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Table 1 Proximate analysis, ultimate analysis and low heating value of the samples

v Tk 43 7 57 = 53 5 % JCER T HT R 58 % IR A e/
i WAy ERA HER W “ " i O (MJke)
Wik 4.75 2.32 66. 19 26.74 48.91 4.73 1.97 0.14 37.18 17.30
ik 8.10 6. 60 69. 54 15.76 45.29 5.95 0.99 0.19 32.88 17.72
18 5. 00 0.94 80. 56 13.50 48. 35 6.22 0.22 0.14 39.13 18.43
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Table 2 Analysis of ash composition of the samples %
FE 5 w(MgO) w(ALO,) w(Si0,) w(P,0y) w(S0,) w(Cl,0) w(K,0) w( Ca0) w(Fe,0,)
WK 24.30 3.49 15.78 1.82 1.02 0.56 2.87 49. 67 0.45
FRFF 7.95 10. 04 19. 19 6.46 1.98 19.58 31.9 2.75
18 10. 08 3.06 19. 14 9.72 6. 65 1.51 36. 16 10. 4 1. 65
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Figure 1 Vertical fixed bed combustion device
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Figure 2 Particle size distribution of the three fuels
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Table 3 Particulate matter yields with different aerodynamic diameters

e PM, , HEk i/ PM, HEjli/ PM, ,, HEJk i/ PM,, HEL i/ PM, , 5 PM, PM, 5 PM,,
" (mg-m™*) (mg-m™’) (mg-m™’) (mg'm™) HEf = 2 e/ % He ik /= 2t/ %
ek 2.31+0. 69 19.70+4. 91 1.13+0. 28 20. 83+4. 69 11.75 94. 57
FiFF 5.44+0.70 26.68+7.13 1.09+0. 82 27.76+7.95 20. 38 95. 89
18 2.06+0. 39 8.93+0. 50 0.710.27 9.65+0. 59 23.05 92. 60
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Figure 3 Elemental composition of PM, and PM
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Table 4 Molar ratios of major elements in

particulate matter

PM, PM,

#d n(Na+K)/ n(Na+K)/ n(Na+K)/ n(Mg+Ca)/
n(Cl) n( Cl+2S) n(Si) n(Si)
Wtk 9.65 1.13 1.36 14. 11
ik 2. 66 1.08 0.55 2.31
(] 3.00 0.94 0.71 1.98

1411, 3B U+ 4R e PV, EEORIE
X FARFEAAT S, PM,,, EEH Ca.Si fl Mg ¥ AL,
[FFE 5 K o3 4 B 2 IE A G, & 4 /R n(Na+K)/
n(Si) 435k 0.55 F1 0. 71, Ui WA B8 45 J@ X PM,,, %
BRE /N FRFFRIAT B B n(Mg+Ca) /n(Si) /NF /6
¥y, F A 1 4B AN Si AE PM, |, A2 P R T R 4
BT, Li AR AR W PN TR Bt 4 R A BRI
JFEAEA CaO Fil MO, i 26 5 Ab 4 G 7T LA 1 32 4 b
o PM, , UKL, s w] DLA S S B 46 J8 (KCLL K, S0,
) KRS M BELS R L PM,, BURL (32 R L I
D) B R HLEI AN, Gao ST AR K I 1 4 )8
AT DLRRE /5 I N A R TR R/ B R s AL &, A
WewE B I B PM,,, BOkE (32 MALHI 2) o

Bl 4 BoRwtk M, HILFAE PLSI & &
WA, U B LA Bl A2 2 AL 1, AR RAT
J&PM, , Hi @M S T EKE, L&A —E s
() P, PR A 3 2 AL 2,
2.3 HXMESH

B SEIRBE TR EE Jy 1 123 K, BRI ] Fl 25 < ik
FEIL PRI 58 R Be IR 3 2 UKL ) 2R R .
WORL4 43k PM, A1 PM,,, EATRFFT, B Al a4 G
PEHT R Ky &5 PM, FI PM,, HEL = 18] (1
FBE, 2.2 KB PM, M1 PM, HEMCS K. Si B8+



