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Numerical simulation of soil water transport under
film-hole irrigation based on FlexPDE
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Abstract: To explore the applicability of FLexPDE, characteristics of infiltration, and water distribution in
soil profile under film-hole irrigation with a constant pressure head, the soil water transport was simulated by FlexP-
DE with the measured soil diffusivity and soil water characteristic curve. The results showed that: The mean relative
errors between the measured moisture content and the FlexPDE simulated of silty clay loam ( treatments 2 and 3)
and sandy loam (treatments 1 and 4) were 5.930%, 8.340%, 9.600% , and 14.040% , respectively. In terms of
the relative error between simulation and the measured soil moisture content of silty clay loam, less than 5%, 10%
and 20% were 40% , 68% , and 84% , respectively. For the sandy loam, less than 5%, 10% , and 20% were 12%,
40% , and 72% , respectively. Therefore, the simulated effect of silty clay loam is better than sandy loam. Accumu-
lated infiltration had a good linear correlation with simulated water storage, and the correlation coefficients were all
greater than 0.9. Meanwhile, the accumulated infiltration and water storage grew in function of power along with in-
creasing time, but the increase rate slowed. Using FlexPDE to predict and analyze the impact of hole spacing, hole
diameter, and infiltration depth on the unidirectional intersection moment, water distribution, and water storage of

mulching hole irrigation in silty clay loam, it was found that the hole spacing had a great impact on the soil water
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distribution at the initial intersection stage, and the diameter of film hole had a significant impact on the soil inter-

section time and water storage.

Keywords: FlexPDE; film-hole irrigation; water storage; water distribution; numerical simulation

- 3K 4312 Bl 2 il KA BR B B
| S PR Wy SR ARG PR Y TR A R A, i e I R g
T AL i) 2R L 4R 5K 432 sh il
X O R AR A B FH K B8 U DA SR S AR
FrREAEEE Y,

H T, 3K 4338 sh AR 58 32 B = P9k
By B, KRG N A T Fu gt
4% [l 22 252 w5 R, % 22 I 20K
77 B E ML S B A, Ho 58 iR e ik
PRUEDR Z 4 %) 5 7 . BERRURIRAKST Richards J7
BAMHARTERMR SRR FEES
HYDRUS Fil SWMS , Hefgle =37 i FH F ok 07 |
IR | - 43 2 BT 45 Xt + K 4332 B
(R RZ M A5 Hf, EL G =2 S ek S %, T E AR
B 38 H R S NI BRI S A T

SWMS B AR 4 5K 4332 ghoks B 5 v, {HLH:
THA T 20 o0 PR TS BT A s K
AR, TAERKHS) A4S ;A LT Fortran 1
FHEFEHP A EA KL, HYDRUS 45 E
SCER IR [ BRI 43, (E RS S 2 22 50 L I A 4%
JERA— X TR A X, TGk SR kb R
WG R, teAh, AR, SWMS Al HYDRUS
SRR - HE K 4338 Bl AL I R A R K R
REARMAN TR 5T & AR T K R Z fL
BRI TELRE Sk

FlexPDE J& — 3% 1R fif i i o0 A2 1 3
FLA WA A shkil 43 | s B0 % B B 22 H 3R
AR, AT A 2 5 1) AL A RO AR SO ol
T FERR I R Gl Ak A BR TR RLSR A, P AT
T, Bader'" FH FlexPDE X 4k 4 o 5 f1%) 7K 43 F1
Vi S R R R UEAT TR, LA BEAR ; Albrieu
K H FlexPDE B T 5 (AR A HE AR 22 A4 K i ik
B ; Rithaak ™ i 3 FlexPDE 4K 1308 F 1y =
7K FIHURE A b /K B sh s B 48 5% 5 o i 7 A

ASCRIEER AN+ =SSO BRI 5T , 45 & FlexPDE
b2 TR E | T | e ) N B 115 S A | A & (T 11 ) N
FlexPDE 7E 163 | B3 Figh L G157 295 it A
J R

