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ABSTRACT

e

It is difficult to accurately predict each flow rate of landfill gas and leachate extracted

from many of wells, which have been completed into a waste landfill containing gas and
water. However it may be approximately predicted if we can define only relative fluid
permeability of gas and leachate flowing through landfill porous media. Therefore

numerical simulation using multi-phase flow equations makes use of it's input data of
the relative permeability which is measured and calculated in laboratory environment like

in—situ, and consequently we can quantitatively obtain each flow rate of gas and leachate
from collection wells. These series of technologies can provide with the important

informations to determine the success or failure of landfill gas energy and landfill
stabilization. This paper analyses the characteristics of landfill gas collection by six classes

of case studies for none described landfill.
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Fig. 1. Apparatus for relative permeability measurement.

3 FAY & AA AAEUG. oluf FolErig
WAL 5cmelx, AlgHe Zole AR Yol o
2t 25~30cm= ¥Wgkd &4 st} Fig. 1& 23]
T3} EA 2] s zoln) Zokgr g 7}
29 BE FAlY] #9E F A= PP spx
H7t Ao} slen, FokEd 3didele uiy
Z A EE 59 7t29 BS sk 34X 7t
27384 2 ERAE FE59 . FZolEy
o} A E3rle Wz dZE. 974 &4
gL 2535 A2k APt 48 3
A5E3EE YoM s, AR FolEdd)
WhE AEE FUs 7k29 AFEA=E 54
& o £2 100% X3 F Bo] AdTH:

g 248t vt g £ueS AW -

N 7heg JifATRES SR,

2.2 oA 71234 §A

2.2.1 AT

A ZUel EFFol AEs} AEH7] Aol
A E 35 Ev HEdde &3 driast
dESt Sl ol iHA S E3% 0] A

Feob MY vigriae AERoZ vjEEHA
dx % 33U AEsln UUD 7128t B9 A
o} WalA =Hedl o)df ul2 FEsixe] #srt
dojus Aoz FHY £ gt} dE B &3
7t27t HEd0] Qe ARY FI3UelMY 7txe
B Ulgt T3xE AR, dutyog My
A FFL 7tAE Fdhe 4FEtke B §
Fhe 4o sl FFU GAERde Zo
FaHo] glo] AL TFANE AFEe 398
o ol 7t29] 7o) vl A¥2HE F Yoy
AF3Ue g=o] AslE FIEUA FIE B
o] FAE& 7kl B3 verlzt o2l g ¥k oY
g 2ol F&d F3uU9 ¥dL M2 dA)
d1 IFHe=E vt2e AXFAA dZH]
water coning 4to] WISl 7lxo] e F
A3 sl 89 Yol Z7sA Hol Ao
£ 7ta] AAbe Fashke H%71A] ol2A |t
tgo] j@xF EFUY 33 AUZL dAue]
ol Hjal oj$ okl I FFAol Bk
T3 &4 dREe 3 o&) o@xE A
Ho] 34 glm, olH g AEFe ATy 43448
¥R §2E5E AN gouz &H ¥

Joumal of KoSES Vol.5. No.3 35~54. 2001



38 AAN-AA7-HER-FAE- LR

3t o8 B 7 glen oFde 7tx9 #%0
AE dojuiA] gheth. 23U ol vigAF A
7o ¢ F¥F FRde e vt #
TG & et oA olfv WHER e
7t FREOIUE A1 s AL, T shie o
PR A5e &d Fx3ZoIN dZE Y o
AT U A 2ol 8 A&7t e
Ztase FEAos £33 £ Sl ol 2
ol #¥rE A vjfr2rt 7EE U= o
BAZUN Bk ez O 99 R+
At oA AgE 2o ¥R ZRY £
Bteol g Fejsi o3t 2ot

S“ - w - w - W (l )
V., V-V, w,
(V%)
P,

Aol V, W 2 AF, 33, Uko|2 3
AR w, s, ve A7 B, A8, FF0IH 8
A7t Qe FEE AAAES Yeldn.

