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Simulation of windmilling-ram mode performance for
tandem TBCC engine

ZHANG Mingyang, WANG Zhanxue, ZHANG Xiaobo, ZHOU Li

(School of Power and Energy.,
Northwestern Polytechnical University, Xi'an 710129, China)

Abstract: The windmilling-ram mode performance simulation model was developed for a
tandem turbine-based combined cycle (TBCC) engine based on the matching of the compo-
nent low-speed characteristics. Extrapolation method for the compressor characteristics at
low-speed and high flow region was proposed, and the issues associated with the component
efficiency discontinuity at low speeds were solved through substitution of isentropic efficiency
by corrected torque while describing the characteristics map of rotational component. Influ-
ence of ram bypass area variation and turbine power offtake on the windmilling-ram mode
performance and component matching was analyzed, and parameter regulating laws during
mode transition, including the windmilling-ram mode, were investigated based on the
smooth variation of engine thrust and airflow. The simulation results showed that: under the
windmilling-ram mode, the fan operation was strongly related to the ram bypass area varia-
tion, exerting a relatively small influence on the compressor operation; with the increase of
the windmilling spool speed, turbine power offtake first rose and then dropped, and the spe-
cific impulse was linearly reduced with the increase of turbine power offtake, while the pow-
er offtake location of high-pressure or low-pressure turbine had a significant influence on the

component matching.
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Fig. 1 Schematic diagram and station number definition for the tandem TBCC engine
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the low-speed region

2.3 NMEMEBEERBHLAEER
e G AR ST o XU BB A — e kb - B 4
e B B AR R AR A AL, Ak T R
WY RN S 2.2 o A el g
B XU B LR AR TARR AR A R v
HBR AT A, =0]/g I BRI T 055
KA TR AR PEAT R A G 3275 J7 vk ekl i 4
P PRI B 7 12 B 30T ) R0 30 o T vk T3 S B
BRI 5 AR B DR OC R BUR S HLAE LR
DR I AR SR T 55— B LR
PEFR R Tk AN () Bz o BV el 7 4 e 04 3 ot
T 1Rl P o 2 7 b 1 ffe B R AR SR AR . [
HH L RS AR R TR RN T
W oo ins Tes Teor. b = f(gmm B (5)
7 2 37 XA i A 2 e ] T AR O R 2 I
FHRE VA5 7 R AR 2 A1 107 05 e L O s AR B
R TR AR A R 2 T R A XA b TR AR A ik
FRAR B Al T BE AN SR 4 s A 10 Ak AR AR

A9 AR TE X MERLS T BR AL
55 A o K S AL AT — A 98 1 AR g By /e
PR BE R W I 3 A — A5k 22 0 K
AP TSBCELPE S AR EZ 22 . e Lels il
T AR AR e A AR A 1 D 2R AU R i ]
WUHN G I — A P E AR ) E i Y WL
A (AL G 1 300 18] s AL 4 7 A s < o [
I BT 2R
x4 RNEFEESHERREIREENRESE

Table 4 Iteration and error variables for the simulation

model of the windmilling-ram mode

AR Bt AR 52507 1
PERIE 1 Ui R A
I3 it A 1 I3 L
U 1 3K HE LB 1
JE AL 1 J U1
AR 2 IR L U P 1
REE 2 T I S
ARy S 1 HH R
M 1 L e - iy
fih 2 LEROR 7Bk U IV R )

5 A AL R ) (E 2 O 45 BUR: 3 2UL SIHLAE
PERETHIE MO BV 22 10 R BRI 2 — . SR
T A A BT AR 2 A R L B T 0 R A B
BLAG KGR 2 2R BB 09 3R AU B WA 28 KL
B wh AR S RE TSR L A WAL S