140 N K FF AR (T % W) 2024 4
SREFRA K, Zhang F R BBIK S S PM,,  {BJE Mg+Ca B & & n(Mg+Ca)/n(Si) 5 PM,, HE

TFAEIE MO, Shao %510 & BUME S A W) K &5

M, FEEIEME, AW IHERAKT PM Hi it 5
JR G TCHLA 53 B 2 K W) 0T 1 22 L 2 T 9 AH G
PEL g5 LR 4 FIE S,

K 4 R RS s PM, HECE R R
5 PM, HRRCE LA Gy 0. 84 LR AR C
AR X=2.78Y+9.30, BiH K & Thm,PM,
R IR b M A DGR 0,43, AR
90% LA b K LAUWE B ASAEAE R Bei 18 5 #5 | IRl B 32
Si ALP SE5Zm, Bk K Bt 5 K & &/ IF AR
XRS5 PM, HECE LM CER T,
23k 0.55 F10.63, n(K)/n(Si)5 PM, HEjik &
Z A ZRPERH C AL 0.01,Si 5 K 2w b #&E 4%,
B n(K)/n(Si) 5 W04 HE A 565 R 2 1
KRVAT Y, e, KRS PM, K
HHABREMEM LR,

X T PM, B 5 R K & K. S . CLP . Si &

T EL A 5 A DG AH G B 4300 Sy 0. 79 AT 0. 97,
HAKMEARX N X=0.02Y+0.73 Al X =0.10Y +
0.58, XU Mg+Ca % .n(Mg+Ca)/n(Si) 5
PM, ,, HEMCE B 3 5 4R rﬁﬁaéf;o

AR SCHFSE SRR AT PM,, 7= 2 3k 27.76 mg/m’,
WK A 20. 83 mg/m’, i 77 JE LA 9. 65 mg/m’,
XF L PM,/PM,, B, AR FFAR TH 5 &, o 95. 89% AT
JE A%, 92.60% 2% BA T R AR FF B 350K 4 HE i
PR EEH SOCE MG Y, AT Al OK R
PM, , 5 B, 23.05% , JHORL 4 RL AR /)N | e i
DABE LR, DX T4 T 3 55 2 s AR OG5 B
R R 40 AURE P HE . R 3 R B AR A A
KO ESLL PM, S BT R WK S 2 5 PM, HECE
AR AR A TR I o 8 A= 0 o SRR I L
HEAT I B T A B, DU Sk ARG B 5 i (o G Al
FRUSRIEIT  w] AR i 5 ek Y0000 0k 47 HE 5, T 7
*i%ﬂ%%%ﬁ%&%ﬁﬁ T45 6 L PRIRBENE B, 25

Hon(K)/n(Si)5 PM,,, HEBCE 984 B &0 H 3K Ry B Y&
fi%, 43914 0. 39,0.04,012,017,0. 15,0. 55 F1 0. 30,
6 =IKAPX=2787+9.30 R=0.84 oK X=1.097+1331 =043 o . .
101 48 X=9.16Y+13.33 R*=0.55 :
N % v Cl X=12.85Y+12.92 R*=0.63
é’ ;_“ 08
< = e e K/Si X=-1.397+19.62 R>=0.01
i 3 W S %
&t . <1 i
& W 04
K . 1R R
0 . - ) or = - u ‘ 00 - " )
7 14 21 28 7 14 21 28 w7 14 21 28
PM HE & /(mg + nm) PM HEHE/(mg + nm™) PM HEE/(mg + nm)
(a) K3 EHE (b) TEEE () IRIIBZLIE
E4 PM, XS
Figure 4 Correlation analysis of PM,
. 20 _ - 61
_ .2‘(‘6} X=0.057+0.82 R>=0.39 * K X=0.01Y+0.93 R*=0.04 « « K/Si *
6 = S X=0.11¥+0.92 k=012 X=0207+1.15 R=030 -
~ T |v Cl X=0.17Y+0.90 #=0.17 - « (Mg+CaySi -
&0 . P X=0037+0.92 R=0.15 X=0.101+0.58 K0, 97
&5 2 |« Mg+Ca X=0.02¥+0.73 K*=0.79 - -
g i 10> Si X-0151+069 R=055° %3
Eﬂ gk p P
@ // ﬁ‘é o
% 7 L . .
0 0.9 12 09 12 0 0.9 1.2
PM, | HEE/(mg « nm *) PM, | HEE/(mg + nm %) PM, , HERE/(mg + nm %)
() RO 8’ (b) TEEE () WRIMEZ Ik
B s PM, , HEMESH
Figure 5 Correlation analysis of PM
L e oA
3w R S5 o 3
(1) F3FFI PM,, HEJ & e, 4 27. 76 mg/m’
ARSI HT T 3 Rl AR Py B R AR ORE 4 HE HWR /LR, N 20.83 mg/m’, AT )8 &K, LR




