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ABSTRACT

As the fast development of human culture and increasing demanding of water
resources, global water scarcity extends from arid and semi-arid areas to water resources
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abundant areas. Fortunately, recent field research indicated that deficit irrigation is
appropriate for supplying crops water for obtaining reasonable yield under some
conditions. According to the characteristics of deficit irrigation, moisture content should
be maintained between at field capacity (FC) and the average of FC and the permanent
wilting point (PWP). The advantages of SDI are sufficient deficit irrigation. However, the
low flow rate and low pressure characteristics of SDI usually cause emitter clogging.
Besides, the unsaturated hydraulic conductivity is much less than the saturated one, which
takes much more irrigation time to satisfy crops water requirement. A pressurized SDI
was proposed in this paper to overcome problems of emitter clogging and long irrigation
time requirement. A numerical model was developed applying Richards equation and van
Genuchten’s function to explore the wetting front development of SDI. The “Probably
Maximum Soil Moisture Content” depends upon observation locations and irrigation rate
for the cases presented in this paper. “Probably Maximum Soil Moisture Content” is
independent of the initial soil moisture content and is proportional to the irrigation rate.

Keywords: Subsurface drip irrigation, Unsaturated flow, Modeling.
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A NFEDREISCHE R > 2R RKRRE
E AR HZ B M R AP ez B @ AT A Bk E AL E
FE 4T (Pereira et al., 2002) » ff 32 10E @ 1E7K
HALEREHTRICT » Bk EE(deficit irrigation)
C S ERBIZEE R AEEEAT LA R
RfF T L EEIITR K - S EYI R aE
K AKHIE B (Fabeiro et al., 2002; Home, et al.,
2002; Orta et al., 2003; Kirda et al., 2004; Girona et
al., 2005) » ;&&= E KA > SREEK
BE RN H 4o B R N2 B E A o doK
(P ER PR RS » R EFE T LK (& & (water
content, 0 ) A BRI F HE A 7K Z(field capacity,
FC) & H [ & 7k & B 7k A i Z5 B (permanent
wilting point, PWP) ] & 2 € 2 [ - HI
(FC+PWP)/2<0<FC o tHBHXEt(Wu et al,
2003; Anandacoomaraswamy et al., 2000; Mapfumo
and Chanasyk, 1998)fH1 » Gt T
5 HEBKEZHE 1K IEJ155-0.33 bar
S » kA0 2 B R IRy ik ) B
-15 bar °

T i (Subsurface Drip Irrigation, SDI)E
TR —TE > (AR E ARV A A T

BT FTLOEERIHIK » Z B EEEARL
% o i F SDIHyEES LS : (D) E AT IE R
FIEYIRAR > (EVI R R E B & QD
i FRERE 8 A A FomR TR - GNERHE
B ESIEYIRR - ATl B SE M 3 T K
BTG : (4) (] SDI [ 2R (5 FH i 3R
HFeazR > PR R R o ELAME AR
77 (e T EAt A FH RS 5 S)MTRE Rz £
FEa R HIEE T BERPEVIR AR
B 5 (6) Al ik L ot 2 i B oK RS
(DX SDI AHFHEAEHIE T » R FZFIRIREA
IR 5 (8)[K SDI At R WA 0 > 7]
LDURk D fistfeagEe H  ORAARRD > BEER
B K 2 UERE T LA RORD B EER i
& 5 (10) AR RS EEE ~ HE B e R R A A
JIER] - BESRGE R SDI B Lt s - HRE
SDI LK SN > {5 FHARIRE S VR > A SRR
KA A NERL (KL - AR 555G B HE B
(emitter)[H ZE[IRE  HEAF > HIS SDI AREEEFR (L
R/ IVKEEEE B K & B R TR &
JKEIRE > FEROAI T SR R T AR KT
SE{Z 8 (hydraulic conductivity) » {# +EEK{3HI7
B AR DRI 7 B R VR [ > e
TR BB BRI [ > R SDI R
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KRB RN - AR B K A i Bl
ZTE BRI 5% B B E RE 2 5T K T RE AR <2 Y
HA > MHBE SR 725 [ RE3T % B2 BRI BRI
(Parlange et al., 1985; Allison et al., 1994; Nimmo
et al., 1994) - {}/> van Genuchten (1980)$¢ Hif*J#8
B/ 3(-van Genuchten J7F2 » TEfRRIEEIRIA
BIEEE LR AL T IR EE R E R &k
SERIFERRIERR (R b A B - 7E3TF 2 FHRRRIRT
5¢ 1 T3S B AR S AR T K G R B
& /72 (Dexter and Bird, 2001; Mermoud and
Xu, 2006; Nielsen and Perrochet, 2000) o A< H[IF]
FHFEBAN IR E AT - Richards equation
VAT 52 D8 T - SR 7 TR Bl AR S o