A B 0 v R T T, AL YA A R
T B )35 B 5 K SRR BE AR F R B ) 1) i A% 3 [
VR A= 3B 7 J 3505 9 ) %) 3 T, A 45 /K B i 2y
SRR K, A BIR AR SCR A YL
R 4 K A B ) BREOC R R R R R
AR AT A K AR A HT R K S B
FHABEIER, KIUF FlexPDE # 4 7E IR FL 14
HE K 533 S AL AT AR R Y [ B R S B
TR R RIS K, DU T 47 4g R0l
2

1Bk i

1.1 REiET

PR - HEH [ A =R B 0~30 em t
JE IR+ Fb 4 (ORISR 1) o WA
TR 60% HH [HIFF7K 6 BEAL B BE — gl 12 ~ 30
em JEFLEHAAE 3~8 em JEMEKIE 2~10 cm! . VR
U, FgE LB 4 S AC P, BARAE B 5Tk 2,
PP 13 (4 K 1 280 RETC B PF 4004 3R B (£
3), H b B T1. T2 SR A 175, 403
T3.T4 R H B +4EH T8

F 1 Ml T EBRE

Table 1  The composition of soil particles

Ji b Kk % kL % WL %

Soil texture Clay Silt Sand
e+ Sandy loam 11.350 22.080 66.570
¥kt Silty clay loam  24.460 57.850 17.690

T SRS MR [ PRl HEAT 4328, TR,
Note: The soil texture was classified by international system, the

same below.

®2 THEREAR

Table 2 The experiment methods of soil experiment box

Kb + e RH/ (g em™) JEEFLIEIHE/ em JEFL AR/ em ABKIE/ em  WEKEH/ (m® « hm™?)
Treatment Soil texture Bulk density Film hole spacing Film diameter Infiltration depth Irrigation quota
Tl b3+ Sandy loam 1.450 20 4 225
T2 MiAHEL Silty clay loam 1.400 20 4 6 450
T3  KPKiEL Silty clay loam 1.300 30 6 6 225
T4 b3+ Sandy loam 1.350 30 4 4 450
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Table 3  The hydraulic parameters of soil

ES i .

Soil texture p/ (g em™) 0'/(Cm3 em™) ax/(cm3 < em™) a/em™! n
R+ 1.300 0.113 0.492 0.014 1.715
Silty clay loam 1.400 0.123 0.456 0.017 1.546
Wb+ 1.350 0.057 0.380 0.025 1.759
Sandy loam 1.450 0.049 0.362 0.024 1.689

E:p.0, .6, a0 PR LIRATE SRS KR AR SRR LI ER B S8 TR

Note: p .6, .0, .a.and n represent the bulk density, residual volumetric water rate, saturated volumetric water rate, the reverse of air entry value,

and parameters, the same below.

1.2 REHE

AL TR 2R fh D RO A B3 30 A R AL
RE (B T) 5B IO T 4ERpE K Sk s RAE M
M (KxTaxE) 10 em X 10 em X 60 em(A) 1 15
em X 15 em x 60 em(B), +48 A 7K ) M B 71 B
2.5 em [8]f7E 2.5 em FEMMEE EEES em [H]FF 5 em
BRI AL, T4 B /KF-m AR BE 3 cm [A]fF 3
cm FE[M IR FIHEES em [AIFF S em WEH LS, 7E
- FE A <0 R T R R 7 A IR A L (AT Dk
82 X T REFLAE B K 174 BEFL (B4 — ) 1R
HFERTG, HREZT i 2 mm B % B0E 2 R
5 em JERER L, T RS SE U BRSEAL AL 24 2R
VIR BEE 8 LA BT 1B 7K 0 B 5 X R v M S PR
IKALARAG A B 5 S 45 A, R FLER R
TR T A () T A 5 K AR e M T K o3
IIATRHIE

Y HOR R FKOE A0, A LB +
A, AR (NAE)S em K 36 em, HEEZ KT
i 2 mm G E A EHRE S KRN E KR L
B e AOKAF- At b i e o A% b 20 ) A
S ALK 1 5% B PO K A6 28 Ak S0 1 8 4
11 em Fiv T ] 5 1250 45 SR A DA JE 97 8 Ak T 4 B
o, R TR E S KR

