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Analytical Solution of Multi-species Transport Equations Coupled with
a First-order Reaction Network Under Various Boundary Conditions

Heejun Suk* * Byung-Gon Chae
Korea Institute of Geoscience and Mineral Resources

ABSTRACT

In this study, analytical solution of multip-species transport equations coupled with a first-order reaction network under
constant concentration boundary condition or total flux boundary condition is obtained using similarity transformation
approach of Clement et al. (2000). The study shows the schematic process about how multi-species transport equations
with first-order sequential reaction network is transformed through the similarity transformation approach into independent
and uncoupled single species transport equations with first-order reaction. The analytical solution was verified through the
comparison with popular commercial programs such as 2DFATMIC and RT3D. The analytical solution can be utilized in
nuclear waste sites where radioactive contaminants and their daughter products occur and in industrial complex cities
where chlorinated solvent such as PCE, TCE, and its biodegradation products produces. In addition, it can help the

verification of the developed numerical code.

Key words : Analytical solution, Multi-species reactive transport

1. M =
sl Al LIE AT dS3sla 498k
838 2 et ofe}, i RS A5kt
- F8EA A2 = ok Ty ok 2 sy
e T2 EF L9E A%S Fe ol A= JS

Wyl o}y ZHDomenico, 1987; Bear, 1979; Domenico
and Robbins, 1985; Chilakapati and Yabusaki, 1999;
Manoranjan and Stauffer, 1996), 23+ 3% A8l 9
M 1 ghgo] AokEo] Qlok. et AAl FF A4St
< oY 29E AT dEE] e AR T
Agt. 1 G 2A, MY B4 BHE AREoE @
de AH71E FA 9 PCE, TCEY} 159 R3]
A} 2R A3k )eAlR 09Y ARES & 4 ok

=
-

=
=

*Corresponding author : sxh60@kigam.re kr
AAPY 12011921
o] W Eo] :2012.229 7HA]

46

E Aol AEA o] AR AFoM 28 E
e 545 A7) SN L9Ys 3 T AAxE
Hog 7Hgslal, o TEEE AL AU &
HE 7T ¥ 4% ey BeE ePIE P 9
L edgdo] ARt wbA =71 ko] ME ek of
e}, =7t 7P she g8 o) ofol] theh kA A
o5 WPEEAIERACE sk e A% Aol
A9 218 2 24 2 g A . 59, 3
F NAPLZ o}Fojxl efglo] &A1 v 791t Alsl
o] ZFl <7k 88l 2lsiA NAPLO| =7] 9 B
gl meby §= Tt Wshe et g o 3
ok old B A7 W B B A9 e Zde
A Sl BHE AAFle R A5sial, A &
EHe T AES HAROEN QA8 AT 5AS 1

AAt 12011.1023  AASAY :2011.10.23



TR AEAS 7 dAF wk HIEQ AR A% vE L 9E A alAs) 47

g mE Felo] WP HAgsle] 78 v vk
(Van Genuchten, 1985; Lunn et al., 1996). Sun et al.
(1999a, 1999b)2 <=2} 21 U=} B3l wkg-2lS- 717 o
w3k 22ke] @ WSSl thelid sidalE 7 S 3l
£ RS sk, e, AR B et
o] W& HiEA] AFAQl whgo=2nt Aie 4= gin

SRR e B g e BRY WS UIEY
ol oixE Lol = Utk ©]E #IsiA Sun and
Clement(1999)2} Clement et al.(2000y= H3 T= 3}
A9l Wil SJa TR 2 9ETe] ARHo] 2l B
B4 Qubel WA S Fald 2Ze] Bl

