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Abstract This paper reviews the scientific research philosophy and discipline layout of Prof. Yung-huai Kuo in the

field of thermo-chemically reacting flows occurring in hypersonic flights, and summarizes the research progress in shock
tunnel theories and methods for duplicating hypersonic flight conditions. The work has been achieved from 50 years
effort dedicated by the High Temperature Gas Dynamics Research Team founded by Prof. Kuo. Rapid generation an
rapid application of high temperature gas are an ideal method for wind tunnel operation, and a shock tunnel is such ar
experimental facility. The fundamental theory and governing equations for shock tunnel are presented first, and thest
demonstrate the unique advantages of shock tunnel technology for the ground-based testing of hypersonic vehicles. The
the feasibility, basic equations and key problems in the shock tunnel technology for duplicating required hypersonic
flight conditions are discussed. Aiming at solving the key problems, a theory is proposed for the detonation-driven
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shocktunnel from the technical development of detonation driver and its engineering applieatification. Finally, the

tailored condition for the detonation-driven shock tunnel is introduced, and lays the foundation for the operation of shock
tunnels with long test time. This condition is one of the mofiiailt problems encountered in developing high-enthalpy
shock tunnels. The problem has been investigated for decades, but not solved perfectly. With the proposed theory an
methods, several high-enthalpy tunnels are developed for covering the full flight envelope of hypersonic vehicles and its
applications show that the theory proposed here is successful and important for aerodynamic and kinetic study in the
hypersonic research field. The Team’s research work on the hypersonic ground testing facilities has realized the strategi
goal of Prof. Kuo’s discipline planning, and a world leading research platform was established for exploring hypersonic

thermo-chemically reacting flows.

Key words hypersonic, shock tunnel, duplicating flight conditions, detonation driver, tailored condition
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Fig.2 Pressure distribution along shock tube after diaphragm rupture
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Fig.3 Schematic diagram of shock tunnel

driver gas— driven gas—

reflected wave

»
_ -~ reflected
’ shock

incident shock

O]

Y

P 4 S R R B

Fig.4 Wave diagram of shock tunnel

FERGAIE TR o R b, ok ¥
AL, ARAF AT T 1 3 A s (Ts
M ps). SRJE ARG L S AE Ty, X (6) IR 2
RIS e . 3k 2B N Ms AT ps, 13X (5)
UL SR RS R I ) p. IR FEALE X T
WGRHEAT IEEACIRGS. 2 R AT g AR, NS
A, ps I RASALRENSIE L 4K py SCBL.
{52, il @) T, RSB SRS, py
P iR B i oK pa UG IN. H L3R e R BE 1 23
Braf g RATAA S T AR BLR, OB A T3k
R UK N B i RENS B A2 08 R SRS 0. X T
P RAT, X LK B MR S J it
DRI SR ), 2 AT B R A% DR,

3 BRREWHEBIREFHE

W TR B AT R W] UL RAT AR 2R
NN S HONIA) AT, (B A 8 AT
M i A2 I S 56 3 A L 1 ) R S R AR TR
T MR AR, FERM S AR
OrERUL. WA B PR T A ksl
Wl S, AP KR ), £ 2000C



5% 6

SRR B AT IR 5 ik 1287

Kot RARTIZ R BT &, 2> AL
BIRESR, 72 1 AR AT DA SRRy B R B 13
ROXFERIE, IR AME S 1.0x107 s R
[ 2 RFFD 6000 m, P EE, AR Sk —AN st B i),
EE 6 my AR M 0.06 em. XAt aL Ud, it
BRI T2 —F, 6 mKHINLS, 76 e
£ P> 6000 mFIIS i, M-S MK AT EBASLE PR
A2 O T AT 6 knys (1 %AT 8%, B TSkt
ST, AR AR R A . DR S I AT A A
AL I SRR, PR AR R K, IR
I FH R A% K 1) RAT 2 AR R0 52 I XU et 0 22 1 161,