FE BfRT -+ 8 OK £ it Bl 1 B 2R A AT DLl
Richards 7373~ (Simunek ef al., 1994) :

0=-0"{q} =0T (KIOH) oo (1)

s
6=06/0t : 8: THUK{HER(0=0(h)) :
H : 1 1#&4EE (soil metric potential) » ¥ A JEEH
M S BB

0T =[o/0x, 8/dy, 0/0z] :

) =ta,.a,.0,)" =-[K]OH « HHkfE
i
H : #8#5§E (total potential) » H=h-z » z {CRE
AR A ER T
(K] = JEEA K T {EE AR B (unsatu-
rated hydraulic conductivity matrix)
(K=K (h)).
KPR EH =(ERAE D, 6, K[K]FFLUE
AEIZSEIRE o & h <O - van Genuchten /%
F\(van Genuchten, 1980)g8 15 A] LUK R0 > [K]
B h EIRRALR -

=6, -0 )E;ngw .............. (2a)
Toitfen g
O (L R L W & W
5 (™ B
................................. (2b)

H o 1 Bk {3 & & (water content) » 0, FHUF]
+ 1#% 7k & (saturated water content) » 6, EBjEER 1+
/K {73 & & (residue water content)» K, 55 #f] 1 1%
7Kk 771818 1% B (saturated soil hydraulic conducti-
vity) » of% soil specific coefficient » n, 5z m £% soil
specific exponents » E (% m=1-1/n» [1|ZE AL
HERe (unit matrix) o B FHEAT I S (B h20) - o
HIERE RS -

X FH Bl Huebner and Thornton (1982)%H
LA Rt EERE Q) -

[M] {0} +[]{H} = {f} oo, 3)
Hr

m; = fy N;jdV and my=0 for i#j; ........... (4a)

[s]= fy [BI' [KI[B]AV ;..ooeeeeouurrrrcrrrnan (4b)

BI=O{NIT: e, (4¢)

{f} ==, IN}(n} g D dA 5 (4d)

(0} Jx (H} A% 6 F H 7625 R &= (N} Sk
7574 2171 & (shape functions) {n} & TCHE R H [
TEEAAR - {q, | BCREERERE V&
TR > A TR R -

()72 B R UG IR 532 (Huebner and
Thornton, 1982)f%2 » 2(3)TERH toll T LB AL -

[ma]{6a} +[Sa]{Ha} = {fa} wccovvrcrorrrrrrrerne. (5)
TEIFTRIES nt1 25 K5 m+1 ZGHEIRE - (5)
HafiE B { Ha } and { 8a }3HEES -
_ {en+1,m+1}-{en}
At

6o}

{Ha} = (1-a){Hn} + 0 {Hn+ ,m 1} oo, (6b)
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'g 0.2
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BTS¢ 6 . E At ~.(10c)
W o o o o oo Mo 8o = [Sq] ((l - 0){Hn} +a{Hn 1, m})

L33k (cm)

B1 EBAFEDYIRXDSERTHIRE

Hrfl2a20 » 418 o=0 HI £ 8 1% % (explicit
method) » #150=0.5 HI|f% Crank-Nicolson % » 4[|
Fo=1 HIFEFE M (implicit method) 72 HITFIH
BRUEEE R AR R B T -

On+1,m+1 FJ LAZR ) R [ 31 72 ME% =5 s 2 (Celia

etal., 1990){5% :
ae(Hn+1,m)
On+i,m+1}={6n+1,m}+ {(———AH
{ +1}={ A o }

={On+1,m} +[C]({Hn+1,m+1} - {Hn +1,m})

oo

96(H'n + 1,m)/0H Offdiagonal = zero

0

0
96(H?n + 1.m)/0H E
0
0
0
O

@DDDD

ffdiagonal = zero 96(H"n +1,m)/0H

A FA% nd S (E T EHIBER Hn v im
For HAEEG i~ IFEIAPER nt1 55 m (HEMEETE -
1 2(6a) ~ (6b) B (NFEAS) AT LUFE]

