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22 102045'5", b4k 25°8'7") . HIEHHE S A KANA—
() - S5 R A, BT AN R (0 T3 FL R S b . — %
TR B A T X A A AR 4 R AT RS A ek, e
FEUEML 5 K AH 50% 1+ 3% B R AR 2 /N T 2 mm,
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Table 1 Parameters of soil physical properties
Z ¥ Parameter HUH Value
+-3%%5 # Soil bulk density/ (kg:m™) 867
W) 4E 5 7K Initial soil water content/% 20
L3 LB Soil porosity/% 17
THESHERE
Soil thermal conductivity/ (W-(m-°C)™") 13
FkL Clay (<0.002 mm) /% 39.47
Bk Slit (0.002~0.02 mm) /% 35.32
fib¥i Sand (>0.02~2 mm) /% 25.21
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1.Industrial camera 2.Light source 3.Soil tank 4.Lifting table 5.Camera bracket
6.Computer
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Fig.1 Image acquisition platform
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ITE B AL B . SR S B A b 38y 90t R ) A ik
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200 mm ()3 0) R . HAR T IR K R S AT
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REFW L EEEY A E; s H R E AT U] A EE
IPhRE . AEAL. BEME. TR AN 2 /K0 oy B b ER
1.3 LR

Ak R A 2 s, HEE GRS e
Ja N 2a, BEEUCEE S I 300 A L 2b.
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PR ARy A X . A TR0 AL Y B SE - AL B 4
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a. b ke
a. Soil image calibration
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Fig.2 Soil slice model

b. LB R AR ANFLER
b. Soil aggregate and pore

2 FRHEFSERROT

2.1 ERHEHBENGWESH

VH R PR SRR I R R T ik ) 20 4%
BRSNS R 0~200 mmP” WA, JHEEER
KPERKT 200 mm, ASCEA K 250 mm. BEJE 2 mm!®)
WAE 16 mm FITHEEE . NRIEH SR RSP 8, W
SALRIAL B AL I A R AT 5 (D A E, R
SMSEOREWE 3 iR,

Ee L, AR SLIERE, mm; [ OIRGUERBKE, mm; L R 1A
AL BV R R R S, mm

Note: La is the axial outlet spacing, mm; /, is the length of the threaded
connection section, mm; /, is the distance between the first axial outlet and the
bottom of the disinfection pipe, mm.
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Fig.3 Schematic diagram of the disinfection pipe
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Fig.4 Schematic diagram of soil stem disinfection model
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Table 2 Simulation parameters

i HZH WIS A
Simulation parameters Initial condition
¥ Inlet velocity/(ms ) 2.5
H E K /7 Outlet pressure/Pa 101 325

TIERTUGIRE Soil initial temperature/°C 20
IR E Steam temperature/°C 120
FEIKBE Y Steam density/(kg'm ™) 1.12

%)) /1% Dynamic viscosity/(Pa-s) 1.28x107°

3.3 HEHRSH
3.3.1 SHFEE A ECE AL A IHAR ST

THEEE L R AL A R S o A i S TR
B 5 AT, A FLALAR 1 mm A B ) 552 R0 o 7T ik 3|
2142 m/s (Bl 5a), HAFLFLAE 4 mm Ab i B K E
H 4.66 m/s (54, BIBEHE HRFLILEME R, 7
PR N B A 4 A A FLAE T KN o A
A K

i Bty FliBL FliBL
Velocity/ Velocity/ Velocity/ Velocity/
(m's™) (m's™) (m's™) (m's™)
21.42 18.44 5.56 4.66
4.24
i1 19.28 16.60 5.01
Outlet 1 17.14 14.75 445 364
15.00 12.91 r3.89 b 03
o}lez 11285 11.06 334 '
utlet
10.71 9.22 2.78 2.42
i3 8.57 7.38 2.23 1.82
Outlet 3 |+ 6.43 5.53 F1.67 121
4.28 3.69 1.11
L4 2.14 1.84 0.56 0.61
:”#MOutlet 4 0 0 0
HHE a. 1 mm b. 2 mm c.3mm d. 4 mm
Disinfection
pipe
B S R AILIURR 69 A P36 A AILAL AR AL
=B

Fig.5 Fluid simulation cloud diagram of the disinfection pipe and
outlet for different outlet diameters