3tk 284 Sun and Clement(1999)2} Clement et al.
(2000)2] dAIsfol tigh HEE Zi7te] 2% gk
AZAZA xRt H8E AL, FHFEAAZRA
o thaix= FAIARI e sHA etk 1Ejar Sj4
go] HSS FlsiA ARSS diAlE g7 AIR T Tl
Auk YJeRAITh. 22t} Rabideau et al. (20055 PRB
AlZElol A MCL 71 REA I HAa 718 A8t
7] f1iA gk vES VESAE 2A%E o 29E A
T AEE ArIsiA) o] dse 1 EEAARA
ok ohe}, FAFREAAZRA diEiME AATEHC
u, AFdE sflell ek=E] A0t Clement(2001a)= =3¢
Z ek ojue} HaF o7 dojuls ket YAk vk
HEAIE 7] b Q898 AsHe F= S &
o el AAE 2 dusad fEalald.
Clement(2001a)> Sun et al.(1999b)°] F=3tAH 314
s} ofmAl AAHR SekH Sl Aokl 5 A
AAS e UL, o) T ARPASE A1 o) s
7 FlE = A B 22y Clement(2001a)0]
oA ezl sl A EEAAAIE A AR -
AH oz epllar, FHFTEAAZA tigk A S
= ARXBHA Z3ot

Aol A= 71y IF7F aAAAZARE Hek
SAY(Sun and Clement, 1999; Clement et al., 2000;
Clement, 2001a), 5 Jelwke] 3l4d3l(Rabideau et al.,

= O

2005)8 TBIE Ao AHS SE1AL, IHTEH
Z8k o2} FAFREAAZRA] Al 3iAs)
2 3= WS JeERIQY )2 9814 Clement et
al. (2000)°1 oJgh ZgApHghEAe) ofafix] FAFA]] wES-
< 7K o] AFE 09E AsAe = e A
Al8] frEstdar, T3k sfjAsl HA5S 918k 2DFATMIC
(Yeh et al., 1997)¥ RT3D(Clement, 2001b)%} 2o
BAolaL FFAR] A} vlaE skt

2. SiiMsH JHe

Aol A= LA vk VES IR d3E oE
E A% #4elS Clement et al.(2000)0] &3+ A}
Aol oJsiA] ARl M-S VIRl tige] AstE
5 AsaS ZH7he] SRlE HulEA ARl dse
§ 2@ E WFsle] Ea) suE, 94 T
E A% gt sidElE avhslarat gt o37)A &
dl= I TEAAZRAWT ole} FARREEARA
o thelM= ERSATE. 28]ar APHEREA el ofs)iA

A WS Th TR AHE 09E AFAS of

lo & fo
02 o a2

o
e
o 2%

T
—

1% o r

2.1. BHE Bt 2¥= S0l thEt s
GE Wk QAR AT AR thew) o] 2
% st
2
a—CJrua_C_Da_CJrkC:O (13)
ot ox ax2

71 = L9F9 FE[ML?), = F5[LT, D=
AT, ke 93 Q88 WRSE([T ), 1= 2T
FE[L], £ ARHTPISh & 98 29E 7 At
Aol gk sidsiE 8] Ak 271EAe vt
2t

C(x,0)=0 (1b)

(¢}

71 theat 22 FAFREEATA] Folinhy,

oc] L

[ucfu—ﬂxzo =uC, Q)
A7 G FUFY FR (MLt AuA 22
(la)] 271271 (1b), FEFREEAAZAE )l
gt siAdsl= ot Ath(Bear, 1979).

J. Soil & Groundwater Env. Vol. 16(6), p. 46~57, 2011



48 3]

HN

u

1
. 1
3 _ 2y’
C(x, 1) = —C;O exp!%{l —(1 + 4——k2D) H x erfc{x—————————"t(l +4k|D/" ) ]

201y’
3)
HhH Oga) 22 I EEAAIZRA] TR,
C(0,0)=Cy, C(x0,6)=0 )

AP (apel 271233 (b)), TE=EA
ZAA @)el gt siAEs thed) 2okBear, 1979).

C
C(x,t)= Toexp{%}x

1=
1=

2 2
{exp(xﬂ) . erfc[x———————_ [+ 4]]€D] t] +exp(fx) e erfc{x__+ [w + 41|‘D] l‘}]

20Di) 20D

A7 g | Kol
7 - + £ o)},
" D

2.2. CHE U2 2YUE S0 chek sHAsH TH

Tk O A& WS 29E AT A2H g B
PCE — TCE — DCE — VO 2& 43} wkSo] ot
0, 098 A% WS oy 2o 13dE 4 Ut
(Sun et al., 1999b).

