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Abstract: In-situ measurement of PM, ¢ physical and chemical properties is a substantial approach for the mechanism investigation of
PM, ; pollution. Minimizing PM, ; transport loss in sampling tube is essential for ensuring the accuracy of the measurement result. In
order to estimate the integrated PM,  transport efficiency in sampling tube and optimize tube designs, the effects of different tube
factors (length, bore size and bend number) on the PM, ; transport were analyzed based on numerical computation. The results showed
that PM, , mass concentration transport efficiency of vertical tube with flow rate at 20. 0 Lemin~", bore size at 4 mm, length at 1.0 m
was 89. 6% . However, the transport efficiency increased to 98. 3% when the bore size increased to 14 mm. PM,  mass concentration
transport efficiency of horizontal tube with flow rate at 1. 0 L-min ", bore size at 4 mm, length at 10. 0 m was 86. 7% , and increased
10 99.2% with length at 0.5 m. Low transport efficiency of 85.2% for PM, 5 mass concentration was estimated in bend with flow rate
at 20.0 L-min~", bore size at 4 mm, curvature angle at 90°. Laminar flow of air in tube through keeping the ratio of flow rate
(L-min™") and bore size (mm) below 1.4 was beneficial to decrease the PM, , transport loss. For the target of PM, ; transport
elficiency higher than 97% , it was advised to use vertical sampling tubes with length less than 6.0 m for the flow rates of 2.5, 5.0,

10.0 L-min~" and bore size larger than 12 mm for the flow rates of 16. 7 or 20. 0 L-min ™"

. For horizontal sampling tubes, tube length
was decided by the ratio of flow rate and bore size. Meanwhile, it was suggested to decrease the amount of the bends in tube of
turbulent flow.

Key words:fine particulate matter; sampling tube; transport loss; transport efficiency; on-line measurement
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Fig. 6 Impact of horizontal tube length on PM, 5 transport efficiency



12 4 AR - BT R A AR, MR R A B AE F A0 G T A 4463

100.00

80,00

60.00

T

40.00 =

BRI R %

A o —m— TR

o e ik
0.:.“.......| odov gl AR | \
0,001 0.01 0.1 1 2.5

HifEdy/um

B7 Q=1.0L-min™', L=10.0 m, D =4 mm
FHTKTEERMA B ERER
Fig. 7 Transport efficiency of particulate matter in horizontal tube

(Q=1.0L-min~', L=10.0 m and D =4 mm)

BRI k. ) b T B (IR 5) KT i
(B 7) WBURL Y S 8 S m] i K BRI S A
PRI A, > 1 pom X —4 5 1230 B ORE ) o
7 FEOR, PRI K P48 (1 P Joie 2 4 3 i 8 20 3 I R A1
TREER; 5K d <0.1 pm EEZY"
DTS, RO UL T 548 A TG, HixIX.
S ORI RO B o E R PRI I R B B KT A
N PM, B0 B i ik AR A AR ]
BARUL, Al — i, ERAN TR HE RN
PM, ik ZO% = Tk 8 B, /N AT DL
PM, Bk &80%. 2 DASCHR [ 21 | BT 22 SR 50RE 4 i
ERCRNAE 97% M UL B RIR, 5 PM, (B0 EEA &
SRR , TR R A B RO A B i iy
20.0 Lemin~'A116.7 L-min "B} & KIEF K 0.5 ~
10.0 m B FF5 2K, W 2.5, 5.0 #110.0
Lemin B, B BUE K A 6.0 m; R 1.0
Lemin ™ B} KW AT 0.5 m. 5FEEKEA L

100.00 A—-=ut P T
F = e — __#
. 9999 -
BN
%
9998 - (a) Bk
3
$
(] o
.ﬁ" 99.97
% @/L-min”'-D/mm
99.96 ~C—20.0-14 16.7-14 ——10.0-14
——10.0-10  —&—5.0-10 ¥ 5.0-4
9905 E-25-10  —P-25-4  —B-10-4 g
| 2 3 4
HREAM

RFEAL a8, 25 R F % AR B, A RIEH 7 0.5 ~
10. 0 m BFIFRF A 23K, 245 R K48 i, 0 iy AR 4
Q/DHER/INRESE, 2 /D > 1.0 B, B RKIEH A
0.5~10.0 m HFAHER; 0.5<Q/D < 1.0 B, 2
BEKAMIT 5.0 m; Q/D <0.5 I, 3K A #E
2.0 m.
2.3 AN AN i 2 SR R

