fig. 12 Relationship between parameters and pressure ratio

W 5 ORI FE AL, AR R R EE S
B2 —. B 13 ¥ # 800 r/min. A [H Kt
B, ATLAE H, JEEEA 1.5 327+ % 3.0 ik 2 b, TR 4

2 ST P P s L (10 18 DT 38 K, IR 6 AE 3
JEHI S0 A P T I, BB B E2 1%
P B2 B s U 1R 388 K AR 2D 3R T 5 i K U5 2 K 007 48 i
P TR BOR
242 HEXNENERESIHHHRIM

EV &S WIRGET A1 Rl PERE AN ST S F

2.
4
2. az/(kgm )
2.0
15
1.0 10
20
0.5 —30
40
50
0 60

50 100 150 200 250 300 350 400 450
x/mm
(a) a=1.5

[53¥=N

t/ms

t/ms

0
0 50 100 150 200 250 300 350 400 450
2/mm
(b) aa=2.0

t/ms

0
0 50 100 150 200 250 300 350 400 450
2/mm
() a=25



http://www.syltlx.com

0
0 50 100 150 200 250 300 350 400 450
z/mm

(d) a=3.0

B 13 ARIELL THZE#EERE (n =800 r/min )
Fig. 13 Density gradient wave diagram under different pressure
ratios ( n =800 r/min )

WA LI A BRI . R E R LR,
177 B 38 43 5 24 800+ 1400+ 2000, 2400 r/min ff) 52
B FE o R 30D ~ (5D TH 5 A [ % 3 19 8k O
T PO R BN @ X B

14 25 7 AN IR He B R s B L 0B 1 i 2
@ XL B B e o 1 AR A L o W BLE B, s
T Y T R B e R R T K. R S

475

L]

—m—0 =15
—e—0=20
450 F —~—a = 2.5
—w—o = 3.

375
350 . :
800 1400 2000 2400
n/(r-min ')
(a) WIHE o, HFHE n #I5C R
1.40

—m— o= 1.5
135 —®— a=20
—h— g =25
—w— a=3.

800 1400 2000 2400
n/(r-min ')

(b) W A Ma, 553 n (55 R4

;

Do =

—a

30 . -
800 1400 2000 2400

n/(r-min')

(¢) @XIEFE AT S5 n {16 R ML

B 14 BSESHENXR

Fig. 14 Relationship between parameters and speed
WA R, B R, BB . @)X B R
S v WA 1 O, RV e e A M T 0 SR A A OR
Bl 15 9 L a= 2.5 I AN [ % 3R 1) % B2 bR 2
Pl WL 4 A TOUT % BB LU B T LA Y, A%
T R VAR AT — R R E AN B, R R
Wt e e R v /N 8 K . B IK U B2 BB Bl A (5

2.6 9
25 o/ (kgrm )
80
2.0 60
40
15 20
g
=
0
1.0
20
05 40
60

0
0 50 100 150 200 250 300 350 400 450
z/mm
(a) n =800 r/min

t/ms

0
0 50 100 150 200 250 300 350 400 450
z/mm
(b) n = 1400 r/min



5 5 3 PRIV S IR IR A A B R IE B AT N K AT AL LB B T 63
2.0 (= e [P 2¢2
: ; X, ax/(;;b ) T, = m (6)
. Bl s N Kot 2, M TR, mms cp 9 0 (X B 24 i 7
._:)‘/' ‘-,” " H, m/s; JHIEE A R S G I ) A A
}"c ""l‘ 20 m/s’.
<1, 16 Jy S8 T 00 e 8 BB e KE AL B
; " JE R R K G Rt 2. v LUE B, BE A& I L
K B A R B v I A KB R B R R

< ;;"_I e - ;
0.5 £ : A0
X v
g
? ! -60
[ i* : ]
0 80

0 50 100 150 200 250 300 350 400 450
2/mm
(¢) n=2000 r/min

2.0 @ T

‘o

-/ (kgm™)
et 80

D

he] | o

Y1420

20

40

tiky ~60

0 : ; ; i i : i : 80

0 50 100 150 200 250 300 350 400 450
z/mm

(d) n = 2400 r/min

15 AREEERTHZEEHERE (a=25)
Fig. 15 Density gradient wave diagram under different speed ( a =
25)

FE a~d MR B AR B S 4 T K
B E2 11328 3 8 35 ) b 3 180 0B R AR T RCR AR
£, H1 800 r/min I [ B 28 12 37 7 U1 i 28 A8 1k . b 2%
FEE Sk Ak 1) b2, 2% B I Sk Ak i OB BTN o ¢ 2R
5 d BN T IX ) s R AR Tl 1 B AR i Tl
MPERT, BIK ik E2 08 T B, nag 7oz g H X
(] A 1) I 2
2.4.3 [EtbFAEREIT S HIZ TR R

P 13~ 15 W40, Fi Lbo3h oK 5 3 2 v #0 hn ik
T R4k ST 5 ik 18 R ATk 0l R, RN ik B
S1 % B P o KB A B B o e AR R M TR . X
B T2 R T T O T I A B R T o g R
W N SRS R AT ABA D YO A R BB I R < R s
37, BTE WSS 55 A5 T 0 @ AN, 0 ZE T B
0 I 38 K 28 M 1 SR FE, TT LA 305 ZE N TE
FE WA o Wil B AT B AT el R = S

SR o KA H T N S I Al L, T
WA B s LR E L, B E B A o 2
55 s P3G RT3 Ko W] DAAT BATT 45 38 - S e il B
52 LE ARG T 520, T LK, B EBl &, B
AL BB AR . PR, FE B IR D IR 5 RS
I, RN 5 s B AR S DL T, AT DR T4 K L B
18 et e T ) 7 VR A R G, DT i R B ) P L
B AR AR AR