®)

oc, oc, &c, .
—5;+u—5;C——D—-—-§—=yiki_lCi_]—kiCi, Vi=1,2,...,n (6)
ox
71 oAl A= Al 29SS VERAL, yiE 2
% i-1029E oudF 7l A4sE 3 oww 4
6y T} o] PE= FJ = Ao

C'+uC'-DC*=KC (7a)

o714 Zizbe] WiE gl 82 vt A

2

oc, oc, ‘?._C.;_l
o o ox
X , C]
g, . lac,| . |dac c
- 1 - 2 —— - 2

C'=lot|, C=lox|, C=|a2|, C=

GCn GCn >

ot Ox

J. Soil & Groundwater Env. Vol. 16(6), p. 46~57, 2011

N

Py
~k, 0 0 0
vk —ky, 0 0
K= 7b
0 yik, ks 0 (70)
L 0 0 ynkn—l kn
7 CE 29%F BT WEH, ¢ € 29 F5 W
£ Azl dial PR WE, ot 29% = WEES
Tl thel Ak Pl 9EH, 2 $9F B 9
2 37l ohel o)} viEa wE], ke WA ol
o). W bR 0% A% ukg 09

526
roc,y r oc,y |P %
_1 u_l axz
ot ot )
oc,| | ac,| [p2 %) |k 0 0 0 o
| | || o |k Ak 0 0| G
0Cs u% D52C3 0 vk, —k3 0 Cs
ot ot o 0 0 yk —klC,
ac,| | oc,
Cord Lard | [0C

L axz_

()

A7 €,,C,,C,Co = A2 9% 1(PCE), 29

(TCE), 29% 3(DCE), 3% 4VC)Q F=°l g3
ok o7 FE He A 8pl AF k) dizsEo)
ofy7] wiiZell, 21 (8)°] HH|E WEAEL A= AF F
o] = oot wiek 2] 8pllA 8 k7} gy E=
XD $= Qduhd, 4 (8)9] AR M= AF
7] 2 FeHIE 1P BloH, S 2 (8)e] ArRHLE
252 47 59 oE vepd & ok S 4 99 o

% 298 A% WHAS0] 47 5y

2
r o
oflt
fuj
fu
=3
r‘%
i}

4 (©)% AP NBsle] SR AnPYgAs He
b, Zh7pe] Sl HnRg s vl sl



TR AEAS 7 dAF wk HIEQ AR A% vE L 9E A alAs) 49

A7V b= (b, b, by by)” ©ITh. 2 (9) £ 21 (10) .2 1o
@ 2 9l

C=Sh (10)

7 W P8 s dele] B WE) ()0 RE
ilz W] (b)o WBs=E] AgER, B S

= e (5)2 dele] FEHE (0)= WE
PR A8 Wge] Pels olgst
A sl e W (C)sk bE AR

ohsl mliak wEl(5) Alolole Thewt 2o AV} 49

—

7)1 - (% E}aitz % ea_?)To]r)r_ sl 9 =
N cCE I ] EH3H o]i]' ]‘1—%1— @‘_]Eﬂ(c )9,]‘ bﬁ 37 ]_oﬂ
thal O]X} mRE WE (52 ) Alldls thea 2o 3
7t g,

p'=s5"'C (12)

o7 7 - (2 2 2 ) o)}, 2] (9)(12)F o1

2 2 2 2
ox~ O0x~ Ox~ oOx

shH 2 (Taye ot o] WEHE = ok

Sb'+uSh' ~DSH* = KSh (13)

A7 ' = (2222 2yTolry. A (13)9] BE ol

Ox Ox Ox

g™ §18 FIP, 4 (13) e 2.

b'+ub' —Db> =S KSh (14)

A7 s ks=KEhE, A (14 T} o] EaHL).

b'+ub' —Db” = Kb (15)

7| FEIH ﬂ% 2] (15pl142] & K 7} thzrsiEo]
2ha, 4] (155 HakE e l3=(b b, by b4)T°ﬂ o
OH an_qo] [e} % 7%5 H]—@/\l—«i _L q TJ]—
oF 3448 K7} triangular matrixebd, 6333 KA IFAE
2 izt YR3I) oS Eo] o1 LEF d& wr
< 29E As Al2=¥(5, PCE— TCE— DCE—
VOP] aefEchd 33 o] IFASL k), —ky,—ky,—k, ©]
Ha, 3y