2 FRAIEEST

2.1 TEKSTIETHIEEY
JEFLIE R 25 7F ) Richards J5 #2127,
oh 9 oh J oh
C(h) o =(9z[k(h) X (g + l)j + %(k(h) X &xj
(1)
X, h N LT (em) sk (h) NARRA LIRS
K (em » min™") 3¢ HEFIE] (min) ;2 SR 7K S B B
(em) 5z HFEEE (em)
IS HFN YR 5 KR 5 F& ] 43
K van-Genuchten J5 #2" FH F B 2256 73 20

a LA b AL s e AL d. T s e T IO
a. film-hole settings; b. soil collecting hole; c. air vents;
d. soil surface; e. Markova bottle
Bl EFLELKREE
Fig.] The experimental equipment of film hole
KU BIA(2) L (3) s TIEARMAN KRS T IEEL
R R AR (4) 14
0, -0,
0 +—— h <O
"(L+ [or]M)" (2)
0, h=0
K, 0, HERAREBEAKE (em® « em™) 0, N
HRE AR (em® - em™) sn.0m AR E R, Hi
m=1-1/n,
D(h) =Dy xexp(-B x (8, -0(h))) (3)
E(h) =C(h) x D(h) (4)
KH1,D, B0 WAL HEL, 0, HF—FHES KR, A
S0, = 0;C(h) S LIEHOKE R (em ™) ;D(h)
HHIEYHCR (em® » min™") |
A, FIH FlexPDE #A4: % 137K 43412 5
FRtEEA TR, HBER AT = (1) L (4) BRA5 24
2 N Richards /772

C(h)(;}tlz(jz{C(h) x D(h) x (% + l)j

O(h) =

+;;(C(h) x D(h) x(;zj (5)



55 4 39

RASCHIAE . 2T FlexPDE FYBEALHE - 3907K 7332 S BUE R 37

2.2 HEEIGIAS AR &G
W L AR T AR R 4 (K 2) , i
FHTF z WREFR, S rTHL OABC ) X A M F 5
W5, s FAFLEAR L R ERIKEE H 560
J&E , WA SR AR R A T 368 (T M ABETE]) .
N GE-SEE

h(x,2,0) = hy(x,z) 0<sxs<LO<zs<H
ISR
h(x,z,t) =h, 0sx<s5,2=0t<T

—k(h)x(%+1)=0 O0sx<L,z=0t<T
R uES IU
—k(h)x(%+1)=0 0O<x<L:z:=Hi<T
FEN PSRN
—me%:
PEPUR LS S

dh
—k(h)xéf=0 O0<zsHxx=Lyt<T
x

0 O0szsHx=0<T

B2 ErlELEKkSEHEHUERREE
Fig.2 The diagram of simplified model for water

flow of film-hole irrigation
2.3 TEEfEKEEE
I OABC THI/EABEGEXS R (E 2) 0 Fl e + Ac B
ZIRY L3RR A (6) ((7) TR, W () o 2
S RS K U] A ] R BE PN S K
AW A (8) T,

W(t)=ﬂ9(x,z,t)dxdy (6)
Wt +A0) = [0(x,z,0 + Aydedy ()

AW = ﬂ@(x,z,t + At)dxdy - JJO(x,z,t)dxdy
(8)
2.4 FlexPDE & &/
FlexPDE 43K fiff et 1w 43 77 R ) 1 1) AT 32 AR
SCPE L R L A 4 TITLE—%y A $8
WFR % 3, SELECT—35 | FlexPDE 2%k ; VARI-

ABLES——1if# 43 75 #2 4% & ; DEFINITIONS——&
S T FE v B 250 EQUATIONS——1 £
4y 77 & ; BOUNDARIES——i#1 i 4% {4; MONITORS
and PLOTS——HUEf# I EIJE ; END AR EE R

3 RS0

3.1 TEEKS I SEMRE B REIE

3 AT P KR AR R AE T LR i gL T
MIAB R R T e AL 45 F F ek 4y
I IR A 50, T - S T KR SE A
BAE ST X H AT

&l 3 Shifad FlexPDE 3R AL 18 HEHE K 45
SR 20 1 - BEFI T K 43 o3 AR AN AT LR
AR RREAL A B, K Ay LU AL A e 2 4 [
TE A3 3 15 LAV e, FE L X 4 18 K 43 A 4
HESZ AR/, KIS0