5 =52 R R 8 718 71711 7 NP NP 1 B 3 7 R E
Epr b eI R TR R ATER N, AR
% 2.5~3.0 MW LI, XA AT DUEALR
IE AT S AL T RGR S M ZE X, T s
TR B A% O BRI B R i B RN, i HLAk
2 SO R EANBEA R N AR A, A A% e KR SE 5
(AR5 74 457 L YRR DU S AN T J 7. T Ml 5 1) vy R e
TR S B ABAUL,  E DXTR] ST 0 4 AR T S )
AAHMERL: (L) 422 RRONALRIRL, B AR A RE
TR Al B SR R S35 (2) 1 R B
PR ANAELEAMAZ E, 200K 2] 5 B 110 S T R
JE, PRUFECSE 40 2% [ N8 6. (3) 27 e b ROFE A
Pl B ROBE R AZ e KT I N ROBE, A3 70 AT 4%
(IR R A e 6% AR 3 %, R AR IE BRI 2 J
N5 (4) XT3N R R e AT, B
(RS ], DA AR e s, X AR T3k 15
e RGeSy R R Y. R Y
AN ) S B bl A A XU S S IR AT 4%
fF, XN ) SR A PR ), TR
GBS VA S R R (). ki v
TAC RG] 432 A (10 2 PR o A XTI %) 3K 50 D 236 ) L.
FESTIN 30 km =7 EHHRECH 8 I RATIRES, LB
ISR T 3000 K. AR T 2 HAR N
3 m, AT 4 D325 90 11 T kL, HA
TR SE R, 0 E B PR sl B L2 0 272 05
T-BC, AT 00 bt s ) SRR T 3R R SR A A AR b
) ey K2R vy e 75 T R J L P AN T RSB, i
AR TR T B H R 1 TS 220K )
R AR SRR S A H AT 6E T H% B

H 2 AT TR AR TP AR RR S B IR R 2R R
SV, 2l — AN KA N ISR S, AL
FRUE S5 B 1T ) e B R TR ik 20 GW, nith EK

FRIRE RS IR, AR IR RE 2 AR BN, B
ARSI IE T4, IR A BRI T 5.

WSS, XA ).
—ANEEARE RN, ks b, ER O, AR
BRSEAE . SR N T TR U AEIRSRAE I ) P i
ALRE s TR RS R 5 — A k. W AR TR
LR LI AR 5 R I A i W] LAy ik
2.8 kmys. {4 ZE N IZ I P FL , HRSEAE A E I s
M E 7 ATt 5 o, Hitb Bl L. ATk <
FERT PR e &, IR 2] T BAMER, R
BB K EA A RE, ARV ) R AR T
i A C-J AL (R I p Tk P 10 S A A AR B, R
BWE IR R, MBI B W, I
LR R RS, A TR IEIRES N R B
SRR PRI ), AR R RS IR S
J ).

pressure

. e
velocity .-
.

ignition position e /
* leading front

E;j;

clo.sg(.i-.;:nd detonation tube
5 JET Taylor KM LG H A IR 5 B AL R M i

Fig.5 Schematic diagram of the distribution of detonation wave
properties along the length of a detonation tube based Taylor

expansion wave theory

FER AT 9K S 25 AT A AU, i R Y i
FESRIIKBNAE S, M Bird®S P sk, —HE—
ANHEREL. 2B b, PSR IR A IR A AR A G ] gk ke
PR s T2 N TR 224 ) R 175
S ZHEMRR, JE T DI, HHE
PO R R 98 5l BERC BAE SR A 1) AT R
AN LGSR LI RE R, AU BED S A A R
AN EVR BB 5y, T CA IE R A
HTECRShEE, LLORRR X (81T 24 XA R
e 18 S5 TN E AR B VIR 2 15 5 N A R D koK
(Y] TH2-D B WA K. SRAF I8N Z )5 AT
i 4t 4 A5 [ BRIV R EaR T RS g
SR A A B N TR HR T 53 AR IR, &



1288 i o

=2 Eitd 2018 4F % 50 #&

ATHE IFL 25 B PRI AT el ok o v 3 280 [ i it e 1221,
Hrh—Ii AR e 2 YUN B BEER, fefi
I8 J52 1) A% 25 B 20y m] R 3 23 () e P E RSP AR . )
— TG U S0 RS B, R T BB Ak
T RN PR e T O, TR G JE e [l 6 4510 T JF 12
ST ps 2R Rz FEIE )40 A1 BT AHeR
BRI s 7 93 A PRSI R W T IF12 /2 I3k IR ) o
LS PERE, WIGE T LR P ISR AR (BT 31
wH TREVERE.