K= v Zo) 3EE 5 9l

~k, 0 0 0
0~k 0 0
0 0k 0
0 0 0k,

K= (16)

IFREO] —ky,—ky, ki, —ky D rﬂl 2 (9)=HH )

BES ARkl 38 s5 fxsii, thea 2o] Fe
2=
[ 1 0 0 (;
.k
725 1 0 0
(k1 —ky)
§= Yoyskiky -3k, 1 0
Gk k) (k)
—J’2J’3J’4k1k2k3 V3Vakoks —Vyks
_(kl —ky ) (k) —k3) (k= k) (hy—h3) (ky =k y) (K=K y) |

(17)

FE 5o JAF 57L& s oE AtEH, vt 2ok

1 0 0 0
k,
D 1 0 0
(k ~k,)
-1
s = voy3kiky 3k o
(ke —k3)(ky—k5) (ky—k3)
y2y3y4k1k2k3 V3Vakoks Vaks
ey~ ey ) ey~ ) Uy~ y) (=) ey —y) (g =Ky |

(18)
Aoz P19 g7} A (167 2L hgE= 38
Hopd, 2] (155 ge3 2o] & 4= Utk
ob; b, &b,
tu— D= kb, Vi=12,...n (19)
at 6x axz e

2} (19004 Bz vl o] WgE T b= 74 &
Aol thel =HE Aoz wd=Eeng, 4 (3)°

()% olislo] wakel B b ol Ui Sl 72 5
A Heik. ol W = b o that e T

7] SlirE Bi=Al F= b, ol e 2AmAT 2
Z710] st} ol 7+ LAFS) FE (C,,C,,C5,C,)
of UiF 27120 2 (98 ol83le] thew o] W
D EE(by,bybyb, 0 OIF 27] 2HOF wigkE 5

et

J. Soil & Groundwater Env. Vol. 16(6), p. 46~57, 2011



50 EEES

b,(x,0)=C,(x,0)=0 (20a)
Yok
by(x, 0)—( )C 15,00+ Cy(x,0)= 0 (20b)
_ yayskiky y3ky —
B e e Rt
(20¢)
_ J’2J’3,V4k|kzk3 V3Yakaks
L ey T T S T T R
k
(kf“ 5 G35 0) €, 0) = 0 (20d)
A7 LY F= C,,C,.C5,C 00 TR 27 23S

et ol sPan.

C,(x,0) = 0,C,(x,0) = 0, C5(x,0) = 0,C,(x,0) = 0 @21

PRIAR BAZRAE A (9 o8t MBAAF
of sk=dl, A7 IMe gE= %‘74]}_73"}““;‘]%*’—7371]
Z2100 dislix bz} wigkshe WS oo} 2ol vER
Ack A IAFEAAZRNL ot o] wgkE B
(b1,by. by, by PNl TS TAAAZN R Wk 4= ik

r& e

b(0,0)=C,(0.)=Cyr  by(00)=Cy(0,)=0  (22a)
»oky Yok

b,(0,8) = C,(0, 1)+ C,(0,1) = c

2 2 (kl_kz) 1 (kl_kz) 0
_ Yok _

bz(w»t) = Cz(waf)Jr C[(wat) =0 (22b)

(ky—ky)
b(0,1) = Cx(0,) + LKy 0,y + —Likike g = _dakik ¢

(k=ks) (ky=ks) (ka—ks) (ky—ks)(ka—ks)

sk, s Yyskik
bi(en,1) = Caleny ) + S Co(on ) + -2

s Ci(0,8)=0

(22¢)

Y3Vakoks

ba(0,0) = Cy(0,0+ 25 0,1+

C,5(0,0)

(k3 —ky) (ks = ky) (ky = ky)
Vaysyak koky _ Voysyak koks
Ci(0,1) = 0
(kl _k4)(kz_k4)(k3_k4) (kl _k4)(k2_k4)(k3_k4)

V3YVakoks

Yaks
by(o,1) = Cy(oo, 1)+ Cy(, 1)+ CETAICET)

(k3 —ky)

Cy(o0, 1)

VoY3Vakikoks
(kl - k4)(k2 - k4)(k3 - k4)

Ci(0, 1) =0
7N A = C,,C,,C,,C, 0 TS
o3t Zo] 7Hgsiairt.