K JaHy = F ) e )
Hr

(H, b= AR (10a)

[KE]=ﬁ[mu][C] FO[SA] oo (10b)

KON e T BTH TR TR
AH AL AR BT {5 2 B e e 77 72 X (global matrix
equation) :

[KG]{AHG} = {FG} .o, (11

ia [ R R ] DL JEAR I 75 F2 A sk i - 40
Newton-Raphson {5 3K il o

= =GR RO

1. TiE%IE

FREERR 8 FH BURRLES B iR R HERD - USRS
C109 » HHiEkifE D50 £ 0.35 mm (PEAHIESE -
2004) > H Ak S SRR AR AE 1 (RIBRE
T E SRR A B - FIFC RETC kil
(van Genuchten et al., 1991)[]§F7% » FEF van
Genuchten 23X TR AR EAIZR 1> H AR
+ sk J7 {8 ¥ {% B (hydraulic conductivity) £
0.042cm/sec - EEZ T HRE PWP I > T HIKAIR
77=-15 bar (-15,301 cm) 7] [ van Genuchten /7,
Fe 3 1yl 2Bk © =0.0560 » [F]HE T 1
FC [ > 1k {358 /7=-0.33 bar (-336 cm) >
0=0.0567 » LHE(F PWP & FC T » Fir#[ER
Bk e BT -

2. BRIEN

A2 BB R E A 2 P 0 B 152
NG~ B0 A5 ~ & 59 AR TR o B
B BB RA > £ lemxlemxlem >
52 G 155 JRE A [ 3L 7% 152%10%59 = 89,680 {H #d
1% o TERSBRERIE Py i ks 13RI - Aife /e
VU S AR o B
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(0,0, 0)
)

R5Me
HAE LA
N
o LI0%
15245, (152,10, 59) #1242
HHE1 N5

y X
z

2 BEEKERES

Lo L O_H‘
gy =0 o dy x=152 ~ oy 130
H|
e a—y‘y:m S0 s (12a)

IR T VTR TE KR - (ERRBEEE R
B B n A RE —f% - A

H z=59 = HO

i VR B L T R R A £ (89, 5, 10)
VRN O R B A T HI A K B IR R )
FirE FER 7K T1{E8 (%5 » 1€ van Genuchten /3
AT DAHESK 3% B (sR 1 gl & 2 B0 ek ik
J155-100em [ » T IEAIEEATK S {EE (R B
8x10%cm/sec » [P HIE KA TE J1/5-336em
e o 4 BB 09 JF B A0k 77 1E E R B
1x107" em /sec o £ 7 HEHEENIAE T (1) SDI +38/k
AL IE - LLRE AE 0 5R E (R) 43 Al B
0.14cm’ /sec/cm? J 0.56cm’ /sec/ cm? » LEAS[AI[Y
T IEFEAAER )T (-100cm Fz-336¢m) EEER SRR S
o R 5k R i K 1 A K 1S AR
B AR IR R B IRTRE o BR TAE
TREGE T REAA G T FR (time - step) 24 ZH #52TH 7F — {1
fili/| N2 (0.01 sec) LU A% » IMEHEG T H @ S s
(B BBhaRE -

3. {RBHER D

55 7 HEEIE R SDI )+ SR FE R
BGIRDL - Je 1R K 7 & B LB /K
GRIEE S REHA TR IR TTHIRR R - (B TUAE A
ARTUT (& DAESTHNEA LS SDI FfE - 73k 2 ]

&2 JEET SDI BRI

Case i AKER) ALl XA IR
(em®/sec/cm?) (cm), Hy
I 0.14 -100
i 0.14 -336
111 0.56 -100
v 0.56 -336
l i 7(89,5,10)
O)
A(84,5,10)
879515
|
€(89,5,20)
CD(79,5.25)
CPz(é;9,5,30)

3 BERMUERBAIRER A~E

DT - A VR e P s RS F R BT /K T 7 (]
BAREL > K EFHERFEE IE@] Case T~
IV)ZEH 9,360 Fhiis (-3 - DUBIE Tk 6
RIBIE » Fte—4 7 e oaihm ki & &
FUIBIE » F SDI e SR AT 237 (B e A
EECaNIE 3)» fo SR HA R 1k 17 & ERERR R
FALIRRR - (EEIER T EK f L EAR T R
SDI B ts i) & etk -
(1) LA RERR A