BT RAEAFNI 24, kISR
SRR B — AN KT 4000 K, 32 FRT pa FORR R,
F ) 5 ATRIGE, I ) I B TR AT s TR I
REfE, DR A i Skl o0 IR SUARANMUE D &, i HL Bl &K
RSV 1E S IR SR e B R T 5 A% T R
) SR UK S 2 IO DR Bh i 0. H e R BN IK Dk i A7 1
S EETF B AW gk, AL IE 0] MR AR
LB AR B AR AR, TR IR AN [ 8, Jiang
S8 OS] HH — /N 5T JR00pe S S e A8 1 72 Jls 28 1 ) A%
LUK, iR EaE 7 R

0.9 *10°
< No: 20120117 Pitot 1-5
E 0.7
0.5
0.3
0.1 . . . . . .
0 25 50 75 100 125 150
9 time/ms
e No: 20120117 ps
S5
22
1
0 25 50 75 100 125 150

time/ms
6 JF12E B XM EE S ps HLR A 4G5 g th2k
Fig.6 Reservoir pressumg; and Pitot pressure histories for shock

tunnel JF12

auxiliary
detonation

driver
reflecting
- cavity

detonation driver
ignition position

P 7 Wl S S R [ SR R Al s s R

pressure distribution

PA |

Fig.7 Schematic diagram of forward detonation driver with a shock

reflecting cavity
S R 1) SR B IR S A% il 3 A L e

HUREN B WO RO AR R B, 2 A 7
HH RIS s 0 93 AT IR R SE B N O TR, w1 8

(0 S U L N A S B, R PR AR AR 5 e
BYEE, PEAEREIR SN, S BATIRDE. ki
XA BAT S, B R #15 BAS R R RS 4 v
122K BRI B K T4 2 B, 1Rl K K
N R TR R IR A SO ISR R A
FEDTHR. LEVRR S TR I ) S 0 K ) 2 1) N S
gEpg, PR PATHOE R, TN AT IO S X T
SO R B U AR, I S S R I )
LB IRENZRAACTE VTR JEUU). ipe S S 2R 0T 1 65 13 0K
B B T b N T T IF L0 45 BIK 5 e 8 e uple XU
fEfE A I RIE 7000 K ISR, B84 T
JFLOMT R OB R 1) ps 112k, s g Bt B ] 23 A3 (14
Rtk R WU S S L 1 1) 2R IR B o I D T Bk T
AR AR, SRAF T 6 msHUSCIG R, 45 H
TR IR S 1 .

40 1
35+ 03~07(p4=3.0 MPa, p;=11 MPa, Ms=11.8)
30+
25+
20
15+
10+

5 L

OF 1 1 1 1 1 1
14 15 16 17 18 19 20

time/ms

1 8 JFL10%5 25 9K A v K e KR 3T 2 1k ) i

Fig. 8 Reservoir pressui; history for detonation shock tunnel JF10

p/MPa

YRy s 3 5 598 A S XTI 9K ) 25 1) B B
PR FAN RS HOE KB AR . 2
(1) "IH: O TEMBT Z2REGEER, B2
PSR NS S AR T T A R IR Bl A
FetERELEE. B 9 25 1 OKEh SRR PR AT K S s L
5N B AR G R e I AT AL, I SRR
PSRBT, 2 NS S AR B T
21N, i BN s R SR . SRATINA S T4
AR BE G T P o P HOR SR R KB RE T, HE A
W R EOR T 3 I, B s g SRtk SRR
RPN R WA, RTINS, thaET
RRFER AN B, Fltn, R 2 KB Uk,
REMEIRAT S 5 AN bz, FERHTINIAEAR, fighs
ARAF S LI I B R A (R KRR
INFRANHE T 2 R 22 Ada A7 ™ Fh ) A, BRI T
ISR BN Rp 2 A B AN e
A5 T K.



5% 6 ORI e A AT IR B 5 Tk 1289

driven gas: air, 300 K

300 driver gas
air, 300 K
250 -
L, 200F air, 600 K
Y
S 150 F
] -
00 H,, 300 K
50 H,, 600 K
1 1 1 1 1 1 ]

1
1.0 1.5 20 25 30 35 40 45 5.0
Ms

9 BRF AN IR SN s 5 N SO SRR R R

Fig.9 Mach number of incident shock versus properties of driver gas

and pressures ratio of driver and driven gases

SRR R IR A AR R AT 3000 K 22 A7 1A
JEE, X5 H R R RS A E LA S 1. IS
IR PR R, I RENS 11 B S AR B <
WHTES L. Pr S B AT BRI IS BT,
T H I RE W N R KR K 8l 7 i

4 REIRENAGE XE S A S

P WIS BRI TR — AN SRR RES B, —
FECHR A2 LA R o AT TG B s KK B s ZE K

S I B AT HEIST 8256 I [a] 4 A 2~5 ms.

