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HEEZ XL B K e e, ERRATHZ R T —Brii 777 (first order approximation,
FOA) Xf H Tt EATAE 5 . AR Z vk, EERED AT RAT CHLTE— 1> 58 5 18 C IR V% B B
(landing and take-off cycle, LTO i ¥5) B BRL Y HER, %€ & oo 43 Hr 1 2 & sh LUK 9 HE ont L 4%
JAl s AR R . AR TR AR AR ICAO HERCEE PEE G . 7% bR R 5 AT S50
Feah b, B5A B U g T SO HE RS B IE AR, O T S BR RAT S HON TS Y W HE
B HEAT ARG . 0 L SRV AR K ShpL MR, 455 S0BR AT S8 ICAO HEUCBR TR T &
LM BEAR AL X F V5 e M HE B sE ) , IR T HER R AG S O s FIRHER B, CHLKmI R . K
A7 18 FE 5 R SHLIY 2 Ak S5 B 2 0 LR A5 G W HE S i ™ AR S ) o 38 ek X S R 3 AT SRR R TR
FIEE BB, s AT B S X AL HE 2018—2019 4E OB HEi &, #E57 T AL
e . YANG M Z R E PR 5dE . IR RS ESRE, Tk @ T 2015 48
A6 # E PR AL AL A RS HL . Hb T A5 55 B ORE ) HE O B, A S ORI AR HE R 290 149t
WINTHER 25612 #5771} 22 BF AW AR [ PR AL 37 50 BUR 9 HE OGS B0, 45 R R W8 2 A B B
HEHL & He o B R 40% . 20% A5 . STETTLER 451 g 5y 7 56 F9% J7 ik 09 9 [ AL 37 5047 40 HE 0
B, PRSI AAE S S R 25 K T 40%. Z 5 HE B SR ME T RHLTE A A RAT B B R T 1R
JNGEVT . WAT . R TETHBYBEAYE J1 435 30% . 7% . 100% . 85%), SRJGAEIR A G LR IX
4 AHES T R B {E (smoke number, SN), fie J& MR A0 B2 AE A5 15 3 PR A VR B (Cye) SHERFE 2L

SR, RMLAE S PRI AT L B v 4 ) R/ I AR R AR AT B Bk BB 1] B X0 JF A RS e i, |
iR TE RHLIEATBY B, KshBlfE W&k B4k, W H B AT K 250 RHLER i, 2R HEGR ik
&, IGEE AR FOA J7iimh 100% #fE 1 W BEH , WIATRE ™= A= B Kk 25 . S b, Miiss K shpLam
{8 5 S B o 2 A A7 AE B K MR B U X, EE A A5 U L e s A7 B SR A 10 B
(Quick Access Recorder, &R QAR £#), M BGRIE LM A AL FE &, SR 3% F R A ¥ 1 fl 4k
i 2 A I A Ak 72 (formation oxidation process, FOX), XJ 4= i Bt v B ik HE i #8 £ 2547 7 35 f 4
Mo SR, 2T AR R ML R DR FE B, 2 38 2ok 25 5 TR 458 S 7 400 R 7 0 1 46 ) s L a0 A 7 4%
PESLA TR, WRREH IR AR 2 4, BOZ kTRt m Al 5 T R GR U, JEm R4, T 0ok
FIHERCE o 5346, il SRS 4k /) CAIL & shHIL TS Y 0 HE IO B 75 R R LAY 7 R R 3R 8 R
T T B HE R FEA TSR

AWFFE R B777. A320. A321, A330, B738 KALSEZBR ©ATL 29 A9 QAR Kudls, MBRLERE =
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7 HE S B HE R AT IS, T & 4 M S TR L B AR R [RI A 25 LTO 1 5 50kE 4 HE ik 2%
b, IF X E PR ALY AL AR WAL 2 T /9 LTO 76 2 Uk HE i 275, U
K AL 1 RAL K SAILTS e HE O SR 00 i e Pk =2
1 ARMMED TR M LTO BB IHIBE BT EER
1.1 #EiR