450

—m— 800 r/min
®— 1400 r/min

—&— 2000 r/min
¥— 2400 r/min

400 F

350 |

5 2.0 2.5 3.0
o

B 16 HMEEENEZEEOMESSELNXRMLE
Fig. 16  Curve of shock wave maximum position and pressure ratio

3 &

AL 600 mm K (1 IR E O E A& T
—EXOT LSRG E AT AR MR 6. KA
LU R RGN SO DL RS TE N
(8 MG B 7 8 RIS, 5 W T RE T A R
BEAT T IR R X L, JF RS AN [R] M LA T 2% AR R IR
TR E W R IB BT AT T AT AL S R WE O .
(GEUIDNE ey 7on

D& IR % 8 IR I8 B 3 R 46 ST,
S2 MUK i E1. E2 M, Hob E1 9 24730, HoR
BRAATE . WRIBENH 48 5 B IK R 14T & B i
T

2) Wk A A R BRI S 3 O, 38 KR L
Bl v P T R H OR R S . IR H 1.5 38 =



o4 %W

http://www.syltlx.com

3.0 B, PCIBE iR B8 AN I 5 BE S5 R T, SRAL TN
A X)) B KA o %3 H 800 r/min 42
1 4 2400 r/min B, B K % 508 3 %A% % W )
177 1) 25l 2 K 3t 72 00 55 11 X () 32 2 1) PG
38007 M2 9 e B XA 6 A R T

3) B T R A B 5% R LR R R, TR LR K,
e TR v, OB W B R SR . FE Tk ] i
Hh, A K B B e B T A R AL RS

S 30k :

[1] COTTERLAZ-RENNAZ M. Wellhead gas refrigerator field
strips condensate[J]. World Oil, 1971, 173(6): 60-61.

(2] A, SHOCMS. ik i 4 A B 7 B0 [J]. 174, 2002, 21(4):
19-24.
LIU W, HU D P. The research situation of gas wave
refrigeration technology[J]. Refrigeration, 2002, 21(4): 19-24.
doi: 10.3969/j.issn.1005-9180.2002.04.005

[3] HANSON R K, DAVIDSON D F. Recent advances in laser
absorption and shock tube methods for studies of
combustion chemistry[J]. Progress in Energy and Combus-
tion Science, 2014, 44: 103-114.
doi: 10.1016/j.pecs.2014.05.001

[4] LIU P Q WU K H, XU S Y, et al. Influence of non-
equilibrium condensation on key parameter of gas wave
refrigerator[C]//Proceedings of the 7th International Con-
ference on Informatics, Environment, Energy and Applica-
tions. 2018.
doi: 10.1145/3208854.3208894

[5] HUDP,LIRF,LIUP Q, et al. The design and influence of
port arrangement on an improved wave rotor refrigerator
performance[J]. Applied Thermal Engineering, 2016, 107:
207-217.
doi: 10.1016/j.applthermaleng.2016.06.168

(6] HU D P, YU Y, LIU P Q. Enhancement of refrigeration
performance by energy transfer of shock wave[J]. Applied
Thermal Engineering, 2018, 130: 309-318.
doi: 10.1016/j.applthermaleng.2017.11.040

[7] LIU P Q, LI X, LIU X Y, et al. Investigation of the shock
wave formation and intensity in wave rotor[J]. Journal of
Energy Resources Technology, 2021, 143(11): 111301.
doi: 10.1115/1.4049585

(8] OKAMOTO K, ARAKI M. Shock wave observation in
narrow tubes for a parametric study on micro wave rotor
design[J]. Journal of Thermal Science, 2008, 17(2): 134-140.
doi: 10.1007/s11630-008-0134-6

[9] OKAMOTO K, NAGASHIMA T. Visualization of wave
rotor inner flow dynamics[J]. Journal of Propulsion and
Power, 2007, 23(2): 292-300.
doi: 10.2514/1.18439

[10] KUREC K, PIECHNA J, GUMOWSKI K. Investigations on
unsteady flow within a stationary passage of a pressure wave

exchanger, by means of PIV measurements and CFD

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

calculations[J]. Applied Thermal Engineering, 2017, 112:
610-620.

doi: 10.1016/j.applthermaleng.2016.10.142

OZAWA H. Visualization of unsteady boundary-layer
transition on shock-tube wall using highly sensitive fast-
response TSP[C]//Proc of the 20th AIAA International
Space Planes and Hypersonic Systems and Technologies
Conference. 2015: 3658.

doi: 10.2514/6.2015-3658

BRI, HANE, B, B TOGERTHE RIS RELGEEARY)
ARSI SRR J1%:, 2018, 32(6): 68-73.

XIE A M, BU S Q, LUO J Y. Primary study of large-field
focusing schlieren technique based on tiled light sources[J].
Journal of Experiments in Fluid Mechanics, 2018, 32(6):
68-73.

doi: 10.11729 /sylt1x20180012

CHAN S N, LIU H X, XING F, et al. Wave rotor design
method with three steps including experimental valida-
tion[J]. Journal of Engineering for Gas Turbines and Power,
2018, 140(11): 111201.

doi: 10.1115/1.4038815

M TKIRME. TSN TEH B SEIAE R 1% U(NND)EBHR
TSR BRI [J). A8 15 544R, 1989, 7(3): 273-281.
ZHENG M, ZHANG H X. Application of non-oscillatory and
non-free-parameters disslpative finit difference scheme to the
calculation of free-jet flows[J]. Acta Aerodynamica Sinica,
1989, 7(3): 273-281.

HARGATHER M J, SETTLES G S. A comparison of three
quantitative schlieren techniques[J]. Optics and Lasers in
Engineering, 2012, 50(1): 8-17.

doi: 10.1016/j.optlaseng.2011.05.012

SKOTAK M, ALAY E, CHANDRA N. On the accurate
determination of shock wave time-pressure profile in the
experimental models of blast-induced neurotraumalJ].
Frontiers in Neurology, 2018, 9: 52.

doi: 10.3389/fneur.2018.00052

TR K. BRIE RSN F7 2 A M. AR b5 kA B A
1987.