A — B T 2 0 BN [R 1) SRR %
FE PM,, s RAER R — R FH IR Sy 90° Y 45 45 1%
BeK R BORISE FURFEA B, 2545 A <3 I )
RAMUE R FIEVE R, TR ) 2 105 A Ak R A 0T
BL K 8 AZWMALAT N PM, B0k B AT IR
A ECRM A A B H A g B, T AL, A N
R, PM,, o Biue B 326 2000 3 0 o e vk B T 326 K
RIS 5 T HILE 99% L -, H S
EEE B I 2 R AR M T 1% . B9 i
AL N PM,, B0k B 1 5T 2 vk i i 6 50R AR 1k
L. AT A IS A N PM,, B0 B ik Ak
RIGTE 99% LA b 74 SCHk[ 21 ] 2R, PM, ik
JE B 36 ORS00 ) 55 B0k BEAE AR B 10 25 57 T
#16.7 Lomin™' |, B 4 mm, Jii & 20.0 L-min ",
B4 mm, i 20.0 Lomin ™', 46 mm % 3 4
ZAF R PM,, T v B ik ROR I TE 97 % L
T, HA A 20.0 Lomin ™' | 48 4 mm, HihE 20.0
Lemin™' | 1% 6 mm &8 W ik 80F 45 51k
85.21% 1 87.33% , HFifi %5 25 & 2 H 54, Hay 2% 3%
R ERRAL, SEECN 4 BF A 20.0 Lomin ™' | &
4 mm P PM, R E R SCRINE 55% .

i 20.0 Lomin ™' | 424 mm 4 PM, (i
U B B 3 R A IR, (O B 6 R e Gk
99% , B IZ 25 A T 45 48 N JB0RE 40 i 16 245 2 Ak
TEBLIE—2 B IF oM (& 10). o & 10 ] AT, ks

99.60 ¥

Ef e =

: S

9920 | (b) EHEE

% )

3 9880 F

~
98.40
98.00 L : : :

! 2 3 4

W E A

ES ERSSHTEE PM, HENE0Em

Fig. 8 Impact of bend in laminar flow on PM, 5 transport efficiency



4464 7

e ¥ 37 %

100,00
= 99.00 - "_'—'_t-_____————_—____’
g}
= 98.00 F
#
&
£ 9700}
A
= O/Lmin™"-D/mm
§F 900l A 20.0-4
—e— 20.0-6
(a) S I = 16.7-4
95.00 |, y i i
1 2 3 4

HHEAA

100.00 F

90.00

80.00

70.00

PR R /%

60.00
(b) Jif 13k e JiE

5000 -,

et Gl

B9 mRSEHETESEN PM,  AEHERHM

Fig. 9 Impact of bend in turbulent flow on PM, 5 transport efficiency

Prask £ 2AED T d, >0.3 wm R IZRARIE A
UKL o B W B2 o5 LUK 87.30% , BUE W B2 o o
4.15% , DA IH S A8 i e 5P T A ML o) 25 ey U
Yy s e B2k S EURIR AT E N PM, TR
PRI . (L Rk A T A2 k.

100,00

80.00

60.00

WUk IEECE %

40.00 ' ) :
0.001 0.01 0.1 1 25

Fifddy/um

B 10 ©=20.0 L-min~!, D=4 mm, #=90°
EUHTESERRYMERE
Fig. 10 Transport efficiency of particulate matter at bend of tube

(0=20.0 L-min~!, D=4 mm, =90°)

A B AT 71 525 48 (SO TR 2
T PM, R A FCR A R, AR LT
WA BOCRA E T 97%. {H Von 4% K& P25 4% 4b
PM, e T 45 SR N T BRI 25 R X 22
AT RESE: R T S A P URE A 9 AS R A Hh 7 o Rk
FE RSB EARGI AN AR R R L. 1A,
UKL 4 A 16 RO R i A A AR S HA A B
TERORZ R B A AN T ke e 2 R IR AR i 26 230
K FT UL, IR SRR N PM, ik sk
R OLEE I N TS NI T, R e 25 A A 8
2.4 HAtEmEE