3 HEERSHH

3.1 HEMNEERAZME

i o A0 TR AR Acs B OC TR S 2 4R
£ 0.35m”  3HRE K 0. 05m® , XU 0t E T
FRBE R 0. 1m® , AW AE JUAT £5 44 AR I8 5

R AR R R TR AR A XU RS KRS L
SHLTAE SR E 6 Fron. &) %0, 76 4%
H B E B o BEE Acs 3G, KU TAE A3
[ Dol S %) I/ S o A NP N A s R B S )
B RS TAE S A Oy R B R
JE H DL R A5 3 S B 3G s 2 A B OC T AR S 3
JnZ 0. 35m” W, XU F 40 450 3 8/ 28. 500,
FEECIEIN 5. 700, TAEBE i 40 $1 4% 7 56 48 4 1F
A S N 1105 S W ) B2 W s/ < RV = o |
2.0%  JELLHE N 1.5% . &5, i T wi R AR i



%12 i B BH A5 - AR B TBCC & sh ML EE b He B 25 4 R AL UL 2945
1.06 1.0
A4.,=035m* 0.3
1 g 0.2 -
; =00
1.04 - M ~0.05m 03 ok
] 20F
S1.02f 40 & 161
o L
1.2+
1.00 - —{3— Pressure ratio +4-03 2F
| —O— Efficiency g T
A.=0 m? _’j 38
0.98 — : A : L . L -1.0 1% C
30 35 40 45 34r
(W W, )V L 730
(a) WL %,:,_ 7251
132 0.64 " 0]
“ ' 0 0.1 0.2 0.3 0.4
Ad =005 m2 A m?
o Mg O‘OjD’ Ag03smt | o
N = ' B 7 Acs 28T & sh ML A IR 2 OG5 TG B 40 5 500 5 i)
) Fig. 7 Impact of Ac; variation on the key
= 1.30 | 4062 =
5 062 & non-dimensional parameters of the engine
A . =0m?
SR in the windmilling mode
1.29 = 0.61
2 3 1 N > o v
il R 5 b SR 235 A B 53 s 6 UL ok
1.28 47'0 : 4_}'_ : 48'0 : ;13I‘ 0.60 T ARSI AL REE S B A . R,
ok B A F 1 DI 326 8 T 2 00 5 8 7 /1
(b) FEAHL q(Acs) B/ o i RN B Wes R ik X

16 Acs 28 A0 R PR 285 XU R SO AR A i 52 il
Fig. 6 Impact of A¢; variation on the operating point

of fan and HPC, respectively

FTHE A 45 IR0 E 11370 B 08 8 A A1, XU 07 T
OB/ S KU R L3 . LR, B T KU L 3
s S BOURASHLDE CT R B0 SRR v R 2k
Fb - — A~ Bl R 5 3 B AR R A S 2 2
T AR W e BN AL T A I A 2 T B R D
% @y I L N I R (AR AR S [ S 7 SN S|
U T TRAT S BROGT SR 16 5 R s AL RS R Y
SR LAY L B b R AR T R ARAL
AT 8 B B o LT DA R T B O R A
BT LM AHES A, 28 Ak X A58 285 358 5 1
A3 e Ry I EG Bro, XU A X 48 50 55 5 7y o
A B FE A HLAR X 48 35 5 e o 55 R B ML KU BR
A TC N SRR L, IR 7 TR . A
PR b R A T T AR AR AR B AR T KUR 5 b R A
TR (1425 000 o 43 T 6 IRUR 3B 1F T AR S A k3
SEMA) X e AL I 3L/

HiP 6 A& 7 AT B Ac BN . & AL
WERESHY RS R Z N BB H, X F
5 ph AN DU R PR AR g (M) IS (L R A AT
S, B, M HTSCRT A, whRE AN R T R AR AL R T

(6 T A, 7 vh 5 AN SR B R poes FLETR
Lo FEARPEFEARZ RO T , Ay BT L 1Y I &2
AR R /N, T L & sh AL AL 2 R S B AR
A A 1ok B 27 12

Wes o &q(/\(te)A(tx (6)