Tk WAL R R R XUT DR 64 TEREWE ST (D). KiE: K
P TR, 2018.

YU Y. Enhancement of refrigeration performance by shock-
wave transmission energy in double-opening oscillating

tube[D]. Dalian: Dalian University of Technology, 2018.

{EZE T

EWILFH (1997, J5, i vEHT NN, WL B 5
Ao BETETT 1) PR35 W RSB B ISR,
WECEHA.

E-mail: Gjt@mail.dlut.edu.cn

(G %: dr)


https://doi.org/10.3969/j.issn.1005-9180.2002.04.005
https://doi.org/10.3969/j.issn.1005-9180.2002.04.005
https://doi.org/10.3969/j.issn.1005-9180.2002.04.005
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
https://doi.org/10.1016/j.pecs.2014.05.001
http://dx.doi.org/10.1145/3208854.3208894
https://doi.org/10.1016/j.applthermaleng.2016.06.168
https://doi.org/10.1016/j.applthermaleng.2016.06.168
https://doi.org/10.1016/j.applthermaleng.2016.06.168
https://doi.org/10.1016/j.applthermaleng.2016.06.168
https://doi.org/10.1016/j.applthermaleng.2016.06.168
https://doi.org/10.1016/j.applthermaleng.2016.06.168
https://doi.org/10.1016/j.applthermaleng.2017.11.040
https://doi.org/10.1016/j.applthermaleng.2017.11.040
https://doi.org/10.1016/j.applthermaleng.2017.11.040
https://doi.org/10.1016/j.applthermaleng.2017.11.040
https://doi.org/10.1016/j.applthermaleng.2017.11.040
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1115/1.4049585
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.1007/s11630-008-0134-6
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.2514/1.18439
https://doi.org/10.1016/j.applthermaleng.2016.10.142
https://doi.org/10.1016/j.applthermaleng.2016.10.142
https://doi.org/10.1016/j.applthermaleng.2016.10.142
https://doi.org/10.1016/j.applthermaleng.2016.10.142
https://doi.org/10.1016/j.applthermaleng.2016.10.142
https://doi.org/10.1016/j.applthermaleng.2016.10.142
http://dx.doi.org/10.2514/6.2015-3658
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.11729/syltlx20180012
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1115/1.4038815
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.1016/j.optlaseng.2011.05.012
https://doi.org/10.3389/fneur.2018.00052
https://doi.org/10.3389/fneur.2018.00052
https://doi.org/10.3389/fneur.2018.00052
https://doi.org/10.3389/fneur.2018.00052
https://doi.org/10.3389/fneur.2018.00052
https://doi.org/10.3389/fneur.2018.00052
mailto:Gjt@mail.dlut.edu.cn

%538 % 45 X W wm & AN = Vol. 38, No. 5
2024 4F 10 A Journal of Experiments in Fluid Mechanics Oct., 2024
XEHS: 1672-9897(2024)05-0065-07 doi: 10. 11729/sylt1x20220068

ETARRIRPINEEL B E AL EEH AR
FRAY R, EAE

1Y) T K, BT 643000 2. P EE RIS R RSO BRI, 40 621000

FEE: AE B P R 2 ORI, SR AR G T VR R SOGRE SUY R G0, TEE i AR BR T BE AR TAE AL B RS 4l e
b, SCBEW ISR TiE T E S Hx BRI, B R T H T W5 R R SOCTRSGE B A B 16 R 4. RAZx R
SRNG AR &5 I S TR M B AL, X BR T BRI AR A B HEAT @ Ar 3 s 5| AFERIE R G0, 45 & E B R BHAR, M4uk
PG 7 AT, MR T S 85 R 5 A 75 W ERTHT B O DR AT 2 A5 IR EAT IR 7 o 45 SRR I SRR 56 T AL IR B I R R 8L
FAEAL B A R G0, ST ROGKR SO ER TN B AL (1 1 352 7 PR ER ), GBIk i g 5 R = A, TR 7B IA
WU B 5 5E G072, WA EUR B W iR s 129 2.2 fi%.

SEFEIR: KRR DOCTREGY s 58 hids il Mok s BHMEIE

FE %S V411.7; V211.752 XERFRIRAD: A

Research on the position control of double-pass
schlieren component based on visual feedback

. . * .
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2. Hypervelocity Aerodynamics Institute,