WOk 7E R AR I N 2%, BRAZ iR 3
FICUTC R S5 2 LML 52 M A1, 18 2% & A i L UL A R A
TERUIE. R IR T B R4 7 R AR Y

ZEAS oG VR Kk AU, B TR AR
L3 0 A R I TE AR T, DRl I 250 e X i el YT R 4
K T e, HAn, Ry i DORE A5 &
R XoF PR o HEBOREA , A0 Lin 4E7% & BE 0. 03
pm F AN SR AT R 1B, FER R 1.0
Lemin™' | 1 3.0 m, B 7. 94 mm REALKM L
N R A RCRICE 88% , 4K F LR KL
WA | RSB T DLRRARER L DL 2 . AR
PR 25457 5 126 BRLAR Ao FELR -, L P T ot T g
e THABTTREAL . A KPR A L AR,
FAL ] o0 A1 SV IARAL T 3% IR 4% 2 VAR A (AT R A 52
PR AR R i i SR FH S b 4 i, Lt P I
AR, RS TR TR PR B N AL TR B
JE AN RAEAE A R AR T IR, 3 BB )
P e T 1) A1 T b B Bl 7= AR LR ) Von S5
TR X TF R RAE RS RE 55 N
T JE 22 7E 40°C LA I, #RGT B 4 2% & ] Z2 B8 AT
AR, YRR I S IR A B I, 0K )t 25
o TR = AR DR (H 25 S PM, s i —
AN 2200 B s O EL A O 313828 30 S Rl 2
PR AR 58 AR X LA T 43T

3 i

(1) BRI ARIEE A 3AL T 208
RIEI. S A A L, SRR N SN R L S
AL HJ 653-2013 1 PM, , B 6 0R N K T & T
97% HIESR. XA E 4 20.0 L-min ' HRAEE N
RZ LT, PM, iR R0 = T 99% |, 1M it IR 2
90% . X FHiEN2.5,5.0 F110.0 L-min " '{YZ51%
R PRFEAT I RN 4 ~ 14 mm 45 E HI 653-
2013 3R ; 16.7 Lemin "' F120. 0 L-min ™" {X#5 81



12 1

AR - BT R A AR, MR R A B AE F A0 G T A

4465

EHEERRKT 12 mm BB E RS, MEN 1.0

Lemin =" H5 F0RLH 4500 B T AH DG 1 W AL RS 1D

i RFER AL T 2T A, P, Bk B i 26 S50R 4TS

T 97 % , S Br I FH i M AR I X R4S B 2R A 7

PHEE R

(2) R KT PM,  fi a2 2505 9 5 e i 3 5 A )
IR B AR M A A G, [ —iii, R
PF R BN PM, R RO & T8 %, 1)
B ATLARE 5 PM, JHR R0, SEORIEA XMR
FEALES , TCIE 2 8 A I 2 K I T 1. 0
Lemin ™ B, @ UGEBREE K AT 0.5 m A REEE,
WHEHN2.5,5.0F10.0 L-min "' i}, BEBGERRAT K
AL 6.0 m MRAEE; EN 16.7 Lemin ™" Fl
20.0 Lemin ' K K4 0.5 ~10. 0 m IF 554 H)
653-2013 ZE3K. 5 BT Wk A OGRS, #K
R EE R EK K05 ~10.0 m WA HI 653-
2013 23R ; AR HACHE I WINARYE Q/D fH K/
KL, Q/D>1.0 B KN 0.5 ~10.0 m 1
AR, 0.5 <Q/D<1.0 I KA 5.0
m; Q/D <0.5 B KN AL 2.0 m.

(3) A A MR A B, PM, I v B
AR AR T UK D 90° B, A it 20.0
Lmin™', %% 4 mm, Jit 20.0 L-min~', 6
mm P I A 2 AL, PM, | J5 at ve J3E i a6 2503 03 |
H 85.21% H187.33% . MHim PM, s ML KCR
() F61 325 R 5 I TN R i DL s, S S/ D 5 A 1 e 1
o
Sk,

[ 1] Seinfeld J H, Pandis S N. Atmospheric chemistry and physics;
from air pollution to climate change (2nd ed. )[ M]. Hoboken:
John Wiley & Sons, 2012. 350-393.

[2] Szopa S, Balkanski Y, Schulz M, et al. Aerosol and ozone
changes as forcing for climate evolution between 1850 and 2100
[J]. Climate Dynamics, 2013, 40(9-10) ; 2223-2250.

[3] KanHD, Chen R J, Tong S L. Ambient air pollution, climate
change, and population health in China [ J].
International , 2012, 42 10-19.

[ 4] Madrigano J, Kloog I, Goldberg R, et al. Long-term exposure to

Environment

PM, s and incidence of acute myocardial infarction [ J ].
Environmental Health Perspectives, 2013, 121(2) ; 192-196.