3.2 REIEREMZMm

B 5 & BhMLAS JLAR] 25 4 Y AN 5, o e 1
XU A1 RS R 0. Tm® AR EEIN )/ o AR
P2 0 BE  1800 Ky 34 T 43 9 M i LR &
WE B xR B TBCC & shHL K 4 oh &
PR P BB B 1 A RS A 52 i R

TG a4 ARk AR A A A 3
i AF BTN E B RERE B TR S S
o R R e B I T 238 5 R AL 48 B B I iR
PRIy 58 55 IR 48 B30 R 1) A8 A R AR L T A AR
mE 8 s (E i P, Sy oy 2 i) . f &I Al %,
B XUl OB 980 58 7 0 /)N o B2 41
R 80 Ay 2% T K 0 5 3R S X A i R T R e s e
Vol /IN o 7 S — ) A Ak B I AL 7E A KU A
T HUIRAS S T 56 xS B b D R O R 5 SR
(19145 H T SR O H B 58 & s LGRS
S AL — B, BT AR SO E R HR R TBCC



2946 o= s #$33%
R BB 2 B B G o TR AT A A TR N a aaseien = 005
TR S T B B e R IR 497 kKW, 4 B B9 R AL | ¢ Ma3odcimb - \E
AR 2l 40 %6 . T 66 FE 38 46 T 40 19 J K il dimcers N O
A2y g 331 KW, AR A S A T 45 5 4% 3t e ||
209, 22 WHE R BUILK DL . 4 0 20 BB K |
{1 B IR TR 40 0 XU R L) ) 5 e |
SRR o B 4 30 P A0 XA RS T A9 i e 8
500 - R M
12 16 20
400 W, Jkgs)
5 300 P10 38 Ty S 4 BT A o R AL P o
:‘E_c 200 _ Fig. 10 Location of turbine power offtake line on the
L HPC characteristics map
100 -
i AR AV g e b 8 8 10 S F 38 ) #9 A0 FH JR AS AH EL AR
I Locked rotor Free windmilling T« i Fdfe 1 O AR S 2R B R FR S
(I} . 0!2 0!4 . 0!() . U!S m%‘@@EI”JEEHS/!%%?J%%HXIVE%'@ Ma =
" 3.0 A MUCARARAS A A5 7 B LK T s e T R
B8RSR AR R TR LR

Fig. 8 Turbine power offtake versus corrected spool

speed in the windmilling-ram mode

B9 FIPE 10 735 25 i 1 i A D R AR LT A
2 A KU AR SUHLER PE R PR i .
BT Ma=2.5 JeFHAR A Ma = 3.0 JE T ARZS
AR Ma=3.0 F i XGRS Cirb e 50 86 5 1) X
LAY AR GO B D TR 48 B I D .
A HHLE A A B i T A VR R B T
7o o S B TR W B8 VR T LE IR0 R B XURS B
B R AR B AR 4 AR R e A R O R
I p R AL B AR AR B 48 9% T L

1.8 :
®m Ma=2.5 climb ol |
16L ® Ma=3.0climb o Xy
A Ma=3.0windmilling \ \ |os
14 | — HPT powerofftake ~ \ o
| ---- LPTpoweroffiake \@® | \ 1075
= 0.7
g \
w2 - \ \ 0.65
. \ \ 0 6
1.0 ~ =% \a
\\”ff\‘ T 05
osk \’ \ 0_2 03 04
n =0.01 0.1
0-6 1 1 1 '} L L
0 10 20 30 40 50 60
H"\_‘“n.ﬂ'(kys)
O 4 D S48 BT AR 47 XU e R 1) 6
Fig. 9 Location of turbine power offtake line on the

fan characteristics map

FCU TG T 3 5 DAy AR i e 2 iy 3R %)
A7 o A2 Bl b P BE G i B R L AR 11 IR
(P I, A e A fe i) o fl o] 0, B 2 ) R 4R
HUA N » %2 ShHIL H w2 7 R A1 T o AR S 2k
KFLTER — I T, N m e 4 B R
FEwh R & BE g = TR IR Ge . MR R AR
Bf RSP 29 91535 s, MR T %l 300 kW
X T RS e N RS 3106, % TR E
WAL IR 2.3% . K12 M T REIERE
Ty 2 O He AL A6 i 2803 R 15 6 T 3 I
XoF XU B 45 0 A% 1Y) 5 e B . Fl T AT o T AE
G110 Ty ZR A B Bl i 42 B S5 1 1 DXL