China Aerodynamic Research and Development Center, Mianyang 621000, China

Abstract: The traditional mechanical method of debugging the double-pass schlieren system
exhibits the problems that the fine positioning of the working position of the spherical mirror
mechanism cannot be ensured, and the optical paths cannot be completely coincided after passing
through the flow field twice in the experimental application in the hypersonic low density wind
tunnel. Here, a novel double-pass schlieren system based on visual feedback was developed. The
system via absolute encoder instruction control the AC servo motor to adjust the position of the
spherical mirror mechanism. Moreover, the pitch and left-right deflection of the spherical mirror
can be adjusted by the schlieren image quality evaluation results provided by the machine vision
system (visual information feedback). The position control system of double-pass schlieren parts
based on visual feedback realizes the automatic positioning closed-loop control of the double-pass
schlieren spherical mirror mechanism, and ensures that the light paths overlap as much as
possible after passing through the flow field twice to eliminate ghosting during imaging of the
model flow field (the definition of the flow field image is improved by 2.2 times compared with
that obtained by the traditional method).
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Fig. 1 Composition diagram of double-pass schlieren system with
visual feedback
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Fig. 4 Closed loop visual feedback positioning control flow chart of spherical mirror mechanism
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Applicability analysis of Sivells’ method in nozzle design
with high Mach number and low total pressure
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Abstract: At present, the Sivells’ method is widely used for the design of the inviscid
hypersonic axisymmetric nozzle contour. And then, the nozzle contour viscous correction is
performed by solving the axisymmetric momentum equation. This design procedure is validated
by nozzles in conventional hypersonic wind tunnels and shock wind tunnels, which are operated
under high Mach number and high total pressure conditions. Meanwhile, there are few validation
studies of this procedure under high Mach number and low total pressure conditions. In this
study, the nozzle design procedure based on the Sivells’ method is used for Mach 6, 8, 10, and 12
nozzle contour design under the low total pressure condition. Furthermore, in order to analyze
nozzle flowfields, numerical simulation and wind tunnel experiment are carried out. It can be
found that, the flowfields in Mach 6 nozzle and Mach 8 nozzle are consistent with expectation and
the jet flowfields are so good that are suitable for test. In contrast, there are some over-expanded
areas in the flowfields of Mach 10 nozzle and Mach 12 nozzle, which results in higher Mach
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number than expectation in those areas. The jet flowfield quality of Mach 10 nozzle is better than

that of Mach 12 nozzle. It can be concluded that, under the condition of low total pressure, the

Sivells’ method still works well for Mach 6 nozzle and Mach 8 nozzle design. Meanwhile, the

method is less effective when applied to the Mach 10 nozzle and Mach 12 nozzle design.

Keywords: Sivells’ method; high Mach number; low total pressure; nozzle flowfield; jet

flowfield; axisymmetric nozzle
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Fig. 1 Schematic diagram of Sivells' method design
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Table 1 Design parameters of Mach 6-12 nozzles

BELT DAL po/MPa To/K A AR /mm
6 0.3 288 100
8 0.9 366 45
10 1.4 502 30
12 2.0 654 30

x2 DHfE6~ 12 BERITERESH
Table 2 Characteric parameters of Mach 6-12 nozzles

it NPECKE EEF TRBKE
Ll fmm /mm fmm
6 200 18.366 1344
8 90 9.203 1518
10 60 5.054 1572
12 60 2.965 1564
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Fig. 3 Mach number isoline distribution diagram of Mach 6 nozzle
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Table 4 Mach Number distribution on the nozzle axis when the total pressure is 1 MPa
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Fig. 12 Contrast between the test result of Mach Number distribution
of the nozzle and the numerical simulation
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Table 5 Simulation parameters of Mach 6 —12 nozzles and

freestream
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Fig. 13 Mach number isoline distribution diagram of Mach 6 nozzle
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Fig. 14 Mach number isoline distribution diagram of Mach 8 nozzle
and the jet flow
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Table 6 Major numerical simulation result of Mach 6 -12

nozzles
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Research on the dynamic derivatives test technology
of 4.5 m x 3.5 m low speed wind tunnel

CHEN Hao"* ", BU Chen"? TAN Hao"? MU Weiqiang" %,
WANG Yanling” *>, SHEN Yanjie" >, FENG Shuai" *
1. Aerodynamics Research Institute, Aviation Industry Corporation of China, Harbin 150001, China

2. Aviation Key Laboratory of Aerodynamics for Low Speed and High Reynolds Number, Harbin 150001, China

Abstract: The dynamic derivatives are the a necessary parameters in the process of analyzing
the stability of the aircraft and designing the control law, in order to meet the demand for
obtaining high-precision dynamic derivatives data for large-scale aircraft. Aerodynamics Research
Institute of Aviation Industry Corporation of China (AVIC) developed a dynamic derivatives test
system with five kinds of oscillations in the 4.5 m x 3.5 m low-speed wind tunnel. The test system
uses servo hydraulic swing motor and servo hydraulic cylinder as the driving components of the
motion, and directly generates arbitrary waveform motion with the control of the servo valve.
The driving mode of the system has the characteristics of small movement transmission gap, high
movement control precision, and high automation. The scale of the test model is up to 2.5 m,
with the wind speed v of 30 to 60 m/s, the angle of attack a of —36° to 36°, and the sideslip angle
B of —40° to 40°. The verification tests of the dynamic standard model and a wing-body model
were carried out, and the test results show that the dynamic derivatives data obtained by the test
system is reasonable, the accuracy of the repeatability test data is within 3%, and the test system
can provide high-quality dynamic derivatives data for large-scale aircraft.

Keywords: low speed wind tunnel; dynamic derivative test; angular oscillation; translation

oscillation; servo hydraulic drive

B HE: 2021-10-12 ; fEEI HHA: 2022-01-11 ; FABHA: 2022-01-13
* 38 {5 ¥ E-mail: 625046564@Qqq.com

IR BRR, M, i, % 4.5 m x 3.5 m KB RIAZ) FEORIG BB (3], SL5eik 1%, 2024, 38(5): 81-89.
CHEN H, BU C, TAN H, et al. Research on the dynamic derivatives test technology of 4.5 m x 3.5 m low speed wind tunnel[J].
Journal of Experiments in Fluid Mechanics, 2024, 38(5): 81-89.


mailto:625046564@qq.com

82 LW W k¥

http://www.syltlx.com

0 3l

B ETEEFE, £ SR IER
TAHE RS 2 AT R AR B RS
AR AR BET A T] A S 3 S H

M 20 22 60 FATF 46, B H A3 T T
M R T 35 BRI S B AR 7T, T AR R
~E AN TR T AR R T A R 3K 3 5 S
WP, S EAEE S FHM B H AR RE.
BRI SCHE R G vt B0 R SR A AL B 45 T T R S 4%
B g e, RIS R~ R (ATik 3 m 40,
0 28 4k F ] B 43 5 K Rl