UKL e ) 3 B AR L ORI (PM,,,), #8 & PEBR IR Eh UKL (PM,ops0), T8 & PEA DLIBURL
P (PM, o1 puctorganics) F1HE 2 V5 ¥ 91 A2 AT HLIBURLA) (PM,g100) 2B, T HE 448 2 M JORE 400 14 3 B2 40 43 Je- 2R
WIS H T i A T R R T AR BT MLRSURE B HE R T SRS, i R A X A 3 el
WOk AT AR . UM R ShPLBE IR AR AR, HE RS B S kA e, R HEX & sl
PR FRRDORLEE 52, E T B be . ARDFFEAETE BUAR AL A 8 Ak 1, AR 575 19 #A B X
RN ERE R T, #7158, X A ik b Aol adk o IR it vk, PEA 2 R shPLfE &%
AWLBEZETT T B LTO PR IR W HEBCRFIE R 5, T FR AR A 1 PR .
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Fig. 1 Estimation process of particulate emission
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characteristics trend in different sailing seasons
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WS E, e HEo TR AR 5 R M R Y HE S 1 ) B, HLE T B H T A AR Skt
ML= & Bl
1.3 #FEELXMREREB BRI (PM,, w0 HEBUEBITE R X

P8 M R R R ) 3 2t BRRMER AR T A . SO, 38 3 A AL AR FHAE B SO,, Bl 7E K@ i b
KA IR AE TS S B R 38 0K, L HE k8 8O Bl 2 2 B e (E A8 Ak i A8 4k, T B RORE B B
(fuel sulfur content, FSC) X SO, #| SO, M # % (¢) 1A 155 . BARITH SRS WICHR [6], THHE A
XL (6)o

(FSC)- () - (MW,u)

El = 10 6. 6
PMyo1-rsc ( ) MWsulphur ( )

X MW,,=96, MW, =32, FSC=0.068%, £=2.4%. KA¥}E Bift FSC. SO, [ SO, M3 ¢ 7]
REFAE 225, PEECHT I, ICAO B UUK FSC. & 20 MR 0.068% . 2.4%.
1.4 FEEMEHFRY) (PMvol-FuelOrganics) HEBUE B it E 5%

5 5 A HLSURE P HE R 502 K ICAO & s MLHE BCECHE 72 1T 9 1) e sh WL S Ak & 1 HE TCHs 21
HH A 6) G2 X (7).

Elpn,, oo = (8) * (ElficEngine) @)

Ao SR RAT B B IE E LR . X RDIRAS T A EE A8 4 6.17 mgrg . K 115
mg-g ', J€FF 76 mg-g'. #EIT 56.25 mg-g ',

AR ICAO HEFF Ty vk TH 53 45 K Mk it I 2k TR ) R 4% A AT ILIURE ) HE AR 8, 1455 QAR 4K
I b R I U 1 S AT I R S
1.5 FRSREYHME T ERE

WURLTS e Wy HEc i 2B & . AR \
B B AT INF ] LR HE s B sfe AR SE o i As
#% LTO JR AL 45« WF A7 /4 1 18 4% (Taxi), &
K (Take-off). J& | (Climb) I ## 3T (Approach) B4
4B B o S SCoR DML T B R AUZ 2 FEIE 3 000
P ROGE BN W, RS T, KLUk
Y HE S U s B L A s S
Bidt o — AR e R FEIE BRI 2 R

LTO & ¥ B, H1 &> ©AT By B i A [6] B %)
TR B Qg SRS £ Bl AH S Z J5 2200 B2 #Rf LTO g E
e B (8) FIi 7k Fig.2 Standard LTO cycle diagram
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oy o AWIFEEE S QAR B i BRI, TR (V) RRE TR (V). “ATREE (H). T TR
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ML LTO 1 ¥ Wk 9 HE i, % B B777. A320. A321, A330. B738(%&fid GE90O. V2500, V2522,
PW4000, CFMS56 &K 3IHl) CHLA K . Hik (EKk . A REHEET CHLMM A AL & 3iHl) B9 K
QAR ¥l , 1 AR A M 2= B R ZE LTO 163045 By B 0 0L M HE e HE 8, DA 2 1 20 b7
AR ZE T A [R5 i 25 25 0RE TS Je Wy HE i i A8 Ak o

2.1 fAEXS

Hr, E RS ARG GEMZEET 2RI R, 543 AR 1 M2 EAMENE =
10 A e 1A B 2N, PUTEBEMITR; 10 Aa 1 MM ENH 24—
3HAEE 1A EBNREBIS, PUTEAHFEZMILTHRIN, AR5 EEMEF R 2017—2018 i F4E, It
1369d. Hr, WIEEMMELT216d, £FAFIIF 153d. —F1H, XEH BRI MR
REZE . AFEIRAT AR . IR AR, 25002 2 50K 2 BT B A RIS #5218 00, 76 #7 i 2=
XA AP Sy — T, RAIERELREN, FEMKEAZELEXR . KEHAR
RES, CATHRUHEINA AR EIEERS b, MR QAR Zds b iy ©AT H I, B4 b QAR 4l 41
J B A ZEMPE QAR BidiE DL KM F A EMIE QAR 4l , VIXT AT ZE T RAL CAIL OB 9 HE A fb itk
17 /o
2.2 HIEIFIR

