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Abstract: The curvilinear coordinate system’s immersion boundary method (IBM) can be used to
realize high-fidelity virtual-real mapping of the real aero-engine combustor in the design stage, and retain
all the geometric structure information. Based on the IBM method, large eddy simulation (LES) combined
with transported probability density functional turbulent combustion model (TPDF) was used to simulate
the real structure of a double-swirler combustor, a single-head model of a throughflow combustor and 1/10
model of a slinger combustor, and test the effectiveness of key technologies of the digital twin system.
Compared with the prediction and experiment results, the average errors of axial, radial and tangential
velocities near the outlet of the swirler of the double-swirler combustor were 15.7%, 23.8% and 15.0%,
respectively. The detailed turbulent combustion fields of the single-head model of a throughflow
combustor and the slinger combustor were analyzed under the unsteady state, and the average relative
errors of the outlet temperature distribution were 11.66% and 17.95%, respectively. Therefore, the
combustor’s digital twin system obtained based on virtual real mapping has certain effectiveness, and the

proposed method has potential engineering application prospects.
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K3 MRS AR N IR

Fig.3 Schematic diagram of scan line edge penetration

into the model

1.2 LES-TPDF =& 5 IBM W& &
LES >R FH 8 % pR 250t S8 i 3 Hh i A o, B3

SR R T g Ik RO 1 78 1 9 F 7 o0 s A A
A R /N0 e B il A i, RS B i T R 1
¥ vk BB BT B BUE B v, 4Rk
T2 N T TRE A 0200 25 5t Ak bR AR e 53 (]
UEUE 5 AR 5 AR R

0p 0 [Au__\_

E+a—§k(mpu,-)—0 (5)
0pit; 0 (Axj__ _ __ﬁ_@
TW_&(W) ”"”")_ 71 9

0 Aki)[ A1,~ ot Ay 812,]
| = —— t f—  — (6)
agk(m H371 g, T e



587

T % S RV E R T AR A R R R R 1549

f)p(p 0 (Ak,_., ) d (Akz)[ ﬂ %} (7)
“or T e i )= ve \ ) 1M ve

Horp pohy -2 58 i85 138 s i [8] 5 AR 7R 7 T AR I A%
% T A% T AR J N T AR AR 22 3 B9 Jacobian 4B

e, gy = o ax’ TR T £ £ A B

'?E’JJJT fjﬂJJT’}ZTﬁ M R LA AR R
A BR; poRF YR 15 R o R S I R i
RHBE Z R0 ;2R 5 S TIOR8 S5 4 x5 i) 1Y)
gy i QRN IMALIE M R E A2 B
Gauss-Ostrogradskii & # ¥ <7 1H 77 B FE AR FH oV I
Uy, 1B E R s 1E 7 40
fav%dwfas@nkds =0 (®

Gy

0 pi; _ 3 0p
fw m(W+fMGmmms_—fwmm&dw+
————

-
[ AjAy 0m;  AAy 0,
el e TR Y
lJI - 0& lJI 08¢

e

]nde

)

J‘ 99, V+ISG@mdS=J;J#AMm.EédS
dos T

w ot VI
AR P

(10)

X G HAR S T5 1] L 5 48 (L e 58
T b F 325 1] i AR SRR T A VAR IR, R
FHELRE I AR AT 2007 B A XR I, Al bR R AL
o AR IE 2P A 1 52 SO ROT0E i W07k
S IR 38 3 R — I 1] A5 Y o i S E
PRI AR Lt . DL B R T 09 B O k7
AT T AR R B HEL T R A

&Pap:Z\ e“(}aan"l‘Sp (11)

HAaom G Y Baa, BRI A o
LTI A% B AR 6 A WA AR O, T
B4 G IBM RS bR ICSR A T bR PRS2 4%
B Fhram sy ny w. es 1o 1, X8 524157 M
K& R R A A5 S AR ERIETI, 41 55 BT A AN g
T 38 i KR B3, I HARS T dp o

AR SC 3 Ak PR HOT AR AR RO R e X S
I Neumann i1 F 4514 . HR 4 IBM M A& 45 i 548
O [ A TS ) AR PO A A e — Tt A i B P A
(AT 5 1) (s ) DA% Ay [T A RE T, % T B HIOE X i 3

TR, B4 ] o A AR I Y S momentum —
_¢sass l%%ﬂ;itd]iﬁ*ﬂf j‘j

&PaP = anwelréaaa"'SP_&sas = (}nan+
(}Swaw +$eae +$lal +‘}Srar +SP (12)

§ momentum £ 5] £ K b, T AE SR A B WU
FERT A a, = 05 I o 33X Fp &b BEAH 24 T 3K i pied
g fE R 0, RITCI B ih 75514

WAk, S 06 T RE T B ST A B 3 AT, P RE T R
B0k SR T B = A ER BE I D 0B B TR
i, B

L,
ot
ref
ap = ap (1-n) (13)
P
7L,
SA_
Vg ov ow
Sp=Sp+—L n ng——+n.—| (14)
P P |J|~Lsn‘ (ﬂ_ 9i n, i

b Ay o B TR B 40 A RS B VIR T LR
R R 5 R 7 T A B S 5 Vi A 24 AT R A% v
T A T B T LD 1) AR BB 5 mn gm0 )R A
A X6 R T o] A5 Y T 9k [l 3 4 O ) i
Ve WA Ry 27 B 4

XoF A B i vh A5 TSR R o BRI A Kk
{ELAE P9 Y b i s O R, L 38 O B i B
Mo AT A ) B O AR o AR I S e =
dra, — o, BHUY XA bR L HE TR R