2.2.2 BiEsT

YA o g EBFre]3E FollMe BEY &
F2& fA7E B A9 FAre 33w
EdulAgol B9 Ax5EE & + gloy 3
&5, dg 7txs o dsigd skt A5k E
FAM e FrAFTY HES AR ArNe
o F 2% (absolute permeability)” 2h= g
< =8leket, o)A e Bolu st EoiE &
€ 38 0 HoFer A% 4 Qe WY 2
7191 md(milli darcy) &9 & darcy® AH23}
=4 1darcy®] )22 9.68x10° are] AA9 F
ez §A7L FHE £ e ¢ 278 VR
2 UFE Yuiitt. & o= wjEe VT F
A FHolm FAE /A7t AR A o),

Journal of KoSES Vol.5. No.3 35~54. 2001

ol21gt Ee]A 9wl ojuiF ofAUE T
A9 ¥ 4o #AE FBHL FF
(laminar flow)’dejelx] EH3H thg<] darcy
Yiog H9g 4 gt}

KA, dP
Gqu=—"

M dx

)

4 (2)9lA q.& B9 FZ(mY/sec)ol K& &
WEHAE(ar £ darcy), A, XBHO2 {37}
52 o v A(w Fx m), p,= 22 A
A= (cp =% Pa-sec), dP/dx= w3z f#
o ¢t (Pa/m T+ kPa/m) °lth. 43S &
& doieae A2E 47 9% BAEE Fig. 1
of YeRlAt}, o] 23S AT RY FolEre A
d ZFEEA 110coldle WEdME HE #
YEZ LF0)lE AZR AFeIPen o A
W7ol 5cm, 28 Eol 25cme] 2oz ¢dE
F e Zloln, FolEh e JijH e
71l ojaf WREA nAEXAA7L FohErint
o2 WEHA gn 4¥E& ATl WEHES
t2d A S REAEN A8e £HeE ¥
ol 9] IE FHo| A9 HH(F T 7}
2)E FAA2 g8 FFe] WiEFiee 7%
AE 23ec £ FJolFre] FEToe ¢
€ 238 F e L=HAE FEs] 489S A
A Eo, YA W&ol fFo] YF3) FAH
AL o) At} Fgol AT AAARE YSIA
gk o) 43wyl uiet AFRAEN 2
MR A fqtEaAe 4 (208 Kol o
8 FEsH e 2o

q. ML
= 3
Ax ( Pm - Poul )

2 (3)ollA q.= ZFHT B9 KT (m/sec,



2#7] APA AN 7t2-E JdFAFAE=E LT fHst2e IIAFHEY 39

cc/sec, = co/min), n.& B9 I =(cp EE
Pa - sec), L2 Al@#e] Zol(m £+ cm), A=
Algde] daA (e & o), P, P,v 4
Fad F4A4E EAFAN S3E 4F
(kgf/ce?, atm, kPa, & psig) & gow 243
GEEs 58 ddsas @E 48+ Uk

2.2.3 &880

27] @AW FA FEA dFE 7X=
B A FY 38, 7129 Bof F&EA] 2
Nexde, AdERE, a9 Zo AdEIT
olct, Wi} 2#)7] @A FY EESF FAe &
2mels 84 AlZAFE 6m HHoR o|Roly
t}. Table 12 Al "igAl THFAAM AHAGF Al
B2YE 53 450l Table 18 AH
2 Aury 228&e BESZo| 3¢9 0~6M A
oM 0.38024 0~6M AHEL 18~48M A&
9] 0.46~0.5300 "} @A Jeht a7 ojgx|
Zol vla] WA JelEE € & Ao 88 He
54~60M X H 2 FFg0] 0.3852 ¥A Uehiz
gon ojRe AR AR nEYAr) Al
e F30) FXd Anz F2HY. =3 32
o ZE3E XIFEIEE 7p20] H] 3§
0~6M Aol 0.3592 F3W FRo] AR|sh=
AR 7 v da oy sPEAdes 24
33zt Frtel] He 54~60M AQA &
0.9322A 727t AAehe ARe|l= 43 7

B

Table 1. Property of landfill sample

Sample .. {In-situ watep  Absolute
Porosity . -
depth saturation | permeability
0~6M 0.389 0.359 714.2md
18~24M 0.534 0.782 | 2,692.6md
36~42M 0.461 0.710 212.6md
42~-8M 0.485 0.788 1,835.0md
[ 54-60M 0385 | 0930 | 858.2md

At olAL 3% 60MA A BRI /A
H3 Qo] FEEFF d¥o] FEF AR o459
th @3RAY g3 FHsEe AR 2
T, AR AS2REH 93 6 9371
A P9 ol A% A e J3 A4S
ge g 2E7le 18~48M A HolM F=2 #F
HAct. old 0~6M Aol EESZo] ¥3d A
o] AEHEE 9 T14mde) i, 18~24M R
AMe oF 2,693md, 36~42M AFHL 213md,
42~48M AL 1,835mdolnl, 53] 36~42M
214d9] 213mde AEAY vIHA @A B
g AP 2A APE E30lE [dRtEo] 4]
5o 3 Aoz AP, W Hshh Az
T3to] 54~60M AFeMe] FF& 0.385 Al
% 858md2A] viwA vy 2¥riEe Ao
Fazo vla) WA el 4FE5E AdE 1
Pate] A&4Q A% ke viP Aol 2=
F7183 o]830] 0% XF¥E Aoz FHHrh