Holdendi i, &G AR S FH 1A BE R
SEK I ) AT AR 3 KT/ PIAE B A
EZIPA N = PR S S QU I S b i
SR (LHDst, JF12)C 251k %1 100 m&tol, 4k
DAL 4 S5 56 B i) 5 G rhie PR A Rt R 5 DD AR OG, I
HH i S ORI R N S IR E A UK ) B vt T
RSz 55 R AN SR ST 2 () AR B RS IR
SEagmn T KGR B 5 R P RRE, 4R R T A RE
I} ]

X T KGR, AN AR AR R I 3R AR
e A I ) R B A A, X S TR SR R XU
BAT SR A, ARS8 A B TIRAS. SHmULHT
IBATIRAS BRI PR T 2 ok 10 Ak 2 S 3 ) 3 = S AR A )
SR T, BRI I o) B e s AL, i
VERCRAE T, IS o i, A =4
ST, I ps = prs Us = Uy ~ 0. 1 TS P s
JIATE], FI1F p2 = ps, Uz = Us. SN THBCNAEQ X
AL RR I 2o AT I

Uz

=%

Ps
P2

y2(y2-1)
2

35 55 BB R R 2 AE © DXL P A% 3 0 24T 0%
E5)l:a

-1
(8)

(y2+1)ps
b2—Dps 1]

L
Us _ P3 _
a3
y3(y3—=1)|(y3+1)pr
\/ 2 (73—1)p3+l]
bs_y
P2 ©)
y3(y3-1)|(ya+1)ps
\/ 2 [(Va—l)P2+1]

2 (8) FREAI (9), M Eyz = 15 3 = ya fHHH
1+ (7”1)(5—1)
2_n 21 \p2
& vag . (74+1)(E_1)
2ys \P2
TX 5 A K Bl AR B ) A S DT RS 4.
SR ANE 2 TIIEC
& _ 2 (g1 (ya—1)M2+2
a_l‘wl( "W){ 2n(MZ2-1)
0.5
e LV
[C R S YV M )

(10)

M BT EAE S ULAC S5 E Ms o2 5K )
SRR A FTELL an/aq FLHEALE yo A ys 10K
B HERNIE B 5 s A AL > AT A6 L
BT RE P L aa/ag, BIVRT G E 48 A Eh AR AL

IR 77 A2 R IR B e B AR B
PRSI0 . 38 W A K BN I S8 U =R
U, HWEUARPIRAS S Hg e, Fhim LR
MR B e, RIVSES8 AR IR A . X T
i ARIKEN, T 3R RS AN R ARG IR
FRXRIEAT T2 EIRAS, T AR IR B AR 4 0 A
P IRES L — P50 R s R U
W BB R AR B, AR E N
FAOKB SR DASR  FL R, 2 it e v S D PG
DL 2, AT BRI AR S, AR A
MR AN A, RN AR

HESE KB T AN H R e s AR K Bl —F . AT
AL IR ) AR VI AR 2H 73 SRAF AN R 5 B (¥ 4
P SR A, AT SRAT AN TR ik e . S 3



s

1290 F

)i

Eitd 2018 4F % 50 #&

o
R

WOHT IS R b 1 10 45 1 12, K Ik ) S 1
DCTRC 38 T 5 B B A R 2R R ) AR RS 3K
MR, B S =R k. 7R IR < kb 4
AR RSB TR SR E L. B 10 fh45 Rk
T AEBRARGR AL IR, AN R M < 4k
YIPESR i T RS A AT, T HLIS R T A TR
SRR, BIESR S IR B SR R R, 38
Perm TS ). R IR B 5 I O S H O,
A AT R T4 A s T AR S UC RN 3R 3h BE 1 R4 Tt
ST M AR A, W NS m A,
TR T4 vo 2 2 U T R SR 2 A 8, AR A PR
(. PR, SR 3N, BRAR T R i R s ).
XfFE GRS, W TR 9 2 — KPR AL,
SRAERE T H TR IR SRR S R, e
BRI FIE 7000 K1) s <. (HA2, REFI
AIRIB AL, P A Ol SR B AR Je Al
= SUIRIFFE 7 1.

10
9 -
sl driver gas:
2H,+0,+Ar% or He%
2L P,=0.1 MPa
< 7,=295 K
6 -
test gas:
51 air
T,)=295 K
4t =14
1 1 1 1 1 1 1
60 40 20 0 20 40 60
Ar/% He/%

Pl 10 J2 225K 5) S THT VG ME s S A 5 SR Bl AR UG 20 231K G 3R
Fig.10 Incident shock Mach number versus concentration of helium or
argon dilution for stoichiometric oxyhydrogen for tailored conditions in

a detonation-driven shock tube
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