REEHMKED FH AR RF K ET
3 m & KR L, B LR K KL S K R
T 1.5 m, 7EORUE W7 8 57 MG /R 205 EBL — B0 Al 42
N, 3 T HCRLE A KGE (A 30 m/s A ADOETFHE
FU 736056 i X T [F R, 3 S B0 R g0 T it
A7 A5 2 5 38 4R 5 12 2 R Bl [ s B AR s, iR 58 AL
AN TR T 5 B A LA, B RS A K S A A A
R G WU RS G R, — AP AEN LA B 2 55 0] L

N R T MR HE 4 m & R R XU R 5 e
AR SR X6 KB TRAT A8 0 ) v A B Bl 5 BRI 1 3R
HUFR SR, I 38 U0 B 20 RO~T | 4 s i XU AR
B THR 5702 B AL 5 1 AL L 25 A HLR 55 3 5 40K
W H KRB A, 75 FL-51 KA 57 7 2.5 m 5 g B4
588 3R % 2 F ORI R G, H &AM w8
e TR AR 55 5 PR BLAS, WIS RE AT, AT
PASRECCHL B R 20 0T BT 5 (0 R ZE 3 S48 £t
R AN WSSl B S NG SR S N
R, IR 2R GRS 42 30 B s R0 VR T B R A
W12 3)) I IRk By ds 3 AT AR AR R, ik 1 AhoT
300 £ AN A LA, B IR B ¥ & S50 R Tk
RE 7158 12 Bl 4% 3 18] BN 38 B4 RS B R
T HEAT R SF 2.0~2.5 m A5 AL R 3 3 5 B0 5 .
FAR A0 F G 45 4 T 35 5 R ) 58 R S A
AT, e TR AT R 758 i BE 77, o] B 2 0A
U5 H¥E 5 A R Bh 750 BHE 2 A A O

1 RERS

1.1 Xl
FL-51 XU A& — s B [a] 4 3 XU, B H
A RIS B, W6 B oA . 3 S HOA S R

i

Gt T RS0 B & 1, JF e B i AT R
A 45 m(FE) x 3.5 m(ED, KEH 6.5 m. 2 X
R AGE 9 85 m/s.
1.2 ARZHSHIKRESE

ARG FHRB L ENE 1R . 2% E R
JiE N 32 t, B A BT SR B, TR R+
G117 AR M T A% 2 o S 36 e DY A B2 A A
BUEHLA, AT RIS B R BUR T . 38
LA P ST AR R (300 S RN AR LA, BE S T AR S
T RO R G Y LS i eh A AR AT R 3 DL A
SRR, S T RGO RR I, S T
KRB Z) 3 305

R o

A LI
3 LR
R AL

1 RS SERnERREE

Fig. 1 Angular oscillation dynamic derivatives test device
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Table 1 Modal analysis results of angular oscillation test device

TSIl B [Hz
1 16.06
2 19.35
3 34.29
4 37.62
5 46.83
6 48.91
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Fig. 3 Schematic of translational oscillation dynamic derivatives test
device
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Table 2 Modal analysis results of translational oscillation test device

PRAS 4L i /Hz
1 23.16
2 32.82
3 35.36
4 98.11
5 99.55
6 117.61
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Fig. 7 Harmonic oscillation movement curve
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Table 3 Differences between angular oscillation motion curve and
given standard signal

R/ (°) i /Hz B %/ (%) MR/ (°)
3 0.5 0.015 0.13
3 1.0 0.020 0.16
3 1.5 0.025 0.16
3 2.0 0.032 0.07
3 2.5 0.040 0.05
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Fig. 8 Verification test of standard dynamic model
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Table 6 Dynamic derivatives repeatability accuracy
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Comparative analysis between thin-film resistance gauges
and ALTP sensors in shock tunnel tests

CHEN Suyu, LIU Jichun, YANG Kai', ZHU Tao, ZHU Xinxin, WANG Hui

Hypervelocity Aerodynamics Institute,

China Aerodynamics Research and Development Center, Mianyang 621000, China

Abstract: In the shock tunnel tests, the main parameter to measure is the heat flux density,
and the Thin-Film Resistance Gauges (TFRGs) are frequently used. As the uncertainty of the
measured heat flux with TFRGs is relatively high resulting from the lack of direct validation
method for TFRGs, the Atomic Layer Thermopile (ALTP) heat-flux sensors are applied in shock
tunnel tests for comparison with the TFRGs. ALTP sensors have a fast response time and a good
linearity, and it can be used in a long duration to measure low heat flux density, which ensures
that they can be easily calibrated with the high-accuracy light-based calibration device, so the
transfer calibration method is established to on-line calibrate TFRGs in the shock tunnel tests.
The experimental results confirm the stable measured heat flux with the ALTP sensors and the
TFRGs in the different shock tunnel tests, and the difference between the two kinds of heat-flux
sensors is less than 8%. Based on the discussion on the tracing chains of the transfer method for
calibrating heat-flux sensors and the measured heat flux in tests, the comparison results show the
potential that the ALTP heat-flux sensors can be used to on-line calibrate TFRGs in shock tunnel
tests.