3.3.2  REHEE LM AS AARSHT
SEAMEENTRI N, B R ARRE
REFRREAT BRI . AR AT E T, K E
B . FE R R T A KB EAE 60~80 CHIML, A
WFFEH, BEE H R AR 80 C AW EHILE HAR.
AN E S FLALAR O EARRIRIG A Tl 0 (36 3D,
TEJA A E R FLECN 1 &R, BEE B A ALILE RS
K, HEMKZHEEN; BALILAEN 1 mm 14 FT
FH I 75 0 () e e, IFIA) D 450 s; HESFLFLE N 4 mm
FIRCER F I B K, B TE)A 807 5 X AN R 17 L& 05 B
RBHT M AT 50 (R 3), fEHAFLALEN 1 mm R
FLECN VIR, BEE A LA N, TR K
PN ERN: A EALEON 2 i, T I R, e
N 364 5. WA A LA ST A pr eT A (BR 3D,
EHASLALEN 1 mm A R FLECN 2 BI04, BEE
LRI G AR M B i RSy RN =52 ) | =L T B
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Table 3 Relationship_between.sFructu.ral p?rameters of disinfection B ATLFLZS 1 mm N B FE I A fi i — 40 0. M
S Ll — P Ga—6d T LI, AR LT L ORI
Test factors Value Disinfection time/s 7J(S|Zﬁ W E'(J;JT‘ %&Jéﬁﬁx‘; ’ /ﬂ%giﬁig% 1/4 ﬁ‘ﬁ JiZ Iﬁ“ M\ j:f‘
- ) o i RN (B 6d), TIERIRIX (80 C LLE) itlH
Steam outlet aperture/mm 3 756 jﬁ%&%*ﬁﬁgﬁﬁ 0~-200 mm, 7J(E|Z7iﬁ 0~150 mm,
‘, ‘ o7 SRR, HEIR I ALECN 2 TR S 9 AT 4T
iU 2 o I 6e~6h i HFIRT LAt 354 98 LA 2
circumferential outlets i ifl;(l) ?\jEP 'L‘%%Fﬂ% Tfﬁﬁl, /ﬁ %’H:ﬁﬁﬁ ( 6e), J:—%‘;ﬁ/ﬁ
T 364 BEE AR S s nl ik 93.1 °C,  BRIIR FE I o A7 L
AL : 8 AN, BEAE I A R RN, L S B 4 A HL A
Number of axial outlets 3 349 . o . .
4 442 AMHFEXI, REIRENIL 96.5 C (El6h). BJE, &

‘ ‘ - B FLEON 3 B IR RS 50 A 47 047 ) 6ol

LEL AT S BT 80 °C X RLIVH RN FUNTR  mron. MEITRATLE L, TR TTFAEIF, 2595 40 1 Ak

B, HHELL L A FRATUE 3 AR EATIO0 3 i, AT 0~ S0 mme B2 H

FOBA AT, AL/ R TR R, R 1. g, i 3 ARSI R E A, B

2 f0 3 mm AEAZNRECF KR MEALECOY 2 BE# Oy 5 B 71 0~ —200 mm. /K F J7 Al 0~ 150 mm,
Prits i s, A Ja A K Il R AR m, Bk, RE R KA RSN (B 6D .

L% Temperature/°C

0 0 0 100
A g - £ O 90
FEN g 53 g o g LEN g 80
REZT _E% REZ REZ 70
wE2 mES w52 EZE 60
N5 8 e 8 —100 NS 8 100 NS 8 -100 50
WSS 55 WSS WSS 40
=g .2 R =E .2 2E.2 30
S § = o> 8 > § 20
-200E -200 & ~200 200 b n
0 100 200 0 100 200 0 100 200 0 100 200 07X
7K~F ' B Horizontal distance/mm 7K~F#H B Horizontal distance/mm 7K~FH B Horizontal distance/mm 7K~F-#H B Horizontal distance/mm
a.30°C tH3ALfL4E 1 mm b.40°C HALFLAE 1 mm c. 60°C tH3ALfL4E 1 mm d. 80°C tH4LFL1E | mm
a. 30°C outlet diameter 1 mm b. 40°C outlet diameter | mm ¢. 60°C outlet diameter 1 mm d. 80°C outlet diameter | mm
5L FE Temperature/°C
200 200 200 200 el 0
z3k =gk z3E =3 £ 80
=i2 mEs =22 =22
=B85 =% 85 =% 85 =25 70
NS NcE] N NS
=<8 100 =25 100 =58 100 =58 100 ‘5"8
e W ES R =E =R
i R =57 253
k= =D = k= 40
o F H-2 8 S8 S E 30
= S 2= 2F=
0 0 0 0 L Y
0 100 200 0 100 200 0 100 200 0 100 200 OI_’X
JKF 2 Horizontal distance/mm JK-F 12 Horizontal distance/mm JK-F 12 Horizontal distance/mm JK-F 2 Horizontal distance/mm
e. 30°C JA [ L4 2 £.40°C J [ 9L%% 2 g. 60°C Ja L% 2 h. 80°C Jal i fL % 2
e. 30°C circumferential outlet 2 f. 40°C circumferential outlet 2 g. 60°C circumferential outlet 2 h. 80°C circumferential outlet 2
0 0
~ g S B - E =z &
,f 2, f Eyf L
RES REZ REZ REZ
F22 £82 &gS #£gS
NS 8 -100 NS 8 -100 NS 8 -100 NS 3
TS L w55 TS
me.2 mwE.2 mE.2 mE.2
i==Y ==Y ==Y i==Y
S § m? § mS 3 S §
BN o RN L
-200 —200 €= —200 === . Y
0 100 200 0 100 200 0 100 200 0 100 200 0 I_‘X
7K~F-E B Horizontal distance/mm 7K~F-#E B Horizontal distance/mm 7K~F-E B Horizontal distance/mm 7K~F-#H B Horizontal distance/mm
i. 30°C i 4L% 3 j. 40°C #4133 k. 60°C #4151 3 1. 80°C HilfL%L 3
i. 30°C axial outlet 3 j- 40°C axial outlet 3 k. 60°C axial outlet 3 1. 80°C axial outlet 3

A 30 °C HAFLILE 1 mm AR SFLFLAET 1 mm AL 3L L IRF AR B 30 °C, Akl ACPRERS A X fh7 ) o
Note: The image name is 30 °C, and the pore size of the outlet is 1 mm, indicating that the average soil temperature corresponding to the treatment group with a pore
size of 1 mm is 30 °C, and so on. The horizontal distance is in the X direction.