[5] ChengZ, Tuo L. N, Wang S X, et al. Status and characteristics
of ambient PM, s pollution in global megacities[ J]. Environment
international, 2016, 89-90. 212-221.

[ 6] Kulkarni P S, Baron P A, Willeke K. Aerosol measurement:
principles, techniques, and applications (3rd ed.) [ M ].
Hoboken: John Wiley & Sons, 2011. 69-103.

[ 7] Sioutas C. Evaluation of the measurement performance of the
scanning mobility particle sizer and aerodynamic particle sizer

[J]. Aerosol Science and Technology, 1999, 30(1) : 84-92.

[8]

[9]

[10]

[11]

[13]

[14]

[16]

[17]

[21]

[22]

Charron A, Harrison R M, Moorcroft S, et al. Quantitative
interpretation of divergence between PM,, and PM, s mass
measurement by TEOM and gravimetric ( Partisol ) instruments
[J]. Atmospheric Environment, 2004, 38(3) . 415-423.
Maricq M M, Podsiadlik D H, Chase R E. Size distributions of
motor vehicle exhaust PM; a comparison between ELPI and SMPS
measurements[ J]. Aerosol Science and Technology, 2000, 33
(3):239-260.

FREFH, WHME, FHE, 5. K PM, s KR F a4
MHAR B HAFTE[T]. FREIRE S, 2013, 34(8) . 2943-
2949.

Cheng M T, Pan Y P, Wang H, et al. On-line measurement of
water-soluble composition of particulate matter in Beijing [ J ].
Environmental Science, 2013, 34(8) : 2943-2949.

BER, B, kM, % 2013 F1 ARl —RESR
FIG R T[)]. FRBERRE, 2015, 36(4) : 1154-1163.
Cheng N L, Li Y T, Zhang D W, et al. Formation mechanism of
a serious pollution event in January 2013 in Beijing [ ] ].
Environmental Science, 2015, 36(4) : 1154-1163.

AL, F i, KA, 4. 2013 ~ 2014 AEJLRCRE T
PRHMEBITE[T]. HEMEERSE, 2016, 36(1) : 27-35.
LiLJ, Wang Z S, Zhang D W, et al. Analysis of heavy air
pollution episodes in Beijing during 2013 ~ 2014 [ J]. China
Environmental Science, 2016, 36(1) : 27-35.

Chang K N, Chen Y K, Huang S H, et al. Penetration of
charged particles through metallic tubes[J]. Joumnal of Aerosol
Science, 2012, 48 10-17.

Kumar P, Fennell P, Symonds J, et al. Treatment of losses of
ultrafine aerosol particles in long sampling tubes during ambient
measurements| J ]. Atmospheric Environment, 2008, 42(38) .
8819-8826.

Heyder J, Gebhart J. Gravitational deposition of particles from
laminar aerosol flow through inclined circular tubes[ J]. Journal
of Aerosol Science, 1977, 8(4) : 289-295.

Schwendiman L C, Stegen G E, Glissmeyer J A. Report BNWL-
SA-5138[ R]. Richland: Battelle Pacific Northwest Laboratory,
1975. 1-5.

Gormley P G, Kennedy M. Diffusion from a stream flowing
through a cylindrical tube [ A]. In: Proceedings of the Royal
Irish Academy. Section A: Mathematical and Physical Sciences
[C]. Dublin: Royal Irish Acadamy, 1949. 163-169.

Lee K W, Gieseke J A. Deposition of particles in turbulent pipe
flows[ J]. Journal of Aerosol Science, 1994, 25 (4): 699-
709.

Pui D Y H, Romay-Novas F, Liu B Y H. Experimental study of
particle deposition in bends of circular cross section[ J]. Aerosol
Science and Technology, 1987, 7(3) : 301-315.

filjEis, TR, @M, & SEKRAREE TR
PERFSE[T]. HEERIE S A, 2011, 34(6) ; 119-121, 140.
He Q M, Wang Q Y, Gao H E, et al. Deposition of aerosol
particles in sampling pipe [ J ].
Technology, 2011, 34(6) . 119-121, 140.

HJ 653-2013 , IREEAS A0 (P, AT PM, <) 742 A 2 W
RGHORER BRI [ S].

Von Der Weiden S L, Drewnick F, Borrmann S. Particle loss

Environmental Science &

calculator-a new software tool for the assessment of the

performance of aerosol inlet systems [ J ]. Atmospheric



4466 E7 B Bl 2 37 %

Measurement Techniques, 2009, 2(2) ; 479-494. [26] LiuBY, Pui DY H, Rubow K L, et al. Electrostatic effects in
[23] AIEAK, &R, Z2ER, F RIS B T8RP aerosol sampling and filtration [ J ]. Annals of Occupational

TEHAELA] W SRR E | B2 Hygiene, 1985, 29(2) ; 251-269.