2.3 7k=st g9 4diAlTIE 54

Fig. 2= $l9] A58 7R3 480248 =
&% 7129 2o AUfAFHAES e Zo)
k. AosARsE deody FEEE, 58
%, 549 Exdy), ¥iieo] =39y 5L
Bl FRAQY AR 98-S 91.3,4) A=Y
570 F3te] Algol tigt A AT S4E 4
HEE YA FERE FHo] BF QEE(TE 3}
0] ¥& FheE NPAA de AE ¢+ A

on] A £¥HEL 0.61~0.672 93] o
3 FAE Uiz glct. olEg AL A
FEEEE HoFe Ao gukdoeg slao &
T2 7kxe] ¥gigo] Velr] AR FRE F
A3 F71sk] 7tA¥slgol 40%9 ol27] olA
of Anel =Lt welr] FEstgo] R A
+(60%°18h) &S] K50l A9 o]FoiNA] ¢

Journal of KoSES Vol.5. No.3 35~54. 2001



40

AAN-A7N-FEA-FAE- LR
10— 1.0
(Depth=0~6 M) ( Depth=18~24 M) |
0.8 0.8 i
z 1
':G; : Krg Kruw Kre |
S 0.6 - * = 0.6 - M j
e ‘ : |
o ) . ! |
2 04— Voo 0.4 \
g ‘ _— ' i
£ Y . i
02— , 0.2 - . i
; ** i |
! *| Krw ¥ ;
0.0 A 0.0 — et 0 <
0.0 0.2 0.4 06 08 1.0 0.0 02 04 06 03 10
Water Saturation Water Saturation
(@) (b)
10— — Lo ‘
1 S e Depth= 42~48 M) 1
(Depth=36-42M) (Dep ) gk ’
08— ¢ 0.8 |
2z D) : .
:’; : ‘1‘ '
S 06 - ; 0.6 | ‘
E K }
[ E i
[-% - IS
S04~ : 0.4 -] !
Z '
= } \
(3 3 | '
=4 9 .
02— . 0.2 ¢ Kn
. o | ]
. Y .\\l!
- | CR N
0.0 —— e ® 0.0 4—— . SR
0.0 02 04 06 08 Lo 00 02 04 06 08 10
Water Saturation Water Saturation
{c) @
10
(Depth=54~60 M)
08 -
E 1K
:‘E ]
v 0.6 i
£ |
a H
204~ !
s t
< i
K -
02— . v
~\. .'-v'
i .
0.0 ——— S -.'# -
00 02 04 0.6 08 10
Water Saturation
(e)
Fig. 2. Relative permeability of water and gas phase.
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Table 2. Relative permeabilities of water and gas phase

Depth 0~-6M 774 18~24M 3¢

36~42M 734 42-48M 734 54-60M 77+

Parameter Sw Kne Ke Sw Kw Kre

S W

KN’ Krg S w Kl\\' Krg SV\ KN K e

1 [0.860{0.61310.004|0.76810.108 | 0.029 0.943

0.47510.026 | 0.905 | 0.158 | 0.008 | 0.9840.239{ 0.004

0.84610.146] 0.017{0.755 [ 0.099 | 0.053 | 0.858

0.1940.256|0.845 | 0.105 | 0.047| 0.839 | 0.054| 0.061

Data

0.810{0.005{0.12910.732 | 0.050 | 0.196 | 0.759

0.05410.55610.784 1 0.045 [ 0.1360.799 | 0.039 | 0.143

0.02110.74210.759 0.020 0.209 | 0.780 | 0.029| 0.182

fo.