B6 HRHEZLESTGBEGHH

Fig.6 Temperature field distribution corresponding to each treatment of single factor
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1.Disinfection pipe 2.Soil tank 3.Display screen 4.Soil temperature control box
5.Temperature sensor 6.Hose 7.Ball valve switch 8.Steam generator
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Fig.7 Soil steam disinfection test platform
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ZH R R LRIR I A B, R TR AR AR 1 4%
MK A2 B AN 7 A L, BARAT 7 Nan &l 8 firs
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T P& AT LA 218 88 P X BUR) 7 A A B

zg  HEE WS 20
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0O ¥ ¥
E I
l ] 8 --c o i
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o . R0 Sol Sy g b RedSoill X
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198 mm isinfection 198 mm
pipe
a. T EL | W2 b. KT T

a. Vertical profile b. Horizontal profile
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Fig.8 Temperature sensor distribution diagram
NTHEHETE N LRIRENSEAE S, DL
PP 230 TR F] 80 C I X MLFIVH RERE] (YD Jyikieda
bro MREEHRRGEARLE R, IR .
LA (B) AL (O NEAE, SRZEMKER
4.
x4 REHERFIKF

Table 4 Experimental factors and levels

K LR EEEE T HATLAC
Level Outlet diameter Number of circumferential Number of
A/mm outlet B axial outlet C
1 1 1 2
2 2 2 3
3 3 3 4

413 ERABRE. KFAKME
T HR A R TR R R,
BHRE R ER (D A
AT
=5 Vh)
Kve A HIEETHER, Clss ATHTIEREARN, C;
At IR EARAAT B I E], so
SRR AR R AR HRT LA B IR R A B SO
At RBORR /NS AR LR /DN, 5 R BE ) 43 AT 2 50 1R
b, BIEREAR R RERER (8) N
Cy = D, €
My
Kb e, NHAIRIREAR 7 /¥ D, IR bR v s 22
My REIEPEREE, C.
4.2 HRE5ZH
4.2.1 T Box-Behnken X3tk £ 5 51
gia 4, DIHEENTE (YD) RmaRAE, PAHAFLAL
7w (. g (B MEimE (O NEEE,
HAT Z R R =K IEAS W5, 15077 SR R K 5.
IS TTHR A 75 FF B 38 P B 2R K, IR e
RIRRAEBEBENESATE 0.2 MPa, R#ER (4), Kl
BEE N DGR 2 2.5 m/s; IREEREMEA 10,
3MERE, BCOFEIMENF T Es R
*5 RRAREER
Table 5 Test scheme and results
R3S TestNo.  A/mm B C  VH%EWS[A] Disinfection time Y/s

Vr

1 1 1 3 483
2 3 1 3 460
3 1 3 3 390
4 3 3 3 452
5 1 2 2 395
6 3 2 2 415
7 1 2 4 470
8 3 2 4 485
9 2 1 2 510
10 2 3 2 380
11 2 1 4 520
12 2 3 4 495
13 2 2 3 465
14 2 2 3 470
15 2 2 3 489
16 2 2 3 490
17 2 2 3 480

MFE 6 [T g, FE I FLE B A 1 FLE C X R ]
AAHREZENEEW (P<0.01), HAILARE 4 HHALR
Z (P>0.05); A HIF) AB. BC S¥MEZE (P<0.01).
I F AR BT AT, e LA C R BR800 K
TRmFLE B,

4.2.2 ©)AREA 5 R F ek T

FIF Design-Expert 13.0 B4 — 2 BB TS,

HEEX (DO K
Y=49&9—15&28—6AC—213AB+26253C—338&%

AR [m] YRS AR 3 A 5 2R, 20 ) 5 TR 3 58 i oy T
K 9. [ 9a Jy i TALFLAR K/ A 1o LA 25 1 18] 4
W NI, M 9a FTUAE Y, MR FSLEC R, BEE
FLAR BN, TETEI R e T e B 9L — e,
B A R SLELRO I I, VBRI AR ER R AR, Hoh, B8
HE AR L mm.y J8 1A FLEL 3 X R BRI (8] e fi s 2
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B A AR 2 mm. A 1) FLEC 16 N )V 2 I )
Pl 9b Sy Ji 1e] L & 5 il e FLSOGS Y 2 B T £y w57 i T
M Ob T LA H, 2 A 1 FLESCZ I K H ) L ECE
ZNINF, T B BN TR) S ekl S A D e FLE
3. e FLEK 2 X L FR) T B I TR A
Fo WMEERFES
Table 6 ANOVA of the experimental model

Source of Sum of F?eg?ign Mean Ff/ﬁﬁe P}z/z{fﬁ e
variance squares squae
TR o
Model 27494.23 9 3054.91 23.36 0.002
A 684.50 1 684.50 5.23 0.056 0
B 8192.00 1 8192.00 62.65 <0.000 1**
C 9112.50 1 9112.50 69.69 <0.000 1**
AB 1806.25 1 1806.25 13.81 0.007 5**
AC 6.25 1 6.25 0.047 8 0.8332
BC 2756.25 1 2756.25 21.08 0.002 5**
A? 4803.16 1 4803.16 36.73 0.000 5**
B? 6.32 1 6.32 0.0483 0.8323
c? 60.00 1 60.00 0.4589 0.5199
Réjf‘iﬁal 915.30 7 130.76
D), I
LSEE%If)ht 416.50 3 138.83 1.11 0.442 1
aliiR 7
Pure error 498.80 4 124.70
KR Total 28 409.53 16

VED*R * DRI RIRILE S (P<0.01) . &3 (P<0.05) .
Note: ** and * indicate significance at P<0.01 and P<0.05 levels, respectively.