% 6

Wt L 45 - Tl A 0 o 2 A AR e A ) HE Bk 1 2 M

141

9.65 mg/m’,

(2)PM, 2 DL Jm S A MR AL 9 o 3

ﬁﬁ PM]—IO 3‘5%[))\ Ca\Mgﬁiﬁfi%ﬁ?{lﬂ‘io

(3) AHSCAE BT B K5 B P, HERCE B

I R 26 P JC B, 1M Mg+Ca % i .n( Mg+Ca)/n(Si) 5
PM, ,, HER i HAT 5 2 A e 1

SR

[1]

[2]

(3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

YANG W, ZHU Y J, CHENG W, et al. Characteristics
of particulate matter emitted from agricultural biomass
combustion[ J]. Energy & Fuels, 2017, 31(7): 7493-
7501.

MAGALHAES D, KAZANC F. Influence of biomass
thermal pre-treatment on the particulate matter formation
during pulverized co-combustion with lignite coal [ J].
Fuel, 2022, 308: 122027.

NAMKUNG H, PARK J H, LEE Y J, et al. Perform-
ance evaluation of biomass pretreated by demineralization
and torrefaction for ash deposition and PM emissions in
the combustion experiments [ J]. Fuel, 2021, 292.
120379.

HAN J K, YUD X, WU J Q, et al. Effects of torrefac-
tion on ash-related issues during biomass combustion and
co-combustion with coal. Part 1. elemental partitioning
and particulate matter emission [ J]. Fuel, 2023, 334,
126776.

CHENG W, ZHU Y J, SHAO J A, et al. Mitigation of
ultrafine particulate matter emission from agricultural bio-
mass pellet combustion by the additive of phosphoric acid
modified Kaolin [ J]. Renewable Energy, 2021, 172.
177-187.

LIY, TANZ W, ZHU Y ], et al. Effects of P-based ad-
ditives on agricultural biomass torrefaction and particulate
matter emissions from fuel combustion [ J]. Renewable
Energy, 2022, 190: 66-77.

YANG W, LYU L D, HAN Y, et al. Effect of densifica-
tion on biomass combustion and particulate matter emis-
sion characteristics [ J ]. Atmosphere, 2022, 13(10) .
1582.

JIA G H. Combustion characteristics and kinetic analysis
of biomass pellet fuel using thermogravimetric analysis
[J]. Processes, 2021, 9(5) : 868.

ZHANG W, ZHU Y. Evaluation of metal emissions from
biomass fuel combustion in China[ J].
ment, 2014, 25(1) : 93-104.
PAEASZYNSKA K, JUSZCZAK M. Gaseous emissions

Energy & Environ-

during agricultural biomass combustion in a 50 kW mov-

ing step grate boiler[ J]. Chemical and Process Engineer-

[11]

(12]

[13]

[14]

[15]

[17]

[18]

(21]

ing, 2018, 39. 197-208.

ZHANG R K, XU G H, LI B Q, et al. Analysis of the
pollution emission system of large-scale combustion of bio-
mass briquette fuel in Chinal J].
vironmental Protection, 2023, 169, 928-936.

YANG W, ZHU Y J, LI Y, et al. Mitigation of particu-

Process Safety and En-

late matter emissions from co-combustion of rice husk with
cotton stalk or cornstalk[ J]. Renewable Energy, 2022,
190. 893-902.

YANG W, ZHU Y J, CHENG W, et al. Effect of miner-
als and binders on particulate matter emission from bio-
mass pellets combustion [ J]. Applied Energy, 2018,
215: 106-115.

NIU Y Q, TAN H Z, HUI S E. Ash-related issues during
biomass combustion: alkali-induced slagging, silicate melt-
induced slagging (ash fusion), agglomeration, corrosion,
ash utilization, and related countermeasures[J]. Progress
in Energy and Combustion Science, 2016, 52. 1-61.

LI C Z. Importance of volatile-char interactions during the
pyrolysis and gasification of low-rank fuels-A review[J].
Fuel, 2013, 112 609-623.

YANI S, GAO X P, WU H W. Emission of inorganic
PM,, from the combustion of torrefied biomass under pul-
verized-fuel conditions[J]. Energy & Fuels, 2015, 29
(2): 800-807.

GAO X P, YANI S, WU H W. Emission of inorganic
PM,, during the combustion of spent biomass from mallee
leaf steam distillation [ J]. Energy & Fuels, 2015, 29
(8):5171-5175.

ZHANG L, NINOMIYA Y. Emission of suspended PM
from laboratory-scale coal combustion and its correlation
with coal mineral properties[ J]. Fuel, 2006, 85(2):
194-203.