C1(0,0) = Cp, C1(e0,1) = 0,C5(0,7) = 0,C(e0,1) = 0

C5(0,1) = 0,C5(0,1) = 0,C,(0,1) = 0,C,(0,7) = 0 (23)

J. Soil & Groundwater Env. Vol. 16(6), p. 46~57, 2011

ke

TAAAZAT His=3H FHERSAAZRAL e
ZAGFREAAZIA 249 A (9 olgsld ol
o] 4 (25)= Uehd & i,

ac,
[uc, D—} =uCy, [uC,-D=2] =0
0x l=0

x=0

[ c. 2 } -0 [ c DaC“J 0 24)
u —_— =0, |uC,—D— =
3 k=0 7 ox h=o
ac,
[ub1 D—} [uCl—Da—} =uC, (25a)
X =0
B @_bz _ _ 8_C_z Wk oC, _ ki
|:ubz ('5x1:0 |:uCz D(?x :L:0+(k|—kz)[uc D(x l s kz)uC
(25b)
b7 52C3 ysky ac,
[ub3_D8x1:0 - ["C3 8xl o+(k2—k3)[ _DELO
VaYskiky [ c - DCC} _ Yayskik, uCy (250)
(ky = k3) (ky = k3) OxX dx=0 (ky —k3)(ky —k3)
b 52Cs yaks ac,
[l’b“DEl:o - [”Q ox l 0+(k3—k4)[uc37D5c—l:0

Y3Vakoks oG,
_ 3747273 _p=2
e ket
VoV yakikyks [ uC Dac}
(kl - k4)(k2 - k4)(k3 - k4) ! Ox
Vak k kg
VoY3Vak Ko K3 G (25(1)

R

ol=5A H3lH X]HHHWN (19)2} % f<7]§7d (20)

I AAZA (22) D (25)F ol&st] WSE F% pol
gk siMalsE 7+ 5 Aok S AR P_i e 2
(190114 ¥ F=(5))9 dsle 27127 (20a), 7
AZEA ((222) & (252)% o83l AL 4 Qo

olw 714® AAZAN webd A A

Syt AREERRIT v AR W % %E(sz A1)
© 27123 (20b), BAZRA ((22b) =2 (25b))= ©|
3lal, t&%@ lct(b ¥l sele = 71&74 (20c), 737
2 ((22¢) =2 (25¢)y= ol-8&3hH, viA|to® ek
(b9 sE 27124 (20d), AAFA (22d) =
(25d))2 olgstd AR 4 Stk iAo g WSk F

% poll gk sAElE e § Wi T pENEH
B e ¢ ke HHL A (10 A (172 o83t
o o %01 ®2dg F Uck

(3) == 4

oh‘ PN OFO :

1 0 0 0
C, 12k 1 0 0
., k)
C. = Yayskiky —V3ky 1 o ¢
CJ (kl_k?_)(kl _k3) (kz_ks)
—Vay3Yakikyks V3Yakoks —Vaks 1
7(kl _kZ)(kl _k3)(k] _k4) (kZ_k3)(k2_k4) (kS_k4) i



ek BAIERAE 7R Gat Rk HIES AR A%E o o=

3. siMsl HE: sfiAsl<t XI5 Bl

Aol A= YA RS IESAE ZdE o 04
E A% 3WXENE Clement et al.(2000)°) &3 “JAPHE
W2l oJalx = HAE AT R o, TE 2
FEY I FEAARAY THAFTEBARY 2
Okt BAXPE E3ehke siMeElE Feke Blo] 54
olmg, 4 7|Ed E HF9E Al g
Ao} 71 S =2 T3 MT3DMS(Zheng and Wang,
1999)2] HIWE a4 MT3DMSS] BAZAL H& 7}
57300 dishA] 21ds] ARgith 1 o]Fof FFEoR
U5 295 A% dislel RT3DS}F 2DFATMICE: ©]&-
sl o FAsfo} mwgo g ke AE A
slaal 3kTh o]wl MT3DMSE 7129 v Q9% 7
% d149s)|9} vlwsh=s olf+= RT3D7F MT3DMSS] 7]1&
da1lE & oM Ak BES U8l dE
ouz, 94 MT3DMSE @5 9= 71&4e o
Sk AAZRDS 7R sAE)9) vluge g TdFoR
RT3DY] st A A8 7heids AR es A