4 Tl b B4R BEASE T B RE K 22 50T 5 1 K sk ]
39K 120 642 209 min 1 568 min, #E K 45 )5,
3 36T L A ) T K RS S A AT DL R B
R T3 Hh 5K o BEUME /N TS Z 41, Ko ab
P HOK A BAUE R R T ICE b2 T1~T4 +
BRI Y AR R R 22 5390 9.600% ,5.930% |
8.340% Fl 14.040% , #E— 5B & I, By K HE £
FlexPDE AR F 0 458 4 BRAR ) RIXT 49 il 13
+, FIEEKEARXT R 22N T 5% 10% F1 20% 1) L
15350 K 40% 68% i1 84% ; W3 + | FLAH R 25 /)
T 5% 10% F1 209 11 LLAG1 535014 12% \40% F1 72%
2 T SWMS X IHFFEAS | 45 Ab BRSF- 35
AN 1% 22 40 5 A 10.230% . 5. 830% . 7. 660% 11
8.540% ; FHLH X F My Rl 48 4 | 38 5 KR A X R 22
INF 5% . 10% F1 20% 19 H 1 53 591 R 48% | 72% Fil
96% , 55T 45 T X H & B, FlexPDE A AR 481152 22
A SWMS W g, {H 38 22 AR/ IN, IR B RG BE BEoK
[F] i) %5 T FlexPDE HUOLA (HFC 3k K ) , IHGIZ AT
TIE A X R R i KA A BT

e AR SONE Z [ A — 2 5,
TR . (1) 38K 43 R AE il 26 D 4K it
AR I RS KRG, B R
ITFEARACEE LR A AR — e R A (2)
TR+ 4K 412 Sh S80I e S BOR 25 (3) db
ST W 5 4 TR K 235 TR 3 K R E A T A
IR (4) s 45 [R) 1, R S R 4 38 4% 1) S5 1
() NTELSRITFEAFEZER.




38 TR A X AR

o537 &

32 TEBKESERBVASENXER

HE 4 fTUAED SO ERABE HKES
ABBIHYRRFRECCR , BRAB RS T 5K
SR AT AR AR ik, H AT A A 3
BABEIEE (R >0.900) . Hr, ZRAB GEREN
(] AR TG K, (A 9 180238 [ B (1) 2 4 177 98/ ) 5 i
VIS TEVAUNT 3¢ NIUE R a5 e
K5 BB R LIS R, nl i K i AR
e BB ' AL,

LA 3.4 nT LA TS0 R R g
PR L 5K A3 R AE 28, FlexPDE X #5 K 1€ £ K
oyic ORI TP HE £ | (B 340 RS 2ok
AT RE R 043+ R ALBRER 22 | AR RN 7 7K A X 5

60

=D Simulation

o 92l Measurement|

g g 295—
5852+ 2gr/——g ]
@‘; | gs—°

= 50t 0261 0235 024

= 287
S | g ———BWF— 2
*EH;S 481 _

46 ——BT4———B 27— 8274

44 8.953———B.255——B.253—

42 L g23+—>5 23——B23+
| = o g 2_____4; 22— —
40 : :

4 6 8 10
K ﬁ!p 2 Horizontal distance x/cm
(a)T1

00 ' =441 Simulation
Lo 4 e S Measurement

! 9 403
- / l &
475
Ho.43 L
. / A
43 jyﬂ/e.zm—
S 50| 5 #0397 0300 e032 4

48 '__ﬂffessz//u
46k 83T 3/32#
44 F 3

,Hﬂm//)z 2]