SHAO J A, CHENG W, ZHU Y ], et al. Effects of com-
bined torrefaction and pelletization on particulate matter
emission from biomass pellet combustion[ J].
Fuels, 2019, 33(9) . 8777-8785.

WK AR, BII, B K 502 Sn, ,Ce, 0, 4
BRAH A AL AR DR P BE T T (1], AN K22 22 4 (T2
W), 2023, 44(4) . 74-79.

ZHANG C S, LIC C, DAIW Y, et al. Study on catalyt-

Energy &

ic combustion performance of carbon smoke with K-sup-
ported Sn, ,Ce, (O,[J]. Journal of Zhengzhou University
(Engineering Science) , 2023, 44(4) . 74-79.

POLLEX A, ZENG T, KHALSA J, et al. Content of po-
tassium and other aerosol forming elements in commercial-
ly available wood pellet batches[J]. Fuel, 2018, 232,
384-394.



142 N K FF AR (T % W) 2024 4E

Analysis of Particulate Matter Emission Characteristics of Commercial Biomass

Pellet Combustion

YANG Wei', FENG Shilong', XIN Shanzhi’, LI Heyong', HAN Yong’, ZHU Youjian'

(1. New Energy College, Zhengzhou University of Light Industry, Zhengzhou 450002, China; 2. Hubei Key Laboratory of Industrial
Fume & Dust Pollution Control, Jianghan University, Wuhan 430056, China; 3. School of Energy and Power Engineering, Zhengzhou
University of Light Industry, Zhengzhou 450002, China)

Abstract: In order to investigate particulate matter (PM) emission characteristics from the combustion of commer-
cial biomass pellet, a fixed-bed reactor was used to conduct combustion experiments of wood dust, cotton stalk and
bamboo dust. The particle size distributions and main element composition of PM were analyzed. And the influence
of element content on PM emission was discussed. It was found that the yields of PM,, from high to low was cotton
stalk , wood dust and bamboo dust, and the yields were 27. 76, 20.83 and 9. 65 mg/m’, respectively. The PMs
were mainly composed of submicron particles (PM, ), and the proportion of PM, to PM ; was more than 90%. PM,
was mainly composed of alkali metal chloride and sulfide, while PM, ; was mainly composed of compounds formed
by calcium magnesium silicate. Correlation analysis showed that there was a positive correlated between biomass ash
content and PM, yield, while the content of Mg+Ca and n(Mg+Ca)/n (Si) were linearly correlated with PM
yield.

Keywords: biomass; straw; commercial biomass pellet; combustion; particulate matter; emission

(_L#E3 106 51)
Large Eddy Simulation of Wind Load Interference Effects on Tandem Double
Hemispherical Domes with Different Spacing

ZHENG Degian', YAN Wei', LI Liang', ZHAO Lingyu®, MA Wenyong’

(1. School of Civil Engineering, Henan University of Technology, Zhengzhou 450001, China; 2. China Communications Logistics Plan-
ning and Design Institute Co. , Ltd. , Shanghai 200231, China; 3. School of Civil Engineering, Shijiazhuang Tiedao University, Shiji-
azhuang 050043, China)

Abstract ;: Based on the spatially-averaged large eddy simulation method, the wind interference effect of the tandem
double hemispherical domes was numerically studied considering different center spacing. The effectiveness of the
present numerical simulation method and parameter settings was firstly verified by comparison between results of
large eddy simulation and the wind tunnel test on the tandem double hemispherical dome with center spacing of
160 m. Then the wind pressure distribution characteristics on the tandem double hemispherical domes surface with
the center spacing of 160 m and 190 m were compared and analyzed to study the influence of the interference
effect. In conjunction with the simulated unsteady flow field, the mechanism of the influence on wind loads with
different center spacing was investigated. Similar tendency was observed for the distribution of the mean and fluctu-
ating wind pressure coefficients of the tandem double spherical shell roof with different center spacing. The blocking
effect of the upstream roof weakened the positive pressure on the windward surface of the downstream roof. Howev-
er, the blocking effect of the downstream roof would intensify the flow separation of the upstream roof when the
spacing was small, resulting in a significant increase in the local wind suction on the top skylight. As the spacing
increased, the separated vortex on the leeward surface of the upstream roof could change from small-scale strip vor-
tex to large-scale arc-shaped one, leading to more significant wind pressure fluctuations on the roof skylight, up-
stream leeward surface, and downstream windward surface.

Keywords: hemispherical domes; wind load; large eddy simulation; interference effect; flow field mechanism