2
3

point{ 4 10.760{0.00810.24810.6980.03410.285(0.736
5 10.679}0.005]0.504}0.666|0.010{0.495]0.715

0.01710.902)0.7180.017{0.25910.750 ] 0.022 | 0.225

6 10.667]0.000{0.6130.6410.000{0.623 | 0.674

0.71410.016| 0.291
0.6500.0001 0.741

0.000{0.985]0.6120.000 | 0.887

Table 3. Input data of landfill layer grid system

Al, A2 landfill Al landfill A2 landfill
Bottom . In-situ | Well head | Number of | Number of | Number of | Number of
Layer no. Thickness
depth pressure | pressure |completed| landfill | completed| landfill
(m) ‘ . ) .
(m) (psia) (psia) wells grids wells grids
1 6.0 4.0 16.0 0.71 3 699 23 391
2 24.0 18.0 26.1 0.71 32 807 23 466
3 420 i80 353 0.71 58 1141 48 791
4 60.0 18.0 51.0 0.7} 58 1542 48 1061
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Table 4. Specification of system cases for
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Table 5. Shut in time and it's number of wells

computational gas and water flow of case 1
simulation
Al landfill A2 landfill
Changing system parameter of Al and A2 landfilf Shut in time |Number of wells| Shut in time [Number of wells
Caseno. | Shutin gasflow | Number condition| Spacing between 9 days 53 2days 33
rate(mv/day - well)| of in-situ wells wells(m) 9~52 days 4 - -
1 5,100 original value 120 52~103 days 2~3 days 15
2 2550 original value 120 Total 58 Total 48
3 5,100 half 240
R q:‘:r‘; : - 5.100m/(day - well/& /1ZsHcE, o149] oh
6 >0 original value 120 A RS R} 7te-Aes Adas AN

9 Al 2~571A e HH S A 7tae FA 23
Zt2fEE WSAIIAY 23 £8 2
7h2o] AAVIE BAsA st Al 6& X
3%E AFske 1L A8 99 A 7txF
B A8 %1 7t2vt B8 ETUEA e 7

$oll AT Aoz HAsig. ol 27
o= 7hAol ¥ ekl o3t o] o] 4 ZHL

2algAT 2% oyA] o|f ZuBl: WYX

= 21

s &9, & fPAN] St FE3 FE
of ah= ¢ wiPA BREHE sk o]

frollA Adxd Zolnt.

3.3.1 Z|2Ak
712 E AR 124 AL AZuiER e H37t
28 A% (shut in landfill gas flow rate)<

g AN 7k TEHY HFAZIE v
J Table 58 AEA AlEAY 4= 7kx
g 23] AFF F 9%l AV shxef %
o] 5,100m%/(day - well)o]3t2 oA HAH =
AR FE 530l 2F 52¢0] AU 4
103¢0] AYA 7p29 'r°r o] 5,100m*/(day -
well)ol3t2 AslE e HALE Uloldh
A201BA ] g EA}@H‘“ A EE 2Yo0]
AAslEA HREe IEF v BAeln aF
3do] AASA HASFE 15724 A20iHA
E 7t~ EARPe HFE bl gldk ol
Agte R I3 7kx XF FAE UF 2
A ARE olf2 ol Ay} vepdth. Alvg
%7‘]9] FHGA7174 A2el@A ol viE] RAHE R
& AlU|EA Y] =717t A20RRR]o) vis] & Ext
ohlz}l A2u)¥A)e] ¥F GSUAG F7} I}
g Zolt), Table 62 7] vl g 7k~

Table 6. Landfill gas and water production until shut in time of case 1

Al landfill A2 landfill Total
Cum. . Cum. . Cum. .

Case | . lnsitureservd  Recov. _ lnsiureservg  Recov. . |Insiureservd  Recov.

production (10 m) ) production (10 ) ) production (10 m) )

(1)
(10° ) (10° ) ’ (10° o)

Landfill gas 353 5.16 684 0.52 341 15.2 405 857 473

Water 0.00695 11.722 0.06 0.0006 7.255 0.008 0.00755 19.477 0.039
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Fig. 3. Landfill gas and water production, and it's recovery in case 1.
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Table 7. Shut in time and it's number of wells

of case 2
Al landfill A2 landfill
Shut in time | Number of wells] Shut in time {Number of wells
23 days 53 9 days 43
23~95 days 4 - -
95~122 days 1 10 days 5
Total 58 Total 48