T PE #z/cm
Vertical distance
4

40 07

7K °F 1 % Horizontal distance x/cm
(c)T3

I, MRS AR R AR {1 R, 35808 1
BEin R U e, 5 K R0 A AR Ak bk, 2 1 3
FLAUL L35 TR M

4 FERIN FH

ALV St B A AL 5, 8 T R A 28 T
TE  (FL7E S s T () 45 38 vy B R /K S g e 34
K & A 2D B, T 35 - 3K 43 401
IR I8 BN B PO AR 1 32 A 5 ) I 35 T L
WEAK A3 A R 32 R L 4 R i) B 2 PR 2R R i, TR
I, R e (] T R 7K R FH 23 A A BE TR A BF 5
FLEAE | BRI R A R 46 K 28 %) 38K 4332 Bl e
PE RS, AT S B FH (] 7K A 508 3L

60 :
r. 445"—“/

—6’43

55 ¢042a %u/g ©0.412
44
—@415—~—~“"3

0 40— w2

*0.407 *0.376 *0.387 q
8.389———5 39——5.389—

83748374 0.374

©0.398 *0.402 *0.36 1
35— 5353 353

8333 8.3 —8.333—

@’fﬁm Simulation

e 92l Measurement]

403—

w
<

z/cm

E NN

Vertical distance

I~
[

8304 -8.304— 830+
40 F 035 0347 0319

L f3—823——H823
—  fg19———+% 1g———8.19—

35 .
0 2 4 6 8 10
/K7 #i 2 Horizontal distance x/cm

(b)T2
60

ﬁmﬂ

5 .0 2 76 gn 5
7—&}00249 €073 0233

297
5 0249 -
296_

@’fﬁ Il Simulation

Q Szl Measurement

w

W
(=1

OD 255 OU 267

Vertical distance
.
W

o~
o

af B #E #z/cm

0295 0251 0262 0243 A

o8 295293

351 0222 0213 0217 €023 A
I 02 ———=82 2

30 1 L
0 5 10 15
JK 7 #i 2 Horizontal distance x/cm

(d)T4

3 AR4AETEFNEAKS SR

Fig.3 The moisture distribution in soil profile under different treatments
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Table 6 The experiment methods of film-hole single-line convergence infiltration

g AL/ em JEALEAE/ em KR/ em pos:il JEFLIE] R/ em JEALE A/ em IKIR/ em
Treatment  Film hole spacing Film diameter Infitration depth || Treatment  Film hole spacing Film diameter Infitration depth
M1 30 4 4 M10 20 5 6
M2 20 4 4 M11 30 5 8
M3 30 4 6 M12 20 5 8
M4 20 4 6 M13 30 6 4
M5 30 4 8 M14 20 6 4
M6 20 4 8 M15 30 6 6
M7 30 5 4 M16 20 6 6
M8 20 5 4 M17 30 6 8
M9 30 5 6 M18 20 6 8
F7 BAEHEMEIZICHZ
Table 7 The convergence time of different treatments
Ab38 AL A2/ min Qb PR AL AT Z/ min Ab¥ AL AT Z]/ min
Treatment Convergence time Treatment Convergence time Treament Convergence time
M1 263 M7 242 M13 222
M2 103 M8 86 M14 75
M3 263 M9 243 M15 221
M4 98 M10 86 M16 75
M5 264 M11 244 M17 223
M6 98 M12 86 M18 75
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Fig.5

The relationship between soil water storage and infiltration time
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Table 8 The fitting function of soil water storage with infiltration time

pGBL] A A ) Qb e AEAR )
Treatment Fitting function R Treatment Fitting function R
M1 W=0.381:%""7 0.999 M10 W=0.468:"9 0.999
M2 W=0.339:%7! 0.992 MI1 W=0.467:%%5 0.999
M3 W=0.354(%7%° 0.999 M12 W=0.457:%%% 0.999
M4 W=0.400,""% 0.999 M13 W=0.456:""1% 0.993
M5 W= 0.349:%7 0.998 M14 W=0.453;%"18 0.993
M6 W=0.397:%" 0.999 M15 W=0.543:"68 0.999
M7 W=0.461"7° 0.999 M16 W=0.460:""1 0.992
M8 W=0.45906% 0.999 M17 W=0.5417"68 0.999
M9 W=0.468%%° 0.999 M18 W=0.531:688 0.998
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Fig.6 The moisture distribution of film-hole single-line convergence infiltration
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