0rg
-10f .
20f g
30+ ‘\\
40 HPT power offtake
————— LPT power offtake
-50 A (I SR T |
0 50 100 150 200 250 300
P kW
B11 i e Ty S48 UG KA ph FRASE S & gh AL L ol 14 5% T
Fig. 11 Impact of turbine power offtake on the engine

specific impulse in the windmilling-ram mode



512

KW BE 4 - BRI TBCC % sl BL XA i T AR 25 1 RE A3 411 2947

0 ’ 50 . 100 150 200 . 250 l 300
P /KW
12 XU o R 25 KURA R AL 55 4 005 B s
Ly A H U A8 A AL
Fig. 12 Isentropic efficiency of fan and HPC versus
turbine power offtake in the

windmilling-ram mode

T T AR 20K B Sl R AL AR S AR
He 2R IR TR 2 R AL B R I 4 28 4b F IE R
A AL B, AR e U, 103 6 ) SR AR LA
AN TR A2 o A S L o B 1 5 ) 25 SRR R
(ERORH LN NS EFCRTES A LN
3.3 IR

i TBCC & shHL1E S hk R 3 TEFHIR &
S8 RS A T 40t 40 i LA 168 B LS A L TR R
REVER 1873 K, e 4t Jig LA 46 vp R BEES T4, 1%
& R S ML I 58 4 OGP L RS S 5 4 5 W 28 D X
T o R RS T A U () PR RE K B ML I R s
FAEEE 8 24. 5kN Fil 10kg/ s,

RS 5 45 99 1), MSV, FVABI P4 J2 RVABI
AR JUART S5 K6 6 R T B T R ORTER & B AL
SRR I P T 7 RR 5 A R el T A I S T R
SR IR bR 3 2R RE R S AL ) LA ]
SRR E R . 7E R AN T I I, 56 g )
Z— S AT 7 1k XU A 1A 2 i R A T £
W s BIERAIE XUBe 20 38 O R0 B R R T XU i O
B Sk, wlE A B RVABI A1 E O AR A
AR B, 8% 3 38 2 /s FVABI P iF 0
A0 AR LA AR XUB A8 i T8 R . JE T LA B2
ABIE ST AR Hh DL RS e s ) 2 — B Bt L B
MR AN ) FT I 2 W i RVABI 40 i 0
TR As s [ B U /0N 32 08 58 2 0K Vi O 05 5 B
B, YR ge & sh ALk AR S S RN FV-
ABT P E T AR A F1 RVABI Py i 2E 11 77 FR
A 38 I VR TR B R I 1T 7 /0N IR A
F IR B E W 5 R sh WL I o8 42 O . RS

i At K BRI AS 5 1) 2 K50 ARG Al AR Xy B B 3k
ny (AL LA AN IR 13 7R . fy AT 2y /)
T 20% J5 . i R S HLEE A XGRS, TBCC %
SHAL LKA wb e B2 A B2 00 5 e S LI B
TR .