Keywords: heat flux density; thin-film resistance gauge; Atomic Layer Thermopile (ALTP);
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Fig. 1 The thin-film resistance gauge and its principle of measuring
the transient heat flux
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Fig. 3 The chains for the transfer method used to calibrate heat-flux
sensors

2R S A P T BT A IR SR W S AR R AR 2%
N Z 0 R SR 0 L IO T 2 4 A 1 50 0k e BEAE
FPTIE, NS HGIE K/ B T SRR L AR A i
BEHERG K ¥ Gardon THE7 B 5E o 38 L i B0 1 W
WL 5K ¥4 Gardon it Al ALTP #IfiA% 2%, 454
S J5 MR T £ A B (4 R R 1 [ — SRV, JE T SR A
BN T IRLEVEAL & ALTP #4652 1 £ 40 0% 2 %4
3, BIAT R4 RO R



% 5

Whop 5= 5 IR AR T 55 5L 2 e A M R IR A SRR A ) R XU K B o L 93

UvjA;LTP)2 (3)

ﬁGardon ﬂALTP

minz (;7 Ué’rardon _
' : Ugardon N 7K ¥R Gardon T 1 HLE %1 H 5 Baardon
HK% Gardon it )4 L RBUE R CEHD: nh
YBCO i JI5 o} 5 0 0k i W i 26 (22 48 o (5 o & R
AT e R F OG22 D5 V5 AR ) 5 Unpre N 57 B8 € )
ALTP FAJAL S AH N L B s BbR AN R #4
T bR E SEB 1 9 5 o A K% Gardon 1% H AR
E ALTP i fe K28 g Wi 4 pron . AT
A, ASCHT B ALTP #0746 248 1 R B0 R 20
i T SCHR [22) H BT A R R R R T TR SR R AR
JEEE 6.9 pV/(kW-m?) i) R B R E i 2k
WRGF o ik — 0, 25 R BAL K3 b E ok 1R BT
() TR RE « A 0 D6 B Tl 2R AR P AN 2 A 3 S 1 R
TR AR AL R E E AL RS AN B SR AR TR AR
R, i H A bR & JF I ALTP #viife 2% R %
REIY RAHE 2L 6.35% (ke = 2, BRI € FE
KR FF & IR0 A, BEMEN 95%), mAH D
bR E JE R T TE N R R AN FE L
10.7%(x = 2)!"4,

& K> Gardon il

(a) MR ALTP Hife s

323 N = N : . .
CBREMEAS BOCIERPEE: +0.48% "
285 | - ERPEA SR BRHERE: 10219V e
Z 218} T
~ L
3{[ -
150 | L .
RFUERE: 12.370V/(kW-m?)
8t . . .
6.3002 12.1895 17.750 1 23.0642 25.9952

I/ (kW-m™2)
(b) ALTP AL AR R0 b e 45 21

B 4 ALTP #iRfk SR MEREIRE
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b7} Ma Re/m™ MIR/K MR /MPa
Wl 10.1 3.4 x10° 1500 11.12
W2 10.0 3.3x107 909 3.85
Win3 10.2 1.6 x 107 928 21.15
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Table 2 The measured heat flux with TFRGs and ALTP heat-flux sensors in shock tunnel tests

WH1GE 0% T2 £0°) HiA1 R 10°) Fism20H10°) HiA3GEH10°)
N ; . , . , . . o ; IR
/Weew™) /% /(Weem?) /% [(Wem?) /% [(Weem™) /% [(Weem™) /%
ALTP_1 1.47 0.40 7.98 8.40 7.78
~24.50 ~25.00 4.01 4.64 -7.58  0.958
TFRG_1 1.11 0.30 8.30 8.79 7.19
ALTP_2 0.63 0.20 4.11 4.34 3.85
12.60 3.90 -9.34 -4.30 -41.10  1.07
TFRG_2 0.71 0.21 3.73 4.15 2.27
ALTP_3 1.08 0.33 8.18 8.39 7.23
~7.92 ~25.10 -0.83 6.26 -4.81  0.971
TFRG_3 1.00 0.25 8.11 8.92 6.89
ALTP_4 1.07 0.29 7.40 7.53 6.35
~18.40 ~23.90 -0.66 7.05 -5.59  0.967
TFRG_4 0.87 0.22 7.35 8.06 6.00
ALTP_5 1.19 0.30 9.02 9.88 7.04
-20.10 -8.92 3.25 -3.05 7.75 1.000
TFRG_5 0.95 0.28 9.32 9.58 7.59
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Infrared thermogram measurement experiment
of hypersonic boundary-layer transition of a lifting body

CHEN Jiufen', XU Yang', JIANG Wangiu', LING Gang',
DUAN Maochang?, ZHANG Yifeng”

1. Hypervelocity Aerodynamics Institute,
China Aerodynamics Research and Development Center, Mianyang 621000, China
2. Computational Aerodynamics Institute,

China Aerodynamics Research and Development Center, Mianyang 621000, China

Abstract: For a lifting body model, the boundary layer transition infrared thermogram
measurement experiment was carried out in the conventional hypersonic wind tunnel, and the
influence of different unit Reynolds number and Mach number on the lifting body boundary layer
transition was studied, which was compared with the calculation results of the e method. The
length of the experimental model is 800 mm, the unit Reynolds number is 0.46 x 10" —3.94 x 10" m ',
the Mach number is 5 — 8, and the angle of attack is 0°. The transition position and transition
front of the boundary layer on the surface of the model are obtained by the large-area infrared
thermogram technology. The analysis of the experimental results shows that there are crossflow
instability and the second mode transition in the boundary layer of the lifting body. As the unit
Reynolds number increases, the crossflow transition effect increases, the temperature rise on the
lower and upper surfaces of the model increases, the transition front moves forward, and the
transition area expands; as the Mach number increases, the crossflow transition effect gradually
weakens and the transition position moves downstream, and the transition area significantly

shrinks back. Moreover, the transition N factor at different Mach numbers and unit Reynolds
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CHEN J F, XU Y, JJANG W Q, et al. Infrared thermogram measurement experiment of hypersonic boundary-layer transition of
a lifting body[J]. Journal of Experiments in Fluid Mechanics, 2024, 38(5): 98-106.
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numbers are relatively close, but the N factors of the upper and lower surfaces are different. The

lower surface is about 6, and the upper surface is about 2.5. The high-frequency second mode

transition occurs in the side edge at high unit Reynolds numbers.