Prap = Z Gotto +Sp+ dpas— d,a, =
s,n,w.e,Lr

&Pas + &nan + &waw + &eae + &lal + &rar + SP ( 15)

S yesar vy g, 5 R F AL @p F By, P LA 231 Tkﬁ?
BT BT 2 ap = ap—a,, 2 a, =0 B, X
Fofr kb B 25 800 AR A M dea N dra, *Bél?
TER i A b g AEAF T, BN BURBE T 5510

R TSRS ) 5B A S ESCRIR G W i I )
K& oA, 5 K A REHLAS B G 0 s T AR

E-k({’”)+s(§"’)+m({’" ) +aw ™ (16)

Horr gk 55 mAS RIChE B AL 3 vh i B HILAS B4R A
,HjaézlK 6] AR A G k(2% R B
s (2™ RBFENLIT: m (&, @) R/ NREERA T o (&)
Ak N DRI, BEMLAR B AN A S A o A
oty iz 77 8 S hr i is Jr B AH L 2 T BEHLIUR]
ANRBETRA T, X BRI AR I B 1 X A ZI = (16)
o Ho /N RBETR A WU M AS 1Y, 5 IBM R A%



1550 o= 3

VAN S 1

FRICHY 23 A JC 5%, T REAILIT LA 1) 4% 8] Bl AL i iz
A PRI

oL
0x;

Horbrso Jy BEALIE BE , 1 Weiner 13 55 X, 5%
ToK . PHULTE R SCHEALEIZ B, 2505 1) AH 20 DA%
BbRic b [ A, 4o = 0,
1.3 BRA-FIi&HA A AAEARELS IBM & &

fiit s 2 s LR e == v, ot 2 R Th 2200 1R %5 1L
TE B A 2 R T Y TR , BRI RO 25 R S SO B R
SRS BIR, IE—E & AR N . A
SCR R T -7 A% BT R R A TR AR S T R T S
AR ST R AN Bl A A

WAL, TR P B L 28k, DA S Tk
{4V FH 7 #1023 2 S0 PO A B TR A A SR e, 5 0k 0%
FRE OB T HHOCR o (BTSRRI RL 1Y)
iz B LT I, D0 T AR Al R T 7 R ) e S A
BT BUR 5 BE T IR S A0 S5 ol B RS . 24
SR AN &L 4 JIF 735 79 DU 4% D90 A i, R 17 A7 8 6 0 T
FISEBIL T, T b= A FITSE RO AU
XoF ot 2 ok T B P, HE TR T
M R B AR — B [ B R L E P,
AL F IR RN, 20 F A A, R TR 7R
t~ (e + AKX B st ) Py Al 3 30 BE 1hg . 3% L s o
it ] SR i 5 P, 5% T RE TR XS AR 5 B P, BN
TZRLTFE (e + AORE 20 07 B, I FUR - 3803 )
Tetu o 58 BRSBTS () At e, G T RE TET 9 X BR
=8

BT IBM BRI B 5 o i) P AH A bR sl R e
5 LA A 75 0 e S5 Sy D A b 19 9 A B A A
FH RS b e 27 1 [ 14 BE 18 5 0 S0 BE T — B2 A
SEA—BUW, WE S Frs . PrE H A% brid 3
7N BE AT A 25 K T LS RE T A 3 A1 8L, X ki
[ E A7 N ARy KSR W (s F Ay 3 A Ny NI (E PO i
FHALAK B B ¥ SR A 10 WO R F-32 3h, W52 e 1k
- SR N B SR R, O PT BB R BORL 1 5 RE
T il 45 1 DRI 15 o

58, BIRL T AN RETE S — B[R] 25 Ar N 5 6
B bRic A BRI, 250 AE e~ (e + Ae)iX BERE] Py
I e L U v ol N (TIPS A SR VA W W A
DT AR, A1 6 Bin . Rk, B HIWP,,
JITAE 1 A& AR e 2 5 R R AR L, 2 0, TR SR
it AL 1) S SRS R R B )R

WL SRR SR T B SR A AP, QT RETH Y

s (&) =ul® an

Pl 4 SR MG R IR IR T S 3 2 14

Fig. 4 Schematic diagram of the particles bounce with

body-fitted grids
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Fig. 13 Time-averaged tangential velocity distribution

at the outlet of the swirler
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Fig. 14 Time-averaged radial velocity distribution at the

outlet of the swirler
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double-swirler combustor
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Fig. 17 Simulation results of time-average temperature

nephogram
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Fig. 18 Single-head model of a certain type of aviation gas

turbine combustor'!!
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Fig. 21 Transient three-dimensional streamline diagram

of the single-head combustor
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Fig. 22 Transient velocity vector nephogram on the central

section of the single-head combustor
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Fig. 23 Transient temperature nephogram on the central section

of the single-head combustor

Mass fraction of
kerosene

.
-0.06
-0.04

.0.02

24 BLARIAGE S AR T R S
Fig. 24 Kerosene mass fraction nephogram on the central

section of the single-head combustor
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Fig. 25 Time-average temperature nephogram on the central

section of the single-head combustor
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Fig. 26 Time-average radial temperature distribution of the

single-head combustor exit measurement point
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Fig. 27 Geometric model of the slinger combustor
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Fig. 28 Schematic diagram of the parallel block division
of slinger combustor in the curvilinear

coordinate system
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Fig. 29 Three-dimensional grid markers schematic
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time-averaged flow field
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Fig. 31 Three-dimensional grid markers for solving gas phase

combustion and droplet particle trajectories
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Fig. 32 Trajectory of kerosene droplet particles in cold

working condition
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Table 2 Relative error between the simulation and
experimental value of temperature distribution

at the outlet of the combustion chamber
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