TH BER R]
Disinfection time/s

SR 8]
Disinfection time/s

b. Y=f(2, B, C)

B9 AR &S
Fig.9 Response surface analysis
423 B BiE
it 3o XV 5 I 1A A (8] AR 2> A, 45 & Design-
expert 13.0 B AF45 I RIRSHA & HARALERKR
/NN 1749 mm, R A ALECN 2.982, BRI FLECN 2.019.
PETHBE RN, RS HIE B <AL R

/NI 2 mm, A FLECECY 3, Aha FLECEC Y 2, B
A,B;Cy0 N T WAERN S T EEME, 807 EAEALK
B A 2R B LS, R AL SO T R AT
3RE SR, BRI 75 I R I E WK 7.
M7 WTLLEH, VR RITIMEN 376 s, E/NiRZE
HN3.7%, BRKIRERNT2%, THRERN 53%, iE
B R ZE I SR R SRR BRI A, A A IR IR
RRTCVERE G 2R B RTOR, #m R BORZE R A .
=7 RIWIIE
Table 7 Test verification
4 E2 A 8] Disinfection time/s

R Bl - iR
Test serial No. P\‘EME fﬁ%ﬂﬂ{ﬁ Error rate/ %
Experimental value Predicted value
1 390 3.7
2 403 376 7.2
3 395 5.1
“FI{E Average 394 5.3

4.2.4 TEHERE BETFEZH. REJHYIN

M BB E]- TR R ] 10 AT, AR ER Y
TR R B A ER R KT R TR, X2
R IR R E N 20 'C, ARIRE 120 C, i
MIZER MR Z K, MR R e . Bl & T B
17, TIRREZRH IR, ZRSTEREZRH TN, ©+
TR R BHIRAC. WE 10 BT LAE R, & AbBEXH
{3 TR R AE T EE 0~200 s I B KH B A b, 2498
B 200 s B, 25 A0 B ) iR TH R AR A B WEAR ;Y EE 200 s
Ji (PR 2B MR, T B IR B B

FH S ) FLEOO B (R sz KT R 1 fL L, 45 S
B 1038 7] DUE H, Bl FLECA 2 X B K T T e 26 K
T LA 3R 4, WAbE S (1,22). 6 (3,2,2) .
9 (2,1,2) F10 (2,3,2) X B [ e K Tl 8 R AT 3
Tl AL, TR R A KAB N 0.25 Cls, X M IZH A RN H
AR 2 mm. A FLER 3. B AL 2, I S
ST AR — L

M 1T AT G, I AR S AR H B A U B I R )
W eyt RN, sEBT PR XK NE R
W, JHEE AR SR E R KT A E AR
BE, mERK, WMORES AR AR
17, TR EZREHT G, BESAAIREE T84,

RIS 100 s B, 385 FE AR 53 R B A HT A B
WEAE, VLEHUCEIRE A . A WEESAT, &
H10: HASLILE 2 mmy JE R FLEC 3. Fl ) FL % 2 X
N IR FE AR e R AR T HAd A3 VH RS R,
WFE 6: HARFLFLAE 3 mm. JH a1 fLEL 2. A FLE 2
ML) S P AR e REUE /DN, 018, bEE 11: H
AALALAE 2 mm. R A FLEL 1L b LB 4 X R AR
RE L T HADAEE, EESMAALA.

PLALFE 6 A1 10 7671 85 b B2 - 3P 2518 FE IR 31 40,
60 80 C R FE A Bl BB 12 ml%n, JHEEHIH,
AETE 6 FH 10 (13 B2 53 A T AR AYE 2 5 A K (B 12a
A12d), (HEEE MM, AEE 6 X M1 &l X
(80 C PAb) HAiaFEEy K, WESAAIRHIE,
HAL T A3 10 (B 12¢ M1 126), X5 HIEREL S R
AR TR Nt 8



flk TR (http:/www.tcsae.org)

118
035 —e—1(1,1,3) —e—-2(3,1,3)
—e—3(1,3,3) 4(3,3.3)
030 —o—-5(1,2,2) —0—6(3,2,2)
—e—7(1,2,4) ——8(3,2,4)
—0—9(2,1,2) —o—10(2,3,2)

—e—12(2,3,4)

o
v

FHili# 2% Heating rate/(°C-s™")
=g
S

0 50 100 150 200 250 300 350 400 450 500 550
JH#EIN 8] Disinfection time/s

S AARRE R, Bk s, TH.
Note: The parentheses show the level of test factors, as shown in Table 5, the
same below.