Keywords: lifting body; hypersonic wind tunnel; boundary layer transition; infrared

thermogram; " method
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Fig. 1 @1 m Hypersonic wind tunnel
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Table 2 Parameters of flow field
Ma,, po/MPa Ty/K P/ Pa T,/K Re,/m™ AR 1
5 0.50 381 988 64 0.99 x 107 MR
6 0.51 485 339 60 0.46 x 107 ]
6 1.11 487 726 60 0.98 x 107 TR
6 2.78 492 1740 60 2.38 x 107 TERIH
6 4.83 506 3030 61 3.94 x 107 ]
7 2.45 610 608 57 1.04 x 107 ]
8 4.4 724 436 52 0.99 x 107 ]
5 0.52 387 1020 65 1.00 x 107 b
6 0.48 479 316 59 0.44 x 107 X
6 1.10 489 715 60 0.96 x 107 R
6 2.81 523 1780 64 2.18 x 107 Eqi]
7 2.47 609 613 57 1.05 x 107 et 1)
8 4.37 733 433 53 0.97 x 107 i
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Fig. 4 Surface temperature rise on the lower surface
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Fig. 5 Temperature rise on the upper surface
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Fig. 6 Temperature rise on the lower surface
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Fig. 7 Temperature rise on the upper surface

4 e"itExTLE

BT/ PR B AR B I ek A% E 1k B8 (LST) AT LA
AT Hriin s b B 5 — RS 2 RS MBI AN AR
SERRE AR AE, I B A R R L RS 1 K A
T N R FARSLE, B N<e™ T7iE”. 9 7 BAE X

I 52 56 HOHE A v, B AR S [ X3 4R R A LA
AR e T vt S T AT U AT

X Ma, = 6. o = 0° Re, = 1.00 x 10" m™!
PIEEARSHATHH . B 8a) (D AA I TR
FIH A R A R E B NEEL S AR fiE
FEl: 0~1500 kHz), #ias |50 — B, 28 A M
MBS WEHFTT LA, b, RS H IR K1
Peshigi, HNRM NEWE KT B3R, 53Tk [22]
gE WAL, B 8 FI(d) NAIR f = 24 kHz i JE &
WA SN NEY M, 5K 8Ca) f(b)
ForT DAHENWT, MRS F 3 T b FTREMRA R E
B EREARET, MR KAEMGER. BN
IN B R T ASE Y 3 THD W T 43 AT B, TR 3R T A AR AL

I T 177

N:012345678910

(a) FREW N {E045
B (T 7T (M
01 2 3 4 5 6

N:

(b) LM N %51
| _IEEENNEN

N:012345678910

(¢) #ii%Hy 24 kHz N N R N G516
B 77 [
0 1 2 3 4 5 6

N:

(D) SZE Ny 24 kHz I LR N H 510

B8 NESH
Fig. 8 N-factor distribution

J

(a) TR
(b) k%

B9 NHFEZXSREALEARILE

Fig. 9 N-factor distribution compared with wind tunnel test



104 ST W

%

http://www.syltlx.com

BEN=6SHAMFERG, M ELREMNE N =
25 ML A, WH L. FRWLAZ P A faE
A IE MR AN F), b 3 THT (4 ) 46 e A Iz v R SR .

10 A1 11 23 %A Ma,, = 6 I A [ Re,, N ()1
R, ERMmMETFHMAE NEOSZLHST LR,
Al AR s N E il 28 TR AT B S R AR T A R
A B Re 3K, B U R 808 1Y 3, e SR P T A B
I, BARIXY K, B K. AR Re, TR N
BB EL, TRMmMEHHRMEHEIEN NEE
5~7 28, LERMAE 2~3 2 0. FREAER NHE
553wk [22] BT AR R N B CHL 5.6) K& SOk [24]
WA I N+ 408 . 546, 24 Re,, < 2.40 x
10" m "B, B Re 34 K, 4R N {H B 0& A 3 K.
73T RGI  3 ok 3h i 7 I 2 45 SR R R B Re, 3%
Ko JE KD KFCE 20 O 58 Feka 3, by b ] 9
FEP N A AR AL 5 X 78 A O

Re, = 0.50 x 10" m™
Re, = 1.00 x 10" m™ -
Re, = 2.40 x 10" m!

JER—

10 FRBEBTHTREAN N EEXRERFZHRERILE
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Fig. 11 N-factor distribution compared with wind tunnel test at
different Reynolds numbers on the upper surface
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Fig. 12 N-factor distribution compared with wind tunnel test at
different Mach numbers on the lower surface
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Fig. 13 N-factor distribution compared with wind tunnel test at
different Mach numbers on the upper surface
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Optimization of high-precision total enthalpy measurement method
based on the total temperature probe

ZHU Xinxin, LONG Yongsheng, ZHAO Shunhong, YANG Yuanjian,
LI Zeyu, ZHAO Wenfeng

Hypervelocity Aerodynamics Institute,

China Aerodynamics Research and Development Center, Mianyang 621000, China

Abstract: A kind of total temperature probe with Iridium Rhodium Iridium thermocouple is
developed for improving the total enthalpy measurement accuracy. The size parameters of each
component are optimized based on the fluid-thermal coupling model of the probe. The reheating
rate of the probe is not less than 0.9 after optimization. The calculation and test results show that
the temperature of the thermocouple node rises slowly as the temperature of the thermocouple
tail and the shielding case rises. This fact results in the temperature of thermocouple node
changing according to the measurement time period. So the measurement time period of the total
temperature value should be regulated and the total temperature value must be calibrated.
Therefore, a comparison calibration method is proposed, in which the total temperature probe
used in the supersonic flow field can be traced to the standard calibration device in the subsonic
flow field by an arc chamber total probe developed. Finally, the total enthalpy measurement test
based on the total temperature probe is carried out in the arc heated wind tunnel. And the
uncertainty of the total enthalpy measurement is calculated according to the uncertainty
evaluation method based on the precision limit and deviation limit. The test results show that the
total temperature probe has a high total enthalpy measurement accuracy. The repeatability
precision is about 3% and the uncertainty is about 6.4% in this test.