S UL SR TR 4. SEBGHER B AR [27] Liu BY H, Pui DY H. Electrical neutralization of aerosols[ J].

WM ST S 1e S [ C). BN T E R A R AT b Journal of Aerosol Science, 1974, 5(5) : 465-472.

s PTERE ST SRR E L E S, [28] Romay F J, Takagaki S S, Pui D' Y H, et al. Thermophoretic

2003. 261-270. deposition of aerosol particles in turbulent pipe flow[ J]. Journal
[24] Hobbs P V. Aerosol-cloud-climate interactions| M]. San Diego: of Aerosol Science, 1998, 29(8) : 943-959.

Academic Press, 1993. 1-31. [29] Montassier N, Boulaud D, Renoux A. Experimental study of
[25] HJ655-2013, MEE7s 7RI (PM,, F1 PM, ) 342 B 3h Wl thermophoretic particle deposition in laminar tube flow [ J].

ARG AT AR BIE[ ST. Journal of Aerosol Science, 1991, 22(5) ; 677-687.

(TR (A R

1. KRR IS B R A B I SRS, SO, BT 4. 23U HEIE 8 000 (& 18] 26 R SO X 225 0k ) . |
FHRP PG | E GRS A | RS VR E 8RB 08 7R Ay T (78 B ot UMRE 8RR ) . AR R i i 5
B i R T I 3t (www. hjke. ac. en) BEATHEME, o8 B4 JR LIVERE B 0360 ¢ 3 BRI 25 3 i 4 15 D 45 e BRIV

2. ML GB 771387 B H AR A SAO08 SUMZ AR S 2 B A% 0) 2 RIS SCHI MG S . 18 34 FB 43Iy HES It
PR B A e A AR Mkl R AT ; v SCH S s OCHE R P BT 9328 5 eSO T s 138 1tk 24 B B ) 947 5 5%
SCHREE AR 5 1E 3C; Bl 275 30k

3. WSCHUE N I HER SR SN A, — AN 20 5, /D HTRIBRAL.

4. HIHHEADT 300 F, LU AR MR AR ESET TAER B 7k SR (A AR MISS i, B R4S
RFNGEE. TS L Th SO N TR I SRR 5 S0, DB RN .

5. FI S RAEE A SRS TAE (FISCRIAT) A TAERY B Y A5 m R R S B AR b #0A.

6. SCHR RN IR, [F)— A AT IR R T 0K AT e SO0 IR . PSR/ IN—3, i ZofL T IRTAE , 181 B AT
T CFFERNEG . RAZLER. BRDARE 55 AL ERN S IE 2.

7. iR AR N RAER E g T i B (SD) L R SCrih W i A AT S RO, U mg (Z£50) ,m(K) Lh
(/NI % B A T ARE I E NGB B, (EE R0 2 W ARE , SO EE— U IS W .

8. XHEHRERM 1,1 1,1 1. 1 BB, AR TS B, 3 UL FAREA (1), (2) - TR 542 kBS.

9. CPANSCFERE AR5 BRI R /NG | TERMA. AR T 2% 44 R RHAR. 4R 05 1 U BEE L 45t v SO R 55 N4
B4 BRI

10. RATFRRGORASNAZS TR, AT B0 LI R7R . STk SO R B S 5 e dHE. 8 WL STHR B 5 46 A0k

BT AR (OPCR RS ZTT) S )] R4 A B () R TT- R T

B AR B M. AU R 4R B DT (1 5T

SWEAEF B LA[A] W (In) 3. CEA[C. R RO (B ) 4R R TT- 1R TT.

SRS AFH . IRLA[ D] SR DR AL 4R

W& AR A LR LA LD AR S RRAE.

B LHIA . LR [P, LRI AR 3.

11 KRR SCTR H 0, W) — R 280 BT R RS PR S ERGR TR ER B BRI, 78 3 DA W ARICBIA T e Al %0
AR HL I A

12, SR B E & FRALTEA k| MRS , o355 075 , b IR 5. G S S St k- Ab 5T 2871 54 ; B S - 100085 5 HL 17
010-62941102,010-62849343 ,1§E :010-62849343 ; E-mail ; hjkx@ rcees. ac. cn; FHE ; www. hjkx. ac. cn