B 10 KAt - R AR R i A
Fig.10 Curve of disinfection time and soil heating rate

F% Temperature/°C

= 100 0
E 20 —_— 05 E 20
ERE 3 40
g 60t 70 g -0
S 80t 55 S -80
£ -0 40 g -100
S 120 25 2 120
. —140 140
£ 160 2 160
i i
& 180 & 180
-200 \ -200
0 40 80 120 160 200 0 40 80
JKF-#E 2 Horizontal distance/mm
a.6(3,2,2),40°C
i % Temperature/°C
N [ 100 0
g 90 E 20}
> 80 o —aol
3 80 3 —40
=1 =]
< — -
2 60 z
= 50 S 80r
g 40 g ~100 |
‘ 20
i B —140
&= = 160
i i
e { —180 -
~ 200
0 40 80 120 160 200 0 40 80

7K~FH B Horizontal distance/mm
d.10 (2,3, 2), 40°C

JK-F 812 Horizontal distance/mm
b.6(3,2,2), 60°C

7K~F-#H B Horizontal distance/mm
e. 10(2, 3, 2), 60°C

E 1Or o 1(1,1,3) —-2(3,1,3) —e3(1,3,3)
E 14 4(3.3.3) —e—5(1.2.2) —e—6(3.2.2)
8 l4r_o 7(1.2)4) —e—8(3.2.4) —e—9(2.1.2)
£ —o—10(2,3,2) —e—11(2,1,4) —e—12(2,3,4)
®o 12f—e—-13(22,3)
7 O
®E o8
W E O
® 5 06
R
HE 04}
5
S 02
=) v /e
0 50 100 150 200 250 300 350 400 450 500 550
B 18] Disinfection time/s
A1l HENE-HERETFRAMKBLR

Curve of disinfection time and coefficient of variation of

soil temperature

R Temperature/°C % Temperature/°C

&
—160

—180 \\
120 160 200 0 40 80 120 160 200

JKF-# 2 Horizontal distance/mm
.6(3,2,2),80°C

3 B2 Vertical distance/mm

i ¥ Temperature/°C

95 §
85 3
75 2
65 g
55 2
45 g 100
35 S 120
% i -140
# _160
\ ‘ @ -180
W

120 160 200 0 40 80 120 160
JKF-#i 2 Horizontal distance/mm

£.10 (2, 3,2), 80°C

B12 4A®6Ffii® 10 LEREELSH

Fig.12 Soil temperature vertical distribution in treatment 6 and treatment 10

ME 12 BT LR, HIEEESNE N R KT’
BT, B EE  1E E E T AR T BGE B LK T
] BRI BOE R, SR REA B YT
MEEILE] 60 C I, B Ty () b s X ek O B 45
L, JKFJ7 A B SR X TSR 0~130 mm; 4+
HESP IR B IR R 80 C B, KU 1l b v iR X ek
N 0~150 mm, {HBEE A 0~-50 mm. 7KFJ[] 150~
200 mm KL AT5 A /N EB 4 X IR B AIC T 60 T (K] 1200 .
gr b, JEHAZEVRIE B A N R i AT 3% B 1 2 4 Al R AT
PLEL 260~300 mm.

5 1
HEEHSILALEN TIEES A ERNF
FR R PN 28730 S A FOURD B R A 4EL R 56 T 1, B

5.1

AR, AL I AR W T
T IETHE S 80 °C Fir it AU [A]IZ W FA%, XAyt
AVUE BB REAL T RARES, R R, &REL
B Y B K, W SR AR TR 21 80 °C,
ERIESE P WA Igs e . 12 H KRR LSRR HR
FLALAENS N AT HE ARG WA 82, X2 Py Sk
TR, BT ARRIB 2 TR K B Bk 28 T
fLEL, BRSO I RO 2R L, R IRBU RO R
B, BARMEZEPY, I 20 Tk 2 1 203 A AR 9 A
2/ (R RS RT, HET T LR SE N i L e A A, TR
i T RS N 2RI IRIR IR (2.5 m/s) BUIG, & FHUE
R e 2 B E R, A A RE (RS
FLALE) 33T HR A 8 E i R



10 3

SRS 2RV 3 5 M 2 KO0 20 5 I IR ) R i 119

iR oy, W AL AR, FR, E
RAEZEAE 28R VIERTE (222 m/is) fRK, Z&IREI
GAE g B, R, AExt B, A R IR R
IR A LA ) 2 HAE R AT 09T, TR B 75 %
TRV A — R

5.2 HBEHRSILEADMAEFLEXT T IEERFMm

FR A L R R ZE R, 7R AR AL 1 mm Fl
LA 1 EAETT, BRSO 2 B, WEERT TR
b, BN 3 ’ikz .. M2 RRRGELSERER,
EHASILILE RN 2 mm, A RFLEECA 3, HhmfLEL
R 2 I AL EE A 52 A BT TR TR g b o S A R R
MZRERGGR, FALECh 2 #3408 T m L% 1.

MR YR B R R ARSI, Ml o0 A 3 AL, i
SARPUIN#E] 80°C, X ZF RN 3 ML N ARTE L IEE
R 50~200 mm 2 [0], #ZERSTE LIES BB NN
Y. HZRERG LR E R fLECN 2 1, HE
INFAGER T, IX AT B8R RN 28 VR 3R T R 1)
JRIA: BRI TR R O LR IN 56 T 55 B AR
B, (EEE LB 3 b, HHSALERIEZER 50~
200 mm Z[A], MRIRSA ZEVRY LR A 2 T Bl B
g A R A AL EON 2 B, R FLERE L
BEZER 100 mm LUF, 7873 EAEHLEZIR 100 mm T,
KL, S fLECh 2 ALEE, HERRRERRD, T3
FHR BRI, HEINACRLE, IR 53 b 5 e 8L T 1 4
Mres R —5.