Ve AT R AT R S AL 5 QAR Bidis o MR I % 854l . & 3 /0 Bt 20 Hy 1A 0 4 Sk 45
P, B SR AR R A N R, S B I B ISR R O ARUETTH AR B, T s B
PEAT S B (B 6 o 3 BCRE AR 8 v T3 (38 o U0 ) 40 ) % S (B R A 7 Ah 3 o R AR 3K o ) ks 2 — A 531
R S8 (8 09 7k o O R bR 1 i 25 % — 8 BER E — A XA, I O JURE S i A X ] Y 13
2, AR TREVLRZ MR KR, SRR 2Z NIRRT LA . M5B QAR %l ,
it QAR IR G TR N, . AT E HASE RITS 8, R himir . &« J-F: . S 4 1By
Bto x4 AW Bk AT AR BRI, MAr AR R X X, X0 X ABEAREMME, HFEAWEME
X, BRI R 2 V(1<=b<=n), WL (9), WK X, &AM RKEEENIME, W55

Vol =X — X| > 30 )]
K. o MPRME 2 . B TEATE B ATIRE B AR, BOs 17 B B ik BUESUIE (B 7E (p-0) ~ (pto) 1Y
Bl mik L Tt dEE B RIT SRR, mBCEEE T (u-30) ~ (ut30) NI EE -

FAh, SR GLEE LTO MR AR HE R B N R K £, HEMX WA R CEE ., £l
PERE IR | DR T R AR L o i A O AN [RIAL 2R R OB TS e W ) HERCE K, 1B TR X QAR Bl #E AT
e, AMFRBER TR CEEME, Dl R A QAR BdE, Al BT E AT AT BN & B L
EGTM #5 H AR S AL H WIBH 09 & shLEE . X2 i T I & shFL g vE sk S e ™, 7l 22
W P e AR XU 5 e 4 HE TS ok 5
23 EFEZMBRIHEBIES

Hoe, LLHRTHE SRR . BRI FE R 5 i GE9O BU K shFl M, % kK shHl¥s 4 T B777 KHL
b, BEECH 2017—2018 4E 2 AN Rl 2R AL BE Y QAR E i R 1+ 5 MUK W HE #5850, T e B QAR %k
P, SESHE SRR N-10°C, feim ol 38.4°C, LA 2 3. [ AL )7 s X —4F Py 00 1 R A8 Ak
X[a], TR ILA 3,

TEWATRY B, CHLA CATIRES AR, RS MRS B e . B4k, PM,,, HECHE 20
XPRE , Al — B T AR AT I ] PM,,, HECHE £ shie BE AN K, A RR . HFEE %N
BARAWAE, PM,,, HEiHE 20N 29 40 mg-kg ' F# % 33 mgkg ', A B W R B[R PR EESR T,
PM,,, HElCe 8025 = i 26 . KB/ FAUPE PM,,,,, HEBCRE B0 . AR BE PM,,,, HERICRS B0k, AH
Z217.5%.
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Fig.3 PM

ot €mission indexs of LTO cycle of GE90 engine in different seasons

R CSEIME, ERERLEETNPM, W FHET 41.18%. 222%. 1Ef KB
PM, ., HE 5 & %0 M 221 mg-kg ' 22 4 F [ 2] 130 mg-kg ' € T By BE W) J& M 29 81 mg-kg™! [ & 63
gkgo BUERRMUPEM 5, & CHF PM,, HEETE BOH BB AT BTt = 1 5 A%, (R RES2 it ) 300
FENC T it B v 32 2 shAILAE T35 I . BRI B K52, 0 PM,,, HEICHE B0 K

IR, FESEIT B, ERK TR A EF D PM,,, HEIHE 80T % 17 23.08%, M%) 78 mgkg ' FE % 60
mg-kg', HSERMIE, PRMPE P E RA P, HE e B S 218 R, TR0k — B
Jo . HERCHE RS ARG K . XV BB RHLIE R R G2, W TR as CHL AR L, B2 5] T
BRZSAPBHTT, DB IR i i & LASRAE S Ry, AN PM,,,,, HE TS B0t = -