4 [ 8 73 BB EBLHIES A 2 E fEIYfEA
[FIVEERAGE (T 1 T K A A LA > &% K13
U o EERE KD B2 S B > T+
SR A B T JC DAREEE /K B K Case 1T
 Case IV £ BHEE F#E /K Bi#i%/] Vi) Case 1 |z Case
11 AR A i R - T EER
kR EIAELSR - (E R AT LU (5%
TEAR[FIEREGR T B RGE R R R R R -
HEHE Lk REY LA R SR
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0.16
0.15
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&4 SEERRMG T KEBRBEREF AR

&5 SEERRG THRARIE 90% ITEEK

R IFRIZR (sec) TIEXIDEE | FTRIFEZR(sec)

Case Case
Case | Case Il | Caselll | Case IV Case | Case Il | CaseIll | Case IV
A 2 A 2

A 43 59 21 21 A 1123 1395 411 591
B 395 659 195 255 B 2403 2907 1123 1271
C 283 459 131 175 C 2083 2491 899 1015
D 1139 1787 531 679 D 3715 4275 1667 1879
E 1395 2323 635 799 E 4235 4555 1731 1943

(AR s SR AT R - iR SDI A RS (2) RIS LT

R VEREERI TR K > KIBHERT 7 P TR AU
> (B BT LU 53] > ASCRTER I
BROETT - K E SR B R LIRS P T AR A
= 4 (EARSCAE A Y S A LR B
Hg=-100 cm B¢ Hy=-336 cm FJIRULT » Tk
RIS 107 ~ 107 em /sec » I3k
{FERE) 10 A/ FTRIIR IR 106 ~ 10" sec
SEATAFR 4 A YRERE - 10 KA EE 90%HY

MATRER A K & & ) PRI R 1
EARSCHF R B ASR b > BB A E=
0.56cm’/sec/cm’ » Hg=-100 cm 5 » E1HIEE A 2+
B3 EE 90%[ T AIRER A Tk & & 1 Fr
TEHIIRFEHE RS 411 £ MAERZRTIRTE T GERE A
= 0.14cm’/sec/cm’ » Hy=-336 cm) » EHHI%E E 2
TR ENE 90%(1) T aTei A Tk & & )
Fr g e th A7 4,555 75 -

e lE 4 2l 8 FURREEFE Rt E—4 7%
TR RERBLS - &R E]E 9,360 )
R (R > IR R R Z A8 K B A
MR » S ERAELT Bk AR 8 bR
ST RIS - TEHKIERE
oo BT R —RZRIRE L o IR TRE R S TRE
B > KL > QSR -3k 3 e F AR EE I
J7 U HE A B B R g - SR ) [RIRR AR
(HTHg=-100 B -336 cm) » iR BEIR AL TR 25
Z I > (EE BRI S - FEA SDI ik fEH#EK
TERIEEL 5 > AT LUE R R B T A 2R Y
7k A3 G B R (percolation) » #A5Z R M [E £ 57K
BEVEATFIFZS b o] DI AR KRR -

RIS AT S TG - M BER A ST TR
EEfG T K & B 5 Ho=-100cm » {HE K S50
£ 0.14 em®/sec/em? » #8538 9,630 sec {2 11 g
{HFF B B A - Bk BB T UL T R IR
B o FHFS TV K AR RS 0.14 em™/sec/cm” »
3 Ho=-100cm [Rf 2 JEEERN 381K 7 {88
RB(H 2.5%10 cm /sec) » [RIIfL » BEEAIEH B
eI P (time step) oA %5 A0 AL - DARA (- B fil e
(PR EL o (EHEET AR B B 23 - RRARAYRRIE
IR A TR AR RS 0.01 sec » FEEEEBERR
PR > TR A &R K HEERE0TRE 2
FER o B IIRIRE IR o R FH R A ee F T
DIS3| + g shas s LB 0E 9 2 1~9
Z 8) » & LK & B ARNEE IR A g
ZRM e T AR AR o S TR
HEWRIRRE » T IR R T R - T
i > HF T EESKEREBETEEAER 2
% VERER KA W . LK R A
IR o 55 IR S K R 2 SR
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ZRWE T R AR o

P - #SEmERET R

(R AA ) SRR P B T LA > RS ARESC
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L2 il N DIN A A U S A il
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