it zRERBER, A m AR FLE 3 3 A
20, WHEMATHEICRE . SEW N, BT
TR F R I S A 5 R, BRI 6 (R
FLILAE 3 mm. R RFLE 2. S FLE 2) HIRE A Y
SIMERE T AL EE 10 (A FLALAE 2 mm. JE A FLEL 3. il
FALE 2D, (HJEE FIEEES] 80 'C A i i Al b,
A 376 s, SEBRA 390~403 s, HEEMABCR R .
5.3 mRAEZRESERIEREST

Haf, TIEEEGEDGECSW KRERR, —&
JE T XA AT R AR AR, R T A3 A B Ry 523
SR AR, SR, SRR EHE S 0 IS RN
AN — 1 L S R B g A SR AR, R X AR AR Y
BEAT BB, T B S AR S MR R, A il i
PG A AR, 7 7 B LR S HUE AL, N
VR B AT AL I8 IR A OL B s B, b, = 4R+
LR A B T 3 — 20 5

FRVRIHEE 200 s B, 5 A B S B G 4 38 T IR R OA
FIEAE; JHEE 200 s J5, THEEMMARCEZHEIC. BT
FIRRIEE R, SR T A T R
SRS BRE, BI4YEEE 200 s B B0 #0820 2595
(I I L b 2 2Ky, 3R LR i B
PR, S A B IR A, 3R A A R
WAK, 4R LT 60 °C I SNV I,
WRIRAGIAAE R g RN &, PRIE T30 IR B AR 441

60~80 'C, PLUEARIEACKERHM . L2 RAESZbRN
FHE ML A AT A RS B R L S SR

6 % 1

1) VHEEE H AL i A e LSO 21438 28 VR #E
PR LR (P<0.01) . HEERILEHSHEN
AL 2 mm. JE AL 3. B fLEL 2, %R
IS TH AP IME A 394 s, IREG 45 5 T 45 3R 2 18] 1
PEIRZEEFN 5.3%. AW N REZRHEIHEE
BT BE BRI AR -

2) B Ab TR B A - 38 R T R AE T 200 s B RTIA
FIUEAE, THEE 200 s J5 MIAHR BRI TGS A
BREEHI RS, W EE 200 s B NZ D IR KO E
2 AR T 60 C B BRI N 2R IR, KK
PEIAAE L RAIE 3 UR 22 7F 60~80 C, LLUAR| =AUk
B H .

3) B bR N R PR AT 3 IR X AV [ 32 A R
TEKFJ7 M 0~150 mm, TEE 7 [ 0~200 mm. AHF5
AR JE ARV e & 1) 2 R BE T B4 8 BRI O
it

(& £ X #]

(11 fedl, AR, BER F E2THERIIIEETH

=R E R AR, AR TR, 2020, 36(24):
170-176.
XIONG Kai, YANG Qiliang, YANG Chunxi, et al. Prediction
of Panax notoginseng incidence rate based on meteorological
factors in the high disease incidence period[J]. Transactions of
the Chinese Society of Agricultural Engineering (Transactions
of the CSAE), 2020, 36(24): 170-176. (in Chinese with English
abstract)

[2] ZAHRA B, WIKTORIA K, LARS O B, et al. Stationary soil
steaming to combat invasive plant species for soil relocation[J].
Invasive Plant Science and Management, 2021, 14(3): 164-171.

[3] RW, EAdL, KBS, & HEARTHBRRII RS M
FIHERE [T]. sp AR AR, 2022, 43(6): 199-206.
SONG Yue, WANG Shengbei, ZHANG Yijie, et al. Progress
in research and application of soil steam disinfection
technology [J]. Journal of Chinese Agricultural Mechanization,
2022, 43(6): 199-206. (in Chinese with English abstract)

[4] GAY P, PICCAROLO P, AIMONINO D R, et al. A high
efficiency steam soil disinfestation system, part I: Physical
background and steam supply optimisation[J]. Biosystems
Engineering, 2010, 107(2): 74-85.

[5] GAY P, PICCAROLO P, AIMONINO D R, et al. A high
efficacy steam soil disinfestation system, part II: Design and
testing [J]. Biosystems Engineering, 2010, 107(3): 194-201.

[6] MICHELE R, LUISA M, CHRISTIAN F, et al. A prototype
band-steaming machine: Design and field application[J].
Biosystems Engineering, 2016, 144: 61-71.

(71 VFKAR, BTL0Ee, 75500, S5 R R HEAIRAL BENLX
TS [T]. RAGITFST, 2020, 42(7): 144-149.

XU Yongfu, JIN Hongling, SU Jingwen, et al. Design and
experiment of spike-hood soil steam processor[J]. Journal of
Agricultural Mechanization Research, 2020, 42(7): 144-149.


https://doi.org/10.1017/inp.2021.25
https://doi.org/10.1016/j.biosystemseng.2010.07.003
https://doi.org/10.1016/j.biosystemseng.2010.07.003
https://doi.org/10.1016/j.biosystemseng.2010.07.008
https://doi.org/10.1016/j.biosystemseng.2016.02.001

120

Flk T2 (http://www.tcsae.org)

2023 4

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(in Chinese with English abstract)

FRIE, RE, WM, % =L hBKEEHE 4N
w5 (], R, 2019, 50(8): 123-130.
WANG Fenghua, SONG Yan, LAI Qinghui, et al. Structural
design and test of soil steam disinfection needle in panax
notoginseng field[J]. Transactions of the Chinese Society for
Agricultural Machinery, 2019, 50(8): 123-130. (in Chinese
with English abstract)

PR EAN IR B AL BT AL 5 e & 0T [D]. 75
e UKL R, 2020

Yang Zhenjie. Mechanism Analysis of Heat Transfer and
Equipment Design for Soil Steam-injecting Disinfection[D].
Nanjing: Nanjing Agricultural University, 2020. (in Chinese
with English abstract)

M, I, HER, & OHTEREENERY
MBI R BE S [0). R J7BL, 2017, 48(24): 38-
39.