Table 1. Input condition of MT3DMS

71E s 43sl 51

Eslaa) sk

£ ARg3Bt] ER0). ool digk AMAIgE X Table
1o JERSITE MT3DMSE 913 Y2371 Table 20
YeRIAar, I AZA tigh 2|59 A= Fig. |
o BRI Fig. 104 Henpel o] xR dar}t
2] (5)9] sfdds) Axel & dXgl= AL B 5 o
TP IRR FAEREAAZAY g MT3DMS $°X]
2o] 73S YalA Table 29} & JHEXHS A3}
Qct. oldf MT3DMSeolN FHZFREAAZTS Fs)
7] 913 Recharge concentration 73A|Z71S 2-8311ch.
FAFTEAAZDA gt AR AT} 2](3)9] 34
8 Axte] vlwe Fig. 20 Yeht om vlwz & o

g,

MT3DMS

Input condition

Transport engine
Solution method for advection
Solution method for dispersion, reaction and source/sink

DoD MT3DMS v5.2
Modified MOC (MMOC)
Implicitly (using GCG solver)

Particle options for MMOC

Particle tracking method

Concentration weighting factor
Maximum number of particles
Minimum number of particles per cell
Maximum number of particles per cell

Fourth-order Runge-Kutta for sinks and sources; Euler, elsewhere

0.5

100,000

2
30

Table 2. Input condition of MT3DMS in Dirichlet boundary condition and Cauchy boundary condition problems

Input condition

Dirichlet boundary condition

Cauchy boundary condition

Flow rate (m/day)

Initial concentration (kg/m*)
Boundary condition
Dispersivity coefficient (m)
Reaction rate &, (1/day)
Domain length (m)

Grid size(m)

Simulation times (days)
Time step size (days)
Peclet number

Courant number

04 1.0
0.0 0.0
1.0 kg/m’ 1.0 kg/m?*/day
0.2 0.5
0.075 0.075
40 80
0.1 0.4
50 50
0.1875 0.01
0.5 0.8
0.75 0.025
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Fig. 1. Concentration distributions with the Dirichlet boundary
condition at t =50 days.

Table 3. Input condition of RT3D v2.5
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Fig. 2. Concentration distributions with the Cauchy boundary
condition at t =50 days.
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Transport engine
Solution method for advection
Solution method for dispersion, reaction and source/sink

RT3D v2.5
Modified MOC (MMOC)
Implicitly (using GCG solver)

Particle options for MMOC

Particle tracking method

Concentration weighting factor
Maximum number of particles
Minimum number of particles per cell
Maximum number of particles per cell

Fourth-order Runge-Kutta for sinks and sources; Euler, elsewhere
0.5

100,000
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Table 4. Input condition related to reaction of RT3D v2.5

Input condition Values
Reaction rate of &, (1/day) 0.075
Reaction rate of k, (1/day) 0.05
Reaction rate of k3 (1/day) 0.02
Reaction rate of k; (1/day) 0.01
Yield coefficient 1, 1.0
Yield coefficient > 1.0
Yield coefficient Y; 1.0

3] AAsledor it} o] AMAIE] A
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o} 2}
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Table S. Input condition of 2DFATMIC