Keywords: total enthalpy measurement; the total temperature probe; fluid-thermal coupling;

traceability calibration; the uncertainty analysis
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Fig. 1 Total temperature probe structure
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Table 1 The retemperature rate under different working conditions

T SRFURAS 3 L B i T e S i T FE TR R RS AURE /K HIRRR
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2 L i 1100 K H 1352 0.964
3 5&;2‘;01?{’12 LEL ik #H 1399 0.997
4 550 K(##E) HI¥1100 K f 1271 0.906
5 550 K(##) 1100 K ¥ 1335 0.952
6 HIE1700 K %1700 K H 1898 0.939
7 24 IREE1700 K H 1988 0.984
8 5 )flf 50921112 #a i FLER H 2011 0.995
9 674 K %1700 K H 1678 0.875
10 674 K(FD EE1700 K 7 1968 0.974

SHMALHTRIP LA LM EER, B3
R X RRTED B S B R o A, B 4 08 TR IR AT IR
A2 0 T A DX 358 R B2 AT o SR B BT, RN R
P SO A N T 1, OB iR A B 4 AR AL
AR 1. AMIUK T 1, B9 #E B s e 1 AR AE
A BEWRCER N R SRS o H R A8 S5 AT i B i
Lk BRI 0, 2 W IR S RHE T B Y R AR T
A KPR R 3 A I B RE e A N E

FE 0L LT, BF W5 vty TR 4 e A 5 g T S
FE 14 1100 K, 1M R 37 AL N 1403 K, M 4 7] DL
A e B R RN A A TR R A A R AR R R A
A, R TR SR Wk NIRRT
CEIRD 23 A 5 B 3 1 5k 45 o0 A 4 B 3G AE, B 5
A H5ORE X A A, TR P AR B v . 45 S 4 R
FE AT DL AL, AR T 1R, BB ST 5
PRI 4 A [T 1) B R A OE SRR AR RO 5 BT R



0 %%

w1 % http://www.syltlx.com

R AR RPIRAS, &G B I 2 S R
A1305 K, Bl %N 0.930,

0 0.1 0.2 03040506 070809 1.0 1.1

Bl
S
n

Mach number:

3 SROHHSH
Fig. 3  Airflow Mach number distribution

Temperature/K: 1100 1200 1300 1400

=

RERE S
Fig. 4 Fluid-solid temperature distribution

AR TR A, B T T 1~ FEIRER, W
R 1. Lok 1Mo 5 5% 1R i i 52 Br ) & i
(17 O, B e A 0 5 i B IR P SAIK TSR AL SR, A
FL A ) i B A% AT R] BT ) B i B2 G A, Ok B P
7 A B AR A5 SR N 1305 K, BiR %~ 0.930. L
B 2 48 B BE B, IS bR B P B T IR R S ORI
SR AT, D] R B ) AR AR A R O, o
8 45 R IR AOUE ol B & e SR, I
TH 2 MERFHNER(R = 0.964). T.I 3 Z1E
T 2 R BE A R e A JE o HD BE Ae B, BT
B T AR B & S Ve SR, B E R
Bk 0.997; T4 3 WAL IE T % v HOB A 1 Rtk
B 7E AR 4 B0 2% 1R R RR B HE A SRS ORISR . T
AR5 AETE O 1A Lt DR R R E RS
550 K(Z MR FLFFHIRD, P& XAIE T Tl 4 A 4%
S, T T 5 JCHR S e AR S A T 4 1)
SR ALy 0.906, 1 G 48 S e B TG 5 1 52 =3 )
N 0.952. Z54 T 1A 2 A A, R R AR = A
IS S Bl RE R BT BB % Ak P R, OB BE AR T 4R S A
B g% s DR RO BT B D ST A R A T AR A

AU, (BT LETE BE i B SR IR R 2, IXFE
A DA 200k /> e r A 5 R 0 5 S A 2K

BT R — I ERE, SUBESRRRE G, 58 T
6~10. LLEPEFlAS B R ACARES T & Tl 2R %,
A LR IR ARAL, N R . T B UL, A
KPR T M FHR FE 1100 K A1 1700 K AL 4 fib
18, A — € #Eff, (R ERAE & BLAL S B, AN 52 4%
I AT

B F UL b B AT, B A 4 AR R
5 B iz 2 I R AN A F A8 S i T IR R AR Ak T AR Ak, X
A0 50K B U0 A B b R R AR HE S A L S
SCE T, TRy S o 0 5 b SR I R R AR A S
T 35 5 Al 35— [ e A M 2 Bl 0 = B ) 32 37
B R, A s T R R AT I R B IR B
S A2 A U BN IR B PN O e A . S SO A R
Hdm ot b e R AT 56Uk AN 3 AT
3 RRESTIHEEST

o HREE 2 94 ARG 5 I SR BR B RS, wilAE
T 5 s AR IR ER A, IETE X T R
TR I N AR . T kN B DR 22, R
56 /06T RO EREN A BEAT T R HE, 50 5 X 15
6 BAE AT T AN FE AT

-

‘&

m&ﬁ%h

E5 RENsEKBRA
Fig. 5 The total enthalpy measurement test photo
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Fig. 6 The process of calibrating the total temperature probe
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Table 2 The test results comparison between the total temperature
probe A and probe B

Heifi GRS MR H,

H

K& /MW /kPa /(MJ[-)ﬁg’l) / (MJ(-)lB;g")
a 2.78 197 0.879 0.911
b 3.97 212 1.348 1.385
c 5.26 256 1.631 1.655
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Table 3 The total enthalpy measurement results based on the total
temperature probe A
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