YANG Dongdong, PAN Sipu, JIANG Xuesong, et al
Experimental study on determination of soil thermophysical par-
ameters for soil disinfection[J]. China Southern Agricultural
Machinery, 2017, 48(24): 38-39. (in Chinese with English
abstract)

YANG Z J, ABBAS A, WANG X C, et al. Influence of soil
particle size on the temperature field and energy consumption
of injected steam soil disinfection[J]. Processes, 2020, 8(2):
241-269.

YANG Z J, WANG X C, AMEEN M. Influence of the spacing
of steam-Injecting pipes on the energy consumption and soil
temperature field for clay-loam disinfection [J]. Energies, 2019,
12(17): 3209-3230.

Wi, =4, R, & ETRGLAEM SVR 1 HIEE
B gL BRI ], Rk TR SR, 2021, 37(12):
144-151.

YANG Wei, LAN Hong, LI Minzan, et al. Predicting bulk
density and porosity of soil using image processing and support
vector regression[J]. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE), 2021,
37(12): 144-151. (in Chinese with English abstract)

LI X, LU Y D, ZHANG X Z, et al. Quantification of
macropores of Malan loess and the hydraulic significance on
slope stability by X-ray computed tomography[J]. Envi-
ronmental Earth Sciences, 2019, 78(16): 522.

PR, WOREE, EANE, S5ARHE SRR T R L
Motk Er BG4S BAE D] FEo Rl 224k, 2019, 35(2):
313-320.

RAN Yinghang, XIE Tianhua, WANG Xiaochan, et al.
Information characteristics of digital images of in-situ soil
structure under the background noise in the farmland[J].
Jiangsu Journal of Agricultural Sciences, 2019, 35(2): 313-320.
(in Chinese with English abstract)

PRIGHE, ERRZL, ERH. 2T R2V 5 ArcGIS f 1% %
FALE =4 BoREE ], B R 2R CHARRERNO
2012, 29(3): 30-33.

CHEN Lunxiang, WANG Xiaohong, WANG Yang. Making
vector data and 3D display from relief map by R2V and
ArcGIS[J]. Journal of Guizhou University ( Natural Sciences),
2012, 29(3): 30-33. (in Chinese with English abstract)

BRI, ZERFH. R2V K EALTE AutoCAD N A [T]. &
TR, 2015, 31(7): 75,103.

(18]

[19]

[20]

(21]

[22]

(23]

[24]

(23]

[26]

(27]

(28]

HIEERIFFM RS A, S EERTFN B
M. b5 WLBR Tk AR A, 2021,

ZHR, T5F, KW, & R pH AR STEGES
J& TR R s (], = JWya R4 CARRHARD
2021, 41(1): 49-55.

LI Simin, WANG Haoji, ZHU Xi, et al. Effects of soil pH and
organic matter on the content of bioavailable heavy metals[J].
Journal of Yunnan Normal University(Natural Sciences
Edition), 2021, 41(1): 49-55. (in Chinese with English abstract)
AT, BHOG, BIRE, & BB AN R
HLEIBI (0], £l TREZ=4R, 2018, 34(2): 18-24.

WANG Xiaochan, LI Chengguang, YANG Zhenjie, et al. Deve-
lopment of mobile soil rotary steam disinfection machine[J].
Transactions of The Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2018, 34(2): 18-24.
(in Chinese with English abstract)

W2, A TP B PR R 2R VU T TR PR T S A [0
FREEA, 2021, 36(3): 64-68.

ZENG Xin. Analysis on pressure drop and temperature drop of
long distance steam pipeline in concentrated heat supply[J].
Coal Quality Technology, 2021, 36(3): 64-68. (in Chinese with
English abstract)

e, TR GE=R0 M) dbn: A TR
t, 2016.

A A P I AL VBB AR AL 5 4 AR 7 [T]. DXtk
Ak, 2021(2): 68-71.

WANG Ke. Numerical simulation and analysis of turbulent
heat transfer in an expanding pipeline[J]. District Heating,
2021(2): 68-71. (in Chinese with English abstract)

PGz, WA CGE 4O M) dbat: HLbk Y
2017.

Wang C, Fox P J. Numerical model for heat transfer in sat-
urated layered soil with effective porosity[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2020,
146(12): 4020135.

KW, WOCH, REFE, 5. ORI AR R R HE T
6 A [R] 7K 45 3% 28 1 sg i (0], oMk T2 %4, 2018,
34(15): 92-99.

YU Yang, XU Wenqgi, SONG Shiyu, et al. Influence of red
loam particles, fertilizer concentration and irrigation method on
clogging of different irrigation emitters [J]. Transactions of the
Chinese Society of Agricultural Engineering (Transactions of
the CSAE), 2018, 34(15): 92-99. (in Chinese with English
abstract)

TRIWRE, e, X, ZL 3 W K 3G B e HX i i
WIS EZm (1], LT3R, 2020, 34(6): 732-735.