Input condition Values
Distribution coefficient of microbe 1, 2, and 3 ku, kp, ks (m*/kg) kan=kp=ksz=0.0
Distribution coefficient of C,, C;, C,, C,, respectively, ky, Kas kin kap (m/kg) ko= kas= kay=kgp=0.0
Transformation rate of microbe 1, 2, and 3, respectively, A;, /A, A; (1/day) A= A=43=0.0
Transformation rate of C,, C,, C,, C,, respectively, A,, A, A, A, (1/day) Ay= A= A,=4,=0.0
Retarded substrate saturation constant of microbe 1 in aerobic respiration, k! (kg/m®) 0.0
Retarded substrate saturation constant of microbe 2 in anaerobic respiration, k? (kg/m’) 10,000
Retarded substrate saturation constant of microbe 3 in aerobic respiration, k¥’ (kg/m?) 0.0
Retarded substrate saturation constant of microbe 3 in anaerobic respiration, k2’ (kg/m®) 0.0
Retarded dissolved oxygen saturation constant of microbe 1 in aerobic respiration, " (kg/m) 10,000
Retarded dissolved nitrate saturation constant of microbe 2 in anaerobic respiration, k¥ (kg/m3) 0.0
Retarded dissolved oxygen saturation constant of microbe 3 in aerobic respiration, ¥ (kg/m?) 0.0
Retarded dissolved nitrate saturation constant of microbe 3 in anaerobic respiration, ¥ (kg/m3) 10,000
Retarded dissolved nutrient saturation constant of microbe 1 in aerobic respiration, Kf,‘u) (kg/m?) 0.0
Retarded dissolved nutrient saturation constant of microbe 2 in anaerobic respiration, Kff,f (kg/m*) 0.0
Retarded dissolved nutrient saturation constant of microbe 3 in aerobic respiration, £ (kg/m?) 10,000
Retarded dissolved nutrient saturation constant of microbe 3 in anaerobic respiration, ¥ (kg/m®) 10,000
Maximum specific oxygen-based growth rate for microbe 1 4", (1/day) -0.001
Maximum specific nitrate-based growth rate for microbe 2 4, (1/day) -0.001
Maximum specific oxygen-based growth rate for microbe 3 4, (1/day) -0.001
Maximum specific nitrate-based growth rate for microbe 3 4, (1/day) -0.001
Yield coefficient for microbe 1 utilizing oxygen, " 1.333E-6
Yield coefficient for microbe 2 utilizing nitrate, ¥ -2.0E-6
Yield coefficient for microbe 3 utilizing oxygen, r* 1.0
Yield coefficient for microbe 3 utilizing nitrate, ¥’ 1.0
Oxygen-use or nitrate-use for syntheses by microbe 1, microbe 2, or microbe 3, respectively, 7., /., 72, ;;:Z - 5?)50(,)0%(())(,) 72; 3):;%8,000

Oxygen-use or nitrate-use coefficient for energy by microbe 1, microbe 2, or microbe 3, respectively,

agl), 0(573), 512)’ aLS)

Oxygen or nitrate saturation constants for decay with respect to microbe 1, 2, or 3, respectively,

19579, 100

o>%o 2%n >

£D B 2 5)

Eo » € r &y 5 &y

Nutrient-use coefficients for the production of microbe 1, 2, or 3, respectively,

Inhibition coefficient, &,

ORI

0 >

(3) (’) (:) =0.0

Ay 5 Ay 5 Oy

19,19, /2 19 =0

)’u n o

&= 2 =00
£ =-100,000, £ =200,000
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Table 6. Input condition of RT3D and 2DFATMIC in multispecies transport of Dirichlet boundary condition

Input condition RT3D 2DFATMIC
Flow rate (m/day) 0.4 04
Initial concentration (kg/m®) C,=C,=C;=C,=0 g’:: CC:“: :C”Ci C:,, 1: o
Cpi = Cpp = Cpy = 1
Dirichlet boundary condition (kg/m?) &= c, =1
G660 ¢,=¢,=C=0
Dispersivity coefficient (m) 2.0 2.0
Domain length (m) 80 80
Grid size (m) 0.2 04
Simulation time (days) 50 50
Time step size (days) 0.0375 0.01
Peclet number 0.1 0.2
Courant number 0.075 0.01

Table 7. Input condition of RT3D and 2DFATMIC in multispecies transport of Cauchy boundary condition

Input condition

RT3D 2DFATMIC

Flow rate (m/day) 1.0

Initial concentration (kg/m’)

Cauchy boundary condition (kg/m?¥day) g‘ B lc
27 -3
Dispersivity coefficient (m) 1.0
Domain length (m) 80
Grid size (m) 0.4
Simulation times (days) 50
Time step size (days) 0.012
Peclet number 0.4
Courant number 0.03

=C,=0

1.0

Cpi = Cpp = Cp3 = 1
C,=C,=C,=C,=0

C;=C=0

0.01
0.4
0.025
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