W, /(kels)

W, J(kes)

1 E 1 i 1 i 1 ] 1
0 20 40 60 80
7 1%

PRl 13 A AT fh o 42 ) 2 00 0K S ol A X R T )
Pl R A
Fig. 13 Control parameters versus relative rotational
speed of the low-pressure spool during

mode transition

P14 & T R B 4 A 0 S A KU A
FSHLER PR R A8 Hor KU rh A
A AR AL E 5 SCHR (3 T4 Hh A AR O 3 6 295 2R
AR —H, b B AR R G AR S XU A
JEAMLATE L B ms /N T 1.0, I Bl 25 e 5 1
/N ZHT AT 100 5 ek AN RS IR A



2948 Wi

B

3))

no iR 533 %

1.8 T
m Ma=2.5 climb Nom ||
16 & Ma=3.0climb R N |
—C— Mode transition \'-\ LY 08
14+ o)
&E 1.2 F
1.0 |
0.8
06 1 1 1 1 1 L
0 10 20 30 40 50 60
[ kels)
(a) JXUES
5
®  Ma=25 climb BRI
41 ® Ma=3.0climb == &
—0— Ma=3.0 windmilling \\\. "-I
I ] T
3k |
2 |
E |
2 | Windmilling 0.9
I =
0 i " 1
0 4 8 12 16 20
H‘;u:ur.lu}['(kgfg)
(b) FECHL

B14 RS 0 G XU b FRASEZS) AR A 7E IXUR
JEAMUARME I B

Fig. 14 Operating line of mode transition (including

windmilling-ram mode) on the characteristics

map of fan and HPC, respectively

A TAE S A& (B8 FE 9) A e B #5401
A 8550 3 Wiy R 300 A 32 R R A T T 3
Uit SO B R ASCHIL 4 A S A

RS e 4 s i T R S B T IR RS & sh HLTR
& P AR DG AT O HASE S e e ik AR R S AL ) Fn
2 PR AR E . T ) R A B 4 A ) )
B A SCE B4 % T FVABI F1 RVABI 1 i 194
TR FE B b T A ) N S R e E iR
MAS2) T MSV 43 i b L W5 457 0 365 11 AR L K 18k T
Uit A LA ) S O R R . SR SRS AT A
7 JE T 22 20 oI OO A A 4 R A A R S B
WA R

4 # i

A SR ST A LA R 458
1) S XA i A 285 P BB R 480 10 SC B A T
AR IBCTE I Y [ 4 90 AR e e 9 R B Y

PR DT PO AR T D ph S B LR AR AR I A R R
i@ 2 P AR Ay LR T A T R AR T RO Al
ik,

2) R A iR T AR A6 KRS B AR S
AR FERW R RN . B b RSN
T AL S0 A S HLXC 1 2 B R B U
Z A E

3) e AT 4R B AR A XA A /N S
ST AR JH A A T B IR T A L 4 A
TE AR (49 10U BE 1+ L b i i 30 25 A 36
FEA 2 ME AR D AR IBUN B (g AR T 48D %)
FREDCIE G A 2 R

A) JIr R b AR A A e O R S B T i B
S BAL UL Y 1 A2 SR BT 7E AL S XU b T B 2 A
P BB B BT TR DR 15 1 R ShHLAE S Az X

25 B

W ERE .
S Z 3K

[1] MCNELIS N, BARTOLOTTA. Revolutionary turbine ac-
celerator (RTA) demonstrator [ R]. ATAA-2005-3250,
2005.

LEDERER R, SCHWAB R, VOSS N. Hypersonic air-
breathing propulsion activities for SANGER[ R]. AIAA
91-5040,1991.

SOSOUNOV V A, TSKHOVREBOV M M, SOLONIN V
1, et al. The study of experimental turboramjets[ R]. ATAA
92-3720,1992.

MIYAGI H.KIMURA H.KISHI K, et al. Combined cycle
engine research in Japanese HYPR program[ R]. AIAA
98-3278,1998.

BLEVINS G,HARTSEL J,POWELL T. Variable concepts
for high Mach applications[ R]. ATAA 87-2103,1987.

XIHE S AT A RS S AL A TR R B L — Ak
BB D]. 75 %2 PE L Tl R, 2010.

LIU Zengwen. Integrated design of turbine based combined

2]

[3]

[5]

[6]

cycle engine and hypersonic vehicle[ D]. Xi’an: Northwest-
ern Polytechnical University,2010. (in Chinese)

fapid B SN AR 0 R SR S LT DL s
KM, 1997,23(3) :1-9.