ZHANG Binghui, XIE Yanhua, LIU Lei, et al. Water
absorption of red clay and its Influence on the slaking test[J].
Soil Engineering and Foundation, 2020, 34(6): 732-735. (in
Chinese with English abstract)

REE, v, BN, S AR RN 5 o i R
PE K MICP i i 056 [J]. ARl TFE =4k, 2021, 37(22):
127-135.

LI Anjun, XU Chong, LI Xian, et al. Experimental inve-
stigation on disintegration characteristics and MICP
reinforcement of unsaturated sandy clayey purple soil[J].
Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2021, 37(22): 127-135.
(in Chinese with English abstract)

Pax
%,


https://doi.org/10.3390/pr8020241
https://doi.org/10.3390/en12173209
https://doi.org/10.1007/s12665-019-8527-2
https://doi.org/10.1007/s12665-019-8527-2
https://doi.org/10.1007/s12665-019-8527-2
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002390
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002390

5510 SRS 2RV 3 5 M 2 KO0 20 5 I IR ) R i 121

(291 &M, BIRAS, sk, S5 AFEARARGEKSN =R

AV K o A R (1], Ak TR 24k, 2015,

31(19): 84-90.

YU Yang, YANG Zhenjie, ZHANG Jiansheng, et al. Impacts
of different root miroirrigation emitters on water distribution of
red loam and yellow sand soils in Yunnan[J]. Transactions of
the Chinese Society of Agricultural Engineering (Transactions
of the CSAE), 2015, 31(19): 84-90. (in Chinese with English
abstract)

[30] R, K55, WK, S AFEM L RGE R & E

IR Y CFD ) [T, A0 TR, 2018, 34(4):
232-238.

BAO Encai, ZHANG Yong, CAO Yanfei, et al. Performance
of different material heat transfer pipes and CFD simulation of
thermal storage soil temperature distribution[J]. Tran-
sactions of the Chinese Society of Agricultural Engineering
(Transactions of the CSAE), 2018, 34(4): 232-238. (in Chinese
with English abstract)

Effects of steam disinfection pipe structure parameters on the heating
efficiency of red loam steam disinfection

ZHANG Yijie!, SONG Yue!, YANG Zhenjie'**, YANG Wencai', MUHAMMAD Ameen?,
CHEN Jin!, WANG Dong*, HUANG Guoliang®

(1. College of Mechanical and Electrical Engineering, Yunnan Agricultural University, Kunming 650201, China;
2. College of Plant Protection, Yunnan Agricultural University, Kunming 650201, China; 3. The Key Laboratory
for Crop Production and Smart Agriculture of Yunnan Province, Kunming 650201, China)

Abstract: Soil continuous cropping has been an ever-increasingly serious threat to modern agriculture in recent years. The soil
disinfection method can be expected to effectively alleviate the soil's continuous cropping. Furthermore, the soil steam
disinfection can be sown in a short period of time after disinfection, due to the non-toxic, pollution-free, compared with the
chemical methods. But the low disinfection and heating efficiency has been limited in the process of red loam steam
disinfection in practice. In this study, the disinfection pipe structural parameters were optimized to clarify the influence on the
soil disinfection heating efficiency. Firstly, image processing was used to construct a soil pore structure discrete model.
Secondly, the simulation was implemented to analyze the steam flow field in the disinfection pipe and the single-factor soil
steam disinfection. Finally, the experiment was performed on the optimized structural parameters of multi-factor disinfection
pipes using the soil vapor disinfection test platform. The results show that: 1) The circumferential and axial outlets of the
disinfection pipe posed a significant effect on the heating efficiency of steam disinfection (P<0.01). The optimal structural
parameters of the disinfection pipe were achieved: 2 mm pore size of the outlet pore, 3 circumferential pores, 2 axial pores. The
average disinfection duration of the test when the average soil temperature reaches 80 C is 394 s, and the average error rate
between the test results and the predicted results is 5.3%; 2) The soil heating rates of each treatment reached the peak when the
steam disinfection was carried out for 200 s. The efficiency of disinfection and heating gradually decreased after 200 s of
disinfection. Future practical operations need to be guided by the variation of soil heating rate. Specifically, the steam valve
should be gradually closed, the steam flow should be suspended, and the excess water in the soil should be removed to provide
the soil pore permeability when the heating rate decreased gradually. Therefore, an intelligent control system can be expected to
be combined, when conducting steam disinfection operations on Yunnan red loam in the later stage. The steam flow rate should
be gradually reduced when disinfecting for 200 s. The soil temperature was redistributed and gradually decreased, as time
increased. Once the soil temperature was below 60 ‘C, the steam flow rate should be increased again, and the flow rate should
be reduced and increased in a cyclic manner to ensure that the soil temperature was always above 60 ‘C, in order to achieve the
goal of efficient disinfection. The findings can provide a theoretical basis for efficient disinfection operations. 3) The range of
single-pipe high-temperature areas in each treatment was mainly concentrated in the horizontal direction 0-150 mm and the
vertical direction 0-200 mm. This study can provide a theoretical basis for the structural design of the disinfection pipes in the
steam sterilizers and the intelligent disinfection operation, and lay a theoretical research foundation for the design of multi-pipe
spacing of end actuators

Keywords: soils; disinfection; image processing; steam disinfection pipe; structural parameters; heating efficiency; simulation;
temperature field
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