R 7843 e R AT K AILTE A [FI AL 22 ORL A HEBCREYE , DL A320. A330. A321. B738iX 4l F
TR QAR %l , IR HE R . LFMENTR Y HEE £ B T LB A 8 B B i HE
T8 802 S/ T B A BT L HEBOKSE AR HE S SOt I o Bt ek (WL IR 4), i,
35~17 °C WBUE A BRI PM,,,, HERLFE 50281k, 13~(-6 °C) FOEUE A& B ML Z N PM,,, HERTE 2L
Ak

HAET, FERHLE PM,,, HEBE B 2 HE A F R . BRI EH, (354 LR HE bk s £
RS EAEAE 22 5. Horp, XFT I RAE 0 A320 KHLS B738 KWL &, AR ZEMHEAITH BN
B, EARH B M S . BRI AR R AT, H A ALY PM,,, HE L HE BCH 4 B R 954, 40.2
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Fig.4 Typical aircraft PMnvol emission index of LTO cycle in different seasons
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Fig. 5 Typical aircraft average emission index of PMnvol in LTO cycle in different sailing seasons
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Table 1 PMvol-FSC and PMvol-FuelOrganics emission index

RIS TAERE HEiE HCHEIEERL PM, puctonganics TR X PM,rsc

GE90 (XD 7% 424 26.16 48.96
GE90 HEE 30% 0.06 3.375 48.96
GE90 JeFt: 85% 0.03 228 48.96
GE90 K 100% 0.04 4.6 48.96
V2500 K 7% 0.11 0.68 48.96
V2500 bii s iy 30% 0.06 3.375 48.96
V2500 est 85% 0.04 3.04 48.96
V2500 K 100% 0.04 4.6 48.96
CFM-56 84 7% 3.76 232 48.96
CFM-36 il 30% 0.08 45 48.96
CFM-56 TeF 85% 0.03 228 48.96
CFM-56 [N 100% 0.03 3.45 48.96
V2522 84 7% 0.14 0.86 48.96
V2522 ki 30% 0.07 3.94 48.96
V2522 JEF 85% 0.04 3.04 48.96
V2522 R 100% 0.03 3.45 48.96
PW4000 X 7% 4.66 28.75 48.96
PW4000 i 30% 0.07 3.94 48.96
PW4000 TeFt 85% 0.04 3.04 48.96
PW4000 K 100% 0.03 3.45 48.96
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Fig. 6 LTO cycle single flight particle pollutant emission under different seasons
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Fig. 8 Total PM emissions and daily emissions in different seasons of Beijing Capital International Airport
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Studies on LTO cyclic particulate emission characteristics of civil aircraft in
different flight seasons-A case study of Beijing Capital International Airport

QU Chungang”, KUANG Jiajun, YAN Jiawei

College of Aeronautical Engineering, Civil Aviation University of China, Tianjin 300300, China

*Corresponding author, E-mail: pgbird@sina.com

Abstract  Particulate emissions from aircraft can cause environmental impacts. . In order to evaluate the
emission levels of particulate pollutants in different flight seasons, an improved calculation method based on
black carbon formation oxidation method (FOX) was used to estimate the emission index of non-volatile
particulate matter (PM,,,,). Engine parameters such as air flow and fuel flow in historical QAR data of B777,
A320, A321, A330 and B738 were used to calculate the emission indices and emissions of particulate pollutants
from multiple LTO cycles in different flight seasons. The results showed that when the air temperature in
northern China increased significantly in summer compared with winter, although the PM,, emission index
showed a downward trend, the particulate matter emission of A320, A321, B738 and other main
aircraftincreasedsignificantly due to the influence of the increase in fuel consumption rate. The single LTO cycle
in summer and autumn increased by 15.3 g, 13.8 g, 13.4 g compared with winter and spring, respectively, with
an increase of 18.6%, 21.3%and 17.7%. The fuel consumption rate of B777 and other aircraft with large thrust
had little change in summer and autumn and winter and spring, and the single LTO cycle particulate matter
emissions in summer and autumn were slightly lower than that in winter and spring, with a decrease of only
about 3%, about 4.1 g. Taking the actual take-off and landing data of Beijing Capital International Airport as an
example, the total particulate emissions of the above main aircraft in summer and autumn increased by 0.5 t, 1.6
t, 1.7 t, 1.6 t and 3.7 t compared with winter and spring, respectively. The emission of particulate pollutants
varied significantly among different aircraft types in different aviation seasons, and its influence could not be
ignored. The analysis results of aircraft particulate emission characteristics in this study can provide a reference
for the civil aviation industry to establish a complete emission inventory and achieve accurate control of aero-
engine pollution.

Keywords aeroengine; Quick Access Recorder(QAR); pollutant emission characteristics; flight seasons;
landing and take-off cycle(LTO) cycles
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