M AR BT ARL. UIEIRZS T i B2 98 Y X g A
KRR )], 25 2 TR R4 4. 2013, 14(4) : 19-
23.

LI Shaowei, WANG Rugen, WU Peigen. Research on
effect of stator setting angle adjustment on the highly
loaded fan performance during windmilling[ J]. Journal of
Air Force Engineering University,2013,14(4):19-23. (in
Chinese)

BELLHR N BT IR B T 7 % S U A B S o
R A K Sh ML 5 e i B 43 17 (). L = 8 ) 4k,
2010,25(12) :2756-2762.



512

KW BE 4 - BRI TBCC % sl BL XA i T AR 25 1 RE A3 411

2949

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

HUANG Hongchao, WANG Zhanxue, CAI Yuanhu. Anal-
ysis of mode transition with thrust smoothing of small tur-
bine/ramjet combined cycle engine[ ]J]. Journal of Aero-
space Power,2010,25(12):2756-2762. (in Chinese)
CHEN M, TANG H L,ZHU Z L. Goal programming for
stable mode transition in tandem turbo-ramjet engines[J].
Chinese Journal of Aeronautics,2009,22(5):486-492.
MIYAGI H.MIYAGAWA H,MONJI T,et al. Combined
cycle engine research in Japanese HYPR project [ R].
ATAA 95-2751,1995.

KONDO M,MORII S,MURASHIMA K. Overview of the
Japanese national project “ super/hyper-sonic transport
propulsion system program”[ R]. AIAA 95-2445,1995.
YANAGI R,MORITA M,WATANABE Y,et al. Concep-
tual design of turbo-accelerator for HST combined cycle
engine[ R]. ASME Paper 92-GT-253,1992.

ITAHARA H,KOHARA S, TAKAGI S,et al. Turbo en-
gine research in Japanese HYPR project for HST com-
bined cycle engines[ R]. ATIAA 94-3358,1994.

SUZUKI M, KUNO N, TOBITA A, et al. Current status
of fan component research in HYPR program[ R]. ATAA
98-3280,1998.

KAWANO M,KUYAMA T,KOBAYASHI M, et al. De-
velopment of a high temperature combustor for HYPR
Mach 3 turbojet engines[ R]. AIAA 98-3281,1998.
SHIMIZU K,NOGAMI R. Current status of low pressure
turbine component research in HYPR program[ R]. ATAA

(18]

[19]

[20]

[21]

[22]

[23]

[24]

98-3282,1998.

KUO S C,DOERNBACH J D,CHAMPAGNE G,et al. A
scoping study for hypersonic transport propulsion systems
[R]. ASME Paper 92-GT-409,1992.

WALSH P P, FLETCHER P. Gas turbine performance
[M]. 2nd. Oxford, UK ; Blackwell Science Itd,2004.
KURZKE J. How to get component maps for aircraft gas
turbine performance calculations[ R]. ASME Paper 96-GT-
164,1996.

REIGLER C, BAUER M, KURZKE J. Some aspects of
modeling compressor behavior in gas turbine performance
calculations[ J]. Journal of Turbomachinery,2001,123(2) ;
372-378.

G XU AR AL, A5 T W 4R A 4 Y PR B
HAHEEIEL) ] AT 3 )24, 2009, 24(5) . 1136-1142.
WANG Yu, LIU Jianxun, LI Yinghong, et al. Research on
low speed characteristics of compressor based on parabola
extrapolation[ ] ]. Journal of Aerospace Power, 2009, 24
(5):1136-1142. (in Chinese)

SEXTON W R. A method to control turbofan engine start-
ing by varying compressor surge valve bleed[ D]. Blacks-
burg, Virginia; The Virginia Polytechnic Institute and
State University.2001.

GAUDET S R,GAUTHIER D. A simple sub-idle compo-
nent map extrapolation method [ R ]. ASME Paper
GT2007-27193,2007.

(h#.et #)