Table 8. Shut in time and it's number of wells

of case 3
No. I landfill No. 2 landfill
Shut in time {Number of wells| Shut in time |Number of wells
21 days 28 3 days 16
21~129 days 1 3~5days 8
Total 29 Total 24
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Fig. 4. Landfill gas and water production, and it's recovery in case 2.
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Table 9. Shut in time and it's number of wells

of case 4
No. | landfill No. 2 landfill
Shut in time | Number of wells) Shut in time {Number of wells
50 days 28 9 days 16
- - 10~19 days
50~227 days 1 19~49 days
Total 29 Total 24
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Fig. 5. Landfill gas and water production, and it's recovery in case 3.
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Table 10. Landfill gas and water production until shut in time of case 2
No. [ landfill No. 2 landfill Totat
Cum. Cum. Cum.
Case 2 um. In-situreserveg  Recov. m, Insitureservg  Recov. m_ Insitureservg  Recov.
production (1) % production (10°m) % production (10° ) @)
(100 ) 7 aerm (10 ) g
Landfill gas 413 5.6 200 082 341 240 495 8.57 578
Water 0.00853 11.722 0.07 0.00098 7.755 0.013 0.00951 19.477 0.049
Table 11. Landfill gas and water production until shut in time of case 3
No. ! landfill No. 2 landfili Total
Cum. . Cum. . Cum. )
Case 3 . |Insitureservg  Recov. . |Insitureservg  Recov. . |Insitureserve  Recov.
production (10 ) ) production (10 ) @ production (10 m) %)
A c
(10 ) Tl 0w (10 m)
Landfill gas 352 5.16 68.2 0.37 341 109 3.89 8.57 454
Water 0.00667 11.722 0.06 0.00045 1758 0.006 0.00712 19.477 0.037
Table 12. Landfill gas and water production until shut in time of case 4
No. { landfill No. 2 landfill Total
Cum. . .
Case 4 um. In-situ reservg  Recov. Cum. Insitureservg  Recov. Cum. Insitureservéd  Recov.
production (10 m) %) production (100 m) %) production (10° ) @
(10 ) 710w 7 om)
Landfill gas 407 5.16 789 0.95 3.41 219 5.02 8.57 58.6
Water 0.00784 | 11.722 0.067 0.00136 1.755 0.018 0.0092 19.477 0.047
of B&ES 1Y £ ASE A (Fig. 4, 5, Bgi} Table 139] Akl 5004 #HAAZ1E AH
624x) E AIERE 34047 2E 23FAAM o™
7k20] Aol 7hsstn A20iEAlE A ¥ T4
3.3.3 ARl 5 e 4749 THA] HHE T 2020} AA 5

ol Al 1, 2, 3. 4olA wiFstao] IS
BNE 2 29 giades HRdAATES X
AHY 8 72 o, 2o rtan)] g
e B4go) F71E gt ol F o=
Al, A20RRAo ¥ LA S T o7t E
st T3 HPFAIARFE 9 1/4 &
1,275 m/(day - welD2 7Z4A17 A4S 28]

el ERAo AREE & & Uk ol Zo] A
gl 5 Aol HAAZ17F e e hgAS
el A5 oA Alzle) vla] 2A o} ol
o] o] wjPAZWolA 7kae}t AEFE A”E
A F58 5 UEE =D oiErizg 29
Z A3} 3)4-g2 Table 149149} 2o A2
@Rl ol it )P rtae] A3l FeEAA &
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Fig. 6. Landfill gas and water production, and it's recovery in case 4.

Table 13. Shut in time and it's number of

wells of case 5

Al landfill A2 landfill
Shut in time |Number of wells| Shut in time {Number of wells
- - 74 days 4
0~340 days 74~202 days 5
Totai 9 Total 9
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Fig. 7. Landfill gas and water production, and it's recovery in case 5.
Table 14. Landfill gas and water production until shut in time of case 5
Al landfill A2 landfill Total
Cum. . Cum. . Cum. .
Case 5 . nsitureservgd  Recov. . insitureservg  Recov. . |Insitu reser\q Recov.
production (0 ) %) production (10 m) %) production (10 1) %)
© G c
(10¢ o) (10 ) (10 m)
Landfill gas 432 5.16 837 1.94 341 56.9 6.26 8.57 58.6
Water 0.00688 11.722 0.059 0.00363 7755 0.047 0.01051 19.477 0.05
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Fig. 8. Landfill gas and water production, and it's recovery in case 6.
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Table 15. Landfill gas and water production of case 6

Al landfill A2 landfill Total
. . Cum.
Case 6 Cum. In-situreservel  Recov. Cum. In-situreservg  Recov. m. Insitureserve  Recov.
production (100 m) % production (10 ) ) production (10 m) %)
(10 m) ’ (10 ) (10 )
Landfill gas 3.62 5.16 70.2 2.69 341 78.9 6.31 857 16
Water 0.01033 11.722 0.088 0.00715 1.755 0092 0.01748 19477 009
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Fig. 9. Recovery of landfill gas by cases.
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